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This research investigates the use of cold plasma technology, specifically
negative corona discharge, for the efficient and cost-effective decomposition of
carbon dioxide (CO;) to reduce air pollution. Using specially designed copper
electrodes with pointed triangular tips and an aluminum ground plate, the study
evaluates CO, decomposition under varied states of electric field intensities (Glow,
Streamer, and Electric Field Strength) and airflow rates. The experiment achieved a
maximum CO, decomposition efficiency of 96.44% at the Electric Field Strength level
with a 40 L/min airflow rate. However, this process also generated significant
byproducts, notably ozone (O3) at 8.4 ppm and nitrogen oxides (NO,) at 34 ppm,
illustrating the relationship between electric field intensity, CO, decomposition
efficiency, and byproduct generation. Additionally, the study examines the impact of
varying CO, concentrations on decomposition efficiency and byproduct formation at
the Electric Field Strength state, finding that higher CO, concentrations increase
decomposition efficiency and decrease byproduct levels. This research demonstrates
the potential of corona discharge plasma, with its low-temperature operation and
scalability, as a promising tool for advancing Carbon Capture, Utilization, and Storage

(CCUS) technologies and mitigating air pollution.
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APPJ = Atmospheric Pressure Plasma Jet
CCP = Capacitively Coupled Plasma
CCS = Carbon Capture and Storage
CCUS = Capture, Utilization, and Storage
CH, = Methane

CO = AISUBULBUBNLYA

Co, = Asuaulneenlyn

DBD = Dielectric Barrier Discharge

DC = Direct Current Plasma Arc

GA = Gliding Arc Discharge

GC = Gas Chromatograph

GHG = nsUaefigTaunszan

ICP = Inductively Coupled Plasma

LTE = local thermodynamic equilibrium
L/ min = wheindmiuvenuiuinsnsivansednsinisiva
MFC = Mass Flow Controller

MS = Mass Spectrometer

MW = Microwave Plasma

NOAA 3 National Oceanic and Atmospheric Administration
NOXx = lulnsiaueonlen

NTP = Non-Thermal Plasma

o, = ONTYLIU

0, = Tolyy

PPM = parts per million

RF = Radio Frequency Plasma

SEI = Specific Energy Input

SIm = Standard Liters per Minute

TP = Thermal Plasma



uni 1
UNUI

1.1 anuduniwazanudrAgy

msddesfniFeunsyan (GHG) Wuiduilymawnedeuiidfyddinuuyudfomnis
nsuAlussaiy Tugrdiifidfiium mudesmsndnuiiintuanmsimuiuasvees
vosdsauatelmilfihlugnisuilnadomdseataifionsuougsogslimetiindeu dwal
miﬂéaaﬁ”wﬁauﬂizﬂﬂﬁﬁmmﬁ'mﬁuaéwaﬁﬁaﬁﬁm (Jingying Huang, et al. 2021) A9
WuTuegsansivesnslaes fedeunsyanlagany CO, vldnnududuluusserne
q&ﬁﬂ 420 ppm mnmsi’mazﬁuﬁﬂﬁi’faga‘lm National Oceanic and Atmospheric
Administration (NOAA) 7 Mauna Loa Observatory Tutl 2024 Fadunsifinduan 280
ppm gANBUEAA1MNTIN (Rajendra K. Pachauri, et al. 2014, David W. Lea, 2015)
waﬂswUﬁﬁﬂﬁtﬁmmiwﬁammaqamwgﬁmmﬂasm':;ulm i nzlandeu suRutmea
ﬁqasﬁyu wazmsiUAsuuUaswesszuuing Juduseanauredinuisludagtuuazeuian
fafu nsannisudes CO, ?NLﬂuﬁaf\i’%ﬂuLﬁaammiLﬁmﬁumaaqmmﬁiaﬂiuiwzm’a
(Danhua Mei and Xin Tu, 2017, M. Ghahramani and F. Pilla, 2021) uenanil aruidudy
184 CO, ngluasiiin 1000 ppm e1afiuansynuseguammasUszng Fadugniis
amnudndulunisauausedu CO, (M. Simoni, et al. 2010, Usha Satish, et al. 2012) &4
naonaUseifransautelagiu duuamamaigdsenislunsdanisiulamifine CO, saudd
Fn959INTA WU MIvgninaznsUgnUmauny mMIdansuvianskazoil uaz
nsinifuAsueulufy (Nathalie Seddon, et al. 2020, Samer Fawzy, et al. 2020)
wananigiiiamamanelulad 1auA nsshdusaziniuasuou (Carbon Capture and
Storage: CCS) Fadumaluladiisndunisudes CO, undsindn (wu Tsslndl nszuaunis
oRamNgIY) Aoufiazgnuaseifigusseania (). Gibbins and H. Chalmers, 2008) usiin
F3msuandandululdlumanade wifldldnsuidgmnnsddesasueulusseren
iesndedidananeUszns wWu dununsdifunuigueseanudosiifedesiunis
Hilvavesfne slutlagiuiiimadondu q Ay Anansznudedundeuiosunniildu
nswauiowdlutlym O, wu nsindu msliusslond uagnisinfuarsuen (Carbon
Capture Utilization, and Storage: CCUS) (Xinghua Liu, et al. 2023, Li Li, et al. 2019)
38n13TA aTestunsandunisuaes CO, annunasene 9 wu Tslninazlsesu
gRavNTIN VidenussnAlaense ethluliussloviviednuiuléfiu Berend Smit, et
al. 2014) uay CCUS annsaidesu Co, WiluingAuiidamanls wu wmiuea Ty
Wosuadlen lawfiadnes wagarsusuneusnlyn (Eveenii V. Kondratenko, et al. 2013,
Mette Mikkelsen, et al. 2010, T Nunnally, et al. 2011, Danhua Mei, et al. 2015)



og1slsfinny CO, Wuluanafifiafiosnmgs uaznmanszdulassaraluanavessiuiiovhane
Wusee (0=C=0) (Bryony Ashford and Xin Tu, 2017) fesldndanuuinlunisaaieiiusy
fafu F3msmanisnandafuamnumesuussansiuazingeanissussufase e
Winusyansanwlunsaans CO, Swhliiniyvwmansusenslunisldauass

FemmidimealuladlmisnussanmisiioinddnenwgdlugaslaiiUisuan Hu
wmeluladfildnaraun Tnewaraundufeiignleselud damuisaiuitetialosnils
Sidnmsouvgaoenaniiusy ylrAnlessuiiuszquin lumafud sefuvesnslesslud
Tunanamannsaddausfedgnlessludosanysafluaudfreiignlessludursdan
uananlossuriamig q (hiuszauinuazlsyqau) wmamﬁwizﬂaué’maumﬂﬁﬁuﬂmq
Sruauann wu exaex Tuana syyadasy wazeynafignnsedusinmg 9 Geanunsatilug
nsudesuadld Bslunintu synaiavmetanansayiufAzesuld Fildwaranfuansid
AffTUFATegeuazdutou Judunumeuianssudmiunszuiunis CCUS Taglanzns
aane CO, BeUszinnvasmanamngnuiseanydns iunatauniilslvannuiou (Non-thermal
plasmas) wagwa1aunseu (Thermal plasmas) ImLwiawizmmzﬁqmamﬁ’ﬁﬁmeﬁhqﬁu
(Seiji Samukawa, et al. 2012, Ramses Snoeckx and Annemie Bogaerts, 2017, Danhua
Mei, 2016, Hao Zhang, et al. 2017, Masaaki Okubo, et al. 2018) wanaudilaldaugeud
mnudaveulunisesnuuy funus wazlivszandnamdundsanugaaznsidend foly
MeUszgndlifimnzay dnldlunisnszdu CO, Medldnnsoundsnugs (1-10 eV) Huns
lesouluduazaiuussasaunlniifoaarslaseasraluiananisldaniiendsausm
(Adwek George, et al. 2021, Hao Zhang, et al. 2021, 2018, X. Tu and J.C. Whitehead,
2012) Turauzfinaraundougnidenliinszannsanssduuiisondliausofad uldd
paumqiien nanauduanuzvesaansadisuiafiuiseyningnlossulud vinlsfanunsai
Tiuaznevaussoauukiwaniniln (Shadfar Davood, et al. 2023, Kangkang Li, et al.
2022, Bartosz Dziejarski, et al. 2023) ﬂmauﬂ’ﬁLa‘wwma'wﬁszhﬂiﬁwmamﬁuéfuLLaz
SeUfATe Al annsadndulaziasu CO, Widundnsaumindusslow (Guoxing Chen et
al. 2021)

weluladwanau udagUszianazidefuardodsfiunndisiu feann1ssusy
Adesne Tlfmaluladwaraulunisaanssives CO, wansdoyansnsil 1.1 Wisuifiey
Usgansanlunisaans CO, veunalulaBndanunaranidieg lnewiudnisuanid ey
5enI9N15lNa U 8ns1n1siva wagnisladasaufisen n1sa1eUsequuu Dielectric
Barrier Discharge (DBD) uansWifiuuszansnmiluansnstutusgfusausaujizeilld Taod
12%Ni / y — ALO, kansUsednSnIngagn (Guoxing Chen, et al. 2021) Tunianguiu
walulad sliding arc wansUszanSnims (8.40%) wiaglindanuuagdnsinisivags (An-
Jie Zhang et al. 2010) waraanouanunsaviliiAnnsaaneiiussansnmgsgn (88%) us
ﬁmﬂ%’wé’muﬁqwm (3800 W) (Ming-Wei Li, et al. 2004) fiunaula weluladnisans
Uszquuulalsunlsiuszansamgs (54.2%) Tneldndsanusi (45 W) wazlidedldiaigs

aaa

UfAse1 (J.A. Andersen, et al. 2020)



A15197 1.1 wansuseansnnluniswias CO, mewmalulagwarauilildainusou

Type Power Total flow rate  catalyst CO, Ref.
w) (mY/min) Decomposition (%)
J.A. Andersen
DBD 45 50 Cu/AlLO, 16.1
et al. 2020
DBD 60 60 12%Ni/ y - A0, 24 An-Jie Zhang
et al. 2010
Gliding Xin Tu
165 7500 None 8.40
arc et al. 2014
Thermal Sun Yanpeng
3400 16,000 None 88.0
plasma etal. 2014
Ming-wei Li
Corona 45 60 None 70
et al. 2004

nanadusdredu walulaBuaaunuuunismeUssalalsuniindudunmadend
ddnenndmsunisaany CO, Lﬁaamﬂmsﬁwmﬁammﬁﬁw Feelaunsaldausauiu
ﬂi”mumiwma&ﬂmw (Krittiya Pornmai, et al. 2019, Hoang Hai Nguyen, et al. 2015)
mimmummmum sgaavananusndulunsldssuulianubusuinluguasaioan
AILASHANIIAUS DUUWIAR) mﬂwmqmﬂ%mumaqqﬂﬂmmmuLLavaﬂﬂﬂ%msﬂums
thyedne fafufidedaldiauamaluladnaainuuuniseisusealalsundiniunisnis
daneiaves CO, tnsluauideld ssliesesdanuduaunliinfiannzvesnisifase 9
S5 RsInsInaveseniATiUa sunlas nanasglaiindulussuureinismaaey
sudsrnududuresUsinamsveulaeenlvaitoudlulussuvvesnisvadeu ezl
ns1isguuuulunisaans CO, Mmmnzauuaziiussansnwiigaseld

1.2 IngUsradAvaInsidY

121 ednwduaideyavesnseenuuudidninsafifidnuazdusiuvuias
uaailalfinyszdns nnnazauaissvosnsruaunsmeysealalsuilunisaans Co, lu
91N

122 efnwianuduvesauniliiwazsnsnisivaveserniasgraduszuy
ileszyangdminzandmiunisaats CO, gegauarlvidoyaidsdndmsunisiamn
waluladnnsan CO, ATUszansam

123 ensaaeunanassldfiiAnduluszuu lasianie O, uag NO, ATy
wiauiunszuunsaany CO, lunnseaumnuduauuli

124 lefnyinafiinduresnududu o, fudsunlastonisaas CO, way
M3An Os wag NO, leinlafauszansnmuaz siinuanasele



1.3 @UNAFIUYDINITIY

Anuuvesaun i lulsasaniizveinisaeUszguuulalsundnasionisaansda
vosmsveulneenlediisninisinavesenmaiiuansaiy sufmanaesldfiAatulussuy
Yosldazan Iz vadey

14 deanaadodu

141  Anwinsaaneiivesaiveulaeenledimenisamelssquuulalsunfiseiu
ANutauNInisng 9

142 3A5uas0onLuUsnwasve9dLanlnsndild d1usuni1sasisnnudy
auliii warausaUsusyauadaunlnia LR oA nwinsiUa sunlasesnis
aangsasueulaeanlyn

143  vagounsaasfvesnsuaulneonlusuas fananasslddmindulussuy
YDINTNAROUALE

1.5 ‘U'é]UL‘UC‘I‘UENﬂWﬁa{]JEJ

151  Anwunaluladmsmedszquuulalsunilididninnvatsunay ioats
aruduvesaunulndisg o Falnasensaaissivesasvenlaeenledluanniels

152  @nwimandiduvespnauuliinannszevvinsseninedianinsnvane
uwanfuwsiumandlfidunsnd ielvimswisismesnainaniogeing 9 vesnsaelsyq
wuulalsun

153  wedeunsaaefvesnsueulaeanled fenuduauulniuarsnsinis
Ivavesenmafiunnsinafiu tevniteulufimnzaunaziussavsningaqn

154 Sanawassldves Os way NO, MAnTulusyuUsluan1eiionnAtuay sl
Asuaulneanlyn

155  weasumsaaesvesmsveulaeanled eaududuasveulneenlydi
qqﬁu fenaduanalnihuazdasnisivaveseiniefiiiusyavsnmgsgn

1.6  25AUUNISIY
1.6.1  WUINNNITANALIIU

1) numuassunssunuideiiteadunsuszgadlindnnsmeUssuuy
Talsunfisiuanuduvesaulniifidswanensaansfvosnisuaulaoanlass

2) Anennaseiuanuuaunuliihmeteyanindinenans

3) ONBUULAYAS 19SEUUNITNAGOU E1NS UNTSEANEH 3D
asuoulpeenles Assdumnuduaualiiuazsnsnsivadiuananeiy

4) 51As1zvinan1snageuLi oUsziduuszansarnlunisaarsiives
Asusulnoanlyn



5) IATeWINGTINUSLAZIHELNSHANUITEMIYINIS
162  selyuinidy
1) Audunsideuazsiunuteyalnonisdnuissunssunazuised
AendesivineniinsesiaziBoauazaseunay
2) Ansigh onuuy uazmteyanuideidamunndefiofsedunuidy
yosauwilnih MAnInsUuuUBIdninsngUuuuUaeuasvsnzaLaziiUszAvEamgsgn
3) a¥1aaT eadunvuLtevhnsmaaeuUszans amlunislindsauuaz
UudguaTedliissAvsnmiiuiy
163  anuihmside
wosUFURNT arvnimnssudidnnsednd e1asiadesdle 3 umnine e
wAlulaggsun3 111, suuumIne1de f1uagsuns e1nailes Jarinunssvdun 30000
164 nsesdleflilunside
1) pouImasdIuYAAA (Personal computer)
2) \nFesinsziinglaldeainuaeszun (testo 350)
3) isesnsrainfnaleluu (Ozone Gas Detector)
4) \3osiaAnuEiax (Digital Anemometer)
1.6.5 msiusIuTIdeys
1) iusurateyaanmsdnuaznumusTanssuiiiedes
2) a3UHaINNTTOBNLUY @519 UagnadauUsedninInvedssuuaaiy
msuaulaeanledmensyuiunisaelseguuulalsmn

¢l 1 Yo

1.7 Uselgaunaininazlasu

171 awnsodasizisyiuanuduauulninainssezineseninadidninsaiu

| 9 v & v

wHwanitldiiunganle

172 lansuissgauanuduvesaundliiinnnisuseguuulalsuiwasdnsinig
InafmngauwaziiUssansaimgega dmsunisaaneiivasmsvaulneenledluainia

1.7.3  wWilansguiunisAndiasiziegialussuy wethenuinlasuluvssendld

Tun1svieuaudy 9 wilelymlunsudia wazanusatlldlunisusznevisnanla

1.8 USiimdassanssauazauidedinentas
nsltwmalulagwaraunlunisuAdauinisaaisiivesingaisuaulaenlennigs
sueuauladissnntuitilan wWosmnmsliinaluladwaraulimadendifinauaminn iy
AsTUIUNIMIALSouRUUARY FeiruinldiinsAnumemiddeiisteaieatuns 14
WarauIUsEiAne1e q saufieguiuuveanisaianalantuuang 9 lun1saaieflives
msveulaoonled Weliliussnnvemanaminzauuasivszansamgsgalunislday
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Juldldvesnuideluounan nasnauszytiygwinasdeiausuusiiazsiotmauiselug
Hmneiisslildegwuivssansam §3feidlddndunsfnynanuidenifstedag
azidon Tneldgudeyadilisuniseensuegraunsmasliunanisivinig 1y ScienceDirect
IEEE, waz SCOPUS, fuifuundssununanuisesedulaniiinunimuazanuundotios
slannsndnfsnadeifidemasouaguuannvanedulumaiidsatesuenainddld
Auranuvasdeyadus 1wy Bumeslin esayauvninerds uazdensiBouiineg waain
msAudumatsiuldiduwmdunmsiuiiuvnuidedely Tuduiaznamiamamuny
5nTINLArATEAATes FesmfenuddeiRntunsldmelulagnaraulunsaans
mjusulasenles sULUUANS 9 Yesn1saiananaN) uaznsAuMIaNIETiIzaNTign
dmsumsiAiananauniierfinuszansawlunisaaisansveulaoenles saainnisdnu
fanamasuldluaderaludl

1.8.1 nAdeiAniumslfimalulagnaaulunsaarsiufaniveulnesnlud
wanaufednduaniusfidvesaars warannind uldidedinsldaulnigatufeiity
fnans ilendsnugndslugdidnnseudaszannme asshliBidnnsouruivesnouuasyinly
Sifnnseuvgnoananesnon nszuaunITiiendinisuandadulossuy Juileinduogie
s lidiannseuiinduiued19sanss auirsunndauaznateidunataun Tae
nanauseandudesUssinyvdn Ao nanananufeutarnananiilallianuiou Juoe
fuaunan1veungiveseunIAnely Fawananeuieu (Thermal Plasma, TP) Wuaanus
voafnefignnsiusendanuauinnsiandudulooousgsauysal vlieyniaramaly
wanaanilgamgiigdlndiAsstu viedidnnseu Teoou waveyniailiiunarsilgumgiilndides
fu Faumnsnsnnanasniilaldnrmdeu MBidnmsouligamniigsniteyniadus wn wagsin
gnasrsduluanneiifgumniaemnn Taertluaglutag 4000 K #1 20,000 K uazgnldeuly
ASTUIUAINSERAMNTTIMANYTEAN 19U n3idiexlans Msdalany MIHAnNEsaN
Aty uazmsiedouiinian Wudu wanauianufoudauaudAfiawiiannsnadiauas
mualaluanimnedeniifigumaiigs deelianuisaviuiiseeiiidesmsndsnugald
ag9lUsEdnSam dretrunaluladnarauiniiusoeu lawn Direct Current (DC) Plasma
Arc [lunnsidoulanzuaznisdnian Inductively Coupled Plasma (ICP) Tdlunsiasngs
yaaiiuaznisuanuiluian Radio Frequency (RF) Plasma l#lun1sindeudiufiauagns
aany CO, uaz Microwave Plasma Tdlunszurunisiideanisgumgiigann (gamgd >
1000°C) wazluaruvesnaraundlailgmnudeu (Non-Thermal Plasma, NTP) #3ewanasn
Fudu anugvesieiifinisuandudulosuunadiu Sdluaned Siinnseullgungiias
nineymaviin (lessunazluanadiiunats) egrannvinligamailagsiuvesnananiy
snddleisufiunanamnauiou waznanamililianuieuaunsaaindlafigaunaiives
viselndidss lnsnsldaussdndlulingeszninedidninsnaesiluusseniavesing iile
didnasaulasundsnuanawnliil ssgnissldsuiuluanavesing ivliianisuanda
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fignnsdu fegramaluladlunguil Useneuludae Dielectric Barrier Discharge (DBD)
Plasma 1¥lunisulasinauasnisynanuaseinitula Corona Discharge Plasma Mlunns
franlolsunazansuafivluonnia Atmospheric Pressure Plasma Jet (APPJ) T4lunnseinide
Tsauagyinauare1afiuia Microwave Plasma Wlunsuasulutanuagnisaans CO, @
9NN < 1000°C) Capacitively Coupled Plasma (CCP) Wlunisindsuiiuiawaznisin
puazentugnamnssululasdidnnseiind uay Gliding Arc Discharge Tilun1sudas CO,
wagmsnanlalasiou feuauiifamsaihauldlugumgis waraniilildanuieuds
fiasadonagimudangulunisldnuvainvats siliiduneluladfauls s
nanalidnadu Tugaslddd i Sawadladstulunsiineluladnarauidnsunis
wlas CO, Tavfinsnaasdlunaraumaisuszian dassaniinuvssiigalusnuisofe
wanasnilildnnudou (NTP) GanaluladdiulngjazlinsudesUszquasdainundladidnn
3n (DBD) nsuUasevaslulasin (MW) nmsuasuensnseu (GA) wazn1saeUseguuulalsm
Tumsaanesivesasuaulaoanlys ﬁ'ﬂﬁ'juﬁiﬁaﬁﬂiﬁﬁm’maﬂﬁ]LLavaﬁﬁﬂmﬁuﬂiﬁLwﬂIuIaﬁ
wanasnflalvanufoufundnsudanaluladnatamnnnudeuiieSouiisuuseansam
wazasUnadmsunisfinwAuaisely

NN15ANYINUITEURS Danhua Mei kag Xin Tu (Danhua Mei, Xin Tu, 2017) 19
Yrauen1sAnuid satunisulasanineesiieais veulasenlesd (O, Tidy
AsUBUNBUBNlYA (CO) wazeandiau (Oy) lavldnaluladwalauiwuu Dielectric Barrier
Discharge (DBD) Fafunszuiunisitlilfennudougs (Non-thermal plasma) meldgamail
wazaTuFuUTIMAUNR lnenuideldatufnumaremniinedens 4 lunsuszanana
wanaL Wy AufveenisUaesuszq snsnisiva idaliinlunisudesusey uagnis
panuuusilvingluszuu DBD sedszandamlunisulasanin CO, aznsldndeanu
pg198iUszaANS AW Imaﬁmié"fqmmsmaaqﬁqLLamﬂugﬂﬁ \
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o T |
- oo
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Mass flow
controller -

Plasma region T

Gas Feed gas

Cylinder stream DBD reactor GC

UM 1.1 NM3AsAINISNAgeUNsaaneiives CO, lngwatauikuy DBD



mﬂgﬂﬁ' 1.1 \Junsiarnsyuu Dielectric Barrier Discharge (DBD) \iodany CO,
Toedunassoluifiussge muausulnsuiausesdunasiad osianszuad ud ouseiu
seadalaalavdmsunsinseidygia A9 CO, gnIneaInduAuNILAIAIUANSATINIG
Inawdng DBD reactor fidswanawngnasrstuiiontas CO, ndmniufeiildazgniiases

MELATaY Gas Chromatograph (GC) Lilens39deuUsiNMvesig fuuanaanisagaulusy
1.2 uaz 1.3
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JUN 1.2 anmsmageuraen1sldmasanusenisulas CO,
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JUT 1.3 NaN15nAaeUree8nsIN1siva sien1sudas CO,



903U 1.2 iunamsnaaeunislddsausenisuvas o, Tunszuiunis
Dielectric Barrier Discharge (DBD) nuiidorfdsluihlunisudesuszqifisduain 10 w s
50 W waw SEI iiaiuann 20 ki/L fa 120 ki/L Tasfinisudas €O, qaqmﬁﬂismm 22.4% i
sdalatih 50 W Bawamslidiuindndsinihiigst utheiiunisutas CO, 1¢ wagguit 1.3 ms
was CO, Wiistuilodnsnislvavesfivanas Tnefisnsinisuas CO, geaniiuszan
22.4% \ilesnsinslnasgil 25 mL/min wag SEI 1 120 k/L Fauansiinisandasinisiva
vosftiefinsrezinail CO, agluninamanau vilviloniamnd ufinsiAnnisula
anm Saudfnsznszuinsianunsouas CO, Igumgfidlaglideddanuiouas uaxd
mudavgulunmsusuudannivefilomayszansamled uddsgansamnslindsanu
anauidleifia SEI uaxdidnsinisulas CO, Araudsi

INNUIILYaY Constandinos M. wazanue (Constandinos M. et al.,, 2016) ladnwya
msltszuunanaulalasnsiiinuglasasameldauduusseania Falgasudonisiiia
Usgansnmnislindanulunsudas O, Tugnandamiiian suadedldituiinisiam
szuviiannsnaanislindsnulurasfidmaszansawlunisuvas Co, Toglusziugs
Tnglii8nmaaesuariinsginanisuasiemainadnlnsalnd nsvnaesiidiaiesiio
ogsaziBuniilanenmgiiuas msudes feduesnanain tielanansadlanalnuesnisuvas
Co, MAntuneldianneiunndaiy Tnefimsisdnismnaesiauanddusuil 1.4
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JUN 1.4 M3sANInaaeuNMIaa1eiives CO, lngna1auhuy Microwave

93U 1.4 \Hunisdeinisnnasslagld Magnetron Tunsasrsedululasiand
Audl 2.45 GHz i onsgdunsaatefaves CO, nelu Plasma Applicator %38 Torch
Nozzle Tnsadululasimazgnarunsriy Directional Coupler, Isolator, kay Three Stub
Tuner Lﬁdﬁwé’wugﬂeiqiﬂé’fqﬁuﬁﬁﬁmu@lﬁaﬂﬂqﬁﬂizﬁw%mw syuvaztlou CO, Wrlulu
Torch Nozzle s?flqvﬂuamﬁwmamaﬂaﬁwaut,ﬁ'avﬁawimaﬂa CO, nAnf i ldann
ASTUIUNITHAY QnAT18YHIY Gas Chromatograph (GC) wag Mass Spectrometer (MS)
52fsnsld Spectrometer LlensvasuaUnasuLaTAnIINNAELN ilonTITRgavgd
uaziiilanalnnsaanesves CO, etnazden fuanmanismaaoulugui 1.5
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10 T T T T T T T
- 9 - o m
S gl o —— " 4 slm
3 4 .
S ] o L] 6 slm
— A
% 61 « 4 4" 8slm

— v

Pl B 10
g . slm
E 4_ -
@ 3. . * -
c
S 2] e - 20sim ]
o 1 .
(@]

0 . T

20 100 110 120 130 140 150
Coupled Plasma Power (W)

U 1.5 UsednSamnisudas CO, My Microwave

mﬂgﬂﬁ 1.5 uanslfiuiausyansamnsulas CO, tindwilondamunataund
dwiufiniu tnefisnsnislnaves CO, snin (@ stm) Tiuszavsnmgeaniiuszana 9%
Tuvauzisnsinislvaiigenin (20 sim) Wiszansnwdninogiivszana 3-5% Welindsau
49dn 150 W mﬂmamwmaawamu‘i%’aﬁﬂazﬁw%mwmﬂsﬁwé’wmﬁqﬂuﬂ’]sl,t,ﬂaq CO,
415U wadeiiuszaniammsudasiisuazdesiinlunissersvuniienisidau
lusgAugnaInnssy

PMNNUWITEUD9 Li Li wagandy (Li Liet al., 2018) ladnwinisaaramives CO, Ingld
wanauwuy Gliding Arc Discharge (GAD) 3.8u3sifidnanimdvsunisulas CO, 1iosann
1115071158886 2999 CO, lé’ﬁqquﬁm‘l’wLLazmmé’uUﬁmmm nioufuanAunu
WAIU IﬂUﬁﬂ?igﬂmﬂ’ﬁ%ﬂaaﬂﬁﬁLLﬁqugﬂﬁ 1.6

Fhextacoupl /L\ Portable CO2
Quartz cover \__. gas analyzer

(replaceable) ™~
GAD

Electrodes «— reactor

——

MFC Inlet

Power supply resistance GC PC

JUN 1.6 MIAIAININAGBUNMTARIEHIVEI CO, Inenatauhuy GAD
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1N3UT 1.6 Lﬂ‘flum'ié\u’whmimaaqé"m%%Lﬂ‘%aqﬂﬁﬂiajl,wumim&Jﬂizaﬂﬁq (Gliding
Arc Discharge, GAD) fil#lunisaanefiaves CO, lnufng CO, gnuhunandufiy sius
muANN1sIavasfing (Mass Flow Controller, MFC) Lﬁ@iﬁLLﬁiﬂ’ﬁ’]ﬁJ{ﬂi’]mﬂ%aQﬂG’]JENLLEW
asft antfuFagmindgintesufinsal GAD nelueadosufngal dalwihdldsundsnuann
uwiasinglilussgeazadiamanaunlaenisaetszalds saelinisaaieives CO, WAaty
fa3esufnsalgnladoudiednaseumend uaziinsingamnfivesinanelussuusie
wesludda ndsnnifinUfizen fefilnasonainiedesufnsaiazgniinszsimendesuia
Tasulnns #l (Gas Chromatograph, GC) wazia3adiiasisnfng CO, LLUUWﬂW’]Lﬁaigq
drulsznouuaraududures CO, wagRrwdug MiAndu doyawmardasgndufinuay
Uszananaluponfmosifiomstinssyidoly masaeidliinidanunsausuuiadoly
fin99) dmsunisudas CO, Tnen1sufusauds W sasinisiva mssvuaavesdalnih wae
nseenuuULAIesUnsaild uarludinvesessansvadeunitetazswiuluiinanis
naaeUsmIINIsinatvanzauuaziusansamgsaalunisaaneiives CO, fuansly
U 1.7

B I I I I L) L I

—=— CO, conversion Y |
—a— Energy efficiency - — 1
Y =

ha
=4

P
=

]

L
%]
iy

=
Energy efficiency(%)

o

CO, conversion(%)

n

I / I . 1 . 1 g 1 £ I 1 (o]
2 3 4 5 B 7 8

Flow rate(L/min)

JUT 1.7 nan1snaaaudnIinisivavesinesenisaalgnivesaisvaulaeanlesuas
Usganinmmslindany

1N3UT 1.7 uanstsmnuduiusseninsdnsnisivavesing CO, msuvas CO, uaz
ﬂﬁzﬁmﬁﬂwwmﬂ%’wé’wuiul,ﬂ?amﬁﬂizﬁ Gliding Arc Discharge (GAD) anuinn1suad
CO, auifitudon 1 pusmsnslvavesfwaudgageaniiussana 7.2% Wedhsnislva
08l 4 Anseoudt (L/min) windaantunisuas CO, avananiiodasnislnaiiud udn
mmemﬂqmﬁ{]ﬁmﬂuLﬂ%ﬂﬂﬁﬂﬁﬂiﬁqﬁu FadsmaliAnujisendoundusening CO
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uay 0, e slsfiniu UszAnsamnislindsunduiinduegdoiiommusnanisiua
vosfne Tnpgaandiuszana 25.8% fisnsnisiva 8 L/min dsuansliifiuindausinisudag
COavanasiisnsnislnags uiiedesufnsnidensannsavszinanafildunnduuasld
nFauldednafissansamanntu eghslsfinny uiiinednsuiuuamsesnuuuiag es
Ufnsal wu nMsuiuaueiidauaziiaseu usndsasddedidaludiunisnszaevesauy
fauarfiufivesanaun Ssdmalinisulas CO, uazdsrAninmmslindsnudiligarig
ANANIY

NUITBVDY Hoang Hai Nguyen lazAng (Hoang Hai Nguyen et al., 2015) 14
Anwinsfnwinisiuas CO, wag CH, Tnnsyuaumsnsuassuszquuulalsuniiliondnfinn
daATEnt (syngas) Imammwumiaamaﬂimwmmwimq6] lunsguIums wu snsdiu
CO; / CHq a@mmﬂwamwm mnuivesad, uazussiulwiidild Taefinssarnismaaes

Fananslugui 1.8

Ground
Electrode Power
—m:l T Electrode _N__p
m-gll o |
Gas
y Chromatography

) ¢ Y '! e
‘ Corona discharge reactor

il

“—r—| High Voltage Power Supply '| Cylindrical Pyrex
[ Tube
Oscilloscope

JUN 1.8 MsssAnIsnaaaunTaaefiues CO, lngnatauuuy Corona discharge

91n3U7 1.8 1uszuummaassdmiunisulas CO, way CH, lngldnszuunis
UaoeUszquuulalsunluiai esufnsafuuulalsun (Corona Discharge Reactor) @4
Usgnausensmuausnsnsivavesfite CH, uae CO, lagldi3asmununisivavesna
(MFO) Aaufiagnaninsuazadeniinginiesufnsaliiusznousesie Pyrex nsanszuen lned
nszualniussgedainudidninsaluiimas viliinnisuaeeyseqlalsunluvie innis
Ufsenaliseninging CHy waz CO, aulafingdaunsnzi (syngas) %a%gﬂmni’ﬂﬁ’sal,ﬂ%iaq
Tasulnnsiiuia wasdufinnnsfwesing 9 veanssuiunisieesadalaalaviiieases
NANTNAADY TABLARINANNINARBURSTUT 1.9, 1.10 wag 1.11
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40

364 —=— CO, conversion

; —e— CH, conversion
32 4

28 -
24 -
20 -

16

Conversion (%)

12 4

v . T y T y T ’ ¥
0.0 0.3 0.6 0.9 1.2 1.5 1.8
Total flow rate (L/min)

JUN 1.9 n1swdas CO, wag CHy NmsInisivasiianiu

1n3UT 1.9 uansanudusiussemdnedasmsivariomn (L/min) fuilesidusinig
wUagues CO, wag CHy Tunszurunswlameyseqlalsun wuinIsuUasuesia CO, uay
CHq anaaidiodmmmsluaiintu Fedimadiusninisivaannaiifwegluedosjnzal
danaliuseansnimnisuandawazuisenanas wenani Nsulas Co, fiAnnnnianis
wlaswes CH, Tunndnsnisiva Fsenausuendt €O, annsaumndldireniudedujizen
fuwanausnnnin CHg Tudeulafidmue

20

18
16
14—-
12-

10

Conversion (%)

—— CO2 conversion
—e— CH, conversion

T Y T ¥ T v T v T v
300 450 600 750 900 1050
Frequency (Hz)

UM 1.10 MsuUas CO, wag CHq MR
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9N3UT 1.10 wampuduiusszninsmnudveiad (Hz) fuilesidudnisuuadves
CO, way CHy lunszuaun1susualuuszqlalsun wudiniswuasueana CO, wag CHq

¥
=

a X ' oA - = o ¢ a X = = | A
WANVUBDEINABDLUBDILUBDAINUNUDINAFNUYUINN 300 Hz 89 900 Hz FIUIUDNINAIUDNFY

Y

Preuiulszansanluniswlasinensansviin

24 - )
—— 002 conversion

—e— CH4 conversion

20

Conversion (%)
o
1

T L T 4 T k T b T

2 4 6 8 10 12 14
Voltage (kV)

JUN 1.11 msuuas CO, Uag CHq usasusineiy

9n3UR 1.11 wansnrmduiussevinassiulnindldlunszuiuns (Voltage) fu
Wesdudnsudases CO, waw CHa lunszuaunisuiasimenisudesusyguuulalsun wui
nsutasmewts CO, uay CH, Windusgdardoudoussiululiiniutuain 4 kv 8 12 kv
Feustinsifinussdulnihdefiuussansamlunisuasieisaosde uonaind ns
wUasues CO, firganiinisuuaves CHy Tumngisusaiulili wanslidiiud CO, Insuan
favdeufisefiAed uldienindeoussdulinindy waldunafuduresnisuasd
ANyl AU ImEJLawwaEJ"N?fﬁLﬁaLquﬁuIWﬁWLﬁmﬁuiuszﬁuﬁqam"l 8 kV B9n1suasves
CO;, Lﬁuﬁulué’Miﬂﬁqqﬂ’iﬁmmﬂawaq CHa Wintios nsmia W iiudsaud fyenis
m*uauLmé’ulWﬂﬂuﬂfmﬁuUizﬁw%mWm'ﬁufdaq CO; wag CHq lunszuiunsUasesey
wutlalsu anmsdnwenidfedaguldidnmmaulas Couar CH wntudionssiuludh
auapilivionuivesiadifindu uasanaudiodninslvaromadiniy maideilidoya
dfgAnaiutadeiinasonszuiunsudsu Co, InenszuiumsUdssuszquuulalsun 3
anusa Ul dugudeyadmsuniseenuuunszuiumsluszdugnamnssunion1sing

fallauianian1iznssuIuNsRwmLNzaLdmsunIswlas CO, %38 CHy b9
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2119747809 Vernon Cooray Kag Mahbubur Rahman (Vernon Cooray,
Mahbubur Rahman., 2005) ladnwnisuanlulasiaueenlan (NO,) waglelwu (Os) 910013
Udoonszualiliinwia streamer luoiniaiiaanusuussennia smuiseildnisveaaesdly
o fuRnm oy sziiulszAnsnmueanisudn NO, wag Os Insldiwadnsinszueniay
wnutazusssulniis1ae91niing nsAnwddauSeuiisudssansawnnswanves
streamer iRt UINLAZAY wavnuInsUanUdesnsrualiiuuuuiniiuseansnmily
N1suan NO, uag O3 genin Fernemideivvenininfananassldfiiniulunsmaaoy
UaseUszanuulalsun

91N15A N3 Teae97A atunsimaluladwanauilunisaanefuia
asusulasenlud Midunarauniilalyanuieu (NTP) annsaaguuszanSainwosusas
gULLUUéﬁ’aLLamTumiNﬁ 1.2

AN5199 1.2 wanausezansSnnveanaluladnaiaun

Total CO,
Plasma Power
Ref. flow rate catalyst Decomposition
Type (W) )
(mUV/min) (%)
Dmitry Mansfeld
MW 5,000 30,000 None 31.3
et al. 2020
Jiao Li Thermal
15,000 25,000 None 48.0
et al. 2017 plasma
T Nunnally Gliding
1,500 14,000 None 9.0
et al. 2011 arc
12%Cu-
An-Jie Zhang _
DBD 60 60 12%Ni/ 75.0
et al. 2010
V-AlOs
Yue-ping Zhang
DBD 75 70 None 43.1
et al. 2003
Ming-wei Li
Corona 100 60 None 70.0
et al. 2004

INANTT 1.2 wanensiasigiiuieufisunisaanedives CO, fenanasnviia
FiNg %amwawﬁiﬁ%’aaﬂaﬁﬁiyﬁmﬁ’umﬂ%’wé’wm ans1nsbia n1slddaseuisen uae
UsgAnsnmnisaateiives CO, dmduudagds suAdeiilinarauuuunsaeuszauuule
Tsulaasiudeuszansamlunisaansives CO, figsia 70% lagldmasluindidies

100 Fnduardnsinistnasiuiiadiia 60 addnsdowd Ingldlidusauisen Ussdnsamd



16

89n91350u 9 Aszyld udamaraululasioni 31.3%, warauiauioui 48.0%, n1s
UapgUseuuu Gliding arc 71 9.0% wazwanau1Useian DBD ilUsyansnmnisaanesiey
Tuag 43.19% 89 75.0%

Uszansnmgavesislinarauuvunisudesdszauuulalsun Taglanziisedy
wdanusuazsnsnslvaiigs wansfeuiisyavsnnlumsuiuanmmanamidmiuns
aanefaves CO, mslaliwaussufasenlunsussqussansnings FIvifudmnsifivmes
anneliluinsudesyszquuulalsunudsifivssansnmediann WewIeuifiouiuis
uq Aldhadlwihuazsnsnsivatigandt wu nanaululasnvuasnanamanuiou dslsl
annsaussausrAnsnimdsusiniuld uanddifudienudidyresnsufunnimes i
maslniuagansinisiva

1.6.2 yATefiAsatunsesnuuudnvaresdidninsadmiuidusidesuszq
dmfunsaanefies CO, TanuddyesunnlunsiamnnaluladifioanuSuiafig
Seunsvan Sidnlnsaiignesnuuvetiuvizavanansaiudsyansamlunisuenluana
O, Wunnduduasuauneuenleduazeaninunieasuszneudu 4 iiunszurunsuaes
Usgqlwilh nseenuuudidninsndniudesndsisgunsaazamaiidamanonisnszates
yasaunalliiih anuduvesauuliin wagmsmuanfiamsvesdsyy Sagildlunisesnuuy
Siinlnsndadosdanunumugaiioannisdnvsenss sruudianuundefio uenani ns
aamw‘uwmmya:ummmsaammammmmlﬂﬂw (Arc Discharge) Faenvhlszuuideme
viovhlinsaanedaves CO, lidulumufinnnts fadu nisAnwuazeonuuudidninss
dmfunsaaeiivesaisuaulaeenlediuluduneudidyfiviewaunneluladlid
UsyAvEnngstu Simeasnaylfesuiesiely

MNNUATeUD9 Belen wag Messanelli (Belen and Messanelli., 2015) 1un1s@ns
Rendumsinuazisiouliisuaslesstinfiinaniaiesnsefunaiamuuy Corona Lay DBD
(Dielectric Barrier Discharge) Ingl4318nInsafifisunsadulaisunaumatsgn (multi-tip)
ns¥aanaiavesanlessiinainiadesnseduiisaosiintibusd Tafiddlunisusadu
Usvavsnmueaiaiednsydu esnanusianlessinaansagnusuiasulsvansds wu
nsUsusEBEianesdidnTnsn vuin 3Use Tadeguuuuvesnduliiln eddeddead
MsfnwHansENUTesFUNIIsIAdinvesdidninge Tnsanznslddidninsafifuansunay
VANEYAUUYUTDIBLANLNIA

TunmiAfedidiendnmeaeuiiiofinsandnuuusdidnlnseiigg veuaiomsedu
WANELUY Corona way DBD fifinsldaulunisatsaulossdn Tnefidasdiuanugeie
Anunavesmeuvan (h/w) wazduiuUasunaudevtheanuen (n) Wuladeiduase
ﬂﬁzﬁw%mwma«,ﬂ%qﬁqLLaqugUﬁ 1.12, 1.13 uazdnwazvesdianinsnflosnuuudmiuin
auloselinuansiegui 1.14 wag 1.15
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JUT 1.13 dnuauedianingnveeseInsesunaiaulwuy DBD
h | w |h/w |[N/S
) ~ [mm] |[mm)] [m-1]

0|10
8 |4 |2 |25

8 |5 |16 |200

10 [10 |1 100

15 {10 | 1.5 100

20 (4 |5 250

20 |5 |4 200
20071 8 [25 |125

20 |10 |2 100

Cl3m " X

= [y a a o (YY) a 1
’EUV] 1.14 amﬂmg‘llax‘lilLaﬂIVIiVWIE]E)ﬂLLUUﬁW%iU')G]ﬁJJlE]@@Uﬂ“UE]\‘iﬂ’]iUﬁE)EJU'ig"QLLUU corona
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N/S

[m-1)

100

200

100

100

100

200

100

50

D10 25 (08 |40
40 (0.5 25

D12 10 |25 [100
D13 ¢ 10 (3 100
D14 C 10 (3.5 100
i 10 (4 |50

JUT 1.15 dnwazvesdianinsafiesnuuudivivinadlessiinvesnisuaseuszquuu DBD

1n3UA 1.14 uay 1.15 Wudnuauzvesdidninsaiiesnuuudmivinaslossiinves
n15Uae8UsEAUUY corona (C1 §i3 C13) wag DBD (D1 & D15) fAldlunismaaes lasusias
wuuinsesnuuuruIaLassas@LvesUasumaNiunnsnsiy e Anyinansznusiens
\Anaulessiin (ionic wind) dslun1smaaesiifigauszasdifiodumnisoonuuuiimangay
fgnlunisairandosnszdunanaundidussansamgsiigalunisasraulossiin wanis
viaABULARINIFUR 1.16 uay 1.17
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(b)
—e—ClI - DI
-a- D2
L C4
6 " . D4
C5 —— D3
5L 9 v D6
~ D8
——Cl11 . D13
4 - \ c b D14
z \ \ Y
[mm)] . | e
3 . K -.flf 3
L Wi b
LI T
* B4 A ]
2 ¢ m¢ ¥ |!:’ 9
L ¢ N¢ ¥ Vb
® méyA
i LRI F
i o B $req
L s u 4y ” 14
[ IR
¢ m 4 P
0 L L L . L . ' ’ 0 A
0 I 2 3 4 0 1 2 3 4
v [m/s] v [m/s]

g’dﬁ 1.17 wan1snagauninausiaulessiln (ionic wind velocity)

INFUN 1.17 wansdemnuuanaevesnisiinaylessiinsenitaun3oansss uwuy
Corona Uag DBD lagnuiniATednsAukuy Corona ABUALBIRBNSHINAINALYBIUATY
wiauliegadaa wu C12 faunsoasisanuiiiavloseiinggauszana 4.5 m/s aa9

' = Ao W P v M v
nAMsIaNYes C1 Nliivansuvavegedanu luvueiinsaanseduuwuu DBD Lilduans
mMafisduresrusiadlessiinegrefiduddgdomunnuanvesUatsunan Ingamusa
avasanaglug1sUszuia 3 m/s nan1smaasutuansdsaduuanadluisnsasiauag

UszdnSnnvesauleseinseninuasainseduniaosusznm laefl Corona HUssdnsnin
andtunisrevauswensdsuLUaIgUNSIsIIAdRYeIUaguaY
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MNUTT8Y8Y Jin-Seon Kim uazaAmz (Jin-Seon Kim et al., 2020) Jun13fny
anvaugdidninngluuunng o dmsulaesyszauuulalsun luns@nwildviiniseaey
ﬂszﬁw%mw‘lmaﬂ%’uLﬂﬁaumwugﬂWiﬂ VN UALITLENNVDIDENINGA L8 dnYLveINIg
DONUUUUARIAITUT 1.18

396 mm

458 mm

JUT 1.18 dnwauzaesdianinsafiesnuuudmiulassuszqlalsun

dniudeulvesmnedevazitdeuudasgunswesdianinsndmiuidesusyy Live
Wisuilsuuszavsnmlumsiidnoynia eanunsauusesniluaudiundn faguil 1.19

J
L

& N . o I

(n)

JUT 1.19 dnwaigBidninsaguuuudie 4 n) Jeulussezriuwuisusenindianine (v)

=Y

Jeulusvezrinamuuuig1iseninedidninn (a) Jeoulvmnugevedisessy

a &

Aannsm
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BIREAYH)

a

Saninge (sia)
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1 ] il [l [ ] [l ] |
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< ! P ' ' a
nnsagunuusing 9 n) Weulyssegriiauuisusenindianinge (v)
Woulyszerrnmuuuig1iseninadidninin (n) WeuluAinuganedsisesy

Amsunanisneasudl Azlevinnisesulenadnsnlaainnisneasslunsazisouly

2619821980 FITIUDINTITIATISUHANTLNUINNNITUSUTLHLUIITLNINBENTINTA LD LA

v = [y 1 1 dyl a a [
whlataavesnsusussegyavalneyseaviamlunismeysyy nan1snaaeukansdisgy

i 1.20-1.23

JUN 1.20 auduiusnisliihsendnsusiunagnszuaiiindulunsalvesssuginesening

Current (mA)

=
(=

A-E0mm
-O-BOmm

- = 120mm

L T " B = B R+ - S ]

SranInsauNUmaY

Voltage (kV)
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9IN3UT 1.20 wansmuduiudvosussdullin (Voltage) wagnszualwii (Current)
fiiatuludalrifhaeUszqiifsesvinasenindidnlnanduusumaniiszes 60 80 uag 120
faduns wan1svadeunudn Wesvezsinsseninaudunaniivdy Yssaviamlunsane
Uszqavanad Ssawiiourumaiistuvesnssualiiifidias Tnsszesvied 60 fadiuns &
MemeUszqgeian (nseudlingegauszanas 9 mA ussduliin 28 kv) luvasiiszozving
71 120 fadlns ﬁmimaﬂisﬁgﬁﬁﬁqﬂ (nseualnhgegaussann 2 mA Aussulyliufeatu)
Frfuszogvinaiivesninagvilianuluiidudunnty dewaldnssualaiinfiuduuas

UseanSnnmvu

& 12mm
G- 24mm
& 36mm
<=7 2mm
2 -C-B1lmm
& 144mm

- Mo pin

Corona current (mA)
=
w

0 2 4 6 8 10 12 14 16 18 20
Voltage (kV)

JUN 1.21 anuduiusnislniihseninussiusaenszianiinulunstlvedsseeinese ninan
duaninsn

N3UT 1.21 uansenuduiusvaussfuluih (Voltage) taznszualalsun (Corona
current) fintuanmIneysyluda i iifisvoginsssuindameussgsng 4 fiszey 12
24 36 72 81 waw 144 faduns uaznsdlifidanelsey vansvaaeunuin Woszesving
semistamedsyaiintu nsvualalsunavanas Saandiiiuinnisaeuszqiisyansam
unfigadi szoeving 12 Hadlung waranasniuddud eszezvaiindu lnonszua
Talsungeaniiuszann 2.8 mA Ausaduldin 20 kv Tuszeeving 12 dadluns wazsngai
Uszana 0.4 mA lunsdlfilifidamesyq Fuandliifiuinssesvineiidnasdemalinisens
UspqfiuseAnBamaniy
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& 30mm
~o-40mm
-4 54mm
-#-TBmm

2 | < 111mm
- 183mm

Corona current (mA)
w

0 2 4 [ 8 10 12 14 16 18 20
Voltage (kV)

JUN 1.22 Anuduriusnislniiiseninauseiunagnssuaiinniulunsluessseeiiasening
TIMYUTZINUUUILIANG

MN3UT 1.22 uansarmduiusveussdulnihuagnseualalsun AiRnduannizens
Usgalutalwilfifiszogvinemumusmsegninedaneyssasng 4 fissey 30 40 54 76 111
uay 183 Hadns namsvadounud iesyesimuin ity nszualalsunazanas
Tagszozving 30 fadwns Tinszualalsungedauszanm 2.8 mA Aussiuladin 20 KV vaue
szoeving 183 fadluns Winszualalsuimanyszanas 1.5 mA fussiulwiifedtu Jauan
TituinszesvinsiiduningilinmaaeUssaiivssansnmganiuazanusofiunsua
Telsuléanndy

& 15mm
25 | =0 2 5mim
-&-35mm

#-52mm
O 76mm

Corona current (mA)
w

0 2 4 6 8 10 12 14 16 18 20
Voltage (kV)

a v o ¢ 1 [y A a X = Y]
JUT 1.23 anuduiusnisliiiiseninaussiuiagnssuaiiintulunsdlvesaiugwe i
5995UTIMEUTEeR 9
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N3UT 1.23 uansmnsdusiusuesussiulylin (Voltage) wagnszualalsun (Corona
current) MAnTuNMIAEUsERlui i il ugeuesihsesiutaaeszarne q fiszes
15 25 35 52 waw 76 SaAuns NammaaunUIdionwgeshsesiuiimeUs g iuty
nszualalsunazanas nannuge 15 fadiuns Tinszualalsungeaniiuszanal 2.6 mA 1
usesulaidin 20 kv vauzfinangs 76 Sadwns Tinszualalsundiaaiiuszanm 1.6 mA
wandliifiuimanneUszalivssdnnmanntudlermiuguesiasesiuianeysyatioas

21NM5AN©191UTTBY89 Jin-Seon Kim Uil osregrinsszminaukuanuay
spiaseniameUssfinty UssAnsnimlunisaeUszqazanas Ingssoeiie 60 ua.
Tinszualiigeanfiuszanas 9 mA Tuvnigiissezving 120 faduns Winszualvlfieingnd
Uszana 2 mA uastiloszeznnaszninedanieUse i ud uain 12 fafwnes 1y 144
fadwnsnszualalsunazanasannuszanm 2.8 mA 1Ju 0.4 mA uenaind AUFIYDIA?
sosfudhmeusggifinduidsalvinszualalsuanaaduiu Tasfinugs 15 daduas 1
nszualalsungianiiussanas 2.6 mA wazANge 76 fadluns Tinszualalsunsigad
Usznal 1.6 mA Satsmuaiiuandififiuissssiaasanugsiitosasagyinlinsaeysyed
UseAvBnnaniu

1.6.3 1uAT87 1A i usEAUANd N sau i 17 Tnasenisaaiofives
ansveulaeenlefiinudifyesnaunn dWewinsyauanuduvesauylvindununddey
Tumsnsgdunszuaunsmaaiiivililianaaiveulaoonlsd uanduduassznaudu 4
Msaanefaves CO, neldauwliiinfidanudugiannsahlugnisanusma co, Tu
ussenmAld Sadunildutladendniinelianninuasuwasnwnionnia uenaint sedu
arudfuvosauliliind angaudaaunsoiuuszdvs mwlunsasu o, Wiy
wAnSuiTiiyan wu Wemddnaneivioanaiiiansmi i lugnamnssudu q 18
Fadu maviaadlafeafuauduius sendnassduanud uresaualviuagnis
aanefives CO, fudududdnlunmstauimalladfididudniunsdianistudgmnis
UasefigiSounszanuagnsasandsnuasonlueuiaele

1MNUITEU0Y Jaworek wagams Jaworek et al., 2008) 1 un1s@ny LA vafy
ANWULIINISIAA discharge LUU corona Tuena wazhngasueulneenlen lagltnis
naaesluieanaaaud 101585198017 1a00d 031A51Y N 5LAR discharee nneld
wsaulninszuansefisinetu Tnenansvaaedlduuseendugamdn 16un elow, streamers
uae arc discharges fauanslugui 1.24
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- . Arc
1,602 Air 1.E-02 cO2 T
1.E-03 - 1.E-03 ~
< 1604 < 1E-04
= c
2 2
E 1.E-05 - 3 1.E-05 -
—— negative discharge —— negative discharge
1.E-06 -+ ) 1.E-06 A
—0— g_eg:ir:e baﬂck . —o—nr_egatiue back
1 E07 , discharge, fly ash 1 E07 . discharge fiyash_|
0.0 10.0 200 300 0.0 10.0 20.0 30.0
supply voltage [kV] supply voltage [kV]

JUT 1.24 wansdnvazanuduiusseninnseuawazusenulniivenisin forward way
back discharges Tuanruagarsuaulaesnlun

mﬂgﬂﬁ 1.24 LAAINAGNWSUDINISLAN negative discharge Wag negative back
discharge Tuaniel (Air) wazfingaisveulaeenlys lneiinisunaquurudidninsasiewi
0w (fly ash) dwsulueinienisiin negative discharge azi3ufiussdulniiis lnenssua
snfintusiousssulwiiifiudy Buain glow discharge lUg streamer discharge uazaaving
\Ju arc discharge ﬁLLiqﬁuqﬁuas}N%’mw Yuzfin15.An necative back discharge Tu
gInAazanInszualugae slow discharge 1n310154An negative discharge UNA we
nszuazsiutwEulutag streamer discharge waz arc discharge ‘ﬁLL’NﬁuQ@ﬂ’i’] CTalalaek
20 kV) Tuvauziignnu ludiures CO, N15iAA negative discharge aztAnaduiuluainie
uinspudastinduindTlutiousn waransiine1n slow discharge lUg streamer discharge
wag arc discharge ﬁaﬂﬂﬁlmﬁuﬁqaﬂ’jw YUzl negative back discharge lu CO, azuanslii
WiudnmsiAa arc discharge fedliussiufigeanindnies wazianuiafiosunnnindlousasiu
it Tnsagy oamiAuay CO, fimsifin discharge findneitu wiluatnanszuaagifiatug
nitugausn wasn1siiidiassunmauunudidnivsavialinisiin negative back discharge
rodliusaiugendnlunisfin arc discharge Inganglu CO, Famuiadiesves arc discharge
gANINlueINA

1N91UIT8V89 Tadeusz Czech wavAeuy (Tadeusz Czech et al., 2013) LA nwA
Aeafunmsmeuszalalsuiluusssinmadisiinsasueulaeenlys Taesjadulufinsinsei
andnuaiznsauninsalnd Jadunsiengiiifedestunsudosuauazmsganduuag
vosasnelinsneyszq ievhanudladanssuiunsiisdunelunanaunfiinan
nsmeUsyy uenaniddldfnuuiefudnuazmevhauvesnssualiinuazusaiulndig
Rendosiumsmeuszglalsun fauanduguil 1.25
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10 D corona discharge in CO,,
( AN o
casIng R [P
TR negative polarity
arc S supply voltage <
1 ‘ -------- s streamers
o decreasing e 590 ()
g supply voltage )
= 01 # a) P
= -
s bridged
v?p 001 + needle glow 2'0“
b
=
=
v
v
2
0001 #+
00001 ‘“ - 4 v . - 4 Y - 4+ - + v 4 - ——————
0 ] 6 8 10 12 14 16 18

Voltage between electrodes [kV)

JUN 1.25 wanensndnuaranuduiusserinenseualnihiuuseiulihvesnisaeyses
wuulalsuiadulunwansveulneenlsanielamnuauusseane

103U 1.25 uansdsnsivagundasvenseualiiludaimiuusadulniisening
81ANNIATU TAFUINYATAANTS oMUY Bidnmsnisendn "needle glow" Fausuen

= a

fansBudurensruIunmswandululessu Wenusswuliiidy MmsSeuarzasaungy

¥

WUT senI9dLaninsaauua ("bridged glow") wagminiiuussauliinely aziin

"streamers" Faiun1sanauszaiinuidunasaininsaungutoingszninadianinia
% A [ a " " = o PR 1 <3 [ 1

gavneiaussiulniihgane ziin "arc” Falinssualiiliiuduegenings dwansguaesy

9 U
'

a

N 1.26

a) needle glow b) bridged glow ¢) breakdown streamers d) arc

Usuppy=12 kV, Usuppy=20 kV, Usuppy=20.5 kV, Usuppy=30 kV,
Udtectrodes= 11.67 kV, Udectrodes= 17.5 KV, Udectrodes= 17.75 kV, Udectroaes= 4.5 KV,
L discharge=0.07 mA L discharge=0.5 mA L gischarge=0.55 mA Ldischarge=5.1 mA
Exposure: 15 s Exposure: 5 s Exposure: 1 s Exposure: 1 s

JUN 1.26 uananmanevainisaeUszalalsundiaulu CO, nglaanusuussennie
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InN3UT 1.26 uansnmanevesnsaetszalalsundaavly Co, aeldaudy
UIT8INA 'ImEmeLLammsl:d?{amu*dawaqmwmeﬂizqLﬁaLﬁmméfulw% GuanmsFes
uassou 9 Uanedudidninsafiusssiulain 12 kv Jauanafansuduvesnsyuiunisuand
Huleseu ('needle glow) ierisussiulwiindu 20 kv maFeaanzvsieinseuagy
F0991958MI9818nINsA (brideed glow”) waziileusssuluindindudy 20.5 kv azifinany
1we9 (streamers) §aiduduuasainafiidouvosineseninedidningn ("breakdown
streamers") gavieidloussiului A nduds 30 kv asfinn1saieUszgedn (arc) T
nszualwihfisduegnamauaziienudugeiian Tnglunmdeimuaasfunasfouves
PodniBewuasuiiuivosusudidninn

NATeRe q AdRnvwariiauaielfunisaaiednes CO, mewealulad
wanan wuimanasiliflianuieu (Non-Thermal Plasma: NTP) Inglawiznisuaeeuszq
wuulalsun fuUszdnBamgeanlunisaanes CO;, ilasnldndanusuazanuisaviauls
fisnnslvags dauansisanuanansalunisusuanmmanamdmiunsaaisdives CO,
fegaiuszansnw lnomsfimesanzildlunisudesuszquuulalsundednduisd
UsgAvBnmannidefioudleuduisou 4 dmiunseoniuudidninsediliiduiudesyseq
Tumsaanefaves CO, nuididnlnsniifiszosiisssninedameuszquagseninedifininn
fuwsiumantiosiign azdiofiunszualalsuuasdmalinisaaiesiues CO, fusvanSam
1ty wenanil MuiTeRiRgussiummdvesauslihiTnadensaanefaves CO,
FafimudAgyegneunn Wesnseduanuduvesaunulniidunumdidaylunisidia
UsgAvsnimmsaaiedaves CO, Tuussenniald dufueuideiiadenldismsudesusey
wuulalsunlunisaanesa CO, lngoanuwuudianinsalinduguuuudarsunay wazimun
seiuAaduvesaunulnli IfinuzauitelildUszans nngagnlunisaanesiives CO,
moly

1.9  swazdualudnerinus

Inenfinusatuivssneuse 5 un fwoluil

undi 1 nanfafinnuazauddgyuestam T UseasAveIn1sive Yeauusgiu
ey veuwamside fursumisaidiue waststlovifineiarldsuanmside s
NSNUMILITSNTsILazaITeTiReadasiuineding

unil 2 nanfmguifiisiteddumsiienegaunliianudugsisnisaaisdh
vaem15vaulneeanledlueinia Uszneuludie unasiiunvesansveulneenledluainie
HANTENURRAYNN AaNURTamataw dnvaesuwuvaudlni nguinisudesdseqlals
U1 yufiugIuIIuseiy uasndnnisuandanes CO, FewaAN

undl 3 MIliATeRuaznIsEeNLUUSEUUAAEITesAnsueulaeanludfenisAte
Uszquuulalsun eazUszneuludme melinngidnyuruesgluuudidninsauuuvate
wiay nsaAsIgiauduauniiinsz i eg e laninsaUatgunaui uLR uway
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nseenwuUkariasziauuaunlnidmsudidninsavarsunauiildnaaou was
SuarnstnseeianinsnlansuranuarnsUsusresvinmaskuman

unil 4 MInadeuLarn1seAUTIENa JeUsenaulUsig sEuUNAdaUNISaaIesy
msuaulasenladionismeussquuulalsun sanmsnageuanuduausilifianzasg
L9 Gtovv Streamer Wag Electrlc Fleld Strength HANSVAEEULA AU LAWIL LT
nmmmu NansAgeUTmgIuinty nansmedeumduturesesveulaoanledi
ity wasnanisvadeuvesedudures CO, seUsyaniammsaaneiiuaznisiiang
waeuldfiseRuautuvesauulii Electric Field Strength HaNISNAREUNITLANGI VDS
CO, srgaurnlniinudugs nan1swWisuiisunisaanedivesasuaulaneenlediu
auSHld warmsSeudiounisaatedives CO, Tumanauuwuusa 9

unil 5 asunansiseifgaturansznuvesaNIiauLidensaaefIves
andueulaeenledlueinia srudslamuazdeiauauusinuainnisaast AaenIULLINNg
TuniswauiuazUsuusanadalusuianti oifl uuszdnsawlunisaaiedives
Asuaulneanln



uni 2
Y] dd' d' 1724
NANNITHASN I INEIUD

2.1 g

lun1sieseauulniianudugwenisaaedivesansveulnesnlydluoinie
Tngnisldauulaiianudugadund duisnsildsuanuaulalunisaansdves
msveulasenled dsnnuduauiliindildazduamduauiliilugsesnsidu
waau lnewanauaunusssinnueniudiman o liun nanauianudou waswanaun
flaldanufou faudasUssianazutsdrndoslddnunning dsludruresenidediani
aulaaldmnuduaulvliniduussiamaanndlsdlinnuiou lnsidentawesan1iznns
Anauduauslniuuunisaedszquuilalsu Wunssuiunsiiedutounisiusn
a1l Tnefinseualnillnaaindadidnlnseiddngluiings ninlugsennadi ddnslafndy
nans waziiansunniavedlessuninAsaudaBidnings FeguiuuveInITAEYTEUUY
Talsunasdiueg furunauaruinawesiadidninsn saufsszesvinsseninadadidnlnsndae
Fedusdudemauidnumzuesuuuvanaliih Ssuuuuresdiinininasuauiaog
Tunguvesaunulihliasinane uenantinisaiunnuduaunililvegluanniznisans
Uszauuulalsuld avdosdussiulaiihfias Sedndudemauianguiiuguisaminseiy
uaziflonsuis gaauifivosmatain nguinmsUsssuszqlalsun dnwarguuvuaualiin
warn1saseusaiugdl ludiuveanisihanuduauulniluaatedidndudeadilads
AndnuazIInnmkaniadivasnfueulaeenles dnuasiiugiuvemanauiildlunis
uANg CO, nalan1suandaues CO, Tunanann dsamnsautsuszsianvesnsunandsieds
A9 LU A1suAnda CO, Tnan1snseRumedidnnsoulnenss nasuands CO, lnan1snszau
UL wagmsuania CO, Inglulsladaiigamgiinatanigs dslunisuandives CO, lu
waaNTife3EnsnsEAuLUUAeY Wanasazaatei CO, 1 CO wag O uazdndudis
nsrumslindsnudmiunsuanda Co, ulufamaiinedinsiiAsadesiunsiinse
aunlifhanudugaienmsnmsaaesvasenivaulaeenledluainie dediudng q imani
Fududesfnumgquiuazudnnisiauesusazdiu nudansuszgndliau Wednse
ponuuy uaznaaoulimnzautaziiusyansnmgeaalunisldan Tnsaziuamzduii
Uselominiaiiondastunisite elidevndanunssduuasdaiau Ssagldiduuumaly
msieszsiausilihautugduszegeing q Adwmadonsaaieivesmsveulaeenld
Tuaniesely

D <a
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22 unasiiuvesansusulasenledluainie
221 uUWEINIINAIBUBNDIATS
udeiuneseiueulaeenledluusseINIALNUVYAIE TNV ALALIINNG
nsEYosyud uvdafiunansssundiy msvnelavesdniuaziio nnsgesaaisves
ansBurd nsudesfneaniiuinit With wasnsUsnuasgalyl Gaesueulnoonluddian
uwiasssanrAgnidnoananeimelasnisgeduadluiuasnisdanssiiasmesio @y
udsRinnnsnsEivesywd 1nnnsiUasundassldiau Wy msdalivianed
La¥NILUIUNIITNNERANMNTIIUNEES Tnemaunindidainasmeatadmiunisnanlil
Msuuds warenamngsy daduundmdnvesnisaesaniueulaeenlys
222 uwasiinanagluaians
uwdsiumanvesaniueulaeenludaelueiasioeinmedignmelasenain
Hogordeluiiuil aurtiluaznananiuoulneenluduszana 15 Anstedalusuniiindou uas
Uszanas 45 anssiednlusvazyhAanssuseiuuiunans sesuasuaulasenludluennsin
nmamelavasiagordeiuagiuvatstate wu Swiuailueinms sedufanssumane
Uhinuenareau uazsssznafiegluoinns duanuiifiiinnumuiuiuesegoidugs
wu 15958 91An3d1Uney uazqudguatin duunlduiiazfiszduasuoulaoonlasys
Tngiavnzagnadamniimsszuiseinialsiifieane
foyaann Health Canada fisusamantulunanediesluuauia wansin
svsu arsueulnoenlesiiiuidy é’uﬁuﬁ‘ﬁ’uﬁwmu@agjmﬁﬁLLﬁUNﬂ%ﬂ@’Hﬂﬂﬁﬁﬂﬁﬁ@mq
aff uonand Uuiiddnidssfdseduasvoulneanledqsd wdndes uazunas
afveulneenladneluerasdu 4 iangUniainsunlviidomasilifinisssuigeinia
v3oszuneeMAliif Wy nufa inseniheuieu waznsguyvd
Asosviguiiinisssusemegndasmaitagliudesasueulneenlys
wniin wivnnausueAlusmsINIIeIMAMEUen gunsalttlnienaszuieieiing
Slasnss mslfiufavieiniesianuioudomasnsndiussfumsueulasenledly
Uruldegnaunn wu wfaausasiiiissduaiiveulasenlydgeanda 3,000 ppm n1sly
wreuyniwiliszduaisueulaoanlsdifistudnios uaznisliiniosiaudoudld
ihifufiaanansnyliseduauaulaeenledgagnia 4,500 ppm 991nn1sAnyINUIIYN
nsdlvesseiumiueaulaeenladiiiiu 1,000 ppm wa nuvanIsN gl
msguyvisidaduundsesueulaeenludnelueias msguymiaesly
wilsdluaiuandueulasenledsening 9 &1 27 ppm LLasmiqqu?ﬁumulwwﬁﬂm
annsaufinaueulaeanleddeUseana 1,900 ppm egslsfniu msﬁﬂmﬁlﬁmmsmsﬁq
hdnduesnafinduvesmiveulneenledinmnnsguyniifissesnauiemiesnunds
3u 9 fhe wu nsmelavesegende



31

2.3 WANTENUAIUGUAMN

daud agnaafwansgnudaguainlunywd ndsainnisganuvi oduia
afusulaeenlediduiiaiuiu Tneyadului msfnvinansznuvesanududues
miuaulasenladiiniainaznuluanmuindounislusiamsmuund wazanudutuves
afvaulaeenlediigeiuiesnenaiedestuaniunisainsdudailivng n1sAnwima
Fmsvanedudliduinmsdudatunsueulneenleflussduiigaiunauuannsoyili
AANaNsENUADgIAIMMaI8UTENS WY MITeAefemaiunigly aensaivluion
(acidosis) kagn15ii uauAsaianisiialsaialouagvasaidon nsdudadu
asvaulaoonledlusefuiigsndn 1,000 pom anunsailiiAne sty Uindses Fou
fswe uaglifianns (esannninduvesasuoulaoenledluidonasyiliiAnnis
Wasuwadlussuulsvamuasnsvineugesases wenani msdudasuensveulaoonled
Tuizé’uﬁqm’h 5,000 ppm Hunaiuuerrhliiinanznsaiuluden Jeaunsadana
nsEMURENTYUYsITadLarIE U Tusiine Tnemngnisuaniasuinglulenuay
maviauweaeulesl MsAnvmdnnsdmuimsdudatuaiveulasenludlusefudigs
1N 1wy Tuanudiidinsszuigenmidlsidl arsnsasiliiAneinissussatu anzineinia
mela anuduladings waznmziiladuiindoms dsenunsadudunsefediald dsaansa
osunelléadl

2.3.1  wWansENuUAULA UGN

N158na9994A1 pH Tuldan (n11znsaLiY) aﬂwuiumyﬁ'a‘"m“aﬁu

msuaulaeenludlusyfugeagsmeliies (7,000 fis 15,000 ppm LUunmamquaa 20 Tu)
Tunmsinniidudunsluaninuasdeesesni fsnisanasmesdn pH GiAnINNsaza
yosnnsuaulaoonledlufearilfAnmaiintuvedlalasaulossy (HY) dwalfFendiai
Hunsanntu Unfudrszuunismunuaunansa-mdusnenis wu mamelawaznisviniey
vasla gnerenUivannavesnsvoulaeenled wiidesziuaisusulasenludgaiuly
ssvuwmanilagliannsndnwaunald Tunsdiludiaandudud sousulddmu
arsvaulasenledluenianigluenisiiineidedaddesnivsewinfu 3,500 ppm
dosnseduiiganindannsndsmanszmudegunim Tnsanglussuumelanagszuy
Uszam nsfnwiiadndTiifuiinsdudatuanivoulaeenlsdluseduiigaunndu
naruudsamnsnviliiAnanudssdeniafianznsaiuluiden (acidosis) Tsazdina
nsEMURENIYUTRITadLarsEULAN 9 Tuuny Wy anUsyAnBamuesnisuaniudey
ingludenuasnisvinauveseulsdluwad

232  WANTENUAUTTUUNAAUIMETR

HANTENUINANUFNRUSTENINANUdITUYRIATURLlneanlydiueInIs

madumela fiduiatuasueulasenludinnnit 800 ppm Tlemafiaziinensmaiiu
melauazifoilion Wu msszaeieant Suniensuis dnayn viynlua 91u warle
unningidudalussduiinii Wesanasveulasenledanunsansedunsdniauvonde



32

denluszuumadumela dedudannududuvesansveulasenlediininnid 1,000 ppm
wideulsstumudsiigiduluninineinmsayndniay wu a1 dynlva vieayngasiu
iesnmnududuiigsvesaiveulasenledansailiideymadumelaszaeiesunn
Fu miLﬁwﬁyusuamﬁuauimaaﬂlsadnﬂ 9 100 ppm Safinlentalunisiineinisniuiu
melavFedoidlondue 1wu mua uae Tt wiunthen 91u 1o 1@saunu uazaynsniay
Fadunannsiimsvaulasenlediuanudunsaludeon vldiiani snovausmis
dduiusnntu defimsdudatuasvoulneenledluseduiigenn 4 Wy sedu 50,000 fs
80,000 ppm aegadeundu szsiilimelasniu meladadeniemelaliaznn Wewn
naiud uraseniveulnoenlesdludendsnalinsuandsuielulananas seduganda
350,000 ppm ¥litAan1ssEAEiAeyn a1V lisanwaunieduluayn wasii sy
700,000 ppm 3gvilfiAnn1zaineinimmiela 1 esnarsueulneanledayluwnud
sondiaulueinia ilisaneldsusendiauliiisane FedwaliAnnisieus asszuy
Ussamuazinloanas wagenadudunsiefedinle
233 WANSENUAUNISIZUUUSZEM

seAuaMututuresasuaulaeanlediunnastuinanssnuseszuy
UszamuazUseansnmnisviiay sefuaisveulasenleddl 1,000 ppm dwwaldesonis
dndulauazmshanu snfanaunwermaizanls nsdulatuasueulneenledlusziu
6,000 919 45,000 ppm LJunaiuu iliineinsuIndsey Wiloedn nMsusadiulidaou
mi%’uimmiﬁﬂLLazmim?iauvLma@aa Lasifinanuinntea Immawwlu@’ﬁﬁmmﬁmﬂﬂa
NNAMIIANATIA %ﬂé’%’umiﬁué’umﬂmiﬁﬂmﬁwudwmmLsﬁm%’uqqsummi‘uaulmaaﬂ%ﬁ
41115058 AUTTUUYSEAINEUNa LR AeUAUDIN 80198 1A0BNT 1AW TEAU
m%wauimaaﬂlsdﬁﬁzjq 50,000 §19 80,000 ppm YMlsAnINIMILAUmlaLazannITas
p1nAllgsUon s?fqLLaﬂﬂﬁLﬁudﬂm%Uau"Lmaaﬂiﬁﬂﬁhizﬁuqaﬁmamwusﬂ'amiﬁwmmm
szuumelauaznisuaniuasufing sesufigeannnit 150,000 ppm aansaviilvivunafuas
Anenistnidlesninnisuineendiauluayes LLazﬁzﬁUﬁqqmmd'} 350,000 ppm 813vil#
AnnsseAefiesynuaza Tz e IMeaglale

2.3.4  NaNTENUAUSTUUIIlaLaZantaen

nsdudatuarsveulneanledluiesdlifinisszuiseorniaduiaivay
Flus virlseauandueulaeanledludonfiadu AnunUsusiuvessasnisduresiila
Wasuwlas wavmisiuaisudeniivaoiuiu denisiasunlannanidideslosiunis
dintuvasanuaulasenled a1sBunidssvedis (VOCs) wazduazens (PM) Ssn1suiindu
Y84 CO, luidonaunsanseiussuuyszamsnludaiusudnsnisiuvesilanagnig
Tnaiswden nsdula CO, i 1,000 wag 3,000 ppm lsnsnsiduresiilafugy
ilesann €O, amnsanseduiivluanosfinuaumsnelauaznsihanuvesiala nsdura
flu CO, luseaugs 7,000 38 12,000 ppm ldnshauvesileananddeswinnisuns
ye9AsUauNauanlyianasd inasenisvudtoeandiaulusianie wenani nsduda
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Asuaulaeanlanluseaugs 50,000 s 80,000 ppm gaibiaunulainwassnINIsiA
gaaialaviuty wavledu osan Co, fnansznulnenseoszuulszamuarnisvad
VOINAOALA DN LLazTuizﬁummL%m%’uﬁ'qwm 300,000 ppm liAaN1IzRIlaLA uRA
Fomeiernnnneendiaulunduiionle

nansznusoguamiiAtoatumuduiuresasveulneenlediiistulusnusly
Tngidun1959usiudeyaniudunus e NI 1INANTENUR DG UNINWAZAII TN T U B
asueulnoonlediiiinty duandunsi 2.1

M13199 2.1 nansenuseguAmiiigItestuanuuduvasnsuaulneanlad iy uly

NsANYINYYY
HAAWSAUEUNIN | SzAUAINTNYY NANIZNY
Y84 CO, (ppm)
AR BTEUUNIILAY MI5EAIBLADIN IUNTOABIIY ARTLN
elanT 98113701 i thynlva 97w uale
dawlon 655 wiglaanuin
1000 lowsis agndnuau thynluaviogadu
467-2,800 BUABLIAS
750-2,100 N155¥ABLABILNANYTUIN
907-4,113 yelaLde I
NANTENUADEITINEN 809 Uan, 1ilosdn
984 UPEUT
352-1,591 PPANTS, WiToedn
467-2,800 witlosdn, Beouri
750-2,100 ieedn
1500 Uanwa, eauwa, winh, wileedn
2,260 wilodn
2,756 JInh, $39uoU
3,000 U, nilosdn, $reueu
5,000 wiloodn
6,000-45,000 Uans, wilesdn, nsueaiulilda, n1s
Tnadoudonluausafintuiangn
HANSYNUNBILUY 7,000-45,000 | anANEIN1Ta lun1swnsues CO, N9
wilanazraoniaon MUsRlaanas, onsINISIANYBIRILL
wazmsmeladfiutiudans
NANTLNUABLAL VDS 7,000 Uy ATNTALAU
\den




34

2.4  AMENUAVIINAIEUN

9
o

AT ‘WA@Y’ gﬂﬁmﬂ%ﬂ%’jmiﬂim Irving Langmuir 1ud 1928 wanaundufinedia
maundudulossuy Fwearurindidnaseussntiesvilhlufeiungaosnanezmey
yhlfAnlessuiiiszquin sedunsuandafulessulunanamannsauansnediuld daud
Fwfunndadulessustradui (100%) laufsimiwandudulosouuisdiu (Wu 107 -
10°) uenanleeeudifuszquiniazyszqauud, nanaudelsy ﬂaué”waumﬂﬁtﬂuﬂma
$ruruinn wu exeox lnana MAda uazayniafignnszdusing q aynefignnsedumani
anunsavUdesuasoonun fddddlunitty eynevienuameandanansevinufisesu vl
wanaunfuanzadiifanududeunasiufitongs dstidnenmlunmsldolunas q sy

wanaunsingnidendt ‘antusidvesaas’ esnaasidogumniiistuasiden
AN NANEIRURD VBT, Youad, MY wasgavinadunanau LLﬁdwwmamaﬂm‘“ﬂuﬁiﬁﬂ
WihaaugdY 9 Yesaans uAndn 99% vesaansineadiuldludnsnasgluaniusnanan wy
A017IRd TEeUTINgNIsesTIIANAtegTiUdesuas 1 Saint Elmo's fire, i1
, red sprites, Wasiilouazuasle WonaNG wanauniAnTumusssalndlaniauntulele
Tuaifles uazduunilnaiios

nananiuyudasstuaunsowddldifudesndundn nduusndonanaingangiias
AIDNAANITITUY G?fal,ﬁuwmamﬁLmﬂﬁuﬂulaaauﬁgwm i 11 tokomaks, stellarators,
plasma pinches wa focuses ngufi dssAenaraunfiunndndulessuuiadiunio gas
discharges

nswligesdnUsinmpensiiansandimmanaunegluaunaninuseuviseld aamaiily
warangnrmualnewdsanuedsveseunanii 9 Biénaseu, suniaidunans, lessw)
LavsEdudasyiieddes (Mandeuiidsuta, mIvay, Msduaviiion wazniInseduma
Bidnnseiind) nanauniidonmaduveseumarsuawiduluiuiivisazgnidendt wanaun
AT (thermal plasmas) 130 ‘auqaqmﬂwamamiawwﬁ’ (local thermodynamic
equilibrium, LTE) dauwarasniifigumgivainvansuazlsisgluaugagummamansazgn
Bonin ‘wanasliifon’ (non-thermal plasmas) e ‘aunagnmnamanslsiianzi’ (non-
local thermodynamic equilibrium, non-LTE)

2.4.1 wWad1ANIau

wanauAwouansaiatuliansis Ae Agnmgfiae (4000 K 4 20,000

K) niefimnufuftvgs luisusn Sidnnseuasldsundsnuanauiulniluszwiianis
\ndeuil wargdendsnudndesluszninsnsvuiveyaaiin (Wu luananiesznon
v09fi19) nsrutumanivatsasaugondt ‘arufounuuga’ (Joule heating) viligmumad
yosBidnnseunareynaniiniingauna wazluisians Annudugs dumaadsneunisvy
fuarduas ilmAanssuiuestunasmanandsundanuivssdnsamunntu dndw
YesdnTd@usEnInaunlniln (E) fuanueu (p) snfiasaes wie (E/P)? azidudndiuiu
ANuuAnssvesgumailunszuunsUanUaeeUsyaing
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242 waauitlildainuiou
Wdeiaelunisairmaraunlifoudenisldanusednglniiisgning

Budnlnsnaoshiivuuiilueiesufnsaifiiufaog arusadndiadsaunilnindivilfe
Ananisaanesivisdrudulessuvinuazdidnaseu Sidnnseugniselagaunliiinluds
Sidnlnsauan welum) wazlovuiuluanavesudaaziinnisuanda msnsedu wagnis
wensa ibiiAndidnnseunazlessulny lessugniseludadidnininay (walnn) uazvilif
Lﬂmmsﬂaaaamﬂmaumam m'isauﬂummﬂwLﬂmmimmumamﬂuLaﬂamﬂﬂimu Faag
Usosuandionduganiugiiugiu mssutuiviilfifanisuondiazadienida dwanansaaig
asUszneulnilidng

243  Wadu1guY

waraugu (Warm plasma) iduuszinnvematanfidnmuansiogsening

warauIuuUASeukarnanasuli$eu §einlidanautisiuiuresisanuuy
warasnguindunadeniivhauladmiumsudasimidlosnanansaaiuasifufasen
(reactive species) LLazﬁqmwQﬁmimﬁ'auﬁ (translational temperature) ﬁlm‘uqmiéf Tu
waN@gY gaumqiveuiaaansagede 2000-3000 K & ageningamgiiviesusinsiinia
pamqiivesdidnnseunnn vilinaramguanuisasnuianiizdiliauga (non-equilibrium
condition) ¢ lusmzifisatu gunnfufad el udiaunsadwarosaunamandiad
(chemical kinetics) Ingn13nszAudasenadlugduuuianis 1wy n1snseiuanIuenis
Fuasitouiignnszdu deanautimad naanguisdidneninlumsldaulumaidiu
Tnglanzagnebslumsutas co, Tluaainiuasidomdsidyariin Sadumsuszgndld
Aflanuddglusiundinuuagdanndon naiauguaunnaiaLayAIuANan1IEd
wngaudwmiufAsenadiideanis ivludiuvesnisarsansiiiufitenazniseunu
gaunpiiufia Sselinsruiuntsulas Co, fusyanEningsiu

nnildndniinuauifvesnanaun ielidlafunaluladwaraunlsegedaiay
selfunudslunisudsuszinnvesmarauesniluassngunan laun warauanusou waz
wananiilaildannuiou waranguazdneglunguuosmatandlilyanuiou Fausazngui
Snwaizwazmsliruiuandieiuly Sanuistazdlifunmauveaaluladwataunly
sUsuuiiBussuy wasdrlafonisussondldluusasduldagy
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Plasma

| I

(Cold Plasma) (Hot Plasma)
Non Thermal Plasma (NTP) Thermal Plasma (TP)

* Dielectric Barrier Discharge * Direct Current (DC) Plasma Arc

(DBD) Plasma * Inductively Coupled Plasma (ICP)
* Corona Discharge Plasma * Radio Frequency (RF) Plasma
* Atmospheric Pressure Plasma Jet * Microwave

(APPJ) (verry high Temperature > 1000°C )
* Microwave Plasma

(Temperature < 1000°C )
* Capacitively Coupled Plasma (CCP)
* Gliding Arc Discharge

JUN 2.1 urusisvaanalulagnanaun

unuaiuUsssnnesnanaineenuasangundn tiun waraunitlilianudou
(Non-Thermal Plasma, NTP) Lagwanauinaiudeu (Thermal Plasma, TP) Taenwanaunil
lilvmnufouvde Cold Plasma fgamgiiveseynianiinmnitoamgivesdidnasoustis
17N GT’JEJEJNL‘I/IﬂIuIamuﬂdmﬁVLGgfLLﬂ' Dielectric Barrier Discharge (DBD) Plasma, Corona
Discharge Plasma, Atmospheric Pressure Plasma Jet (APPJ), Microwave Plasma (ﬁ'ﬁ
qqujﬁmg’lm"] 1000°C), Capacitively Coupled Plasma (CCP) ag Gliding Arc Discharge
Tuvauzfinanannaudeunio Hot Plasma dgamaiiveseumaviinuazdidnnseulndidss
fu Tamnofasaosdiufioungiigamed azvilinisuandvesluanaiinduldogned
UszaNsan éf’;@&imwﬂiuiaﬁluﬂduﬁ 1#uA Direct Current (DC) Plasma Arc, Inductively
Coupled Plasma (ICP), Radio Frequency (RF) Plasma ez Microwave Plasma (‘ﬁﬁ’qm%qﬁ
g9nd1 1000°C) nsudsUssavitelisdnlawesdonldineluladnandunldosamanzan
aunsldanufidenis wu nsudasiig nsiedeuiin nsdalans warn1sviANazeIn

Y vy
(Y LY

iR niluegiuauauiRvemaauwiazussan
2.5 dnwazzuuuuaudlnia

mainauuliindunaniainnsaneusaiugs (high voltage) sywineiaiEninse
(electrode) Tnevily aunulihazutsesnduaassunvndn fe aunulwiwuvainaye
wavauulniuuuliaiiane aualwihllaiiaveaunsowlsdeslddniluassussian e
auliliasuaneidndosuazaunlniliasduanegs egroussiulailiiy
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P88 nInsafidsunvuuasdnumeans 4 d919egluernia aenudiussfuiuInaI

(breakdown voltage) it uazuanseiy uiinasdnanassesiisseninadasidnnseli

Wihuin

251  awnalWiwuuadaue

aullwiuuvasiianedsaunlniirddanuduiduiatitiud ndade

wsaulinaznszaneegeadnanelus nadisidninse feogruru ludesinesyning

SuanlnsaLHunanvuIy (parallel plate) é’fﬂﬁLLamﬂugﬂﬁ 2.2 TngAranuanaunu i

39an (maximum electric field strength) anansadualdangmsselul

V
Emax == E == H 21
W En,  Aeanuduauulniigege
E  Aemnuduauulni o 9ela q semning 8iédnivse
vV Aousssunaglrsenindidninga
d AaTEeENIsENINIBEaNINIA

|||— — 22— —P =

JUT 2.2 Bidninsandaunulnihwuvaiae

2.5.2 awluiuuuldaguase

auniliiuuubimiiauefeaumlyiiidauiduwandeiuluusazqa
Juogiumumisnesgeiiu auuandswesauduauulnihazsnnviedesiuogifususig
su1edln (ceometry) vasdidnTnsafiadrsaunului ey mﬁ@’m@tﬁﬂimmmugﬂﬁ
2.3 Fuegesawliiifienuliaiianednies Swmnefenuduauulndininig
Wasuwlanfisndntesseniniuinvesdidninse nsnszareussiuliiiluauni ey
uansnsfudndesmusiuns lnsrranuduauulnigegaiinavesdidninsanssnay
aunsamalaanaunis
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Ew = v 2.2
dr

* Eav *

n = E 0<p <1 2.3

do  nt Fesuszneunsldiussleviauuliih (filed utilization factor)

'
1 a

foAadeveInULEwN TN

D

av

d AoTeeEnesznInedianingg

Anadgvoinuauuliiissdavingu V/d dmsunsaiiauiulaiily
avnauegs Anuduaunlnihgegessifintulndiuuinaiiveddnivsafidiunides
= | a J aa o A =
Mg W UShaulaeuwraurestiBianingn deuandlugun 2.4

V
:d
U7 2.3 Bdnlnsandaunulniuuuliainaueidntdos
v
?d

U7 2.4 Bidninsanfaunulvihwuuliainauess
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dosrepirsanindidninsafistulunuissuiu aruduauiuliiiiazanasesng
59137 fefinandluguil 2.5 dmsudidninsefidaunlinltaiianogs wiiianudy
aullifihgegnazdarilndidssiuaingm uidaliiinnisiusnant (breakdown) azifin
msmeUszquuulalsun (corona discharge) UinafvesBIdnTnsnfidanuduauliii
asan drnluvinuiegvinsaniadidningn muduaunlniiazanauagliiianisae
Uszquuulalsun dewalifiinnisfavisefiliauysalludesineszninedidnlngn da.38n
"REU159U19dU" (partial discharge) UsmgmiaiﬁjmmmLﬁmfﬁmﬁuﬁzax 9 wayyin il
nszudlnalursnsfidioussiulisuaidnings lnenszuaiAndunounisivsnanidiFondn
"nszualalsun” (corona current) #39 "AIEUANIAEUNSA" (pre-discharge current)

Ey

A b

JUT 2.5 Wisuilsunisnsgaeawdlnihnesdidninsndnvanag

2.6 nguinsUaesszalalsun
n1sA1eUsEuuUlalsun (corona discharge) lunsyulrumsddnlunisadng
leaou (ionization) Fsldlumsilvienniafiusza (particle electrification) S1uruUseqi
aunAlASU (number of charge per particle) ?Tuagjﬁ’wmaﬂa{fa laun au1nveseynia
(particle size) AnunuUILUUYBilaaau (ion density) LLaz’izEJzL’Ja’lﬂ’]'i"U’]’gﬁ]U'ﬁ%ﬁ; (charging
time) lagundud n1smgyszauuulalsunvzuansdnyuzlugvuuuanuduiussening
n3UARULSIY (voltage-current characteristics) @sludiuilaresuransyuaumsiinlalsun
AasanazauanvazmNduRus sz N seuatuwsureslalsufansawuuidulans
uanfULHLTIU BeagiineazBeafiudiludiudaly
2.6.1 nalnnisiianisaneuszauuulalsun
nsmedszquunlalaun (corona discharge) unszuiunisiiistudeuns
wanend Tnefinszualiilvaninda5idninsafiddndlnihganiilugioniafiddngidu
na1e nsvvaunsiiinainnisuandvedlessulusiniaseutadidninge Taeialuasd
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nszudlilihauaszdulalaswond suuvuredalsufaniatuegfuruiauarguinses
Sidninsa sadesverviessninetadidninsadae dnsulalsuiuan (positive corona) Min
TuszuudLaninsaduunusu (needle-plate electrodes) A3¥UIUNITILLS UINNTI5AA
Talswwuudsadivad (burst pulse corona) wiiduldseenludusauann snduiain
lalsuuuuan3uLues (streamer corona) kaglAlsuIkuUTeas (glow corona) UshiauUany
Bidninsn Weussiulaitifistuinndy aslugmaiaaurdn (sparklunsdivestalsunay
(negative corona) Fainluszuudidninsadisisusrasuadaiodtu nszuaunsizuainns
Anlalsuiuuy Trichel pulse mudaslalsuiuuy Pulseless kol oussiuliiingsduay
thlugnisiinensn (spark discharge) Wurfu ey sunuumsiAnlalsudafauazaurin
azumnenstuszmilalsunuanuaglalsunay Fauandusui 2.6 @wiulalsuivin) wazsy

+ J+ + t

N S

A

i 2.7 @mdulalsunav)

\
NS

Burst pulse corona  Streamer corona  Glow corona Spark

JUTN 2.6 dnwaizuainsangyszalalsuuIn

LJ“_ \ _

Trichel pulse  Pulseless corona Spark
corona

JUN 2.7 dnvaugnisiialalsunfaysaay
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ludidanInsanuuidualnuaziiusiu lalsuivanagiinfuusnanduain vl
Uaonfs (tight sheath) SoULdUAIANIDLANAATHLNBS LA DUTIDDNAINLEUAIA TUVULT
lalsmavasiinduimduainluzuveinisiaa (glow) Ml edinsiafouiieg9sinsy vise

¥ ° I A o A a A
MNANULLA 813U INITUYANTeNTERN (tufts) diuanslugunini 2.8 (n) waggunind
2.8 (3) Fanansnsiialalsurnavisaludidninsauvuidualnuaziiusiu saudenisiing
Un$n 1 (sparkover)

n) )
JUN 2.8 e n) n1sAngUseqlaliun @) n1siinenia

2,62 AMANYULYDINTTUALALUTIAUYBINITAIEYTERUUULATSUIFULUY
SidnInsauaneuvianiuwkuwan
n1sagUszanuulalsunlaeunfnalssnandlusUvesnudnuaensvuaiy

useiy fauanaliluguil 2.9 Weussfulnihgsniusswiulniigaiduduveslalsun (corona
onset voltage) nszialalsun (corona current) snifinTueeroaduaeglununsasuliii
ity wasidlowsswiulnihdsengsan awdnlalsuussnmediu (spark-over corona)



a2

Current, I

Spark-over

Corona-onset voltage

v/

JUT 2.9 nsmluaninuanuugnszuatulsiuveIn1smeUszakuulalsmn

p Voltage, V

27 wguiugiuasasniussdy

Tunsadrnsesmiuseiu Tagluanunsautsesnifu 3 sUuuy Uszneusienis
519Ut UgINTELAASY N15a5 T UGINTELARSS Lazn1TadsusTugsuUUWad Flu
nuiATeiaresnuuulunisaiussfuginszuanss SssueneasBoafuiuiamsdini

271 M3EUIIAUGNTILENTS

iuﬁ’suﬁ%a‘ﬁmﬂmiag’mLm@fu@;msmamq FandnazUseneuluieasns

So9nTEuALUUAS IAA U (half-wave rectifier) uazlAnAAY (full-wave rectifier) 29991509
AILUALUUUSIRY 2 111 29a st utulauuy Cockeroft-Walton wagasasainduuunansuun
pounedned ilunuiteiazoonuuuitursastutiulawuy Cockeroft-Walton Faifiunsas
¥Au38iu (voltage multiplier circuit) Mduitesldifueiosindauswiugsnssuansaifian
IENVEA Tnglvinszualuaniifienn q waghiddsfisnsuasundasueansfuiednn fu
nszualvanuntin U7 2.10

M(‘) —
@)
N

.\||
=

JUN 2.10 laozunsuiasiiliauseiugenszianse Cockcroft-Walton
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91n3U7 2.10 uanslaozunsaunsasaiaLssfuganszuansaLuy Cockeroft-Walton
v3efluni n-stage Cockcroft-Walton @eanansaifiuusadugsléfis 2n wiveauunausediy
Sunmgean lngluanedlaiflnan wssfuieinnveneas Cockeroft-Walton fanunen
AwInlaan

Vs = 2NV, 2.4

o N Aad11IuTU (stage) UDINAT UALAIGIEATBIUTIFUALNTAMINRN

V, =0.707V, 2.5

a 2 o v a | 1y N &
eV, Asussdunszuaadudune (input AC voltage) azusAUIEABNAR UYBIIIDTE

a111507lea1n

N(N+1)
4fC

ov=1I_ 2.6
de |, Aenszualuaniade (average load current) lnsunAudiAifiusznousezannaau 9y

fAUszana 5% dwsuanngiilvan awsamusinunnasen (voltage drop) Ian AV 14
i

e

2
AV:2|m N3+3N +E 2.7
3fC 8 8

2.8 WANNITUANAIVBY CO, MILNALULAENAIEN

wanaunufneninsunndadulessuusdi Geanansnaisldlasnsldaidningg
aostalunvuginfglvaru Wefimsdisussduliiingessvinedibininn feazgnuand
Juleosunaziinnataun didnaseunazlosaulunataunazlaunasuainawuluiuas
aneleunasnuludioznounieluanavesing vliAnn1snszAualedidnasouwaznis
duaziitou ﬂizmumiﬁamwaaﬂsxﬁuﬂﬁﬁ%mLﬂﬁﬁlﬂjmmmLﬁméﬁulﬁluaﬂﬂazﬂﬂa WY A3
uen CO, 1u CO, O waw O, Fafu nanawndadussuuifssansnmlunsuamaanuy
IyidundsoluanaiiteviliiAnugAzeuad

2.8.1 AudnvMEmeNgn nLaziativainsuaulaaanlyd

msuaulaeenlys (CO,) Wufwiilifid lifindu uazlidalil Agnmginas

AnuFuUITEINEUnd afueulaeenledidufsiininniieinia Tneflaumuiuu
Uszana 1.5 wiwesana msueulasenlydreudiuaiiosuazlireaiinufisen agrelsh



aq

M3 CO, AU isenduiieasieansansueiin (H,COs) Lpaanauialauanaves CO,
AnInsnszangenudatinnledenazazarsluaisazateinlan srudwaanarlusienie
uywd Fanauantanianieninuaaiuielszn1sves CO, aguiinnsn 2.2

M1391 2.2 AasauUanengnmuagiaiives CO,

AMEUUR A
gasmalana | CO, lassasamuall O=C =0
wtinlana | 44.01 ¢/mol

ATUNUILUY 1.976 n§u/an3 7 0 °C uaz 760 mm Hg
nsazanglutn | mawldludn (2,000 me/l) wuieaiululelasaiveuuazvoavan
dunIdaulneg
0L50N -78.464 °C 71 101.3 kPa (sv17in)
FoTinuirly fnensaAsualin (Carbonic acid gas), dry ice

Uaenisuuas 1 ppm = 1.8 mg/m>, 1 mg/m’® = 0.56 ppm, 0.1% = 1,000 ppm

2.8.2 nalan1suandiavas CO, Tuwataun
nszUIUNTLUal CO, Tunarainsuaumenisuen CO, (CO, splitting) Aa
aunis

2C0, —»2C0O+0, 2.8

nszuumsiildiAaanuziiadosiaenisnudivesesmey O iy o,
vidouffzunvesermen O fufvhufizendu teadslnanadiades lnsaansoutanisuen
CO, Tumanaun il

1) msuanéia CO, laen1snszdudedianasaulaenss

ANNISVOINTEUIUNISHAD

e+CO, >e+CO,*("Y, ") »e+C0("Y ") +0(15) 29

nszUINNslinInNsYuYeIdianaseuniindwugeiuliana CO, inliluana

CO; gnnsgsuananueiuguludtaniugnisnssdumedidnasou Inedindanuniiuniy
[ = (Y [ = = v o &

WAsUBUMaTYeINISKENI (5.5 eV) nasueumalvesnsuendiAenasnunIduly

msviliiuszindiszninsezaeululuanaunnesnuaznanedussnendasy Weluana CO,

gnnszAu luanaszdandasendanulaenisingleundsnuluduiuse 0C=0 vilviiuseindl

waneanuaziinnisuendivadluianaidu CO way O naawsivinbiluiana CO, weneanlu

NARAUNNLAD T
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ivé’uwé’wumﬁmvs’fuﬁwé’La"ﬂmiaum"’ﬂamsuaq €O, azgnnIzfulnslindaay
wnndn 7 eV luusiaa Franck-Condon mwmamwmﬂaLaﬂmaumwawuammmi
WL 7 eV iftenseduliiana CO, WWdsanuznseduimedidnnsou 4 mmnnm
nFsumeunaTvemsuend (5.5 eV) wasrhlinszuaumsillidesiivssansnm esan
waudnAuIInMInsgRuargnangleuludimandeuiiveezneneendiauignnszsiu
viogmitluldlunisnsznnendsnudidnaseuluseiugs vilvindseumandldldgalfluns
wenusEYes CO, peallusednsaw LLa8ﬁ1M§Uﬂ’]iﬂiz(ﬁ’juéf’.l85L§ﬂ@i@ﬂiﬂ8@]iﬂﬁjﬁﬂLﬁvﬂu
wanauLSudifian /P g

2) msuAnda CO, Tnsmsnsedunuudu
AUNIVRINTEUILNTTAD

e+CO, >e+CO,(Vv;)

e+CO, »>e+CO;(v))
CO; (v)+CO;(v;)—>CO;(°B,)+CO,

co;(SBZ)—>co(12+)+o(3P)

2.10

nszvIuMstisdostiunsnssdunsduasiiouvedluiana CO, flazdunou ey
9nlanana €O, Tuanmuznsduasiftouiuguiignnssfuludisedunsduaniouigatu
shemsvuvesdidnaseu Tuiana CO, ignnszduazmieloundsnunisduasifioussninety
Tunszurunsnaenisduazifiou (V-V relaxation process) Aumgufind1u71ed1uvos
Tuanawmariiloniafiazgnnszduludsedundsnunisduasiiouiigsliu Tnsnmsaelou
wisnumsduaziiteuliiuliiana Co, du

dlensnsedunisduaziiiouvesluiana CO, fszduiiansausniusyls (5.5 ev)
Taiana CO, azumndadiu CO uay O luanugiiugu nszurunsiivssandamlumsuen
O, aglsfinu ffoulvassusznmsiidosufiRiiielinnsansleundsunsduasiiion (v-
V relaxation) flszansain Uszmsusngamgivesdidnasou (Te) veamanaundadog i
Uszanas 1 eV ieliiAnnsnsedunisduaziiouvedluiana CO, Sruaumnnsun Uiy
Sidnaseu Usensiiaesgamgiinisulasesiine (Tg) dewiningamginisduasiiiou il
vanidssnisaargainnsulandumsduaziieu Jaasilvissdunsduaziieues Co,
anas LAnns¥euresing uazifingamniinsulas

3) nsuania CO, Tnglnlsladafigumginataungs
AuMSUDINTEUILNTTA

CO,+M -CO+0+M E, =5.5¢eV per molecule 2.11
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nszuIuNIsuen CO, Tnanistnlsladaduufisenaiiigaainusougeuazgnnszsu

al

Fegamgligs sufluandluaunisil 2.25 mausn CO, axEufuiigaungdi 2000 K Fuld Tny
sgiunsuanfIsifindunugamgd Snainsulas CO, aunsngada 75% figuvniauga
3400 K wAnssivoamsilsladadio CO way 0, Tuthsgamgdiavunauis 4500 K unylaid
nain C Juies Feuandliiiufenindensdnsusidy co Tunszuaunsinlsladadami

Foudiiuseansnim 100% anwiilogamaigunniniui CO avgnlnlsladasie

90

80

0.8

0.7 70

—a— CO2(g)
*—CO(g)

—A— O(g)

05| v—0(g)

+ C(g)

0.6 - 60

Y

- 50

04 40

Composition (mol)
CO2 Conversion)

0.3
0.2

0.1

0.0

1 I 1 I | 1 ! 1 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

T (K)

JUN 2.11 asAUsznevaunaveInisinlslada CO, uaznisulas CO, Amulnlaglindn
gaunnarnaniniglanusuung

n3UT 2.1 azuansliiiuin Wenmadifiutiu Snimautas CO, awfiutiumy
uisenmgiivszanal 4500 K Tneflnsinsudasgeanil 75% figumaiiauga 3400 K

wanauniginses udleA1sUaesUTEaUUUeITn (arc discharge) laulasia
(microwave, MW) w%‘aﬂ?{umm?ﬁwq (radiofrequency, RF) ﬁmmﬁumﬁmmﬁamm
adsanmefivngandmiunisuen CO, e Tnvgamgiivesielunaauiannsoinw
1#7u1nnin 4500 K nsuen €O, lunanasnansnsnvinlélaifiosnalasnianszdudae
Bidnmseunaznisnssfuuunsduasiousinty widisufnsinlsladade ogslsfa
HymmdnlunszvaunisdAensndndssfasendeunduiiondndneiufasereenain
Ushueumgilguaunuinsainaiasn

nalnanalsensveanisien CO, lunanaun AeSurglitheiu wandiifiuinainy
vuuduvesdidnaseuiunumdidalunszuiunismanailunatann dadudnuausdfnyi
vhledmanamuanssnneduuudaiy Tunanaundusasatainguy n1suen CO, Aatu
¥riunsnssdudedidnasounienmanssdunuunisduanitou Feisaeauuuituagfums
yutuvesdidnnseulasnsa dnsunatainiou muen CO, Watuldanienisrusunes



ar

didnmsounarmsinlsladaigamniias é’w%’uqmmﬁqwaﬁwmmiaLﬁ@%ﬂé’ﬁﬂﬂﬂﬂi%
fuuaznsdavguvesdidnaseulunanaun Faiy mmwmLLu'usuaqSLﬁﬂmsauﬁqafﬁu%ﬁﬂﬁ
Anmsvuiuainndy dealidnmnmaulas €O, gatu Feldsunmstuduannismnasmans
pdaftumanannu gu wazdoudmsunmsuandaves CO, lunanaufeisnisnszduuuy
Ae 9 wiseuuulnlslada warauazaate CO, Wi CO waz O
2.8.3  nsiarsusuNauuanlyalUldusslevd

asuauauanied (CO) MiAnTuainnsuaniaves Co, Huiluansid
Usglovidlunansgmamnsay Wy msaqslany nandnumuen uasdemdadaasiz
ogslsfinm O Aflufeiviifinansenusodunadoutazaunmmnlalifunisinnisogng
wngan Sseazdunayldesunedely

1) asldlunszurunislannssy (Metallurgical Processes)

AsuauNauenles (CO) Wuf3A19 (Reducing Agent) Tugaamnssu

aqalavie CO gnldiludsAdlunisnatlaneainus Wu nsaaundnainusivin (Fe,0s) Tu
nszUUNSNAIAN Tag CO gyt duf3Aadiiievdnoendiausenainusuas
WasudumdnuIavsls

Fe,0, +3CO — 2Fe +3CO, 2.12

Y

waznsld Co duismdiiiliniseaunanduluegsivss@ninnuay
Usenamdanuanniy
2) mshalunsdansgiadl (Chemical Synthesis):
nsuAnLLLea (Methanol Production) CO grlfifiuansdasulunis
HARWNIWea (CH;OH) Iagswuiserdulalasiau (H) meldussiugeasidnsauiizen
mswdamueaiinuddynlugramnssuad iesnumuealduingivdniunae
asadiunsitioinas

CO+2H, —CH,OH 2.13

Fischer-Tropsch Synthesis CO Qﬂ%’ﬂuﬂizmumimﬁmL%@Lwaqmmmﬂ
uitdl (gas-to-liquid) 1wy dhdufwarseitemanin Inenunszuaunis Fischer-Tropsch @4
Bunszurunsddylugramnssumdsnuiild o uaglalasaulumsdunszsiidamas
AR

3) msklunssurunsuanlalasian (Hydrogen Production):

anunsai CO llgluuAsen Water-Gas Shift Reaction Wieandn
lelasiau (Hy) Fufuundadanufiazen Tas CO azviufATetut (H,0) 1l endn
lalasunazaisuoulasanlen (CO,)



48

CO+H,0—>CO, +H, 2.14

lelasiuitldnufasendannsailUlddundinilueadidomas
(Fuel Cells) 5'50L‘fJuLma'awé’muaza'1mﬁlﬁ%’ummﬁammﬂﬁuiuﬂaﬂﬁu
) n1sldlugmaunssunisuyszusImisuaszias asd u (Food and
Beverage Industry):
asueunsuenigagnlilugnaivnssunisiiuinwiemsunsusean wuy
nsussilednd iesan CO amnsathesnudvendednilianin wazthsanniaiin
pondiatuluemsuseiln
drwsunisld Co luamamnssusng o fussleviunnune egrslsinunisld
o Aildadeiiadnduiuludiiasldnanidentodeves CO FuwaziBanasldasune
Aol
YaRvaIn1sly CO
1) uf3fdniuszanaings CO damanunsalunisuineendiauain
ansUsznaveenledldd Failimungdmiunisidlunssuiunislanns
suuarnsHAnlavyUSans
2) Miduasdsilugramnssuad CO ansolfiduingivluugazenis
Fuasiziansiad Wy wnivea Wemdsduased wazlelasiau 3a
ANNdAgluanaImNTTUNAIULALLAL
Jadevainisly Co
1) ananduitvgs msveunsuenludidufefiviouse Wewywdgaaudn
1U O azdunvalulnaduluidenlafinitesndiau dwmalisisnisll
aunsatheendauldlels wareraiilminnnzuineendiau (hypoxia)
Fao1athlgmanumaivie dedinldmnldsuluuiinuiiunn waznns
vy CO dodldmnuseiings Segs Tnesesliszuussuisonaiiuas
fip3eansadu CO atlostunssilvaiionndudunsesiedin
2) mafndanaduneden msudes CO gaanadeslutiinumnansa
afraafivmeennieald Tnsmluiuiif s lndidema gl
auysnl wu lugumvugrieinieseust uenandl co fildnluniziia
nuenalukaztaiwlulasing waznisudn CO lunszuiunsdunsieni
Fowde: uiineiinisld co Tunssuiunsdunsmeiidomddunse
wilunszurumsmaniifensdinsudesfideunsyan wu CO, MAntu
MnnUFATeaaiives CO dao1vdimaneniazlaniou
3) anudutouresnszuiunsdaivuazauds CO Wufeidoinisnis
Faufiuuagauddluanimuadauiivasnfouaziinsmuau iosaind
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a) ewdufivgauazdanudssienissudadlenauiueinialuaniozi
RETRETE
284 maiaasUsznaulussuinamauangaues CO, Tuwanaun

Tumsldinaluladnaraulunisuandvesesveulnsenled Tunuideiias
T¥msmeUszauuulalsunlunsunniivesnfansueulneenles dedneglunduuemanasn
flaildaudou ashlfiAnansusgneuinduluszniunisUdesuszqls Ssansusenouiiay
Anduuszneuludrsansussnaululnsiausenleduarleley Fafnannssuiunsmaad
uagilAndAdudeudwivatesiudidnnseundsnugs Insluanaoinia (N, uag Op) waz
wamainuszalaiii 3dlunisnmsuandrvestulanasendiau (O,) S1dnaseugangdsi
Uanuasyainnisvaniaesuszauuulalsun LARSRIANNNTT 2.15 LLazIMLaqaaaﬂ%Lﬁ]uﬁ
Aetuazsmiuluanasendiaudniaiiioadidleloy uansaunisil 2.16

0,+e —20 2.15
0,+0 0, 2.16
wagnsuandavedlianavedlulansiau (No) kaveandiau (0,) lusnimlueznen

a Py a a ] a a A a X
AgT 9 AILBANATOUGS LAAIAIANNISA 2.17 - 2.18 avneululnsiaukareandiauiliiniy
zsiuiaasalulnsiaulaueanlan (NO) wanIRIaunIsh 2.19

N,+e — 2N 2.17
0,+e —»20 2.18
N+0O, ->NO+O 2.19

wazrasnuululasiauuausantas (NO) @a1u150R0UaUaInUDanTLauLAiNLANTY
anefinasalulasiaulaeanlen (NO,) WaRIRIENNISA 2.20

2NO +0, — 2NO, 2.20

msiasveulpeenleslunszuiunisuaesnseualninlalsunfivanududoulsiu
maRnufiSensevilelsuuaglulnsiousenlesdeanunsnosuneldsd
1) wansenusaloleyy
msveulasanladannsagadundenuusdnannsuaesnseialinirvia
Talsun amﬂ%mmwé’wuﬁﬁaQjﬁm%’umﬂaaauﬁuEN O, WAZNITNBFIVDY Os LAAIAIENNIS
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=

1 2.21 uazanusagadundsuuisdiuainnisidesnseualiiydalalsun anuTuna
winuiflegdmiumslossuves O, uarnsnefives O; uansfaaun1si 2.22 uay 2.23
FeufAseumanianansarlienuduturedelsuanaduanmwndeniii co, deisusu
anmiadondilsid Co,

CO,+e” —»CO, +e" 221
0+CO, »CO, 2.22
0 +CO, »0,+CO, 2.23

2) wansznusialulasiausanlys

Asuaulneanlydaiunsaddnsnasnenisnadivesalydlulasiauniu]ize
Aaguy CO, anansavugiseiuevaauvedulasiau (N) uagluanavasiulagiau (Ny)
mAandulunszualiin dlugidunisd Jiseniunneneiu uanadsaunsi 2.24 uag CO,
gty O, dmsuuisendualddlulasiau envannisnedives NO wag NO, N1s

o & a o § val Y ° 1% A~

wiatuilannsadeuanna Mlidaududuyes NO, Atasluaninwingouiill CO,
FLAUGY UARIRANNITN 2.25

N +CO, - NO+CO 2.24
N+0O, »NO+O 2.25

Feflerududures co, Tuanmnndeuvesnsudesnsenaluiheialalsuniiuidy
szihlugnsanasvesmsiislelowiesannnisgadundsauuaznnsanauasnsalunis
Aaufitevesalidosndiauiiufater sufadunsjitomadoniifeadestu co,
drlunsdiveshulasaueonledssiy CO, figiuhlininia NO, anas ilasannisuzedu
dmsuattdlulpsauiiuiiteuardvinavesujitenaiuiianeududues NO

2.85 nslwaNUEmTUNITwANAT CO,

lun1seSuneaunisuandives CO, wazuszaniamnasuindudoadila
MIRIAaENIEUIUNTTNUTeLeI psBsgnaenuuUN o suAnda CO, B Amuadu
Wesidusues CO, umnda CO uag O, annsaruinildanaunsi 2.26

COZ(inIet) - COZ(outIet)
Coz(inlet)

Xeo, (%)= x100% 2.26



51

TudIuv89UsLANTANVDINGIU MAUALAYEATIAIUVDINITHUAY CO, AENAITUT N
(SEN) Ysumenisildeuudadieunatl (AH) uansisaunisi 2.27

oy Xeo, (%)xAH (k3 /mol )
(%)= SE1 (K T L)< 224(L T mol)

x100% 2.27

WATWAIUIWNNE (SED aunsamuindlaannmdsniiwazdnsinsivanly wanana
AUNNSN 2.28

Power (KW )x60(s/min)
Flow rate(L / min)

SEI(kJ/L)= 2.28

W AH Aenisdsundasaunialdmsunisaalsdives CO, Wandy 279.8
kJ/mol

29 &3

dusunsidanuduauslinilunsdevaarsasveulaeenles sududesdilat
ninmstesamevesasueulaeenlafuasnguinininnuduvesaun i dsluunils
naMAAMALTRYDINAIENT MENNITWANFITDY CO, MENATELT AMENYUEVNNENINLAY
wilvesnsuevlaeenled dnvasiuguremaramiililunmsuands Co, nalanisuand
999 CO, lumaaun uazn1sldnd sy §eazesuisds nsmelivesaiusulasenlssuds
Anduasusznevdunazmsfiwme ot sstunsasemnuduauliiuielimsuis
AN138VRINSAAAN9Y LAgaNanIneg aﬂ‘wmvimwuamﬂw%w mqwgmiﬂaaaﬂimiﬂkm
nalnn1sinlAlsUIREY1Se LLamqwawu%mN%mmmu Waiiiethung ez

sUuvumEaLLasvinaeulliUs NS A waaan



uni 3
AN9ALATIZILAZNI5DNLUUILUUEANgAVIANS UL Inaanlunnqe
n1sAngUsEuuulalsun

3.1 g

dmsuidaniluuni aznandamsinneidnuasvesdidninaafidvarsuvay G
sUwvusananfliadosnmlunisarennudusesaualniifninguuvuiduduadn
idesanarranduvesausliiiihiinasonisaaeivesniueulaeenledlueinia suwuy
Uasunandagnidonlilumiadel msnngiuaroonuuudnuugdidninsaiidunuudas
uwanazAnunlagdedsanusimiuazlssunssuvesuideiiisadestunisesnuuy
didnInsaUansunanvuIasing 9 iiemAsUnuumsnzauLazdvssansainlunisadig
aranduaualaiildzean wetlulszgadlfluniseenuuunarldouaie Mainisiases
anuduaulniiifosnsmaaey szeglugisveanisiinnsaieuszauuulalsun duduy
nsgvumsiind uiounsiwsnan nefinszualiinlvaaind2didnlnseiiddnsluiigs
nilusemaiiddngluindunans nsmeUszauuulelsun aanmisuandvedlessuy
pInATaUTABiEnInTn uazininszudlniiadi sULuvvesIUsTuUUTAlsuTueguta
LLazgﬂiNmaa%’j’gﬁLﬁﬂImm s?fﬂgmmuﬁﬂdnmﬁwﬁu pUsznoulumean1izueInsiin
Glow , Streamer way Arc #4%a 3 angazilazdainuduaualwiifiunnssiu an
nsAnEIRENsIUETaweg 9 vesdnmznnineg tiiuarfemeuisnfinesifiteduse
Mafinan1zsing o Sududomsiuis ussdulaihild Snwarsuinswesdidninga vunves
idnlnsn warsrggissgniadidnInsafuusiuwanildunsng Wensuiimisiines
Aean Aanunsatiaang o i Lﬁ@iﬁwiwﬁﬂsdawaqamazmiLﬁeﬂ,ugﬂwaaaﬂ"]
anaituaulwdilf Gelunnsdnnaduiafendniidosddadususuusnfednuue
sUsvesdidninin iesanazdeamsuisdnvuzvesaumliiin Wensuisdnvnves
gianlnsauazyavesanuduaurnliiiud s Tudiuvesssuunisaans davag
asuailpoenledinumsngUszlalsuntuaggnyaaouiseduenuduauslninuag §n
nsluavesemadidsuutas dufunseanuuussuuazeanuuuliBidninaUaisua
uazuiumanasnsauiuld safseenuuuszuunislvaveseimaliimnzan v
Fosntsnaaeunoly TnsgUuUULAENTEUILNITUBITUABLNTTIATIEWLAY BBNUUUTEUY
aangfivensuaulaeanladmisauduaunlniivesnisaieyseauuulalsun awise
uamalassgud 3.1
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= ) o @
(ﬂ?i’&L@i?%ﬁﬂﬁﬂ@ﬁl&%EU’PNEULLUU@L@ﬂIW?@LL“UUU@WEJLWT@EJ)

'

= E4 £ 1 1 = @ o 1
(ﬂ?ﬁ?lﬁ3’15“l/‘l'@'ﬂl]Wﬁiﬁu’]ﬂﬂwcﬁj’ﬁ%ﬂ/ﬂ?ﬂﬁ%&]%?ﬂﬂ@L'ﬁﬂI“Vﬁ@Uﬁ'lEJLL“VI'@ﬂJﬂULLNMLWﬁW)

'

ATRRnLUULAEILATIE A udUEunL i F s BianTnsaUan mmamﬁ%’maa@

:

(ﬁ'ﬂwmami&@@?’\36Lﬁﬂiﬂﬂﬁ@ﬂaﬂEJLmamaamiﬂ%’msagﬁﬂwaaLL&JuLWaw)

JUN 3.1 TumsumsinTsilareenuussuUNsaaediivesnisueulasenlys

a ¢ o/ a <&

3.2 ﬂ'ﬁ'?LﬂiTL"Viﬁﬂi?JﬂJ%‘U'é]\‘iEULL‘U'U'e]LaﬂIVﬁﬂLLUUUa’lEJLLWﬁﬁJ

TunsiiaszisuuuudianinsanuuUaisunay 9s@ny191n91u398909 Belen and
Messanelli, 2015 tJunsileuiisumsinadlossiindmsunisaieuszquuulalsuiuay
DBD #e3unuudidninsaiildidunuulatownan Tun1sfinwauiddedainanioeywiuld
dudninsavangunaufieanuuuindmsunisaeuszauuulalsu Wednszdmuuuuia

= a a = o g v g v N

uwazidusednSaingean Fednvazvesgiuuuiameunaulfidusuiuuuatsuauiuie?
sonwuulagldiandundiuegiilensuin 0.12 dafuns danuenvesddninsalalsuray
71 600 fadiuns szaerineTeninddninsaduskuanildnageuegd 15 Tafuns waz
YUIALHUNANAIENTIIATVLIN 24 TaFNAT LagINUATLIAAYINGIMAZAUNIYRIUANY
uwvaniisnaiu danandugui 3.2

é

JUN 3.2 M3fmuansilimesvesguuuuuagunay
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Iuﬁauﬁwiﬁa%maﬁagﬂLLUU51,5ﬂimmﬂaflmmauﬁmﬂﬁmﬁu Tneifuusiidfaly
nsimuamimesusznaulume h Aeaugeweslaeunay w AsaunievesUany
wau way h/w sasdluanuanvesatsuval der1veanisdmeddie 9 amnsatily
AMurasnuuuusing 9 ldanaunsluuni 2 mﬂmiﬁﬂmmu%’aﬂﬁﬁ’mmgﬂwama
WaLTae 13 gﬂLLUUiauﬁ’USLﬁﬂimmﬁﬂmﬁummmmme’ha Gﬁ'QLLam’Lugﬂﬁ 3.3

h w | h/w | N/S

G tr
RO [mm] |[mm] (m-1]

Cl 0 |- |0

- A [ 8|4 [2 |25
C3 A | 8 |5 |16 | 200
C4 N AR rRr— | 10 (10 )1 19

S AW | | [ |

20 |4 |5 250

20 |5 |4 200

:"v"w-m.x
R

20 | 8 |25 125

20 (10 |2 100

20 |20 |1 50

30 |10 |3 100

40 |10 | 4 100

40 |10 | 4 50

JUN 3.3 sUkuuUanguaunlaannsimuanisiiees
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1%
v A

lun1snegeuvesnuideilluvunmsianavesauleseiniignuasyeenainiany
wianazgnAsAaLandluguin 3.4 uagkanisnaaeunlivesUkuuUAEUALLAaY JULUY
Aanandluguil 3.5 FgUiuuvesdianinsafivanmass My siwesnanuniwesane

wranfwiniu wardsnsidiusuiulansuausenuevauavesdianinsaualeurand

JUN 3.4 sUuunsinnaadlessin

—a—Cl
6F m-C4
—+—C5
5t 9
—=-Cl1
4+ —=—CI2
7 !
[mm]
3t
2k
1k
0 L L L L L I L 1
0 1 2 3 -

v [m/s]

d‘ U a U
E‘U‘Vl 3.5 Nﬁﬂ’ﬁ‘VI@ﬁ@Uﬂ’]i’JﬂaN‘laaa‘Nﬂ‘U@\‘igﬂLL‘UUUa’]EJLmaiJLLUUWN i
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mﬂgﬂﬁ 3.5 g'ﬂLLUUﬁﬁﬂmmaawizﬂaﬂﬂé’aagﬂu:uu 1 Fududidnlnsaduuuy
uaa wagguLuy Ca , C5, €9, C11 wag C12 Wuguuuuidudidnlnsataounauiiioun
AN aaesuvaNTivifulsa L YA euaNTiseiy 9nHanTage UNUINULUUT
Hulansuwnandianlndidssdiu ilelvmsuisguuuuiinuasiiuszavsnmgean 3iinszsina
Tnemanadsusiazsuuuy fuandunsned 3.1

15799 3.1 Aadevensinaulessiinvesusiasukuy

FEYTHUINAY sUBUULR9BLANTNIA V/m
Z (mm) C1 ca c5 c9 C11 C12
0.5 2.00 2.30 2.50 2.70 2.80 2.80
1.0 2.10 2.35 2.60 2.70 2.90 3.00
1.5 2.15 2.40 2.65 2.80 2.95 3.10
2.0 2.20 2.50 2.65 3.00 3.15 3.10
2.5 2.25 2.60 2.75 3.10 3.30 3.20
3.0 2.00 2.80 2.90 3.25 3.45 3.35
3.5 1.60 3.00 3.05 3.30 3.50 3.40
4.0 1.30 2.90 3.10 3.25 3.40 3.50
4.5 0.80 2.65 2.90 3.05 3.15 3.20
5.0 0.30 2.30 2.50 2.50 2.90 2.70
5.5 0.00 1.70 1.60 1.60 2.10 2.20
6.0 0.00 1.00 0.80 1.00 1.15 1.75
6.5 0.00 0.40 0.30 0.65 0.50 1.10
Aade 1.284615 | 2.223077 | 2.330769 | 2.530769 | 2.711538 2.80
Wesidud | 45.87912 | 79.3956 | 83.24176 | 90.38462 | 96.84066 100
Wasidus
, 50.12088 | 20.6044 | 16.75824 | 9.615385 | 3.159341 0
AITULEA N

NHANITIATIENATIM 3.1 MsmAnadeveinsinaulessiinvesudazuiuy
! a Aao < = a a ! '
wunguuudianinsanddnvasiduvatsuaudaininuussvesaulasaiiniianiinii
sUnvuTuduan Sguiuuveslasuraniingafe C12 fA1Aunsogi 2.80 V/m il
Wiguduguwuuduainainuwsiegn 1.28 V/m dednduesidud funndntegi 54.12
Wesidud wavguwuuUangunauiifsetamnfie C11, C9, C5 wag C4 aud1au lnediAiaaiy
wsvesawlosatineg 2.71, 2.53, 2.33 wag 2.22 V/m Fadlemwiueendulesidudniiieu

AUFULUUTIANgALANGNGT 3.16, 9.61, 16.76 waz 20.60 wWasidud mua1au
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33 msaaseianuduauulniissudneszezvnddninsalateunauiu
WHULWAN
Tumsiszsinnuduaualiindieglutisvesnsmedsyquuulalsun awnsam

I¥9nmsfiimesszninszezvinedidninsatarsunanduisiumandldifunsiad Tunns

At ard1sdeannsfnyUiviaiuagissunssuressnuids Jaworek et al 2008 lu

mATednanaziummegeuiawesnininaniigsnsuesnismelsyauuulalan 5u

1NT1weINSLARLES (Glow) Fufiamsensa (Ar) Tueme daainnsAinunagnsuiiar

Aequesanznsindne q Iiiuezdemsuisindmesifidedodonisiinaniivaieg

Fududomauis useduluindld Snwaursuinsvesdidninin vuinvesdidninin uas

SrezinesTEnedinivsnduiuman densuimsfiwesiieuds famisatiasie

udwna Wislinsuiswesannzmsiislusuuuuvesaanuduaunalaliinle Tuns

FunntutiadendniidesmdadaiusuduusnfodnunysUinmosdidninn dddunuided

Anunildnwarsuiraduvatowvan Jedneglunguuesdnvazauulniliasiane 39

annsafwnldnaunsi 2.2 wag 2.3 dmsumisdwesiidvualunudded Huiads

yhanaesiaany vunadusiuguénans 1.5 mm Wudidninge wiumwaniildfivuinaiig

AIRAZANENIVINAU 67 mm waz 90 mm ANUENU SzezissznIeBlaningamindu 21

mm uazussiulnihildlunsnaaeusgi 2kv - 30kV nanmsveaeuTildFauanslusuil 3.6

1.E-02 Alr
1.E-03 A
< 1E-04 -
c
o
5 1.E-05 -
o
—— negative discharge
1:E-06 -
—C—negative back
discharge, flyash
1.E-07 . 7 i
0.0 10.0 20.0 30.0
supply voltage [kV]

JUT 3.6 F19v8ansiinuad (Glow) aufian13e13a (Arc) luennie

PNANMNNTR T LA uaunluasiulasnanIImaaauINFURN 3.6 @13150
Awmanudianuliihlanndvesnsifataauluamisersala lunuideiineide
AeamnTuAdautliinvesinsuianas (Glow) Begasananldusaiuluing
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5KV - 20kV e uarnsarwiaduaunlnile wasdidninsadlddneglungy
auulildadaue Jeanansamuwinlaanaunisluuni 2

\
INANUNIT Erex ==
dn
* Eav *
n = 0<np <1

A W

el n°  Aesuszneunisliusylevdawnlnd (filed utilization factor)

A 1

Ao adgvasnUauUndlnn

m

eV

= 1 1 a &
ABIEEYUNITENINDLANINTG

o

V v | % = v ' ) o
VNAUNT By = HBIMINTI0A 7 Feamlaanaiad svesn Nty
n

awnulihadiuseAmanuduauulninasan

° ) ' a v v I & a &
a’lwiumimmma’EJ“UENWJWL“U%JEWW&JIWWW Eav Mq‘l@‘r\]’]ﬂLLW\TLGUlI@Laﬂimimﬂa’]ﬂ

= o 1 I aa o v & v ' a
WANBHAWIA 1.5 mm S8881asEnINBaningmmiiy 21 mm fatusansmanady 10
AN d = 21.01 83 21.74 mm gl

wnuAIaEle

E,, =2.34x10°V /m

dnfunsmeaanuduawnliiignan E,,, mlan szezrieseninedidnivan

Windu 21 mm ke

max

e -V
dO
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wnuAaEle

E_ =2.38x10°V /m

. 2.34x10°V /m
T =2 38x10°V /m

n =098

W ANIIUAINITINW DS TR 09n15wA AR AT LaUL TWH YIS I A ALAS
(Glow) agla

5000V
"™ (21x10°m)(0.98)

E_ =2.42x10°V /m
AatuAANILNEIEnveINsinkategn 2.42x10°V /m

MnmsAnisfudunsdimainfsniugnvesnadmiauas (Glow) 344
wsadulding 5KV - 20KV Freveemsind e (Streamer) Tusaduliing 13kv - 23k uay
gaevesnsiinnisenda Wussiulniing 23kv - 30kV Ingldszaerinesenindidningad
Wi fetumarnuduaunaliiihvesusazdiweinisannizsing 9 aunsaglayasiuansly
51971 3.2

M5 3.2 M3 nETUANUtLaUIL N ausYgIYed Glow - Arc

%9N15400 wsasulaldln (kv) | anuuawulidn (v/m)
5 0.24x10°
6 0.29x10°
7 0.34x10°
Clow 8 O.39xlO:
9 0.44x10
10 0.49x10°
11 0.53x10°
12 0.58x10°
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M15°99 3.2 mM3nasuANudiau iy Glow - Arc (o)

%319N15LAA wsasulaldn (kv) | anuuawnlidn (v/m)
13 0.63x10°
14 0.68x10°
15 0.73x10°
16 0.78x10°
17 0.83x10°
Streamers 18 0.87x10°
19 0.92x10°
20 0.97x10°
21 1.02x10°
22 1.07x10°
23 1.12x10°
24 1.16x10°
25 1.21x10°
26 1.26x10°
Arc 27 1.27x10°
28 1.36x10°
29 1.41x10°
30 1.46x10°

N30 3.2 WHunsasuamnuduaunininlusdagdi Inesuduang
Suduveinisiinuas (Glow) siiaraiuduauinlniasas 0.24x10° — 0.58x10° V/m
719903n15L AR A (Streamers) azdiAtanuduaunlwidfans 0.63x10° — 1.12x10°

V/m waglurieveinisensa (Arc) danannuduauwnlnilisue 1.16x10° duld

a 4 }74 o v a &

34 ﬂ']'iE]E]ﬂLL‘U‘ULLﬁ%’JLﬂ'S']%‘Viﬂ')']&IL‘llﬂJﬁU']&l‘lWﬁ'lﬁ']‘iﬂ'anLﬂﬂi‘VIiﬂ‘anﬂLWia&I

NG v

nlgnagau

TudrutlazasurluIAmIUAALUNITIATIZIINITORNLUUBIANINTALUUYAN LAY
Ausuldneaay 21NN15ILATIERNITRDNLUUBLANINTANNTITVDN D UNLIN HIdvaulanag
gankuusUkuuUaEWaNANIULUUTLARN®RN919Y TngdiawinAunnearAINgIves
Uameunauiniu 10 uag 40 fafluns auaau dnsidiunnugeannunite (h/w) agi 4
WAzl dNI1dIUTILIUUANULNANABAIUYIININUAVBIBENINTAUANLaN (N/S) A
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100 usimedadiinuiedavesnsadadianinsabimunzandmsuldanuaiddanuaia ne
fideiimgsndudeadasusuusunsedns ielsianusaasisld Sseenuuudidnlnsntans
Wiy fauinauninaagaugeslateuaniniy 2 uay 8 dafiuns lnelidnsndu
Argasonmniie (hw) uagdmsdusinulasuausonueunvesdiining
Uaneuvia (N/S) wiidu Tngldianfuneaunsifidianuiliia 59.6 x 10° S/m uag
oonuuuliliasuvauasnurosBidninin duandugud 3.7

Collection Plate (GND)

2 mm

Discharge electrodes

8 mm

3

Collection Plate (GND) 'Y B

JUN 3.7 dnuwauzvegdiuuUalgunauioenk uukazNISMnUANISIEN A1 9

Tudruwesmsiaseiarauduresaualindilddmsunsmeaeulusmised
Tnehluudathsvesnainmsaedszauuulalsuntu ssutsnania 3 sefudeiy Ysenou
lﬂéf’mamwmmﬁ@gﬂLLU'UL?Mﬁu%LﬂusdawaqmuﬁmiﬂiimﬁL%'sm’iﬂ Glow A1uAE
Streamer waziiousaiuliiindisnglvfudadidninsavasunanifindu faziinnisadasn
fiav1de 3o Arc FafidelaidesnsAnutiswesns Arc ilssinidurisvesnisiusanii
J3de3dfimnuaulessnvageudnaninguiswesnisiislalsundseglugieszuinemnisiia
an1e Streamer U Arc 33929ranandurises Streamer AifiAnaruduvasaunulngiig
490N 9 NPUNYIVBINISAANTT Arc iFaSenannvvesmsiiaiiiludicwes Electric
Field Strength @ sazidudand san1ngfifeanismaaey a1ngunuu nanudsiu oy
Usgneuluman1izassnisiia Glow , Streamer wag Electric Field Strength Faka 3 @y
idasfidnanuduaunaliiiunnsneiu Fdunsimunsianuduauliivesudas
sveztiy s munldinmsmuagiswesmsiinan1izang q 23 3.2 Tuvade

[ '
Y a

routh Tngazimunnnuduausilniiegludiaduduresnafinannedu 9 Buain
Glow, Streamer i@ g Electric Field Strength sgldauduauiulniai 0.24x10°
0.68x10° uag 1.12x10° V/m
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dermuunaimuduauslniineswrazdsnsinugs lunseuiamssezug
seninedidnTnsaUansuanfunduinanildidunsg anseldaunisluuni 2 furamn
syeuvunalelag LLm'LﬁaqmﬂﬁLé‘ﬂimmﬂawLmauﬁlé’aaﬂqumlmisummmmqqLLazmm
nf19veUansiUa sy @ 9sdsnanar1vasiaUssnaunistgusslesdaunulai (filed
utilization factor) fstfuneldsuuvuiannsodummeaesiusenoumslivsylond
aunulniln (filed utilization factor) laain

Tumsmeanadevesnnuduawulii E, mldanvuiaaugeeslaiouay 8

MM BazAIUNI19IUaAEWAALNTVUIN 2 MM LAZIZELUIITENINBANINTALH19D9370
NUATIATARNYIUIT A UL VLYY 21 mm ksaeulwd9ily 20kV Taeaasn1sunaads
10 90 9137 d1 - d10 Aauanslugui 3.8

Collection Plate Y¢ 'l
d

U7 3.8 MsmAederesnnudiauinliihanssesisszninedianing

azldaunsidu
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wnuAaEle

E,, =7.94x10°%V /m

Tunsmeanuduauulnihigean E,, wldan szezvsznindianivsawiniu

21 mm zle

V
Emax = d_
0
wWAUANLLS
E_ =9.52x10°V /m
v % . 7.94x10°V /m
RN =

T = 952%x10° /'m

=083

mﬂmiﬁwmmgﬂLLUUGzJamesJLmamﬁé]’aamiaaﬂquwéfaqﬁﬁwméhﬂigﬂaumi
TUselavtiaunlnii (filed utilization factor) Wity 0.83 nsdifidosuaeunserulwiadile
Tun1sAuIanvesiausznounisldusslesdaunli1adavindy esainldvuin
3iannsaUansuaniliiy

fadui onsuaifaUseneunsldusslovdauinlniinvedidninsauarsunaud
PONLUUAMSUNAROULEY a11NT0 UM Eazsinaseninsdianinsafunsumanfildidy
57178 (d) leanemenuduresauulniidirualiluusasgaswesnisiia dedunisaiuia
aeldussulnidinaaeuass 10k ashsamuanildssdolud

V
AINANUNIT Erex ==
dn
. Vv
ale d= "
Bl

Tur29v89n15iAnan 15 8n31 Glow agldaruduauiulwiing 0.24x10° v/m
wnuAluaunisagla
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10kV
(0.24><106v /m)o.83

d =0.050m
d =50mm

Tug9uean1siinan1izfisonin Streamer azldaruiduaunluif 0.68x10°
V/m wnuAluann1sazle

10KV
(0.68><106V /m)0.83

d =0.018m
d =18mm

Tuga9vesnisiinanigiSenan Electric Field Strength agltminuduaunsuludng

1.12x10° V/m unueiluaunisazle

- 10kV
(1.12><106V / m)0.83
d =0.011m
d =11mm

o
Y o

A UIINNITAIUIUNITL UL N5 W 19D LA NINTAUansunanduleuLwany ladu

a0 ¥

N30 AgeansLNauInliia Glow, Streamer wag Electric Field Strength fszuz1ing

[

SEMINBANINIAWINAU 50, 18 way 11 Jaduns Auafu

}74
U a

3.5 é’nwmzmsﬁﬂmaaLﬁnimm'gﬂLLUUUmaLmauLLazmsﬂ%’Uszaxﬁﬂwm

LLAULINAT

AINNTUATIZANITODNLUUDIANINTALAL NN TZULUNUDIBLANINT AT ZaL LA T
AUTlaENaNNNIANBULNTAARIBLANINTAUASLNAN WAL NITUSUTLE LU UDILNULNANT LD
Junsmabeglugiwesnisiinanniglalsuisig 4 Faesewiuwuugnasnatuiionadeunas
Wisuiguusyansnmewesnisaaesiasuaulaeanlen

o [ L 1 a < d' a 5 Y d' 1 [ ¥

dmsudildesBianinsauansuvauileanwuuazgninaslifuilianunsausule v

[
a (Y |

a ! 1 Ny v & s [ A = a g
ANANAIBEUTIAUNTINANTENT MU INEaNTATATUNTIIF Lanefagun 3.9 Fdlunisfinns
didnnsnuangunautiuashnaai 7 9n szervinaszninedianinsnuaiuiauiudianine
Uaneunanegyl 30 fadwns Jalusseeivmunzauuasdvszdninmgeanlunisuaes

awlvil wanedaguil 3.10 Tngvunavesdidnivsauatsuwan Jvunaauning (W) wiiu
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25 fadwns AN (S) Wi 220 Hafwns wazaumvul (T) Wiy 0.5 Tadiuns lagld
Faqudunesuns uagvuinvesunuinandiliifunsnd fvuraauning (wo) wirfu 270
Tadwns AN (Lo) Wiy 250 Tadkuns waganunu (To) wiiu 2 Tadwns wagldian
Jueglifounan

Tuduvesmsnaaeuazgnnaeuiamszdiu Tudumeszeysusuiiionin Glow
AW Streamer way Electric Field Strength dufurasvesnisiianismeuszquuulals
wflanmeaneg dvlunisfvuntimesauduaunliindidamingg aansasivunldain
MsUfusTogiesEninsdidninsauaouaniuusumandldidunsng dauandluguil 3.11
nsfindedidnlnsaUaisunanuazikunan awgnindsuulassdindeuiniaidvuna
A mnue wazAmgs WAy 300 Hadlns dauanduguil 3.12 n¥rnduivsznevas
Tasaedesdmiunaaeusiely

—— Collection Plate (GND)

~ ,— Electrode holder rod

Discharge electrodes

l W

AW N HV (l\ WHHIN \\Hm“'““”“'\\h”m“\m
; B) ®)
r g 1 /HH IHUI”/

U7 3.9 Mshnasdianinsauiuuvaeuauduukumanildidunsng n) Sdnlnsagueuy
Uanguviauiieanuuu ¥) fegamsinasldauats
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le

4

!

'

Seven discharge electrodes
. l . , ,
| | ] | ]

I l ! I

. M
—
I .
[ e B
-
] “

JUN 3.10 Msdniesddninsagdivudaieuanivekumanildidunsiid n) n1sdnises
daninsaiieanuuy 1) Meg1en1sinadldnuaie
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— Collection Plate (GND)

— — dGlow

e — dStreamer

— _T dElectric Field Strength
W%—Dischage electrodes

)

U 3.11 myviuszesvinesznindidninsauaouwaniuusumaniléidunsd Wefmun
Pudvesauslifiniidoanis yumesiuwii n) sUUUAFeINNTUSY %) M3
USussegldauaseiissauauduaunalilh Electric Field Strensth A) n1sU3U
srogldanuaTefisgfumnuduaunilwi Streamer uag 9) msuuszearlinuaie
fsgdtuauiduausliii Glow
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SU 3.11 msUfussepvinessninsdidninsnaeuvanfuusiumandldidunsnd Wefmue
pnudvesaunlifinidonis yumesiuvii n) sUnuUAdeIsUSY ¥) N
USuszerldauadeiissauamudiuauulilh Electric Field Strensth a) nsusu
svogldanuaiefiszfuanuduaunailnii Streamer uay 9) msuuszerldauaie
fsgsunruduaulvlih Glow (se)

Sealed Chamber
Inlet - Outlet
Collection Plate (GND)

Discharge electrodes

n)

P ) Y A o o ~ a
JUT 3.12 dnunizveInans 83103n15A18UsERlAlsun n) SnuazeddiLAs odfioankuy
) H798719U09ALATINITIIUDT
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)

JUN 3.12 dnwzueinaIaaveinsAgusealalsun n) dnyuzvesiAIaslieaniuy
%) feg19veIATRINldNNISe ()

JUN 3.13 yartuAuNvinaIuYesszuunsUaeglalsun
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sU7 3.14 wnsesnldlunsmaaeuaaieiivesesusulaeenlen

9197 3.3 asunsdwesvesdianinsaguuuuuatsuvauiuwsiumanildidunsad

nshernBiEnInse WIAM8s (mm)
ANUEvRIBanInsaUaneumal (S) 220
AMuUNINeIBlannsalagwra (W) 25
ANUTUINBIBIAnnIavateLa (T) 0.5
AMNENYRIUaeLay (h) 8
AUNNBIUaNB AN (W) 2
AU8IVBY Collection plate (GND) (lc) 250
ANNTIIURY Collection plate (GND) (we) 270
AMUNUIUBY Collection plate (GND) (tc) 2
srerinesEmIedlaninsaiudidningm (g) 30
SzuEiesEnIaBEnvsafuLEumaniiviaves Glow 40
SzuzieTEnineBdnivsatuLiunanTivaawes Streamer 20
S2uEI93EIaBIEN NI ULHLIanTIYvIaves Electric Field
Strength 10
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3.6 @yl

MIIATIERAZEDNLUUENYAEUDIFURUUBIANINIA 1Tun15InseinguLuuTes
Jansuvauiifanumnzaniianunsavsesanuduaunlnildfiian 4dunuidedls
sUsuuBanvsaUatsuwvan fuuiannuninuasaiugetUargunaiyiniu 2 waz 8
faduns lagddnsdinnugeieninuniie (h/w) wagdnndiudulaeunasieniny
gianvasdiininsnaouwan (N/S) iy Tagldandunesuns ilesanamaui
noaunsannsaainduaunilnildinnniiaguindu 9 iWesandaranutmisliih
unnitanuiindu dmsunsiengianuduauuliihsnineszegindidningatane
uaNAULHULINEY IgnadeuiannrvesnnAamsaeUszquuulalsunlurisues Glow,
Streamer Wag Electric Field Strength Gsflnsiduauiluiiieg? 0.24x10° 0.68x10° uay
1.12x10° V/m padrdu ifleflansanduszozsinsssninedidnlnsnazlei 50, 18 uag 11
fadwns auaau warludiuvesseuunismaaeunisaatefiivensvaulaeanles as
nagouluuuusruuln Gegaziduanansveaeuagldesuneluundaly



unil 4
NaN1SNAFaUNAZN1SaAUIENE

4.1. namin

PNMTIATITRRareanLUUBannIadmsunsUassaudauulniluaniay
nseevszanuulalsuniionsaaneinvesnsuenlaoonleslueinia Tagldnmsmuanma
vanvesadnmans nuidnuazvesdidninsefiduuuuaiouvaniisnsdiuaiugse
AN (h/w) Wiy 4 Ensddesmnuduaunslaihimnzauuasiussansningean s
Foneenuuudianinsafiflvuinnuniiasindy 2 fadues uazanugasindu 8 fadluns
wazuonnissldinnesiamnuduvesauslnihiioglurisesnismeussauuulalsuni
Hnasiansaanssivesasuaulaeanlannie

Fatuiil oviluuni arldvinisnageuii e Tanansznuan sefuau uves
ausllwiihdensaaneivesansueulaeenles dmsusuuuvesmsmaaeuazimunieuly
mMsnagevegmeiu 2 Fouly Uszneulusedeulvssiunuduvesausliiiuazsne
nslvaveseinia daszduanuiduvesawulniazuuaduriwesnisiinanine Glow,
Streamer @z Electric Field Strencth waiszsuauduauylniinazyinisnageuisns
A5aY8981NA 40 L/min, 80 L/min kay 160 L/min lngn1siaanseaunisiauadannie
eanuszRuil Junsidenmudadrinnisvineuvesgunsal gslunsnaaeuidasfunuin
dasinslvasiindn 40 Lmin sitlinnslvavesermaliasinaue Tuvazfisnsinsinagsnin
160 L/min sl ldnaldudugnlussuunsnageu suiddeisddsnsnisinalugailiiels
IWnan1snnaasi gndosuazidedeld dviulunismaassudazass anududures
m%‘uaulmaami%ﬁﬁ%ﬂumiwmaauwgamuaﬂﬁasﬁ 420 ppm Fadumnududuaes
arsveulneanledluaninzusseiniaund wazfinanududu 1200 ppm Sadinansznuse
uyud szozatlummageufiimualiil 15 Uil szuudnsldiidsanui 20 Sad Tudiuves
mMs¥anan1sneaey msaaneiiveseiueulneenlediideulas q rgniiIeuiigy
fuaniizaruau (ldidaunaeaie) i elSeuisulszdniamlunisaaisdaves
arsusulasenled ddludiuvesnismaasunisaatsdivesaisveulaoenladuuulyia
Wiaet1e nuddinsanasesniveulneenledfl 6.9 Weosidud fna 15 udl Fadululd
Anannisiwestiadesanmstanindliauysofludausing 4 vesszuu Snsnisialvail
foineglusziuiivonsulddmiunanaaey dmsuludossluazinauenadnduazdeya
Fedndldnnsmeaeumand i eliidlasgnsevanuisnansenuresnnudues
awliiuagdnsnisivavesenmesenisaaneiivesansveulaeenled nsiiunan Wiu
fdsnlunmsmeaey nsidsuulaswesanududuvesaisveulneenlaiuaznisesives
Tolounazlulasiueenlesfiintulusyuu nswSeudlounsaansfvesaivedlasenlas
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fumSNY wazn1silSeuisunisaanesinues CO, lunanduuuumne F951uazidenay
laeduiesioly

4.2 ssuunegaunsaatefiiasuaulaeanlyddlanisaielszguuulalsun

dmsusruunsaangsiivesnsuaulneentyd avldnisaedsyauuulalsufayisa
Feau Tunsuassanuiduauulvinlutiswesnisiieannizeang o Tunsneaeuaziunuy
szuuln Feszuuladanan axitlulasiaunazeendiaueglussuulaanenaignineglu
syuuneunIINAdeudie Taensnageuisuainlassuianisueulaeanlediiniududy
19 9 wWalvluszuuvesnmanaaeu wdvhnsdenid weusudnsinisinavesenniad
#oens tneldinaslunisdnenniadilulussuu Jaufafarlnaiurelufissuunisuassla
Tsundsay Feudunan 15 il Jsszuumseevszauuulalsunannsauiuiawesanioy
nainld Geanunsnusuld 3 sedu wadldindesdiefignindalinnseanuesssuy Iiaseh
ssAUsznaULATAAUTIvewaiansuaLlnesenlefuazuianie 4 Mintulussuunis
NAADU éﬁ’ummﬂugﬂﬁ 4.1 waz 4.2

Tuszuunismaaeunsmeyszquuulalsundasiadidlulnsiauuazesndiausgly
szuudnaneIniAazananon13n15ia NO, wazlelau Os luszuuda 183910 Corona
Discharge anansalvinasuiieanalunisvinly N, wag O, uandiwasyiufazeduniy
gumsiinamuiluund 2 Fslumsmenuduiusvessruulng ondegrernududures
ansualanenlediililumanaaougigregi 420 PPM dsfdunudiludiudau dafu 420
PPM w84 CO, mneds 420 dauves CO, lududiuwasermananun Tunisudas PPM 1u
Wesidugansarilalnonisuts PPM #1e 10,000 wWesidudves CO, a¢ld 420/10000 &
fanvndu 0.042 Wesidud waglueiniaunivsenaunlglulasiauyssuiad 78% way
gonduuszaia 21% defin1suiy CO, luszuu wdewinlesifudves CO, sanain
Wesidudveslulasiaunareondiaulueiniaunid lenedndruvedlulasiaulazoendiauay
fentagludnsradiuia aglauTunn N, = 78% x (1-0.00042) = 77.96 % wagU3u O, =
219% x (1-0.00042) = 20.99 % FevuszuudnaisvUszneunielulnsiauussun 77.96%,
PonTLAUUTENIU 20.99%, LazAisuaulaoanles 0.042%

Fan Valve Gas CO, co][o,
‘ Inlet E .
ﬂgﬂl s Outlet
(] [ » ] ———
l [CO, | [NOx|[ ©; ]
Corona Discharge —
in sealed chamber L

Analysis Systems

JUN 4.1 szuunisaaneansuaulaeanlednlgn1saeUsealalsund@ulazn1sIn e
NAGNSABLATOILDAN
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Notebook | Control system ¥ GasCO2

JUN 4.2 ssuumsaaneaniveulneenladsisnismeysyglalsunilivaaeusss

Tun13TRA1AM U LT UVIR LA LA AT U A2YNNTTANAT b 3 sianeiu Tawn

¢ ¢ & = & ¢ ¢ 2 & ~ | P

asueulneanlen lalsu uwaglulnsusanlen deigarsueulaeenlenlufieignuassidn

Tuszuuidfieaansdn duielulasausenlgduazlolsy WWunanassldainszuunismeyseq

wuulalsun dnsuesesiiandlunisianavzdsenauldsie wIasdnsiziniglaldeann

Uan95zune testo 350 lodmsuinaiaisuaulneanlanunazlulasiausanles wazlaseq
n11ainfieleleu (Ozone Gas Detector) Auuansluguil 4.3 - 4.4

JUN 4.3 insesiiasgiingloideaindaessyuns testo 350
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JUN 4.4 1aseeniadnfinalelau (Ozone Gas Detector)

4.3

nan1snAaauANNITNaUIN AN 1IZA5IAR Glow

dusunalunisnaaaunseauaNutLauL Wi lugsueInisiin Glow N19ms1A1s

Tnasne [Wuduroulanizvesnisvaselalsunidanvusvssnatauniasudaaiosias
adane Failidnlaanngnaanfaansaiulseansamnisaaeiives CO, la daya

WARaRagUN 4.5

500

CO,, Concentration (ppm)

501

—&— Control  —&— 80 L/min. N
——40 L/min. 160 L/min.
1 3 5 7 9 11 13 15
Time (min.)

(a)

JUT 4.5 nansnaaeunseauanuduauuliinlugiweanisiia Glow a) an1saaiusy
CO, b) Usz@nSnmnisaanefived CO, ¢) ANAINULTUTUYDILB LG UN LANTU
d) Arenutuduveslulnsiausanlaniindy



100 . . . . .

—— 40 L/min.
90 I —=— 80 L/min.
160 L/min.

7071

60

CO,, Decomposition Efficiency (%)
Lé

40
! T
e
Y20t = _
/"/E--/
10 ?/,,- _
Oz . | | | | |
0 1 3 5 7 0 . - )
Time (min.)
(b)
40 . | I
40 L/min.
35 | —&—80 Limin. |
160 L/min.
— 3071 |
g
=8
& . |
= L2
=
g 20 |
=
]
2
S 15¢ |
]
[ad}
© 10 -
; L H———
, -,,_;_,,-El-—-_-—_-—_._aa-—
| . /E 7 = — —
U’_/( , | | | | I
0 3 5 7 0 - - )
Time (min.)
(c)

76

JUT 4.5 nansnaaeun seauanduauuliinlugiweanisiia Glow a) an1saaiusy
CO, b) UsgdnSnmnisaaiedives CO, o) AUt uvelalauiitiniy

d) Arenutuduveslulnsiausanlaniindu (se)
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500 T T T T T T T

(ppm)

40 L/'min.
—&— 80 L/min.

160 L/min.

NOX Concentration
(%]

= \ . .
7 9 11 13 15
Time (min.)

(d)

s
Lh

U7 § 4.5 nansnageunisyauauduantlnilugisvesnisiie Glow a) nan1saanesa
CO, b) Usz@ndnnnasaangsaves CO, ¢ AAL g s uveslelaudi LA nvy
d) Arenutuduveslulpsiausenlad iy (se)

13Ut 4.5 Wusansnaaeuiisssuanutuaualninlusiswesnisiia Glow Lo
nsuaesmsueulneanlemdilulussuuiiaianududusiudi 420 ppm iieaassy
wusRuaIduiufidnueen fuuilfuiiduananiernisdaldnuedesaiaaudy
aulii WisuweuivanizaIuAy (wuuTnLa3e) éﬁ’mamgﬁ‘ﬁ' 4.5(a) WngHan1snadey
msaanefvesmsveulneenleddl limadeudidnsinisinavesainie 40 L/min, 80 L/min
ey 160 L/min Ingwsaznsvageuiiszaziian 15 wnil nnslasieisnsnisiavesenniad
Lmﬂﬁhaﬁ’uszhaiﬁ’vﬁ’ﬂfﬂwaﬂiwwaqGT@LLUiﬁ‘u@ianvﬁw%mwmiamﬂéhsuaﬂ CO, %a4n19
NAAey APILTNTuYes CO, anaaeil 148, 227 uag 320 ppm mud1iuYeIdnIINTTlna
GzNLuaﬂmLUuUivawﬁﬂﬁWIuﬂﬂiaaﬁammam'1/1 62.30%, 42.20% uag 18.58% MIUAIAU M9
nandluguil 4.5(b) szLLmﬂmmm'mam'i']ﬂwsiviamwaﬂmszammﬂumsamammaq
O, anas Turaizdisnsnislwadisnnindussansawlunsaanefaves CO, fianTu Faia
MnwamaninslvavesifiauazaaunamanivosUfjiser fdnsnisinadlianaves CO,
wegluuinumaiaUiasenuiy shldnsiufise fualddinhuiasennnisudes
Uszaftannizmaiin Glow ity Swsifiumsaaesves CO, Tumanduiu Snsinislua
figdurlilaanaves CO, Muvinumainujisenestmng dlinatlunsiufase,
HON1TAANYAIANAN

mngﬂ‘ﬁ 4.5(c) LangbAANINAMNULTUTUYBY OF Lﬁ'wﬁ%ummL’Jaﬂunﬂé’mmﬁiwa
vo3e1mA Taednsnisivaiiganitdmalisedu 0, gatu HSnsnslva 40 L/min fr1gean
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Useanas 5.0 ppm 7381 15 wndt Tuaauedi 80 L/min fAnasgaUsyaad 8.6 ppm LLa‘”‘VI 160

Y
v
=<

L/min fAgaanuszana 13.5 ppm d98nsnsinaiigeiudiediunisudn O; ilesaind
ponfaukarn1vinUiisenfualddinntu ogdlsfinig Sasmslvavesoiniafisaninasd
UszAnsamanniulunsaaiefies CO, iemndszerailuhuiasenuudu uansls
Wudsnsuanideuszinamsuiumsaaeives CO, TmnzauuaznsmuaunIsiin O;

21n3U7 4.5() wansaududures NO, ifiuduegurnanieludianansy
NAFDY éfm%’uﬁmwmﬂwasuaqmmﬂﬁqqsﬁuﬁ 80 L/min Wwaz 160 L/min flAgsaneeiag
Uszanas 7 wiiineuiidranududusranas Tnedl 160 L/min ﬁmagfﬁﬂﬁzmm 337 ppm
wag 80 L/min Useunas 285 ppm kardnsin1siua 40 L/min 9285nw158AUAMNLINTY
NO, Tegaasiane eTfaé’m’]mﬁluasummmﬁﬁ'qﬁm%wLﬁ'mmadafﬁ”mm NO
desnnsiufAseniifindudiudidnaseundsnugs winmududuaranaadenaviuly
feusidanmanszaneda fidusninsivasesoniafigaduasteiunsndn NO, luvmed

gnTnanazannsuanlviimdetesnan lneiduiseddeidelunisusunisivaiouves
9INMAWILNE AU UTEANEAIMUBINTFUIUNTNUANANY

4.4 wamsmageuaNnuduanulinfian1aznisiia Streamer

dusunalunsvaaeuiiseiuanuduawulnitlugiaveanisiia Streamer 78w
nslvavesernasing 4 deyauansiaguil 4.6 Fuduseiumnudiausilniiriddminny
%29U99n154A0 Glow

500 T T
450 b
Be—— o g e
400 F B N O\ \ e
S350 e, 1
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& 300+ =Ny 1
= e
£ 250 ) YA &
s 2001 \\h
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o 150 F 1
]
100 b
50+ —=—Control —&—80 L/min. |
40 Limin. 160 Limin.
0 L L L L L . L
0 1 3 5 7 9 11 13 15
Time (min.)

(a)

U7 i 4.6 nan1snAaeUN sEaAUAMIT vau LN Tus9veen1SIAn Streamer a) HaNNS
danei1799 CO, b) Uszansnmnsaanesaaes CO, ¢) Aanududuraslolaud
VR d) AAuuturedtulnsiaueanleniiny



100

90

80

70

60

40

30

CO,, Decomposition Efficiency (%)
Lé

——40 L/min.
—H&— 80 L/min.
160 L/min.

20 1 - J
10} it .
(]{_]’ I I I | I I I
0 1 3 5 7 9 11 13 15
Time (min.)
(b)
40 T T T
40 L/min.
35F — &80 L/min. i
160 L/min.
— 30 b
g
=8
S L ]
o 2
=
E 20 -
=
]
2
S I5f 7
o
Om 10 58—
| P 5
_’,E"_-
5r - . i Sl . b
e
e
()&= T I I I I I I
0 1 3 5 7 9 11 13 15
Time (min.)
(@)

79

JUN 4.6 Han snaaaui seAuAIuauILlNluY19veIn15LAn Streamer a) NANT
aangiued CO, b) UszAnSnimmisaaiedives CO, o) AAuluduvedlalou

WnU d) Aanuduturadtulasiaueanleniindy (9o)
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500 T T T T T T

400 1

350 - .

(ppm)

300

40 L/min.

NO_ Concentration
[§%)

v ool —H—80 L/min. |
150 160 L/'min.
100 F i

50 F |
”[':T"' I L L
0 1 3 5 7 9 11 13 15
Time (min.)
(d)

JUN 4.6 wan snaaeuii seAuAU ALl luYI9veInIiAn Streamer a) NANTS
4818689 CO, b) Us¥aN5n1mn15aa186989 CO, ) ANAMULTNTUYDILD LU
VR d) AAuduturedtulnsaueanleniindy (#o)

NN3UT 4.6 Wusanmsveaeufisziumnudianalnliitludisvesnsiia Streamer
Felumsiiasesinaazgninsieinusuuuuvessnsinisinaseserniefisnetu 3uainya
nsnadevaansfivesmsuaulneenlyd Hsnsinisluaf 40 L/min, 80 L/min uag 160
L/min Aeadidiuanaseei 75, 187 uay 246 ppm mudRy fauanslugui 4.6a) Jadle
Anduusvavsnnlumssmemgeanueausiazdnsnislvavesennimegi 80.92%, 52.42%,
uay 37.40% Awddy fauanduzuil 4.60) Fuandiiivinidnsmsivaveseinieaiisi
UseAnSamnisaanesiaves CO, TUsyanSamdiania

Tudunanisnegeuresarsusynauiiiatulussuy arsusznouvedelay O; A
arudutuagdes 9 fisdunua1snsinisinavesennia SsiamduduiiAnlussueyd
5.8, 11.0 az 23.7 ppm @15U8nTIN15l1aU8401A1ARINEIAU ﬁQLLamﬂugﬂﬁ 4.6(c) N3
Winturesrududuves O ﬁué’mﬂmﬂmaﬁqﬁummma%mal@fmﬂmﬂmﬁumaa

'
aaa a

Ufiseniestusswrindluianasendauasdidnnsoundsnugs Smuinntuiisnsinislva
figstu warludiuvesasusznou NO, uandlifiiudandudures NO, ifstulugiadusiy
vosn1svadpuiaufiazanas oAugadisnainvaaey 15 uii Aanuiduduegd 26,
242 uay 323 ppm AIUAIRUTDIONTINITINA LLaméﬁgUﬁ" 4.6(d) Fauandliiiuiniesns
nsluaveseniagety asvilfaududuresansszney NO, Tuszuuiiindu lugasusn
NO, axgnaststuoganaiudionnuduvosauslnituiuty wivdsnduaududuves
NO, azanad iosanlugrausniinisiesiues NO, un usidenasiuly NO, aznszane

wartinaeanluluszuuiiinsannnisluavesenieiseLiio
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Nan1sNAaaUANMNELIN INNNNEA1I2n15IAA Electric Field Strength

dmsunalunisnaaaunseauanutuauinlniilugiaveanisiie Electric Field
Strength N19m31n13viasng o Toyauaneiaguil 4.7 Faduszaumuduaunluihadawin

gnveanuIdeiilarinnnigaeweanisiia Streamer uag Glow

500 T T

450 1

300

200

150 |

CO,, Concentration (ppm)

100 |

80

701

60

50

40 1

CO,, Decomposition Efficiency (%)

e O—9o— o 5
400 \5\\ I —
350 - 7
T~
_\\ﬂ o
x\\a‘\\ |
' 4
E\E“‘\f
0
50 F —©—Control  —5—380 L/min. E
40 L/min. 160 L/min.
0 1 3 7 9 11 13 15
Time (min.)
(@)
100 T T T T .
—— 40 L'min.
90 1 —8— 80 L/min. 1
160 L/'min.
P /fj
- "/B"
..'/B(./ 1
//B/ i
9 11 13 15
Time (min.)

(b)

JUN 4.7 mansnageunseiuanuduauuiniiluyiswesnisifina Electric Field Strength a)
HANTAAEAIYDY CO, b) Useandnmnsaaiedines CO, o) AAUTNTUYDS
Telguiliindy d) manududureslulasiauesnlediiiniu



O, Concentration (ppm)
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| —&— 80 L/min. |
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JUN 4.7 mamnegeunseiuanuduauulililugisesnisiin Electric Field Strength a)
NANISARIEAIUB9 CO, b) UsEaNTAMNI58an863989 CO, ©) ANAINUINTUY D
Tolouiiindu d) Aanuuturaslulasiausanlenniiniu (sa)
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91n3U7 4.7 Wunansmeseuiissduananduaunalniiilugisueanisifin Electric
Field Strength Jufutiwasnisiinauulniifiduunninszdudu Wussiuneunisia
n15815A e?fﬂumﬁLﬂiwﬁwa%qﬂﬁLﬂswzﬁmugﬂLLUU%aaé’mﬂmﬂmamaammﬂﬁﬁmf'ﬁ’u
Wuietusziuauduaulninneuntn Ssmanismedeuaatssivesanivaulaeanlys
fi8ms1n31vaan 40 L/min, 80 L/min waz 160 L/min menaidadiuanased 14, 139 uaz
206 ppm AuEFU Fanandluguil 4.76) JadleRnidulszavsamlumsaaeiigianvesus
agdnansivavesennimegil 96.44%, 64.63% uag 47.58% Auddu muddy fauandly
U7 4.7(b) wandliiiuinusgdni nmnnsaaneiaves CO, gugaleiszduaatuves
aumlWﬂwﬁm Tnataniziisnsinisinavesernia 40 L/min Wusnsinisluadisn wiaasdl
nmaanuamﬂﬂﬂmmw meiamawimaﬂa CO, mﬂgamwuﬁﬂuaLaﬂmauwawmmm
%aaiumaamam ﬂ’nmsumaﬂaumlvdﬁmaww yAT 1981 ANATOUNTINUFWINTY Fadl
mmmmﬂuﬂmimuﬂgﬂi&ﬂLﬂMWQWLUquﬂwsaawaimLaqa CO,

Tusyuumsuaeelalsun emnuduvesaunulfiiivdy aududuveste O, av
Wngunaluine venanirududueziiiniuies 9 mmé’m’]mﬂwamaqmmﬁﬁqqsﬁu o
f-hmmvﬁu%uﬁﬁﬂiuswuazﬁ 8.4, 12.6 uaz 27.2 ppm Aud1FUMSIiLTUYDIsHIINS
navesenma dauandluguil 4.7(0) Weammdimasauuliiiiintu wididnnsoundany
gunniuiissidudunsusnlianasendiau ilvanududures O getu

dmduansuseneuinglulasiausenleduanisnaaeut estuuansliifiuindinig
Fudures NO, tinduethsmailudiansn nduszanamiunan msdiintulurausnes
AU UTUIDI NO, LARNAN15T 0 noNvalulASIauLayDaNTLIUIINATTUENRAIAIY
ddnmsoundanuaslugisnuasnssuunsUaesUseq Lﬁamsﬂéaaﬂszaﬁwmqﬂqﬂ AL
Duduvesansuszneuiivihufisengean vildiAnnisasna NO, 0819510157 18s9nn13
dWudulugasn aududures NO, azanailssainnisanasvetesnoululnsiouuas
sondaufignltlunisaine NO, uazsawasslsdu o lurameaey 15 uni auituduves
NO, Ti¥aldfa 34, 270 uag 363 pprm LAY é’w’aﬁuamﬂugﬂﬁ 4.7(d) mamsneEeULanS
iﬁ’Lﬁudwé’smmﬂ‘maﬂ?fij’;fuLLazmmLﬁﬁmaqaumlﬂﬁwﬁ'qﬂsﬁudqmaiﬁmwm%’wﬁ’wuaq
ansUsznau NO, lussuugaty

PNNMTIATINENTMAFRUTITIeINMTAnAd LAt NN sER U1 wang
GNTU‘V] 4.5 - 4.7 iwufudasinisinafisedusing 4 nanisnageudissiuauduauulng
Glow Fafiuszauanuduaunlwihiidesninsesuinaaeuimun wuisasinislnadien
ﬁ]zll‘Uiza‘VlﬁﬂW‘WIUﬂ’ﬁaﬁﬂEJG]’HJENﬂ’]i‘U’e)‘ulﬁEJ’e]ﬂl%ﬂ%ﬂﬂ%’]@@]ﬁﬂﬁiﬁﬁﬂiﬂﬁ‘ﬂu Fauanslyidiu
Iasasanisiuainasenisaaresuduetiewn warludiuvewanassldviearsusznoud
Antuluszuuiaesansuseneu axfiAranududuanniunusnsinisiva nande el
§nsnshaiuindunnududuresansusenoufasiAuind g uiu ludiuveananis
nedauTisziuaduawuliiln Streamer way Electric Field Strength Jafuszfuainu
Wuauliififianuduainnit Glow wazszruaudauliia Streamer asfina
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Wufiaunin Electric Field Strength 9a1nnanisnadeuasssziuanuduauulni
Streamer wuilunisaanefivesansveulneenluiusarsnsinisinafiuandiaiy 9ndns
mslnanlugs Uszansamlunsaaneimfazdamnnlumdosnudidiu uazludiuves
asUsznovfiasimanududuiinindumuuiy warludumessziunnuduaun i
Electric Field Strength Faduszdunuduiiinniigalunismaaey a1nsanismaaeunuiy
fdasnsinafidiigalunseaeuiiussavsamwlunsaaedifnindeisuiudasnig
Twadw wilousuiusveranuduaunliiinageuuisdosseiu uisziunnudy
auulihifuszansamlunisaanesiiafian Wesnanuduauulwibfidunty wa
Tuguvesasuszneufariidnnududusnniunuguiu sushsnisiravesenmauas
arunduauulidi ffuannsoasuldinfisnsinislvaiidn Snsnisluadl 40 L/min 2ed
Usgansamlumsaaisfvesansuaulasenlediiafian Weifisududeulvsnegiivinnis
VAAOU TIAUTONARINANITUAdEUTISAIINISInafind S suiiiauil seduanudy
aunlndnlug19ve9n191Aia Glow, Streamer wag Electric Field Strength AauEAIHANIS
wmaauiugﬂ‘ﬁ 4.8
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JUN 4.8 HanmsnageulIeuiisusnsinisivan 40 L/min Aussauanuduaunsluilugig
YBINTLANANILAN @) HANITAA8AIY89 CO, b) UszdnSamnisaanufives

CO, ¢) ANANUIUTUYBILBLGUNLAATY d) AIANUTLTUVBI LUlaSLaueantann
AU
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5UTl 4.8 nansmaaeuIlisulitsusnsnisivadl 40 L/min Ausziuaranduaunsilaiinlugis
YINITNNANILAN 9 a) HANITAAUHIVD CO, b) UsEANTAINNTAa18ADY
O, o) Armnuduturedlelouiiioiu d) Arududuvedlulasiausenlesi
Anu (sio)
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500 . . . . T . .

(ppm)

Glow.

X

150 b Streamer ]
—— Electric field strength

NO Concentration
(=]

50 LA%a e
0 —tt ¢ n | : ' X
0 1 3 5 7 9 11 13 15
Time (min.)

(d)

U7 71 4.8 namMedeULlUSBUiBUSSINNSWaT 40 L/min Auseduamuduaualniinlugag
YBINTANENIEAN 9 a) HANITEANEAIUBY CO, b) Usedndannisaaiusiives
CO, o) Apnuutuvedleleufiiaiy d) Aranududuveslulnsiousenladni
Anty (de)

1ngUT 4.8 umsimanismeaaeuiisnsnisiunadl 40 L/min unssuiiisunis
aanefvesnsueulneanleafissiuanuuauulnitlugiweinisiane q §8n1ns
Ivavesenai 40 L/min WushsivsnzandigalunisifiuUszavsaimasaanefes CO,
melfanmznsnaaeull faansnageulieuiieunisaatesives CO, isasnsinaves
91MAASTIT 40 L/min Tuseduanud uvesauisluiansanusysy Glow, Streamer wag
Electric Field Strength gnTiAs1zsiiisuiuntsasanmuauiladnsldauulain lussuy
muaulagiuiuianududures CO, 71 420 ppm wazszogamagsy 15 Uil nnsld
aulidvildanududures CO, anasagwildediAgylunrazszauauL TN
aunulliin Tnedl 148 ppm @95U Glow, 75 ppm d15U Streamer wag 14 ppm @15y
Electric Field Strength ﬁ’ﬂLLamiUﬁ 4.8(a) Inefiuszansamnisaanasaiidenndaanuie
62 34%, 80.92% Way 96.44% MNANU muamsﬂm 4.8(b) lasfioindused@nsnin 100%
Femnududures CO, anasann 420 ppm 1Hugud nadnsvainul i iuiwansenud
mmyﬁuaqm'mLﬁumaqauml'vxlﬁwmaﬂiuamsmwmiamstfzJ'eN CO, TABaNINNTNARDULSA
azanmazuansnuunneeiilimieuty wilumendufuasussnouiiintulussuuiasdl
ArmnududunUsiunuseAva T uvesaunlii duanagui 4.8 19unaves
a1sUsznouiiiAnt uluszuvvedlelou dsdidranududuiinainfuegi 5, 5.8 was 8.4
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ppm uaza1susznou NO, ﬁmmmuﬁm%’uagﬁ 13, 26 waz 34 ppm ANUAIRU éﬁ’mamgﬂﬁ
0.8(d) Ariuludruveseutuauulnihiidussans angagelunsaaefuduszduan
uaunlndl Electric Field Strength #ignsnnnsluasana %qmﬂwamimaaumqﬁ]mmﬁ
wandliftudmansenuiidrfyresnnuduvesaulnireussansamnisaanesives CO,
TngmsnaaouusiasFoulvazuansmnuuansieilimiloutu mamimaaumd’]ﬁjgﬂaqﬂiu
A3 4.1



A15197 4.1 WanIsedaunIsaangsvaIansusulneanlanLasnanasy A AnTUlUSEUUNONSINISIMaVRIDINIANS 3 SEAU LATYINVBIAIUIY

%a&ammiﬂﬂﬂﬁizﬁu Glow, Streamer, Wae Electric Field Strength

. Y N ansnsiua AULTUTUVDAY (ppm)
sgRUAUdY A
o VBIDINA 0 1 3 5 7 9 11 13 15
dgunulnin - Adawa
(L/min) min min min min min min min min min
Control CO, 420 418 415 411 408 404 401 397 393
40 420 400 360 322 285 250 215 181 148
4O(Xco2) 0.00% 4.31% 13.20% 21.60% 30.10% 38.10% 46.30% 54.40% 62.30%
CO, 80 420 404 373 344 317 292 269 247 227
8O(Xcoz) 0.00% 3.35% 10.12% 16.30% 22.30% 27.72% 3292% 37.78% 42.24%
160 420 411 395 380 366 353 341 330 320
Clow 160(Xeco, ) 0.00% 1.67% 4.819% 7.543% 10.29% 12.62% 14.96% 16.88%  18.58%
40 0 0.7 1.9 2.8 3.6 4.1 4.5 4.8 5.0
Os 80 0 1.5 3.9 . 7.0 7.8 8.3 8.6 8.6
160 0 N, 4.1 6.2 8.2 10.0 11.5 12.6 13.5
40 0 1 3 7 10 13 14 13 13
NO, 80 0 13 113 217 285 302 282 246 208
160 0 48 196 295 337 334 305 266 228

88



A15197 4.1 WanIsnedaunIsaangsvaIansusulneanlanLasnanaslaMinTuluszuuNonsINISIaYe9eINIAna 3 SEAU LaYYINUBIAIIUIY
vosauulinfisedu Glow, Streamer, uag Electric Field Strength ()

. Y N ansnsiua AULTUTUVDAY (ppm)
SEAUANALA ,:;?,’]GU VBIDINA 0 1 3 5 7 9 11 13 15
dgunulnin - Adawa
(L/min) min min min min min min min min min
Control CO, 420 418 415 411 408 404 401 397 393
40 420 388 327 272 223 178 138 104 75
4O(xcoz) 0.00% 7.18% 21.20% 33.82% 45.34% 5594% 6559% 73.8% 80.92%
CO, 80 420 401 367 333 301 269 240 213 187
8O(Xcoz) 0.00% 4.07% 11.57% 18.98% 26.23% 33.42% 40.15% 46.35% 52.42%
160 420 401 367 338 313 291 273 258 246
Streamer 160(Xeco, ) 0.00% 4.07% 1157% 17.76% 23.28% 27.97% 31.92% 35.01%  37.40%
40 0 0.7 2.1 3.1 4.1 4.7 5.2 5.6 5.8
Os 80 0 2.0 53 7.8 9.4 10.4 11.0 11.2 11.0
160 0 4.5 11.8 17.1 20.7 23.0 24.1 24.2 23.7
40 0 1 9 21 29 32 31 28 26
NO, 80 0 15 131 237 303 324 309 278 242
160 0 63 266 397 452 451 417 372 323
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A15197 4.1 WanIsnedaunIsaangsvaIansusulneanlanLasnanaslaMinTuluszuuNonsINISIaYe9eINIAna 3 SEAU LaYYINUBIAIIUIY

suaqamulwﬂwﬁizé’u Glow, Streamer, Wag Electric Field Strength (si9)

. Y N ansnsiua AULTUTUVDAY (ppm)
sgRUAUdY A
o VBIDINA 0 1 3 5 7 9 11 13 15
dgurdluidn Aewa
(L/min) min min min min min min min min min
Control CO, 420 418 415 411 408 404 401 397 393
40 420 384 316 251 190 136 87 47 14
40()(002) 0.00% 8.13% 23.86% 38.93% 53.43% 66.3d% 783% 88.16% 96.44%
CO, 80 420 397 356 320 278 240 204 170 139
8O(Xcoz) 0.00% 5.02% 14.22% 22.14% 31.86% 40.59% 49.13% 57.18% 64.63%
160 420 397 356 320 288 262 239 221 206
Electric Field 160 (X o, ) 0.00% 5.02% 14.22% 22.14% 29.41% 35.15% 40.4%  44.33% 47.58%
Strength 40 0 13 3.5 5.2 6.3 7.2 7.8 8.2 8.4
Os 80 0 3.5 8.6 11.7 13.3 13.9 13.7 13.2 12.6
160 0 5.1 13.5 19.7 24.0 26.6 27.8 27.9 27.2
40 0 2 JLics 29 38 41 39 26 34
NO, 80 0 18 137 244 315 343 335 306 270
160 0 105 325 a27 471 462 435 401 363

06
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4.6 wansadauwsazANUuaLL T ina LTy
dmSunamsvadeuiinaniuiureurarsysuanuiaunlnih asdiunailunis
naaeuLdu 30wl WiedeansusuisUssaniannsaatesvesasuaulaeanlessiud
AAafiveUsinaansussneuiisdulussuunmsmaasudie Tnslunsvadeuasnaasui
damslnafiiiuszavBamgsgail 40 L/min deyauanssaguil 4.9
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JUN 4.9 nan1snaaauIa i ntuveudazseauautuaunlii Adnsinislna
40 L/min a) nan1saatgsivasnsuaulaeanlen b) UseanSainnisaatasives
Asuaulaeanles o) AAIUTUTUVBLBTYUNRLAAYY d) ANANULTUT UV

Tulasaueanleniindu (A1)
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mﬂgﬂﬁ 4.9 \Junsihnanisvadeuiinaiiuiuvewsassesuaaduaunslngig
Sns1nsluadi 40 L/min uslSeuidisunsaanssivesasveulaeenles wasiiiensiuian
yeEsUsEneUTiAnTUlusEUUNSIAdEY F9annnanIsvngeUaanein CO, Ananindudy
1981 30 WT wuda Aissruanuduaunlnitlugiwesnisiia Glow fussansainnng
da1eies CO, 7 100% taeldinandt 27 wift lunasiissduanuduaunulnilugiwes
A3LAn Streamer 141879 19 Wit wazfiszduanuduaunulniihlugisesnisiie Electric
Field Strength THnaniiuszsnas 15 und fanandlusuil 4.9 (a) wag (b) Faanuanisnazaey
nseaneiives CO, vesauulninlugigie q wanslidutalsyansamuazaiansalunis
aanedauee CO, Teaunululiind farudugagylinisuanduinduldsaiuasd
Uszansamannnit luvasiioatusnsnisinavewwiadiasiidaeldnsyuiunsisnduly
adesioliies ludiuvesansuszneuiiindulusyuvasiimanududundsdunusssuaiy
Wuvesaumlnihituiy fuansgui 4.9() Wunavesasusznevvastelsuiifintuluszuy
defiruduaulviihusanneududufesungie uasiilenainmeaeuainTudiay
dutuvedelauaziiunsd @asuszneu NO, Audsiumuauduauulwiiguiy waziile
nmmimaaumﬂ%ummmvﬁm%u%amaﬁqLLamgUﬁ 4.9 (d)



AN5199 4.2 NANISNAFBUNNABANTUYBILAASEAUAULNEUIN N Aons1nTsivavesennie 40 L/min

" Y N ansnsiua AULTUTUVDAY (ppm)
ITAUAIMULVAU N
allyidln dx Y89 INA 0 1 3 5 10 15 20 25 30
(L/min) min min min min min min min min min
Control Co, 420 418 415 411 407 393 383 368 362
40 420 400 360 322 245 148 84 26 0
Clow o 40 (Xco,) 0.00% 4.31% 13.20% 21.60% 39.80% 62.30% 78.07% 92.93%  100%
Os 40 0 0.7 1.9 2.8 4.3 5.0 4.9 4.8 4.7
NO, 40 0 1 3 7 14 13 12 9 6
40 420 388 327 272 170 75 0 0 0
Ctreamer o 40 (X, ) 0.00% 7.18% 21.20% 33.82% 5823% 80.92%  100%  100%  100%
Os 40 0 0.7 2.1 3.1 4.9 5.8 5.9 5.9 5.8
NO, 40 0 1 9 21 31 26 19 11 7
40 420 384 316 251 132 14 0 0 0
Electric Field e 40 (Xo,) 0.00% 8.13% 23.86% 38.93%  67.57% 96.44%  100%  100%  100%
Strength O; 40 0 1.3 35 5.2 73 8.4 8.7 8.9 9
NO, 40 0 2 15 29 40 34 25 15 12

148
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47  wanesauiifidsnuiutuluiaswesniaifa Electric Field Strength

Tudruraskansvagouidsiifintu Tussuuiivhnmsesniuy wssuilldldgeanogi
20 Kv fsiuludrndazineussiuiigsan neldanuduauslnihiissduanudaludises
n15iAn Electric Field strength Tasdfidauiduaunsluiinegd 1.12 x 10° v/m ety
Aunadayldseyinassninausiumanegdl 21 fadwns lneazyinsmaaouiisnsinis
Iytagean 160 L/min ilelsinsnufisussansamnisaniedaes CO, defimadsmuilifiudy
Fanansmaaevazlsiosuneludausioly
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JUN 4.10 Han1svegeuiaanuindy lugiswesnisiiia Electric Field Strength 918997
n13tvia 160 L/min a) nanisaaiedives CO, b) Useansammsaanesiaves CO,
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9IN3UT 4.10 wanamsiUsuliisunanisnageunsaaeiives CO, isasinislva
160 L/min meldfapaioulvvesindsamdiunnsiieiu fio 20 Snd uaz 100 Snd Tugreiliin
Electric Field Strength L‘ﬁl’a@jLLu’JIﬁM‘U@Qﬂ’]iL‘U’gEJ‘L!LLU@QU%’SVI%J}WWﬂ’]iﬁa’mﬁ’mﬁ]\i CO,
ofiuddanuy annanismaasanudn Wieldmdsau 20 Tad Uszansamgegalunis
aanefaues CO, agfl 47.58% Tuvaeiinmsiiufdanudu 100 ad Yaeifinuszansam
aeandudu 66.20% SsmneauinsyAnBamnisaanedufindy 18.66% wandliifiudn
mafiufnuisadeundemsaaeiives CO, vliinsruiunisiifivssansamainiy
deldhdsnugendt madiuidanuashlididnaseuiifnlussuvagldsundanugatu vh
Tanansoruuasnszdulianaves CO, Iiissansamundu dwalinisuandaves CO,
Anduvesuazsaniatu uenaint maiuhdnudafisauduresauslii vl
msuansvesielditu Suiliussaniammnisaaiefues CO, getu

Y
=

48  wan1snadauaududuvaasuaulasenludiiiinty

dmsunalumanaaeuiissiuanududunsveulaoenleddiiuty Tneazviinng
nadeuTi A duturetafueulneantedi 1200 ppm Wisuisufui seRuady
aunilwihlutiswesnisifnsing 9 Seazvageuiisasinisivaiiviniu 40 L/min Yoyauands

U7 4.11
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=
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JUN 4.11 wanisnaaeuanudutuvesrsustlasenleniiiuay Ansinisivan 40 L/min
AusrauautNauIulnf1luy19999n151AAR1e 9 a) NaNITEAIEAIVD
Ansuaulapantan b) Useandnmnisaatesiivesnisusulaneanlen o) 1Ay
Wuturaalalauindu d) Aanududurselulasiausanlwnniindu



Pl
QU

U

=
N

971

100 T T . . . : ;
—&6— Glow
90 [ —p— Streamer 1

Electric Field Strength

CO,, Decomposition Efficiency (%)

Time (min.)

(b)

—6— Glow
35 b —P— Streamer J
Electric Field Strength

(')3 Concentration (ppm)
~

=
&
<Ay
-y
- <Py
V

=
[—
el
Ln
B |
=]
—
—
—
el
[—
hn

Time (min.)

(o)
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~ —6— Glow
450 [ —p— Streamer 1
Electric Field Strength
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|¥'S)
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N(’J‘ Concentration

100 | ]

5 £ |
N xS SE S S—
0 1 3 5 7 9 11 13 15
Time (min.)

(d)

sUft 4.11 namsvnaeuanudiduresmiveulneenlediifiutu #snsinsiuad 40 L/min
AuszauauNauiulnialuy19999n151AnR 19 9 a) NaN1TEAIRAIVD
Arsuaulaeanlad b) Uss@nSnamaisaatsdavesaisusulaeenlen o) Alpw
Fuduvedeluuiiiatu d) menaduduresiulnsausenlediniu (de)

mﬂgﬂﬁ 4.11 unansvedeuiisyiuanutuduresnfveulneenlesfiiiuiu Tne
msnedeufisnsnisiuailuitu ddunismegeuasinismageunsuisufissiuay
Fuaunalivesisnsiinens 9 Jawanisvaaeufinaniuiagseiu aziieuduwuulad
auduaulnit nandelilddaunasdneliszuy (Control) Fvluszuuaziimanududu
F1dnil 1200 ppm wasnpaauTinawiafy 15 widl Aszduenuduaualni Glow,
Streamer uat Electric Field Strength A213L 7wt uanaseydi 801, 243 uaz 142 ppm
mudiy fauanaguil 4.11(a) SadleAmuuszansamlunsaaesngeanegi 31.84, 63.82
uay 87.33 Wesldud fuansgudl 4.11(0) Fauandiifiuianuduvesaunslvindinasdonis
daroivesnsvaulaeenledmidusg1suimuilsusuiui nnsnegeun LT U U e
asvaulaeanleafisingt uilumandufuaisussneuiitiniulussuufvsiiiaududy
wUsHUMuSERUAMLLTNYBaRIN NN é’fmamgﬂﬁ 4.11(c) Wunanaosldimaniulusyuy
Ya9lolyu GﬁqﬁmmmL#Tm’fuﬁua%viﬁuwﬁ 1.6, 3.1 Lay 5.6 ppm waznanaoulavusg
lulasiaueenlesiidmnududuegi 6, 23 uaz 32 ppm mudIFU Fauansgufl 4.11(d) B9
mﬂwamsmaaummiaaqﬂé’fﬂLLamﬂumsNﬁ 4.3



A139 4.3 wan1snageunIsaanuiivesnsuaulaeenlenianauduty 1200 ppm waznanasuladiiinduluseuu Nonsin1sivaveteinie
40 L/min 5¥AU waga99aInniiduvasgunninfseau Glow, Streamer, wag Electric Field Strength

szé’uym'm . ansIn1siva AMULNIUVRIAY (ppm)
SN do 2899N"A 0 1 3 5 7 9 11 13 15
dunlnin TInka (L/min) min min min min min min min min min
Control CO, 1200 1199 1197 1194 1191 1188 1184 1180 1175
40 1200 1177 1129 1079 1025 970 914 857 801
o co: 40(Xco, ) 0.00% 1.78%  556%  9.59%  13.84% 18.24% 22.73% 27.29%  31.84%
Os 40 0 0.3 0.8 1.1 1.3 1.5 1.6 1.6 1.6
NO, 40 0 1 3 4 5 5 6 6 6
40 1200 1125 988 864 753 654 566 489 423
Streamer e 40 (Xcoz) 0.00% 6.06% 17.34% 27.52% 36.67% 44.81% 52.02% 58.34% 63.82%
Os 40 0 0.5 1.3 2.0 2.4 2.7 2.9 3.0 3.1
NO, 40 0 5 13 19 23 25 26 25 23
40 1200 1085 878 699 546 416 307 217 142
flectic Field 2 40(Xco, ) 0.00% 9.49% 26.59% 4137% 54.04% 64.80% T73.87% 81.45%  87.73%
Strength O3 40 0 0.8 2.1 3.2 4.0 4.7 51 5.4 5.6
NOy 40 0 7 19 27 32 35 36 35 32

66
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4.9 NANISNAFIUANULTUTUVDS CO, faUszaNSAINNITaaNgRILAZNS

Aananasgldfisziuanuduvasaunnlnin Electric Field Strength

Tugufiezdunsinssinammageuanutuduvesasvoulaoonlasiiunnsing
fu ieSeudisudssansnmlunisaated wasnisiananatgldvedelounaslulasiau
gonled Asziumnuduvesaunluili Electric Field Strength wagdnsanisinavesenia
40 L/min dwmsunisnageunsaaneiivesnisveulaeenlediianududy 420 ppm 1du
msnagoufiszivanmzUnfluonatagiu Auunliufigdudos q waefieududugety
Ju 1200 ppm %aﬁﬁﬂmmLsﬁ’m%’uﬁaﬂa'nﬁmaﬁiauywéﬁﬂﬁtﬁmmﬁzmaLﬁaﬂéf PNNANTT
nadoUNUINAIUTEANS N saanefvesesusulneenludinnududy 1200 ppm e
WU 86.08% Tiannisnaaau 15 wadl luaed 420 ppm fUsEanSamd 31.58% Fail
aududuvasasueulneenlesii 1200 ppm fUsvansnmnnsaanes Watu 54.5% &
uanaNansiUTouiiouluguil 4.12 LuaamﬂmmwmuLsmusummﬁmmwaasuummlﬂa
mwunuaﬂ%awmﬂgﬂimmﬂmiﬂaaEﬂﬂiﬁm wﬂmmwmiamamawu

100 T T T
CO, 420 ppm
CO, 1200 ppm

90 1

80T

70 1

60

CO, Decomposition Efficiency (%)

0 1 3 5 7 9 11 13 15
Time (min.)

JUM 4.12 nansiSeuiiguuseaniamvesnisaatgdinisveulasenlyaiadnududy
420 ppm ey 1200 ppm

PNuaN1IMAaaUYsEAnNEnTNMsaaefudloradutuves CO, wWasuulas M3
7 4.4 uansdnIINSAAERIVeY CO, finnududu 420 ppm waz 1200 pprm Aeldsesu
anuituesaunlihiiuandeiu ansanmsnaaeunuilunnsdunduvesaunluih
ﬂsz%m%mwmsamEm”'ngqm’j’]asmLﬁulﬁsﬁ’mﬁmmvﬁ’u%’u 1200 ppm Wi erfieufuainy
ududt 420 ppm wenanilseduauduvesauniliihgeandiuansdnsnisaaesiigean
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[

Fawwldutuansiiuinmnududures CO, Ngduihlugdnsnisaarssiniinduiionin

Tana CO, UNTudmTuNsUSANRUSAUatTaMInUgATeN

AN5197 4.4 NSHERNIIRSIEIUNNSEANYFYBIASUBLIRBaNleRTIANILTNTY 420 A 1200
ppm NtsueInIsAnANTLaLIN A9

SZAU Snsdluvasnsaanasitvasansuaulasanladiinnududu 420:1200 ppm
AL 0 1 3 5 7 9 11 13 15
dgurlndn - min min min min min min min min min
Glow 0 1:1.22 1:1.24 1:1.29 1:1.35 1:142 1:145 1:150 1:1.53
Streamer 0 1:2.47 1:238 1:237 1:237 1:236 1:235 1:236 1:2.36
Electric
Field 0 1:3.35 1:3.22 1:3.09 1:.296 1:288 1:279 1275 1:2.73
Strength

Tudureensilisuiivunanaseldnieasusenouitinduluszuu Taoiunis
Wisuiisunanisnageuszrinsluszutlalsunfamsafilafiansuaulaeanles (Non CO,)
warluszuuiidansueulneenled (CO,) wundumnududy 420 ppm wag 1200 ppm e
Sinszinsasundaweudainfndulusyuy nansmaassuansiiidiuiiaududuves
0, lunsalfilifiamsueulaeenludganiniisiarsueulasenluddauandusui 4.13() Fanm
uandnsdiAad umsenisatne 0 luemadeniniesniluanasendiaudaszuinniy
éLé‘ﬂmauwé’quqﬁﬂéaaaaﬂ:mawdwmsﬂa’aﬂiﬂhm%LL&JﬂIuLaqaaaﬂ%wulﬂuawau
e s?fﬂmmmﬁ’méf’ﬁuimLaqaaaﬂ%muﬁu 9 Wioadna Os Windy Tunnanseiudny seuuid
msveulasonles uiiieznensendiauszidudunivesluiana CO, uiAmaiosve
Tuanauaznisvnvedlinanasendiaudassilinisasns O, lnsnsuiniuldtiosas uwaziile
aranduduves CO; sty armidudures 0, azanas ilasain CO, Afiarudutugsazgn
Fungsuiiiinannisuaeslalsu m5@@%’UW§Nﬁuﬁﬁﬂﬁwﬁwmﬁﬁagjﬁm%’umﬂwﬂ
Taiana O, ussnenBasvanas Fanssvaumstsndudmiunsaddleleu dmalinisadig
Tolouluszuvanas Tuvhusadiendu lulasiausenlaled (NO,) wansunltufindroadeiu
Tolay ﬁQLLamiugﬂﬁ 4.13 (b) G dunaunanesdusznaunaadl aanadiidrunauves
Tulpsiounazeendiau BeliiAnnisnefveddulasiausenledfisnnnin wasiiodudures
CO, windulusyuutisannisaine NO, 18laevinls Co, luudstufuadidlulasiauisndu
dnsumsaine NO, uardwmaliAnuiAzonatimadeniianuiina NO fignadisiu



O, Concentration (ppm)
S

—+—C0, 420 ppm
CO, 1200 ppm
Non CO,

7 9 11 13
Time (min.)

(a)

500

450 1

400 1

(ppm)
Lé

NOK Concentration
o]
=
=

———CO, 420 ppm
CO, 1200 ppm
Non CO,

Time (min.)
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JUN 4.13 nan1svegeuseuiisunanasglaniindulussuulalsunfansa seninessuund
wazhiflasuaulaeanlan a) ANPNUTNTUYDBIRUTLARTU b) ANANULTUTUYD
Tulnsiaueanlaniiny
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4.10 WANIINAHBUNISUANAIVRY CO, MeaunlnrIAdugs

NNHaNTAgEUMIaaefYeIn fusulnoonledimuduauslniiwassnsinig
Ivaiunnsneiu Tnenuindeulviifiuszaviamgeanfeisefuanuduaunsliinludises
A"3\An Electric Field Streneth wazdnsinisiuail 40 L/min g eluratedazfinnsannisi
Foulvi A gadmiunaaouiananisunndaues CO, 1 elsimsudeauduiusly
nszvIuMsaaeivesnfusulaoonledauaunisluuni 2 lnonanisnageuuanafagud
4.14 wagaadl 4.5

—+&— Control cCO —4&— (')3
——C0, —e—0, NOx

0 3 10 15
Time (min.)

JUT 4.14 mansvaaaunsuanmvesrsuaulneanleduaztanasslaniniu

AN5199 4.5 NSWARIANUAUNUSIUNSEUIUNNTAa8FuBIASUBULARanlgARAINILTUTY
420 ppm A9veIn1sAnALULEULINTAN Electric Field Strength

v v (24
AULVNVUVBINTY (ppm)

Ane
o 0 1 3 5 7 9 11 13 15
v‘ ﬁwa . . . . . . . . .
min min min min min min min min min
CO, 420 384 316 251 190 136 87 a7 14
Co 0 9 69 96 175 232 281 340 370
0, 0 1.2 16 13.8 432 678 937 1358 1426
Os 0 1.3 35 5.2 6.3 7.2 7.8 8.2 8.4
NOy 0 2 15 29 38 a1 39 26 34
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93U 4.14 WunsTamanisuandaves CO, Insnsuassdszquuulalsunazaing
aunnlaifiussgeivinlilaanaves CO, gnnszduuazuaniesnuiunfueuNouenlas
(CO) wazaandiau (O) %qaaﬂ%wuﬁQﬂﬂa'aaaaﬂmawsmﬁaﬁ’uﬂmﬂLﬂuaaﬂ%l,auimaqa
(O,) Feanaunstuunil 2 Arwes CO, axunndals CO way O, Tudndruluansiiudueu &
Tuaves CO MAnTuazildvinduluaves CO, Auand wazluaves O, AT uUTA AT
ASandlsvasluaves CO, funnd Fearnnanisianagoua1ves CO dansuandafilndiaes
AUALNI5VBINITLANS CO, uRAMas 02 daunnasainaunisidntes wWeswnluszuy
nsneaeunnelszauuulalsulifsusuandves O, Ty CO uay 0, Wiy urds
Lﬁmﬂﬁﬁ%%ﬁuLamﬁa%ﬁﬂa‘lﬁzju (05) wazeanlanuaslulnsiay (NO,) fae ?famstldaaﬂsz'«q
wuuhliesndiauliiana O, unndalueznaueandiau O udrezmoNoondianiliiniy
anusasauiaty O, Afeglussuuiiieadng 05 Id Uuumes 0, MiAnTuasduegifuyiaina
0, ﬁﬁag}'uazwé’wmiuszw 09970 05 1iRAINNTTILTveIEEABY O flu O, Fatuilod
05 1intu O, Tusyuufazanatnude wasludiuvesnsiin NO, TngUnfudaluussennieai
flulasiau N, wageandiau O, yhujiseriunmeldauuliiusgaainnisudesyssauuy
lalsvinliinlunsneanlyd (NO) udaluaineanlys (NO) aursainufAsensaluluy
ussemeniieadislulasiaulaoenled (NO,) Fudieluszuuiinisiin NOx Tu svdnali
sondauluszuvanasiesain O, gnidlunsadia NO uag NO,

4.11 wanmsiSeuidisumsaansiavasaniusulasenladiuanudafily
Tudruresnisilseufisunamsaanssvesmsveulaeonlasiumusiild azin
T93AY9VINTNAFBUVRINITIAAAITNEUINLITN Electric field strength 3n3tAs1EM
iWovndeyaiiandunA satuisiafianlunisaaisivesaiveulaeenlas lnsnsmaaey
wianiartelfismsuiinsyihaurenssuiunsaansiadieldanudunnsnady Sy
Preodunuimedwmiunisiauinisneaeulusuanla
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U7 4.15 maeuiisuranisaaneivasansueulaeenlediuninui nily a) Ussdvgaw

ANsaaNERU99 CO, NszauaNUuaUL WA TuY19v99n156A9 Electric Field

Strength b) arusaildlunisaanss

9n3U7 4.15 1Wunsesuganuduiusseninanisaalefives CO, Aunaiild 7

M51n15ba 40 L/min, 80 L/min way 160 L/min N@wAiaiann1sianviinug 8msinng

& 40 L/min 9ziiA13599unn11 80 L/min 8y 2 1911 wag 4 wi1ved 160 L/min Gudle
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Jeudulszansamnisaaneiives CO, avwandliiiiuinfianudnn 4 weduszansam
findn fenudates q defumnudaiinnniu sxiussansamlunsaanssaves CO, iRty
Faismsnsluaitiosndt 40 Lmin fasilwuliunsaaesiintuie sglsinumanis
aangfives CO, aw%uagfﬁ’uwuuﬁﬁwmsaaﬂLLUU W Adauild nslwavesenia
szuumMsgeeIna uarluduvesnrunaiitesas asiiuliiniszavsnmanasluse

4.12 n5Wssuisun1saanenaved CO, TUNAENILUUAIGE
Tududasihuansnedeudsyaninmnisaanesves O, nmeldifoulusing 4 vas

nsldwanann TnefinnsSsufisudssianvesnatant guuuusieg Weufuauided

fdslalih smsnislva sudsnslifsaufite Seneasdenaglduanafmaed 4.6

A1TNT 4.6 NMTUSEULTIBUNITaaNEA1999 CO2 TunanauIUszsanmnee: $1uITnaunill
W UAUNUITLEUD

Total flow
Plasma Power Cco,
Ref. rate catalyst .
Type (W) , Decomposition (%)
(mlY/min)
D. Mansfeld
MW 5,000 30,000 None 31.3
et al. 2020
J. Li Thermal
15,000 25,000 None 48.0
et al. 2017 plasma
T. Nunnally
Gliding arc 1,500 14,000 None 9.0
et al. 2011
Y. P. Zhang
DBD 100 60 None 43.1
et al. 2003
. 16%Cu-
An-Jie Zhang
DBD 60 60 12%Ni/ 75.0
et al. 2010
V-AL203
Ming-wei Li
Corona 45 60 None 70.0
et al. 2004
This work Corona 20 40,000 None 96.44

lunuifeiiussaniamnisaaiedives CO, geanag 96.44 % NdnsNsivaunag
Anutaudlii iduseansaingeanegf 40 L/min nan1533egnivieuiisuiuanuie
du° WU Microwave plasma, Thermal plasma, Gliding arc, DBD wag Corona lasnns
= = | a a a Y Y]
Wisuisuy wdulufiAgegavesuse@nsainvednisaatsdives CO, NIl Na U
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: ABSTRACT This research investigates the use of cold plasma technology, specifically negative corona
discharge, for the efficient and cost-effective decomposition of carbon dioxide (CO») to reduce air pollution.
Using specially designed copper electrodes with pointed triangular tips and an aluminum ground plate,
the study evaluates CO, decomposition under varied states of electric field intensities (Glow, Streamer,
and Electric Field Strength) and airflow rates. The experimental achieved a maximum CO, decomposition
efficiency of 96.44% at the Electric Field Strength level with a 40 L/min airflow rate. However, this
process also generated significant byproducts, notably ozone (O3) at 8.4 ppm and nitrogen oxides (NOy)
at 34 ppm, illustrating the relationship between electric field intensity, CO, decomposition efficiency,
and byproduct generation. Additionally, the study examines the impact of varying CO, concentrations
on decomposition efficiency and byproduct formation at the Electric Field Strength state, finding that
higher CO; concentrations increase decomposition efficiency and decrease byproduct levels. This research
demonstrates the potential of corona discharge plasma, with its low-temperature operation and scalability,
as a promising tool for advancing Carbon Capture, Utilization, and Storage (CCUS) technologies and
mitigating air pollution.

* INDEX TERMS DC corona discharge, negative corona discharge, non-thermal plasma, electric field
intensity, carbon dioxide (CO»).

I. INTRODUCTION

The emission of greenhouse gases (GHGs), significantly
driven by modern society’s increased fossil fuel consump-
tion, creates a major environmental challenge [ 1]. This rapid
rise in GHG emissions, notably CO», has led to a record
high concentration of 420 ppm in the atmosphere, marking
a 42% increase from pre-industrial times [2], [3], [4]. The
consequences include severe climate change impacts, such
as global warming, rising sea levels, and altered ecosystems,
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threatening both current and future societies. Therefore,
reducing CO, emissions is essential to mitigate long-term
global temperature increases [5], [6]. Additionally, indoor
CO, concentrations more than 1000 ppm can have various
health impacts, further emphasizing the need to control CO»
levels [7], [8].

Throughout history and into the present day, there have
been numerous approaches to addressing the issue of CO;
gas, including natural solutions such as afforestation and
reforestation, ocean and coastal management, and soil carbon
sequestration [9], [10]. Furthermore, there are technological
solutions, namely Carbon Capture and Storage (CCS). This
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technology captures CO, emissions at their source (e.g.,
power plants, industrial processes) before they are released
into the atmosphere [5], [11]. Although these methods
are technically feasible, they are not a permanent solu-
tion to carbon emissions due to several limitations, such
as high operational costs and risks associated with gas
leakage [12].

Other sustainable alternatives with minimal environmen-
tal impact have been developed to address the CO» issue,
such as Carbon Capture, Utilization, and Storage (CCUS)
[13], [14]. This approach involves capturing CO; emis-
sions from sources like power plants and industrial facilities,
or directly from the atmosphere, for beneficial use or
underground storage [15]. CCUS can convert CO; into valu-
able raw materials like methanol, methane, formaldehyde,
dimethyl ether, and CO [16], [17], [18], [19]. However,
CO; is a highly stable molecule, and stimulating its molec-
ular structure transformation to break the double bonds
(0O=C=0) [20] requires significant energy to achieve disso-
ciation. Thus, these methods still face challenges in efficiency
and often require catalysts to enhance CO, decomposi-
tion efficiency, presenting several issues in their practical
application.

Consequently, plasma-based technologies represent an
innovative approach to CCUS processes, particularly for
CO» decomposition. Plasma types are categorized as cold
or thermal, each with distinct properties [21], [22], [23],
[24], [25], [26], [27]. Cold plasma is design flexibility, lower
cost potential, favored for its energy efficiency and selec-
tivity, and appropriate application, often energizes CO with
high-energy electrons (1-10 eV) through ionization and elec-
tric field strength for molecular structure dissociation under
low-energy conditions [28], [29], [30], [31]. while hot plasma
is chosen for its ability to drive reactions that are not possible
at lower temperatures. Plasma is a state of matter like gas,
where some particles are ionized, making it conductive and
responsive to electromagnetic fields [32], [33], [34]. These
unique properties allow plasma to initiate and accelerate
chemical reactions, capturing and converting CO» into useful
products [35].

There are several types of plasma technology, each with
distinct advantages and disadvantages. To confirm these char-
acteristics, Table 1 compares the decomposition efficiency
of various plasma technologies for CO, decomposition,
highlighting the trade-offs between power consumption,
flow rates, and the use of catalysts. Dielectric Barrier Dis-
charge (DBD) shows varied efficiency based on the catalyst
used [34], [35], with 12% Ni/y-Al,O3 demonstrating supe-
rior performance [35]. Conversely, gliding arc technology
exhibits low efficiency (8.40%) despite high power and flow
rate [36]. Thermal plasma achieves the highest decomposi-
tion efficiency (88%) but at the cost of significantly higher
power consumption (3400 W) [37]. Notably, corona dis-
charge technology offers high efficiency (70%) with low
power consumption (45 W) and without the need for a
catalyst [38].
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TABLE 1. CO, decomposition efficiency with plasma technology.

Ref. Type Power Total flow catalyst CO»
(W) rate Decomposition
(ml/min) (%)
[34] DBD 45 50 Cu/ AL, 16.1
[35] DBD 60 60 12%Ni/ y - ALO, 240
[36] Gliding arc 165 7500 None 84
[37] Thermal plasma 3,400 16,000 None 88.0
[38] Corona 45 60 None 70

Corona discharge plasma emerges as a promising option
for CO» decomposition due to its low-temperature operation,
which ensures compatibility with existing processes and
facilitates easy integration without significant modifica-
tions [39], [40]. Operating at lower temperatures reduces the
need for extensive cooling systems and minimizes thermal
stress on materials, thereby prolonging equipment lifespan
and lowering maintenance costs [37]. Its capability for selec-
tive decomposition further enhances the economic feasibility
of transforming CO; into valuable products by targeting
specific reactions and minimizing unwanted byproducts,
depending on the specific implementation and optimiza-
tion of the corona discharge plasma system. This leads
to more efficient resource utilization and higher product
purity [16], [17].

This research significantly contributes to advancing the
understanding of the corona discharge process for COz
decomposition by addressing key objectives:

1. Develop and implement an innovative electrode design
with pointed tips to enhance the efficiency and stability of the
corona discharge process for CO, decomposition.

2. The study systematically varies electric field intensities
and airflow rates, identifying optimal conditions for maxi-
mizing CO; reduction and providing insights for developing
efficient CO, reduction technologies.

3. Investigate the byproducts, specifically O3 and NOy,
that occur simultaneously with the CO, decomposition pro-
cess at all levels of electric field intensity.

4. Study the impact of varying CO, concentrations on
CO, decomposition and the formation of (O3) and (NOx)
to understand efficiency and byproduct formation, informing
better control strategies.

The organization of this paper is as follows: Section I
presents the introduction. Section II details the materials and
methods. Section III describes the experimental results and
discussion. Finally, Section IV provides the concluding.

Il. MATERIALS AND METHODS

In this section, we discuss the design of the electrode structure
and the methodologies used to investigate the effectiveness
of negative corona discharge in the decomposition of CO;.
The study employs a precisely designed system featuring
specially fabricated electrodes and a controlled environment
to examine the impact of various electric field intensities and
airflow rates on CO, decomposition.
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TABLE 2. Parameters of electrode patches.

Parameters Size (mm)
Length of tip clectrode patch (S) 220.0
Width of tip electrode patch(#) 25.0
Tip electrode thickness (7) 0.5
Height of pointed tip () 8.0
Width of the tip (w) 2.0
Collection plate length (/) 250.0
Width of collection plate (w.) 270.0
Collection plate thickness (z.) 20
Electrode-to-electrode distance (g) 30.0
Distance between electrode and GND (dgron) 40.0
Distance between electrode and GND (dsyeumer) 20.0
Distance between electrode and GND (dercuic Fictd strengih) 10.0

A. ELECTRODE DESIGN

The characteristics of the electrode design and the adjustment
of plate distance at various corona conditions are depicted
in Fig. 1. To investigate the size and shape of the electrode,
adesign featuring a long copper plate with a pointed tip shape
was chosen. This design offers higher efficiency and more
stable control of corona discharge compared to a wire-to-plate
configuration [41], [42], [43]. The prototype was created for
testing and comparing the efficiency of CO, decomposition.
Pointed tip electrodes were incorporated on both sides of the
copper sheet line, with dimensions of width (W), length (S),
and thickness (7). Copper was selected as the material for the
electrode due to its superior electrical conductivity (5.96 x
107 S/m) [44], which facilitates a stable and efficient corona
discharge process. For the collection plate (GND), aluminum
was chosen owing to its comparable electrical conductivity
(3.5 x 107 S/m), combined with its advantageous propertics
of low weight and cost-effectiveness. This selection opti-
mizes both the performance and economic feasibility of the
experimental setup.

To determine the appropriate size of the pointed tip for the
proposed electrode, an analysis was conducted on parameters
such as height (), width (w), and the number of tips (N).
The number N, which represents the most effective ratio
for corona discharge [41], was determined through detailed
examination as shown in Fig. 1(a). Various characteristics and
styles of the electrodes were studied to ensure suitability for
the required task. The size of the pointed tip can be calculated

using Equation 1.
N h
J=\o o 1
"y (S w) M

where h/w is the sharpness ratio of the tip and N/S is the
number of pointed tips per unit length.

The designed pointed tip electrode emitter is a fixed design
intended to be installed at the center between the ground
plates (GND). A total of seven electrode patches will be
installed, with a designated gap (g) of 30 mm between each
pointed electrode set, as depicted in Fig. 1(b). This distance
has been determined to be the most suitable and effective for
emitting an electric field [45]. The dimensions the grounding
plate (also referred to as the collection plate) include width
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(we), length (I0), thickness (7) of the proposed electrode such
as and etc., as outlined in Table 2. Aluminum is the chosen
material for the grounding plate.
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FIGURE 2. Carbon dioxide d position system with
tools.
TABLE 3. Details of gas and lysis tools.
Item Instrument/Model I Range  Resolution
CO, GASIT00R 01050 % 0.001%
Syngas Analyzer
0, Gas SKZ1050 O3 Gas Range: 0 - .
Detector Detector 1000 ppm, L
NO, Testo 350 0 - 4000 ppm 1 ppm

Generally, the occurrence can be divided into three levels.
It begins with the initial phase called Glow, followed by
Streamer. When the voltage applied to the sharp-tipped elec-
trode increases, spark discharge or Arc occurs. This research
focuses on testing another state of corona discharge between
Streamer and Arc. This phase is a period of Streamer with
very high electric field intensity, just before the Arc occurs.
This state is referred to as the Electric Field Strength phase,
which defines the intensity of the electric field. Regard-
ing the negative corona discharge pattern, the researcher
aims to investigate three distance adjustments between the
pointed electrode and the ground plate as dgiow, dStreamer and
dElectric Field Strengths illustrated in Fig. 1(c).

The state delineated above comprises the Glow, Streamer,
and Electric Field Strength level, each associated with distinct
clectric field intensity values, as studied by [46]. Each result-
ing in a different electric field intensity within the range of
corona discharge, Therefore, the electric field intensity can be
calculated by using Equations 2 and 3, resulting in 240 kV/m
for d_Glow, 680 kV/m for d_Streamer, and 1120 kV/m for
d_Electric Field Strength. These intensities correspond to dis-
tances (d) of 40 mm, 20 mm, and 10 mm for dGiow dsireamer
and dgiecrric Field Sirengih» Tespectively.

v

Emax = d—n* ?2)
= 2o oS Lg 3
Emux

where Enayx is the maximum electric field intensity, n* is the
filed utilization factor, is the average value of the electric field
intensity, d is the distance between the electrodes.

This discharge process occurs prior to CO, breakdown,
wherein electric current flows from the higher potential elec-
trode to the neutral air. The sealed chamber used in the

VOLUME 12, 2024

experiments, with a volume of 27 liters and dimensions of
300 mm x 300 mm x 300 mm, is shown in Fig. 1(d).
The sealed chamber was maintained at a constant tempera-
ture of 27°C and a humidity level of 54%. An increase in
temperature facilitates the decomposition of CO,, thereby
enhancing the overall efficiency of the process. Regarding
humidity, maintaining an optimal level can further improve
the efficiency of CO; decomposition. Regarding humidity
levels, an optimal humidity level can enhance the efficiency
of the CO, decomposition process. However, significantly
clevated humidity levels (much greater than 54%) can lead
to increased production of ozone (O3), which may reduce
the decomposition efficiency and compromise the stability
of the corona discharge system. Throughout the experiments,
the temperature, humidity, and dimensions of the sealed test
chamber were carefully controlled and kept constant.

B. CARBON DIOXIDE (CO,) DECOMPOSITION SYSTEM
WITH CORONA DISCHARGE
This section focused on three types of gases: CO, nitrogen
oxides (NOy), and O3. CO, was specifically introduced into
the system for decomposition, with the byproducts primarily
resulting from the corona discharge process. The experimen-
tal setup, detailed in Table 3, involves a closed system test
for decomposing CO». The test begins by introducing CO, at
concentrations into the system, as shown in Fig. 2. The valve
is then opened to adjust the desired airflow rate, using a fan to
push air into the system. The gas flows through a pipe to the
negative corona discharge system, circulating for 15 minutes.
The decomposition of CO, through corona discharge
involves numerous complex chemical reactions, which are
influenced by various process conditions including pressure,
temperature, and the type of electrode used. Corona discharge
can generate a non-thermal plasma that contains high-energy
species such as electrons, ions, and various radicals, all of
which contribute to the acceleration of energy within the
system. These high-energy systems play a pivotal role in
initiating the breakdown of CO; into other chemical products.
A notable reaction resulting from corona discharge is the
decomposition of CO» into carbon monoxide (CO) and oxy-
gen (0), a process documented in references [47], [48],
[49]. This transformation can be represented by the simple
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chemical equation provided in Equation 4
2C0; — 2C0+ 0, (€0}

Furthermore, the application of negative corona discharge
in CO> decomposition leads to the formation of additional
gaseous byproducts within the system. Specifically, this pro-
cess results in the production of NOy and O3, as detailed in
references [50] and [51]. This phenomenon is the culmina-
tion of complex chemical and physical interactions involving
energetic electrons, atmospheric molecules (N, and O,), and
the energy derived from electrical charges. The dissociation
of oxygen molecules (O2) [52], [53] by high-energy electrons
emitted from the corona charge in Equation 5 facilitates
the formation of O3. This process is further elucidated in
Equation 6, demonstrating how the liberated oxygen atoms
combine with Oz molecules to produce O3.

0y +e — 20 5)
02+0 — 03 (6)

The decomposition process of nitrogen (N2) and oxygen
(O2) molecules into their respective atoms, facilitated by the
action of highly energetic electrons, is a pivotal step in the for-
mation of nitrogen oxides. This process is delineated through
Equations 7 and 8, which describe the initial splitting of Na
and Oz molecules. The atoms thus generated subsequently
recombine to form nitrogen monoxide (NO), as illustrated in
Equation 9, with references [54] and [55] providing further
details on this reaction.

Ny+e — 2N 7)
02+e — 20 ®)

Following its formation, nitrogen monoxide (NO) under-
goes an additional reaction with oxygen present in the air,
leading to the creation of nitrogen dioxide (NO,). This sub-
sequent reaction is represented in Equation 10.

2NO + 0> — 2NO, (10)

From the CO, decomposition processes above, the real
time measurement of gas concentrations, both at the ini-
tial point (CO5 ;,) and following decomposition (CO2, ),
over a 15-minute interval. This procedure was repeated three
times to ensure reliability, and the average difference between
the initial and final concentrations (COaiy and CO2 ur)
was calculated to determine the CO» decomposition effi-
ciency, as cited in references [56] and [57], as illustrated in
Equation 11.

CO2,in — CO2 our
COZ,in
where CO jy is the initial concentration of CO, and CO3, gy

is the concentration after decomposition.

The analysis of test results pertaining to each electric
field intensity level during the corona discharge identified as
d_Glow, d_Streamer and d_Electric Field Strength will be
discussed in detail in the next section.

Xco, (%) = x 100 (11

129380

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental setup consists of two main variables: elec-
tric field intensity levels and airflow rates. The electric
field intensity levels are categorized as Glow, Streamer, and
Electric Field Strength, which are evaluated at airflow rates
of 40 L/min, 80 L/min, and 160 L/min. The three flow
rate levels were chosen based on the equipment’s opera-
tional limits. During preliminary tests, it was found that
flow rates below 40 L/min resulted in uneven flow, while
rates above 160 L/min caused inaccurate reactions in the test
system. Therefore, this research utilized flow rates within this
range to ensure accurate and reliable experimental results. For
cach trial, the CO, concentration is maintained at 420 ppm,
representing the concentration of CO; in normal atmospheric
conditions [58], and 1200 ppm, which affects humans [59],
[60]. The test duration is set at 15 minutes. The system has
a power consumption of approximately 20 W with a voltage
of 24 V4. and a current of 0.83 A. Efficiency is measured by
comparing the CO, decomposition results with the control
condition (no power). Additionally, the experiment aims to
evaluate the formation of byproducts, particularly O3 and
NOy [53].

Before evaluating CO> decomposition efficiency, the sys-
tem is tested without corona discharge. In this experiment,
with the DC power supply off, a 6.9% reduction in CO; is
observed after 15 minutes, likely due to gas leakage from
incomplete seals in various parts of the system. This leakage
rate is deemed acceptable for subsequent testing. When the
CO> decomposition system with negative corona discharge
is activated, the 6.9% leakage is used as the baseline for gas
degradation in the control experiment. The control condition
provides baseline data for natural decomposition rates, allow-
ing for clear comparisons of the electric fields’ effectiveness.
Evaluating the byproducts is essential for understanding the
environmental and safety impacts.

The following subsections present the results and insights
derived from these experiments, providing a comprehensive
understanding of the influence of electric field intensities and
airflow rates on CO» decomposition, the variation of CO»
concentration, and the formation of O3 and NOy.

A. GLOW DISCHARGE CONDITIONS

Glow discharge is a particular phase of corona discharge char-
acterized by a relatively stable and uniform plasma. Studying
this phase helps in understanding the consistent conditions
under which CO, decomposition can be optimized. Fig. 3
presents the outcomes of CO;, decomposition under the influ-
ence of electric field intensity during the Glow discharge
phase. These results were obtained by introducing CO; into
the system at a baseline concentration of 420 ppm. A notable
observation is the decrease in CO; concentration at the output
side once the electric field intensity generator was activated,
compared to its control state, as detailed in Fig. 3(a). Specif-
ically, the decomposition of CO» was analyzed at airflow
rates of 40 L/min, 80 L/min, and 160 L/min, with each test
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FIGURE 3. Measurement results at electric field intensity levels during Glow: a) Results of the decomposition of carbon dioxide CO,, b) Efficiency
of the decomposition of carbon dioxide CO,, c) Value of the concentration of O5 that occurs, d) The NOy concentration value that occurs.

lasting 15 minutes. Analyzing different airflow rates allows
for understanding the effect of this variable on CO, decompo-
sition efficiency. Post-experiment, CO, concentrations were
measured at 148, 227, and 320 ppm for the respective airflow
rates. Fig. 3(b) further explores these findings, revealing the
maximum decomposition efficiencies to be 62.34%, 42.24%,
and 18.58%, respectively. The observation that higher airflow
rates result in less pronounced concentration decreases, while
lower rates facilitate greater reductions in CO; levels, can be
attributed to gas flow dynamics and reaction kinetics [61].
At lower airflow rates, CO, molecules stay longer in the
reaction zone, allowing for more interactions with reactive
species from the glow discharge, enhancing decomposition.
Conversely, higher airflow rates cause CO» molecules to pass
through the reaction zone quickly, reducing interaction time
and decomposition. Additionally, higher airflow rates may
make weaker reactive species, decreasing overall decompo-
sition efficiency.
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Fig. 3(c) shows that O3 concentration increases over time
at all airflow rates (40, 80, and 160 L/min), with higher rates
resulting in higher O3 levels. At 40 L/min, O3 reaches about
5.0 ppm in 15 minutes, while at 80 L/min it reaches around
8.6 ppm, and at 160 L/min it nearly hits 13.5 ppm. Higher
airflow rates enhance O3 production due to increased oxy-
gen availability and interactions with reactive species [62].
However, lower airflow rates are more effective for CO»
decomposition due to longer residence times. This demon-
strates a trade-off between optimizing CO, decomposition
and controlling O3 production.

Fig. 3(d) presents NOy concentrations rapidly increase
within the first few minutes for higher airflow rates
of 80 L/min and 160 L/min, peaking around 7 minutes
before declining, with 160 L/min reaching about 337 ppm
and 80 L/min about 285 ppm. The 40 L/min rate main-
tains consistently low NOy levels. Higher airflow rates
enhance NOy formation due to increased interactions with
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occurs.

high-energy electrons, but concentrations decline over time,
indicating consumption or dispersion. Thus, higher airflow
rates boost initial NOy production [63], while the lowest rate
minimizes it, highlighting a trade-off in optimizing airflow
for different process efficiencies.

B. STREAMER DISCHARGE CONDITION

This subsection presents a detailed analysis of CO» decom-
position and byproduct formation (O3 and NOy) during the
streamer generation phase, focusing on the effects of varying
airflow rates. In Fig. 4, the outcomes of electric field intensity
measurements are examined across airflow rates of 40 L/min,
80 L/min, and 160 L/min. The CO; concentration reduc-
tions observed were 75, 187, and 246 ppm, respectively,
as indicated in Fig. 4(a). The corresponding highest decom-
position efficiencies for these rates were 80.92%, 52.42%,
and 37.40%, showcased in Fig. 4(b). These results demon-
strate that lower airflow rates contribute to more effective
CO, decomposition.
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Regarding the formation of O3, a gradual increase in con-
centration with higher airflow rates was noted. Specifically,
the O3 concentrations recorded in the system were 5.8, 11.0,
and 23.7 ppm for the respective airflow rates, as detailed
in Fig. 4(c). The increase in O3 concentration with higher
airflow rates can be attributed to more frequent collisions
and reactions between oxygen molecules and high-energy
electrons, which are more prevalent at higher flow rates [62].

This trend suggests a positive the pattern of NOy forma-
tion initially showed high values that increased at the start
of the test before eventually declining. By the end of the
15-minute test period, the NO concentrations were 26, 242,
and 323 ppm, in ascending order of airflow rates, as presented
in Fig. 4(d). This illustrates that higher airflow rates lead to
increased concentrations of NOx compounds in the system.
This pattern indicates that higher airflow rates resultin greater
NOy production, followed by a decrease. This could be due to
the initial rapid formation of NOyx compounds as the electric
field intensity increases, and the subsequent reduction could
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FIGURE 5. Experiment results at electric field intensity levels during Electric Field Strength: a) results of the decomposition of carbon dioxide CO,,
b) efficiency of the decomposition of carbon dioxide CO,, c) value of the concentration of O3 that occurs, d) the NOy concentration value that

occurs.

be attributed to the dispersion and dilution of NOy within the
system over time due to the continuous airflow [63].

C. ELECTRIC FIELD STRENGHT DISCHARGE CONDITION
From the measurement results, the electric field intensity
levels within the “Electric Field Strength’ range at various
airflow rates are depicted in Fig. 5. These intensity levels
are shown to be higher than those recorded during both the
Streamer and Glow periods. The electric field intensity was
calculated by using equations 2 and 3 that is the highest
electric field intensity level in this research.

Fig. 5 shows the measurement results for CO> decom-
position at the electric field intensity in the Electric Field
Strength state, a phase where the electric field is more intense
than in other levels, preceding the arc state. The analysis
encompasses diverse airflow rates specifically 40 L/min,
80 L/min, and 160 L/min alongside comparisons with elec-
tric field intensities observed during the Glow and Streamer
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states. The CO; dissipation test results, at these airflow rates,
revealed concentration reductions to 14, 139, and 206 ppm,
respectively, as illustrated in Fig. 5(a). The peak decom-
position efficiencies achieved for each airflow rate were
96.44%, 64.63%, and 47.58%, correspondingly. Fig. 5(b)
demonstrates that the highest CO, decomposition efficiency
is attained at significantly high electric field strengths, par-
ticularly at an airflow rate of 40 L/min. This is because
at lower airflow rates, the gas has more extended expo-
sure to the electric field, increasing the likelihood of CO;
molecules interacting with high-energy electrons, which
facilitates decomposition. The Higher electric field strengths
generate more energetic electrons, which are crucial for ini-
tiating the chemical reactions needed to break down the CO»
molecules [64].

In the corona discharge system, as the electric field
intensity increases, the concentration of the O3 gas com-
pound correspondingly rises. Furthermore, this concentration
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incrementally escalates with the airflow rate. Specifically, the
O3 gas concentrations observed were 8.4, 12.6, and 27.2 ppm
for increasing rates of airflow, as depicted in Fig. 5(c). As the
electric field intensity increases, more high-energy electrons
are available to initiate the dissociation of oxygen molecules,
leading to higher concentrations of O3 [62]. Regarding the
nitrogen oxide (NOy) gas compounds, initial test results indi-
cated a surge in NOy values, followed by a gradual decline,
forming an inverted bell curve in the measurement results
graph. The initial surge in NOx concentrations is due to
the immediate availability of atomic nitrogen and oxygen
from high-energy electron dissociation early in the discharge
process. As the discharge peaks, the concentration of reactive
species is highest, leading to rapid NOy formation [63]. After
the initial surge, NOx concentrations decline because the
supply of reactive nitrogen and oxygen atoms diminishes as
they are consumed in forming NOy and other byproducts. The
15-minute testing period a consistent duration across various
scenarios the NOy concentrations measured were 34, 270, and
363 ppm, respectively, as shown in Fig. 5(d). These results
reveal that both a faster airflow rate and a higher electric
field intensity contribute to elevated concentrations of NOy
compounds within the system.

The results from the three electric field intensity levels
indicate that an airflow rate of 40 L/min is most conducive
to optimizing CO; decomposition efficiency under the tested
conditions. This analysis conclusively demonstrates the pro-
found influence of airflow rate and electric field intensity on
the efficiency of CO, decomposition and the concentration
of resultant gas compounds. The 40 L/min airflow rate is
particularly suitable because it maximizes the opportunities
for interactions between gas molecules and negative ions
within the system, thereby enhancing the decomposition pro-
cess’s efficiency. Comparative results of CO, decomposition
at a consistent airflow rate of 40 L/min across all three
clectric field intensity levels Glow, Streamer, and Electric
Field Strength were analyzed against a control setup with no
electric field applied. In the control system, starting with an
initial CO; concentration of 420 ppm and a test duration of
15 minutes, the presence of an electric field led to signifi-
cant reductions in CO, concentration at each electric field
intensity level, registering at 148, 75, and 14 ppm for Glow,
Streamer, and Electric Field Strength, respectively. The corre-
sponding decomposition efficiencies were 62.34%, 80.92%,
and 96.44%, assuming 100% efficiency when the CO; con-
centration decreases from 420 ppm to zero. These results
highlight the significant impact of electric field strength on
the efficiency of CO, decomposition. Each test condition
exhibits unique differences. The test results, compiled in
Table 4.

D. IMPACT OF CO, CONCENTRATION ON
DECOMPOSITION EFFICIENCY AND BYPRODUCT
FORMATION AT ELECTRIC FIELD STRENGTH LEVEL

In this subsection, the influence of varying CO» concen-
trations on the efficiency of CO, decomposition and the
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formation of byproducts, specifically O3 and NOy, at elec-
tric field strength level is explored. At 1200 ppm of CO,,
a concentration that adversely affects the human body [59],
[60]. the decomposition efficiency of CO, is enhanced by
54.5% compared to 420 ppm of CO; in 15 minutes, as shown
in Fig. 6(a). This improvement is due to the increased prob-
ability of collisions with reactive species from the corona
discharge, leading to a higher decomposition rate [65].

The outcomes of measuring gas compounds within the
corona discharge system at electric field strength level, focus-
ing on scenarios with and without CO,. The system tests
CO, concentrations are divided based on of 420 ppm and
1200 ppm to analyze the variations in compound gases gener-
ated by the system. The findings reveal that the concentration
of O3 in the absence of CO, exceeds that in its presence as
shown in Fig. 6(b). This disparity arises because O3 formation
is more straightforward in air, facilitated by the abundance
of free oxygen molecules. The high-energy electrons emit-
ted during the corona discharge split oxygen molecules into
individual atoms, which then recombine with other oxygen
molecules to produce more O3. In contrast, in environments
containing CO,, despite oxygen atoms being part of the CO,
molecule, the molecule’s stability and the scarcity of free
oxygen molecules render direct O3 formation less probable.
Similarly, nitrogen dioxide (NO;) exhibits a trend akin to
that of O3 as illustrated in Fig. 6(c), influenced by the air’s
chemical composition a mix of nitrogen and oxygen, which
promotes the generation of NOy.

From the variation of CO; concentration, it was found
that O3 and NOy concentrations at 1200 ppm CO, are
lower than at 420 ppm. The decrease in O3 and NOy con-
centrations is due to specific chemical processes. Higher
concentrations of CO, in a corona discharge environment
led to a reduction in O3 formation because CO, absorbs
energy, quenches reactive oxygen species, and creates alter-
native reaction pathways [66]. Similarly, higher CO; levels
reduce NOy formation by competing for reactive nitrogen
species and facilitating secondary reactions that lower NO
concentrations [48].

To confirm the efficiency of decomposition when the CO,
concentration is varied, Table 5 shows the decomposition
ratio of CO, at concentrations of 420 ppm and 1200 ppm
under various electric field intensity levels.

The data indicates that across all three electric field inten-
sities, the decomposition efficiency is notably higher at
1200 ppm compared to 420 ppm. Moreover, the electric field
strength exhibits the highest ratio. This trend suggests that
higher CO» concentrations lead to increased decomposition
rates due to the greater availability of CO, molecules for
interaction with reactive species.

In this paper, the highest CO, decomposition efficiency
achieved was 96.44% at a power input of 20 W and a
flow rate of 40,000 ml/min. The results were compared
with previous research on various plasma types, includ-
ing microwave plasma, thermal plasma, gliding arc, DBD,
and corona discharge [18], [67], [68], [69], [71], [72]. The
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TABLE 4. Results of measuring the decomposition of carbon dioxide and compounds that occur in the system at all 3 air flow rates and the range of

electric field intensity at the glow, streamer, and electric field strength levels.

Tested  Flow rate Concentration (ppm)
E-Filed  gas  (L/min) 0 1 3 5 7 9 1 13 15
min min min min min min min min min
Control ___CO» 420 418 415 411 408 404 401 397 393
40 420 400 360 322 285 250 215 181 148
40(¥0)  0.00%  431% 13.20% 21.60% 30.10% 38.10% 46.30% 54.40%  62.30%
CO: 80 420 404 373 344 317 292 269 247 227
80 (Yu)  000%  3.35%  10.12% 1630% 2230% 27.72% 32.92% 37.78%  42.24%
160 420 411 395 380 366 353 341 330 320
Glow 160(Xw)  0.00%  1.67%  4.819%  7.543%  10.29% 12.62%  14.96%  16.88%  18.58%
40 0 0.7 1.9 2.8 3.6 4.1 45 48 5.0
0 80 0 1.5 3.9 5.7 7.0 7.8 8.3 8.6 8.6
160 0 1.3 4.1 6.2 8.2 10.0 11.5 12.6 13.5
40 0 1 3 7 10 13 14 13 13
NOx 80 0 13 113 217 285 302 282 246 208
160 0 48 196 295 337 334 305 266 28
40 420 388 327 272 223 178 138 104 75
40(X0)  000%  7.8%  21.20% 33.82% 45.34% S55.94%  65.59%  73.8%  80.92%
€O, 80 420 401 367 333 301 269 240 213 187
80(%w)  0.00%  4.07% 11.57% 18.98% 2623% 33.42% 40.15% 46.35%  52.42%
160 420 401 367 338 313 291 273 258 246
Streamer 160(¥a) — 0.00%  4.07%  11.57% 17.76% 23.28% 27.97%  31.92%  35.01%  37.40%
40 0 0.7 ] 3.1 41 47 52 5.6 5.8
0 80 0 2.0 53 7.8 9.4 10.4 11.0 112 11.0
160 0 4.5 11.8 17.1 20.7 23.0 24.1 24.2 23.7
40 0 1 9 21 29 32 31 28 26
NOx 80 0 15 131 237 303 324 309 278 242
160 0 63 266 397 452 451 417 372 323
40 420 384 316 251 190 136 87 47 14
40(%0)  0.00%  8.13% 23.86% 38.93% 5343% 66.34%  78.3%  88.16%  96.44%
COs 80 420 397 356 320 278 240 204 170 139
80(¥a)  000%  5.02%  14.22% 22.14% 31.86% 40.59% 49.13% ST.18%  64.63%
Eleciric 160 420 397 356 320 288 262 239 21 206
Field 160(X0)  0,00%  5.02%  14.22% 22.14%  29.41%  35.15%  40.4%  4433%  47.58%
Strength 40 0 13 35 5.2 6.3 72 7.8 82 8.4
O 80 0 35 8.6 1.7 13.3 13.9 13.7 132 12,6
160 0 5.1 13.5 19.7 24.0 26.6 27.8 27.9 272
40 0 2 15 29 38 41 39 26 34
NO, 80 0 18 137 244 315 343 335 306 270
160 0 105 325 427 471 462 435 401 363

TABLE 5. The decomposition ratio of CO, at concentrations of 420 and
1200 ppm across a range of electric field intensities a t testing time
of 15 Min.

Electric Filed Level Ratio (420 ppMm: 1200 ppMm)

Glow 1:1.53
Streamer 1:2.36
Electric Field Strength 1:2.73

comparison focused on several key parameters: the high-
est CO, decomposition efficiency, low power consumption,
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high flow rate, and the absence of a chemical catalyst
requirement.

Table 6 presents a comparative analysis of CO, decomposi-
tion across different plasma types, showcasing both previous
research and the proposed research. The table provides essen-
tial data on power consumption, total flow rates, catalyst use,
and CO, decomposition efficiencies for each method. The
proposed research using Corona plasma stands out with a
notable CO> decomposition efficiency of 96.44%, achieved
with a relatively low power input of 20 W and a high total
flow rate of 40,000 ml/min, without the use of a catalyst.
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This efficiency surpasses other methods listed, including
MW (Microwave) plasma at 31.3%, thermal plasma at
48.0%, gliding arc at 9.0%, and various DBD (Dielec-
tric Barrier Discharge) plasmas, which range from 43.1%
t0 75.0%.
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TABLE 6. C of €O, di P in different types of plasma:
Previous h vs. proposed t
Ref. Plasma Power Total catalyst COs
Type (W) flow rate Decomposi
(ml/min) tion (%)
[67] MW 5,000 30,000 None 313
e8] mermal 5000 25000 None 4380
plasma
pgp Ohding 600 14000 None 9.0
arc
[69] DBD 100 60 None 43.1
16%Cu-
[35] DBD 60 60 12%Ni/ 75.0
v-ALO3
[38] Corona 45 60 None 70.0
This © Corona 20 40,000  Nome 96.44
work

The high efficiency of the Corona plasma method, espe-
cially at lower power levels and higher flow rates, highlights
the effectiveness of optimizing plasma conditions for CO,
decomposition. The absence of catalysts in achieving such
high efficiency suggests that the specific parameters used in
the Corona plasma approach are highly effective. In compar-
ison, other methods with higher power inputs and flow rates,
such as MW and thermal plasma, did not achieve similar
efficiencies, indicating the importance of optimizing both
the power and flow rate parameters. This table underscores
the potential of the proposed research in advancing plasma
technology for environmental applications, particularly in
improving CO, reduction processes.

IV. CONCLUSION

This paper investigates the decomposition of CO» using
cold plasma via corona discharge, focusing on electric field
intensities (Glow, Streamer, and Electric Field Strength) and
airflow rates (40 L/min, 80 L/min, and 160 L/min). The
findings show that a 40 L/min airflow rate resulted in the most
significant CO» reduction across all electric field intensities,
with the highest efficiency at the Electric Field Strength state.
However, this phase also produced higher concentrations
of O3 and NOy. The study also examines the impact of
higher CO» concentrations on decomposition efficiency and
byproduct formation at the Electric Field Strength level with
a40 L/min airflow rate. Results indicate that higher CO; con-
centrations increase decomposition efficiency and decrease
byproduct levels with 1200 ppm CO, yielding higher decom-
position rates and byproduct concentrations below those
observed at a 420 ppm CO; concentration. The results of
this study demonstrate that the technology achieves a high
efficiency in CO, decomposition, reaching up to 96.44% with
a power consumption of just 20 W and without the need
for a catalyst, thereby lowering operational costs compared
to alternative technologies. Moreover, its ease of integration
into future industrial applications further minimizes costs
and enhances the potential for widespread adoption. In addi-
tion, this technology significantly reduces greenhouse gas
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emissions and mitigates the effects of climate change, pro-
viding substantial long-term environmental benefits.

In the future, further research is needed to enhance the
efficiency and scalability of this technology and minimize
undesirable by products, with a focus on investigating the
potential for higher concentrations of CO; to be effectively
utilized in the industrial sector.

ACKNOWLEDGMENT

The authors would like to thank the Suranaree University
of Technology (SUT) Research and Development Fund, the
School of Electronic Engineering, Institute of Engineering,
and the Department of Telecommunications Engineering,
Faculty of Engineering and Technology, Rajamangala Uni-
versity of Technology Isan (RMUTI), for their invaluable
support in making this work successful.

REFERENCES

[1]1 J. Huang, H. Zhang, Q. Tan, L. Li, R. Xu, Z. Xu, and X. Li, “Enhanced

conversion of CO into O-free fuel gas via the boudouard reaction

with biochar in an atmospheric plasmatron,” J. CO, Utilization, vol. 45,

Mar. 2021, Art. no. 101429,

The State of Greenhouse Gases in the Atmosphere Based on Global Obser-

vations Through 2014, WMO Greenhouse Gas Bull., Geneva, Switzerland,

Nov. 2015, pp. 1-10.

R. K. Pachauri, M. R. Allen, V. R. Barros, J. Broome, W. Cramer, R. Christ

and J. P. van Y. pserle, “Climate change 2014: Synthesis report. Contribu-

tion of working groups T, TT and TIT to the fifth assessment report of the

intergovernmental panel on climate change,” in Proc. IPCC, 2014, p. 151.

[4] D. W. Lea, “Climate sensitivity in a warmer world,” Nature, vol. 518,

no. 7537, pp. 46-47, Feb. 2015.

D. Mei and X. Tu, “Conversion of CO; in a cylindrical dielectric barrier

discharge reactor: Effects of plasma processing parameters and reactor

design,” J. CO> Utilizarion, vol. 19, pp. 68-78, May 2017.

[6] M. Ghahramani and F. Pilla, “Analysis of carbon dioxide emis-

sions from road transport using taxi trips,” [EEE Access, vol. 9,

pp. 98573-98580, 2021.

M. Simoni, . Annesi-Maesano, T. Sigsgaard, D. Norback, G. Wieslander,

W. Nystad, M. Canciani, P. Sestini, and G. Viegi, “*School air quality

related (o dry cough, rhinitis and nasal patency in children.”” Eur. Respi-

ratory J., vol. 35, no. 4, pp. 742-749, Jan. 2010.

U. Satish, M. J. Mendell, K. Shekhar, T. Hotchi, D. Sullivan, S. Streulert,

and W. J. Fisk, “Is CO; an indoor pollutant? Direct effects of low-to-

moderate CO, concentrations on human decision-making performance,”

Environ. Health Perspect., vol. 120, no. 12, pp. 1671-1677, Dec. 2012,

[9] N. Seddon, A. Chausson, P. Berry, C. A. J. Girardin, A. Smith, and
B. Turner, *“Understanding the value and limits of nature-based solutions
1o climate change and other global challenges,” Phil. Trans. Roy. Soc.
B, sBiol. Sci., vol. 375, no. 1794, Jan. 2020, Art. no. 20190120.

[10] S. Fawzy, A. 1. Osman, J. Doran, and D. W. Rooney, “Strategies for
mitigation of climate change: A review,” Environ. Chem. Lett., vol. 18,
pp. 2069-2094, Jul. 2020.

[11] J. Gibbins and H. Chalmers, “*Carbon capture and storage,” Energy Policy,
vol. 36, no. 12, pp. 4317-4322, Oct. 2008.

[12] S. Bachu, “CO; storage in geological media: Role, means, status and
barricrs to deployment,” Prog. Energy Combustion Sci., vol. 34, no. 2,
pp- 254-273, Apr. 2008.

[13] X. Liu, X. Li, J. Tian, G. Yang, H. Wu, R. Ha, and P. Wang. “Low-
carbon economic dispatch of integrated electricity-gas energy system
considering carbon capture, utilization and storage,” JEEE Access, vol. 11,
pp- 25077-25089, 2023.

[14] L. Li, H. Zhang, X. Li. X. Kong. R. Xu, K. Tay, and X. Tu, “Plasma-
assisted CO; conversion in a gliding arc discharge: Improving performance
by optimizing the reactor design,” J. CO; Utilization, vol. 29, pp. 296-303,
Jan. 2019.

[15] B.Smit, A.-H.-A. Park, and G. Gadikota, “The grand challenges in carbon
capture, utilization, and storage,” Frontiers Energy Res., vol. 2, p. 55,
Nov. 2014.

2

13

[5

7

18

VOLUME 12, 2024

[16]

[17]

18]

119]

125]

126]

[27]

[29]

[30]

B311

[33]

[34]

[35]

136]

1371

E. V. Kondratenko, G. Mul, J. Baltrusaitis, G. O. Larrazibal, and
J. Pérez-Ramirez, *“Status and perspectives of CO; conversion into fucls
and chemicals by catalytic, photocatalytic and electrocatalytic processes,”
Energy Environ. Sci., vol. 6, no. 11, p. 3112, 2013.

M. Mikkelsen, M. Jorgensen, and F. C. Krebs, “The teraton challenge.
A review of fixation and transformation of carbon dioxide,” Energy Envi-
ron. Sci., vol. 3, no. 1, pp. 43-81, 2010.

T. Nunnally, K. Gutsol, A. Rabinovich, A. Fridman, A. Gutsol, and
A. Kemoun, “Dissociation of CO; in a low current gliding arc plasma-
tron,” J. Phys. D, Appl. Phys., vol. 44, no. 27, Jun. 2011, Art. no. 274009.
D. Mei, X. Zhu, Y.-L. He, J. D. Yan, and X. Tu, “Plasma-assisted con-
version of CO,in a dielectric barrier discharge reactor: Understanding the
effect of packing materials,” Plasma Sources Sci. Technol., vol. 24, no. 1.
Dec. 2014, Art. no. 015011.

B. Ashford and X. Tu, “Non-thermal plasma technology for the conver-
sion of CO,,” Current Opinion Green Sustain. Chem., vol. 3, pp. 45-49,
Feb. 2017.

S. Samukawa, M. Hori, S. Rauf, K. Tachibana, P. Bruggeman, G. Kroesen,
and N. Mason, “The 2012 plasma roadmap,” J. Phys. D, Appl. Phys.,
vol. 45, no. 25, Jun. 2012, Art. no. 253001.

A. Fridman, Plasma Chemistry. Cambridge, U.K.: Cambridge Univ. Press,
2008.

R. Snoeckx and A. Bogaerts, “Plasma technology-a novel solution for CO2
conversion,” Chem. Soc. Rev., vol. 46, no. 19, pp. 5805-5863, Aug. 2017.
D. Mei, **Plasma-catalytic conversion of greenhouse gas into value-added
fuels and chemicals,” Ph.D. dissertation, Dept. Elect. Eng. Electron., Univ.
Liverpool, Liverpool, U.K., 2016.

H. Zhang, X. Li. F. Zhu, K. Cen. C. Du, and X. Tu, “Plasma assisted dry
reforming of methanol for clean syngas production and high-efficiency
CO; conversion,” Chem. Eng. J., vol. 310, pp. 114-119, Feb. 2017.

M. Okubo, T. Kuroki, H. Yamada, K. Yoshida, and T. Kuwahara, *“CO;
concentration using adsorption and nonthermal plasma desorption,” JEEE
Trans. Ind. Appl., vol. 53, no. 3, pp. 2432-2439, May 2017.

M. Okubo, K. Takahashi, S. Kamiya, and T. Kuroki, “High-cfficicncy
carbon dioxide reduction using nonthermal plasma desorption,” IEEE
Trans. Ind. Appl., vol. 54, no. 6, pp. 6422-6429, Nov. 2018.

A. George, B. Shen, M. Craven, Y. Wang, D. Kang, C. Wu, and X. Tu, “A
review of non-thermal plasma technology: A novel solution for CO, con-
version and utilization,”” Renew. Sustain. Energy Rev., vol. 135, Jan. 2021,
Art. no. 109702.

H. Zhang, F. Zhu, X. Li, K. Cen, C. Du, and X. Tu, “Enhanced hydrogen
production by methanol decomposition using a novel rotating gliding arc
discharge plasma,” RSC Adv., vol. 6, no. 16, pp. 12770-12781, 2016.

X. Tu and J. C. Whitehead, *“Plasma-catalytic dry reforming of methane
in an atmospheric dielectric barrier discharge: Understanding the syner-
gistic effect at low temperature,” Appl. Catalysis B, Environ., vol. 125,
pp. 439-448, Aug. 2012.

H. Zhang, W. Wang, X. Li. L. Han, M. Yan, Y. Zhong, and X. Tu, *“Plasma
activation of methane for hydrogen production in a N; rotating gliding
arc warm plasma: A chemical kinetics study,” Chem. Eng. J., vol. 345,
pp. 67-78, Aug. 2018.

S. Davoodi, M. Al-Shargabi, D. A. Wood, V. S. Rukavishnikov, and
K. M. Minaev, “Review of technological progress in carbon dioxide
capture, storage, and utilization,” Gas Sci. Eng., vol. 117, Sep. 2023,
Art. no. 205070.

K. Li, S. Yan, H. Liu, M. Li, and M. Wang, “‘Editorial: Advances in CCUS
engineering technologies: Processes, systems and applications,” Frontiers
Energy Res., vol. 10, Jul. 2022, Art. no. 938721.

J. A. Andersen, J. M. Christensen, M. @stberg, A. Bogaerts, and
A. D. Jensen, “Plasma-catalylic dry reforming of methane: Screening of
catalytic materials in a coaxial packed-bed DBD reactor,” Chem. Eng. J.,
vol.397, Oct. 2020, Art. no. 125519.

A.-J. Zhang, A-M. Zhu, J. Guo, Y. Xu, and C. Shi, “Conversion of
greenhouse gases into syngas via combined effects of discharge activation
and catalysis,” Chem. Eng. J., vol. 156, no. 3, pp. 601-606, Feb. 2010.

B. Dziejarski, R. Krzyuynska, and K. Andersson, *“Current status of carbon
capture, utilization, and storage technologies in the global economy: A sur-
vey of technical assessment,” Fuel, vol. 342, Jun. 2023, Art. no. 127776.
G. Chen, R. Snyders, and N. Britun, “CO; conversion using catalyst-free
and catalyst-assisted plasma-processes: Recent progress and understand-
ing” J. CO, Utilization, vol. 49, Jul. 2021, Art. no. 101557.

129387




132

IEEE Access

S. Samroeng et al.: Carbon Capture Utilization and Storage

[38]

[39]

[40]

[41]

[42]

143]

[44]

145]

146]

[47]

[48]

[49]

[51]

[52]

[53

[56]

1571

M.-W. Li, G.-H. Xu, Y.-L. Tian, L. Chen, and H.-F. Fu, “*Carbon diox-
ide reforming of methanc using DC corona discharge plasma reaction,”
J. Phys. Chem. A, vol. 108, no. 10, pp. 1687-1693, Feb. 2004.

K. Pornmai, W. Ngamkala, T. Rirksomboon, P. Ouraipryvan, and
S. Chavadej, “Re-forming of CO;-containing natural gas with stcam
and partial oxidation over Ni catalysts in corona discharge for synthesis
gas production,” Ind. Eng. Chem. Res., vol. 58, no. 16, pp. 6203-6217,
Mar. 2019.

H. H. Nguyen, A. Nasonova, I. W. Nah, and K.-S. Kim, “Analy:
CO; reforming of CH4 by corona discharge process for various process
variables,” J. Ind. Eng. Chem., vol. 32, pp. 58-62, Dec. 2015.

M. Belan and F. Messanelli, “Compared ionic wind measurements on
multi-tip corona and DBD plasma actuators,” J. Electrostatics, vol. 76,
pp. 278-287, Aug. 2015.

R. Wang, Y. Zhang, Z. Jiang, T. Zhang, J. Ouyang, and Y. Sun, *‘New design
ol ion blower based on needle-dielectric-needle bipolar corona discharge,”
1EEE Access, vol. 7, pp. 129192-129199, 2019.

F. Lv, J. Song, P. Wang, H. Ruan, and J. Geng, “Influencing [actors of
flow field of ionic wind induced by corona discharge in a multi-needle-to-
nel electrode structure under direct-current voltage,” IEEE Access, vol. 7,
pp- 123671-123678, 2019.

M. Ohring, Engineering Materials Science. New York, NY. USA:
Academic, 1995.

J.-S. Kim, H.-J. Kim, B. Han, S. Lee, J. Lee, S. Moon, and Y.-J. Kim,
“Particle removal characteristics of a high-velocity electrostatic mist elim-
inator,” Aerosol Air Quality Res., vol. 14, pp. 121-133, Apr. 2020.

A. Jaworek, A. T. Sobczyk, and E. Ra ons of DC corona
and back discharge characteristics in various gases.”” J. Phys. Conf. Ser.,
vol. 142, Dec. 2008, Art. no. 012010.

K. L. Pan, W. C. Chung, and M. B. Chang, “Dry reforming of CHy
with CO; to generate syngas by combined plasma catalysis,” TEEE Trans.
Plasma Sci., vol. 42, no. 12, pp. 3809-3818, Dec. 2014.

Q. Fu, Y. Wang, and Z. Chang, “Study on the conversion mechanism
of COz to Oy in pulse voltage dielectric barrier discharge at Martian
pressure,” J. CO, Utilization, vol. 70, Apr. 2023, Art. no. 102430.

H. Yamasaki, S. Kamei, T. Kuroki, and M. Okubo, “Adsorbed CO; dis-
sociation using argon and helium nonthermal plasma flows,” IEEE Trans.
Ind. Appl., vol. 56, no. 6, pp. 6983—-6989, Nov. 2020.

M. Rahman, V. Cooray, R. Montafio, P. Liyanage, and M. Becerra, “NOX
production by impulsc sparks in J. Electrosiatics, vol. 69, no. 6,
pp. 494-500, Dec. 2011.

V. Cooray and M. Rahman, “Efficiencies for production of NO, and O3
by streamer discharges in air at atmospheric pressure,” J. Elecnostatics,
vol. 63, nos. 6-10, pp. 977-983, Jun. 2005.

X. Li, L. Yang, Y. Lei, J. Wang, and Y. Lu, “A method for removal of CO
from exhaust gas using pulsed corona discharge,” J. Air Waste Manage.
Assoc., vol. 50, no. 10, pp. 1734-1738, Dec. 2011.

W. Lu, Y. Abbas, M. F. Mustafa, C. Pan, and H. Wang, “*A review on appli-
cation of diclectric barrier discharge plasma technology on the abatement
ol volatile organic compounds,” Frontiers Environ. Sci. Eng., vol. 13, n0.2,
p- 30, Apr. 2019.

M. A. Malik, “Nitric oxide production by high voltage electrical discharges
for medical uses: A review,” Plasma Chem. Plasma Process., vol. 36, no. 3,
pp. 737-766, Mar. 2016.

M. Okubo, H. Yamada, K. Yoshida, and T. Kuroki, *Simultaneous reduc-
tion of diesel particulate and NO, using a catalysis-combined nonthermal
plasma reactor,” JEEE Trans. Ind. Appl., vol. 53, no. 6, pp. 5875-5882,
Nov. 2017.

S. R. Sun, H. X. Wang, D. H. Mei, X. Tu, and A. Bogaerts, “CO,
conversion in a gliding are plasma: Performance improvement based on
chemical reaction modeling.” J. COy Utilization, vol. 17, pp. 220-234,
Jan. 2017.

A. Barkhordari, S. Karimian, A. Rodero, D. A. Krawczyk, S. 1. Mirzaei,
and A. Falahat, “Carbon dioxide decomposition by a parallel-plate plasma
reactor: Experiments and 2-D modelling,” Appl. Sci., vol. 11, no. 21,
p. 10047, Oct. 2021.

L. Wagner. S. Mastroianni, and A. Hinsch, “Reverse manufacturing
enables perovskite photovoltaics to reach the carbon footprint limit of a
glass substrate.” Joule, vol. 4, no. 4, pp. 882-901, Apr. 2020.

D.-H. Tsai, J.-S. Lin, and C.-C. Chan, “Office Workers’ sick building
syndrome and indoor carbon dioxide ions,” J. Occupational
Environ. Hygiene, vol. 9, no. 5, pp. 345-351, May 2012.

129388

[60]

[61]

162]

[63]

164]

[66]

1671

[68]

169]

P. V. Dorizas, M.-N. A P and M. is, “A holistic
pproach for the of the indoor envi | quality, student
productivity, and energy consumption in primary schools,” Environ. Mon-
itor: Assessment, vol. 187, no. 5, pp. 1-18, Apr. 2015.
J. Chen and J. H. Davidson, “*Electron density and energy distributions in
the positive DC corona: Interp for cor h hemical reac-
tions,” Plasma Chem. Plasma Process., vol. 22, pp. 199-224, Jun. 2002.
W. Siriprom, K. Teanchai, N. Jitchot, and N. Chamchoi, **The comparison
of ozone production with oxygen concentration and feed gas flow rate
at atmospheric pressure,” Mater. Today, Proc., vol. 65, pp. 2336-2339,
May 2022.
H. Lin, X. Gao, Z. Luo, K. Cen, and Z. Huang, “Removal of NO,
with radical injection caused by corona discharge,” Fuel, vol. 83, no. 10,
pp. 1349-1355, Jul. 2004.
J. Li, X. Zhai, C. Ma, S. Zhu, F. Yu, B. Dai, G. Ge, and D. Yang, “DBD
plasma combined with different foam metal electrodes for CO, decompo-
sition: Experimental results and DFT validations,” Nanomaterials, vol. 9,
no. 11, p. 1595, Nov. 2019.
D. Mei, Y.-L. He, S. Liu, J. Yan, and X. Tu, “Optimization of CO,
conversion in a cylindrical dielectric barrier discharge reactor using design
of experiments,” Plasma Processes Polym., vol. 13, no. 5, pp. 544-556,
Sep. 2015.
J.D. Skalny, J. Orszégh, S. Matejcik, and N. J. Mason, ““Ozone generation
in positive and negative corona discharge fed by humid oxygen and carbon
dioxide,” Phys. Scripta, vol. 131, Dec. 2008, Art. no. 014012.
D. Mansfeld, S. Sintsov, N. Chekmarev, and A. Vodopyanov, “*Conversion
of carbon dioxide in microwave plasma torch sustained by gyrotron radia-
tion at frequency of 24 GHz at atmospheric pressure,” J. CO> Utilization,
vol. 40, Sep. 2020, Arl. no. 101197.
J.Li, X. Zhang, J. Shen, T. Ran, P. Chen, and Y. Yin, “Dissociation of CO2
by thermal plasma with contracting nozzle quenching,” J. CO» Utilization,
vol. 21, pp. 72-76, Oct. 2017.
Y.-P. Zhang, Y. Li, Y. Wang, C.-J. Liu, and B. Eliasson, *‘Plasma methane
conversion in the presence of carbon dioxide using diclectric-barrier
discharges,” Fuel Process. Technol., vol. 83, nos. 1-3, pp. 101-109,
Sep. 2003.

S. SAMROENG rcccived the B.E. and M.E.
degrees in 2018 and 2020, respectively. He is
currently pursuing the Ph.D. degree in clectronic
engineering with the Suranaree University of
Technology, Nakhon Ratchasima, Thailand. His
current interests include heavy metals, RF heating,
microwave heating, and air pollution.

J. PAKPROM received the B.E. degree in 2019.
She is currently pursuing the master’s degree in
electronic engineering with the Suranaree Univer-
sity of Technology, Nakhon Ratchasima, Thailand.
Her current interests include heavy metals, RF, and
microwave heating.

VOLUME 12, 2024




133

S. Samroeng et al.: Carbon Capture Utilization and Storage

IEEE Access

VOLUME 12, 2024

W. CHAROENSIRI reccived the B.E. and M.E.
degrees in 2017 and 2020, respectively. He is
currently pursuing the Ph.D. degree in clectronic
engineering with the Suranarce University of
Technology, Nakhon Ratchasima, Thailand. His
current interests include reduction of contaminants
heavy metals, RF, and microwave heating.

C. THONGSOPA received the B.Eng. degree
(Hons.) in electronics engineering from the King
Mongkut’s Institute of Technology Ladkrabang
(KMITL), Thailand, the M.Eng. degree in clec-
trical and communications engincering from
Kasetsart University, Thailand, and the D.Eng.
degree in electrical engineering from KMITL,
in 1992, 1996, and 2002, respectively. He has
experiences expert in RF circuit design, active
antenna, and microwave heating application.

T. THOSDEEKORAPHAT received the B.S., M.S.,
and Ph.D. degrees in telecommunication engineer-
ing from the Suranaree University of Technology,
Thailand, in 2006, 2008. and 2013, respectively.
He is currently working as a Lecturer with
the School of Telecommunication Engineering,
Suranaree University of Technology. His research
interests include hyperthermia inductive heating,
magnetic shielding system, RF and microwave cir-
cuit design, and microwave heating.

P. JANPANGNGERN was born in Lampang,
Thailand, in 1991. Hec received the bache-
lor’s degree in telecommunication engineering
from the Rajamangala University of Technol-
ogy Thanyaburi, Thailand, in 2015, and the
master’s degree in telecommunication engineer-
ing and Doctor of Engineering (D.Eng.) degree
from the King Mongkut’s Institute of Technol-
ogy Ladkrabang (KMITL), Thailand, in 2017 and
2023, respectively. Since 2024, he has been a
Researcher with the School of Electronic Engincering, Suranarce University
of Technology. His rescarch interests include wide range of topics, includ-
ing omnidirectional circularly polarized antennas (OCPAs), multiple-input
multiple-output (MIMO) antennas, wideband antennas, metasurface anten-
nas, radar systems, ultrasonic cleaning, RF heating, and electric automated
guided vehicles (EAGV).

N. SANTALUNAI rcceived the B.Eng., M.Eng.,
and Ph.D. degrees in telecommunication engi-
neering from the Suranaree University of Tech-
nology, in 2007, 2010, and 2014, respectively.
Since 2015, she has been with the Department of
Telecommunication Engineering, Faculty of Engi-
neering and Technology, Rajamangala University
of Technology Isan. She has experiences expert
in ial design, electromagnetic field and
wave, dielectric heating applicator, and antenna
engineering.

S. SANTALUNAI was born in Thailand, in April
1985. He received the B.Eng., M.Eng., and Ph.D.
degrees in telecc ication incering from
the Suranaree University of Technology, in 2007,
2009, and 2014, respectively. He is currently work-
ing as a Lecturer with the School of Electronic
Engineering, Suranaree University of Technol-
ogy. Nakhon Ratchasima, Thailand. His research
interests include heating applications, wircless
power transfer, RF, microwave circuit design, and
antcnna design.

129389




U

UseIngLveu

o Aa L CY a d' % d‘ d‘o ] £ o a [

wigd3e dungy aleTun 2 nanau w.A.2539 Nenadilsmiu Jamingsuns
dusamsAnwsyaudsenfnwnousuainlsassutnunuesmiilnslng dusanisfneiseeu
Tspufnwineudatgainlsassudlsmiuingiay snedlseniu Smiagiuns duse
N3AnwsEAUUSIMNTTUAERsUMTR @1vnimnssudiannseing (e w.a 2562 uay
USeuiminssumansudadin anivnimnssudidnnseiind anuminerdumalulad
a o Y] a dll & Y v = ' Y} a Y] =
q3u1% JmiauaTsvdun We w.e. 2564 anuulaiind@nwidelussauuTyausvyneg

v a

Uaudia arwndyndmnssuddnvsednd drindvdemnssumans unninendomaluladasuns



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Reference
	Content
	Biography

