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J.-S. CHANG- and K. URASHIN,IA

Plasma fuel reforming: a critical review

N'IcIARS /Departrnent of Engineering Physics, N,{cN,Iaster University,
Hami]ton. Canada L8S 4NI1

Abstract
.ll this work, a recent development of piasma luel reforming was criticall5, r",rl"ru"O, The fun-
:aIrrental characteristics, the reforming efficiency and the energy efficierrcy of tlie nonthermal
:.asnra reforming of hydrocarbon gases and liqrrid fuels, and the therrnal plasma reforniing of
.,irrid alrd solid ftrels will be discrrssed in detail,

Keywords: Plasma reforming; Natural gas; Coal; Solid waste; Liquid fuel

Introduction

Recent development of low pollution, emission and high thermal efficiency fuel
::quirements generated a new application area called the plasrna clean fuel re-
: rrning. In this work, the fundamental reforming chara,cteristics a,rrd tlre energy
'acierrcy of the refornting by the therrnal and non-therlnal plasmas for solid, liq-
__ ] and gaseous fuels are critically revierved, Tlre focus of the fuels considered is:

o Gaseous Fuel: Natural Gas (l\{et}rane, Propane), Waste Gases, etc.

o Liquid Fuel; Gasoline, Diesel, Heavy Oil, Waste Oils, Bio-Oils etc.

o Solid Fuel: CoaI, Plastic and Rubber Whstes, Tar Sand, Sludges, N,fetlrarre
Hydride, Bioma,ss, etc.

Tlre plasma systems considered are:

_ł. Thermal Plasma: DC, RF and Micror,vave Plasna Torches; DC. AC sirrgle-
plrase and three-phase arcs, etc.

- Corresponcling author. E-mai1: changj @univmaiLcis.nrcmaster.ca



18 J.-S. Chang arrd K. LTrashima

Norr-Tłrennal Plasrna: Electrorr Beanr, F'low Stabilized DC Coronas, Pulsed
Corotla, AC Barriel Disclralge-Packed Bed. Sru,face atrd Silent Discharges, etc,

Plasrna-Catalyst: Hybrid and Srrperiniposed Systerns.

2 Gaseous fuel reforming

For a co-generation systenr using a fuel cell, the lrydrogeri fuel is norrrrally geller-
ated frorn łrydrocarbon gases such as butane, propane) methane, or natural gas
since tlrey are already rtsed in towrrs as gases for honte heating or coking. Usirrg
plototr exchange rrrernbrane (PEN,I) type fuel cells rrp to B0% efficiency can be
aclrieved if CO and soot free lrydrogen domilrant syngases can be produced. CO
is tlre rtrain poisolr ftlr PtrN,{ type frrel cells [1], At the tnoment, s}rift conversion of
natural gas refornrer has been used. Horvever, tlris metlrod requires higlr pressures
and high terrrperatures.

2.L Conventional and plasma reforming of natural gas

Tl,pical natural gas consists of approximately 94 to 95% CHa (nretlrane), 2 to 3%

C2H3 (ethane),0.1 to0.3% C3H3 (propane), 1.5 to2% |i2,0.5 to0.6% COz with
traces of iso- and n-pentarre (0.01 0.02% CsHrz), and C6Hla and srrlphur (S) (7

to B rng,/nr3 in North Arrrerica). Sone European rratural gas rriay contain a small
percenta,ge of H2S, Its relative derrsity is orr average 0.5B2 tlrat of air, and its lreat-
ing value is 38 N{J/nl3 (or 1020 BTU/CF) [43]. Hence, arry oxidation processes at
elel,ated tenrperatures gerierate thernral ancl fuel NO" as we]l as SOz arrd CO as
unłr,,anted by-proclucts, Thus, nrost processes start with tlre removal of all other
natulal gas cotnponents. tlren convelt methane usirrg orre of t}re following rnetirods:

A. Steam reforming
\Ietlrane is reforned by stearn as follows:

CHł + H2O : CO + 3H2 : N,{etłtane steatl reforrning;

CO + 2H2 : CH3OH : Catalytic nrethanol reaction;

CO + H2O : COz + H2 : Water-gas słrift conversion,

Hence. a nlixture of CO, COz and H2 can be generated at high gas tempera-
ture conditions rł,itirout a catalyst or prodr_rcirtg trrethanol rnixtures with a catalyst
12-4].

B. Partial oxidation process

B,

C.
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\Ietlrane can be reformed undel iligh gas terrrperature conditions with or witlrout
a catalyst [S. C], as follows:

CHł + rfzO2 - CO + 2H2 : Partial oxidation process.

C. Thermal decomposition
Based on thernroclyna,mic calculations, metlrarre can therrnally dissociate at ap-
:,roximately 2 to 6.103 K as follows:

CHł * CHą + C, C2H2, CzHą, C3 i H2 ; (T}rerrnal decornposition).

Based on the Senkin code sirnulation, a gas tenrperature of approxirnately
:;-103 K is the optinrum condition for Hydrogen production [7, B].

D. Arc plasma process

"ł:c plasnia, or thermal plasnra, call genera,te extremely high gas tenrperatures
.l to 2,10a K), wlrich norrnally carrnot be generated bv other combustion or

,_.<,trical heating processes. Hence, an ac arc plasrna reactor is conrtnonly used
_ : tlrethane reforrning with suitable querrclring processes as follows [9-12]:

CHł ł CHł ----, Cz + 4H2.

:{ ,never, this process also generates:

CH+CH+N,I-CzHz+N,I,

CH t CHs + N,f -+ Qrlln 1 14,

CH3 t CHs + \,{ ---+ Qrflu 1 11

i:rd trace C3H6 as by-products.

E. Non-thermal plasma process
r_-lrlike arc oI t]rernral plasrlras, notr-tlrermal pla,smas generated by cororra dis-
irarges, microwave discharges or electrorr beams, i.e, below cornbustiolr tempera-

-lrre (=2300 K), irritiate tlre rnajority of processes by an energetic electron (rnearr
.iectron temperature T" - 1to i02 eV) as follows [13-16]:

CHł + e(fast) 

r !;,*ft,ffi,łJ;"*,o" 

irnpact dissociation -l

19
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\\,hele tlre tota1 reactiolr l,ate and bralrching fraction depend olr tłre electron en-

erg},, Besides direct electron irlrpact dissociations, electron irnpact dissociative
iorriztrtiorr will generate CH} (r : 0 to 5) and H2 to initiate ion-rnolecule reac-
tions to forrrr CH, (a :0 to 3) arrd H2, Herrce, a trrixture of H2, C2H" (z :2,4,6)
atrd C3H,,, (rn:3-6,B) catr be generated [1-30], With a rrrixture of CHł ()2 or
CHa CO2, refornring gas witłr adclitional CO or CHgOH can also be generated.
Hott.ever, the energy e{ficiency of rrrethane conversiol] obtairred by tron-tlrernral
pla,sttras (0.2 to 4 rrrrnol1J) are still not ideal, arrd are in the salne oldel of rrrag-

rritude as tlre ac al,c (2 to 5 lrirnol7'J) or higłr tenrperature oxidatiorr processes

[1-30]. A non-tlrernial plastna plocess, based on a flow stabilized corona discharge
s5,stern, is used for propane refornring. Proparle rłras used irrstead of rlatural gas,

sitlce pt,opane corrtairrs rriore lrydrogen pel trrolecrtle compared wit}r methane, attd
is still in gas plrase rrear atnrosplreric plessule, \Ioreover. liydrogelr procluctiotr
frorn h)rclrocarbon, by norl-thernal plasrrras, increases with irrcreasing C" [31].
Holvever, dtte to the lrigh Cr, soot formation rnust be corrsidered [32].

2.2 Plasma reforming of propane

Tl.pical plasnra refonnecl gas conrpositiolr as a functiotr of prinrary side power
(clrarging voltage) is shown irt Figs. 1 and 2. Figtiles 1 and 2 słlow tlrat signif-
icattt atnounts of liydrocarbons ancl lrl,drrigen were fornred during t}ie processes.

Propane (CsHs) r,r,,as r]ecomposed to forlri various lrydrocarborrs witłr tlre rela-
titlrtslrip (eth1.lerre ) hydrogerr ) ethane ) tnetłrane ) propylęrle, włrere tltis
lelatiorisltip lrralr ghąr*e deperrdirrg on operatirrg conditions for differełrt plasna
t,eactols). All hydrocarbotts ancl hydrogerr irrcrease witir itrcreasing applied powel,.

flp to 6 to 7% of łtyfl166ąlbons and 3 to 4% of hydrogen were plodrtced from the
10% proparte lriixed itt nitrogen, Tlre sarrre figure slrows that we obtain n€arl;,
50% hl,dlogen selectivity; wllen definirrg łlydrogeri production selectivity fronl
tota1 łrl,dlocarbon getrerateci as:

{Tota1 Concentratiorr Produced]

[Total Hyilrocarl,lon C.H, by-proclrrct concentration (r : O to 3)]

\itrogerr is rtsecl as a, less reacting balatlce gas, rvhere the optinlurrr concerrtration
of ()2 rt,itlr \2 balance can be obtairled fronr air 1l1. plessure sl,ving a,bsolption
(PSA), Argorr or Helittnr can also be trsed. Tire advantage of using tlrese balance
gases is tlrat tlrey do lrot easily prodrice urrdesired conrpottnds.

Enelgr- efficierrcy of łryclrogerr prodtrction is shorvn irl Fig. 3 as a ftttrction
of specific ellel,gv derisity (SED: electric powel irrprrt to reactor./gas flou, rate).
wirere tlre electlical polł,er irlptit frotn the secondary side ptrlse (0.1 to 0,3 W)
was used in tlre present calcrtlatiorr, Energy efficietlcy iticreases rvit}r increasing
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Figrrre 1. Hydrogen and hydrocarbon by-products generated by plasma as a function of applied
voltage in Nz-10% propane systems (at 20"C, Qs :0.5 Lf min, "f 

: 50 Hz ) [t9],
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Fqure 2. Hydrogen and hydrocarbon by-products generated by plasmas as a function of pulse
frequency in Nz-10% propane systems (at 20"C, Qg : 0.5 Lf mi1., Vp : lO V) [19l.

SED as expected. Approximately 219 g of hydrogen can be produced by 1 kWh
of electricity, where this value is of an order of magnitude higlrer tłran the other
non-thermal and thermal plasma methods (0.1 to 10 g [H2]/kWh) [1-30],

2.3 N2-C,H9 plasma chemistry

The mechanism of H2 formation is not well known. For the natural gas reforming
processes, the thernial dissociation process is expected to occur at gas tenrper-
ature ranges from B00 to 1B0O"C. Chang et al [32] proposed to replace thermal
dissociation reactions of methane by electron impact initiated plasma reactions to
produce this process under Iow gas temperature conditions (T9 <100oC) and H2
formation was confirmed.
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Figure 3. Energy efficiency of hydrogen production as a function of specific energy density (StrD)
(at 20"C, Qs :0.5 L/min, "f 

: 50 Hz) [19].

Based on available chenrical reaction inforrnation [33-36], the pla,sma chemical
kinetic nodel for N2-CrH9 systeln is proposed as follorł.s and summarized in Figs.
-l arrd 5.

€xHy

:"-@

_ cxttlrQ§y||

F'igure 4. Ionic chemistry for N2-C-H, plasmas.

Step I. Formation of active species

Since N2 is t}re dominant composition (>90) in N2-C,H, systems , the plasma is
generated orrly by electron impact plocesses with N2 and forrn N+, }trł, N*, Nz*
species as follows:

e(fast) t N2---+ N+, N2t, N(S), N(P), l,tr(D), Nz(A), etc. ] 2e or e (slow) (5)

wlrere N+ and N} aho react with Nz by tlrree body reactions to form Nf and Nf,
in a higlr gas plessule plasna and excited oI metastable N* and Nt can be also
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Figure 5. Neutral chemistry for N2-C,H, plasmas,

fiorned by a two-step electron ionization process.

§tep II. Formation of heavier positive ions and electronegative gases

Electron and ions lrtr} will react with hydrocarbon to produce positive ions C"H/,
C.HyNj, NH} as rvell as to form electronegative neutral species, H,r, lVHz,
C.HyN, where reaction rates larger than 10-11 cm3/sec for two body reactions
and 10-30 cm6/sec for three body reactions are considered in the present model.

§tep III. Formation of negative ions and initiation of recombination
processes

Eectron attachment processes also started to take place when electronegative

§Łqes were produced from step II and various negative ions will be formed from
negative ion-molecule reactions. ]rtrH;, H;, CrHi, CrHrN; will be forrned and
lhese positive and negative charged species recombine to form larger molecules as
ftrllows:

X+ + Y* --+ Z (larger molecules), (6)

X+ + Y- +N,f ---+ Z łM (unreact 3rd body) (7)

rlrere electron-ion volume recombinations normally form smaller molecules or
atoms as follows:

e+YZ- --+Y łZ,

e+YZ--lM--łY+Z+M.

All of tlrese processes are strmmarized in Fig. 4 wlrere the two and three bod1,
reaction rates larger than 10-11 cm3/s and 10-30 cm6/s, respectively, were onl_r
considered in this model.

(B)

(9)
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Step IV. Formation of heavier molecules

Based otr nitrogen radical leactions, tlre heavier molecules can be generated.
Agairr. NH., C"Hg, C,H,N", H, will be formed, where the reaction rates larger
tlrarr ]0 14 crrr3,/s were only considerecl arrd 10-12 crn-3/s were rnarked in Fig. 5,

Step V. Formation of stable molecules and aerosols

Atonr-molecule ancl n}olecule-molecule reactions will take place and stable mole-
cules will be gerrerated. However, due to the ion-indrrced aerosol particles for-
tnations as well as nolecule clustering reactions, some aelosol particles nay be
gerrerated frorrr the hydrocarbons. Based on tlrese processes] it is clearly the
plasrtra density tlrat plavs a rnajor role in tlre gerreration hydrogen or forrnation
of irydrocarbons.

3 Liquid fuel reforming

The objectives of t}re liquicl fuel reforming at,e:

o cracking of liquid fuel to less viscous lower CrH, fuel, wlrere tlre cracked
licluid fuel is also expected to be a less pollrrting fuel, i.e. generating less

soot fornrations [37-39];

o removal of pollutant elernents from firels sucłr as S, 1\, Cl, etc.; and

o generation of gaseous firels.

In order to nlaximize nass and heat transfers, tlre gas-liqtrid trł,o-phase flow is
used to rrraxirrrize gas-liquid interfacial area alrd velocity as r,vell as rnixing. The
nlost cornnrcln types of reactors are [39]:

1. fallilrg filrir type reactor;

2. bubbly flow colunrn reactor: and

3. Iiquid atomization corrntercurrent flow reactor. 
r
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. removal of rrretals and inorganics as fly and bottorrl ashes; and

o recYcling of solid waste as gaseous or liqrrid fuels and construction rnaterials
rrnreaclrable slugs.

Since solid plrase must be converted to liqrrid oI gas, orily tlrerrnal plasma
''.'Stem carr be used under reduction environrrrents [aO-az]. Typical tłrerrtlal plasnra
"',-rolysis products from waste automobile tires are shown irr Tab. l I42). Table 1
,]lorlS tlrat a relatively lrigh heating value fuel gas can be obtainecl frorn tlre
-]_ertrral plasnra pyrolysis of waste tires,

Table 1. Gas concentration and heating value from waste autorrlobile tire [32]

NIolecule concentratiorr Detection nretlrod
Hz 5-20% GC
Co 4-9% GC, FTIR
CzHz ,-qL7^ FTIR
CHł 0.6-3% GC, FTIR
QzIIl 0.5-I% F,TIR
OOz 0,5-7Yr: FTIR.
HzO F,TIR

I-L2% GO
SOz 80-300 ppm Detector
NO" 1 00-300 ppm Detector
Oz GC
Ar GC
Conrbrrstible gas I5-35%
(]ombustion }reat 4-7 M.Iim

5 Concluding reforming

- ]le main objectives of the plasma reforming are the cracking of hydroca,rbon to
, 
-*- CrH, oI even to hydrogerr level, and the thernral plasnra techniclue clemon-

,-rated the feasibility of solid and liquid fuel refornring wlrile the rron-therlnal
_a.srrra tecłrrrique achieved energy efficient refornling of gaseous arrd liquid fueis.

ir-l\\'€V€fl tlre energy efficiency of the plasma refornring depends significantly on
-re plasma Systenr used, An optirnizatiorr of the advance reactors and power sup_

_ies are required based orr higher }ryd1o*"r. yield or higher heatirrg syngas yielcl
-,itlr less toxic bl-prodttct fornlation.
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