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ABSTRACT

Existing energy generation processes emit CO, gas that is posing a seri-
ous problem of global warming and climate change. Chemical looping
combustion (CL C) coupled combined reforming (CR) isan innovative way
for clean energy generation and syngas production. A thermodynamic
analysisof CR of propane was done using Gibbs free minimization routine
of HSC Chemistry 5.1. The product stream of CL C reactor (mainly CO, and
H_,0O) was mixed with additional propane with/without oxygen (air) at 1 bar
pressure in the CR reactor and the product & byproduct yields with CO,
and H,O conversions was found within the temperature range 450-950 °C.
The objective of the paper isto identify the thermodynamic domain of the
process operation, study the variation of product distribution pattern and
describe the optimum conditions to maximize the yields of desired prod-
ucts with minimum undesired product formation. It was found that higher
CO, conversion to syngas would require higher energy from the CLC
reactor. Operation of the CR reactor at oxygen to carbon in propane ratio
0.2 above 650 °C was identified as the best operating point that gave a
good balance of CO, conversion, enthal py requirements and syngas gen-
eration with zero carbon and low methane formation. These calculations
were done for propane fuel and can also be used for other fuels.
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INTRODUCTION

“Fuel Reforming” is a well developed area in chemi-
cd engineeringfidd. Reformingmainly referstothecon-
version of fudl to aproduct stream mainly containing
syngasaongwith CO,, CH,, H,O and carbon. Syngas
isauseful value added product for many applications.
Syngas has been used asraw material to produce hy-
drocarbong*?, asfud inInterna Combustion (IC) en-
gines’®d, for synthesis of Liquefied Petroleum Gas
(LPG)"91, gasolinel’, alcohols!'*1¢, dimethyl

ethert’”18 asfuel in gasturbines'®*2¥, for usein coa
liquefaction?!, for usein co-firing and reburningina
cod fired boilert?, for synthesis of methanethiol®, as
fuel infuel cell§?4 and also to synthesize biofuelshy
syngasfermentation?. Partial oxidation (PO), steam
reforming (SR), autothermal reforming (ATR), dry re-
forming (DR), dry autothermal reforming (DATR), and
chemical looping reforming (CLR) for syngas produc-
tion areknown processesin chemical engineeringre-
search. Chemical looping combustion (CLC) isanew
processfor energy production that usesindirect oxida
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tionof fuel using an oxygen carrier completely to CO,
and H,0. Theproduct stream iscooledto separatethe
condensate water and pure CO, streamiscompressed
andinjected deepinto il fid dsfor enhanced oil recov-
ery thus preventing CO, pollution to atmosphere. But
thesdfety of thisCO, sequestration techniqueand cooling
of the CL C product stream to separate CO, and water
arenot theonly waysto processthe products of CLC.
CLC coupled combined reforming (CR) isanother way
for producing value added products such as syngas®.
The combined reforming processusesacataytic reac-
tor that combines steam reforming, dry reforming and
partia oxidation reactionsto produce syngasrich prod-
uct stream. Combined reformingisa so studied by many
researchers. Michad et d . have experimentdly stud-
iedthe PO, SR and DR of methane on RWALIO, cata-
lystsand produced syngas of variousratiosin onestep
process. Maestri et a .12 havereported microkinetic
modelsfor steam and dry reforming of methaneon Rh
catalystsand concluded that the overdl reactionrateis
first-order dependant on CH, concentration andinde-
pendent of the co-reactants (H,O or CO,). Li et a [
have studied thethermodynamicandysisof autotherma
steam and CO, reforming and reported optimum re-
former conditionsfor coke eimination. York et al %
have studied the carbon deposition and deactivationin
methane combined reforming (oxyforming). Choudhary
et al.*Y have reported reduced NdCoO, perovskite-
type mixed-oxide catalyst (Co dispersed on Nd,O,)
highly promising materia for carbon-freecombinedre-
forming of methaneto syngas. Song et d .2 have stud-
ied thethermodynamic analysisand experimental test-
ing of combined reforming of methanein afixed-bed
flow reactor and reported over 95% CH, conversion
and over 80% CO, conversion using Ni supported on
anoxidesubstratecatdyst. Leet a .= havestudied the
low temperature plasmacombination of sseam and dry
reforming and reported lower net productionof CO,
and possibility of eimination of CO, separationfrom
natural gasfor hydrogen generation. Nagvi et d .34 have
presented theideaof producing syngasfrom CO, and
steam to avoid carbon plugging of DR reactors.
Tomishige et a.* have experimental ly studied the f-
fect of oxygen addition to steam and dry reforming of
methane over Pt and Ni catalysts and reported the ef -
fective heet transfer from oxidation to reforming zones
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for Pt catalysts. Panczyk et al.®% have reported the
improved coking resistance of commercid cataysts
modified by small additions of promoterssuch asK,
Ba, Ce, W and Mo compoundsin experimental study
of CO, and steam reforming of n-butane. Qin et al.**"
have experimentdly studied the M gO-supported noble
metal catalystsfor combined reforming and reported
lower than equilibrium conversonsfor CH,.

A detailed thermodynamic analysis of the product
digtribution trend of the CR process has not been pub-
lishedinliteratureyet. Such an analysisisuseful to
determinetheoperational conditionsof CR reactor to
maximizetheyieldsof desired productsand minimize
the undesired product formation. The processenergy
requirement can be partialy or completely met by the
CLC processoperation asthe combined reformer can
operate with and without oxygen (air) addition. Pro-
pane (amajor component of LPG) was selected as
fuel for thisstudy.

THERMODYNAMICANALYSIS

Thermodynamic modeling for processesisdoneby
using programsthat mostly use Gibbsfreeenergy mini-
mi zation algorithms®¥ or software packageslikethe
equilibrium reactor moduleof Design1l, HYSY S As-
pen Plusor fluent software. HSC Chemistry software
version 5.15% has been used to generate the datafor
thisstudy. Thermodynamicequilibrium calculationsin
the Gibbsroutineare done using the Gibbsenergy mini-
mization method. The Gibbs program findsthe combi-
nation of most stabl e specieswherethe Gibbsenergy
of the system attainsits minimum at afixed massbal-
ance(acongtraint minimization problem), constant pres-
sure and temperature. Hence chemical reaction equa-
tionsare not required in theinput. This procedure of
using chemica speciesinstead of smultaneoussolution
of non-linear reaction equationsisfound beneficia by
many researchersand detail sabout Gibbsfreeminimi-
zationand HSC Chemigtry areavailablein earlier pub-
lications“?. ThespeciessuchasC H,(g), O, (9), N,
(9. CO, (9), H, (9), CO (9), H,0(g). CH, (@), H,0
(1) and C(s) are considered in thisstudy. Ethane (C,H,)
and other C2, C3 specieswereconsidered for thestudy
inpreliminary cases. Sincenegligibleformation of these
hydrocarbonswas observed, it was decided to neglect
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them infurther study. Theinput speciesare propane,
oxygen, nitrogen, water and CO, (al in gaseous phase)
reacting to givethe products. Thematerial and energy
bal ances are done by HSC Chemistry database and
theresultsmay bedifferent using different software. The
results presented arewithin reasonableerror limit. Any
other inertsin feed, product-byproduct formation is not
considered inthisstudy. The steam reforming, dry re-
forming and partia oxidation reaction chemistry for hy-
drocarbon fuelsiswell establishedinchemical litera
tureand henceno such detailsare presented inthis pa-
per. The productsof the CLC fuel reactor will bedif-
ferent for different systemsand operating parameters.
Theseare mixed with the additional fuel and oxygen
and fed to the CR reactor. The chemical reaction oc-
curringinsdeatypica CLC fud reactor (assumed for
thisstudy) using propaneasfuel and CaSO, asoxygen
carrier isrepresented as:

R1: C,H(g) +25CaS0O, = 2.5CaS(g) +4H,0(g) + 3CO,(9)

It isassumed that the CLC product stream con-
tainsonly CO, and H,O inratio 3:4 and change in
oxygen carrier doesnot alter thisratio asit depends
only on the fuel used. 1 mol propane along with 3
moles CO, and 4 molesH,O in feed have been used
for all cases. Thetemperaturerange of 450950 °C
at 1 bar pressure was used. As steam to carbon ratio
(S/C) and CO, to carbon in fuel ratio areimportant
parametersin steam and dry reforming processes, Smi-
larly variation of feed fuel rate at constant CO,: H,0
ratio isimportant factor to study thevariationin prod-
uct distribution of thisprocess, asthe combined (CO,
and H,0) stream of fixed ratio comesdirectly from
the CLC reactor. Hencevariation of input fuel (with-
out oxygen) in CR and variation of oxygenin CR re-
actor at constant fuel, CO, and H,0O inputswere the
two important casesidentified and process product-
enthal py distribution with reactant conversion trends
for thesetwo caseswas studied. Thevariation of feed
propane was done by gradually increasing themoles
from0.5to 1.5inintervalsof 0.5 molesat constant
CO, and H,Ofeedsinthefirst case (conditions: A, B
and C). In the second case, 1 mol propane, 3 mol
CO, and 4 mol H,0O were kept constant and OCPR
(oxygen to carbon in propane ratio) was increased
from0.2to 1.0inintervalsof 0.2 (conditions: B2, B4,
B6, B8 and B10). The effect on product gasyields,
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reactant conversions and process enthalpy at differ-
ent temperatures was analyzed and discussed.

RESULTSAND DISCUSSION

Theeffect of temperatureand feed variationin com-
bined reforming of propane on theequilibrium product
compositionsisanayzed and discussed in thissection.
Thetrend with regard to the variation of productswas
similar for both the cases of changein reactant propane
molesand changein OCPR ratio. A detailed analysis
along with agraphical representation of the datahas
been provided in the preceding section. Thermoneutral
temperatureisan important concept used in theresults
andysis. Thermoneutra temperaturecan beunderstood
asthat particular temperature at which thereactionen-
thal py becomeszeroi.e. thereisno requirement of ex-
terna energy (for heeting or cooling) tothesystem. This
condition isachieved when the net reaction enthal py
bal ancesthe exothermic and endothermic reactionsin
the process.

Processenthalpy

Reaction enthalpy is a very important entity in
chemica processes. Sincethe product streamof CLC
reactor will usually be at higher temperature, the only
externd heat required for the CR reactor will bemostly
cons &t of thereaction enthalpy of the CR reaction. The
reaction enthal py for combined reforming of propane
without oxygen was studied for molar feed val ues of
C,Hgvaryingfrom0.5t0 1.5, and theresultsare shown
infigure 1 (A-B-C). It is observed that the process
endothermicity increaseswithincreasein temperature
and alsowithincreasein C,H, feedrate. Thereaction
enthalpy for the CR processin thetemperaturerange
45010950 °C increases from 178 to 645 kJ, from 191
to 1000 kJ and from 205 to 1360 kJ for propanefeed
valuesof 0.5, 1.0 and 1.5 molesrespectively. There-
action enthal py in combined reforming of propanewith
oxygen addition wasstudied for OCPR va uesvarying
from0.2to 1.0 and theresultsareplotted infigure 1
(B2-B10). The point at which the enthalpy curve
touchesthetemperature axisisthethermoneutra point.
It isobserved that the processendothermicity increases
withincreaseintemperatureat constant OCPR and the
process endothermicity decreases with increase in
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OCPR at congtant temperature. Thereaction enthal py
vauesrangefrom-1.58 kJto 771.00 kJ (OCPR=0.2),
from -196 kJto 540 kJ (OCPR=0.4), from -390 kJ to
308 kJ (OCPR=0.6), from -587 kJ to 75.20 kJ
(OCPR=0.8) and from-792 to -158 kJ (OCPR=1.0)
withinthetemperaturerange450— 950 °C for the pro-
cess. Thethermo-neutral temperatures (within 450 —
950 °C range considered in this study) were observed
for OCPR values of 0.4, 0.6 and 0.8 and located at
537.55°C, 626.73°C and 873.13°C respectively.

1500

-500

-1000

e e
Figure 1: Reaction enthalpy in combined refor ming of
propane.

Hydrogen yield

Hydrogen isavaluable product of reforming pro-
cessesasit hasmany applicationsincluding useinfuel
cellsand syngasproduction. TheH, yield for combined
reforming of propanewithout oxygeninput wasstudied
and theresultsobtained are showninfigure 2 (A-B-
C). Itwasobservedthat theH, yield generdly increases,
reachesamaximum va ueand then decreaseswithin-
creasein CRtemperatureand theH, yieldisdirectly
proportional to themoles of C,H, infeed. The maxi-
mum hydrogenyieldfor increasein C,H, feedfrom 0.5
to 1.5moleswasfoundtobe3.14, 5.79 and 8.48 moles
at temperatures 667.5°C, 748°C and 827°C respec-
tively. However, it was a so found that the hydrogen
yield per mole propane feed declined from 6.28 (0.5
mol propane) to 5.79 (1 mol propane) and 5.65 (1.5
mol propane). TheH, yield for combined reforming of
propane (constant 1 mol) with gradual increasein oxy-
gen feed isaso showninfigure2 (B2-B10). Inthis
casetoo, it wasobserved that theH, yieldinitialy in-
creased, reached amaximum valueand then decreased
withincreasein CR temperature and thelower OCPR
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feed gavehigher hydrogenyield (T > 600°C). The maxi-
mum hydrogenyieldsfor increasein OCPR from 0.2
to 1.0 werefoundto be5.25, 4.71, 4.16, 3.56 and 2.9
molesat temperaturesof 706.5°C, 670.5°C, 636.5°C,
606.5 and 576°C respectively. The hydrogen yields at
thermo-neutra temperaturesfor OCPR vauesof 0.4,
0.6 and 0.8 were 3.19, 4.15 and 2.82 mol es respec-
tively. It isobserved that asthe OCPR increases, the
thermo-neutral temperaturesincrease, but theH, yield
firstincreasesand then decreases.

==+ A= (H2 @ Propane = 0.5)
8 =8 B =(H2 @ Propane = 1.0) s
== 'C=(H2 @ Propane = 1.5) s
~—#—B2 = (H2 @ OCPR=0.2)
74 et B4 = (H2 @ OCPR=0.4)
—8—B6 = (H2 @ OCPR=0.6)

B8 = (H2 @ OCPR=0.8) //

6
% === B10 = (H2 @ OCPR=1.0)

R P—
;
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Figure2: Hydrogen yield in combined refor ming of propane.

COvyidd

Carbon monoxideisadesired product for applica-
tionsthat use syngasasraw material and also can be
used insomefuel cellslikethe SOFC, butisstrictly a
poison for PEM FC although CO can be converted to
hydrogen using aseriesof WGSreactors, preferential
oxidation reactor / methanation reactor and then the
produced hydrogen stream can be used in PEMFC.
The COyieldfor combined reforming of propanewith-
out oxygen feed for variation in feed of C.H, moles
from0.5to 1.5isshowninfigure 3 (A-B-C). It was
observed that the COyield generally increaseswithin-
creasein CR processtemperatureand it isdirectly pro-
portional to thefeed molesof C H, at higher tempera-
tures. It was seen that the CO yield was similar for al
C,H, molar feed vauesat | ower temperature (<550°C),
but later increased with higher C,H, molar feed values
andthenincreased very dowly at higher temperatures.
Themaximum COyiedsfor increasein C,H, feedmoles
from 0.5t0 1.0and 1.5 werefound to be 2.40 moles,
4.56 moles, 6.63 molesrespectively at 950°C, while
the corresponding minimum CO yieldswerefound to
be 0.133 moles, 0.134 moles, 0.135 moles respec-
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tively at 450°C. The CO yield for combined reforming
of propanewith oxygenisshowninfigure 3 (B2-B10).
It was observed that the CO yield increased with in-
crease in CR temperature, but it decreased with in-
creasein OCPR at constant temperature. Higher CO
yield was favored by lower OCPR and higher tem-
peratures. The maximum CO yields for increasein
OCPR were found to be 4.09 moles (for OCPR =
0.2), 3.85 moles (for OCPR = 0.4), 3.08 moles (for
OCPR=0.6), 2.55moles(for OCPR =0.8) and 2.00
moles(for OCPR = 1.0) at 950°C, while the minimum
CO yields were found to be 0.167 (for OCPR 0.2),
0.183 (for OCPR = 0.4), 0.231 (for OCPR = 0.6),
0.256 (for OCPR = 0.8) and 0.24 (for OCPR = 1.0)
at 450°C. The CO yields at thermo-neutral tempera-
turesfor OCPR vauesof 0.4, 0.6 and 0.8 werefound
to be 0.98, 1.97 and 2.38 moles. Thus asthe OCPR
increased, thethermo-neutra temperatureand the CO
yield both increased.

== B10 = (CO @ OCPR=1.0)

400 500 600 700 800 900 1000

Temperature (deg. C)

Figure3: Carbon monoxideyield in combined refor ming of
propane.

CO, conversion

Themain objectiveof combined reforming process
isto utilize CO, to produce valuable products such as
hydrogen/ syngasand sometimes a so carbon asCNF
(carbon nanofilaments) formation has been reported by
someresearchersin CO, reforming“t“3, The estima-
tion of CO, conversion at various temperatures and
feed variationsisthereforeimportant. The CO, con-
version (%) obtained in combined reforming of pro-
pane without oxygen input was studied for variaionin
molar feed valuesof C.H,from0.5to 1.5and there-
asultswereplottedinfigure4 (A-B-C). It was observed
that the CO, conversioninitialy decreased withincrease
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inCR temperature(till 550 °C) but then increased with
temperaturefor al feed molar valuesof C H,.. Itisevi-
dent fromthegraphthat higher CO, conversionisfa-
vored by higher C.H, molar values and higher tem-
peratures. Themaximum CO, conversionsobtained for
C,H, feed moles of 0.5, 1 and 1.5 were found to be
30.00, 52.00 and 71.07 respectively at 950°C. The
CO, conversion for combined reforming of propane
with oxygen addition was studied for OCPR increase
from 0.2to 1.0 and theresultsobtained wereplottedin
figure4 (B2-B10). The CO, conversioninitially de-
creased for OCPR 0.2 and 0.4 but later increased for
OCPR 0.6, 0.8and 1.0, with increasein CR tempera-
ture. Itisseen fromthegraphthat higher CO, conver-
sions arefavored by higher temperatures and lower
OCPR. The negativevaueof CO, conversion depicts
more CO, emission fromthe process. The minimum
CO, conversion for oxygen additiontothe CR process
was found to be -75.67% at OCPR 1.0 and 450°C,
whilethe maximum CO, conversion wasfound to be
36.33 at 0.2 OCPR and 950°C. The CO, conversion
at thermo-neutra temperaturesfor OCPR vauesof 0.4,
0.6 and 0.8 werefound to be -33.82%, -32.21% and
-20.81% suggesting that thermoneutra operation of the
process at these points may not contributeto CO, se-
questration. It was observed that asthe OCPR increased
thethermo-neutral temperature and the CO, conver-
sion bothincreased.

&
:
S
[
g
g
H
5
8
&
c
S

Temperature (deg. C)

Figure4: CO, conversionin combined refor ming of propane.
CH, formation

Methaneformationisassumedinal reforming pro-
cesscaculationsasitisavery stablehydrocarbonand
ismostly present in products of reforming processes.
Although methaneformation leadstolossof hydrogen
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and carbonwhichisundesirablebut isnot toxic to the
downstream operations. The CH, yield in combined
reforming of propane without oxygen with varying the
propane moles in feed (from 0.5 to 1.5 moles) was
studied and theresultsobtained were plotted in figure 5
(A-B-C). Itwasobserved that the CH, yield generally
decreased with increasein CR temperatureandfinally
became zero for al cases. It was also seen that the
lower CH, yield wasfavored by lower propanefeeds
and higher temperatures. The methaneyield decreased
from 1.72 moles (450°C) to zero moles (950°C); from
1.20 moles (450°C) to zero moles (850°C) and from
0.74 molesto zero moles (750°C) for the propane feed
molesof 1.5, 1.0 and 0.5 molesrespectively. TheCH,
yieldfor variationin OCPR at constant propane, CO,
and water inputsto the CR reactor was studied and the
resultsareshowninfigure5 (B2-B10). It wasobserved
that the methane formation wasfavored at |ower tem-
peratures and lower OCPR. The methaneyieldsfor al
OCPR vauesfindly decreased to zerovalue at higher
temperatures. Themaximum CH, yieldswerefoundto
be 1.07 (OCPR = 0.2), 0.98 (OCPR = 0.4), 0.90
(OCPR = 0.6), 0.79 (OCPR = 0.8), 0.49 (OCPR =
1.0) at 450°C. It was also observed that as the OCPR
increased, thetemperaturesfor getting zero methane
yieldsdecreased. TheCH, yieldsat thermo-neutral tem-
peratures for OCPR values of 0.4, 0.6 and 0.8 were
found to be 0.71, 0.07 and 0.00 moles. Thusit was
observed that asthe OCPR increased, thethermo-neu-
tral temperatureincreased and the CH, yield decreased.

2

=+ 'A=(CH4 @ Propane = 0.5)
=8 B =(CH4 @ Propane = 1.0)

1.8 4

== C = (CHA @ Propane = 1.5)
161 . —4—B2 = (CH4 @ OCPR=0.2)
» N —+— B4 = (CH4 @ OCPR=0.4)
. 4 —8— 56 = (CH4 @ OCPR=0.6)
7 . BE = (CH4 @ OCPR=0.5)
Sl124 = \ —5=—R10 - (CH4 @ OCPR-1.0)
] ~a o L
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3
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Figure5: Methaneyield in combined refor ming of propane.

Syngas (H,+CO)yield

Thesyngas (H,+CO) yield isthemost important
component of thisthermodynamic study. Syngasisthe
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most useful product of reforming processes and has
multiple applications. Thesyngasyield in combined
reforming of propane without oxygen addition was
studied for variationinmolar feed valuesof C,H from
0.5 to 1.5 and the results obtained were shown in
figure 6 (A-B-C). It was observed that the syngas
yieldincreased with increasein CR temperaturetill a
certain temperature and then remained almost con-
stant. The syngasyield increased withincreasein pro-
panefeed. It was seen that the syngasyield increases
from 1.21(450°C) to 4.99 (750°C), increases from
1.59 (450°C) to 9.99 (850°C) and increases from
2.00t0 14.99 (950°C) for propane feeds of 0.5, 1.0
and 1.5 molesrespectively. Theresults of the syngas
yield in combined reforming of propanefor increase
inoxygeninput are showninfigure6 (B2-B10). The
syngasyield generdly showed declinewithincreasein
OCPR. It was seen from the graph that higher syngas
yield wasfavoured by higher temperaturesand lower
OCPR. Themaximum syngasyieldswerefound to be
8.80 (OCPR =0.2, T > 850°C), 7.60 (OCPR =0.4,
T > 750°C), 6.40 (OCPR = 0.6, T > 750°C), 5.20
(OCPR=0.8, T >750°C)and 4.00 (OCPR=1.0, T
> 650°C). The syngas moles obtained in the tempera-
turerange of 450— 950 °C ranged from 1.75 to 8.80,
1.87t0 7.60, 1.97 t0 6.40, 2.06 to 5.20 and 2.02 to
4.00 for OCPR increase from 0.2 to 1.0 showing a
decreasein range with increase in temperature and
OCPR. Thesyngasyieldsat thermo-neutral tempera-
turesfor OCPR valuesof 0.4, 0.6 and 0.8 werefound
tobe4.17,6.11 and 5.20 molesrespectively. It was
seen that asthe OCPR increased, the thermo-neutral
temperature increased and the syngasyieldfirst in-
creased and then decreased.

=+ A= [H2+CO @ Propane = 0.5)
=8 B=(H2:CO @ Propane = 1.0)
151 — = (H24c0 @ Propane=1.5) ‘H —re
—+—B2 = (H2+CO @ OCPR=0.2) /
13 | —+—Bd=(H2+CO @ OCPR=0.4)
=8 B6 = (H2+CO @ OCPR=0.6) /
B8 = (H2+CO @ OCPR=0.8)
1 —S—B10=(H2+CO @ OCPR=1.0)

400 500 600 700 800 900 1000

Figure6: Syngasyield in combined refor ming of propane.
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Syngasratio (H,/CO)

Syngasratioisanimportant factor for petrochemi-
cd manufactureby FT synthes sand thedesrablesynges
ratio rangeis0to 2. Thevariation of product syngas
ratioin combined reforming of propanefor increasein
molar feed of C.H,from 0.5to 1.5 without oxygenin-
put was studied and the results obtai ned were plotted
infigure 7 (A-B-C). It was observed that the syngas
ratio decreased with increasein CR temperaturefor al
cases. Theinitid decreasein the syngasratio wasvery
steep between 450 — 550°C, i.e. 8.12 to0 2.99, 10.90
to 3.75and 13.78 to 1.26 but later the decrease was
slow tofinal valuesof 1.08, 1.19 and 1.26 at 950°C
for propane feeds of 0.5, 1.0 and 1.5 moles respec-
tively. It was aso seen that higher propane in feed
showed higher syngasratio values. Thuslower syngas
ratiowasfavored by lower C,H, feed and at hightem-
peratures. Thevariation of product syngasratioin com-
bined reforming of propanewith increasein oxygento
feed was studied and theresultswere plotted infigure
7 (B2-B10). It is observed that the syngas ratio de-
creased rapidly at lower temperatures (450 — 550°C)
and then dowly decreased at higher temperatures. Thus
alower syngasratio wasfavoured by higher tempera
turesand higher OCPR. Thesyngasratiosintherange
of 4.00to 1.00 are obtained inthe temperature range
550—-950°C. The maximum syngas ratio values ob-
served at 450°C showed a decrease with increase in
OCPR, i.e. 9.46 (OCPR=0.2), 8.39 (OCPR=0.4),
7.53 (OCPR=0.6) till 7.03 (OCPR=0.8) before in-
creasngto 7.45 (OCPR=1.0). Thesyngasratio va ues
obtained at thermo-neutral temperatures for OCPR
valuesof 0.4, 0.6 and 0.8 werefound to be 3.25, 2.11

15

13 4 \g = A= (H2/CO @ Propane = 0.5)
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Figure7: Syngasratioin combined refor ming of propane.
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and 1.19 respectively. It wasobserved that asthe OCPR
increased, thethermo-neutra temperatureincreased and
the syngasratio decreased.

Carbonformation

Usually carbonisalso an undesired product of re-
forming processes; however carbonformationintheform
of CNF (carbon nano filament) has been proved valu-
ablein somedry reforming studies. Hence estimation of
carbonyiddfor variationsinfeed and temperaturewas
also studied. Theresultsobtained for variation of car-
bon yield at different propane feedsin combined re-
formingisshowninfigure8 (A-B-C). It wasobserved
that higher propanefeed resulted in higher carbonfor-
mation and the carbon formation decreased to zero at
higher temperatures. The carbon yield decreased from
0.42 (450°C) to zero (550 — 950°C), 1.81(450°C) to
zero (650 —950°C) and 3.07 (450°C) to zero (750°C
—950°C) for propane feed values 0f 0.5, 1.0 and 1.5
molesrespectively. The carbonyieldin combined re-
forming of propanewithincreasein oxygen additionwas
studied and the results were plotted in figure 8 (B2-
B10). It wasseenthat |ower carbonyield wasfavoured
by higher temperaturesand higher OCPR. Thecarbon
yields obtained at various OCPRsdecreased from 1.38
(450°C) to zero (650 — 950°C), 0.91 (450°C) to zero
(650—-950°C) and 0.42 (450°C) to zero (550 —950°C)
for OCPR valuesof 0.2, 0.4 and 0.6 respectively. No
carbon formation in the temperature range of 450 —
950°C was observed at OCPR values 0of 0.8 and 1.0.
The carbon yiel dsobtained at thermo-neutral tempera-
turesfor OCPR vauesof 0.4, 0.6 and 0.8 werefound
tobe0.29, 0.00 and 0.00. It was seen that asthe OCPR
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=== B2 = (C @ OCPR=0.2)
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Figure8: Carbon formation in combined r efor ming of
propane.
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increased, thethermo-neutra temperatureincreased and
the carbon formation decreased.

H,O conversion

Water isone of thefeed components of combined
reforming process. In combined reforming maximizing
CO, conversionisessentia,, but water conversion can
a solead to maximizesyngasyidd. Weater formationis
asoimminent in reforming processes. Hence process
conditionsfor maximizingwater conversionand mini-
mizing water formation in such processesareasoim-
portant study points. TheH, O conversionin combined
reforming of propanewas studied for molar feed values
of C,Hgvaryingfrom0.5to 1.5, without oxygen and the
results were plotted in figure 9 (A-B-C). It was ob-
served that the water conversion initialy increased,
reached amaximum valueand then decreased within-
creasein CR temperature and higher propanefeed re-
quired higher CR temperaturesyielding higher water
conversion a thosetemperatures. Somenegative water
conversion datapointsarealso observed at lower CR
temperatureindicating morewater formationinthe CR
process at those points, however positive water con-
versionisobserved above525°C for all cases. The H,O
conversion for combined reforming of propanewith
oxygen addition at various OCPR vaueswasplottedin
figure9 (B2-B10). The H,O conversion plot showed
thesimilar variation as seenin casewithout oxygen ad-
dition but with much lower conversionvauesfor all
OCPR cases. It was seen from the graph that higher
H,O conversionsarefavored at middletemperatures
(500-700°C) and lower OCPR conditions. The water
conversion va uesobtained at thermo-neutra tempera
turesfor OCPR vauesof 0.4, 0.6 and 0.8 werefound

Temperature (deg. C)

Figure9: H,O conversionin combined r efor ming of propane.
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to be 15.28, 7.25 and -29.39. Hence it was observed
that asthe OCPR increased, thethermo-neutral tem-
peratureincreased but thewater conversion decreased.

CONCLUSIONS

Thethermodynamic feasibility of using CLC prod-
uct stream for syngas production viacombined re-
forming processisstudied in this paper. Thetrends of
product formation for productssuchasH,, CO, CH,
and carbon along with CO, and H,O conversion and
reaction enthal py at different temperatures, for vary-
ing feed propaneto CO, & H,Oratio and for gradual
oxygen addition to the CR reactor was studied in de-
tail. In combined reforming CO, conversionisvery
important and it decreased with increasein OCPR.
Hence, lower OCPR and higher temperature seemed
optimum for CO, conversion from the CLC stream.
Lower OCPR would need additional heat from CLC
process. Thismight be permissibleasthenet heat from
CLC process is huge. Positive CO, conversion is
observed a C (al cases), B (above550°C), A (above
650°C), B2 (above 650°C), B4 (above 750°C), B6
(above 925°C), while the enthalpy requirements for
the process operating above 650°C are low in the
order B6 > B4 > A > B2 > B > C. The moles of
syngas generated above 650°C followed the pattern
A <B6<B4<B2<B <C. Itwas concluded that
higher CO, conversionto syngaswould requirehigher
energy from the CLC reactor. Operation of the CR
reactor with OCPR 0.2 above 650°C was found to
bethe best operating point from view of balanced CO,
conversion— enthalpy requirements — syngas genera-
tion with zero carbon and low methaneformation. The
combined reforming processtakes care of thehot CO,
obtained in CLC to generate syngas, thus solving the
expensive CO, sequestration issue. Experimental re-
sultswill further reaffirm the process capability.
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