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ABSTRACT 
Existing chemical processes emit CO2 gas that is posing a serious problem of global warming 
and climate change. CO2 reforming is a process to produce useful products such as synthesis gas 
(H2+CO). The drawbacks of CO2 reforming can be reduced by adding H2O feed to the reformer. 
A detailed thermodynamic study of combined reforming (CR) using (CO2+H2O) is reported in 
this paper. A thermodynamic analysis of combined reforming process starting from steam 
reforming and gradually shifting to dry reforming with intermediate steps of steam reduction and 
equivalent CO2 addition to the reformer feed was studied. Thermodynamic equilibrium data for 
combined reforming was generated for temperature range of 500-900 °C at 1 bar pressure and 
combined oxidant (CO2+H2O) stream to propane (fuel) ratio of 3, 6 and 9 by employing the 
Gibbs free energy minimization algorithm of HSC Chemistry software. Carbon formation was 
significantly reduced in combined reforming than pure dry reforming. Combined reforming was 
found to be more flexible in obtaining the desired syngas ratio. 

Key Words : Dry reforming, Steam reforming, Combined reforming, Synthesis gas, 
Hydrogen, Thermodynamic analysis 

 
INTRODUCTION 

CO2 is the most common environmental 
pollutant. Development of environmental 
friendly CO2 emission reduction processes / 
technologies are researched in many countries. 
However, CO2 utilization by conversion to 
value added products (e.g. syngas (H2+CO)) 
seems to be the only way to reduce CO2 
pollution. Dry reforming is a catalytic process 
that uses fuel and CO2 to convert it to syngas at 
high temperatures. Syngas is a highly valuable 
product. Syngas has been used as raw material 
to produce hydrocarbons 1,2  as fuel in Internal 
Combustion (IC) engines3-6 for synthesis of 
Liquefied Petroleum Gas (LPG)7-9, gasoline10, 
alcohols11-16dimethyl ether 17,18 as fuel in gas 
turbines19,20  for use in coal liquefaction 21, for 
use in co-firing and reburning in a coal fired 
boiler22, for synthesis of methanethiol 23, as 
fuel in fuel cells 24 and also to synthesize 
biofuels by syngas fermentation.25  
Although dry reforming process was known 
for a long time, the process suffered a major 
drawback of coking and deactivation of 

catalysts.   This   drawback   was   reduced   by  
adding steam to the process. The advantages of 
low coke formation and product syngas of 
desired syngas ratio were seen. However, some 
researchers reported the formation of carbon 
nanofilaments in their dry reforming 
studies.26,27 Hence complete elimination of 
carbon formation was not advisable in dry 
reforming. Combined reforming has been 
studied by many researchers. Maestri et al.28 
have reported microkinetic models for steam 
and dry reforming of methane on Rh catalysts 
and concluded that the overall reaction rate is 
first-order dependant on CH4 concentration 
and independent of the co-reactants (H2O or 
CO2). Choudhary et al.29 have reported reduced 
NdCoO3 perovskite-type mixed-oxide catalyst 
(Co dispersed on Nd2O3) highly promising 
material for carbon-free combined reforming 
of methane to syngas. Song et al.30  have 
studied the thermodynamic analysis and 
experimental testing of combined reforming of 
methane in a fixed-bed flow reactor and 
reported over 95% CH4 conversion and over 
80% CO2 conversion using Ni supported on an  *Author for correspondence 
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oxide substrate catalyst. Le et al.31 have studied 
the low temperature plasma combination of 
steam and dry reforming and reported lower 
net production of CO2 and possibility of 
elimination of CO2 separation from natural gas 
for hydrogen generation. Naqvi et al.32 have 
presented the idea of producing syngas from 
CO2 and steam to avoid carbon plugging of DR 
reactors. Panczyk et al.33 have reported the 
improved coking resistance of commercial 
catalysts modified by small additions of 
promoters such as K, Ba, Ce, W and Mo 
compounds in experimental study of CO2 and 
steam reforming of n-butane. Qin et al.34 have 
experimentally studied the MgO-supported 
noble metal catalysts for combined reforming 
and reported lower than equilibrium 
conversions for CH4. Arun et al.35 have 
experimentally studied the simultaneous steam 
and CO2 reforming of methane within 700°C 
to 850°C using a commercial steam reforming 
catalyst and found that the H2/CO ratio of the 
product synthesis gas varied from 4.3 to 3.7 
and from 4.8 to 4.1 depending on the feed 
composition and reaction temperature. Ross et 
al. 36 have focused on development of novel 
catalytic materials for steam reforming, dry 
reforming type of reactions for methane. Wang 
et al.37 have discussed the material balances for 
product distribution in pure steam reforming 
and pure dry reforming of propane. Kale et 
al.38 have studied the reforming using chemical 
looping combustion product stream (CO2 + 
H2O).  
Propane is a major constituent of Liquefied 
Petroleum Gas (LPG) which is widely 
available and hence is chosen for this study. 
The synthesis gas so obtained can be used as a 
feed for various processes like Fischer Tropsch 
(FT) to produce petrochemicals. The Fischer 
Tropsch process is a catalyzed reaction in 
which synthesis gas is converted into liquid 
hydrocarbons. Steam reforming (SR) and dry 
reforming (DR) are well known processes for 
syngas (H2+CO)/ hydrogen generation. SR is 
preferred for hydrogen generation and DR is 
preferred for syngas generation. Combined 
reforming uses a combination of steam 
reforming and dry reforming reactions to 
produce syngas rich product stream. The steam 
to propane ratio (SPR) in steam reforming and  

carbon dioxide to propane ratio (CPR) in dry 
reforming are important feed parameters the 
carbon refers to the carbon moles present in  
the fuel. Both H2O and CO2 supply oxygen to 
the fuel and they get reduced to H2 and CO 
respectively which adds up to the syngas moles 
generated from the carbon and hydrogen of the 
fuel. These oxidants can be combined in 
suitable ratios for reforming to obtain syngas 
of desired syngas ratio. The objective of this 
thermodynamic study is to study the combined 
reforming to achieve these criteria. The study 
is planned in steps such as to start by pure 
steam reforming and gradually add CO2 and 
reduce equivalent H2O from the feed and study 
the product distribution trends. Pure steam 
reforming and dry reforming studies have been 
published, but combined reforming studies 
have not been published in literature yet. Such 
an analysis is useful to determine the 
operational conditions of CR reactor to 
maximize the yields of desired products and 
minimize the undesired product formation.  

AIMS  AND  OBJECTIVES 
The objective of the project is to identify the 
thermodynamic domain for the operation of 
combined reforming process of propane, study 
the variation of product distribution pattern 
and describe the optimum conditions to 
maximize the yield of desired products and 
minimize undesired product formation by 
equilibrium and thermodynamic analysis.  

MATERIAL AND METHODS 
The thermodynamic equilibrium data for this 
study were generated by HSC Chemistry 
software v5.11.39 This software uses the 
popular Gibbs free minimization technique to 
find the equilibrium composition of the 
system. These data points can also be 
generated by other commercial software like 
HYSYS, Design II, Aspen Plus, and Fluent or 
also by programming the algorithm in C++, 
JAVA or MATLAB. The particular advantage 
with HSC chemistry is that it works using 
species rather than chemical equations and 
hence can work in conditions where exact 
number and nature of chemical reaction 
equations are not known. The amount of input 
species  and  desired  output  species  are  to be  
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defined along with temperature and pressure 
conditions and the software calculates the 
equilibrium compositions. HSC Chemistry 
software has been used for thermodynamic 
analysis  of  various  processes.40-45   1  mole  of 
propane is used as fuel for all conditions in this 
study while oxidant (H2O+CO2) to propane ratios 
(Ox/P) chosen for this study were 3, 6 and 9. 
These feed conditions for CO2 and steam input 

per mole of propane input are shown in Table 1. 
The reforming process species such as CH4, CO, 
CO2, C3H8, H2, H2O (all in gaseous phase) and 
carbon (solid) were considered in the study. At 
each ratio condition, the steam was gradually 
decreased (by 1 mole) with equivalent CO2 
addition and equilibrium compositions were 
calculated. The calculations were done within 
500 – 900 ºC at 1 bar pressure. 

Table 1: Combined reforming feed conditions  

Feed       
conditions 

Input moles         
of propane 

Input moles        
of CO2 
(CPR) 

Input moles            
of H2O 
(SPR) 

Oxidant to 
propane ratio 

(OxPR) 

A0 1 0 3 3 

A1 1 1 2 3 

A2 1 2 1 3 

A3 1 3 0 3 

B0 1 0 6 6 

B1 1 1 5 6 

B2 1 2 4 6 

B3 1 3 3 6 

B4 1 4 2 6 

B5 1 5 1 6 

B6 1 6 0 6 

C0 1 0 9 9 

C1 1 1 8 9 

C2 1 2 7 9 

C3 1 3 6 9 

C4 1 4 5 9 

C5 1 5 4 9 

C6 1 6 3 9 

C7 1 7 2 9 

C8 1 8 1 9 

C9 1 9 0 9 
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RESULTS AND DISCUSSION 
Complete conversion of propane was seen in 
all the cases. The product yield was similar in 
cases of Ox/P ratios of 3, 6 and 9. Hence the 
product yields for Ox/P = 6 was presented in 
the figures.  
Total hydrogen (H2+CO) potential 
Total hydrogen potential of a process is the 
sum of moles of hydrogen and carbon 
monoxide obtainable in the process. This 
terminology is very useful to identify and rank 
fuels for syngas production processes. It is 
assumed that CO can be converted to hydrogen 
by coupling a series of WGS reactors to the 
CR reactor. Fig.  1 shows the variation of total 
hydrogen moles obtained at different 
temperatures, SPR and CPR for Ox/P=6. It was 
observed that the total hydrogen obtainable 
increased with increase in temperature till 
800°C and later saturated for all process 
conditions and total hydrogen moles decreased 
with decrease in SPR at constant temperature. 
The moles of total hydrogen produced for case 
B0, increased from 3.23 moles (500°C) to 
10.00 moles (900°C) whereas for case B6, it 
increased from 1.47 moles (500°C) to 10.00 
moles (900°C). The moles of total hydrogen 
produced increased from 2.26 moles (500°C) 
to 10.00 moles (900°C) for case B3 and it 
decreased from 6.42 moles (B0) to 3.91 moles 
(B6) at 600°C. The maximum total hydrogen 
obtained at 900°C was 10.00 moles for all 
conditions of SPR and CPR, while the 
minimum was 1.47 moles  at  500 °C  for  case  

B6. Similar observations were seen for the 
other cases of Ox/P=3 and Ox/P =9. For 
Ox/P=3 the moles of total hydrogen formed 
increased with increase in temperature and 
decreased with decrease in SPR at constant 
temperature, for case A0, it increased from 
2.19 moles (500°C) to 9.62 moles (900°C) 
whereas for other extreme condition A3, it 
increased from 1.31 moles (500°C) to 9.59 
moles (900°C). The moles of total hydrogen 
produced, for case A1, increased from 1.88 
moles (500°C) to 9.61 moles (900°C) and it 
decreased from 4.39 moles (A0) to 3.06 moles 
(A3) at 600°C. The maximum total hydrogen 
obtained at 900°C was 9.62 moles for case A0, 
while the minimum was 1.31 moles for case 
A3 at 500°C. Similarly, for the Ox/P=9 
condition, it was observed that the total 
hydrogen obtained, increased with increase in 
temperature till 800°C and later became 
constant for all process conditions and it 
decreased with decrease in SPR at constant 
temperature. The moles of total hydrogen 
formed for case C0, increased from 4.37 moles 
(500°C) to 10 moles (900°C) whereas for case 
C9, it increased from 1.64 moles (500°C) to 10 
moles (900°C). The moles of total hydrogen 
produced for case C5, increased from 2.66 
moles (500°C) to 10 moles (900°C) and it 
decreased from 7.85 moles (C0) to 4.78 moles 
(C9) at 600°C. The maximum total hydrogen 
obtained was 10.00 moles above 850°C for all 
conditions of SPR and CPR, while the 
minimum was 1.64 moles for case C9 at 
500°C.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Total hydrogen (syngas) yield in combined reforming (Ox/P=6) 
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Syngas ratio (H2/CO) 
Syngas is the basic reactant for petrochem-
icals. Hence syngas can be preferably 
manufactured by CR propane process. More-
over the syngas ratio in the range of 1–3 
(desirable for use in petrochemical manufac-
ture) is easily obtained in this process. Fig.  2 

shows the variation of syngas ratio as a 
function of temperature, SPR and CPR for 
Ox/P=6. It was observed that the syngas ratio 
obtained decreased with increase in 
temperature for all process conditions and 
decreased with decrease in SPR at constant 
temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 : Syngas ratio in combined reforming (Ox/P=6) 

The syngas ratio for case B0, decreased from 
16.07 (500°C) to 3.15 (900°C) whereas for 
case B6, it decreased from 2.60 (500°C) to 
0.42 (900°C). The syngas ratio obtained for 
case B3, decreased from 6.07 (500°C) to 1.10 
(900°C) and it decreased from 3.88 (B0) to 
0.51 (B6) at 700°C. The maximum syngas 
ratio depicted was 16.07 at 500 °C for case B0, 
while the minimum syngas ratio was found to 
be 0.42 at 900°C for B6 case. Similar 
observations were seen for the other cases of 
Ox/P=3 and Ox/P =9. For Ox/P=3, the product 
gas  syngas ratio decreased with increase in 
temperature and decreased with decrease in 
SPR at constant temperature. The syngas ratio 
obtained for case A0, decreased from 18.24 
(500°C) to 2.34 (900°C) whereas for case A3, 
it decreased from 5.21 (500°C) to 0.67 
(900°C). The syngas ratio for case A1, 
decreased from 11.72 (500°C) to 1.51 (900°C) 
and it decreased from 3.23 (A0) to 0.99 (A3) at 
700°C. The maximum syngas ratio obtained 
was 18.24 at 500°C for case A0, while the 
minimum syngas ratio was found to be 0.67 at  

900°C for case A3. For Ox/P=9 condition, 
syngas ratio formed, decreased with increase in 
temperature and decreased with decrease in 
SPR at constant temperature. The syngas ratio 
for case C0, decreased from 21.62 (500°C) to 
3.95 (900°C) whereas for C9 case, it decreased 
from 1.73 (500°C) to 0.30 (900°C). The syngas 
ratio for case C5, decreased from 4.46 (500°C) 
to 0.91 (900°C) and it decreased from 5.30 
(C0) to 0.38 (C9) at 700°C. The maximum 
syngas ratio obtained was 21.61 at 500°C for 
case C0, while the minimum was 0.30 at 
900°C for case C9. Thus combined reforming 
process can be used to generate the syngas of 
desired syngas ratio. 
Methane formation 
Methane is not a desirable product of 
combined reforming, but is inevitably formed 
in this process. Fig. 3 shows the moles of 
methane formed in the CR of propane as a 
function of temperature, SPR and CPR at 1 bar 
pressure for Ox/P=6 case. It was observed that 
the methane formation decreased with increase 
in process temperature in all cases.
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Fig. 3 : Methane formation in combined reforming (Ox/P=6) 

Methane yield decreased with decrease in SPR at 
lower temperatures (upto 575°C) but it first 
increased slightly and then decreased at higher 
temperatures while reverse trend observed for 
decrease in CPR. It was observed that for 
Ox/P=6, methane formation for case B0, 
decreased from 1.692 moles (500°C) to 0.002 
moles (900°C); while for other extreme case i.e. 
B6, it decreased from 0.279 moles (500°C) to 
0.001 moles (900°C). Similarly, for the middle 
case B3, the CO4 moles decreased from 0.897 
moles (500°C) to 0.002 moles (900°C). Methane 
yield decreased from 1.331 moles (B0) to 0.233 
moles (B6) with decrease in SPR at 550°C while 
for higher temperatures, it first increased from 
0.178 moles (B0) to 0.208 moles (B2) and then 
decreased to 0.093 moles (B6) at 700°C. The 
maximum methane yield found at 500°C was 
1.692 moles for case B0 and the minimum of 
0.000 moles were noted for case B6 at 900°C. 
Similar observations were seen for the other 
cases of Ox/P =9 and for Ox/P =3 with increased 
in temperature but with decreased in SPR, for 
Ox/P =3, methane formation was decreased and 
for Ox/P =9 it was first increased and then 
decreased. For Ox/P=3, the methane formation 
for case A0, decreased from 1.533 moles 
(500°C) to 0.094 moles (900°C), for case A1, it 
decreased from 1.098 moles (500°C) to 0.069 
moles (900°C) while for case A3, it decreased 
from 0.464 moles  (500°C)  to  0.031  moles  
(900°C).  

The methane yield decreased with decrease in 
SPR i.e. it decreased from 0.666 moles (A0) to 
0.214 moles (A3) at 650°C. The maximum 
methane formation was found to be 1.533 
moles at 500°C for case A0, while minimum 
was found to be 0.031 moles at 900°C for case 
A3. For Ox/P=9, the methane formation for 
case C0 decreased from 1.408 moles (500°C) 
to 0.001 moles (900°C), for case C5, it 
decreased from 0.836 moles (500°C) to 0.001 
moles (900°C) while for case C9, it decreased 
from 0.200 moles (500°C) to 0.000 moles 
(900°C). Methane yield first increased and 
then decreased with decrease in SPR i.e. it first 
increased from 0.980 moles (C0) to 1.189 
moles (C2) and then it decreased to 0.169 
moles (C9) at 550°C. The maximum methane 
formation was found to be 1.627 mole at 
500°C for case C2, while minimum was found 
to be 0.00 mole at 900°C for all conditions of 
Ox/P=9. 
Carbon formation 
Carbon is also an undesired component of 
reforming processes (except the nanocarbons) 
as it deactivates the catalyst and increases 
pressure drop in reactors. Dry reforming 
process always had this as major problem. 
Combined reforming uses steam to reduce this 
problem. The carbon formation at different 
temperatures, SPR and CPR for Ox/P=6 is 
shown in Fig. 4.  
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Fig 4 :  Carbon formation in combined reforming (Ox/P=6) 

As seen from the figure, the carbon formation 
increased with the increase in CPR, but 
decreased with increase in SPR, and decreased 
with increase in temperature. For case B6, the 
moles of carbon formed decreased from 3.71 
moles (500°C) to 0.00 moles (above 700°C), 
for case B3, it decreased from 2.07 moles 
(500°C) to 0.00 moles (above 675°C). 
Similarly, for case B0 i.e. pure steam 
reforming case, zero carbon formation was 
seen at all temperatures and it decreased from 
3.32 moles (B6) to 0.00 moles (B0) at 550°C. 
The maximum carbon formation of 3.71 moles 
was observed only in case B6 at 500°C, and 
zero moles for higher temperatures for all CPR 
and SPR. Similar observations were noted for 
Ox/P=3 and Ox/P =9. For Ox/P=3, moles of 
carbon formed decreased with increase in SPR 
at constant temperature and decreased with 
increase in temperature except pure steam 
reforming condition i.e. for case A0. In the A3 
case moles of carbon formed decreased from 
3.42 moles (500°C) to 0.14 moles (900°C); 
while for A1 case, it decreased from 1.86 
moles (500°C) to 0.05 moles (900°C), but for 
case A0, it slightly increased from 0.84 
(500°C) to 0.94 (550°C) and later decreased to 
0.00 moles (900°C) and it decreased from 3.22 

moles (A3) to 0.94 moles (A0) at 550°C. The 
maximum carbon formation of 3.42 moles was 
observed only in case of (A3) at 500°C and 
zero for A0 case at 900°C. Similarly for 
Ox/P=9 condition, in case C9, the moles of 
carbon formed decreased from 3.78 moles 
(500°C) to 0.00 moles (above 650°C). Zero 
carbon formation was observed at all 
temperature for cases C0, C1 and C2 and 
moles of carbon formed decreased with 
increase in SPR at constant temperature i.e. it 
decreased from 3.24 moles (C9) to 0.00 moles 
(C0) at 550°C. The maximum carbon 
formation of 3.78 moles was observed only in 
C9 case at 500°C. 
CO2 conversion 
Fig. 5 shows effect of change in the CPR and  
SPR with temperature on CO2 conversion in 
the combined reforming process for Ox/P=6. 
Negative CO2 conversion denotes net CO2 
formation in the process. It was observed that 
the CO2 conversion first slightly decreased 
then increased with increase in temperature 
from 500°C to 900°C except pure dry 
reforming condition (case B6). Also an 
increasing trend for the CO2 conversion was 
observed for decrease in the SPR at constant 
temperature. The CO2 conversion for case B6 
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increased from 23.23 % (500°C) to 67.59 % 
(900°C).The CO2 conversion first slightly 

decreased from -8.54% (500°C) to -10.15% 
(550°C) and then increased to 49.33% (900°C) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.5 : CO2 conversion in CR of propane (Ox/P=6) 

for case B2 and with decrease in SPR, it 
increased from -44.23% (B1) to 40.06% (B6) at 
650°C. The maximum CO2 conversion was 
found to be 67.59% at 900°C for case B6 while 
the minimum CO2 conversion was found to be -
74.03% at 550°C for case B1. In Ox/P=3 
condition, it was observed that for all cases of 
CPR=1 (A1) to CPR=3 (A3), the CO2 
conversion increased with  increase in 
temperature from 500°C to 900°C except at 
temperature 550°C where it decreased slightly. 
A decreasing trend for the CO2 conversion was 
observed for increase in the SPR=0 (A3) to 
SPR=2 (A1) for constant temperature. The CO2 
conversion for case A3 was increased from 
36.41 % (500°C) to 96.89 % (900°C) along 
with temperature with slight decrease initially; 
for case A2, it was increased from 32.16 % 
(500°C) to 96.75 % (900°C) and for case A1, it 
increased from 11.03 % (500°C) to 95.83 % 
(900°C) and with increase in SPR, it decreased 
from 48.64% (A3) to 23.37% (A1) at 650°C. 
The maximum CO2 conversion was found to be 
96.89% at 900°C for case A3 while the 

minimum CO2 conversion was found to be 
7.45% at 550°C for case A1. Similarly for 
Ox/P=9 condition, it was observed that for all 
CPR’s i.e. from C1 to C9, the CO2 conversion 
increased with increase in temperature from 
500°C to 900°C. An increasing trend for the 
CO2 conversion was observed for decrease in 
the SPR from 9 to 0 at constant temperature. 
The CO2 conversion for case C9, increased 
from 17.55 % (500°C) to 52.09 % (900°C) 
along with temperature while for C1 case, the 
conversion was increased from -117.66 % 
(500°C) to -31.82 % (900°C) with initial slight 
decrease. Same trend was observed in all cases 
of SPR and CPR and with decrease in SPR, it 
increased from -101.79% (C1) to 36.39% (C9) 
at 650°C. The maximum CO2 conversion was 
found to be 52.09% at 900°C (case C9) and the 
minimum CO2 conversion was found to be -
125.20% at 550°C for case C1.The negative 
conversion showed surplus CO2 formation at 
the process conditions. 
The extreme conditions for each case are 
tabulated in Table 2. 
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Table 2 : Extreme conditions in combined reforming 

Oxidant 
to 

propane 
Ratio 

(Ox/P) 

Product Considered Maximum Value Minimum Value 

3 

Hydrogen yield 6.74 moles (900°C, A0) 1.10 moles (500°C, 
A3) 

CO yield 5.73 moles (900°C, A3) 0.11 moles (500°C, 
A0) 

Methane formation 1.533 moles (500°C, A0) 0.031 moles (900°C, 
A3) 

Total hydrogen 9.62 moles (900°C, A0) 1.31 moles (500°C, 
A3) 

Syngas ratio 18.24 (500°C, A0) 0.67 (900°C, A3) 
Carbon formation 3.42 moles (500°C, A3) 0.00 (900°C, A0) 
CO2 conversion 96.89% (900°C, A3) 7.45% (550°C, A1) 
H2O conversion 97.61% (900°C, A0) -110.63% (500°C, 

A2) 

6 

Hydrogen yield 7.67 moles (775 & 800°C, 
B0) 

1.06 moles (500°C, 
B6) 

CO yield 7.05 moles (900°C, B6) 0.19 moles (500°C, 
B0) 

Methane formation 1.692 moles (500°C, B0) 0.00 (900°C, B6) 
Total hydrogen 10.00 moles (900°C, All 

conditions of  Ox/P = 6) 
1.47 moles (500°C, 
B6) 

Syngas ratio 16.07 (500°C, B0) 0.42 (900°C, B6) 
Carbon formation 3.71 moles (500°C, B6) 0.00 (above 700°C, 

All condition of  Ox/P 
= 6) 

CO2 conversion 67.59% (900°C, B6) -74.03% (550°C, B1) 
H2O conversion 62.62% (725°C, B0) -176.83%  (500°C, 

B5) 

9 

Hydrogen yield 8.22 moles (750°C, C0) 1.04 moles (500°C, 
C9) 

CO yield 7.69 moles (900°C, C9) 0.19 moles (500°C, 
C0) 

Methane formation 1.627 moles (500°C, C2) 0.00 (900°C, All 
conditions of  Ox/P = 
9) 

Total hydrogen 10.00 moles (above 850°C, 
All conditions of  Ox/P = 9) 

1.64 moles (500°C, 
C9) 

Syngas ratio 21.61 (500°C, C0) 0.30 (900°C, C9) 
Carbon formation 3.78 moles (500°C, C9) 0.00 (above 650°C, 

All conditions of  
Ox/P = 9) 

CO2 conversion 52.09% (900°C, C9) -125.20% (550°C, C1) 
H2O conversion 48.11% (700°C, C0) -205.00% (500°C, C8) 
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CONCLUSION 
A thermodynamic analysis of combined 
reforming of propane was done (in steps) to 
map the effect of temperature, SPR, CPR on 
the product distribution pattern at 1 bar 
pressure and 500-900°C temperature range. 
This process seems highly favorable for syngas 
production. It was concluded that syngas can 
be generated, with minimum carbon formation 
using the combined reforming process instead 
of pure steam or pure dry reforming. In the 
combined reforming process at different 
conditions such as SPRs from 0 to 6 and CPRs 
from 6 to 0 (for Ox/P=6), the carbon formation 
was observed at lower reforming temperatures 
(<600°C) for most cases, hence these process 
conditions may not be used, whereas at higher 
reforming temperatures (>725°C), the carbon 
formation was almost zero in all cases. The 
optimum conditions i.e. desired temperature 
where carbon formation is zero and maximum 
syngas is produced, were found to be different 
for different feed cases. The reforming 
condition of SPR=2, CPR=4 at 675°C was 
found to be the best condition to operate at a 
temperature below 700°C. At this condition, 
the syngas obtained was 8.15 moles per mole 
of propane. Similarly, the reforming condition 
of SPR = 1, CPR=5 at 700°C was found to be 
the best condition (9.08 moles). It was 
concluded that the formation of undesirable 
products i.e. carbon and methane decreased 
with temperature. At higher temperatures, it 
was observed that the total hydrogen moles 
remain almost constant (around 10 moles), but 
the syngas ratio decreased slightly (as H2 
decreased and CO increased at higher 
temperatures). The CO2 utilization was seen at 
higher temperatures.  

REFERENCES 
1. Jun K. W., Roh H. S., Kim K. S., Ryu J. S. 

and Lee K.W., Catalytic investigation for 
Fischer–Tropsch synthesis from bio-mass 
derived syngas, Appl. Catal., A, 259 (2), 
221-226, (2004). 

2. Riedel T., Claeys M., Schulz H., Schaub 
G., Nam S. S., Jun K. W., Choi M. J., 
Kishan G. and Lee K.W., Comparative 
study of Fischer–Tropsch synthesis with 
H2/CO and H2/CO2 syngas using Fe- and 

Co-based catalysts, Appl. Catal., A, 186 
(1-2), 201-213, (1999). 

3. Baratieri M., Baggio P., Bosio B., 
Grigiante M. and Longo G. A., The use of 
biomass syngas in IC engines and CCGT 
plants: A comparative analysis, Appl. 
Therm. Eng., 29 (16), 3309-3318, (2009). 

4. Rakopoulos C. D. and Michos C. N., 
Development and validation of a multi-
zone combustion model for performance 
and nitric oxide formation in syngas fueled 
spark ignition engine, Ene. Convers. 
Manage., 49 (10), 2924-2938, (2008). 

5. Rakopoulos C. D., Michos C. N. and 
Giakoumis E. G., Availability analysis of a 
syngas fueled spark ignition engine using a 
multi-zone combustion model, Ene., 33 
(9), 1378-1398, (2008). 

6. Shah A., Srinivasan R., Filip II S. D. and 
Columbus E. P., Performance and 
emissions of a spark-ignited engine driven 
generator on biomass based syngas, 
Bioresour.Technol., 101 (12),  4656-4661, 
(2010).  

7. Zhang Q., Li X., Asami K., Asaoka S. and 
Fujimoto K., Direct synthesis of LPG fuel 
from syngas with the hybrid catalyst based 
on modified Pd/SiO2 and zeolite, Catal. 
Today, 104 (1), 30-36, (2005). 

8. Asami K., Zhang Q., Li X., Asaoka S. and 
Fujimoto K., Semi-indirect synthesis of 
LPG from syngas: Conversion of DME 
into LPG, Catal. Today, 106 (1-4), 247-
251, (2005). 

9. Ge Q., Lian Y., Yuan X., Li X. and 
Fujimoto K., High performance Cu–
ZnO/Pd-β catalysts for syngas to LPG, 
Catal. Commun., 9 (2), 256-261, (2008). 

10. Martýnez A., Valencia S., Murciano R., 
Cerqueira H. S., Costa A. F. and Aguiar E. 
F. S., Catalytic behavior of hybrid 
Co/SiO2-(medium-pore) zeolite catalysts 
during the one-stage conversion of syngas 
to gasoline, Appl.Catal. A, 346 (1-2), 117-
125, (2008). 

11. Inoue M., Miyake T., Takegami Y. and 
Inui T., Direct alcohol synthesis from 
syngas on Ru-Mo-Na/Al2O3 catalysts: 
Effects of physical properties of alumina 
supports, Appl Catal, 29 (2), 285-294, 
(1987). 



J. Environ. Res. Develop. 
Journal of Environmental Research And Development             Vol. 7 No. 3, January-March 2013 

1163 

12. Inoue M., Miyake T., Yonezawa S., 
Medhanavyn D., Takegami Y. and Inui T., 
Direct synthesis of alcohols from syngas 
on Ru-Mo-Na2O/Al2O3 catalysts: 
synergistic effect of Ru and Mo, J. Mol. 
Catal., 45 (1), 111-126, (1988). 

13. Xiang M., Li D., Li W., Zhong B. and Sun 
Y., Synthesis of higher alcohols from 
syngas over K/Co/β-Mo2C catalysts, Catal. 
Commun., 8 (3), 503-507, (2007). 

14. Gang L., Chengfang Z., Yanqing C., 
Zhibin Z., Yianhui N., Linjun C. and Fong 
Y., Synthesis of mixed alcohols from CO2 
contained syngas on supported 
molybdenum sulfide catalysts, Appl. 
Catal., A, 150 (2),  243-252, (1997). 

15. Jiang T., Niu Y. and Zhon B., Synthesis of 
higher alcohols from syngas over Zn-Cr-K 
catalyst in supercritical fluids, Fuel 
Process. Technol., 73 (3), 175-183, (2001). 

16. Zhang H., Yang X., Zhou L., Su Y. and 
Liu Z., Conversion of syngas to higher 
alcohols over Cu-Fe-Zr catalysts induced 
by ethanol, J. Nat. Gas Chem., 18 (3), 337-
340, (2009). 

17. Brown D. M., Bhatt B. L., Hsiung T. H., 
Lewnard J. and Waller F. J., Novel 
technology for the synthesis of dimethyl 
ether from syngas, Catal. Today, 8 (3), 
279-304, (1991). 

18. Lu W.Z., Teng L. H. and Xiao W.D., 
Simulation and experiment study of 
dimethyl ether synthesis from syngas in a 
fluidized-bed reactor, Chem. Eng. Sci., 59 
(22-23) , 5455-5464, (2004). 

19. Walton S. M., He X., Zigler B. T. and 
Wooldridge M. S., An experimental 
investigation of the ignition properties of 
hydrogen and carbon monoxide mixtures 
for syngas turbine applications, Proc. 
Combust. Inst., 31 (2), 3147-3154, (2007). 

20. Kim Y. S., Lee J. J., Kim T. S., Sohn J. L. 
and Joo Y. J., Performance analysis of a 
syngas-fed gas turbine considering the 
operating limitations of its components, 
Appl. Energy, 87 (5), 1602-1611, (2010). 

21. Batchelder R. P. and Fu Y. C., Evaluation 
of use of syngas for coal liquefaction, Ind. 
Eng. Chem. Proc. Des. Dev., 18 (4), 594-
599, (1979). 

22. Wu K. T., Lee H. T., Juch C. I., Wan H. 
P., Shim H. S., Adams B. R. and Chen S. 
L., Study of syngas co-firing and reburning 
in a coal fired boiler, Fuel, 83 (14-15), 
1991-2000, (2004). 

23. Chen A., Wang Q., Li Q., Hao Y., Fang 
W. and Yang Y., Direct synthesis of 
methanethiol from H2S-rich syngas over 
sulfided Mo-based catalysts, J. Mol. Catal. 
A: Chem., 283 (1-2), 69-76, (2008). 

24. Colpan C.O., Dincer I. and Hamdullahpur 
F., Thermodynamic modeling of direct 
internal reforming solid oxide fuel cells 
operating with syngas, Int. J. Hydro. Ene., 
32 (7), 787-795, (2007). 

25. Munasinghe P. C. and Khanal S. K., 
Biomass-derived syngas fermentation into 
biofuels: Opportunities and challenges, 
Bioresour. Technol., 101 (13), 5013-5022, 
(2010). 

26. Jankhah S. and Abatzoglou N., Thermal 
and catalytic dry reforming and cracking 
of ethanol for hydrogen and carbon 
nanofilaments’ production, Intl. J. Hydro. 
Ene., 33 (18), 4769–4779, (2008). 

27. Blanchard J., Oudghiri-Hassani H., 
Abatzoglou N., Jankhah S. and Gitzhofer 
F., Synthesis of nanocarbons via ethanol 
dry reforming over a carbon steel catalyst, 
Chem. Eng. J., 143 (1), 186–194, (2008). 

28. Maestri M., Vlachos D. G., Beretta A., 
Groppi G. and Tronconi E., Steam and dry 
reforming of methane on Rh: Microkinetic 
analysis and hierarchy of kinetic models, J. 
Catal., 259 (2), 211-222, (2008). 

29. Choudhary V. R. and Mondal K.C., CO2 
reforming of methane combined with 
steam reforming or partial oxidation of 
methane to syngas over NdCoO3 
perovskite-type mixed metal-oxide 
catalyst, Appl. Ene., 83 (9), 1024-1032, 
(2006). 

30. Song C., Pan W., Srimat S. T., Zheng J., Li 
Y., Wang Y.H., Xu B. Q. and Zhu Q. M., 
Tri reforming of methane over ni catalysts 
for CO2 conversion to syngas with desired 
H2/CO ratios using flue gas of power 
plants without CO2 separation, Stud. Surf. 
Sci. Catal., 153, 315- 322, (2004). 

31. Le H., Hoang T., Mallinson R. and Lobban 
L., Combined steam reforming and dry 



J. Environ. Res. Develop. 
Journal of Environmental Research And Development             Vol. 7 No. 3, January-March 2013 

1164 

reforming of methane using AC discharge, 
Stud. Surf. Sci. Catal., 147, 175-180 
(2004). 

32. Naqvi S. and Johnson E., Reforming: 
Syngas solution? Europ. Chem. News, 81 
(2116), 21, (2004). 

33. Panczyk M., Giecko G., Gac W., 
Pasieczna S., Stasinska B. and Borowiecki 
T., Nickel-promoted catalysts in the 
reforming of n-butane with CO2 or H2O, 
Adsot. Sci. Technol., 19 (6), 455-464, 
(2001). 

34. Qin D. and Lapszewicz J., Study of mixed 
steam and CO2 reforming of CH4 to syngas 
on MgO-supported metals, Catal. Today, 
21 (2-3), 551-560, (1994). 
Fuel Proc. Technol., 90 (2), 330-336, 
(2009). 

35. Ross J. R. H., Van Keulen A. N. J., 
Hegarty M. E. S. and Seshan K., The 
catalytic conversion of natural gas to 
useful products, Catal. Today, 30 (1-3), 
193-199, (1996). 

36. Wang X. D., Wang N., Zhao J., Wang L.  
A., Wang A. F., Wang X. N. Z. and Liang 
W., Thermodynamic analysis of propane 
dry and steam reforming for synthesis gas 
or hydrogen production, Int. J. Hydr. 
Enrgy., 35 (23), 12800-12807, (2010). 

37. Kale G. R. and Sonar S. S, Combined 
reforming of chemical looping combustion  
 

products: A thermodynamic analysis, 
Chem. Technol.: An Ind. J., 6 (2), 98-106, 
(2011).  

38. HSC Chemistry [software]. Version 5.1 
Pori: Outokumpu Research Oy (2002). 

39. Kale G. R. and Kulkarni B. D., 
Thermodynamic analysis of dry 
autothermal reforming of glycerol, Fue. 
Proc. Technol., 91 (5), 520-530, (2010).  

40. Kale G. R., Kulkarni B. D. and Joshi A.R., 
Thermodynamic study of combining 
chemical looping combustion and 
combined reforming of propane, Fuel, 89 
(10), 3141-3146, (2010). 

41. Kale G. R. and Kulkarni B.D., 
Thermoneutral point analysis of ethanol 
dry autothermal reforming, Chem. Eng. J., 
165 (3), 864-873, (2010). 

42. Kale G. R. and Kulkarni B. D., An 
alternative process for gasoline fuel 
processors, Int. J. Hydr. Ene., 36 (3), 
2118-2127, (2011). 

44. Bharti Lamba* and Vatsal Gaur, Carbon 
taxation in india : An effective market-
based approach for reducing carbon dioxid 
emissions, 3(4), J. Environ. Res. Develop.,  
1048-1055, (2009). 

45. Ambiecka Pandit and Lzafeer Ahmad, 
Carbon trading : A black future, J. 
Environ. Res. Develop. 3 (4), 1031-1039,    
(2009). 

 
 
 

 
 


