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Abstract— In the era of dwindling resources of fossil fuels and 

increased concern related to environment, there is strong need to 

find next generation energy source which is environment friendly 

and can be obtained renewably. Moreover procedure to obtain 

next generation energy source should be economical for 

sustainable development. Hydrogen obtained from renewable 

sources of biomass can be answer to all these challenges. Bio-

butanol can be obtained from fermentation of biomass, like bio-

ethanol, and can be produced renewably. Bio-butanol is also one 

of the key components of bio-oil. Butanol has more hydrogen 

content compared to other members of alcohol family like 

methanol, ethanol and propanol. Extraction of hydrogen from 

biologically derived butanol can be attractive alternative for 

hydrogen production. Hydrogen can be extracted from butanol 

by various techniques like steam reforming, partial oxidation, 

oxidative steam reforming and dry reforming. Out of all these 

techniques steam reforming reaction has greatest potential to 

extract hydrogen, because of its high selectivity towards 

hydrogen. In current thermodynamic study, emphasis was given 

to analyse effect of operating conditions on butanol steam 

reforming. Simulations were conducted with the help of ASPEN 

HYSYS 2004.2 software. 
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I. INTRODUCTION 

ossil based energy sources like petroleum and natural gas 

are likely to exhaust in the coming decades, in this context 

renewable energy sources has gained attentions of researchers 

and engineers to explore next generation energy source [1-5]. 

Moreover, use of fossil based fuels emits large amount of 

carbon dioxide in environment; which is prime culprit for 

greenhouse effect [2]. Hydrogen, obtained from renewable 

biomass, can be answer to these problems. As combustion of 

hydrogen only leads to generation of water [1, 3]. Various 

research articles have been published in the area of hydrogen 

production from different resources like bio-oil [6-8], bio-

ethanol [9], glycerol [10, 11] etc. via steam reforming reaction, 

due to high selectivity of steam reforming reactions towards 

hydrogen production [9]. Butanol, like bio-ethanol, can be 

produced by fermentation of biomass. Moreover, it is one of 

the key constituents of bio-oil. Butanol has more hydrogen 

content than its alcohol family members like methanol, 

ethanol and propanol. Hydrogen content in n-butanol is 13.51% 

by weight, compared to 12.5% and 13.04% by weight of 

methanol and ethanol respectively. Butanol has various 

properties that makes it relatively better fuel compared to 

other alcohols like methanol and ethanol. It is having lower 

vapour pressure at atmospheric pressure compared to ethanol 

and methanol. It has greater tolerance to water content. Due to 

these properties butanol can be handled with more ease than 

methanol and ethanol in fuel distribution pipelines [12]. 

Despite all these advantages, there are limited studies 

published in the area of butanol steam reforming reaction. In 

this study, we have investigated effect of operating conditions 

like temperature, pressure and steam to butanol molar ratio on 

steam reforming of butanol. Thermodynamic study was 

performed with the help of ASPEN HYSYS 2004.2 software. 

Simulations showed equilibrium composition, which may 

differ in case of actual experimentation. Because selected 

model (Gibbs’ reactor) gives equilibrium composition of all 

constituents based on process conditions like temperature, 

pressure and composition of reactants involved, while actual 

composition also depends on additional factors like kinetics 

and activity of catalyst involved. But these study gives 

insights to researchers related to maximum achievable 

thermodynamic hydrogen yield. 

II. COMPUTATIONAL THERMODYNAMIC ANALYSIS 

Equilibrium chemical compositions can be predicted by 

either calculating the equilibrium constant or minimization of 

the total Gibbs free energy. In case of reactions involving 

solid components, equilibrium composition prediction by 

calculation of equilibrium constant is difficult. Moreover, 

information regarding stoichiometry of the involved reactions 

are also required. While, method of minimization of the total 

Gibbs free energy can be easily applied to the reacting system 

including condensed components and non-reacting 

components. Moreover, it simply requires inputs like 

temperature, pressure and initial composition of reactant. 

Information regarding stoichiometry of the reaction is also not 

required in case of minimization of the total Gibbs free energy 

method. Therefore, the Gibbs free energy minimization 

method was selected for thermodynamic study. Detailed 

method is discussed elsewhere [5]. In this study, we have 

investigated effect of operating conditions like temperature, 

pressure and steam to butanol molar ratio on steam reforming 

of butanol. Thermodynamic study was performed with the 
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help of ASPEN HYSYS 2004.2 software. Gibbs’ reactor was 

selected and Soave Redlich Kwong (SRK) property package 

was selected. Sample flowsheet is shown in Figure 1. 

 

Figure 1. Sample flowsheet of Gibbs’ reactor for butanol steam reforming. 

Yield of different components are calculated by following 

equation. 

   
     

    
                                                                               (1) 

Where, Fiout is the molar flow rate of component i leaving the 

reactor and FBin is the molar flow rate of butanol introduced in 

reactor. 

Conversion of butanol was 100% for entire range of study due 

to very high value of equilibrium constants. So conversion 

was not considered as deciding factor for determination of 

optimum reaction conditions. Emphasis was given on yield of 

various components.     

III.  REACTION INVOLVED IN STEAM REFORMING REACTION 

Steam reforming of butanol is accompanied with many 

series parallel reaction, these reactions also have considerable 

impact on hydrogen yield. Considered reactions are tabulated 

in Table 1. 

Table 1. Considered reactions in butanol steam reforming [5]. 

Sr. 

No. 

Reaction Equation 

1 Butanol steam 

reforming reactions 
                    and 

                      
 

2 Butanol 

decomposition  
                    

 

3 Methane 
decomposition 

          

4 Boudouard reaction           
5 Water–gas shift 

reaction 
              

6 Hydrogenation of 

carbon monoxide  
               and     

            
7 Hydrogenation of 

carbon dioxide 
                 

8 Hydrogenation of 

coke 
          

9 Methane steam 

reforming 
               

10 Methane dry 
reforming 

                

11 Carbon monoxide             and         

reduction reactions          
12 Reverse water–gas 

shift reaction 
              

13 Coke gasification             
14 Dehydrogenation of 

butanol 
                

15 Butyric aldehyde 
decomposition 

                  

IV. EFFECT OF OPERATING CONDITIONS 

1. Effect of Temperature: In order to determine effect of 

temperature, simulations studies were carried out in the 

range of 450-1100 °C. While pressure and steam to 

butanol ratio were kept constant at 1 atm pressure and 7 

respectively. Effect of increase in temperature on 

hydrogen, carbon monoxide, carbon dioxide and methane 

is shown in Figure 2. 

 

Figure 2. Effect of temperature on yield of various components. 

Simulation studies indicated that yield of hydrogen 

increased rapidly in initial increment of temperature, it 

reaches to maximum at 800 °C. After that further 

increase in temperature, reduced yield of hydrogen very 

slightly. For CO2 yield decreased with increased 

temperature, but change in magnitude was not so high. 

For carbon monoxide yield, it was noted that yield of 

CO increased with increase in reaction temperature. CH4 

yield found to decrease with increase in temperature. 

These behavior can be defended by the fact that at lower 

temperatures (lower than the temperature of maximum 

of hydrogen yield), influence of endothermic steam 

reforming reactions on hydrogen yield were controlling 

over exothermic water gas shift reaction leading to 

increased hydrogen yield. However, at sufficiently high 

temperatures and lower methane concentration steam 

reforming methane became insignificant and exothermic 

water gas shift reaction became only contributing factor 

which governs hydrogen yield leading to slightly 

declining trends of hydrogen yield [13, 14].      

 

0

2

4

6

8

10

450 650 850 1050
Yi

el
d

 o
f 

C
o

m
p

o
n

en
ts

 

Temperature, oC 

H2 Yield CO Yield

CO2 Yield CH4 Yield



3rd International Conference on Multidisciplinary Research & Practice                           P a g e  | 106 

 

Volume IV Issue I                                                                    IJRSI                                                                          ISSN 2321-2705  

 

2. Effect of steam to butanol molar ratio: Increase in 

steam to butanol molar ratio has shown following 

trends. 

i. Increased hydrogen yield from 7.1298 to 

9.9699 by increasing steam to butanol ratio 

from 3 to 14. Steam to butanol ratio showed 

similar trend in case of CO2 concentration. 

CO2 yield increased by 97.87%, when 

changing steam to butanol ratio from 3 to 14.   

ii. Decreased CO and CH4 yield. 

While investigating effect of steam to butanol molar 

ratio, temperature and pressure were kept at 800 °C 

and 1 atm pressure respectively. With increase in 

steam to butanol ratio, steam reforming of butanol, 

steam reforming of methane and water gas shift 

reaction were favored thereby increasing hydrogen 

and CO2 yield and decreasing yield of CO and CH4 

[15, 16]. Higher steam to butanol ratio is favorable, if 

hydrogen to be used in proton exchange membrane 

fuel cell (PEMFC). As at higher steam to butanol 

ratio CO production is lesser, which is poison for 

PEMFCs.     

3. Effect of Pressure: Pressure found to show negative 

impact on hydrogen yield. To investigate effect of 

pressure on yield of different components like H2, 

CO, CO2 and CH4, pressure was varied from 1 to 10 

atm. Yield of H2 and CO decreases with increase in 

pressure from 1 to 10 atm. While yield of CO2 and 

CH4 increases with increase in pressure. Effect of 

pressure on yield of different components are 

summarized in Table 2. Temperature and steam to 

butanol molar ratio were kept constant at 800 °C and 

7 respectively. 

Table 2. Effect of pressure. 

Pressure, 
atm 

H2 yield CO yield CO2 
yield 

CH4 
yield 

1 8.99 2.9313 1.049 0.0197 

2 8.8394 2.8679 1.0589 0.0732 

3 8.6278 2.7792 1.0726 0.1483 

4 8.3874 2.6791 1.0876 0.2332 

5 8.1402 2.5768 1.1024 0.3207 

6 7.8963 2.4776 1.1164 0.406 

7 7.6677 2.3837 1.1292 0.4871 

8 7.4507 2.296 1.1406 0.5633 

9 7.2478 2.2147 1.1509 0.6344 

10 7.0586 2.1395 1.16 0.7005 

 

This behavior can be justified with the help of 

Le’chetalier’s principle. Increase in total pressure 

shifts the equilibrium of carbon dioxide, carbon 

monoxide and carbon hydrogenation reactions in 

forward direction [17]. As in these hydrogenation 

reactions, reactant side moles are more than the 

product side.  

V. CONCLUSIONS 

Hydrogen produced from renewable sources is sustainable 

option from economy and environmental point of view. 

Thermodynamic study revealed great potential to extract 

hydrogen from butanol steam reforming reaction. In order to 

obtain maximum hydrogen yield, process parameters like 

temperature, steam to carbon molar ratio and pressure needs 

to be optimized. Following conclusions can be drawn from 

this study. 

i. In order to obtain maximum hydrogen yield 

reaction temperature must be optimized. Operating 

at higher than optimum hydrogen yield 

temperature, leads to requirement of high 

temperature heating medium and costly material 

of construction for reactor. While operating at 

lower temperature than optimum temperature, 

leads to drastic decline in hydrogen yield. 

ii. Pressure has negative impact on hydrogen yield. 

So to achieve maximum hydrogen yield, reactor 

should be operated at atmospheric pressure. 

iii. Highest possible steam flow rate should be 

maintained in reactor to achieve highest hydrogen 

yield and lowest CO yield. 
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