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ABSTRACT

The physically base study for steady state model for hydrogen production 

using autothermal reforming of methanol is developed using commercial simulator, 

Aspen HYSYS 2004.1. The development of the physical model will involve rigorous 

thermodynamics, and the data from mathematical stoichiometry calculation of total 

reaction hydrogen production from methanol as a steady state validation to build an 

accurate steady state model and reaction conversion is 100%. The initial steady state 

data will be generating in Aspen HYSYS 2004.1 that uses Autothermal Reforming 

(ATR), Water Gas Shift (WGS) and Preferential Oxidation (PrOx) reactor analysis. 

Validation results show that model developed using Aspen HYSYS 2004.1 is 

accurate and can be used for further analysis. Heat integration is implemented to 

utilize an excess heat generated by ATR. Here, all the inlet streams are heated up 

using that excess heat. Polymer Electrolyte Membrane Fuel Cell (PEMFC) can only 

tolerate carbon monoxide (CO) composition that is less than 10 ppm. Therefore, one 

of the objective of this study is to reduce the composition of CO that will satisfy the 

requirement of PEMFC, while optimize the hydrogen composition. In order to do 

that, the clean up process that consists of WGS and PrOx is implemented. After that, 

the plant wide optimization is carried out and the result show that the optimum 

conditions of 9.43 ppm of CO and 45.45% of hydrogen can be achieved with 1.5 and

0.6 ratio of Air to Fuel (A/F) and Steam to Fuel (S/F), respectively with fuel 

processor efficiency of 85.80%.
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ABSTRAK

Secara fizikal dan dasarnya, model yang berkeadaan malar dan mantap ini 

akan dibangunkan dengan menggunakan pensimulasi yang komersil iaitu Aspen 

HYSYS 2004.1. Pembangunan model fizikal ini akan melibatkan disiplin 

termodinamik dan juga data perkiraaan matematik yang seimbang daripada jumlah 

tindak balas penghasilan hidrogen daripada metanol dengan pemberlakuan dan 

pengesahan keadaan malar untuk membina sebuah model yang berkeadaan malar dan 

mantap di mana faktor pertukaran bagi tindak balas tersebut ialah 100%. Permulaan 

data model pada keadaan malar ini akan dijanakan dengan menggunakan Aspen 

HYSYS 2004.1 dengan menggunakan analisis reaktor autoterma menyusun semula 

(ATR), anjakan gas air (WGS) dan pengoksidaan keutamaan (PrOx). Keputusan 

pengesahan menunjukkan bahawa model yang dimajukan menggunakan Aspen 

HYSYS 2004.1 adalah tepat dan boleh digunakan untuk analisis lanjutan. Integrasi 

haba adalah pelaksanaan untuk menggunakan satu lebihan haba dijanakuasa oleh 

ATR. Di sini, semua aliran masuk komponen adalah dipanaskan dengan 

menggunakan haba lebihan. Polimer elektrolit membran bahan api sel (PEMFC) 

hanya boleh berfungsi apabila komposisi karbon monoksida (CO) kurang daripada 

10 ppm. Oleh itu, salah satu daripada objektif kajian ini adalah untuk mengurangkan 

kandungan CO mengikut keperluan PEMFC, manakala mengoptimumkan komposisi 

hidrogen. Oleh sebab itu, proses pembersihan yang terdiri daripada WGS dan PrOx 

dilaksanakan. Selepas itu, hasil pengoptimuman menunjukkan bahawa syarat-syarat 

optimum 9.43 ppm bagi CO dan 45.45% hidrogen boleh dicapai dengan 1.5 dan 0.6 

nisbah udara dengan bahan api (A/F) dan wap dengan bahan api (S/F), dengan 

kecekapan pemproses bahan api ialah 85.80%.
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CHAPTER I

INTRODUCTION

1.1 Background Study

Hydrogen is a chemical that can be produced using any primary energy 

source. Its use as a fuel could lead to lower emissions o f pollutants and greenhouse 

gases. Further, depending on which primary energy supply is used, hydrogen fuel 

could help reduce energy imports, especially for transportation. A major use of 

hydrogen would be in fuel cells. A fuel cell is a device that produces electricity 

through a chemical process, as opposed to combustion. Fuel cells have the potential 

to achieve significantly higher efficiencies (i.e. produce more power for a given 

energy input) than combustion engines and conventional power plants (Yacobucci et 

al., 2004).

The prospect of hydrogen becoming the main fuel for all energy-related 

applications, a “hydrogen economy,” and the continuing development of fuel cells to 

utilize hydrogen fuel has generated growing interest within the policy realm. This is 

especially true after two key initiatives by the Bush Administration the 

Freedom CAR initiative to promote cooperative research and development between 

the federal government and the major American automakers on fuel cell vehicles;
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and the President’s Hydrogen Fuel Initiative to promote federal research and 

development on hydrogen fuel and non-automotive fuel cell technology (Yacobucci 

et al., 2004).

A fuel is any high energy substance that can be consumed to produce useful 

work. Examples include gasoline used to propel an automobile and coal used to 

generate electricity at a power plant. Hydrogen can also be used as a fuel, and is the 

most abundant element in the universe. However, hydrogen is not a primary fuel. 

That is, it does not occur naturally but instead is found most often as part o f a larger 

molecule, such as water or petroleum. Today, most hydrogen is extracted by 

processing (reforming) methane (natural gas) at oil refineries and chemical plants. 

However, in the future hydrogen could potentially find widespread use as a fuel, 

either burned in combustion engines or combined with oxygen in fuel cells. Both 

methods produce useful energy either as motion or electricity, and both generate 

waste. To produce hydrogen fuel, two key components are necessary: energy and 

hydrogen atoms. In some cases, for example using natural gas, both components are 

supplied simultaneously as hydrogen atoms are separated from the methane 

molecule. In other cases, the two components are supplied separately. For example, 

electricity can be used to separate hydrogen from water to generate hydrogen fuel 

(Hydrogen, Fuel Cells and Infrastructure Technologies Program Website).

A fuel cell is an electrochemical device that uses hydrogen (or a hydrogen- 

rich fuel) and oxygen to produce electricity. It is physically and chemically similar to 

a battery, but as the name implies, fuel cells make use of an input fuel. They can be 

refuelled at any time, and do not run down or need to be recharged, making them 

similar to combustion engines in their use. However, fuel cells utilize chemical 

processes that are inherently more efficient than combustion. For example, a typical 

combustion-based fossil fuel power plant operates at about 35% efficiency, while a 

fuel cell electricity generator can operate at 40 to 60% efficiency. As such, fuel cells 

could potentially provide energy more cleanly and efficiently than combustion 

engines (Yacobucci et al., 2004).
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1.2 Problem Statement

It was desired to construct a simulation and optimization of a methanol 

autothermal reforming system to identify potential design issues and obtain a 

preliminary estimate of the expected system efficiency. Significant operating 

conditions could than be identified, and their effect on the overall system 

performance or efficiency could be evaluated.

1.3 Objective and Scopes of Study

The objective o f this study is to develop and study an optimized steady state 

model of hydrogen production for fuel cell applications from methanol. In order to 

achieve that, several scopes has been planned. Scopes for this study are:

i. To develop steady state base case study model using simulation tool 

Aspen HYSYS 2004.1. Data from the calculation real reaction will be 

used in the simulation.

ii. To do validation between two data that is calculation data and

simulation data from the base case study.

iii. To make optimization for inlet air into autothermal reactor (ATR) that 

produces the higher hydrogen molar flow.

iv. To do autothermal reactor (ATR) heat integration between three

material streams that is methanol, air and water.

v. To do the clean up process for reduce carbon monoxide (CO) molar

flow using water gas shift reaction (WGS) and preferential oxidation 

(PrOx) reaction.
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vi. To make plant wide optimization for inlet water into water gas shift 

reactor (WGSR) and inlet air into preferential oxidation reactor 

(PrOxR) that will produce higher hydrogen molar flow.

1.4 Thesis Organization

The reminding of this thesis is organized such that each chapter addresses a 

specific part of the scopes outlined above. Chapter 2 describes in detail about 

hydrogen production for fuel cell application from several inputs and also from 

methanol. The methodology about development steady state model based on first 

principles using a commercial simulation package, Aspen HYSYS 2004.1 is 

described in chapter 3. In chapter 4, development of steady state model for hydrogen 

production plant from methanol for fuel cell application using a commercial software 

package, Aspen HYSYS 2004.1 is described in details. Results and discussion about 

all the scopes were explored in chapter 5. Lastly, the conclusion and 

recommendations were drawn in chapter 6.



87

REFERENCES

Agrell, J., Birgersson, H., Boutonnet, M., Cabrera, I. M., Navarro, R. M. and Fierro, 

J. L. G. (2003). “Production of hydrogen from methanol over Cu/ZnO catalysts 

promoted by ZrO2 and Al2O3.” Journal o f Catalysis 219: 389-403.

Ahmet, K. A, Onsan, Z. I. and Trimm, D. L. (2001). “On-board fuel conversion for 

hydrogen fuel cells: comparison of different fuels by computer simulations.” 

Applied Catalysis A. General 216: 243-256.

Ahmet, K. A., Trimm, D. L., Aksoylu, A. E. and Onsan, Z. I. (2004). “Hydrogen 

production by steam reforming of n-butane over supported Ni and Pt-Ni 

catalysts.” Applied Catalysis A: General 258: 235-240.

Ahmet, K. A., Trimm, D. L. and Onsan, Z. I. (2002). “Quantitative investigation of 

catalytic natural gas conversion for hydrogen fuel cell applications.” Chemical 

Engineering Journal 90 : 77-87.

Aspen HYSYS 2004.1 Documentation (April 2005), Aspen Technology Inc., Ten 

Canal Park Cambridge, MA 02141-2201, USA.

Basile, A., Gallucci, F. and Paturzo, L. (2005). “Hydrogen production from methanol 

by oxidative steam reforming carried out in a membrane reactor.” Catalysis 

Today 104: 251-259.



88

Braden, D. J. (2005). “Fuel Cell Grade Hydrogen Production from the Steam 

Reforming Of Bio-Ethanol over Co-Based Catalysts: An Investigation of 

Reaction Networks and Active Sites.” The Ohio State University, Department O f 

Chemical and Bio molecular Engineering: 1-52.

Chang, F. W., Yu, H. Y., Selva, R. L. and Yang, H. C. (2006). “Production of 

hydrogen via partial oxidation of methanol over Au/TiO2 catalysts.” Applied 

Catalysis A: General. 290:138-147.

Cheng, Z. Y., Lu C. W., Yong M. L., Gui S. W., Yong C., Wei L. D., He Y. H. and 

Kang N. F. (2006). “Effects of preparation method on the hydrogen production 

from methanol steam reforming over binary Cu/ZrO2 catalysts.” Applied 

Catalysis A: General. 297:151-158.

Constantino, U., Marmottini, F., Sisan, M., Montanari, T., Ramis, G., Busca, G., 

Turco, M. and Bagnasco, G. (2005). “Cu-Zn-Al hydrotalcites as precursors of 

catalysts for the production of hydrogen from methanol.” Solid State Ionics. 

176:2917-2922.

Dagaut, P. and Nicolle, A. (2005). “Experimental and detailed kinetic modelling 

study of hydrogen-enriched natural gas blend oxidation over extended 

temperature and equivalence ratio ranges.” Proceedings o f the Combustion 

Institute 30: 2631-2638.

Dehertog, W. J. H. and Fromen, G. F. (1999). “A catalytic route for aromatics 

production from LPG ” Applied Catalysis A: General 189: 63-75.

Deshmukh, S. R. and Vlachos, D. G. (2005). “Effect of flow configuration on the 

operation of coupled combustor/reformer micro devices for hydrogen 

production.” Chemical Engineering Science 60: 5718 -  5728.

Doss, E. D., Kumar, R., Ahluwalia, R. K., Krumpelt, M. (2001). “Fuel processors for 

automotive fuel cell systems: a parametric analysis.” Journal o f Power Sources 

10: 1-15.



89

Erickson, P. A. (2004). “Hydrogen production for fuel cells via reforming coal- 

derived methanol.” Technical Report. 823769:100-116.

Ersoz, A., Olgun, H. and Ozdogan, S. (2006). “Reforming options for hydrogen 

production from fossil fuels for PEM fuel cells.” Journal o f Power Sources 154: 

67-73.

Ersoz, A., Olgun, H. and Ozdogan, S. (2006). “Simulation study of a proton 

exchange membrane (PEM) fuel cell system with autothermal reforming.”

Energy 31: 1490-1500.

Ersoz, A., Olguna, H., Ozdogan, S., Gungora, C., Akguna, F. and Tiris, M. (2003). 

“Auto thermal reforming as a hydrocarbon fuel processing option for PEM fuel 

cell.” Journal o f Power Sources 118: 384-392.

Espinal, J. N., Mondragon, F. and Truong, T. N. (2005). “Mechanisms for methane 

and ethane formation in the reaction of hydrogen with carbonaceous materials.” 

Carbon 43: 1820-1827.

FAO Website. http://www.fao.org/docrep/w7241e/ch5.htm. Accessed on 6 March 

2006.

Fernandez, E. O., Rusten, H. K., Jakobsen, H. A., Ronning, M., Holmen, A. and 

Chen, D. (2005). “Sorption enhanced hydrogen production by steam methane 

reforming using Li2ZrO3 as sorbets: Sorption kinetics and reactor simulation.” 

Catalysis Today 106: 41-46.

Hoang, D. L. and Chan, S. H. (2004). “Modelling of a catalytic auto thermal methane 

reformer for fuel cell application.” Applied Catalysis A: General 268: 207-216.

Hydrogen, Fuel Cells and Infrastructure Technologies Program Website.

http://www.eere.energy.gov/hydrogenandfuelcells/education/hydro use.html.

Accessed on 7 March 2006.

http://www.osti.gov/bridge/searchresults.jsp?Author=%22Paul%20A.%20Erickson%22
http://www.fao.org/docrep/w7241e/ch5.htm
http://www.eere.energy.gov/hydrogenandfuelcells/education/hydro_use.html


90

Jia, Z. (2005). “Chromium based catalyst for low-CO hydrogen production by 

methanol steam reforming.” Applied Catalysis A: General. 1029:130-139.

Jiang, C. J. (1993). “Studies of the production of hydrogen from methanol steam 

reforming at low temperatures.” Journal o f Power Sources. 3219:542-550.

Lenz, B. and Aicher, T. (2005). “Catalytic autothermal reforming of jet fuel.”

Journal o f Power Sources. 149: 44-52.

Linsheng, W., Kazuhisa, M. and Megumu I. (2003). “Production of pure hydrogen 

and more valuable hydrocarbons from ethane on a novel highly active catalyst 

system with a Pd-based membrane reactor.” Catalysis Today. 82: 99-104.

Liu, S., Takahashi, K., Fuchigami, K. and Uematsu, K. (2006). “Hydrogen

production by oxidative methanol reforming on Pd/ZnO: Catalyst deactivation.” 

Applied Catalysis A: General. 299:58-65.

Liu, Z. W., Jun, K. W., Roh, H. S. and Park, S. E. (2002). “Hydrogen production for 

fuel cells through methane reforming at low temperatures.” Journal o f Power 

Sources 111: 283-287.

Mattos, L. V. and Noronha, F. B. (2005). “Hydrogen production for fuel cell 

applications by ethanol partial oxidation on Pt/CeO2 catalysts: the effect of the 

reaction conditions and reaction mechanism.” Journal o f Catalysis 233: 453-463.

Minutillo, M. (2005). “On-board fuel processor modelling for hydrogen-enriched 

gasoline fuelled engine.” International Journal o f Hydrogen Energy 30: 1483 -  

1490.

Mizuno, T., Matsumura, Y., Nakajima, T. and Mishima, S. (2003). “Effect of support 

on catalytic properties of Rh catalysts for Steam reforming of 2-propanol.” 

International Journal o f Hydrogen Energy 28: 1393 -  1399.



91

Mohd. Kamaruddin Abd. Hamid, Norazana Ibrahim, Kamarul Asri Ibrahim, Arshad 

Ahmad (2006). “Simulation of hydrogen production for mobile fuel cell 

applications via autothermal reforming of methane.” Proceedings o f the 1st 

International Conference on Natural Resources Engineering & Technology 2006 

24-25th July 2006; Putrajaya, Malaysia: 540-548.

Newson, E. and Truong, T. B. (2001). “Low-temperature catalytic partial oxidation 

of hydrocarbons (C1-C 10) for hydrogen production.” International Journal o f 

Hydrogen Energy 28: 1379 -  1386.

Park, G. G., Yim, S. D., Yoon, Y. G., Kim, C. S., Seo, D. J. and Eguchi, K. (2005). 

“Hydrogen production with integrated micro channel fuel processor using 

methanol for portable fuel cell systems.” Catalysis Today. 110:108-113.

Peters, R., Dusterwald, H. G. and Hohlein, B. (2000). “Investigation of a methanol 

reformer concept considering the particular impact of dynamics and long-term 

stability for use in a fuel-cell-powered passenger car.” Journal o f Power Sources. 

86:507-514.

Reuse, P., Renken, A., Katja, H. S., Gorke, O. and Schubert, K. (2004). “Hydrogen 

production for fuel cell application in an autothermal micro-channel reactor.” 

Chemical Engineering Journal 101: 133-141.

Richard, M. F. and Ronald, W. R. (2000). “Elementary principles o f chemical 

processes. ” 3rd edition. USA: John Wiley & Sons, Inc. 15 and 53.

Smet, C. R. H., Croon, M. H. J. M., Berger, R. J., Marin, G. B. and Schouten, J. C. 

(2001). “Design of adiabatic fixed-bed reactors for the partial oxidation of 

methane to synthesis gas. Application to production of methanol and hydrogen 

for fuel cells.” Chemical Engineering Science 56: 4849-4861.

Sun, J., Qiua, X. P., Feng, W. and Zhu, W. T. (2005). “H2 from steam reforming of 

ethanol at low temperature over Ni/Y2O3,Ni/La2O3 and Ni/Al2O3 catalysts for 

fuel-cell application.” International Journal o f Hydrogen Energy 30: 437 -  445.



92

Takashi, S., Hiko-ichi, I. and Tomohiro, Y. (2000). “Steam reforming of kerosene on 

Ru/Al2O3 catalyst to yield hydrogen.” International Journal o f Hydrogen 

Energy 25: 119-126.

University of Guelph Website.

http://www.uoguelph.ca/%7Ejzeng/CIS6420/modelalgorithms.htm. Accessed on 

22 March 2006.

Wang, Y. N. and Rodrigues, A. E. (2005). “Hydrogen production from steam 

methane reforming coupled with in situ CO2 capture: Conceptual parametric 

study.” Fuel 84: 1778-1789.

Wang, Y. H. and Zhang, J. C. (2005). “Hydrogen production on Ni-Pd-Ce/g-Al2O3 

catalyst by partial oxidation and steam reforming of hydrocarbons for potential 

application in fuel cells.” Fuel 84: 1926-1932.

Wiese, W., Emonts, B. and Peters, R. (1999). “Methanol steam reforming in a fuel 

cell drive system.” Journal o f Power Sources. 84:187-193.

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Alcohol. Accessed on 

16 October 2006.

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Fuelcell. Accessed on 

6 March 2006.

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Hydrogen. Accessed 

on 6 March 2006.

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Integration. Accessed 

on 9 October 2006.

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Methanol. Accessed 

on 6 March 2006.

http://www.uoguelph.ca/%7Ejzeng/CIS6420/modelalgorithms.htm
http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Fuelcell
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Integration
http://en.wikipedia.org/wiki/Methanol


93

Wikipedia Encyclopedia Website. http://en.wikipedia.org/wiki/Naphtha. Accessed on 

16 October 2006.

Wikipedia Encyclopedia Website.

http://en.wikipedia.org/wiki/Water Gas Shift Reaction. Accessed on 9 October 

2006.

Xu, Y., Kameoka, S., Kishida, K., Demura, M., Tsai, A., Hirano, T. (2005).

“Catalytic properties of alkali-leached Ni3Al for hydrogen production from 

methanol.” Intermetallics. 13: 151-155.

Yacobucci, B. D., and Curtright, A. E. (2004). A hydrogen economy and fuel cells: 

An overview. Congressional Research Service Report for Congress: 1-12.

Zhongxiang, C. and Said, S. E. H. E. (2004). “Steady-state modeling and bifurcation 

behavior of circulating fluidized bed membrane reformer-regenerator for the 

production of hydrogen for fuel cells from heptane.” Chemical Engineering 

Science 59: 3965-3979.

http://en.wikipedia.org/wiki/Naphtha
http://en.wikipedia.org/wiki/Water_Gas_Shift_Reaction



