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ABSTRACT

Hydrogen fuel cell technologies have emerged as a promising future global
energy. The technology called ‘hydrogen economy’ is a vision for future in with
hydrogen replaced fossil fuels to reduce dependence on non-renewable energy and to cut
down the environmentally harmful emissions. For this technology, hydrogen is mostly
produced from hydrocarbons. Therefore, many researches have been conducted on
hydrogen production from hydrocarbons to find the most economical, efficient and
practical method of producing hydrogen for the fuel cell application. On this research
we developed a simulation plant model using autothermal reforming reactor to produced
hydrogen from ethane for fuel cell application. From the simulation plant model, we
made an analysis on the behaviour of the process and determined the best condition of
producing hydrogen from ethane. This research was carried out using computational
tools, which is Aspen HYSYS 2004.1. Aspen HYSYS 2004.1 provides a simulation
plant model of hydrogen production from ethane and allow us to study and analyze the
process directly, by manipulating the process variable and unit operation topology.
There are five steps to be follow in order to develop and analyze the simulation plant
model, begin with base case development, base case validation, followed by ATR
optimization, carbon monoxide clean up and finally the plant wide optimization. The
results shown that optimum ratios of air/fuel and steam/fuel are 5.12 and 3.0,
respectively to produce 40.26% hydrogen and CO less then 10 ppm with 82.07% fuel

processor efficiency.



Vi

ABSTRAK

Teknologi sel bahan api hidrogen dibangunkan sebagai satu teknologi sumber
tenaga global yang berpotensi untuk dimajukan pada masa hadapan. Teknologi yang
dikenali sebagai ‘ekonomi hidrogen’ ini, diharapkan dapat menggantikan penggunaan
minyak fossil untuk mengurangkan penggantungan kepada sumber tenaga yang tidak
boleh diperbaharui disamping meenghapuskan pencemaran alam sekitar. Hidrogen bagi
tujuan ini kebanyakannya dihasilkan daripada bahan-bahan hidrokarbon. Kajian
terhadap penghasilan hidrogen daripada bahan hidrokarbon ini telah dijalankan untuk
mencari kaedah yang paling ekonomik, berkesan dan praktikal dalam menghasilkan
hidrogen untuk diaplikasikan pada sel bahan api hidrogen. Dalam kajian ini kami
merangka model loji simulasi menggunakan ‘autothermal’ reactor bagi penghasilan
hidrogen daripada etana untuk aplikasi sel bahan api hidrogen. Daripada model ini,
kami membuat analisis terhadap prestasi proses tersebut dan mencari keadaan terbaik
untuk menghasilkan hidrogen daripada etana. Kajian ini dijalankan mengunakan
program computer yang dikenali sebagai Aspen HYSYS 2004.1. Aspen HYSYS 2004.1
menyediakan model loji simulasi bagi penghasilan hidrogen daripada etana dan
membenarkan kita membuat analisis secara langsung terhadap proses tersebut dengan
memanipulasikan pembolehubah-pembolehubah proses dan unit operasinya. Terdapat
lima langkah yang perlu diikuti dalam kajian ini iaitu perangkaan ‘base case’,
pengesahan ‘base case’, pengoptimuman ATR, penyingkiran karbon monoksida dan
akhir sekali pengoptimuman loji secara menyeluruh. Keputusan kajian menunjukkan
dengan nisbah optimum udara/etana dan stim/etana ialah 5.12 dan 3.0, masing-masing,
akan menghasilkan 40.26% hydrogen dan CO kurang daripada 10 ppm, dengan

kecekapan ‘fuel processor’ ialah 82.07%.
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CHAPTER 1

INTRODUCTION

1.1 Introduction of Hydrogen

Hydrogen means “water creator”, it was identified as a base material by
Cavendish (1731-1810). At room temperature and under normal pressure, hydrogen is a
colourless, odourless and non-poisonous gas which is lighter than air and helium.
Hydrogen burns with a pale blue, almost invisible flame. At temperatures under -253 °C

hydrogen is in a liquid state (Bellona Report, 2002).

Hydrogen is the most common base material in the universe and is the main
substance found in the sun and the stars. On earth practically all hydrogen is in a
compound form with other elements. It reacts very readily with oxygen to create water.
The water molecule consists of two hydrogen atoms and one oxygen atom. The oceans

of the world therefore make up a huge storeroom of hydrogen. Hydrogen is also an



important part of all organic matter. This includes vegetable, animal, and fossil matter.
In the environment, hydrogen can be freely found in volcanic gasses, but its lightness

allows it to escape beyond the earth’s gravitational forces (Bellona Report, 2002).

1.2 Hydrogen Production

There are many ways of producing hydrogen. The following describes some of

the most common techniques of producing hydrogen.

1.2.1 Gasification of Coal

Gasification of coal is the oldest method of producing hydrogen. In the old gas
plants, the original gas piped in to cities was produced this way. This gas contained up
to 60% hydrogen, but also large amounts of CO. Typically, the coal is heated up to
900°C where it turns into a gaseous form and is then mixed with steam. It is then fed

over a catalyst - usually nickel (Bellona Report, 2002).



1.2.2 Steam Reforming of Natural Gas

Steam reforming of natural gas is currently the cheapest way to produce
hydrogen, and accounts for about half of the world’s hydrogen production. Steam, at a
temperature of 700-1000 °C, is fed methane gas in a reactor with a catalyst, at 3-25 bar
pressure. New methods are constantly being developed to increase the efficiency, and
maximizing the heat process makes it possible to increase the utilization to over 85%

and still make a profit (Bellona Report, 2002).

1.2.3 Autothermal Reforming of Oil and Natural Gas

Burning hydrocarbons with reduced amounts of oxygen is called partial
oxidation. Autothermal reforming is a combination of partial oxidation and steam
reforming. The term reflects the heat exchange between the endothermic steam
reforming process and the exothermal partial oxidation (Bellona Report, 2002). The
hydrocarbons react with a mixture of oxygen and steam in a “thermo reactor” with a

catalyst.

Norsk Hydro’s “Hydropower* concept, which is based on this process, uses air
instead of pure oxygen in the reforming, both because of cost and because the nitrogen
in the resulting feed gas has a lower burning temperature and reduced flame velocity.

The feed gas can therefore be used in turbines developed for gas power plants



1.2.4 Electrolysis of Water

Water electrolysis is splitting water into hydrogen and oxygen. An electrolyser
is a device for electrolysis. Water is subjected to electrical power and the result is

hydrogen and oxygen (Bellona Report, 2002).

2H,0 + energy — 2H, + O,

This is the opposite reaction of what happens in a fuel cell. It is common to
classify electrolysers according to the electrolyte it uses. Several cells are connected to
achieve the desired capacity, just as with fuel cells. Some common electrolysers are as
follows:

1) Alkaline electrolysers

i1) Polymer electrolyte membrane (PEM) electrolysers

1) Steam electrolysers

1.2.5 Photoelectrolysis

The photovoltaic cell combines with a catalyst, which acts as an electrolyser and
splits hydrogen and oxygen directly from the surface of the cell. This can quite
realistically be a commercially viable means of producing hydrogen. The advantage
with these systems is that they eliminate the cost of electrolysers and increase the
systems’ efficiency. Tests performed outdoors with silicon based cells have shown an
efficiency of 7.8% in natural sunlight. Research is being done to increase the efficiency

factor and the life span for such cells (Bellona Report, 2002).



1.2.6 Thermal Decomposition of Water

In a thermal solar power plant with a central collector such as Solar Two, a 10
MW power plant in California, the temperatures can reach over 3,000°C. By heating
water to over 2,000°C, it is broken down into hydrogen and oxygen. This is considered
to be an interesting and inexpensive method of producing hydrogen directly from solar
energy. Research is also being done on the use of catalysts to reduce the temperature for
dissociation. One central problem is the separation of gases at high temperatures to

avoid recombining. The efficiency factor is uncertain (Bellona Report, 2002).

1.2.7 Gasification of Biomass

The amount of hydrogen in biomass is about 6-6.5 weight percent compared to
almost 25% for natural gas. The processes involved in producing hydrogen from
biomass resemble the processes in production from fossil fuel. Under high
temperatures, the biomass breaks down to gas. The gas consists mainly of H,, CO and
CH4 (methane). Steam is then introduced to reform CH4 to H, and CO. CO is then put

through the shift process to attain a higher level of hydrogen (Bellona Report, 2002).



1.2.8 Other Methods of Producing Hydrogen

There have more methods for producing hydrogen other than the methods that
described above. Hydrogen also can be produce by Co-shift method, separation of CO,,
depositing, thermal dissociation, carbon black and hydrogen process, plasmatron and
photobiological hydrogen production. There is further discussion surrounding new
techniques which could be of consequence, as well as some interesting methods for
producing hydrogen from renewable energy. Some of these are well-proven commercial
techniques, while others, such as photobiological hydrogen production, are technologies

under development (Bellona Report, 2002).

1.3 Application of Hydrogen

In early age, large quantities of hydrogen are needed in the chemical and
petroleum industries, notably in the Haber process for the production of ammonia, which
by mass ranks as the world's fifth most produced industrial compound. Hydrogen is
used in the hydrogenation of fats and oils, and in the production of methanol. Hydrogen
also is used in hydrodeakylation, hydrodesulfurization and hydrocracking. Other uses of
hydrogen include rocket fuel, welding, producing hydrochloric acid, reducing metallic

ores and filling ballon (Bellona Report, 2002).

Today, hydrogen not only produces for chemical and industries uses, but most
importantly used in fuel cell as a fuel due to its potentially of non-polluting,

inexhaustible, efficient, and cost attractive fuel for today’s rising energy demands.



1.4 Problem Statement

This research is study on hydrogen production from ethane for fuel cell
application. Hydrogen production via the autothermal reforming of ethane with the

validated research done by Iwasaki et al.(2005).

It is important to study the design parameter for ethane fuel processor and to
estimate the efficiency of the processor before it can be build in real plant. So to
conduct this study, the optimized model of hydrogen production for fuel cells
application using ethane as a raw material has been developed using Aspen HYSYS

2004.1 software.

1.5  Objectives and Scope of Study

The objective of this research is to simulate and optimized the hydrogen
production plant from ethane for fuel cell application. In order to achieve the objective

mentioned above, the following scopes have been drawn:

1) Base case model development
Steady state model of hydrogen production from ethane was carried out using

Aspen HYSYS 2004.1.

2) Base case model validation
Steady state model was validated by comparing the calculated and simulated value

of the molar flow components.



3) Autothermal reformer optimization
Validated base case model of hydrogen plant was optimized by varies the molar

flow of air.

4) Heat integration development
Heat integration was developed by installing three heat exchanger to heating the

raw materials that feed into the ATR reactor.

5) Carbon monoxide (CO) clean up
Carbon monoxide clean up consist of two process which are the water gas shift

process and the preferential oxidation process.

6) Plant wide optimization
Plant wide optimization was developed by making an optimization on the water gas

shift and preferential oxidation process.



1.6 Thesis Organization

Introduction

A 4

Literature Review

A 4

Methodology

A 4

Result and Discussion

.

Conclusion and Recommendation

Figure 1.1: Thesis Organization

Figure 1.1 shows the organization of this thesis. This thesis starts with
introduction of hydrogen production, literature review, methodology, result and
discussion and finally the conclusion and recommendation. During the introduction, it
describes generally about the method and resources to produce hydrogen. It also
describes the problem statement and the objective and scope of this research. Literature
review shows all the research that has been done on hydrogen production from

hydrocarbon for fuel cell application.

In methodology, it shows the method or procedure that used for this research.
It is important to have a correct methodology, because methodology will determine the
result of the research. Result and discussion is all about the result, analysis and some
discussion that performed on this research. Lastly the conclusion and recommendation
are shows the summary for the whole research, conclusion that made base on result and

some recommendation that useful for future study.



CHAPTER 2

LITERATURE REVIEW

2.1  Fuel Cells Technology

Fuel cells (FCs) are electrochemical devices that convert the chemical energy of
a fuel and an oxidant directly into electricity and heat on a continuous basis. A fuel cell
consists of an electrolyte and two electrodes. A fuel such as hydrogen is continuously
oxidized at the negative anode while an oxidant such as oxygen is continuously reduced
at the positive cathode. The electrochemical reactions take place at the electrodes to
produce a direct electric current. FCs use hydrogen as a fuel which results in the
formation of water vapor only and thus they provide clean energy (Chin et al., 2005).

Chin et al. (2005) indicated that among the various types of fuel cells, the proton
exchange membrane fuel cells (PEMFCs), the solid oxide fuel cells (SOFCs) and the
molten carbonate fuel cells (MCFCs) have attracted considerable interest. SOFCs and
MCFCs operate at high temperatures (around 973 K) and are used for stationary power
generation. PEMFCs are primarily used for automotive applications. They have a low

operating temperature (353 K), high current density and low carbon monoxide tolerance
(10 ppm).
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All fuel cells are either fed by pure hydrogen from a storage vessel or by
hydrogen-rich gas produced from widely available fuels via a reforming process. A
direct supply of pure hydrogen is desirable for fuel cell. Nevertheless, hydrogen storage
still remains a challenge as the fuel has a very low energy density under normal ambient
conditions, and this makes storage difficult for mobile applications. Therefore, a reliable
method to ensure a steady supply of hydrogen for mobile fuel cells is to use reforming
techniques, which extract hydrogen from hydrocarbon fuels such as methane. Hoang et
al. (2005) proposed four major thermo-chemical reforming techniques that can be used
to produce hydrogen from methane and other hydrocarbon fuels. There are steam
reforming (SR), partial oxidation (PO), autothermal reforming (ATR) and

decomposition (or cracking).

2.2 Hydrogen Production for Fuel Cell Application

Hydrogen for use in auxiliary power units is produced in fuel cell processor by
the catalytic reforming of hydrocarbons. Diesel, jet fuel, gasoline, as well as natural gas,
are potential fuels that all have existing infrastructure of manufacture and distribution,
for hydrogen production for fuel cell applications. Among hydrocarbons, natural gas
especially methane is the most common and traditional source for producing hydrogen

for fuel cell application (Hoang et al., 2005).
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2.2.1 Methane

Below, describes about the researches that have been done for methane as input

for hydrogen production for fuel cell applications.

Yi-Ning and Rodrigues (2005) described an experiment on hydrogen production
from steam methane reforming (SMR) coupled with in situ CO, capture. In this work,
instead of using complex model, a simplified two-section reactor model is proposed for
analyzing the SMR adsorptive reactor system. The first section contains the catalyst
only. The second section contains a mixture of the catalyst and the CO, selective
chemisorbent. One of the objectives in this study is to understand the process

implication within the complicated SE-SMR reactor.

Ochoa-Ferna’ndez et al. (2005) discussed the sorption enhanced hydrogen
production by steam methane reforming using Li,ZrOg3 as sorbent. The results show that
the process is capable of directly producing concentrations of H, larger than 95 mol%

with methane as the main side product with less than 0.2 mol% of CO.

Tong and Matsumura (2005) discussed the pure hydrogen production by methane
steam reforming with hydrogen-permeable membrane reactor. The methane conversion
with the reactor is significantly higher than its equilibrium value without membrane due
to the equilibrium-shift combined with separation of pure hydrogen through the

membrane.

Galvita and Sundemacher (2005) presented the hydrogen production from
methane by steam reforming in a periodically operated two-layer catalytic reactor. The
data obtained in the study showed that a periodically operated two-layer catalytic reactor

should be a suitable unit for producing hydrogen of high purity from methane and steam.
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Hong et al. (2005) presented on hydrogen production by autothermal reforming
of methane over sulfide nickel catalyst. The study considered four main simultaneous
chemical Kkinetic reactions that involved six species with detailed kinetic conversion and
heat and mass transfer phenomena in the reactor. The model is useful for analysis of the

factor that influence the reforming performance and for optimum reactor design.

Dunker and Ortman (2005) presented the kinetic modeling of hydrogen
production by thermal decomposition of methane (TDM). They developed a model for
TDM with carbon catalysts by modifying a model for soot formation in combustion. At
temperatures above 700 °C and in the absence of oxygen, the CH4 decomposes to H, and
solid carbon, and the carbon deposits onto the carbon catalyst. Depending on whether
the required thermal energy is generated by combustion of CH, or H, or another
approach, TDM vyields a 50% or greater reduction in greenhouse gas emissions

compared to the steam reforming of CH,.

Suelves et al. (2004) presented the hydrogen production by thermo catalytic
decomposition of methane on Ni-based catalysts. It has been shown that time for
catalyst deactivation depends on the operating conditions, so that, the higher the

temperature and methane flow, the shorter the life of the catalyst.

2.2.2 Ethane

Some researches have been done for ethane as input for hydrogen production for

fuel cell applications.

Chin et al. (2005) described on hydrogen production via the catalytic cracking of
ethane. They were found that SiO,-supported Ni catalysts were the suitable catalytic
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decomposition of ethane. At temperature above 500 °C and space velocity at 18000

ml/g.h, almost complete initial conversion can be achieved.

Wang et al. (2005) presented an experiment on the production of hydrogen from
ethane on a novel highly active catalyst system with a Rd-based membrane reactor. The
high catalytic activity of Re/[HZSM-5 makes it feasible for integration of ethane
conversion and hydrogen separation with a Pd-based membrane reactor for production

of pure hydrogen and ethylene or aromatics at the relatively mild temperatures.

2.2.3 Propane

Researches using ethane as input for hydrogen production for fuel cell

applications have been done by following researchers.

Aartun et al. (2005) presented on Rh-impregnated alumina foams and metallic
microchannel reactors for production of hydrogen-rich syngas through short contact time
catalytic partial oxidation and oxidative steam reforming of propane. The result
indicated that lowering the residence time below 10 ms for the microchannel monolith
increased the syngas selectivity. The Rh/Al,O3; foam systems showed higher initial
syngas selectivity than the Rh-impregnated microchannel reactors, but deactivate rapidly

upon temperature cycling, especially when steam is added as a reactant.

Resini et al. (2005) made a comparison on propene Vversus propane steam
reforming for hydrogen production over Pd-based and Ni-based catalysts. Propene
steam reforming occurs over our Pd—Cu catalyst about 100 K below propene steam
reforming on Nickel, although over Ni, likely due to the faster water gas shift, hydrogen

yield is better at the same propene conversion level.
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Silberova et al. (2004) investigated the partial oxidation and oxidative steam
reforming of propane over 0.01 wt.% Rh/Al,O3; foam catalysts. High selectivity to
hydrogen was obtained for both reactions, but addition of steam to the reactant mixture
gave higher selectivity to hydrogen. Stability tests over 7 h revealed that the catalytic
activity of Rh was quite stable under partial oxidation conditions.

Karagiannakis et al. (2005) described the -catalytic and electrocatalytic
production of H, from propane decomposition over Pt and Pd in a proton-conducting
membrane-reactor. The reaction temperature varied between 923 and 1023 K and the
partial pressure of propane in the feed gas was 2 kPa. It was found that platinum is

superior to palladium yielding to higher rates of propane decomposition.

Caglayan et al. (2004) investigated the production of hydrogen over bimetallic
Pt—-Ni/d-Al,O3 by indirect partial oxidation of propane. In this work, indirect partial
oxidation of propane was studied over a uniform bed of sequentially impregnated
bimetallic Pt—-Ni/d-Al,O3 catalyst. Reaction tests were conducted at 20 K intervals of
temperature increase/decrease, aiming to see both the activity and selectivity as a
function of reaction temperature and the behavior of the bimetallic catalyst, when two

different temperature programs were applied.

Aartun et al. (2004) investigated the catalytic conversion of propane to hydrogen
in microstructured reactors. The reactor was oxidized at high temperature to form a
porous layer of Al,O3 on the surface of the channels and subsequently impregnated with
Rh. The reactor was tested for partial oxidation (POX) and oxidative steam reforming
(OSR) of propane at 1 bar and in the temperature range 500-1000 °C. Oxidative steam
reforming of propane results in increased yield of hydrogen compared to catalytic partial

oxidation (POX) over a Rh/Al,Os/Fecralloy microstructured reactor system.
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2.2.4 Butane

For butane as input for hydrogen production for fuel cell applications, some

researchers have done their works.

Laosiripojana and Assabumrungrat (2005) studied on steam and autothermal
reforming reactions of LPG (propane/butane) over high surface area CeO, (CeO,
(HSA)) synthesized by a surfactantassisted approach under solid oxide fuel cell
operating conditions. The catalyst provides significantly higher reforming reactivity and

excellent resistance toward carbon deposition compared to the conventional Ni/Al,Os.

Auvci et al. (2003) studied on steam reforming of n-butane over Ni/Al,O3 and Pt-
Ni/Al,O; catalysts at temperatures between 578 and 678 K. Both catalysts demonstrate
similar trends in activities and in product formation rates and operate without coke and

carbon monoxide formation at a steam:carbon ratio of 3.0.

2.2.5 Methanol

These researchers have used methanol as input for hydrogen production for fuel

cell applications in their researches.

Liu et al. (2005) described the production of hydrogen by oxidative methanol
reforming on Pd/ZnO. Pd/ZnO catalysts with Pd loadings of between 1 and 45% were
prepared by impregnation and coprecipitation methods. The present study revealed that
Pd/ZnO was very active and selective towards the oxidative methanol reforming reaction
to produce hydrogen.
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Yao et al. (2005) studied the effect of preparation method on the hydrogen
production from methanol steam reforming over binary Cu/ZrO, catalysts. The results
showed that the preparation method significantly affects the component dispersion,
microstructural properties and the resulting catalytic performance with respect to

methanol conversion, hydrogen production and carbon monoxide concentration.

2.2.6 Ethanol

The following researchers have used butane as input for hydrogen production for

fuel cell applications in their works.

Yang et al. (2005) investigated the steam reforming of ethanol over zinc oxide-
supported nickel catalysts. Comparison was made to the nickel catalysts supported on
La,03, MgO and Al,Os. Experimental results showed that Ni/ZnO is superior among
the catalysts, especially in terms of selectivity and distribution of by products.

Feirro et al. (2005) presented the oxidative reforming ethanol over several
catalysts at on board conditions (a molar ratio of H,O/EtOH and of O,/EtOH equal to
1.6 and 0.68 respectively) and a reforming temperature between 923 and 1073 K. The
results showed twenty percentage of Ni-based catalyst supported on Al,O3 provided very
good activity and selectivity for ethanol partial oxidation reaction with high selectivities
to hydrogen and good performance over the whole temperature range from 923 to 1073
K.

Goula et al. (2003) investigated on ethanol steam reforming for hydrogen rich
gas streams production, over a commercial alumina supported palladium catalysts. It

was found that hydrogen selectivity was proportional to the H,O/EtOH molar ratio and
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ethanol was completely converted even at relatively low temperature values. Hydrogen
selectivities up to 95% were obtained at temperature values close to 650 °C.

2.2.7 Propanol

Saito et al. (2003) studied the hydrogen production from 2-propanol under
boiling and refluxing conditions (80°C), constitutes a chemical heat pump system, by
coupling with the separation procedure of 2-propanol from acetone and hydrogen at
ambient temperature and the exothermic reverse reaction at high temperature (200°C). It
was found that the role of catalysis for the endothermic 2-propanol dehydrogenation is

very important.

2.2.8 Butanol

Matsuura et al. (2004) Investigated the direct hydrogen production from
alcohol(l-butanol) using pulse-electron emission in an unsymmetrical electric field.
Hydrogen was produced instantaneously at room temperature, and CO, was also
produced simultaneously. Interesting phenomena and useful reactions were identified
with direct electron emission to the surface of the liquid, using an unsymmetrical electric

field. This method could be applied to most organic liquids for producing hydrogen.
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2.2.9 Kerosene

Suzuki et al. (1999) investigated on steam reforming of kerosene on Ru/Al,O3
catalyst to yield hydrogen. In this work, highly dispersed supported-ruthenium catalyst
was obtained by treating the supported ruthenium with aqueous ammonia. The catalyst
showed high activity for the steam reforming of kerosene and that sulfur resistance was

improved considerably by adding CeO; to the catalyst.

2.2.10 Gasoline

Some researchers have done their studies using gasoline as input for hydrogen

production for fuel cell applications.

Otsuka et al. (2001) proposed and investigated a hydrogen production using
gasoline as a fuel for solid polymer electrolyte fuel cell through the decomposition of
gasoline range alkanes into hydrogen and carbon. The results showed that the selectivity
of hydrogen formation increased as the number of carbon in the molecular structure of
alkanes increased. It was concluded that gasoline range alkanes (various Cg-alkanes and
CsH1s) were superior to the light alkanes for selective decomposition into hydrogen and

carbon.

Wang et al. (2005) studied on steam reforming of gasoline fuels combined with
partial oxidation reaction on ZSM-5-supported Ni-based bimetallic catalysts and Al,Os-
supported Ni-Re bimetallic catalysts with different Ni/Re ratios for hydrogen generation

at a relatively lower reaction temperature. The studied indicate that it is effective to
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enhance the activity of ZSM-5-supported Ni catalyst by the addition of a second metal
such as Ce or Mo.

2.2.11 Diesel

Cheekatamarla and Lane (2004) described the efficiency of bimetallic catalysts
for hydrogen generation from diesel fuel. The main objective of the present work was to
determine whether the autothermal reforming activity of Pt can be improved when a
second metal is added to the substrate. Surface analysis of these formulations showed
that the enhanced stability is due to a strong metal-metal and metal-support interaction in
the catalyst.

2.3 Hydrogen Production from Ethane for Fuel Cell Application

This research developed simulation model for hydrogen production from ethane
for fuel cell applications. Ethane, a colourless, odourless, gaseous hydrocarbon
(compound of hydrogen and carbon), belonging to the paraffin series; its chemical
formula is C;Hg. Ethane is structurally the simplest hydrocarbon that contains a single
carbon-carbon bond. Production of pure hydrogen from ethane is highly desired for
application in fuel cell. At present, production of hydrogen is primarily achieved via
catalytic steam reforming, partial oxidation and autothermal reforming of natural gas or

steam reforming of methanol.



21

As ethane is one of the natural gas groups (methane, ethane, propane and
butane), there was less researches have been done on hydrogen production from ethane
via steam reforming, partial oxidation or autothermal reforming that preformed ethane
individually. Some researches have made a comparison between methane and ethane,
but more investigation goes on methane. Less researches have been made on ethane
(propane and butane as well) for hydrogen production via steam reforming, partial
oxidation and autothermal reforming, because researchers believe that the same results
will occur as well as the research that have been made on methane using the three major
techniques ( Chin et al., 2005).

Some researches have been conducted on hydrogen production via catalytic
decomposition/cracking of ethane. Chin et al. (2005) who’s studied on hydrogen
production via the catalytic cracking of ethane found that SiO,-supported Ni catalysts
were the suitable catalytic decomposition of ethane. At temperature above 500 °C and
space velocity at 18000 ml/g.h, almost complete initial conversion can be achieved. In
addition to the hydrogen and filamentous carbon, methane is also formed as a by-
product. The results indicate that although ethane decomposes faster than methane, the
problem becomes more complex in this case, due to the formation of methane as a by-
product. Consequently, a two stages process may be necessary for the production of

hydrogen in this case.

Wang et al. (2005) presented an experiment on the production of hydrogen from
ethane on a novel highly active catalyst system with a Rd-based membrane reactor. The
objective of the study is to make the dehydrogenation of ethane feasible at relatively
lower temperatures by using a novel highly active catalyst system and to produce pure
hydrogen and other more valuable hydrocarbons such as ethylene, propylene and BTX
(aromatics) by integration of the dehydrogenation of ethane and hydrogen separation

with a Pd-based membrane.
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2.4.  Hydrogen Production via Autothermal Reforming of Ethane for

Fuel Cell Application.

Autothermal reforming is a combination of steam reforming and partial oxidation
and some other reaction that occurred depend on the conversion of raw material, catalyst
used, ratio of raw material and the temperature provide during the process (lwasaki et

al., 2005). For autothermal reforming of ethane it consists of several reactions.

Based on the research that has been done by Iwasaki et al. (2005), partial
oxidation (2.1) of ethane was occurred at a temperature range of 823-1023 K under an
atmospheric pressure. The total oxidation of ethane (2.2) also occurred went the

temperature was below 823 K and the ratio of air/ethane was changed.

C2H6+Og—>2CO+3H2 (21)
C2H6 + 3502 — 3H20 + 2C02 (22)

By adding Co/CeO, catalyst in the process the selectivity of H, was increased.
However, oxidative dehydrogenation of ethane (2.3) occurred to give large amounts of
ethylene and H,0O, in addition to the deep oxidation of ethane to H,O and CO,. Also,
carbon deposition by the decomposition of ethane (2.4), was observed with this catalyst
after the reaction for 2 h. Without Co-loading, CeO, alone afforded other decomposition
of ethane (2.5).

CHs + 0.50, — C,H,; + H>O (23)
CHs— H, +CH, +C (24)
CHs — H, + C,Hy (25)

As mentioned before, at a lower temperature of 823 K, complete oxidation (2.2)
occurred to give H,O and CO,. These observations suggest that firstly complete
oxidation of ethane (2.2) proceeds to give H,O and CO,, and then H,O and CO,
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reforming of ethane (2.6 and 2.7) proceeds. In the reforming reactions, CO, reforming
proceeded at a lower reaction rate than that with H,O:

C2H6+2H20—>5H2+2C0 (26)
C,H; + 2CO, — 3H, + 4CO (2.7)

With decreasing the O, partial pressure, H, and CO selectivities increased, and
CO; selectivity decreased. Ethene and methane selectivities were low and below 4%. O,
conversion was 100% in every case. From these findings, it is suggested that H,O and
CO; reforming proceeded easily with a decrease in the O, partial pressure. In addition,
at high 0,/C,Hs feed ratio of 1.0, the synthesis gas selectivity decreased notably with an

increase in CO; selectivity.

At 973 K, ethane conversion reached 37% exceeding limiting conversion of
partial oxidation of ethane and large amounts of ethylene and methane were produced,
where thermal and catalytic oxidative dehydrogenation of ethane did proceed. Thus,
synthesis gas selectivity decreased and in addition to reactions (2.3), the decomposition

of ethane (2.4 and 2.5) might also have occurred.

2.5 Simulation of Ethane for Hydrogen Production

Simulation can help us to better design, optimize, and operate our chemical
process or refining plant. Feed and environmental disturbances, heat exchanger fouling,
and catalytic degradation continuously upset the conditions of a smooth running process.
The transient behaviour of the process system is best studied using a dynamic simulation
tool like HYSYS and any other simulation tools. The design and optimization of a
chemical process involves the study of both steady state and dynamic behavior.
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Steady state models can perform steady state energy and material balances and
evaluate different plant scenarios. The design engineer can use steady state simulation
to optimize the process by reducing capital and equipment costs while maximizing
production. With dynamic simulation, we can confirm that the plant can produce the
desired product in a manner that is safe and easy to operate. By defining detailed
equipment specifications in the dynamic simulation, you can verify that the equipment

will function as expected in an actual plant situation.

2.6 Summary

This chapter describes about the researches that have been done on hydrogen
production from hydrocarbon (methane, ethane, propane, methanol, ethanol, propanol,
kerosene, gasoline and diesel) for fuel cell applications. Furthermore, there are many
processes that produce hydrogen from hydrocarbon such as steam reforming,
autothermal reforming, partial oxidation reforming and etc. The main purpose of this
literature review is to study about the hydrogen production from autothermal reforming
of ethane for fuel cell application. There are a few researchers had done their researches
on hydrogen production from ethane and some of the researches are applied for this

thesis.



CHAPTER 3

METHODOLOGY

3.1 Research Tools

This research was carried out using computational tools. Aspen HYSYS 2004.1
was used to provide a simulation model of hydrogen production from ethane. Flash and
physical property calculations for this reaction can be provided by this Aspen HYSYS
2004.1 process simulator. This will allow us to define all information (property
package, components, hypothetical components, interaction parameters, reaction, tabular

data, etc) inside a single entity.

3.1.1 Aspen HYSYS 2004.1

Aspen HYSYS 2004.1 was a product of AEA Technology- Hyprotech Ltd.
Advantages for using HYSYS is we can create rigorous steady-state and dynamic
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models for plant design and trouble shooting. Through the completely interactive
HYSYS interface, we have the ability to easily manipulate process variables and unit
operation topology, as well as the ability to fully customize our simulation using its OLE
extensibility capability. Other advantages for using HYSYS is the information is shared,
rather than transferred, among applications, all applications use common thermodynamic
models, we only need to learn one interface, we can switch between modeling

applications at any time and gaining the most complete understanding of the process.

3.2 Research Activities

3.2.1 Data Collection

Data collection is the most important step in development of high fidelity
models. The variation in the input/output data and the regions of operation are important
factors in determining if the data is a good representation of process behavior over a
wide range of condition. At this stage, general understanding of the process has to be
obtained whereby, both theoretical analysis and experience of the operators help identify
the variables, variable relationships, approximately correlations and dynamic
characteristic.  In this research, the data was obtained from the stoichiometry

mathematical analysis for the overall rection of ethane autothermal reforming.
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3.2.2 Base Case Development

HYSYS have produced an extremely powerful approach to steady state
modeling. At a fundamental level, the comprehensive selection of operation and
property method can allow us to model a wide range of processes for the future. The
base case of this study is being developed by finding and combining all the reactions that
occurred in ethane reactions with air and water. During this process, all type of ethane
reactions such as steam reforming, partial oxidation, total oxidation and cracking were

combining to developed one total reaction. All the reactions involved are written as

below.
C>Hg + 3.50, — 3H,0 + 2CO; (3.2)
CHs + O, — 2CO + 3H, (3.2)
CHs + 0.50, — CHy + H,O (3.3)
CHs + 2H,0 — 5H, + 2CO (3.4)
C>Hg + 2CO, — 3H, + 4CO (3.5)
CHs— H, +CH, + C (3.6)
C>Hs — H> + C,H, (3.7)
Ref: Iwasaki et al (2005)
2C;Hy— 2CH, + 2C (3.8)
3C+1.50, — 6H; + 3CO (3.9
3CH; + 6H,O — 12H, + 3CO; (3.10)

Ref: Lin et al (2005)

All these 10 reactions are reacting in an auto-thermal reactor (ATR) in vapour

phase. Total reaction for all the reactions are given as

7C,Hy + 6.50, + 4H,0 — 11CO + 3CO, + 25H, (3.11)
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3.2.3 Base Case Validation

The process of hydrogen production from ethane as a raw material was simulated
using commercial flowsheeting software, HYSYS 2004.1. Validation was done by
comparing the molar flow rate of the effluent by calculation from total reaction and the
molar flow rate of the effluent of the ATR as simulated in Aspen HYSIS 2004.1

simulation programme. Basis for calculation is 100 kgmole/hr of ethane feed.

3.2.4 ATR Optimization

Optimization for ATR was done by varing the air molar flow rate to get the best
flow rate of air to be introduced into the ATR. During this optimization, three
conditions must be fulfill which is to produce the optimum hydrogen, minimize the
production of carbon monoxide and in the same time to make sure that the temperature
out from ATR at 700 °C or above. Maintaining the ATR effluent temperature at 700 °C

is beneficial because it can be used for heat integration purposes.

3.2.5 Heat Integration Development

Heat integration is one of the important parts in almost process plant. By doing

heat integration we can save a lot of energy and indirectly reduce the cost of the process.
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Heat exchanger was installed in this process plant for the purpose of heating the raw
material feed into the ATR reactor, by using the hot stream of ATR out as a heat carrier.

3.2.6 Carbon Monoxide (CO) Clean Up

Carbon monoxide (CO) clean up is a process to minimize or eliminate the
existing of carbon monoxide in the effluents. Earlier it was stated that the CO contained
in the effluents must be only or less then 10 ppm. In this process, the amount of the CO
will be reduced to that limits using two stages process which are water gas shift and

preferential oxidation processes.

3.2.7 Plant Wide Optimization

Plant wide optimization was developed by making an optimization on water gas
shift (WGS) process and preferential oxidation (PrOx) process. For the WGS process
the optimization was done by varies the water molar flow feed into the ATR reactor,
while for the PrOx process, the optimization was done by varies the molar flow of PrOx

air feed into the PrOx reactor.
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3.3 Summary

This chapter describes the methodology used for this study. The methodology
start with stoichiometry mathematically analysis which produce the input and output
calculations data. This data then used for base case development and validation. After
the base case being verify, the research continue with ATR optimization, installation of
heat exchanger, development and installation of carbon monoxide clean up which is
consist of two part, the water gas shift and the preferential oxidation processes. The
plant wide optimization was performed to optimize the water on WGS and the air at
PrOx process. Finally the result that obtained was discussed in Chapter 5. The research

methodology was illustrated in Figure 3.1 below.

Stoichiometry Mathematically Analysis

OutpV \Alnput

Validation

A

Base Case Development

Output

\ 4

ATR Optimization

\ 4
Heat Integration

\ 4

CO Clean Up

\ 4

Plant Wide Optimization

\ 4
Result and Discussion

Figure 3.1: Research Methodology



CHAPTER 4

SIMULATION AND OPTIMIZATION OF HYDROGEN PRODUCTION FROM
ETHANE FOR FUEL CELL APPLICATIONS

4.1  Modeling and Simulation of Hydrogen Production Process

The hydrogen production from ethane was simulated using Aspen HYSYS
2004.1. Typically the simulation process takes the following stages:

(1) Preparation stage
(a) Selecting the thermodynamic model

(b) Defining chemical components

(i)  Building stage
(a) Adding and defining streams
(b) Adding and defining unit operations

(c) Connecting stream to unit operations
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(ii1))  Execution stage

(a) Starting integration

Aspen HYSYS simulator is made up of four major parts to form a rigorous modeling
and simulation environment.

e A component library consisting of pure component physical properties

e Thermodynamic packages for transport and physical properties prediction

e Integrator for dynamic simulation and/or solver for stead-state simulation

e Mathematical modeling of unit operation

This is demonstrated in Figure 4.1. For this study, each of the above components is

described in section below.

Integrator Physical

/ solver property
" N\
HYSYS
simulation
environment
UHN /
operation Thermodynamic
model package

Figure 4.1 : HYSYS simulation environment
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Feedstock to the process consists of ethane (C,Hs), oxygen and air. Ethane

present as liquid at room temperature. The pure component properties of the feedstock

were listed in Table 4.1

Table 4.1: Physical property of the component.

Component | Molecular MW Boiling Density, p Viscosity,
formula kg/kmol oint, T kg/m’

( g ) 1(30C) b ( g ) n (CP)
Ethane C,Hg 30.07 305.4 1.222 0.0092
Water H,O 18.00 100 0.998 0.0097
Air - 28.97 - 1.169 0.018
Carbon CO; 44.01 -78.55 1.775 0.0145
Dioxide
Hydrogen H, 2.016 20.4 0.0813 0.009
Carbon CcoO 28.01 -191.45 1.13 0.018
Monoxide

* The density, p (kg/m’) and viscosity, n (cP) properties for all the components are taken

at temperature 25 °C and pressure 1 atm.

4.1.2 Thermodynamic Property

In order to define the process, the thermodynamic property packages used to

model both steady state and dynamic of ethane must be specifies.

The feed for the

hydrogen production is considers relatively ideal mixture of ethane, oxygen and air.

Ethane is the primarily characterized as a C,Hs. In this approach, a model of Peng-
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Robinson Equation of State (EOS) is used to model the thermodynamics of hydrogen

production for both steady state and dynamics operations.

This equation has been use to predict phase behavior for solutes with a wide
range of volatility. In this method, it is assume that the solute in equilibrium with the
saturated solution is a solid, which contains a negligible amount of the supercritical fluid
substance. The partial molar volume V of the solid solute in the system at all the
considered pressures and temperatures is equal to its molar volume at atmospheric

pressure and 298K. The Peng-Robinson equation of state if given by

__RT  a,(D
V—b V?>+2Vb b}

P (4.1)
where R is the gas constant, 7 is the absolute temperature, V' is the molar volume of the
pure solvent, a is a parameter describing attractive interactions between molecules, and
b is a parameter describing volume exclusion and repulsive interactions. Subscript /
represents the solvent and 2 represent the solute. Parameter a and b are determined from

the critical properties of the components according to

0.45724R°T? >
a== 2 s rona -1 (42)
(W) = 0.37464 +1.54226w — 0.2699w 4.3)
T
e 44
= (4.4)
b 0.07780RT, 4.5)
pP.

Where T; and P, are the critical temperature and critical pressure, respectively, and w is

the acentric factor. Thus the pure component parameters, @; and b;, can be calculated as:
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OBTURT N, fowi=T 0] (4.6)

ag =
0.07780RT
b == el )
pc,l
0.07780RT. ,
by=——"7"- (4.8)
pc,Z

In order to calculate the properties of a mixture, a parameter k;» that describes the
mixture must be introduced. The parameter k;; is called a binary interaction parameter
and is included to account for the non-ideality of attraction between 1 and 2. In general,
k;> should have a small positive value between 0 and 1. The binary interaction
parameter is often adjusted to make the equation of state fit the experimental data.

Therefore it can be derived as

0.45724(1 -k, )R’T,,T.

a, = N o2 iy fooy- T+ rosya-yTo)]  @o)

The Peng-Robinson equations for the mole fraction, x,, at saturation of a solute of low

volatility in a SCF can be written as

(4.10)

T
Inx, :h{pv( )J—ln;/}z i
p

where p(7) is the vapour pressure of the solute, and ¥, is the volume of the pure solute,

and @, is the fugacity coefficient, it can be calculated to be given by

~ RT b(pV . a, 2a, b,), [V+(1++2)h
ln¢2_ln(p(V—blj+b2(RT lj 2\/2RTb1x[ a, le (V+(1 \/_)b] 0

These equations allow the calculation of solubility at a given temperature and

solvent molar volume, given the vapour pressure and molar volume of the state, the
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critical parameters and acentric factors of both components and the binary interaction
parameter. For dynamics modeling of hydrogen production, the Peng-Robinson
Equation of state was found to simulate hydrogen production faster than the real time.
When performing the dynamics simulation, Aspen HYSYS permits a user selected

thermodynamics calculation procedure.

4.1.3 Integration Algorithm

A dynamic model is represented by a set of ordinary differential equation
(ODEs) in Aspen HYSYS 2004.1. In order to solve the model, integration is required.
The integration procedure must be started with a set of initial condition for each stable
variable. There are three different varying step size integration method available in
HYSYS; Euler, Runge-Kutta-Merson and Richard- Laming-Torrey. For modeling
hydrogen production from propane an implicit Euler method is used. The fixed step size
implicit Euler method explains here is knows as the rectangular integration. It can be
described by extending a line slope zero and length % (the step size) from ¢, to ¢,; on a
f(Y) versus time plot. The area under the curve is approximately by a rectangle of length
h and height f,+;(Y,+;) in a function of the following form (Aspen HYSYS
Documentation, 2005).

In+l
Yois = Yo+ [ fly)dt, where dY = f{y) (4.12)
tn dt

To provide a balance between accuracy and speed, Aspen HYSYS employs a
unique integration strategy. The volume, energy and speed composition balances are
solved at different frequencies. Volume balances are defaulted to solve at every
integration step, whereas energy and composition balances are defaulted to solve at

every 2" and 10" integration step, respectively. The integration time step can be
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adjusted in Aspen HYSYS to increase the speed or stability of the system. The default

value of 0.5 second was selected.

4.1.4 Mathematical Modeling of the Reactor Operation

The mathematical model of the system in the reformer is being develop based on
two fundamental quantities, which is total mass balance and total energy balance. For N

number of component in the system,;
The overall material balance in the reformer

dM
L W W @13)

dt i=inlet o=outlet
With p is component density and /' is component flow rate

The overall energy balance in the reformer

M) - S pFen— Y p e, (4.14)

dt i=inlet o=outlet

With h is the specific enthalpy, ¢ is component heat capacity and T is

temperature. Applying partial differential to the overall energy balance we got

M Do S pFeT - Y pFe, (4.15)
i=inlet o=outlet
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Assume ch” ~ 0 (the change in specific enthalpy is too small)
t

dM

h == 2 pFel = 2 pFef, (4.16)

i=inlet o=outlet

Replace equation 4.1 to equation 4.4, the mathematical model is develop

h(Y pF— Y pFE)= D pFcl— Y pFe,T, (4.17)

i=inlet o=outlet i=inlet o=outlet

4.1.5 Degree of Freedom Analysis

There are two types of degree of freedom. The first one is dynamic degrees of

freedom, &, (m denotes manipulated). N, is usually easily obtained by process insight

as the number of independent variables that can be manipulated by external means. In

general, this is the number of adjustable valves plus other adjustable electrical and

mechanical devices. The second is steady state degrees of freedom, Ny which is the

number of variables needed to be specified in order for a simulation to converge. To

obtain the number of steady state degrees of freedom we need to subtract from N,

which is the number of manipulated variables with no steady state effect and N,, which

1s the number of variables that need to be controlled from N,

As a result equation 4.18 is obtained

Nss:Nm_(Num_'_Noy) (418)
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In any process simulation work, it is essential that the degrees of freedom

analysis be carried out to determine the number of variables to be specified.

4.1.6 Modeling and Simulation Assumption

Once the required equipment design parameters and thermodynamic-related
properties have been set, the simulation can proceed when the initial conditions of each
process stream is given. In running the simulation it is of great importance to ensure that
proper initial values be used for each stream as failure in doing so may lead to
convergence to different values, which is not desirable due to the non-linearity and
unstable characteristics of the process. Once the initial conditions have been specified,
iterative calculations are automatically performed until all the values in the calculated

streams match those in the assumed stream within some specified tolerances.

Assumption is needed in order to make our mathematical model a simple as we

can. Several simplifying assumption that can usually be made are as follow:

e The potential energy can always be ignored; the inlet and outlet elevations are
roughly equal.

e The inlet and outlet velocities are not high, therefore kinetic energy terms are
negligible.

e If there is no shaft work (no pump), W = 0.

Other assumptions can be made base on the reaction conditions and the

equipments used.
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4.2 Summary

This chapter is about the development of the simulation using Aspen HYSYS
2004.1 whereby all the data that collected from literature review is used. For the
simulation of HYSY'S, the equation of state that used is Peng-Robinson to calculate the
stream physical and transport properties. Mass and energy balances have established for
all cases. A brief summary about the simulation of hydrogen plant using Aspen HYSYS
2004.1 is shown in Figure 4.2.

Enter to Aspen HYSYS 2004.1

!

Selecting Thermodynamic model
# Peng Robinson

C2H6 H2
y CO
0O, Define chemical component CO,
H,0
N,
\ 4
Ethane
Adding and define streams > Al
1r
v
Adding and define unit operation Steam
ATR reactor
v
Optimization
v
Starting integration
v HTS
WGS reactor /> MTS
v LTS
Optimization
v

Adding and define unit operation
PrOx reactor

v

Plant wide optimization

Figure 4.2: Block diagram of the simulation of hydrogen plant using Aspen
HYSYS 2004.1



CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Base Case Study

From the total reaction (3.11), the mole fraction ratio is 7 : 6.5 : 4 for ethane over
oxygen over water. Taking basis 100 of kgmole/hr of reactant ethane, the calculated
molar flow rate for oxygen and water is 92.86 kgmole/hr and 57.14 kgmole/hr

respectively. This will make the air flow rate is 442.19 kgmole/hr.

Using this molar flow rate ratio, ethane, air and water were fed into the single
auto-thermal reactor (ATR). This reactor operated under gas phase and at 1 atm. All the
raw materials are at room temperature and need to be heated-up by heater to 100 °C.
The heating was needed for increasing the rate of reactions and for constant temperature
feed into reactor. All reactions occurred in the reactor is set to reacted with 100%

conversions.
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Figure 5.1: Process flow diagram of the Base Case

The main objective of this ATR reactor is to produce hydrogen. However there
still has some side products occurred in this reaction. Products such as methane,
ethylene and carbon can be eliminated by converting to hydrogen or carbon dioxide,
while other products such as carbon monoxide, carbon dioxide, nitrogen and water
cannot be eliminated in this process. Except the carbon monoxide, the other side
products will not be eliminated. Carbon monoxide should be reduced to the level below
10 ppm before been released to atmosphere. The treatment for reducing carbon

monoxide will be discussed in next process later.

Figure 5.1 shows the process flow diagram of the base case developed using
Aspen HYSYS 2004.1. From that figure, simulation development of hydrogen
production from ethane was successful.
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Table 5.1: Molar flow for components of effluent from ATR out for Base Case

Component Molar Flow (Kgmole/hr)
Ethane 0
Methane 0
Ethylene 0
Carbon 0
Oxygen 0
Carbon monoxide 157.1429
Carbon dioxide 42.8571
Hydrogen 357.1429
Water 0
Nitrogen 349.3222

5.2 Base Case Validation

Validation was done by comparing the molar flow rate of the effluent by

calculation from total reaction with the molar flow rate of the effluent of the ATR as

simulated in Aspen HYSIS 2004.1. Basis for calculation is 100 kgmole/hr of ethane.
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Table 5.2: Validation for simulation effluent compare with theory effluent

Component Calculated Simulated Error
Ethane 0 0 0
Methane 0 0 0
Ethylene 0 0 0
Carbon 0 0 0
Oxygen 0 0 0
Carbon monoxide 157.1429 157.1444 0.0015
Carbon dioxide 42.8571 42.8556 0.0015
Hydrogen 357.1429 357.1400 0.0029
Water 0 0 0
Nitrogen 349.3222 349.3222 0

From the table above, we can see that the error occurred only for certain
components and was very small. Therefore, the model developed using Aspen HYSYS

2004.1 was valid and can be used as a real process for further analysis.

5.3 ATR Optimization

Two case studies were developed in order to do this optimization. The first case
study was used to monitor the molar flow rate of carbon monoxide and hydrogen after
varying the air molar flow rate from 300 kgmole/hr to 600 kgmole/hr. The second case
study was used to monitor the temperature at the ATR vapour stream after varying air

molar flow rate within the same range as the first case study.
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The results for case study 1 and case study 2 are presented in Figure 5.2 and
Figure 5.3, respectively. From Figure 5.2, the highest hydrogen produced with low
carbon monoxide exist was obtained at air molar flow rate 470 kgmole/hr. Decreasing
the molar flow rate of air will increase the number of carbon monoxide although the
hydrogen production rate is the same. Increasing the molar flow rate of air will decrease
the hydrogen production rate. Although the 470 kgmole/hr molar flow rate of air looks
like the optimum molar flow rate, it cannot be picked yet before considering the
temperature value. From Figure 5.3, the temperature equal and above 700 °C only can

be achieved at air molar flow rate at 500 kgmole/hr and above.

CO Molear Flow Rate (Kgmole/hr)
H2 Molar Flow Rate (Kgmole/hr)

00— e a0
300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Air Molar Flow Rate (Kgmole/hr)

Figure 5.2: Molar flow of CO and H; effluent for varies air feed molar flow
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Figure 5.3: Temperature of ATR vapour for varies air feed molar flow

Based on the temperature value, the air molar flow rate at 470 kgmole/hr cannot
be taken. Although it gives the largest amount of hydrogen produced, but the
temperature at ATR vapour stream is too low and not suitable to do heat integration
later. So air molar is taken at 500 kgmole/hr which satisfied all the conditions. The
results for the molar flow of components in effluents before and after the optimization
are tabulated in table 5.3.



Table 5.3 Molar flow for components from ATR out before and after optimization
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Component ATR out
Before After
Ethane 0 0
Methane 0 0
Ethylene 0 0
Carbon 0 0
Oxygen 0 0
Carbon monoxide 157.1444 140.0000
Carbon dioxide 42.8556 60.0000
Hydrogen 357.1400 350.0000
Water 0 7.1400
Nitrogen 349.3222 395.0000

After the optimized value of air (500 kgmole/hr) was fed into the reactor, there

were some change occurred at the molar flow rate of the ATR out components. Some

molar flow rate of the components was increased and some were decreased. This

because the excess air stopping certain reactions in the ATR reactor.

reacted to oxygen (air) to produced carbon dioxide and water.

More ethane
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54  Heat Integration

Hot
Ethane

His ind

Heat int Heat Heat Cooler
Exchanger Exchanger gxchanger 1

Atr
liq

Figure 5.4: Process flow diagram for the Heat Integration

The heat integration process was developed by replacing the heater that used to
heat the raw material with heat exchanger. The temperature and heat value at the ATR
out were used as a hot stream to heat the raw materials. The sequence for heating the
raw materials was based on the heating load for each material. Water has the most
heating load followed by air and ethane. Therefore the sequence for the heat integration
process as show in Figure 5.4. The temperature out after heat exchanger 3 is 568.6 °C
and still high. So the stream need a cooler to cooled the effluent to 100 °C before been

feed into water gas shift reactors.
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55  Carbon Monoxide Clean Up

Carbon monoxide (CO) clean up is a process to minimize or eliminate the
existing of carbon monoxide in the effluents. Earlier it was stated that the CO contained
in the effluents must be only or less then 10 ppm. In this process, the amount of the CO
will be reduced to that limits using two stages process which are water gas shift and

preferential oxidation processes.

5.5.1 Water Gas Shift

The water gas shift (WGS) process was developed by installing 3 equilibrium
reactors in the process plant. Each reactor represented three stage of WGS process
which is high temperature surface (HTS), medium temperature surface (MTS) and low
temperature surface (LTS). Each reactor is set to convert the CO to carbon dioxide and

hydrogen by reacting with water.
C0+H20—>C02+H2 (51)
The process is exothermic and will increase the temperature out from each

reactor. So a cooler is needed to maintain the temperature at 100 °C before entering

each reactor. The process flow diagram is shown in Figure 5.5.
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Figure 5.5: Process flow diagram for Water Gas Shift

Table 5.4: Effluent molar flow after Water Gas Shift reaction for each reactor

Master ATR HTS MTS LTS
Component
Ethane 0.0000 0.0000 0.0000 0.0000
Methane 0.0000 0.0000 0.0000 0.0000
Ethylene 0.0000 0.0000 0.0000 0.0000
Carbon 0.0000 0.0000 0.0000 0.0000
Oxygen 0.0000 0.0000 0.0000 0.0000
Carbon 140.0000 132.9268 132.9072 132.9071
monoxide
Carbon dioxide 60.0000 67.0732 67.0928 67.0929
Hydrogen 350.0000 357.0732 357.0928 357.0929
Water 7.1400 0.0668 0.0472 0.0471
Nitrogen 395.0000 395.0000 395.0000 395.0000
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The data for the water gas shift process before optimization for the ATR, HTS,
MTS and LTS are shown in Table 5.4. From this table we can see that the changers for
the molar flow of components especially hydrogen and CO were very small. This
because the amount of steam supply during this process is almost finish since the
optimization was not doing yet. But still we can see the water was used to react with CO
to produce hydrogen and CO..

5.5.2 Preferential Oxidation

Preferential oxidation is the last stages in this process plant before effluents
contained hydrogen enter the fuel cells. The purpose of this process is same as the water
gas shift process which is to reduce the amount of CO in the effluents stream. The water
gas shift process cannot convert the CO until or less then 10 ppm, so it needs other
treatment to reach the limits. This time the reactor installed to the process was set to
convert CO by providing a reaction between CO and oxygen to produced CO,. Besides,
hydrogen reactions also occurred in this process to balance the heat load in the reactor as

the CO reaction is an exothermic process.

CO +0.50, — CO; (5.2)
H>+0.50, — H;O (53)

Air that fed in the ATR reactor was all used. Therefore an additional supply of
air should be fed into this process to make the reactions happen. For this case, the air
cannot be feed at the ATR reactor because it will disturb the reactions that already
optimized. So air must be directly supply to the preferential oxidation reactor. The

process flow diagram for this process is presented in Figure 5.6.
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Figure 5.6: Process flow diagram for Preferential Oxidation

Table 5.5: Effluent molar flow after Preferential Oxidation reaction

Master Component After LTS After PrOx
Ethane 0.0000 0.0000
Methane 0.0000 0.0000
Ethylene 0.0000 0.0000
Carbon 0.0000 0.0000
Oxygen 0.0000 0.0000
Carbon monoxide 132.9071 0.2328
Carbon dioxide 67.0929 199.7672
Hydrogen 357.0929 489.7672
Water 0.0471 110.2328
Nitrogen 395.0000 395.0000
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The data for the water gas shift process before optimization for the after LTS and
after PrOx are shown in Table 5.5. From the table we can see that the molar flow of
components changes significantly especially the molar flow of CO and water. After
installing the PrOx reactor, the selectivity of reaction for the whole process absolutely
changed. The amount of CO was reduced to less then 1 kgmole/hr and the production of
hydrogen was still high, although some of the hydrogen also reacts to produce water
during this process. Although significant amount of CO reduced, it still not reaches the
limit of 10 ppm amount of CO left. Therefore, to reach this limit, the optimization of

PrOx air should be performed.

56  Plant Wide Optimization

Plant wide optimization was performed to determine the optimum operating
conditions for the fuel processor system that can produce high H, production with less
then 10 ppm CO left. In other words, plant wide optimization was a CO clean up process
that reduces the CO produced from the ATR optimization. The optimization consists of

WGS optimization and PrOx optimization.

5.6.1 Water Gas Shift

Water gas shift optimization was done by varing the molar flow rate of water to
get the best water molar flow rate to be fed-in to the process. Some constraints must be
fulfill as same as the ATR optimization before, which is to produced high hydrogen
production, minimize CO production and at the same time to make sure the temperature
of HTS-in3 is at range 100 — 200 °C.
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To do the analysis, 2 case studies were made. The first case study was used to
monitoring the hydrogen and CO production when the molar flow rate of water was
varied and the second case study to monitor the temperature of HTS-in3 also at varies
molar flow rate of water. These 2 case studies were analyzed at the same range of water
molar flow rate, which is 50-400 kgmole/hr. The results of the case studies are
presented in Figure 5.7 and Figure 5.8.

100 A 500
90 \ = -8 88a8 490
80 \ //.Jh_- E 480
70 \ / E 470

——Co
' ——H2
60 - ! + 460

50 - : + 450

40 1 : 1 440

30 / \ : 430
20 /. \ : 420
10 ' 410

50 100 150 200 250 300 350 400
Water Molar Flow Rate (Kgmole/hr)

CO Molar Flow Rate (Kgmole/hr)
H2 Molar Flow Rate (Kgmole/hr)

Figure 5.7: Molar flow of CO and H, effluent for varies water feed molar flow

From Figure 5.7, the highest amount of hydrogen can be produced when the
molar flow rate of water was at 280 kgmole/hr and above. Under this molar flow rate,
the CO production was very small. Based on this figure, the best water molar flow rate
should be selected flow at 280 kgmole/hr, because CO was the less and produced high

hydrogen rate. On the Figure 5.8, the water molar flow rate at 280 kgmole/hr will
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produce high temperature at HTS in 3, which is 195.2 °C. So the best molar flow rate
of water to select is at 300 kgmole/hr which is will satisfy all conditions.
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Figure 5.8: Temperature to HTS for varies water feed molar flow

The comparison for molar flow of the effluents before and after optimization for
the ATR, HTS, MTS and LTS reactor are presented in Table 5.6. The table shows that
the optimization was not giving a huge effect to the ATR, but absolutely useful for the
HTS, MTS and LTS reactors. After this optimization, the amount of CO is decreased
dramatically which is from 132.93 kgmole/hr to 0.23 kgmole/hr. The molar flow of

hydrogen increased about 100 kgmole/hr higher then the molar flow before WGS
optimization.



Table 5.6: Molar flow of the effluent before and after optimization for ATR, HTS,

MTS and LTS
Component ATR HTS
Before After Before After
Ethane 0.0000 0.0000 0.0000 0.0000
Methane 0.0000 0.0000 0.0000 0.0000
Ethylene 0.0000 0.0000 0.0000 0.0000
Carbon 0.0000 0.0000 0.0000 0.0000
Oxygen 0.0000 0.0000 0.0000 0.0000
Carbon Monoxide 140.0000 140.0000 132.9268 7.5046
Carbon Dioxide 60.0000 60.0000 67.0732 192.4954
Hydrogen 350.0000 350.0000 357.0732 482.4954
Water 7.1400 250.0000 0.0668 117.5046
Nitrogen 395.0000 395.0000 395.0000 395.0000
Component MTS LTS
Before After Before Before
Ethane 0.0000 0.0000 0.0000 0. 0000
Methane 0.0000 0.0000 0.0000 0.0000
Ethylene 0.0000 0.0000 0.0000 0.0000
Carbon 0.0000 0.0000 0.0000 0.0000
Oxygen 0.0000 0.0000 0.0000 0.0000
Carbon Monoxide 132.9072 0.3042 132.9071 0.2328
Carbon Dioxide 67.0928 199.6958 67.0929 199.7672
Hydrogen 357.0928 489.6958 357.0929 489.7672
Water 0.0472 110.3042 0.0471 110.2328
Nitrogen 395.0000 395.000 395.0000 395.0000
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5.6.2 Preferential Oxidation

Preferential oxidation optimization was done by varing the air supply of
preferential oxidation and monitor the amount of CO exist in effluents and the
temperature value at Prox out (Prox Vapour). Before doing the optimization, the
temperature of effluents and fresh air that feed into the Prox reactor must be set to 50 °C
to decrease the range of the temperature at Prox out (between 30-150 °C). For this
optimization, the amount of CO that still exists in the effluents must be at 10 ppm or

less.

The temperature at the Prox vapour also must be at range 60-100 °C because the
fuel cells can only be operated at this range of temperature. The graph for this
optimization is represented in Figure 5.9. The graph show that, the amount of CO can
be reduced until 5.2023 ppm or less, but it wills coasts more air demand. Besides it also
increase the temperature of prox vapour and decrease the amount of hydrogen produced.
So the best choice is to select the prox air molar flow at 12 kgmole/hr, which is will

satisfy all conditions.
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Figure 5.9: Molar flow (in ppm) and temperature of Prox vapour for varies Prox

air feed molar flow

After doing the optimization, the final molar flow for all components in the
effluents of prox vapour were as show in Table 5.7. The molar flow of CO left was
0.0103 kgmole/hr or 8.5548 ppm. The final molar flow rate of for hydrogen production
for this process was 484.9497 kgmole/hr. It was a little bit lower then the molar flow
before prox optimization, because during the optimization, some of the hydrogen was
reacted to produce water. The molar flow of water was 115.0503 kgmole/hr and maybe

can be recycling back to the ATR reactor.

After all optimizations, the molar flow of ethane, air and steam that used in this
process were 100, 512 and 300 kgmole/hr, or in air/fuel (A/F) and steam/fuel (S/F) ratio

were 5.12 and 3.0 respectively.
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Table 5.7: Molar flow of the effluent before and after optimization for PrOx

Component PROX
Before After

Ethane 0.0000 0.0000

Methane 0.0000 0.0000

Ethylene 0.0000 0.0000

Carbon 0.0000 0.0000

Oxygen 0.0000 0.0000

Carbon monoxide 0.2328 0.0103
Carbon dioxide 199.7672 199.9897
Hydrogen 489.7672 484.9497
Water 110.2328 115.0503
Nitrogen 404.4800

5.7  Temperature and Material Profile for the Whole Process

After we had done with the whole simulation of hydrogen production, the last
section that need to be completed is temperature and material profile from the input
until the product or the output for the last unit operation. Temperature and material
profile shows the graphical result of the temperature behaviour and the production rate

of the component of effluent, for the whole process.
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5.7.1 Temperature Profile

Figure 5.10 presents the temperature profile for the whole process starting from
the temperature of raw materials feed into the ATR reactor until the temperature of PrOx
vapour. The temperatures start up with 100 °C. Then high temperature occurred at ATR
out since it will be used to heating the raw materials by heat integrations process. The
temperature slowly brings down back to 100 °C during the heat integration process. At
the first WGS reactor (HTS), the temperature raise to 244 °C but then was cooled back
to 100 °C before enter the second WGS. After WGS 2, the temperature raise was small.
The temperature of effluents feed into the prox reactor were set to 50 °C. Finally the

temperature of prox vapour is at 82.63 °C.
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Figure 5.10 : Temperature profile for the whole process
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5.7.2 Material Profile

It is important to monitoring the material profile of the whole process especially
the material that need to optimized and eliminated or minimized. By doing this material
profile we can see clearly the flow of the material production from the beginning until

the end of the process and make some analysis on it.
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Figure 5.11: Materials profile for the whole process

Figure 5.11 illustrates the material profile of hydrogen and CO for the whole
process. The hydrogen and CO molar flow start with zero at ATR feed in. They start to
exist at ATR out effluents where the molar flow of hydrogen was 350 kgmole/hr and the
molar flow of CO was 140 kgmole/hr. There were no reaction during the heat
integration process and the value of hydrogen and CO are remain constant. After
entering the WGS 1, large significant difference occurred in the molar flow of hydrogen
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and CO. The hydrogen molar flow increased to 482.5 kgmole/hr while the CO molar
flow decreased to 7.5 kgmole/hr. This is because the WGS process is a process to clean
up CO and enrich hydrogen from water reactions. After WGS process the CO will be
reduced again in preferential oxidation reactor until it reach the approximately limits 10
ppm at prox out, while the molar flow of hydrogen was maintained at average 480
kgmole/hr.

5.8  Fuel Processor System Efficiency

It is important to estimate the fuel processor system efficiency before the fuel
processor being develop in real scale. The efficiency will determine either the fuel
processor can be use and profitable to develop or vice versa. In this research the

efficiency of the fuel processor system are calculated using the formula shown below.

Efficiency, y % = (nyy. LHVy ) + (nco. LHVco) x 100
(nfuel . LHVfuel)

with, n = molar flow rate

LHV = low heating value

The lower heating value (LHV) of H, and CO are given (Lenz et al., 2005),
while the other value are gained from the data results. In this study, with the air/fuel
ratio of 5.12 and steam/fuel ratio of 3.0, the calculated fuel processor system efficiency
is about 82.07%.
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5.9 Summary

This chapter presents all the results obtained from the simulation and
optimization of hydrogen production that was done in this research. Some discussion
was carried out to explain the selection of certain value of parameters during the
simulation and optimization process. The important part of this chapter is to display the
final ratio of air/fuel and steam/fuel after optimization, the final production of hydrogen
and carbon monoxide, and the efficiency of the fuel processor system. The optimize
ratios that produce high H; yield are at air to fuel ratio of 5.12 and water to fuel ratio of
3.0. Under this condition, the H, yield is 40.26% and the fuel processor system
efficiency is about 82.07%.



CHAPTER 6

CONCLUSION AND RECOMMENDATION

6.1 Summary

This study is conducted to stimulate and optimize the hydrogen production plant
for fuel cell application using autothermal reforming of ethane. The simulation and
optimization of the hydrogen production from autothermal reforming of ethane was
carried out using computational programme Aspen HYSYS 2004.1. There were three
inputs for this process of hydrogen production which are ethane, air and water. In
general, there were ten reactions involved which are total oxidation (TOX), partial
oxidation (POX), steam reforming (SR), oxidative dehydrogenation (OD) and cracking
in this processes and three reactions occurred for the clean up of carbon monoxide at the

WGS and PrOx reactor.

A fixed basis of 100 kgmole/h ethane was inserted to the process and the ratio
molar flow for air and water were obtained from the stoichiometry analysis using the

overall reaction shown below.

7C,Hg + 6.502 + 4H,0 — 11CO + 3CO, + 25H,
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The research methodology start with stoichiometry mathematical analysis,
followed by base case development, base case validation, ATR optimization, heat
integration, carbon monoxide clean up and lastly the plant wide optimization. The
optimization process consists of three stages, start with ATR optimization, WGS
optimization and PrOx optimization. The important results of this research are the final
ratios of A/F and S/F after optimization, the final production of hydrogen and carbon

monoxide, and the efficiency of the fuel processor system.

6.2 Conclusion

A number of important observations were noted based on the analysis of result as
presented in the previous chapter. The main contributions of this research to the
hydrogen production plant simulation, which also represent the new development in this

field, are the following:

1) The hydrogen production plant was successfully developed using Aspen

HYSYS 2004.1

2) The optimum ratios for A/F and S/F are 5.12 and 3.0, respectively,
to produce 40.26% of hydrogen and 8.55 ppm of CO.

3) With the optimized parameters above, the fuel processor efficiency is

82.07%.
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Recommendations

In the future works, it is recommended to study and integrate the following aspects:

1)

2)

3)

4)

Water Management
The wet basis effluent of PrOx still has a large significant of water vapour.
Instead of wasting this effluent to the ambient, it is more efficient and

economical to recycle this water back into the autothermal reformer.

Purification of hydrogen

The product gas mixture which is exiting the prox reactor contains appreciable
amounts of water vapour, carbon dioxide and nitrogen as well as desired
hydrogen product. In terms of compactness requirements and the need for a
robust hydrogen generation system to be integrated with fuel cell applications, a

hydrogen purification step becomes very important.

Hydrogen Enrichment
As mentioned before, the effluents of prox vapour still contained a large amount
of water vapour which is maybe still can be converted to hydrogen. Therefore a

continuous study should be done to developed new technique for the process.

Ethane molar flow effects

This research is only study the simulation process by taking 100 kgmole/hr of
ethane molar flow as basis. So it is strongly recommended to make a research on
varies of ethane molar flow and study the effects on the hydrogen production

behaviour.
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Table A.4: Data sheet after WGS optimization (continues)
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LIFECYCLE INNOYATION

KRAS INSTRUMEMNT AMD SERY
Calgary, Alberta
CAMNADA

Case Mame: EACOSMAS LAGRCLEANING OPTIMIZATION HSC
Unit Set: Sl
Date/Time Mon Oct 08 00:51:30 2006

Workbook: Case (Main) (continued)

Streams (continued) Fluid Pkg: All
Mame Mts vapor Iits lig Ltsin Lts wapor Lts lig
“apour Fraction 1.0000 0.0000 1.0000 1.0000 0.0000
Termnperature (<) 108.0 108.0 100.0 100.1 100.1
Fressure (kPa) 101.3 101.3 101.3 101.3 101.3
Malar Flow (kgmaolesh) 1185 0.0000 1185 1185 0.0000
Mass Flow (kash) 2.284e+004 0.0000 2.284e+004 2.284e+004 0.0000
Std Ideal Lig Vol Flow (m3ih) 40.50 0.0000 40.50 40.51 0.0000
Heat Flow (kdih) -1.022e+008 0.0000 -1.025e+008 -1.025e+008 0.0000
Malar Enthalpy (kJikgmole) -B.550e+004 -2.789e+005 -8.576e+004 -B.576e+004 -2.798e+005
Master Comp Molar Flow (Metflameiple/h) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Ethfiginolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Coadennolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Carflannolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (COJkgmolesh) 0.3042 0.0000 0.3042 0.2328 0.0000
Master Comp Molar Flow (COBgmaolesh) 195.6958 0.0000 199 6958 199.7672 0.0000
Master Comp Molar Flow (Hydteg h) 485.5958 0.0000 489.6958 489.7672 0.0000
Master Comp Molar Flow (H2@kgmole/h) 110.3042 0.0000 110.3042 110.2328 0.0000
Master Comp Molar Flow (Ethyflemreple/n) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (MNitrgiggmolesh) 3595.0000 0.0000 3495.0000 385.0000 0.0000
Unit Ops
Operation Name Cperation Type Feeds Products Ignored Calc Level
Hot Ethane Afr lig
CRV-100 Conversion Reactar Hot Air Afr out Mo a00.0
Steamn
Atr out Hts in1
Heat Exchanger 1 Heat Exchanger Mo 500.0
Water Steam
Heat Exchanger 2 Heat Exchanger i i Mo 5000
Air Hat Air
Heat Exch 3 Heat Exch: ol ol I 500.0
eat Exchanger eat Exchanger Cthane Hot Ethane o
Hts in3 Hts ind
Coaler 1 Coaler Mo 5000
04
Hts vapor hts in
Coaoler 2 Coaoler Mo a00.0
Q5
Mts vapor Ltsin
Coaler 3 Cooler Mo a00.0
QB
ERV-100 Equilibrium Reactor il His lig Mo 5000
Hts vapor
Mts in Mts lig
ERv-101 Equilibrium Reactor Mo 500.0
hts vapor
Lts in Lts lig
ERY-102 Equilibrium Reactor Mo 500.0
Lts wapor

Hyprotech Litd.
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Table A.5: Data sheet after PrOx optimization

75

HRAS INSTRUMENT AND SERY

Case Name

EACOSMAS LAGKNPROX OFTIMIZATION HSC

Calgary, Alberta Unit Set: =1
LIFECYOLE INNGVATION CANADA
Date/Time: Sat Oct 14 11:46:28 2006
Workbook: Case (Main)

Streams Fluid Pkg Al
Marne Ethane Hot Ethane Air Hot Air Water
“apour Fraction 1.0000 1.0000 1.0000 1.0000 0.0000
Temperature () 25.00 100.0 25.00 100.0 25.00
Fressure (kPa) 101.3 101.3 101.3 101.3 101.3
Molar Flow (kgmalesh) 100.0 100.0 500.0 500.0 300.0
Mass Flow (koh) 3007 3007 1.443e+004 1.443e+004 5405
Std Ideal Lig Vol Flow (m3/h) 8.454 8.454 16.68 16.68 5415
Heat Flow [(Alig)] -8.480e+006 -8.048e+006 -4082 1.099e+006 -8.562e+007
Malar Enthalpy (klikgmale) -B.480e+004 -8.048e+004 -8.183 2189 -2.854e+005
Master Comp Molar Flow (Metfssmeplesh) 0.00o00 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Ethgkgonole/h) 100.0000 100.0000 0.0000 0.0000 0.0000
Master Comp Molar Flows { Csxodgempolesh) 0.00o0 0.0000 105.0000 105.0000 0.0000
Master Comp Molar Flow (Cartlariolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (COJkgmoledn) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (COMgrmolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow {Hydfamgemmie/h) 0.00o00 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (H2@kgmaolesh) 0.00o00 0.0000 0.0000 0.0000 300.0000
Master Comp Molar Flows (Ethflemeplesh) 0.00o0 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Mitrdiggmioled) 0.00o0 0.0000 395.0000 395 0000 0.0000
Mame Steam Atr out Atr lig Ht= in1 Hts in2
Wapour Fraction 1.0000 1.0000 0.0000 1.0000 1.0000
Temperature () 100.0 568.3 569.3 209.4 179.9
FPressure (kPa) 101.3 101.3 101.3 101.3 101.3
Maolar Flow (kgmalesh) 200.0 1198 0.0000 1195 1185
Mass Flow (koh) 5405 2.284e+004 0.0000 2.284e+004 2.284e+004
Std Ideal Lig vol Flow (m3/h) 5415 3644 0.0000 3644 3644
Heat Flowy (G -7.156e+007 -7.851e+007 0.0000 -8.257e+007 -9.367e+007
Malar Enthalpy (klikgmale) -2.385e+005 -6.570e+004 -6.570e+004 -T.747e+004 -7.830e+004
Master Comp Molar Flow (Metfssmeple/h) 0.00o0 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Ethgkeinoledh) 0.00o00 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flows { Csxodgempolesh) 0.00o0 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Cartlariolesh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (CC kamaled) 0.0000 140.0000 0.0000 140.0000 140.0000
Master Comp Molar Flow (CODEgmaolesh) 0.00o00 60.0000 0.0000 60.0000 60.0000
Master Comp Molar Flovs {Hydfamgemmie/h) 0.00o00 350.0000 0.0000 250.0000 350.0000
Master Comp Molar Flow (H2@kgmaole/h) 300.0000 250.0000 0.0000 250.0000 250.0000
Master Comp Molar Flows (Ethylemaple/h) 0.00o0 0.0000 0.0000 0.0000 0.0000
Master Cormp Molar Flow (Mitrdlagmioledh) 0.0000 395.0000 0.0000 395.0000 395.0000
MNarne Hts in3 Hts ind Hts wapor Hts lig Mts in
“apour Fraction 1.0000 1.0000 1.0000 0.0000 1.0000
Temperature (C) 168.4 100.0 2447 2447 100.0
Fressure (kPa) 101.3 101.3 101.3 101.3 101.3
Maolar Flows (kamaoledh) 1195 1195 1135 0.0000 1135
Mass Flow (ka'h) 2.284e+004 2.284e+004 2.284e+004 0.0000 2.284e+004
St ldeal Lig viol Flow (m3/h) 36 .44 3644 40.249 0.0000 40.249
Heat Flow (kdiby -8.411e+007 -9.664e+007 -9 664e+007 0.0000 -1.022e+008
Molar Enthalpy (kdkgmole) -7.875e+004 -8.0287e+004 -8.0287e+004 -2 626e+005 -8.550e+004
Master Comp Molar Flows (Metflsmeplesh) 0.00o0 0.0000 0.0000 0.0000 0.0000
Master Cormp Molar Flow (Ethdkeinoled) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Cormp Molar Flow (Osxdieminoledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Carflapiioledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (COTkgmaledh) 140.0000 140.0000 7.5023 0.0000 7.5023
Master Comp Molar Flow (COMgmaolesh) B0.0000 B0.0000 1824977 0.0000 1924977
Master Cormp Molar Flow (Hydfiogr h) 350.0000 350.0000 4824977 0.0000 4824977
Master Comp Molar Flow (H2@kgmaolesh) 250.0000 250.0000 117.5023 0.0000 117.5023
Master Comp Molar Flow (Ethfleqmeiple/h) 0.00o00 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flovs (Mitrdlgemole/h) 395.0000 385.0000 385.0000 0.0000 385.0000
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Table A.6: Data sheet after PrOx optimization (continues)
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KRAS INSTRUMENT AND SERY

Y

LIFECYELE INNGVATION

Calgary, Alberta
CANADA,

Case Mame:

EAMCOSMAS LAGNPROX OPTIMIZATION HSC

Unit Set

sl

Date/Time:

Sat Oct 14 11:46:28 2008

Workbook: Case (Main) (continued)

Streams (continued) Fluid Pkg Al
MName Mts wvapor Mts lig Lts in Lts wapor Lts lig
Wapour Fraction 1.0000 0.0000 1.0000 1.0000 0.0000
Temperature (C) 108.0 108.0 100.0 100.1 100.1
Pressure (kPa) 101.3 101.3 101.3 101.3 101.3
Molar Flow (kgmaledh) 1185 0.0000 1195 1195 0.0000
Mass Flow (kahy 2.284e+004 0.0000 2.284e+004 2.284e+004 0.0000
Std Ideal Lig Vol Flow (m3/h) 40.50 0.0000 40.50 40.51 0.0000
Heat Flow (kedihy -1.022e+008 0.0000 -1.025e+008 -1.025e+008 0.0000
Molar Enthalpy (klikgmale) -8.550e+004 -2.788e+005 -B.576e+004 -8.576e+004 -2.796e+005
Master Comp Molar Flow (Metflamaile/h) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Ethghmeinole/h) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Cxfggmioleh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Camp Malar Flow (Car aledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Malar Flow (COgkgrnoledh) 0.3043 0.0000 0.3043 0.2328 0.0000
Master Comp Molar Flow (CORgmoledh) 199.6957 0.0000 199.6957 199.7672 0.0000
Master Comp Molar Flow (Hydiagen)e/h) 489 6957 0.0000 489 .B857 4B9.7672 0.0000
Master Comp Molar Flow (H2qHgmole/h) 110.3043 0.0000 110.3043 110.2328 0.0000
Master Comp Molar Flow (Ethikgmedle/h) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flow (Nitrfgeniple/h) 385.0000 0.0000 395.0000 395.0000 0.0000
Marme Prox in Prosx Air Hot Prox Air Prox Vapor Prox lig
“apour Fraction 1.0000 1.0000 1.0000 1.0000 0.0000
Temperature 193] 50.00 25.00 50.00 82.62 82.62
Pressure (kPa) 101.3 101.3 101.3 101.3 101.3
tolar Flow (kgrnaledh) 1185 12.00 12.00 1204 0.0000
Mass Flovy (ka'h) 2.284e+004 346.2 3468.2 2.318e+004 0.0000
Std Ideal Lig val Flow (m3h) 40.581 0.4002 0.4002 40.79 0.0000
Heat Flows (ki) -1.043e+008 -38.20 3685 -1.043e+008 0.0000
Maolar Enthalpy (klkgmale) -3.732e+004 -3.183 T24.1 -8.663e+004 -2.803e+005
Master Comp Molar Flow (Metflamaipledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Caomp Molar Flow (Ethgmeoledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flows (Ceofiggmiolesh) 0.0000 2.5200 2.5200 0.0000 0.0000
Master Comp Molar Flow (C oledh) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Malar Flow (COkgrnoledh) 0.2328 0.0000 0.0000 0.0103 0.0000
Master Comp Molar Flow (CO@gmole/h) 189.7672 0.0000 0.0000 189.8887 0.0000
Master Comp Molar Flow (Hydiamean)e/h) 489.7672 0.0000 0.0000 484 8497 0.0000
Master Camp Molar Flow (H2QRgrmoledh) 110.2328 0.0000 0.0000 115.0503 0.0000
Master Comp Molar Flow (Ethikemedle/h) 0.0000 0.0000 0.0000 0.0000 0.0000
Master Comp Molar Flows (Nitrfgeniple/h) 395.0000 9.4800 9.4800 404 4800 0.0000
Unit Ops
Cperation Name Operation Type Feeds Products Ignored Calc Level
Hot Ethane Afr lig
ATR Conversion Reactar Haot Air Afr out Mo 5000
Steamn
PROX Conversion Reactor Sl Prox lig Mo 500.0
Hot Prox Air Prox Vapor
Afr out Hts in1
Heat Exchanger 1 Heat Exchanger VWater Stearm Mo 5000
Heat Exchanger 2 Heat Exchanger il i Mo 5000
Alr Haot Air
Heat Exchanger 3 Heat Exchanger LIl LIl Mo 5000
Ethane Hot Ethane
Conler 1 Coaler His ind Hits Ins Mo 5000
Q4
Couoler 2 Cooler Hits vapor LUl Mo 5000
Q5
Cooler 3 Cooler hits vapor el Ma 500.0
Qs
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Y

LIFEOYOLE INNOGVATION

Case Name: ENCOSMAS LAGNPROX CPTIMIZATION.HSC

KRAS INSTRUMENT AND SERV

Calgary, Alberta Unit Set: Sl

CANADA

Date/Time Sat Oct 14 11:46:28 2006

Workbook: Case (Main) (continued)

Unit Ops (continued)

Operation Name Operation Type Feeds Products lgnored Calc Level
=]
Cooler 4 Cooler Lt vepor rox No 500.0
Q8
WGS 1 Equilibrium Reactor Hts ind Hts lig No 500.0
Hts vapor
. Mts in Mts lig
WGES 2 Equilibrium Reactor Mo 500.0
Mts vapor
- 5
WGES 3 Equilibrium Reactor il Lts lig Mo 500.0
Lts vapor
Prox Air Hot Prox Air
Heater 4 Heater MNo 500.0
Q7
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Figure B.1: Material profile for all components for the whole process
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Figure B.2: The simulation plant model for the whole process




