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Preface

The contributions in this book present an overview of utting edge research on natural gas
which is a vital component of world’s supply of energy. Natural gas is combustible mixture
of hydrocarbon gases, primarily methane but also heavier gaseous hydrocarbons such as
ethane, propane and butane. Unlike other fossil fuels, natural gas is clean burning and emits
lower levels of potentially harmful by-products into the air. Therefore, it is considered as one
of the cleanest, safest, and most useful of all energy sources applied in variety of residential,
commercial and industrial fields.

The book is organised in 25 chapters that are collected into groups related to technology,
applications, forecasting, numerical simulations, transport and risk assessment of natural gas.

The introductory chapter 1 provides a soft introduction about the background and history of
natural gas, what exactly it is and where it can be found in nature, and presents an overview
of applications and technologies related to natural gas. The introduction is extended in the
second chapter providing the physical properties and combustion features of natural gas.

The next group of chapters 3-10 is related to various technological aspects of natural gas
and describes the importance of natural gas reforming, its odorisation, synthetic natural gas,
comparison with biogas, natural gas hydrates, thermal decomposition of sour natural gas,
soil-gas geochemistry, and storage of natural gas in porous materials.

Chapter 11 provides an introduction to industrial applications of natural gas and the
application topics are further discussed in chapters 12-15. The relation of natural gas to electric
power systems is discussed in chapter 12. The next two chapters consider engine applications,
namely compressed natural gas direct injection engine and hydrogen-enriched compressed
natural gas as a fuel for engines. Chapter 15 discusses clean energy considerations provided
by the liquid natural gas.

Two chapters are dedicated to short-term forecasting of natural gas consumption. Daily
and hourly forecasting models for natural gas distributors are presented in chapter 16, and
statistical daily forecasting models for households and small and medium size commercial
customers are discussed in chapter 17.

Chapters 18-20 are concerned with numerical simulations in the field of natural gas and
discuss molecular dynamics simulations of volumetric thermophysical properties of natural
gases, static behaviour of natural gas and its flow in pipes, and simulations of steady state
compressible flow in porous media.
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Chapters 21 and 22 are related to transport of natural gas and discuss natural gas properties
and methods of precise flow computation, and transportation of rarefied natural gas in
pipelines.

The last three chapters 23-25 are concerned with risk estimation in various natural gas
operations and discuss analysis of large-scale liquefied natural gas spills on water, risk
assessment of marine liquid natural gas operations, and reliability measures for liquefied
natural gas receiving terminal.

Editor
Primoz Potoénik

University of Ljubljana
Ljubljana, Slovenia



Natural gas

Wan Azelee Wan Abu Bakar and Rusmidah Ali
Department of Chemistry, Universiti Teknologi Malaysia,
Skudai, Johor, Malaysia

1. Introduction

This chapter contains a description of background of natural gas: what exactly natural gas
is?, how it is formed and how it is found in nature; history of natural gas: a brief history and
development of modern natural gas; resources: how much abundance, where to find and
what is the composition of natural gas; Uses: application and the important of energy
source; natural gas versus environment: emission from the combustion of natural gas;
natural gas technology: role of technology in the evolution of the natural gas industry;
Purification of crude natural gas: various technologies used to convert sour to sweet natural
gas; synthesis of artificial natural gas: methanation reaction.

2. Background of Natural Gas

A mixture of gaseous hydrocarbons occurring in reservoirs of porous rock (commonly sand
or sandstone) capped by impervious strata. It is often associated with petroleum, with
which it has a common origin in the decomposition of organic matter in sedimentary
deposits. Natural gas consists largely of methane (CHj) and ethane (C:He), with also
propane (CsHs) and butane (C4Hig)(separated for bottled gas), some higher alkanes (CsHyo
and above) (used for gasoline), nitrogen (N2) , oxygen (O2), carbon dioxide (CO.), hydrogen
sulfide (H,S), and sometimes valuable helium (He). It is used as an industrial and domestic
fuel, and also to make carbon-black and chemical synthesis. Natural gas is transported by
large pipelines or (as a liquid) in refrigerated tankers. Natural gas is combustible mixture of
hydrocarbon gases, and when burned it gives off a great deal of energy. We require energy
constantly, to heat our homes, cook our food, and generate our electricity . Unlike other
fossil fuels, however, natural gas is clean burning and emits lower levels of potentially
harmful byproducts into the air. It is this need for energy that has elevated natural gas to
such a level of importance in our society, and in our lives.

Natural Gas is a vital component of the world's supply of energy. It is one of the cleanest,
safest, and most useful of all energy sources. Despite its importance, however, there are
many misconceptions about natural gas. For instance, the word 'gas' itself has a variety of
different uses, and meanings. When we fuel our car, we put 'gas' in it. However, the
gasoline that goes into your vehicle, while a fossil fuel itself, is very different from natural
gas. The 'gas' in the common barbecue is actually propane, which, while closely associated
and commonly found in natural gas, is not really natural gas itself. While commonly
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grouped in with other fossil fuels and sources of energy, there are many characteristics of
natural gas that make it unique. Below is a bit of background information about natural gas,
what exactly it is, how it is formed, and how it is found in nature

2.1 History of Natural Gas

Naturally occurring natural gas was discovered and identified in America as early as 1626,
when French explorers discovered natives igniting gases that were seeping into and around
Lake Erie. The American natural gas industry got its beginnings in this area. In 1859,
Colonel Edwin Drake (a former railroad conductor who adopted the title 'Colonel' to
impress the townspeople) dug the first well. Drake hit oil and natural gas at 69 feet below
the surface of the earth.

Fig. 1. A Reconstruction of ‘Colonel” Drake’s First Well in Titusville, Pa (Source: API)

Most in the industry characterize this well (Fig.1) as the beginning of the natural gas
industry in America. A two-inch diameter pipeline was built, running 5 and % miles from
the well to the village of Titusville, Pennsylvania. The construction of this pipeline proved
that natural gas could be brought safely and relatively easy from its underground source to
be used for practical purposes.

In 1821, the first well specifically intended to obtain natural gas was dug in Fredonia, New
York, by William Hart. After noticing gas bubbles rising to the surface of a creek, Hart dug a
27 foot well to try and obtain a larger flow of gas to the surface. Hart is regarded by many as
the 'father of natural gas' in America. Expanding on Hart's work, the Fredonia Gas Light
Company was eventually formed, becoming the first American natural gas company.

In 1885, Robert Bunsen invented what is now known as the Bunsen burner (Fig.2). He
managed to create a device that mixed natural gas with air in the right proportions, creating
a flame that could be safely used for cooking and heating. The invention of the Bunsen
burner opened up new opportunities for the use of natural gas in America, and throughout
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the world. The invention of temperature-regulating thermostatic devices allowed for better
use of the heating potential of natural gas, allowing the temperature of the flame to be
adjusted and monitored.

Fig. 2. A Typical Bunsen Burner (Source:DOE)

Without any way to transport it effectively, natural gas discovered pre-world war II was
usually just allowed to vent into the atmosphere, or burnt, when found alongside coal and
oil, or simply left in the ground when found alone.

One of the first lengthy pipelines was constructed in 1891. This pipeline was 120 miles long,
and carried natural gas from wells in central Indiana to the city of Chicago. However, this
early pipeline was very rudimentary, and did not transport natural gas efficiently. It wasn't
until the 1920's that any significant effort was put into building a pipeline infrastructure.
After World War II welding techniques, pipe rolling, and metallurgical advances allowed
for the construction of reliable pipelines. This led to a post-war pipeline construction boom
lasting well into the 60's, creating thousands of miles of pipeline in America.

Once the transportation of natural gas was possible, new uses for natural gas were
discovered. These included using natural gas to heat homes and operate appliances such as
water heaters and oven ranges. Industry began to use natural gas in manufacturing and
processing plants. Also, natural gas was used to heat boilers used to generate electricity. The
transportation infrastructure made natural gas easier to obtain, and as a result expanded its
uses.

2.2 How Natural Gas is Formed

Millions of years ago, the remains of plants and animals decayed and built up in thick
layers. This decayed matter from plants and animals is called organic material -a compound
that capable of decay or sometime refers as a compound consists mainly carbon. Over time,
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the mud and soil changed to rock, covered the organic material and trapped it beneath the
rock. Pressure and heat changed some of this organic material into coal, some into oil
(petroleum), and some into natural gas - tiny bubbles of odorless gas. The main ingredient
in natural gas is methane, a gas (or compound) composed of one carbon atom and four
hydrogen atoms, CHy It is colorless, shapeless, and odorless in its pure form.

In some places, gas escapes from small gaps in the microscopic plants and animals living in
the ocean rocks into the air; then, if there is enough activation energy from lightning or a
fire, it burns. When people first saw the flames, they experimented with them and learned
they could use them for heat and light. The formation of natural gas can be explained
starting with microscopic plants and animals living in the ocean.

The process began in amillions of years ago, when microscopic plants and animals living in
the ocean absorbed energy from the sun, which was stored as carbon molecules in their
bodies. When they died, they sank to the bottom of the sea. Over millions of years, layer
after layer of sediment and other plants and bacteria were formed.

As they became buried ever deeper, heat and pressure began to rise. The amount of pressure
and the degree of heat, along with the type of biomass (biological materials derived from
living organisms), determined if the material became oil or natural gas. More heat produced
lighter oil. At higher heat or biomass made predominantly of plant material produced
natural gas.

After oil and natural gas were formed, they tended to migrate through tiny pores in the
surrounding rock. Some oil and natural gas migrated all the way to the surface and escaped.
Other oil and natural gas deposits migrated until they were caught under impermeable
layers of rock or clay where they were trapped. These trapped deposits are where we find
oil and natural gas wells today where drilling process was conducted to obtain the gas.

In a modern technology, machines called "digesters" is used to turn today's organic material
(plants, animal wastes, etc.) into synthetic natural gas (SNG). This replaces waiting for
thousands of years for the gas to form naturally and could overcome the depletion of
natural resources. The conventional route for SNG production is based on gasification of
biomass to produce synthesis gas and then the subsequent methanation of the synthesis gas
turn it to synthesis natural gas. Woody biomass contain 49.0% carbon and 5.7% hydrogen
that can be converted to 76.8% methane, CHs.

2.3 How Natural Gas is Obtained

Now imagine how to obtain the invisible treasure? That's the challenge face by geologist
when exploring for natural gas. Sometimes there are clues on the earth's surface. An oil
seeps is a possible sign of natural gas below, since oil and gas are sometimes found together.
Geologists also have sensitive machines that can "sniff" surface soil and air for small
amounts of natural gas that may have leaked from below ground.
The search for natural gas begins with geologists who locate the types of rock that are
known to contain gas and oil deposits. Today their tools include seismic surveys that are
used to find the right places to drill wells. Seismic surveys use echoes from a vibration
source at the Earth's surface (usually a vibrating pad under a truck built for this purpose) to
collect information about the rocks beneath. They send sound waves into the ground and
measure how fast the waves bounce back. This tells them how hard and how thick the
different rock layers are underground. The data is fed into a computer, which draws a



Natural gas 5

picture of the rock layers. This picture is called a seismogram. Sometimes, it is necessary to
use small amounts of dynamite to provide the vibration that is needed.

The next task are taken by scientists and engineers who explore a chosen area by studying
rock samples from the earth and taking measurements. If the site seems promising, drilling
begins. Some of these areas are on land but many are offshore, deep in the ocean. Once the
gas is found, it flows up through the well to the surface of the ground and into large
pipelines. Some of the gases that are produced along with methane, such as butane and
propane, are separated and the other sour gases such as carbon dioxide and hydrogen
sulfide are cleaned at a gas processing plant (normally called as sweetening process). The
by-products, once removed, are used in a number of ways. For example, propane and
butane can be used for cooking gas.

Because natural gas is colorless, odorless and tasteless, mercaptan (a sulfur-containing
organic compound with the general formula RSH where R is any radical, especially ethyl
mercaptan, C;HsSH) is added before distribution, to give it a distinct unpleasant odor (like
that of rotten eggs). This serves as a safety device by allowing it to be detected in the
atmosphere, in cases where leaks occur.

Most of the natural gas consumed in the United States is produced in the United States.
Some is imported from Canada and shipped to the United States in pipelines. Increasingly
natural gas is also being shipped to the United States as liquefied natural gas (LNG).

2.4 How Natural Gas is Stored and Delivered

Natural gas is normally produced far away from the consumption regions, therefore they
requires an extensive and elaborate transportation system to reach its point of use. The
transportation system for natural gas consists of a complex network of pipeline, designed to
quickly and efficiently transport natural gas from the origin to areas of high natural gas
demand. Transportation of natural gas is closely linked with its storage since the demand of
the gas is depend on the season.

Since natural gas demand is greater in the winter, gas is stored along the way in large
underground storage systems, such as old oil and gas wells or caverns formed in old salt
beds in western country. The gas remains there until it is added back into the pipeline when
people begin to use more gas, such as in the winter to heat homes. In Malaysia, and other
tropical country, gas is supplied throughout the year, therefore it was storage in a large tank
in the processing plant, either in Bintulu, Sarawak, or at Kertih, Terengganu.

Three major types of pipeline available along the transportation route, the gathering system,
the interstate pipeline and the distribution system. The gathering system consists of low
pressure, low diameter pipelines that transport raw natural gas from the wellhead to the
processing plant. In Malaysia, the natural gas is transported from oil rig offshore to the
processing plant at Petronas Gas Berhad at Kertih, Terengganu, and Bintulu LNG Tanker,
Sarawak. Since Malaysia natural gas and other producing country contain high sulfur and
carbon dioxide (sour gaseous) it must used specialized sour gas gathering pipe. Natural wet
gas from the wellhead contain high percentage of water therefore it will react with sour
gaseous to form acids, which are extremely corrosive and dangerous, thus its transportation
from the wellhead to the sweetening plant must be done carefully. The topic will be
discussed in depth in the treatment and processing of natural gas.

Pipeline can be classified as interstate or intrastate either it carries natural gas across the
state boundary (interstate) or within a particular state (intrastate). Natural gas pipelines are
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subject to regulatory oversight, which in many ways determines the manner in which
pipeline companies must operate. When the gas gets to the communities where it will be
used (usually through large pipelines), the gas is measured as it flows into smaller pipelines
called mains. Very small lines, called services, connect to the mains and go directly to homes
or buildings where it will be used. This method is used by rich country such as in the United
State, Canada or European country, such as United Kingdom, France etc.

The used of pipeline for natural gas delivery is costly, therefore some countries prefer to use
trucks for inland delivery. Using this method the natural gas should be liquefied to
minimize the size of the tanker truck. In certain country, the natural gas is transported by
trucks tankers to the end users. For example in Malaysia the natural gas was transported as
Liquefied Natural Gas (LNG) using tanker trucks to different state in peninsular of Malaysia
and in East Malaysia. The gas was supplied by Petronas Gas Berhad, at Kertih, Terengganu
while in east Malaysia, Sabah and Sarawak, the gas was supplied by Bintulu Plant. The
natural is exported by large ships equipped with several domed tanks.

When chilled to very cold temperatures, approximately -260°F, natural gas changes into a
liquid and can be stored in this form. Because it takes up only 1/600th of the space that it
would in its gaseous state, Liquefied natural gas (LNG) can be loaded onto tankers (large
ships with several domed tanks) and moved across the ocean to deliver gas to other
countries. When this LNG is received in the United States, it can be shipped by truck to be
held in large chilled tanks close to users or turned back into gas to add to pipelines. The
whole process to obtain the natural gas to the end user can be simplified by the diagram
shown in Fig. 3.
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Fig. 3. Natural gas industry. Image (source: Energy Information Administration, DOE)

2.5 What is the Composition of Natural Gas
Natural gas, in itself, might be considered a very uninteresting gas - it is colorless, shapeless,
and odorless in its pure form. Quite uninteresting - except that natural gas is combustible,



Natural gas 7

and when burned it gives off a great deal of energy. Unlike other fossil fuels, however,
natural gas is clean burning and emits lower levels of potentially harmful byproducts into
the air. We require energy constantly, to heat our homes, cook our food, and generate our
electricity. It is this need for energy that has elevated natural gas to such a level of
importance in our society, and in our lives.

Natural gas is a combustible mixture of hydrocarbon gases. While natural gas is formed
primarily of methane, it can also include ethane, propane, butane and pentane. The
composition of natural gas can vary widely, but below is a chart outlining the typical
makeup of natural gas before it is refined.

Chemical Name Chemical Formula Percentage (%)
Methane CH4 70-90%
Ethane CyHg

Propane CsHg 0-20%
Butane CqHao

Carbon Dioxide CO, 0-8%
Oxygen Oz 0-0.2%
Nitrogen N> 0-5%
Hydrogen sulphide H»S 0-5%
Rare gases A, He, Ne, Xe trace

Table 1. Typical composition of Natural Gas

In its purest form, such as the natural gas that is delivered to your home, it is almost pure
methane. Methane is a molecule made up of one carbon atom and four hydrogen atoms,
and is referred to as CHy4. Malaysia producing sour natural gas. Before purification process,
Malaysia’s natural gas is consists of several gaseous and impurities. The chemical
composition of Malaysia natural gas before it is being refined is shown in Table 2.

Chemical Name Chemical Formula Percentage (%)
Methane CHay 40-50%
Ethane CoHs 5-10%
Propane CsHg 1-5%
Carbon Dioxide CO, 20-3-%
Hydrogen sulphide H»S 0-1%

Table 2. Chemical composition in crude natural gas provided by Bergading Platform
offshore of Terengganu, Malaysia.
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2.6 How Much Natural Gas is there

There is an abundance of natural gas in North America, but it is a non-renewable resource,
the formation of which takes thousands and possibly millions of years. Therefore,
understanding the availability of our supply of natural gas is important as we increase our
use of this fossil fuel. This section will provide a framework for understanding just how
much natural gas there is in the ground available for our use, as well as links to the most
recent statistics concerning the available supply of natural gas.

As natural gas is essentially irreplaceable (at least with current technology), it is important
to have an idea of how much natural gas is left in the ground for us to use. However, this
becomes complicated by the fact that no one really knows exactly how much natural gas
exists until it is extracted. Measuring natural gas in the ground is no easy job, and it involves
a great deal of inference and estimation. With new technologies, these estimates are
becoming more and more reliable; however, they are still subject to revision.

Natural Gas Resource Category As of January 1, 2007(Trillion Cubic Feet)
Nonassociated Gas
Undiscovered 373.20
Onshore 113.61
Offshore 259.59
Inferred Reserves 220.14
Onshore 171.05
Offshore 49.09
Unconventional Gas Recovery 644.92
Tight Gas 309.58
Shale Gas 267.26
Coalbed Methane 68.09
Associated-Dissolved Gas 128.69
Total Lower 48 Unproved 1366.96
Alaska 169.43
Total U.S. Unproved 1536.38
Proved Reserves 211.09
TOTAL NATURAL GAS 1747.47

Table 3. Natural Gas Technically Recoverable Resources (Source: Energy Information
Administration - Annual Energy Outlook 2009)

A common misconception about natural gas is that we are running out, and quickly.
However, this couldn't be further from the truth. Many people believe that price spikes, seen
in the 1970's, and more recently in the winter of 2000, indicate that we are running out of
natural gas. The two aforementioned periods of high prices were not caused by waning
natural gas resources - rather, there were other forces at work in the marketplace. In fact,
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there is a vast amount of natural gas estimated to still be in the ground. In order to
understand exactly what these estimates mean, and their importance, it is useful first to
learn a bit of industry terminology for the different types of estimates.

The EIA provides classification system for natural gas resources. Unconventional natural
gas reservoirs are also extremely important to the nation's supply of natural gas.

Below are three estimates of natural gas reserves in the United States. The first (Table 3),
compiled by the Energy Information Administration (EIA), estimates that there are 1,747.47
Tcf of technically recoverable natural gas in the United States. This includes undiscovered,
unproved, and unconventional natural gas. As seen from the table, proved reserves make
up a very small proportion of the total recoverable natural gas resources in the U.S.

The following table includes an estimate of natural gas resources compiled by the National
Petroleum Council (NPC) in 1999 in its report Natural Gas - Meeting the Challenges of the
Nation's Growing Natural Gas Demand. This estimate places U.S. natural gas resources
higher than the EIA, at 1,779 Tcf remaining. It is important to note that different
methodologies and systems of classification are used in various estimates that are
completed. There is no single way that every industry player quantifies estimates of natural
gas. Therefore, it is important to delve into the assumptions and methodology behind each
study to gain a complete understanding of the estimate itself.

1992 NPC Study 1999 NPC Study

As of Jan 1, 1991 As of Jan 1, 1998
Lower 48 Resources
Proved Reserves 160 157
Assessed Additional Resources 1135 1309
Old Fields (Reserve Appreciation) 236 305
New Fields 493 633
Nonconventional 406 371
Total Remaining Resources 1295 1466
Alaskan Resources
Proved Reserves 9 10
Assessed Additonal Resources 171 303
Old Fields (Reserve Appreciation) 30 32
New Fields 84 214
Nonconventional 57 57
Total Remaining Resources 180 313
Total U.S. Remaining Resources 1475 1779

Table 4. U.S. Natural Gas Resources (Trillion Cubic Feet) ( Source: National Petroleum
Council - Meeting the Challenges of the Nation's Growing Natural Gas Demand, 2007)
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Below (Table 5) is a third estimate completed by the Potential Gas Committee. This estimate
places total U.S. natural gas resources at just over 1,836 Tcf. This estimate classifies natural
gas resources into three categories: probable resources, possible resources, and speculative
resources, which are added together to reach a total potential resource estimate. Only this
total is shown below.

Total Potential
Resource
Traditional Resources
Lower 48 States
Total Lower 48 1479.6
Alaska
Onshore 94.432
Offshore 99.366
Total Alaska 193.831
Total Traditional 1,673.4
Coalbed Methane 163.0
Total United States 1,836.4

Table 5. Potential Natural Gas Resources of the U.S. (Trillion Cubic Feet) (Source: Potential
Gas Committee - Potential Supply of Natural Gas in the United States, 2009)

There are a myriad of different industry participants that formulate their own estimates
regarding natural gas supplies, such as production companies, independent geologists, the
government, and environmental groups, to name a few. While this leads to a wealth of
information, it also leads to a number of difficulties. Each estimate is based on a different set
of assumptions, completed with different tools, and even referred to with different
language. It is thus difficult to get a definitive answer to the question of how much natural
gas exists. In addition, since these are all essentially educated guesses as to the amount of
natural gas in the earth, there are constant revisions being made. New technology,
combined with increased knowledge of particular areas and reservoirs mean that these
estimates are in a constant state of flux. Further complicating the scenario is the fact that
there are no universally accepted definitions for the terms that are used differently by
geologists, engineers, accountants, and others.

Natural gas has been discovered on all continents except Antarctica. World natural gas
reserves total approximately 150 trillion cu m (5.3 quadrillion cu ft). The world's largest
natural gas reserves, totaling, 50 trillion cu m (1.9 quadrillion cu ft) are located in
Russia. The second-largest reserves, 48 trillion cu m (1.7 quadrillion cu ft), are found in
the Middle East. Vast deposits are also located in other parts of Asia, in Africa, and in
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Australia. Natural gas reserves in the United States total 5 trillion cu m (177 trillion cu ft).
In Asia-Oceania, natural gas reserves total 12.6 trillion cu m (Table 6). Malaysia has the
14th Jargest gas reserves as at January 2008. As at January 2008, Malaysia's gas reserves
stood at 88.0 trillion standard cubic feet (tscf) or 14.67 billion barrels of oil equivalent,
approximately three times the size of crude oil reserves of 5.46 billion barrels.

Proven reserves Annual production Reserve to product
(Tm)) (Gm)) (years)

Australia 25 345 72.5
China 15 32.6 46.0
India 0.8 28.4 28.2
Indonesia 2.6 70.6 36.8
Malaysia 21 50.3 41.8
Others 3.1 85.3 36.3
Total 12.6 301.7 418

Table 6. Proven reserves and Annual production, Asia-Oceania. (Taken from BP Statistical
Review, 2003)

Most of this gas reserves are located at offshore Peninsular Malaysia, Sarawak and Sabah.
The Malaysian natural gas reserves are as shown in Figure 4 [4].

B East Cost of
Peninsular Malaysia

[ Offshore Sarawak
B Offshore Sabah

Fig. 4. Malaysian Natural Gas Reserve (Taken from Oil and Gas Exploration and
Production-Reserves, Costs, Contract, 2004)

Currently, Malaysia is a net exporter of natural gas and is the third largest exporter after
Algeria and Indonesia. In 2001, the country exported 49.7% of its natural gas production to
the Republic of Korea and Taiwan under long-term contracts. The other 50.3% of Malaysia
natural gas was delivered to the gas processing plants.
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2.7 Uses of Natural Gas

For hundreds of years, natural gas has been known as a very useful substance. The Chinese
discovered a very long time ago that the energy in natural gas could be harnessed, and used
to heat water. In the early days of the natural gas industry, the gas was mainly used to light
streetlamps, and the occasional house. However, with much improved distribution channels
and technological advancements, natural gas is being used in ways never thought possible.
There are so many different applications for this fossil fuel that it is hard to provide an
exhaustive list of everything it is used for. And no doubt, new uses are being discovered all
the time. Natural gas has many applications, commercially, in your home, in industry, and
even in the transportation sector! While the uses described here are not exhaustive, they
may help to show just how many things natural gas can do.

According to the Energy Information Administration, total energy (Fig. 5) from natural gas
accounts for 23% of total energy consumed in the developing countries, making it a vital
component of the nation's energy supply.

1%

m Coal

® Nuclear

M Natural Gas
W Liquids

¥ Biofuels

® Renewables

Fig. 5. Total Energy Consumed in the U.S. - 2007 (Source: EIA - Annual Energy Outlook
2009)

Natural gas is used across all sectors, in varying amounts. The pie chart below (Fig. 6) gives
an idea of the proportion of natural gas use per sector. The residential sector accounts for the
greatest proportion of natural gas use in the most of the developing countries, with the
residential sector consuming the greatest quantity of natural gas.
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Fig. 6. Natural Gas Use By Sector (Source: EIA - Annual Energy Outlook 2009)

Commercial uses of natural gas are very similar to electric power uses. The commercial
sector includes public and private enterprises, like office buildings, schools, churches, hotels,
restaurants, and government buildings. The main uses of natural gas in this sector include
space heating, water heating, and cooling. For restaurants and other establishments that
require cooking facilities, natural gas is a popular choice to fulfill these needs.

According to the Energy Information Administration (EIA), as of the year 2003, the
commercial sector consumes about 6,523 trillion Btu's of energy a year (aside from electrical
system losses), most of which is required for space heating, lighting, and cooling. Of this
6,523 trillion Btu, about 2,100 trillion Btu (or 32.2%) are supplied by natural gas.

Space Heating

Oither 36%

Coaling

8%
Lighting

0% Ventilation

Water Heating

8%
Fig. 7. Commercial Energy Use (Source: EIA Major Fuel Consumption by End Use, 2003.)
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Natural gas space and water heating for commercial buildings is very similar to that found
in residential houses. Natural gas is an extremely efficient, economical fuel for heating in all
types of commercial buildings. Although space and water heating account for a great deal of
natural gas use in commercial settings, non-space heating applications are expected to
account for the majority of growth in natural gas use in the commercial sector. Cooling and
cooking represent two major growth areas for the use of natural gas in commercial settings.
Natural gas currently accounts for 13 percent of energy used in commercial cooling, but this
percentage is expected to increase due to technological innovations in commercial natural
gas cooling techniques. There are three types of natural gas driven cooling processes. Engine
driven chillers use a natural gas engine, instead of an electric motor, to drive a compressor.
With these systems, waste heat from the gas engine can be used for heating applications,
increasing energy efficiency. The second category of natural gas cooling devices consist of
what are called absorption chillers, which provide cool air by evaporating a refrigerant like
water or ammonia. These absorption chillers are best suited to cool large commercial
buildings, like office towers and shopping malls. The third type of commercial cooling
system consists of gas-based desiccant systems (Fig. 8). These systems cool by reducing
humidity in the air. Cooling this dry air requires much less energy than it would to cool
humid air.

Fig. 8. A Desiccant Unit At'op. the Park Hytt Hotel, Wasjnington D.C. (Source: National
Renewable Energy Laboratory, DOE)

Another area of growth in commercial natural gas use is in the food service industry.
Natural gas is an excellent choice for commercial cooking requirements, as it is a flexible
energy source in being able to supply the food service industry with appliances that can
cook food in many different ways. Natural gas is also an economical, efficient choice for
large commercial food preparation establishments. New developments such as
Nontraditional Restaurant Systems, which provide compact, multifunctional natural gas
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appliances for smaller sized food outlets such as those found in shopping malls and
airports, are expanding the commercial use of natural gas. These types of systems can
integrate a gas-fired fryer, griddle, oven, hot and cold storage areas, and multiple venting
options in a relatively small space - providing the ease and efficiency of natural gas cooking
while being compact enough to serve small kiosk type establishments.

In addition to traditional uses of natural gas for space heating, cooling, cooking and water
heating, a number of technological advancements have allowed natural gas to be used to
increase energy efficiency in commercial settings. Many buildings, because of their high
electricity needs, have on-site generators that produce their own electricity. Natural gas
powered reciprocating engines, turbines, and fuel cells are all used in commercial settings to
generate electricity. These types of 'distributed generation' units offer commercial
environments more independence from power disruption, high-quality consistent
electricity, and control over their own energy supply.

Another technological innovation brought about is combined heating and power and
combined cooling, heating and power systems, which are used in commercial settings to
increase energy efficiency. These are integrated systems that are able to use energy that is
normally lost as heat. For example, heat that is released from natural gas powered electricity
generators can be harnessed to run space or water heaters, or commercial boilers. Using this
normally wasted energy can dramatically improve energy efficiency.

Natural gas fired electric generation, and natural gas powered industrial applications, offer
a variety of environmental benefits and environmentally friendly uses, including:

e Fewer Emissions - combustion of natural gas, used in the generation of electricity,
industrial boilers, and other applications, emits lower levels of NO,, CO,, and
particulate emissions, and virtually no SO, and mercury emissions. Fig. 9 shows a
picture of emissions from Industrial Smokestacks (Source: EPA). Natural gas can be
used in place of, or in addition to, other fossil fuels, including coal, oil, or
petroleum coke, which emit significantly higher levels of these pollutants.

e Reduced Sludge - coal fired power plants and industrial boilers that use scrubbers
to reduce SO, emissions levels generate thousands of tons of harmful sludge.
Combustion of natural gas emits extremely low levels of SO, eliminating the need
for scrubbers, and reducing the amounts of sludge associated with power plants
and industrial processes.

e  Reburning - This process involves injecting natural gas into coal or oil fired boilers.
The addition of natural gas to the fuel mix can result in NO, emission reductions of
50 to 70 percent, and SO, emission reductions of 20 to 25 percent.

e  Cogeneration - the production and use of both heat and electricity can increase the
energy efficiency of electric generation systems and industrial boilers, which
translates to requiring the combustion of less fuel and the emission of fewer
pollutants. Natural gas is the preferred choice for new cogeneration applications.

e Combined Cycle Generation - Combined cycle generation units generate electricity
and capture normally wasted heat energy, using it to generate more electricity.
Like cogeneration applications, this increases energy efficiency, uses less fuel, and
thus produces fewer emissions. Natural gas fired combined cycle generation units
can be up to 60 percent energy efficient, whereas coal and oil generation units are
typically only 30 to 35 percent efficient.
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e  Fuel Cells - Natural gas fuel cell technologies are in development for the generation
of electricity. Fuel cells are sophisticated devices that use hydrogen to generate
electricity, much like a battery. No emissions are involved in the generation of
electricity from fuel cells, and natural gas, being a hydrogen rich source of fuel, can
be used. Although still under development, widespread use of fuel cells could in
the future significantly reduce the emissions associated with the generation of
electricity.

e Essentially, electric generation and industrial applications that require energy,
particularly for heating, use the combustion of fossil fuels for that energy. Because
of its clean burning nature, the use of natural gas wherever possible, either in
conjunction with other fossil fuels, or instead of them, can help to reduce the
emission of harmful pollutants.

Fig. 9. Emissions from Industrial Smokestacks (Source: EPA)

3. Purification of Natural Gas

Gas processing of acidic crude natural gas is necessary to ensure that the natural gas
intended for use is clean-burning and environmentally acceptable. Natural gas used by
consumers is composed almost entirely of methane but natural gas that emerges from the
reservoir at the wellhead contains many components that need to be extracted. Although,
the processing of natural gas is less complicated rather than the processing and refining of
crude oil, it is equal and necessary before it can be used by end user.

One of the most important parts of gas processing is the removal of carbon dioxide and
hydrogen sulfide. The removal of acid gases (CO,, HoS and other sulfur components) from
natural gas is often referred to as gas sweetening process. There are many acid gas treating
processes available for removal of CO, and H»S from natural gas. These processes include
Chemical solvents, Physical solvents, Adsorption Processes Hybrid solvents and Physical
separation (Membrane) (Kohl and Nielsen, 1997).
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3.1 Various Technologies Used to Convert Sour to Sweet Natural Gas

According to previous research done by Hao et al. (2002), there are ways to upgrading the
low quality natural gas with selective polymer membranes. The membrane processes were
designed to reduce the concentrations of CO, and H)S in the natural gas pipeline
specifications. However, this technique incurs high cost and low selectivity towards toxic
gas separation. This technique also needs further development because the performance of
membrane depends upon the specific characteristics of flue gas composition, and the
specific features of the separation (i.e. large volumetric flow rate, low pressure source, high
temperature, and the relative low commodity value of H>S and CO,) (Rangwala, 1996).
Another method of HoS removal and one that leaves the CO; in the natural gas is called the
Iron Sponge process. The disadvantage of this is that it is called a batch-type function and is
not easily adapted to continuous operating cycle. The Iron Sponge is simply the process of
passing the sour gas through a bed of wood chips that have been impregnated with a special
hydrated form of iron oxide that has a high affinity for H>S. Regeneration of the bed incurs
excessive maintenance and operating costs, making this method inconsistent with an
efficient operating program. If there are any real advantages in using this process, it is fact
that CO; remains in the gas, thereby reducing the shrinkage factor which could be
significant for very large volumes with an otherwise high CO, content (Curry, 1981).
Chemical absorption processes with aqueous alkanolamine solutions are used for treating
gas streams containing CO.. They offer good reactivity at low cost and good flexibility in
design and operation. However, depending on the composition and operating conditions of
the feed gas, different amines can be selected to meet the product gas specification
(Mokhatab et al., 2006). Some of the commonly used alkanolamine for absorption
desulfurization are monoethanolamine (MEA), diethanolamine (DEA), triethanolamine
(TEA), diglycolamine (DGA), di-isopropanolamine (DIPA) and methyldiethanolamine
(MDEA). MDEA allows the selective absorption of H»S in the presence of CO, but can be use
effectively to remove CO; from natural gas in the present of additives (Salako and
Gudmundsson, 2005).

In the other hand, CO, can be removed from natural gas via chemical conversion
techniques. Catalysts for CO, methanation have been extensively studied because of their
application in the conversion of CO; gas to produce methane, which is the major component
in natural gas (Wan Abu Bakar et al., 2008a). Usually, the catalysts are prepared from the
metal oxide because of the expensiveness of pure metal. This process can increase the purity
and quality of the natural gas without wasting the undesired components but fully used
them to produce high concentration of methane (Ching Kuan Yong, 2008).

3.2 Synthesis of Artificial Natural Gas: Methanation Reaction
Methane (CH,) gas was formed from the reaction of hydrogen gas and carbon dioxide gas
through methanation process by reduction reaction as in Equation 1.1 below:-

COz(g) + 4H2(g) — CH; @t 2H,O 1) (1.1)

This reaction is moderately exothermic, He = -165 kJ/mol. In order for this method to be
effective, a suitable catalyst must be applied to promote selectively CO, methanation
because of the main side product under this reaction also will be form (Eq 1.2), which
obviously should be avoided. Thus, high selectivity of the catalyst in promoting CO;
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methanation is paramount importance. In Equation 1.2, carbon monoxide produced by this
reaction can also be used to form methane by reaction with hydrogen.

CO, @ T H» @ — CcO @t H,O ) (1.2)

CO + 3Hap — CHip+HOy (1.3)

3.2.1 Mechanism of Methanation Reaction

Mechanism of methanation reaction has been studied a long time ago. A lot of researcher
agreed that methanation process involves Langmuir-Hinshelwood (LH) mechanism to
support the reaction process between active species and catalyst surface.

For the simplest possible reaction, methanation process can be described as follows:

CO; + S@—2 COxaas) (1.4)

Hy + S & Hoga) (1.5)

COnads) + Hoads) @2 CHa(ads) + HaOfads) (1.6)
CHiads) €—2CHugesorp) + S (1.7)
H20ads) —2H20(desorp) + S (1.8)

Where S = Catalyst surface; ads = adsorbed species on the catalyst surface; desorp =
desorbed species from catalyst surface.

According to Equation 1.4, carbon dioxide is reacting with the catalyst surface, (S) by
chemisorptions and creates an active species that adsorbed onto catalyst surface. This is
followed by hydrogen compound that also react with catalyst surface by chemisorptions
and adsorbed onto catalyst surface as an active species. Both active species than react each
other to produce products that is methane and water. Finally, ( Equation 1.7 & 1.8 ) both
products were dissociated from the catalyst surface.

4. Catalysts Used in Methanation Reaction

Metal oxide supported catalysts have been widely used in research for investigating the CO
and CO; methanation reaction. Depending on the metal used and the reaction conditions, a
variety of products may be formed including methane. However, fewer researches on the
catalyst for in-situ reactions of CO, methanation and H>S desulfurization have been carried
out. In fact, there is also presence of H)S in real natural gas. Therefore, H,S should be
considered in invention of methanation catalyst, since it could cause poisoning of the nickel
catalyst (Wan Abu Bakar et al., 2008b). As been said by Xu et al. (2003), a good methanation
catalyst is physically durable and reducible at temperature not more than 300°C with high
performance ability and these properties should retained in the catalyst while in use with a
life span up to 10 years.
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4.1 Nickel Oxide Based used in Methanation Catalysts

The methanation of carbon dioxide on Ni catalysts was studied in detail by fewer
researchers because of the theoretical significance and possible practical application of this
reaction. The methanation activity of Ni/ A,Os catalyst depended intimately on the surface
chemical state of Ni and different active phases formed from the reduction of different
nickel species in the oxidated states. Nickel oxides appeared in Ni/ Al;Os in two forms prior
to reduction as “free” and “fixed oxide”, and formed large and small crystallites,
respectively, when reduced (Zielinski, 1982). Studied done by Rodriguez et al. (2001)
showed that NiO catalyst has ability to gives higher catalytic activity with higher methane
formation due to the malformation sites which converted to active sites on the surface of
nickel oxide. This property is important as reference to construct excellent catalysts for CO»
conversion

Previously, it was shown that nickel particles change their morphology during catalytic
reactions by cluster growth processes and that part of the active clusters are lifted from the
support due to carbon deposition and carbon whisker formation (Czekaj et al., 2007). Early
study by Douglas ef al., (2001) found that Ni catalysts are promising catalysts since they are
active and more resistant to sulfur poisoning thus high dispersion of Ni and is expected to
be used in catalytic reaction that proceeds at relatively low temperature (Takahashi ef al.,
2007). Moreover, Inui (1996) claimed that NiO has a bimodal pore structure, which will
enhance the higher activity for CO, methanation. A bimodal pore structure was found to be
beneficial to catalyst preparation and methanation rate (Inui, 1979) which will serve as an
optimum pore size for the adsorption of both the reactants. Therefore, Ni based catalyst are
commonly used as catalysts in hydrogenation and hydrogenolysis reaction.

Aksoylu and Onsan (1997) reported 5.5 x 105 % of CH, was produced at 250°C over the Ni/
ALOs3 catalyst prepared by conventional impregnation method at 3500C for 3 hours under
reduction environment. They also investigated the 15%-Ni/AlLOs prepared by
coprecipitation method for methanation of carbon dioxide. The result achieved 30% of
conversion with 99.7% selectivity towards methane at 510 K (Aksoylu et al., 1996). Some
previous research was only focused on conversion of CO, without mentioned the yielded of
CHy. Similarly to Chang et al. (2003) who had investigated CO, methanation over NiO
supported on rice husk ash-Al,O; and SiO;-Al,O; which had been synthesized by
impregnation method and calcined at 500°C. At reaction temperature of 400°C, there were
30% conversion of CO, over the rice husk ash-AlO3 supported catalyst, while only 5%
conversion of CO; over the S5iO,-Al;O; catalyst.

Moreover, Ni/SiO catalyst prepared by conventional impregnation method was also
studied by Shi and Liu, (2009). The sample was treated by glow discharge plasma for 1 hour
and followed by calcinations thermally at 500°C for 4 hours. Such prepared catalyst presents
smaller metal particles (17.5 and 7.9 nm) and higher conversion of CO at 400°C around 90%
for methantion reaction. However, Ni/SiO; catalyst prepared by a sol gel process showed
better quality when compared to the Ni/SiO, catalyst prepared by conventional
impregnation (Tomiyama ef al., 2003). Thus, Takahashi et al. (2007) investigated the bimodal
pore structure of Ni/SiO, prepared by the sol-gel method of silicon tetraethoxide and nickel
nitrate in the presence of poly(ethylene oxide) (PEO) and urea.

They found that the catalyst shows steady activity which around 30-40% without decay
within the reaction period until 240 min with total flow rate of 360 cm3/min. The
performance of the catalyst influenced strongly by Ni surface area rather than the presence
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of macropores. As been shown that, nickel oxide can be prepared through various methods
such as wetness impregnation, co-precipitation, sol gel method, ion-exchange, adsorption,
deposition-precipitation and else. These preparation methods are, however very
complicated and difficult to control except for wetness impregnation method. Therefore,
most of the work published has focused on the use of impregnation technique for their
catalyst preparation.

Research done by Liu et al. (2008) on the removal of CO contained in hydrogen-rich
reformed gases was conducted by selective methanation over Ni/ZrO, catalysts prepared
by conventional wetness impregnation method. The catalyst achieved CO conversion of
more than 96% and held a conversion of CO, under 7% at temperature range 260°C-280°C.
The results showed that only methane was observed as a hydrogenated product.
Furthermore, the maximum of CO; conversion was found by Perkas et al. (2009) which
achieved about 80% at 350°C on the Ni/meso-ZrO; catalyst. Around 100% selectivity to CHy
formation was obtained at the same reaction temperature. This catalyst was prepared by an
ultrasound-assisted method and testing with gas hourly space velocity (GHSV) of 5400 h-1
at all temperatures. They also reported that none modified mesoporous Ni/ZrO, catalyst
and with the Ni/ZrO, modified with Ce and Sm did not effect the conversion of CO,.
Previous work by Sominski et al. (2003), a Ni catalyst supported on a mesoporous yttria-
stabilized-zirconia composite was successfully prepared by a sonochemical method using
templating agent ofvsodium dodecyl sulfate (SDS). However, the result is not as good as the
catalyst that had been obtained by Perkas et al.

In a research done by Rostrup-Nielsen et al. (2007), supported nickel catalyst containing 22
wt% Ni on a stabilized support was exposed to a synthesis gas equilibrated at 600°C and
3000kPa for more than 8000h. The CO, conversion is 57.87% while methane formed is
42.76%. The research showed that at 600°C, loss of active surface area proceeds via the atom
migration sintering mechanism. The methanation reaction is structure sensitive and it was
suggested that atomic step sites play the important role as the active sites of the reaction.
High temperature methanation may play a role in manufacture of substitute natural gas
(SNG). The key problem is resistance to sintering, which results in a decrease of both the
metal surface area and the specific activity.

Modification of the catalyst by some appropriate additives may effect the conversion of CO;
which then methane production. Ni catalysts were modified by alkali metal, alkaline earth
metals, transition metal, noble metal or rare earth metal just to select which promoters could
increase the conversion of CO; as well as the methane formation. The effect of cerium oxide
as a promoter in supported Ni catalysts was studied by Xavier et al. (1999). They claimed
that the highest activity of CeO, promoter for Ni/ Al,Os catalysts could be attributed to the
electronic interactions imparted by the dopant on the active sites under reducing conditions.
The testing was evaluated in a high pressure catalytic reactor consists of a stainless steel
reactor of 25 mm diameter and 180 mm length which is mounted vertically inside a furnace.
Methanation activity and metal dispersion was found to decrease with increasing of metal
loading. It is observed that the catalyst doped with 1.5 wt% CeO, exhibited highest
conversion of CO and CO. with percentage of conversion increase 3.674 moles/second,
which is 86.34%. The presence of CeO; in impregnated Ni/y-Al;Os catalysts was associated
with easier reduction of chemical interaction between nickel and alumina support hence
increase its reducibility and higher nickel dispersion Zhuang et al. (1991). It showed a
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beneficial effect by not only decreasing the carbon deposition rate but also increasing and
maintaining the catalytic activity.

The study of Yoshida et al. (1997) in a bench scale test at ambient temperature and 350°C for
carbon recycling system using Ni ferrite process was carried out in LNG power plant. The
feed gas was passed at a flow rate of 10 mL/min. They found that the amount of methane
formed after CO, decomposition was 0.22 g (conversion CO; of to CHy: 77%) in the latter
and 0.49 g (conversion of CO, to CHy: 35%) in the former. According to their study, the
methanation and carbon recycling system could also be applied to other CO, sources such as
IGCC power plant and depleted natural gas plant. Hence, pure CHy gas can be theoretically
synthesized from CO, with low concentration in flue gas and H, gas with the minimum
process energy loss, while conventional catalytic processes need an additional separation
process of CHy gas formed.

Hashimoto et al. (2002) who revealed that the catalysts obtained by oxidation-reduction
treatment of amorphous Ni-Zr alloys exhibited high catalytic activity with 100% selectivity
formation of CHy at 1 atm. Around 80% of CO; was converted at 573 K. They found the
number of surface nickel atom decreases with nickel content of catalyst, because of
coagulation of surface nickel atoms leading to a decrease in dispersion of nickel atoms in the
catalysts. Moreover, Habazaki et al. (1998) reported that over the catalysts prepared from
amorphous Ni-Zr (-Sm) and Co-Zr, nickel-containing catalysts show higher activity than the
Co-Zr catalyst. CO reacted preferentially with H> and was almost completely converted into
CHy at or above 473 K in the CO-CO»-Hz. The maximum conversion of carbon dioxide under
the present reactant gas composition is about 35% at 575 K.

Most of the previous work used rare earth oxide as a dopant over Ni/AlO3 catalysts for
hydrogenation reaction. Su and Guo (1999) also reported an improvement in catalytic
activity and resistance to Ni sintering of doped with rare earth oxides. The growth of Ni
particles and the formation of inactive NiO and NiAl;O; phases were suppressed by
addition of rare earth oxides. The combinations of two oxides lead to creation of new
systems with new physicochemical properties which may exhibit high catalytic performance
as compared to a single component system (Luo ef al., 1997). However, the catalytic and
physicochemical properties of different oxide catalysts are dependent mainly on the
chemical composition, method of preparation and calcination temperatures (Selim and El-
Aihsy, 1994).

Ando and Co-workers (1995) had studied on intermetallic compounds synthesized by arc-
melting metal constituent in a copper crucible under 66.7 kPa argon atmosphere. The
hydrogenation of carbon dioxide took place under 5 Mpa at a reaction temperature at 250°C
over LaNigX. They found that the conversion of CO. was 93% over LaNis and the
selectivities to methane and ethane in the product were 98% and 2%, respectively. The
source of activity can be attributed to the new active sites generated by decomposition of the
intermetallic compounds. However, even under atmospheric pressure, 56% of CO;
converted to CHy and CO with selectivities of 98% and 2%, respectively.

The promotion of lanthanide to the nickel oxide based catalyst gives positive effects which
are easier reduction of oxide based, smaller particles size and larger surface area of active
nickel (Zhang et al., 2001). Moreover, the highly dispersed nickel crystallites is obtained over
nickel catalyst containing of lanthanide promoter (Rivas et al., 2008). Furthermore, the
methanation of carbon dioxide over Ni-incorporated MCM-41 catalyst was carried out by
Du et al. (2007). At 873 K, 1 wt% of Ni-MCM-41 with space velocity of 115001 kg-th-! showed
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only 46.5% CO; conversion and a selectivity of 39.6% towards CH,. Almost no catalytic
activity was detected at 373-473 K and only negligible amounts of products were detected at
573 K. However, this catalyst structure did not change much after CO, methanation for
several hours, producing the high physical stability of this catalytic system.

In addition, nickel based catalysts that used more than one dopants had been studied by Liu
et al. (2009). Ni-Ru-B/ ZrO; catalyst was prepared by means of chemical reduction and dried
at 80°C for 18 h in air with total gas flow rate of 100 cm3/min. They found that CO;
methanation occurred only when temperature was higher than 210°C. At reaction
temperature of 230°C, the CO conversion reached 99.93% but CO; conversion only 1.55%.
Meanwhile, Ni-Fe-Al oxide nano-composites catalyst prepared by the solution-spray plasma
technique for the high temperature water-gas shift reaction was investigated by Watanabe et
al. (2009). The CO conversion over 39 atom% Ni-34 atom% Fe-27 atom% Al catalyst achieved
around 58% and yielded about 6% of methane at 673 K.

On the other hand, Kodama et al. (1997) had synthesized ultrafine Ni,Fe3 O with a high
reactivity for CO, methanation by the hydrolysis of Ni?*, Fe2* and Fe3* ions at 60-90°C
followed by heating of the co-precipitates to 300°C. At reaction temperature of 300°C, the
maximum yield (40%) and selectivity (95%) for CHi were obtained. Moreover, the
conversion of CO, over NiO-YSZ-CeO; catalyst prepared by impregnation method was
100% at temperature above 800°C. This catalyst was investigated by Kang et al. (2007). No
NiC phase was detected on the surface of NiO-YSZ-CeO; catalyst. Yamasaki et al. (1999)
reported that amorphous alloy of Ni-25Zr-55m catalyzed the methanation reaction with 90%
conversion of CO, and 100% selectivity towards CHj at 300°C.

Furthermore, Ocampo et al. (2009) had investigated the methanation of carbon dioxide over
5 wt% nickel based Cey7:Zro2s0, catalyst which prepared by pseudo sol-gel method. The
catalyst exhibited high catalytic activity with 71.5% CO, conversion and achieved 98.5%
selectivity towards methane gas at 350°C. However, it never stabilized and slowly
deactivated with a constant slope and ended up with 41.1% CO, conversion and its CHs
selectivity dropped to 94.7% after 150 h on stream. Catalytic testing was performed under
operating conditions at pressure of 1 atm and a CO,/H,/Np ratio is 36/9/10 with a total gas
flow of 55 mL/min.

Meanwhile, Kramer et al. (2009) also synthesize Re»Zr1oNigsOy catalyst by modified sol gel
method based on the molar ratio metal then dried for 5 days at room temperature followed
by 2 days at 40°C and lastly calcined at 350°C for 5 h. The catalytic performance was carried
out by the reactant gas mixture of CO/CO,/Nz/Hz = 2/14.9/19.8/63.3 enriched with water
at room temperature under pressure of 1 bar and total flow rate of 125 mL/min. At reaction
temperature of 230°C, almost 95% conversion of CO was occurred and less than 5% for
conversion of CO; over this catalyst.

The novel catalyst development to achieve both low temperature and high conversion of
sour gasses of HyS and CO; present in the natural gas was investigated by Wan Abu Bakar et
al. (2008¢c). It was claimed that conversion of HyS to elemental sulfur achieved 100% and
methanation of CO; in the presence of H»S yielded 2.9% of CH4 over Fe/Co/Ni-AlLO;
catalyst at maximum studied temperature of 300°C. This exothermic reaction will generate a
significant amount of heat which caused sintering effect towards the catalysts (Hwang and
Smith, 2009). Moreover, exothermic reaction is unfavorable at low temperature due to its
low energy content. Thus, the improvement of catalysts is needed for the in-situ reactions of
methanation and desulfurization to be occurred at lower reaction temperature.
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4.2 Manganese Based used in Methanation Catalysts

Manganese has been widely used as a catalyst for many types of reactions including solid
state chemistry, biotechnology, organic reactions and environmental management. Due to
its properties, numerous field of research has been investigated whereby manganese is
employed as the reaction catalyst. Although nickel also reported to be applicable in many
process as a good and cheap catalysts, it seems that using nickel as based catalysts will
deactivated the active site by deposition of carbon (Luna et al., 2008). Hence, it is essential to
use other metal to improve the activity and selectivity as well as to reduce formation of
carbon. A proof that manganese improves the stability of catalysts can be shown in
researched done by Seok. H. S et al (2001). He have proven that manganese improve the
stability of the catalyst in CO, reforming methane. Added Mn to Ni/AlOs will promotes
adsorption CO, by forming carbonate species and it was responsible for suppression of
carbon deposition over Ni/MnO-Ni/ Al,Os. Other research done by Li. J et al. (2009) prove
that when manganese doped in appropriate amount, it will cause disorder in the spinal
structure of metal surface and can enhance the catalytic activity of the reactive ion.
According to Ouaguenouni et al, [33], in the development of manganese oxide doped with
nickel catalyst, they found that the spinel NiMn,O, was active in the reaction of the partial
oxidation of methane. The catalysts show higher methane conversion when calcined at
900°C. This is because the stability of the structure which led to good dispersion of nickel
species. Indeed, the presence of the oxidized nickel limited the growth of the particles
probably by the formation of interaction between metallic nickel out of the structure and the
nickel oxide of the structure.

Ching [34] in his studies found that, 5% of manganese that had been introduced into cobalt
containing nickel oxide supported alumina catalyst will converted only 17.71% of CO; at
reaction temperature of 300°C. While when Mn was introduced into iron containing nickel
oxide supported alumina catalyst, the percentage of CO, conversion does not differ much as
in the Co:Ni catalyst. This may be because manganese is not a good dopant for nickel based
catalyst. This is in agreement by Wachs et al. [35], where some active basic metal oxide
components such as MnO and CeO did not interact strongly with the different oxide
functionalities present on oxide support and consequently, did not disperse very well to
form crystalline phases. Therefore, in research done by Wachs ef al. [36] stated that Ru could
be assigned as a good dopant towards MnO based catalyst. They are active basic metal
oxides that usually anchor to the oxide substrate by preferentially titrating the surface Lewis
acid sites, such as surface M-oxide vacancies, of the oxide support.

In addition, the hydrogenation of carbon oxides was also performed over promoted iron-
manganese catalysts. Herranz et al. [37] in their research found that manganese containing
catalyst showed higher activity towards formation of hydrocarbons. When these catalysts
were promoted with copper, sodium and potassium, carbon dioxide conversion was
favoured by alkaline addition, especially by potassium, due to the promotion of the water-
gas shift reaction.

When Najwa Sulaiman (2010) incorporated ruthenium into the manganese oxide based
catalyst system with the ratio of 30:70 that was Ru/Mn (30:70)/ ALO;, it gave a positive

effect on the methanation reaction. The percentage conversion keeps on increasing at 200°C
with a percentage of CO, conversion of 17.18% until it reaches its maximum point at 400°C,
whereby the percentage of CO, conversion is at the highest which is 89.01%. At reaction

temperature of 200°C and 400°C, it showed Mn and Ru enhances the catalytic activity
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because H; and CO; are easily chemisorbed and activated on these surfaces. Murata et al.
(2009) suggested that the high CO, conversion was probably due to the manganese species
which causes the removal of chlorine atoms from RuCl; precursor and increases the density
of active ruthenium oxide species on the catalyst which resulted in high catalytic activity.
Furthermore, it is very important to used stable and effective metal oxide catalyst with
improved resistance to deactivation caused by coking and poisoning. Baylet. A et al. (2008)
studies on effect of Pd on the reducibility of Mn based material. They found that in H,-TPR
and XPS test, only Mn®*/Mn?* is proportional to the total Mn content in the solid support
that leads to the stable catalyst to avoid cooking and poisoning effect. Additionally, Hu. ] et
al. (2008) in their research on Mn/ALO; calcined at 500°C, shows that manganese oxide
proved to have a good performance for catalytic oxidation reaction and also show better
catalytic performance compare using support SiO, and TiO. It is shows that not only doped
material are important in producing good catalyst, based catalyst also play major role in
giving high catalytic activity in catalysts. EI-Shobaky et al. (2003) studied, the doping process
did not change the activation energy of the catalyzed reaction but much increased the
concentration of the catalytically reactive constituents without changing their energetic
nature.

Other research made by Chen. H. Y et al (1998) revealed the important of promoting
manganese in catalyst. The studies shows that when Cu/ZnO/ Al;O3; promoted Mn as based
catalyst, it shows increasing in catalytic activity, larger surface area of Cu concentration and
elevated Cu reduction temperature compare catalyst without Mn. In XPS studies also
revealed that reaction between Mn and Cu resulting reduction of Mn#* to Mn3* as well as
oxidation of Cu? and Cu* to higher oxidation state. The most important result is, added Mn
enhanced methanation yield up to 5-10%. This is an agreement with Wojciechowska. M et al.
(2007) where in they found that when using manganese as based in copper catalyst increase
methane yield and activated the catalyst more compare to copper-cooper catalyst.

Wachs et al. (2005) found that some active basic metal oxide components such as MnO and
CeO did not interact strongly with the different oxide functionalities present on oxide
support and consequently, did not disperse very well to form crystalline phases. Therefore,
in research done by Wachs et al. (1996) stated that Ru could be assigned as a good dopant
towards MnO based catalyst. They are active basic metal oxides that usually anchor to the
oxide substrate by preferentially titrating the surface Lewis acid sites, such as surface M-
oxide vacancies, of the oxide support.

4.3 Noble Metals used in Methanation Catalysts

Nickel oxide will lose its catalytic ability after a few hours when it undergoes carbon
formation process. The carbon formation can be avoided by adding dopants towards the Ni
catalyst. Therefore, incorporating of noble metals will overcome this problem. Noble metals
such as rhodium, ruthenium, platinum and iridium exhibit promising CO,/H; methanation
performance, high stability and less sensitive to coke deposition. However, from a practical
point of view, noble metals are expensive and little available. In this way, the addition of
dopants and support is good alternative to avoid the high cost of this precious metal. For the
same metal loading, activity is mainly governed by the type of metal but also depends on
precursor selection (Yaccato et al., 2005). While, the reaction selectivity depends on support
type and addition of modifier (Kusmierz, 2008).
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Methane production rates for noble metals based catalysts were found to decrease in order
Ru > Rh > Pt > Ir ~ Pd. It may be suggested that the high selectivities to CH4 of Ru and Rh
are attributed to the rapid hydrogenation of the intermediate CO, resulting in higher CO;
methanation activities. Panagiotopoulou et al. (2008) had claimed the selectivity towards
methane which typically higher than 70%, increases with increasing temperature and
approaches 100% when CO, conversion initiated at above 250°C. A different ranking of
noble metals is observed with respect to their activity for CO, hydrogenation, where at
350°C decreases by about one order of magnitude in the order of Pt > Ru > Pd ~ Rh. From
the research of Ali et al. (2000), the rate of hydrogenation can be increased by loading noble
metals such as palladium, ruthenium and rhodium. The results showed that all of them
perform excellently in the process of selective oxidation of CO, achieving more than 90%
conversion in most of the temperature region tested between 200°C to 300°C.

Finch and Ripley (1976) claimed that the noble metal promoters may enhance the activity of
the cobalt supported catalysts to increase the conversion to methane. In addition, the noble
metals promoted catalysts maintained greater activity for methane conversion than the non-
promoted catalysts in the presence of sulfur poison. The addition of small contents of noble
metals on cobalt oxides has been proposed in order to increase the reduction degree on the
catalytic activity of Co catalysts (Profeti et al., 2007). Research done by Miyata et al. (2006)
revealed that the addition of Rh, Pd and Pt noble metals drastically improved the behavior
of Ni/Mg(Al)O catalysts. The addition of noble metals on Ni resulted in a decrease in the
reduction temperature of Ni and an increase in the amount of H; uptake on Ni on the
catalyst.

It well known that ruthenium is the most active methanation catalyst and highly selective
towards methane where the main products of the reaction were CH4 and water. However,
the trace amount of CO was present among the products and methanol was completely
absent (Kusmierz, 2008). Takeishi and Aika (1995) who had studied on Raney Ru catalysts
found a small amount of methanol was produced on supported Ru catalyst but the methane
gas was produced thousands of times more than the amount of methanol from CO»
hydrogenation. The selectivity to methane was 96-97% from CO,. Methane production rate
from CO; and H; at 500 K on their Raney Ru was estimated to be 0.25 mol g h-l. The
activity for methane production from CO; + H» at 433 K under 1.1 MPa was much higher
than that under atmospheric pressure. The rate of methane synthesis was 3.0 mmol g1 h!
and the selectivity for methane formation was 98% at 353 K, suggesting the practical use of
this catalyst (Takeish et al., 1998).

Particularly suitable for the methanation of carbon dioxide are Ru/TiO, catalysts. Such
catalysts display their maximum activity at relatively low temperatures which is favorable
with respect to the equilibrium conversion of the strongly exothermic reaction and form
small amount of methane even at room temperature (Traa and Weitkamp, 1999). It can be
prove by VanderWiel et al. (2000) who had studied on the production of methane from CO;
via Sabatier reaction. The conversion reaches nearly 85% over 3 wt% Ru/TiO, catalyst at
2500C and the selectivity towards methane for this catalyst was 100%.

Meanwhile, a microchannel reactor has been designed and demonstrated by Brooks et al.
(2007) to implement the Sabatier process for CO, reduction of H,, producing H,O and CHL.
From the catalyst prepared, the powder form of Ru/TiO; catalyst is found to provide good
performance and stability which is in agreement with Abe ef al. (2008). They claimed that the
CO; methanation reaction on Ru/TiO, prepared by barrel-sputtering method produced a
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100% yield of CHy at 160°C which was significantly higher than that required in the case of
Ru/TiO, synthesize by wetness impregnation method and Gratzel method. Barrel-
sputtering method gives highly dispersed Ru nano particles deposited on the TiO, support
which then strongly increase its methanation activity.

Another research regarding CO-selective methanation over Ru-based catalyst was done by
Galletti et al. (2009). The y-AlOs to be used as Ru carrier was on purpose prepared through
the solution combustion synthesis (SCS) method. The active element Ru was added via the
incipient wetness impregnation (IWI) technique by using RuCl; as precursor. Three Ru
loads were prepared: 3%, 4% and 5% by weight. All of the catalysts reached complete CO
conversion in different temperature ranges where simultaneously both the CO; methanation
was kept at a low level and the reverse water gas shift reaction was negligible. The best
results were obtained with 4% Ru/y-ALOs3 in the range of 300-340°C, which is 97.40% of CO
conversion.

For further understanding about methanation over Ru-based catalysts, Dangle et al. (2007)
conducted a research of selective CO methanation catalysts prepared by a conventional
impregnation method for fuel processing applications. It well known that metal loading and
crystallite size have an affect towards the catalyst activity and selectivity. Therefore, they
was studied the crystallite size by altering metal loading, catalyst preparation method, and
catalyst pretreatment conditions to suppress CO, methanation. These carefully controlled
conditions result in a highly active and selective CO methanation catalyst that can achieve
very low CO concentrations while keeping hydrogen consumption relatively low. Even
operating at a gas hourly space velocity as high as 13500 h-, a 3% Ru/ALOj5 catalyst with a
34.2 nm crystallite was shown to be capable of converting 25-78% of CO, to CH, over a wide
temperature range from 240 to 280°C, while keeping hydrogen consumption below 10%.

In addition, Gorke and Co-workers (2005) had carried out research on the microchannel
reactor which coated with a Ru/SiO; and a Ru/ Al;O; catalyst. They found that the Ru/SiO»
catalyst exhibits its highest CH4 selectivity of only 82% with 90% CO; conversion at a
temperature of 305°C, whereas a selectivity of 99% is obtained by the Ru/ALO; catalyst at
3400C with CO, conversion of 78%. However, Weatherbee and Bartholomew (1984)
achieved a CH; selectivity of 99.8% with CO, conversion of only 5.7% at reaction
temperature of 230°C using Ru/SiO; catalyst.

Mori et al. (1996) investigated the effect of reaction temperature on CHy yield using Ru-MgO
under mixing and miling conditions at initial pressures of 100 Torr CO, and 500 Torr H,. No
CH, formation was observed at the temperatures below 80°C under mixing conditions over
Ru-MgO catalyst. It reached 31% at 130°C but leveled off at 180°C. CH, formation over this
catalyst under milling condition increased from 11% at 80°C to 96% at 180°C. They found
that incorporating of MgO, a basic oxide to the Ru, promotes the catalytic activity by
strongly adsorbing an acidic gas of CO,. According to Chen et al. (2007), Ru impregnated on
alumina and modified with metal oxide (K;O and La;Os;) showed that the activity
temperature was lowered approximately 30°C compared with pure Ru supported on
alumina. The conversion of CO on Ru-K;O/Al,O; and Ru-LayOs/ Al,Os was above 99% at
140-160°C, suitable to remove CO in a hydrogen-rich gas and the selectivity of Ru-
LayO3/ Al,O3 was higher than that of Ru-K;O/ALOs in the active temperature range. While
methanation reaction was observed at temperature above 200°C.

Other than that, Szailer et al. (2007) had studied the methanation of CO, on noble metal
supported on TiO, and CeO; catalysts in the presence of H,S at temperature 548 K. It was
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observed that in the reaction gas mixture containing 22 ppm H-S, the reaction rate increased
on TiO; and on CeO, supported metals (Ru, Rh, Pd) but when the H,S content up to 116
ppm, the all supported catalysts was poisoned. In the absence of HyS, the result showed that
27% conversion of CO; and 39% conversion of CO, to methane with the presence of 22 ppm
H,S after 4 hours of the reaction.

Moreover, the addition of Rh strongly improves the activity and stability of the catalysts
(Wu and Chou, 2009), resistance to deactivation and carbon formation can be significantly
reduced (Jozwiak et al., 2005). Erdohelyi et al. (2004) studied the hydrogenation of CO, on
Rh/TiO,. The rate of methane formation was unexpectedly higher in the CO; + H; reaction
on Rh/TiO, in the presence of H,S. At higher temperature of 673 K, around 75% of
selectivity for CHy formation and CO was also formed from the reaction. Choudhury et al.
(2006) presented the result of an Rh-modified Ni-La;Os-Ru catalyst for the selective
methanation of CO. However, the performance of the prepared catalysts was reported to be
that CO; conversion appeared to be less than 30% when CO converted completely.

It had been reported that the addition of Pd had a positive effect for hydrogenation of CO or
CO; because of its higher electronegativity with greater stability of Pd0 species compared to
those of Ni? under on stream conditions (Castafio et al., 2007). In contrast, Pd/SiO, and
Pt/SiO; catalysts showed poor activities at temperature lower than 700 K with the CO
conversion was not greater than 22% at temperature 823 K over these catalysts (Takenaka et
al., 2004). A Pd-Mg/SiO; catalyst synthesized from a reverse microemulsion has been found
to be active and selective for CO, methanation (Park et al., 2009). At 450°C, the Pd-Mg/SiO;
catalyst had greater than 95% selectivity to CH, at a carbon dioxide conversion of 59%. They
claimed that the similar catalyst without Mg has an activity only for CO, reduction to CO.
these results support a synergistic effect between the Pd and Mg/Si oxide.

Furthermore, platinum-based catalysts present an activity and a selectivity that are almost
satisfactory. Finch and Ripley (1976) claimed that the tungsten-nickel-platinum catalyst was
substantially more active as well as sulfur resistant than the catalyst in the absence of
platinum. It was capable to show a conversion of 84% of CO after on stream for 30 minutes
in the presence of less than 0.03% CS. No catalytic activity was observed under the poison
of 0.03% CS; without the addition of Pt. The platinum group promoters enabled the
catalysts to maintain good activity until the critical concentration of poison was reached. Pt
catalysts were most well known as effective desulfurizing catalysts. Panagiotopolou and
Kodarides (2007) found that the platinum catalyst is inactive in the temperature range of
2000C-400°C, since temperatures higher than 450°C are required in order to achieve
conversion above 20%.

Moreover, Nishida et al. (2008) found that the addition of 0.5 wt% Pt towards cp-Cu/Zn/ Al
(45/45/10) catalyst was the most effective for improving both activity and sustainability of
the catalyst. At 250°C, the conversion of CO was achieved around 77.1% under gas mixture
of CO/HxO/H,/CO,/N>=0.77/2.2/4.46/0.57 /30 mL/min. Pierre et al (2007) found that the
conversion of CO over 5.3% PtCeOx catalyst prepared by urea gelation co-precipitation
(UGC) which was calcined at 400°C reached about 92%. This catalyst is more active and
shows excellent activity and stability with time on stream at 300°C under water gas shift
reaction.

Recently, Bi et al. (2009) found that Pt/CegsZr04O: catalyst exhibited a markedly higher
activity with 90.4% CO conversion at 623 K for the water gas shift (WGS) reaction. The
methane selectivity was only 0.9% over this catalyst which has been prepared by wetness
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impregnation method. Meanwhile, Utaka ef al. (2003) examined the reaction of a simulated
reforming gas over Pt-catalysts. At temperatures from 100°C to 250°C, high CO conversions
of more than 90% were obtained but most of the conversion was caused by water gas shift
reaction. The use of platinum catalyst in conversion of cyclohexane was conducted by
Songrui et al. (2006). They found that the cyclohexane conversion over Pt/Ni catalyst
prepared by impregnation method (55%-53%) was obviously higher than that over Pt/ AlO3
catalyst (30%-20%).

4.4 Supports for the Methanation Catalysts

The presence of the support was recognized to play an important role since it may influence
both the activity and selectivity of the reaction as well as control the particle morphology.
Insulating oxides such as SiO,, y-AlOs;, V20s, TiO; and various zeolites usually used as
material supports. These supports are used to support the fine dispersion of metal
crystallites, therefore preparing them to be available for the reactions. These oxides will
possess large surface area, numerous acidic/basic sites and metal-support interaction that
offer particular catalytic activity for many reactions (Wu and Chou, 2009).

Alumina is often used as support for nickel catalyst due to its high resistance to attrition in
the continuously stirred tank reactor or slurry bubble column reactor and its favorable
ability to stabilize a small cluster size (Xu et al., 2005). Alumina does not exhibit methanation
activity, it was found to be active for CO, adsorption and the reverse spillover from alumina
to nickel increases the methane production especially for co-precipitated catalyst with low
nickel loading (Chen and Ren, 1997). Happel and Hnatow (1981) also said that alumina
could increase the methanation activity although there was presence of low concentration of
H»S. Additionally, Chang et al. (2003) believed that Al;O; is a good support to promote the
nickel catalyst activity for CO, methanation by modifying the surface properties. Supported
Ni based catalyst in the powder form usually used by many researchers and only few
researchers used a solid support for their study.

Mori et al. (1998) had studied the effect of nickel oxide catalyst on the various supports
material prepared using impregnation technique. They revealed that the reactivity of the
catalysts depended on the type of supports used which follow the order of ALOs > SiO, >
TiOy > SiO2ALOs. The reason for the higher activity of Ni/Al:Os catalyst with 70%
methanation of CO; at 500°C was attributed to the basic properties of the Al,O3 support on
which CO; could be strongly adsorbed and kept on the catalyst even at higher temperatures.
However, Takenaka et al. (2004) found that the conversion of CO at 523 K were higher in the
order of Ni/MgO (0%) < Ni/ALO; (7.9%) < Ni/SiO2 (30.0%) < Ni/TiO> (42.0%) < Ni/ZrO;
(71.0%). These results implied that Al;O3; support was not appropriate for the CO conversion
but suitable support for CO, conversion.

In addition, Seok et al. (2002) also prepared various Ni-based catalysts for the carbon dioxide
reforming of methane in order to examine the effects of supports (Al,O3, ZrO,, CeO,, La;O3
and MnO) and preparation methods (co-precipitated and impregnated) on the catalytic
activity and stability. Catalytic activity and stability were tested at 923 K with a feed gas
ratio CHy/CO, of 1 without a diluent gas. Co-precipitated Ni/Al>Os, Ni/ZrO,, and
Ni/CeO; showed high initial activities but reactor plugging occurred due to the formation
of large amounts of coke. The gradual decrease in the activity was observed for Ni/La>O3
and Ni/MnO, in which smaller amounts of coke were formed than in Ni/Al,Os, Ni/ZrO,,
and Ni/CeO,. The catalyst deactivation due to coke formation also occurred for
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impregnated 5 wt% Ni/y-ALO; catalysts. Addition of MnO onto this Ni/y -Al,O; catalyst
decreased the amount of deposited coke drastically and 90% of initial CO, conversion was
maintained after 25 h.

Zhou et al. (2005) had synthesized the Co-Ni catalyst support with activated carbon for CO
selective catalytic oxidation. The conversion of Co-Ni/AC catalyst always keeps at above
97% in a wide reaction temperature of 120-160°C. However, the CO conversion dramatically
decreases with the increasing temperature when the reaction temperature is beyond 160°C.
Activated carbons are used efficiently in many environmental remediation processes due to
their high adsorption capacity, which makes their use possible in the removal of great
variety of pollutants present in air aqueous medium. This is because, besides their high
surface area, they possess several functional surface groups with an affinity for several
adsorbates, justifying the extreme relevance of this adsorbent for the treatment of the
pollutant (Avelar et al., 2010).

Kowalczky et al. (2008) had revealed that the reactions of trace CO, amount with hydrogen
(low COy /Ho; ratios) are dependent on the Ru dispersion and the kind of support for the
metal. Among the supports used in the present study (low and high surface area
graphitized carbons, magnesia, alumina and a magnesium-aluminum spinel), alumina was
found to be the most advantageous material. For similar Ru dispersions, CO methanation
over Ru/AlOj3 at 220°C was about 25 times and CO, methanation was about 8 times as high
as ruthenium deposited on carbon B (Ru3/CB). For high metal dispersion, the following of
sequence was obtained: Ru/ Al;O3; > Ru/MgAlL,Os; > Ru/MgO > Ru/C, both for CO and CO;
methanation. It is suggested that the catalytic properties of very small ruthenium particles
are strongly affected by metal-support interactions. In the case of Ru/C systems, the carbon
support partly covers the metal surface, thus lowering the number of active sites (site
blocking).

Takenaka et al. (2004) also found that at 473 K, Ru/TiO; catalyst showed the highest activity
among all the catalysts but when the reaction temperature increased to 523 K, the CO
conversion was follows the order of Ru/MgO (0%) < Ru/ALO; (62.0%) < Ru/SiO; (85.0%) <
Ru/ZrO; (100.0%) = Ru/TiO, (100.0%). Similarly to Gorke et al. (2005) who found that
Ru/SiO; catalysts exhibits higher CO conversion and selectivity, compared to Ru/AlLOs.
Meanwhile, Panagiotopolou and Kodarides (2007) demonstrated that Pt/ TiO, is the most
active catalyst at low temperatures exhibiting measurable CO conversion at temperature as
low as 150°C. Conversion of CO over this catalyst increases with increasing temperature and
reach 100% at temperature of 380°C. While, platinum catalyst supported on Nd»Os, La;O3
and CeO; become active at temperature higher than 200°C and reach 100% above 400°C.
MgO and SiO, supported platinum catalysts are practically inactive in the temperature
range of interest.

The detailed studied on the SiO; and ALLOs3 support was investigated by Nurunnabi et al.
(2008) had investigated the performance of y-AlOs;, a-Al,O; and SiO, supported Ru
catalysts prepared using conventional impregnation method. They found that y-AlO;
support is more effective than catalysts a-Al,O; and SiO. supports for Fischer-Tropsch
synthesis under reaction condition of P=20 bar, H,/CO=2 and GHSV=1800/h. y-AlO;
showed a moderate pore and particle size around 8 nm which achieved higher catalytic
activity about 82.6% with 3% methane selectivity than those of a-AlO3 and SiO; catalysts.
Pentasil-type zeolite also could be used as a support for the catalysts which exhibited high



30 Natural Gas

activity and stability due to not only the basicity of alkaline promoters but also the
incorporation with zeolite support (Park et al., 1995).

Furthermore, Solymosi et al. (1981) reported a sequence of activity of supported rhodium
catalysts of Rh/TiO, > Rh/Al,O3 > Rh/SiO,. This order of CO, methanation activity and
selectivity was the same as observed for Ni on the same support by Vance and
Bartheolomew et al. (1983). These phenomena can be attributed to the different metal-
support electronic interactions which affects the bonding and the reactivity of the
chemisorbed species.

5. Conclusion

Natural gas fuel is a green fuel and becoming very demanding because it is environmental
safe and clean. Furthermore, this fuel emits lower levels of potentially harmful by-products
into the atmosphere. Most of the explored crude natural gas is of sour gas and yet, very
viable and cost effective technology is still need to be developed. Above all, methanation
technology is considered a future potential treatment method for converting the sour
natural gas to sweet natural gas.
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1. Introduction

One calls combustible natural gas or simply natural gas, any combustible gas fluid coming
from the basement. The concept of a unique “natural gas” is incorrect. It is more exact to
speak about natural gases. In fact, the chemical composition of available natural gas (at the
final customer) depends on its geographic origin and various mixtures carried out by
networks operators.

The majority of natural gases are mixtures of saturated hydrocarbons where methane
prevails; they come from underground accumulations of gases alone or gases associated
with oil. There are thus as many compositions of natural gases as exploited hydrocarbon
layers. Apart from the methane which is the prevailing element, the crude natural gas
usually contains decreasing volumetric percentages of ethane, propane, butane, pentane, etc.
The ultimate analysis of a natural gas thus includes/understands the molar fraction of
hydrocarbons in CHy C:Hs, Cs3Hs, CiHio and the remainder of heavier hydrocarbons is
generally indicated under the term Cs.. Table 1 gives typical compositions. Apart from these
hydrocarbons, one often finds one or more minor elements, or impurities, quoted hereafter:

* nitrogen Ny it has as a disadvantage its inert character which decreases the
commercial value of gas,

* carbon dioxide CO.: it is harmful by its corrosive properties,

*  hydrogen sulfide H,S: it is harmful by its corrosive properties,

*  helium He: it can be developed commercially,

* water HO: the natural gas of a layer is generally saturated with steam. To be
exploited, it undergoes a partial dehydration.

In this chapter, the characteristics of natural gas in term of composition and physical
properties and combustion features are presented. The physical models for the calculation of
the physical properties are developed and a synthesis of the models selected is carried out.
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Fuel CH4 CzHe C3Hs C4H10 C5H12 Nz C02 MN
No.1 87.1 8.8 2.5 0.8 0 0.8 0 70.7
No.2 97.3 2.1 0.2 0.1 0 0.3 0 90.6
No. 3 87.0 9.4 2.6 0.6 0 0.4 0 70.9
No .4 91.2 6.5 1.1 0.2 0 1.0 0 79.3
No.5 88.6 4.6 1.1 0.3 0.1 3.9 1.4 82.2
No.6 82.9 3.2 0.6 0.2 0.1 12 1 87.9
No.7 92.3 3.2 0.6 0.2 0.1 3 0.4 85.7
No.8 89.5 3.1 3.6 0.2 0.1 29 0.4 76.3
No.9 87.7 3.0 5.6 0.2 0.1 29 0.4 71.8
No10 84.9 29 8.5 0.2 0.1 2.7 0.3 66.5

Table 1. Sample group of fuel gases (Saikaly et al., 2008).

Various techniques of determination of combustion features such as equivalence ratio, the
low heating value and Wobbe index are exposed. These techniques are based on direct or
indirect methods. The section “Physical Properties” is a toolbox to calculate transport
properties (dynamic viscosity and thermal conductivity) and other important properties
such as speed of sound, refractive index and density. Regards time, the ultimate consumer
burns a fuel whose chemical composition varies, see Figurel. These variations bring
problems for plant operation, whatever is the prime mover (Internal Combustion engine,
gas turbine or boiler).

The section “Combustion features” details:

=  Air-fuel ratio is the ratio of air to fuel in stoichiometric conditions.

=  Network operator sells natural gas volume but final customer needs heat. Low heating
value LHV is the link and is very important. By contract, network operator takes
obligations on the LHV minimum value.

= Wobbe index (W) is an important criterion of inter-changeability of gases in the
industrial applications (engines, boilers, burners, etc). Gas composition variation does
not involve any notable change of the factor of air and the velocity burning when the
index of Wobbe remains almost constant.

* Methane number (MN) characterizes gaseous fuel tendency to auto-ignition. By
convention, this index has a value 100 for methane and 0 for hydrogen (Leiker et al.,
1972). The gaseous fuels are thus compared with a methane-hydrogen binary mixture.
Two gases with same value MN have the same resistance against the spontaneous
combustion.

2. Physical Properties

2.1 Introduction

Physical models of transport properties relating to the gases (viscosity, conductivity) result
from the kinetic theory of gases, see (Hirschfelder et al., 1954) and (Chapman & Cowling,
1970).
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Fig. 1. Methane Number during 5 consecutive months (Saikaly et al., 2008)

The assumptions with regards to the kinetic theory of gases are:

1. The average distance between the molecules is sufficiently important so that the
molecular interactions (other than shocks) are negligible,

2. The number of molecules per unit volume is large and constant (gas homogeneity on a
macroscopic scale).

The following assumptions are relating to kinematics:

1. Between two shocks, presumed elastic, the movement of each molecule is rectilinear
and uniform,

2. The direction of the Speed Vectors of the various molecules obeys a uniform space
distribution,

3. The module of the Speed Vectors varies according to a law of distribution which does
not depend on time when the macroscopic variables of state are fixed.

Natural gases are a mixture of v components. Their physical properties such as dynamic
viscosity and thermal conductivity, evaluated on the basis of kinetics of gases, are obtained
starting from the properties of pure gases and corrective factors (related on the mixtures, the
polar moments, etc).

2.2 Dynamic viscosity

Natural gas viscosity is required to carry out flow calculations at the various stages of the
production and in particular to determine pressure network losses. Natural gas generally
behaves as a Newtonian fluid, see (Rojey et al., 2000) and, in this case, dynamic viscosity 7

in unit [Pa.s] is defined by Equation (1):

d
r=n )
dy

d
With 7 the shear stress and d—u the shear rate.
y
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2.2.1 Pure gases

Considering brownian motion of the molecules regards to the intermolecular forces,
Chapman and Enskog theory can be applied. This approach considers in detail the
interactions between molecules which enter in collision and is based on equation of
Maxwell-Boltzmann function distribution, see (Chapman & Cowling, 1970).

For mono-atomic gases, analytic solution of this equation gives the viscosity depending of a

two double integrals Q% corresponding to molecules binary collisions, often called
“collision integral for viscosity”. However, this theoretical approach is only applicable to
mono-atomic gases under low pressures and high temperatures. To apply this model to
polyatomic gases, a correction for energy storage and transfer are required, see (Le Neindre,
1998). In general terms, the solution obtained for the dynamic viscosity of the mono-atomic
gases which do not have degree of freedom of rotation or vibration is written:

JMT
n=26693-100 Y _

o2 02

(2)

With M the molar mass in [g mol-l], T the absolute temperature in [K], o a characteristic

diameter of the molecules, often called “the collision diameter” in [1 A4°], Q%2 the

collision integral depending on the reduced temperature 7' " defined as T" =kT'/ & , where
k is the Boltzmann constant and ¢ is the maximum energy of attraction. Correlations exist
to approximate the collision integral.

*  For nonpolar gases, Neufeld et al. (1972) have proposed the expression:

Q@Y 4 ()" s o) g ) ©®)

Where A=1.16145, B=0.14874, C=0.52487, D=0.77320, E=2.16178 and F=2.43787.
Equation (3) is valuable in the range 0.3<7, <100, where 7, =T /T,, T. being the

critical temperature, with a standard deviation of 0.064%.

Chung et al. (1984) and (1988) have experimentally obtained:

e T @
k12593
o =0.809 73 @)

To take into account molecule shapes, Chung et al. have introduced a corrective
factor F:

JMT
n=40785-10°F —Y—

¢ y2/3 Q(z,zf (©)
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With F, =1-0.2756 @ +0.059035 Z;,4+K; @ is the acentric factor, x is a

correction for gases being strongly polar; the dimensionless dipole moment ¢,

being given by ¢, =131.3 {/(K Tc)l/2
»  Reichenberg (1974) have chosen a linear dependence:

0 )" o
Dynamic viscosity is then expressed by:

(1. 711.2593)

_ 6 3 ,1/2 21/2-n
n=4.0785-10"° M2 V> ¢ e

®)

2.2.2 Gaseous blends
At low pressure, dynamic viscosity of gases blend, noted 7,,, can be estimated from the

viscosity of pure gases. For a mixture of v components, gaseous blend viscosity is given by
the expression:

ZK 1+2ZH K, + Z ZH Hy K; K, ©)

J=L#i k=1,#i

Where

X N

K. =

X +7, Zxk Br2m, /M) (10)

k=1,#i

Where 7; is the dynamic viscosity of ith pure gas, M

; its molar mass, x; its molar fraction

and coefficients H;; are obtained by

o, | +o361,, (1, —1)J' F,
i i r r R,ij
Hy=| —— (c,+c,f i m’f j (11)
32iMi +M; F T,
Reduced temperature 7, ; is based on critical temperature of pure gases i and j:
T
Ty = 12
N (12)
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Correction coefficients F% ;; is given by:

2 hol, ¢, )]

Rij = 7 (13)
7/2 /2
Ty [1+(10(§,,,. ny }
Coefficients C; is obtained by:
Ci=—"F> (14)
i /2
(77i Ui )l
With:
1/6
U, = Frii [1+ 0367, ; (T, ; _1)] 15)

T1/2

r,ii

Wilke (1950) have introduced simplifications into equation (9) by neglecting the term of the
second order. The expression of dynamic viscosity obtained makes easier the application:

1%

Xi 7
=3
i=1 ij ¢ (16)

J=1

=

[”(771'/77_1)1/2 (v, /Mj)w]z

With ;= 8 (1400, /0, )

In the literature, specific correlations were established to calculate the viscosity of gas
hydrocarbons. In particular, to calculate the viscosity of methane, an equation of the
following general form was proposed by Hanley et al (1975) and included by Vogel et al.
(2000y:

N =10 +m(T) p+An(p,T) 17)

where 77,(T) represents dynamic viscosity in extreme cases of p=0. The sum
m((T) p+An(p,T) is the residual dynamic viscosity which takes account of the increase in
viscosity from 7, (T) .
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function viscosity = func viscosity(compo)

% compo is a vector in volume fraction

% [CH4 C2H6 C3H8 i-C4H10 n-C4H10 C5H12 CO2 N2 02 H2 H2S CO]

P = 101325; % current gas pressure in Pa

T = 273.15; % current gas temperature in K

M = [16.043 30.069 44.096 58.123 58.123 72.151 44.01 28.013 32 2.016 34 28.01]; % molar
mass in g mol™!

Tc = [190.58 305.42 369.82 408.14 425.18 469.65 304.19 126.1 154.58 33.18 373.53
132.92]1;% Critical temperature

Ve = [99.2 148.3 203 263 255 304 93.9 89.8 73.4 64.3 98.6 93.2];%Critical Volume
cm3/mol

Dip = [0000.10000000.90.1];% Dipolar Moment
omega = [0.011 0.099 0.1518 0.1770 0.1993 0.2486 0.2276 0.0403 0.0218 -0.215 0.0827
0.0663];
T et = 1.2593*T/Tc; %
omegaV = 1.16145*T et”(-0.14874)+0.52487* (exp(-0.77320*T_et))+ 2.16178* (exp(-2.43787*T et));
mu r = 131.3*Dip./sqrt(Vc.*Tc);
Fc = ones(1,12)-0.2756*omega+0.05903*mu_r."4;
eta = 40.785* (Fc.*sqrt (T.*M)) ./ (Vc.”(2/3) .*omegaV)/10000000;
for 1 = 1:12
for j = 1:12

A(i,j) = (1 + sqgrt(eta(i)/eta(3))*(M(i)/M(3))"(1/4))"2/sqrt(8* (1+M(i)/M(J))); %
end
end
pl = compo.*eta;
for 1 = 1:12
p2 (i) = pl(i)/sum(compo.*A(i,:)); %
end
viscosity = sum(p2); %Pa s-1

Sandia National Laboratory (www.sandia.gov) has developed CHEMKIN, a reference tool
for chemical. The Gas Research Group (www.me.berkeley.edu/gri_mech/overview.html),
carried out by the University of California at Berkeley, Stanford University, The University
of Texas at Austin, and SRI International, has set up the description of methane and its co-
products. The hand-made Matlab® function is compared to this reference code. Error is
defined as:

|77hm (T)—Ncupm (T)|

VT €[300...500] max(¢, ) = max (19)
| Nenem (T) |
I: - - * & : : * "E i : :
ot e I
5 o |
Fig. 2. Dynamic viscosity for main Fig. 3. Relative error between
constituents of natural gases hand-made function and CHEMKIN

for dynamic viscosity
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The variation of the viscosity of the various components of natural gas according to the
temperature is presented on Figure 2 at atmospheric pressure. Good agreement is obtained
for the 5 major gases constituting a natural gas, see Figure 3.

2.2.3 Viscometer
Various methods exist to measure the dynamic viscosity of a gas (Guérin, 1981):
*  U-tubes of Fagelson (1929) are an extension of Rankine apparatus (1910)
*  Double-Helmholtz resonator is first conceived (Greenspan and Wimenitz, 1953).
The precision have been extended (Wilhem et al, 2000).
*  Rotational viscometers are available products.

2.3 Thermal conductivity
Fourier law characterizes heat conduction: the heat conduction flux ¢ crossing surface S in

a given direction is proportional to the gradient of temperature 07 /0y . This factor of
proportionality is called thermal conductivity A4 .
orT

p=A5— 20
5 20)

2.3.1 Pure gases
Thermal conductivity of a mono-atomic gas, for which only the energy of translation acts, is
given by the traditional expression (Reid et al., 1987):

[T
A=263103 Y2 44 (21)

o} sz)

Where A isin [Wm 'K ']
Using Equation (2), thermal conductivity is expressed from dynamic viscosity by:

15 R
A= 22
4M77 @)

For polyatomic gases (constituents of natural gases), Euken number Eu is introduced:

/1M
Fu= 23
e @)

Where C, is the heat capacity at constant volume.
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For mono-atomic gases, Euken Number is close to 5/2. For polyatomic gases, Euken
Number is modified by separating the contributions due to translation energy from those
due to internal energy (Reid et al., 1987):

AM C,
Eu= = f, | — 24
Y[ Se] o
With C,. in [J mol™" K™'] the part of the heat capacity due to translation modes
»=3/2Rand C,,, related to internal modes, is defined as: C,, =C,-C,., see
(Reld etal., 1987) .
9
AM 4
Eu= =1+—2 (25)
nC S,
R

Where C, is the heat capacity at constant pressure.

A modified Euken relation was proposed for which f;, is related to a coefficient of
molecular diffusion too. This new relation is written as, see (Reid et al., 1987):

py AM 5, LT
nC, [ (26)
R

Mason and Monchick (1962) worked out a theory based on a dynamic formalism to calculate
the conductivity of polyatomic gases. They obtained for non-polar gases, by supposing the
contributions of the negligible modes of vibrations, the following expression:

pu M LT e (Cu/C)

n CV P -1 rot (27)
R
With C,,, in[J mol™ 'K the part of the heat capacity due to rotation modes and Z,,, the

number of collisions necessary to change a quantum of rotation energy into translation energy.

Equation (27) was applied to hydrogen, nitrogen and carbon dioxide, but the main problem
for their use remains the precise determination of the number of collisions of rotation Z,,,

which is function of the temperature.

Chung and al. (1984) used similar method to Mason and Monchick (1962) and obtained the
relation of thermal conductivity. Indeed, Euken number is expressed in this case according
to a coefficient of correction v as follows:

Eu=2M 375 (28)
e, C,/R-1
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Coefficient V is given by the following formula:

0.215+0.28288 ¢ —1.061 8 +0.26665 T
0.6366+ BT +1.061 a B

v=1l+a

With & =(C,/R)-3/2; f=0.7862-0.7109% +1.3168@> and T =2.0+10.50 T*.

Term [ is given by an empirical correlation for the contribution of translation energy of the
molecules to thermal conductivity for polyatomic gases and applies for the non-polar
molecules. As the two main components of the natural gas (methane and ethane) are non-
polar and that the other components have weak dipole moment, this correlation represents
well the behaviour of natural gases. In the case of the polar molecules, a default value of 0,758
should be used. Term « corresponds to the heat-storage capacity due to the internal degrees
of freedom. Thus, term V' can be included/understood as being a shape factor pointing out
the deviations of the polyatomic molecules with respect to the model of the rigid sphere.

2.3.2 Gaseous blends
Thermal conductivity of blends is estimated in the same manner as for viscosity. The

thermal conductivity of a gas mixture A,, can be thus calculated starting from a standard
formula in the same way than Equation (16), see (Reid et al., 1987):

Mason and Saxena (1958) proposed the following expression for coefficient 4;;:

K [1+(/1,,,’l-/ltr’j)'/2 (Mi/Mj)l/4]z

8 (1400, /0, )} o

i

Where A, represents thermal conductivity of monoatomic gas and & is a constant close to

1.0; Mason and Saxena (1958) proposed & =1.065. Heat conductivities ratio due to the
energy of translation of the molecules can be obtained in a purely empirical way:

0.04647,; 024127,
r ile T —e :

ﬂ“tr,i / ﬂtr,j - 0.0464 7T, 0.24127, ; (32)
Fi e 5] —e 5]

4 c,i
c,i

1/6
T M3
With I, = 210.0[ L ] ; P.; is the critical pressure of the if* component.
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function thermal conductivity = func_ conductivity (compo)

P = 101325; % current gas pressure in Pa

T = 273.15; % current gas temperature in K

R = 8.314; %ideal gas constant J/K/mol

M = [16.043 30.069 44.096 58.123 58.123 72.151 44.01 28.013 32 2.016 34 28.01]; % molar
mass in g mol-1

Tc = [190.58 305.42 369.82 408.14 425.18 469.65 304.19 126.1 154.58 33.18 373.53
132.92]1;% Critical temperature

Ve = [99.2 148.3 203 263 255 304 93.9 89.8 73.4 64.3 98.6 93.2];%Critical Volume
cm3/mol

Pc = [4.604 4.88 4.249 3.648 3.797 3.369 7.382 3.394 5.043 1.313 8.963 3.499];%
Critical pressure

Dip = [0000.10000000.90.1];% Dipolar Moment

omega = [0.011 0.099 0.1518 0.1770 0.1993 0.2486 0.2276 0.0403 0.0218 -0.215 0.0827
0.0663];
methane = -672.87+439.74*(T/100)"0.25-24.875*(T/100)~0.75+323.88* (T/100) " (-0.5);

ethane = 6.895+17.26* (T/100)-0.6402* (T/100)"2+0.00728* (T/100) ~3;

propane = -4.092+30.46*(T/100)-1.571*(T/100)"2+0.03171*(T/100)"3;

ibutane = 3.954+37.12*(T/100)-1.833*(T/100)"2+0.03498* (T/100)"3;

nbutane = 3.954+37.12* (T/100)-1.833* (T/100)"2+0.03498* (T/100) "3;

pentane = R*(1.878+4.1216*(T/100)+0.12532*(T/100)"~2-0.037*(T/100)~3+0.001525* (T/100) "4);
diocarbone = -3.7357+30.529* (T/100)"0.5-4.1034*(T/100)+0.024198* (T/100)"2;

azote = 39.060-512.79* (T/100)" (=1.5)+1072.7* (T/100) " (-2)=-820.4* (T/100) " (=3);

oxygene = 37.432+0.020102* (T/100)"1.5-178.57* (T/100) " (-1.5)+236.88* (T/100) " (-2);
hydrogene = 56.505-702.74* (T/100) " (-0.75)+1165* (T/100) " (-1)-560.7*(T/100) " (-1.5);
hydrosulf = R* (3.071029+0.5578* (T/100)-0.1031* (T/100) *2+0.01202* (T/100) ~3-0.0004838* (T/100) "4) ;
monocarbone = 69.145-0.70463*(T/100)"0.75-200.77*(T/100)"(-0.5)+176.76* (T/100)"(-0.75);

Cpmol = [methane ethane propane ibutane nbutane pentane diocarbone azote oxygene
hydrogene hydrosulf monocarbone];
cp=Cpmol.*1000./M;

alpha = (cp.*M*le-3-R*ones(1,12))./(R*ones(1,12))-1.5%ones(1,12);

beta = 0.7862*%ones(1,12)-0.7109*%omega+l.3168*omega.”"2;

zed = 2*ones(1,12)+10.5*(T./Tc) ."2;

psi = ones(1l,12)+alpha.*(0.215*ones (1,12)+0.28288*alpha-1.061*beta+0.26665*zed) ./
(0.6366*0ones (1,12) tbeta.*zed+1.061*alpha.*beta) ;

%**************Dynamic Viscosity*‘k******‘k*‘k*******‘k**k***‘k*‘k******

T et = 1.2593*T./Tc;

omegaV = 1.16145.*T et.”(-0.14874)+0.52487* (exp(-0.77320*T et))+
2.16178* (exp(-2.43787*T_et));

mu r = 131.3*Dip./sqrt(Vc.*Tc);

Fc = ones(1,12)-0.2756*omega+0.05903*mu_r."4;

eta = 40.785* (Fc.*sqrt (T.*M)) ./ (Vc.”(2/3) .*omegaV)/10000000;

ok K ok ok K Kk K ok kK kK K ok K K ok K ok ok K ok K ok kK ok K K ok K K ok K ok ok K ok K ok kK ok K K ok Kk ok K ok ok K ok K ok Kk kK K

lambda = 3.75*R*eta.*psi./M*1000;

$for mixture
temp = 210* (Tc.*M."3./(Pc*10).%4)."(1/6);
lambda_tr = temp.* (exp (0.0464.* (T./Tc))-exp(-0.2412.*(T./Tc)));

for 1 = 1:12
for j = 1:12
A(i,3) = (1 + sgrt(lambda tr(i)/lambda tr(j))*(M(i)/M(j))"(1/4))"2/
sqrt (8% (1+M (1) /M(3)))
end
end
pl = lambda.*compo;

for 1 = 1:12
p2 (i) = pl(i)/sum(compo.*A(i,:));
end

thermal conductivity = sum(p2);
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Fig. 4. Thermal conductivity for main Fig. 5. Relative error between
constituents of natural gases hand-made function and CHEMKIN
for thermal conductivity

The variation of the thermal conductivity of the various components of natural gas
according to the temperature is presented on Figure 4 at atmospheric pressure. Good
agreement is obtained for the 5 major gases constituting a natural gas, see Figure 5.

VT €[300...500] max(g,) = maxu”’" (1) = Acugu (T)| (33)
Acren (1)

2.3.3 Thermal conductivity measurement

Different techniques can be used to measure the thermal conductivity:

Katharometer: Thermal conductivity determination of a gas is commonly based on the
method of hot wires (Guérin, 1981). A wire is tended in the axis of a metal cylindrical
room whose walls are maintained at constant temperature and traversed by a gas,
constituting a cell. If one applies a constant electromotive force at the ends of this wire,
its temperature rises until the energy spent by Joule effect is, at each time,
compensated by the energy dissipated by radiation, convection and thermal
conduction. By choosing conditions such as the losses other than the last are negligible
(temperature of the wire lower than 400°C, diameter maximum of the tube of 1 cm,
rather slow gas flow: 6 to 12 I/h), the temperature of the wire depends primarily on the
nature of the gas which surrounds it. If the wire has a resistivity whose temperature
coefficient is raised, resistance is function of the thermal conductivity of this gas.

Guarded Hot Plate Method: Guarded hot plate is a widely used and versatile method for
measuring the thermal conductivity. A flat, electrically heated metering section
surrounded on all lateral sides by a guard heater section controlled through
differential thermocouples, supplies the planar heat source introduced over the hot
face of the specimens (gas). The most common measurement configuration is the
conventional, symmetrically arranged guarded hot plate where the heater assembly is
sandwiched between two specimens, see Figure 6. It is an absolute method of
measurement and its applicability requires: (a) the establishment of steady-state
conditions, and (b) the measurement of the unidirectional heat flux in the metered
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region, the temperatures of the hot and cold surfaces, the thickness of the specimens
and other parameters which may affect the unidirectional heat flux through the
metered area of the specimen.

Top cold plate

Top auxiliary heater
Specimen
Guard ‘ Metered area ‘ Guard
Specimen
Bottom auxiliary heater

Bottom cold plate
Secondary guard

Fig. 6. Guarded hot plate method configuration.

2.4 Speed of sound
Speed of sound is connected to thermodynamic scale of the fluid by the relation:

2]
op )

where P and p represent the pressure and the density respectively, and S the entropy. The

previous relation shows the direct link between the speed of sound and state equation of gas.

2.4.1 Speed of sound for ideal gas
For ideal gas, speed of sound is:

c=AyRT/M (35)

For a mixture of ideal gases, speed of sound is:

1%
in Cp,i

ol RT

= z 5 (36)
" in C,; in M;
= i=1

i=1

Ideal gas law is a good approximation for low pressure. However, in order to take into
account the real behavior of gases, several state laws were proposed. Van Der Waals
equation thus introduces two corrective terms:

RT a
= + —
V-b) v?

(37)
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Then, in this case, speed of sound is:

Thermodynamic properties models based on state equation provide value of compressibility
factor. It is useful, in the field of gas industry, to have specific methods of calculation for
natural gas of commercial type. The equation derived from virial equation, established by
Groups European of Gas Research - GEGR (Jaescheke et al., 2003), gives calculation for the
compressibility factor of commercial gas with an average error of about 0.06% for a pressure
up to 12 MPa. However, one of the methods most used in this field is based on the model
AGA8-DC92 developed by American Gas Association (Starling & Savidge, 1992). This
model makes it possible to estimate the density with an average absolute deviation (AAD) of
0.04% and the speed of sound with AAD of 0.08%. In addition, Estela-Uribe et al. (2003,
2005) used another formulation for natural gas in the range 270<T7[K]<330and

P <12 MPa . This model presents compressibility factor according to the density by:

Z=1+B, p+C, p* (39)

Coefficients B,, and C,, respectively represents the second and the third coefficient of the

virial development of the gas mixture. They are given according to temperature and
composition of natural gas by the relations:

By =2.2.% % By (40)
i
Con = ZZ;’C X % G (41)
i

Where B; and Cy are given by:

bi' b..

_ ij,1 ij,2

Blj = bij,() +T+F (42)
Ciik,1 Cijk,2

C,-j = Cijk 0 +—T + (43)

T2

Reader is referred to Estela-Uribe et al. (2003, 2005) for coefficients b;; and cij.
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Speed of sound is written:

CZZ% Z+pa—Z Rz (44)

m op)r Com ar),
Where C,,, is heat capacity at constant volume of the mixture calculated by:
C,n=Cl5r+Cl5 (45)

Cvl(fnL is heat capacity calculated by ideal gas law, see (Jaeschke & Schley, 1995), and C,", is

v,m

residual correction, calculated by:

2
dB, .»d’B,

Crs =21 P dcy, +T—2dzcm 2
: dr dr? dr 2 dr*

p (46)

function speedofsound = func speedofsound (compo)

P = 101325; % current gas pressure in Pa

T = 273.15; % current gas temperature in K

R = 8.314; %ideal gas constant J/K/mol

M = [16.043 30.069 44.096 58.123 58.123 72.151 44.01 28.013 32 2.016 34 28.01];

methane = -672.87+439.74*(T/100)70.25-24.875*(T/100)"0.75+323.88*(T/100)"(-0.5);

ethane = 6.895+17.26* (T/100)-0.6402* (T/100)~2+0.00728* (T/100) ~3;

propane = -4.092+30.46* (T/100)-1.571*(T/100)"2+0.03171*(T/100)"3;

ibutane = 3.954+37.12*(T/100)-1.833*(T/100)"2+0.03498*(T/100)"3;

nbutane = 3.954+37.12* (T/100)-1.833* (T/100)"2+0.03498* (T/100) "3;

pentane = R* (1.878+4.1216* (T/100)+0.12532*(T/100)72-0.037*(T/100)"340.001525* (T/100)"4);
diocarbone = -3.7357+30.529*(T/100)"70.5-4.1034*(T/100)+0.024198* (T/100)"2;

azote = 39.060-512.79*(T/100) " (-1.5)+1072.7*(T/100)"(-2)-820.4*(T/100) " (-3);

oxygene = 37.432+0.020102*(T/100)"1.5-178.57*(T/100) " (-1.5)+236.88* (T/100)"(-2);
hydrogene = 56.505-702.74*(T/100) " (-0.75)+1165* (T/100)"(-1)-560.7*(T/100)"(-1.5);
hydrosulf = R* (3.071029+0.5578* (T/100)-0.1031* (T/100) ~2+0.01202* (T/100) ~3-0.0004838* (T/100) "4) ;
monocarbone = 69.145-0.70463*(T/100)"0.75-200.77*(T/100)"(-0.5)+176.76*(T/100)"(-0.75);
Cpmol = [methane ethane propane ibutane nbutane pentane diocarbone azote oxygene
hydrogene hydrosulf monocarbone];

MassMol =1/100*sum (M. *compo) ;

HeatCapacity = 1/100*sum(Cpmol.*compo) *1000./MassMol;

speedofsound = sqgrt (HeatCapacity /( HeatCapacity -1000*R/MassMol) *R*T/MassMol*1000

The variation of the speed of sound of the various components of natural gas according to
the temperature is presented on Figure 7 at atmospheric pressure. Good agreement is
obtained for the 5 major gases constituting a natural gas, see figure 8.

VT €[300...500] max(¢s,) = maxIch’" (Z) — CC(H;;I (T)| (47)
CHEM
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2.4.2 Sound velocity sensor

Acoustic wave propagation is characterized by the speed of sound c in the propagation
medium. Several techniques allow the measurement of this characteristic in gases. Three
methods of measurement can be distinguished such as:

- the acoustic waves dephasing,

- the acoustic resonator,

- the time of transit.

The last method is largely used in industrial applications such as level measurement, flow
metering, etc... (Hauptmann et al., 2002). It involves measurement of the transit time of an
ultrasonic pulse travelling over a known propagation distance in the gas. This technique
typically employs one or more piezoelectric transducers to generate and detect sound waves
in the frequency range of about 20 kHz to 1 MHz and higher. A particular technique known
as a “pulse echo” technique uses a single transducer as both the transmitter and the receiver
see Figure 9. The generated sound wave is reflected back to the source transducer from a
target located at a known distance from the transducer, and is received by the same
transducer. If the distance between the transducer and the reflecting target is D, and the
measured two-way travel time is ¢, then the speed of sound is represented by:

c=—o (48)

This method is advantageous because it uses only one transducer. However, in applications
requiring high precision speed of sound measurements, the method has the disadvantage of
introducing time delay errors associated with imperfectly defined and variable distance, D,
and an imperfect ability to determine the exact time delay with respect to the time of the
transmitted pulse and the time instant when the reflected sound wave is received at the
transducer.
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To reduce the time delay error, the pulse echo method may be modified to measure a time
difference between two received signals (Kelner et al., 2004). A transmitted wave is reflected
from two different targets rather than a single target, see Figure 10. The distance, DD,
between the two targets is known. Using this method, the speed of sound is represented by:

_2DD

gas At (49)

c

where At is the time difference between the two received signals.

2.5 Refractive index
Guérin (1981) expressed refractive index n, of a gas, for radiation of wavelength 1,

according to the density:

def

0
n -1=qp, = IR (50)

Where g is a constant.

Noting Rl the value of RI corresponding to the normal conditions (273,15 K, 1 atm) and
assuming that the gases follow ideal gas law, the value of RI (called co-index of refraction,
but named improperly refractive index too) relates to temperature T (in Kelvin) and
pressure P (in atmosphere) is given by:

ri, T P

51
T E (51)

Co-index of refraction has an additive property:
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Equations (51-52) are enough to calculate with precision the co-index of refraction of natural
gases.

2.6 Density and specific density
In the case of a gas mixture, the expression of the specific density d;, is written:

:d[GL Zair(T9P)

m m Zm (T’ P) (53)

with

2
Z, :1—[Zulxi 1/1—2,.] +0.0005 (2 Xy —xé) (54)
i=1

With Z; compressibility factor of component i, xi molar fraction of hydrogen.

IGL
dm

Specific density is independent of any state of reference and is calculated starting from

the equation:

v
M,
dy =2 % (59)
Mair

i=1

In the same way, the density is obtained by:

) palt (T, P)

p(T,P ZW (56)
plat = £ ix M, (57)
m RT p= i i

2.7 Synthesis

Quality of natural gas, mainly composed of methane, varies according to the various sources
of supply (layers). Consequently, physical properties and energy content are subject to
variations. As a result, one of the important information required for natural gas
exploitation relates to its physical properties. Besides the properties of transport (viscosity,
thermal conductivity), various models of determination speed of sound, index of refraction
and density were presented.
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3. Combustion features

Combustion features of a gas such as the low heating value, Wobbe index and air-fuel
equivalence ratio are of a great industrial interest. These properties interest both engine
manufacturers and business activities of CHP installations and boilers. The commercial
transactions on natural gas are generally based on the energy content of gas, obtained by
multiplying the volumes measured by the higher heating value.

3.1 Air Fuel Ratio

Air Fuel ratio ¢ is defined as the ratio of air volume (or mass) V, (at normal conditions of
temperature and pressure) required to the theoretical complete combustion per fuel volume
unit (or mass). Complete combustion of generic fuel C.H,O.N, under stoichiometric
conditions gives equivalence ratio [Nm3/Nm3]:

C.H,ON, +&(19% N, +21% 0,)—"% 5y N, +vep, CO,+vy oH,0 (58)

Xcr, + 2 XC,H, +3 Xeum, T 4 XC,H, T 5 Xcum,, T Xco,

xCH4 + xC2H6 +.xC3H8 +xC4H10 +xC5le + xCOZ +x02 ‘{‘.X:N'2
~ 4 xcy, +0 xc,y, +8xcy, +10 X0,y +12 X0y, + Xco,

Xcu, ¥ Xc,u, ¥ Xcum, T ¥c,m, Y XcH, T Xco, T X0, T XN,

(59)
L 2 Xco,
e 2xy,
1 z
= x+2-Z (60)
21% 4 2
1%
= x ¢ (61)
i=1
Industrial combustion is never complete, dissociations/recombinations occurred.
C.H,O.N, +4&(19% Ny +21% 0,)—> vy Ny +vep, COy +vy oH,0+ )

vo,05+Veo CO+vy Hy +
VonOH +Vyo NO+Vvyo NO, +...

Where A is the relative air fuel ratio.
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3.2 Heating value

Low heating value is the energy released during fuel combustion (of unit of mass or
volume) under stoichiometric condition and thermodynamic conditions (P, T) giving CO;
and H,O products. Through the world, different thermodynamic reference conditions are
considered as reference conditions.

1
LHV =) x; LHY, (63)
i=1

High heating value HHV is deduced from low heating value LHV and is defined as the heat
that can be obtained by condensing the water vapor produced by combustion.

3.3 Wobbe index

Wobbe index (W) is an important criterion of inter-changeability of gases in the industrial
applications (engines, boilers, burners, etc). Gas composition variation does not involve any
notable change of air factor and of flame speed when Wobbe index remains almost constant.
Wobbe index can be calculated starting from the high heating value (HHV) and specific gas
density (d) by:

_ HHV

Jd

This parameter is usually used to characterize gas quality. Indeed, two gases with the same
Wobbe index deliver the same quantity of heat for the same supply pressure. Thus, for an
industrial burner for example, one maintains heat flow with a constant value by the output
control of gas according to the index of Wobbe.

w (64)

In DOE report (2007), a modified Wobbe index is used in real applications:

_LHV

W, = m (65)

This modified Wobbe index takes account for heating of the fuel and the uncovered heat
from water vapour formed during combustion.

3.4 Methane number

Methane number (MN) characterizes gaseous fuel tendency to auto-ignition. By convention,
this index has the value 100 for methane and 0 for hydrogen (Leiker et al., 1972). The
gaseous fuels are thus compared with a methane-hydrogen binary mixture. Two gases with
same value of MN have the same resistance against the spontaneous combustion
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4. Measuring instruments

Combustion features can be determined according to two types of methods: direct or
indirect. Direct methods are based on calorimetric measures where the energy released by
the combustion of a gas sample is measured. Indirect methods are issued of either
calculation from gas composition, or of measurements of gas physical properties.

4.1 Calorimeter
This direct method is based on calorimetric measures. Ulbig & Hoburg (2002) synthesized
measurement of heat value by:
= combustion of a gas sample inside a calorimetric bomb (isochoric combustion),
* combustion of a gas with a gas-burner (isobar combustion),
= catalytic combustion (isobar combustion without flame) by oxidation of a gas on a
catalyst.

Combustion technique with a gas-burner is largely used. Various types of calorimeters,
based on this technique, are employed: Junkers, Reinke, Thomas--Cambridge and Culter--
Hammer. Operation principle, presented on Figure 11, is identical. Specific quantity of gas is
measured then burned completely. In a heat exchanger, energy released by combustion
heats a coolant (water or air). Consequently, coolant temperature increase makes it possible
to measure gas heating value. Apparatus calibration is done using reference gas which its
specific heating value is known (in general pure methane).

Exhaust
temperature \‘ Outlet temperature

Burner ‘B Heat exchanger

Inlet temperature

i A ey B
Mixer
I

Water storage at T [K]

Air

Fig. 11. Calorimeter operation principle

Catalytic combustion is safe way (flameless) to measure high heating value of gases
(Hornemann, 1995), (Heyden & Berg, 1998). This batch method is based on the following
principle: gas mixture and air are introduced on a noble metal (platinum). Air quantity
introduced is sufficient for gas mixture oxidation. Hydrocarbons are oxidized over noble
metal being a catalyst. The procedure is renewed thereafter with an unknown gas mixture.
Heat released can be measured either starting from temperature changes related to the
catalytic reaction, or starting from electric output changes required to keep catalyst at
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constant temperature. This method can however be subject at two errors: incomplete gas
oxidation or catalyst poisoning.

4.2 Stoichiometric combustion

For saturated linear hydrocarbons (alkanes), there exists a linear relation between air fuel
ratio and low heating value of gas mixtures, see Figure 12. This measurement principle is
thus issued on air volume knowledge per unit of gas volume under stoichiometric
combustion. Consequently, that makes it possible to reach the calorific value of gas starting
from the following relation see (Ingrain, 1990):

LHV =K [LJ (66)
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Fig. 12. Linear relation between LHV and Stoichiometric Air-to-gas ratio

4.3 Gas composition

Gas chromatography and mass spectroscopy are the most commonly employed laboratory
techniques. These two techniques are based upon the separation of gas species followed
detection.

4.3.1 Gas chromatography

Gas chromatography is a partition method. It is based on components distribution of a
sample between mobile phase (the gas) and stationary phase (liquid or solid), see Figure 13
upon a column. The column provides a pathway, which aims to separate the species based
upon molecular size, charge, polarizability, and other physical parameters which limit
interactions between the gas species and the column materials. If the components of the
sample have different partition coefficients between the two phases, they migrate with
different speeds. An inert carrier gas (e.g. nitrogen or helium) is used to transport the gas
sample through the columns.
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Fig. 13. Gas chromatography principle

Gas chromatography is considered accurate and reliable. However, it is usually slow and
the columns require maintenance. It is not considered practical for a continuous on-line
application.

Calculation of heating value and Wobbe index of gas are obtained regards to the standard
procedure ISO 6976. For a natural gas, the higher heating value is written see (Ingrain, 1990):

ix,- HHY,

. 67
HHY == ——— ~ )

Where Z,, is the compressibility factor, see Equation (54).

4.3.2 Mass Spectrometer

Mass spectrometer is based mainly upon the mass-to-charge ratio of ionized species. The
mass spectrum is generated by first ionizing natural gas and the accelerating it with an
electric field. The ions are separated by their momentum distribution.

Most mass spectrometers have software that determines gas concentrations from peak
intensities and allows real time calculations

4.4 Gas composition by Infrared spectroscopy

Infrared spectroscopy method exploits the property that natural gas components absorb
light in a given wavelengh of the infra-red spectrum. Only the hydrogen, which do not
absorb the infrared radiation, and the carbon monoxide, which absorbs in another area of
the spectrum, do not take part in this phenomenon. The general diagram is represented on
the figure 14.

From calibration, using the absorption band of the methane and the band of hydrocarbons
higher than methane, the measurement of radiation absorption lead to the determination of
the heating value of natural gas. However, the components higher than the C4, as well as
hydrogen, do not absorb the infra-red radiation. Consequently, those components are not
taken into account for the calculation of the calorific value
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5. Physical properties methods

Besides the combustion or analysis of fuel gases, it is also possible to correlate and,
respectively, calculate the calorific value by measuring the physical properties of the gas
mixture. Correlations have to be determined, allowing the calorific value to be reliably
calculated as a function of one or several different physical properties.

For gases distributed in the United Kingdom, British Gas (Thurston et al., 2002)
established correlation to estimate low heating value LHV regards to speed of sound
measurement and thermal conductivity of natural gas. Low heating value is thus given
by the expression :

LHV=a1 /1TH+a2 /ITL"FCZ?’ C+a4Ta+615 Ta2+a6 (68)

Where A; is the thermal conductivity of natural gas at temperature 7}, , respectively
Ar  the thermal conductivity at temperature I, ¢ is the speed of sound, 7, the
L

ambient temperature, a, to a, are the fitted coefficients.

Thurston et al. (2002) proposed : a; =36.25649, a, =-45.5768, a;=0.047029,
a, =0.091067, a5 =0.00074 and ag; =24.18731 under conditions Ty -7, =70 K
and 7; -7, =50K.

In partnership with the department of energy of the United States, Morrow and Behring

(1999), of Southwest Research Institute, have developed a correlation based on speed of
sound, nitrogen and carbon dioxide contents. HHV is evaluated by:
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54343.048+ B M

M
B =20442.406 +(0.04552871-0.02523803 x,, —0.02568212 x¢(, ) (70)

HHV =

(69)

Where xy is the volume fraction of N,, respectively x¢(, the volume fraction of

CO,, and ¢ is the speed of sound, M is the mass molar of the mixture, evaluated by:
M= Z(a6 +aj xy +a; Xco, )c’ (71)
i=0

=  Bonne (1996) proposed a general expression :

102Y’ Ar,
HHY =3643.53+1050.71 | —= | ~7.60221 4, —2294. 72)

n Ty

Where A is the thermal conductivity (cal/s m °C) and T, Ty are the low and high
temperatures respectively (°C). 7} is the gas viscosity (upoise). This HHV estimation

has a maximal error of 0.067 M.J.m > with a standard error of 0.01831 MJ.m ™ .

HHV =-1287.7+808700 C)7**¢ —1048800 '™ -9.018910™* (y M) *'*  (73)

=  Pinvidic et al. (2000), of Gaz de France, developed a correlation of high heating value
regards to light beam optical absorption by gas components. Light beam defines three
bands of wave length measure, located to the near infrared, with a width of 10 to 20 10-
m. HHV is deduced from the measurement of temperature T, pressure P and
transmission coefficients 7;,i € {1, 2, 3} of natural gas in three bands. HHV is expressed

thus by the following relation:

3
HHV = Z(ao,i +ay; %) ln(ri)+[a0 +a %j (74)

i=1

Where a;, a,;, ayand a; are obtained from reference gases. This fitting has a

maximum error of 1%.

= Tacke and Kastner (2003) developed measure device of HHV, in particular, for natural
gas. The apparatus set up uses infrared radiation dispersion regards to wavelengths
getting a spectrum. This spectrum is detected by a system to be analyzed thereafter.
HHYV is deduced through the correlation:
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HHV =) a, HHV, (75)
i

Where «,, is the absorption coefficient for wavelength s and HHV, is the high

heating value of the component which has its wavelength ;.

=  Florisson and Burrie (1989) determined Wobbe index based on density estimation and
nitrogen and carbon dioxide contents. The correlation is valid only for gases whose
Wobbe index is in the range 43.4 and 44.4 M] m-3.

5.671+61.36 d —98.97 xp —64.57 x
W= co, N, 76)

Jd

=  Pickenicker et al. (2000) showed that Wobbe index can also be given by a technique
based on measurements of dynamic viscosity. They obtained the following correlation:

0.8405
W =-28.486 In ”(Tfj +311.10 (77)

= Rahmouni et al. (2003-2004)
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Fig. 15. Determination of the ternary composition by using a mixture diagram.
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A non-correlative method was proposed by Rahmouni et al. (2004). Combustion
properties of natural gas were calculated from a ternary composition that has the same
physical properties as the tested gas. As illustrated on Figure 15, when measured
physical properties of natural gas are represented in a ternary diagram mixture, an
‘equivalent’ ternary composition is determined. That pseudo-composition has no
connection to the composition of the real gas (natural gas of five or more constituents).
The term ‘equivalent’ means that the three compounds — gas, has the same two physical
properties than the real gas (same refraction index and same thermal conductivity for
instance). Then, the combustion properties are evaluated using the ‘equivalent’ ternary
composition (or pseudo-composition) and match the real gas combustion properties.

The choice of these properties was based on a statistical analysis (numerical experiment
plan, principal component analysis) of a natural gas base distributed in Europe. The
basic assumption is that if the measurement of two physical properties corresponds to
the description of a ternary gas, then the properties of combustion of this ternary gas
will be also those of the real gas which models the ternary gas, with the help of a
reasonable error.

The statistical analysis concluded that methane and ethane, then comes propane and
nitrogen, are the most influent component of natural gas. Thus, two ternary mixtures
can be considered: CHy-CoHg-CsHs or CHy-CoHe-No.

Three combinations Ternary diagram / physical properties were used:
- The measurement of thermal conductivity and co-index of refraction for T = 293 K
and using CHy-CoHg-C3Hs diagram,
- Combination of the precedent measurements with the CHs-CoHg-N; diagram,
- The measurement of thermal conductivity for two temperature levels 293 K and
343 K.

The relations below describe the intersection of two physical properties in a ternary
diagram which give the ternary pseudo-composition:

SO perier i S

. = x +2al(¢1), bz( 2)—bl(¢1) +2b1(¢1)
TR (a]w—az(@)) g )
X =1-x-x, (80)

Where ¢, : Physical property i, X;, X, and x5 : Ternary gas composition, X;,: Lower limit
of xjaxis, Xx,, Lower limit of x,axis, a;,b;,a,andb,: Coefficients depending on

physical properties and temperature. Once the composition of the ternary mixture is
determined, the combustion properties can be calculated using Equations 63, 64 and 65.
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Fig. 16. Relative error between pseudo-composition and direct GC analysis for high heating
value

Based on the work of Rahmouni et al. (2003-a and 2003-b), Loubar et al. (2007) have used a
quinternary pseudo-composition in order to improve the accuracy of combustion properties
determination. However, with a pseudo-composition of five components, it is impossible to
use the previous graphical method involving mixture diagrams. So, they determined the
compositions by solving a nonlinear system of equations expressing, for quinternary gases,
the thermal conductivity (Equation 30), at two fixed temperatures (T; = 333 K and T, = 383
K), the speed of sound determined at T3 = 303 K (Equation 36) and the carbon dioxide
content. Figure 16 shows the percentage of the relative error of high heating value,
calculated from pseudo-composition and the GC analysis. The mean absolute deviation
(MAD) is about 0.01%.

6. Summary

The actual composition of natural gas depends primarily on the production field from
which it is extracted and limited variations in composition must therefore be accepted.
Moreover, at a local distribution level, seasonal adjustments by the local gas distributor may
cause significant variations in the gas composition. Consequently, physical properties and
energy content are subject to variations and their calculation / estimation is of great
importance for technical and economical aspects.

In this chapter, physical models for the calculation of physical properties of natural gas are
presented. Physical models of transport properties (viscosity, conductivity) result from the
kinetic theory of gases. Viscosity and thermal conductivity of gases mixture (like natural
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gas) can be estimated from the properties of pure gases and requiring some correction
factors. These physicals models offer a good tool for industrial calculations and applications.
Speed of sound can be easily determined from the composition of natural gas. Besides,
different methods and devices are developed to measure this property with a good
accuracy. A particular technique known as a “pulse echo” was presented. This technique
uses a single ultrasonic transducer as both the transmitter and the receiver and two
obstacles separated by a known distance. The speed of sound of natural gas is then
determined from the transit time and the distance between the targets.

In addition, properties such as refractive index and the specific density were presented.
These properties can be used in correlations in order to estimate other properties that are
difficult to measure or need expensive instruments.

Various techniques of determination of combustion features such as air-fuel ratio, the low
heating value and Wobbe index are exposed. These techniques are based on direct or
indirect methods. Besides the combustion or analysis of fuel gases, it is possible to correlate
and, respectively, calculate the combustion features by measuring the physical properties of
the gas mixture. Some correlations can be limited to a region, a quality of natural gas or a
specified range of combustion properties variation. So, it is important to consider those
correlations according to their specified conditions. Researchers and industrials continue
their efforts in developing methods and devices to reach rapid and accurate measurement /
determination of natural gas properties regarding the stakes.
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1. Introduction

Natural gas is a fossil fuel found in nature reserves, associated or not with petroleum. Its
composition is a mixture of light hydrocarbons, generally alkanes, which are normally
gaseous at room temperature. Methane is the most abundant gas, accounting for more than
85% of the natural gas, and the other constituents are light alkanes such as ethane, propane,
butane, among others. The percentages of each constituent of natural gas vary depending
on factors such as geological formation of the reservoir rock, as well as the type of organic
matter that gave rise to the natural gas found. Recently, natural gas has attracted the interest
of many researchers and the large amount of methane contained in natural gas has been
considered an input in the production of other high-value products such as syngas and high
purity hydrogen. Considering the global trend toward environmental preservation, which
emphasizes clean and sustainable energy generation, it can be said that the interest of
researchers for natural gas will increase significantly from now on (Odell & Rosing, 1983).
The interest in natural gas is directly related to the search for alternatives to replace
petroleum-based fuels and for generating energy from sources less aggressive to the
environment. This behavior resulted in the intensification of research and exploration,
particularly among developing countries. The result was not only the increase in proven oil
reserves but also in its geographic expansion (the existence of reserves and the possibility of
their exploitation must be proven by tests). Until 1970, these reserves were concentrated in a
few regions of the world, like North America and the former Soviet Union (ANEEL, 2008).
Awareness of the imminent scarcity of oil in the next decades is stimulating the search for a
fuel that can partially replace petroleum-based fuels. Worldwide reserves of natural gas are
under-exploited because they are not as valuable as the petroleum reserves. In some cases,
when natural gas is associated with oil reserves, while the valuable petroleum is fully
exploited, the associated gas of the same reserves is considered undesirable, volatilized into
the atmosphere or burnt in the platform’s flare. Fortunately, though, this situation is
gradually changing, and natural gas is getting more attention, due to the growing need to
produce hydrogen from hydrocarbons. Among the fossil fuels, natural gas is the most
suitable for this application (Fishtik et al., 2000).

Energy generation is fundamental to the socioeconomic development of a country or region.
Somehow, it is present in the entire chain of production, distribution and comsumption of
goods and services. Equally important is the role of technology in the balanced and
sustainable development of various economic sectors, especially power generation. The
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more it brings new knowledge and technology to a product or service, the higher its market
value and its benefits to society, such as generating skilled jobs, improving the distribution
of income and quality of life, impelling the economy and increasing the country's
sovereignty (Pompermayer, 2009).

Meeting the energy demands has been a constant challenge for many countries, especially
the least developed. Aware of this, Brazil has invested considerable resources in
infrastructure and power supply, and has developed important technologies in specific
segments such as hydroelectric power generation, transmission over long distances and
integration of new electrical systems. This leadership has proved to be essential and will
remain important to Brazil, but we must go further. In this new business context, we must
be able to provide quality, safe, environmentally sustainable and low-cost energy services
that require more leadership in specific segments. We need a broad technology-based
supply chain of the energy sector, which includes electronics and nanostructured materials,
among other items that involve technologies which are a privilege that few countries have
afforded (Pompermayer, 2009).

In order to use natural gas to produce a clean fuel like high purity hydrogen to fuel cells for
electric energy generation it is first necessary to bring natural gas to a catalytic process
called natural gas reforming. This catalytic process is also known as reforming of methane.
Natural gas reforming is based on a catalytic chemical reaction that aims to convert
methane, the main constituent of natural gas, in a mixture of hydrogen and carbon
monoxide. This mixture of gases (Hx + CO), the product of natural gas reforming, is called
syngas. Syngas is commonly used in the synthesis of important products of the
petrochemical industry such as methanol and ammonia (Rostrup-Nielsen, 1984; Armor,
1999).

In this chapter, we set out the general approach we adopted concerning the importance of
natural gas in the worldwide energy matrix, and also on the basic principles that guide the
reforming of natural gas catalytic processes.

2. History of the Use of Natural Gas as Fuel

The use of natural gas by ancient civilizations (1000 BC) to make fire to light candles in
religious temples or to fire kilns to bake ceramics is widely reported in the literature.

At the end of the XIX century, natural gas was already used in North America as a fuel to
generate thermal energy for heating homes and other applications such as cooking. Since
then, the use of natural gas has increased and was present in several areas, such as welding
processes and other processes in the metallurgical industry, water heaters, illuminator place,
clothes dryers, in addition to the applications already mentioned. Thus, natural gas has
spent decades, throughout of the XIX and XX centuries, being used as fuel for generating
thermal energy of various forms (Olah et al., 2006).

The use of natural gas as fuel has become even more widespread when its transport and
storage processes were mastered and became more reliable. Large quantities of natural gas
have already been lost during the processes of petroleum and gas extraction, and this is still
happening today. In many cases, when the unique purpose of a platform is to extract
petroleum from a reserve, the associated gas found in the same reserve is considered as a
byproduct of the petroleum extraction process. This natural gas considered an undesirable
byproduct is often released into the atmosphere or burnt in the platform of extraction.
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Natural gas has been growing on the worldwide scenery after the discovery of its great
potential for generating electricity. Thereafter, this fuel began to attract the attention of
researchers, industry and environmentalists (Hoffmann, 2002). As a consequence, some
developed countries began to recognize natural gas as a highly valuable raw material to be
used in energy generation.

Since environmental preservation has become a major global concern, alternative sources of
energy generation must be sought, so that the growing worldwide energy demand is met
without damage to the environment, particularly with respect to the minimization of the
major factors of global warming,.

Currently, water and petroleum are considered the main fuels for power generation
worldwide. However, these fuels are natural resources that are getting scarce and because
they are so valuable and non-renewables it is of is vital and urgent studies related to the
development of alternative forms of energy generation.

Within this context, natural gas is believed to be the most appropriate fossil fuel to generate
electricity in an alternative and sustainable form, that may help preserve the natural
reserves of water for more noble and humanitarian applications.

3. The growing need for extraction of hydrogen from hydrocarbons

Hydrocarbons are formed by molecules made up of carbon and hydrogen atoms. Methane,
the simplest hydrocarbon molecule (CH,) is the main constituent in natural gas. In the
methane molecule, a single carbon atom is surrounded by four hydrogen atoms. Besides
methane, the gas composition contains other light hydrocarbons such as ethane, propane,
butane, and so on. Figure 1 shows two examples of constituent molecules of the
hydrocarbons in natural gas. Hydrocarbons may have direct or branched-chain molecules.
Carbon can also form multiple bonds with other carbon atoms, resulting in unsaturated
hydrocarbons with double or triple bonds between carbon atoms (Olah et al., 2006).

v OHe

Methane CH,, Ethane CEHE
(a) (b)

Fig. 1. Examples of main components of natural gas. (a) Methane; (b) Ethane (Olah et al,,
2006).

All fossil fuels, natural gas, oil and coal, are basically composed of hydrocarbons, but they
differ significantly regarding the number of hydrogen atoms and carbon atoms in their
molecules. The main constituent of natural gas is methane (typically at concentrations above
80-90%) but are also found in varying proportions ethane, propane, butane, carbon dioxide,
nitrogen, water, hydrochloric acid, methanol, and others. The proportion of each constituent
in the final composition depends on a number of natural variables such as the formation and
accumulation conditions in the reservoir (Odell & Rosing, 1983; ANEEL, 2008).
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Hydrogen can be produced from hydrocarbons by their reforming or partial oxidation.
Compared to other fossil fuels, natural gas is the most appropriate input for hydrogen
production because of its availability for this purpose compared to oil, and also because it
has the highest ratio hydrogen to carbon ratio, which minimizes the amount of CO,
produced as a byproduct. Methane can be converted into hydrogen by steam reforming or
dry, or by means of partial oxidation, or by both processes performed in sequence
(Autothermic reforming). Steam reforming is the preferred method, which represents 50% of
the global processes of conversion of natural gas for hydrogen production. This percentage
reaches 90% in the U.S. In this process, natural gas (methane) reacts with water in vapor
form in the presence of a metal catalyst in a reactor under high temperature and pressure
conditions to form a mixture of carbon monoxide (CO) and hydrogen as reaction product,
this product mixture being called synthesis gas. In a subsequent catalytic process for the
reform process, the flow of hydrogen contaminated with CO will be oxidized to produce
CO; and hydrogen as products. In this purification process, the hydrogen is recovered,
while the byproduct CO; is generally volatilized to the atmosphere. In the future, however,
the CO; shall be captured and isolated, Obec the environmental protection measures that
support the control or combat global warming. The concept of producing hydrogen from oil,
although established, is not attractive, since it is not expected to meet the global demand for
energy in the long run, due to the scarcity of oil reserves. Coal, with the largest reserves
among all other fossil fuels, may provide significant amounts of hydrogen, and the current
technology to achieve this goal is called integrated gasification combined cycle (IGCC). As it
occurs in the reforming of methane, coal is gasified by partial oxidation at high temperature
and pressure. The synthesis gas generated in a mixture containing mainly CO and H, (also
CO») must be subsequently subjected to catalytic processes to treat CO and, thus, purify the
hydrogen stream. However, as coal has a low ratio of hydrogen / carbon, the process of
obtaining hydrogen from coal would lead to a greater production of CO; by methane or
even oil. A great amount of energy is required for the processes of capture and sequestration
of CO2, which makes it very expensive, and consequently, avoided by the industries of this
area (Romm, 2004).

4. The Reforming of the Natural Gas

In order to insert natural gas into the energy worldwide matrix as an input for power
generation, this gas must be subjected to some chemical catalysts for the removal of excess
carbon in its composition. Thus, three catalytic chemical processes are used in the
conversion of natural gas, composed of hydrocarbons, in a gas hydrogen flow of high
purity. These three catalytic chemical processes are used sequentially and are as follows,
respectively: 1. Natural gas reforming; 2. WGSR process (Water Gas Shift Reaction) and 3.
PROX or SELOX reaction (Preferential Reaction Oxidation of the CO).

This chapter will discuss only the first catalytic chemical process, that is, the chemical
process called natural gas reforming.

Natural gas reforming also known as reforming of methane can be accomplished by means
of an exothermic or endothermic reaction depending on the chemical process selected to
perform catalytic reforming of methane.

There are basically four different types of processes that can be used to carry out the
reforming of methane. They are: 1. Steam reforming; 2. Dry reforming; 3. Autothermal
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reforming and 4. Partial oxidation. All these four types of reforming of methane processes
have the same purpose and lead to same final product. The purpose of the reforming of
methane process, whatever it is, is to convert natural gas, mainly composed of methane
molecules, in syngas. The product of the reforming of methane, the syngas, is a mixture of
hydrogen and carbon monoxide.

In order to obtain a gas hydrogen flow of high purity from natural gas it is necessary that
the syngas (Hz + CO) obtained as a product of the reforming of the natural gas process be
subjected to the two previously mentioned catalytic chemical processes: WGSR process and
PROX or SELOX reaction, in this sequential order.

A brief approach on the four types of catalytic chemical processes that can be used to carry
out the reforming of methane follows.

4.1. Steam Reforming

The process of steam reforming of methane produces syngas (H, + CO) with a ratio H,/CO
= 3. In this catalytic process, methane reacts with water steam in the presence of a catalyst.
The product of this reaction is the syngas (Rostrup-Nielsen, 1984). The scheme of the
reaction of steam reforming of methane is shown below.

CH; + HO » CO + 3H»

Because the process of steam reforming of methane is the reforming process that leads to the
obtaining of syngas with the major H>/CO ratio, this type of reforming process is
considered ideal to obtain a gas hydrogen flow of high purity from syngas.

The steam reforming of methane is an endothermic process and, therefore, requires very
high temperatures, which makes his process very expensive. Therefore, research on
alternative processes to reforming of methane to ensure the economic viability according to
the destination of the syngas obtained would be interesting. The concern with the economic
viability issue led to the development of alternative processes to reforming of methane, such
as dry reforming, autothermal reforming and partial oxidation, which are being considered
in scientific research for conversin of methane to syngas (Rostrup-Nielsen, 1984; Armor,
1999).

4.2. Dry Reforming

The dry reforming of natural gas is a process where methane reacts with carbon dioxide in
the presence of a catalyst, and syngas at a H,/CO = 1 ratio (Rostrup-Nielsen, 1984; Lercher
et al., 1999) is obtained as a product of this reaction. The scheme of the dry reforming of
methane reaction is shown below.

CH; + CO; —» 2CO + 2H,

Due to the value of the Hy/CO ratio shown by the syngas obtained in the dry reforming of
methane, this process is considered the ideal type of reforming process when it comes to use
the syngas produced as a raw material for the synthesis of important fuel liquids which
require H, and CO as raw materials. On the other hand, this type of reforming process is
considered very expensive because, being an endothermic process, it consumes a great



76 Natural Gas

amount of energy. The main disadvantage of dry reforming of methane is the significant
formation of structures (coke) that are subsequently deposited on the surface of the catalyst
that is active in the reaction. The deposition of coke on the surface of the catalyst contributes
to the reduction of its useful life. The large formation of coke occurred in this process is
explained by the presence of the CO; reagent introduced in the catalytic process input, the
share of CO, reagent increasing the production of coke. Thus, dry reforming is the unique
process for reforming of methane powered by two reagents that contain carbon (CHy and
CO») (Rostrup-Nielsen, 1984; Cheng et al., 2008; Lercher et al., 1999).

4.3. Partial Oxidation

The partial oxidation of methane is a catalytic process in which methane reacts directly with
oxygen in the presence of a catalyst, and the product of this reaction is the syngas which is
shown with a H,/CO good ratio (Fathi et al., 2000). The scheme of the partial oxidation of
methane is shown below.

CHy + 1/20, » CO + 2H;

The partial oxidation of methane is an exothermic process and, thus, considered more
economic than the processes of steam reforming or dry reforming, because it requires a
smaller amount of thermal energy. On the other hand, the partial oxidation is considered an
expensive process because it requires a flow of pure oxygen. Thus, there is a warning of
danger inherent in the process of partial oxidation of methane, since the two reagents (CHs4
and O») can cause an explosion if the reaction is not conducted with the necessary care (Pefia
et al., 1996).

4.4. Autothermal Reforming

The autothermal reforming of methane is a combination of both procedures: steam
reforming and partial oxidation. Thus, in the steam reforming there is contact with a gas
oxygen flow, in the presence of a catalyst (Armor, 1999). Hence, this process of catalytic
reforming of methane involves three reagents (CHy, H>O and O5).

The autothermal reforming of methane process was designed to save energy, because the
thermal energy required is generated in the partial oxidation of methane. As this process
consumes the thermal energy that it produces, it is called autothermal (Ayabe et al., 2003;
Wilhem et al., 2001).

Like other reforming processes of methane, the purpose of the autothermal reforming is the
production of syngas. The value of the H>/CO ratio of the syngas obtained in the
autothermal reforming is a function of the gaseous reactant fractions introduced in the
process input. Thus, the value of Ho/CO ratio can be 1 or 2 (Palm, 2002).

4.5. Comparison between the types of reforming of methane

Overall, regardless the type of process, the reforming of methane is an important chemical
operation in the energy worldwide matrix, because this chemical process is the first catalytic
step of the natural gas conversion to make way for the subsequent chemical catalytic
processes necessary to obtain the valuable gas hydrogen flow of high purity.
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According to the definitions presented in this chapter for the four types of reforming
processes of methane, it was found that the main type of reforming is the process called
steam reforming, because it has the greatest value for Hy/CO ratio, ie, the product of the
reforming process is a gas flow considered ideal for the development of the catalytic process
of obtaining a gas hydrogen flow of high purity. However, as the process of steam
reforming is considered too expensive, the other three types of catalytic chemical processes
are considered as alternative processes for carrying out the reforming of methane and they
were developed with the aim of making savings in thermal energy consumption required
for catalytic process to occur. The choice of the catalytic chemical process type to reforming
of methane must take into consideration the economic viability of the process related to the
destination to be given to the syngas produced as a product, ie, in general the ultimate
purpose is to obtain a gas hydrogen flow of high purity. The types of catalytic processes of
reforming of methane called partial oxidation and autothermal reforming are good choices
to produce syngas when the value of H,/CO ratio is adequate and specially when it comes
to reduce the consumption of thermal energy, a most important factor. In short, it can be
said that the selection of the type of catalytic chemical process of reforming of methane
depends on the type of application of the syngas produced.

5. Catalysts commonly used in the reforming of methane

Reports on the development of scientific research involving the use of catalysts on noble
metal supported in metal oxides to carry out reforming of the methane are widely reported
in the literature.

The main noble metals used in catalytic processes of reforming of methane are Pt, Rh, Pd
and Ru, according to scientific publications. Each noble metal considered individually has
characteristics and peculiarities when submitted to the reaction conditions of the reforming
of methane processes (Seo et al., 2002; Wang et al.,, 2005; Bulushev & Froment., 1999).
Therefore, scientific research is essential to define the catalytic action of each active species
individually analyzed, showing the strength points in their catalytic performance as well as
stressing their limitations, such as restrictions on activity, selectivity limits, low thermal
stability, among others. ~ Thus, in general, the published scientific studies are unanimous
in stating that the noble metals, particularly Pt and Rh metals, are excellent for use as active
species in catalytic reforming processes of the methane. These are ideal for this application
because they have the exact catalytic characteristics that are necessary to reaction conditions
of the reforming of the methane process. The characteristics of the catalytic performances of
noble metals that make them so valued for this application are: high activity, ie, the great
high capacity of methane to convert in syngas, good thermal stability, good selectivity and
high resistance to deposition of coke on its surface, this latter characteristic helps increase
the lifetime of the catalyst. The use of noble metals, particularly Pt and Rh as active species
for catalytic reforming of the methane processes attract much interest because they lead to
excellent results. However, they are very expensive (Hickman & Shimidt, 1992; Monnet et
al., 2000; Fathi et al., 2000).

Through scientific research was discovered that Ni when tested under reaction conditions of
reforming of methane process, the catalytic performance and the quality of the product
output are equivalent to the final results obtained by noble metals such as Pt and Rh. Thus,
the Ni has attracted much interest from researchers, because this metal exhibits the catalytic
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performance of a noble metal combined with the advantage of low cost. Thus, regardless of
the type of reforming of the methane process, Ni is considered the main active catalytic
species to convert methane in syngas. The Ni can be considered a classic catalyst for the
reforming of methane processes (Seo et al., 2002; Torniainen et al., 1994; Eriksson et al.,
2005).

However, the catalytic system that operates in the reaction is not solely formed by the active
catalytic species. In order to incorporate the active catalytic species, the catalyst system
needs a catalytic support for the active species. Thus, the catalytic system consists of two
components of equal importance: the active catalytic species also known as active catalytic
phase and catalytic support.

The active catalytic species consists of a noble or non-noble metal in the reforming of the
methane process, usually Ni, and the catalytic support consists of a metal oxide. The
function of the catalytic support is to assist the active species so that their catalytic action is
undertaken, ie, the active species can not perform its catalytic action alone. The catalytic
support acts as a material substrate where the catalytically active species must be physically
supported to act.

The catalytic systems are generally composed of active catalytic species + catalytic support.
They are usually represented as follows: metal/metal oxide. Example: Ni/ Al,Os.

5.1. Importance of the structural characteristics of the catalytic system

The process of steam reforming, the main type of catalytic process of reforming of methane
involves a highly endothermic reaction that reachs very high temperatures, in most cases
varying between 700 and 1000°C (Rostrup-Nielsen, 1984). Thus, the catalytic system (active
species + catalytic support) of this process must be refractory to ensure the thermal stability
of the catalytic system. In this case, the aluminum oxide (Al;Os) is a good option to be used
as catalytic support, because this oxide is highly refractory, supports inert form values of
temperatures above 1000°C. Therefore, there are many scientific publications on its use as
catalytic support for reforming of methane processes. However, other oxides can also be
used as supports for catalysts for reforming of methane. The scientific publications on the
issue generally report the use of different oxides such as ALOs, TiOy, SiO», Fe;O3, CeOz, ZnO
and others as catalyst supports, though the use of ALOj3 is the most common, certainly due
to its ability to promote the thermal stability of catalytic chemical processes.

Since the catalytic chemical process of reforming of methane involves tough operating
conditions, special attention must be paid to the characteristics of the catalytic refractory
support to avoid or minimize the sintering of active species. The sintering of active species
is one of the factors that lead to the deactivation of the catalyst, so it must be fought with the
use of catalyst refractory supports. Nevertheless, the selection of the type of catalytic
support material must be made according to the catalytic process in which this support will
act. For example, if the catalytic process requires a large amount of oxygen to occur, it is
preferable to to use a metal oxide capable of storing oxygen in its atomic structure, e.g. CeO»,
as catalytic support.

Most times, the catalytic support may consist of a mixture of metal oxides. In general, two
oxides are mixed in a doping process, where an oxide is used as host matrix for the
incorporation of the second oxide that will be used as the dopant substance of the support.
In these cases, the selection of the metal oxides to form the mixture is based on their
individual characteristics. The purpose of mixing a metal oxide with another one to
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compose a catalytic support is to optimize the performance of the catalytic system as a
whole. It has been exhaustively proven in scientific publications that certain compounds or
substances (metal oxides) incorporated with other types of oxides, have a positive influence
on the outcome of the catalytic process. Thus, optimizations such as increases in activity,
selectivity and resistance to coke deposit are observed (Carrefio et al, 2002; Neiva, 2007;
Neiva et al., 2009).

Some metal oxides are more suitable to the optimization of the catalytic system. As
demonstrated by Neiva (2007) in a study involving the addition of Fe;Os, ZnO and CeO,, as
doping substances in the catalytic system Ni/AlOs, the oxide that most favored the
optimization of the catalytic activity was ZnO added in a concentration of 0.01 mol in the
structure of the catalytic system Ni/AlbOs. The present study stresses the importance of the
concentration value of the doping substance added to a catalytic system, which must be
within a given range of values. If the concentration of the doping substance exceeds this
limit the catalytic activity of the system may be harmed. Also, according to the research
carried out by Neiva (2007), a comparison of the catalytic activity of the system (1.5%)
Ni/AlOs doped with the following oxides Fe;Os, ZnO and CeO; is shown in figure 2.
According to the graphs of Figure 2, the catalytic system (1.5%) Ni/AlO; doped ZnO
showed higher catalytic activity, ie, higher peaks of methane conversion. These catalytic
systems with the performances shown in Figure 2 were synthesized by the combustion
method.
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Fig. 2. Comparison between the performances of the catalytic system Ni/Al,O; doped with
the oxides Fe;Os3, ZnO and CeO; in the reforming of the methane reaction held at 700°C
(Neiva, 2007).

In general, these catalytic supports consisting of more than one oxide are called doped or
modified catalytic supports. Is called of dopant substance or dopant element of the catalytic
system the metal oxide added in small quantities in the atomic structure of metal oxide
which is most of the support structure, ie, inside of the hospitable matrix structure. The
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functions of the two metal oxides, dopant substance and host matrix are defined in the
reforming of the methane catalytic process.

The stages formed by the dopant substance are active phases that optimize the catalytic
activity of the system as a whole, by helping the catalytic action of the main phase that was
deposited on the support doped or modified (Neiva et al., 2008).

The atomic structure of the doped or non-doped catalytic support must have a porosity
suitable to the deposition of the active catalytic species on the support and also should allow
that active species have a satisfactory performance in the catalytic process. The active
species shouls be deposed on the porous structure of the catalytic structure as smoothly as
possible, so that the catalytic activity is carried out all along the catalytic system and not
merely in isolated points. Catalyst supports that have highly crystalline atomic structures
favor the occurrence of deposition with very homogeneous dispersion of the active catalytic
species (Figueiredo & Ribeiro, 1987; Neiva, 2007).

5.2. Synthesis of catalytic systems for reforming of the methane

Currently, it is possible to develop catalytic supports with controllable physical and
structural characteristics. Thus, we can affirm that physical characteristics such as type of
porosity, degree of crystallinity and particle size are a function of the type of synthesis
method employed in the process of obtaining the metal oxide. Also, these structural
characteristics are strongly dependent on the preparation conditions used in the synthesis
process, such as the type of precursor chemical used and the possible heat treatments
(Neiva, 2007).

The catalytic supports formed by a unique metal oxide or a mixture of oxides usually occur
in the form of a ceramic powder made by smaller particles. In some cases, the referred
powders are composed of nano size particles. Thus, in general, the synthesis methods used
to prepare the catalytic supports are the same methods used in the synthesis of ceramic
powders. The synthesis methods commonly used for the development of catalytic supports
are called combustion reaction, Pechini method and co-coprecipitation method. Of these, the
most versatile is the method of combustion reaction, because it is faster, more efficient and
can be performed from any heat source, such as a hot plate, conventional oven, microwave
oven, among others. The great advantage of this synthesis method is its fastness, because the
synthesis of a ceramic powder sample obtained by using the combustion reaction method
lasts in average 5 minutes. Consequently, the ceramic powder final product has small-sized
particles that can reach the nano scale, which represents an advantage in catalysis. Since the
catalytic chemical processes involve adsorption of gases, the use of small particles such as
nano is recommended, because small-sized particles have a greater contact area between
the adsorbent (particle) and adsorbate (gaseous reactants of the catalytic reaction). On the
other hand, the combustion reaction synthesis method is not the method of synthesis of
ceramic powder most suitable for the development of catalysts for the reforming of the
methane process, because since it does not include a thermal treatment such as calcination to
remove undesirable elements aggregates, the ceramic powder obtained as final product of
this synthesis method contains highly contaminated waste arising from the carbon
precursor used as fuel in the combustion reaction. Such waste carbon will interact with the
reagents of reforming of the methane process and, as a consequence, will significantly
increase the formation of coke, strongly contributing to the deactivation of the catalyst. The
utilization of chemical methods for nanosize particles preparation, with physical chemical
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properties and wished structural has been being the main focus of several researchers in
different areas of the science and technology, due to the molecular stability and good
chemical homogeneity that can be reached. These methods, also enable a good control in the
particle size form and distribution and/or agglomerates. Among lots of existing chemical
methods, the synthesis for combustion reaction has been being used with success for
obtainment of several ceramic systems. It is an easy technique, it holds and fast to produce
nanosize particles, with excellent control of the purity, chemical homogeneity and with
good reproduction possibility of the post in pilot scale (Costa et al.,, 2007). The use of
synthesis methods of ceramic powders that include calcination steps in their synthesis
procedure are more appropriate for the development of catalysts for reforming of the
methane process. The use of calcination as a heat treatment is very important to remove the
carbon waste of the synthesized catalysts. The synthesis method of ceramic powders called
polymeric precursor method or Pechini method has proven to be very suitable for the
development of catalysts for reforming of the methane process, as the Pechini method
includes three steps in its synthesis procedure, the last step being calcination that can be
performed at temperatures sufficiently high to cause the volatilization of residual carbon-
based substances. Generally, depending on the type of synthesized metal oxide,
temperatures values ranging between 500 and 1000° C can be used in calcination. Another
advantage of the heat treatment of the Pechini method is that it favors the formation of an
atomic structure with high percentage of crystallinity and the formation of size controlled
particles. The co-precipitation method is also widely used for the synthesis of catalytic
supports for reforming of the methane. Also, this method can synthesize pure or mixed
metal oxide. The co-precipitation method is capable of producing metal oxide consisting of
particles with controlled sizes, including particles with nanometer dimensions, which play a
significant role in various catalytic process. The disadvantage of this method is the existence
of multiple steps in the synthesis procedure. However, the metal oxides in the form of
ceramic powders can be synthesized by less disseminated methods such as spray dry, freeze
dry, sol-gel, hydrothermal method, among others. Regardless the synthesis method used for
obtaining a catalytic support formed of metal oxide pure or mixed, in many cases, the active
catalytic species is deposed on the support at a later stage of the catalyst synthesis
procedure. The active catalytic species can be deposed on the catalytic support by means of
different methods. In most cases, in the catalysts for reforming of the methane, the active
species are deposed on the catalytic support by the impregnation method also known as
humid impregnation method with incipient humidity. In this impregnation method, specific
quantities of the catalytic support and of the precursor source of ions of the active catalytic
species (usually a metal nitrate) are immersed in aqueous solution. Impregnation is
performed by means of rotation followed by drying and calcining to ensure the elimination
of the humidity adsorbed in the structure of the catalytic developed material (Figueiredo
and Ribeiro, 1987). However, the classic method of preparation of catalysts (humid
impregnation) induces carbon condensation (derived from reagent CHy4) on the exposed
crystal of Ni impregnated on the catalyst surface, reducing the catalytic stability and
accelerating catalyst deactivation (Leite at al., 2002).

During the impregnation process, after the calcination stage, which is usually performed at a
temperature range of 300 - 500°C , this step is concluded and s the catalytic system
developed is then ready to be forwarded to the catalytic reaction. The temperature value
used in the calcination stage of the impregnation process should be selected according to the
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material that forms the catalyst system. Factors such as temperature limit before the phase
transformations of material structure, type of porosity of atomic structure are assessed here.
In order to minimize the coke deposit on the surfaces of catalysts, some alternative methods
to suppress the poisoning of the active site metal and the formation of carbon nanotubes are
available. Through consecutive reactivation of the catalyst (Ni supported on alumina) with
COy-rich atmosphere, it was possible to eliminate the remaining carbon from the catalytic
oxidation of the same, with formation of CO (Ito et al., 1999).

The future prospects for the reforming of methane indicate the need for further
improvement of this process to optimize its implementation and results. Catalytic systems
that are more resistant to coke formation and increasingly appropriate operating conditions
of this chemical process will always be the focus of researchers in this area. Certainly, new
materials will be produced and tested in the process of reforming of methane, always
aiming to reduce the factors leading to deactivation of the catalyst.

The technological innovation in this area may also focus on the discovery or development of
new methods for obtaining catalytic systems, in order to ensure the complete mastering of
the process of obtaining materials with increasingly controllable physical and structural
characteristics. This would lead to the development of catalytic systems more suitable for
the reforming of the methane process.

5.3. The action of the catalytic system in the reforming of the methane process

The calcination stage of the impregnation process does not make sure that the active
catalytic species of the developed catalytic system have an effective action on the catalytic
reaction. So, the active species of the developed catalytic system can only be effectively
activated by a heat treatment called Temperature Program Reduction - TPR. This heat
treatment is aimed to reducing the active catalytic species deposed in the oxide form on the
catalytic support, e.g NiO, in a catalytically active metallic phase, e.g. Ni. This reduction is
essential for the occurrence of the catalytic action of the developed material. If the TPR
process does not occur, the material developed will be catalytically inert. The treatment of
TPR is performed in situ inside of reactor, a few minutes before the catalytic reaction, for
example a few minutes before the occurrence of the reforming of methane. In the case of
catalytic reactions other than reforming of methane also uses the TPR process to reduce the
metal oxide in effectively active species, ie, in metallic phase catalytically active.

In general, at the end of the process of catalytic reforming of methane, the catalyst is
recovered and sent for analysis to help characterize this catalyst. The main characteristic to
be assessed is the amount of coke deposited on the surface of the catalyst until deactivation.
The amount of coke detected on the catalyst system is a function of the type of reforming of
methane process accomplished, other factors that influence the formation of coke are the
fractions of gaseous reactants injected in the catalytic process input and conditions, e.g.
temperature, and especially the type of material that constitutes the catalytic system. Thus, it
can be said that the amount of coke detected on the catalyst system characterizes the
resistance of this material to the formation of coke. Smaller amounts of coke on the catalyst
indicate high resistance to the formation of carbon-based substances.

Finally, it is important to monitor the reforming of the methane process as a whole in order
to determine the main factors in this catalytic process, such as the lifetime of the catalyst and
the peak values of the temperatures recorded throughout the process. All these combined
aspects help define and clarify the success or failure of methane in syngas conversion.
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6. Conclusion

At the end of this chapter, we believe that we have clarified the importance of a catalytic
system (catalyst) in the reforming of the methane process. In fact, the catalyst is a
indispensable element in the reforming of the methane process, as well as the subsequent
chemical processes that are aimed to obtain high purity hydrogen from syngas, the product
of reforming of methane. In the absence of the catalyst, there is no or insufficient interaction
between methane and the other reactant (water steam, CO, or O»). Therefore, we can affirm
that the catalyst is an element of the chemical process of reforming of methane which has
basically the following functions during the performance of the catalytic process: activate,
accelerate, optimize, direct interactions or block interactions. The occurrence of each of these
functions depends on the type of reforming of the methane process performed and also on
the type of material that constitutes the catalytic system in operation.

Within the operating conditions of reforming of the methane processes, the reagents of these
processes interact in gaseous state and in the presence of a catalyst in solid state. Thus,
according to the classical definitions of catalysis, the reforming of the methane process is
defined as a heterogeneous catalytic process because the reagents and the catalyst interact
with distinct phases.

Also, in conclusion of this chapter, we hope that the importance of natural gas in the
worldwide energy matrix has become clear. The trend is that natural gas will become even
more space in the energy generation area from now on, keeping in view the scarcity of
natural resources used as energy generators currently.

Water will remain the most important source of electricity generation worldwide, in the
long-term. Nevertheless, it will be hard to construct new hydroelectric dams and reservoirs
due to the current policies of environmental preservation. Consequently, alternative forms
of energy generation shall be given greater consideration throughout the world.
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1. Introduction

Natural gas is an odorless and colorless flammable gas. Natural gas odorization means
operations involving addition of an odorant to gas to ensure characteristic odor of natural
gas in order for people the odor to be distinctive and unpleasant so that the presence of gas
in air in concentrations below the lower explosive limit (LEL) is readily detectable. By the
odorant addition any physical or chemical property (except the smell) of natural gas cannot
be changed. Generally speaking, in the process of natural gas delivering for both public and
industrial use, odorization provides safety for those who use it.

Starting with the year 1807 when Pall-Mall in London was experimentally illuminated, the
beginnings of gas industry in the European countries were exclusively associated with town
gas. This gas, produced by carbonization of coal, contained mainly hydrogen and carbon
monoxide. Besides other components, gas produced from coal contained a wide range of
sulfur compounds which made it easily detectable in case of leaks and lent it the typical
“gassy odor”. With the development of the use of natural gas or gas produced by cracking
of hydrocarbons or coal pressure gasification the need to odorize these gases became ever
more evident.

Historically, first gas odorization was carried out in Germany in 1880’s by Von Quaglio who
used ethyl mercaptan for detecting gas leakages of blue water gas. However, the real
begging of widespread odorization started in US in 1930’s as a consequence of the New
London’s disaster.

Early in 1937, the New London school board cancelled their natural gas contract in order to
save money. Instead, plumbers installed a tap into a residual gas line associated with oil
production. This practice, while not explicitly authorized by local oil companies, was
widespread in the area. The natural gas extracted with the oil was seen as a waste product
and thus was flared off. Odorless and therefore undetectable natural gas had been leaking
from the connection to the residual line and had built up inside an enclosed crawlspace
which ran the entire length of the building. A spark is believed to have ignited the
accumulated gas-air mixture leaving behind totally collapsed building and approximately
319 casualties (P&GJ, 2006).

As a consequence of this accident the use of odorants in USA and Canada was enacted. The
currently applicable Federal Regulation, 49CFR, 192.625, “Odorization of Gas”, requires a
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combustible gas which is transmitted interstate or distributed to be odorized either with
natural odorant which is present in that gas or by odorant addition so that at a concentration
in air of one-fifth of the lower explosive limit, the gas is readily detectable by a person with a
normal sense of smell. It means that the presence of natural gas at 1.26% in air must be
detectable by smell.

Regulations in force in most European countries are similar (e.g. DVGW G280 in Germany),
differing only in that there is a requirement for detectability of gas when 1/5 of lower
flammable limit (LFL) is achieved. In practice, this represents 1% concentration of natural
gas in the air. Used as an example may be Japan where natural gas used as CNG
(compressed natural gas) must be detectable by smell whenever concentration in the air
reaches 1.000ppm. In practice this represents the value of 0.1%.

2. Gas Odorants

As high quality natural gas replaced manufactured gas the need for odorization of this gas
with little (if any) detectable smell arose. In beginnings, the “gassy odor” was supplied by
cheap refinery and coke industry by products. However, these products varied in quality
and were quite unreliable. After the World War II these by-products are being replaced by
low molecular weight synthetic chemicals (such as mercaptans and sulfides) so that in 60’s
nearly all odorization of natural gas was performed either with pure or blended synthetic
chemicals.

Modern gas odorants can be divided into two basic groups. The “classic” sulfur-based
odorants which are further subdivided to alkyl mercaptans, alkyl sulfides and cyclic sulfides
and new types of sulfur-free odorants based on acrylates which are being introduced to the
market in recent years and have their special potential especially in environmental issues
due to the zero sulfur dioxide emissions after gas combustion.

Basic requirements for odorants apply both to their physiological effects and on their
physiochemical properties. Ideally odorants should have a characteristic “gassy odor”. As
for physiological properties these inlcude in particular:
e  Piercing, strong and unmistakable odor
e  Odor must remain perceptible as long as the fault of technical equipment is
detected and removed
¢  Odorant combustion must not produce toxic and irritating products

The most important physiochemical properties include:

e Odorants must be chemically stable, must not react with gas components,
piping material, rust, etc.

e  Must have high enough vapor pressure in order to avoid condensation at
operating pressure

¢  Must not have a corrosive effect on gas equipment in concentrations used

e  Must have a minimum tendency to soil adsorption during gas leaks from pipes

¢  Odorant smell must not be masked by the presence of higher hydrocarbons

e  Odorants must not contain water and must not be diluted with water due to
possible subsequent corrosion of the equipment.



Natural gas odorization 89

The selection of the suitable odorant to be injected into natural gas grid is the key aspect of
properly operated odorization system. Selecting the specific odorant involves knowledge of
the chemical and physical characteristic of available odorants, properties of the gas to be
odorized, the layout of the pipeline (e.g. soil properties, constructing material and pipeline
condition), ambient conditions and also the recognition of smell of the local population.

2.1 Types of odorants

Tetrahydrothiophene (THT)

THT is the sole representative of cyclic sulfides used in odorization of gas and is the
archetype of “stand alone” odorants; due to poor soil permeability it is nevertheless used in
blends with e.g. TBM. THT is most resistant to pipeline oxidation a due to its low odor
impact it is difficult to over-odorize with this type of odorant. THT is slightly skin irritant
and has a moderate narcotic effect.

Formula: C4HsS NFPA Ratings:
Molecular weight: 88.172
H2C|: Cl:HZ CAS reg. number: 110-01-0
H Specific gravity: 1.000
20~ o -CH; Boiling point: 115 - 124 °C

Freezing point: -96°C
Flash point: -7 °C

Fig. 1. Tetrahydrothiophene Total sulfur content: 36.37 (Wt. %)

Dimethyl sulfide (DMS)

DMS is characterized by good oxidation stability and good soil permeability. It is mainly
used in blends with TBM, but thanks to its relatively high pressure of vapor in blends with
DMS it is not quite suitable for vaporization type odorizers. DMS is a “garlic stinking”
compound that causes nausea in higher concentrations. With its effect it first stimulates and
then frustrates the nervous system.

Formula: C;HgS NFPA Ratings:
S Molecular weight: 62.135
H3C CH 3 CAS reg. number: 75-18-3
Specific gravity: 0.8
Boiling point: 37 °C
Freezing point: -98°C
Flash point: -38 °C
Total sulfur content: 51.61 (Wt. %)

Fig. 2. Dimethyl Sulfide

Diethyl sulfide (DES)
DES has good oxidation stability, low odor threshold but its high boiling point is limiting for
using in odorant blends.



90

Fig. 3. Diethyl Sulfide

Methylethyl sulfide (MES)

Natural Gas

Formula: C4H10S NFPA Ratings:
Molecular weight: 90.188

CAS reg. number: 352-93-2
Specific gravity: 0.837

Boiling point: 90 °C

Freezing point: -100°C

Flash point: -9 °C

Total sulfur content: 35.55 (Wt. %)

S

MES has a good oxidation stability in pipelines and a vapor pressure similar with TBM and
thus blends of TBM/MES are suitable for both vaporization and injection type odorizers.
From the toxicological point of view MES has similar properties with NPM.

/S\C/CH3

H,C -

2

Fig. 4. Methylethyl Sulfide
Ethyl mercaptan (EM)

H2
~C
H,C

3 SH

Fig. 5. Ethyl Mercaptan

Sec-butyl mercaptan (SBM)

Formula: C3HgS

Molecular weight: 76.162

CAS reg. number: 624-89-5
Specific gravity: 0.8422

Boiling point: 65 - 67 °C

Freezing point: -106°C

Flash point: -15 °C

Total sulfur content: 42.10 (Wt. %)

NFPA Ratings:

X

Formula: C;HgS

Molecular weight: 62.135

CAS reg. number: 75-08-1
Specific gravity: 0.839

Boiling point: 34 - 37 °C

Freezing point: -148 - -121°C
Flash point: -48 °C

Total sulfur content: 51.61 (Wt. %)

NFPA Ratings:

S

SBM is one of the least used components in odorant blends. Originates as a by product or
impurity in TBM manufacturing and is seldom used and only in low concentrations. This
branched chain mercaptan has good oxidation stability but a relatively high boiling point.

CH,
|
_G.__CH,
H C
H

HS
2

Fig. 6. Sec-butyl mercaptan

Formula: C5HsS NFPA Ratings:
Molecular weight: 90.188

CAS reg. number: 513-53-1
Specific gravity: 0.8299

Boiling point: 84 - 85 °C

Freezing point: -165°C

Flash point: -23 °C

Total sulfur content: 35.55 (Wt. %)

>
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Tert-butyl mercaptan (TBM)

Typical “gassy odor”, low odor threshold, high oxidation resistance (highest among
mercaptans) and good soil penetration is what make TBM the most used component of gas
odorants. The main disadvantage is its high freezing point which disables using TBM as a
stand alone odorant and thus TBM has to be blended with other types of odorant.

Formula: C4H10S NFPA Ratings:

CH3 Molecular weight: 90.188
CAS reg. number: 75-66-1
)ﬁ Specific gravity: 0.8002
H3C CH3 Boiling point: 64 °C
SH Freezing point: 1°C
Flash point: <-29 °C
Fig. 7. Tert-Butyl Mercaptan Total sulfur content: 35.55 (Wt. %)

N-Propyl mercaptan (NPM)

NPM has a low freezing point and a strong odor but is not used in high concentrations
(typically 3-6%) due to its low oxidation stability. From the toxicological point of view it has
a depressive effect on central nervous system.

Formula: C3HgS

H Molecular weight: 76.162

02 SH CAS reg. number: 107-03-9
H.c™ ¢~ Specific gravity: 0.8411

3 H Boiling point: 67 - 68 °C
2 Freezing point: -113°C
Flash point: -21 °C

Fig. 8. N-Propyl mercaptan Total sulfur content: 42.10 (Wt. %)

NFPA Ratings:

Isopropyl mercaptan (IPM)

IPM is the second most resistant to oxidation from mercaptans, has a strong “gassy odor”
and low freezing point. IPM is commonly used in blends with TBM in order to decrease the
freezing point. In some cases IPM should be used as a stand alone odorant. IPM has similar
toxicological effects with NPM.

Formula: CsHsS
CH Molecular weight: 76.162
|3 CAS reg. number: 75-33-2
PLONG Specific gravity: 0.8143
H,C H SH Boiling point: 53 °C
Freezing point: -113°C
Flash point: -34 °C
Total sulfur content: 42.10 (Wt. %)

NFPA Ratings:

Fig. 9. Isopropyl mercaptan
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Methyl acrylate (MA)

Formula: C4HcO .
@) Molecular weight: 86.0892 NFPA Ratings:
)k CAS reg. number: 96-33-3
H 2C\\C O/CH 3 Specific gravity: 0.9535 - 0.9574
Boiling point: 78 - 81 °C
H Freezing point: -75°C

Flash point: -3 °C

Fig. 10. Methyl acrylate Total sulfur content: - (Wt. %)

MA and EA are the main components (together with Methylethyl Pyrazine) of the sulfur-
free odorant. They perform good permeability through soil (which is slightly lower in case
of dry soil) and low odor threshold. Under certain circumstances they can be “washed out”
from the gas stream particularly if hydrocarbon condensate occurs within the pipeline.

Ethyl acrylate (EA)

Formula: CsHsO»
Molecular weight: 100.1158

)k H, CAS reg. number: 140-88-5
H QC\\ _C. Specific gravity: 0.9

NFPA Ratings:

C° O  CH; Boiling point: 99 - 100 °C
H Freezing point: -72°C
Flash point: 8.3 °C
Fig. 11. Ethyl acrylate Total sulfur content: - (Wt. %)

2.2 Odorant blends
The odorants used today are typically a blend made and they fall into four main categories,
which are:

¢  All mercaptan blends

e  Mercaptan/ Alkyl sulfide blends

e  Tetrahydrothiophene/mercaptan blends

e Acrylates blends (sulfur free).
The main reason for odorant blending is to reach specific properties of an odorant for use
under different conditions or to improve some of its characteristic. A list of some common
blends is given in table 1, other widespread odorants are e.g. Scentinel® odorants by
Chevron Philips.
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Specific | Boiling [ Flash | Viscosity Odor
Blend Type Composition density point | point (20°C) threshold
(20°C) [°C] [°Cl [cP]
Alerton 88 o 1.000
Spotleak 1013 THT 100 % ooy | 15| <1 1.04 1ppb
Alerton 452 TBM 80 % 0.816
Spotleak 1001 DMS 20 % (20°C) 30 <32 052 01 ppb
TBM 50 % 0.830
Alerton 541 DMS 50 % (20°C) 36 <-34 0.41 N/A
Alerton 841
THT 70% 0.930
Penndorant TBM 30 % (20°C) 60 <-18 0.93 N/A
1005
THT 65 % 0.931
Alerton 841 P TBM 35 % (20°C) 65 <-20 0.92 N/A
THT 95 % 0.991
Alerton 842 TBM 5% (20°C) 65 <44 0.98 N/A
THT 85 % 0.969
Alerton 843 TBM 15 % (20°C) 65 <-6.8 0.96 N/A
IPM 80 % 0.820
Alerton 1440 NPM 10 % 2'00 C 50 <17 N/A N/A
TBM 10 % ( )
TBM 80 % 0.815
Spotleak 1007 MES 20 % (15.5°C) 63 <-18 0.55 0.1 ppb
TBM 79 % 0.812
Spotleak 1009 IPM 15 % 15' 50C 62 <-18 0.570 0.1 ppb
NPM 6 % (155°C)
THT 50 % 0.904
Spotleak 1039 TBM 50 % (155°C) 67 <12 N/A N/A
TBM 75 % 0.825
Spotleak 1420 DMS 25 % (15.5°C) 54 <-18 0.49 0.1 ppb
IPM 70%
TBM 10 % 0.825
Spotleak 1450 DMS 10 % (15.5°C) 53 <-18 0.570 0.1 ppb
NPM 10 %
TBM 50 % 0.826
Spotleak 2323 NPM 50 % (15.5°C) 62 <-18 N/A 0.1 ppb
Methyl acrylate 37.4 %
G;‘f’f(r’jsr Ethyl acrylate 60 % (go%co) <130 <5 N/A N/A
Methylethyl pyrazine 2.5 %

Table 1. Basic properties of common odorant blends (Sources: Arkema; Symrise)

3. Odorizing systems

In the odorization process an essential step is to select the right tool in this case a suitable
odorizing system. From the technical point of view odorizers should be divided into two basic
groups according to the system in which odorants are introduced into the gas stream which are:

¢  Chemical vaporization

¢  Chemical injection.
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Vaporization based system rely on diffusion of odorant into a flowing natural gas stream.
Examples of vaporization systems are wick odorizers and bypass type systems. The main
advantage of these odorizers is their simplicity however they are generally suitable for low
and stable gas flows.

The injection type systems rely on direct injection of an odorant which is stored away from
the pipeline directly into the flowing stream. These systems are generally used for wide
range of flow rates.

3.1 Wick odorizers

Odorization by means of wick odorizers is one of the oldest and simplest methods. It is
based on free evaporation of the odorant from the wick into the gas stream. It was and is
still used for odorization of small amounts of gas. The device consists of a storage tank with
odorant into which the wick extends through a hole. The other end of the wick is placed
directly in the stream of fuel gas. Dosage was controlled only by setting the size of the wick.
The disadvantage of the original device was that during low gas flow gas could be over
odorized and vice versa the intensity of odorization could be insufficient during high gas
flow.

a) b)
Fig. 12. Non-adjustable (a) and adjustable (b) wick odorizer [Source: King tool company]

3.2 By-pass systems

Due to its simplicity this method of odorization was widely used. By strangling the
mainstream of natural gas in the pipeline (by means of an orifice, Venturi tube, slide or ram
pipe with sideway cant embedded into gas stream) difference of pressures is reached so that
partial flow of fuel gas proportional to the mainstream of fuel gas passes through the tank
with odorant above its surface, saturates with odorant vapors and returns to main gas
stream. Odorant dosage can be changed by changing the strangling of fuel gas mainstream.
The device was used for fuel gas odorization up to the flow of 10 000 m3/h.. These devices
are suitable for both local odorization and additional odorization of fuel gas in central
odorization.
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Fig. 13. Bypass odorizer [Source: King tool company]

3.3 Pulse Bypass

The operating principal of Pulse Bypass Odorization is to use higher pressure gas supply
from the transmission line to introduce odorant vapors into a lower pressure feeder or
distribution line. This is accomplished by diverting or bypassing un-odorized natural gas
through an odorant filled tank to mix with odorant vapors. Odorization occurs when the
odorant saturated bypass gas is returned to the down stream line. A signal from a meter
interface switch is received to actuate the pulse bottle solenoid valve.

3.4 Bourdon Tube

In these rarely used odorizers the amount of odorant injected is controlled by a bourdon
tube activated by a differential-pressure transmitter which senses the gas flow across an
orifice plate in the pipeline.

3.5 Drip systems

This system was used for the odorization of high amounts of low-varying stream of fuel gas
with stable temperature and pressure. Odorant dripping into fuel gas stream was controlled
by a needle valve and monitored through a peep-hole. This type of odorization device
required regular supervision because of frequent clogging of the needle valve due to
variation of viscosity, density or odorant deposits.

In recent years Smart Drip systems appeared on the market. It is an odorization system
composed of age old proven drip technology combined with modern measurement,
computational processing, and feedback control electronics. The result is a precision
dispensing system capable of supplying odorant over a wide range of natural gas flow rates.
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Fig. 14. Smart drip system (Source: Z systems, Midland, TX)

A conventional gravity feed drip odorization system was modified by adding electrically
operated valves. The valves are pulsed on and off with a duty cycle sufficient to permit the
required mass of odorant flow though a drip tube. The duty cycle and rate of valve
operation is controlled to follow changes in gas flow and changes in head pressure resulting
from varying levels in the run tank. The drip tubes are contained within a stainless steel
measurement chamber equipped with optical interrupters sending electrical pulse signals
with each drop of odorant dispensed. Drop size is dependent on the mass (weight) of the
drop, surface tension of the fluid, and surface area of the drip tube tip. Surface tension is
weakly dependent on fluid temperature, requiring a simple linear adjustment. Therefore the
only variable required to calibrate drop mass is odorant temperature, which may be
assumed to be the ambient temperature of the drip chamber. This methodology of odorant
metering is more direct than measuring volume and converting to mass.

3.6 Electrically or pneumatically driven pump

Odorant is brought into the pipeline with flowing fuel gas by means of a dosage pump. The
pump is controlled by an electronic system on the basis of gas flow data. Devices of this
design are suitable for gas flow rates above 5000 m3/h and allow for accurate dosage. In
simpler devices with built-in gas meter the energy required for dosage pump drive was
discharged from fuel gas mainstream and the dosage pump was driven by gas meter
rotational movement. Thus the appropriate odorant dose was also controlled.

Another system uses a diaphragm proportioning pump. Depending on a real flow of gas,
impulses from gas meters, or counters actuate a pump by way of -electronics
of the equipment. A diaphragm proportioning pump which iscontrolled by
a microprocessor and powered by a magnet injects the adjusted quantity of odorizing liquid
by injection apparatus to the gas flow. Through a primary tank the pump sucks in the
odorizing liquid from the exchangeable tank.
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Fig. 16. Odorization device with a diaphragm proportioning pump (Source: Gascontrol)

4. Odorization monitoring

The main task of natural gas odorization is to ensure such operating condition when natural
gas in every part of the distribution grid fulfils the requirement of a ,warning odor level”.

In case of a gas leakage the warning odor level (see table 2.) must be reached until the 20% of
lower explosive/flammable limit (LEL/LFL) is reached. Odorisation level can be verified by:

1. The odorization level control - which can be done by olfactometry in selected
points on distribution grid or by means of questionnaires at selected representative
sample of customers. In both cases indirect indicators are taken into account so that
both forms are considered to be subjective methods.
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2. Odorant concentration measurement - in natural gas can be estimated
continuously or discontinuously in selected points on grid. In this case particular
concentration of odorant in NG is measured. This is so called objective method.

The most important task is to estimate optimal odorant concentration. For calculating the
safety-relevant, minimum odorant concentration necessary to reach the warning odor level
(grade 3, see table 2), an experimentally determined K-value is used.

Minimal odorant concentration represents the odorant content in natural gas (mg.m=3) which
fulfills the requirement for creating warning odor level - grade 3.
Estimation of the minimal odorant concentration is determined by:

¢ K-value (mg.m=3) which represents the minimal concentration of an odorant in
natural gas-air mixture which reliably ensures the warning odor level,

e lower explosive/flammable limit (LEL/LFL) -expressed by vol. % of natural gas in
air,

e and from the requirement to evoke the warning odor level before one fifth (i.e.
20 %) of LEL/LFL of natural gas in air is reached.

Minimal odorant concentration c, can be estimated according to the following formula:

100-K 3
=—— — (mg.m3). 1
T 02 LEL (g ) M
K-values are obtained by olfactometry measurements using defined sample of population.
Typical K-values of commonly used odorants are 0.08 for tetrahydrothiophene, 0.03 for
mercaptans and 0.07 mg.m=3 for the GASODOR S-free odorant.

Odor intensity is the extent of odor perception which is by the odor evoked. Commonly the
odor intensity is evaluated as an odorization level. List of odorization levels can be found in
the table 2.

Odori(;’;igz)Level Olfactory perception Comment
0 Odor not detected -
1 Very low intensity Odor threshold
2 Weak odor -
3 Mean odor Warning odor level
4 Strong odor -
5 Very strong odor -
6 Extremely strong odor Upper limit of intensity

Table 2. Odorization levels
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4.1 Subjective odorization control

By subjective odorization control odorant concentration is tested primarily with the use of
electronic instruments. These instruments all employ the use of the human nose to
determine the gas in air mixture at which an individual can detect the smell of odorant.
These quantitative olfactory tests are commonly called “sniff test”.

There are only several manufacturers of such units. Some of them are e.g. the DTEX made
by YZ Systems, the Odorometer made by Bacharach, and the Heath Odorator (see Fig. 17.)

All three units are designed to mix gas and air and move them to a sniffing chamber. The air
is drawn in through each unit, and mixed with gas. The technician smells the gas and air
mixture, gradually raising the level of gas in the mixture until he or she detects an odor of

gas.

The Bacharach Odorometer was the first device designed to monitor odor levels and is still
available today. The Odorometer uses a rotameter (balls floating up and down on the air
stream created by opening the gas stream). The results of a test are read off of the bottom of
the balls and compared to a chart on the unit door prepared for each Odorometer.

S
Fig. 17. Bacharach ODOROMETR (a) YZ Industries DTEX (b) and Heath Consultants
ODORATOR

The Heath Odorator is another unit designed to test for odor intensity. First step with this
device is to zero the unit following the instructions printed on the side of the box. Next
opening the gas valve while positioning your nose above the sniff chamber until the odor
intensity reaches the threshold level. Push the display button and copy down the reading.
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Again with your nose above the sniff chamber, open the valve until the odor intensity
reaches a readily detectable level. After the readily detectable level is reached, you push the
display button and read the display. Then compare the two display readings to the chart for
correction on the side of the unit to get your test results.

To take a test with the DTEX the operator turns on the power and the unit puts itself
through a series of self-diagnostic checks. After the operator logs on with a private
password, he or she can choose to do a test at a pre-entered test location, or a new location
can be entered via the keypad on the unit.

4.2 Objective odorization control

The use of titrators, analyzers and chromatographs are several methods employed for
quantitative sulfur analysis. A variety of detectors are used including lead acetate tapes,
chemiluminescence, flame photometric and technologies with electro-chemical detectors. These
instruments can be configured either for laboratory use or placed directly on the pipeline for real-
time calculations. These instruments provide for real-time determinations of total sulfur and in
many case individual mercaptan and sulfide component levels.

Fig. 18. Electro-chemical detector (a) and micro gas chromatography (b) for quantitative
estimation of odorant concentrations

Although these “quantitative” methods of determining actual odorant concentrations in the
gas stream does not meet the Federal requirement for odorant reporting (not only) under
DOT 192.625 it does, however, provide another piece of information in terms of evaluating
the overall effectiveness of the odorization program.

To determine the concentrations of Gasodor S-Free odorants a number of analyzers based on
different principles may be used. Table 3 provides an overview of suitable analyzers.
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. CMS-

(Micro-)GC IMS-Odor pIMS-Odor Analyzer

Type

Measuring Ion Mobility Ion Mobility Colorimetric

principle Chromatography Spectrometr Spectrometr Chemical

Application | Stationary, mobile Stationary Mobile mobile

Measuring

range >1.5 4-23 0-23 3-30

[mg/m’]

Table 3. Equipment suitable for sulfur free odorant monitoring (Source: Graf 2007)

Impact odorization

Impact (temporarily increased) odorization which is sometimes performed is a targeted,
one, two or threefold increase in the dosage of odorant into fuel gas compared to standard
operating condition. Its aim is to verify the technical condition of gas distribution and gas
supply facilities, usually before the winter season. It is advisable that public in the area
where impact odorization is to be carried out be alerted.

5. Preodorization and odor fade

When a new pipeline is constructed preodorization must be carried out. When gas with
odorant is injected into the new pipeline absorption and reaction between the pipeline inner
wall and the odorant occurs during the passage of this gas mixture through the pipeline.
Gas at the exit from the pipeline is then odorless and may pose a serious security risk

If a new steel pipe is ready, the porous inner wall of the pipe contains metal oxides (rust)
which react with the odorant; in reaction with TBM disulfides may for example form which
are less odorous than TBM proper. Therefore the steel pipe must be clean and free of oxides,
otherwise it could happen that the exiting gas is odorless and may pose a potential risk. This
effect occurs even when plastic pipes are used and this phenomenon must be given
increased attention when putting the pipeline into operation. In order to ensure sufficient
security to end users the new line must be saturated with odorant prior to its
commissioning. This is done by overodorizing the gas entering the new line. The process of
pipeline preodorization and saturation with odorant is often referred to as “pickling”.
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Used for gas pipeline preodorization and pickling are three basic methods:
1. Injection of highly odorized gas (more than 40 ppm of odorant).
2. Slugging, i.e. pouring a bulk amount of liquid odorant directly into the pipeline
and letting the pipe “pickle” for a prolonged period without any flow through the

pipe.
3. Continuous injection of controlled dosage of liquid odorant into the gas stream
flowing through the pipe.
Odor Fade

Even though odorant is added to natural gas, contractors should not rely solely on the sense
of smell to determine if natural gas is present in the ambient air of a work space. This is
because it may be possible that:
e  Some individuals suffer an impaired sense of smell (chronic or transient) and
cannot detect the odorant;
e The odorant can at times be disguised by other odors present on the job site or
naturally occurring in the environment;
¢ Some individuals who have worked around natural gas odorant for an
extended period of time may suffer from odor fatigue and may be unable to
recognize the presence or change in odor levels; and
e In some rare cases, odor fade (loss of odorant) may occur making it difficult to
detect the presence of natural gas in the air. In general, odor fade occurs when
physical and/or chemical processes cause the level of odorant in the gas to be
reduced. Odor fade can occur in both existing pipe and new installations but is
most likely to occur in new steel pipe of larger diameters and longer lengths.
Odorant fade can also occur in plastic pipe and in smaller and/or shorter pipe
installations.

6. Odorants decontamination

Although odorization systems are designed as leakage-free systems odorant may still leak in
current operation e.g. due to an accident or improper handling. Recommended methods of
odorant disposal may be divided into three areas according to the quantity and nature of
odorant to be disposed.

When disposing smaller amounts of odorants and in order to remove the repulsive smell of
spilled odorant the smell is eliminated by means of absorption of spilled odorant in chips
impregnated with special oil and masked by a suitable pleasantly smelling substance such
as ALAMASK THT-X, ALAMASK VET, ALDOR 1052, PLANAROME 877, or by using
PENNCOVER.

For cleaning barrels and tanks from odorants a solution of 2 kg of calcium hypochlorite in 50
1 of water with addition of hydrogen peroxide is used. This solution must be left to work 2 -
3 days and is sufficient to clean one 200 1 barrel. The residue from cleaning barrels and the
barrels proper must be disposed of separately as hazardous waste.

When disposing larger odorant leakages the odorant must first be drained by appropriate
binding substances (peat, diatomaceous earth, sawdust, cleaning wool) and the soil soaked
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with odorant together with soaked binding substance must be stored in closable containers.
These containers must be disposed of separately as hazardous waste. This means disposal in
special equipment intended for this purpose. The location where odorant spilled may be
decontaminated by oxidizing means, either by 1.5% solution of sodium hypochlorite
(bleaching process), or by 5% solution of potassium permanganate
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Synthetic Natural Gas (SNG) from coal and
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1. Introduction

Natural gas is a well known energy carrier. It is often used for producing heat and power,
but can also be applied as a fuel in the transport sector. The production of synthetic natural
gas (SNG) from coal or biomass is an interesting opportunity for both exploiting coal and
biomass, and for replacing oil products for transportation and other uses.

SNG has many important advantages with respect to other synfuels: it can be transported
efficiently and cheaply using existing natural gas pipelines and distributing networks, it is
an easily convertible feedstock, both in natural-gas combined-cycle power plants and in
petrochemical facilities, it can count on a high social acceptance with respect to coal, and it
can be stored underground, enabling efficient operation throughout the year independently
of a fluctuating demand.

Unfortunately, the commercial deployment of technologies for the production of SNG is
currently constrained by technical barriers, so that more research is required before
extensive applications on the industrial scale can be achieved. An important issue to be
addressed is the strong exothermicity of the methane formation reactions, so that
conventional fixed-bed catalytic reactors cannot be safely used (Sudiro et al., 2009).
Following the 1970s energy crisis much work has been initiated in the US on coal-to-SNG:
SNG process technologies and catalysts were developed and tested extensively. But most
have been cancelled in the 1980 because of the changing energy picture. One industrial plant
has actually been realized in North Dakota, which began operating in July 1984 and today
produces more than 54 billion standard cubic feet of synthetic natural gas annually (1.53
billion Nm3/yr). Coal consumption is about 6 million tons each year. The heart of this plant
is a building containing 14 gasifiers (www.dakotagas.com).

Nowadays, the rise of natural gas prices have created a strong interest in producing SNG
from the cheaper and much more abundant coal. A renewed interest in basing more energy
consumption on coal and petcoke has resulted in a revival of several older technologies that
have been enhanced to improve efficiency and to lower investment cost.

Methanation is used as the final syngas purification step in the production of ammonia, but
methanation for SNG production is more complex. The main industrial application of
methanation has been the removal of CO from Hy-rich feed gases in ammonia plants. With
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the aim of producing SNG the methanation reaction changes from a gas cleaning step to the
main synthesis process. Methanation for SNG production is more complex because it
involves much higher concentrations of CO and CO,. The high reaction heat results in large
potential adiabatic temperature increase that may cause catalyst sintering and possibly leads
to carbon particles formation.

The methanation catalysts should be active and stable at both high and low temperatures for
the methane production processes because this is the key problem in optimizing the coal-
based SNG methanation process. The optimal recovery of the reaction heat from the
methanation reaction is also critical (www.syngasrefiner.com/SNG/agenda.asp).

2. The methanation process

2.1 Principles of methanation

The principle of catalytic synthetic production of methane from carbon monoxide and
hydrogen was discovered in 1902 by Sabatier and Senderens (Ulmann, 1989). It is described
by the CO methanation reaction:

CO+3H2 > CH4+H20 (1)
Carbon dioxide can also be converted to methane according to the following reaction
CO, +4H, «<» CH4+2H,0O )

Both reactions are linked by the water gas shift conversion, which is always observed
simultaneously whenever active catalysts are used:

CO +H,0 «> CO,+H, 3)

A number of observations, reported in Ulmann (1989), indicate that the transformation of
carbon dioxide to methane is initiated by a reverse shift conversion reaction with hydrogen
to yield carbon monoxide and steam. The carbon monoxide formed then reacts to yield
methane.
Both reactions (1) and (2) are strongly exothermic: -206 kJ/mol and -165 kJ/mol,
respectively. Also low temperature and high pressure are required to achieve high methane
yield.
Interest in SNG production is concentrated on the gasification step, that may yield high
methane content in the raw gas. This is possible, for instance, with Lurgi pressure
gasification of coal, especially when gasification pressures of 80-100 bar are applied, as has
been successfully tested in recent years (Ulmann, 1989).
Methanation processes with little methane in the raw syngas suffer principally from:
1. high exothermic heat release during methanation;
2. need of handling very large quantities of synthesis gas (four to five volumes of dry
synthesis gas yield one volume of methane);
3. high proportion of steam formed during methane synthesis, which limits the
directly achievable SNG quality in wet methanation steps.



Synthetic Natural Gas (SNG) from coal and biomass:
a survey of existing process technologies, open issues and perspectives 107

2.1 Earlier methane synthesis plants

The oil crisis in the 1970s intensified the development of lignite and coal gasification
processes coupled with SNG production; United States, Germany and Great Britain were
involved in these activities (Kopyscinski et al., 2010). A few demonstration and pilot plants
were constructed during this period but only one commercial plant was built (in North
Dakota, as reported above).

Four types of methane synthesis process have been developed for commercial operation
(Ulmann, 1989). They limit the temperature increase by recycling of reacted gas or steam
dilution, or by special techniques such as isothermal reactors or fluidized beds, each with
indirect cooling by evaporating water.

A first configuration is the “methane synthesis plant with hot recycle”, in which a two-stage
recycle system with a final countercurrent-cooled reactor is used, as shown in Figure 1. In
this process the syngas, after being preheated, is routed to the first methanation reactor with
a part of the stream coming from the exit of the second reactor. Then the outlet of the first
methanator is cooled and sent to the second reactor step with a part of fresh synthesis gas;
these two reactors are run adiabatically. The outlet of the second reactor is cooled and the
part not recycled to the first methanator is sent, after a cooling section, to the final reactor
which is a countercurrent cooling reactor. The two streams from the two adiabatic reactors
are cooled using boiler feed water (BFW) in order to produce saturated steam at 10 bar. The
SNG produced is then cooled, dried and recovered.

Saturated steam
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Fig. 1. Recycle methane synthesis: a1, a2) recycle reactors; b) steam drum; c) countercurrent
cooling reactor; d) air-cooled cooler; e) hot recycle compressor, adapted from Ulmann, 1989
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This process was originally designed with a recycle quantity such that 500°C is not exceeded
at the outlet of the adiabatic reactors. Current systems are available working at maximum
temperatures up to 650°C. Inlet temperatures are around 300°C, which is also the operating
range of the recycle compressor. An advantage of the hot recycle is that water vapour
formed during the methanation reaction is not condensed.

A second example of methane synthesis process is the “steam quenching methane
synthesis” and is sketched in Figure 2. For synthesis gases with low H,/CO molar ratio,
steam must be added to prevent carbon particle formation. For optimum results, the
required quantity of steam is mixed with a portion of the feed gas in such a way that the
temperature in the first methanation step is kept within allowable limits and, after heat
removal, a further portion of the feed gas is admitted to the first intermediate product gas
stream as quenching stream. The quenching procedure after cooling is repeated until all the
feed gas is consumed. Thus, a multistage concept results, depending on the inlet gas
composition, as shown in Figure 2. With the addition of steam, the equilibrium composition
of any intermediate product gas is not favourable enough to enable direct production of
specification-grade SNG in a wet methanation step. The removal of carbon dioxide,
therefore, is followed by a final, dry methanation stage.

: \ 1 -\. a - T Gy
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Fig. 2. Scheme of an example of multi stage quenching system, adapted from Ulmann, 1989,
where a fixed bed reactor followed by a cooling section is repeated until the feed is consumed

A third example of methane synthesis is the “fluidized-bed methanation”. The Comflux®
process is a plant of this type, in which feed gases of unfavorable composition are sent, with little
or no addition of steam, into a cooled fluidized-bed reactor in one step. The dangers of carbon
formation, catalyst deactivation by high carbon monoxide partial pressure, and excessive catalyst
consumption by the fluidized-bed process are said to have been overcome, and operation up to
60 bar has been demonstrated successfully in the pilot plant (Ulmann, 1989).

A final example of methane synthesis is the “isothermal operation”. By increasing the
allowable temperatures for methanation catalysts, methane synthesis can be performed by a
once-through method in quasi-isothermal reactors cooled by evaporating water which
generates saturated steam. Under favorable conditions, such systems produce specification-
grade SNG in only one catalytic step (Ulmann, 1989). Any traces of sulfur compounds must
be eliminated carefully in order to avoid catalyst poisoning.
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3. SNG: state of the art

3.1 Existing process technologies
Methanation reactor technologies can be classified into three categories: fixed bed, fluidised
bed and other types of reactor.
About fixed bed methanation the following processes have been developed: Lurgi, Tremp™,
Conoco/BGC, HICOM, Linde, RMP and ICI/Koppers.
In the 1930s Lurgi developed a methanation unit including two adiabatic fixed bed reactors
with internal recycle. One pilot plant was designed and erected by Lurgi and Sasol in
Sasolburg (South Africa) and another pilot plant in Austria, erected by Lurgi and El Paso
Natural gas Corporation. The methanation unit of these two pilot plants consisted of two
adiabatic fixed bed reactors with internal gas recycle. Based on the results obtained by Lurgi
and Sasol, the first and only commercial SNG from coal plant (Great Plains Synfuels Plant)
was commissioned in North Dakota USA (Kopyscinski et al., 2010).
The Tremp™ process (Topsoe’s Recycle Energy-efficient Methanation Process) was
developed by Haldor Topsoe’s laboratory. This technology addresses the essential question
of heat recovery in the most efficient manner by recovering the heat as high pressure steam.
In order to apply such a heat recovery concept, it is essential to recover the reaction heat at
high temperature. Due to the unique MCR-2X methanation catalyst, Tremp™ can operate at
high temperatures, up to 700°C (Topsoe, 2009). This catalyst has the following advantages:

— recovery of reaction heat in the form of high pressure superheated steam to be used

directly for turbine drive;
- low recycle ratio to ensure energy savings;
- reduced gas flow resulting in lower equipment cost.
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Fig. 3. Scheme of the Tremp™ technology, adapted from Topsoe, 2009
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With reference to Figure 3 the process steps upstream the methanation unit are designed to
provide a near stoichiometric ratio of hydrogen to carbon monoxide in the gas according to
the methanation reaction (eq. 1). The exit gas from the first reactor is cooled in two steps
where the first step serves to superheat the high pressure steam generated in the second
step. After cooling, the gas enters the following methanation stages.
The CO methanation takes place in adiabatic reactors. The heat of the reaction results in a
high temperature increase, and recycle is used to control this temperature rise in the first
methanation reactor.
This technology is characterized by (Topsoe, 2009):

— low energy consumption for recycle;

—  production of high pressure superheated steam;

—  low investments;

— producing a natural gas compatible with pipeline specification, ensuring an easy

access to distribution of the product.

Any recycle involves a loss of energy but the MCR-2X catalyst is a good choice to minimize
the amount of recycle gas. This catalyst is stable and operable at low as well as high
temperature (from 250 to 700°C).
The experience with operation of this technology dates back to 1978 and a substantial
process demonstration has taken place ensuring that the technology can be applied. A semi-
commercial process has been demonstrated in a plant producing 2000 Nm3/h of natural gas.
However no industrial plants have been constructed until now. The project was closed
down in 1981 for political change and lower energy prices (Undergaard, 2008). Presently
Topsoe’s TREMP™ technology has been approved for a US plant. This methanation
technology was selected for use in Power Holding’s coal gasification plant in Jefferson
County, Illinois (USA). The plant will convert about 4 million tons per year of coal into
pipeline-quality natural gas. Along with GE Energy and Lurgi, Haldor Topsoe has been
selected as technology provider. It is expected the coal-to-gas plant will startup in 2010
(www.zeuslibrary.com).
In 1972 in Scotland (Westfield Coal Gasification plant) the first worldwide demonstration
plant producing SNG from coal has been accomplished by ConocoPhilips and the British
Gas Corporation (BGC), with a production of 59 Million Nm3/day. The methanation unit,
consisting of a fixed bed adiabatic reactor with gas recycle, was connected to an existing
Lurgi fixed bed gasifier and gas cleaning section was a Rectisol unit. Unfortunately, no plant
data can be found (Kopyscinski et al., 2010).
A further development of the British Gas Corporation was the HICOM process in which shift
and methanation are combined. In this type of process (see Figure 4) the syngas, after
purification, is heated and saturated with hot water in a countercurrent flow packed bed. After
that, the syngas is passed through a series of fixed bed reactors. The temperature is controlled
by recycling the cooled product gas. Excess steam is added to the first methanation reactor to
avoid carbon particle deposition. A part of the product gas from the main methanation
reactors is recycled and the other part is passed through one or more low temperature fixed
bed methanation reactors. In the last reactor the remaining CO and H, are converted to CHy
and CO,. Almost all the heat released from these reactions is used to generate high pressure
steam except the one of the last reactor, which is applied to warm the saturated boiler feed
water. With this type of configuration a bench-scale reactor for screening of catalysts and
process conditions was erected, also a pilot plant was built where tests for about 2000h were
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done. Finally, a semi-commercial scale plant was constructed at the Westfield Development
Center but no data about these plants were found (Kopyscinski et al., 2010).

In the 1970s, Linde AG (Germany) developed an isothermal fixed bed reactor with indirect
heat exchange. In this reactor the cooling tube bundles are embedded in the catalyst bed, so
the reactor is able to produce steam from the exothermic reactions and a part of this steam
can be added to the syngas at the inlet of the methanator in order to minimize the risk of
carbon deposition. No information are available about the use of this type of reactor in SNG
production (Kopyscinski et al., 2010).

A high temperature methanation without gas recycle was proposed by the Ralph M. Parsons
Company (USA). This process, called RMP, consists of 4-6 adiabatic fixed bed reactors in
series with intermediate gas cooling. The syngas is distributed in different ratios in the first
four reactors (Figure 2 shows the idea of this process). Working pressures are between 4.5
and 77 bar and temperatures are in the range between 315°C (inlet) and 538°C (outlet). Data
about gas composition of different tests were available whereas no data about the catalyst
and reactor dimensions were published. After 1977 no more information about this project
are available (Kopyscinski et al., 2010.
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Fig. 4. Scheme of the HICOM process: a) main methanation stages, b) recycle compressor, c)
non-recycle methanation stages, adapted from Kopyscinski et al., 2010

Similar to the RMP process, the Imperial Chemical Industries ICI (Great Britain) developed a
catalyst and a high temperature once-through methanation process, using a catalyst with a
high nickel content (up to 60%). This process consists of three adiabatic fixed bed reactors in
series with intermediate gas cooling (see Figure 5), where it is possible to see that steam is
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added to the second reactor in order to maintain the temperature below 750°C. On the basis
of this scheme no large scale plant have been built (Kopyscinski et al., 2010).

About fluidised bed methanation several projects have been set forth. In the first project,
started in 1952 by the United States Department of the Interior, one fixed bed and two different
fluidised bed methanation reactors were developed, which were operated in total for more
than 1000h. About this project no data are available after 1956 (Kopyscinski et al., 2010).

A second project, the Bi-Gas project, was initiated in 1963 by Bituminous Coal Research Inc.
(USA) for producing SNG from coal, via gasification in a entrained flow gasifier. The
methanation reactor developed within this project is a gas-solid fluidised bed reactor
including a second feed inlet in the middle of the reactor and two in-tube heat exchanger.
Experimental tests for about 2200h were done obtaining conversion of CO between 70 and
95%. After the last publication in 1979, no more reports on the Bi-Gas project have been
found in the literature (Kopyscinski et al., 2010).

Synges
froem desuiphaarization unit

b
e
,

e ~ ges 4 pas P ~ g
T T 3 T vl
—— — =, PTG 0 CORM0
LY A ¥ 3 -
N A L L A L FEAW T | .

M

oy

o
|
L

Fig. 5. Scheme of the ICI high temperature process, adapted from Kopyscinski et al., 2010

Finally, between 1975 and 1986, the Thyssengas GmbH and University of Karlsruhe
(Germany) focused on a fluidised bed methanation reactor: the Conflux process, described
in section 2.1. A pilot plant reactor was built between 1977 and 1981 and later in 1981 a pre-
commercial plant was erected, with a production capacity of 2000 m3snc/h.

There have been other projects about SNG production from coal developing different
configurations from fixed and fluidised bed reactor for the methanator. For example, the
Synthane project, developed by the Pittsburg Energy Technology Center (USA), the catalytic
coal gasification by the Exxon Research and Engineering Company (USA) and the liquid
phase methanation proposed by Chem System Inc. (USA). The first and the third project
were terminated in 1980-1981.

3.2 Patents

About patents dealing with SNG production process, some are recent and described below,
other are older, for instance before 1976 (Miiller et al., 1976 and Schultz & Hemsath, 1976).

In the patent by Jahnke & Parab (2007) an invention related to methanation of synthesis gas
is reported and, in particular, to a methanation assembly using multiple reactors for
controlled methanation. Object of the invention is to produce a gas having a desired
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temperature control and methane composition. Also direct water injection is used as a
cooling medium to control the temperature in the methanation reactors as well as to avoid
deposition of soot on the methanation catalyst.

The process is realized in a methanation assembly for use with a water supply and a gas
supply containing gas to be methanated. The reactor assembly has a plurality of
methanation reactors each for methanating gas input to the assembly and a gas delivery and
cooling assembly adapted to deliver gas from the gas supply to each of the methanation
reactors. The system is also to combine water from the water supply with the output of each
methanation reactor being conveyed to a next methanation reactor and to carry the mixture
to such next methanation reactor.

Three methanation reactors are employed and the gas delivery and cooling assembly
includes one or more water injection units, gas dividing units, one or more water routing
units and lines connecting these units.

In another recent patent (Ravikumar & Sabbadini, 2007) the invention includes one or more
methanation reactors producing a primary methanation product that is cooled to a
temperature sufficient to condense water, which is removed in a separator. The dry
methanation product is then split to provide a reflux stream to the methanation reactors and a
feed stream to an adiabatic trim reactor. The plant comprises at least two methanation reactors
that are operated in series, wherein the first reactor receives the recycle steam and the second
one a portion of the first methanation reactor effluent and a portion of the first methanation
reactor feed. Most preferably a recycle conduit is coupled to the separator and the first primary
reactor such that a first portion of the dried effluent is fed to the first primary reactor.

Another patent (Mozaffarian, 2000) reports an invention related to a process for producing
methane-rich product gas from biomass or fossil fuels. This patent is focused on the
synthesis gas production system, which is a hydrogasification reactor using biomass or
fossil fuels as feedstock together with hydrogen from an external source.
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Fig. 6. Simplified Block Flow Diagram of the process patented by Haldor Topsoe A/S,
Lyngby, Denmark, adapted from Skov, 1981
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A patent, not recent but very interesting, with Haldor Topsoe A/S, Lyngby, Denmark as
assignee, is the one by Skov (1981). The scheme of this process is a quite interesting
modification of TREMP™ and is reported in Figure 6.
The invention relates to an improved catalytic methanation process, where a feed gas
containing predominantly hydrogen and being rich in carbon oxides (CO and/or COy) is
divided into two part streams of which the first is methanated partially in an adiabatic
methanation reactor by a methanation catalyst. After that, the effluent from the adiabatic
methanation reactors is mixed, after cooling, with the second feed gas part stream and the
thus-combined stream is methanated in a cooled methanation reactor by a catalyst,
preferably the same as that used in the adiabatic methanation reactor. It is possible, but not
always necessary, to recycle part of the produced gas to the adiabatic methanation reactor to
keep the temperature in a moderate level. It is advantageous because it can be operated to
produce superheated steam for producing electricity from the cooling sections at the end of
the adiabatic reactors. This process has the great advantages that practically all of the heat of
reaction can be utilized for producing superheated steam, and that the superheated steam
may be produced within the ranges of pressure and temperature which are convenient for
the production of electricity. Superheated steam for the production of power has normally a
pressure of 90-160 atm and a temperature of 500-550°C.
By the methanation of gases having high content of carbon oxides the amount of heat
generated in accordance with the reaction equations 1 and 2 will be so considerable and the
temperature so high that the catalyst in an adiabatic reactor may be destroyed, and possibly
even the reactor may be damaged (Skov, 1981). One way of solving this problem involves
the cooling and recycling a part of the methanated gas from the outlet of the reactor. It is a
drawback of this process that considerable amounts of energy is used for the recycling,
whereby the total useful effect of the process is reduced.
In summary, this new process consists of these steps:
— dividing the feed gas into two streams, a first feed gas part stream comprising 30-
70% by volume of the total feed gas stream and a second feed gas part stream
comprising the remainder of the feed gas;
—  subjecting the first feed gas part stream to a catalytic methanation in at least one
adiabatic methanation reactor containing a bed of catalyst;
—  cooling the outlet gas stream from the adiabatic methanation reactor to 250-400°C;
— mixing the cooled outlet stream of the previous step with the second feed gas part
stream to form a combined stream;
- subjecting the combined stream from the previous step to a catalytic methanation
in at least one cooled methanation reactor containing a bed of catalyst; and finally
— recovering the outlet gas from the cooled methanation reactor totally or partially
as a product gas for use or further treatment.
About older patents we quote one by Miiller et al. (1976) about the design of the methanator
reactor, and a second one (Schultz & Hemsath, 1976) which studies an apparatus and a
method for heat removal in a methanation plant.

3.3 Research studies

Among others, Moeller et al. were involved in research projects concerning methanation.
They demonstrated the feasibility of methanation of syngas from coal. In a first work
(Moeller et al., 1974), tests in a semi-technical pilot plant prove that CO-rich syngas can be
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methanated without carbon formation to yield specification grade SNG with a residual
hydrogen of less than 1% (vol.) and residual CO less than 0.1% (vol.). Also, it has been
demonstrated that trace components left in the synthesis gas after coal gasification and
Rectisol wash have little influence on catalyst activity and life. The catalyst used is a special
methanation catalyst developed by BASF with a high nickel content supported on Al,O3 and
activated by reduction with hydrogen. The configuration of the plant consists of two
adiabatic methanators. Effluent gas from the first reactor is cooled and a part of this effluent
gas is recycled, while the rest is reheated and fed to the final methanation reactor. In fact
syngas with an Hy/CO molar ratio equal to 8 are mixed with recycle gas and then the total
feed is heated and sent to the first methanation reactor with addition of steam (as inert
agent). Effluent gas from the first reactor is cooled, condensing the steam. Part of the reactor
effluent gas is recycled, while the rest is reheated and fed to the final methanation reactor.
At the inlet of the first reactor methane content is about 51.6% vol. whereas at the exit is
55.6% vol. At the exit of the second methanator the methane content is about 75.1% vol. and
the rest is mainly carbon dioxide (21.1% vol.) and inerts, i.e. N2 and Ar (2.0% vol.) (Moeller
etal., 1974).

Tucci and Thomson (Tucci & Thomson, 1979) carried out a comparative study of
methanation over ruthenium catalyst both in pellet and in honeycomb form. In addition to
pressure drops lower by two orders of magnitude they found also significantly higher
selectivities (97% versus 83%) over the monolith catalyst.

Recent studies on SNG production have been performed by Duret et al. (Duret et al., 2005),
by Zwart and Boerritger (Zwart & Boerrigter, 2005), by Waldner and Vogel (Waldner &
Vogel, 2005) and more recently by Sudiro et al. (Sudiro et al., 2009), Juras¢ik et al. (Jurascik
et al., 2009) and Gassner and Maréchal (Gassner & Maréchal, 2009).

Objective of the work of Duret et al. (Duret et al., 2005) was to perform a study of the
process in order to find its optimal operating parameters. The methodology used combines
process modelling and process integration techniques. It passes through two steps: a
thermodynamic model of the process and a process integration to identify the energy saving
opportunities. The process design of a 10-20 MWth Synthetic Natural Gas (SNG) production
process from wood has been performed.

Methanation reactor is based on the Comflux® process, in which the reactor is a pressurized
fluidized bed reactor with an internal cooling system which allows performing an
isothermal once through methanation of coal gas. Note that methanation reactor has been
modelled by using a simplified model (thermodynamic equilibrium, pressure of 60 bar and
outlet temperature of 400°C) without considering heat transfer problem.

This work demonstrated that the process can transform wood into pipeline quality methane
with a thermal efficiency of 57.9% based on the Lower Heating Value (LHV). The process
integration study shows that the heat surplus of the process can be used to almost satisfy the
mechanical work required by the process; only 7% of the mechanical needs should come
from an external source, for example by converting the excess of heat produced in the
system.

Objective of the study of Zwart and Boerritger (Zwart & Boerrigter, 2005) was to determine
the technical and economic feasibility of large-scale systems for the co-generation of “green”
Fischer-Tropsch (FT) transportation fuels and “green” SNG from biomass. The systems were
assessed assuming a targeted annual production of 50 P] (1 PJ = 1075 J) of FT transportation
fuels and 150 PJ of SNG. The evaluated overall system is composed of the entire chain of
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biomass collection, transport, syngas production via gasification, gas cleaning, and FT and
SNG synthesis. In case of co-production, some of the thermal biomass input is converted to
liquid fuels by FT synthesis and the off-gas is methanated to produce SNG. In the integrated
co-production concepts, some of the product gas is used for FT synthesis and the other
portion is used for SNG synthesis, whereas in the parallel co-production concepts, two
different gasification processes are used.

For all the systems evaluated, an Aspen Plus™ model was constructed, to determine the
mass, heat, and work balances of the processes. Six combinations of gasifier type, operating
pressures, and pressurization gas were considered.

The major conclusions, with respect to the technical feasibility of producing synthetic
natural gas (SNG) as co-product of FT liquids are (Zwart & Boerrigter, 2005):

— there is no incentive to produce either SNG or FT liquids, because the conversion
efficiencies to both products are essentially equal;

— the overall efficiencies (FT liquids plus SNG) are higher for circulating fluidized
bed and indirect gasification concepts, compared to gasification with oxygen,
because a significant amount of CHy and C; compounds is already present in the
product gas;

— additional SNG can be produced either by “integrated co-production”, in which a
side-stream of the product gas of the gasifier is used for dedicated methanation, or
by “parallel co-production”, in which some of the biomass is fed to a second
gasifier that is coupled to a dedicated stand-alone methanation reactor.

Another research work is that by Waldner and Vogel (Waldner & Vogel, 2005). Here, the
production of SNG from wood by a catalytic hydrothermal process was studied in a
laboratory batch reactor suitable for high feed concentrations (10-30 wt %) at 300-410°C and
12-34 MPa with Raney nickel as the catalyst. A maximum methane yield of 0.33 (g of
CHy,)/ (g of wood) was obtained, corresponding to the thermodynamic equilibrium yield.
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Fig. 7. Scheme of the ICI methanation process, adapted from Juras¢ik et al., 2009

Another recent work by Jurascik (Jurascik et al., 2009) performed a detailed exergy analysis
for the SNG process based on woody biomass gasification: an overall energy efficiency of
72.6% was found. To simulate the methane synthesis the steam-moderated ICI high-
temperature once-through methanation process was chosen. This process, which is shown in
Figure 7, consists of three methanation reactors and two heat exchangers placed between
them in order to control the temperature of gas entering the 2nd and 3rd methanation reactor.
The indicated temperatures of the streams entering and leaving the reactors are the original
temperatures of the ICI technology.
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Gassner and Maréchal (Gassner & Maréchal, 2009) developed a detailed thermo-economic
model considering different technological alternatives for thermochemical production of
SNG from lignocellulosic biomass (wood) investigating the energetic performances of the
processes. Gasification and methanation reactors have been represented by using simplified
models (i.e. thermodynamic equilibrium ones) which is a reasonable assumption for
methanation when the amount of catalytic material is suitable, as in this case product’s
composition obtained is very similar to that at equilibrium (Duret et al., 2005). In the work
by (Gassner & Maréchal, 2009) there is no particular attention to methanation reactor but
authors report only that common industrial installations use product gas recycle loops or
multiple intercooled reactors with prior steam addition to obtain a suitable temperature
control. The model they proposed is based on data from existing plants and pilot
installations; it was shown that the conversion of woody biomass to SNG is a viable option
with respect to both energetic and economic aspects, and the overall energy efficiency of the
process is in the range 69-76%.

Sudiro et al. (Sudiro et al., 2009) developed and simulated a process to produce SNG from
petcoke via gasification, facing the main issue of this process: the temperature control of the
methanator. For the methanation section the problem of temperature control has been
resolved with a proper suitable use of recycle streams. The process consists in three main
sections: petcoke gasification, syngas purification system and methanation reactor. The
attention is focused on the syngas generation, obtained with a dual bed petcoke gasification
system, and the methanation reactor. For the first section a detailed model including kinetics
and mass transfer was investigated, for the methanation section three different possible
configurations (A, B, and C) of the plant was developed. Figure 8 shows configuration A,
where cooled and purified syngas is sent to methanation, after being split into three streams:
the first one is sent to the first methanator together with part of the outlet stream from this
reactor, which is recycled by a compressor. The part not recycled is sent to a second
methanator with fresh syngas and then, in a similar way, the outlet from this second reactor
is sent to the third methanator with part of the fresh syngas. The outlet from the third
methanation reactor is sent to a cooling section, then to a unit to remove carbon dioxide, and
finally the gas is dried and the SNG product is recovered.

The system has two main disadvantages. Firstly, it requires many Acid Gas Removal (AGR)
units: one unit at the output of gasifier in order to remove CO; but especially HoS, which is a
poison for the methanation catalyst, a second one at the output of shift reactor and a final
one to separate the product, i.e. SNG, from carbon dioxide. The second disadvantage is the
use of a compressor, which complicates the plant, and represents a relevant additional
energy consumption.

Performances of the global process to produce SNG from petcoke were simulated with
Aspen Plus™ and evaluated with respect to product yield, CO, emissions and overall
energy efficiency. They are shown in Table 1. The value of product yield was found to be
39.7%, CO; emissions amount to 2.2 kg per kg of SNG produced and the overall energy
efficiency is 67.7%, similar to that of a conventional Gas-to-Liquid (GTL) process (Sudiro &
Bertucco, 2007).

The second configuration (B) proposed is similar to the first one with the difference that the
water condensed and recovered from the product (SNG), after being pumped, is partly sent
to the second methanator, and partly to the third methanator, while another portion is
purged out of the system. In this way the inert content in the stream sent to reactors is
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higher, facilitating temperature control inside the reactors. The third configuration proposed
(C) is also similar to the second one, except for the second recycle, which is now part of the
SNG produced, sent to the compressor together with the outlet stream of the first reactor. In
this way the two streams are mixed and then divided into four parts: one to the first
methanator, one to the second and one to the third methanator and one to the product.
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Fig. 8. Scheme of the methanation plant (configuration A)

Overall energy efficiency (¥) 67.7%

kg COy/kg SNG 22
kg CO,/MJ SNG 0.044

Mass yield % (kg SNG/kg petcoke) | 39.7
(*) defined as the ratio between the energy content in the product (SNG) and in the

feedstock (petcoke), based on lower heating value.
Table 1. Performances for the configuration A simulated for the methanation section

It was concluded that one method to control the temperature in SNG processes is operating
with a lower H»/CO molar ratio than stoichiometric, using the recycle, in order to control
the temperature with the inerts. However, several reactors in series are needed to obtain
acceptable conversion of CO and CO». The best solution would be to have a process that
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works without the use of the compressor, thereby reducing both the plant complexity and
the operating costs.

4. Coal-to-SNG projects in the world

The only commercial-scale coal-to-SNG plant is located in Beulah, North Dakota USA,
owned by Dakota Gasification company. This plant began operating in 1984 and uses 6
million tons of coal per year with an average yearly production of approximately 54 billion
standard cubic feet (scf). Synthetic natural gas leaves the plant through a 2-foot-diameter
pipeline, travelling 34 miles south.

In addition to natural gas, this synfuel plant produces fertilizers, solvents, phenol, carbon
dioxide and other chemicals. Carbon dioxide is now part of an international venture for
enhanced oil recovery in Canada (www.dakotagas.com).

The plant had a cost of $2.1 billion and a work force of more than 700 people
(www.gasification.org/Docs/Conferences/2007 /45FAGE.pdf).

The heart of the Dakota plant is a building containing 14 gasifier, which are cylindrical
pressure vessels 40 feet high with an inside diameter of 13 feet. Each day 16000 tons of
lignite are fed into the top of the gasifiers. Steam and oxygen are fed into the bottom of the
coal beds causing intense combustion (2200°F (~1094°C)). Ash is discharged from the bottom
of the gasifiers. The raw gas goes to the gas cooling area where the tar, oils, phenols,
ammonia and water are condensed from the gas stream. These byproducts are sent on for
purification and transportation. Other byproducts are stored for later use as boiler fuel for
steam generation. The gas is moved to a cleaning area where further impurities are
removed. Methanation is the next step, which takes place by passing the cleaned gas over a
nickel catalyst causing carbon monoxide and most remaining carbon dioxide to react with
free hydrogen to form methane. Final cleanup removes traces of carbon monoxide. The gas
is then cooled, dried and compressed and enters the pipeline (www.dakotagas.com).

Today in the United States many SNG plants are planned and some of them are expected to
be operational in the decade 2010-2020 (Petrucci, 2009). Table 2 reports coal-to-SNG projects
in the United States.

Coal-to-SNG plants are becoming the new focus in China's coal chemical industry.
Currently there are about 15 coal-to-SNG projects proposed in China. It is expected that
China will have around 20 billion Nm?/a SNG capacity in 2015
(www.chemconsulting.com.cn/info_detail01.asp?id=7677). Shenhua Group has different
projects for SNG plant in China: in Yijinhuoluo County, Ordos City and Inner Mongolia
(Petrucci, 2009).

For biomass, the only commercial project is in Sweden. In the Gothenburg Biomass
Gasification Project (GoBiGas), started in 2008, SNG will be produced from forest residues.
A 20 MWsn plant is scheduled to be commissioned in 2012 and a further 80 MWsne plant
is scheduled to be in operation by 2016 (Kopyscinski et al., 2010). These plants will use PSI
technology for methanation process and the FICFB gasifier similar of that of Giissing.
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Project Owner Project Location Feedstock Status SNG
Name Capacity
Secure Energy Secure Decatur, | Bituminous | Commissioning | 20 Billion
Systems, Energy [llinois coal 2010 scf/yr
Siemens SFG Systems
SNG
Peabody Kentucky | Central City, Coal Planning- 60-70
Energy, NewGas Kentucky Development Billion
Conoco- Energy scf/yr
Phillips Center
TransGas Scriba Coal | Scriba, New Coal Fully -
Development | Gasification York operational in
Systems Plant late 2010
Great Northern | South Heart | South Heart, Lignite Construction to | 100 Million
power Gasification North begin 2010. To scf/day
Development/ Project Dakota be complete in
Allied Syngas 2012
Lackawanna | Lackawanna | Lackawanna, | Petcoke | In operation by | 85 Million
Clean Energy Clean NY 2012 scf/day
Energy
C Change - Louisiana Coal- Commissioning | 300 Billion
Investments, Petcoke | 2012 (estimated) scf/yr
NC12
Cash Creek - Henderson Coal Constructionto | 720 MW
Generation County, be completed in | natural gas
LLC Kentucky 2012 combined-
cycle power
plant
Indiana - Spencer Coal Expected to be -
Gasification County, operational in
LLC [llinois late 2012 or 2013
Christian Taylorville | Taylorville, |Bituminous | Constructionto | 500 MW
County Energy [llinois Coal begin in 2010. | IGCCand
Generation, |Center (TEC) Commercial SNG
LLC operationin | production
2014.
Hunton Energy | Freeport Freeport Petcoke- | Completionin | 180 Million
(Us) plant (HE) (Texas) coal- 2015 scf/day
biomass
Power Southern Jefferson Coal Planning 65 Billion
Holdings, LLC | Illinois Coal- | County, scf/yr
to-SNG [llinois

Table 2. USA Coal-to-SNG projects (Petrucci, 2009)
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5. Research and recent developments about
SNG processes from coal and biomass

The technical assessment of different technological systems for SNG production is currently
an important research topic. Some new ideas are briefly reviewed in the following. Three
processes have been recently developed in the USA (Kopyscinski et al., 2010):

1. Bluegas™ process by Great Point Energy;

2. fluid-bed methanation process by Research Triangle Institute (RTI);

3. hydro-gasification process by Arizona Public Service (APS).
The first one is proposed by Great Point Energy and is a hydro-methanation process, called
Bluegas™, where gasification and methanation reactions occur in the same catalytic reactor
working at temperatures between 600 and 700°C. The Bluegas™ gasification system is an
optimized catalytic process for combining coal, steam and a catalyst in a pressurized reactor
vessel to produce pipeline-grade methane (about 99% CH,) instead of the low quality
syngas obtained by conventional coal gasification. This technology employs a novel catalyst
to “crack” the carbon bonds and transforms coal into clean burning methane
(www.greatpoint). The first step is to feed the coal or biomass and the catalyst into the
methanation reactor. Inside the reactor, pressurized steam is injected to “fluidize” the
mixture and ensure constant contact between the catalyst and the carbon particles. In this
environment, unlike the conventional gasification, the catalysts facilitates multiple chemical
reactions between the carbon and the steam on the surface of the coal (or biomass).

C+H,0 > CO+H, @)
CO+ H2O L d CO2 + H2 (5)
C+2H, <> CH, ©)

The overall reaction is the following;:

2C +2H,0 <> CH, + CO, 7)

Accordingly, in a single reactor a mixture predominantly composed of a mixture of methane
and CO; is generated.
The proprietary catalyst formulation is made up of abundant, low cost metal materials
specifically designed to promote gasification at the low temperatures where water gas shift
and methanation take place. The catalyst is continuously recycled and reused within the
process. Unlike many conventional gasifiers, the Bluegas™ process is ideally suited for
lowest cost feedstocks such as petroleum coke from the Canadian oil sands (a waste product
produced in the upgrading process) as well as a number of biomass feedstocks. The result is
a technology with improved economics and an environmental footprint equivalent to that of
natural gas, the most environmentally-friendly fossil fuel.
The Bluegas™ technology has several advantages:
— it produces methane in a single step and in a single reactor, called catalytic coal
methanation (with no need for external water gas shift reactor and for external
methanation reactor) ;
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— it produces CO; as a valuable sequestration-ready byproduct;

— it significantly reduces operating temperatures so there are lower costs for reactor
components, lower maintenance costs. Costs for high temperature cooling are
eliminated;

—  costs for air separation plant are eliminated because it utilizes steam methanation;

- it has an high efficiency (65% of overall efficiency).

The catalyst is able to “crack” the carbon bonds and transforms coal into clean burning
methane (Lesemann, 2004). Tests on a pilot plant in Illinois has been done for more than
1200h but no data are available (Kopyscinski et al., 2010).

As a second process, we quote the one by the Research Triangle Institute (RTI), which has
developed a system for producing SNG and electric power from coal. Coal is sent to a
pyrolyzer where products are char and a gaseous mixture; char is used to generate
electricity and the gas is sent to a methanation fluidized-bed reactor in order to produce a
syngas rich in methane. About this process no experimental data are available. At this time
RTT has a fluid-bed methanation bench scale system (Lesemann, 2004). Also Peabody Energy
and GasPoint Energy are working towards this project (www.trib.com/news/state-and-
regional/article_03676d79-d722-525e-98d9-946be031fcd2.html).

Finally, Arizona Public Service (APS) are developing a hydro-gasification process where
coal is gasified with hydrogen at moderate temperatures (870°C) and high pressures (70
bar). Methane is directly produced in the gasifier without using a catalyst. In this process
electric power is produced by burning the unconverted char, and a part of the SNG obtained
must be use to generate the hydrogen required for hydro-gasification.

Among other projects in progress we are studying an innovative solution where the
problem of temperature control, typical of fixed-bed methanation reactors, can be overcome
by using monolith catalyst supports (Sudiro et al., 2010). The use of monolith catalyst
supports offers at least two advantages with respect to conventional packed-bed reactors:
pressure drops are greatly reduced (to less than 1%) and the radial heat transport can be
more favorable.

The possibility of using monolithic reactors carrying out exothermic methanation reactions
from syngas was investigated by process simulation. The reactor is an externally cooled
fixed-bed reactor, loaded with honeycomb catalysts. It was shown that synthetic natural gas
can be produced in a single pass monolithic catalyst reactor, with acceptable CO conversion
values (around 80%) and temperature hot spots compatible with the catalyst stability. This
system improves the presently adopted process configurations (Sudiro et al., 2009), as it
overcomes the problem of temperature control typical of fixed-bed methanation reactors.
The use of monolith reactors is also useful in view of process intensification: we have
verified that the GHSV can be increased up to 20000 h, with minimal pressure drops,
increasing the cooling temperature correspondingly (Sudiro et al., 2010).

For what concerns SNG from biomass a number of centers in Europe are addressing this
problem (Kopyscinski et al., 2010).

For example the Energy Research Centre of the Netherlands (ECN) began in 2002 a
preliminary study to investigate the feasibility of SNG production from biomass (wood,
sewage sludge and lignite) via indirectly heated gasification (MILENA) (www.ecn.nl). In
2003 ECN used a fixed bed catalytic reactor where tests about methanation reactions from
gas produced by a wood gasifier were carried out for about 150h. The ongoing activity
focuses on the construction of an 800 kWth pilot plant.
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In Germany the Center for Solar Energy and Hydrogen Research (ZSW) has developed the
Absorption Enhanced Gasification/Reforming (AER) process where a gas rich in H; is
produced from biomass in a dual fluidized bed and recent activities are about the
production of SNG from this gas in a molten salt cooled multi-tubular reactor. Preliminary
results about these tests are available.

Finally, at the Paul Scherrer Institute (PSI) in Switzerland a research about the conversion of
dry biomass to SNG has been carried out for about ten years. This project started from an
idea promoted by Gazobois SA since the early 1990s. PSI started this project in 1999 and at
the end of 2002 a preliminary study was successfully finished, in which theoretical and
experimental investigations about gasification and methanation technologies were done.
The Fast Internally Circulating Fluidized Bed (FICFB) gasification process was selected as a
gasification technology, so that a plant was built in Giissing (Austria); for methanation the
selected technology was the Comflux® fluidized bed process. A bench scale reactor was
designed and connected to the FICFB gasifier in Giissing in 2003 and tested for 120h; in
addition, before the end of 2004 a 10 kWsng reactor (in term of chemical energy content of
the SNG) was designed and built at PSI. Different tests were performed until 2007; after that,
based on the results obtained, a 1 MWsng Process Development Unit (PDU) has been erected
with the aim to demonstrate the complete process chain from wood to SNG including
gasification, gas cleaning, methanation and gas purification in a semi commercial scale. In
December 2008 the FICFB produced gas was converted to methane rich gas in the PDU and
in June 2009 the PDU was operated during 250h at up to 1 MWsng, producing 100 m3/h of
high quality synthetic natural gas.

At the Paul Scherrer Institute, a process converting microalgae to a methane-rich gas is
under study (Haiduc et al., 2009). This new technology, called SunCHem, produces bio-
methane via hydrothermal catalytic gasification of microalgae, where nutrients, water and
the CO; produced are recycled. The two main parts of this process: growing of microalgae
and hydrothermal gasification biomass, have been previously studied independently; in this
work the fact of coupling these two parts into a sustainable process is a novel concept. The
experimental work at PSI is, for example, about the investigation of the supercritical
catalytic gasification of different species of microalgae (for example Phaeodactylum
tricornutum and Spirulina platensis), and about the influence on the growth of algae of nickel,
which is a trace contaminant that may be present in the effluent recycled from the
gasification-methanation step.

A simplified scheme of this process is presented in Figure 9. The process consists of five
steps. In the first one biomass is produced in a photobioreactor, after the excess water is
removed mechanically from the biomass to approx. 15-20% wt. dry mass. The separated
water, which contains a part of the nutrients, is recycled to the algae growth system. As a
third step, the biomass slurry is liquefied hydrothermally by heating it up to a temperature
of 400-450°C at 30 MPa, and the remaining nutrients are separated from the liquefied slurry
for reuse as nutrients. The stream containing the organic fraction and the water is
catalytically gasified under hydrothermal conditions to methane by using a catalyst such as
ruthenium or nickel. Finally, CO; is separated from the product gas and recycled to the
photobioreactor.
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Fig. 9. Simplified scheme of Sun CHem process for the production of methane using
microalgae, adapted from Haiduc et al., 2009

With regard to conventional gasification, which requires a dry biomass feed (moisture
content lower than 15%), the hydrothermal process is suitable to convert/gasify wet
biomass (moisture higher than 60%) into a fuel gas with a high heating value. This process
operates under pressure, but at temperatures much lower (ca. 400°C) than typical
gasification temperatures (800-900°C).

Also, in another work (Stucky et al., 2009) experimental tests showed that catalytic
hydrothermal gasification of microalgae (in this particular case Spirulina platensis) can be a
viable option for sustainable production of fuel with carbon capture.

6. Conclusions and Outlook

SNG production from coal or biomass is currently under strong investigation due to rising
prices of natural gas and the wish for less dependency from natural gas imports. The
interest is high especially in USA and China. So, the technical assessment of different
technological alternatives for SNG production is an important research topic, even though,
at present, only one industrial plant is in operation (North Dakota gasification plant).

Starting from the 1970s, as a consequence of the energy crisis, a number of methanation
processes were developed comprising both fixed beds and fluidised beds. The large amount
of heat of reaction in fixed bed reactors is usually removed by a combination of gas recycle
cooling and steam adding, resulting in a high number of reactors, heat exchangers and
compressors. Nowadays many projects are in progress especially for the conversion of wood
biomass and wet biomass (microalgae) into SNG. At the ECN in the Netherlands there is a
800 kWth pilot plant for studying the production of methane from wood, sewage sludge and
lignite. At the Paul Scherrer Institute (PSI) in Switzerland a research about the conversion of
dry biomass to SNG has been carried out for about ten years with the construction in June
2009 of a semi commercial plant (1 MWsng) including gasification, gas cleaning,
methanation and gas purification, producing 100 m3/h of high quality synthetic natural gas.
At PSI also an innovative technology is under investigation: the Sun CHem process for the
production of methane using microalgae via catalytic supercritical gasification. Also in our
research group different process configurations for methane synthesis plant from syngas
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were developed to overcome the problem of temperature control typical of fixed-bed
methanation; the best scheme proposed consists in the use of a monolithic reactor with the
advantage of avoiding the recycle and reducing at minimum the numbers of reactors
required to convert all the carbon monoxide in the feed.
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1. Introduction

The aim of this chapter is to bring about information on how the renewable competitor to
natural gas - biogas - is produced, and to make a comparison of natural gas and biogas
from primarily an environmental point of view in a life cycle perspective.

1.1 Historical background

In a historical perspective, biogas has been produced since the second half of the 19t cen-
tury. India and China were among the pioneering countries, where biogas produced from
manure and kitchen waste for long time has been used as a fuel for gas cookers and lamps.
In Sweden, biogas has been produced at municipal waste water treatment plants since the
1960’s. The primary incentive was to reduce sludge volumes. However, the oil crises of the
1970’s rang alarm bells, leading to research and development of biogas techniques, and
construction of new plants in order to reduce environmental problems and dependency on
oil. (Swedish Biogas Association, 2004)

Industry was the first to act: sugar refineries and pulp mills started to use anaerobic diges-
tion for waste water purification in the 1970’s and 1980’s. At this time, several smaller farm-
sized plants were also constructed for anaerobic digestion of manure. During the 1980’s,
several landfill plants started to collect and utilise biogas produced in their treatment areas,
an activity that expanded quickly during the 1990’s. Several new biogas plants have been
constructed since the mid-1990’s to digest food industry and slaughterhouse wastes, and
kitchen wastes from households and restaurants. (Swedish Biogas Association, 2004)

1.2 Properties of biogas

Biogas consists of 45-85 % methane (CH4) and 15-45 % carbon dioxide (CO,), with the exact
proportions depending on the production conditions and processing techniques. In addi-
tion, hydrogen sulphide (H>S), ammonia (NHs3) and nitrogen gas (N2) may be present in
small amounts. Biogas is normally saturated with water vapour.
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Artificially produced methane, for example from wood products by a process called thermal
gasification, is sometimes confusingly called biogas. This is also a renewable source of
methane. The amount or volume of biogas is normally expressed in ‘normal cubic meters’
(Nm?3). This is the volume of gas at 0 °C and atmospheric pressure. The energy value is ex-
pressed in joule (J) or watt hours (Wh). Pure methane has an energy value of 9.81 kWh/Nm?3
(9810 Wh/Nm3). The energy value of biogas varies between 4.5 and 8.5 kWh/Nm3, depend-
ing on the relative amounts of methane, carbon dioxide and other gases present. Thus, if
biogas comprises 60 % methane, the energy content is appr. 6.0 kWh/Nm?3. Energy content
of biogas compared to other fuels are displayed in Figure 1.

1 Nm? biogas (97 % methane) = 9.67 kWh

1 Nm? natural gas = 11.0 kWh

1 litre petrol = 9.06 kWh

1 litre diesel = 9.8 kWh

1 litre E85 = 6.6 kWh

1 Nm? biogas is equivalent to appr. 1.1 litres of petrol.

1 Nm? natural gas is equivalent to appr. 1.2 litres petrol.
Fig. 1. Energy content of different fuels. Source: www.preem.se (petrol, diesel, ES85),
www.swedegas.se (natural gas)

Both methane and carbon dioxide are odourless. If raw biogas smells, it is usually due to the
presence of sulphur compounds. Biogas may ignite at concentrations of about 5-20 % in air,
depending on the methane concentration. Methane is lighter than air, whereas carbon diox-
ide is heavier. This is considered to be advantageous from a safety point of view, since
methane easily rises and is quickly diluted by the air. (Swedish Biogas Association, 2004)

1.3 Biogas today and in the future

The global production of biogas is hard to estimate, whereas data on European level is more
reliable. Statistics for production and use of biogas is published by EurObserver and Euro-
stat.

European production of primary energy from biogas reached 7.5 million toe in 2008, i.e. a
4.4 % increase on 2007 (an addition of 318.6 ktoe). Landfill biogas accounted for 38.7 % of the
total followed by 13.2 % from waste treatment plants (urban and industrial). The other
sources, mainly agricultural biogas units (combining liquid manure with substandard cere-
als, for instance), and also centralised co-digestion units (liquid manure with other organic
matter and/or animal waste) and solid household waste methanisation units, accounted for
almost half Europe’s biogas production, i.e. 48.2 % in 2008. (Eurobserver, 2009)

Figure 2 illustrates the primary energy production of biogas in Europe in 2007. Unfortu-
nately such map has not been found for 2008 figures. It should be noted that primary energy
production estimate of 2008 differs considerably from the estimate for 2007 because of the
very significant consolidation in the German statistics. The 2007 data has been consolidated
to 3,659.1 ktoe compared to the previous estimate of 2,383.1 ktoe. This major consolidation is
justified by taking into consideration from 2008 self-producer heat production, which is
essentially the heat produced by farm installations. (Eurobserver, 2009)
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Fig. 2. Estimation of primary energy production of biogas in Europe 2007. Source: Eurob-
server, 2008

Electricity production increased in 2008 at a slightly slower rate than that of primary energy
production that is up 3.9 % over 2007, or a total of almost 20 TWh. Cogeneration plants
generated 18.3 % or nearly 3.7 TWh of this total production. (Eurobserver, 2009)

In order to illustrate the offset for biogas in Europe figures from 2005 have been used as
figures from 2008 only covers generated electricity. In 2005 recovered biogas was used for
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electricity (13 TWh), heat (8 TWh) and vehicle fuel (0.1 TWh). The majority of the heat- and
power generation comes from Germany and Great Britain whereas almost all vehicle fuel
was generated in Sweden. Figure 3 illustrates the distribution of energy from biogas produc-
tion in each European country. (AvfallSverige, 2008)
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Fig. 3. Distribution for the generation of electricity, heat and vehicle fuel from landfill gas
and biogas in each country in 2005. Sources: Switzerland (BFE, 2006), Sweden (Energimyn-
digheten, 2007), others (Eurobserver, 2007)

What are the trends for 2010? Present growth rates are too low to meet the European Com-
mission’s White Paper targets (15 Mtoe in 2010). EurObserv’ER puts production at 8.2 Mtoe
in 2010 (mean annual growth rate rising by 4.4% in 2009 and 2010). This production would
amount to 5.5% of the European Commission’s “Biomass Action Plan” set at 149 Mtoe for
2010. The major price hike in agricultural raw materials should limit the growth of agricul-
tural biogas production, which is the driving force of biogas growth in Europe, to below
previous forecast levels.

1.4 General comparison of natural gas, biogas and landfill gas

The composition of biogas depends on a number of factors such as the process design and
the nature of the substrate that is digested. A special feature of gas produced at landfills is
that it includes nitrogen. The table below lists the typical properties of biogas from landfills,
digesters and a comparison with average values for Danish natural gas for 2005. (SGC, 2007)
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Property Unit Landfill gas | Biogas | Natural gas
Calorific value, lower MJ/Nm3 16 23 40
kWh/Nm3 44 6.5 11
MJ/kg 12.3 20.2 48
Density kg/Nm3 1.3 1.2 0.83
Wobbe index, upper M]/Nm? 18 27 55
Methane number >130 >135 72
Methane vol-% 45 65 89
Methane, range vol-% 35-65 60-70 -
Long-chain
hydrocarbons vol-% 0 0 10
Hydrogen vol-% 0-3 0 0
Carbon monoxide vol-% 0 0 0
Carbon dioxide vol-% 40 35 0.9
Carbon dioxide, range vol-% 15-50 30-40 -
Nitrogen vol-% 15 0.2 0.3
Nitrogen, range vol-% 5-40 - -
Oxygen vol-% 1 0 0
Oxygen, range vol-% 0-5 - -
Hydrogen sulphide ppm <100 <500 3
Hydrogen sulphide,
range ppm 0-100 (0-4000 1-8
Ammonia ppm 5 100 0
Total chlorine as Cl- mg/Nm3 20-200 0-5 0

Table 1. Comparison of properties for landfill gas, biogas and natural gas.
Sources: SGC, 2005; Energinet, 2005

The major difference is of course that natural gas is methane with fossil origin. Emissions of
COs from natural gas contributes to global warming, CO from landfill gas and biogas does
not. Natural gas is however a less polluting fuel than other fossil fuels, like coal and oil.
Especially emissions of greenhouse gases at combustion are lower per unit energy than for
coal and oil, but also NOx emissions are often lower.

1.5 Problem

Natural gas and biogas is essentially the same type of gas, methane. In LCA literature natu-
ral gas is compared to other fossil fuels like coal and oil or maybe biomass, e.g. Eriksson et
al, 2007. Biogas on the other hand is mostly compared to petrol or diesel, and possibly with
system enlargement also with production and use of chemical fertiliser as the biogas process
also produces valuable organic fertiliser. Biogas is also compared to other fossil fuels when
electricity is generated.

So far, there seem to be few comparisons of natural gas and biogas with respect to environmental
performance. A fuel wise comparison (pre combustion) of the two is therefore interesting, re-
gardless of type of energy recovery. Another problem is lack of generic data on biogas as fuel.
LCA databases consist of several datasets for natural gas but none or few for biogas.
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2. Method and tools

To be able to compare natural gas and biogas, a literature survey has been made for papers
on LCA of at least one of the two fuels. Of specific interest are studies showing the contribu-
tion from each step of the life cycle from extraction of raw materials to at least gas ready to
use, or possibly also combustion with energy recovery as electricity, heat and vehicle fuel. If
possible, data on specific emissions have been tracked down, or at least results from impact
assessment using a given method.

When performing this meta-study it comes clear that there are many factors or parameters that
affect the outcome of the assessment. They are well familiar in LCA as system boundaries,
methods for allocation, choice of energy sources etc. The inventory of interesting studies has
thus resulted in five papers which have been used to (1) guide the reader of the LCA in what is
the environmental impact from each step of the fuel production process and (2) identify crucial
factors in LCA of these fuels. The latter is further elaborated in the discussion part.

2.1 Goal and scope definition

The basic idea was to perform the review with a functional unit of 1 MJ of methane gas pre
combustion. It is however hard to ignore the fact that the emissions of CO; has to be han-
dled in separate ways for the two gases. Therefore utilisation of the methane to end user
products as electricity and vehicle fuel has been presented also.

2.2 Inventory analysis and impact assessment
Following studies have been collected:

1. Environmental systems analysis of biogas systems - Part I: Fuel-cycle emissions by
Borjesson & Berglund (2006). The study comprises biogas from different substrates.
The functional unit is 1 MJ of biogas. Emissions are presented for each step of the
process. No impact assessment is made.

2. A life cycle impact of the natural gas in the energy sector in Romania by Dinca et al
(2006). The study comprises natural gas with a mix of gas from Russia and Roma-
nia. The functional unit is 100 GJ of thermal energy. Emissions are presented for
each step of the process. Impact assessment is made using CML 1992.

3. Natural gas and the environmental results of life cycle assessment by Riva et al
(2006). The study comprises natural gas from different countries and plants. The
functional unit is 1 kWh of electricity. Emissions are not presented for each step of
the process. Impact assessment is made for GWP and AP using defined weighting
factors with no reference.

4. Life Cycle Assessment of biogas production by monofermentation of energy crops
and injection to the natural gas grid by Jury et al (2010). The study comprises both
biogas and natural gas. The functional unit is 1 MJ methane injected to the natural
gas grid. Emissions weighted to impact categories are not presented for each step of
the process (except for GWP). Impact assessment is made using Ecolndicator 1999.

5. Environmental assessment of biogas co- or tri-generation units by life cycle analysis
methodology by Chevalier & Meunier (2005). The study comprises both biogas
from crop residues and natural gas. The functional unit is 1 MJ of electricity and 1.6
M]J of heat or cold. Emissions are not presented for each step of the process. Impact
assessment is made using Ecolndicator 1999.
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The most useful study for a stepwise description of the environmental impact from the bio-
gas process is number one in the list above. Studies 2 and 3 describe the whole life cycle for
natural gas but with different functional units. It is not possible to find out how allocation
between electricity and heat has been made, as the combustion facilities may include co-
generation. This problem is further elaborated is the discussion. Study 4 is possible to use
for a comparison of the total system using a pre combustion system boundary. Study 5 is
possible to use for a comparison of the total system where methane is used for electricity
and heat or cold. No study makes a comparison for vehicle fuel which is discussed later on.

2.3 Interpretation and improvement analysis
Interpretation and improvement analysis is made in the Results and conclusions section.

3. Life cycle assessment

Before going into detail of the different biogas production steps a general overview of the
biogas system is presented.

Biogas is formed when microorganisms, especially bacteria, degrade organic material in the
absence of oxygen. Production of biogas from the remains of dead plants and other organ-
isms is a natural biological process in many ecosystems with a poor oxygen supply, for
example in wetlands, rice paddies, lake sediments, and even in the stomachs of ruminating
animals. (Swedish Biogas Association, 2004)

The large quantities of organic waste produced by modern society must be treated in some
way before being recycled back to nature. Some examples of such organic wastes are sludges
from municipal waste water treatment plants, kitchen refuse from households and restaurants,
and waste water from the food processing industry. In a biogas process, the natural ability of
microorganisms to degrade organic wastes is exploited to produce biogas and a nutrient rich
residue which may be used as a fertiliser. The main constituent of biogas, methane, is rich in
energy, and has a long history of use by mankind. (Swedish Biogas Association, 2004)

There are several technical solutions for how to recover biogas from organic residues, sew-
age water and biomass. What they have in common is that a sealed tank, a biogas reactor, is
used for the anaerobic degradation of the material. If the gas is to be used as vehicle fuel
carbon dioxide, hydrogen-sulphur compounds, ammonia, particles and moisture (steam)
must be separated from the gas, making the gas to mainly consist of methane. (IVL, 1999)

Nowadays, production of heat and electricity is one of the major applications. As an envi-
ronmentally-friendly alternative to diesel and petrol, biogas may also be refined to produce
vehicle fuel. (Swedish Biogas Association, 2004)

Landfill gas cannot be used as vehicle fuel due to high concentration of nitrogen. The clean
biogas is fuelled to the vehicle in a completely closed system by fast fuelling or slow fuel-
ling. The gas station can be situated close to the production facility or be distributed by
pipes or mobile gas tanks. (IVL, 1999)

The production system for biogas is depicted in Figure 4.
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Org. waste Biowaste Sewage Manure Ley crops
households Industry & business sludge Harv. residues

Fig. 4. Biogas system. Source: Eriksson & Hermansson, 2009

As a biogas plant is sealed there are very low losses of methane which does not just affect
the energy efficiency but also contributes to global warming. Odour levels are normally
lower than for open air composting and similar to reactor composting. The process, if made
as wet digestion, uses fresh water for dilution but a large part of the process water is circu-
lated to maintain the bacteria culture in the process. The digestate (the sludge which re-
mains after digestion) is often dewatered leaving a dry digestate which can be used as fertil-
iser and a wet fraction which is normally sent to a wastewater treatment plant. Some elec-
tricity is used for pumping and mixing and heat is needed for hygienisation and heating of
the material to the temperature inside the digester. Heat is supplied by a local gas boiler or
district heating as to maximise the gas production. (Eriksson & Hermansson, 2009)

Despite energy use and some emissions, the major environmental benefit occurs when biogas
substitutes fossil fuels. The digestate reduces the need for chemical fertiliser, but this effect is
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normally of minor environmental importance. A problem is however that the use of organic
fertiliser gives rise to some nutrient leaching compared to mineral fertiliser, in which a much
larger share of the nitrogen is plant available which in turn leads to greater precision in fertilising.
In a systems perspective, the alternative waste treatment is also of importance. The environ-
mental benefit is larger if the alternative is composting than incineration with energy recovery, in
particular if the plant is made as combined heat and power production. (Eriksson & Hermans-
son, 2009)

3.1 Raw material
The raw material (in thermal applications called the fuel) is called substrate. Biogas can be
produced using one or more substrates. The main sources are:

¢ Municipal organic waste (food waste)

e Biowaste from industry and business activities (e.g. fat, waste from grocery stores,
biosludge from pulp and paper industry, dairy by-products, rejected animal food,
fishery by-products etc.)

e Raw sewage sludge (produced at wastewater treatment plants)

e Manure

e  Harvest residues

e Leycrops

The latter three are more common in small to medium scale plants. Large-scale anaerobic
digesters often use a variety of different substrates from one or more sources. What these
substrates have in common is that the carbon is present in an easy degradable form (less

lignin and cellulose and more carbohydrates, fat and starch) and therefore well suited for
anaerobic digestion.

Biogas is also produced in landfill sites due to decomposition of organic material inside the
landfill. To facilitate this, the landfill has to be equipped with a gas recovery system. The
biogas produced is often more polluted than biogas from an anaerobic digester and there-
fore mostly used in gas engines or gas boilers for recovery of heat and/or electricity which
can be used on site. Landfill gas is not further investigated here.

According to Borjesson & Berglund (2006) (Table 2) the corresponding emissions from this
step are as presented in Table 2.

Per tonne raw material Energy input |Emissions

CO, | CO [NOy| SOz | HC | CH4| Particles
Raw material (MJ) kg) [(®) [ (@)1 (@) (B | ®)1 ()
Ley crops 440 31| 24| 270] 36 17 9.8 9.9
Straw 230 16| 23| 150] 6.6 11)0.057 2.3
Tops and leaves of sugar beet 100 72| 76| 78 4.8 4.7|0.057 1.3
Municipal organic waste 250 17) 33| 160| 5.6 14/0.021 22

Table 2. Emissions from and energy input into the cultivation of different crops and collec-
tion of municipal organic waste. Source: Borjesson & Berglund, 2006
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3.2 Technologies for thermal gasification

Methane gas can be produced from biomass by gasification. The gasification can be thermal
or made by anaerobic digestion of easy degradable biomass. A short description on thermal
gasification is presented below, but no LCA data have been included in the study as gasifi-
cation of biomass is rare and still in a developing phase. The information refers to (SGC,
2008).

Gasification is a thermal process that breaks down the chemical bonds in the fuel in order to
produce an energy rich gas. The process is an endothermic process which requires external
heat. Gasification is divided into two steps; pyrolysis, which is a low temperature process
that operates without any oxidation and gasification that needs a gasification agent that
contains oxygen such as steam or air. (Bohnet, 2005)

During gasification, it is important to maintain the optimum oxygen input. The maximum
efficiency of the gasification is achieved when just enough oxygen is added to allow com-
plete gasification. If more oxygen is added, energy is released as sensible heat in the product
stream. If biomass is heated to about 400°C pyrolysis will start to occur. The pyrolysis does
not require any oxygen but only the volatile compounds in the biomass will be gasified.
Biomass contains ca 60 % volatile compounds compared to coal which contains < 40 % vola-
tile compounds. This makes biomass more reactive than coal. After thermal decomposition
the volatile compounds are released as Hy, CO, CO,, HO, CH4 etc which is also known as
pyrolysis gas. The remains after the pyrolysis is char coal. (Bohnet, 2005)

The pyrolysis can not convert all of the biomass into volatile compounds and therefore gasi-
fication is required. The gasification requires much higher temperatures than pyrolysis,
usually in the range of 800-900°C and with a gasification agent present. The gasification
includes partial oxidation and it breaks down most of the feedstock into volatile compounds
and the remaining nutrients like alkaline earth metals etc. end up as ash. The produced gas
from the gasification contains synthesis gas or syngas which consists of carbon monoxide,
CO and hydrogen, Ho. The gas also contains methane, higher hydrocarbons like ethane, tars
and inorganic impurities like HCI, NHs, H»S and CO,.

The product gas from the gasifier contains the volatile components from the pyrolysis as
well as the syngas. The composition of the gas depends on a number of parameters such as
gasification temperature and pressure, feedstock, reactor type and gasification agent. Gen-
erally higher temperature favours syngas production while lower temperature yields higher
tar and methane rich gases. Increased pressure will increase the methane yield due to the
equilibrium of reaction (1). (Bohnet, 2005)

CH4 + H,O « CO + 3H,» (1)
CO + H,O « CO,; + H» (2)

Because of the endothermic reactions in gasification, heat must be added. This can be
achieved either direct, with partial oxidation and/or combustion as in the case with air or
pure oxygen as gasification medium or indirect. When air is used as gasification medium in
direct gasification, the product gas is nitrogen diluted. This will decrease the lower heating
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value, LHV, of the gas and increase the cost of the downstream processes as more gas needs
to be processed. An alternative is to use pure oxygen as gasification medium. This will
eliminate the nitrogen dilution problem but it increases the costs significantly.

3.3 Technologies for biogasification

There are in general two main types of anaerobic digestion, a wet technology where the
substrate is diluted with water and a dry or semi-dry technology addressed for dry sub-
strates. First the wet process will be presented, followed by a short description of the less
used dry technology. The text refers to Eriksson & Hermansson, 2009.

The substrate enters the biogas plant in a reception hall. The waste is then taken to homog-
enisation (a mill or screw press) and then by screw transporters to a pulper. In the pulper
the waste is mixed with hot water and steam to reach a temperature of 70 ©C with DM 13 %
making it a fluid possible to pump. Here hygienisation (pasteurisation) takes place (patho-
genic organisms are being killed) during one hour under powerful stirring. Heavy material
as stones, gravel and metal is removed from the bottom of the pulper.

Complex organic material
(proteins, carbohydrates, fats etc.)

u Hydrolysis

Soluble organic compounds
(amino acids, sugars etc.)

u Fermentation
Intermediate products

(fatty acids, alcohols etc.)

u Anaerobic oxidation u

Acetic acid

CH4 + CO»
(biogas)

Fig. 5. Degradation process in anaerobic digestion.
Source: Swedish Biogas Association (2004)

After hygienisation the material is pumped to sand- and float filters where light materials as
eg. plastic are removed from the surface and heavy material from the bottom. The mix is
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now called raw sludge and can be compared to dewatered sewage sludge. The raw sludge is
pumped to a raw sludge storage equipped with heat recovery and mixer. Reject material is
transported to containers for further treatment like landfill and/or incineration.

From the raw sludge storage the sludge is pumped to the digestion chamber where the
organic material is degraded due to the microbiological activity. The degradation process is
described in Figure 5. There is a mixer in the digestion chamber in order to fulfil complete
digestion. The hydraulic retention time and temperature varies between different plants. At
temperatures 4-25 OC the process is psychrofilic which is very rare for large scale facilities.
At 25-45 OC the process is mesofilic which is the most common process for anaerobic diges-
tion of sewage sludge. Finally at 50-60 OC the process is thermofilic which is the most com-
mon process for anaerobic digestion of municipal organic waste. Biogas is released at the
top of the digestion chamber and digested material is pumped to a covered digestate stor-
age. Inside the storage some digestion will continue and biogas produced can be recovered.

Another process design is dry digestion. The difference between wet and dry digestion is
the DM content in the digestion chamber. In wet digestion the DM is 2-10 w% while dry
digestion works at 20-35 w%. Dry digestion should not be mistaken as wet composting as
the final products are different. In Germany there are more than 300 plants for dry diges-
tion. The most common method is batch-wise percolation bed in heated digestion reactors
where the material is loaded and reloaded by tractors or wheel-loaders through a gas safe
port at the short side of the reactor.

According to Borjesson & Berglund (2006) (Tables 3-4) the corresponding emissions from
this step comes from transport of raw materials to a centralised biogas plant (Table 3) and
plant operation (Table 4).

Energy

Per tonne of raw material | input Emissions

CO, | CO |NOy | SO, | HC | CH4 | Particles
Raw material M) [ keg)| (&) | (&) | (&) | (8 | (8) (8)
Ley crops, tops and leaves
of sugar beet 11 077] 014| 71| 0.25] 041|<0.01 0.12
Straw 29 20| 038| 19] 065| 1.1[<0.01 0.31
Liquid manure 10 070] 013| 65| 022| 0.37]<0.01 0.11
Food industry waste 16 11] 021 10| 0.36| 0.60|<0.01 0.17
Municipal organic waste 48 33| 062 31| 11| 18]<0.01 0.51

Table 3. Emissions from and energy input into the transport of raw materials to a centralised
biogas plant. Source: Borjesson & Berglund, 2006

Note that figures in Table 4 represent a large-scale biogas plant. In Borjesson & Berglund,
2006 data for farm-scale plant is also displayed in Table 4 but have been left out here for
space reasons. Large-scale plants have less energy input and less emissions except for elec-
tricity input and emissions of CO». Electricity and CO; are linked to each other as the elec-
tricity is assumed to be based on natural gas.
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Energy
Per tonne of raw material input Emissions

Electr. | Heat | CO, | CO | NO4 | SO, | HC | CHy | Particles
Raw material M) M) |ke)| ()| (8) | ()| ()] @®]
Ley crops 180 240 12| 88| 36| 13| 23| 32 1.1
Straw 570 870 39| 29| 120| 45| 80| 10 3.8
Tops and leaves of sugar
beet 160 200 10| 74| 31| 11| 19| 27 1.0
Liquid manure 53 85| 36| 27| 11| 04| 08| 1.0 0.4
Food industry waste 53 85| 36| 27| 11| 04| 08] 1.0 0.4
Municipal organic waste 230 3200 15| 11| 46| 17 3 4 1.5

Table 4. Emissions from and energy input into the operation of large-scale biogas plants.
Source: Borjesson & Berglund, 2006

3.4 Distribution and use of solid residues

Besides biogas an organic fertiliser is also produced from anaerobic digestion. The digestate
can to some extent replace chemical fertiliser and thereby contribute to lower costs and
environmental impact. Compared to spreading of manure, methane emissions can be
avoided. In a biogas plant the nitrogen is transformed to ammonia which is more easy ac-
cessible to the plants than nitrogen bound in organic compounds. Compared to direct use of
manure, nitrogen leakage from agriculture can be substantially decreased causing an im-
proved water quality in surrounding watercourses. In addition the digestion reduces odour
and as mentioned before kills pathogens.

The digestate contains appr. 95 % water. In order to reduce transport work and problems in
finding spreadable land area, the digestate is often dewatered to a water content of less than
70 %. This is performed with a centrifuge. The dry digestate can be stored in a digestate
storage and then transported to satellite storages in close connection to the spreading areas.
The reject water from the centrifuge contains considerable amounts of nitrogen (ammonia)
and can be spread with liquid manure spreaders or diverted to a wastewater treatment
plant. If the digestate cannot be used within agriculture it can be mixed with compost, peat
and sand to form soil products to be used in gardening. (Eriksson & Hermansson, 2009)

There are also ongoing research which tests drying and pelletisation of the digestate. The
pellets can then be used either as fuel or as fertiliser in agriculture or forestry. Pelletisation
would mean energy use for drying and pelletisation but also energy savings for transport.
Pellets are also easier to handle and store from one season to another. Nutrient pellets could
also be more nutrient efficient than dry sludge, as the nitrogen is slower emitted leading to a
higher uptake in plants. This is an area for further research and can be of interest in areas
with low degree of agriculture.

According to Borjesson & Berglund (2006) (Table 5) the corresponding emissions from this
step are as presented in Table 5. It is worth to notice that this study does “not consider po-
tential changes in various emissions from arable soil (such as nitrous oxide, N>O, and am-
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monia, NHj3), leakage of nitrate (NOs-), or methane emissions, due to changes in the han-
dling of the raw materials.” ( Borjesson & Berglund, 2006)

Per tonne of Energy
digestate input Emissions

CO; | CO | NOy | SO; | HC | CHy | Particles
Operation MJ) kg) | (&) | (8) | () | (8) | (&) (8)
Transport 16 1.1] 0.21 10| 0.36| 0.60|<0.01 0.17
Spreading 25 1.7 17| 15| 030] 0.53]<0.01 0.23

Table 5. Emissions from and energy input into transport and spreading of digestate.
Source: Borjesson & Berglund, 2006

3.5 Distribution and use of biogas

Biogas contains methane (appr. 60 %), carbon dioxide and minor amounts of hydrosulphur-
ous. The gas can be combusted directly in a gas boiler for heat generation or in a gas engine
for electricity generation (occasionally surplus heat is also recovered by water cooling). If
the biogas is to be used in vehicles it must be upgraded, i.e. cleaned (removal of carbon
dioxide and pollutants) and pressurised. (Eriksson & Hermansson, 2009)

Physical absorption (water wash) is the most commonly used method for upgrading biogas
in Sweden. This method makes use of the fact that gases like carbon dioxide, hydrogen
sulphide and ammonia are more readily dissolved in water than methane. The solubility of
carbon dioxide increases with increasing pressure and decreasing temperature. (Swedish
Biogas Association, 2004)

Pressure Swing Adsorption (PSA) is the second commonest method in use. PSA separates out
carbon dioxide, oxygen, nitrogen and hydrogen sulphide, trapping molecules according to
molecular size using, for example, activated carbon at different pressures. Hence, the method
is sometimes called the “molecular sieve’ technique. (Swedish Biogas Association, 2004)

Absorption using Selexol is a method in which carbon dioxide, hydrogen sulphide and
ammonia are absorbed by Selexol, a glycol solution. The method is based on the same prin-
ciple as physical absorption with water. However, Selexol is more effective, since it absorbs
three times more carbon dioxide. (Swedish Biogas Association, 2004)

Chemical absorption (chemisorption) uses a chemical to bind carbon dioxide. The advantage
of this method is that the chemical only absorbs carbon dioxide and, if present, hydrogen
sulphide, whereas virtually no methane is removed. This leads to a very high purity of the
upgraded biogas, which contains about 99 % methane. (Swedish Biogas Association, 2004)

One alternative to the conventional technologies is to upgrade biogas with cryogenic tech-
nology, which means that the gas is chilled and the differences in condensation temperature
for different compounds are used to separate impurities and CO, from CHs. CO, condense
at -78.5 °C at atmospheric pressure. The technology can be used to upgrade raw biogas by
chilling it to the condensation temperature for CO; or it can be further chilled to -161 °C
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(condensation temperature for CHy at atmospheric pressure) to produce liquid biogas, LBG.
It is more energy intensive to chill the gas to -161 °C but in some situations it results in a
more valuable product since LBG is more than 600 times space efficient compared to biogas
in its gas phase at atmospheric pressure (around 3 times more space efficient compared to
compressed biogas, 200 bar). This makes the biogas available for more customers since the
produced LBG can be transported on road in vacuum insulated semi-trailers to remote fuel
stations. On a multi-purpose fuel station it is then stored as LBG and fuelled as either LBG
or CBG (compressed biogas, 200 bar). LBG can also be produced using one of the conven-
tional upgrading technologies connected with a small-scale liquefaction plant. This small-
scale liquefaction plants are either a closed nitrogen cycle or a closed mixed refrigerant cy-
cle. The first has a low efficiency but it is not as complex as the latter since it only use one
refrigerant (nitrogen). (Johansson, 2008)

When using cryogenic upgrading technology clean, liquid COz, LCO; comes as a by-
product. This LCO, could be used in external processes replacing fossil energy and bring in
extra income to the biogas production plant. Two possible applications are cryogenic tem-
perature control and fertilizing of greenhouses. The LCO; probably has to be sold directly to
the user, and the possibility to get an income from this product is also very site specific. An
interesting alternative could be to place a greenhouse close to a biogas production and up-
grading plant. In this way the greenhouse could get an organic fertilizer from the digester
chamber and heat and CO; from the upgrading process. (Johansson, 2008)

The distribution of biogas can also be facilitated by injection to the natural gas grid. The
establishment of natural gas grids is therefore very important as it makes the introduction of
biogas in the society easier. The economy of biogas production does not allow such heavy
investments as gas grids, nor can the delivery safety be high enough. Biogas is a local energy
source, whereas natural gas is a transnational energy source.

According to Borjesson & Berglund (2006) (Table 6) the corresponding emissions from this
step are as presented in Table 6. The figures for upgrading of biogas have been calculated by
subtracting the figures including upgrading from the figures without upgrading.

Energy

Per MJ of biogas input | Emissions

CO, | CO | NOy | SO, | HC | CHy | Particles
Raw material MJ) (g) | (mg) | (mg) | (mg) | (mg) | (mg) | (mg)
Ley crops 011 60| 3.0 200 00| 04| 130 0.3
Straw 011] 60| 3.0 12| 02| 04] 1.30 0.3
Tops and leaves of sugar
beet 011 60| 27 12| 02| 04] 130 0.3
Liquid manure 011 60| 32 12| 02| 04] 1.30 0.3
Food industry waste 011] 56| 3.0 12) 02| 04| 133 0.3
Municipal organic waste 011] 6.0| 3.0 120 02| 04| 130 0.3

Table 6. Emissions from and energy input into upgrading of biogas to vehicle fuel.
Source: Borjesson & Berglund, 2006
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4. Results and conclusions

Natural Gas

In Table 7 the life cycle inventory from the different steps have been added up to cover the

whole biogas system.

Energy

Per MJ of biogas input | Emissions

COy | CO | NO« | SOy | HC | CHy | Particles
Raw material M)) | (g) | (mg) | (mg) | (mg) | (mg) | (mg) | (mg)
Ley crops 0.40 21 15| 150 16| 92| 53 5.0
Straw 0.35 14 12 8| 29| 50| 18 1.7
Tops and leaves of sugar
beet 0.27 12] 93 81| 37| 45| 14 1.6
Liquid manure 0.31 11| 78 63| 19| 33| 18 1.3
Food industry waste 0.15 54| 35 33| 10| 18| 077 0.67
Municipal organic waste 0.26 12 14 8| 28] 61| 11 1.5

Table 7. Summary of the emissions and energy input in production of biogas in large-scale
plant. Source: Borjesson & Berglund, 2006

Even if this is not a complete life cycle inventory it reveals large differences for different
substrates. As mentioned above, large-scale or farm-scale plant design also have an influ-
ence on the result, as well as choice of system boundaries, electricity generation etc. We will
come back to such crucial factors for both biogas and natural gas.

This result now has to be compared to corresponding figures for natural gas. From (IVL,
1999) it was possible to extract figures similar to Table 7. In Table 8 pre combustion as well

as different gas applications are presented.

Energy

Per MJ of natural gas | input | Emissions
CO,; | CO | NOx | SO, | NMVOC | CHq Particles

Step in fuel cycle M) | (g) |(mg)|(mg) | (mg)| (mg) (mg) (mg)
Production and
distribution 0.047 | 3.09| 3.01| 12.7| 0.23 1.53 2.8 0.022
Combined cycle 0.001 57 11 11| 0.6 0.46 2.0 0.096
Heat station - 56 10 49 0 1 01]-
Power station - 56 10 58 0 1 01]-
Residential service - 56 10 10 0 1 01]-
Light-duty vehicles - 52 35 28 | - 35]- 1.8
Heavy-duty vehicles - 52| 1.7| 170|- 4.2 38 1.7

Table 8. Summary of the emissions and energy input in production, distribution and use of
natural gas. Source: IVL, 1999
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When comparing tables 7 and 8 it is obvious that the pre combustion figures are much lower
for natural gas (row 1 “Production and distribution” in Table 8) than for biogas regardless of
raw material. For the different gas use applications, emissions of CO, are almost the same
for all alternatives, whereas the other emissions may vary considerably.

As mentioned earlier it is not easy to find a similar study consistent with Borjesson & Ber-
glund, 2006. The same authors have reported a continued assessment in Borjesson & Berglund,
2007. In the complex assessment three functional units are defined: 1 MJ of heat, 1 MJ of heat
and power and 1 M]J of kinetic energy (to reflect vehicle fuel). In fact the assessment also in-
cludes functional unit plant nutrients as N and P (this is compensated for by chemical fertil-
iser) even if this is not put out in words or figures. The system enlargement considers conven-
tional alternatives both for raw material input and energy service output of the biogas system.
This means that indirect environmental impact is included. Electricity is assumed to be natural
gas in condensing plants, heat comes from fuel oil combustion and petrol and diesel are used
for additional transport in light-duty and heavy-duty vehicles. There are also a number of
assumptions for alternative waste handling (composting) and cropping systems. The impact
assessment includes global warming potential (GWP), acidification potential (AP), eutrophica-
tion potential (EP) and photochemical oxidant creation potential (POCP).

This study is, in my eyes, how a proper comparison should be carried out, taking into ac-
count primary and secondary upstream and downstream effects of biogas systems. As all
energy alternatives are from fossil fuels the biogas system comes out as the least polluting
one for all functional units, independent on large-scale or small-scale plants. This is however
not a comparison of biogas and natural gas.

From the method section we learned that studies 4 and 5 could be used for pre combustion
or total system comparisons. Both studies present results in impact categories using Ecoln-
dicator99. In study 5 the LCI has been weighted with the CML method and Ecolndicator has
been used for valuation.

Study 4 (Jury et al, 2010) shows pre combustion results where biogas has a higher impact
than natural gas for human health and ecosystem quality. However, for climate change,
resources and cumulative energy and exergy demand, the results are opposite. Land occu-
pation and use of fertiliser are used as explanation for this outcome. To produce 1 MJ of
biogas about 2.5 MJ energy resources are consumed, whereas natural gas is more efficient
with just above 1 MJ. But the non-renewable part is lower for biogas; 0.5 MJ/ M] in relation
to 100 % non-renewable for natural gas.

In study 5 (Chevalier & Meunier, 2005) biogas co- and trigeneration are compared to con-
ventional heat/cold and power production. The conventional generation of heat is from
natural gas industrial furnace, cold from vapour compression chiller using electricity and
finally electricity from the grid in Germany, Austria and France. Biogas co-generation is by
far better than the conventional alternatives and biogas tri-generation is somewhat worse
than the French setup, but better than all the rest.
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From Riva et al (2006) it is obvious that the environmental performance for natural gas is
different depending on country of origin and of course energy conversion technology. In
Table 9 the emissions in g/kWh el for natural gas used in Italy are presented. Significant
differences between the different alternatives are observed for all emissions.

Legislation
ETH |ETH Legislation | Combined Gas Gas
g/kWhel | Russia | Netherl. | BUWAL | Steam plant | Cycle Russia | Italy
NOy 1.24 0.88 1.49 0.96 0.61 039 | 034
50, 0.35 0.009 0.27 0.33 0.22 0.04 | 0.007
CO, 742 644 767 635 427 383 356
CH, 4.07 0.46 1.76 3.87 2.6 1.39 | 0.17

Table 9. Emissions of natural gas cycle for electricity production. ETH refers to Ecolnvent
database, BUWAL corresponds to a Western Europe scenario, steam plant and combined
cycle use gas from Russia and gas from Russia and Italy are used in a combined cycle.
Source: Riva et al, 2006

So, what have we learned from this? From present studies it is possible to make a list of
crucial factors or parameters that influence the result.
e  From what raw materials are the biogas made of?
e What is the size of the biogas plant, farm-scale or large-scale?
e Which is the alternative use of the raw materials?
¢ Which is the alternative use of the biogas?
e  Are the emissions from use of digestate included and how?
e How are the emissions from the biogas system allocated between digestate and
biogas?
e  What is the country of origin for natural gas and where is it used?
¢  What energy conversion technology (heat and/or power) has been applied for the
bio/natural gas?
o Is the biogas used in light-duty vehicles substituting petrol or heavy-duty vehicles
(busses) substituting diesel oil?
e  From what type of driving cycle has the emission factors for vehicles been taken?

These are all crucial factors in the inventory. It is also a fact that the results for CO; can point in
one direction, but if other impact categories are also included the picture can change. Problems
with allocation like heat only (Dinca et al, 2006) or electricity only (Riva et al, 2006) in cogene-
ration plants has also been identified as an important factor that may influence the results.
Some of the papers mentioned above include a variety of sensitivity analyses, such as trans-
port distance from field to biogas plant, as a method to pinpoint these uncertainties. A more
thorough comparison of the different studies would probably reveal even more potential key
parameters. However it has not been in the scope of this study to perform such a review.
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5. Future research

There is definitely a need for a best practice when it comes to LCA of fuels. Life cycle inven-
tories are available in different software as GaBi, Umberto and SimaPro but it takes a great
deal of knowledge to grasp what is included and not and what underlying assumptions
have been made. There is a risk that biogas, as well as LCA, get negative attention when one
supplier of biogas cars states that the emission factor is 22 g CO,/km at the same time as
different websites tells the consumer that the emission factor is 124 g CO,/km. To common
people it is unbelievable that the conclusions can differ that much for the same fuel. A simi-
lar discussion is found for bioethanol. How to handle land use issues can be of particular
interest as these circumstances has an impact on LCA results and is also an ethical aspect as
to whether agricultural fields should be used for food production or for energy purposes.
Now famine is much more of a logistic and socio- economic problem, but in a short-term
scenario food production may be replaced by energy crops on the margin.

One particular aspect of best practice is to whether gas production and gas use should be
separated or not. What is shown above is that it is hard to separate them in a consistent
manner. One idea, which is not always used, is to declare emissions or impact from each
step, or at least pre combustion and different alternatives for post combustion. It should
then be possible to add one or more steps to each other to get the total picture.

In a broader context more research is needed to analyse and optimize both biogasification
and thermal gasification. Fiber sludge from pulp and paper industry is a potential substrate
that may enter the market if technology and economy allows it.

6. References

AvfallSverige (2008) Energi fran avfall ur ett internationellt perspektiv (Energy from waste
in an international perspective), report 2008:13, ISSN 1103-4092

BFE (2006) Schweizerische Statistik der erneuerbaren Energien -Ausgabe 2005, Bundesamt
fur Energie

Bohnet, B. (2005) Ullmann's Encyclopedia of Industrial Chemistry, 7th edition, Wiley-VCH

Borjesson, P. & Berglund, M. (2007) Environmental systems analysis of biogas systems - Part
II: The environmental impact of replacing various reference systems, Biomass and
Bioenergy 31 (2007) 326-344

Borjesson, P. & Berglund, M. (2006) Environmental systems analysis of biogas systems - Part
I: Fuel-cycle emissions, Biomass and Bioenergy 30 (2006) 469-485

Chevalier, C. & Meunier, F. (2005) Environmental assessment of biogas co- or tri-generation units
by life cycle analysis methodology, Applied Thermal Engineering 25 (2005) 3025-3041

Dinca, C., Rousseaux, P & Badea, A. (2006) A life cycle impact of the natural gas used in the
energy sector in Romania, Journal of Cleaner Production 15 (2007) 1451-1462

Energimyndigheten (2007) Produktion och anvéndning av biogas 2005 (Production and use
of biogas in 2005), ER2007:05; ISSN 1403-1892

Energinet (2005) Gaskvalitet arsgennemsnit (Gas quality, annual averages) 2005,
http:/ /www .energinet.dk

Eriksson, O. & Hermansson, T. (2009) Biogas i Gastrikeregionen - en systemanalys (Biogas
in the Gastrike region - a systems analysis)



146 Natural Gas

Eriksson, O., Finnveden, G., Ekvall, T. & Bjorklund, A. (2007) Life Cycle Assessment of fuels
for district heating - A comparison of waste incineration, biomass- and natural gas
combustion, Energy Policy 35 (2007) 1346-1362

Eurobserver (2009) The state of renewable energies in Europe - 2009 edition, ISSN 2101-9622

Eurobserver (2008) Biogas barometer, SYSTEMES SOLAIRES le journal des énergies renou-
velables N° 186

Eurobserver (2007) Biogas barometer, SYSTEMES SOLAIRES le journal des énergies renou-
velables N° 179

IVL (1999) Miljofaktabok for branslen Del 2 Bakgrundsinformation och Teknisk bilaga (En-
vironmental fuel handbook Part 2 Background information and Technical appen-
dix), B 1334 B, Stockholm, Sweden

Johansson, N. (2008) Production of liquid biogas, LBG, with cryogenic and conventional
upgrading technology, - Description of systems and evaluations of energy balances,
Master Thesis, Department of Technology and Society, Environmental and Energy
Systems Studies, Lund university, ISRN LUTFD2/TFEM--08/5032--SE + (1-92)

Jury, C., Benetto, E., Koster, D., Schmitt, B. & Welfring, J. (2010) Life Cycle Assessment of
biogas production by monofermentation of energy crops and injection to the natu-
ral gas grid, Biomass and Bioenergy 34 (2010) 54-66

Riva, A., D’ Angelosante, S. & Trebeschi, C. (2006) Natural gas and the environmental results
of life cycle assessment, Energy 31 (2006) 138-148

SGC (2008) Substitute natural gas from biomass gasification, Swedish Gas Centre, report
SGC 187, 1102-7371, ISRN SGC-R-187-SE

SGC (2007) Biogas - basic data on biogas - Sweden, Swedish Gas Centre, broschure

SGC (2005) Energigaser och miljo (Energy gases and the environment), Swedish Gas Centre

Swedish Biogas Association (2004) Biogas - renewable energy from organic waste, broschure



Natural gas hydrates

Geir Ersland and Arne Graue
University of Bergen
Norway

1. Introduction

Natural gas hydrates are ice-like materials formed under low temperature and high
pressure conditions. Natural gas hydrates consist of water molecules interconnected
through hydrogen bonds which create an open structural lattice that has the ability to
encage smaller hydrocarbons from natural gas or liquid hydrocarbons as guest molecules.
Interest in natural gas hydrates as a potential energy resource has grown significantly in
recent years as awareness of the volumes of recoverable gas becomes more focused (Sloan &
Koh, 2008). The size of this resource has significant implications for worldwide energy
supplies should it become technically and economically viable to produce. Although great
efforts are being made, there are several unresolved challenges related to all parts in the
process towards full scale hydrate reservoir exploitation. Some important issues are: 1)
Localize, characterize, and evaluate resources, 2) technology for safe and economic
production 3) safety and seafloor stability issues related to drilling and production. This
chapter gives a brief introduction to natural gas hydrate and its physical properties. Some
important characteristics of hydrate accumulations in nature are also discussed.
Experimental results presented in this chapter emphasis recent work performed by the
authors and others where we investigate the possibilities for producing natural gas from gas
hydrate by CO, replacement. By exposing the hydrate structure to a thermodynamically
preferred hydrate former, CO,, it is shown that a spontaneous conversion from methane
hydrate to CO hydrate occured. Several experiments have shown this conversion in which
the large cavities of hydrates prefer occupation by CO- (Lee et al., 2003; Jadhawar et al. 2005;
Ota et al., 2005; Graue et al., 2008). This is also supported by simulations (Phale et al., 2006;
Kvamme et al., 2007). Other production schemes proposed in the open literature are also
reviewed in this chapter.

2. Structures and Properties

There are three known structures of gas hydrates: Structure I (sI), structure II (sII) and
structure H (sH). These are distinguished by the size of the cavities and the ratio between
large and small cavities. SI and slI contain both a smaller and a larger type of cavity, but the
large type cavity of slI is slightly larger than the sl one. The maximum size of guest
molecules in slI is butane. SH forms with three types of cavities, two relatively small ones
and one quite large. The symmetry of the cavities leaves an almost spherical accessible
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volume for the guest molecules. The size and shape of the guest molecule determines which
structure is formed due to volumetric packing considerations. Additional characteristics are
guest dipole and/or quadropole moments, such as for instance for H,S and CO,. The
average partial charges related to these moments may either increase the stability of the
hydrate (H,S) or be a decreasing factor in thermodynamic stability (CO,). SII forms with for
instance propane and iso-butane and sH with significantly larger molecules, as for instance
cyclo-hexane, neo-hexane. Both methane and carbon dioxide form sl hydrate. SI hydrates
forms with guest molecules less than 6 A in diameter. The cages and the number of each
cage per unit cell are shown in Figure 1. SI cages are shown at the top of the figure. The unit
cell of sl hydrate contains 46 water molecules and consists of 2 small and six large cages. The
unit cell is the smallest symmetric unit of sl. The two smaller cavities are built by 12
pentagonal faces (512) and the larger of 12 pentagonal faces and two hexagon faces (51262).
The growth of hydrate adds unit cells to a crystal.

Small cages  Largecages  Unit Cell

Formula
S,L; - 46H,0
512 51262
512 51264

@ S,S,L - 34H,0

512 435553 élgsﬂ

Fig. 1. Hydrate structures, from top: cages of sl, sII, and sH (Husebg, 2008)

3. Hydrates in the Earth

Natural gas occurrences in nature were first recognised in the late 1960s and early 1970s in
sub-permafrost in Siberia and the North Slope of Alaska during drilling in established
provinces of conventional oil and gas (Makogon et al., 1971). Evidence of natural
occurrences of sub-marine gas hydrate accumulation was first found one or two decades
later as more deep sea expeditions encountered hydrate bearing sediments. In recent years,
a growing number of expeditions have been dedicated to assessing marine gas hydrate
accumulations; their nature and their geological settings. Rather comprehensive mapping of
hydrate has been devoted to many of the world’s continental margins in recent years, as for
example in India, Japan and Taiwan. There is no exact information of world wide quantities
of gas hydrates. Estimates are based on both indirect (seismic surveys) and direct evidence
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(drilling) which is very incomplete. Figure 2 shows the world’s occurrences of gas hydrate
both in permafrost regions and in marine sediments. Estimates of in situ hydrates range
from 3053*101> m3 STP (Trofimuk et al.,, 1973), to 0.2*10%5 m3 STP (Soloviev et al., 2002).
Estimates have generally decreased with time; however, even the most conservative exceed
the estimates of conventional gas (Sloan & Koh, 2008). A widely cited estimate is of 20*101
m3, (Kvenvolden, 1988), which exceed the energy in conventional fossil fuels combined.

» Known hydrate deposit

Fig. 2. Map of more than 90 documented hydrate occurrences (Hester and Brewer, 2009).
Indirect hydrate markers, as seismic reflectors and pore-water freshening in core samples
were used to identify the inferred hydrate deposits. Areas where hydrate samples have been
taken are marked as known hydrate deposits. Hydrate deposits are distributed in marine
environments and regions of permafrost.

4. Classification of Hydrate Deposits

Boswell and Collett, 2006, proposed a resource pyramid to display the relative size and
feasibility for production of the different categories of gas hydrate occurrences in nature
(Figure 3). The top resources of the gas hydrates resource pyramid are the ones closest to
potential commercialization. According to Boswell and Collett, these are occurrences that
exist at high saturations within quality reservoirs rocks under existing Arctic infrastructure.
This superior resource type is estimated by US geological survey (USGS) to be in the range
of 33 trillion cubic feet of gas-in-place under Alaska's North Slope. Prospects by British
Petroleum and the US DOE anticipate that 12 trillion cubic feet of this resource is
recoverable. Even more high-quality reservoirs are found nearby, but some distance away
from existing infrastructure (level 2 from top of pyramid). The current USGS estimate for
total North Slope resources is approximately 590 Tcf gas-in-places. The third least
challenging group of resources is in high-quality sandstone reservoirs in marine
environments, as those found in the Gulf of Mexico, in the vicinity of existing infrastructure.
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_ Arctic sandstones under

existing infrastructure (~10's of Tcfin place)
- Arctic sandstones away from infrastructure (100s of Tef in place)
Deep-water sandstones (~1000Tcf in place)
Non-sandstone marine reservoirs with permeability (unknown|
Massive surficial and shallow nodular hydrate (unknown)

__Marine reservoirs with limited permeability
\  (100,000s Tef in place)

'« Reserves growth undiscovered
. (1,500 Tef recoverable)

+- Remaining unrecoverable
(unknown

Fig. 3. Hierarchy of production feasibility for gas hydrate resources (left) and conventional
gas (right) (Boswell and Collett, 2006)

There is a huge variation in naturally occurring hydrate reservoirs, both in terms of
thermodynamic conditions, hosting geological structures and trapping configurations
(sealing characteristics and sealing geometry). Hydrates in unconsolidated sand are
considered as the main target for production. For the sake of convenience, these types of
hydrate occurrences have been further divided into four main classes, as shown in Figure 4
(Moridis and Collett, 2003). Class 1 deposits are characterized with a hydrate layer above a
zone with free gas and water. The hydrate layer is composed with either hydrate and water
(Class 1W) or gas and hydrate (Class 1G). For both, the hydrate stability zone ends at the
bottom of the hydrate interval. Class 2 deposits exist where the hydrate bearing layer,
overlies a mobile water zone. Class 3 accumulations are characterized by a single zone of
hydrate and the absence of an underlying zone of mobile fluids. The fourth class of hydrate
deposits is widespread, low saturation accumulations that are not bounded by confining
strata that may appear as nodules over large areas. The latter class is generally not regarded
as a target for exploitation.
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Hydrate Hydrate Hydrate

Gas/water Gas/water Gas/water

Gas
Water

CLASS 1 CLASS 2 CLASS 3
Fig. 4. Schematic over types of hydrate deposits

5. Proposed Production Schemes

The three main methods for hydrate dissociation discussed in the literature are (1)
depressurization, where the hydrate pressure is lowered below the hydration pressure Py at
the prevailing temperature; (2) thermal stimulation, where the temperature is raised above
the hydration temperature Ty at the prevailing pressure; and (3) through the use of
inhibitors such as salts and alcohols, which causes a shift in the Py-Ty equilibrium due to
competition with the hydrate for guest and host molecules. The result of hydrate
dissociation is production of water and gas and reduction in the saturation of the solid
hydrate phase (Figure 5).

Thermal Injection Depressurization Inhibitor Injection
Gas/Water **Steam/Hot water Gas/Water * Gas/Water ** Methanol
m [TT] W

Impermeable :: Rock Impermeable :: Rock Impermeable :: Rock
h " 1
1| 1] 1)
i 1 1)
I Hydrate 1" I
1)
Hydrate :: : : Hydrate T
1 1 1)
:: Dissociated " : : Dissociated
! IRyl Dissociated ['!| Hydrate zone ! hiyorate
oo 1] - ... V4
S (] B 1 1)
L " E L4 i
.................. Free Gas :: Reservoir
Impermeable Rock u Impermeable Rock

Fig. 5. Gas hydrate production options (after Makogon, 1997)
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5.1 Numerical studies

Moridis et al. (2008) report rather comprehensive numerical studies that assess the hydrate
production potential for the tree classes of hydrate deposits with the three production
options. They found that Class 1 deposits appear to be the most promising target due to the
thermodynamic proximity to the hydrate stability zone. That is, the boundary between the
free gas zone and the hydrate layer forms the equilibrium line, and hence, only small
changes in temperature or pressures will induce dissociation of hydrate. In addition, the free
gas zone will secure gas production regardless of the hydrate gas contribution. They found
Class 1G to be a more desirable target within Class 1 due to less water production and more
evenly distributed pressure fields. Class 2 may attain high rates but are burdened with long
lead times with little initial gas production. Class 3 may supply gas earlier, but with lower
rates. Moridis et al. (2008), concluded that depressurisation is the favourable production
option for all three classes, meaning that the deposit is not a desirable target if
depressurisation appears to be ineffective. It is, however, very important to stress that
numerical simulations of hydrate exploitation scenarios are still in an early stage, with
corresponding challenges at the fundamental level as well as in the parameterisation.

5.2 Field example: the Mackenzie River Delta

The Mackenzie River Delta of Canada was explored mainly for conventional petroleum
reserves, but a total of 25 drilled wells have identified possible gas hydrate sites. The gas
hydrate research well (JAPEX/JNOC/GSC Mallik 2L-38) drilled in 1998 was designed to
investigate the nature of in situ hydrates in the Mallik area to explore the presence of sub-
permafrost gas hydrate. A major objective was to investigate the gas hydrate zones obtained
by well logs in 1972 in a nearby well which was believed to have encountered at least ten
significant gas-hydrate stratigrapic units. Drilling and coring gave 37 meters of recovered
core in the hydrate interval from depths 878 to 944 meters. Visible gas hydrates were
identified in a variety of sediment types, i.e. interbedded sandstone and siltstone. No
hydrate was found in the siltstone dominated units, indicating a strong lithological control
on gas hydrate occurrence. Well logs suggested the presence of gas hydrates sands from
890-1100 meters depth, with up to 90% gas hydrate saturation. The presence of gas hydrate
contributes substantively to the strength of the sediment matrix (Grace et al., 2008). Two
production tests were initiated at the Mallik site. The 2007 test was performed without sand
controls in order to assess the strength of the sediments. A substantial amount of sand was
produced and constrained the test to 24 hours. In March 2008 the test was repeated, this
time with sand screen to choke the inflow of sediments. The last Mallik test suggests that a
significant gas rate can be achieved by depressurising a sand dominated gas hydrate
reservoir (Grace et al., 2008).

6. Environmental Aspects of Gas Hydrates

6.1 Climate change

The natural gas produced from hydrates will generate CO, upon combustion, but much less
than conventional fuel as oil and coal per energy unit generated. The global awareness of
climate change will most likely make it more attractive in relation to oil and coal if fossil
fuels, as anticipated, continue to be a major fuel for world economies the next several
decades. However, increased global temperatures have the potential of bringing both
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permafrost hydrates and subsea hydrates out of equilibrium. As a consequence, huge
amounts of methane may be released to the atmosphere and accelerate the greenhouse effect
due to feedback. In general hydrate is not stable towards typical sandstone and will fill pore
volume rather than stick to the mineral walls. This implies that if there are imperfections
and leakage paths in the sealing mechanisms the hydrate reservoir will leak. There are
numerous small and large leaking hydrate reservoirs which results in methane fluxes into
the ocean. Some of these fluxes will be reduced through consumption in biological
ecosystems or chemical ecosystems. The net flux of methane reaching the atmosphere per
year is still uncertain. Methane is by far a more powerful greenhouse gas than CO; (~20
times). Kenneth et al., 2003, hypothesized that major release from methane hydrate caused
immense global warming 15 000 years ago. This theory, referred to as “clathrate gun”
hypothesis is still regarded as controversial (Sloan & Koh, 2008), but is supported in a very
recent paper by Kennedy et al. (2008). The role of gas hydrate in global climate change is not
adequately understood. For hydrate methane to work as a greenhouse gas, it must travel
from the subsurface hydrate to the atmosphere. Rates of dissociation and
reactions/destruction of the methane gas on its way through sediment layers, water and air

are uncharted.

6.2 Geomechanical Stability

Gas hydrates will affect the seafloor stability differently for the different types of hydrate
occurrences. All of these hydrate configurations may take part of the skeleton framework
that supports overlying sediments, which in turn is the fundament for pipelines and
installations needed for production. These concerns have already been established for oil
and gas exploitation where oil and gas reservoirs that lie below or nearby hydrate bearing
sediments. However, geohazards would potentially be far more severe if gas hydrate is to
be produced from marine hydrate deposits. During melting, the dissociated hydrate zone
may lose strength due to under-consolidated sediments and possible over-pressuring due to
the newly released gas (Schmuck and Paull, 1993). If the shear strength is lowered, failure
may be triggered by gravitational loading or seismic disturbance that can result in
submarine landslides (Mclver, 1977). Several possible oceanic landslides related to hydrate
dissociation are reported in the literature. Among these are large submarine slides on the
Norwegian shelf in the North Sea (Bugge et al., 1988) and massive bedding-plane slides and
slumps on the Alaskan Beaufort Sea continental margin (Kayen and Lee, 1993).

7. Production of CH, from hydrates by CO, exposure

Thermodynamic prediction suggests that replacement of CHy by CO; is a favourable
process. This section reviews some basic thermodynamics and earlier experimental studies
of this CH4CO, reformation process to introduce a scientific fundament for the
experimental work presented later in this chapter.

7.1 Thermodynamics of CO. and CH,4 Hydrate

CO; and CH4 form both sl hydrates. CHy molecules can occupy both large and small cages,
while CO, molecules will prefer the large 51262 cage. Under sufficiently high pressures or
low temperatures both CO, and CHj will be stable, but thermodynamic studies suggest that
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CH,4 hydrates have a higher equilibrium pressure than that of CO; hydrates for a range of
temperatures. A summary of these experiments is presented in Sloan & Koh, 2008. Figure 6
shows the equilibrium conditions for CO, and CH, hydrate in a P-T diagram. This plot is
produced using the CSMGem software (Sloan & Koh, 2008), which supplies the most recent
thermodynamic predictions.

100
4 . Py -
Experimental L7
Conditions +* Stable CH,
4
/ / hydrate
Stable CH, hydrate p -
= 10 Stable CO,hydrate m e
o 1 -
z et L
: . - - . - -
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Fig. 6. Stability of CHs and CO, hydrate (CSMGem software, Sloan and Koh, 2008).
Experimental conditions marks the P-T conditions for experiments presented in the next
section.

7.2 CO2-CH4 exchange in bulk

Based on the knowledge of increased thermodynamic stability it was hypothesized that CO;
could replace and recover CH4 molecules if exposed to CHy hydrate (Ohgaki et al., 1994).
Several early researchers investigated the CO,-CHjy exchange mechanism as a possible way
of producing methane from hydrates (Ohgaki et al., 1996; Hirohama et al., 1996). These
studies emphasized the thermodynamic driving forces that favour this exchange reaction,
though many of the results showed significant kinetic limitations. Many of these early
studies dealt with bulk methane hydrate samples placed in contact with liquid or gaseous
CO,, where available surfaces for interaction were limited. Yoon et al., 2004, studied the
CO,-CH, exchange process in a high pressure cell using powdered CHy hydrate and then
exposed it to CO,. They observed a fairly rapid initial conversion during the first 200
minutes, which then slowed down significantly. Park et al, 2008, found remarkable
recovery of methane hydrate by using CO, and N> mixtures. They found that N> would
compete with CH4 for occupancy of the smaller sl cages, while CO, would occupy only the
larger sl cage - without any challenge of other guests. They also found that sl and sH would
convert to sl and yield high recoveries (64-95%) when exposed to CO, or CO,-N, mixtures.
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An inherent limitation in this experiment is the absence of mineral surfaces and the
corresponding impact of liquids that may separate minerals from hydrates. These liquid
channels may serve as transport channels as well as increased hydrate/fluid contact areas.

7.3 CO,-CH,4 Exchange in Porous Media

Lee et al., 2003 studied the formation of CH4 hydrate, and the subsequent reformation into
COs hydrate in porous silica. CHy hydrate was formed at 268 K and 215 bar while the
conversion reaction was studied at 270 K. The temperatures in the ice stability region could
have an impact on the reformation mechanisms since ice may form at intermediate stages of
opening and closing of cavities and partial structures during the reformation. Temperatures
below zero may also have an impact in the case where water separates minerals from
hydrates. Preliminary studies of the CO, exchange process in sediments showed slow
methane production when the P-T conditions were near the methane hydrate stability and
at CO; pressure values near saturation levels (Jadhawar et al., 2005). The research presented
below revisit the CO,- CH4 exchange process in hydrates formed in porous media, this time
in larger sandstone core plugs and well within the hydrate stability for both CO, and CH,
hydrate, and outside the regular ice stability zone (Figure 6).

8. MRI of Hydrates in Porous Media

A general schematic of the MRI hydrate forming and monitoring apparatus is shown in
Figure 7. The total system consists of the sample, an MRI compatible cell to maintain the
sample at high-pressure and low-temperature, high-pressure sources to individually
control pore and confining pressures, a sample temperature control system and the MRI to
monitor the distribution of water, hydrate and methane. The porous rock sample was
sealed with shrink tubing into the centre of the high-pressure MRI cell. This was done so
that gases and fluids could flow through the sample while the sample was separated from
the confining fluid. One unique yet important feature was employing the confining fluid as
the heat transfer medium (Fluorinert FC-40). This allowed accurate and precise control of
the sample temperature without the elaborate system that would be required to cool the
sample from the outside of the cell. The temperature bath controlled the coolant
temperature, which in turn was transferred to the confining fluid by a heat exchanger
around the confining-fluid transfer lines. The pressure and temperature were controlled
and monitored by computers, which allowed the test to run unattended for extended
periods of time. The high magnetic field required that all motors, controllers and pumps had
to be several meters from the magnet. MRI images, both 3-D and 2-D, and fast 1D profiles
were collected at regular intervals during the hydrate formation process and the CO,-CHy
exchange process. The MRI detects gas hydrate as a large drop in intensity between images
of liquid water and solid hydrate. Hydrate formation was measured as the loss of MRI
intensity as the liquid water converted to solid hydrate. Hydrogen in the solid hydrate has a
short relaxation time and is not detected by the MRI by standard spin echo sequences (no
signal above the background level). In contrast, the hydrate precursors, water and methane,
produce intense MRI images. The images were acquired with a short echo time (< 3ms) and
a long recovery time (2-4 sec). CO; is insensitive to magnetic resonance at the operating
frequency and is therefore, as hydrates, not visible on the images. Two core plug geometries
were used in these experiments: The first was a standard cylindrical plug, 3.75 cm diameter
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and varying lengths between 6 and 10 cm, and the second arrangement had an open fracture
down the long axis of the core plug.

MRI High Pressure Cell
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CH4 ¢
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Fig. 7. Design for hydrate experiments

8.1 Core Preparation

The whole core experiments were prepared in one of two ways: 1) the core was dried in a
heated vacuum stove and saturated with brine under vacuum. The core was then mounted
in the MRI cell and vacuum was pulled from one end to reduce the brine saturation slowly.
This procedure secured evenly distributed initial brine saturation. The evacuation valve was
closed when the desired saturation was achieved and methane was introduced to the system
and pressurized to 1200 psig. 2) The initial water saturation was prepared outside the MRI
cell, by spontaneous imbibition. When assembled, several pore volumes of methane were
injected through the core to minimize the amount of air in the system. The latter method
was chosen in later experiments to keep flow lines dry and to avoid hydrate formation and
plugging. Hydrate formed with no distinct difference in induction time or formation rate for
both techniques, but the latter method eliminated hydrate formation in the lines. The
second arrangement split an original cylinder down the long axis of the plug and inserted a
4 mm thick acetal polyoxymethylene (POM) spacer between the two halves (Figure 8). The
spacer had a known volume of free space and small openings in the supporting frame so
that fluids could easily enter and leave the spacer. The purpose of the spacer was to simulate
a fracture opening in the sample where fluids had enhanced access to the porous media.
This fracture increased the surface area for exposing 1) methane to the plug during the
hydrate formation stage and 2) liquid carbon dioxide during the methane replacement stage.
These experiments were prepared as follows: The high-pressure cell was installed, lines
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connected and a vacuum applied to the pore space of the core and spacer until
approximately 100 millitorr was reached, and then filled with methane gas. After the
methane was brought to 1200 psig, with the confining pressure concurrently increased to
ca.1700 psig, a pre-determined amount of water was pumped in to the fracture and imbibed
into the two core-halves to produce the desired saturation, ranging from 40 to 60% PV. The
water was imaged to determine both the quantitative amount and distribution. At 50% PV
the water-wet sandstone core imbibed the water, rapidly producing a fairly uniform vertical
and horizontal distribution throughout the core.

Fig. 8. Core design with spacer

Water salinity varied from 0.1 to 5.0 weight percent NaCl corresponding to values
anticipated in permafrost-related hydrate deposits (Sloan and Koh, 2008). The presence of
salt, which acts as a hydrate formation inhibitor, ensured that not all of the water was
transformed into hydrate.

8.2 Hydrate formation in sandstone

Hydrates were formed in the pore space of a highly permeable sandstone acquired from the
Bentheim quarry in Lower Saxony, Germany. The Bentheim sample used in these
experiments had a porosity of 23% and a permeability of 1.1 D and was characterized by
uniform pore geometry with an average pore diameter of 125 microns. The pore frame
consisted of 99.9% quarts. An experiment with a whole sandstone core plug was performed
to verify whether hydrate formation in porous media could be formed and detected in the
experimental apparatus with the techniques presented in the previous chapter. Formation of
methane hydrate within the sandstone pores is shown in the leftmost column in Figure 9.
Hydrate growth is identified by the loss of signal between images of the partly water-
saturated plug. The core sample was prepared with fairly uniform water saturation (52%
average), with pressurized methane (1200 psig) in the remaining pore space. Methane in the
core plug did not measurably contribute to the image. The images show the
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Fig. 9. Hydrate formation in a whole (left) and fractured (right) core plug core

formation of hydrate as a uniform loss of image with time. When cooled, hydrate formation
was identified as an abrupt increase of consumed methane and a corresponding drop in the
MRI Intensity. The correlation between the two independent measurements of hydrate
growth rate was excellent. The core sample was fractured to prepare for the next
experiment: measuring methane replacement by carbon dioxide. The right column in Figure
9 shows 3-dimensional MRI images obtained during the formation of methane hydrate in
the core halves split by the POM spacer as described in the previous chapter. The first image
(uppermost) shows water in the core plug halves and methane in the fracture prior to
hydrate formation. The methane in the fracture is visually separated from the water in the
plug partly due to the width of the fracture frame and partly due to the more uniform
appearance of the methane in the fracture compared to the mottled appearance of water in
the porous media. A downward growth pattern in each of the two core halves can be seen
from Figure 9. The last image shows that most of the water was converted to hydrates. The
open fracture can be seen filled with methane gas
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9. Methane Replacement by Carbon Dioxide

To maximize the area of porous media exposed to methane or carbon dioxide a fracture was
established along the cylindrical axis of the plug as described in the previous section. This
artificial fracture of known volume and orientation provided greater control for introducing
gases and/or liquids into the sandstone sample. The fracture frame was used to introduce
methane during the initial hydrate formation, expose carbon dioxide to methane hydrate in
the porous media and collect the methane expelled from the core plug during the carbon
dioxide soak at a confining pressure of ca. 1700 psig and a pore pressure of 1200 psig. When
the hydrate formation ceased (see last image in Figure 9) the spacer and connected lines
were flushed at constant pressure (1200 psig) with liquid CO>. Figure 10 shows a series of
MRI images collected from the core with spacer after CO, was injected to remove methane
from the spacer. The system was then closed and CO, was allowed to diffuse into the two
core halves and methane was allowed to be produced back into the spacer. The first image
(A) was acquired after the system was flushed. The region with carbon dioxide reveals no
signal because it contains no hydrogen and therefore was not imaged. This suggests that
most of the methane was displaced by CO». This assumption was confirmed by GC analysis
(Gas Chromatography) of the effluent sample. The second image (B) was acquired 112 hours
after the flush, at which time the MRI signal reappears in the fracture. C-D show successive
images, obtained after 181 and 604 hours respectively, as methane continuously was
produced into the spacer. Signal averaging was used in all images. Run time for the images
varied from 2 to 9 hours depending on signal/noise ratio and given experimental
conditions.

Time after CO, flush: O hrs Time after CO; flush: 112 hrs

Time after CO; flush: 181 hrs Time after CO, flush: 604 hrs

Fig. 10. Methane produced by CO» replacement from hydrates
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Diffusion processes appeared to be the dominant driving mechanism in supplying CO; to
the methane hydrate reaction sites and the concomitant increase of methane in the fracture.
The exchange process continued over several weeks. When methane production ceased, the
spacer was again flushed with CO; to accelerate the reaction by supplying fresh and pure
liquid CO; to the system. The methane production curve found from the average MRI
intensity in the fracture is shown for three separate experiments in Figure 11. Two of them
are duplicate experiments with initial water saturation of 50 % and 5 wt% NaCl (published
in Graue et al., 2008). The agreement between the two is very good. As shown in Figure 11,
the methane molar volumes by far exceeded any free methane that might have remained in
the pores after hydrate formation (diffusion experiment). Mass balance calculations and the
molar production curve from MRI intensities in the fracture suggest that between 50-85 per
cent of methane originally in hydrates was recovered by CO, replacement. Another
observation is the apparent absence of large-scale melting of hydrates during the CO,-CHs-
exchange. All the experiments run in this system did not detect any significant increase in
MRI signal in the hydrate saturated cores that would indicate the presence of free water
during CO, exchange. This was verified by the evaluation of the MRI signal intensity in the
core halves once CO, exchange began. MRI intensity remained constant or was even less
than the baseline value after the completion of hydrate formation. The exchange process did
not cause significant dissociation of the hydrate, at least on the scale of the MRI's spatial
resolution of ~0.8 mm3. These experiments were run at CO; partial pressures significantly
greater than CO, saturation levels, in contrast to earlier studies where the CO; levels were
only slightly in excess to saturation or were undersaturated. This portion of the work shows
that methane can be produced by CO; replacement in within sandstone pores.

0.6

after 1st CO, flush - duplicate experiments, S,,;=50%

05 b\ e L

diffusion " 1st flush, S,i=45 %

0.4 { experiment
0.3 1 2nd flush, S,,=45 %

.................................................. Free gas diffusion level at

0.2 - S,i=50%

0.1 44

Molar methane consentration in fracture
[fractions]

0 100 200 300 400 500 600 700
Time (Hours)

Fig. 11. Methane produced from methane hydrate by CO. replacement. Duplicate
experiments with S,;=50 % (5wt % NaCl) and one with S,;=50 % (0.1 wt % NaCl).
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10. Conclusion

The experimental set-up with the MRI monitoring apparatus was capable of forming large
quantities of methane hydrates in sandstone pores and monitor hydrate growth patterns for
various initial conditions. Spontaneous conversion of methane hydrate to carbon dioxide
hydrate occurred when methane hydrate, in porous media, was exposed to liquid carbon
dioxide. The MRI images did not detect any significant increase in signal in the hydrate
saturated cores that would indicate the presence of free water during the carbon dioxide
replacement.
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1. Introduction

Hydrogen is well known as an ideal and clean source of energy which is believed to reduce
the emission of carbon dioxide and therefore play a major role in decreasing the global
warming problem [Ryu et al, 2007]. Eventual realization of a hydrogen economy requires
cheap and readily available hydrogen sources and a technology to convert them into pure
hydrogen in an efficient and sustainable manner [Abdel et al, 1998]. In addition to water that
is an ideal hydrogen source, CH4 and HsS are considered as alternative sources of hydrogen
[Jang et al, 2007; T-Raissi, 2003]. On the other hand, there is ample scope for CH4 and HyS as
the raw source of Hy, because the energy required for CHy and H»S splitting (AHcm=74.9
kJ/mol and AHmus=79.9 kJ/mol) is much less than water splitting (AHwater= 284.7 kJ/mol)
[Jang et al, 2007]. There are several convenient technologies for production of H» from CH,,
including steam methane reforming (SMR), partial oxidation, pyrolysis, autothermal
pyrolysis, and autothermal SMR [Huang & T-Raissi, 2007a]. Methane decomposition is a
moderately endothermic reaction. It requires much less thermal energy (only 37.8 k] per mol
of hydrogen produced) than SMR (69 k]J/mol Hy). Besides, the decrease in the required
energy, the CO, emission is also decreased in this method. Methane which is the main
component of the high quality natural gas can be decomposed to hydrogen and carbon
black in pyrolysis reactors [Abanades & Flamant , 2007; Moghima & Bashirnezhad, 2007].
Carbon black is an industrial form of soot produced by subjecting hydrocarbon feedstock to
extremely high temperatures in a carefully controlled combustion process. Carbon black is
widely used as filler in elastomers, tires, plastics and paints to modify the mechanical,
electrical and optical properties of materials in which it is used [Ghosh, 2007; Petrasch et al,
2007].

As the prices of fossil fuel increase, abundant sour natural gas, so called sub-quality natural
gas resources become important alternatives to replace increasingly exhausted reserves of
high quality natural gases for the production of hydrogen and carbon black [Huang & T-
Raissi, 2007b; Abdel et al, 1998]. At oil flow stations it is common practice to flare or vent
SQNG, which is produced along with crude oil. This accounts for more than 100 million
cubic meters (m3) world-wide per day, and approximately equals to France’s annual gas
consumption [Gruenberger et al, 2002]. Clearly this is of considerable concern in terms of
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global resource utilization and climate change implications. Gas flaring has also been
blamed for environmental and human health problems such as acid rain, asthma, skin and
breathing diseases [Lambert et al, 2006]. The removal of H,S from sub-quality natural gas is
expensive and not commercially viable for large-scale plants. When H)S concentration in
natural gas is higher than about 1.0%, the high separation cost makes the sour natural gas
uneconomical to use [Huang & T-Raissi, 2007b]. As mentioned above, production of
hydrogen and carbon black from sour natural gas is one viable option utilizing this
untapped energy resource while at the same time reducing carbon oxides and hydrogen
sulfide emissions.

There is a massive back ground literature on thermal decomposition of high quality natural
gas using different types of reactors. Petrasch & Steinfeld (2007) have studied hydrogen
production process using solar reactors with SMR method. Abanades & Flamant (2007) also
have investigated the effect of different parameters and system geometry on methane
conversion and hydrogen yield using thermal decomposition method in solar reactors. Their
results show that the solar reactor producing pure H» has high efficiency in CH, conversion.
Cho et al (2009) have studied on the development of a microwave plasma-catalytic reaction
process to produce hydrogen and carbon black from pure natural gas. The direct conversion
of methane, using various plasma technologies has widely been studied in order to obtain
more valuable chemical products. Gruenberger et al (2002) and Moghiman & Bashirnezhad
(2007) have investigated the effect of feedstock parameters on methane decomposition in
carbon black furnace.

Although many studies have been carried out on high quality natural gas pyroysis, sour
natural gas pyrolysis have received much less attention. Towler & Lynn (1996) introduced
thermal decomposition of hydrogen sulfide at high temperature as an alternative of Clause
process. The main advantage of the thermal decomposition is reduction of produced tail gas
rather than Clauses process. They have investigated the effect of CO. presence in feed gas
and temperature on decomposition and sulfur compounds production. Also, Huang and T-
Raissi et al (2007b, 2007c and 2008) have performed the thermodynamic analyses of
hydrogen production from sub-quality natural gas using a Gibbs reactor operation in the
AspenPlusTM chemical process simulator. Javadi and Moghiman (2010) have investigated
carbon disulfide, hydrogen and solid carbon production from sub-quality natural gas. Their
results show that the maximum yield of C(s) is in 1000 °K and then decreases due to
increasing of CS2 production.

Based on the importance of sub-quality natural gas pyrolysis, the effects of feedstock
parameters, reactor temperature and H>S/CHy molar ratio of feedstock on decomposition
process have been studied using the proposed carbon black furnace by Gruenberger et al
(2002).

2. Gas furnace carbon black

Hydrogen and carbon black production via thermal decomposition of natural gas have been
achieved using a carbon black furnace [Gruenberger et al, 2000 & 2002], plasma
[Gaudernack & Lynum 1998], solar radiation [Abanades et al, 2007 & 2008], a molten metal
bath and thermal reactors with and without catalyst [Steinberg, 1998; Ishihara et al, 2002;
Muradov et al, 1998 & Kim et al, 2004].
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Depending on the way that heat is supplied to sour natural gas, carbon black furnaces can
be classified as follows:

Type 1: Part of the natural gas or any other fuel burns inside the reactor to provide heat
needed to decompose the sour natural gas.

Type 2: Direct heat transfer from inert hot gases introduced into the reactor. This
method is known as “Hydrogen Sulfide- Methane Reformation”.

The carbon black furnace used in this investigation is a small-scale axial flow reactor
identical to that reported previously by Gruenberger et al (2002). The furnace has been
designed on the basis of using gaseous fuels as feedstock hydrocarbon, with a maximum
output of 10 kg carbon black per hour. The basic geometry of the carbon black furnace is
shown in Fig. 1, consisting of a pre-combustor, a mixing zone and a reactor. In the pre-
combustor, the axially injected natural gas burns with inlet air introduced through two
tangential inlets. Then, the highly swirling hot combustion gases mix with the sub-quality
natural gas injected radially into the pre-combustor in the proximity of the mixing zone. A
sudden increase in the tube diameter at the exit of the choke promotes vigorous mixing of
the SQNG fuel with the hot gases leading to thermal decomposition of CHy+H>S and
formation of hydrogen, carbon black, sulfur compounds and other precursor species for the
formation of carbon black [Lockwood et al, 1995].
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Fig. 1. Carbon black gas furnace[Gruenberger et al, 2002]

3. Chemical reaction modelling

Production of carbon black through thermolysis of SQNG involves a complex series of
chemical reactions which control conversion of both CH , and H,S as follows [Huange & T-
Raissi, 2007b; Towler & Lynn, 1996]:
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CH, > C(S)+2H,  AH, =-74.9kJ/mol Reaction (1)
1
H,S—> 582 +H, AH’ =—79.9kJ/mol Reaction (2)

Since reaction 1 is mildly endothermic, it requires temperatures higher than 850°K to
proceed at reasonable rates [Dunker et al, 2006], and, as reaction 2 is highly endothermic,

temperatures in excess of 1500°K is required for achieving reasonable rates [Huang & T-
Raissi, 2008].

Under special circumstances including using catalyst HS can react with methane producing
carbon disulfide (CS;) and H, [Huange & T-Raissi, 2008].

2H,S+CH, < CS, +4H, AH, = 232kJ/mol Reaction (3)

A portion of CH, and H,S can oxidize to produce CO, CO, and SO, [ Abdel
et al, 1998]:

CH, + %02 —CO+H,+H,0 and CO+ %O2 — CO, Reaction (4)

H,S+ % 0, -85S0, +H,0 Reaction (5)

H;S can also react with CO, producing COS [Sakanishi et al, 2005]:

H,S+CO, & COS+H,0 Reaction (6)

4. Turbulence—chemistry interaction

The mixture fraction/PDF method is used to model the turbulent chemical reactions
occurring in the diffusion, combustion and thermal decomposition of natural gas in the
carbon black furnace. This method, which assumes the chemistry is fast enough for a
chemical equilibrium to always exist at molecular level, enables handling of large numbers
of reacting species, including intermediate species. Transport equations are solved for the

mean mixture fraction f , its variance f’> and for enthalpy h. Calculations and PDF
integrations are performed using a preprocessing code, assuming chemical equilibrium
between 30 different species. The results of the chemical equilibrium calculations are stored
in look-up tables which relate the mean thermochemical variables (species mass fractions,

temperature and density) to the values of E, f2 and h [Saario & Rebola, 2005].

In non-adiabatic systems, where change in enthalpy, due to heat transfer, affects the mixture
state, the instantaneous thermo chemical state of the mixture, resulting from the chemical
equilibrium model, is related to a strictly conserved scalar quantity known as the mixture
fraction, f, and the instantaneous enthalpy, H*,(I)i = ¢i(f,H*). The effects of turbulence on

the thermo chemical state are accounted for with the help of a probability density function
(PDF):
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1
& = [ 0(6, H)p(E)df. M
0

In this work, the B -probability density function is used to relate the time-averaged values of

individual species mass fraction, temperature and fluid density of the mixture to
instantaneous mixture fraction fluctuations. The-PDF in terms of the mean mixture

fraction f and its variance f'>, can be written as:

P(f):lfH(l—_f)[H, 0<f<1
[eeta-pP e @
0
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Usmg the unweighted averaging [Jones & Whitelaw, 1982], the values of the two parameters

fand f?at each point in the flow domain are computed through the solution of the
following conservation equations [Warnatz, 2006]:
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where the constants 6, C,(=2/0,) and C  take the values 0.7, 2.86 and 2.0, respectively.

The distribution of the instantaneous enthalpy is calculated from a transport equation as
follows:

0 - 0 k, oH ou.
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5 (p i ) 5 .(C 5 ‘ ) ik a . h ()

i P i
where k, is turbulent thermal conductivity and S; includes the heat generated by the

chemical reaction and radiation. The instantaneous enthalpy is defined as:

H*:ijﬂjzzijT ¢ dT+h(Tref]} %

ref

where m; is the mass fraction of species j and h;(T, ;) is the formation enthalpy of species j

at the reference temperature T, .
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5. Numerical solution procedure

Fluent CFD software has been used to model the furnace employing solution-adaptive grid
refinement technique to solve the 3D problem. Gambit preprocessor is used for the fully
three dimensional geometry creations and unstructured grid generation. The 3D volume
grid is represented in Fig 2. The domain is discretized into a grid of 20493 nodes and 82745
tetrahedral cells.

Fig. 2. Three-dimensional tetrahedral grid

The conservation equations for mass, momentum, energy, Reynold's stresses, dissipation
rate, mixture fraction and its variance, and concentration of soot are solved by finite-volume
analysis, using a second-order upwind scheme for discretisation of the convective terms in
the transport equations.

The radiative heat transfer in the absorbing, emitting and scattering medium is calculated by
the Discrete Ordinates (DO) radiation model [Murthy & Mathur, 1998]. The RSM (Reynolds
stress model) is used for prediction of anisotropic, highly swirling and recirculating flow
inside the combustor. Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes
the Reynolds-averaged Navier-Stokes equations by solving six differential transport
equations for Reynolds stresses, together with an equation for the dissipation rate of
turbulence kinetic energy. The conventional wall-function approach is used in the near-wall
region. At the inlet boundary, conditions are specified once and did not need updating
during the course of the solution procedure. At the outlet boundary, zero gradient
conditions are applied. We assumed an isothermal boundary condition at the wall of the
furnace.

A grid dependence study was conducted to arrive at the appropriate size of the grid for
optimal accuracy and efficiency. The number of grid points was varied from 17231 to 36387
for typical set operating conditions. We observed that the field quantities varied less than
1% after the number of grid points increased beyond 20493. For the radiation model,
emissivity coefficient at the flow inlets and outlets were taken to be 1.0 (black body
absorption). Wall emissivity was set at 0.6, a typical value for combustion gases.
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6. Results and discussion

As mentioned above, the processes of methane pyrolysis differ mainly by the way heat is
supplied to the furnace. In this study, sour natural gas decomposition in a carbon black
furnace has been investigated for two types of supplying heat. In the first type, the natural
gas burns inside the pre-combustor (Fig.1) to provide required heat for decomposing feed
sour gas. In this case, the problem is the effect of combustion product (process gases) and
excess air which extremely affect on sour natural gas decomposition and furnace product. In
the second type the heat transfers from inert hot gases to feed sour gas. In this case only
reactions 1 to 3 are involved and there is not the problem of excess air and combustion
products. In this study the sour natural gas thermal decomposition inside the axial flow gas
furnace designed by Gruenberger et al (2002) has investigated. The results of two types of
supplying heat for pyrolysis are as follows:

6.1 Type 1: Pyrolysis by hot combustion gases
The total pre-combustor inlet airflow rate is19x 10> m?® /s , at the temperature of 690° K and

pressure of 1 bar. The equivalence ratio used for the pre-combustor is 0.92. The accuracy of
the quantitative or even the qualitative trends for the combustion and decomposition
parameters depend on the accuracy with which the temperature and species concentration
fields are determined from the numerical calculation of the present model. To establish the
accuracy of our model, we have been calculated and compared the model predictions to the
experimental measurements of Gruenberger [Gruenberger et al, 2002] with no H»S. For
comparison purposes, we first conducted computations without H»S in feed gas.

A comparison of reactor outlet average temperature and carbon black yield (kg carbon
black/kg feedstock) predicted by this model and by experimental results is given in Figs. 3
and 4. Results of Fig. 3 depict that the model predicts lower temperatures than the
experimental data, especially at high feed flow rates. The discrepancy between the two
results might be due to the fundamental assumption made in the combustion model (PDF
fast chemistry combustion model), which assumes that chemistry is fast enough for a
chemical equilibrium. Results of Fig. 4 show that the predicted and measured carbon black
yields are in very good agreement and maximum carbon black yield is reached at the
equivalence ratio of 3. The discrepancy between the two results can be attributed to the
temperature levels obtained by the two methods (see Fig. 3). The lower temperature levels
computed by the model might be due to higher decomposition of CHy. Fig. 5 presents the
calculated distributions for CHy, H,S, temperature and mass fraction of soot, carbon black,

COS and gaseous sulfur predicted by the model at feed rate of 3x10°kg/s. HyS mass

fraction in natural gas is assumed to be 10%. Of particular interest are Figs. 5d-f that show
soot formation due to incomplete combustion of inlet methane and production of solid
carbon and gaseous sulfur by pyrolysis of methane- hydrogen sulfide jet interaction with
hot surroundings. Results from the model calculations seem to indicate that the use of more
inlet injection ports for SQNG feed would increase the yield of carbon black and sulfur
compounds.

Fig. 6 shows the reactor outlet temperature as a function of inlet mass flow rate for two cases
a) with H»S, b) without HS. It can be seen that the results obtained for these two cases are
similar. The small discrepancy between the results may be due to CHy decomposition
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reaction that begins at lower temperatures than that of H»S. Also, Fig. 6 depicts that
temperature drops precipitously with increasing flow rate of feed gas due to the
endothermic nature of both CH4 and H,S decompositions.
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Fig. 6. Effect of feedstock flow rate on calculated outlet temperature

Figs. 7 and 8 show the effect of feed gas flow rate and reactor outlet temperature on CHy and
H>S conversions given by [Huang & T-Raissi, 2008]:

CH,] -[CH H,S] -[H,S
Mx 100, H,S conversionzwx

CH, conversion=
[CH4], [H,S],

100

where [CH,], and [H,S], denote the initial (input) concentration of CH; and HS,
respectively. [CH,] and [H,S]are equilibrium concentration of CHs and H,S at reactor

outlet, respectively. Fig. 7 depicts that the H»S conversion drops sharply with increased feed
gas flow rate, which can be attributed to the endothermic nature of HoS and CHi
decomposition reactions. For higher values of feed gas flow rate (>0.002kg/s) CH,

conversion decreases with increased feed gas flow rate due to the endothermicity of CHy
thermolysis. The major factor influencing CH; and H)S conversions appears to be
temperature. Fig. 8 shows that CHs; conversion reaches 100% at temperatures above

1100°K . Because CH4 decomposition reaction is mildly endothermic, the temperature must

be above 850°K for the reaction to proceed at a reasonable rate. This is in accordance with
the results of Huang and T-Raissi (2008). At any temperature, H»S conversion is less than

that of CHy, especially at those below 1300°K wherein H,S conversion is less than 5%. For
higher values of reactor temperature (>1300°K), H>S conversion increases sharply with
reaction temperature. As the reaction of HoS decomposition is endothermic, the temperature

must be above 1500°K for the reaction to proceed at rapid rates.



The effect of H,S on hydrogen and carbon black production from sour natural gas 173

100 r 100
80 CH, [
~ g
g 90 =
= c
E 60 %
g 85 :
z 40 g
g 80 S
0 *L
T 20 75 O
0 70
0 1 2 3 < 5 6
Feedstock Mass Flow Rate (1000*kg/s)
Fig. 7. Effect of feedstock mass flow rate on H,S and CHy conversions
100 ~ - 100
CH4 i

80 _ 95
S g
< 1L g0 <
S 60 5
4 4
% + 85 aéa
S 40 - 9
2 + 80
T H2S 5

20 - 1 75

0 7 1 70

800 1200 1600 2000
Temperature (K)
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Figs. 9 shows the effect of feedstock flow rate on CHy, carbon black, soot and CO mass
fractions at the furnace outlet. It can be seen that for lower values of feed gas flow rates, the
very high temperature pre-combustor effluent (see Fig. 6) causes the feedstock methane to
convert to CO rather than carbon. For higher values of feedstock flow rate, the formation of
carbon black increases, and due to the resulting lower temperatures, the mass fraction of CO
and soot decreases. This is so because the soot model strongly depends on the reaction
temperature. Fig. 10 shows the effect of feedstock flow rate on H, and carbon black yields at
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the furnace outlet. It can be seen that the yield of H; increases with increased feed gas flow
rate until it reaches a maximum value, and then drops with further increase in the flow rate.
For higher values of feedstock flow rate, the yield of carbon black increases and due to
reduction in CH4 conversion (see Fig. 7) the yield of hydrogen decreases.
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Fig. 9. Effect of feedstock flow rate on CHy, CO, carbon black, and soot mass fractions
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Fig. 11 depicts the yield of sulfur (due to HoS decomposition) and SO, (due to H)S
combustion) as a function of feedstock flow rate at the outlet of the furnace. S, and SO,
yields are defined as [Huang & T-Raissi, 2008]:

S, (%) =521 w100 | 50, (%) =1302)

*100.
[H,S] [H,Sl

where [S,] and [SO,] denote the equilibrium molar concentrations of S, and SO,,
respectively. The figure reveals that for low values of feedstock flow rate (<0.002kg /s) that
result in high reaction temperatures (see Fig. 3) H,S converts mostly to S, and SO, . It can
be seen that for higher values of feedstock flow rate, yield of S, and SO, are quite low.
This is due to reduced of H,S conversion (see Fig. 7). Figs. 12 and 13 depict the effects of

feedstock mass flow rate and temperature on the yield of COS and CS,, respectively, as
defined by:
Ccs
COS(%) - 1COST, 00 , CSZ(%):MHOO
[H2S]o alo

where [COS] and [CS,] denote the equilibrium molar concentration of COS and CS,,
respectively [Huang & T-Raissi, 2008]. Fig. 12 shows that COS and CS, yields increase

with increased feedstock flow rate until they reach a peak, and then drop with further
increase in feed gas flow rate. Figs. 12 reveals that yield of CS, is always low (<0.0007%) .
This is in accord with results of Huang &T-Raissi (2008) and Towler & Lynn (1996).
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6.2 Type 2: pyrolysis by inert hot gases
In the case of Type 2, the inert hot gas (argon) flow rate introduced into the pre-combustor is

3x107kg/s with pressure of 1 bar and the temperature varying from 600° K to 1800° K. The

feedstock sour natural gas feed rate is 19x107°m?/s with H,S/CH, molar ratio varying

from 0 to 4 and the temperature of 300° K. As the reactions of CHy and H»S decomposition
are endothermic, in order to avoid the reduction of inert gas temperature some thermal
elements have been utilized.

Figs. 13 and 14 illustrate the effects of feedstock HoS/CHj ratio and reaction temperature on CHy
and HsS conversions. Results show that the major factor influencing CH, and HS conversions is
temperature. As the temperature increases, CH; conversion also increases to reach 100% at
temperatures above 1100° K for H,S/CHy, feed ratio ranging from 0 to 4. Since the endothermic
reaction of CHjy conversion occurs at lower temperatures compared with HoS conversion, the
reactor temperature is significantly affected by CHy molar ratio in feedstock. Based on these
results it can be concluded that as the reaction temperature increases up to about 1100° K,
methane pyrolysis is the dominant reaction that controls reactor temperature. H,S decomposition
is the limiting step in the HyS-methane reformation process (Reaction 3) as it proceeds by the
sequential reaction involving H,S pyrolysis to form sulfur diatomic gas (Sy) (Reaction 2), followed
by S; reaction with CHy to produce carbon disulfide (CS;) and H». Fig. 15 depicts that H»
production increases by increasing molar ratio of CHy (decreasing HS/CHy ratio) in feedstock
and temperature. The rate of hydrogen production from pyrolysis of methane is much more than
that of hydrogen sulfide. Therefore, any reduction in H>S/CHy feed ratio, for constant feedstock
mass flow rate, leads to significant increase in hydrogen production rate.

Figs. 16 and 17 depict the yields of carbon and sulfur as a function of H>S /CHy feed ratio
and reaction temperature. Fig. 16 shows that carbon yield increases with increasing
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temperature until the yield reaches a maximum value (at about 1000°K), and then drops
with further increase in the temperature for H,S/CH, ratios more than zero.
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Fig. 13. The effect of reaction temperature and feedstock H,S/CHj ratio on CHjy conversion
for constant feedstock mass flow rate in the case of Type 2
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In temperatures lower than 1000°K, hydrogen and carbon are produced by CHi
decomposition. But in temperatures more than 1000°K hydrogen is produced from both of
methane and hydrogen sulfide, and formed solid carbon from CH; decomposition is
consumed by CS; production (Fig. 18). Fig. 17 depicts that by either increasing H,S/CH,
ratio or the reaction temperature, S, yield increases. As explained in chemical reactions
section, hydrogen sulfide requires high temperatures to be decomposed. Consequently, S,
yield for temperatures lower than 1000°K is negligible. As shown in Fig .18 , CS; yield
depend not only on the temperature, but also on the H»S/CHj, feed ratio. In temperatures
lower than 1000°K, the yield of carbon disulfide (CS,) approaches zero (Fig. 7). These results
are in accordance with results of Huang and T-Raissi (2008).
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Fig. 17. The effects of reaction temperature and H,S/CH, ratio on S, yield for constant
feedstock mass flow rate

7. Conclusions

The production of hydrogen and carbon black from sub-quality natural gas containing
methane (CHy4) and hydrogen sulfide (H»S) has been analyzed for two types of supplying
heat. Based on the presented results, the following conclusions may be drawn:

o The major factor influencing CHy and H»S conversions is reactor temperature.

e At temperatures above 1100°K, CH4 conversion is complete.

e At any temperature, HyS conversion is less than that of CHy, especially at temperature
below 1300°K for which H,S conversion is less than 5%.

e For lower values of feedstock flow rate, CH; is converted to mostly CO and
consequently, the yield of carbon black is low. For higher values of feed gas mass flow
rates yield of carbon black increases to a maximum value before dropping at much
higher feed gas flow rates.
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o The yield of hydrogen (in combustion case) increases with increasing feed gas mass
flow rate until it peaks and then drops with further increase in the flow rate.

o For temperatures higher than 1200°K, H)S conversion increases sharply with
temperature.

e Since CHy conversion occurs at lower temperatures compared with HoS conversion,
the reactor temperature is significantly affected by the amount of CHs.

e The carbon yield reaches a maximum value about 1000°K and the then drops with
further increase in the temperature for sour natural gas (H,S/CHys ratio>0).

e (CS2 and COS are minor products in combustion case and can be neglected, while CS2
yield in inert gas case reaches up to 80% as a major product.
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1. Introduction

Gas geochemistry has been proven to be a reliable and simple technique to apply, at
different scales, to many geological scenarios (Annunziatellis et al., 2003; Lewicki et al., 2003;
Baubron et al., 2002; De Gregorio et al., 2002; Ciotoli et al., 1998; Ciotoli et al., 1999;
Lombardi et al., 1996; Hickman et al., 1995; Duddridge et al., 1991; Durrance and Gregory,
1988; Eremeev et al., 1973). The importance of fluid geochemistry is rooted in the fact that
the Earth is an open system and that fluid-releasing crustal phenomena are the major means
for the exchange of matter and energy at different depths. As such, fluid-releasing channels
like active faults and fractures are actually a “window” on subterranean physical and
chemical variations (Ciotoli et al., 2007).

The study of spatial distribution of soil gas anomalies at the surface, can give important and
interesting information on the origin and processes involving deep and superficial gas
species. This information can be applied and studied in different frameworks, for example:
I) seismic zonation, examining, at the surface, anomalous concentrations of deep gas species
that upraise throughout preferential pathways (faults and/or fractures). Soil gas
distributions can be directly linked to the evolution of the stress regime and gases migrate
preferentially through fractured zones but only along pathways whose permeability has
been enhanced by seismic activity and/or through areas of brittle deformation.

II) Environmental protection, such as the monitoring of naturally occurring toxic gases to
highlight zones with high health risks for humans. The presence of magmatic chambers can
cause an accumulation of gases in the subsurface and local structural features can favour
high degassing phenomena. These events are particularly dangerous in populated areas and
it is necessary to build risk maps to define the potential health hazard in terms of both
short-term and long-term risk.

III) Radionuclide migration, both in the pollution assessment from abandoned uranium
mines and in the study of high-level radioactive-waste isolation systems. The main
approach is to study the natural migration of radiogenic particles or elements throughout
clay formations that are considered an excellent isolation and sealing material due to their
ability to immobilize water and other substance over geological timescales. The evaluation
of long-term behaviour of clays under normal and extreme conditions is still the main topic
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in questions relating the role of clays as geological barrier for the permanent isolation of
long-lived toxic residues.

Soil gas distribution would be affected by surface features such as pedological, biogenic and
meteorological factors: these are supposed to have only a subordinate effect on gas leakage
(Hinkle, 1994). However, it is possible to properly interpret soil gas anomalies and recognize
influences of surface features studying the association of different gases (having different
origin and physical/chemical behaviour), collecting a large number of samples during
periods of stable meteorological and soil moisture conditions (e.g., during dry season) and
using appropriate statistical treatment of data (experimental variograms to investigate the
spatial dependency of gas concentrations).

Soil gas geochemistry involves the study of many gaseous species (radiogenic, trace and
diagenetic gases); each of them can give specific information on the conditions that allow
their formation, accumulation and/or migration.

Field data can show the usefulness of the soil gas method for detecting, for instance, crustal
discontinuities even when faults are buried or cut non-cohesive clastic rocks which makes
surface recognition difficult using traditional field methods (Ciotoli et al., 1998; Lombardi
et al., 1996; Duddridge et al., 1991; Durrance & Gregory, 1988). These characteristics as well
as the rapidity and the low cost of the soil gas survey, make this method a powerful tool for
geological investigation which can significantly contribute to hazard assessment and
forecasting, especially when continuous monitoring is performed (Klusman, 1993; Reimer,
1990; King et al., 1996; Sugisaki, 1983).

In this chapter, we outline the results from two soil gases: radon, a radiogenic trace gas, and
carbon dioxide, which generally acts as carrier for trace gases. We will show data obtained
in either prospecting or monitoring case studies.

2. Radon and Carbon Dioxide origin and behaviour

Radon (2Rn) is a rare gas and is probably the gas used the most frequently for mapping
and predicting purposes. 22Rn is a naturally occurring radioactive daughter product of the
uranium decay chain, with a short half-life (3.8 days). In the geologic environment, it
displays a poor intrinsic mobility (Tanner, 1964; Dubois et al., 1995). In diffusive systems,
due to its low mobility and its short half-life, radon obviously comes from a short distance
below the measuring instrument. Information of a deep origin, however, is expected to be
noticed when Rn of a subsurficial origin is extracted by a rising gas/water column. In this
latter case, radon being incorporated in the fluid during the last steps of the process, can be
used as a tracer, acting as a relative flow meter and velocity meter of the bulk fluid. It gives
therefore information about both the steady state conditions and disequilibrium features of
a global reservoir, which can be a hydrothermal cell, possibly magma-generated (Pinault &
Baubron, 1996). Soil radon activities analyzed in surface conditions depend upon the
following main factors: the emanating power of the rock and soil (Morawska & Phillips,
1993), the permeability of the host rock and the flow of the carrying gas (Ball et al., 1991).
Generally, radon activities increase with increasing flows (because the gas velocity increases,
causing both less time for decay and more extraction). For higher flows, however, dilution of
radon by the flux may occur with a subsequent decrease of radon activities measured at the
surface.
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All these features allow radon to be used as a tool for mapping and determining
characteristics of hydrothermal systems (D’Amore et al., 1978, Cox, 1980; Etiope &
Lombardi, 1995), for fault detection in volcanic terrains (Crenshaw et al., 1982; Aubert &
Baubron, 1988; Baubron et al, 1991), for uranium exploration (Fleischer et al., 1972;
Klusman, 1993; Wattananikorn et al., 1995; Charlet et al., 1995) and for groundwater flow
characterization (Gascoyne et al., 1993). 22Rn monitoring has long been used for both
earthquake (King, 1978; Fleischer & Magro-Campero, 1985; Segovia et al., 1989; Shapiro et
al., 1989; Woith et al., 1991) and volcanic prediction purposes (Cox et al., 1980; Del Pezzo et
al., 1981; Thomas et al., 1986; Thomas, 1988; Toutain et al., 1992).

Carbon dioxide (CO) is the most abundant gas species in hydrothermal to volcanic
environments. Kerrick et al. (1995) calculated that non-volcanic CO, emissions from high
heat flow areas may substantially contribute to the balance of the carbon cycle. Natural
discharges of CO, have several sources: the mantle, metamorphism of carbonate-bearing
rocks, decomposition of organic material and surface biological activity (Irwin & Barnes,
1980). Generally, carbon dioxide in fault zones is a mixture of some of these sources
(Sugisaki, 1983). High CO, fluxes appear correlated with both high heat flux areas
(associated with active and ancient volcanism) and limited areas with deep fracturing
(emitting carbon originated from the mantle and from decarbonation processes, with
possible mixing of these two sources). Irwin & Barnes (1980) suggested that discharges of
CO», might indicate areas with high pore pressure at depth, and therefore may serve to
identify potential seismic regions. CO, is used for fault mapping (Irwin & Barnes, 1980;
(Sugisaki et al., 1980; Sugisaki, 1983; Baubron et al., 1990, 1991) as well as for both seismic
and volcanic monitoring (Shapiro et al., 1982; Toutain et al., 1992; Rahn et al., 1996).

3. Sampling and analytical procedures

Soil gas surveys can be performed at both regional (e.g., sampling grid: 1 sample/km?) and
local scale (detailed sampling grid including profiles and/or transects) on the basis of the
goal of the research. The surveys should be performed during summer or dry periods to
avoid climatic factors which may affect soil gas values (Hinkle, 1994).

Shallow soil gas samples are obtained using a 1 m stainless steel probe fitted with a brass
valve: this system enables soil gas to be collected and stored in metallic containers (with a
vacuum 10-2atm) for laboratory analysis or to be pumped for on-site Rn analysis.

Radon determination is accomplished in the field with an EDA Instrument RDA-200 Radon
Detector.

Generally, the studied gases include major (N2, O, CO») and trace (*He, Hy) gases and light
hydrocarbons (C; to Cj). The determination of helium is performed with a Varian
Instrument Mass 4 spectrometer. Nz, O, CO; and light hydrocarbons concentrations are
analyzed using a Fison Instrument GC-8000 Series gas-chromatograph. The used detectors
are: Thermal Conductivity Detector (TCD) for N, O, and CO; in order to achieve sensitivity
up to percentage and Flame Ionization Detector (FID) for light hydrocarbons with a
sensitivity of an order of 0.2 ppm.

A specific technique has been developed to collect submarine samples (Caramanna et al.,
2005) in proximity of gas vents. In order to collect free/dry gas samples, a plastic funnel is
inverted (30 cm diameter with 12 kg ballast around the lower ring) and placed precisely on
the gas vent to be sampled. All of the samplers are stored in a plastic box that is carried
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underwater by the divers. The funnel is connected, through a silicon hose, to a Pyrex glass
flask with twin valves. This flask is pre-filled with air at a pressure above that of the
hydrostatic pressure expected at the sampling depth in order to stop seawater from entering
the sampler. Afterwards, collected gas samples are analysed at the laboratory.

4. Results

Results from different geological scenarios are presented highlighting the usefulness of the
method in geochemical exploration. In particular, three different topics (seismic zonation,
toxic emanation and radionuclide migration) will be treated showing two examples of
studies for each of them in order to give a general idea of the soil gas geochemistry
applications.

4.1 Seismic zonation

Earthquakes constitute a severe source of human disasters all around the world.
Consequently, short-term considerations, through the search for precursory signals, have
received great attention in the last several decades. Among the techniques used for the
search of precursors, geochemistry has provided some high-quality signals, since the 1960s,
mainly as the result of instrumental developments. Focusing interest on geochemical
anomalies linked to seismo-tectonic activity is not an unexpected development, owing to the
multiple evidence of a genetic link existing between fluid flows and faulting processes
(Hickman et al., 1995).

The Colpasquale area is located in the central Italian region of Marche that was devastated
by a sequence of shallow earthquakes over a three month-long period (September-
December, 1997). The occurrence of this catastrophic event as well as the long duration of
the "seismic sequence", presented a unique opportunity to apply a study of gas migration to
a zone undergoing active displacement. Soil gas surveys were performed one day, one
week, one year and two years after the main shock (Ms 5.6) in this area (Lombardi &
Voltattorni, 2010).

Figure 1 shows box plots used to display and compare the distribution characteristics of the
Rn and CO; soil gases during the different surveys. The graphs indicate that the median
values of radon activity (Fig. 1a) are not temporally constant, thus displaying the complex
character of this gas whose leakage can vary as a function of many factors including, in
particular, the variation in the stress regime. The highest median value (50.8 Bq/1) occurred
during the second 1997 survey and increases again in 1999 after a very low 1998 median
value. The great variability of mean values during years suggest that gas microseeps can be
influenced by many factors, such as fault permeability, fracture width, an increase/decrease
of grain surface and porosity, as well as grain comminution by coseismic cracks that
produce active surface area and circulation pathways (Holub & Brady, 1981). Median value
of CO» (Fig. 1b) is quite constant during the first three surveys while doubles during the last
campaign.

The use of variogram surface maps has the potential to define phenomena affecting gas
distribution along a specific direction (fault-related anisotropy effect). Figure 2 shows the
radon variogram surface maps. During the first two surveys the distributions are isotropic,
suggesting that there is no preferential direction along which the degassing phenomena
occur. A slight anisotropy is evident during the third campaign (Fig. 2c), but only in the last
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survey is it possible to observe the maximum spatial data continuity (Fig. 2d) along a major
NW-SE anisotropy axis. This orientation parallels the direction of the Apennine belt along
which the main faults and earthquakes are distributed (Cocco et al., 2000).
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Fig. 1. Box plots of the different soil gas species (Rn and CO,) during the four surveys at the
Colpasquale area (Marche region). The plot a) highlights that Rn concentrations are not
temporally constant, but rather the leakages of this gas can vary as a function of many
factors, such as the variation of local stress regime.

These results suggest an “evolution” of the radon distribution, starting with an initial radon
leak immediately after the first seismic event. This initial phase could have been caused by
sudden degassing soon after the earthquake as the result of the opening of numerous
fractures, resulting in widespread anomalies and the basic "flooding" of the local soil gas
with radon. Once the earthquakes ceased some of the structures began to close and become
less permeable to gas flow, allowing the system to slowly return to a state of equilibrium by
dissipating the high radon concentrations into the atmosphere. However, where fractures
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remained open at depth, such as within inferred faults, they provided a steady but reduced
flux of radon to the surface.

The CO; variogram surface maps (Fig. 3) also show spatial variability over the three years.
The anisotropy seems to rotate clockwise from a mostly E-W direction in the first survey to a
NE-SW direction in September 1999. The variogram maps imply that the shallow gas
distribution may be linked to the variation of the stress regime, as the final NE-SW

anisotropy is in accordance with the process of an extensional stress regime of the region
(Amato et al, 1998).
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Fig. 2. Variogram surface maps of radon data from the Colpasquale area (Marche region).
The first two surveys show an isotropic distribution, meaning that there is no evident
preferential anomaly orientation. A slight anisotropy is evident during the third campaign,

but only in the last survey it is possible to observe the maximum spatial data continuity with
a major anisotropy axis oriented NW-SE.
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The Fucino Basin (central Italy) is another studied area characterized by known and inferred
structural discontinuities. The Fucino basin (about 250 square kilometers) is an
intramontane tectonic depression located in peninsular Italy within the Apennine chain. The
basin is affected by a complex fault network (Nijman, 1971; Giraudi, 1989; Blumetti et al.,
1993; Galadini & Messina, 1994) due to an intense Quaternary activity whose most evident
geomorphic expression are high mountain fronts. The geometry of these faults and the
kinematic indicators, mainly normal or oblique slip, confirm that extensional tectonics has
been mainly responsible of the evolution of the basin (Blumetti et al., 1988, 1993; Galadini &
Messina, 1994)
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Fig. 3. Variogram surface maps of CO; data from the Colpasquale area (Marche region). The
maps show a variability of spatial data continuity over the three years. The anisotropy
seems to rotate clockwise from a mostly E-W direction at the first survey to a NE-SW
direction in September 1999.
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Soil gas surveys were performed in two stages: a regional sampling was carried out over the
Fucino plain with a density of 4 -6 samples/km? (548 samples) and three transects were
carried out at a more detailed scale (sample density of 10-20 samples/km? for transects 1
and 2, and 80-100 samples/km? for transect 3), crossing evident or inferred structural
features in order to achieve a better definition of soil gas distribution.
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Fig. 4. Contour maps of (a) Rn and (b) CO; in the Fucino Plain. Radon and carbon dioxide
anomalies well fit with the trend of known structural features both in the eastern and
western sectors.

Results obtained from the regional survey show that radon and carbon dioxide anomalies
(Figure 4) fit well with the trend of known structural features both in the eastern and
western sectors, mimicking the general NW-SE fault orientation of the area.

Higher Rn and CO; concentrations characterize the eastern sector of the Fucino Plain where
the most active/recently activated faults (OF and SBGMF) occur. The shape of the anomalies
confirms the highly anisotropic behaviour and shows the spatial domain of the faults
affecting the radon distribution. In the western sector, radon distributions define the
southern and the northern segments of the known Trasacco Fault (TF), in agreement with
structural observations (Ciotoli et al., 1998). It is quite clear that the anomalies are smeared
laterally, confirming the rotation of the anisotropy axis toward the E-W direction. In this
sector this phenomenon is probably linked to a more complex fault geometry (wide
fracturing) associated with a shallow structural high of carbonate substratum. Furthermore,
in the north-western sector of the plain very high radon anomalies clearly define the WSW-
ENE ACEF, as well as some associated minor Apenninic faults oriented toward the centre of
the plain. The CO; contour map shows low values with respect to the eastern sector, but an
anomalous distribution similar to that of radon. The anomalies are located in
correspondence with the TF and with the minor Apenninic faults in the northwester sector
of the plain. Minor CO, anomalies are located in the centre of the plain where fault-induced
liquefaction was recognized during the 1915 Avezzano earthquake, and along a WSW-ENE
buried fault.

The results from the three transects yielded anomalies with different features, reflecting the
different gas-bearing properties of the eastern seismogenic faults related to the 1915
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earthquake (Mb =7.0) and the hidden structural features occurring in the western side of the
plain (Ciotoli et al., 2007). All the achieved results show that gases migrate preferentially
through zones of brittle deformation, by advective processes as suggested by the relatively
high rate of migration needed to obtain anomalies of short-lived 222Rn in the soil pores.

4.2 Toxic emanation

The sudden and catastrophic, or slow and continuous, release at surface of naturally
occurring toxic gases like CO, and Rn poses a serious health risk to people living in
geologically active regions. In general this problem receives little attention from local
governments, although public concern is raised periodically when anomalous toxic gas
concentrations suddenly kill humans or livestock.

An area in proximity of Panarea Island (Aeolian Islands, southern Italy) was interested by a
huge submarine volcanic-hydrothermal gas burst during November, 2002. The submarine
gas emissions chemically modified seawater causing a strong modification of the marine
ecosystem and the death of mainly benthonic life forms and serious damage to the sea-grass
Posidonia oceanic (Voltattorni et al., 2009).

Gases have been collected from the seafloor at variable depths (depending on gas emission
point depth) and the chemical compositions of the submarine gas emissions have displayed
a complex combination of temporal and spatial variability from November 2002 to
December 2006. The temperatures of leaking fluids are variable at the different gas emission
points (Fig. 5): highest temperature measurements refer to Black point ranging between 110
°C and 137 °C, excepting the first measurement (a few days after the gas burst, on
November, 13, 2002) being 30 °C. Lower temperatures (mean value: 86.7 °C) have been
measured at the Sink point and at Vent 8§ (mean value: 52.11 °C). According to Capaccioni et
al. (2007), a possible explanation for the temperature variability at the different gas emission
points is related to an inferred magmatic system centred on or closer to Black point and
whose diameter probably does not exceed a few hundred meters. Vents 1 and 2 have
recorded the lowest values (mean values, respectively: 39.75 and 33.8 °C). Being located at
the margins of the inferred magmatic system, the latter vents have probably been affected
by thermal cooling in the declining stage, because of a rapid inflow of cold seawater from
the surroundings.
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Fig. 5. T measurements at Panarea vents. Fluids from vents are very hot (especially from
Sink and Black point with temperatures >90 °C) but due to their low flow, they do not affect
temperatures of the surrounding seawater.
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All of the collected gases are CO,-dominant (the content varies from a minimum of 83.64
vol. % to a maximum of 98.43 vol. %). Fig. 6 shows a comparison of the CO, values from the
five monitored vents through a statistical distribution (box plots). The CO; leakage varies at
the different vents being higher at the Black point and lowest at the Sink point. However,
median values are very similar for each vent suggesting a common degassing input linked
to local tectonic features. In fact, all the gas emission points are located along N-S, E-W and
NE-SW oriented active faults controlling the Aeolian Volcanic District. The main
consequence of the presence of high levels of CO; in the water chemistry is a generic
acidification of the sea with a reduction in pH. This phenomenon affected both the macro
and the micro biota. Regarding the macro life-forms in particular, extensive damage to the
benthic life-forms was observed; this damage was mainly to the calcareous-shell organisms.
Even though the damage to the benthic life-forms seems to be permanent, there is a general
healing of the ecosystem with the return of some species of fish. Another organism that was
seriously affected by the presence of carbon dioxide is the “Posidonia oceanica” sea-grass.
Once the Posidonia was dead, the available substratum was colonized by other species such
as more resistant algae. Of the studied micro life-forms, the viral abundance was affected by
the presence of the gas vents with a decrease close to the carbon dioxide plumes. From these
results it is possible to hypothesize that viruses can be less tolerant than prokaryotes to the
carbon dioxide chemistry and this can have consequences on the biota equilibrium in the
areas affected by increased levels of CO, (Manini et al., 2008).
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Fig. 6. Box plots of soil gas CO, data from the Panarea vents. The median values are very
similar for each vent suggesting a common degassing input linked to local tectonics.

Another example of toxic emanation study was performed in the Albani Hills area (a
volcano located about 20 km southeast of Rome and extending over an area of about 1500
km) where strong areally diffuse and localised spot degassing processes occur
(Annunziatellis et al., 2003). The main structural features which cause the high degassing
phenomena are buried highs in the carbonate basement which act as gas traps.

Data were processed in order to build risk maps and highlight areas having a potential
health hazard in terms of the short-term risk caused by elevated CO, concentrations and the
long-term risk caused by high radon concentrations (Beaubien et al., 2003).
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Figs. 7 and 8 show the contour maps of radon and carbon dioxide concentrations in soil gas
calculated using the kriging method and spherical variograms model estimation. In the
surveyed area, the distribution of anomalous radon values (>60 kBq/m3) shows a maximum
anisotropy orientation (N340°-350°), which parallels that of the Apennine mountains. This
can be seen both in the western and the eastern sectors along the Appia road (where aligned
effervescent water springs occur). Point anomalies occur around the Consorzio Vigna Fiorita
(from 75 to 250 kBq/m?3, 1.8-2.4 in log scale), as well as near the village of Cava dei Selci
(>100 kBgq/m?3) where the major gas release occurs. Background values (i.e. in situ

production) occur in the central sector of the area.
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Fig. 7. Map of the radon distribution in soil gas. The radon anomalous values (>60 Bq/1, 1.7
in log scale) shows clear linear trends parallel to the Apennine mountains. The anomalies
are located in the western sector where an alignment of sparkling water springs also occur,
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show a mild anisotropy along a NW-SE major axis, similar to that of radon. Most of the
anomalous concentrations (up to 80%, 1.9 in log scale) occur as spots in the eastern sector.
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The distribution of radon anomalies in the Ciampino-Marino districts marks the presence of
high permeability channels (faults and fractures) along which, due to the action of a carrier
gas (such as CO), the short-lived Rn is able to migrate quickly and produce soil gas
anomalies. Furthermore, the orientation of the anomalies accords with the trend of known
structural features, mimicking the general NW-SE trend of the Ciampino high (Di Filippo &
Toro, 1995). The anomalies are spatially continuous along the major NW-SE axis, and their
width of about 1 km emphasises the spatial domain of the faults which border the Ciampino
high structure.

The soil gas CO; results (Fig. 8) show a pattern that is similar to that in the radon contour
map. Most of the anomalous concentrations (up to 80%, 1.9 in log scale) occur as spots in the
eastern sector (Cava dei Selci area and the urbanised area of the Consorzio Vigna Fiorita).
The high CO; levels in the ground are therefore probably associated with a low enthalpy
geothermal system, either metamorphic reactions involving the carbonate substratum or
magma degassing, corresponding to faults associated with the Ciampino high.

Generally, the high radon concentration in soils causes high radon concentration indoor: as
reported in the literature (Reimer & Gundersen, 1989), indoor radon and soil gas radon
show a linear correlation coefficient of 0.77. For this reason, indoor radon measurements (30
samples) were made, using a Genitron Instruments AlphaGuard Radon monitor in random
selected private and public dwellings and cellars located in the surveyed area (Cava dei
Selci and S. Maria delle Mole villages). Fig. 9 shows a comparison between mean indoor
radon values calculated for cellars, ground and first floors and soil gas concentrations. The
mean values calculated for the three monitored levels highlight the expected trend, in which
cellars show the highest values (in certain sites, measured indoor radon values are
extremely high up to 25 kBq/m?3). It is worth noting that the mean soil gas concentration
corresponding to the cellar measurements is not the highest. This confirms that enclosed
spaces in contact with the ground are more affected by radon and/or toxic gas
accumulations.
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Fig. 9. The bar chart shows the comparison between the radon indoor mean values at
different levels (cellars, ground levels and first floor) with the radon concentrations
measured in the soil gas samples at the same sites. Numbers in the bars indicate the radon
values in Bq/m3. The figure highlights that cellars show the highest radon values (up to
25,000 Bq/m3).
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4.3 Radionuclide migration

Two different examples of the study of radionuclide migration will be discussed. The first
one regards the study of soil gas distributions in clays altered by heating, based on findings
at Orciatico site of natural analogue of nuclear waste disposal. The second example is
related to the presence of an abandoned uranium mine in proximity of the main natural
water resource of Kyrgyzstan (central Asia).

The physical properties of thermally altered clays of the Orciatico area (Tuscany, Central Italy)
were studied as argillaceous formations could act as geological barriers to radionuclide
migration in high-level radioactive-waste isolation systems. Though available data do not
allow exact evaluations of depth, many features of the Orciatico igneous body (widespread
glass, highly vesicular peripheral facies etc.) point to a shallow emplacement, comparable with
that reasonably forecast for a repository. Not even exact definitions of the temperature of
magma at the moment of emplacement are feasible. Only some evaluations can be proposed:
from its distinctly femic composition temperatures over 800 °C may be assumed for the
alkalitrachytic magma intrusion (Leoni et al., 1984; Hueckel & Pellegrini, 2002). These values
are much higher than those expected around a radiowaste container (up to 300°C, according to
Dayal & Wilke, 1982); therefore, as to the thermal aspects the Orciatico magmatic body and its
metamorphic aureole must be regarded as an extreme condition model of a radiowaste
repository and probably it can be mainly used to demonstrate a worst case. The study was
performed through detailed soil gas surveys in order to define the gas permeability of the clay
unit (Voltattorni et al., 2010). A total of 1086 soil gas samples was collected in the Orciatico
area. A first survey was performed collecting 486 samples along a regular grid near the village
of Orciatico with a sampling density of about 500 samples/km2. After that, monthly surveys
(from April to September 1998) were performed to monitor possible variations of soil gas
concentration due to weather conditions.

€02 (%, viv) Ra (Bg)

105
100
&0
0
40
1 s

02 km

Fig. 10. Carbon dioxide (to the right) and radon (to the left) distributions in soil gases.
Anomalous values (COz >2 %,v/v, Rn >25 Bq/1) are in correspondence of the boundary of
the resistive complex supposed on geoelectrical results.

The radon, as well as the CO, contour line maps, figure 10, show that highest values (222Rn>
25 Bq/1, CO2>2 %,v/v ) occur in the south-western part of the studied area (characterized by
the presence of the igneous body outcrop named Selagite) and along a narrow belt, with
direction NNW-SSE, where metamorphosed clays (named Termantite) are present.
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Furthermore, anomalous values occur in unaltered clays especially in correspondence of the
boundary of the resistive complex supposed on previous geoelectrical results (Voltattorni et
al., 2010). All over the north-eastern sector, in non metamorphosed clays, radon and carbon
dioxide values are very similar to background values reported in literature (Rn: 10-15 Bq/ 1,
CO2: 0.5 %,v/v).

As radon and carbon dioxide values seem to decrease gradually from Selagite outcrop
towards un-metamorphosed clays, soil gas data set were projected along one longitudinal
lines coinciding with a performed geoelectrical profile. Figure 11 shows polynomial
regression (34 degree) of radon and carbon dioxide values plotted against the distance from
a reference point. Graphs highlight a slight decreasing trend of radon soil gas values
(continuous line) towards the NE, from Selagite outcrop until un-metamorphosed clays.
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Fig. 11. Comparison between polynomial regression (3° degree) map and geoelectrical
profile. Radon graph (continuous line) highlights a general slightly decreasing trend of soil
gas values towards the NE, from Selagite outcrop until un-metamorphosed clays. The same
behaviour is well evident also for CO, polynomial regression (dashed line). Values slightly
rise towards un-metamorphosed clays, indicating the presence of structural discontinuities
not visible at the surface.

The same behaviour is well evident also for CO, polynomial regression (dashed line): the
overlapping peaks in the radon-carbon dioxide plots should confirm that the soil gas
distribution is linked to clay alteration degree. In fact, highest CO, and Rn values were
found between Selagite outcrop and the first resistive limit, in a narrow belt characterized
by a high alteration degree and, probably, by an intense shallow fracturing (Gregory &
Durrance, 1985). On the other hand, after the second resistive limit, where clays did not
undergo the effects of the intrusive body, radon and carbon dioxide values are in agreement
with the mean values reported in literature excepting in the last 200m of the profile where
values slightly increase again.
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The results of this study provided specific information about soil gas permeability on the
Orciatico clay units characterized by different degrees of thermal alteration. This research
represents the first study performed in thermally and mechanically altered clays and results
demonstrated that the method gives interesting information also in clays that apparently
did not undergo to mineral and geotechnical variations. Radon and carbon dioxide soil gas
anomalies are mostly concentrated in zones where the Selagite and thermally altered clays
are present. Soil gas distributions are interpreted as being due to intense shallow fracturing
of clays along the inferred Selagite boundary: the volcanic intrusion caused thermo-hydro-
chemical and thermo-hydro-mechanical stress and contact metamorphism in the clay. Far
from Selagite, clays apparently prevent the rising of gases. In fact, small soil gas anomalies
were found over the estimated intact Pliocenic clays having permeability due to structural
discontinuities not visible at the surface. This study allowed to highlight the role of soil gas
technique for the identification of secondary permeability in a clay sequence: clay can
strongly modify its characteristics (i.e., reduction of the properties of isolation and sealing
material) when affected by even very low thermal alteration although this effect is not
visible through traditional investigative methods. The results of this study suggest a review
of the role of clays as geological barrier for the permanent isolation of long-lived toxic
residues in the radioactive-waste isolation framework.
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Fig. 12. Radon and carbon dioxide profiles at Djilubulak valley (Kyrgyzstan, central Asia).
Graphs highlight a slightly decreasing trend of radon and carbon dioxide soil gas values
towards the north, from the waste until the lake.

A different study of radionuclide migration was performed in the Djilubulak ephemeral
stream valley on the southern shore of Issyk-Kul (Kyrgyzstan, central Asia), one of the
largest and most pristine lakes in the world (Gavshin et al., 2002). The tail storages from the
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past mining may pose a pollution hazard to the lake water and sediments. A chain of six
protective pools interconnected by drain pipes descend from the abandoned mine and
processing plant down the Djilubulak stream valley. To assess the effectiveness of these
catch pools and the scale of pollution risk, a soil gas survey was performed from the
abandoned mine to the shore of the lake (Giralt et al., 2003; Voltattorni et al., 2004).

In the river bed the soil gas survey was done performing measurements following both
profiles perpendicular to the river flow and random distribution. The profiles were carried
out approximately every 200 m. In each profile, the measurements were made roughly every
30-40 m. A total of 130 soil gas samples were collected sampling at the lower part of the river
valley (close to the lake shore), along the river valley and at the waste.

The highest radon values (>40 Bq/ 1) occur in the south-eastern part of the studied area
characterised by the presence of the waste. All over the northern sector radon values are
very similar to background values reported in literature (10-15 Bq/ 1). The CO: soil gas
distribution shows a greater concentration of anomalous values (> 3%) all over the mine and
the waste area. Hypotheses about biogenic and/or thermogenic origin of this gas require
isotope analysis. In spite of this, it is reasonable suppose that mine ruins and coal remains
influenced soil gas distribution as highest values are present all over the waste and there is a
good correspondence between high radon and carbon dioxide values. Fig 12 shows two
profiles along which results were projected considering a longitudinal line intersecting the
valley. Graphs highlight a slightly decreasing trend of radon and carbon dioxide soil gas
values towards the north, from the waste until the lake. The overlapping peaks in the Rn
and CO: plots imply that the soil gas distribution is linked to the presence of radioactive
material in the waste. In fact, highest CO, and Rn values were found in the same area. On
the other hand, outside the “contaminated” area, where soil did not undergo the effects of
the mine activities, radon and carbon dioxide values are in agreement with the mean values
reported in literature (Voltattorni et al., 2004).

Soil gas results, therefore, suggest that there has not been a significant down-stream
migration of radiogenic particles or elements, either via mass transport during flooding
events or via groundwater movement. However, it is worth noting that in case of a
catastrophic event such as an intensive flash flood, the deposits of Kadji-Sai could be eroded
and distributed in the Djilubulak valley and may reach the shores of Issyk-Kul Lake
(Gavshin et al., 2002). These contaminants would then produce high local levels of
radioactivity in any area they reach. In the worst case scenario, the exposure rates in the
Djilubulak valley and at its confluence with Issyk-Kul Lake may reach values which exceed
not only safe exposure rates for general public but even long-term occupational exposure
limits. The total amount of radioactive deposits currently at the site would not pose danger
to the entire Issyk-Kul Lake and areas further than 10-15 km from the site.

5. Conclusion

The limitation of soil gas investigations lies in weaker crustal gas concentrations in cases of
thick sedimentary cover, and in high level of atmospheric dilution in soils (Baubron et al.,
2002). However, on the basis of the many achieved results, it can be said that soil gas
prospection constitutes a powerful tool to identify complex phenomena occurring within the
crust.
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The comprehensive approach followed in this study has provided insights on the spatial
influence of tectonic discontinuities and geology on gas migration toward the surface. Soil
gas measurements, performed at different scales, involved two gaseous species with very
different geochemical behaviour. Soil gas surveys yielded different features of the
anomalies, reflecting the different gas bearing these properties of the pathways along which
gases can migrate.

The association of the two proposed gas species, radon and carbon dioxide, is considered
fundamental in the study of gas migration as CO; often acts as carrier in transporting the
radon trace gas: this mechanism for surface soil gas anomalies is due to advection as
suggested by relatively high rate of migration needed to obtain anomalies of short-life 222Rn
in the soil pores.

As soil gas distribution can be affected by some phenomena related to the climatic factors,
soil moisture and gas behaviour (mobility, solubility and reactivity), a multivariate study
including a large number of gaseous species has been considered.

However, independent from gas origin, all the results show that gases migrate preferentially
through zones of brittle deformation and enhanced permeability. In order to quantify the
spatial influence of fault geometry and geochemical properties on the distribution of soil
gases, the geostatistical approach (i.e., variograms) is necessary.

Because of the very high variability of gas concentrations at the surface, soil gas prospection
appears necessary in order to select potential optimum sites for surveillance to identify, for
example, regional changes of strain fields or variations in toxic emanation. Due to the
complex relationship between geology and local phenomena, a network of geochemical
stations would be much more useful.

It is hoped that the present study has brought attention to the problems associated with
natural gas migration and that there is more awareness of how the soil gas method can be
used in these situations, both to plan land-use zoning or to resolve health problems in
existing residential areas dealing with the danger of natural toxic gases. In the case of the
former, areas defined as high risk can be zoned for agricultural or parkland use and not for
residential development, while for the latter modifications can be made on ‘high-risk’
existing homes or monitoring stations can be installed to improve safety.

Communication of these results to the local government can result in heightened awareness
and the initiation of some preventive programmes, such as the development of a continuous
monitoring station.
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1. Introduction

It is well known that the natural gas (NG) is a substance of fossil origin from the decomposition
of organic matter. It is found trapped under the terrestrial surface in stratus that avoid the natural
release to atmosphere. These underground deposits can be oceanic or terrestrial.

The NG is a homogeneous mixture, having variable proportions of hydrocarbons, being the
main constitute the methane (CH,), which content generally ranges from 55 to 98 % in
volume. Also, it contains ethane (C2Hs), propane (CsHg) and heavier constitutes. Although it
can be found in gas phase or in solution with oil, under normal atmospheric conditions,
remains in gas phase. It may have some impurities or substances that are not hydrocarbons,
such as Hydrogen Sulfide, Nitrogen and Carbon Dioxide (Figure 1). According to its origin,
natural gas is classified in associated and non-associated, being the first, the one which remains
in contact and/or dissolved with the oil from the deposit. The non-associated gas can be
found in deposits lacking oil crude at the initial conditions of pressure and temperature.

B Methane (55-98%)

| Propane (0,05-12%)
B [zobutane (0,02-2%)
I [=cpentane (0,01-0,80%)
N Heptane (0,01-0,40%)
I Oxvygen (0,09-0,30%)

! I Carbon dioxide (0,20-30%)

B Ethane (0,10-20%)
B r-butane (0,05-3%)
B n-pentane (0,01-0,08%)
B Hexane (0,01-0,50%)
I nitrogen (0,10-0,50%)

| Hydrogen sulfide (Traces-28%)
0 Helium (Traces-4%)

Fig. 1. Principal constitutes of Natural Gas (in percentage).
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From the fossil fuels, the cleanest is the natural gas. Its combustion, similarly to other fuels,
produces mainly CO, and water vapor. The emissions of CO; are 25-30% lower than the
generated by the fuel-oil and a 40-50% lower than charcoal (Figure 2) per unit of produced
energy (Natural Gas and Climate Change Policy, 1998; Comisién Nacional de Energia, 1999).
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Fig. 2. CO; Emissions in the combustion (Kg per GJ).

At worldwide scale, the resources of natural gas are abundant. However, as oil, they are
highly concentrated in a reduced number of countries and deposits. Some data reported in
the BP Statistical Review of World Energy, 2009, revealed interesting information: three
countries (Russia, Iran and Qatar), hold the 56% of the world reserves (WR). Almost the 50%
of the WR are distributed in 25 deposits around the world and the countries that are
members of the OPEC (Organization of the Petroleum Exporting Countries), control the 50%
of the WR. The percentage distribution of the WR by the end of 2008 is shown in Figure 3.

Fig. 3. The percentage distribution of the world reserves of natural gas by the end of 2008
according to the Statistical Review of World Energy, 2009.
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As it may be seen from Figure 3, the world reserves of natural gas, although
heterogeneously, are distributed throughout the world, constituting an advantage to be able
to supply the local requirements. During the last few decades, the volume of discovered gas
has been decreasing but it still keeps the necessary volume to ensure their existence for
many years. Additionally, the estimations of these reserves are progressing as new
techniques of exploitation, exploration and extraction, are discovered. It is estimated that a
substantial quantity of natural gas remains undiscovered (World Energy Outlook, 2009).

The NG has vast diversity of applications: in industry, trade, energy generation, residential
sector and terrestrial transport, and its use have shown an important growth over the last
few years (MacDonald & Quinn, 1998; Inomata et al., 2002; Prauchner & Rodriguez-Reinoso,
2008).

Regarding the particular use as fuel for transport units, such as cars, autobuses and trucks,
the natural gas vehicle (NGV) shows diverse environmental benefits. One of them is the
reduction of post combustion contaminants, lowering the maintenance costs compared to
traditional fuels (Cook et al., 1999; Lozano-Castell6 et al., 2002a; Alcafiiz-Monge et al., 1997).

The environmental advantages at using the NGV are numerous. However, from the point of
view of the combustion products, it can be remarked: i) it does not contain lead or heavy
metals traces, avoiding their emission to the atmosphere, ii) lack of suspended solid particles
that are present when using gasoline affecting health (increase of respiratory and
cardiovascular diseases), iii) absence of sulfur and subsequently no sulfur dioxide (SOx)
emissions, typical contaminant from transport. Compared to liquid fuels, the emissions of
the NGV combustion produce up to 76% less CO, 75% less NOx, 88% less hydrocarbons and
30% less CO». Furthermore, the physicochemical properties of the natural gas enable the use
of catalysts for the combustion of gases, obtaining excellent results and minimizing even
more the emissions (Sun et al., 1997).

The advantages of NG have promoted its use in the automotive fleet of many countries,
which exceeds six millions of vehicles at present. The advance in the technology for the
NGV use has not been standardized throughout the world. This is due to differences
regarding the availability of energy resources, contamination levels, fuel pricing policies,
applied auditing and, definitely, the set of government actions able to generate expectative
among the potential users.

Country Vehicles
Pakistan 2,000.000
Argentine 1,678.000
Brazil 1,467.000
Italy 433,000
Colombia 251,000
India 225,000
EE.UU 130,200
Germany 54,200
Japan 24,700
France 8,400

Table 1. Estimated Natural Gas Vehicles in different countries.
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Table 1 summarizes the number of natural gas vehicles in some representative countries
according to the Direccién de Tecnologia, Seguridad y Eficiencia Energética, 2006.

In spite of the advantages showed by the NG in comparison to liquid fuels, there is an
important disadvantage: its low-energy density (heat of combustion/volume), which
constitutes a limitation for some applications. Therefore, under standard conditions of
pressure and temperature, the distance traveled by a vehicle per unit of fuel volume, using
NG, corresponds to the 0.12% of the trajectory with gasoline. Consequently, the storage of
this fuel, whether in quantity or density, plays an important role for its use in diverse kinds
of transport.

An alternative is to increase the density, for example, liquefying the NG. The liquefied
natural gas (LNG) is stored at the boiling point, 112K (-161°C) in a cryogenic tank at a
pressure of 0.1MPa, where the energy density is approximately a 72% of the total gasoline.
This means that 1 volume of LNG corresponds to 600 volumes of natural gas under STP (600
v/v) conditions (Cracknell et al., 1993; Menon & Komarneni, 1998). However, this storage
method shows multiple inconveniences, mainly because the LNG increases inevitably the
temperature within the tank. Thus, the pressure rises and could result in a dangerous
situation. Moreover, the filling of the tank must be performed by an expert on cryogenic
liquids handling.

A widely used commercial method considered to increase the energy density of the natural
gas is to compress and store it as compressed natural gas (CNG). For this case, the NG can
be found as a supercritical fluid at room temperature and it becomes compressed at a
maximum pressure around 20-25 MPa, reaching a density 230 times higher (230 v/v) than
the one obtained for the natural gas under STP conditions (Menon & Komarneni, 1998;
Lozano-Castell6 et al., 2002b). In this case, the energy density is approximately 25% of the
one from gasoline. A disadvantage is the risk of carrying highly compressed gas (20MPa)
within the vehicle. Modifications such as thick-walled tanks and complex safety valves
would be required.

The use of adsorbent materials, such as activated carbons and zeolites, among others
(Rodriguez-Reinoso & Molina-Sabio, 1992; Parkyns & Quinn, 1995; Sircar et al., 1996;
Alcaniz-Monge et al., 1997; Lozano-Castello et al.,, 2002c; Almansa et al., 2004; Marsh &
Rodriguez-Reinoso, 2006; Mentasty et al., 1991; Triebe et al., 1996), for the storage of natural
gas at low pressures, is known as adsorbed natural gas (ANG). Pressures are relatively low,
of the order of 2 to 4 MPa at room temperature, which represents an interesting alternative
for the transport and applications at large scale. The technology, in contrast with the other
two, is not well developed and is still at scientific level. At this stage, the studies on storage
by the ANG method are carried out using the methane, major constituent of the NG. It has
been found that the density of the compressed methane at 3.4MPa can be increased in a
factor higher than 4 by the use of adsorbents, reaching a relation of methane storage of 180
v/v, which is equivalent to compressed gas at more than 16MPa (Cook et al., 1999; Alcafiiz-
Monge et al., 1997).

Through this chapter, basic concepts regarding adsorption and adsorbents are reviewed as
well as their application for the particular study of methane storage, starting point of the
ANG process. In addition, the methodology for the study is described and shows the
scientific advance in this field, reporting results from our research group and from other
laboratories.
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2. Adsorption basics and methodology of study

Adsorption is a phenomenon in which surface plays an important role, unlike absorption
where molecules can penetrate the solid structure. The occurrence of this phenomenon in
gas-solid interactions is our major focus of interest.

The surfaces of solids, even those homogeneous, have imperfections. These defects are the
result of many circumstances, mainly its composition and the interaction that takes place
among the molecules that constitute their atmosphere. Figure 4 shows a classical schema of
this situation, according to the description made by Somorjai, 1994.

Terrace Step
Adatom

Terrace
Fig. 4. Scheme of common defects on the apparently homogeneous solid surfaces.

Generally, the properties of the surfaces of the solids differ from their bulk for many
reasons. Some of which are enlisted below:

o The perturbation of the superficial electron density is different to the one from the
bulk. This is caused by the loss of structural periodicity in the perpendicular
direction of the surface.

o The presence of decompensated forces on the surface due to the lack of neighbor
atoms (producing potential wells, nearby molecules are attracted).

e Vibrational properties on the surface are different (geometrical and energetic
effects, producing curvatures) from the ones on the rest of the solid.

e Some phenomena can occur: Relaxation or Superficial Reconstruction, which means
that the superficial atoms show geometrical and energetic differences to the atoms
from the bulk.

These reasons promote the presence of attractive potentials, which are able to attract
molecules from the surrounding leaded by thermodynamic parameters, particularly,
pressure P and temperature T of the gas-solid system. Moreover, superficial centers can take
place showing additional electrostatic effects and creating new attractive or repulsive
“sites”. Therefore, when one or more molecules from a fluid approach the surface, they
could be trapped and nucleation, motion and the formation of layers in the interface, would
take place. This process is named Adsorption.

“Adsorption of a gas onto a solid surface” can be defined as the gain of one or more
constituents of the gas in the region of the gas-solid interface. Figure 5 shows a schema that
represents the process.

The adsorption phenomenon involves an increment of the gas density in the neighborhood
of the contact surface and since the process is spontaneous, the change in the free energy of
Gibbs is smaller than zero. Given that the entropy change is also below zero (a decrease in
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the freedom degree of the gas molecules during the process), the enthalpy change is lower
than zero. Thus, the process is exothermic (Rouquerol et al., 1999).

SOLID

Fig. 5. Representation of the adsorption process of a gas on a solid surface for a given
pressure, P and temperature, T.

When the adsorption process is reversible it means physical adsorption or physisorption,
our major focus of interest for the study of natural gas storage. In this case, the result of the
adsorption heats or enthalpy changes in the process are not elevated values, being for the
methane about 16 KJoule/mol (Cook et al., 1999). The interaction forces occurring between
the solid surface (adsorbent) and the adsorbed gas (adsorbate) are Van der Waals type,
where prior to adsorption, the gas is called adsorbable. Moreover, adsorbate-adsorbate
interaction may take place and is neglected in some studies