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Abstract

CO, and HS are acid components present in natural gas resWe®m wells in the
underground. If not removed from the gas they arause of corrosion in equipment.
H,S is poisonous and if leakage occurs, people isdin®undings can be harmed and
die. Legislation is regulating the content afSHn natural gas, where the limit op$lis
4 ppm.

There are different methods for gas sweetening.eSafithe most used is adsorption
and absorption.

For gas sweetening off shore absorption columngyevthe gas is reacting with a liquid
stream containing a sweetening agent, are the msest Liquid solutions of an amine
mixed with water are the commonly used sweetenganta

The amine is capable of reacting with both,@@d HS to form compounds that is
more soluble in the liquid phase than in the gashis way undesired acid components
is removed from the gas stream.

Gas sweetening agent for gas absorption has beestigated and several simulations
in HYSYS have been performed to investigate theoirtgmt parameters in the process.
The focus has been on the three amines MEA, DEAWDHA. The simulations have
been supported with manually performed calculations

The investigation documents that DEA is the mastieht amine for gas sweetening,
while MEA is the cheapest one. MDEA is inefficiemtd expensive and is only relevant
to consider from an environmental perspective.

In general results provided by HYSYS are considénednost reliable ones, since the
thermodynamic model is taking temperature, presandecomposition into
consideration when evaluating the equilibrium @& thaction. This is not the case for
manually performed calculations, where the equditrconstant is considered
independent of those factors.

It is recommended to perform gas sweetening witteeiMEA or DEA, where MEA is
the recommended if there are no limitations forftber and the capacity of the
equipment is big enough. DEA is recommended fooeerefficient cleaning where the
equipment is limiting the flow rate.
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Synopsis

CO, og H:S er syrlige komponenter der forefindes i natudgsindvindes fra boringer
i undergrunden. Hvis disse ikke fiernes kan derf@ge korrosion i rgr og udstyr.
Desuden er b8 giftigt og ved laekager kan bade omgivelser ognasker skades og
dg. Lovgivning regulerer derfor det tilladte indth@lf HS i natur gas, hvor graensen er
4 ppm.

Der er forskellige metoder til "gas sweetening’phmnogle af de mest anvendte er
adsorption og absorption.

For gas sweetening off shore er absorptionskolgmver gassen reagerer med en
vaeskestrgm der indeholder en sweetening agenpeaidtbrugte. Vandige oplgsninger
af aminer er det mest brugte til dette formal.

Aminer kan reagere med bade £y HS og danne produkter der er mere oplgselige i
vandfasen end i gasfasen. Pa denne made fiernemndkede komponenter i gassen og
over i vandfasen.

Gas sweetening agenter er i projektet blevet uadgreg simuleringer i HYSYS er
blevet udfart for at undersgge de vigtige paranedatgas sweeteing processen med
aminer.

Fokus har veeret pa de tre aminer, MEA, DEA og MDE#muleringerne er blevet
bakket op af manuelle beregninger.

Undersggelsen dokumeterer at DEA er den mest aftef aminerne nar det kommer
til gas sweetening. MEA er den billigste og MDEAuexffektiv og dyr. Det er kun
relevant at overveje MDEA nar miljgmaessige ovelgejeforetages.

Generelt er resultater fra HYSYS vurderet til ateae mest troveerdige. HYSYS
bruger termodynamiske modeller der tager faktooer emperatur, tryk og
kompositionen af de forskellige faser med i beragaine nar ligeveegten for processen
evalueres. Dette sker ikke i de manuelle beregnjmy®rfor det ma forventes at der er
en vis fejlprocent pa de opnaede resultater.

Det anbefales at bruge enten MEA eller DEA til gagetening. MEA er billigt og kan
anbefales hvis der ikke er restriktioner pa floogtkolonnens kapacitet kan handtere
det store flow. Hvis der er restriktioner pa flowsstarrelse anbefales DEA, der er mere
effektiv og kraever et veesentligt mindre flow.
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Preface

This report is a part of the documentation forrahiesemester project in the Master
program for Oil and Gas Technology on Aalborg Ursity Esbjerg in the period
February 2014 to June 2014.

The title of the project is “Amines as sweeteniggras” and deals with the process
where HS is removed from a natural gas stream with absorjprocesses. As
sweetening agents different kinds of amines ard.use

The project is defined by supervisor Rudi P. Nielas requested by the student, to gain
knowledge about gas sweetening.

The motivation for writing this project was persbmerest in the area, and a desire to
investigate the topic further.

The report is meant for anyone with a back grounailiand gas technology and
interest in absorption processes and gas sweetéltfigycan be students, teachers or
employees with work or interest in the developmerthe industry.

The project consists of a file containing the mamulation made in Aspen HYSYS
and this report that documents the performed wiik. file can be found on the
attached cd and can be opened by anyone with thecteersions of the relevant
software installed.

References are listed as numbers in square braokibies text. Further clarification of
the sources can be found in the reference list evtier full description of each
reference can be found.

| would like to thank my supervisor Rudi P. Nielden his assistance on the project and
for his constructive criticism when needed. Fumhere | want to thank fellow student
Helle Svenningsen Mgller for assistance on the albgplart of the project.
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1.0 Introduction

H,S is a poisonous and highly corrosive compoundepteis natural gas when it
arrives to the process plant when recovering all matural gas. b5 is corrosive and is
damaging the pipe systems and equipment when grésevorst case a leakage of$1
can cost human lives, and there are several intsdermistory where this has happened
off shore. For these reasons3-has to be removed and legislations define tiosvat
limit to be 4 ppm.

Over time, many methods for removingS-have been tried out, and the industry is
aiming to perform better and more efficient swegtgmll the time and to minimize the
expenses for the process.

A lot of different processes have been investigatetithe focus in modern time has
been to develop a sweeting process using diffdiads of adsorption and absorption
methods. There are two focus areas when develgaisgweetening methods, dry
adsorption and wet absorption.

The dry adsorption is usually non regenerative otrand consists of a filter where
H,S is adsorbed. These filters have to be changedambgto obtain the necessary
cleaning. The wet absorption is usually a regenergtrocess where a liquid stream is
lead to react with k8§ in an absorption column to move it from the gesasn to the
liquid stream catalyzed by a chemical reaction. lidwed stream is usually recovered
and reused for the process.

When dealing with gas sweetening, there is a massfer process where§lis moved
from one phase to another, it is important to supihe theory with relevant

calculations to be able to evaluate the progresiseofweetening process and establish a
mass balance using equilibrium theory.

To investigate the area of gas sweetening therdiffenethods used should be
documented. Research about relevant equipmertidanbst used methods should be
made, to be able to make a detailed model for tbeess.

One process is chosen and evaluated thoroughlyaloage the efficiency of that
specific cleaning method.

The aim of this project is to research the aregasfsweetening and perform a model in
HYSYS that is supported by manually performed dakions to evaluate the model and
identify the most efficient sweetening process.

When the most efficient process is identified, eor®mic perspective should be
performed, to secure that the chosen model isstealo use off shore.
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2.0 Natural gas

When cleaning natural gas, the content of water, &@ HS has to be removed to
secure a high quality product for the end uses 14 corrosive and is damaging the
equipment when the content is too high. Gas com@iH,S can be divided into two
categories: Acid gas and Sour gas. The acid dasvisg a high content of carbon
dioxide (CQ) and hydrogen sulphide §¢H), and the sour gas contains moderate
amounts of KBS and CQ. Both contain small amounts of other sulphur coomuis, e.qg.
thiol (CSH) and carbonyl sulphide (COS). [1]

To avoid high concentrations ot8lin pipelines, tanks and separators, which can
damage equipment and in some cases can causehtmirdan damage personnel, the
gas is cleaned.

To understand the presence ofHN natural gas, it is necessary to examine thaala
gas as biS appear in.

Natural gas is formed in the underground and caallysbe found in areas where both
coal and oil are situated. Its main component itharee, but in addition it contains
small amounts of butane, propane and other carlvatesl

Natural gas is defined as a composition of lighdregarbons with a low content of
heavy hydrocarbons. When the natural gas onlyatosithese compounds it will be
defined as a dry gas.

In additional to the mentioned compounds, natuasl @ften contain non-hydrocarbon
compounds such as hydrogen sulfide§Hand other sulfur compounds, carbon dioxide
(CO,) and water (KHO). Other compounds as nitrogen)ldnd helium (He) can be
present as well. Impurities as génd HS have to be removed completely or partial to
match the specification for transport on shor¢hdfrequirements are not matched, the
pipelines onshore are exposed to unnecessaryfoisksrrosion..

H,S forms sulfuric acid with water, while G@nd water forms carbonic acid. These
acid gases are corrosive compounds and shouldvm/esl from the gas.
A composition of a typical petroleum gas can bexgedable 1on the next page.
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Table 1: The composition of natural gas. [2]

Natural Gas
Hydrocarbon
Methane 70-98%
Ethane 1-10%
Propane trace-5%
Butanes trace-2%
Pentanes trace-1%
Hexanes trace-1/2%
Heptanes* trace-1/2%
Non-Hydrocarbon
Nitrogen trace-15%
Carbon dioxide* trace-5%
Hydrogen sulfide* trace-3%
Helium up to 5%, usually trace or none

*Qccasionally gases are found, which primarily éshef carbon dioxide or hydrogen sulfide.

2.1 Hydrogen sulfide (H,S)

H,S is an extremely hazardous and toxic compounsl atcolorless, flammable gas,
which can be dangerous in relative low concentnatié$S can be characterized by the
smell of rotten eggs and can be found in e.g. sewagtilizers, wastewater treatment
plants and gas wells.

The gas is often produced under conditions whdterr@rganic matter containing
sulfur is decomposed in a low oxygen atmosphere.shhell of HS can be detected by
the human nose in concentrations below 1 part péom(ppm). The smell will
increase as the concentration increases. In caatiemntup to 30 ppm the rotten smell
will be present. Above this concentration the $mél change into a more sickening
sweet smell. This is dangerous becaus® ¢an be present without anyone observing
any particularly smell. When43 reaches this level, it starts to be a thredtedite of
humans.

In table 2 typical symptoms from exposure tgSHs described. [4]

Table2: Symptoms from exposure tg8l [4]

0 - 10 ppm Irritation of the eyes, nose and throat

Headache

Dizziness

Nausea and vomiting

Coughing and breathing difficulty
Severe respratory tract irritation
Eve irritation / acute conjunctivitis
Shock

Comnilsions

10 - 30 ppm

DO= sOr

50 - 200 ppm

Coma
Death in severe cases
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2.2.1 Legidlationsfor removal of H,S

Recommended actions and precautions should bedesadito provide relevant
protection for personnel and to avoid exposurectemtially hazardous concentrations
of H.S.

There may be different recommendations and resbititiss for owners, operators,
contractors and their employees. Some of the recamdations are mandatory by local,
state or federal laws or determined by other offshtoles and regulations. For that
reasons recommendations are different dependinigeolocation and the position of the
equipment and the employee.

Some general rules should be followed no matteitipnsand location.

Personnel protection should be provided if the eatration in the work area exceeds
10 ppm in an 8-hour time weighted average (TWA)®ppm as a short term exposure
level (STEL) as an average over 15 minutes. Thasemmendations are the same as
the recommendations from the American Conferencgasfernmental Industrial
Hygienists (ACGIH). [5]

Equipment and materials should be selected to eriggh resistance to sulfide stress
cracking and corrosion. In the International StaddéACE MR0175 recommendations
for material and equipment selection can be found.
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3.0 Gas sweetening

Many types of cleaning processes have been dewkklmbtested for gas sweetening
based on both chemical and/or physical princifesne of the more common
processes are presented in figure 1. A numbeisefdemmon methods are existing, but
these will not be elaborated.

Acid Gas Removal Processes

Solvent Absorption ol Direct

. - A Molecular Cell
Ph"‘_‘lcdl Si = S5

I_I_I I

Amine Alkalisals Lo Catx

M

Membranes

Adsorption Conversior

|
FI{

Selexo Iron sponge Polymide

Zink oxide Polysulione

]

Figure 1: Methods for gas sweetening.

Methods for gas sweetening can be divided intodategories: adsorption and
absorption processes.

Adsorption is a physical/chemical method whereghg is concentrated on the surface
of a solid or liquid to remove impurities oL8. The absorption process is performed by
either dissolution, which is a physical procesbyreactions with other compounds,
which are chemical processes. [6]

3.1 Adsorption processes

Adsorption processes have been widely used simc#380s. They are still popular due
to their high efficiency in removal of a wide vagief organic vapors and several types
of inorganic gases. [25]

Adsorbers are used to decrease the concentratiamdesired components in the gas
and/or vapor phase, before it can be used as deJine use of the adsorption process
has been enhanced and new adsorbents have bedopeevia recent years.

Adsorption systems are often designed for contrglidor and other containments with
an already low concentration (<10ppm). [7]
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Adsorptions beds can be categorized as regenemtiven-regenerative. Non-
regenerative adsorption beds are disposed wherasatuconditions occurs.

3.1.1 How adsorption systems work

In the adsorption process, the vapor or gas stpesmses through a stationary phase
consisting of a highly porous material termed aadsorption bed or just the adsorbent.
The vapor phase compounds that are removed frostrids@m in the adsorbent are
termed the adsorbate [25]. It will diffuse to theface of the adsorbent and will be
adsorbed since the attractive forces between therlaent and the adsorbate are
stronger than the attractive forces between therbdte and the gas stream. Adsorption
will occur on the surface of the material, whichiligstrated in figure 2.

~ Macropom
] I,l'l
d

[ Molacile
hlocking pom

— Araa
unavailable
lor adsorplion

Figure 2: The undesired compounds in the vapor or liquidsasorbed into on the surface of the
adsorbent [25]

3.1.2 Types of adsor bents

Several types of adsorbents have been used dumegThe most common types are:

» Activated carbon

* Molecular sieves/ zeolites
» Synthetic polymers

» Silica gel

» Activated alumina

The raw material for activated carbon is coal, woodther carbon based products. The
activation of the carbon occurs in two steps. list fstep the raw material is carbonized
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by heating the material without air present, uatiemperature around 590°C is reached
[25].

This removes volatile material, which leaves carbod a small amount of ash from the
volatile components. The surface area is then as&@ by activating the carbon with
steam air at relatively low temperatures and carboxkide (CQ) at higher

temperatures. The gas will extend the surfaceet#rbon material and therefore
increase the number and size of the pores. Activedebon has a nonpolar surface,
which is used for removing toxic gases and orgaaieents. Carbon used for
adsorption consists of granular particles or fibers

Molecular sieves/ zeolites have a crystalline $tm& They are able to remove
compounds with a small molecular size. Some typeedalites are shown in figure 3.

iy =N

Type A

Faujasite
(Type X, Y)

Figure 3: Some Types of zeolites [25]

Molecular sieves are e.g. used to remove humidiy fexhaust streams and to remove
nitrogen oxide compounds (NOx) from a gas stream.

Synthetic polymers are formed by crosslinking lehgined polymers that can have a
variety of functional groups. Some polymeric matksrhave a micro porous structure,
which provides a high adsorption capacity. Mosypwric adsorption beds can be
regenerated by using hot nitrogen or a hot aiasttéAn example of a synthetic
polymer is shown in figure 4.

Bridged Adsorbent

Figure4: An example of a synthetic polymer [25]
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Polymeric adsorbents is suitable for gas strearhghacontains a high water vapor
concentration, i.e. (>50% relative humidity) [25]

Silica gel is made by sodium silicate gS&0s). When sodium silicate is mixed with
sulfuric acid it will form a gel-like precipitangilica gel is used for removing humidity
from different kind of gas streams.

Activated alumina or aluminum oxides are manufasury heating alumina in a
stagnant atmosphere to produce a porous aluminishe pellet. Aluminum oxides are
primary used for drying gas, particularly at higlegsures and are not comely used for
removing poisonous compounds.

3.1.3 Characteristicsfor adsor bents

The physical properties for the adsorbent affdetscapacity of the adsorption, the
adsorption rate and pressure drop across the agdobd. In table 3 the properties for
some adsorbents can be seen. A large surface ranadqgs a greater adsorption
capacity.

Table 3: Physical properties for some adsorbents [25]

Adsor bent** Internal Surface Area  PoreVolume Bulk Dry Mean Pore
Por osity (m%g) (cm3/g) Density Diameter (A)
(%) (g/em’)

Activated Carbon 55-75 600-1600 0.80-1.20 0.35-0.50 1500-2000
Activated 30-40 200-300 0.29-0.37 0.90-1.00 1800-2000
Alumina
Zeolites 40-55 600-700 0.27-0.38 0.80 300-900
(M olecular
Sieves)
Synthetic - 1080-1100 0.94-1.16 0.34-0.40 -
Polymer s*

* Data provided applied to Dow XUS-43493.02 andS«43502.01 adsorbents.
** Data on silica gels nor available.

3.1.4 Non-regener ative adsor ption systems

Non-regenerative adsorption systems are manufatiara variety of physical
configurations. They consist of a thin adsorbermt, la@d have a thickness in-between 1
and 10 cm.

The life time of the adsorbent units are betwegmginths and up to two years,
depending on how many molecules will be adsorbethéyilter.

Non-regenerative adsorption systems are commonfasett purification devices for
small air flow streams.

3.1.5 Regenerative adsor ption systems

There are three types of regenerative adsorptistesy Fixed, moving, or fluidized
beds. The names refer to how the vapor streamhenadsorbent get in contact.
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A fixed carbon bed is a stationary adsorptionsesystvhere the vapor is passing
through the adsorption bed. It is optimal for reingvyoisonous compounds, and is
able to purify a variety of organic vapors. It gpecially suitable for low pressure
streams. This type of adsorption will be optimalgolvents which are immiscible with
water.

The principle in moving beds is that the vapor gudgses through the unsaturated part
of the carbon bed. This will reduce the distaneeviéipor passes through the bed, which
reduces the pressure drop during the adsorptioningdoeds are in general more
efficient than fixed beds.

In the fluidized bed, the adsorption material isgemt in a liquid phase, where the
ability of the adsorbent is fluid-like. The vapaream passes through the fluidized bed
that due to the fluid-like abilities ensures a goodtact surface. The vapor enters in the
bottom of the fluidized bed and passes through some several beds upstream. The
adsorbent material can either be stationary or aal@v downstream in the adsorber.

3.1.6 Physical and chemical adsor ption

Adsorption processes can be divided into two categoPhysical or chemical
adsorption. The difference between the two typélsasvay the adsorption occurs. In
physical adsorption the gas molecule is adsorbégetabsorbent due to intermolecular
forces, where chemical adsorption covers the feaita chemical bond is created
between the adsorbed molecule and the adsorbene 8ata for the two types can be
seen in table 4

Table 4: Some characteristics for chemisorption and physidsorption [25]

Chemisor ption Physical Adsorption
Releases high heat, 10 Kcal/g mole Releases low heat, 0.1 Kcal/g mole
Forms a chemical compound Gas retained by dipotaraction
Desorption difficult Desorption easy
Adsorbate recovery impossible Adsorbate recovesy ea

3.1.7 Regeneration methodsfor adsor ption

Regeneration is accomplished by reversing the atlsarprocess. It can be done by
several methods. Most used is the following:

* Thermal changes

* Pressure changes

* Inert purge gas stripping
» Displacement cycle

All the above methods are changing the physicgbgntees of the adsorption bed, which
makes it release the adsorbed molecules.
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3.2 Absorption processes

The use of absorbers to remove undesired compoimevapor and gas streams has
increased since 1990. The increased concerns &baciair or volatile organic
compounds (VOC) in the surroundings have demand#drtand more efficient
methods for removing these compounds. [8]

Absorbers are frequently used to remove acid gakah have sulfur compounds
present and in similar system, where a chemicatic@aor simple solubility abilities
can remove unwanted compounds in a vapor streartramsferring it to the absorption
material.

Absorption can e.g. occur in a liquid droplet, whis dispersed in the gas stream. The
given compounds will then react with the liquid plet and form a product soluble in
the liquid. Important factors in the absorptionsgass are: The surface area of the
liquid, where the contact with the vapor phase halppen and the flow rate, which
determines the contact time between the absorptaterial and the given compound.
An absorption process is illustrated in figure hene a vapor is led through a liquid
absorption material.

Gas phase (<  Gasfim
turbulent () ™ _\
mixing -
/ \—L d fi
\_ )
=
(o) + (&
M =
=
A H;S04 ° =
'\s’?z/ G <‘ ! l!: Liquid phase
turbulent

mixing
Figure5: lllustration of an absorption process, where aigésd through a liquid phase. [25]

Undesired compounds in the gas stream must belglggiuble in the liquid, which is
categorized as an absorbent. The mass transfemafnied compounds will continue
until the liquid is saturated or the flow rateirsiting the contact time. When saturation
is reached equilibrium conditions occurs, and tlssrtransfer between the gas and the
liquid will be equal to each other, and no furtremoval will happen.
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3.2.1 How absor ption systemsworks
Absorption processes can be split into three groups

» Absorption without chemical reactions
» Absorption with regenerative chemical reactions
» Absorption with non-regenerative chemical reaction

Absorption without chemical reactions is also ahipdysical absorption and is when
the undesired component is more soluble in therbbsb material than in the vapor
phase. Equilibrium condition for the reaction deggeon the partial pressure for the
component in the gas phase and the temperature.

Absorption with regenerative chemical reaction p@cess where the given compound
reacts with the absorption material. The produdhefreaction will be present in the
absorption material. Equilibrium conditions for tleaction depend on the reactants, the
partial pressure of the components in the gas prad¢he temperature.

The absorption material can be recovered by arrseveaction, which regenerates the
material and makes it reusable.

Absorption with non-regenerative chemical reacteoalmost identical to the
regenerative process. The difference is that tkerpbion material cannot be recovered.

3.2.2 Absor ption processes using a regener ative chemical reaction

The gas stream containing the undesired compougentésing the absorption column at
the bottom. Here it gets in contact with the absornpmaterial that enters in the top.
This means that the flow of the absorption matesial countercurrent flow to the gas
stream. The undesired component is gradually abddslp chemical reaction.

The absorption material leaves the column in th&bg enriched with the absorbed
component. The cleaned gas will leave the absanttee top.

The rich solvent can be recovered by undergoingoomaore processes e.g. distillation,
where regeneration with steam is normal. Absorpivdh non-regenerative chemical
reactions happens the same way, with the differtratehe absorption material will not
be recovered.

3.2.3 Equipment for absor ption
There are several setups of equipment for absorpieers:

e Spray towers

* Tray towers

» Packed-bed absorption
* Venturi absorption

The spray tower is one of the simplest devicesclwhre used for gas absorption. It has
an open vessel with one or more sets of spray eszaldistribute the liquid in the top.
The gas stream enters in the bottom of the absariepasses through countercurrent
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the liquid. Spray towers is especially used foteys where fouling can be a problem,
since this specific absorber is less sensitivdugging compared to other absorption
towers. In figure 6, a spray tower is illustrated.

Figure 6: A spray tower [9]

The tray tower is consisting of vertical columnsl dias one or more horizontal trays
provided to enhance the contact between the gatharidjuid. Tray towers can have
several types of trays depending on the usagesdbtler. A tray tower can be seen on
figure 7 below. Underneath the figure is the defarkind of trays elaborated. [10].
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Figure7: A tray tower [9]
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The different type of trays is:

* The sieve tray is consisting of perforated platesia the simplest type of tray.

* The impingement tray has small impingement targbts/e each perforation to
enhance the contact of the gas and the scrublojoili

* The bubble cap tray consists of risers covered eafhs that both the gas and the
liquid have to pass through. This enhances a goothct surface.

* The valve trays consist of lift-able valves or gapbich ensures a good contact
between the gas and the liquid.

In figure 8 some of the commercial used typesajfdrshown.

Flexitray valve tray

Sieve tray Bubble-cap tray

Figure 8: Some typical commercial trays used for spray towarg

A packed bed absorption column is a vertical coluwimch contains the packing
material. The packing material is designed to mte\a large surface area for contact
between the gas and the liquid. The liquid entetieé top of the column and has a
downstream flow. The gas stream enters in the bo#iod haves an upstream flow.
Packed beds can be categories with either strutpaeking or random packing.
Structure packing is consisting of prefabricatettisas which are fitted into the
column. It has a labyrinth like passage for thevftbat can be shaped like a chevron. In
figure 9 a structure packing is illustrated.
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Figure 9: An example of a tray with structure packing [17]

Random packing is small elements in different shapecially designed for the
purpose. They are typically made of plastic, cecamor metal. They can be found in
many types, and they provide a large surface amreeohtact between the gas and the
liquid. In figure 10 some elements for random pagks illustrated.

Figure 10: Example of elements for random packing. [17]

The principle of the venturi absorber, is to lelagl $crubbing liquid into a venture
nozzle with high velocity, which will cause a largentact area between the liquid and
the gas. The venturi absorber requires a pumphi@ae the high velocity and is using a
lot of energy. Venturi absorbers can be used inkioation with a packed bed. In figure
11 a venturi absorber is illustrated.
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Ligund et
Throat

Figure11: A venturi absorber [9]

The above mentioned methods are the most commaifaisabsorption. There are
other methods e.g liquid distribution and bio &tton beds. These will not be
elaborated. There are advantages and disadvaripgdisabsorption methods. Some of
them are illustrated in table 5.

Table5: Some advantages and disadvantages for the meshiadoserption methods. [10]

System Advantages Disadvantages
Spray Towers Simplest type of absorber Absorption or removal efficiency
Little or no plug gage problems is limited
Tray Towers High absorption/ removal efficiency High initial stoand complexity

Higher pressure drop vs. spray or
packed towers

Packed-Bed Most commonly used with range of designs Requires scrubber liquid pumped
Scrubbers available circulation, spray and makeup
Can usually operate over wide flow range  system with instrumentation and
alarms

Packed-bed can plug or become
restricted and cause a back-
pressure on the vent header

system
Venturi Relatively simple system Adequate scrubbing efficiency
Scrubbers May provide a low suction pressure at its inletisually requires multiple stages
sufficient to draw vapor from a low pressure Requires continuous circulation
vent header system pumped system with sump and
Provides improved capture of solid particles liquid makeup that can be energy
vs. spray or packed towers intensive
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Both regenerative and non-regenerative absorpyistesis can be used to remove
undesired compounds in natural gas. In table 6varvaeew for removal of C@is
presented. The same evaluation can be made fovegmbH,S.

Table 6: An overview of methods for CQabsorption. [11]

CO;, removal Processtype Technology Commercial name
mechanism
Chemical Regenerative, Amines MEA, DEA, MDEA, DIPA,
absor ption continous DGA, formulated solvents
Potassium Benfield, Catacarb,
carbonate = Giammarco-Vetrocoke, etc.
Non regenerative, Sodium -

continuous (usual hydroxide
arrangement: lead/lac

Physical Regenerative, Physical Selexol,Rectisol,Purisol,Fluor
absor ption continuous solvents Solvent,IFPexol,etc.
Physical- Regenerative, Physical- Sulfinol,Ucarsol LE701,702

chemical continuous chemical & 703,Flexsorb PS,etc.
absor ption solvents

Physical Regenerative, Molecular Z5A (Zeochem),LNG-3
adsor ption continuous sieves (UOP),etc.

(adsorption/desorption
sequence)

Permeation Continuous Membranes Separex,Cynara,Z-

top,Medal,etc.

3.2.4 Removing H,S with physical and chemical absor ption

H,S and other compounds containing sulfur can be vethérom mixtures containing
hydrocarbons as natural gas. There are two comnuzalgt methods to achieve this:
Physical absorption or chemical absorption.

Various solutions of amines can be used to remaolfercompounds in a chemical
reaction. For this purpose, it is obvious thatghecess is a chemical absorption.
Sweetening of acid gas, which is a common namadtural gas containingA3, can be
performed by physical absorption as well.

When removing sulfur compound from acid as wittharaical absorption process, an
agueous solution of amines, which are weak alksjiage reacting with the compounds.
This reaction is reversible, and the absorptiorenmtcan be recovered by changing the
temperature and/or pressure of the liquid solutimmaining sulfur. In this way, the
amine can be reused. Amines are the most commasly in chemical absorbers.

The process where physical absorbers are usedlsarealled solvent processes. They
are based on the solubility of theSiwithin a liquid instead of on chemical reaction
between the acid gas and the liquid. Solubilitg fsinction of the interaction between
the given molecule, the partial pressure and tpégature. The absorbent can be
regenerated by changing the temperature to mamgotiia solubility or by using a
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stripping process. Physical absorbents have adfigity to heavy hydrocarbons. If the
gas has a high concentration @fl@/drocarbons, the use of a physical absorbent may
result in a significant loss of the heavier hydrboas.

When recovering the absorbent, the organic compmowiltbe removed, but not mixed
with the natural gas again. Physical absorptiocgsses should be considered if the
following conditions are present:

* The partial pressure for,8 is high,
* The concentration of heavy hydrocarbons is low
» Selective removal of §5 is required

Many physical absorption processes are protecteddatent and is only available
when buying a license. In table 7 some of the meee are listed with the eventual
owner of the license.

Table 7: Overview of the different physical processes drairtlicensor. [12]

Process Licensor

Solid bed absor ption:

Iron sponge

Sulfa Treat The sulfa treat company
Zine Oxide

Molecular sieves Union Carbide Corporation

Chemical solvents:
Monoethanol amine (MEA)
Diethanol amine (DEA)
Methyldiethanol amine (MDEA)
Diglycol amine (DGA)
Diisopropanol amine (DIPA)
Hot potassium carbonate
Proprietary carbonate system

Physical solvents:

Fluor Flexsorb Fluor Daniel Corporation

Shell Sulfinol

Selexol Norton Co., Chemical Process Products

Rectisol Lurg, Kohle & Mineraloltechnik GmbH &
Linde A.G.

Direct conversion of H,Sto sulfur:

Claus

LOCAT ARI Technologies

Stretford Ralph M. Parsons Co.

IFP Institute Francais du Petrole

Sulfa-check Exxon Chemical Co.

Distillation:

Amine-aldehyde condensates
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3.2.5 Columnsfor distillation, absor ption and stripping

Columns for absorption are often evaluated in arhotiabsorbed material per meter of
column height. In this way different solutions fbe same case can be compared.

To evaluate the design the flow ratio and its bedran the column has to be analyzed.
The columns can be designed with several typespHrations sections, different
diameter and different types of inlets. Before &ing column specifications, several
limits on the basis of purchase price and operatogjs are evaluated.

Afterwards the dimension for the column with atientpayed to the flow specification
and the packing material is determined. The hedfthie column can afterwards be
determined to achieve the desired efficiency ofdbgorber. Trays, structure packing or
packing material have to be a part of the evaluatidbe able to design a useable
column.

The packing material has to be evaluated on thewalg parameters to ensure high
efficiency is:

» Surface area, which can be covered by the liquitithns create a good interface
between the liquid and the gas or vapor phase.

* Empty space in the packing material to ensure swdams can flow without
large pressure drop.

* Mechanical and chemical resistance to the operatingitions.

» Acceptable cost for purchase and operation

Instead of using a packing material, structure packan be used. Structure packing
consists of plates made of ceramic, plastic or hietiat into a zig zag pattern and
assembled in blocks, which fits into the columne hates are perforated. Especially
the metal plates are very thin and exposed to smmo Therefor they have to be
manufactured in stainless steel, which will affeetchase price.

The plates are ensuring that the liquid flows ateady thin film, down the plates with a
countercurrent direction to the gas flow. A prerietje for a good mass transfer
between the phases is:

» Good liquid distribution on the plates.
» Low surface tension between the packing materials.

When using a packing material, the liquid is flog/shownstream the column and gets
mixed with the gas on the surface of the packintenma. When using structure packing
the solid surface of the plate are covered witHithed and the gas is bubbling through
the small channels.

When tray columns are used, the channels are abwatie liquid which ensures a good
contact between the liquid and the gas phase.

Some reason for a poor contact interface can herattoo high level of water on the
trays. This will not let vapor or gas through thedds, and instead liquid will run

through. This is known as “weeping”. Another reasmma poor interface is “blow-off”,
where the velocity of the gas flow is too high, ahwill blow the liquid away from the
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holes, which will cause a smaller contact areal@puud droplets can be torn up to the
overlying tray.
The maximum velocity can be determined as seeguaten 1: [23]

VD,max =K- % m/s (l)

Wherep, andp; are the density of respectively the liquid andghe phase measured in
kg/m® and K is a constant for the system that dependiedistance between the tray

and the liquid layer on the tray, as measured fifeergas discharge height to the liquid
surface.

In table 8 below some characteristics for the dfifé types of columns is shown. [23]

Table 8: An overview of parameters relevant for the chateolumn. X is suitable and XX very
suitable.

Packed column Structure Tray column

Criteria Plastic Metal Ceramic Grate packing Bells Valves Sieve
rings rings/ rings/ wood /
saddles saddles plastic
Vacuum / X X X XX
low
pressure
drop
L ow flow X X X X XX XX X X
rate
High X X X X X X
liquid
flow
L ow hold- X X X X X
up
High XX X X
hold-up
Foaming X X X X X
Coating X X
Solid X X X X
impurities
Large X X X X X X
boundary
surface
tension
against
plastic
Corrosion X X X X X X
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3.2.6 Stages processes (Plate/ Packed)

There are three basic flow patterns in absorptauanns. [22]

+ Parallel
e Countercurrent
e Cross

Parallel flow is that the flow of both phases moiethe same direction e.g. entering in
the top and exiting at the bottom. Countercurrtaw is when the two phases flows in
opposite directions. For cross flow the two phdk®sgs orthogonal to each other.

For gas sweetening, as in this project, counteeotifftow will be used in the column.

For the design of absorbers with countercurrent tlee following estimations are
made: [17]

» Selection of the type of contactor (trays and pagknaterial)

* Determining the heat and mass balance

» Estimations of the required column height (humldestages or packing height),
based on the mass transfer calculations.

» Determination of the required column diameter {t@acking), based on the gas
and the liquid flow rates.

* Mechanical design for the column.
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3.3 Chemical absorption
3.3.1 Amines

Amine is the term for a functional group in orgaocmmpounds. They are alkaline
substances and have a pH greater than 7.

An alkaline will accept a proton (Mfrom another species e.g. water and produce
hydroxide ions (OH. Therefore water is essential for gas sweetewitigamines. The
reaction with water is illustrated below. [27]

B+ H,0 -» BH* + OH™ (2)

The reaction between water and a proton acceptochvean be an amine, causes
formation of hydroxide and an alkaline pH, whicHlweduce corrosion in the pipelines.

3.3.2 Types of amines

Amines are organic compounds with ammonia {N&$ the fundamental compound. By
replacing one or more of the hydrogen atoms witbrganic hydrocarbon group,
different kind of amines are formed. Replacemerd single hydrogen atom produces a
primary amine, replacement of two produces a searyramine and replacement of all
three produces a tertiary amine.

In figure 12 the different types of amines aresitated.

| i
H L H C— ——
H—N — =N —C-N —‘i—lﬂ
) A o
H H H A
Ammomia Primary Amine Secondary Amine Tertiary Amine

Figure 12: The different kind of amines [26]

All commonly used amines are alkanolamines, whrehaanines with an alcohol group
(OH) attached to one or more of the hydrocarbohgs fieduces their volatility
compared to amines with no alcohol groups attached.

The content of b5 in natural gas can be reduced by reactions wiihes. The amine
accepts a proton from,8, which is the first step in the decompositiorit.ofhe

reaction between the amine angBHs highly exothermic. Regardless of the structire
the amine, HS reacts with both the primary, secondary andagréamine.

Amines remove kB in a two-step process.

1) The gas dissolves in the liquid (physical absomtio
2) The dissolved gas which is a weak acid reacts thihalkaline amines.

The simplified reaction can be seen below.
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H,§+ Amine < [Amine]d* + HS™ 3)

The reaction is more complicated than illustratkee to bigger molecules formed by
the amine solution and-8. To form those, water is an essential compomettta
process.

The primary reaction between alkanolamines agfél id shown below, where;RR,
and R denotes an organic compound, that can be eitbesaime or different from each
other. [28]

R,NH, + H,S & R,NH}HS~ (4)
R,R,NH + H,S & RyR,NH} HS~ (5)
RyR,RsN + H,S & RyR,RsNHYHS™ (6)

There are five different types of amines for swetg processes:

* Agueous monoethanolamine process (MEA)
* Agqueous diethanolamine process (DEA)

* Glycol-amine processes

* Agqueous triethanolamine processes (TEA)

* Methyldiethanolamine processes (MDEA)

MEA, DEA and MDEA are the most commonly used amiimegas sweetening in the
oil and gas industry.

Monoethanolamine (MEA)

MEA is the strongest alkaline between the aminks]. [For that reason MEA will be the
one reacting most rapidly with the acid gas. MEAb¢e to remove both hydrogen
sulfide and carbon dioxide from gas streams. ME&&&w molecular weight
compared to the other amines, and has a greatgmgacapacity for acid gases on a
unit per weight or volume basis.

Diethanolamine (DEA)

DEA is in many ways similar to MEA, where DEA isacondary amine and MEA a
primary. All side groups are ethanol. DEA’s reactiwith carbonyl sulfide and carbon
disulfide is very slow, and it is not always po$sito detect reaction between those
species. DEA is non-selective and removeS Bind CQ. It is more volatile than MEA,
which will result in a more efficient recoveringgmess, where the loss by evaporation
will be small.
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Methyldiethanolamine (MDEA)

Triethanolamine (TEA) was the first amine applieddas sweetening. In modern gas
treatment, it has been replaced by MDEA, since #reysimilar in their efficiency, but
MDEA is less toxic.

MDEA is a tertiary amine like TEA, and they reduot tsame way in gas sweetening
processes. MDEA is less reactive witiS-and CQ, and sometimes the content of
these will not be reduced enough to meet the desiamdweet gas. The flow and the
temperature have to be raised to compensate foefésiency compared to the other
amines.

Due to the tertiary structure, MDEA is a more contpaolecule, and therefore it is
reacting slower because it is harder for the viel@bmponent to get close to the center
of the molecule.

Nevertheless the use of MDEA will still be realkisth some processes as a sweetening
agent, due to its low toxicity.

The structure of the most commonly used aminedeaseen below in figure 13.

HO HO
N Nl
e . ‘Ij(lj\ (I:?\ |
|
T N | /N_?({:_OH
i i
HO HO
Monoethanolamine Diethanolamine Triethanolamine
. I HO
| —oc— oH b
A 1T\ [ Lwd f o7
T N—CH; HO—C—C—0—-C—C—N
o — |1/ | | ||
) A
—(C—OH po
Diisopropanolamine Methyldiethanolamine 2 (2- aminoethoxy) ethanol

Figure 13: Structures of the most commonly used alkanolanihéls
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3.4 Stage processes and mass transfer

Separation processes are used for a lot of opesaitiothe chemical industry. Some
mixtures are easier to separate by mechanical icpodsy where others need more
advanced techniques applied to ensure a suffisegrdration. Many types of mixtures
are separated, some of them are: Gas-liquid, ktigidd, solid-liquid and gas-solid.
Equipment and devices to perform separation predesan be divided into following
categories: [18]

* Gas-liquid contacting (gas absorption and strippdhistillation, humidification
or dehumidification and water cooling)

» Liquid-liquid contacting (solvent extraction)

* Gas-solid contacting (drying and adsorption)

» Liquid-solid contacting (leaching, crystallizatiand ion exchange)

Not all mixtures can be separated by these tecksjquithout supplementing with
either other compounds or energy transfer. An exampgemoval of HS in a gas
sweetening process, where amines are added tbs$beption column to react with
H,S. The amine is also called the separation agehidrcase.

Separation processes are in general based onitlegofr of mass transfer and referred
to as mass transfer operations. The definition adsiiransfer is the transportation of
species from one location to another in either mmese or in two phases, where a
difference in concentration occurs. The drivingces are an indication used to define
how close the system is to equilibrium and theyideatical to the rate of
transportation. In chemical engineering there lareg major types of transportation
processes. [18]

* Mass transfer
*  Momentum transfer
e Heat transfer

In table 9 a list of separation agents that arensonly used is shown. A separation
agent can either be energy transfer, filtratiotsuaor chemical compounds.

Page33 of 74



Amines as gas sweetening agents

«

Henriette Hansen, Master thesis spring 2014

AALBORG UNIVERSITY

Table 9: A list of separation agents used in the industt§] [

Separation process  Separating agent

Typical applications

Gas absor ption and Solvent
stripping
Distillation Heat
Liquid-liquid Solvent
extraction
Solid-liquid Solvent
extraction
Drying Heat/drying gas
Adsor ption Adsorbent solid
Ion exchange lon exchange
resin
Crystallization Heat (removal)
Membrane Membranes
separation

Removal of CQfrom synthesis gas;
removal of CQ and HBS from natural gas;
stripping volatile substances from
wastewater by steam.

Fractionation of crude oil; separation of
air.

Removal of aromatics (benzene, toluene
and xylen) from gasoline reformate;
recovery of penicillin from fermentation
broth.

Extraction of caffeine from coffee;
extraction of herbal products from barks
and leaves.

Drying of fruits; drying of polymer beads;
drying of ceramic items before firing

Separation of organics from a gasno
agueous solution; drying of air.
Demineralizing of water; separation of
salts

Production of salt, sugar etc.
Desalination of water; preparation of
absolute alcohol; concentration of fruit
juice; air separation.

3.4.1 Equilibrium

Equilibrium is a term used to define if there ishenge in concentration of any
component in a reaction system or in any phaskeo$ystem. When the system is in
equilibrium, no changes will occur. If not in edbrium, changes will happen.

In this project equilibrium theory is used stagegasses, where it is assumed that a
stream leaving a stage is in equilibrium accordmgansferring of the given

compound.

When a liquid and a vapor of the same compountharentact with each other, some
of the liquid molecules will evaporate and soméhef vapor molecules will condensate.
This is called thermal equilibrium. The same isdv&br multi component systems,

where each component will be in equilibrium betw#envapor and the liquid phase.
When not in equilibrium, the different phases migave different temperature and/or
pressure. At thermal equilibrium, evaporation aaddensation will still occur, but the

rate of these will be identical.

There are three types of equilibrium when workinthwabsorption, thermal,

mechanical and chemical.
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At thermal equilibrium, the temperature of the tplases will be equal. The thermal
equilibrium can be written as:

T = TLiquid = TVapor (7)

In mechanical equilibrium the forces between vagrat liquid will be equal. For stage
this will mean that the pressure in the two phasesjual.

P = PLiquid = PVapor (8)

In chemical equilibrium there will not be producaaly more of the products or the
reactants in the reaction. In the reaction betvaaeamine and %, no more of each
component will be produced.

Put into practice, the equilibrium is more compigchin an absorption column, since
reaching equilibrium takes time, and even though dssumed. In theory it is not sure
that all types of equilibrium is reached in allgea.

3.4.2 Masstransfer

Mass transfer is the transfer of mass from onetilmed@o another or from one phase to
another. Mass transfer always occurs in an interbgtween two phases. Mass transfer
has three kinds of mechanisms: Molecular diffusigmandom and spontaneous
microscopic movement of molecules as a result@fntial motion and eddy diffusion
(turbulent) by random, macroscopic fluid motior@][1

The third mechanism is the bulk flow, which occurem the total rate of mass transfer
is affected by the bulk flow. Diffusion occurs vesipwly and eddy diffusion is the
fastest. In separations processes it is importadinhension the equipment with the
pace of the mass transfer in mind.

The transfer from one phase to another of a specide defined by using the molar
flux of the component i, Nand is equal to the sum of the transfer dueeddhhee
mechanisms. The unit for the molar flux is molestpae unit per unit area. [19]

N; = molecular dif fusion flux of i + eddy dif fusion flux of i +x;-N (9)
X;.N is the bulk flow flux.

3.4.3 Masstransfer principles

When one material is transferred from one phasemtdher across an interface, the

resistance to mass transfer in each phase is driegt@ gradient in concentration. This
is illustrated in figure 14.
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Figure 14: The concentration gradient near a gas-liquid fater. [20]

The concentration for the diffusing material in th@ phases will change in the
interface due to diffusion in that point. If thgdire above is considered, the
concentration in the gas phase is seen on theAlethe interface the concentration in
the gas phase is lower than the bulk, due to mt@egapidly diffuse into the liquid
phase. In the liquid phase the concentration ikdrign the interphase than in the bulk
phase due to the receiving of molecules from tlsepdease. The difference in
concentration between bulk and interface will bedced when equilibrium gets close
and the diffusion rate gets lower. In systems wileeesolute concentration in both
phases is diluted, the rate of mass transfer wilptmportional to the difference between
the bulk concentration and the concentration atritexface. This is described in
equation 10 below. [20]

Ny=kg-(p—pi) =k, (c;—0c) (10)

Where:

Na is the mass transfer rate

k' is the gas phase mass transfer coefficient
k', is the liquid phase mass transfer coefficient
p is the solute partial pressure in bulk gas

pi is the solute partial pressure at interface

c is the solute concentration in bulk liquid

Gi is the solute concentration in liquid at interface

The expression can be rewritten to be a functiaim@imolar fraction in both phases
instead of concentration and partial pressure. Géusbe seen in equation 11 as: [20]

Ny =k (v =y =k (x;—x) (11)
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Where:

kg is the gas phase mass transfer coefficient vatidiging mole fractions
k_is the liquid phase mass transfer coefficienidvidr using mole fractions
y is the mole fraction solute in bulk gas phase

yi is the mole fraction solute in gas at interface

X is the mole fraction solute in bulk liquid phase

Xi is the mole fraction solute in liquid at interface

The relation between the two mass transfer coefiisiis seen in equation 12 and 13.
[20]

ke = ki - p, (12)
ky, =k py (13)
Where:

p, is the total system pressure employed during tper@mental determinations ofd’
values
p., is the average molar density of the liquid phase

ke is not depended on the total system pressurehwhakes it more suitable to use as
a general constant instead of kivhich is inversely proportional to the total syste
pressure.

3.4.4 Molecular diffusion

Molecular diffusion is the motion of molecules frane phase to another. All
individual molecules in a liquid will move in ranehdy direction at different speed. The
molecules will collide with each other, and theoggy and the direction of each
molecule will change constantly. At high temperattire diffusion rate will be high due
to more energy in the molecules and therefore greatlecular velocity. For gases, the
diffusion rate is inversely proportional to the gsare, e.g. the diffusion will be more
rapid.

A solution, which is not uniform in concentratiom)l be brought into this by diffusion.
The molecule moves from an area of high conceptrdt an area of low concentration.
The concentration gradient is depending on thethetsolute is moving. Rate diffusion
is described as a molar flux termed in moles pea @er time. In a solution with two or
more components there will be a flux to considereimch component: [18]

3.4.5 Film theory

One of the most used theories regarding mass &aasfoss an interface in separation
processes is the film theory. This can be eithgasliquid interface or an interface
between two liquid phases. The film model assuinatthe entire resistance to
diffusion will be established in the bulks themsslvThis means that the molecules will
pass across the interface without encounteringteesie. To diffuse into the bulk of the
fluid, the molecule still has to cross a thin sta#iry region, which is referred to as a
film. In the film the resistance to mass transéepiesent.
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The film is considered as a kind of a membrane revtiee solution is homogeneous in
the phase but different on each side of the filive @ifference can be described as the
driving forces for mass transfer across the mengran

The film model can be split into two types of filmodels: One film and two film
models.

For the one film model there is only considered fineto provide resistance for mass
transfer during diffusion. This film is considertxbe on the surface of the liquid
phase. If a model is established for the compoumd @non-volatile solvent B, there
will be no resistance against diffusion in the ghase or in the interface on that side.
The component A will diffuse into the liquid filrmd further into the liquid bulk, where
the resistance to diffusion is between the liglndge and the liquid interphase. In
figure 15, the one film model is illustrated.

(zas A Liguid
phase liquid film{ phase
0 thigkne
A
G
Flux
Interface
= =
Z-0  2=0

Figure 15: The one film model [21]

In the two film model, two films are present, ondhe interface of the liquid and one in
the gas. There for there will be resistance tauditin on both sides on the interphase.
This is illustrated in figure 16.

Gas & film film & Liguid

phase | thickness : thickness| phase

Ybulk
———"\_L i
" h ___xbulk
Interface

Fecs

Figure 16: The two film model [21]
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As described in the film model theory the entirgisg@ance to diffusion will be generated
by the films. Therefore it can be assumed thattmeentration in the interphase is in
equilibrium. This is be illustrated in equation 1¥here Y is the molar fraction of
component i in the gas film,;Xhe molar fraction in the liquid film and,fare the
fugacity at equilibrium conditions at the interfafl]

Y; = feq. (Xi) (14)
3.4.6 Handling stage processes

In stage processes, the aim is to achieve a praldaicimeets the requirements. The
average retention time in a stage for a given camgan one phase depends on the
composition and amount of the second phase.

For a given stage, the retention time of the liquilll be high if the liquid height on the
bottom of the stage is high. During the stay indtage, the two phases will be in
contact with each other. Their composition willréfere, at least in theory, be in
equilibrium. When the two phases are in equilibrjdine maximum mass transfer in
that particular stage is reached. When evaluatagesprocesses, equilibrium in each
stage will be assumed, unless the system is spéddibe faster than equilibrium can
occur. To determine the number of stages requaorexdet the requirements of the
process, the equilibrium for the given system fibw and its parameters should be
known, e.g. concentrations of the given compoumts.graphical presentation of the
flow and concentration in the given phases arectllyi defined as shown in figure 17.

Y1 To
| T
stage |
| — N—
¥a Xy
F
r "
2
]
'I.HJI X3

| 3

| |
N=4 |

YN+ ;.:I.'J
L

Figure 17: Outset for the stage calculations. [31]

3
Vv

»

Each box in the figure illustrates a stage wherélibgium occurs before the streams
are transfered to the next stage. The numberimts stethe top and goes from 1 to N,
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where N is the number of stages. The liquid stresadenoted L and the gas with G.
The concentration of the given compound is givewxjland y that is the mole fraction
in respectively the liquid and the gas phase. Terdgne N, equilibrium in the given
stage is assumed. When this is assumed the cooméetiween the mole fraction of
component c in the gas and in the liquid phass giagen below.

yi=K-x (15)
Where K is the equilibrium constant, that can henfibin literature or by experiments.
The mass balance for an absorber can be perforseekea below. [32]

L-xg+V - yys1=V-y;+L xyn (16)

Where x%is the concentration of the given compound in ttyeidl, x is the
concentration in the outlet stream of the liquigdisythe inlet concentration in the gas
and w1 is the outlet concentration for the gas. L islieid flow rate and V is the gas
flow.

Solving the equation foryy; gives:

L L
Ynt1 =3 Xn + V1~ 5" Xo (17)

This equation expresseg.yas a function of xand ». In this way the concentration of
one component can be determined as a functioredftther component, when the outlet
concentration of the given compound in the gas eaknown. This equation is related
to the lines in a McCabe-Thiele diagram, which gittee opportunity to evaluate the
stage process graphically. Using McCabe-Thiele gésiin the concentration in each
stage can be tracked.

By knowing all details and then setting up the nizance, the exactly number of
stages needed can be determined.

In a McCabe-Thiele diagram, the data is plottedhhie composition in the liquid
phase represented on the x-axis and the composttire gas phase on the y-axis. In
the same diagram equation 17 is plotted as ther&tipg line”.

This graphic illustration is called the McCabe-Tagmethod and is a graphically
solution for stage processes. The diagram is ilitesdl in figure 18.
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Figure 18: Graphic determination of the number of theoretitayes. [22]

When using the diagram, the starting point is antthp right corner that is representing
the conditions in stage 1, o(¥1).The bottom left is representing the outlet
concentrations for the systemy(¥n«+1).

The drawn lines numbered in the graph represett gtage in the process. A horizontal
line cuts the working line and the equilibrium ceirand is used to determine the
fraction of the given compound in the gas and idp&d phase. Each horizontal line
represents a stage in the process.

3.4.7 TheKremser Equation
Another way to find the number of stages is totheekremser equation. This method
is used to make a quick estimate of how many stageded for a given process.

The Kremser equation is seen below.

YN+1—K'X0_( _l) lJ
_ lnl Y1-K-Xo 1 A +A

v e 19)
Where A is the absorption factor and is definetbdswing:

A= JA, Ay (19)
A and A, is describing the conditions in stage one antiénldst stage.

A = L (Stage 1 conditions) (20)

K'Vl
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Ay = % (End stage conditions) (21)
Where Vi is outlet for the gas andylis outlet for the liquid, assuming that the only
mass transferring occurring is the desired compound

3.4.8 Specific for Packed Columns

The first parameter to determine when using a mhckéumn is the height of the
column. For this determination the method for duteing the theoretical number of
stages is used as described in the McCabe-Thidleoche

The method used the theory of equilibrium and tlassrbalance to determine at which
height in the packed column will be identical teegiate in the plate column. The
molar fraction of the given component in the ligpitase, x therefore has to reach the
concentration as if it was passing one plate, hadsame for the molar composition in
the gas phase y.

This equivalent is called the Height Equivalenatdheoretical Plate (HETP). This can
be seen in equation 22 below. [30]

H = HETP -n (22)

Where n is the number of theoretical stages detethby the McCabe-Thiele method,
HETP is the height equivalent to a theoreticalgbatd H is the height of the packing.

The value of HETP can be determined by the modiBeahville equation. [30]

1/3
HETP =28-d, mg -2+ (3) (23)

2,4

Where, d is the diameter of the packing the average slope of the equilibrium curve,
V the molar vapor flow rate and L the molar liqdiow rate.

The value of mcan be determined by the following method. [30]

m, = Sz (24)

n

Where, mis the local slope of the equilibrium curve atdretical plate i.

In figure 19 an example of evaluation of m can éens
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Figure 19: Determining m[30]
In this way the dimensions of the column can bermeihed

3.5 Net present value (NPV)

Important decisions about a gas cleaning procesgesvhich type of gas cleaning,
which column, which material, which demand for pugnd so on, is taken on the basis
of efficiency, economics and environmental constens. It has major influence on
the operation and its costs and it extends oves.tim

Most companies are paying attention to their incame profit. There for different
solutions to project details are compared and themefits and costs are analyzed over
sometimes longer periods of time.

Some general formulas are used to create an ovwer@iee key parameter is the present
value (PV). The present value is used find thepnesent value (NPV).

The NPV is a key parameter compared across pr@edtis influencing the choice on
which solution to implement. It is showing the prédr the investment at a given time.
Projects can be divided into two categories: Ptejadth short lifetime and projects

with long lifetime. Short projects will last ledsain a year and longer more than a year.
Future value (FV) and present value (PV) are usatkttermine NPV, and is defined as
what an investment can yield when including ratitazhs, i.e. PV is the investment
including the rate. FV and PV can be determinedwel

NPV for short projects

FV and PV for short projects are determined asvsehuelow: [24]

FV=X-(1+1) (25)
X'is the investment and i the rate.

py =2 (26)

T 14
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Calculating the present value is also called “distimg”. By comparing the investment
with the present value it will be possible to assgkether the investment returns profit.
Else other values have to be fulfilled to makeitivestment beneficial.

By determining the net present value (NPV), allphafits and expenses for a project,
including the investments, is summed. The NPV aafobnd as seen in equation 27.
[24]

NPV = PV — the investments (27)
NPV for longer projects

The way to determine NPV above is only applicableshort projects. If the duration of
the project is more than a year, the duration ary¢n) is added to the equation, as seen
in equation 28. [24]

V=Y (28)

T (a+)n

If a project profits during several periods, th@atdV can be determined by adding PV
for each period, as shown in equation 29. [24]

FV(0) FV) . FV(i-1) Aw)

PV = aopm T @rane T @ranemn T G (29)
r is the interest for the given period.

The formula for PV can be reduces as seen in exquatbelow. [24]

PV() = Y1, — (30)

=0 (14r@))ni
The NPV for a longer project is then defined asidedow in equation 31. [24]
NPV = PV (i) — the investmens (32)

NPV for different projects can be compared to shglwone grants the most profit.
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4.0 Problem statement

Several methods for gas sweetening exist. Oneeoé@immonly used and most tested is
sweetening with a weak alkaline stream where chalnatosorbents are reaction with the
acid compounds.

Chemical absorbents as DEA, MEA and MDEA are comnignosed in gas sweetening
processes, where absorption columns are used tovesatid components in a natural
gas stream.

In this project amines will be used in an absorpttolumn for a sweetening process.
To investigate the process, simulations in AspersM$ can be performed, to evaluate
the flow of the given amine, the flow of the waaerd the efficiency of each of the
amines. This can be supported by manual perforraledlations.

This leads to the following problem statement:

“Which of the following amines is the most effititar gas sweetening on an off shore
plant? And which one is the most attractive tofugm an economic perspective”

The following topics will is interesting to evaleat

- How efficient is MEA, DEA and MDEA in the gas sweeing process?

- What flow is needed for the given amine?

- Which one is the most attractive from an econoreispective?

- How is the concentration of the acid compoundsehsad over time in the
absorption column?

The investigation will be supported by manual cittans when relevant.
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5.0 Background for the simulation

The aim for this project is to investigate the oleg process for p& removal in natural
gas. Absorption processes has been the focus,isisaecommended method in
literature. [33]

Many types of compounds for gas sweetening are. bidest commonly used is the
group of different amines, which has been selefdethe modelling. Gas sweetening
using MEA, DEA and MDEA is there for investigatedHYSYS and compared to
calculations manually.

During both modelling in HYSYS and calculationsg #fficiency of the three amines is
investigated, and evaluated in the efficiency ef¢leaning, the consumption during the
process and the possibility of reusing aminesdadhgr gas treatment.

To set up the cases, some parameters have todidiststd. These are elaborated
below.

Content of H,Sin the sweetened gas: The legislation is describing a maximum content
of H,S in natural gas at 4ppm.

Content of H,Sin the untreated gas: Literature was investigated, to get an idea of how
the composition of natural gas is. The content £8 i4 usually 1-3 mole%. The purpose
of this project is to model #$ removal and for that reason the content 8 I3 chosen

to be 3 %. [3B

Content of CO; in theuntreated gas: To model a realistic gas sweetening process,
which purpose is to remove G@nd HS in a natural gas stream, a certain content of
CO, has to be present. If not, the use of the swesgeagent will be unnatural low and
cannot be evaluated on its efficiency or flow.

The normal content of COn untreated natural gas is 4-5 mole%. Therefloeecontent
of CO in the gas stream is established as 4 %.

Water is added to the amine solutions. This issdorensure a bigger surface of the
liquid phase. When a gas stream is added to an@hmsocolumn with a relative high
flow, the corresponding amount of amine is reldyivew. If water is not added, it will
not be possible to ensure a good contact betweearghliquid, which will cause the
sweetening process to be less efficient.

Up to 75 mole% water is normally added when perfogwgas sweetening. [33] The
tendency is confirmed by the amine package in HY8¥®is designed specific for
modelling gas absorption, where simulations ardlen@ run without certain water
content in the stream.

The absorption process takes place in a columnhakimstalled with a certain amount
of stages. The amount of stages is determined asimgss balance model. The mass
balance model is known as McCabe-Thiele, wheredneentration of one component
can be determined as a function of the flows oftthwe streams and the concentration of
the other component. By using this model the amotiatcurate stages is found and
literature is investigated as a reference to enhigreletermined amount is realistic. [33]
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An absorption system in Aspen HYSYS is built toastigate the gas sweetening
process.

The two inlet streams are named acid gas and awatex The temperature and
pressure for the system is investigated in litegtwhere it is described that the
temperature of the amine-water stream should keast five degrees warmer than the
acid gas stream in the absorption column to avordponents of the natural gas to
condensate into the liquid amine stream. The ojpergressure of an absorption
column is usually around 30 bars, which is chosetha pressure for the absorption
column.

The pressure in the rest of the system operatsnaispheric pressure as common on
many off shore installations. [33]

5.1 Modelling

To evaluate the efficiency of gas sweetening, s¢wases will be modelled in HYSYS.
The demand for all simulations is that the cont#ri,S has to be below the 4 ppm, to
match the specifications for the clean gas.

Seven cases will be modelled, to investigate theiefcy of tray and packed columns
and to evaluate the thermodynamic models. The trere types described in theory,
respectively MEA, DEA and MDEA will be used.

For six of the cases, the amine packages in HYSM®&used. This is a package
where the gas phase is described with an EoS andjthd with an activity model. The
data for the packages is seen below.

* Liquid: VLE (vapor liquid equilibrium) = Mod KentiEenberg
* Vapor: VLE (vapor liquid equilibrium) = PR
* Enthalpy/Entropy = Curve Fit

Kent & Eisenbergs model is correlating the equilibr solubility of acid gases in the
amine solution and the solubility of light hydrolans is modelled using Henry
constant, which adjusts for the ionic strengthafféhe solubility of the heavy
hydrocarbons are modelled using a thermodynamicemehere the fugacity is
determined.

As an EoS, the Peng Robinson model is used byntieegpackage.
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5.2 Specifications for the models

The composition of the gas stream is shown in tablbelow:

Table 10: The composition of the gas stream.

Molar composition

Methane 0,8433
Ethane 0,0613
Propane 0,0183
i-Butane 0,0063
n-Butane 0,0070
i-Pentane 0,0052
n-Pentane 0,0037
n-Hexane 0,0016
n-Heptane 0,0012
n-Octane 0,0005
n-Nonane 0,0001
n-Decane 0,0000
Water 0,0000
Nitrogen 0,0018
Carbon dioxide 0,0400
Hydrogen sulphide 0,0300

An overall setup for the simulations is shown belovigure 20.
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Figure 20: The general setup of the case

The acid gas is entering the absorber in the botidmare the amine solution in entering
in the top. To illustrate the amine is reused theasn is entering a mixer. In the real
world, the regenerated amine from the distillagoiumn will be led to the mixer,

where more of the amine solution will be addednsuee the optimal composition for
gas sweetening. The pump is raising the pressane frbar to 30 bars that is the
operation pressure of the absorber. A heat exchasmgestaller to cool the amine
solution to the desired operation temperature.
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The sweetened gas from the absorber is led toipieesystem and transported on shore
and the liquid is led to a flash tank, where tlmeasn is heated with the purpose of
flashing out most of the content of hydrocarbonthastream.

The amine solution is then led to a distillatiowéwn, where the stream is cleaned for
H,S to the same level as the sweetened gas. Theerecbamine can then be mixed
with water and in theory led to the mixer, whereah be reused for the new sweetening
process.

5.3 Description of the cases
I nvestigation A

Investigation A is consisting of case 1, 2 and Beke the purpose is to evaluate the
flow and amount of the given amine, to be ableaimpare the sweetening process
when using different amines. In the absorber, trailide used and the setup is given as
described above.

The number of stages is determined by calculatgingua step wise model and the
Kremser model for each of the amines, and therageet, to use the same number of
stages for each amine, to make the only varial@dlohv. In this way the efficiency of
the given amines are investigated. The use of amas following:

Case 1: MEA
Case 2: DEA
Case 3: MDEA

Investigation B

Investigation B is consisting of case 4, 5 and & iandentical to investigation A, with
the difference that a column with a packed matevitibe used. The use of the amines
in the cases is as following.

Case4: MEA
Case5: DEA
Case 6: MDEA

Investigation C

To evaluate the importance of a suitable activipdel and equation of state,
investigation C will be made, to compare the anpiaekage with the PR EoS.
Therefore case 1 will be performed using PR asath far both phases in the system
instead of using an activity model for the liquigggse. In the end the two simulations
will be compared. An overview is presented below:

Case 1. Using the amine package
Case 7: Using the PR E0S
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Data for the ssmulations

Most of the parameters for the cases are idenfitedse are presented in table 11
below.

Table 11: Parameters for the given cases.

Parameter Value
Amine stream temperature 40 °C
Gas stream temperature 35°C
Operating pressure 30 bar
Total gasflow 7471 kmol/h

To evaluate the flow in the simulation models, strategy has been to minimize the use
of the given amine, since it is expensive compévesater.

To avoid unrealistic results, the maximum flow diter is determined to be 30.000
kmol/hour. The flow and composition is then deterad as the minimum amount of
amine that gives a satisfactory cleaning of thd geis and matches the demands for the
flow.

An adjust unit for the absorption column could haeen made, where the flow of the
liquid amine stream is adjusted automatically iatren to the HS content in the
sweetened gas. But when it is desired to adjust thet flow of water and the amine,

this is not possible, since it will produce one &tpn with two unknowns.

This project does not only concern the cleaningetspf the process, but also the
economic aspects. Therefore the distillation uinstalled, to evaluate the reuse of
each of the amines.

It has not possible to find the demands for remgvie acid components from the
amine stream in literature. Therefore it was detimeremove HS from the liquid
stream to the same level as in the absorption aolwhich is 4 ppm. Then the amine
solution has to be considered cleaned fg$.H

As this simulation is performed in steady state,régenerated stream exiting the
bottom of the distillation column is not leaded kato the absorber through the mixer.
This procedure makes it possible to evaluate theepéage of reuse for the amine.
After the absorption column a flash tank is ingt@lifor the purpose of flashing out the
light hydrocarbons that have been transferrededitjuid phase in the absorption
column. As this project do not concern environmeaspects, the loss of the light
hydrocarbons exiting the top of the tank is noteated. It is assumed that the
hydrocarbons will be collected and reused as thigllations on the platforms allow it.

Equipment as pumps, valves, heating and coolinty @né also installed in the
simulation to establish conditions that are simitareal installations.

When the general setup is established, the invagiigof the cases can be performed.
Investigation A and B are similar to each othethwvtie difference that investigation A

is performed with sieves where investigation Basfgrmed with a packed column. In
principle there is no difference between thesestmactures, because packed columns is
evaluated with theoretical stages, where a colusnmgusieves is defining that one sieve
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is equal to one stage. This means that the nunilstages is equal to each other, and
therefore the cleaning of the gas in the two colsimill be identical if the only
difference is the presence of a packing materia tlikat reason, the results from
investigation B is excluded from the evaluatioriled cleaning processes, since these
are identically to the results from investigatigns

For investigation C, which is an evaluation of #fficiency of the amine package,
another fluid packed containing the Peng-Robinso8 i used. It was not possible to
perform the simulation, which probably is due te BR EoS’ poor ability to determine
the abilities for the liquid phase, that containtap compounds, which the PR E0S is
poor for predicting abilities and phase splits.

The PR Eo0S predicts two liquid phases in the alesprzhich makes it unable to
provide any useable result for the simulation. Buthis, investigation C has been
excluded from evaluation of the results.

Pagebl of 74



Amines as gas sweetening agents ((‘

Henriette Hansen, Master thesis spring 2014
AALBORG UNIVERSITY

STUDENT REPORT
6.0 Calculations

To support the simulations, certains calculatiopnsdnd has to be performed. This is
done to establish the number of stages that shmuldsed in Aspen HYSYS.
Furthermore stage calculations have been donenpae the results of the simulation
by calculations made by hand for the stage prose$s¢his way the flow of the ligiud
amine stream and the composition can be comparduelijow determined in HYSYS.

6.1 Determing the composition by hand calculations.

The total gas flow (V=7471), was used to deterntimeemolar flow of respectively 1$
and CQ in the gas. To perform the calculations, the regtween water and the amine
has to be known, as well as the ratio betweendltegas and the amine. These values
have been found in literature and can be seen heltable 12. [33]

Table 12: The ratio between the amine and water flow and éetwthe acid gas and the amine content.
[33]

Amine Weight % Amine Mol acid gas'mol Amine
MEA 20 0.35

DEA 30 0.50

MDEA 50 0.4

To determine the composition for the liquid streéime, ratio between the acid gas and
the amine was determined. Afterwards the molar roa#se amine was used to
determine the amount of water that is defined irgimMepercent. A script to determine
the given values has been performed in Matlab, vtiesn relations can be determined
just by changing the composition of the streams.

An example of the script for MEA can be seen belData entered in the script is the
total molar flow of the vapour phase, the molacti@ of CQ and HS and the molar
weight of the amine used for the sweetening process
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clear

TW="7471; % Total wapour flow
H2:53=0.03; % Mmount of H23:
CoZ2=0,04; % Amount of CO2
HMEALA=£1.09; % Molar weight for HMEALA

=,

fH2S=TW*H=3:
LooZ=TW*C02;
facid=fHZ3+L£CO0Z;

%3 Determination of the molar flows=

% Molar flow of HZ3
% Molar flow of CO2
% Total flow of acid gas

% Data for the MEL flow

wHEA=facid/0.35;
WHE A=mMELYMMEL

,

wHZ O=wMEL*50/20;
wHZO=wHZ 2/ 15;
mLF=tHz O+mMEAL:
pPMEA=100*mMEL/ LF ;

% The f£low of pure HMEAL
% The mass flow of HMEL

% Determining the =swmount of water

R

The weight of HZO
Molar flow of HZO
Totalt ligiud flow
percent MEL in the ligiud flow

EL

dispi('Total ligiud flow')

dizp (rwlLF)

disp('% MEL in the ligiud flow')

disp (pHEL)

disp('kMole=s of HMEL'])

dizp (mMEL)

STUDENT REPORT

The same procedure is followed for DEA and MDEA(] #me following data for the

flows are obtained.

Total liquid flow (MEA):
% in the liquid flow (MEA):

kmoles of (MEA):

Total liquid flow (DEA):
% in the liquid flow (DEA):

kmoles of (DEA):

Total liquid flow (MDEA):
% in the liquid flow (MDEA):

Moles of (MDEA):

2.1779x1bkmol/h
6,861 %
1.4942xTkmol/h

1.5301x1Hkmol/h
6,836 %
1.0459x£kmol/h

9.9626x10kmol/h
13,123 %
1.3074x1Dkmol/h
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The flow of the different liquid streams was usedhe stage model, to determine the
number of stages needed for the process. Fromtliter it was determined that
absorption columns for sweetening processes ngrivaa about 20-30 stages. [33]

6.2 Stage calculations

To determine the flows by manually calculationg, $tage model is used. The outset
for the calculations is the cascade as seen ingfigu.

Figure 21: Outset for the stage calculations. [31]

Every step in the cascade is assumed to be infegumh. From that knowledge the
mass balance can be written as shown below.

Lxg+V-yyy1=V-y;+L-xy (32)

V= 7471 kmol/h
L= 21779 kmol/h (MEA), 15301 kmol/h (DEA) and 125kol/h (MDEA)

The mole fraction of kB in the gas stream entering in the bottom is ideatYy.; and
is 0.03. The content of 43 in the exit streams is 0.000004, which is idehtic ;.

In the stage model, it is assumed that the matavdlof the liquid stream entering in the
top and the gas stream entering in the bottomamstant. Only KIS is miscible in the
two phases. The equilibrium betweesSHn the two phases is then as shown in
equation 33.
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yi=K-x (33)

The K-value is the equilibrium constant for thensger of BS from the gas to the liquid
phase that is dependent on the temperature andtoeconditions. Normally it is
assumed constant for manual calculations and céoupel in tables. The equilibrium
constant for the given amines can be seen beldabie 13.

Table 13: The equilibrium constant for each of the amineshiertransfer of k& from the gas to the
liquid phase.

Amine K

MEA 2,05
DEA 1,45
MDEA 1,25

The relation between the content ofHn the inlet stream and the outlet stream is as
following.

0,000004

V'Y1:( 0,03 )'V'}’N+1 (34)

By substituting this expression into theSHmass balance and solving fag the
equation will be as illustrated in equation 35 belo

v 0,000004
Xy =Xo+7° (1 ~ 003 ) "YN+1 (35)

Xo=0 and ¥:1=0.03 which reduces the equation to the following.

U ( 0,000004
N 0,03

)+ (0,03) (36)

With all the constants for the system given, thasraalance for each stage in the
cascade can be defined as following:

L-xg+V-ypu1=V-y1+L x, (37)

Solving for Ya+1:

L L
yn+1=;-xn+y1—;'x0 (38)

To determine the number of stages needed and tleecwation of HS in each stage, a
serial of calculations is performed. The first gtaghere the value for y is above 0.03 is
defined as the last stage in the column. The Viaue in that stage is used as a
reference, and it has to be close to the determiged
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Because of equilibrium conditions, the expressarryf can be reduced to the
following:

y1 = Kxy (39)
The following values of y can be defined as a fiorcof y;.

v, =(A+ 1Dy, (40)
y3 = (A2 +A+ Dy, (41)

For determining y A is added, and for each values of y, A in the powiehe number
minus one is added to the expression. A is callechbsorption factor and is defined as:

A=~ (42)
From the determined equilibrium relationship anel ¥hlues for y, the corresponding
values for x can be determined are illustratedveelo

X =22 (43)

The calculations have been performed in excel haddsults is shown below in table
14. Detailed information about the composition acle step can be seen in appendix 1.
For the calculations, the flows determined in Magae used. The % determined is
the values calculated for the given step and theeference is the one found by using
the already known value fogy that is 0.03. This is identic to the inlet concatibn of
H,S in the gas stream.

Table 14: The determined values for the stage calculations.

Parameter MEA DEA MDEA

Xn - determined 0,0151937 0,026581 0,024785

Xn - reference 0,010289734 0,014646109 0,017928009
Yn- determined 0,031147 0,038542 0,0309812

Y, reference 0,03 0,03 0,03

Number of stages 23 24 27*

* When using the determined flow for MDEA, the nuenlof stages provided by the stage method is 83.
This is unrealistic, which lead to adjusting thguid flow by adding water until a total liquid float

12.500 kmol/h is reached. This provides an accéptalimber of stages for MDEA (27), where a realisti
number according to literature is between 20 and )
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6.3 Using the Kremser Equation

The Kremser equation is used for a quick estimatidihe number of stages in an
absorption process. There is no need for evaluatidime equilibrium conditions in
each step, but instead an evaluation of the floankh out of the absorber and the
desired concentrations.

The Kremser equation is shown below in equation 44.

Y1-K-Xo
In(4)

[ (1)

N

(44)

All compositions in the equation are known, sirtds the content of 8 in the inlet
and outlet of the gas stream and the content imtheof the liquid stream. A is defined
like below:

A=A, Ay (45)

A1 and Ay is determined as shown below.

L

A; =— (Stage 1 conditions) (46)
K'Vl
Ay = % (End stage conditions) 47)

When using the Kremser equation, it is assumediieadnly compound transferring
from one phase to another ig3d The Ly is the liquid flow added the flow of the
transferred KHS. Opposite is Ythe gas flow minus the transferred amount g8 H'he
needed parameters and the results of the calaudaashown below in table 15.

Table 15: The parameters and results of the Kremser equation.

Parameter MEA DEA MDEA
L [kmol/h] 21779 15301 12500

L n [kmol/h] 22003,13 15525,13 12724,13
V [kmol/h] 7471 7471 7471

V1 [kmol/h] 7246,87 7246,87 7246,87
Ay 1,465999 1,456134 1,379906
An 1,481085 1,477463 1,404648
A 1,473523 1,46676 1,392222

N 20,08928 20,305 23,13734

As seen in the table above, the Kremser equatiproMding less numbers of stages
compared to the equilibrium stage model. The dopilim stage model is usually
predicting better results, where Kremser is thekjmethod to get a rough estimate for
further calculations.
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6.4 Stages in HYSYS

The equilibrium stage model and Kremser has beed tssdetermine the number of
stages. The equilibrium stage model provided betvi@3and 27 stages for the absorber
while the Kremser equation provide results betw&@and 23 stages. To model in
HYSYS 25 stages is chosen for all of the simulaiafithen choosing the same number
of stages, the only variable is the flow of thaildjstream and the composition of it.
This makes it possible to compare the flows anduewa the efficiency and the costs for
the process.

The strategy described when introducing the sinanas used when working with
HYSYS.
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7.0 The results

The results from the simulation in HYSYS are shdwefow in table 16. The results are
compared to the results from manual calculations.

Table 16: Results from HYSYS and calculations.

MEA MEA DEA calc. DEA MDEA MDEA
calc. HYSYS HYSYS calc. HYSYS
Total liquid 21779 29610 15301 14265 9963*** 25100*
flow [kmol/h]
Total amine 1494 610 1046 765 1307 3100*
flow [kmol/h]
Composition 6,86 2,06 6,84 5,36 13,12 12,35*
[% Amineg]
Price 8704 8704 7616 7616 13600 13600
[dkkr/ton]
Cost [dkkr/h] 794.414  324.354 837.608 694.255  2.118.064 5.023.786
Reuse [%] - 99,99** - 99,99** - 99,99**

*Absorption using MDEA is done at a temperatur@@fC to raise the efficiency of MDEA and the need
of catalyzing the process to minimize the flow.

** Using HYSYS gives a high regeneration percenttfee amine. Several sources are documentation a
realistic reuse percent around 80 % for most tgesnine, which is evaluated more realistic.

*** This flow is adjusted to be 12500 in the calatibns of number of stages for MDEA

As seen in the table, HYSYS demands a higher flMfEA while the flow for DEA
is lower compared to manual calculations. For MDA flow is higher as well.

It is not possible to perform a decent simulationMDEA without raising the
temperature, and the flow will have to be unreilisigh to perform the needed
sweetening of the gas.

In literature, it is documentated, the MDEA not ajs provide the needed cleaning of
the gas, but it is still used due to it being umtaompared to the other amines.
When the prices for one hour is evaluated, MDE&xgensive compared to the other
amines. According to manually calculations the @ftr MEA and DEA is higher
compared to the prices related to the flow deteechioy HYSYS. For MDEA HYSYS
is providing the most expensive process.

7.1 McCabe-Thiele diagrams for the absorption process

The theory of McCabe Thiele is a key to understagdiage processes. It is related to
the equilibrium stage method, where the resultsbeansed to construct McCabe Thiele
diagrams for the three different amines.

In figure 22 a McCabe Thiele diagram for the ab8orpprocess with MEA is shown.
The composition of the two streams in each stageéedollowed with respect to,8.
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Figure 22: McCabe Thiele diagram for the absorption using MEA
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In figure 23 the McCabe Thiele diagram for absanmptivith DEA and the composition
with respect to b5 in the given stages can be seen.

0.04

0.035

=
)
[¥%]

0.025

=
=
M

0.015

mole fraction in the vapor phase

=]
=]
—

McCabe-Thiele diagram for the DEA absorption syste

............ b AT [ —— Equilibrium line
: : : : — Warking line
0 0.005 0.01 0.018 002 002 0.03

mole fraction in the liguid phase

Figure 23: McCabe Thiele diagram for the absorption using DEA

In figure 24 the McCabe Thiele diagram for absanptivith MDEA and the

composition of the streams with respect t&Han be seen.
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Figure 24: McCabe Thiele diagram for absorption with MDEA.
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In figure 25 the McCabe Thiele diagram for the ¢hadsorption processes is compared.
It has to be noticed that the equilibrium line KbEA is overlapping the working line

for DEA. It can be seen that the three systems luaey for the three types of amines.
The lines for MEA have the biggest slope, whichtethe conclusion that it needs the

fewest steps. The lines DEA has a bigger slope teafines for MDEA, which

illustrates that DEA needs less stage than MDEprtwide a sufficient cleaning of the
gas.

rmole fraction in the vapor phase

0.04
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Comparing Mccabe-Thiele for the three systems
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— — Wo for MDEA

----------------------------------------------------------------------------------

0 0.005 0.01 0.015 0.02 0.025 0.03

maole fraction in the liquid phase

Figure 25: Comparing the McCabe Thiele diagrams for the tisyestems.
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7.2 The development in concentration

In figure 26 the composition of the two acid comets, HS and CQ, is shown as a
function of the stages for the absorption proceis MEA in HYSYS.

In the top, where the liquid is entering, the corications of the two components in
both phases are low. In the bottom, where thegastering, the concentration of the
components are high, due to the high concentratitime gas, which will cause the
liquid to absorb more of the acid components

Composition vs. Tray Position from Top
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Figure 26: Composition vs. stage number when using MEA.

In figure 27 the same development can be seeméoathsorption process using DEA.
Compared to the absorption with MEA, the conten€@6 and HS is decreasing much
faster. Related to theory, where DEA is descrilgethare efficient than MEA, this
makes good sense.

Composition vs. Tray Position from Top

4,008-002 5
= H2S (Vap)
3,50e-002 3 R

1o s Lot

=+ COZ (Light)

3,00e-002 3

2,508-002 3 /ﬁ

2,00e-002 3

1,502-002
5 Sl

1,008-002 3

£,00e-003 3 ra’a/f_.;af@,
0,000 3 = =S==S=m
0 5

10 15 20 25

Mole Fraction

Figure 27: Composition vs. stage number when using DEA.
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In figure 28 the development when using MDEA iswsholt seems that MDEA is
efficient when reducing the content of$in the gas stream, but not when removing
CO.. The CQ content is decreasing really slowly, and it is meatuced to the same
level as in the other absorptions, even when the i relatively high.

Composition vs. Tray Position from Top
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Figure 28: Composition vs. stage number when using MDEA.

7.3 Evaluation of the equilibrium constant

Related to the absorption is the equilibrium camstd. A high constant provides a fast
transfer, while a low constant provides a slowgfan

In the manual calculations, the constant is assuméd independent of the temperature
and composition, even though theory describeshieasy dependent.

HYSYS provides the option of following the develogmh of K on each stage, which

can be used to evaluate the consequences of dgé&dieing independent of changes in
the system in the manual calculations.

In figure 29 below K is pictured as a function bétstage number for the two acid
components in the absorption process using MEéartbe seen that K is around four
in the bottom where the acid gas is entering tls®igdtion column. After stage 20 it
starts to decrease, and it is around zero foritbielfs stages.

The value for K found in literature is 2.05 for @dgasses which is an estimate in the
middle of the area for K in the process. It illastrs the weakness of using K as an
independent constant, since it will provide moreuaate results accepting it is varying.
This will complicate the model a lot when manualbing the calculations, which is
why it is accepted as being the same no mattezdhditions of the system.
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K-Value vs. Tray Position from Top
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Figure 29: K-values as a function of stage number using MEA.

In figure 30 the development of K in the absorpgmwacess using DEA can be seen.

In the bottom K is around two, while it is risingthe low concentrations of the acid
components in the top of the absorber. For mostesttages K is between one and two,
which makes the values found in literature on Tot%cid gasses a good estimate for
this area.

In the top of the absorber, the value for K is leiglout the impact of this is low due to
the low concentrations of the acid components éntdip.

Compared to the development for MEA, K is develggime opposite for DEA. When
using MEA, K is decreasing in the top of the absoriwhere it is increasing when

using DEA.
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Figure 30: K-values as a function of stage number using DEA.
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In figure 31 the development of K in the processgi$IDEA is shown. For k5, K is
almost constant, but not for GQvhere it is rising a lot in the top of the absatb

In literature, the estimate for acid gasses isnhieh seems like a fair estimate foy$
For CQ is does not seem like a good estimate at allegine value is higher in all the
stages.
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Figure 31: K-values as a function of tray number for the psscusing MDEA.
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8.0 Reuse and cost

In the simulation in HYSYS a distillation columnirsstalled with the purpose of
evaluating the percentage of reuse for the aminee st will be reused in reality.
When installing the distillation column and defigithat the content of 4% in the
regenerated amine has to be 4 ppm, it shows th@® 99 of the amine content can be
reused.

It has not been possible in literature to deterntieeHS content in the recovered
amine, which is why the demand has been determianbd 4 ppm with the argument if
it is good enough for the sweetened gas, it is gowdigh for the amine.

In literature it is described that it is possile¢use around 80 % of the amine,
depending on composition and which amine is ustg]. [

It is not possible to compare the recovery profasthe three performed cases
regarding the use of amines, when no differenpeasided in the reuse process.
Therefore the most realistic economic evaluatiolhlve the cost pr. hour as shown
above.

If assumed that 80 % can be recovered, the codolp@wving hour can be determined.
This is shown in table 17 below. The evaluatioan performed on the cases
simulated in HYSYS.

Table 17: The cost for the first hour and the following ones.

Parameter MEA DEA MDEA
Cost for thefirst hour 324.354 694.255 5.023.786
[dkkr]

Cost pr. following hour 64.871 138.851 1.224.757

assuming 80% reuse [dkkr]

This investigation has been performed with the saumber of stages to be able to
evaluate the efficiency of the given amines. Thaeefin optimization for each amine
has not been performed, since the purpose of thjeqbthas been to compare the
different types of amines.

When designing equipment for off shore, severaeumaters have to be evaluated. The
price for acquisition, design and installationslépendent and a variety of factors. One
of the key parameters is the material for the diEoiSome off shore installations is
performed in concrete and some in steel. The nai@go depends on the type of plant,
e.g. if it is a permanent installation or a drijing. It is impossible to make evaluation
of materials and abrasion without specific inforimatabout installation type and area.
No standards for design are used on the curretatilissons off shore, which means that
no standard design can be applied. This means thage part of the costs for
installation is design and installation. The patgo depends in which part of the world
the installation is meant for, since there is défe legislation in different areas.
Therefore no price example has been made for iastal of a column off shore. [34]
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9.0 Discussion

Simulations in HYSYS have been performed to ingadé the gas sweetening process
and determine which amine of the three investigttatis the most efficient. The
results are compared to manually performed calicmato evaluate the results.

Using the stage model based on the McCabe-Thielleatgeit is determined that the
stages needed for the three amines MEA, DEA and MBEespectively 23, 24 and
27. The 27 stages for MDEA is determined with avferdjusted compared to the factors
founds in literature. If not adjusted, the numblestages would be 83, which is
unrealistic high compared to the normal amountighhetween 20 and 30 stages.

The equilibrium constant, K, is assumed constanthfe stage calculations and not
dependent on the temperature or concentrations.

The stages needed are determined by the Kremsati@yas well, that is a formula
used for a quick and rough estimate of the numbstages needed for an absorption
process. Similar to the stage model, the equilibraonstant is assumed to be constant
and not dependent on concentrations or temperdmgosite the stage model, where
the flow is considered constant throughout the gdigm column, the Kremser equation
is taking into consideration that a mass transffét,& from the gas phase to the liquid
phase is occurring.

The number of stages determined by the Kremsettiegua 20, 20 and 23 for the
given amines.

When the equilibrium constant found in literatlse&eompared to the development of the
equilibrium constant in HYSYS, it is obvious thais a mistake to consider K as a
constant no matter the concentrations in the sydtemall three of the amines, K is
developing as a function of the composition oftiie streams in the given phase.
For MEA the values for K for both G@nd HS are high in the bottom and low in the
top of the absorption column. The tendency is op@dsr DEA.

For MDEA the equilibrium constant is almost constan H,S no matter the
concentration, and it is the only component wherg acceptable to assume K as a
constant. For Céthe values for K are raising a lot at low concatidns. Due to the
low concentrations, the impact of this is low, liu$ demonstrating the weakness of
models for manually evaluation of absorption models

From the development of K it can be assumed, thaimportant to support manual
performed calculations with other models, to ensareect results that is taking into
consideration that K is not a constant.

The manually performed calculations were used f@ugh estimate for determining
the number of stages in HYSYS, where 25 stages olersen.

When performing the simulations in HYSYS, the floMMDEA had to be raised a lot,
to make the simulation run. The concentration ¢ Mias reaching the desired level
with a relatively low flow, but the concentratioh@O., remained high. Therefore the
flow of both water and the amine had to be adjustealhigher level than expected, to
ensure an efficient sweetening of the gas. A Ilfoiithe water flow was defined at
30.000 kmol/h, since a higher flow is unrealistioff shore installations. This
conclusion was confirmed when looking into literatu

Page67 of 74



Amines as gas sweetening agents ((‘

Henriette Hansen, Master thesis spring 2014
AALBORG UNIVERSITY

STUDENT REPORT

If the development of the acid components fromHN&YS simulation is observed, it
can be seen that MEA is reducing the containmehbtf CQ and HS. It was

observed in the simulation that when the conteti, & was at 4 ppm, the content of
CO, was at an acceptable level as well, and no fudhesunt of the amine or water has
to be added. The same tendency was shown for DBAterthe content of the acid
components is reduced faster than for MEA, evendghdhe flow of DEA is lower.

When observing the development of the acid compswiten sweetening with
MDEA, it is seen that the content o$$lis reduced fast. Then content of G&as not
reduced to an acceptable level, and it was negessadd further of MDEA and water
to perform an acceptable sweetening of the gas.

Even at the limit decided for the flow, the contehCQO, was not reduced to the level
as in the simulation with MEA and DEA.

This shows what was described in literature, thBtM does not always perform an
efficient sweetening in the gas.

In literature MEA is described as the cheapeshefamines while DEA is described as
the most efficient of the amines. This was confidrbg the manual performed
calculations.

When simulating in HYSYS, it seems necessary tonse DEA than MEA, which is
opposite what is described in literature.

There is no valid explanation to this, since app@xences in industry are supporting the
fact that DEA is the most efficient. In general ftedent is evaluating the calculations
in HYSYS as the most reliable ones, since the apawkage has been developed for
the purpose of gas sweetening, and many procegseeng are trusting this package.
The water flow in the streams is lower for DEA tHanMEA, which is the same
tendency as shown in manually performed calculation

In the simulations performed in HYSYS, a distikaticolumn was installed to evaluate
the opportunities of reusing the given amine. teréiture the reuse percentage described
is around 80 % depending on the type of amine.

A spec for the column where the acceptable conatotr of HS is set to be 4 ppm has
been made. The temperature of the column, theymeeasd the number of stages are
all in the range described in literature, but #aese percent is much higher than anyone
has described as obtainable. The student canneidprany reasonable explanation for
this, other than HYSYS somehow is not defined itlfactors that are relevant in real
systems.

It was desired to evaluate the price for using ed¢he amines, to be able to
recommend the best one form both an efficient pafiniew but also from an economic
point of view. Since waste cannot be evaluated,ithnot possible.
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10.0 Conclusion

During this project the gas sweetening procesgusiree different amines, MEA, DEA
and MDEA, have been investigated in HYSYS and byuadly performed calculations.

Seven cases have been defined in HYSYS to invéstajtierent parameters of the
sweetening process.

When simulating a packed column in HYSYS, the satiah is made with theoretical
stages, where one theoretical stage is identicah¢ostage in a tray column. Due to this,
simulation with a packed column provides the sa@selts at simulations with a tray
column

Doing the simulation with the PR EO0S instead ofdhene package to evaluate the
efficiency of the amine package provided no usetsllt, since PR predicts two liquid
phases in the absorber, and is unable to solvg stage due to that. The same happens
in the distillation column.

The manually performed calculations predicted festages in the process than the
simulation in HYSYS. This is due to the manuallycotations being performed without
paying attention to the influence off temperatymessure or concentration gradients
when evaluating the equilibrium constant. This miatake that have been documented
by investigating the equilibrium constant and gselopment in HYSYS.

The manually calculations is supporting the theamrgl identifies DEA as the most
efficient of the amines. DEA demands the loweswftd both the amine and the water
to perform a satisfying gas sweetening.

MEA is providing a satisfying sweetening as welhem evaluating the manually
performed calculations. There is a need for a hifbes, but since MEA is a lot
cheaper, sweetening with MEA will be the cheapestgss.

MDEA is documented inefficient and expensive bynenually performed
calculations, and sweetening with this agent iy oetommended from an
environmental perspective.

Evaluating the sweetening process in HYSYS shoasNIEA is the most efficient of
the chosen amines. This is conflicting with whadagumented in literature, and the
student believes that this is due to the thermoayoanodels in HYSYS. HYSYS is
evaluated as the most trustworthy of the used ndstirogeneral, but since it have been
documented in literature that DEA is the most éfit, the opinion of the student is that
the manually performed calculations is the coroews regarding DEA.

In general, the student recommends gas sweeterntindAiZA or DEA. It is believed
that the most efficient is DEA and the cheapeMEsA.
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12.0 Appendix 1

Composition for MEA

Stage Xn Yn

1 1,951E-06 0,000004
2 4,726E-06 9,69E-06
3 8,672E-06 1,78E-05

4 1,428E-05 2,93E-05
5 2,226E-05 4,56E-05

6 3,361E-05 6,89E-05
7 4,974E-05 0,000102
8 7,268E-05 0,000149
9 0,0001053 0,000216
10 0,0001517 0,000311
11 0,0002177 0,000446
12 0,0003115 0,000639
13 0,0004449 0,000912
14 0,0006346 0,001301
15 0,0009044 0,001854
16 0,001288 0,00264

17 0,0018335 0,003759
18 0,0026092 0,005349
19 0,0037122 0,00761

20 0,0052808 0,010826
21 0,0075114 0,015398
22 0,0106833 0,021901
23 0,0151937 0,031147

Composition for DEA

Stage  Xxp Yn

© 00 ~NO Ul DWN -

PR R PR e
A WDNPEO

2,76E-06
6,66E-06
1,22E-05
1,99E-05
3,09E-05
4,64E-05
6,83E-05
9,93E-05
0,000143
0,000205
0,000292
0,000415
0,000589
0,000835

0,000004
9,65E-06
1,76E-05
2,89E-05
4,48E-05
6,73E-05
9,91E-05
0,000144
0,000207
0,000297
0,000423
0,000602
0,000854
0,00121
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15
16
17
18
19
20
21
22
23
24

0,001182
0,001672
0,002364
0,003342
0,004723
0,006673
0,009429
0,01332

0,018817
0,026581

0,001713
0,002424
0,003428
0,004845
0,006848
0,009676
0,013671
0,019314
0,027284
0,038542

Composition for MDEA

Stage  Xn Yn

1 3,2E-06 0,000004
2 7,48E-06 9,354E-06
3 1,32E-05 1,652E-05
4 2,09E-05 2,611E-05
5 3,12E-05 3,895E-05
6 4,49E-05 5,614E-05
7 6,33E-05 7,914E-05
8 8,79E-05 0,0001099
9 0,000121 0,0001511
10 0,000165 0,0002063
11 0,000224 0,0002801
12 0,000303 0,000379
13 0,000409 0,0005113
14 0,000551 0,0006883
15 0,00074 0,0009253
16 0,000994 0,0012426
17 0,001334 0,0016672
18 0,001788 0,0022355
19 0,002397 0,0029963
20 0,003212 0,0040146
21 0,004302 0,0053775
22 0,005762 0,0072019
23 0,007715 0,0096438
24 0,01033 0,0129123
25 0,01383 0,0172872
26 0,018514 0,0231431
27 0,024785 0,0309812
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