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Abstract

After more than a century of oil and gas exploration, fewer and fewer easily accessible
reservoirs are available. In order to meet the increasing energy demands, the industry has
extended its exploration activities in greater depths and longer distances from the shore, while
also focusing its efforts on increasing the efficiency and reducing the environmental footprint
of existing and new processes. As a sub-project in the SUBPRO research center for subsea
production and processing, this work deals with process intensification for natural gas

treatment; the combined hydrogen sulfide removal and hydrate control for subsea application.

The backbone of this process is the identification of a solvent with this dual function. Aqueous
or non-aqueous blends of methyldiethanolamine (MDEA) and monoethylene glycol (MEG), as
well as highly concentrated aqueous MDEA are promising systems. Thus, the objective of this
thesis is to characterize these mixtures and gain knowledge of their physical properties and

thermodynamic behavior.

Density and viscosity studies showed that density decreases with temperature and with MDEA
concentration, while viscosity increases. It was found that considerably high viscosities are
encountered in the amine-glycol systems, reaching 200 mPa-s for the ternary system consisting
of 90 wt% MDEA — 5 wt% MEG — 5 wt% H20, and that the model developed in this work can

be used for the prediction of the viscosity limits of this process.

High-pressure vapor-liquid equilibrium (VLE) measurements of hydrogen sulfide in 50 wt%
aqueous MDEA, 70 wt% aqueous MDEA and 30 wt% MDEA — 40 wt% MEG — 30 wt% H2O
showed that the effect of total pressure up to 100 bar on the liquid loading of the solvent is
within or slightly higher than the experimental uncertainties and that changes in the HaS partial
pressure is attributed to the non-idealities of the vapor phase. Analyzing the acquired data and
literature information on MDEA-glycol systems, it was found that increasing MDEA
concentration under constant water content or lowering MEG content under constant amine
concentration, leads to higher absorption capacity, manifesting the need for careful choice of

MDEA-MEG-H:20 composition for this combined process. Further, low-pressure VLE data of

il



carbon dioxide in aqueous and non-aqueous MDEA-MEG blends in combination with Karl-
Fischer titration and Nuclear Magnetic Resonance analysis, revealed the reaction of CO2 with
MEG in the presence of MDEA and the formation of glycol carbonate in both aqueous and non-

aqueous amine-glycol systems.

In the end, an overall evaluation of the technical performance of the studied solvents was
conducted for the combined H2S removal and hydrate control for subsea application. It was
shown that, although further work is required to conclude the feasibility of this process, MDEA-
MEG systems offer the advantage of comprising compounds already employed subsea and

seem to possess the properties that were identified as the most important ones.
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Nomenclature

Latin letters

a, a parameter
A parameter
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c-a cation-anion
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D dielectric constant (-)

g molar Gibbs energy (J-mol™")
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Ix Tonic strength in mole fraction scale (mol-m™)
k Boltzmann constant (J-K'); parameter
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ko> k3a, k3 p
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M, MW molecular weight (kg-kmol™)

n number of moles

Na Avogadro number (mol")

P p pressure (kPa, Pa)

pKap autoprotolysis (dissociation) constant

FBORN Born radius (m)
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Xi



Greek letters
a

Y

4n

&

n

p.p
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amb
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calc
des
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absorption
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RA Rackett equation, as in compressibility factor Zg4 ; (-)
S solvent; saturation

tot total

W water

Superscripts
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1 liquid phase

Ic local composition

pdh Pitzer-Debye-Hiickel formulation

phys physical absorption
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Chapter 1

Introduction

1.1 Background

1.1.1 The subsea vision

After more than a century of oil and gas exploration, fewer and fewer easily accessible
reservoirs are available. In order to ensure that the future energy demands are met, the
petroleum industry is forced to search for resources in longer distances and depths offshore,
such as in the Arctic Ocean. In many cases, the harsh environment and safety-related issues do
not allow the use of a platform, thus subsea processing has naturally gained grounds

(Albuquerque et al., 2013; Qkland et al., 2013).

The installation, maintenance and retrieval of the subsea equipment play a significantly more
important role than for onshore/topside facilities. Therefore, key elements in subsea processes
are the increased efficiency and modularity and the reduced weight, size and complexity, i.e.
process intensification. Primary drivers for subsea production and processing are increased
recovery and lifetime of existing fields and reduced cost and complexity in future installations.
Innovative solutions developed under the “subsea umbrella” could also enable the production
of confirmed oil and gas deposits which today are left unexploited due to technical and/or

economic reasons (Qkland et al., 2013).

Different stakeholders, oil companies, suppliers and service companies, share the vision of an
ensemble of subsea-qualified and standardized equipment and processes which, in the short-
term, leads to elimination of topside/offshore processing and direct export to pipeline/onshore
and, in the long-term, direct export from the reservoir to the market (Ruud et al., 2015). The
subsea vision is illustrated in Figure 1.1 describing Statoil’s “Subsea Factory”. It comprises

bulk separation of oil-water-gas, treatment, storage and pumping of oil to export, treatment and



injection of produced water and treatment and compression of gas to export. The “Subsea
Factory” has been transformed to “Remotely Operated Factory” in Equinor, which comprises
of both topside and subsea technologies (Samuelsberg, 2017). Any monitoring and intervention
required is performed by ROVs (Remotely Operated Vehicles), since the operating depths and
temperatures are prohibitive for human activity. Various solutions exist already for use subsea
(single-phase or multi-phase pumps, bulk separators, dry and wet compressors), though
variations of the “factories” are expected depending on the maturity of the field (Okland et al.,
2013). The industry is working intensely in identifying the technology gaps to be closed for the

realization of reliable, efficient and sustainable subsea production and processing.

Figure 1.1. Statoil’s Subsea Factory ™ (Equinor, 2019)

1.1.2 SUBPRO

Many of the pieces of the subsea processing “puzzle” are in place, yet there is the need for new
and innovative solutions in order to maximize recovery and add potential on the fields under
development. In those efforts, the industrial and academic community joined forces in 2015
forming a center for research-based innovation within subsea production and processing, called
SUBPRO. The center is established in the Norwegian University of Science and Technology
(NTNU), which together with industrial players in the subsea field, aim to address challenges



for subsea applications (SUBPRO, 2019). The center is funded by the Research Council of
Norway and several major international oil companies and subsea system suppliers. Our
industrial partners as per January 2020 are Aker Solutions, DNV GL, Equinor, Kongsberg
Digital, Lundin Petroleum, Neptune Energy and Total.

SUBPRO activities are present in the departments of Chemical Engineering, Mechanical and
Industrial Engineering, Geoscience and Petroleum as well as the department of Engineering

Cybernetics in NTNU and they are divided in five research areas:

1. Field Architecture
Reliability, Availability, Maintenance and Safety
Separation - Fluid Characterization

Separation - Process Concepts

“w»ok wN

System Control

The work presented in this thesis belongs to the research area of Separations — Process Concepts
and deals with process intensification for natural gas treatment. It entails combining two well-
established processes in one, i.e. acid gas removal and water removal/hydrate control, to allow

for improved flow assurance and direct export of natural gas to pipeline or to the shore.

1.1.3 Motivation for combined hydrogen sulfide removal and hydrate

control

Both hydrogen sulfide (H2S) removal and dehydration/hydrate inhibition in natural gas
treatment are necessary processes for safe and reliable operations. The presence of hydrogen
sulfide in produced gas creates safety hazards for operations, most important of which is
corrosion, and results in an export gas of lower value. Water is commonly present in the gas
when produced from the reservoir, while water is also introduced to the gas via other gas
treating processes, such as HzS removal using aqueous solvents. Pipelines used for gas
transportation have quality restrictions related to the content of water, hydrogen sulfide, carbon
dioxide and heavy hydrocarbons in order to maintain integrity and ensure safety (Stewart and

Arnold, 2011). If these requirements cannot be met, oil wells may need to be closed.



Today, on a typical platform hydrogen sulfide is removed by triazine while triethylene glycol
(TEG) is used for gas dehydration. In addition, monoethylene glycol (MEQG) is injected in the
well flowlines for hydrate inhibition, giving in total three different chemical systems
(Campbell, 1998). Simplifying the chemical systems or moving equipment and process
elements subsea could be a way to ensure better energy efficiency and utilization of the

resources.

While a process for the simultaneous removal of acid gases and water vapor in one stage can
lead to higher efficiency and improved flow assurance, it also aims to provide a solution to a
significant industrial challenge; field souring. The term denotes the increasing concentration of
sulfur compounds observed in the course of production of a reservoir, mainly due to seawater
injection during enhanced oil/hydrocarbons recovery (EOR) activities. Triazine cannot treat
high H2S concentrations, while it has also been observed that mitigation strategies do not

perform as expected and the H2S content keeps increasing (Mitchell et al., 2010).

The core challenge for the combined hydrogen sulfide and hydrate control process is the
determination of a chemical compound, which will serve both as a hydrate inhibitor and as an
HaS removal agent. The characterization of the proposed solvent is the backbone of this process,
which should also be regenerative. Aqueous methyldiethanolamine (MDEA) and aqueous
monoethylene glycol are traditionally used today for the selective removal of Hz2S over CO2 and
for hydrate control, respectively. Therefore, mixtures of MDEA-MEG as well as highly
concentrated MDEA are promising candidates for such a process. Knowledge of the physical
properties, thermodynamic behavior and kinetics of the proposed system is necessary for the

successful process design, development and optimization.

1.2 Objective of the thesis

The main objective of this work was to determine the necessary thermodynamics and physical
properties to characterize aqueous and non-aqueous mixtures of methyldiethanolamine and
monoethylene glycol, as potential solvents to be used for the combined hydrogen sulfide and

hydrate control subsea.

Simulation work in the initial stage of this investigation revealed the necessity for more

experimental data in order to develop and study the feasibility of such a process. In this

4



direction, our efforts were focused in obtaining vapor-liquid equilibrium (VLE) experiments
with either hydrogen sulfide or carbon dioxide in MDEA-MEG solutions. Alongside the
MDEA-MEG system, one of the objectives of the thesis was to evaluate the H2S removal
capacity for highly concentrated aqueous MDEA, due to the affinity of MDEA for water. The
physical properties, density and viscosity of MDEA-MEG and MDEA-MEG-H20 systems

were investigated and possible limitations for subsea application were evaluated.

1.3 Outline of the thesis

The thesis is a collection of published or submitted papers.

Chapter 2 presents a literature review on hydrogen sulfide removal and water control

technologies as well as the state-of-the-art and gap analysis in offshore/subsea application.

Chapter 3 presents the study of the density and viscosity of MDEA-MEG and MDEA-MEG-
H>O systems.

Chapter 4 and Chapter 5 consist of the VLE studies performed with H2S and with COa,
respectively. In the former chapter, a section is dedicated on the experimental challenges

encountered at high-pressure VLE measurements.

In Chapter 6, a general evaluation of the proposed solvents’ technical performance is

conducted in the framework of a simplified guide for solvent development.
Chapter 7 is the concluding chapter with recommendations for future work.

The experimental apparatuses used in this work are presented through-out the thesis depending
on the study, however, a detailed description of all devices and techniques is given in the
Appendix to facilitate the reader with interest in the experimental methodology. References are
given in every chapter to allow for an easy access to the literature sources. For those chapters
which consist of published work with its own references, these are not repeated in the end of

the chapter.



II.

I1I.

1.4 Research Dissemination

As part of the doctoral studies, experimental work, modeling of the obtained data and
supervision of master students, connected to SUBPRO, were performed. Most of the results
have been published or will be published, either in conferences or in peer-reviewed journals. A

list of the dissemination results follows.

1.4.1 List of journal publications

Skylogianni, E., Wanderley, R.R., Austad, S.S., Knuutila, H.K., 2019. Density and Viscosity
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https://doi.org/10.1021/acs.jced.9b00607

The first author carried out the literature review, supervised the third author (summer
student), produced most of the experimental data and was the main responsible for writing

the article.

Skylogianni, E., Mundal, 1., Pinto, D.D.D., Coquelet, C., Knuutila, H.K., 2020. Hydrogen
sulfide solubility in 50 wt% and 70 w% aqueous methyldicthanolamine at temperatures from
283 to 393 K and total pressures from 500 to 10000 kPa. Fluid Phase Equilibria 511, 112498.
https://doi.org/10.1016/j.fluid.2020.112498

The first author carried out the literature review, produced, analyzed and fitted the data to

models and was the main responsible for writing the article.

Skylogianni, E., Perinu, C., Gameros, B.Y.C., Knuutila, H.K. Carbon Dioxide Solubility in
Methyldiethanolamine — Monoethylene Glycol — Water and Methyldiethanolamine —
Triethylene Glycol Mixtures. Accepted in the Journal of Chemical Thermodunamics.

The first author produced 60% of the VLE experimental data, supervised the third author
(master student), treated, analyzed and fitted the data to models and was the main

responsible for writing the manuscript.
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1. Skylogianni, E., Lilleng, M.I., Knuutila, H.K., Combined Hydrogen Sulfide Removal and
Hydrate Control for Subsea Application - Simulation Study. IEEE Techno-Ocean 2016,
October 6-8™", Kobe. (paper and poster)
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3. Skylogianni, E., Mundal, L., Pinto, D.D.D., Knuutila, H.K., Coquelet, Christophe, Vapor-
Liquid Equilibrium Data for the Systems H2S-MDEA-H20 and CHs-H2S-MDEA-H20 at
High Solvent Concentrations and High Pressures. AIChE Annual Meeting 2017, October

29" Minneapolis. (oral presentation)
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Chapter 2

Technical Background

This chapter provides the technology status and literature review for the combined hydrogen

sulfide removal and hydrate control and identifies the challenges for its subsea application.

2.1 Technology status

2.1.1 Hydrogen sulfide removal

Hydrogen sulfide is a colorless, very toxic and flammable gas, which is extremely corrosive in
the presence of water. In the oil and gas industry, hydrogen sulfide is found as a compound of
crude oil, natural gas or dissolved in water. The concentration of hydrogen sulfide in non-
associated gas varies typically from a few ppm to 500 ppm, while in associated gas H2S can be
found into the percent levels (Schulz, 2013). Natural gas containing hydrogen sulfide and other
sulfur compounds is called “sour” and a typical transport specification of natural gas is 4 ppm

allowable H2S content (Stewart and Arnold, 2011).

Thermal decomposition of organic materials and sulfate reducing bacteria (SRB) activity result
in hydrogen sulfide formation (Amosa et al., 2010). Although the mechanisms are not yet fully
understood, there is consensus in the industry that water injection during secondary recovery
leads to reservoir souring, i.e. the increasing H2S concentration in the course of production of
a reservoir (Mitchell et al., 2017). It is evident that good HSE practices impose that the removal

of hydrogen sulfide takes place in an as early stage as possible.



2.1.1.1 Technologies

The chemical substances used to remove hydrogen sulfide from natural gas are called
scavengers. H2S scavengers can be categorized based on their state of matter, solid or liquid,
their ability to be regenerated and reused or the technology they are using, i.e. absorption,
adsorption, biotechnology, membranes or cryogenic distillation. Table 2.1 shows an overview
of the different technologies available today for the removal of H2S in natural gas processing
(Amosa et al., 2010; GATEkeeper, 2014; Shah et al., 2017; Stewart and Arnold, 2011). The
main advantages and disadvantages are presented from a viewpoint of subsea/offshore
suitability. For example, the fact that in many processes elemental sulfur is formed and
precipitates is listed under the disadvantages, since formation of solids can jeopardize safe and

trouble-free operations subsea.

Solid scavengers are very effective in removing hydrogen sulfide by adsorption down to trace
levels and this is the reason why molecular sieves are used in liquified natural gas (LNG)
treatment plants where there is a 2 ppm requirement (Stewart and Arnold, 2011). Capital
expenditure (CAPEX) is significant, but the operating costs are lower than with liquid
scavengers in addition to their predictability in their removal rates and change of media. The
latter is time- and labor-intensive, which is an important drawback of solid scavengers. Liquid
scavengers’ main advantage over solid ones is the requirements for smaller space and weight.
Liquid scavengers accommodate higher operating costs, but their use offers more flexibility in
terms of retrofitting an existing facility and adapting to flow and composition changes. On the
contrary, the use of biological scavengers is mainly limited due to the sensitivity of the system
and limited operating conditions they have. Moreover, H2S selective removal by membranes is
researched today because of their great space and weight advantages. For treating high HaS-
concentration reservoirs, cryogenic distillation has been proposed in combination with amine

unit for complete gas sweetening (Axens Solutions, 2017).

It is apparent that today an engineer has a great range of different gas sweetening processes to
choose from. The selection is based on a variety of factors such as H2S concentration, amount
of gas to be treated, operating conditions (pressure and temperature), residence time,

operational expenditure (OPEX) and CAPEX considerations and space and weight limitations;
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the latter being probably the most significant consideration for subsea applications. Today,
liquid solvents dominate in the oil and gas industry offshore; triazines for direct injection
topside or amines in the form of amine towers topside, when there is also the need for carbon
dioxide removal. Triazine H2S scavengers are able to remove only small amounts of H2S and
require attention in their application to avoid precipitation of overspent chemical (Schulz,
2013). Absorption by aqueous amines is the most mature technology of all. Amine solutions
are regenerative, therefore, suitable for treating gas with high hydrogen sulfide concentrations
and provide potential for production from reservoirs that are today closed. Compared to other
regenerative processes, they are advantageous since they neither include solid elements with
their corresponding high weight and need for adsorption media change nor precipitates are
formed, as in the case of redox processes. Moreover, by selecting the proper amine, selective

removal of HaS can be achieved.
2.1.1.2 Amine-based process

Chemical absorption with amine-based solvents is the most mature process for carbon dioxide
and hydrogen sulfide removal (Stewart and Arnold, 2011). In this process, the acid gases
chemically react with the amine-based absorbent to form acid/base salts in an exothermic
reversible reaction. Then, the absorbent can be regenerated by means of heat, where the

reactions are reversed and the captured acid gas is desorbed.

Amines are organic compounds derived from ammonia, NH3, with substitution of one or all of
the hydrogens with alkyl or aryl groups. Depending on whether one, two or all three hydrogens
are replaced, they are categorized in primary, secondary and tertiary amines, respectively.
Factors like the CO2/H2S concentration, pressure, temperature and purity requirement, decide
the choice of the amine. Monoethanolamine (MEA), diethanolamine (DEA), methyl-
diethanolamine (MDEA), diglycolamine (DGA) and diisopropanolamine (DIPA) are of
principal commercial interest for gas purification. Different amines and concentration of the

solutions lead to different acid gas loadings, selectivity and degradation of the amine.

For the simultaneous removal of CO2 and HzS, primary and secondary amines can be used. In
case selective hydrogen sulfide removal is required, tertiary amines, such as MDEA, are
preferred. The reason is that the rate of reaction of HaS is much higher than the rate of reaction

with COz2 in aqueous tertiary amines. Tertiary amines react with hydrogen sulfide through a
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proton transfer reaction, a typical acid-base reaction, thus the reaction is instantaneous. On the
contrary, carbon dioxide is practically removed by its reaction with the water of the solution
and this reaction is slow. More information about the chemistry of the system are provided later

in section 2.3.

A typical flow diagram for amine-based gas sweetening is shown in Figure 2.1. It is a typical
MEA-based gas sweetening process, however, there are no significant variations when other
amines are used. The main parts of the process are the absorber/contactor and the desorber/still.
The gas to be treated enters in the bottom of a contactor tower and flows counter-current with
an amine solution. Typically, the sweetened gas leaves the top of the absorber towards a
dehydration unit before being considered ready for sale. The amine solution, lean in acid gas,
enters the absorber from the top and moving downwards, it removes the acid compounds of the
gas. Having stripped the gas from HaS and COz, the now rich in acid gas, amine solution leaves
the absorber from the bottom towards the still or stripper. Before entering it, it passes through

an amine-amine heat exchanger, where it is pre-heated by the hot regenerated lean amine.
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Figure 2.1. Process flow for typical ethanolamine sweetening unit (Campbell, 1998a)

Inside the still, the absorbent is regenerated. The rich solution flows downward through the
column while steam and vapor from the reboiler enters from the bottom. The reboiler vapor
strips the acid gases from the rich solution as, by adding heat, the reaction is reversed and CO2
and HaS are released from the amine. The acid gases and the steam leave the top of the stripper

and pass overhead through a condenser, where most of the steam and any remaining amine are
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cooled and condensed. The acid gases are sent for further processing while the water-amine
solution is returned to the top of the stripper as reflux. Lean amine solution from the bottom of
the stripper column is pumped through the amine-amine heat exchanger and then through a
water or air-cooled exchanger before entering the top of the absorber. The process necessitates
the use of a water or air-cooled exchanger because the amine-amine heat exchanger is not
adequate to sufficiently cool the lean amine down to the required temperature. This is because
the rich amine solution used in the heat exchanger comes out of the absorber at elevated
temperature due to the heat of reaction released when acid gases react with amines. Hydrogen
sulfide cannot be released in the atmosphere and typically it is processed in a Claus unit for the

production of elemental sulfur.

Main disadvantage of the amine-based processes is the high energy requirement for the
regeneration of the solvent, which constitutes the largest source of OPEX. These high energy
needs come mainly from the heating duties in the reboiler which should suffice to provide the
heat to rise the temperature of the solvent to the reboiler temperature (sensible heat), the heat
to produce stripping steam (latent heat) and the heat to reverse the exothermic reaction between
acid gases and the amine solutions in the absorber (heat of absorption). Researchers aim to
minimize the heating duties via selection/development of solvents with low regeneration
requirements and configuration optimization or both (Liang et al., 2016). Variations in
configuration include, but are not limited to, addition of intercooling, interheating and split-

stream flow modifications (Ahn et al., 2013).

After screening over fifty different amines, Frazier and Kohl proposed already in 1950 the use
of aqueous MDEA for the selective removal of hydrogen sulfide over carbon dioxide (Frazier
and Kohl, 1950). Since then, aqueous MDEA is an established solvent for HaS selective
removal and a 50 wt% MDEA solution is considered benchmark in natural gas treatment. The
reasons are multiple; ability to meet the 4 ppm specification requirement for pipeline gas, low
heat of absorption thus low energy requirements, resistance to degradation, high availability
and low cost (Kohl and Nielsen, 1997a). MDEA is also not corrosive and, in fact, it is used as
a pH stabilizer in the pipeline (Davoudi et al., 2014). Last but not least, as a polar compound,
it has affinity for water rendering highly concentrated MDEA solutions a good candidate for
acting both as an HaS removal and a dehydrating agent. For all these reasons, we have chosen
MDEA in the amine-glycol solvent for the combined hydrogen sulfide removal and hydrate

control.
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2.1.2 Gas dehydration and hydrate inhibition

Natural gas is often produced from the reservoir saturated with water. In addition, water is
added to the gas during the gas sweetening process, which commonly employs aqueous
solutions of amines or triazines (GPSA, 2014). Dehydration is the process of removing water
to very low content, usually in order to meet sales requirements for water dew point. Presence
of water in the producing gas assists corrosion and can lead to hydrate formation and
condensation of free water in processing and transportation facilities. Hydrates are physical
combinations of water and other small molecules, such as methane, to produce solids with an
“ice-like” appearance. In extreme cases of hydrate formation, accumulation of hydrates can
result in clogging valves, fittings and even pipelines. Hydrate inhibition is the process where a
chemical, able to control the hydrate formation and its rate, is injected in the pipeline to ensure
hydrate-free gas transportation (Campbell, 1998b; Kohl and Nielsen, 1997b). The specification
for water dew point is -18 °C at 69 bar (Christensen, 2011).

2.1.2.1 Gas dehydration

According to Campbell (Campbell, 1998b), absorption-, adsorption-, condensation- and
membrane-based methods can be used for natural gas dehydration. The most common method
for meeting pipeline and sales specification is absorption with triethylene glycol (TEG)
solutions, while for deep dehydration (0.1 ppm water in gas) in LNG plants, it is adsorption
with molecular sieves. Condensation is used together with the injection of a hydrate inhibitor
to eliminate hydrate formation risks. Membranes utilize the difference in permeability of
different compounds to separate them from a gas stream and today researchers are working

towards improved selectivity for water and reduced methane loss.

Absorption of water in glycols is an established dehydration process and mostly used in the
industry, since already the 1930s. Its success emerges from the fact that the glycols are very
hydrophilic, can be easily regenerated, have low cost, are neither corrosive nor volatile, are
unreactive and insoluble in hydrocarbons. TEG is preferred over other glycols because it is
easier to regenerate and presents lower solvent losses. Highly concentrated TEG solutions are
used to physically absorb the water from the gas in a similar configuration as in acid gas removal
with amines, with a contactor and a stripping still playing the central role. A typical glycol

dehydration unit is shown in Figure 2.2.
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Figure 2.2. Process flow for typical glycol dehydration unit (GPSA, 2014)

Wet gas enters at the bottom of the contactor (absorber) and as it flows upwards, counter-current
with the glycol solution, water vapor is stripped by the lean, regenerated, glycol. Water-rich
glycol is removed from the bottom of the contactor, passes through the reflux condenser coil at
the top of the regenerator and then enters the flash tank where most of the soluble gas are flashed
off. After that, it flows through the rich-lean glycol heat exchanger to the regenerator. In the
regenerator, the absorbed water is released from the glycol at near atmospheric pressure by
application of heat. The regenerated lean glycol exits the surge drum, gets cooled in the lean-
rich glycol exchanger first, and in the glycol cooler afterwards before it is introduced in the top

of the absorber.
2.1.2.2 Hydrate inhibition

During the transportation of natural gas, it is not necessary to remove all the water vapor but
rather control its content in order to avoid hydrates or condensation at the specific temperature
and pressure conditions in the pipeline. Hydrate inhibitors serve this purpose and can be divided
into equilibrium inhibitors and low dosage inhibitors. The first, which are commonly
monoethylene glycol or methanol, lower the freezing point of water, while the second
decelerate hydrate growth or restrict the size of the formed hydrates. Equilibrium inhibitors,

MEG and methanol, are most commonly used, with MEG being preferred for continuous
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operations, mainly due to its lower cost, lower viscosity, and lower solubility in liquid

hydrocarbons (GPSA, 2014).

A widely applied technique offshore for flow assurance is the direct injection of aqueous MEG
into the multiphase flow or gas phase flow pipeline. Typically, MEG is injected continuously
in the wellhead to eliminate the risk of hydrates in the production line. A scrubber might be
used to collect the glycol from the gas stream, which is then, with the aid of a pump or utilizing
its high pressure, is sent to a stripper for regeneration and re-injection. Often, high concentration

of salts in the chemical demand glycol reclamation.

To take this further, managing the dehydration of the gas with MEG offshore/subsea would
have the major benefit of using the same chemical for two purposes, hydrate inhibition and
dehydration. One less chemical means reduced processing equipment, storage vessels, need for
one flow line instead of two, thus, simpler umbilical system. Other advantages are lower
viscosity, BTEX solubility in MEG than TEG (Ebeling et al., 1998), toxicity and flammability.
The main drawback, compared to TEG is the lower decomposition temperature, i.e. 165 °C for

MEG and 206 °C for TEG (Campbell, 1998b), and, therefore, lower regeneration glycol purity.

2.1.3 Combined hydrogen sulfide removal and hydrate control

The concept of the combined hydrogen sulfide and water removal exists since 1939, when A.
J. L. Hutchinson patented a gas treating process for the “simultaneous removal of moisture and
acid gases from natural gas” to meet pipeline specifications (Hutchinson, 1939). In this process,
acid gases and water vapor are removed by means of absorption into a liquid solvent. The
configuration of the process is similar to the typical amine-based gas sweetening process; the
solvent and the gas flow counter-current in a contactor tower, the sweet gas exits from the top
and the rich solvent leaves the contactor from the bottom and continues for regeneration (Figure
2.3). The solvent is regenerated by supplying heat and directed to the top of the contactor for
reuse. The liquid solvent is a glycol-amine aqueous solution, whose concentration depends on
the composition of the sour wet gas but has always glycol in excess of the amine. Hutchinson
claims that a mixture of a glycol, an amine and water will remove acid gases to a high degree

of separation and the water vapor down to the saturation or dew point. Suggested concentration
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ranges for the compounds are 2-20 vol% amine, 50-90 vol% glycol and 2-30 vol% water, and

example constituents are triethanolamine and diethylene glycol.

-2

Figure 2.3. Process diagram for Hutchinson’s patented gas treatment process (Hutchinson, 1939)

The advantages of the proposed process are multiple: the boiling point of an amine-glycol
solution is higher than aqueous amine allowing for more complete regeneration of the amine,
the vapor pressure is lower, the glycol is more stable and, thus, resistant to degradation in the
presence of the amine, the mixture has lower viscosity than the glycol alone, implying more
intimate contact between the gas and the liquid, higher rates of heat exchange and foaming
reduction. During tests in a gas plant, Hutchinson found that the presence of the alcohol-part of
the glycol makes possible the separation of the absorbed acid gas with very slight boiling of the
solution, and that the H2S and CO: were removed from the amine to a far greater extent,
compared to water-amine mixtures. Moreover, the presence of the amine improves the capacity
of the glycol for dehydration, even when the addition of the amine is accompanied by an
increase in the water content of the solvent. Last, the temperature required to regenerate the

solutions was significantly reduced.

After Hutchinson, different configurations have been proposed for combined hydrogen sulfide

removal and hydrate control. First, McCartney proposed that the sour wet gas is contacted in
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the same absorption tower first with an acid gas removing solvent and then with a water
removing solvent (glycol), each one of the solvents having their own separate desorber. The
acid gas and the water vapor removed in the glycol stripper are directed to the amine stripper
for recovery in order to recover possible amine carry-over in the glycol cycle. With these
modifications, McCartney addressed the problem of large circulation rates encountered with

Hutchinson’s process due to the significantly lower amine amount (McCartney, 1948).

Soon after McCartney’s patent, another patent was published regarding the simultaneous
removal of H2S and water (Chapin, 1950). This was an improvement of the process proposed
by McCartney. According to Chapin, McCartney’s process could result in vaporization and
carry-over of glycols from the glycol regeneration cycle into the amine’s regeneration cycle,
leading eventually to depletion of the glycol solution. As a solution to this problem, Chapin
suggested the replacement of the first treating amine-based absorbent with an amine-glycol
absorbent. The second treating solution remains of the same type: a mixture of glycol and water
for water removal. A side-stream of the lean amine-glycol solution is added to the rich glycol

solution to compensate for the glycol carry-over from the glycol stripper.

In 1951, another patent from McCartney was accepted based on his first patent, tackling the
problem identified by Chapin (McCartney, 1951). He suggested the use of the same type of
solutions for the acid gas and water removal as Chapin; first an amine-glycol solution and then
a glycol solution. However, instead of introducing part of the lean amine-glycol solution to the
glycol solution, he proposed returning the condensate from the amine-glycol regeneration cycle

to the glycol regeneration cycle for use as a reflux assuring condensation of all glycol vapors.

The amine-glycol process, utilizing a solvent comprising monoethanolamine (MEA) and either
diethylene or triethylene glycol, was popular in the past for the simultaneous acid gas removal
and dehydration of natural gases. The water content had to be kept at or below 5% in these
processes in order to be effective as a dehydrating agent. This implies that relatively high
temperatures were required in the reboiler resulting to severe corrosion in the heat exchangers,
the stripping column, and, under certain operating conditions, the reboiler (Kohl and Nielsen,
1997a). The corrosion problem was due to the materials that were used back then and it was
one of the main reasons the use of amine-glycol mixtures for the combined desulfurization and
dehydration was abandoned. Another reason was the high amine vaporization losses, a known

problem when using MEA solutions.
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Several researchers have investigated mixed amine-glycol systems in terms of thermodynamic
behavior (VLE), kinetics and physical properties (density, viscosity, surface tension, diffusivity
and physical solubility). An overview is presented in Table 2.2. These scientific works are
sorted in chronological order to enhance a discussion about the research interest in amine-glycol
solutions in the course of time. Mixtures of the most common amines, monoethanolamine
(MEA), diethanolamine (DEA), triethanolamine (TEA), methyldiethanolamine (MDEA),
amino-methyl propanol (AMP), diisopropanolamine (DIPA) and the glycols, monoethylene
glycol (MEG), diethylene glycol (DEG), triethylene glycol (TEG), tetraethylene glycol
(TREG), polyethylene glycol (PEG), studied for CO2 and/or H2S removal have been included.

Already since the 1980s there is documented interest in amine-glycol systems, aqueous and
non-aqueous. The scope of these works can be divided into four primary areas; determination
of interfacial areas and mass transfer coefficients in gas-liquid contactors (Alvarez-Fuster et al.,
1981; Sridharan and Sharma, 1976), combined acid gas removal and dehydration (Eimer, 1994;
Jelstad, 1997; Poblete, 1997; Shoukat et al., 2019; Ternqvist, 1991), selective HaS removal over
CO2 (Xu et al., 2002a, 2002b) and CO2 removal from gas streams (most of remaining literature

sources in Table 2.2).

The majority of the studies within COz-capture is performed in the framework of water-lean
solvents, as an alternative for post-combustion CO2 removal from flue gases, with the number
of publications in the last 10 years being almost the same as the number of all studies during
the previous decades. The focus on water-lean solvents stems from their potential advantages
in terms of absorption capacity and regeneration heating duties. It is claimed that by substituting
some of the aqueous part with another compound (here by glycol), which has higher acid gas
physical solubility than water, can lead to higher solvent capacity, at high CO: partial pressures
(Rivas and Prausnitz, 1979). As far as the regeneration heating duties are concerned, it is
suggested that the energy requirements would decrease due to the lower heat of vaporization of
water-lean solvents (Leites, 1998; Tan et al., 2011). Based on Raynal et al., the energy
requirements only for solvent regeneration in a typical COz-capture process from flue gas,
constitute more than 80% of the OPEX (Raynal et al., 2011). Therefore, it is not surprising that

increasing focus has been given in this direction.
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Few authors report different motivation for their work. Tsierkezos and Molinou measured the
density and viscosity of the binary mixture MEA-MEG in the framework of their continuous work
in understanding the properties of MEG-containing blends (Tsierkezos and Molinou, 1999). Davis
and co-workers studied the physical properties and kinetics of amine-PEG400 system and actually
discussed the carbon dioxide removal by the glycol, being enhanced by adding amines, and not
vice-versa (Davis et al., 1993; Davis and Sandall, 1993). Yu et al. investigated the removal of CO2
in a rotating packed bed reactor by employment of a piperazine-DEG solvent (Yu et al., 2013).
The main motivation in utilizing DEG instead of water was to avoid the precipitation which can

occur in aqueous piperazine.

All the literature sources relevant to combined acid gas removal and dehydration are conducted
in Norway in the 1990s, with the exception of the work of AlHarooni et al. and Braun et al.,
who also mentioned this dual function along with increased absorption capacity (AlHarooni et
al., 2016; Braun et al., 2001). The measurements were mainly performed with aqueous and non-
aqueous MDEA-TEG and MDEA-MEG systems. Regarding MDEA-TEG systems, Tarnqvist
concluded that MDEA does not react with COz2 in non-aqueous MDEA-TEG systems, while
Eimer observed a reaction between CO2 and MDEA in “almost water-free” TEG and suggested
further investigation (Eimer, 1994; Tornqvist, 1991). Eimer and Pedersen found that, in the
absence of water, the absorption of H2S in the combined solvent decreases with increasing
glycol content (Eimer, 1994). Therefore, replacing TEG with MEG which is less viscous can

be beneficial for reaction kinetics.

Regarding MDEA-MEG, the work was performed in the framework of two master theses
(Jelstad, 1997; Poblete, 1997) and showed that H2S absorption capacity increases with amine
and with water content, though the effect in the latter is small at the studied conditions.
Moreover, measurements in the presence of both acid gases, showed that the presence of carbon
dioxide leads to reduced H2S absorption capacity of the solvent, and this behavior is not affected
by the water content in the system. However, the authors mention some disagreements with the
literature and the repeatability of the measurements was not evaluated. Xu et al. investigated
the selective H2S removal in the presence of high CO2 concentration in non-aqueous MDEA-
MEG, after screening several other physical solvents (Xu et al., 2002b). Solubility of H2S was
found to be slightly lower in MDEA-MEG than MDEA-H:0, while CO2 solubility was greatly
decreased. Their results indicate that MDEA-MEG systems are indeed suitable for the selective

removal of hydrogen sulfide.
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From the above, it is understood that aqueous or non-aqueous blends of MDEA and MEG are
promising solvents for the combined H2S removal and hydrate control. The fact that aqueous
MDEA and aqueous MEG are proven regenerative solutions for H2S removal and H20 removal,
respectively, is the basis for this selection. In the process of simultaneous H2S removal and
hydrate control, the solvent will be injected in the pipeline which will now act as the absorber
and will reach Hz2S and H20 content transportation specifications inline. Then the solvent should
be separated from the gas stream, for example by using a scrubber or a deliquidizer, directed to
a topside facility for regeneration and re-injection. By operating at high pressures and by
eliminating the need of a topside absorber entails large potential for space, weight and energy
savings. Since this solvent is regenerative, it can also allow production of sour reservoirs that
today are closed due to material integrity risks and/or reduced capacity topside. In addition,
MDEA-MEQG systems are expected to be more effective for H2S removal in terms of selectivity

and energy requirements in regeneration.

2.1.4 Industrial status

The onshore or topside technologies used today in the oil and gas operations cannot be directly
implemented subsea for various reasons; operations take place at much higher pressures, all
components are surrounded by water which poses challenges especially for electrical
equipment, the external pressure is higher at high depths, the number and the frequency of
maintenance operations must be minimum and more. Over the past few years, many topside
technologies have been qualified and reached high Technology Readiness Level (TRL) for

subsea application.

One can categorize the subsea developments into those related to oil-water-gas separation, those
related to water treatment and those related to oil and gas processing following the separation.
Regarding separation, the challenge is the liquid-liquid separation of oil and water and different
solutions are available. There are several developed fields with subsea separators in operation.
For example, a three-phase gravity separator was installed in Troll field already in 2001
(Rasmussen, 2002), a caisson separator is used in Perdido field (Littell et al., 2011) for gas-
liquid separation and a compact pipe separator, called PipeSeparator (Sagatun et al., 2008) has
been patented by Hydro and installed in the Marlim field (Orlowski et al., 2012) for three-phase

separation.
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In the latter, the separated water was treated with hydrocyclones and injected in the production
reservoir. Hydrocyclones and water injection pumps are qualified technologies for subsea.
Offshore water treatment often includes gas flotation units to meet stringent oil-in-water (OiW)
quality requirements, both for re-injection in producing or disposal reservoir as well as for
discharge in the sea (30 ppm OiW according to OSPAR convention for the protection of the
marine environment in the north-east Atlantic (OSPAR Commission, 2010)). Compact
Flotation Units (CFU) technology, specifically designed for subsea application, has been
demonstrated and reached TRL 4 in 2019 (Zhao, 2019) while the “Seabox” subsea water
treatment TRL 6 technology for water disinfection (“Seabox Subsea Water Treatment

Technology,” 2004) is currently being tested at the Ekofisk field (Dirdal, 2019).

Besides separation, subsea multi-phase boosting is a key enabler for the development of remote
fields. Both single-phase and multi-phase pumps are available and operated subsea (Forster et
al.,2016). Single-phase pumps are commonly used subsea for well streams as well as umbilicals
and service fluids. Multi-phase boosting also takes place in several fields, such as in the first to

be installed Topacio field (Falcimaigne and Decarre, 2008) and the CLOV field (Total, 2014).

Regarding gas processing, subsea compression has recently been applied successfully: dry
compression in Asgard field (Time and Torpe, 2016) and wet compression in Gulfaks field
(Vintersto et al., 2016). Further, fiscal metering, which is the precise measurement of various
properties of the effluent when ownership changes, is planned to be qualified for subsea

application this year for gas and the coming years for oil (Faanes, 2020).

However, subsea gas conditioning, including gas sweetening, water dew point control (gas
dehydration) and hydrocarbon dew point, is still at its infancy. Main reasons are the complexity
of the processes and their utility requirements. In order to meet the specification for CO2, amine-
based absorption units are operated topside. For example, in Asgard B field, both CO2 and H2S
specifications are met by employment of the amine-based solvent FLEXSORB SE (““Arsrapport
2005 Utslipp fra Asgardfeltet,” 2005). Many research groups look into membranes for CO2
separation (Ahmadi et al., 2018) while Aker Solutions is working towards the qualification of
membrane technology for the bulk removal of carbon dioxide from natural gas at the seabed
and the evaluation of its combination with CO2 re-injection in the reservoir for EOR purposes
(Si Huai Yeaw, 2019). In the Norwegian Continental Shelf (NCS), the reservoirs are
characterized by low carbon dioxide content which often does not require its removal to meet

transportation specifications. In these cases, amine-processes are not necessary and the
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corrosive effect of HaS is handled through material selection and H2S scavenging. Typically,
triazine-based H2S scavengers are employed for gas sweetening, either topside or post-

separation (Lioliou et al., 2017).

The water content is controlled nowadays subsea in terms of hydrate inhibition. Methanol or,
most commonly in the NCS, monoethylene glycol are employed for hydrate control subsea,
though pipeline heating has been also considered. For instance, electrically heated pipe-in-pipe
technology is used today in Fenja field development (Gyllenhammar et al., 2015; Neptune
Energy, 2020). Nevertheless, on-spec water dew point is achieved by gas dehydration, which
today takes place either topside or onshore. Gas dehydration with highly concentrated aqueous
TEG solution is a very mature and efficient technology widely applied for natural gas
dehydration, while dehydration with MEG is investigated by Equinor through Gas-2-Pipe™
concept (Fredheim et al., 2016). Supersonic separation technology is also used today topside
for dehydration (Ruud et al., 2015). Technologies with potential for subsea application and
unmanned platforms for which research is conducted are both supersonic separation (Brouwer
and Epsom, 2003) and membrane technology (Dalane et al., 2019). In DEPTH project, launched
by Total and Aker Solutions, these two technologies together with adsorption were considered;
the latter mainly due to long lifetime, the elimination of liquid solvent and the extensive

knowledge already obtained from LNG plants (Gyllenhammar et al., 2015).

It is important to note that for both subsea and topside, co-current contactors with inline static
mixers have been demonstrated to perform better than traditional counter-current towers (Baker
and Rogers, 1989; Pyles and Rader, 1989). This type of separators is efficient, compact and
lighter than traditional gas-liquid contactors and, thus, they have a lower cost. Commercial gas
treating technologies based on inline separation are available for gas dehydration and acid gas

T™ and ProDry™ can be used to meet water dew point specifications employing

removal. cMIS
TEG (Dekeyzer et al., 2012; Ramkumar et al., 2017), with the latter having recently been
installed topside in Troll B in the NCS (ProSep, 2017). Because of the enhanced mass transfer
and shorter contact time, both concepts have been demonstrated to improve the selectivity of
HaS over CO:z using aqueous MDEA (Linga and Kalgraff, 2008; Ramkumar, et al., 2019).
Moreover, BP Norway and Maersk Oil use ProScav, a natural gas treatment system for efficient

injection and mixing of H2S scavengers, offshore (RIGZONE, 2009).

Finally, it is generally accepted that in many cases the topside factor will remain and “remotely

operated factories” are taking over the “subsea factories” concept. Typical examples are gas
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treating processes employing regenerative solvents. Regeneration of acid gas removing solvents
takes place at high temperatures which is not energy efficient to be done at the low seabed
temperatures. New developments and concepts for unmanned platforms, ex. “Subsea on a stick”
(“UWP/Subsea on a Stick®,” n.d.), could support such operations as more cost-effective
solutions. In fact, Eriksen and co-workers from FMC Kongsberg Subsea AS patented in 2015
the removal of carbon dioxide from a crude hydrocarbon gas stream by an amine-based
absorbent subsea and its regeneration topside, followed by water vapor removal by a glycol-
based absorbent subsea and its regeneration topside, where hot high-pressure gas is added to
the absorbents to serve as a gas lift to transport the solvent from a subsea treatment unit to

topside regenerator (Eriksen et al., 2015).

As one can understand from the above, when it comes to gas conditioning, research is conducted
in various technologies and different strategies for flow assurance. Although one universal
solution is always desirable, different technologies may be proven more efficient and
economical in different fields; therefore, it is important to identify specific needs for individual
cases. For example, membrane technology is promising in various applications where bulk
removal is desired and when the partial pressure of the permeate is high. This means that for
example, it could be used in the pre-treatment of gas streams with exceptionally high HaS
concentration, like fields in Indonesia with 20% HzS, but not in fields which experience field

souring and small concentration of hydrogen sulfide are gradually appearing.

The combined removal and hydrate control with one liquid solvent consisting of MDEA-
MEG(-H20) is only conceptualized and together with the results of this work aims to reach
TRL 1. The challenges in the development and application of a process for the simultaneous

removal of H2S and control in the water content subsea are identified in the next section.

2.2 Gap Analysis

A base case is required in order to identify with some degree of precision the needs and
challenges of a process, both in a scientific level and an industrial one. In this work, we consider
the idealized case of a stream with low CO2 content whose only treatment requirements are for

meeting HaS and water content specifications for safe transportation in the pipeline.
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2.2.1 Scientific challenges

The scientific challenges for the development of a process for the simultaneous hydrogen
sulfide removal and hydrate control are numerous given that this is a new process. They concern

both the characterization of a suitable solvent and the overall configuration of the process.

Regarding solvent development, the optimum MDEA-MEG-water concentration of the solvent
must be found to provide adequate desulfurization and dehydration. For this to be decided, a
full characterization of the solvent is required. According to the literature review presented in
section 2.1.3, few data are available for understanding the thermodynamic and kinetic behavior
of the proposed system. Thus, the need for more and with high precision data arises. In addition,
there are not any information about either the dehydrating capacity or the physical properties
of MDEA-MEG solvents, i.e. density, viscosity, surface tension. Degradation and corrosion
studies are limited and have been only performed in the presence of carbon dioxide, and not
hydrogen sulfide. The above should be evaluated in the presence of high pressure and at
temperatures relevant to the absorption subsea and the regeneration topside. After obtaining all
these information, a suitable composition can be chosen for optimizing the selectivity of the

solvent for H»S.

In the matter of process configuration, primary scientific challenge is the regeneration scheme
of MDEA-MEG solvent, mainly due to possible solvent degradation at regeneration
temperatures. Aqueous MDEA is regenerated at 130 °C and aqueous MEG at 165 °C because
they start decomposing at higher temperatures. Bearing in mind that it is the lowest degradation
temperature of the two that will dictate the regeneration thermal conditions, i.e. 130 °C,
stripping of MEG might be insufficient and schemes utilizing vacuum, stripping gas, or other
should be evaluated. Degradation and corrosion issues both in the pipeline and the stripper

should also be studied.

2.2.2 Industrial needs and challenges

As mentioned earlier in section 2.1.3, currently there is no application of a subsea process for
the combined H2S removal and hydrate control. Compact and efficient systems could enable
subsea operations in remote areas, in great distances from the shore and great depths (@kland

et al., 2013). According to the technology developments, however, the concept of subsea
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treatment and topside regeneration is already patented and is considered technically feasible.
Inline gas-liquid contactors, subsea compressors and fiscal metering are available technologies.
For industrial application, the process needs to be adjustable to various operating conditions as
the reservoir properties are subject to significant variations over its lifetime. Another aspect of
increasing significance is the utilization and transportation of umbilical chemicals, which
respect the international and national environmental regulations, such as ecotoxicity and

biodegradability.

The ultimate challenge for the industry is certainly to prove the technical alongside the
economic feasibility of the process. Elimination of topside reactors as well as operation at high
pressures, both in absorption and desorption, aim to the reduction of the total costs, through

both lower CAPEX and OPEX.

2.3 Chemistry

In this section, the chemical reactions undergone in the systems studied in this work are
presented. They include the reactions between hydrogen sulfide and carbon dioxide with

MDEA-MEG solvents.

Alkanolamines carry one amino group (one basic nitrogen atom, N) and at least one hydroxyl
group, -OH. The alkalinity of the amines comes from the amino group, while the solubility in
aqueous solutions is thanks to the hydroxyl group (Kohl and Nielsen, 1997a). The alkaline

environment the amines form is the reason why they are good absorbents of acid gases.

In the following reactions, MDEA (methyldiethanolamine, CH3N(C2H4OH): is denoted by the

general form of tertiary amines, RiR2R3N, where R stands for any alkyl or aryl group. Hydrogen

sulfide reacts instantaneously with MDEA, through a proton-transfer reaction (R. 1).
R,R,RsN + H,S & R,R,R;NH* + HS™ R.1

In aqueous systems, the reactions taking place are often written including the water (R. 2 -

R. 4), though the overall reaction is the same as R. 1.
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H,0 & H* + OH™ R.2
H,S & H* + HS™ R.3
R,R,R;N + H* & R,R,R;NH* R. 4

The overall reaction between carbon dioxide and aqueous tertiary amines is given in R. 5.

RiR,R3N + CO, + H,0 & RyR,R;NH*Y + HCO3 R.5

Two mechanisms have been proposed regarding the role of the amine in the reaction path; one
suggests the role of the amine as a catalyst to promote the hydrolysis of carbon dioxide
(Donaldson and Nguyen, 1980) and the other suggests the direct reaction of carbon dioxide

with the tertiary amine to form a zwitterion (Yu et al., 1985).

Regarding the first proposed mechanism, Donaldson and Nguyen (Donaldson and Nguyen,
1980) rejected the possibility for direct reaction of the tertiary amine with COz and suggested
that the amine serves as catalyst accelerating the reaction of carbon dioxide with water. The
reactions proposed according to this theory, which is widely embraced by the scientific

community, are presented below:

H,0 & H* + OH~- R. 6
€0, + H,0 & H,CO4 R.7
H,CO; & H* + HCO3 R. 8
R,R,RsN + H* & R,R,R;NH* R.9

Carbon dioxide reacts with water in aqueous solutions with bicarbonate ions as products.
Further dissociation of carbonic acid, from bicarbonate to carbonate also takes place but it can
be considered negligible at amine pKa values < 10.8 at 25 °C. Since the pKa of MDEA is 8.3,
this reaction is not listed (Yu et al., 1985). The formation reaction of bicarbonate is slow (R. 6
- R. 8). Contrary to primary and secondary amines which can directly react with CO2 by losing
their proton and forming carbamate (RNHCOQO") in a relatively fast reaction, tertiary amines do

not have any hydrogen atom available. Therefore, carbon dioxide is forced to form bicarbonate
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via the slow route. Donaldson and Nguyen (Donaldson and Nguyen, 1980) also discussed the
formation of monoalkyl carbonate in the case that one of the R- groups of the tertiary amine is
an alcohol, but concluded that the formation of an alkyl carbonate is not possible. This implies,

that in non-aqueous systems, carbon dioxide will remain unreacted.

As far as the second proposed mechanism is concerned, Yu et al. (Yu et al., 1985) proposed the
formation of an intermediate in reaction R. 6 as the product of COz-amine reaction and
addressed the question of what kind of intermediate could that be. They suggested an unstable
zwitterion to be formed on the nitrogen atom of the tertiary amine. According to this theory,
the zwitterion then reacts with H20 to form the more stable protonated amine and bicarbonate

ion (R. 10 - R. 11). This implies that bicarbonate cannot be formed in water-free systems.

R,R,R3N + CO5 & RyR,R3NCOO R. 10
R,R,R;NCOO + H,0 & R R,R;NH* + HCO3 R. 11

Recent studies have shown that in both aqueous and non-aqueous tertiary amines, alkyl
carbonates can be formed (Behrens et al., 2017; Rainbolt et al., 2011), meaning that both
theories seem to have correct and incorrect elements. Based on the latest findings, the theory of
Yu et al. (Yu et al., 1985) seems to hold in terms of a direct reaction of carbon dioxide with
tertiary amines and the formation of a zwitterionic product. However, the reaction product is
not formed on the nitrogen atom of the amine, but instead on the O™ of one of the present
hydroxyl groups. In the interim, the theory of Donaldson and Nguyen (Donaldson and Nguyen,
1980) is correct about the role of the aqueous amine as a facilitator in carbon dioxide hydration,

although their dismissal of alkyl carbonate formation is false.

In spite of the mechanism, it is proven that the kinetics of aqueous tertiary amines with COz is
slow. Fast kinetics are exhibited with HaS and it is this difference that renders tertiary amines
suitable solvents for selective removal of hydrogen sulfide over COz. In spite of the much faster
reaction of H2S compared to the reaction of COz, the latter still limits the H2S selectivity that
aqueous tertiary amines can attain because the bicarbonate concentration in the bulk phase of
the liquid affects the driving force available for hydrogen sulfide absorption (Yu et al., 1985).
It is noted that any advantage for HaS selectivity disappears at extended times that will allow

the formation of the COz reaction products.
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Chapter 3

Density and Viscosity

This chapter presents experimental measurements and modeling of density and viscosity of

aqueous and non-aqueous mixtures of methyldiethanolamine and monoethylene glycol.

In the first part of this chapter, the physical properties density and viscosity of the systems
MDEA-MEG and MDEA-MEG-H:20 were studied at temperatures from 283.15 to 353.15 K
and ambient pressure (journal publication I). In the binary systems, the amine content varied
from 5 to 90 wt%. The effect of water was studied in the ternary systems by varying its
concentration from 5 to 50 wt%. Both density and viscosity measurements showed good
repeatability and reproducibility. Excess molar volumes and viscosity deviations upon mixing
were derived from the experimental data. They indicate strong non-ideality of the mixtures at
the studied conditions, which have been explained by the attractive intermolecular forces and
structural effects in the mixtures. Non-random two-liquid-based models were used to
successfully predict both density and viscosity, while a comparison was performed with the
Aspen liquid mixture viscosity model. The average absolute relative deviations (AARDs) were
found to be less than 0.4% for density and 3% for viscosity for both models for the binary and
the ternary systems. Special focus has been given on the uncertainty of the measurements;
therefore, a comprehensive uncertainty analysis is included in the Supporting information of

the following published article.

In the second part of the chapter, further considerations in the application of MEG-MDEA and
MEG-MDEA-H:0 solvents for the combined hydrogen sulfide removal and hydrate control
subsea are discussed. The discussion focuses on the high viscosity of the proposed systems that
may clash with processing equipment requirements. The effects of pressure and acid gas loading
of the solvent are examined and it is shown that the model developed in this work can be used

for the prediction of the viscosity limits of this process.
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3.1 Density and viscosity study for the systems MDEA-MEG
and MDEA-MEG-H:0

Journal publication I

Skylogianni, E., Wanderley, R.R., Austad, S.S., Knuutila, H.K., 2019. Density and Viscosity
of the Nonaqueous and Aqueous Mixtures of Methyldiethanolamine and Monoethylen