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RESUMEN

La demanda de energia esta creciendo mundialmente y diferentes fuentes de energia deben ser
analizadas para asegurar un suministro apropiado. Una de las principales fuentes de energia es
el gas natural, que es un combustible fosil ampliamente usado para proveer de energia'y como
insumo de la industria petroquimica. El gas licuado de petroleo (GLP) es una mezcla de
hidrocarburos (propano y butanos) usado como un gas combustible, el cual es obtenido a través
del procesamiento del gas y petrdleo. La produccion ecuatoriana de GLP (1.91 MMbbl/afio)
proviene principalmente de la refineria Esmeraldas y de la planta de gas Shushufindi, esta
ultima ubicada en la regién amazonica. Sin embargo, con esta produccidn no se puede abastecer
la demanda del mercado ecuatoriano, y mas del 80 % de este derivado es importado para
satisfacer el mercado nacional. Al mismo tiempo, en la region amazodnica, el gas natural
producido no es completamente valorizado, y cantidades importantes de gas asociado son
quemadas (~100 MMscfd), representando energia desaprovechada con un impacto ambiental
significativo. Por esta razon, el presente trabajo busca desarrollar un analisis técnico y
economico de la potencial valorizacién del gas natural en la region amazonica para incrementar
la produccion de GLP en el pais. El estudio inicié con una revision detallada de la produccién
del gas asociado en la region amazonica. La informacion fue analizada considerando la
ubicacion geografica de los campos, composicion del gas, y condiciones operacionales. Luego,
se realizo una visualizacién de la cadena de valor del gas natural. Seguidamente, se desarrolld
un analisis técnico para procesar la corriente de gas asociado mas atractiva de la region.
Finalmente, se elabor6 un analisis de factibilidad econémica (clase V), considerando un
analisis preliminar del gasto de capital (CAPEX) y un balance econémico. Los resultados
indican que procesando 14.6 MMscfd del campo Sacha, la produccion de GLP en el Ecuador
puede incrementarse en un 30 %. Una cantidad que representa 14.5 MMUSD/afio en
importacion de este derivado a la economia ecuatoriana. La infraestructura requerida consiste
en procesos convencionales (usando tecnologia madura) de procesamiento de gas. EI CAPEX
estimado para la planta de gas, considerando condiciones locales, es de 21.9 MMUSD.
Ademas, otros campos presentan caracteristicas comerciales que deben ser analizadas para

oportunidades de valorizacion industrial.

Palabras claves: gas natural, gas asociado, gas licuado de petrdleo, region amazonica, Ecuador



ABSTRACT

The energy demand is growing worldwide, and different energy sources need to be analyzed
to ensure the current supply. One of these sources is natural gas, a fossil fuel that is widely used
to provide energy and as a feedstock of the petrochemistry industry. Liquefied petroleum gas
(LPG) is a C3/C4"s hydrocarbon mixture used as fuel gas, obtained through natural gas and oil
processing. The Ecuadorian LPG production (1.91 MMbbl/year) came mainly from the
Esmeraldas refinery and Shushufindi gas plant. The last one is located in the Amazon region.
However, this LPG production cannot meet the Ecuadorian market demand, and over 80 % of
this commodity is imported to satisfy the national market. At the same time, in the Amazon
region, the natural gas produced is not fully valorized, and an important quantity of the
associated gas is flared (~100 MMscfd), representing energy wasted with a significant
environmental impact. Therefore, this work aims to develop a technical and economic
assessment of the potential natural gas valorization in the Amazon region to increase de LPG
production in the country. The study started from a detailed review of the associated gas
produced in the Amazon region. The data was analyzed considering the geographic location of
the fields, gas composition, and operational conditions. Then, a visualization of the natural gas
value chain was developed. Subsequently, a technical analysis was performed to process the
stream of one of the most attractive gases in this region. Finally, an economic feasibility (class
V) study was carried out, considering a preliminary analysis of the capital expenditure
(CAPEX), and economic balance. The outcome of this study indicates that by processing 14.6
MMscfd of the associated gas from the Sacha field in the Amazon region, the national LPG
production can increase by 30 %. An amount that represents 14.5 MMUSD/year in commodity
imports to the Ecuadorian economy. The required infrastructure consists of conventional
processes (using mature technologies) for natural gas processing. The estimated CAPEX for
the natural gas processing plant is 21.9 MMUSD, considering local conditions. In addition,
other fields also present high commercial characteristics to be analyzed for industrial

valorization opportunities.

Keywords: natural gas, associated gas, liquefied petroleum gas, Amazon region, Ecuador
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CHAPTER |

INTRODUCTION

Natural gas (NG) is one of the principal energy sources worldwide. It is also considered one of
the cleanest, safest, and more useful sources of energy. Owing to the increase in energy demand
and the constant new policies of a lower-carbon economy, NG is becoming a convenient fuel,
especially for power generation [1]. For 2020, NG supplied approximately 24.7 % of the global
primary energy, just after the principal sources oil and coal [2]. The processing of natural gas
is easier and less complex than oil processing [3]. Besides, natural gas is essential for the
petrochemistry industry as a staple. The processing of natural gas can produce fuel derivatives
and primary feedstocks for the production of ethylene, propylene, manufacture of light olefins,
and other petrochemistry products. [4].

Liquefied Petroleum Gas (LPG) is a hydrocarbon mixture primarily composed of propane and
butanes, used as fuel gas. LPG came from natural gas processing or crude oil refining [5]. LPG
is widely used for residential, commercial, and industrial applications. In Ecuador, the principal
usage of LPG is for residential activities, constituting over 90 % of the total demand, while the
remaining quantity is for industrial, agroindustry, and transport activities [6]. Therefore, LPG
is a critical fuel for the proper development of different economic and residential sectors in the

country.

In Ecuador, the production of LPG came predominantly from Esmeraldas refinery and
Shushufindi gas plant, and lower amounts from La Libertad refinery. Refineries obtain the LPG
as an oil refining product, while the gas plant obtains the LPG by processing the associated gas
from the Amazon region [6,7]. The Ecuadorian LPG demand has increased in the last few
years. For 2020, 14.33 million barrels (MMbbl) of LPG were necessary to meet the national
market needs. However, the national LPG production, of approximately 1.91 million barrels
per year (MMbbl/year), was insufficient, and over 80 % of this commodity was imported to
satisfy the domestic demand, with a total expense of 358.72 million dollars (MMUSD) [6,8].



Worldwide, oil extraction yields associated gas, which in some instances is used to produce
natural gas liquids, fuel for the turbines on-site, or well reinjection [9]. However, the largest
source of gas flaring came from associated gas. Gas flaring is the burning of associated gas
because of many issues such as market and economic limitations, lack of appropriate
infrastructure and regulations, and even political will. This practice results in the release of
different pollutants, including carbon dioxide, methane, and black carbon [10,11]. Thereby,
gas flaring is identified as a source of greenhouse gas (GHG) emissions [12]. The World Bank
estimates that in 2020 approximately 5,015 billion cubic feet (BCF) of natural gas were flared
in the world [13]. As this practice is identified as a waste of valuable resources with a
considerable environmental impact, all attempts should be made to maximize the energy
efficiency and reduce flaring to the lowest amount and only for technical reasons and safety
[12,14].

In the Ecuadorian Amazon region, associated gas is widely produced as a by-product of oil
extraction. By 2020, the associated gas produced in this region was 36,206 million standard
cubic feet (MMscf) [15]. The efforts to take advantage of associated gas and improve energy
efficiency have attracted attention in recent years. However, approximately 100 million
standard cubic feet per day (MMscfd) of associated gas are still flared in the Amazon region
[16]. In terms of energy generation, each 1 MMscfd of associated gas flared represents
approximately 10 MMUSD/year in diesel imports [17].

This work, therefore, focuses on natural gas valorization in the Ecuadorian Amazon region to
take advantage of the associated gas produced to ensure and increase the national LPG
production and reduce the import dependency on this commodity. In the same way, to reduce
the amount of gas flaring and its related environmental impact along the Amazon region.
Hence, the present work started from a review and analysis of the associated gas produced in
the Amazon region. Then, a valorization of the associated gas was visualized. Subsequently, a
technical analysis was performed to take advantage of natural gas, considering the available
techniques for gas processing. Finally, an economic feasibility (class V) study was carried out,

considering a preliminary analysis of the capital expenditure (CAPEX), and economic balance.


https://www.worldbank.org/en/programs/gasflaringreduction
https://www.worldbank.org/en/programs/gasflaringreduction

1.1. Problem Approach

In Ecuador, the domestic LPG demand has increased in the last few years because of the wide
usage in residential, industrial, agro-industrial, and transport sectors. However, in 2020, the
national LPG production only covers 13.33 % of the domestic demand, and over 80 % of this
commodity was imported. These imports represent significant expenses to the Ecuadorian

economy, an average of 358.72 MMUSD per year [6,8].

On the other hand, the processing of associated gas can produce valuable natural gas liquids
(NGL) products, which can increase industrial revenue. One of the widely used NGL products
that can be obtained by gas processing is the LPG [4,18]. However, the associated gas produced
along the Amazon region is not fully used, and a considerable quantity of the associated gas is
flared [16,19]. The last practice constitutes a waste of energy with a significant environmental
impact [12,19]. Gas flaring has also negatively affected the wildlife and public health of local

communities in the region [20-22].

Considering the increasing energy demand, low national LPG production, high LPG import
dependency, and gas flaring and its related environmental and social impact, the associated gas
valorization in the Amazon region can bring multiple energy, economic, and social benefits
(Figure 1). Therefore, this work seeks to develop a technical and an economic assessment to
valorize the natural gas produced in the Amazon region to increase the LPG production in

Ecuador.
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Figure 1. Benefits of associated gas valorization in the Amazon region

1.2. Objectives

1.2.1. General Objective

To develop a technical and an economic assessment of natural gas valorization in the Amazon

region to increase the LPG production in Ecuador.

1.2.2. Specific Objectives

= To identify the current production, composition, and operational conditions of the
associated gas generated in the different hydrocarbon fields in the Amazon region.

= To analyze the associated gas produced in the hydrocarbon fields along the Amazon
region and the feasibility of industrializing them.

= To propose potential technology to process the associated gas produced in the
Ecuadorian Amazon region as an alternative and potential use to produce LPG.

= To develop an economic feasibility analysis of the proposed technology for gas

processing and its valorization.



CHAPTER Il

BACKGROUND AND LITERATURE REVIEW

2.1. Natural Gas

Natural gas is a mixture of gaseous hydrocarbons of low molecular weight, mainly composed
of methane (C1) and ethane (Cz), and usually propane (Cz), butanes (C4’s), and a smaller
amount of heavy hydrocarbons (C4*) and non-hydrocarbon components, such as nitrogen (N2),
carbon dioxide (CO.), hydrogen sulfide (H2S), oxygen (O2) and sometimes valuable helium

(He) [23]. NG usually is found underground at high-pressure conditions [24].

Natural gas comes from both conventional and unconventional sources. The conventional gas
is usually inside multiple porous zones in occurring natural rocks such as carbonates,
sandstones, and siltstones. Unconventional gas came from coal (coal-bed methane), tight sands,
shales gas, geo-pressurized aquifers, and gas hydrates. Most of the time, gas from
unconventional sources is more challenging to obtain owing to the required new technologies
[24].

Conventional natural gas occurs in deep reservoirs, where it can be produced as associated or
non-associated gas. Associated gas (also known as oil-well gas) is produced during the crude
oil extraction and then separated at the casinghead or wellhead [18]. Crude oil production
always yields associated gas, which emerges as the pressure decreases on the way to and on
the surface. On the other hand, non-associated gas occurs in reservoirs that do not contain crude
oil or just a few quantities of them. Typically, the majority of the non-associated gas

composition contains methane. Non-associated gas is also known as “free gas” [9].

The associated and non-associated gas compositions vary depending on the field, formation, or
reservoir form extracted [9]. The typical composition of these gases is shown in Table 1.



Table 1. Typical natural gas compositions (mole %)

Canada Western Miskar Field Rio Arriba County, Cliffside Field,

(Alberta)  Colorado Tunisia New Mexico Amarillo, Texas
C1 77.1 29.98 63.92 96.91 65.8
C> 6.6 0.55 3.35 1.33 3.8
Cs 3.1 0.28 0.96 0.19 1.7
C4's 2.0 0.21 0.54 0.05 0.8
Cs's 3.0 0.25 0.63 0.02 0.5
N2 3.2 26.10 16.91 0.68 25.6
CO2 1.7 42.66 13.59 0.82 0.0
H2S 3.3 0.0 0.09 0.0 0.0
He 0.0 0.0 0.0 0.0 1.8

Source: Adapted from [25]

Associated gases usually are rich in natural gas liquids. It implies that these gases incorporate
ethane, propane, butanes, and heavier molecular weight hydrocarbons [9]. Industry uses the
term GPM to quantify the content of liquids in a gas mixture, which refers to the gallons of
liquids recoverable per thousand standard cubic feet (Mscf) of gas. Calculation of the GPM
requires data from the gas composition (mole basis) and gallons of liquid per Ib-mole. The
extraction of liquids from natural gas gives a higher economic value in sales than just natural
gas [18].

According to its liquids content (proportion of heavy hydrocarbons), natural gas is listed as
rich gas or lean gas. Rich gas is considered when the amount of liquids (C>" or C3¥) is
potentially recoverable, usually when the GPM is 3 gal/Mscf or higher. On the other hand, gas
is considered lean when the GPM is less than 3 gal/Mscf [18].

Simultaneously, natural gases are classified according to the content of acid gases, specifically
hydrogen sulfide (H2S). Sour gas is known when there are unacceptable quantities of H>S,
which can be odiferous and corrosive. On the contrary, sweet gas has a negligible amount of
H2S, generally less than 4 ppmv [18]. Other acid gases such as CO- can be allowed in many
high levels, 3-4 mole % [26].

Natural gas and crude oil operations (exploration, drilling, and production) are developed in
onshore and offshore facilities. In the industry, onshore refers to the operations in underground
reservoirs on land. In contrast, offshore refers to the operations throughout a coastline or in

open ocean waters in wells on the seabed [27,28]. Offshore operations are much more



expensive than onshore operations because of their complex systems and technology required
[29].

2.1.1 Natural Gas Processing

The processing of natural gas is an essential component in the gas industry. It depends on the
feed gas compositions and obeys the requirements for the desired gas product and market
specifications [4]. The principal aim of gas processing plants includes gas dehydration, acid
gases removal, hydrocarbon liquids recovery, and fractionation [18]. The main products of this
process include liquefied petroleum gas (LPG), natural gasoline (Cs*), and residual gas. Figure

2 is a scheme of the typical stages of natural gas processing.

H,S, CO, H,0
. [ Residual
T T " Gas
Gas Gas

NGL
Natural —p . > > e
atural Gas Sweetening Dehydration Recovery - 5

| NeL
" | Fractionation

>
L, | Natural
Gasoline

Figure 2. Scheme of natural gas processing

A

= Gas Sweetening: In this process, the main purpose is to reduce the amounts of acid
gases such as hydrogen sulfide (H.S), carbon dioxide (COz), and other sulfur species
(impurities) from the input stream. It is indispensable to meet the required specifications
and avoid corrosion and plugging problems in the following stages of the process. The
standard values to avoid the latter problems are H>S < 4 ppmv and CO; < 2 vol.%
[18,24]. However, if there is a cryogenic process in the following stages, it is needed
more CO, remotion to avoid its freezing and meet the product specifications [24].
Commonly, the methods to remove acid gases are based on liquid-phase absorption
processes, including chemical, physical, and hybrid solvents. In the chemical solvents
processes, the absorption of acid gases is done principally by using amines in water
solutions (10 to 65 wt % amines). Amines typically used are monoethanolamine
(MEA), diethanolamine (DEA), triethanolamine (TEA), diglycolamine (DGA),
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methyldiethyanolamine (MDEA), and diisopropanolamine (DIPA). Figure 3 shows a

simplified flow sheet of a common gas sweetening process by chemical reaction [30].

Sweet gas
Outlet Acid gas
separator Condenser
Solvent
Tank Cooler
Contactor, _
Stripper
Off gas
—@.7 Reboiler
=’ Rich/lean
Exchanger
Sour gas
Inlet Flash
separator Drump Lean solvent

booster

Figure 3. Schematic of typical gas sweetening process by chemical reaction

In the physical solvent processes, the gas removal is done by only physical absorption,
without chemical reactions. In contrast, hybrid solvent processes handle a mixture of

physical and chemical solvents [18,30].

Gas Dehydration: Since the gas stream came from wells and a previous amine
treatment, this stream is water-saturated. In the gas dehydration step, water is removed
from the stream to decrease corrosion and prevent gas hydrate formation. The water
content specifications in natural gas usually range from 4 to 7 Ib/MMscf [18]. However,
the specification to prevent hydrate formation in cryogenic processes is [H20] < 0.1
ppmv or even less. The conventional methods of water remotion are physical absorption
and adsorption. In physical absorption, the gas is contacted with a liquid solvent that
absorbs the water vapor. The most usual absorbent (solvent) is triethylene glycol
(TEG), but there are others such as ethylene glycol (EG), diethylene glycol (DEG), and
tetraethylene glycol (TREG) [18]. Figure 4 illustrates a simplified flow sheet of the

glycol dehydration process.
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Figure 4. Schematic of typical glycol dehydration process [18]

In physical adsorption, a solid is used as the adsorbent medium, the usual adsorbent is
a molecular sieve, and sometimes silica gel and activated alumina because of their high

surface-to-volume ratio [18].

Natural Gas Liquids Recovery: In this stage, the principal aim is to separate the
natural gas liquids such as ethane, propane, and heavy hydrocarbons from the gas
stream, in order to meet the pipeline heating specifications and create valuable NGL
hydrocarbon products [4,18]. The recovery process uses low-temperature separation to
condense the NGL. The technology used depends on desired products, processed
volume, inlet composition, and inlet pressure [18]. Thereby, the most common
refrigeration methods include Joule-Thompson valve expansion, mechanical

refrigeration, and turboexpanders.

Joule-Thompson valve expansion (J-T valve): This system employs the Joule-
Thompson effect to decrease the gas temperature by an isenthalpic expansion. The
consequence of this temperature reduction is liquid (hydrocarbons and water)
condensation. A J-T valve expansion system is applied for cases where enough pressure
is available (high or supercritical pressures) to meet the desired product and separation

[24,30]. A J-T system has several advantages over the other methods, such as simple



design and operation, low cost, no rotating equipment, low maintenance, and extensible

use to different flowrates and compositions [24].

Mechanical refrigeration: when enough pressure is not available, mechanical
refrigeration is used to extract heavy hydrocarbon components [30]. In this system,
NGL are condensed using a refrigerant that chills the feed gas into the low-temperature
separation. The most usual refrigerant is propane, but there are also other commercial
refrigerants such as ammonia [4]. Propane can supply coolant at -40 °F at atmospheric
pressure [24]. Figure 5 illustrates a simplified flow sheet of NGL recovery with a

mechanical refrigeration system [30].

Residue
Gas
+ Cooler Recompressor

=

Gas/Refrigerant
Exchanger

>

Stabillizer

Feed gas

Gas/Gas .
Exchange Gas Chiller Cold Cs+ Product

Separator >

Figure 5. NGL recovery with mechanical refrigeration process (straight refrigeration)

Turboexpander: In this system, the feed gas pressure is used to produce the required
refrigeration by an expansion through the turboexpander. The turboexpander recovers
the useful work from this gas expansion and condenses the NGL. Since the expansion
is near isentropic, the turboexpander significantly achieves lower temperatures than
those for the J-T valve [30]. Therefore, this technology is the most used in cryogenic
NGL recovery processes (deep NGL extraction), with minimum temperatures below -
150 °F achieved, i.e., for ethane recovery or often for high propane recovery [4].
However, turboexpanders require considerable operation attention and maintenance,

which implies more operation costs than the other technologies [24].
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= Natural Gas Liquids Fractionation: The NGL produced in the last stage are processed
into individual products by fractionation. It implies the separation of components
because of the relative volatility (boiling points) through a series of distillation columns
(fractionation towers). Because of different NGL compositions and product
specifications, there are some options for fractionation train design [24]. Usually, NGL
products from a fractional process include demethanized product (C2"), deethanized
product (Cs*), propane/butane mixture (LPG), butanes (C4s), natural gasoline (Cs"),
and others [30]. Figure 6 shows a typical NGL fractionation train that recovers

hydrocarbon liquids [24].

Ethane Propane
—
Deethanizer :
Ethane +NGL Depropanizer _
- —H Debutanizer

Pentane
plus

Figure 6. Typical NGL fractionation train

2.2. Natural Gas Liquids Products

Natural gas liquids extraction can increase the revenue from the processed gas stream by selling
these NGL in higher-priced markets than natural gas markets. In places where demand and
infrastructures of NGL exist, their extraction is leasable [4]. Table 2 shows the different NGL
products and their potential markets. The widely used NGL products that can be obtained by

natural gas processing have a considerable market application.
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Table 2. NGL products and markets

NGL products Market Use
Ethane (Cy) Petrochemical feedstock for manufacturing ethylene.
Propane (Cs) Fuel use as a component in LPG.

Petrochemical feedstock for manufacturing propylene and ethylene.

Residential and commercial fuel in rural areas, transportation fuel, and
cooking grills.

Isobutane (i-Cy) Refinery feedstock to alkylation unit, methyl-tertiary-butyl-ether
feedstock.

Fuel use as a component in LPG.

Normal butane (n-Cy) Gasoline blending, petrochemical feedstock for the manufacture of light
olefins.

Fuel use as a component in LPG, isomerized to i-butane.
Natural Gasoline (Cs*) * Refinery feedstock to reformer or isomerization unit.
Petrochemical feedstock for the manufacture of light olefins.
*Natural gasoline is a North America term, also referred to as light naphtha or condensate in other regions

Source: Adapted from [4]

Worldwide, gas plants process both associated and non-associated gas to produce high-quality
natural gas and hydrocarbon liquids. The sale of these liquids provides significant incomes and

optimizes the profits in the industry [18].

2.2.1. Liquefied Petroleum Gas

One of the natural gas processing products is liquefied petroleum gas, a hydrocarbon mixture
primarily comprised of propane and butanes (Cs and C4’s), and a low amount of other
hydrocarbons. The LPG composition can vary widely because of regional norms and climate
specifications. Liquefied petroleum gas exists in the gaseous state at atmospheric conditions
(60 °F and 14.69 psia). However, it can be turned into a liquid state under moderate pressure at

ambient temperature [5].

Most of the LPG comes from natural gas processing, and the remainder is a by-product derived
from crude oil refining [31]. Naturally, LPG processed is odorless, colorless, and heavier than
air. However, for commercial purposes, a mercaptan (odorizing agent) is added into the raw
LPG for safety measurements [32]. To conserve space LPG is pressurized in steel vessels
(cylinders or bulk containers) at ambient temperature. In the same way, LPG can be refrigerated
for transport and later stored as a liquid [33].
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In the market, according to volatility, LPG is classified as commercial propane (high volatility),
commercial butane (low volatility), and commercial propane-butane mixture (intermediate
volatility) [34]. Commercial propane is a hydrocarbon mixture that predominantly contains
propane and/or propylene. Commercial butane is a hydrocarbon mixture that predominantly
contains butanes and/or butylenes [30]. Table 3 shows an acceptable range of the significant

components of LPG in different regions.

Table 3. LPG composition in different regions

Fuel Compositions % (vol/vol)

. Source
Region Propane Propylene Butane
Canada 92.5-100 0-5 0-2.5 [31]
United States 92.5-100 0-5 0-2.5 [31]
Mexico 60 40 [31]
Ecuador 60-100 0-40 [35]

LPG has a considerable heating value (~1,400.91 BTU/ft®), which is much higher than the
average heat value of natural gas. Hence, LPG is widely used as a fuel gas for residential,
commercial, and industrial applications. Besides, it is used as an alternative for automotive fuel

and as a feedstock in petrochemical uses [1].

2.2.2. LPG recovery process

LPG production is achieved using fractionation columns, which arrangement comprises
deethanizer, depropanizer, debutanizer, and butane splitter units. In the deethanizer unit, the
ethane plus stream (raw NGL) is separated into ethane and propane plus (propane and heavier
components). In the depropanizer unit, the propane is separated from the butane and heavier
components. In the debutanizer unit, the butanes are separated, and these butanes are further
separated in the butane splitter unit [30]. A schematic diagram of the fractionation process for

the LPG recovery is shown in Figure 7 [25].

13



/K% i-Butane.

14

Ethane
Propane Butane

Splitter

. . ! B
Raw NGL Deethanizer Depropanizer " utane

Debutanizer

Natural
Gasollne

Figure 7. Fractionation System for LPG recovery

As seen in this chapter, natural gas is processed through different stages to produce the desired
natural gas liquids in the industry. In this way, the next chapter will review natural gas and the
current processed products in the Ecuadorian industry.
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CHAPTER Il

NATURAL GAS INDUSTRY IN ECUADOR: A BRIEF REVIEW

The hydrocarbon resources in Ecuador are mainly spread out in the Oriente Basin (Amazon
region) and less in the Tumbes Basin (southwest of the country) (Figure 8) [19]. These
resources are divided into various blocks, which are geographic area divisions containing oil
and gas fields with different wells where the oil and gas production is carried out. In Ecuador,
natural gas production comes from free natural gas extraction as non-associated gas and from

oil extraction as associated gas.
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Figure 8. Hydrocarbon resources in Ecuador

Non-associated gas is produced in the Amistad field (block 6), an offshore facility located in
the Gulf of Guayaquil in southwestern Ecuador. The gas produced in this field for 2020 was
9,465 MMscf which implies around 26 MMscf per day [15]. First, the water content in the
natural gas is reduced in a dehydration plant located in Bajo Alto (El Oro province). And then,
the natural gas is delivered mainly to the Termogas Machala power plant and the remainder to
the Bajo Alto liquefaction plant, both located in Oro province too. Termogas Machala plant
uses the natural gas for national electricity generation. Bajo Alto plant processes the natural gas
into liquefied natural gas (LNG) to sell it mainly to the ceramic industry and a small quantity
to other industries and residential sectors in the national market [36—38]. Figure 9 shows the
offshore Amistad facilities.
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Figure 9. Amistad offshore facilities [36]

Associated gas is widely generated along the Amazon region, directly related to crude oil
extraction. In this region, the associated gas production reported for 2020 was 36,206 MMscf
[15]. In recent years, the efforts to take advantage of this gas and improve energy efficiency
have drawn attention by using this resource for electricity generation (within a few fields) and
the production of derived products. However, over 100 MMscf of associated gas still are flared
per day [16]. There is still a considerable amount of gas flaring in the region, which is
considered a waste resource and a cause of environmental pollution (Figure 10) [19]. Since gas
flaring has negatively affected the health of the local inhabitants of the region, there have been
legal drawbacks between the local communities and the hydrocarbon companies. The
communities seek that companies aim to reduce gas flaring and change the present gas release

technology, which wastes considerable energy [22].

Figure 10. One of the different flare sites (at Auca field) in the Amazon region [20]
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3.1. Liquefied Petroleum Gas Market

In Ecuador, liquefied petroleum gas is crucial for the proper development of different economic
and residential sectors. In 2020 the domestic demand of this commodity was approximately
14.33 MMbbl (Figure 11), 90.87 % of the LPG was used for residential activities, 6.78 % for
industrial activities, 1.75 % for agroindustry activities, while the remainder was used for
transport activities [6]. LPG is packaged into steel vessels (cylinders) with a nominal capacity
of 5, 10, 15, and 45 kg for market purposes [39]. For residential uses, LPG is mainly distributed
in 15 kg cylinders. For industrial uses, LPG is mainly distributed in 45 kg cylinders and bulk

containers, whereas for agro-industrial uses, it is commercialized in bulk containers [40].

Industrial

Agroindustrial
6.78%

1.75%

Transport
0.60%

Residential

90.87% Total: 14.33 MMbbl

Figure 11. LPG demand in Ecuador by sectors in 2020

The Ecuadorian LPG production came from different facilities such as Esmeraldas and La
Libertad refineries and the Shushufindi gas plant. Refineries obtain the LPG as an oil
processing product, while the gas plant obtains the LPG by processing the associated gas from
the Amazon region [7]. The national LPG production for 2020 was approximately 1.91 MMbbl.
The principal production came from Esmeraldas refinery with almost 51.75 % and Shushufindi
gas plant with almost 47.98 % of the LPG [6]. Although this commaodity is fundamental in the
Ecuadorian energy supply, the national LPG production cannot meet the domestic market
needs. The LPG production and demand in recent years in Ecuador reported by the Ecuadorian
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Ministry of Energy and non-Renewable Resources [38] and Petroecuador [6] are shown in

Figure 12.
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Figure 12. LPG production and demand in Ecuador in recent years

As noted above, the domestic LPG demand has increased in the last few years. However, the
single national LPG production cannot satisfy the domestic demand and, therefore, it is crucial
LPG imports. For instance, in 2020, approximately 12.42 MMbbl of this commodity was
imported, representing around 86.67 % of the domestic demand (Figure 13). In economic
terms, 358.72 MMUSD was spent to cover the imports in this year [6,8]. These economic
expenses have been similar in the last years, even though the Shushufindi Gas Plant produces

LPG from the raw associated gas in the Amazon region.

18



Imported

R6.67% Produced

13.33%

Total: 14.33 MMbbl
Figure 13. LPG supply in Ecuador in 2020

3.2. Shushufindi Gas Plant

The Shushufindi gas plant (ShGP) is part of the Shushufindi industrial complex, located in the
Shushufindi canton (Sucumbios province) in the Amazon region. The gas plant was designed
to use associated gas from the oil fields to produce liquefied petroleum gas and natural gasoline
[41]. The feed streams came into this plant as gas and condensate streams. The gas stream came
from Central, South, and North Shushufindi gas capture stations, and the condensates came
from Central, South, and North Secoya gas capture stations [35]. The LPG products are
delivered by pipelines to Quito and sold in the different national markets [42]. For 2019, the
ShGP processed 14.14 MMscfd of associated gas and 78.83 gpm of condensates to produce
249.73 Tm/d of LPG [35,43]. The main parts of this gas processing plant are the reception and
conditioning, the cooling, and the fractionation section [35]. Figure 14 shows a block diagram

of the different process stages in the Shushufindi gas plant.
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Figure 14. Shushufindi Gas Plant block diagram

Source: Adapted from [35]

Echeverria [35] studied the possibility of increasing the LPG production in the Shushufindi gas

plant by operational improvements, but it requires investments, and the plant LPG production

could increase by 30 %. In this way, it is important to develop more projects to help increase

the current LPG production in the country. Therefore, there is a potential opportunity to

valorize the associated gas from the Amazon region and produce more LPG.
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CHAPTER IV

METHODOLOGY

To make a techno-economic assessment considering the natural gas valorization in the Amazon
region to increase the LPG production in the Ecuadorian market is required to follow several
steps summarized in Figure 15. The study started from a review of the associated gas produced
in the Amazon region. The data was analyzed considering the field locations, gas compositions,
and operational conditions. Then, a potential valorization of the associated gas was visualized.
Subsequently, a technical analysis was performed to process one of the most attractive gases
in this region, considering the conventional and available techniques. The natural gas
processing stages included: sweetening, dehydration, natural gas liquid recovery, and
fractionation. Finally, an economic feasibility (class V) study was carried out, considering a
preliminary analysis of the capital expenditure (CAPEX), and economic balance. The LPG
plant proposal was developed, considering all the aspects reviewed.
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Figure 15. Methodology diagram
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The bibliography research about the natural gas production data in the Amazon region was
challenging in this study because of the lack of published information about the topic. The first
step was to look for factual information about the fields which produce associated gas as a by-
product of their hydrocarbon operations. The materials used in this work were compiled from
different sources, including high-quality reports, degree-thesis, articles, standards, and other
contributions in recent years published by several institutions such as the Ecuadorian Ministry
of Energy and non-Renewable Resources (MERNNR), EP Petroecuador, Petroamazonas EP,
the Ecuadorian Standardization Service (INEN), the U.S. Energy Information Administration
(EIA), and the World Bank.

4.1. Natural Gas Analysis in the Amazon Region

The principal factors to consider for a commercial appreciation of the associated gas are the
field locations, gas flowrates, and gas compositions. Once these parameters have been
determined, it is viable to make an appropriate valorization of this resource.

4.1.1. Field Locations

The hydrocarbon fields in the Amazon region are arranged into different assets used to report
information. These assets are considered a technical unit that manages one or more fields
(which include platforms, production islands, wells, and facilities) focused on hydrocarbon
exploration and extraction [44,45]. The assets selected for this work were those with associated
gas production more significant than 1 MMscfd. Hence, the assets which meet this condition

are listed in Figure 16.
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Lumbaqui Block 11 Libertador Block 57

Sacha Block 60 Cuyabeno-Tipischca Block 58

Vinita Block 59

Palo Azul Block 18 Eden-Yuturi Block 12

Pucuna Block 44

Coca-Payamino Block 7 Indillana Block 15

Yuralpa Block 21

ITT Block 43

Apaika-Nenke Block 31

. Auca Block 61

Armadillo Block 55

ASSETS

Tiputini (ITT Gas):
ITT Block 43
Edén Yuturi (EY Gas):
Edén-Yuturi Block 12
Oso Yuralpa (OY Gas):
Coca-Payamino Block 7
Yuralpa Block 21
Lago Agrio (LA Gas):
Lumbaqui Block 11
Block 56
Libertador Block 57
Palo Azul (PA Gas):
Palo Azul Block 18
Pucuna Block 44
Shushufindi (SH Gas):
Libertador Block 57
Cuyabeno (CU Gas):
Cuyabeno-Tipischca Block 58
Vinita Block 59
Libertador (LI Gas):
Libertador Block 57
Auca (AU Gas):
Auca Block 61
Armadillo Block 55
Sacha (SA Gas):
Sacha Block 60
Indillana (IN Gas):
Indillana Block 15
Apaika (AP Gas):
Apaika-Nenke Block 31

Figure 16. Associated gas production in the Amazon Region
Source: Adapted from [46,47]
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4.1.2. Associated Gas Compositions

The data collected about the associated gas compositions were normalized to get an accurate
analysis. Besides, note that, under consideration of this document, the gas composition data
from a single field will represent the whole asset to obtain a generalized analysis. Therefore,
when referring to a hydrocarbon field in this work, it refers to all the fields in the asset.

4.1.3. Flowrate and GPM

The gas flowrate of each field was calculated by an average of the last two months of
production (April 15" to June 15" of 2021). This information is summarized in Table A.1
(Appendix A). Besides, the C>* and Cz* GPM were calculated using each gas stream's flowrate
and compositions (mole basis), following the theoretical Eq.1:

gallons of liquids recoverable __gal NGLs

GPM =

1)

thousand standard cubic feet of gas - Mscf gas

The C2" GPM considered the ethane, propane, butane, and heavier as liquid hydrocarbons,

while the C3z* GPM considered the propane, butane, and heavier as liquid hydrocarbons.

4.2. Natural Gas Valorization

4.2.1. GPM and Flowrate Analysis

For this study, gas is considered rich when its GPM is equal to or higher than 3 gal/Mscf. On
the other hand, for a lower value, the gas is considered lean. Additionally, the associated gas is
considered of commercial interest when its gas production is higher than 10 million standard
cubic feet per day (MMscfd). However, other commercial applications can be possible with

lower flowrates.
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4.3. Liquefied Natural Gas Production Feasibility

4.3.1 Technical Processing Analysis

The technical analysis was developed, taking into account the available techniques for gas
treating and processing. Feed gas conditions and design characteristics considered were
flowrates, gas composition, heavy hydrocarbons contents, water contents, gas acid
compositions, inlet pressure conditions, the products desired, and the different technology
available. Note that, since the water content is not reported in chromatographic analysis, for
this study, it is assumed that the feed stream gas is water saturated at the plant inlet conditions.
Additionally, for the technical proposal, conventional processes (using mature and proven

technologies) were selected in each stage of the gas plant.

4.3.2 Economic Feasibility Study

For this work, the economic feasibility study is a class V study, which considers the preliminary
analysis of the capital expenditure (CAPEX), and the economic balance analysis.

4.3.2.1. Capital Expenditure (CAPEX)

The capital expenditure of the different sections of the gas processing plant considered the
previous technical process analysis and some other design and economic factors. For instance,
to meet the best engineering design criteria, by overdesign, the inlet flowrate was incremented
by 20 % of the actual flowrate to get a higher operational range. In the same way, all the
resulting costs for the units were estimated with the economic approach introduced by
Tannehill and Chandra [48]. The cost data are a proper approximation for the first estimated
capital cost of a gas processing plant and came from consensus values from several engineering
firms and actual plant cost data [25,48]. The premises and assumptions used for this analysis
are shown in Table A.2 (Appendix A). Besides, the data apply only to new facilities (not

applicable for retrofits or used equipment), and the costs are based on U.S. dollars.
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The technical and economic proposal for the gas processing plant considers different

equipment and conditions in each stage of the plant. Specifically, for the plant installation cost,

the following assumptions were considered:

Gas sweetening: In this section, the cost applies to remove the acid gases with DEA
used as a solvent and an operating pressure from 585 to 785 psia. However, the cost

excludes any gas dehydration after gas treating.

Gas dehydration: In this section, to remove the water, the cost applies for new glycol
dehydration (TEG) facility, having BTEX containment equipment, and for an operating
pressure from 585 to 785 psia. However, the cost excludes improvements to generate
concentrations of lean glycol greater than 98.6 wt %.

Natural gas liquids recovery: In this section, to recover a single NGL product stream,
the cost applies for a straight refrigeration process, including limited storage, the use of
ethylene-glycol injection for hydrate inhibition, the cost of glycol regeneration.
However, the cost excludes upstream compression and treating, liquid product

fractionation, and any outlet-gas compression (pressure drop is small in this unit).

Natural gas liquid fractionation: For this section, the most conventional fractionation
process was considered. Furthermore, due to the lack of public data of fractionation
cost, the cost for this stage was calculated as 50 % of the natural gas liquids recovery

stage.

Note that within the battery limit of the gas plant, the infrastructure costs for gas gathering and

inlet compression were not considered.

The first estimated capital cost of a gas processing plant excludes certain associated expenses

and other contingencies. The authors suggest that these excluded costs represent an additional

value of 25 to 40 % of the total cost. Therefore, for this work, to cover most of the required

annexes costs and contingencies, the excluded cost represents an additional cost of 40 % of the

total cost of the plant. Additionally, for obtaining a current preliminary estimate cost of the

plant, the costs of the equipment were updated from 2017 to the present year by the use of the
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Chemical Engineering Plant Cost Index (CEPCI), which gives a general estimate, according to
Eq. (2)

Index value at present year

Cost 2021 =

* Cost 2017 ()

Index value in 2017

The CEPCI for the first half of 2021 was 655.9, while the CEPCI for 2017 was 567.5.

4.3.2.2. Economic balance

The economic balance of the gas processing plant was carried out under some essential
considerations. The inlet flowrate of the process was the average flow of the usual field flowrate
production. In the same way, the economic values of the raw and processed materials were
taken from the expected prices of the industry. Besides, the prices of natural gas liquids were
contrasted and analyzed from the national and international markets. This consideration is
because, in the Ecuadorian market, NGL (such as LPG) are subsidized, and prices do not
correspond to the actual value. Also, the operational time of the SA Gas plant was established
as 330 days per year, being an accurate time of the actual operating time of the industrial plants.

The processing cost represents all the total required expenses to maintain the plant working. In
some cases, it is called OPEX, which means the operational expenditure needed to maintain a
project running [28]. The gas processing costs are generally defined as dollars per thousand
standard cubic feet of the gas processed (USD/Mscf). For this document, the OPEX includes
all the expenses related to the production, such as supplies, power energy, equipment
maintenance, and also residual gas treatment. However, it does not include the costs of labor

(workers' wages and insurance) required to maintain the gas processing plant.
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CHAPTER V

RESULTS AND DISCUSSION

5.1. Natural Gas Analysis in the Amazon Region

In the Amazon region, most of the fields produce associated gas as a by-product of hydrocarbon
operations. The compositions and operating conditions of the associated gases are different
from field to field. Therefore, it is essential to obtain and process actual data about the gas
properties to evaluate the possible opportunities that associated gas can bring to the Ecuadorian

industry.

Typically, in Ecuador, the hydrocarbon companies value more free gas than associated gas for
industrial applications. However, the current production of free gas is not significant in the
country. On the other hand, the associated gas produced is considerable, but it is not fully
valorized. Besides, the products that could be obtained from associated gas processing are
widely needed in the domestic market. In the same way, the associated gas is usually related to
rich gas production due to the heavy hydrocarbon content linked to crude oil extraction. The
processing of rich gasses is attractive for industry because they can produce more valuable

products than lean gas processing [4].

Table 5 shows the compositions and operating conditions of associated gas produced along the
Amazon region. By a brief overview of this data, the associated gas from Amazon is low in
methane, but the heavy hydrocarbon content is significant. Thus, this gas could be used for
hydrocarbon liquids recovery and fractionation. The flowrate of each field is also significant
to be considered for industrial and commercial applications. However, the geographical
scattering of the different hydrocarbon fields limits and hinders the installation of centralized

associated gas processing systems in the Amazon region.

28



Table 5. Associated gas in the Amazon region

Mole Percent (mole %)

Components
ITTGas EYGas OYGas LAGas PAGas SHGas CUGas LlGas AUGas SAGas IN Gas
C1 45.01 30.93 71.19 55.87 3.82 37.10 14.56 25.97 55.22 58.54 38.58
Co 491 531 9.55 11.80 1.40 10.53 4.27 9.34 9.36 10.54 6.56
C3 4.97 741 9.05 14.78 4.76 16.48 11.56 17.13 14.46 13.77 9.35
i-Ca 0.97 1.72 1.90 2.07 1.16 2.66 2.37 2.37 2.81 4.43 241
n-Cy 2.02 2.73 2.22 4.64 2.94 6.75 5.38 6.92 4.94 0.00 1.40
i-Cs 0.61 0.96 0.62 111 1.21 1.98 1.88 2.22 1.47 0.82 0.91
n-Cs 0.51 0.70 0.39 111 1.51 2.24 1.99 2.69 1.30 (-) 0.10
i-Cg (-) 0.15 (-) (-) 0.60 0.83 0.74 1.08 0.24 (-) (-)
n-Ce (-) (-) 0.41 0.95 0.83 1.16 0.91 1.53 0.28 (-) 0.44
i-C7 (-) 0.03 (-) (-) 0.56 0.44 0.35 0.55 0.23 (-) (-)
n-C7 (-) (-) 0.56 (-) (-) 0.12 0.09 0.12 0.05 (-) (-)
\P) 30.51 5.94 0.73 2.09 1.13 2.65 1.81 1.82 3.82 2.55 4.81
COy 10.49 44,12 3.36 5.58 80.07 17.06 54.09 28.27 5.82 9.35 35.44
Pressure (psia) 128.70 112.70 54.70 39.70 64.20 40.45 38.70 45.20 40.95 39.70 64.70
Temperature (°F) 161.00 130.00 80.00 84.00 189.05 129.61 142.52 153.77 119.66 84.00 160.00
Flowrate (MMscfd) [49]  1.86 4.67 0.95 5.74 8.52 20.04 5.09 8.93 9.20 14.60 411
Source: [50] [51] [52] [42] [53] [53] [53] [53] [53] [54] [55]

ITT Gas: Tiputini  EY Gas: Edén Yuturi OY Gas: Oso Yaralpa LA Gas: Lago Agrio PA Gas: Palo Azul SH Gas: Shushufindi CU Gas: Cuyabeno
LI Gas: Libertador AU Gas: Auca SA Gas: Sacha IN Gas: Indillana

Notes: ( -) : Data not reported
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Note that most of the fields have a medium and low pressure (<130 psia), and a temperature
above room temperature (>60 °F). Besides, no data is reported about the H,S content. However,
the carbon dioxide amount is relevant in some fields, implying the technical need for a gas
sweetening stage in the possible gas valorization. Furthermore, no data is reported about the
H>0 content, but it can be assumed as a water-saturated gas stream, implying the technical need

for a gas dehydration stage in the possible gas valorization.

The amount of liquids in the gas is critical to determine the commercial applications. Consider
that a gas stream with a higher GPM value has a more extensive availability to recover liquids.
Therefore, this parameter is essential to make an accurate valorization of this resource. All this

analysis will be highly developed in Section 5.2.

5.2. Associated Gas Valorization in the Amazon Region

The GPM analysis is crucial to identify the quality of a gas stream. A deep analysis of the
associated gas in the Amazon region shows that most of the fields produce rich gases
(considering that a rich gas has a GPM > 3 gal/Mscf, otherwise is lean gas). Figure 17 presents
the GPM C," and Cs" in the different fields in this region. The fields that attract the most
attention are LA Gas, SH Gas, LI Gas, CU Gas, AU Gas, and SA Gas due to their high
composition in Cy*. They could be a potential source of hydrocarbon liquids recovery,
specifically for ethane recovery. In the same way, those fields have the highest quantity of Cs*
components, which can be used for propane and heavier hydrocarbon recovery. In this sense,
LPG production can be potentially feasible. However, other parameters need to be considered

for accurate valorization.
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Figure 17. GPM C,* and Cs* in the Amazon region
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As noted above, the associated gases from the Amazon region are characteristically rich, and
the opportunities for natural gas liquids recovery are appreciable. The level of GPM in a gas
stream is essential but not the only aspect to consider when a gas valorization is carried out.
Another critical parameter is the gas flowrate, being indispensable for meeting the commercial
criteria values. Thus, a higher gas flowrate is most commercially appreciated, and it must be
directly related to the GPM value. Figure 18 shows the associated gas GPM and its flowrate in
the region studied (considering that an associated gas stream with Q>10 MMscfd is of

commercial interest).
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C>", (b) GPM based upon C3*
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The graphs simplify interesting aspects to obtain a possible gas valorization. For the case of a
flowrate and GPM over 10 MMscfd and 3 gal/Mscf, respectively, the associated gas production
is located in a zone of rich gases with high commercial interest. It implies that these gases can
potentially be used to recover natural gas liquids. For the case of a flowrate over 10 MMscfd,
but with GPM less than 3 gal/Mscf, the associated gas continues being in a zone of commercial
interest. However, as it is a lean gas, it cannot be used for NGL recovery, but it can be used for
power generation because of its methane content. For the case of a flowrate less than 10
MMscfd, but with a high content of liquids (over 3 gal/Mscf), a deep analysis is required to
identify the feasibility of gathering and its commercial value. On the other hand, for those lean
gases with a flowrate of less than 10 MMscfd, treatment must be needed for their later disposal

to the environment.

The most industrial attractive associated gases were those rich gases with a high commercial
value. They were gases from the Shushufindi field (SH Gas) and Sacha field (SA Gas).
However, for obtaining a proper valorization, it is indispensable to analyze the current uses of
these gases. In the Amazon region, just a few quantities of associated gas produced are used
by the industry. For instance, the Shushufindi gas plant principally uses the associated gas from
SH Gas, LI Gas, and LA gas to produce LPG and natural gasoline. On the other hand, SA Gas
is minor used by the Optimization of Power Generation and Energy Efficiency project
(OGE&EE) (see further information of the OGE&EE project in Figure A.1, Appendix A).
Therefore, it is essential to valorize SA Gas to produce natural gas liquids and, thus, avoid

flaring and wasting resources.

According to the hydrocarbon reserves reported for SA Gas [47] and its current gas production
[49], the associated gas produced in this field will be approximately 64,778 MMscf during the
next twelve years. This quantity may even increase because of the new hydrocarbon drilling
and extraction projects in the field. One of the potential uses of SA Gas, due to its high heavy
hydrocarbons content and its commercial flowrate, is LPG production. The last alternative will
significantly impact the current Ecuadorian LPG market and the national economy because of
the low LPG production and high expenses that represent the imports of this commodity. To
obtain LPG from the associated gas, first is necessary the SA Gas treating and processing. It
involves different processing stages such as acid gas removal, water removal, liquids

condensation, and liquids fractionation, which are discussed in Section 5.3.
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5.3. Liquefied Petroleum Gas Production Feasibility

The production of associated gas in the Amazon region needs to be considered a crucial
national energy source. Therefore, the following section discusses the feasibility of gas

valorization for liquefied petroleum gas production from a technical and economic perspective.

The gas processing techniques and economy depend on the feed conditions and processing
specifications. These parameters highly influence the technology selected and unit
configuration for the gas plant. Table 6 shows the feed gas conditions and processing

specifications considered for this work to produce LPG from the associated gas from the Sacha
field

Table 6. Feed SA Gas conditions and processing specifications

Feed SA Gas Conditions

Components mole %
Ci1 58.54
Co 10.54
Cs 13.77
i-Cq 4.43
n-Cy 0.00
i-Cs 0.82
N2 2.55
COy 9.35
Pressure (psia) 39.70
Temperature (°F) 84.00
Flowrate (MMscfd) 14.60
GPM Cs* 55
Cs* Gas Content 19 mole %

SA Gas Processing specifications
Separation Efficiency (Cs") 90 %

Note that the ethane content in SA Gas is significant (10 %); however, trying to recover it

implies higher costs than propane and butane recovery. Besides, ethane extraction also requires
fixed customers in an established market.
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5.3.1. Technical Processing Study

By treating and processing the gas from the Sacha field (with the current flowrate of 14.6
MMscfd and GPM Cs* of 5.5 gal/Mscf), the potential LPG production is 1,731 barrels per day
(148.78 Ton/day), implying an increase of around 10,000 LPG cylinders of 15 kg per day in
the national LPG market, as seen in Figure 19. This production could easily supply nearly
150,000 households monthly in Ecuador (considering that residential LPG cylinders typically
are used twice a month in a household). Furthermore, there is the possibility to process 10.9

MMscfd of residual gas to meet sale market specifications and obtain more revenues.

NaturalGas ~ ————————————————— LPG
1_4.13 I\_/Il\il-sc_fd_ | eas . Gas NGL 1_,731_bbl/d3y_ -
| Sweetening | Dehydration 11 Recovery | 10,000 LPG cyl-15
| e a L ettt II" “““““ kg/day
|
I Residual Gas
: 10.9 MMscfd
v

Figure 19. Value chain and potential production of SA Gas processing plant

The principal stages of a natural gas processing plant proposal are gas sweetening, gas
dehydration, NGL recovery, and NGL fractionation. The main products will be liquefied
petroleum gas, residual gas, and natural gasoline as a by-product of the plant operations. The
technology applied in each section mainly depends on the conditions of the raw gas that is
treated and the desired products. Thus, the following analysis centers on each section of a gas

processing plant, reviewing the technology available for SA Gas industrialization.

Gas sweetening: In the gas sweetening stage, the available technology (liquid-phase
absorption) for removing acid gases includes chemical, physical and hybrid solvents. The use
of each of them depends on different parameters, including the type and amount of acid gases,
hydrocarbon composition, partial pressure in the feedstock, and others. SA Gas is characterized
by a high quantity of natural gas liquids due to its GPM of 5.5. Physical solvents are not
possible for this situation because, according to Gas Processors Suppliers Association (GPSA)
[30], physical solvents tend to dissolve heavy hydrocarbons. Additionally, to remove around

9.35 mole % of CO- (and considering possible H2S removal at the same time) is necessary an
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intensive not selective acid gases removal. According to Kidnay and Parrish [18], the chemical
solvents meet these requirements and partially remove COS and mercaptans. (Chemical
solvents also are favorable for low partial pressures of the acid gases). Therefore, a possible
technology for this stage is chemical solvents, specially diethanolamine (DEA), one of the most

matured technologies of chemical solvents.

Gas Dehydration: As a result of amine usage (in water solution), the treated gas leaves
saturated with water. In the gas dehydration stage, it is necessary to remove this water content.
The conventional technologies for water remotion include absorption and adsorption methods.
For selecting each of them, several factors must be considered. As this process is not focused
on cryogenic liquids recovery, adsorption methods such as molecular sieves are not considered.
According to Kidnay and Parrish [18], molecular sieve dehydration requires high energy

consumption in the regeneration step.

On the other hand, absorption methods such as glycol dehydration (TEG) are more feasible to
meet the specifications of this process. According to Mokhatab et al. [24], glycol dehydration
is more economically expensive in capital and operating expenditure than molecular sieves
technology and also can meet the specification for NGL recovery as low as -40 °F. Therefore,
a possible technology for SA Gas to remove water is glycol technology, especially the
triethylene glycol (TEG) dehydration process. In addition, according to Myers, it is also
required to include a BTEX containment unit [56]. This equipment avoids the absorption of
BTEX hydrocarbons (benzene, toluene, ethylbenzene, and xylenes) in the TEG process and
their subsequent release to the atmosphere in the glycol regenerator.

Natural gas liquids recovery: A chart presented by Kidnay, Parrish, and McCartney [25]
(Figure B.1 Appendix B) shows the ethane and propane recovery level dependency as a
function of the C3* content in the feed stream and the separation temperature. It is noticeable
that recovery levels increase with a higher richness of the gas. For a 5.5 GPM C3* gas, a 90 %
propane recovery requires approximately -30 to -40 °F, at 614.7 psia. Furthermore, there is also
a chance of high ethane recovery from SA Gas through different refrigeration techniques
arrangement and combination. It also could increase the propane and butane recovery to almost
100 % (Figure B.2 Appendix B). However, ethane recovery, which requires separation
temperatures lower than 40 °F (cryogenic temperatures), is not the scope of this work, but it

could be considered for future projects.
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For recovering NGL products, there are several refrigeration techniques, including valve
expansion, mechanical refrigeration, and turboexpanders. Their use depends on different
factors such as the desired products, the inlet conditions, the economic availability, and others.
As this process is not focused on cryogenic recovery, which requires low temperatures for
liquids condensation (-150 °F), turboexpanders are not considered because of their high
operation cost [24]. Also, despite its simplicity in operation and low maintenance equipment,
J-T units require high inlet pressures that SA Gas does not have. Therefore, a possible
technology for NGL recovery, in this case, is mechanical refrigeration (straight refrigeration)

which can meet the actual low inlet gas pressure conditions.

Furthermore, according to GPSA, straight refrigeration is quite flexible because it can be used
for modest liquid recovery, high propane recovery (-40 °F), and reasonable quantities of ethane
recovery (in the case of rich gases) [30]. For this process, an ideal system is mechanical
refrigeration with propane, which is also an industry matured technology. Besides, according
to Kidnay et al. [25], ethylene glycol injection is also necessary for hydrate inhibition in this
section (when the water content is higher).

Natural gas liquid fractionation: In the gas fractionation stage, the conventional technology
is considered for processing the raw NGL into individual products by fractionation. The NGL
goes through a four-column fractionation system. It consists of a deethanizer unit, a
depropanizer unit, a debutanizer unit, and a butane splitter unit; that processes the gas from raw

NGL into end products such as LPG and natural gasoline.

Within this work's associated gas value chain, Figure 20 summarizes the above analysis of the

potential technologies that can be applied in the different SA Gas processing stages.
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Figure 20. Technology selection for SA Gas processing: a proposal

The technical analysis of the gas processing plant proposal must be accompanied by an
economic analysis. Thus, the following section reviews economic factors of the associated gas
valorization from Sacha field as Liquefied Petroleum Gas.

5.3.2. Economic Feasibility Study

An economic point of view in the industry is essential to focus investments in different projects.
Therefore, in the next section, various factors are analyzed for the economic feasibility of the
SA Gas processing plant.

5.3.2.1. Plant Installation Cost

The plant installation cost represents the total budget to build and startup the industrial gas
plant. In some cases, it is called CAPEX, which means the capital expenditure needed to start
a project, in this case, to build the plant [28]. Since gas flowrate can vary in the field, to build
the infrastructure is necessary to consider the overdesign engineering capacity. Thus, the
flowrate for SA Gas processing plant design is 17.5 MMscfd. The expenses for each section

are detailed below:

Gas Sweetening: In the gas sweetening stage, the aim is to remove the acid gases from the SA
Gas stream. Hence, it is necessary to remove approximately 9.35 % of acid gases. Figure C.1
(Appendix C) shows the capital cost required to remove this amount of gases using DEA as a
function of plant capacity. The acid gases volume to remove are directly related to their

operating and capital cost. Large removal volume implies high capacities (absorber and
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regenerator) to manage the amine recirculation rates. Thus, it requires higher costs. In this
study, the estimated capital cost for SA Gas sweetening, using DEA as a solvent, is
approximately 1.16 MMUSD.

Gas Dehydration: In the gas dehydration stage, the aim is to remove the water contents from
the SA Gas stream. Figure C.2 (Appendix C) shows the capital cost required to remove water
using Glycol Dehydration as a function of plant capacity. As gas is water-saturated, the
dehydration capital and operation cost depend on the feed gas flowrate. For SA Gas
dehydration, it is necessary approximately 0.29 MMUSD as the capital cost for a gas
dehydration facility using TEG technology.

Natural gas liquids recovery: In natural gas liquids recovery, the aim is to condense the heavy
hydrocarbons from the SA Gas stream. Figure C.3 (Appendix C) shows the capital cost for a
straight refrigeration process to NGL recovery. Note that the increase in the GPM (on a Cs*
basis) impacts the recovery cost, mainly because of the bigger load of refrigeration required.
Hence for SA Gas, with a GPM of 5.5, the capital cost for the NGL recovery facility is
approximately 5.78 MMUSD.

Natural gas liquid fractionation: In the natural gas liquids fractionation stage, the aim is to
separate the NGL from SA Gas into individuals. For this study, the estimated capital cost for

NGL fractionation is 2.89 MMUSD.

Figure 21 summarizes the CAPEX for the SA Gas processing plant in a million dollars for the
current year. The budget expenses are presented in Table C.1.
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Figure 21. Estimated costs (class V) for SA Gas processing plant in 2021

The estimated cost (class V) for the SA Gas processing plant is 14.6 MMUSD. However, for
an accurate approximation of the first capital cost estimate, the cost must consider local
conditions (Ecuadorian market), such as transportation, taxes, and national insurance. For this
study, the local considerations will increase 50 % to the estimated capital cost. Thus, the
CAPEX for the gas processing plant considering local conditions is 21.9 MMUSD.

Finally, an essential factor in economic studies is the estimated time for construction because
it affects planning, revenue, tied-up capital, and interest cost. For the case of this study, and
according to [25], the construction tome for the SA Gas processing plant will take around 18

months (construction time required for plants smaller than 200 MMscfd).

5.3.2.2. Economic Balance Analysis

An economic balance study of the gas processing plant is indispensable to recognize the
revenues and investment return. It will help to decide if a project is whether profitable or not.
Besides, it is vital to determine the different incomes and outcomes of the gas plant. There are
different monetary values related to the SA Gas processing plant; each varies according to the
location, politics, and international environment. Thereby, Table 7 shows the raw natural gas
price, processing cost, and natural gas liquids price considered for this study.
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Table 7. Economic values for the balance analysis

Value Unit Source
Natural Gas price* 2.94 USD/MMBTU  [57]
Natural Gas Processing costf 1.5 USD/Mscf [58]
Liquefied petroleum gas pricef 46.62  USD/bbl [59]

Notes: * Henry Hub Natural Gas Spot Price for the second quarter of 2021.
+ Referential value with refineries operating cost in Ecuador, assuming a post
residual gas conditioning.
1 Import LPG price (international price) reported from Petroecuador for the
second quarter of 2021.

It is important to know that the prices tend to change constantly. Thus, the economic balance

is based on the prices for the second quarter of 2021. Given these parameters, a simplified flow

sheet of SA Gas processing plant economy is shown in Figure 22. The expenses “E” represents

the cost for purchasing raw natural gas (14.69 MMUSD/year). “C” represents the total

processing cost of the gas plant (7.23 MMUSD/year). On the other hand, “I” represents the

total income due to the sales of liquefied petroleum gas and treated residual gas in the market

at international prices (37.66 MMUSD/year). An overall balance shows a gas plant profit of

15.74 MMUSD per year, which indicates a profitable project, taking advantage of the

associated gas from Sacha field in the Amazon region instead of flaring it.
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________ - | NaturalGas |-=-==-=----=
Processing

ouT IN
-——————— Plant —————————

E = 14.69 MMUSD/year I = 37.66 MMUSD/year
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Balance = I - E — C = 15.74 MMUSD/year

Figure 22. Simplified economic balance for SA Gas processing plant considering an

international market. The solid and dashed lines represent raw material (or processed) and

their related costs, respectively

Nevertheless, notice that natural gas and liquefied petroleum gas are considerably subsidized
in Ecuador [60]. The current subsidized price for natural gas is 2 USD/MMBTU [61,62],
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whereas the LPG subsidized price is 0.106 USD/kg (9.17 USD/bbl) [63]. Hence, Figure 23
shows the different balance scenarios for the SA Gas processing plant considering the domestic
and international markets. Note that, because of the hydrocarbon subsidies, the 15 kg cylinders
should cost 2.97 USD instead of the subsidized price (1.60 USD) for an equilibrium economy

at the gas plant in the local market.
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Figure 23. Economic balance considering possible scenarios

However, considering the domestic market, by processing 14.6 MMscfd of the associated gas
from the Sacha field in the Amazon region, the potential LPG production could be 1,731
bbl/day. An amount representing approximately 30 % of current national LPG production and
14.5 MMUSD/year in commodity imports. Figure 24 shows the cost of introducing 1,731
bbl/day to the national LPG market through regular imports and the SA Gas processing plant.
Despite the significant local hydrocarbon subsidies, the opportunity cost of national LPG
production is 10.02 MMUSD/year to the Ecuadorian economy, being an alternative more
viable economically than the net LPG import option. Thus, the investment cost would be
justified.
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Figure 24. Cost of introducing 1,731 barrels per day to the domestic LPG market

The insertion of 1,731 bbl/day of LPG into the domestic market (through the associated gas
valorization) would highly reduce the import dependency on this commodity. Besides, the
associated gas valorization would represent a great social impact by introducing ~10,000 LPG
cylinders of 15 kg per day to the domestic market. It also could reduce the environmental and
social impact that implies gas flaring. Nevertheless, note that other fields also present
commercial characteristics to be analyzed for industrial valorization opportunities. Figure 25

illustrates the final proposal for the SA Gas processing plant.
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CONCLUSIONS AND RECOMMENDATIONS

In the Amazon region, the associated gas produced has a high content of heavy
hydrocarbons (GPM C;">3 gal/Mscf and GPM C3™>3 gal/Mscf) and commercial
characteristics. Therefore, there is an opportunity to take advantage of this gas by

natural gas processing, increasing industrial revenues, and reducing gas flaring.

The processed gas from the Sacha field could produce 1,731 bbl/day of LPG, which
constitutes an increase of 30 % of the current national LPG production. This associated
gas valorization would represent a great social impact by introducing ~10,000 LPG
cylinders of 15 kg per day to the domestic market. It easily could represent the LPG
supply of nearly 150,000 households per month in Ecuador. The insertion of this
amount of LPG into the domestic market would highly reduce the import dependency

on this commodity.

The technical analysis determined that the potential technology to process the
associated gas from the Sacha field includes gas sweetening, dehydration, natural gas

liquids recovery, and fractionation units.

The economic study (class V) showed that the estimated capital expenditure (CAPEX)
of the gas processing plant for SA Gas is 21.9 MMUSD, considering local conditions.
The plant consists of gas sweetening, dehydration, recovery, and fractionation stages.

The economic balance study of the SA Gas processing plant showed that the
introduction of 1,731 bbl/day of LPG would replace 14.5 MMUSD/year in LPG
imports. The opportunity cost of producing this amount of LPG would give the
Ecuadorian economy a profit of 10.02 MMUSD/year.

An economic study of the associated gas compression, gathering process, and related
infrastructure is recommended to have a more accurate value of the CAPEX of the gas
processing plant. In addition, it is required to estimate the costs of labor (workers' wages

and insurance) to have a better perspective of the economy of the gas processing plant.
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= |t is recommended, for future work on this topic, a deep analysis of the associated gas
produced in the different wells of the Amazon region to select more flexible equipment

with a minimum operating range to process the gas.
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Table A.1. Fields flowrate in the last months [49]

Flowrate [MMscfd]

o ITTGas EYGas OYGas LAGas PAGas SHGas CUGas LlGas AUGas SAGas IN Gas
April 15" 2021 1.81 4.65 0.96 5.96 8.24 20.27 4.66 10.12 9.36 14.55 4.26
April 20", 2021 1.83 5.02 0.96 5.82 8.73 20.10 478 9.51 9.23 14.39 3.82
April 25%, 2021 1.86 4.72 0.97 5.72 9.03 19.28 4.97 9.49 9.21 13.90 451
April 30", 2021 1.88 481 0.93 5.65 9.18 18.64 5.00 9.13 9.12 14.59 4.13

May 5%, 2021 1.86 4.86 0.93 5.64 8.49 19.95 5.12 9.31 9.12 14.68 4.16
May 10%, 2021 1.87 4.86 0.93 5.62 8.27 20.98 5.18 8.90 9.11 14.73 4.60
May 15", 2021 1.85 4.95 0.96 5.79 8.80 20.89 5.11 8.40 9.37 14.70 4.27
May 20", 2021 1.85 4.90 0.95 5.75 8.09 19.88 5.10 8.54 9.34 14.82 4.24
May 25, 2021 1.89 4.68 0.96 5.74 8.29 19.19 5.03 8.49 9.40 14.78 3.88
May 30%, 2021 1.87 4.25 0.94 5.74 8.28 20.60 5.28 8.45 9.46 14.70 4.07
June 5%, 2021 1.86 4.62 0.94 5.73 8.57 20.58 5.23 8.58 9.29 14.69 3.83
June 10%, 2021 1.85 4.36 0.94 5.75 8.42 20.21 5.30 8.62 8.54 14.64 3.54
June 15%, 2021 1.85 3.98 0.95 5.75 8.40 19.90 5.41 8.56 9.12 14.64 4.10
Average 1.86 4.67 0.95 5.74 8.52 20.04 5.09 8.93 9.20 14.60 4.11
Standard deviation 0.02 0.30 0.01 0.09 0.33 0.68 0.21 0.54 0.23 0.24 0.29
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Figure A.1. Installed capacity to produce energy through associated gas by the Optimization
of Power Generation and Energy Efficiency (OGE&EE) Program [64—66]

Table A.2. Premises and Assumptions for the Capital Cost Data [25,48]

Cost Include Cost Exclude
Costs directly associated with the process  Miscellaneous equipment associated with
grass-roots plant

Two-month startup operating expenses Costs not directly associated with the
process

Initial supplies and minimum spare parts  Site and site preparation

Sales taxes Owner home office costs

Contingence of 10 % Interest on investment during construction

New facilities only Construction insurance and bond costs

2017 U.S. Gulf Coast location
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Figure B.1. Recovery of ethane and propane as a function of the separation temperature and

NGL content of feed. Operating pressure is 600 psig (41 barg) and GPM is based upon C3™.

The solid and dashed lines represent ethane and propane recovery, respectively. Three, five,
and seven GPM are equivalent to 0.4, 0.7 and 1 m%/103 Nm?® [25]
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Figure B.2. Recovery of propane and butanes as a function of ethane recovery rate. The solid
and dashed lines represent propane and butanes recovery, respectively [25]
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Figure C.1. Capital cost of gas treating by use of DEA as a function of plant capacity in
2017. The lines denoted by x, e, m, ¢ denote 2 %, 5 %, 10 %, and 20 % acid gas removal,
respectively [25,48]
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Figure C.2. Capital cost of TEG dehydration in 2017 [25,48]
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Figure C.3. Capital cost of NGL recovery with straight refrigeration in 2017. The lines
denoted by ®, m, A represent 1.5, 3, and 6 GPM (0.2, 0.4 and 0.8 m® liquid/1,000 m3gas) on
a Cs * basis, respectively [25,48]

Table C.1. Estimated costs for SA Gas facilities in 2021

Infrastructure for SA Gas 2021

Facility Capital Cost USD
Gas Sweetening: 1.16 MM
Gas Dehydration: 0.29 MM
Natural gas liquids recovery: 5.78 MM
Natural gas liquid fractionation: 2.89 MM
Total cost of stages 10.11 MM
Other costs and contingency of 40 % 4.05 MM
Total estimated plant cost 14.16 MM

62



		2021-12-22T09:47:08-0500
	MARVIN JOSE RICAURTE FERNANDEZ


		2022-01-04T10:01:04-0500
	ANTONIO DIAZ BARRIOS


		2022-01-04T10:20:53-0500
	DARWIN PATRICIO ORTIZ GUTIERREZ


		2021-12-20T14:14:36-0500
	MARIELA SOLEDAD YEPEZ MERLO


		2021-12-21T09:33:16-0500
	ALICIA ESTELA SOMMER MARQUEZ


	1: 
		2022-01-04T13:22:28-0500
	DARWIN PATRICIO ORTIZ GUTIERREZ



		2022-01-04T13:22:46-0500
	DARWIN PATRICIO ORTIZ GUTIERREZ




