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Abstract: Liquefied petroleum gas (LPG) is a C3/Cy’s hydrocarbon mixture used as fuel gas, ob-
tained through natural gas processing or crude oil refining. The Ecuadorian LPG production
(~1.88 MMbbl/year) comes from the Shushufindi gas plant and the Esmeraldas refinery. How-
ever, LPG production cannot meet the Ecuadorian market demand, and over 90% of this commodity
is imported. At the same time, the natural gas produced in the Amazon region is not fully valued. A
significant quantity of the associated gas is flared (~100 MMscfd), representing wasted energy with a
significant environmental impact. Therefore, this study aimed to develop a technical and economic
assessment of the potential natural gas valuation in the Amazon region to increase LPG production.
The study started with a detailed review of the associated gas produced in the Amazon region. The
data were analyzed considering the geographic location of the hydrocarbon fields, molar composition,
flowrates, and operational conditions. Then, a natural gas value chain visualization was proposed
and technically analyzed. Finally, an economic feasibility (class V) study was conducted, considering
a preliminary analysis of capital expenditure (CAPEX) and an economic balance. The outcome of this
study showed that by processing 21.50 MMscfd of associated gas from the Sacha field, domestic LPG
production could increase by 30.9%. The required infrastructure consists of conventional processes for
natural gas processing, with an estimated CAPEX of 36.6 MMUSD. Furthermore, despite the domestic
subsidies of commodities, the potential savings for the country would be 32.13 MMUSD/year, an
alternative more economically viable than the current LPG imports. Thus, the investment cost will
be justified.

Keywords: Amazon region; associated gas; Ecuador; gas flaring; liquefied petroleum gas; natural gas

1. Introduction

Natural gas (NG) is one of the principal energy sources worldwide. It is also considered
one of the cleanest, safest, and most useful energy sources. 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 2022, NG supplied approximately
24% of the global primary energy, just after the crude oil and coal sources [2]. Natural
gas processing is more straightforward and less complex than crude oil processing and
refining [3]. Additionally, natural gas is essential for the petrochemistry industry as a raw
material. Natural gas processing can produce fuel derivatives and primary feedstocks for
producing ethylene, propylene, the manufacture of light olefins, and other petrochemistry
products [4]. Liquefied petroleum gas (LPG) is a hydrocarbon mixture primarily composed
of propane (C3) and butanes (C4 “s) used as fuel gas. LPG comes from natural gas processing
or crude oil refining [5]. LPG is widely used for residential, commercial, and industrial
applications.

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 [6]. However,
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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 burning practice
releases pollutants, including carbon dioxide, methane, and black carbon [7,8]. Gas flaring
is identified as a source of greenhouse gas emissions [9]. The World Bank estimates that
in 2022, ~4.9 trillion cubic feet (~4.9 TCF) of natural gas were flared globally [10]. As this
practice is identified as a waste of valuable resources with a considerable environmental
impact, all attempts should be made to maximize energy efficiency and reduce flaring to the
lowest amount and only for technical reasons and safety [9,11]. In the Ecuadorian Amazon
region, associated gas is widely produced as a by-product of crude oil extraction. The efforts
to take advantage of associated gas and improve energy efficiency have attracted attention

in recent years. However, the Amazon region still flares large quantities of associated

This study focused on natural gas valuation in the Ecuadorian Amazon region to take

advantage of the associated gas produced to ensure and increase domestic LPG production,

gas [12].
reduce the import dependency on this commodity, and reduce the amount of gas flaring
and its environmental impact in the Amazon region. Hence, the present study started
with reviewing and analyzing the associated gas produced in the Amazon region. Then,
a valuation 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 conducted, considering a

preliminary analysis of capital expenditure (CAPEX) and an economic balance.

2. Natural Gas Industry in Ecuador: A Brief Review

The hydrocarbon resources in Ecuador (Figure 1) are mainly spread out in the Oriente

Basin (Amazon region) and less in the Tumbes Basin (southwest of the country) [13]. These
resources are divided into various blocks: geographic area divisions containing oil and
gas fields with different wells where the oil and gas production is conducted. In Ecuador,

natural gas production comes from non-associated gas extraction and oil extraction as

Blocks in the Tumbes Basin
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Figure 1. Hydrocarbon resources in Ecuador (adapted from [14]).
Non-associated gas is produced in the Amistad field (block 6), an offshore facility in

southwestern Ecuador, specifically in the Gulf of Guayaquil. The gas produced in this

field for 2022 was 8404.4 MMscf, which implied around 23.0 MMscf per day [15]. First,
the water content in the natural gas is reduced in a dehydration plant located in Bajo Alto
(ElI Oro province). Then, the natural gas is delivered mainly to the Termogas Machala
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power plant and the remainder to the Bajo Alto liquefaction plant. Termogas Machala plant
uses natural gas for 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 domestic market [14].

Associated gas is widely generated along the Amazon region, directly related to
crude oil extraction. In this region, the associated gas production reported for 2022 was
33,101.8 MMscf [15]. In recent years, 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 producing derived products. However, ~100 MMscfd of associated
gas still flared daily [16,17]. There is still a considerable amount of gas flaring in the region,
which is considered a waste resource and a cause of environmental pollution. 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 [18].

2.1. Liquefied Petroleum Gas Market

In Ecuador, liquefied petroleum gas is crucial for developing different economic and
residential sectors. In 2022, this commodity’s domestic demand was ~15.65 million barrels
(~15.65 MMbbl). The principal usage of LGP is for residential activities, constituting 89.19%
of the total demand, while the remaining quantity is for industrial activities (7.05%), the
transport sector (2.01%), and agroindustry (1.75%) [15]. LPG is packaged into steel vessels
(cylinders) with a nominal capacity of 5, 10, 15, and 45 kg for market purposes [19]. For
residential uses, LPG is mainly distributed in 15 kg cylinders. It is distributed in 45 kg
cylinders and bulk containers for industrial uses, whereas for agro-industrial uses, LPG is
commercialized in bulk containers [20].

The Ecuadorian LPG production comes from different facilities such as Esmeraldas
and La Libertad refineries and the Shushufindi gas plant. Refineries obtain LPG as an oil
processing product, while the gas plant obtains the LPG by processing the associated gas
from the Amazon region. The national LPG production for 2022 was ~1.88 MMbbl. The
primary production came from Esmeraldas refinery, with approximately 59.62%, and the
Shushufindi gas plant, with almost 39.96% of the domestic LPG production [15]. Although
this commodity is fundamental in the Ecuadorian energy supply, domestic LPG production
does not meet the domestic market needs. The LPG production and demand in recent years
in Ecuador are shown in Figure 2.
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Figure 2. LPG production and demand in Ecuador in recent years (data from [14,15]).

As noted above, the domestic LPG demand has increased in the last few years; mean-
while, LPG production has decreased in the country. LPG imports were needed to satisfy
the domestic demand. For instance, in 2022, approximately 13.77 MMbbl of this commod-
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ity was imported, representing 87.98% of the total domestic demand. In economic terms,
808.46 MMUSD was spent to cover those commodity imports that year [15]. These economic
expenses have been similar in recent years, despite the Shushufindi gas plant producing
LPG from the raw associated gas in the Amazon region.

2.2. Shushufindi Gas Plant

The Shushufindi gas plant (ShGP) is part of the Shushufindi industrial complex,
located in Sucumbios province in the Amazon region. The gas plant was designed to use
associated gas from the oil fields to produce LPG and natural gasoline. The feed streams
come into this plant as gas and condensate streams. The gas stream comes from Central,
South, and North Shushufindi gas capture stations, and the condensates come from Central,
South, and North Secoya gas capture stations [21]. The LPG products are delivered by a
pipeline network throughout the country and sold in the domestic market [22]. For 2022,
the ShGP processed 14.30 MMscfd of associated gas and 2909.59 bpd of condensates to
produce 256.68 Tm/d of LPG [15]. The main parts of the gas processing plant are the
reception and conditioning, the cooling, and the fractionation section [21]. Figure 3 shows
a block diagram of the different process stages in the Shushufindi gas plant.
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Figure 3. Shushufindi gas plant block diagram (adapted from [21]).

Echeverria et al. [21] studied the possibility of increasing LPG production in the
Shushufindi gas plant through operational improvements. Still, it requires investments,
and the plant’s LPG production would increase by 30%. In this context, developing more
projects to help increase the current LPG production in the country is essential, even more
so if there is a potential opportunity to value the associated gas from the Amazon region to
produce LPG.

3. Methods

Figure 4 summarizes the steps followed in conducting the techno-economic assess-
ment considering the natural gas valuation in the Amazon region to increase the LPG
production in the Ecuadorian market. The study started with a review of the associated
gas produced in the Amazon region. The data were analyzed using field locations, molar
compositions, flowrates, and operational conditions. Then, a potential valuation of the
associated gas was visualized. Subsequently, a technical analysis was performed to process
one of the most attractive gases in the 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
conducted, considering a preliminary analysis of capital expenditure (CAPEX) and an
economic balance. The LPG plant proposal was developed, considering all the aspects
reviewed.
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Figure 4. Methodology outline.

The bibliography research for natural gas production data in the Amazon region was
challenging in this study because of the lack of published information about the topic.
The materials used in this study were compiled from different sources [23], including
high-quality reports, research articles, standards, undergraduate and graduate theses, and
other contributions in recent years from official sources, such as the Ministry of Energy and
Mines [14], the national oil company (EP Petroecuador) [15], the Ecuadorian normalization
service [24], and the World Bank [25].

3.1. Preliminary Analysis of Natural Gas in the Amazon Region

The field locations, gas flowrates, and gas compositions were the main parameters for
commercializing the associated gas considered in this study. Once these parameters were
determined, making an appropriate valuation of this resource was viable.

The hydrocarbon fields in the Amazon region are arranged into different assets used
to report operational information on oil and gas activities. 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 [14]. The assets
selected for this study were those with more significant gas production than 1 MMscfd.
Assets that met this criterion are listed in Figure 5.

Data collected on associated gas compositions were normalized for an accurate analy-
sis. Additionally, note that, under consideration of this study, the gas composition from a
single field represents the gas composition of the entire asset. Therefore, when referring to
a hydrocarbon field, it will refer to all the fields in the corresponding asset.
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Figure 5. Associated gas production in the Amazon Region (adapted from [14]).

Gas flowrates from each field were taken from the official databank [14,15] using
the average production for 2022. Furthermore, C;* GPM and C3* GPM were calculated
using the gas stream’s flowrate and compositions (mole basis), following the theoretical
Equation (1):

gallons of liquids recoverable ~ gal NGLs

GPM = =
thousand standard cubic feet of gas ~ Mscf gas

M

C," GPM considered ethane, propane, butanes, and heavier hydrocarbon compo-
nents as liquid hydrocarbons, while C3* GPM considered propane, butane, and heavier
hydrocarbon components as liquid hydrocarbons [26].

This study considered a rich gas when its GPM was equal to or higher than
3 gal/Mscf [26,27]. On the other hand, a gas stream was considered lean gas when its GPM
was lower than 3 gal/Mscf. Furthermore, associated gas was also considered commercial
interest when its production exceeded 10 MMscfd. However, other commercial applications
for associated gas streams with lower flowrates could exist.

3.2. Feasibility of Liquefied Natural Gas Production

The technical analysis was developed considering the well-known and available
gas treatment and processing techniques. Feed gas conditions and design characteristics
considered in this study were gas flowrates, composition, heavy hydrocarbon contents,
water content, acid gas compositions, inlet pressure conditions, desired products, and
available technology. Since the water content was not reported in chromatographic analysis,
this study assumed that the feed gas stream was water saturated at the facility inlet
conditions. Additionally, for the technical proposal, conventional processes (using mature
and proven technologies) were selected in each stage of the gas plant.

Similarly, the economic feasibility analysis was developed as a class V study consid-
ering a preliminary analysis of capital expenditure (CAPEX) and the economic balance.
The capital expenditure of the different sections of the gas processing plant considers the



Resources 2023, 12,91

7 of 21

previous technical process analysis and other design and economic factors. For instance,
to meet the best engineering design criteria, by overdesign, the inlet flowrate was incre-
mented 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 [28]. The cost data were a proper approximation for the first
estimated capital cost of a gas processing plant. It came from consensus values from several
engineering firms and current plant cost data. The premises and assumptions used for this
analysis are shown in Table Al (see Appendix A). In addition, the data apply only to new
facilities (not applicable for retrofits or used equipment), and the costs were based on U.S.
dollars.

The technical and economic proposal for the gas processing plant considered different
equipment and conditions in each stage of the plant. Specifically, for the plant installation
cost, the following assumptions were considered [28-30]:

o  Gas sweetening: In this section, the cost applied to remove the acid gases with di-
ethanolamine (DEA) as a chemical solvent and an operating pressure from 585 to
785 psia. However, the cost excluded any gas dehydration after gas treatment.

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

o Natural gas liquids recovery: In this section, to recover a single natural gas liquids
(NGL) product stream, the cost applied for a straight refrigeration process, including
limited storage, the use of ethylene-glycol injection for hydrate inhibition, and the
cost of glycol regeneration. However, the cost excluded upstream compression and
treating, liquid product fractionation, and any outlet-gas compression (pressure drop
is small in this unit).

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

e Note that within the battery limit of the gas plant, the infrastructure costs for gas
gathering and inlet compression were not considered.

A gas processing plant’s first estimated capital cost excludes certain associated ex-
penses and other contingencies. These excluded costs were suggested to represent 25 to
40% of the total cost [29]. Therefore, for this study, to cover most of the required annexes’
costs and contingencies, the excluded cost represents an additional 40% of the total cost
of the plant. Additionally, for obtaining a current preliminary estimate cost of the plant,
the cost of the processes was updated from 2017 to 2023 using the Chemical Engineering
Plant Cost Index (CEPCI), which gave a general estimate of the actual prices, according to
Equation (2):

Index value at the current year
Index value in 2017

The CEPCI for the first quarter of 2023 was 800.6 [31], while the CEPCI for 2017 was
567.5 [32].

The economic balance of the gas processing plant was conducted under some essential
considerations. The process’s inlet gas flowrate was the average field production flow. In
the same way, the economic values of the raw and processed materials were taken from
the expected prices of the industry. Additionally, the prices of natural gas liquids were
contrasted and analyzed from the national and international markets. This consideration
was made because, in the Ecuadorian market, NGL (such as LPG) are subsidized, and
prices do not correspond to the current international value [14,15]. Furthermore, the
operational time of the SA gas plant was established as 330 days per year, an accurate
time for the actual operating time of the industrial plants. The processing cost represented

Costygoz = x Costoo17 2)
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all the total required expenses to maintain the plant working. In some cases, it is called
OPEX, i.e., the operational expenditure needed to maintain a project running [33]. The
gas processing costs were defined as U.S. dollars per thousand standard cubic feet of the
gas processed (USD/Mscf). For this study, the OPEX included all the expenses related to
the production, such as supplies, power energy, equipment maintenance, and residual gas
treatment. However, it did not include the costs of labor (workers” wages and insurance)
required to maintain the gas processing plant or pumping costs.

4. Results and Discussion
4.1. Natural Gas Analysis in the Amazon Region

In the Amazon region, most fields produce associated gas as a by-product of hydrocar-
bon operations. The associated gases” compositions and operating conditions differ from
field to field. Therefore, obtaining and processing actual data about the gas properties was
essential to evaluate the possible opportunities 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 free gas production is not
significant in the country. On the other hand, the associated gas produced is considerable,
but it is not fully valued. Additionally, 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 gases is attractive for industry because
they can produce more valuable products than lean gas processing [4]. Table 1 shows
the compositions and operating conditions of associated gas produced along the Amazon
region. By a brief overview of these data, the associated gas from Amazon was 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 was also
significant to be considered for industrial and commercial applications. However, the geo-
graphical scattering of the different hydrocarbon fields limits and hinders the installation
of centralized associated gas processing systems in the Amazon region.

Table 1. Associated gas in the Amazon region.

Mole Percent (Mole %)

Compounds ITTGas EYGas OYGas LAGas PAGas SHGas CUGas LlIGas AUGas SAGas INGas
Gy 45.01 30.93 71.20 55.87 3.82 37.10 14.56 25.97 55.22 58.54 38.58
C 491 5.31 9.55 11.80 1.40 10.53 427 9.34 9.36 10.54 6.56
Cs 4.97 741 9.05 14.78 4.76 16.48 11.56 17.13 14.46 13.77 9.35
i-Cy 0.97 1.72 1.90 2.07 1.16 2.66 2.37 2.37 2.81 4.43 2.41
n-Cy 2.02 2.73 2.22 4.64 2.94 6.75 5.38 6.92 4.94 0.00 1.40
Cs* 1.12 1.84 1.98 3.17 4.71 6.77 5.96 8.18 3.57 0.82 1.45
N> 30.51 5.94 0.73 2.09 1.13 2.65 1.81 1.82 3.82 2.55 4.81
CO, 10.49 44.12 3.36 5.58 80.08 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) [15] 2.47 4.73 1.02 7.06 7.72 17.65 4.80 8.97 10.66 21.50 411
References [34] [35] [36] [22] [37] [37] [37] [37] [37] [38] [39]

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.

Note that most of the fields had medium- and low-pressure levels (<130 psia) and a
temperature above room temperature (>60 °F). In addition, no data were reported about the
HjS content. However, the carbon dioxide content was relevant in some fields, implying the
technical need for a gas sweetening stage in the possible gas valuation. Furthermore, no data
were reported about the H,O content. Still, it could be assumed as a water-saturated gas
stream, implying the technical need for a gas dehydration stage in the possible gas valuation.
The amount of liquids in the gas is crucial to determine the commercial applications. A
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gas stream with a higher GPM value has a more extensive availability to recover liquids.
Therefore, the GPM parameter is essential to value associated gas produced accurately.

4.2. Associated Gas Valuation in the Amazon Region

GPM analysis was crucial to identify the quality of a gas stream. Most fields in the
Amazon region produced rich gases (considering that a rich gas has a GPM > 3 gal/Mscf,
otherwise lean gas). Figure 6 presents the GPM C;* and GPM C3™ in the different fields
in the region. The fields that attracted the most attention were Lago Agrio (LA Gas),
Shushufindi (SH Gas), Libertador (LI Gas), Cuyabeno (CU Gas), Auca (AU Gas), and
Sacha (SA Gas) due to their high composition in C,*. They could be a potential source
of hydrocarbon liquids recovery, specifically for ethane recovery. In the same way, these
fields had the highest quantity of C3* components, which could be used for propane and
heavier hydrocarbon recovery. In this sense, LPG production could be potentially feasible.
However, other parameters needed to be considered for an accurate valuation.

14 -
B GPM (C,")
12+ @ GPM (C,")

10 +

8 + _ Rich Gas

(gal/Mscf)
]

Lean Gas

ITT Gas EY Gas OY Gas LA Gas PA Gas SH Gas CU Gas LI Gas AU Gas SA Gas IN Gas
Fields

Figure 6. GPM C,* and C3* in the Amazon region.

As noted above, the associated gases from the Amazon region were characteristically
rich, and the opportunity for natural gas liquids recovery was appreciable. The level of
GPM in a gas stream is essential but not the only aspect to consider when a gas valuation
is conducted. Another critical parameter is the gas flowrate, which is indispensable for
meeting the commercial criteria values. Thus, a higher gas flowrate is most commercially
appreciated and must be directly related to the GPM value. Figure 7 shows the associated
gas GPM and its flowrate in the studied region (considering that an associated gas stream
with Q > 10 MMscfd is of commercial interest).

The graphs simplify interesting aspects to obtain a possible gas valuation. From
the graph, for the flowrate and GPM over 10 MMscfd and 3 gal/Mscf, respectively, the
associated gas production was in a zone of rich gases with high commercial interest. It
implied that natural gas liquids could potentially be recovered from these gases. For a
flowrate over 10 MMscfd, but with GPM less than 3 gal/Mscf, the associated gas was still
in a zone of commercial interest. However, as it is a lean gas, it could not be used for NGL
recovery, but it could be used for power generation because of its methane content. For
a flowrate less than 10 MMscfd, with a high content of liquids (over 3 gal/Mscf), a deep
analysis would be 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
would be needed for their later disposal to the environment.
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Figure 7. Associated gas flowrate and GPM in the Amazon region. (a) GPM based upon C,*,
(b) GPM based upon C3z*.

The most industrial attractive associated gases were those rich with high commercial
value. They were gases from the Sacha field and the Shushufindi field. However, to obtain a
proper valuation, an analysis of the current uses of these gases was indispensable. Industry
only uses a few hydrocarbon fields for associated gas valuation in the Amazon region. For
instance, the Shushufindi gas plant uses the associated gas from SH Gas, LI Gas, and LA
Gas to produce LPG and natural gasoline. On the other hand, in SA Gas, a small amount of
gas is used in optimizing power generation and energy efficiency projects [40]. Therefore,
it was essential to value SA gas to produce natural gas liquids and, thus, avoid flaring and
wasting resources.

According to hydrocarbon reserves reported for SA gas [14] and its current gas pro-
duction [15], this field will produce ~64,778 MMscf during the next twelve years. The
field’s new hydrocarbon drilling and extraction projects may increase this quantity. Due
to its high heavy hydrocarbon content and commercial flowrate, one potential use of SA
gas can be LPG production. The last alternative would 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. SA gas treating and processing
was necessary to obtain LPG from the associated gas. It involved different processing stages
such as acid gas removal, water removal, liquids condensation, and liquids fractionation.

4.3. Liquefied Petroleum Gas Production Feasibility

The production of associated gas in the Amazon region needs to be considered a
crucial national energy source. Therefore, this section discusses the feasibility of gas valu-
ation for liquefied petroleum gas production from a technical and economic perspective.
The gas-processing techniques and economy depend on the feed conditions and process-
ing specifications. These parameters highly influenced the technology selected and unit
configuration for the gas plant. Table 2 shows the feed gas conditions and processing
specifications considered for this study to produce LPG from the associated gas from the
Sacha field.

Note that the ethane content in SA gas was significant (>10 mole %). However,
recovering it implied higher costs than just propane and butane recovery. In addition,
ethane extraction also requires fixed customers in an established market.
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Table 2. Feed SA gas conditions and processing specifications.

Feed SA Gas Conditions

Components mole %

G 58.54

C, 10.54

Cs 13.77

i-Cy 443

n-Cy 0.00

Cs* 0.82

N, 2.55

Co, 9.35

Pressure (psia) 39.70

Temperature (°F) 84.00

Flowrate (MMscfd) 21.50

GPM C3* 55

C3* Gas Content 19.02 mole %

SA Gas Processing Specifications

Separation Efficiency (C3*) 90%

4.3.1. Technical Processing Study

By treating and processing the gas from the Sacha field (with the current flowrate of
21.50 MMscfd and GPM C3™ of 5.5 gal/Mscf), the potential LPG production was 2548 barrels
per day (219.16 Ton/day), implying an increase of approximately 14,600 LPG cylinders of
15 kg per day in the domestic LPG market, as seen in Figure 8. This production could easily
supply nearly 219,000 households monthly in Ecuador (considering that residential LPG
cylinders typically are used twice a month in a household). Furthermore, there was the
possibility of processing 16.15 MMscfd residual gas that meets sale market specifications
and obtains more revenues.

Natural Gas ~ ———————————————— LPG
215 I\_/[l\ils-c-fd_ _J Gas E: Gas :E NGL E 2_54;8 Ebl_/diy_ -
: Sweetening E: Dehydration i: Recovery E 14,600 LPG cyl-15
| S e e N . o e o | SRS SR ey kg/day
Residual Gas

1
|
|
: 16.15 MMscfd
\ 4

Figure 8. Value chain and potential production of the SA gas processing plant.

The principal stages of a natural gas processing plant proposal were gas sweetening,
gas dehydration, NGL recovery, and NGL fractionation. The main products were liquefied
petroleum gas, residual gas, and natural gasoline as a by-product of the plant operations.
The technology applied in each section mainly depended on the treated raw gas conditions
and the desired products. Thus, the following analysis focused on each section of a gas
processing plant, reviewing the technology available for SA gas industrialization.

e  Gassweetening: In the gas sweetening stage, the available technology (liquid-phase
absorption) for removing acid gases included chemical, physical, and hybrid solvents.
The use of each of them depended on different parameters, including the type and
amount of acid gases, hydrocarbon composition, partial pressure in the feedstock,
and others. The SA gas was characterized by a high quantity of natural gas liquids
due to its GPM of 5.5. Physical solvents were not possible for this situation because,
according to Gas Processors Suppliers Association (GPSA) [30], physical solvents tend
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to dissolve heavy hydrocarbons. Additionally, removing around 9.35 mole % of CO,
(and considering possible H,S removal simultaneously) required an intensive, not
selective, acid gas removal. According to Kidnay et al. [29], the chemical solvents meet
these requirements and partially remove COS and mercaptans. Chemical solvents
also were favorable for low partial pressures of the acid gases. Therefore, a possible
technology for this stage was chemical solvents, especially DEA, one of the most
mature technologies of chemical solvents.

Gas Dehydration: Due to amine usage (in water solution), the treated gas left the
sweetening stage saturated with water. In the gas dehydration stage, it was necessary
to remove this water content. The conventional technologies for water remotion
included absorption and adsorption methods. For selecting each of them, several
factors must be considered. This process was not focused on cryogenic liquids recovery,
so adsorption methods such as molecular sieves were not considered. According to
Kidnay et al. [29], molecular sieve dehydration requires high energy consumption in
the regeneration step.

Absorption methods such as glycol dehydration were more feasible to meet the spec-
ifications of this process. According to Mokhatab et al. [6], glycol dehydration is
more economically expensive in capital investment and operating expenditure than
molecular sieves technology. Also, it could meet the specification for NGL recovery
as low as —40 °F. Therefore, a possible technology for the SA gas to remove water
was glycol technology, especially the triethylene glycol (TEG) dehydration process.
In addition, according to Myers, it was also required to include a BTEX containment
unit [41]. This equipment avoided the absorption of BTEX hydrocarbons in the TEG
process and their subsequent release to the atmosphere in the glycol regenerator.
Natural gas liquids recovery: A chart by Kidnay et al. [29] showed the ethane and
propane recovery level dependency as a function of the C3* content in the feed stream
and the separation temperature. It was noticeable that recovery levels increased with
a higher gas richness. For a 5.5 GPM C3* gas, a 90% propane recovery required
—30 to —40 °F at 614.7 psia. Furthermore, there was also a chance of high ethane
recovery from the SA gas through different refrigeration techniques arrangement
and combination. It also could increase the propane and butane recovery to almost
100%. However, ethane recovery, which required separation temperatures lower than
40 °F (cryogenic temperatures), was not within the scope of this study, but it could be
considered for future projects.

For recovering NGL products, there were several refrigeration techniques, including
valve expansion, mechanical refrigeration, and turboexpanders. Their use depended
on different factors such as the desired products, the inlet conditions, the economic
availability, and others. As this process was not focused on cryogenic recovery, which
requires low temperatures for liquids condensation (—150 °F), turboexpanders were
not considered because of their high operation cost [6]. Also, despite its simplicity
in operation and low maintenance equipment, J-T units require high inlet pressures
that the SA gas did not have. Therefore, in this case, a possible technology for NGL
recovery was mechanical refrigeration (straight refrigeration), which could meet the
current low inlet gas pressure conditions.

Furthermore, according to GPSA [30], straight refrigeration is quite flexible because
it can be used for modest liquid recovery, high propane recovery (—40 °F), and rea-
sonable quantities of ethane recovery (in the case of rich gases). For this process,
an ideal system was mechanical refrigeration with propane, an industry-matured
technology. Additionally, according to Kidnay et al. [29], ethylene glycol injection
was also necessary for hydrate inhibition in this section (when the water content was
higher).
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e Natural gas liquid fractionation: In the gas fractionation stage, conventional tech-
nology was considered for processing the raw NGL into individual products by
fractionation. The NGL went through a four-column fractionation system. It included
a de-ethanizer unit, a depropanizer unit, a debutanizer unit, and a butane splitter unit;
which processes the gas from raw NGL into end products such as LPG and natural
gasoline.

Figure 9 summarizes the above analysis of the potential technologies that can be
applied in the different processing stages of SA gas.

Gas Gas NGL
Sweetening Dehydration Recovery
“““““““““ [Tttt Tttt |
: N g !
! Chemical i | *Triethylene i I
*Chemica ! ! . ! D i
SA_ »| solvents: :E ile}{f;érgf)g) | E °Nt{r§chan1.cal ith : desfli:r?iizlrzid Liquefied
Gas ! | diethanolamine i: > i; ;Og’: ;:tlon wit i » butane splitter [ Petroleum Gas
' | (DEA) i | "BTEX o | units (Csand C,’s)
I ' | containmentunit | | !
| g ! |
S (| l _______ [ R | l
H,S, CO, H,0 Residual Gas Natural Gasoline

Figure 9. Technology selection for SA gas processing: a proposal.

4.3.2. Economic Feasibility Study

From an economic point of view in the industry, it is essential to focus investments on
different projects. Therefore, in this section, various factors were analyzed for the economic
feasibility of the SA gas processing plant.

The plant installation cost represented the total budget to build and start up 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 could vary in
the field, to build the infrastructure was necessary to consider the overdesign engineering
capacity. Thus, the flowrate for the SA gas processing plant design was 25.8 MMscfd. The
expenses for each section are detailed below:

o  Gas Sweetening: In the gas sweetening stage, the aim was to remove the acid gases
from the SA gas stream. Hence, it was necessary to remove ~9.35% of acid gases. The
acid gas volume to remove was directly related to their operating and capital cost.
Large removal volume implied high capacities (absorber and regenerator) to manage
the amine recirculation rates. Thus, it required higher costs. In this study, the estimated
capital cost for SA gas sweetening, using DEA as a solvent, was ~4.23 MMUSD.

e  Gas Dehydration: In the gas dehydration stage, the aim was to remove the water con-
tent from the SA gas stream. There is a water-saturated gas, so the dehydration capital
and operation costs depend on the inlet flowrate. For the SA gas dehydration facility,
it was necessary to have ~0.49 MMUSD as the capital cost using TEG technology.

e  Natural gas liquids recovery: In natural gas liquids recovery, the aim was to condense
the heavy hydrocarbons from the SA gas stream. The increase in the GPM (on a C3*
basis) impacted the recovery cost, mainly because of the more significant load of
refrigeration required. Hence, for SA gas, with a GPM of 5.5, the capital cost for the
NGL recovery facility was ~8.46 MMUSD.

e  Natural gas liquid fractionation: In the natural gas liquids fractionation stage, the aim
was to separate the NGL from SA gas into individuals. For this study, the estimated
capital cost for NGL fractionation was ~4.23 MMUSD.
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Figure 10 summarizes the CAPEX for the SA gas processing plant in a million dollars
for the current year. The estimated cost (class V) for the SA gas processing plant was
24.4 MMUSD. However, to accurately approximate the first capital cost estimate, the
cost considered local conditions (Ecuadorian market), such as transportation, taxes, and
national insurance. For this study, the local considerations increased 50% the estimated
capital cost. Thus, the CAPEX for the gas processing plant considering local conditions
was 36.6 MMUSD. Finally, the estimated construction time is essential in economic studies
because it affects planning, revenue, tied-up capital, and interest cost. For the case of this
study, and according to [29], the construction time for the SA gas processing plant would
take around 18 months (construction time required for plants smaller than 200 MMscfd).

Gas sweetening
17.35%

Other costs and

contingency
28.57 %

Gas dehydration
2.03 %

NGL recovery
) ) 34.70 %

NGL fractionation
17.35%

Total estimated plant cost: 24.4 MMUSD
Total estimated plant cost (local conditions): 36.6 MMUSD

Figure 10. Estimated costs (class V) for the SA gas processing plant for 2023.

An economic balance study of the gas-processing plant is indispensable to recognizing
revenues and investment returns. It will help to decide if a project is profitable, and it is
vital to determine the different incomes and outcomes of the gas plant. Different monetary
values are related to the SA gas processing plant; each varies according to location, politics,
and international environment. Thereby, Table 3 shows the raw natural gas price, processing
cost, and natural gas liquids price considered for this study.

Table 3. Economic values for the balance analysis.

Value Unit Source
Natural gas price * 2.65 USD/MMBTU [42]
Natural gas processing cost * 3.0 USD/Mscf [43]
Liquefied petroleum gas price $ 65.89 USD/bbl [15]

Notes: * Henry Hub Natural Gas Spot Price for the first quarter of 2023. * Referential value with refineries
operating cost in Ecuador, assuming a post residual gas conditioning. ¥ Import LPG price (international price)
reported by the national oil company for the first quarter of 2023.

It is important to know that the prices tend to change constantly. Thus, the economic
balance was based on the prices for the first quarter of 2023. Given these parameters,
a simplified flow sheet of the SA gas processing plant economy is shown in Figure 11.
The expense “E” represents the purchase of raw natural gas (19.50 MMUSD/year). “C”
represents the total processing cost of the gas plant (21.29 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 (70.06 MMUSD/year). An overall balance
showed a gas plant profit of 29.28 MMUSD per year, which indicated a profitable project,
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taking advantage of the associated gas from the Sacha field in the Amazon region instead
of flaring it.

Nevertheless, natural and liquefied petroleum gas are considerably subsidized in
Ecuador [44]. The current subsidized price for natural gas is 2 USD/MMBTU [45], whereas
the LPG subsidized price is 0.106 USD/kg (9.17 USD/bbl) [15]. Hence, Figure 12 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 5.17 USD instead of the subsidized price (1.60 USD) for an equilibrium economy
at the gas plant in the local market.

= Residual Gas

Natural Gas = LPG
________ - | NaturalGas |----—--—--—
Processing

ouT IN
e —— Plant P

E = 19.50 MMUSD/year 1=70.06 MMUSD/year

|
I
|
OUT |

I'c =21.29 MMUSD/year

Balance =1 - E — C =29.28 MMUSD/year

Figure 11. Simplified economic balance for SA gas processing plant considering an international

market.
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Figure 12. Economic balance considering some possible scenarios.

However, considering the domestic market, by processing 21.5 MMscfd of the as-
sociated gas from the Sacha field in the Amazon region, the potential LPG production
could be 2548 bbl/day, which is an amount representing ~30.9% of current national LPG
production and 49.36 MMUSD/ year in commodity imports. Figure 13 shows the cost of
introducing 2548 bbl/day of LPG to the domestic market through regular imports and the
cost of introducing the same amount of LPG through the SA gas processing plant proposed
by this study. Despite the significant local hydrocarbon subsidies, the potential savings of
national LPG production (through the SA gas plant proposal) for the Ecuadorian economy
would be 32.13 MMUSD/year, an alternative more economically viable than the net LPG
import option. Thus, the investment cost would be justified.
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By introducing 2548 bbl/day of LPG into the domestic Ecuadorian market (through
the associated gas valuation), import dependency on this commodity would be reduced.
Additionally, the associated gas valuation would represent a tremendous social impact
because of the increase of ~14,600 LPG cylinders of 15 kg per day to the domestic market.
Finally, it has to be considered that other fields also presented commercial characteristics to
be analyzed for industrial valuation opportunities.

60
50
T
_
§ 40 |
7z Potential Savings
=  32.13 MMUSD/year
©n 30
=)
=
g« 20 ™ I
10 |
0
Net Imports SA Gas LPG production
(This Study Proposal)

Figure 13. Cost of introducing 2548 barrels per day to the domestic LPG market.

4.4. Final Remarks

A relevant aspect of this work is that it allowed an order of magnitude study (class V)
on the costs associated with installing an LPG production plant as an alternative to reduce
gas flaring in the Ecuadorian Amazon region. With this plant, it would be possible to reduce
the import of LPG, contributing 2548 bbl/day of this commodity to the domestic market.
Additionally, the region’s development could be promoted by implementing infrastructure
and industrial facilities to value natural gas [46], electrification of hydrocarbon production
facilities in underdevelopment areas [47], and a unified transport and logistics system [48],
which could generate jobs directly and indirectly. Furthermore, by processing the associated
gas, a significant reduction in gas flaring can be achieved, leading to positive effects on the
environment and communities near the oil fields. Developing the oil and gas industry in
environmentally sensitive areas (such as the Ecuadorian Amazon region or Russian Arctic)
requires establishing sustainable development policies where the environment and the
area’s natural habitat are respected [49]. Environmental impact studies on the proposal
presented in this study are subject to analysis, and the results will be presented later.

5. Conclusions and Recommendations

e In the Amazon region, the associated gas produced had a high content of heavy
hydrocarbons (GPM C,* > 3 gal/Mscf and GPM C3* > 3 gal/Mscf) and commercial
characteristics. Therefore, there was an opportunity to take advantage of this gas by
natural gas processing, increasing industrial revenues and reducing gas flaring.

e  The processed gas from the Sacha field could produce 2548 bbl/day of LPG, con-
stituting an increase of 30.9% of the current domestic LPG production. This asso-
ciated gas valuation would represent a tremendous social impact by introducing
~14,600 LPG cylinders of 15 kg daily to the domestic market. It easily could represent
the LPG supply of nearly 219,000 households per month in Ecuador. Inserting this
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amount of LPG into the domestic market would highly reduce the import dependency
on this commodity.

e  The technical analysis determined that the potential technology to process the asso-
ciated gas from the Sacha field includes gas sweetening, dehydration, natural gas
liquids recovery, and fractionation units.

e  The economic study (class V) showed that the estimated capital expenditure (CAPEX)
of the gas processing plant for the SA gas was 36.6 MMUSD, considering local condi-
tions. The plant consisted of gas sweetening, dehydration, recovery, and fractionation
stages.

e  The economic balance study of the SA gas processing plant showed that the intro-
duction of 2548 bbl/day of LPG would replace 49.37 MMUSD /year in LPG imports.
The potential savings of producing this amount of LPG would give the Ecuadorian
economy a 32.13 MMUSD/year profit.

e  The study results showed that it is possible to value natural gas streams—through con-
ventional conditioning and processing technologies—to produce LPG as an alternative
to reduce gas flaring in Ecuador. It would make it possible to supply the internal
market with this commodity, which has a high social impact, as it is used in homes as
fuel for food preparation and hot water services, as well as in the local commercial
sector dedicated to food services. Additionally, this study was raised to demonstrate
that despite the LPG price being regulated in Ecuador, the development of an LPG
production plant is viable. Modest capital investments would be required, financed
with the money saved by reducing the import of LPG. The findings of this study can be
used in similar engineering analyses worldwide that require the valuation of natural
gas using conventional and mature technologies, emphasizing those countries where
the government subsidizes LPG and other commodities.

e  Finally, 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 labor costs (workers’
wages and insurance) to have a better perspective of the economy of the gas processing
plant. For future studies on this topic, conducting a deep analysis of the associated
gas produced in the different wells of the Amazon region was recommended to select
more flexible equipment with a minimum operating range to process the gas.
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Appendix A

Table Al. Premises and assumptions for the capital cost data [28,29].

Cost Include Cost Exclude

CHONOHNONCNONG

Costs are directly associated with the process.
Two-month startup operating expenses.
Initial supplies and minimum spare parts.
Sales taxes.

Contingency of 10%.

New facilities only.

2017 US Gulf Coast location.

Miscellaneous equipment associated with grass-roots plant.
Costs not directly associated with the process.

Site and site preparation.

Owner home office costs.

Interest in investment during construction.

Construction insurance and bond costs.
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