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Abstract: During petroleum industry operations, burning flammable gas components in the flaring
stacks is common, normally a symbol for stable production, but flaring these components creates
harmful emissions for the environment. This flaring gas has components with a high quantity
of heating power, an important measurement that quantifies the energy that can potentially be
obtained from this wasted resource. This paper aims to evaluate the energy usage of the flaring gas,
estimating the possible energy produced with this usable resource by modeling a treatment and
energy generation process employing the Aspen HYSYS® simulator. The flaring gas is characterized
using different models and compositional ranges of natural gas to know what kind of gas it is and
identify what type of equipment could be used for treatment and energy generation from this resource.
After the gas characterization, the selection of the equipment of treatment and energy generation is
necessary; this is done using a multicriteria analysis by taking into consideration the variables of gas
composition, electrical efficiency, economic performance, and GHG emissions, ensuring to generate
the greatest amount of energy possible to be produced with this flaring gas. By increasing the LHV,
0.95 MMSCF of flared gas of an oilfield in the VMM basin produced 5133 kW, enough energy to
supply gas treatment and power generation facilities and four times the total gross consumption
energy of a model oilfield in the basin, while the CO2 emissions were reduced 11.4%, and cost
savings using this resource instead of diesel were obtained. In conclusion, to minimize flaring and to
recover and reuse these waste components, looking for alternatives for the use of this gas-like power
generation is an important option that reduces pollutants emission, gives a new source of fuel, and
gives an energy usefulness to this wasted resource.
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1. Introduction
1.1. Background

In a common petroleum industry operation, it is normal to see a flaring stack burning
flammable gas components; the objective of this unavoidable process is to continue with
the operation and maintain the safety on-field [1]. The flares usually are seen as a symbol
for stable production, but burning these components produces undesired emissions, such
as nitrogen oxides (NOx), sulfur oxides (SOx), greenhouse gases (CO and CO2), and
different hydrocarbons [1,2]. On the other hand, the energy use that this resource could
have is wasted by the flaring; the components presented in the composition of the flaring
gas as methane have a big quantity of heating value. Depending on the components
presented in the flaring gas, an important amount of energy that can be useful for different
operations in the petroleum fields could be produced. One million cubic feet of natural gas
produces approximately 797 kWh of energy; if the amount of flared gas in Colombia in 2019
(18,576 MMSCF) [3,4] was transformed into energy, and supposing that all this gas had
energy usefulness, the amount of energy produced would be 14,805,072 kWh, enough to
supply 12,774 Colombian citizens, according to the journal “La República”, which reports
that the energy consumed per capita in Colombia is 1159 kWh [5].

That is why it is important to identify alternatives for reducing the flaring of these
components by the recovery and reuse of this resource and satisfy the world bank initiative
“Zero routine flaring by 2030” [2–7]. In this work, the investigation of alternatives to reduce
the amount of flaring gas in Colombia is expanded and goes in favor of the Ecopetrol
Commitments for the decrease of greenhouse gases emissions and also contributes to the
“Colombian Strategy for the low carbon development” (ECDBC for its acronym in Spanish);
this government strategy plan seeks to mitigate greenhouse gases emissions during the
country’s economic growth. By the gas production reports presented by the Colombian
hydrocarbon national agency (ANH for its acronym in Spanish) for 2018, 2019, and until
October of 2020, the sedimentary basin that has the higher percentage of flaring gas was
the “Llanos Orientales (LLO)” basin, followed by the “Valle Medio del Magdalena (VMM)”
basin. The Figure 1 presented below shows the percentages of produced gas, flared gas,
and transformed gas in the years for the Colombian basins reported for the ANH [5–9].

Important amounts of flared gas were reported in the VMM and the LLO in the range
of 2018 until October 2020 [8–10]. Nevertheless, an important factor to consider is the
number of fields that burned gas in these basins and making a relation between flared gas
and fields that flare gas, the result shows that is much more relevant using the VMM as
an investigation focus. Furthermore, the transformed gas percentage in the VMM does
not exceed 14%; therefore, it is important to select a VMM field for the investigation and
evaluate the usefulness of the flaring gas as an energy resource and increase the amount
of transformed gas by decreasing the amount of flared gas. In addition, the use of this
important energy resource helps in making the switch from diesel to natural gas, which
is a clean fuel that decreases the emission of undesired components [8–12]. Due to all the
statements presented, it is important to know if it is possible to generate energy in a VMM
field with the flaring gas, taking into consideration its composition, and use this energy
to supply some internal operations in the field, making this gas into an energy useful
resource [13–15].
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1.2. Literature Review

Several authors have developed and evaluated projects about flare gas recovery (FGR)
to mitigate the undesired emissions such as greenhouse gases (GHG) and the use of a
wasted resource, seeking out the end of the flaring operations in production wells for the
impossibility of reinjection in the formation or the lack of facilities for its treatment, commer-
cialization or use in situ. Among the most notable projects related to FRG, several authors
have worked in energy generation with flare gas. Zeinab H. et al. developed multi-objective
decision-making to determine an optimal allocation model for different alternatives for flare
gas recovery in Iran. The results showed that, in the best flare gas recovery model solution,
electricity is the lowest amount of product obtained annually against LPG and condensate
products [16–22] evaluated in several papers’ different methods and substances for gas
treatment, considering the mitigation of greenhouse gases, and testing the effectiveness
of these methods. Shayan et al. [23,24] simulated FGR methods in ASPEN HYSYS, and
the results show that the electric power produced by steam turbines (7.323 × 105 kW),
electricity and heat generation (4.350 × 105 kW), and combined cycle (1.442 × 106 kW),
saving energy and causing less pollution; the authors also obtained that the last two are
the most economically feasible scenarios. Simulating in the same software, and using an
environmental flow diagram and thermos flow, Seyed M. et al. [2,25] studied one scenario
for electricity generation with flare gas and another scenario used a combined heat and
power system (CHP) and an internal combustion engine to produce power with the gas
and compared against pressuring and injecting flare gas into oil wells; as a conclusion,
in this case, the study producing electric power with gas produced lower IRR than the
injection into oil wells. Mahya Nezhadfard. et al. investigated four power generation
scenarios for flare gas recovery to make an enviro-economic evaluation: Reciprocating
Internal Combustion Engine Cycle, Combined Gas Turbine Cycle, and Solid Oxide Fuel
Cell/Gas Turbine Cycle. By using eight different flare gas samples from Iran, the results
showed that CGTC has the best economic scenario, and it is also more flexible to gas
composition [2,3,24–27].

Finally, E.M Wallace et al. evaluated the technical feasibility for the use of the flared
associated shale gas as a fuel, replacing the diesel used for powering drilling and hydraulic



Energies 2022, 15, 7655 4 of 19

fracturing operations. The authors calculated the average energy requirements in the
equipment that needed to be supplied, concluding that the associated gas was more
than enough to supply the energy required. As a conclusion, the authors reviewed the
energy generation equipment that can use natural gas as fuel and different associated gas
separation technologies and wrapped up by presenting that using the flaring gas for rig
equipment and hydraulic fracturing operations are cost-saving [4–9,25–28].

It is important to highlight that every research tried to use flared gas as a fuel. However,
in these papers, the treatment for the gas to improve its calorific qualities and enhance the
energy generation with this wasted resource has not been previously dealt [6–10]. This
paper deals with flared gas treatment and use in situ by proposing a flowchart with an in
situ treated process for the gas used as energy consumption on the field [10,11]. This paper
considers power generation with a cleaner gas for an energy consumption model at the
same oilfield where the flare gas is produced [12–14].

In this sense, by making a characterization of a residual gas produced in Valle Medio
del Magdalena basin, whose final step had been flaring operation and estimating how
much energy is available; an energy evaluation of an alternative for resource development
is completed, identifying a technology that involves the necessary equipment for gas
treatment and power generation with treated flaring gas as fuel. Considering the technical
factors in terms of energy, environment, and economics to propose a viable application
system. In this way, to investigate the technologies involved in the flare gas treatment and
power generation and identify the ones that fit more with the process to reach the aim of
the paper, a simulation in the software ASPEN HYSYS® is made, and to also obtain the
best amount in the treatment substances inlet, a sensibility analysis was necessary. Finally,
as a result, this paper develops flared gas and its energetic potential by a flowchart that
considered in situ gas treatment, to remove contaminants present in the flared gas that
could cause corrosion or hydrates, and to improve its calorific qualities and enhance the
energy generation with this wasted resource, obtaining the energy potential of treated
flaring gas with which a user base in terms of produced energy per volumetric gas unit is
established. This allows to extend the reach of the result to projects with similar targets,
point to the world bank initiative “Zero routine flaring by 2030” with Ecopetrol as one of
the 39 companies that support this initiative.

2. Methods and Materials
2.1. Gas Composition Analysis and Interpretation

Natural gas is a mixture naturally conformed, composed of two big types of compo-
nents: hydrocarbons and nonhydrocarbons [4,5,29]. This mixture, mainly composed of
methane, could be classified according to its composition in dry or wet gas and sour or
sweet gas. Additionally, it is classified according to the reservoir from which it comes,
along with the composition by associated gas and non-associated gas. Knowing the gas
composition helps in the analysis and interpretation of this resource. Table 1 shows the
values of natural gas composition in a petroleum field in the VMM basin in Colombia,
showing the natural gas components in molar fraction, with the compound formulas.

A comparison between the elements in the gas and the table of typical components
of industry streams presented in the GPSA [30] was made and showed that this gas
composition is from a natural gas, and therefore, the characterization of this resource
will be made with the natural gas classification. To characterize this natural gas, each
component in the gas composition will be taken into consideration [31–34].

Firstly, it is important to highlight that the amount of hydrocarbon components is
greater than the amount of nonhydrocarbon components, which means that the hydro-
carbon amounts, especially the methane quantity, will help to determine the behavior
of this gas. When the mole fraction of methane in the natural gas does not exceed 0.85,
components called liquids in natural gas such as ethane, propane, butane, and pentane are
present, and therefore, this gas is called wet gas [29–31]. The wet gas is highly related to
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associated gas due to the presence of high molecular weight components in its composition;
consequently, the gas of the VMM basin is wet and associated.

Table 1. Gas composition in a petroleum field in the VMM basin in Colombia.

Component Formula Molar Fraction

Methane CH4 0.824
Ethane C2H6 0.037

Propane C3H8 0.030
Butane C4H10 0.025
Pentane C5H12 0.022

Carbon Dioxide CO2 0.007
Hydrogen Sulfide H2S 0.021

Nitrogen N2 0.018
Carbonyl Sulfide COS 0.005

Helium HE 0.001
Carbon disulfide CS2 0.002

Water H2O 0.008
Total 1

Additionally, it is important to know the presence of nonhydrocarbon components,
to identify which ones could cause problems in the operation and will help to select the
required treatments for the gas. The nonhydrocarbon components could be divided into
two groups: the diluents and the contaminants. The diluents are noncombustible gases
that reduce the heating value of the natural gas, and the diluents presented in the VMM
basin gas are the carbon dioxide (CO2), nitrogen (N2), helium (He), and water (H2O); the
contaminants are harmful gases that could cause corrosion problems, pernicious odors,
or undesired emissions in the production and transportation operations [20–26,32]; the
contaminants present in the VMM basin gas are the hydrogen sulfide (H2S), carbonyl sulfide
(COS), and carbon disulfide (CS2). To determine if gas is sour or sweet, two components
must be considered: carbon dioxide and hydrogen sulfide. A hydrogen sulfide mol fraction
greater than 0.01 or a carbon dioxide mol fraction greater than 0.02 determines a sour gas,
and hence, the amount of CO2 and H2S must be controlled and decreased. On the other
hand, in the sweet gas, the CO2 mol fraction is lesser than 0.02, and the H2S mol fraction is
lesser than 0.01 [27,28,33].

2.2. Natural Gas Available Energy

By determining the gas heating value, it is possible to estimate the available energy
on it. In this context, to make a gas energy evaluation, it is important to estimate the gross
heating value (GHV) and the lower/net heating value (LHV), which are defined as the
amount of heat obtained by the complete combustion of a unit quantity of the gas [30].
While the GHV considers that the water produced during the combustion is condensed,
the LHV is not [30]. The energy potential of the raw gas must be evaluated with the
measurement of the LHV, a value that quantifies the amount of energy that can be useful
for the gas, in which the water produced by the combustion is in the gaseous phase (water
vapor); no condensation occurs.

Equation (1) describes how to calculate the ideal heating value, gross or net, for a gas
mixture. This considers that each one of the components in the gas contributes to the total
heating value, depending on its chemical nature and its molar fraction [34]:

HVid =
n

∑
j=1

(Xj HVid
j ) (1)

where HVid is the ideal heating value, Xj is the molar fraction of component j, and HVj
id is

the ideal heating value of component j. The LHV value obtained by Equation (1) gives the
measurement of an ideal lower heating value, which implies that the gas mixture has an
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ideal gas behavior. To account for the real gas behavior, compressibility factor Z is needed,
taking the ratio between the LHV calculated and the Z factor as the real energy available in
the gas mixture [34].

2.3. Energy Consumption Model

Table 2 shows the equipment considered for the energy consumption base model of a
standard petroleum field; this data is obtained and shown as synthetic data. This model
considers two energy power consumptions: gross and net [33–35].

Table 2. Energy consumption on a base model petroleum field.

Equipment Quantity Gross Electric Power [kW] Net Electric Power [kW]

Motor well 3 119 76.8
Motor oil loading pump 1 37 24

Motor water loading pumps 3 67 43.2
Motor test tank pumps 2 22 14.4

Motor pumps to K.O. Drum 2 14 9.6
Motor sump pumps 2 12 7.68
Thermal oil pumps 2 38 24

Thermo heaters 2 6 2.88
Trans. Auxiliary services 1 11 7.2

TOTAL 326 209.76

The net electric power represents the minimum energy consumption per day required
for each piece of equipment, and this value represents the minimum quantity of energy
essential to be supplied for each equipment operation. Gross electric power represents all
the energy needed by this equipment. This is a bigger value due to the additional devices
that each one of the equipment pieces would need

These values are identified and defined to establish which percentage of the energy
consumption of this base model of a standard petroleum field from the VMM basin could
be supplied with the treated flare gas as fuel for electricity power generation. Additionally,
how much of the additional energy consumption on account of the possible extra devices
required for each piece of equipment would be covered with this project?

2.4. Gas Treatment and Energy Generation

Multicriteria analysis (MCA) is a technique that presents a set of alternatives that
are evaluated considering three generic elements: decision-maker(s), alternatives, and
criteria [35]. The multicriteria analysis used and considered for the selection of the equip-
ment in this paper involved three steps: identify the decision context, identify the options
to be appraised, and identify the criteria and variables on which the comparison of the
alternatives was made, and the final decision was taken based in the results of previous
research with similar purposes and which experiences were a guide to the appropriate
selection. MCA was used to identify the equipment for gas treatment and power generation
to obtain the best performance of the flare gas recovery purpose, establishing the variables
for each case, which fixed with the aim: reduce the molar composition of diluents and
nonhydrocarbons compounds to obtain a natural gas with a heating value that benefits
the power generation with the treated gas as fuel, more than the raw gas produced and
which natural composition would not give the best performance and which also would
cause an operational problem during the process. Some of these variables are also defined
as dependent or independent in the selection of the equipment for treating the gas and
its behavior compared to against others are exposed to obtain the best performance of
the procedures.

Using a bibliographic review for the treatments needed for the VMM gas, the most
common gas treatment processes used in the petroleum industry are obtained. Important
criteria will be considered for the selection of the right treatment processes, such as the
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treatment substance, the elements it removes, and the properties of the processes. The real
energy properties of the VMM basin gas are established after its treatment. To assess the
real lower heating value (LHV) of the VMM basin gas, it is necessary to find alternatives
that help to improve the gas quality using the treatment [36]. The presence of water among
contaminants is highly corrosive, and that is why a dehydration process is mandatory; it
will also help to evade the formation of hydrates in the gas processing and, last but not least,
to avoid water vapor to condensate and causes pipe plugging [37]. Another important
treatment to take into consideration is the sweetening process; decrease the amount of
the contaminants such as H2S, COS, and CS2, and the amount of one of the diluents in
the mixture, the CO2, will have great importance to avoid problems in the gas processing,
including corrosion, harmful odors, and contamination, among others [38].

Based on projects focused on the use of flared gases as fuel, different technologies for
power generation are identified. Once the raw gas is treated and fuel gas is obtained, with
a new composition and new value of its LHV, two technologies are considered: gas turbine
cycle and gas internal combustion engine cycle. The requirements and criteria variables for
each one of these technologies are defined to select the best equipment for power generation
with the treated gas obtained and which would also improve the feasibility of the project.

2.5. Aspen HYSYS Simulation

The dehydration, sweetening, and energy generation processes for the VMM basin
gas have been simulated using Aspen HYSYS V9. This simulator has an accurate calcu-
lation of the physical properties, phase behavior, and transport properties [39] and has a
user-friendly interface that provides features for the process optimization [16], with the
possibility to make a sensibility analysis for the correction and improvement of an indepen-
dent variable. Aspen HYSYS is mostly used in chemical and petrochemical engineering,
known as one of the most powerful simulating tools in engineering [24].

Following a step-by-step procedure for the simulation in Aspen HYSYS, starting
with the selection of the pure components in the VMM basin gas. To continue with the
procedure, a fluid package is selected; in this work, the dehydration, sweetening, and
energy generation will have different fluid packages that fit better with the processes. For
the first process (dehydration), it will be necessary to use a glycol package; in the next stage,
the acid gas–liquid treating works better with the sweetening process; and finally, to work
with the hydrocarbon mixtures in the energy generation process, the Peng-Robinson fluid
package is the best option. Then, it is necessary to build a flow process diagram; in this
case, the equipment used is two absorbers (for the dehydration and sweetening processes),
one expander, one combustion reactor, and a compressor. In the next section, the flow lines
and equipment conditions are established, and lastly, a results analysis is made.

3. Results and Discussions

In the following section, the results of the calculations for the gas properties, the selec-
tion and simulation in Aspen HYSYS® of the treatment equipment and energy generation
processes, and the energetic and technical analysis are presented.

To begin with the properties of the VMM basin natural gas, it must be characterized as
a wet gas; its appreciable amounts of liquid hydrocarbons and a methane amount lesser
than 85% give this characterization. This gas could be distinguished as an associated gas
due to the relation given between rich gas and associated gas, and last, it is characterized
as a sour gas for its hydrogen sulfide mol fraction greater than 0.01 (0.021).

3.1. Lower Heating Value VMM Basin Gas

Using Equation (1), the ideal LHV of the raw gas is obtained. Table 3 shows the ideal
LHV of each component of the gas, which must be identified to establish the ideal LHV of
the gas mixture.
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Table 3. Lower heating value per component [40].

Component Lower Heating Value (MJ/kg mol)

Methane 8.027 × 102

Ethane 1.42 × 103

Propane 2.045 × 103

Butane 2.653 × 103

Pentane 3.266 × 103

Carbon Dioxide 0.000
Hydrogen Sulfide 5.180 × 102

Nitrogen 0.000
Carbonyl Sulfide 5.477 × 102

Helium 0.000
Carbon disulfide 1.104 × 103

Water 0.000

The ideal LHV of the raw gas equals 929,649.3 kJ/kg mol. This value represents the
available energy on the gas as an ideal gas behavior; to obtain the real LHV, the Z factor
has to be determined. The pseudocritical pressure and temperature of the gas mixture
were estimated with Kay’s method [40,41], and due to the presence of H2S and CO2, these
values were corrected under Wichert and Aziz’s equations [41]. Then, the pseudoreduced
properties were calculated under the initial conditions of pressure and temperature of the
raw gas (39.69 psia and 77 ◦F) and obtained a value of 0.057 and 1.369 as the pseudoreduced
pressure and temperature, respectively. Considering the pseudoreduced properties, Beggs
and Brill’s correlation [36–41] was used to obtain the value of the Z factor for its estimated
error of 0.02% in the calculation. Having a compressibility factor of 0.996 for the gas, which
means that the real behavior of the gas is closer to the ideal one, and the real LHV obtained
equals 933,382.8 kJ/kg mol. This value is compared to make a validation of the results
with Aspen HYSYS®’s properties with a calculation of the raw gas stream, which gives a
value of 929,600 kJ/kg mol as the LHV of the raw gas. With a 0.40% error, the available
energy calculation is valid, and the one calculated for Aspen HYSYS® is considered for
data analysis.

With the molar density of the raw gas as 0.1115 kg mol/m3, the available energy of
the raw gas per volumetric unit is 103,650.4 kJ/m3. This means that 0.95 MMSCFD of the
raw gas, which is flared, would produce 12.2 MW. This quantity of energy produced will
then be affected by the treatment of the gas and by the efficiency of the power source that
uses this flare gas as fuel.

3.2. Gas Treatment

For the selection of the treatment processes that the VMM basin gas needs, different
variables were analyzed. Focusing on the components that are necessary to remove in the
VMM basin gas is important; hence, the treatment substance and the component that it
removes, such as the concentration, plays an important part in the selection. It is crucial
to know the advantages that a process could have over the others; Focusing on how the
process changes with the influence of different existing components in the VMM basin gas
will determine the most suitable treatment to use.

The presence of water in the gas could create hydrates or be corrosive in the presence
of CO2 and H2S, which is why a dehydration process is necessary. Through a bibliographic
review, some dehydrating processes in the petroleum industry are presented in Table 4.
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Table 4. Gas treatment dehydrating processes [37,42–44].

Gas Treatment

Dehydrating Processes

Process Name Treatment Substance Concentration (mol %) To Remove Advantages/Properties

Absorption with liquids

Diethylene Glycol Diethylene Glycol
(DEG) 95–99.5 H2O

Is used for temperatures
below the 50 ◦F. Have big

losses in the contractor
for its high vapor

pressure. Have a good
performance as a

hydrate’s inhibitor
injected in the flowlines

Triethylene Glycol Triethylene Glycol
(TEG) 95–99.5 H2O

Is the most used and
effective one, but a low
temperature has a high
viscosity. Should not be
used for a temperature
above 120 ◦F or it will
have a big loss in the

contractor

Tetraethylene Glycol Tetraethylene Glycol
(T4EG) - H2O

It is the most expensive
one, is used for

temperatures above the
120 ◦F

Adsorption by activated solid desiccants

Silica-based adsorbents Silica gel Dehydration tower H2O

Can be used for heavy
hydrocarbon gases for

water removal. There is
not reaction with H2S,
sulfur can deposit and

block their surface pores,
the H2S mole fraction

have below 5%

Alumina-based
adsorbents Activated alumina Dehydration tower H2O

Alumina, which is
alkaline, should not be

used for drying gas with
high concentrations of

acid gases, such as CO2
and H2S. Absorbs 35–40
pounds of water per 100

pounds of alumina

To select the dehydration process for the VMM basin gas, the dehydration methods
are divided into two: the adsorption and the absorption processes. Table 4 shows that the
adsorption processes should not be used for drying gases with concentrations of acid gases,
especially CO2 and H2S, so, for the effects of this study, the adsorption methods are not
going to be considered. The glycol treatment is the most used process in the petroleum
industry for water removal, and the selection of the substance (DEG or TEG) to use depends
on the process pressure and temperature. Triethylene glycol (TEG) is the most effective
one of the glycols and the most used in the petroleum industry and is the best option
to deal with the water removal due to the effectiveness and that the conditions are not
going to be above 120 ◦F. After the dehydration process, it will be necessary to remove the
contaminant amounts. Table 5 presents the sulfur removal systems to remove the VMM
basin gas contaminants.
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Table 5. Gas treatment and the sulfur removal systems [38,42,45–47].

Gas Treatment

Sulfur Removal System

Process Name Treatment Substance Concentration To Remove Advantages/Properties

ADIP process Di-isopropanol-amine
(DIPA)

1 mole amine per 0.6
mole H2S

H2S, some CO2, and
COS

Reduce the H2S to less than
5 ppm. The removal of the
other components depends
on the operating conditions

ALKAZID process

Alkali salts of
nonvolatile amino

acids (Alkazid) “M”
and Alkazid “DIK”

25% wt H2S with the presence
of CO2

Selective removal of H2S
when the gas has CO2 in its

composition. A small
amount of both

components could be
removed at high pressures.

MDEA Process
Methyl-di-ethanol-

amine
(MDEA)

30–50% wt H2S, HCN, Organic
sulfides, and some CO2

At low pressures, the H2S
is absorbed with the CO2.
The amount of removed
elements depends on the

operating conditions.

SULFIBAN Process Mono-ethanolamine
(MEA) 12–20% wt H2S, COS, CS2, HCN,

and some of the CO2

Normally is used for low
quantities of H2S and CO2

and no minor
contaminants such as COS
and CS2 at low pressures.
The amount of removed
elements depends on the
operating conditions. Is

very corrosive used with
gas with a high molecular

weight

Glycol-Amine
Process

Monoethanolamine
with di- or triethylene

glycol
- Acid gases and

dehydration

Is used when the water
percentage is lower than
5%. Is very corrosive at

high temperatures

DEA Process Diethanolamine (DEA) 25–40% wt COS, CS2, H2S, and
CO2

Is the best choice to treat
the COS and CS2, and not
the best when are a high

amount of CO2

Diglycolamine
process

Diglycolamine with
ethanol 40–60% wt Acid gases

Is used to reduce the acid
gases at low pressures.
Have properties very

similar to MEA

It is important to highlight that the sweetening treatment has great importance in the
process, because having these contaminants in the gas could be risky for the operation.
Sulfhydric acid (H2S), carbon dioxide (CO2), carbonyl sulfide (COS), and carbon disulfide
(CS2), and all the sulfur compounds could cause problems in the transport, such as corro-
sion, pernicious odors, and with the presence of water, it can cause hydrates. Table 5 shows
the advantages of the sulfur removal systems; the DEA process meets the requirements for
the VMM basin gas, owing to the good functioning it has when there is the existence of
COS and CS2 in the gas composition and the low presence of CO2 in the VMM basin gas
composition; with the optimum conditions of the temperature and pressure, the COS and
CS2 will help the DEA in the fast removal of CO2 and H2S, and then, the diethanolamine
(DEA) will remove the COS and CS2. The two processes used in the gas treatment will help
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to know the real energy properties that this gas has after its treatment, to improve these
properties, and to have a safer operation.

3.3. Power Generation

Once the treatment process was chosen, a technology for power generation had to
be selected. The decision context now focused on power sources that can use natural gas
as fuel. Two options were preselected as possible alternatives for energy production with
the fuel gas obtained: gas turbine cycle (GTC) and gas internal combustion engine cycle.
Figure 2 shows a schematic diagram for the power generation scenarios and the variables
that most affected each one, based on the final decision.
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One of the most important things that must be considered when selecting the power
generation source is the quality of the gas [28]; in this case, this variable has already been
taken into consideration, as the raw gas was previously treated, and the problematic com-
pounds were reduced or eliminated. Therefore, the efficiency of each option is evaluated.
Internal combustion engines have, on average, 40% electrical efficiency, while gas turbines
electrical efficiency is about 30–35% [36].

Gas turbines and gas internal combustion engines are one of the most expensive re-
sources, but they can work with any form of natural gas [28], so, in case compressed natural
gas or liquefied natural gas are available, these technologies are still useful. However,
previous research has pointed out that gas internal combustion engines are favorable from
an economic point of view; by an economic comparison of both gas use technologies, the
investment cost, maintenance, and operation cost per year show that internal combustion
engines have a better economic performance than gas turbines [36].

About GHG emissions, gas internal combustion engines have a better performance
in terms of pollutant emissions than gas turbines [27]. While gas turbines generate higher
amounts of pollutants, gas internal combustion engines work at low pressures with the
least pollution [25].

Regarding these criteria, a gas internal combustion engine is the most beneficial option
as a power source due to the high power output at high efficiency and low emissions,
which are also mobile and more flexible in the gas composition.

3.4. Aspen HYSYS Simulation Analysis

Using Aspen HYSYS® gas treatment and power generation are simulated. Two ab-
sorbers, one combustion reactor, compressor K-100, and expansor K-101 are the equipment
considered to simulate the process. A volume of 0.95 MMSCFD, taken as the flare gas (raw
gas) in one field on VMM basin on December 2020, enters into the dehydration column at
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25 ◦C and 25 psig, necessary conditions of the temperature and pressure for the dehydra-
tion process with TEG [37]. Once dehydrated gas is obtained, the gas passes through the
sweetening column where the sour components of the gas are retired. Finishing the gas
treatment process, fuel gas is obtained, which reacts with compressed air in the combustion
reactor to produce hot gases that finally expand to the atmospheric pressure to generate
power. The schematic diagram of the simulation is shown in Figure 3.

Figure 3. Aspen HYSYS simulation [40].

The 0.95 MMSCFD of the VMM basin gas enters the dehydrating process with the
composition shown in the “Gas composition analysis and interpretation” section. This
important amount of gas, especially the water value, helps to calculate an initial molar flow
for the dehydration substance (TEG), knowing that, for 1 lb of H2O in the gas composition,
it is considered appropriate to use 3 gallons of triethylene glycol (TEG) [37]. The TEG initial
inlet molar flow was 0.015 gallons, which is equivalent to 0.0012 kg mol; this substance
enters the process with a mol concentration of 99% and with a pressure and temperature
of 618.4 kPa and 40 ◦C respectively. For this process as it was mentioned before, a glycol
package is used, because it is the recommended thermodynamic model for a simulation
using TEG. To reach the objective of decreasing the largest amount of water in the gas
composition, it was necessary to do a sensibility analysis by starting with the initial inlet
molar flow, this analysis guides the process to an optimum inlet molar flow value of TEG,
as it shows in Figure 4.

Figure 4 shows the behavior between the TEG inlet molar flow against the mole
fraction of H2O in the outlet gas after the dehydration process, resulting in an optimal inlet
amount of TEG of 0.5 kg mol/h. In this case, the independent variable of the process is the
TEG Inlet molar flow, showing that the decrease of the mole fraction of H2O depends on
the increase of the amount of TEG that enters the dehydration absorber.
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After the gas dehydration, another treatment was simulated in Aspen HYSYS, the
sweetening process. For this operation, the treatment substance was diethanolamine (DEA)
entering the sweetening absorber with a concentration of 40% in weight. For the calculation
of the initial DEA, the inlet flow in Equation (2) was used:

Flow
(

m2

h

)
= 256×

(
Qy
x

)
(2)

where Q is the sour gas to be processed in MSm3/day, y is the acid gas concentration in
sour gas in mol%, and x is the amine concentration in liquid solution in mass% [42–50].
Using the formula, an initial DEA inlet flow was estimated as 106.26 m3/h, reaching the
objective of decreasing the contaminants (H2S, CO2, COS, and CS2) to zero. To optimize
the high amount of DEA entering the process, due to this volume removing some of the
pentane quantity, a sensibility analysis was made in Figure 5.
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Figure 5 shows a comparison between the DEA volume flow and the pentane mole
fraction. Firstly, it is important to clarify that the range of volumes of the DEA flow
presented in the chart is from the calculated initial DEA inlet flow to the minimum volume
where the number of contaminants started to appear. Then, the comparison between these
variables was important to increase the heating value of the resulting gas (fuel gas) due
to the great heating value provided by pentane. The independent variable in this analysis
was the DEA volume flow, showing that, by decreasing the flow entering the absorber, the
mole fraction of pentane will increase and that the gas composition is highly related to
the entering flow of DEA. As a result, for the removal of the contaminants and the higher
amount of pentane, the minimum volume where the number of contaminants started
to appear (approximately 13.93 m3/h) is the optimized value for the DEA flow [48–52].
Another variable to take into consideration for the gas composition was the DEA inlet
temperature, as shown in Figure 6.
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To estimate the correct DEA inlet temperature, Figure 6 shows a sensibility analysis
between this temperature and the mole fraction of the component’s H2O, pentane, and the
contaminant CS2. Increasing the DEA inlet temperature will have an important change in
the gas composition; the water value and the pentane amount (in a small amount) increased,
and the contaminant CS2 started to appear in the composition again. Therefore, it is crucial
to maintain a low DEA inlet temperature (20 ◦C) for the removal of the contaminants and
to control the amount of water in the fuel gas.

The gas treatment was an important step to find a gas composition for the optimal
performance in the power generation process. Table 6 shows the fuel gas composition,
seeing that the amount of the contaminants decreased considerably to zero, and the water
mole fraction was increased from 0.008 to 0.0011, representing that the dehydrating and
sweetening processes achieved their purposes. However, it is important to establish that
one of the goals of the treatment was to increase the heating value of the raw gas and show
the real heating value of this gas after the necessary treatment processes. Consequently,
a comparison was made between these values, knowing that the raw gas had a heating
value of 929,600 kJ/Kmol, and the heating value of the fuel gas was 226,500 kcal/Kmol,
which was equivalent to 947,676 kJ/Kmol, it was correct to affirm that the goal was reached;
additionally, the real and optimal heating value of the VMM basin gas was revealed. Table 6
shows the composition of the fuel gas that enters the power generation process with a molar
flow of 45.12 Kmol/h, a smaller amount compared with the raw gas inlet (47.32 Kmol/h)
due to the gas treatment processes.
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Table 6. VMM basin gas composition after treatment.

Component Formula Molar Fraction

Methane CH4 0.8623
Ethane C2H6 0.0386

Propane C3H8 0.0313
Butane C4H10 0.0261
Pentane C5H12 0.0208

Carbon Dioxide CO2 0.000
Hydrogen Sulfide H2S 0.000

Nitrogen N2 0.0188
Carbonyl Sulfide COS 0.000

Helium HE 0.001
Carbon disulfide CS2 0.000

Water H2O 0.0011
Total 1

The gas internal combustion engine configuration consists of one combustion chamber,
one compressor, and an expander. First, air that comes from the atmosphere enters the
compressor K-100, where the pressure is increased from the standard conditions to 22.5 bar
to enter the combustion reactor with the same pressure conditions as the fuel gas. Then,
the compressed air passes to a combustion chamber with the fuel gas, where combustion
takes place. The generated hot gases go to a gas engine where they expand to atmospheric
pressure, and the gas energy is converted to mechanical energy, which generates electricity.
Equations (3)–(7) showed a stoichiometric reaction model that occurs in the combustion
chamber; these chemical reactions are assumed to be ideal, and other components such as
CO are not produced.

CH4 + 2O2 → CO2 + H2O (3)

C2H6 + 3.5O2 → 2CO2 + 3H2O (4)

C3H9 + 5O2 → 3CO2 + 4H2O (5)

C4H10 + 6.5O2 → 4CO2 + 5O (6)

C5H12 + 8O2 → 5CO2 + 6H2O (7)

3.5. Energy and Environmental Evaluation

After treating, 0.95 MMSCFD of VMM basin gas has an estimated value of available
energy of 11.8 MW; this represents a loss of 0.4 MW due to the volume of contaminants
removed during the gas treatment. The total gross power produced by the process is
5133 kW, which represents an electrical efficiency of 43.5% in the internal combustion
engine. This result is approximate to the one obtained by Rahimpour et al. [20–22], in
which, with a gas turbine, 2130 MW was produced from 365.5 MMSCFD. In the same
conditions this value equaled 5.53 MW produced by 0.95 MMSCFD. However, it has to be
considered that, in this previous research, the raw gas was not previously treated, which
could mean the presence of corrosion and hydrate formation; also, the heating value was
not improved, and the use of a gas turbine instead of a gas internal combustion engine has
a lower long-term performance due to the variables considered in Section 3.3. In addition,
the results show that the performance of the scenarios depends on the gas flow rate, as
Mohmmad Hidari et al. [23–25,48–52] concluded in his research.

Subtracting the energy demand of the compressor, 2842 kW total net power is pro-
duced; it is the available energy to supply the energy consumption of the gas treatment
and estimates the energy quantity of the consumption model field that can be supplied.

Using the enthalpy of the inlet flow lines and outlet flow lines, the energy consumption
by the absorbers is estimated. Approximately, each absorber requires 629.292 kW to work
with the flow volume of raw gas, as the treatment gas configuration considers two absorbers
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(dehydrating process and sweetening process); then, 1258.584 kW is considered as the
energy consumption for the treatment processes.

Considering Table 7, where the values of energy consumption are shown, the energy
evaluation is made, exposing that the needed energy requirements for the gas treatments
can be supplied with the energy produced, and this amount is sufficient to meet the VMM
basin’s field model energy needs four times, similar to the results obtained by E.M Wallace
et al., who calculated the requirement that the need to be supplied for powering drilling
and hydraulic operations, which consume much more energy, and concluded that the flared
gas is more than enough to supply these energy requirements [28].

Table 7. Energy evaluation.

Energy/Day Value (kW)

Total gross produced 5.133
Compressor K-100 −2.291

Total Net 2.842
Treatment Equipment 1258.584

Available Energy 1583.416
Gross model field requirements 326

Excess Energy 1257.416

Establishing a volume of gas required per day to supply the model field energy require-
ments is important to recognize by the field operator, the period of project sustainability
using the gas reserves in the reservoir, and its flow. In this case, with the properties of
the VMM basin gas, the volume of gas required per day to supply the model field energy
requirements is approximately 0.7 MMSCFD.

The amount of diesel, the most common fuel used in the petroleum industry, needed to
produce the same amount of energy (5133 kW) is 435 kg; this is equivalent to 135.19 gallons,
which produces an average of 1392 kg CO2 [28,53–55], while 1249 kg CO2 is emitted when
this amount of energy is produced with the flare gas. Therefore, using the VMM basin flared
gas instead of diesel to produce the same quantity of energy reduces the CO2 emissions
by 11.44%.

Supplying the gross energy consumption of the model field implies using 12.66 gal/day
of diesel, which equals $27.09 USD/day. Assuming this energy consumption is constant in
a year, taking advantage of the VMM basin gas implies money savings of USD 9887 per
year. Additionally, to estimate the financial output from the power generation, the cost of
selling electricity in Colombia in 2021 is USD 0.15 kWh. This means that the VMM basin
flared gas could cost approximately USD 770 with the energy generation produced; this
equals the net incomes that were lost by flaring the VMM basin gas. On the other hand,
the previously stated results are suitable for the natural gas utilization process. Obtaining
convincing results for Colombia exaprolols for Latin American countries, it should be noted
that the processes mentioned have the potential for application in African countries such
as Nigeria [53–56].

4. Conclusions

By determination, the LHV of the VMM basin flared gas; the available gas energy
before treatment was estimated as 929,600 kJ/Kmol. Using the MCA, the gas treatments
and power generation resources were selected; as a result, a complete process configuration,
which included the dehydration, sweetening, and power generation by a gas internal
combustion engine, was simulated in Aspen HYSYS software. To determinate the avail-
able gas energy, the composition after gas treatment was estimated, and an increase of
947,676 kJ/Kmol was obtained, reaching the objectives of the processes; removing the
contaminants COS, CS2, H2S, and CO2; and reducing the water amount from 0.008 to 0.0011
in the mole fraction. An important result obtained with the sensibility analysis is the flow of
the treatment substance (DEA and TEG) and properties, as the temperature directly affects
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the mole fraction of the components in the product gas flow line. Having an electrical
efficiency of 43.5% in the gas internal combustion engine, a value of 5133 kW of energy is
produced with the 0.95 MMSCFD of raw gas. Therefore, the total gross power produced
is enough to supply the energy demand of power generation and gas treatment facilities;
additionally, the amount of energy generated with the fuel gas supplies is four times the
model field energy requirements. To conclude, by developing this common flaring gas on a
field in the VMM basin through FGR, it has possible on-site electricity generation, where
0.7 MMSCFD supplies the energy consumption of a model field per day while mitigating
CO2 emissions and saving costs due to the development of a power useful energy resource
instead of a common liquid fuel as diesel.
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Nomenclature

VMM Valle Magdalena Medio Basin
MMSCFD Million Standard Cubic Feet per Day
ANH Colombian Hydrocarbon National Agency
GPSA The Gas Processors Supplier Association
kWh Kilowatt-hour
LLO Llanos Orientales
ECDBC Colombian Strategy for the low carbon development
GTC Gas Turbine Cycle
MCA Multicriteria analysis
GHV Gross Heating Value
LHV Lower/net Heating Value
FGR Flare Gas Recovery
CHP Combined Heat and Power System
LPG Liquefied Petroleum Gas
MW Megawatt
TEG The Triethylene Glycol
MW Megawatt
kJ kilojoule
Kmol Kilomole
IRR Internal-Rate-of-Return
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