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ABSTRACT. The gas sweetening process is one of the most important operations in the natural gas
treatment system. This work explores the potential for enhancing the performance of the Sahel gas
sweetening unit by adding 0.2 wt. % piperazine (PZ) to the conventionally used MDEA. The Aspen
HYSYS software was used to simulate and optimise the process. The objective of the optimisation was
to maximise the throughput. The optimisation variables were the lean amine temperature, the flow rate
of the lean amine relative to the raw gas, and the multiple amine feed stage locations. The results show
that the lean amine temperature has a more pronounced impact on the extraction of HoS than COs.
Compared to the reference case (only MDEA), the absorption of COs with added PZ has improved
by 66 %; however, the HyS concentration increased from 2.901 ppm to 4.23 ppm. These findings show
that MDEA is more effective than MDEA+PZ at increasing the throughput and capturing carbon,
however, adding PZ to MDEA allows more CO5 to be absorbed than HsS.
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1. INTRODUCTION

Natural gas plays an important role in meeting global
energy needs. It must be pure and free from con-
taminants such as hydrogen sulphide and carbon
dioxide that significantly contribute to global warm-
ing. Several techniques are used to produce a sweet
gas that meets the demand of the final gas quality,
including chemical absorption, adsorption, and oth-
ers [I]. The chemical solvent absorption using primary,
secondary, or tertiary amines (i.e. MEA, DEA, and
MDEA) is an effective and efficient approach for re-
moving hydrogen sulphide and carbon dioxide from
natural gas. Studies have shown that using an acti-
vated methyldiethanolamine (AMDEA) yields better
results than using only MDEA. Experimental studies
have demonstrated that combining PZ with different
solvents such as MDEA and MEA results in height-
ened rates and capacities of absorption, indicating
improved CO4 absorption capabilities [2, [3]. Further-
more, adding PZ to MDEA improves the efficiency
of CO3 absorption up to a certain point, where the
reaction is no longer limited by mass transfer, and
it can considerably improve the process’s capacity
of eliminating HaS [4]. Sulfinol-M aqueous solution
(1.5wt. % sulfolane + 44 wt. % MDEA) has shown
a higher selectivity of HyS over CO5 than MDEA and
other absorbents [5]. Sulfolane with di-isopropanol
amine was also reported to yield better results than
sulfolane with methyl di-ethylene amine for removing
H,S and CO4 from natural gas [6].

Commercial simulation software, such as Aspen
HYSYS, ProMax, and UNISIM, and systematic de-
sign and optimisation approaches have been used to
find optimal design parameters, improve energy effi-
ciency, and minimise operating costs. Key aspects
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of the sweetening process were explored, including
the absorber configuration [7), 8], solvent types [5],
solvent mixture composition [9], and operating condi-
tions [10]. The Aspen Plus commercial software was
used to simulate the split-flow gas sweetening process
and analyse the trade-off between design variables.
The removal of CO5 and HsS in natural gas sweeten-
ing units containing different concentrations of sour
gas (e.g. Case 1: 1.7mole % COy and 3.3 mole % HsS;
Case 2: 13.6 mole % CO2 and 0.092 mole % H,S) by
using 15 wt. % MEA aqueous solution was investi-
gated [II]. The simulation results showed that the
split-flow process reduces energy consumption but not
the sweetening performance. The reboiler duty of
the split-flow amine process was 1.5 and 4.8 % lower
than that of the conventional amine process in cases
1 and 2, respectively. The ProMax software was also
used to simulate and optimise the high-sulphur nat-
ural gas sweetening process based on field operation
data. Study [12] explores the influence of key param-
eters, including the circulation rates concentrations,
and the inlet temperatures of the MDEA solution, is
explored [12]. The effects of the feed gas throughput,
H3S content, and pressure on field operational per-
formance under the optimised working conditions are
also analysed. It is reported that decreasing the cir-
culation rates, concentrations, and inlet temperatures
of the MDEA solution can reduce COs absorption ef-
fects and increase product gas yield rates. When HsS
content increases by 1%, the MDEA circulation rate
needs to be increased by approximately 20000kgh~?!.

A superstructure-based optimisation approach for
the acid gas removal unit using MDEA (47.5 wt. %)
was investigated with a focus on energy minimisa-
tion [I3]. In the framework, Aspen HYSYS was linked
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with MATLAB to simultaneously simulate and opti-
mise various structures and operating conditions. The
methodology was applied to a sweetening gas unit
with a sour gas feed molar ratio of 2.6 COy/HsS, and
considered three design options (semi-lean, multiple
solvent feed, and pump around). Results show that
the operational costs were reduced by approximately
16 % using a pump around and a semi-lean stream.
Study [14] introduced a superstructure framework
for the design and optimisation of the COs capture
process using MEA. Their modelling approach sys-
tematically identifies the optimum configuration and
operating conditions that reduce energy consumption.
The superstructure considers four structural modifica-
tions; the inter-stage cooling, split-stream/semi-lean
solvent, multiple solvent feeding locations in the ab-
sorber, and the flue gas splitting (feeding to various
stages in the absorber). Results show that splitting
and feeding the flue gas at different locations reduces
the energy cost by 7.4% compared to the conven-
tional base case. The complex configuration, which
includes the combination of four modifications, leads
to a 7.8 % reduction in energy costs. At the same
time, the multiple lean amine-feeding scheme reduces
the energy cost by 5.7 %. However, it is reported that
the obtained optimal results could depend a lot on
the physical and chemical characteristics of the flue
gas (flow rate, composition, etc.), operating condi-
tions, and the geometry of the existing equipment.
Improving the energy efficiency and performance of
the sweetening process requires studies based on field
operation data [12].

To consider the physical and chemical characteris-
tics of a sour gas, a sweetening process with multiple
gas feeds (i.e. splitting sour gas feed) was analysed [7].
The methodology implemented was the orthogonal test
method and sensitivity analysis, which provide a good
understanding of the influence of various parameters
on the energy-saving potential. Results showed that
the purity of HsS in acid gas was increased by 2.5 %,
while the energy consumption was reduced by 6.5 %.
The benefits of splitting sour gas feed and feeding it
into the absorber at different points have been further
demonstrated by [8]. They apply a simulation-based
optimisation strategy for optimising operating con-
ditions through coupling Aspen HYSYS and MAT-
LAB with particle swarm optimisation algorithms.
Although the absorption column with multiple solvent
feeding points has many advantages, few studies have
thoroughly investigated its effect on the performance
of the gas sweetening units at different CO5/H2S mo-
lar feed ratios. This study aims to identify key vari-
ables that should be considered for gas sweetening unit
optimisation. These includes amine types, the lean
amine temperature, which contributes to the efficiency
and performance of the sweetening process [I5], as
well as the amine circulation rate, which contributes
to increasing the extraction efficiency of acid gases
from natural gas [I6]. Multiple lean-amine feeding

points, which can provide flexibility for selective COq
removal [I], are also considered. In this work, the eval-
uation and optimisation are critical for maintaining
sweet gas quality within the specified range, especially
when there is a fluctuation in the production rate and
the percentage of HoS in the sour gas is high. Fur-
thermore, gaining knowledge of the influence of the
operating conditions and the design variables on the
Sahel plant performance empowers process engineers
to enhance operational efficiency, reduce costs, and
ensure that environmental regulations are met.

2. METHODOLOGY

The gas sweetening process was simulated using the
Aspen HYSYS software. The thermodynamic model
selected in HYSYS was Acid Gas — Chemical Solvent,
suitable for gas-treating processes involving amines
such as MDEA and activators such as piperazine. The
simulation focused on removing acid gases, primarily
hydrogen sulphide (H2S) and carbon dioxide (CO2),
from the sour gas stream to produce sweetened gas
that meets the plant specifications. The Sahel sweet-
ening unit had requirements of 1.8 mole % of CO5 and
5ppm of HsS in the sweet gas. The key operating
conditions such as the lean amine temperature and
the flow rate of the lean amine relative to the raw gas
are optimised to ensure efficient absorption of the acid
gases. Subsections and [2.2] describe the absorption
mechanism of HyS and CO5 by the amine solutions
and Section [3]introduces the description of the process
of the Sahel plant.

2.1. SOUR GAS ABSORPTION USING MDEA

MDEA is used as an amine solution for the Sahel unit.
MDEA solutions have the highest loading compared
to any primary or secondary amine, which makes their
circulation rate the lowest and has the lowest heat
requirements for regeneration as the reaction with
HsS and CO4 produces the lowest heat [I7]. HaS is
removed by reacting instantaneously with the amine
via a direct proton transfer reaction, as shown in Equa-
tion . Meanwhile, CO4 can only form a protonated
amine and bicarbonate ion through hydrolysis and
dissociation of COg, as shown in Equation [18].
The reactions for CO5 and HsS are both exothermic,
where the aqueous alkanolamine solution absorbs the
acid gases at a relatively low temperature with the
release of heat energy. The formation of amine hy-
drosulphide from the reaction between HyS and an
amine solution:

MDEA + H,S <— MDEAHT + HS™. (1)

Hydrolysis and dissociation of COs for tertiary amine
(MDEA catalysed hydration):

MDEA + COs + Hy0 <— MDEAHT +HCO3™. (2)
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FIGURE 1. Process flow diagram for Sahel sweetening unit in Aspen HYSYS software.

2.2. SOUR GAS ABSORPTION USING MDEA
AND PIPERAZINE

Although MDEA alone can be used for bulk CO5 re-
moval at high pressures, its reaction rate with COs is
slow. Activated MDEA in aqueous solutions are com-
monly used as solvents [19]. Therefore, this work ex-
amines the feasibility of utilising a mixture of MDEA
and PZ rather than solely MDEA, when the inlet gas
stream contains a low concentration of CO5 in addi-
tion to an amount of HyS. Different factors make the
PZ reactions significantly faster than MDEA-catalysed
hydration reactions including a higher reactivity with
CO4 and lower activation energy-fast responses under
the same conditions. Also, it has a high catalytic effi-
ciency due to its ability to form stable intermediates
that facilitate faster reaction pathways.

In this case, in addition to the first two chemical
reactions (Equations and ), there are five more
reactions mainly involved in the absorption process
of COy by MDEA and PZ, including;:

Carbamate formation with water
CO5 + PZ + HyO +— PZCOO~ + H30". (3)

Bicarbamate formation with water

COy + PZCOO ™ + H,0 +— PZ(COO ) + H30T. (4)
Carbamate formation with MDEA

COy + PZ + MDEA +— PZCOO ™ + MDEAHT. (5)
Bicarbamate formation with MDEA

CO, + PZCOO ™ + MDEA «—s MDEAH' + HCO; . (6)

The main reactions in a mixed MDEA + PZ solu-
tion are the formations carbamate (Equation (3)) and
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bicarbamate (Equation (), with carbamate form-
ing first. Determining the exact number of PZ moles
that react with one mole of CO; is challenging in
this mixed solution. Additionally, whether MDEA or
carbamate acts as the proton acceptor depends on
their respective concentrations [20]. Furthermore, the
potential activator mechanism or regeneration reac-
tion, which is probably present in the mixed Amine
solution, is given by the following reaction:

Bicarbamate formation with MDEA
PZCOO 4+ H,0 4+ MDEA «— PZ +HCO; +MDEAH'. (7)

PZ transfers CO5 onto a water molecule, while
MDEA acts as a proton acceptor. This mechanism
allows PZ to regenerate itself. Utilising the fast reac-
tion kinetics of PZ at a low concentration, combined
with the proton acceptor abilities of MDEA at a high
concentration, makes this mixture a highly effective
COg removal solution [20].

3. SAHEL COMPLEX SWEETENING UNIT

The process flow diagram for the Sahel sweetening
unit is shown in Figure [1] Tables [T and [2] show the
raw gas composition and the operating conditions of
the Sahel plant, respectively. The Sahel gas sweet-
ening unit has two trains, where the gas sweetening
process is accomplished in an absorber equipped with
twenty real trays based on the plant design data,
and modelled in the Aspen HYSYS software using
twenty equilibrium stages. The raw gas feed stream,
containing CO5 and HsS, first passes through a sep-
arator to remove unnecessary liquids or solids before
being sent to the absorber. Then, the filtered raw
gas flows to the bottom of the absorber, while three
streams of an aqueous lean amine solution enter the
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Stream name Raw gas Lean amine Sweet gas
Flow rate [kmoleh™1] 5900 2534 3608
Pressure [bar] 69.98 54.44 46.19
Temperature [°C] 37.77 47.7 64.85
MDEA [wt. %) 0.0 50 0.0
COz [mole %] 2.42 - 1.774
HsS [ppm] 6300 - 2.901

TABLE 1. Conditions of Sahel sweetening unit streams.

Component Mole %
Nitrogen 0.100
COs 2.420
H>S 0.630
Methane 52.850
Ethane 3.260
Propane 1.420
i-Butane 0.420
n-Butane 0.560
i-Pentane 0.000
n-Pentane 0.560
n-Hexane 0.260
n-Heptane 0.790
n-Nonane 0.000
H>O 36.730

TABLE 2. Molar composition of Sahel raw gas stream.

top, 5, and 9*" equilibrium stages of the simulation
model. The multiple streams of lean amine solutions
come into counter-current contact with the raw gas
feed. The rich amine solution, which contains a high
concentration of acid gases, exits from the bottom
of the absorber column at a temperature of 50.8 °C
and flows through a pressure-reducing valve and flash
drum to remove hydrocarbons at atmospheric pres-
sure. After being heated by the heat exchanger to
a temperature of 88 °C, the rich amine solution en-
ters at the 3'4 stage of the regeneration tower, which
has 18 equilibrium stages, with the column operation
specified using the reflux ratio and condenser temper-
ature. The stripping steam produced by the reboiler
causes the acid gases to desorb from the amine solu-
tion as it passes down the column. The regenerated
lean amine solution leaves the stripper at approxi-
mately 127°C and is recycled back to the absorber
after it is cooled. The top pressure of the absorber is
4619 kPa and the bottom pressure is 4 688 kPa. The
regeneration column operates at a condenser pressure
of 172kPa and a reboiler pressure of 228 kPa. The
simulated process flow diagram closely represents the
real Sahel plant configuration and operating method-
ology.

The absorber achieved an HyS removal efficiency
of approximately 99.95%, while the CO5 removal
efficiency was 26.7 %.

4. RESULTS AND DISCUSSION

This section illustrates and discusses the influence of
various important variables on the removal efficiency
of acid gases.

4.1. SIMULATION VALIDATION

When conducting a sensitivity analysis or operational
optimisation, it is crucial to consider the precision of
the results and the reliability of the base case simu-
lation model. Therefore, the simulation results were
compared with the plant data to confirm the model’s
dependability and accuracy. As shown in Table [3]
most variables showed good agreement with the plant
data, with deviations within acceptable limits. This
small difference confirms that the Acid Gas package,
created by Aspen Technology for the amine gas sweet-
ening process, and the thermodynamic fluid package
utilised in the simulation are accurate, reliable, and
can be implemented for the subsequent analysis and
optimisation of operational performance.

4.2. EFFECT OF AMINE MULTIPLE FEED STAGE
LOCATION

The optimal feed stage locations for each amine feed
stream were investigated, and the results are presented
in Table [d] The first scenario represents the operat-
ing conditions of the Sahel plant. Introducing lean
amine aqueous solutions (MDEA) at various stages
within the absorber adversely affected the regenera-
tor’s performance, leading to a slight increase in energy
consumption. In all examined scenarios, with multiple
lean amine feed stages, the reboiler duty exhibited
stability, with fluctuations remaining within 0.75 %,
whereas the condenser duty demonstrated variations
not exceeding 1.5 %. The HyS removal was predomi-
nantly influenced, with results showing that the CO4
content in the sweet gas decreased by 1.75 %, while
the H,S content decreased by 15.5%. Based on the
results presented in Table [4] the optimal feed stage
locations were identified as the top stage, 5" stage,
and 10*" stage. Therefore, all subsequent cases will
be based on the results of stage locations shown in
the second scenario.

4.3. EFFECT OF ADDING PZ TO LEAN AMINE
SOLUTION

Piperazine was added to the amine solution at a con-
centration of 0.2wt. % PZ, 49.8 wt. % MDEA, and
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Stages Operating data Simulation data FError %

Sweet gas pressure [bar] 46.19 46.19 0

Sweet gas volumetric flow [m3h~!] 88191 88317 0.06

Sweet gas COy [mole % 1.72 1.774 0.143

Rich amine pressure [bar] 46.88 46.88 0

Stripper temperature [°C] 128.45 127.5 0.74

Stripper pressure [bar] 2.28 2.28 0

Sweet gas temperature [°C| 60.82 64.85 4.03*

* Absolute deviation.

TABLE 3. Reference case simulation validation results.

Scenario 1 2 3 4 5 6
Stages Top, 5,9 Top, 5, 10 Top, 4,9 Top, 6,9 Top, 5,8 Top
Lean amine temperature [°C| 54.44 54.44 54.44 54.44 54.44 54.44
CO3 concentration [mole %) 1.774 1.744 1.759 1.782 1.777 1.920
HsS concentration [ppm] 2.901 2.455 2.765 3.024 2.427 1.433
Reboiler duty [MW] 7.79 7.84 7.81 7.78 7.78 7.56
Condenser duty [MW] 2.930 2.969 2.930 2.925 2.927 2.780
Pump duty [kW] 136.40 136.36 136.44 136.44 136.44 136.58

TABLE 4. Sweet gas composition and duty requirements at various amine feed points (MDEA).

Scenarios 1 2
Solvent MDEA MDEA + PZ
Lean amine temperature [°C]  54.44 54.44
COz concentration [mole %) 1.744 1.347
H,S concentration [ppm)] 2.455 25.945
Recirculation rate [m®h=1] 78.024 78.085
Reboiler duty [MW] 7.84 8.30
Condenser duty [MW] 2.969 3.305
Pump duty [kW] 136.36 136.36

TABLE 5. Sweet gas composition and duty requirements using MDEA (1) and AMDEA (2).

50wt. % HoO. Table [5| shows the simulation results
for the sweetening unit before and after adding the
PZ. The results show that the concentration of COq
in sweet gas decreased by 22.8%. The concentra-
tion of HyS increased from 2.45 to 25.945 ppm, and
the reboiler duty increased by 6 %. Adding PZ to
MDEA allows more CO; to be absorbed, which tends
to displace the HsS. This finding illustrates that the
MDEA+PZ is impractical since the HsS removal de-
creases, and its concentration exceeds the required
specifications. Optimising the operating conditions
could enhance the removal of HyS; therefore, the in-
fluence of two key operating variables on the process
performance is explored in the following sections.

4.4. EFFECT OF LEAN AMINE TEMPERATURE

Figure [2| shows the effect of the lean amine tempera-
ture on the sweet gas, and the optimum temperature of
the amine solution that maintains the required sweet
gas specifications, without PZ and after adding PZ to
the MDEA solution. From the obtained results, it can
be observed that a reducing the lean amine temper-
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ature leads to lower contents of HoS and COs in the
sweet gas with both solvents (MDEA / MDEA+PZ).
However, for the MDEA, the percentage of acid gas
started to increase with temperatures below 48.78 °C.
Conversely, the optimum lean amine temperature for
the MDEA+PZ is 42.78 °C, which is above the inlet
raw gas temperature by 5 degrees [21].

4.5. EFFECT OF LEAN AMINE / RAW GAS
FLOW RATE RATIO

The influence of the molar flow rate ratio was inves-
tigated while using the amine solution activated by
the piperazine (MDEA+PZ) at the optimum temper-
ature (42.78°C). As illustrated in Figure [3] results
demonstrated that the amount of H5S in the sweet
gas decreased from 14.49 ppm to 4.23 ppm at the flow
rate of MDEA+PZ equal to 0.9 of the raw gas flow
rate. The molar flow ratio of the lean amine to raw
gas in the reference case is 0.67, which confirms that
the results conform to the specified requirements.
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FIGURE 2. Effect of lean amine solution temperature on sweet gas composition.
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4.6. OPTIMISED CASE STUDIES

Based on the earlier findings, simulations were con-
ducted to determine the optimum case for both MDEA
and MDEA+PZ (AMDEA). The optimisation vari-
ables include the lean amine temperature and the
lean amine flow rate at the optimal amine feed stage
locations. The results of the optimisation are pre-
sented in Table [f] The results indicated that adding
piperazine could not enhance the throughput because
the requirement specifications could not be met, thus,
there was no permissible margin for increasing the
throughput. In contrast, when only the MDEA is used,
a production increase of 5% is achievable. A previ-
ous work [22] illustrated that when the COs to HyS
ratio is nearly equal, AMDEA does not provide any
significant benefit over MDEA.

5. CONCLUSION

The effect of adding piperazine to the lean amine so-
lution on the rate of acid gas extraction was studied.
The results showed that when piperazine was added
at 0.2wt. % to the base case, the rate of CO5 extrac-
tion increased. The amount of CO5 absorbed in the
activated amine (MDEA+PZ) solution is higher than
that in only MDEA. The concentration of HsS after
adding PZ increased from 2.45ppm to 25.945 ppm.
The rate of HyS extraction with MDEA is better
than with the activated amine. Also, the tempera-
ture and the flow rate of the lean amine solution were
studied. Decreasing the temperature of the amine
solution in the basic case had a positive effect, the
concentration of CO5 and HsS decreased until the
temperature of the amine solution reached 48.78 °C
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Stages Reference case MDEA MDEA-+PZ
Lean amine temperature [°C] 54.44 48.78 42.78
Lean amine flow rate [kmoleh~!] 2534.02 2534.02 3363
Rich amine flow rate [kmole h™!] 2659.96 2671.01 3548.30
Raw gas flow rate [kmoleh™?] 3735.23 3924.89 3735.23
Sweet gas flow rate [kmoleh™] 3609.29 3787.90 3549.93
COg concentration [mole %)] 1.774 1.798 0.583
HsS concentration [ppm)] 2.901 1.740 4.227
Reboiler duty [MW] 7.79 8.025 10.49
Condenser duty [MW] 2.930 3.097 3.922
Pump duty [kW] 136.40 136.16 181.36

TABLE 6. Sweet gas composition and duty requirements after optimisation.

then it began to rise again. When the temperature
of the activated amine decreases, the concentration
of CO5 and HsS continues to decrease, and the op-
timum temperature is 42.78 °C, as it is higher than
the temperature of the raw gas by five degrees. The
concentration of the HoS was 14.49 ppm, which does
not met the required specifications. When the flow
rate of the amine solution was increased to 0.9 of
the raw gas flow rate, the concentration of HsS de-
creased from 14.49 ppm to 4.23 ppm, which is within
the required specifications. These results illustrate
that when piperazine is added, the temperature of
the amine solution should be decreased, and its flow
rate should be increased. However, the results show
that MDEA is more effective for gas sweetening units
with acid gas compositions comparable to that of the
Sahel unit than activated amine (MDEA+PZ) for
maximizing throughput, whereby modifying the unit
by changing the amine temperature and obtaining the
optimum amine feed stage locations without adding
PZ can increase the throughput by 5%. Overall, it
can be concluded that the activated amine solution
(MDEA+PZ) is an appropriate choice when deeper
CO; removal is required, but in cases where HsS is
the dominant acid gas, MDEA alone tends to be more
effective, and throughput can be increased.
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