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Abstract: With the anticipated rise in global demand for natural gas (NG) and liquefied natural
gas (LNG), sour gas reserves are attracting the attention of the gas industry as a potential resource.
However, to monetize these reserves, sour natural gas has to be sweetened by removing acid gases
(carbon dioxide and/or hydrogen sulfide) before liquefaction. The solidification of these acid gases
could be the basis for their separation from natural gas. In this study, a state-of-the art solid-vapor
(SV) separation unit is developed for removal of acid gases from methane and simulated using a
customized Aspen Plus operation unit. The operating principles and conditions, mathematical model,
and performance results are presented for the SV unit. Further performance analyses, means of
optimization and comparisons to conventional methods used by the industry were studied. Results
showed that for similar sweet gas purity, the developed SV unit consumes only 27% of the energy
required by the amine sweetening unit. Furthermore, it saves on capital costs, as it requires less
equipment and does not suffer from high levels of corrosion.

Keywords: natural gas sweetening; solid phase formation; ternary mixture separation; solid-vapor
equilibrium; cryogenic CO2 separation

1. Introduction

Natural gas (NG) consists mainly of methane (CH4) and can possibly be contaminated
with acid gases, such as carbon dioxide (CO2) and/or hydrogen sulfide (H2S). A common
practice in the NG industry is to liquefy it to produce liquefied natural gas (LNG), which
can be more conveniently stored and transported. The global demand for LNG reached
360 million tons in the year 2020, and it is expected to reach 700 million tons by the year
2040 [1]. In order to meet the expected global energy demand, industry is now looking
to exploit sour gas reserves around the world. However, sour natural gas may contain
high concentrations of CO2 and/or H2S gases, which have to be removed before the NG
liquefaction process [2]. This step is essential to obtain NG within the standard pipeline
specifications [3], as acid gases accelerate corrosion in pipelines and the equipment of
liquefaction plants [4]. Many technologies are used for acid gas removal from NG, with
amine scrubbing (physicochemical absorption) being the most common technique [5]. The
sulfinol process is a common method used to this end, utilizing blends of sulfolane (as a
physical solvent) and diisopropanolamine (DIPA) (as a chemical solvent) [6]. This process
is preferred in LNG applications, as sulfur compounds are more soluble in this blended
solvent than in aqueous amines, and solvent loadings are preferred, especially under higher
acid gas partial pressures [7]. Additionally, it requires lower circulation rates and it is less
corrosive than other types of amine, requiring smaller equipment and lower capital cost [8].
However, such amine-scrubbing technologies are energy-intensive and suffer from high
maintenance and operational costs due to the corrosivity and volatility of the amines [9].
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Therefore, new technologies used to separate acid gases from NG were developed (such as
adsorption, membrane separation, microbial algal systems, and cryogenic separation) [10].

Cryogenic separation technologies rely on the differences among the volatilities of
different components to be separated physically [4]. They have many advantages over
the amine absorption process. Such advantages include low environmental footprint,
applicability in high- and low-pressure systems, the elimination of the need for solvents
(thus, no solvent recovery plants are required) [11], lower corrosion potentials [4], and a
high energetic efficiency [12]. They involve conventional (e.g., liquid–vapor separation),
nonconventional (e.g., solid–vapor separation) [13], and hybrid methods [4]. In conven-
tional methods (such as cryogenic distillation), avoiding solid formation is a necessity [13]
because solids might block and damage the equipment and liquefaction train [12,14].
Nonconventional methods benefit from desublimation or solidification to improve the
separation process and reduce the energy requirements [15]. Nonconventional technologies
include cryogenic packed beds [16], moving packed beds [17], Stirling coolers [18], and
cryogenic carbon capture with an external cooling loop (CCC-ECL) [19]. Hybrid tech-
nologies combine the benefits of conventional and nonconventional technologies into a
single-unit operating system to overcome the disadvantages of conventional methods and
achieve improved or similar results at lower cost than nonconventional technologies [4].
For example, in the controlled freezing zone (CFZ)TM [20], the separation of acid gases
from methane depends on freezing CO2 and H2S to be removed from the mixture as
solids [5,20]. Therefore, it is important to accurately determine the solidification limits and
the associated phase equilibria in sour NG mixtures in order to design and optimize the
corresponding separation equipment [5]. Maqsood et al. [21] developed a hybrid cryogenic
network for separating CO2 from a CH4-CO2 mixture. The network consists of a packed
bed and a cryogenic separator. The study was conducted in vapor–solid (packed bed) vs.
vapor–liquid (VL) (cryogenic separator) and vapor–liquid–solid (VLS) (combination of
the two units) phase regions. The results indicated that energy consumption was about
37% of the energy required by conventional cryogenic distillation network. However, this
study only dealt with and CH4-CO2 mixture and was not expanded to include a ternary
mixture of CH4-CO2-H2S gases. Furthermore, the results were never compared to the
industry-common amine sweetening unit.

Ababneh and Al-Muhtaseb developed an empirical correlation model based on the
Peng–Robinson equation of state (PR EoS), which was able to describe the solid–liquid–
vapor equilibria (SLVE) for the ternary system of CH4-CO2-H2S [22]. Additionally, they
suggested an equilibrium stage separation unit based on that model to separate sour gases
from methane. The SLVE and the separation unit were simulated using Aspen Custom
Modeler (ACM) software [22]. It was concluded that conducting the separation in the
solid–vapor equilibrium (SVE) region would produce higher-purity methane and higher
recovery for CO2 and H2S when compared to the SLVE region.

In this study, we build on the conclusion of Ababneh and Al-Muhtaseb [22], and
a solid–vapor (SV) separation unit is further developed, with additional energy balance
calculations for the unit added to the ACM model. The ACM model is successfully exported
to the Aspen Plus environment, and sample performance results are presented herein. The
performance of the SV separation unit is analyzed, optimized, and compared to other
traditional CO2 separation technologies (such as amine scrubbing), in terms of the product
quality (CH4 purity), removal ratio of acid gases, and the energy requirements.

2. SV Separation Unit

Figure 1 shows a schematic diagram of the suggested separation unit, which involves
an expansion valve on the feed stream leading to the separation unit. The separation
unit involves a solid–vapor equilibrium (SVE) separation zone and a heated melting tray
beneath the SVE zone.
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Figure 1. Schematic diagram for the suggested SV separation unit.

The feed, which should initially be in liquid phase, is throttled using the expansion
valve. Ideally, the throttling process is performed adiabatically, but subsequent cooling (Q1)
might be required to either ensure that its pressure and temperature drop to a condition
that corresponds to the SVE zone (where CH4 remains in the vapor phase and only CO2
and H2S solidify [22]) or enhance the separation of acid gases. Figure 2 further explains
this process; the conditions of the feed stream (point “1”) are transformed to reach point
“2”, at which the mixture enters the solidification zone and the separation of acid gases into
a solid phase is achieved. The formed solids (in the SVE zone) descend due to their higher
densities, reaching the melting tray, which is supplied with sufficient heat (Q2) to melt the
solids into a liquid stream. The formed liquid stream (consisting of CO2 and H2S) can be
collected at the bottom of the unit, whereas high-purity methane gas is collected at the top
of the unit.

Figure 2. A simplified path for the throttling/equilibrium process (red line) versus the SLVE phase
diagram [22]. Phases: V: vapor, L: liquid, S1: solid CO2, S2: solid H2S.
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In the SVE solidification zone, CH4 does not solidify under the studied conditions [22];
it remains fully in the vapor phase. Only CO2 and H2S coexist in the vapor and solid phases.
For SVE, their fugacities must be the same in each phase, as listed in Equations (1) and (2).
On the other hand:

f̂ V
CO2

= f̂ S
CO2

(1)

f̂ V
H2S = f̂ S

H2S (2)

where superscripts V and S refer to the vapor and solid phases, respectively; and the
fugacities f̂ V

CO2
, f̂ V

H2S, f̂ S
CO2

, and f̂ S
H2S are given by Equations (3)–(6) [22,23].

f̂ V
H2S = yH2S ϕ̂V

H2SP (3)

f̂ V
CO2

= yCO2 ϕ̂V
CO2

P (4)

f̂ S
CO2

= xCO2 ϕ̂Sub
CO2

(
T, PSub

CO2

)
PSub

CO2
exp

[
vs

CO2

RT

(
P − PSub

CO2

)]
(5)

f̂ S
H2S = xH2S ϕ̂Sub

H2S

(
T, PSub

H2S

)
PSub

H2S exp

[
vs

H2S

RT

(
P − PSub

H2S

)]
(6)

where yi and ϕ̂V
i are the mole fraction and fugacity coefficient, respectively, of component i

in the vapor phase; P and T are the pressure and temperature of the SVE unit, respectively;
xi is the mole fraction of component i in the solid phase; PSub

i is the sublimation pressure
of component i at the specified temperature, T; ϕ̂Sub

i is the fugacity coefficient of the solid
component, i (at T and PSub

i ); and vs
i is the solid-phase molar volume of component i. Note

that the exponential terms in Equations (5) and (6) often approach unity and can sometimes
be ignored, especially when the solid-phase molar volume of component i is unknown
(such as in the case of H2S).

PSub
CO2

and PSub
H2S can be calculated in terms of temperature (T) using Equations (7) and (8),

respectively [24,25].

ln

(
PSub

CO2

Pt

)
=

Tt

T

[
−14.740846

(
1 − T

Tt

)
+ 2.4327015

(
1 − T

Tt

)1.9
± 5.3061778

(
1 − T

Tt

)2.9
]

(7)

where (Tt =216.592 K, Pt =0.51795 MPa) are the triple-point conditions of pure CO2.

log10

(
PSub

H2S

)
= 7.22418 − 118.0

T
− 0.196426 T + 0.0006636T2 (8)

The material balance equations for the SV separation unit are given by:
Total material balance:

.
nFeed =

.
nVapor +

.
nLiquid (9)

Material balance on CH4:

zCH4

.
nFeed = yCH4

.
nVapor (10)

Material balance on CO2:

zCO2

.
nFeed = yCO2

.
nVapor + xCO2

.
nLiquid (11)

.
nLiquid =

.
nSolid =

.
nSolid−CO2 +

.
nSolid−H2S (12)

xCO2 + xH2S = 1 (13)

yCH4 + yCO2 + yH2S = 1 (14)
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xCO2 =

.
nSolid−CO2

.
nSolid

(15)

where
.
nFeed,

.
nVapor, and

.
nSolid are the total molar flow rates of the feed stream, vapor stream,

and solid (or liquid) streams, respectively; and zi is the mole fraction of component i in
the feed.

The separation unit has two utility streams: Q1 and Q2. Q1 represents cooling of the
feed stream (which is being adiabatically throttled) to either reach the conditions of the
SVE zone or enhance the solidification of acid gases. Q2 represents heating required to
melt the solids formed in the SVE zone. Note that cooling (Q1) is required only if adiabatic
throttling of the feed (in the expansion valve) is not sufficient to reach the conditions in
the SVE region, as illustrated in Figure 2, or if further solidification of acid gases is needed,
where the cooling step will take place after the throttling valve. Figure 3 further explains
the mass and energy flow schemes for the SV separation unit.

Figure 3. Simplified mass and energy flows for the SV separation unit.
.

Q1 is the cooling rate for the feed stream (if needed), and
.

Q2 is the heating rate required
to melt solids formed in the SVE zone into a liquid stream. Steady-state energy balances on
the two subsystems illustrated in Figure 3 give:

.
Q1 =

.
HFeed − (

.
HVapor +

.
HSolids) (16)

.
Q2 =

.
Hliquid −

.
HSolids (17)

where: .
HFeed =

.
nFeedhLiquid(TFeed, PFeed) (18)

.
HVapor =

.
nVapor hVapor(T, P) (19)

.
Hliquid =

.
nLiquidhLiquid(T, P) (20)

and
.

HSolids =
.
nSolid_CO2 hSolid_CO2 +

.
nSolid_H2ShSolid_H2S (21)

where
.

H is the enthalpy flow rate; h is the molar enthalpy of the component/stream; hVapor
is the molar enthalpy of the vapor stream emerging from the SVE unit; and hLiquid and
hSolid are the molar enthalpies of the liquid stream emerging from the melting tray and
the solid stream entering to the melting tray at T and P, respectively. They are determined
under the corresponding conditions by the built-in Aspen Plus models. Furthermore, the
molar enthalpies of the solid phase can be estimated by:

hSolid_CO2(T, P) = hVapor_CO2(T, P)− ∆hsub
CO2

(22)

hSolid_H2S(T, P) = hVapor_H2S(T, P)− ∆hsub
H2S (23)

where ∆hsub
i is the enthalpy of sublimation of component i, which equals 28.83 kJ/mol for

CO2 [26] and 23.8 kJ/mol for H2S [27].
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3. Results and Discussion
3.1. SV Separation Unit

The SV separation unit model (described by the equations presented above) was
exported to Aspen Plus for simulation. The following three-feed compositions (mole%)
were tested:

Feed A (80% CH4, 10% CO2, 10% H2S);
Feed B (80% CH4, 15% CO2, 5% H2S);
Feed C (70% CH4, 17.5% CO2, 12.5% H2S); and
Feed C’ (70% CH4, 17.5% CO2, 12.5% H2S) with additional cooling.
The feeds at 80 bar and 200 K were throttled to 10 bar to assure that the SV unit

was in the SVE zone, as illustrated in Figure 2 and predicted elsewhere [22]. The overall
performance results are listed in Table 1.

Table 1. Results for the tested three-feed compositions.

Feed A B C C’ *

T (K) after throttle valve 161.3 168.0 182.2 165.0

Heat Transfer Rate
(W/kmol Feed)

.
Q1 0 0 0 486
.

Q2 552 617 780 885

Vapor-Phase Composition (mol%)

CH4 99.2 98.4 94.1 98.9

CO2 0.5 1 4.1 0.7

H2S 0.3 0.6 1.8 0.4

Liquid-Phase Composition (mol%)
CO2 49.6 75.7 56.6 58.2

H2S 50.4 24.3 43.4 41.8

Removal Ratio in Liquid Phase (%)

CO2 96.2 94.6 82.7 97.1

H2S 97.6 90.9 88.9 97.6

CO2 + H2S 96.9 93.7 85.3 97.3

* Feed C’ represents another run of feed “C” but with subsequent cooling (Q1).

Table 1 shows that when the methane composition in the feed stream is high (such as in
cases A and B), the sweet gas (vapor outlet) stream would have a higher purity of methane.
However, when a sourer gas is fed to the unit (such as in case C), the methane purity in
the outlet vapor would be relatively low. Therefore, the operation conditions could be
optimized if required, for example, by adjusting the temperature of the SV equilibrium unit
(cooling it down) or adding another SV separation unit.

The first option for optimization (further cooling of the feed stream) is demonstrated
in case C’, where the feed was cooled down to 165 K (in addition to being adiabatically
throttled). The purity of the produced methane improved significantly to about 99%,
and the gas removal ratios also increased significantly. However, a cooling rate (

.
Q1) of

485 W/(mole of the feed) is required, whereas a higher heating rate (
.

Q2) was needed to
melt the acid gases as a result of higher solidification amounts of CO2 and H2S.

3.2. Comparison with a Traditional Amine-Sweetening Unit

A traditional amine-sweetening unit was simulated using Aspen Hysys®software.
Two different feed compositions (with low and high concentrations of acid gases), where
the compositions represent actual natural gas streams extracted in state of Qatar, were
tested. Furthermore, in this study, only CH4, CO2, and H2S gases were considered, and the
compositions were normalized to exclude other trace gases (such as C2+). The two cases of
tested feed stream compositions and conditions are presented in Table 2.
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Table 2. Dry-basis compositions of the two tested feeds and their specifications.

Feed Case 1 Case 2

Dry-feed composition
CH4 96.19% 89.27%
CO2 2.87% 5.88%
H2S 0.94% 4.85%

Feed flow rate
kg/h 287,640 287,640

kmol/h 16,905.1 15,496.1

Feed conditions
Temperature (◦C) 40

Pressure (bar) 45

The targeted goal is to produce a sweetened gas stream with a minimum purity of
99.7%. Figure 4 shows a traditional acid gas treatment flow sheet employing sulfolane and
DIPA as a chemical solvent under high pressure to remove H2S and CO2 from sour gas.
The sour gas is fed into a high-pressure absorber (45 bar), which purifies the natural gas
mixture to the sales gas specification. Then, acid gases are stripped from the rich amine in
a regenerator column, which operates under low pressure (2 bar) and high temperature
(135 ◦C) and recycles the sulfolane and DIPA-lean solvent (with potential makeup) back to
the absorber column.

Figure 4. Process flow diagram of the simulated optimized amine-sweeting unit.

Figure 5 illustrates a process flow diagram of the SV separation unit. A feed gas under
the same conditions (40 ◦C and 45 bar) is fed to a compressor, with the output pressure
between 70 and90 bar. Then, the sour gas is cooled and liquefied to 210 K. The liquid
mixture is then throttled adiabatically just before entering the SV unit and cooled further if
deemed necessary (e.g., to improve the SV separation). Vapor–solid separation takes place
in the SV unit, and the sweet gas flows to the top of the unit, whereas the sour gases are
collected at the bottom of the unit in the liquid phase (as explained in Section 2).

Figure 5. Process flow diagram of the SV separation unit.

3.3. Sensitivity Analysis and Optimization of the SV Separation Unit

The impact of the compressor discharge pressure and the throttling pressure in the
SV separation unit on the overall energy consumption of the process was studied while
maintaining the targeted purity level (99.7% pure CH4). The results are presented in
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Figures 6 and 7. Figure 6 shows that increasing the compressor pressure increases the
total energy requirement significantly due to (1) the increased work for the compressor
itself and (2) the higher cooling rate of the cooler as a result of the higher temperature and
pressure of the sour gas discharged from the compressor. Although the higher pressure
has a negligible impact on

.
Q2 (SV unit heating rate), it has a noticeable impact on the

.
Q1

of the SV unit (again, as result of the higher pressure of the feed coming into the SV unit,
which requires more cooling to reach the targeted purity). On the other hand, Figure 7
shows that the throttling pressure of the feed to the SV separation unit has less impact on
the total energy rate requirements. The higher the throttling pressure lowers the cooling
rate needed within the SV separation unit (

.
Q1), whereas there is no change in the cooling

needed upstream of the unit or heating within the SV unit itself. The SV separation unit
is optimized (with the target of minimizing the energy consumption while achieving the
needed purity) by manipulating both the throttling pressure of the SV separation unit and
the compressor pressure. The optimization results for case A are presented in Figure 8,
where the minimum energy consumption is achieved for a compressor discharge pressure
of 70 bar and a throttling pressure of 11 bar. To better illustrate the process, Figure 9
represents the process in the SV separation unit for case 2 as an example. The sour gas feed
(point 1 (313 K and 45 bar)) is pressurized and cooled to reach point 2 (210 K and 70 bar),
which is then throttled in the SV unit and cooled to 11 bars and 153.63 K (point 3), where
the sweet gas is separated in the vapor phase.

Figure 6. Impact of the compressor discharge pressure on the SV separation unit’s energy requirements.

Figure 7. Impact of the throttling valve pressure on the SV separation unit’s energy requirements.
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Figure 8. Combined impact of compressor discharge pressure and throttling pressure of the SV unit
on the total energy requirements of the SV process (case A).

Figure 9. Illustration of the gas-sweetening unit using a TP phase diagram for case 2. Point 1 is
the sour gas feed, point 2 is sour gas after being pressurized and cooled, and point 3 represents the
product for which the sweet gas is separated in the vapor phase.

3.4. Comparison between Amine-Sweeting Unit and the SV Unit

The two processes (the SV separation process and the amine absorption process) were
compared to each other on the same basis using the same feed flow rate, compositions,
and conditions as presented in Table 2. The optimized results of the traditional amine-
sweetening unit are summarized in Table 3, and the optimized results for the SV separation
unit PFD are presented in Table 4. Although the amine-sweetening unit is able to achieve
higher molar removal levels of acid gases compared to the SV unit, the presence of water in
the sweet gas stream (resulting from the evaporation of water in the used solvent mixture)
means that further processing might be needed to remove it. Additionally, the sweet gas
would be at a relatively high temperature ≈ 50 ◦C, which means that cooling might be
needed if the sweet gas is to be liquefied.
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Table 3. Optimized results of the amine-sweetening unit.

Case 1 Case 2

Solvent Sulfolane-DIPA

Solvent flow rate
kg/h 52,201.28 93,296.03

kmol/h 784.5 1402

Sweet gas composition

CH4 99.67% 99.74%
CO2 0.0020% 0.0004%
H2S 0.0657% 0.0005%
H2O 0.2667% 0.2625%

Molar removal
CO2 99.93% ≈100%
H2S 93.28% ≈100%

Energy requirements (kW)

Reboiler 5835 6112.3
Condenser 3428.6 3300.1

Pump 78.8 140.7
Cooler 1530.7 2636.9
Total 10,873.1 12,189.9

Sweet gas conditions Temperature (K) 323.54 323.19
Pressure (bar) 45 45

Table 4. Optimized results of the SV separation unit.

Case 1 Case 2

Temperature after throttle valve (K) 153.6

Vapor-Phase Composition (mol%)
CH4 99.7000% 99.7000%
CO2 0. 1737% 0.1737%
H2S 0.1263% 0.1263%

Liquid-Phase Composition (mol%) CO2 76.7620% 54.7203%
H2S 23.2380% 45.2797%

Molar removal (%)
CO2 94.2% 97.36%
H2S 87.03% 97.67%

Energy requirements (kW)

Compressor 431.95 427.85
Cooler 2278.57 2590.68

.
Q1 96.40 93.88
.

Q2 113.12 301.43
Total 2920.05 3226.08

Sweet gas conditions Temperature (K) 153.63
Pressure (bar) 11

A comparison of the total energy requirements of the two processes shows that the
SV separation process requires only 26–27% of the energy needed for the amine-sweeting
process, as shown in Tables 3 and 4, indicating one of the main advantages offered by
the SV separation process over traditional amine units. Additionally, the SV separation
process requires fewer equipment units, eliminates the need for corrosive solvents that
damage the equipment over time, and avoids contamination of the sweet gas product with
water moisture. Therefore, the SV separation process is associated with lower capital and
operational costs in comparison to the traditional absorption processes.

4. Conclusions

With the increased demand for natural gas, new technologies are emerging to sweeten
and monetize sour gas supplies more visibly. In this study, a state-of-the-art separation unit
was developed. This separation unit is based on operation in the solid–vapor equilibrium
(SVE) region in order to remove acid gases from natural gas by solidification. The solid–
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vapor (SV) separation unit offers some key advantages over traditional amine-scrubbing
units, such as lower energy requirements, capital costs, maintenance and operational costs,
and production of water-free sweet gas streams.

Simulation results showed that the unit produces high-purity methane gas, with
high removal ratios of CO2 and H2S from the feed stream. Moreover, in the case of high
concentrations of CO2 and H2S in the feed stream, the separation can be enhanced by
cooling the feed stream to lower temperatures within the SVE zone. Cooling is required
if adiabatic throttling is insufficient to bring the mixture to the VSE zone or when higher
levels of methane purity or acid gas removal ratios are needed.
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