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Biogas upgrading followed by biomethane liquefaction is preferred for long-distance transportation and storage.
Cryogenic upgrading technology is a promising option for producing high purity biomethane. Although the
cryogenic approach is energy-intensive, its integration with the liquefaction process provides dual benefits
(upgrading and precooling of biomethane), ultimately reducing the overall energy load. Herein, a biomethane
liquefaction process followed by CO2 solidification is presented. The CO2 solidification phenomenon is studied
using the Aspen Hysys® v11 and validated against available experimental data. The single-loop mixed refrigerant
used for CO2 solidification consists of methane, propane, and CO2, whereas biomethane is liquefied using a
conventional mixed refrigerant i.e., nitrogen, methane, ethane, and propane. The modified coordinate descent
algorithm is employed to optimize the design variables of the proposed integrated process. The proposed optimal
process offers an overall energy savings of 68.6% compared to the published base case. The exergy efficiency of
the proposed process is 23.7%. Cryogenic exchangers are the major source of exergy destruction. An economic
analysis is also performed to evaluate the preliminary feasibility of the proposed process. In terms of process
configuration, energy consumption, exergy efficiency, and process economics, the proposed process is superior to
the available base case. The findings of this study will help process engineers achieve sustainable renewable
energy by significantly improving the biomethane value chain.

1. Introduction
The utilization of biogas is two dimensional: the reduction of
greenhouse gas (GHG) emissions [1] and the production of energy from
organic waste [2]. Owing to these dual benefits, biogas utilization is
increasing annually at a rate of 11.5% [3], which highlights its global
acceptability as a clean energy source, mainly because of its methanerich characteristics [4]. However, unlike conventional natural gas
(NG) transportation, biogas transportation is a matter of concern
because it is produced at atmospheric pressure, which is significantly
lower than that of NG [2]. At this pressure, biogas storage or trans
portation is uneconomical owing to its low energy density [5]. This low
energy density can be enhanced using either compression or liquefac
tion; the method selected depends on the mode of transportation.
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Transportation through pipelines is performed in a compressed
(gaseous) form, whereas transportation by cargo ships, or when pipe
lines are inefficient or impractical, is carried out in liquefied form. For
both transportation modes, the biogas must meet the quality standards,
particularly the permissible CO2 limit, to avoid any issues related to
operation, maintenance, and energy efficiency. Generally, a CO2 content
below 50 ppm [6] is recommended for the final upgraded biogas,
particularly when it must be liquefied for transportation over long dis
tances, i.e., >25–250 km [4], depending on the shipment size. The CO2
contents above 50 ppm leads to operational issues. Accordingly, the
efficient removal of CO2 (known as biogas upgrading) to the allowable
limit becomes mandatory prior to liquefaction.
The selection of optimum biogas upgrading technology has a sig
nificant impact on the overall economics of the liquefied biomethane
(also known as renewable LNG or bio-LNG) value chain. Many
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operational and maintenance complexity. Researchers have also studied
different approaches to liquefy biomethane based on process configu
ration and refrigerant mixtures. Capra et al. [15] have performed
comparative analysis of different refrigeration technologies for bio
methane liquefaction. Amongst the discussed technologies, the reverse
Rankine cycle based mixed refrigerant technology consume lowest SEC
i.e., 0.85 kWh/kg. Hofmann et al. [16] have performed experimental
study on biogas upgrading through CO2 solidification followed by bio
methane liquefaction achieving biomethane purity 99.9 vol%. Rehman
et al. [2] utilizing cold energy of liquid air to liquefy biomethane. The
overall compression power of their proposed process is 38% lower than
the conventional single loop mixed refrigerant process (3267 kW).
It is evident from the reported literature that cryogenic technology is
a promising approach to biogas upgrading if biomethane liquefaction is
the final objective owing to its dual benefits of biogas upgrading and the
precooling of biomethane. Cryogenic biogas upgrading is generally
performed through distillation or CO2 solidification. CO2 solidification is
a relatively new approach with distinct advantages over distillation such
as high product purity and recovery, simple and economical operation.
However, the handling of solid CO2 is a technically complex procedure
that reduces the overall competitiveness of cryogenic biogas upgrading,
especially for large-scale applications.
This study investigates the use of a separate cold box in a parallel
two-way configuration for continuous operation to solidify and vaporize
CO2 in an energy-efficient manner without increasing the process
complexity. A simple and energy-efficient biogas upgrading system that
integrates the solidification of CO2 with the biomethane liquefaction
process is presented. The biogas upgrading section is facilitated by
single-loop mixed refrigerants, i.e., methane, propane, and CO2, to
provide the required cooling duty. The bio-LNG production section
utilizes conventional mixed refrigerants such as nitrogen, methane,
ethane, and propane mixtures. The integrated process is simulated and
analyzed using the Aspen Hysys® v11. The thermodynamic behavior of
the CH4/CO2 mixture is investigated and validated using experimental
data. The final optimal design of the integrated process, corresponding
to minimal energy consumption, is obtained using the modified coor
dinate descent (MCD) algorithm. Detailed exergy composite curves are
analyzed to evaluate the thermodynamic performance. A preliminary
economic evaluation is conducted to assess the economic feasibility of
the process.

Nomenclature
Abbreviations
GHG
Greenhouse gas
LBM
Liquefied biomethane
LNG
Liquefied natural gas
MCD
Modified coordinate descent
CB
Cold box
SEC
Specific energy consumption
THCC
Temperature heat flow composite curve
CA
Cellulose acetate
Subscripts
des
in
out
Vap
I
BM
Liq
P

destruction
inlet
outlet
Vapour
ith component
Base module
Liquid
Purchase

researchers have investigated the performances of biogas upgrading
technologies with respect to integration with bio-LNG production. For
instance, Pellegrini et al. [7] investigated cryogenic and absorptionbased biogas upgrading integrated with a liquefaction process. Their
results revealed that the absorption upgrading, and liquefaction process
requires 34.8% of the total energy to liquefy biomethane, which is
significantly higher than cryogenic processes. In case of cryogenic pro
cesses, the distillation and anti-sublimation process require 29.8 and
25.8% of the total energy, respectively, for biomethane liquefaction [7].
Likewise, Hashemi et al. [8] evaluated the absorption and cryogenic
biogas upgrading processes integrated with liquefaction. Their results
revealed that the cryogenic process is more efficient, with a lower spe
cific energy consumption (SEC: 2.07 kWh/kg bio-LNG) than that of the
absorption process (SEC: 3.35 kWh/kg) [8]. Ahmad et al. [9] proposed a
cryogenic distillation-based upgrading and liquefaction process that was
facilitated by the nitrogen refrigeration cycle. They [9] did not report
the SEC and thermodynamic characteristics of CO2 freezing in the
distillation columns. Haider et al. [10] performed biogas upgrading
using an imidazolium-based ionic liquid and integrated it with the
liquefaction process. The SECs for upgrading and liquefaction were
1.104 kWh/kmol and 11.26 kWh/kmol, respectively. They used highpressure (~40 bar) biogas in absorber but did not include the
compression power required to increase the pressure of biogas to ~ 40
bar in the overall SEC [10]. Similarly, Haider et al. [11] studied an in
tegrated bio-LNG process that was followed by biogas upgrading based
on a deep eutectic solvent at a high pressure (~36 bar). The associated
minimum SEC for biogas upgrading was 0.244 kWh/kg, whereas for bioLNG, the SEC was 0.43 kWh/kg [11]. Nachtmann et al. [12] proposed a
unique process configuration for biogas upgrading in which CO2 is
separated as a snow (low-density solid CO2) from biogas, and the process
is integrated with biomethane liquefaction. The resulting SEC was 6.44
kWh/L [12]. Baccioli et al. [13] investigated CO2 solidification-based
biogas upgrading integrated with the liquefaction process; the re
ported SEC was 1.45 kWh/kg. Similarly, Spitoni et al. [14] studied antisublimation-based biogas upgrading integrated with the liquefaction
process under various feed compositions. The SEC ranged from 1.093 to
1.574 kWh/kg for biogas with a CO2 content of 30% to 50% [14]. In this
process [14], CO2 solidification is conducted inside a heat exchanger in
which solid CO2 after separation is liquefied by injecting high-pressure
CO2 and then pumped-out. However, the solidification and liquefac
tion of CO2 within heat exchangers raises concerns regarding the

2. Proposed integrated process
The proposed integrated biogas upgrading, and bio-LNG production
process is illustrated in Fig. 1. The biogas is first compressed and cooled,
prior to CO2 solidification, in accordance with the CH4/CO2 mixture
temperature and pressure conditions. The CH4/CO2 mixture ratio is
taken as 0.5/0.5 by mole. Thereafter, the CO2 is separated through so
lidification in a cold box, whereas the upgraded biomethane is for
warded to the bio-LNG production section. The upgrading section is
provided in a parallel configuration to facilitate continuous operation. A
detailed description of the process is presented in the following
subsections.
2.1. Biogas upgrading: CO2 solidification
In the biogas upgrading section, CO2 is removed from biogas through
an anti-sublimation (CO2 vapor ↔ CO2 solid) process that is conducted in a
specially designed cold box that operates at a specific temperature (− 68
℃) and pressure (5.17 bar). The temperature and pressure are calculated
using the phase diagram of the CH4/CO2 mixture. It is critical to study
the phase behavior of the CH4/CO2 mixture, especially when all three
phases (solid, liquid, and vapor) are considered. For this purpose, the
phase (PT) diagram in Fig. 2 is developed from the data extracted using
Aspen Hysys at different temperatures and pressures.
According to Fig. 2, the fusion curve separates the solid (left) and
2
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Fig. 1. Process flow diagram of the optimal biogas upgrading and bio-LNG production process.

Fig. 2. Phase diagram of the methane/carbon dioxide mixture and CO2 solidification point.

liquid regions (right), whereas the region above the bubble point curve
is the liquid region and that below the dew point curve is the vapor
region. Between the bubble point and dew point curve, the vapor and
liquid phases coexist. Furthermore, the anti-sublimation curve separates
the vapor and solid phases. The anti-sublimation temperature ranges
from − 85 ◦ C to − 60 ◦ C over a pressure range of 1 to 8.5 bar. These
pressure and temperature ranges are selected to avoid the presence of a

liquid phase. Therefore, the temperature and pressure of the feed biogas
must be adjusted so that CO2 solidification occurs within this range. For
instance, the CO2 solidification pressure should be below 8.5 bar but
high enough to manage the compression load in an optimal range.
However, when the pressure is low, a low temperature is required for
solidification, leading to higher energy consumption by the refrigeration
cycle. Therefore, the pressure and temperature of 5.17 bar and − 68 ℃,
3
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respectively, are selected for biogas upgrading. The pressure and tem
perature can also be validated using experimental data [17]. First, the
thermodynamic package (Peng–Robinson) is validated using the
experimental data [17] with a CH4/CO2 composition of 0.458/0.542,
and then, the CO2 sublimation point is estimated using the feed gas
composition (CH4/CO2: 0.5/0.5 by mole), as shown in Fig. 3.
Fig. 3 authenticates the selected temperature and pressure conditions
for CO2 solidification and validates the use of Peng–Robinson as a
thermodynamic package for the calculation of the anti-sublimation
temperature and pressure ranges.

refrigeration cycle. The pressure of this liquefied bio-LNG is reduced to
1.2 bar with the assistance of a dual-phase expander (T3). This lique
faction process is assisted by a single-loop mixed refrigerant cycle. The
mixed refrigerant, which consists of methane (C1), ethane (C2), propane
(C3), and nitrogen (N2), is compressed to 68.53 bar and cooled at 40 ◦ C
using a multi-compression system. The high-pressure stream 30 is
cooled in CHX2 and expanded to 3.1 bar for heat exchange and to liquefy
the biomethane stream. The process flow diagram of bio-LNG produc
tion is presented in Fig. 5.
3. Process simulation

2.1.1. CO2 solidification: process description
Feed biogas at 35 ◦ C and 1 bar is first compressed to 7.17 bar in
stream 4 using a multi-compression system equipped with after-coolers
to maintain the outlet temperature at 40 ◦ C before cooling in the cryo
genic multi-stream heat exchanger (CHX1). In CHX1, the feed biogas is
cooled to − 50 ◦ C at 6.17 bar in stream 5 by exchanging heat with a cold
stream of the refrigeration cycle (stream 21). After cooling in CHX1, the
temperature of the biogas is further reduced to − 65℃, and the pressure
is reduced to 5.17 bar through a series of successive pressure reductions
before entering cold box CB2 in stream 8. The temperature in CB2 is
further reduced to − 68 ◦ C to solidify the CO2 and separate CH4 in vapor
form by providing a cold duty of approximately 23 kW. After a certain
time, solid CO2 is vaporized and separated by adjusting the cold duty to
increase the temperature in CB2. To ensure continuous flow of the
upgrading process, an alternative process configuration (dotted line) is
facilitated by exchanger E5 and cold box CB1. The flow of the feed
biogas and refrigerant for these alternative process configurations is
managed through valves. The cold duty in the biogas upgrading process
is provided by a refrigeration cycle that utilizes a mixed refrigerant
comprising C1, CO2, and C3. After upgrading, the biomethane is sent to
the liquefaction unit to produce bio-LNG. The bio-LNG production
process is described in the following section. The process flow diagram
of the biogas upgrading process is presented in Fig. 4.

The feed composition and conditions used in this study are taken
from the biogas upgrading and liquefaction process recently published
by Spitoni et al. [14], which is used as a base case for this study. The
pressure drops in the compressor after-coolers and multi-stream heat
exchangers are obtained from Qyyum et al [18], as are the compressor
and expander efficiencies. The pressure drop in aftercoolers is 0.25 bar
[19] whereas in CHX, the pressure drops are 1.0 bar and 0.1 bar for hot
and cold side [19], respectively. To the best of author’s knowledge, there
is no data available in open literature that provides the percentage of
solid CO2 with respect to temperature and pressure. Therefore, in our
study it was assumed that 100% CO2 is solidified at − 68℃ and 5.17 bar.
The proposed process is simulated in Aspen Hysys® V11, and the Pen
g–Robinson [20] equation of state is selected to calculate the thermo
dynamic properties. The design parameters and design constraints of the
proposed process are listed in Table 1.
The process conditions of each stream of the biogas upgrading and
bio-LNG production sections of the optimal design are presented in
Table 2.
4. Process optimization
Process optimization is an effective tool for finding an optimal design
by maximizing the energy efficiency, minimizing the total annualized
cost, and improving the overall process output [21]. This can be ach
ieved by setting the objective function as the main goal of optimization
and then evaluating the key design (or decision) variables of the pro
posed process. In this study, the SEC is the objective function, whereas
the refrigerant flow rates, suction and discharge pressures of both
refrigeration cycles are the selected design variables. The MITA value,
which signifies the feasible process operation, was maintained at 3 ◦ C
[19]. Table 3 lists the mathematical formulation of the objective func
tion, constraints, and design variables.
The selection of an optimization algorithm is important for the
effective and rigorous optimization of any process; however, it is equally
challenging owing to the uncertainty of finding the global optima. Many
optimization algorithms [22–24] are available in the open literature that
have demonstrated the ability to solve complex processes such as NG
liquefaction; however, these algorithms do not provide any surety with
respect to finding the global optima. By contrast, the MCD algorithm
[25] has shown promising results for complex processes and has a
proven ability to find the optimal solution for non-linear complex pro
cesses such as LNG production process [19,26]. Therefore, in this study,
the MCD algorithm is used to determine the optimal design of the pro
posed CO2 solidification integration with the base module (BM) lique
faction process.
The working principle of the MCD algorithm is to optimize the
objective function by considering one dimension at a time. Therefore,
the MCD algorithm starts by choosing a random value from a set of
design variables, as shown in Equation (1).
}
{
X0 = mC1 0 , mC3 0 , mCO2 0 , mC1 0 , mC2 0 , mC3 0 , mN2 0 , P110 , P150 , P240 , P300

2.2. Bio-LNG production: process description
The second part of the proposed integrated process is bio-LNG pro
duction, in which biomethane is liquefied, assisted by a single-loop
mixed refrigerant cycle. The produced biomethane at − 68℃ and 5.17
bar is forwarded to a multi-stream heat exchanger (CHX2) wherein the
temperature and pressure are further reduced to − 159 ℃ and 4.17 bar,
respectively. The biomethane is liquefied by exchanging heat with the

(1)

Fig. 3. Peng–Robinson validation against CH4/CO2 solid–vapor equilibrium
data and estimation of CO2 solidification conditions at feed gas composition.

After the selection of a random value, a step change Δxi is created to
4
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Fig. 4. Process flow diagram of optimal biogas upgrading process design.
Table 1
Key design parameters and design constraints of biogas upgrading and lique
faction section.
Design Parameters
Feed biogas conditions
Feed biogas composition (mole)
Compressor efficiency
Turbine efficiency
Design constraints
MITA value (℃)
Inlet temperature of compressors
Biogas upgrading conditions

Values

References

T: 35 ℃
P: 1 bar
Flowrate: 308.2 kg/h
CH4: 0.5C
O2: 0.5
80%
90%

[14]

≥3.0
>Tdew
T: − 85℃ to − 60℃
P: 1 bar to 8.5 bar

[18]

[14]
[18]
[18]

locally optimal solutions are obtained. The criterion for terminating the
optimization of the simulation is FuncTol. The optimization is termi
nated when the same solution within a given tolerance value is reached
after successive iterations. The termination criteria are fixed based on
the objective function. In this study, the termination criterion (FuncTol)
is 0.0001. Further explanation of the MCD algorithm and its applications
to different complex liquefaction processes can be found in the literature
[19,21,25]. The detailed pseudocode of the MCD algorithm is shown in
Fig. 6. This pseudocode can be translated into any computational lan
guage to optimize any system of interest.

Fig. 5. Process flow diagram of optimal bio-LNG production process design.

define the search direction for each variable. Subsequently, a base point
is determined with the help of this search, and cyclic iterations are
performed against each design variable; consequently, the objective
function (overall power in this study) is minimized with respect to each
variable. Cyclic iterations are performed for all variables to determine
the gradient descent direction. Subsequently, an updated objective
function f(X1 ) is obtained such that f(X1 ) ≤ f(X0 ). Similarly, by
considering X1 as a starting point, a variable descent search is performed
in the locality of X1 to obtain a new optimum solution. After the new
optimum solution is found, the previously obtained optimum values are
fixed, and the 1st variable is randomized while keeping the other vari
ables constant (random, 2, 3… n). A new starting point is then used for
the variable descent search (random, 2, 3… n). Similarly, the same ac
tion is performed for the 2nd variable (1, random, 3… n). Thus, several

5. Design and performance analysis
The optimal design is evaluated based on analysis of the design
variables, composite curves, exergy, and economic feasibility.
5.1. Design variable analysis
The effects of varying the suction pressure and discharge pressure on
the SEC and the MITA are depicted in Fig. 7. Increasing the suction
pressure of the refrigeration cycle (keeping the discharge pressure
constant) decreases the SEC and MITA values. A higher suction pressure
results in a lower SEC value, but the MITA value is negative, which is not
thermodynamically feasible. If the suction pressure is reduced, the SEC
5
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Table 2
Optimal design process stream conditions of biogas upgrading and bio-LNG section.
Stream No.

Mass flowrate (kg/h)

Temperature (℃)

Pressure (bar)

Biogas
1
2
3
4
5
6
7
8
9
Biomethane
10
CO2
11
12
13
14
15
16
17
18
19
20
21
22
23
Bio-LNG
24
25
26
27
28
29
30
31
32
33

308.2
308.2
308.2
308.2
308.2
308.2
308.2
308.2
308.2
82.33
82.33
225.9
225.9
872.2
872.2
872.2
872.2
872.2
872.2
872.2
872.2
872.2
872.2
872.2
872.2
82.33
82.33
724
724
724
724
724
724
724
724
724
724

35
126.7
40
142.4
40
− 50
− 50
− 50
− 66
− 68
− 68
− 68
− 68
37
98.3
40
104.3
40
− 65
− 76
− 76
− 76
− 74
− 74
37
− 159.4
− 159.5
36.3
121.7
40
134.4
40
125.7
40
− 159.4
− 162.5
36.3

1
2.72
2.47
7.42
7.17
6.17
6.17
6.17
5.17
5.17
5.17
5.17
5.17
11.67
24.34
24.09
50.75
50.5
49.5
11.87
11.87
11.87
11.77
11.77
11.67
5.17
1.2
3.0
8.51
8.26
25.54
25.29
68.78
68.53
67.53
3.1
3.0

Constraints: MITA (◦ C)

Minimizef(X) = Min(

∑n

i=1

Wi
)
mfeed

where,
Wi = W Upgrading + W Liquefaction
1.0 < MITA (X)CHX-1 < 3.0
1.0 < MITA (X)CHX-2 < 3.0
and,
Xlower < X < Xupper
where X is a vector of the decision
variables.

Decision Variables

Lower limit

Upper limit

Biogas upgrading Section
mC1 (kg/h)

20.0

100.0

mC3 (kg/h)

50.0

150.0

mCO2 (kg/h)

200.0

1000.0

Suction pressure (stream-11), P11 (bar)
Discharge pressure (stream-15), P15 (bar)
Bio-LNG production Section
mN2 (kg/h)

5.5
30.0

14.5
65.0

50.0

150.0

mC1 (kg/h)

150.0

500.0

mC2 (kg/h)

100.0

500.0

mC3 (kg/h)

50.0

200.0

Suction pressure (stream-24), P24 (bar)
Discharge pressure (stream-30), P30 (bar)

1.1
35.0

4.0
70.0

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

7793
7674
7788
7655
7792
7903
7903
7903
7921
4877
4877
9400
9400
7958
7897
7968
7908
7999
8396
8401
8401
8401
8395
8395
7958
4877
5572
3367
3193
3366
3177
3386
3227
3436
4174
4184
3367

Entropy (kJ/kg.℃)
6.16
6.22
5.92
5.99
5.62
5.24
5.24
5.24
5.21
9.77
9.77
1.59
1.59
4.12
4.15
3.95
3.98
3.72
2.20
2.21
2.21
2.21
2.23
2.23
4.12
4.82
4.82
8.54
8.63
8.16
8.25
7.67
7.75
7.16
3.53
3.54
8.54

Exergy (kJ/kg)
− 0.8781
99.98
73.74
187.5
160.2
161.7
161.7
161.7
154.8
289.7
289.7
241.9
241.9
152.7
204.5
194.9
245.1
232.7
287.6
281.8
281.8
281.8
278.5
278.5
152.7
1070
1069
126.7
273.9
243.6
404.5
368.0
502.4
468.9
814.9
801.8
126.7

optimal suction pressure is 11.87 bar at a MITA value of 3 ◦ C, yielding an
SEC value of 0.1617 kWh/kg. In contrast, with when the discharge
pressure increases (keeping the suction pressure constant), the SEC and
the MITA values increase. Similarly, by decreasing discharge pressure,
the SEC and MITA value decreases. This is because as the pressure de
creases, the enthalpy of refrigerant stream decreases which leads to low
heat transfer and consequently, decrease in MITA value. Further, with
decreasing discharge pressure, the pressure ratio in compressors de
creases leading to lower SEC. Therefore, the optimal discharge pressure
and SEC is selected keeping MITA value of 3℃. With a MITA value of 3
◦
C, the optimal discharge pressure is 50.75 bar, and the SEC is 0.1617
kWh/kg. A discharge pressure of less than 50.75 bar results in low SEC
and MITA values. A higher discharge pressure leads to a higher
compressor duty, which ultimately increases the energy consumption.
However, a higher suction pressure will result in low compression power
owing to the low-pressure ratio, at the cost of a negative MITA value.
Therefore, the optimal suction and discharge pressures for the upgrading
section are 11.87 bar and 50.75 bar, respectively, at a MITA value of 3
◦
C.
Similarly, the impact of the suction and discharge pressure on the
SEC value of the bio-LNG section is investigated. As the suction pressure
increases, the MITA value decreases. At the desired MITA value of 3 ◦ C,
the optimal suction pressure is 3.1 bar, and the SEC is 0.338 kWh/kg, as
shown in Fig. 8. The effect of suction pressure on the SEC is interesting;
as the suction pressure increases, the SEC initially decreases and then
increases. However, the increase is not significant, and the lower SEC
value is at the cost of a negative MITA value. The optimal SEC and
suction pressure were 0.338 kWh/kg and 3.1 bar, respectively, and were
obtained by maintaining the MITA value at 3 ◦ C. In the case of the
discharge pressure, the MITA value exhibits a significant increase from

Table 3
Objective function, constraint, and decision variables with their lower and upper
limits.
Objective function: SEC (kWh/kg)

Enthalpy (kJ/kg)

increases as because the pressure ratio of compressors increases.
Further, the MITA value also increases by reducing suction pressure if
other all design parameters are kept at constant values. Thus, the
6
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Fig. 6. Detailed pseudocode of modified coordinate descent optimization algorithm.

− 8.8 ℃ to − 2.2 ℃ as the discharge pressure increases from 50 to 60 bar.
However, the MITA does not significantly increase above 3 ℃, even with
further increases in pressure. As the pressure increases from 80 bar to 90
bar, the MITA value increases from 3.13 ◦ C to 3.19 ◦ C. Therefore, at the
MITA of 3 ◦ C, the optimal discharge pressure is 68.78 bar, and the SEC is
0.338 kWh/kg.
The overall SEC of the optimal design is 0.495 kWh/kg, representing
41% energy savings compared to the initial design. The optimal design is
also economical in terms of the refrigerant flow, requiring a total
refrigerant flow of 1596 kg/h, which is 67% less than the initial design’s
refrigerant flowrate (4820 kg/h). The process differs from the base case
[14] in terms of process configuration and refrigerant selection; there
fore, the two cannot be compared in terms of design variables. Hence,
only the SEC of the proposed optimal design is compared with that of the
base case. In the base case [14], the SEC was evaluated at varying feed

compositions. It was found that by increasing the CO2 content from 30 to
50%, the SEC increased from 1.093 to 1.574 kWh/kg. With a minimum
SEC of 1.093 kWh/kg, the proposed optimal design is 54.7% energy
efficient. Table 4 summarizes the design variables and the SEC of the
initial and optimal designs.
5.2. Composite curve and exergy destruction analysis
The energy efficiency of a cryogenic process can be determined
through composite curve analysis [22]. Conventionally, temperature
heat flow composite curves (THCCs) and temperature difference com
posite curves (TDCCs) are used in cryogenic processes to visualize the
heat recovery and identify potential energy efficiency improvements.
THCCs constitute hot and cold composite curves that show the tem
perature and heat flow relation of hot and cold streams along the length
7
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Table 4
Design variables and SEC before (initial design) and after (optimal design) MCD
optimization.
Design variables
Biogas upgrading section
mC1 (kg/h)
mC3 (kg/h)

mCO2 (kg/h)

Optimal design

122.6

66.6

0

87.5

3027

718.1

3150
14.30
29.50
0.228

872
11.8
50.7
0.162

Total refrigerant flowrate (kg/h)
Suction pressure (stream-11), P11 (bar)
Discharge pressure (stream-15), P15 (bar)
Specific energy consumption (kWh/kg)
Bio-LNG section
mN2 (kg/h)

218.1

85

mC1 (kg/h)

749.5

376

mC2 (kg/h)

702.4

165

mC3 (kg/h)

0

98

1670
3.25
37.28
0.6092
0.8374
–

724
3.1
68.7
0.333
0.495
40.9

Total refrigerant flowrate (kg/h)
Suction pressure (stream-24), P24 (bar)
Discharge pressure (stream-30), P30 (bar)
Specific energy consumption (kWh/kg)
Total specific energy consumption (kWh/kg)
Relative energy savings (%)

Fig. 7. Effect of suction and discharge pressure on SEC and MITA in biogas
upgrading section.

Initial design

the large temperature gap between streams is the main reason for the
high MITA value of 8.9 ℃. Minimizing the temperature gap between the
cold end streams can narrow the hot and cold composite curve gaps and
decrease the MITA. Furthermore, Fig. 9(b) shows that the maximum
MITA value reached within the CHX1 is 44 ◦ C, at temperatures of 4 ◦ C
and − 40 ◦ C. As discussed earlier, any improvement within this tem
perature range will narrow the gap and decrease the MITA value.
Fig. 9(c) shows that the MITA value is satisfied at both the hot and
cold ends of CHX2. However, along the length of CHX2, across the
temperature range of − 60 to − 115 ◦ C, a prominent gap is observed
between the hot and cold composite curves. This temperature region is
mainly influenced by C1 in the mixed refrigerant. A low proportion of C1
in the mixed refrigerant narrows the gap between the curves in this
region. However, decreasing the proportion of C1 to below the optimal
value adversely effects the composite curves at the hot end, which re
sults in a negative MITA value. In contrast, increasing the proportion of
C3 widens the gap between the composite curves at the upper end of the
THCC profile; yet, increasing the proportion of C3 leads to a further
increase in the TDCC profile. Fig. 9(d) further explains the temperature
profile in terms of the MITA value. The highest MITA value (50.8 ◦ C) in
CHX2 is reached at − 63 ◦ C and − 114 ◦ C. Reducing the height of the
TDCCs increases the heat flow and exchanger efficiency. Increasing the
proportion of the low-boiling N2 refrigerant decreases the height of the
TDCCs; however, the gap between the hot and cold composite curves at
the cold end increases. Therefore, the selection of high- and low-boiling
refrigerants and their composition play a key role in improving both the
heat exchanger efficiency and the energy consumption.
The composite curves provide a holistic overview of the entropy
generation and exergy destruction. Exergy destruction in the equipment
helps to identify equipment or process inefficiencies. A detailed exergy
analysis is conducted to evaluate the maximum thermodynamic poten
tial. Exergy analysis is a powerful tool for quantifying the amount of
energy in a given process, and it facilitates the development of measures
for the effective utilization of energy [21]. Exergy can be physical,
chemical, kinetic, or potential. Considering the process to be at rest and
in the ground state allows the latter two exergies to be neglected.
Furthermore, because no chemical reaction is involved, the chemical
exergy can also be neglected. The physical exergy is calculated using the
mathematical relations [27] listed in Table 5. Furthermore, the exergy
efficiency of the proposed process can be calculated using Equation (2)
[28]:

Fig. 8. Effect of suction and discharge pressure on SEC and MITA in bio-LNG
production section.

of the heat exchanger. TDCCs provide a graphical overview of the
temperature and MITA variations of hot and cold streams within the
heat exchanger. Fig. 9(a) and (b) show the THCCs and TDCCs of CHX1 in
the biogas upgrading section, respectively, whereas Fig. 9(c) and (d)
show the THCCs and TDCCs of the bio-LNG production section of the
optimal design, respectively. In Fig. 9(a), a large gap is observed be
tween the hot and cold composite curves, particularly in the tempera
ture range of 4 to − 40 ◦ C. This gap shows the heat recovery potential
between the hot and cold streams: the narrower the gap, the more
efficient the process. In the case of CHX1, the gap can be narrowed either
by introducing a low-boiling refrigerant, such as nitrogen, or by
increasing the proportion of the low-boiling refrigerant in the mixed
refrigerant. However, doing so causes the MITA value to increase at both
ends of these curves, imparting more heat load to the refrigeration cycle.
The refrigerant must be selected to minimize the gap along the length of
CHX1. Fig. 9(b) further explains the temperature profile with respect to
the MITA and temperature. The MITA value is satisfied at the hot end of
CHX1, whereas the cold end of CHX1 can be improved. At the cold end,
8
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Fig. 9. Biogas upgrading section a) THCC, b) TDCC and bio-LNG section, c) THCC, d) TDCC.

hot and cold composite curves, as shown in the THCCs and TDCCs.
Consequently, the exergy destructions in the aftercoolers and com
pressors of the optimal design are found to be 41.5% and 39.6% lower,
respectively, than that of the initial design. An overall exergy destruc
tion of 131.87 kW is obtained in the optimal design configuration, which
represents a 44.6% saving compared to the initial design. Although the
efficiency of each piece of equipment is higher in the optimal design
scheme, the exergy efficiency of the entire process is the only parameter
that demonstrates the thermodynamic performance of the process. As
shown in Table 6, the exergy efficiency of the optimized process is
enhanced from 14.3% to 23.7%, which clearly demonstrates the narrow
gap between the composite curves.

Table 5
Mathematical relations for calculation of exergy destruction through each piece
of equipment.
Equipment

Exergy destruction (kW)

Compressor

Exdes = (m)(Exin − Exout ) + W

Expander/Turbine

Exdes = (m)(Exin − Exout ) − W

After cooler
Flash separator
Multi-stream heat exchanger

Exergy efficiency =

Wi
× 100
Wactual

Exdes = (m)(Exin − Exout )
)
(
Exdes = (m)Exin − (m)ExLiq +(m)ExVap
∑
∑
Exdes =
(m)Exin −
(m)Exout

(2)

5.3. Cost analysis

where Wi is the minimum power required by an ideal process, and
Wactual is the actual power used in a real process. The total energy
consumption in each term describes the power consumption by the
compressors and flash separator.
Determining the exergy destruction is crucial for evaluating the
thermodynamic performance of a specific process, which ultimately
leads to improvements in energy efficiency. The total power consump
tion in the initial design is measured to be 277.8 kW, and this is reduced
to 172.85 kW in the optimal design, which indicates an improvement in
energy efficiency. The exergy destructions across all the equipment in
the initial and optimized designs are presented in Table 6. The cryogenic
exchangers are the main contributors to exergy destruction. The exergy
destruction in the heat exchangers constitutes 49.82% of the overall
exergy destruction of the selective process. However, the exergy loss of
the optimal design is 52.1% lower than that of the initial design. The
temperature difference inside the cryogenic heat exchangers is directly
related to the exergy destruction. The high thermodynamic efficiency of
the proposed process can be explained by the narrow gap between the

The energy efficiency of a process is typically evaluated in terms of
its thermodynamic performance, as discussed in previous sections, as it
is one of the basic descriptors of the feasibility of a given process.
However, many energy-efficient processes are not suitable for scale-up
because of the economic uncertainties that occur in terms of the fixed
and floating costs. There is always a trade-off between the capital cost
(CC) and operating cost (OC). Therefore, economic analysis must be a
key consideration in assessing the feasibility of an energy-efficient
process. To evaluate the economic feasibility of a project, the total
annualized cost (TAC), which is a function of the CC and OC, is calcu
lated using Equation (3). The CC is the fixed cost of a project that rep
resents investments in a piece of equipment and its installation, whereas
OC is the variable cost associated with the power/energy consumption
of the equipment. A payback period of 5 years was maintained in all
configurations to ensure fair comparison.
(
)
Capital cost
TAC =
+ Operating cost
(3)
Payback period
9
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Table 6
Exergy destruction associated with each piece of equipment of the proposed
process before and after MCD optimization.
Equipment
Compressors
K1
K2
K3
K4
K5
K6
K7
Net
Air coolers
E1
E2
E3
E4
E5
E6
E7
E8
E9
Net
Cryogenic heat exchangers
CHX1
CHX2
Net
Turbines
T1
T2
T3
Net
Separator
CB2
Net
Overall exergy destruction
(kW)
Exergy savings (%)
Exergy efficiency (%)

Initial design
Exergy destruction
(kW)

Optimal design
Exergy destruction
(kW)

1.56
1.55
8.11
14.24
13.55
–
–
39.02

1.56
1.55
2.46
5.39
2.27
4.79
5.54
23.57

1.57
1.78
7.79
1.38
16.38
18.9
–
–
–
47.8

1.57
1.78
2.18
2.85
–
1.39
5.41
6.79
6.55
28.5

31.69
104.18
135.87

17.09
48.57
65.7

0.13
0.71
0.0089
0.84

0.2
0.62
0.0089
0.83

14.61
14.61
238.11

14.61
14.61
131.87

–
14.3

44.62
23.7

N
∑

Fig. 10. Equipment-based capital cost breakdown associated with the proposed
process designs.

and TAC values of initial and optimal design are given in Table 7.
Table 7 also shows the operating expenditures involved in the pro
cess. The compression cost, calculated as $1.33 million in the initial
design, is the major contributor to the OC. However, 3.69 kW of power is
obtained from hydraulic turbines. Considering the improved efficiency
of the optimized, integrated process, the total power required is reduced
from 262 kW to 153 kW. Consequently, the OC is reduced by 41.6% in
the optimal design. In addition, based on the CC and OC and assuming a
payback period of 5 years, the TAC is reduced to $0.59 million, thereby
providing 37.2% savings compared to the initial design.
6. Conclusions and future directions

CBM,i

(4)

o
CBM,i = Cp,i
FBM,i

(5)

o
log10 (Cp,i
) = K1 + K2 log10 (Ai ) + K3 [log10 (Ai )]2

(6)

FCI =

An economical and energy-efficient CO2 solidification-based biogas
upgrading process integrated with a single-loop mixed refrigeration
cycle to produce high-purity bio-LNG has been proposed. The process
has been designed in a unique manner to solidify and vaporize CO2 in a
separate cold box that operates in a parallel configuration to provide
operational flexibility. The initial process design has been further opti
mized using the MCD algorithm to evaluate the optimal refrigerant
compositions and compressor pressure ratios, considering the SEC as the
objective function. The optimal design explicitly yielded energy savings
of 68.6% compared to the base case. The energy consumption of the
optimal design (0.49 kwh/kg) was significantly lower than that of the
base case (1.57 kWh/kg). The composite curve analysis demonstrated
the additional energy and exergy saving potential when the gap between
the curves was reduced within the temperature range of − 40 to − 120 ◦ C.
Moreover, the exergy efficiency (23.7%) exhibited significantly lower
exergy destruction than the initial design, primarily in the cryogenic
heat exchangers. The economic feasibility of the optimal design was
evaluated, and 37.2% saving in the TAC compared to the initial design
was demonstrated. In conclusion, the optimal design has shown signif
icant efficacy in terms of the process configuration, energy efficiency,
and process economics. The major limitation of current study is the
unavailability of data related to amount of CO2 solidification (in

i=1

The calculation of CC is based on the concept of the BM cost (CBM),
which is a function of the purchased cost (Cop,i ) [29]. The cost factors are
calculated using Equations (4), (5), and (6), where, K1, K2, and K3 are the
constant factors, and “A” represents the capacity factor, which varies
depending on the process equipment [29]. The heat transfer area “A” of
the cryogenic heat exchanger and air-cooler can be determined from the
heat transfer coefficient, as the value of UA can be obtained directly
from the simulation results. The value of “U” for the cryogenic heat
exchangers and air-coolers is 3600 W/m2K [30] and 568 W/m2K [31],
respectively. In contrast, the OC is a function of the power consumption
relevant to the compressors and is calculated on the basis of the elec
tricity cost as $16/GJ [29].
Fig. 10 shows the total fixed investment required to install the
equipment for cryogenic biogas upgrading and bio-LNG production.
Most of the CC is incurred because of the compressors and cryogenic
heat exchangers involved in the proposed configurations. Compared to
the initial design, cost savings of 28.6% and 54% are achieved in the
compressors and cryogenic exchangers, respectively. The capital in
vestment of $0.2 million in hydraulic turbines is negligible compared to
the investment in other pieces of equipment. Despite these savings, the
CC associated with air-coolers is observed to increase by 22%. However,
the overall CC is 36.5% lower than that of the initial design. The OC, CC

Table 7
Cost comparison of initial design and optimal process designs.
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Cost

Initial design

Optimal design

Savings (%)

Operating Cost (m$/y)
Capital Cost (m$)
TAC (m$/y)

0.13
4.06
0.94

0.076
2.58
0.59

4.16
36.5
37.2
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percentage) with respect to temperature. This limitation can be resolved
by further experimentation of CO2 solidification process to calculate the
amount of solid CO2 with respect to feed CO2 at different temperatures
and pressures. In future work, the exergo-economic and advanced
exergy analysis study will be used to evaluate its maximum thermody
namic potential and rigorously optimize the process to enhance its en
ergy efficiency and process economics. Moreover, the separated CO2 can
also be utilized to precool the biogas prior to upgrading to reduce the
energy load on the refrigeration cycle. This study offers an optimally
integrated configuration to facilitate a clean energy supply chain.
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