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Biomethane is regarded as a promising renewable energy source, with great
potential to satisfy the growth of energy demands and to reduce greenhouse gas
emissions. Liquefaction is a suitable approach for long distances and overseas
transportation of biomethane; however, it is energy-intensive due to its cryogenic
working condition. The major challenge is to design a high-energy efficiency
liquefaction process with simple operation and configuration. A single mixed refrigerant
biomethane liquefaction process adopting the cryogenic liquid turbine for small-
scale production has been proposed in this study to address this issue. The
optimal design corresponding to minimal energy consumption was obtained through
the black-hole-based optimization algorithm. The effect of the minimum internal
temperature approach (MITA) in the main cryogenic heat exchanger on the biomethane
liquefaction process performance was investigated. The study results indicated
that the specific energy consumption of modified case 2 with MITA of 2◦C was
0.3228 kWh/kg with 21.01% reduction compared to the published base case.
When the MITA decreased to 1◦C, the specific power of modified case 1 reduced
to 0.3162 kWh/kg, which was 24.96% lower than the base case. In terms of
exergy analysis, the total exergy destruction of the modified cases 1, 2, and 3
was 31.28%, 22.27%, and 17.51% lower than the base case, respectively. This
study’s findings suggested that introducing the cryogenic liquid turbine to the single
mixed refrigerant-based biomethane liquefaction process could reduce the specific
energy consumption and total exergy destruction significantly. Therefore, this study
could provide a viable path for designing and improving the small-scale biomethane
liquefaction process.

Keywords: biomethane, liquefied biomethane, single mixed refrigerant, optimization, exergy destruction analysis,
renewable LNG, liquid biogas, energy consumption minimization
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INTRODUCTION

One of the world’s biggest challenges is producing green
energy to meet ever-increasing energy demands with minimum
environmental damage. Presently, over 80% of global energy
demands are fulfilled by fossil fuels (ExxonMobil, 2019), which
contribute to most greenhouse gas emissions, thereby leading to
global warming and climate change. Therefore, it is imperative
to shift toward sustainable energy production systems for
mitigating climate change.

Biogas, generated from waste organic materials and sewage by
anaerobic digestion process, is a renewable energy source that
can be accessed in most regions of the world (Sun et al., 2015).
It contains 53–70% of CH4 and 30–47% of CO2, depending
on the organic matter used to generate biogas (Pellegrini et al.,
2018). As reported by the International Energy Agency, the
demand for direct use of biogas in advanced and developing
economies in 2018 was around 20.6 and 13.1 million tons of
oil equivalent (Mtoe), respectively (International Energy Agency,
2019). Biogas can be used directly as a fuel for space heating
(Bauer et al., 2013), power generation, and vehicles (Arteconi
et al., 2016). However, upgrading is required to remove CO2
in the biogas to convert it into biomethane (BM), with higher-
energy density (Hashemi et al., 2019). BM is a promising eco-
friendly renewable energy source with 95–97% of CH4 as its key
component (Yousef et al., 2019).

There are two transportation methods for BM. One is to
pressurize the BM to the pipeline pressure and inject it into
the natural gas pipeline as a supplementary gas (Ullah Khan
et al., 2017). The other is to cool down the BM gas to −162◦C
at 1 atm to convert it into a liquid state known as liquefied
biomethane (LBM) (Budzianowski and Brodacka, 2017). LBM is
the best option to recover the remote biomethane resource where
the pipeline network is not available. However, LBM is more
energy-intensive than liquefied natural gas (LNG) for its near-
ambient pressure (Rehman et al., 2020). LNG’s theoretical power
requirement reduces with the increase of natural gas pressure
before entering the liquefaction process. Thus, LBM needs to
be pressurized to 4–5 MPa to diminish the liquefaction process’
power requirement. Due to the small capacity and decentralized
location of the biomethane production (Fan et al., 2008),
small-scale biomethane liquefaction technologies are the most
suitable option to recover these sources with a low capital cost
and flexible operation (Baccioli et al., 2018). The conventional
NG liquefaction processes, namely, cascade liquefaction process
(Lee et al., 2014; Mehrpooya et al., 2016), mixed refrigerant
liquefaction process (He et al., 2020b; Qyyum et al., 2020b),
and expander-based liquefaction process (Lin et al., 2017; He
et al., 2019), can be adapted to produce LBM. However, the
cascade liquefaction process and most of the mixed refrigerant
liquefaction processes are designed for the large-scale LNG
plants with a complex configuration, making them unsuitable
for small-scale LBM production. Thus, there is a need to
design and propose suitable and energy-efficiency liquefaction
processes for LBM.

A considerable amount of literature has been published on
the liquefaction of BM. Recently, Qyyum et al. (2020a) presented

a comprehensive assessment of possible BM liquefaction
technologies. They suggested that nitrogen expansion and
single mixed refrigerant (SMR) liquefaction processes might be
potential candidates. Nitrogen expansion liquefaction processes
are considered suitable processes for small-scale LNG and
LBM production plants because of their low capital cost
and ease to start up and shut down. Hashemi et al. (2019)
adopted cryogenic upgrading and chemical absorption upgrading
integrated with a single-stage nitrogen-expander liquefaction
process to produce LBM. The energy analysis implied that the
proposed liquefaction process accounted for the most power
consumption, and there existed space for energy performance
improvement. Baccioli et al. (2018) compared conventional
and cryogenic biogas upgrading processes integrated with the
nitrogen expansion liquefaction process to produce LBM. The
cryogenic biogas upgrading process integrated with the nitrogen
expansion liquefaction process exhibited 1.45 kWh/kg of LBM.
Haider et al. (2019) proposed a nitrogen-methane expansion
biomethane liquefaction process integrating ionic liquid biogas
upgrading resulting in 11.26 kWh/kmol of liquefaction energy
consumption. Pasini et al. (2019) designed a dual nitrogen-
expander liquefaction process for small-scale LBM production.
The process of adopting radial turbines resulted in 0.75 kWh/kg
of specific energy consumption. The nitrogen expansion
liquefaction process for LBM is high-energy consumption
making it unattractive to industrial LBM application.

Mixed refrigerant-based (MR) liquefaction processes are more
energy-efficient than expansion-based processes for the better
temperature curve match between the refrigerant and natural
gas. Capra et al. (2019) analyzed five refrigeration cycles for
the small-scale LBM production with a liquefaction capacity of
4.6 tons/d. The lowest energy consumption of 3061 kJ/kg LBM
and cost of 6.3€/GJLHV were achieved by the MR process.
Rehman et al. (2020) utilized the released cold energy from
the liquid air energy storage system to reduce the refrigeration
capacity of the MR-based BM liquefaction process. The findings
indicated that the exergy efficiency could be increased by 42%,
and the total annualized cost could be saved by 33.5%. He
et al. (2019) compared the energetic and economic performances
of parallel nitrogen expansion (PNEC) and modified single
mixed refrigerant (MSMR) liquefaction processes for small-scale
LNG production. The results indicated that the specific energy
consumption and a total investment of MSMR were 33.49%
and 26.88% lower than PNEC, respectively. The SMR could
be enhanced by adopting a liquid hydraulic turbine to replace
the throttling valve to achieve higher thermodynamic efficiency
(Qyyum et al., 2018).

From the above literature review, the SMR liquefaction
process (including modified processes) is preferred for the
small-scale LNG and LBM production owing to its lower energy
consumption and total investment, and compact design. It
can manipulate the mixed refrigerant compositions, leading
to a more flexible operation. Because of BM’s low pressure, it
is required to compress it to a proper pressure to achieve a
low specific energy consumption, which requires retrofitting
the configuration of the liquefaction process. The liquefaction
process modification followed by the optimization could benefit
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the energy saving. Moreover, previous studies mainly adopt the
genetic algorithm (GA) and particle swarm optimization (PSO)
algorithm to improve the energy performance of liquefaction
processes. However, performing these algorithms depends on
turning parameters. The improper tuning parameters may
track algorithms in local optimal. Thus, algorithms without
tuning parameters are more attractive to BM liquefaction
process optimization. The black-hole-based optimization
(BHBO) algorithm, a population-based method without tuning
parameters, is a promising candidate for LBM liquefaction
processes, which has not yet been employed in the open literature.

To the best of our knowledge, this is the first study of its
kind to explore the black-hole-based optimization algorithm for
the design optimization of the biomethane SMR liquefaction

process. The process was modified by introducing cryogenic
liquid turbine to replace the throttling valve with the benefit of
reducing exergy loss and recovering mechanical power. Different
minimum internal temperature differences (MITA) were studied
to minimize the specific energy consumption of the process.
Furthermore, the energy, exergy, and composite curve analysis
were applied to reveal the future improvement potential and
directions. The modified process optimized by the BHBO exhibits
an impressive energy efficiency. This study gives an insight
into the SMR-based LBM process design and optimization to
minimize energy consumption to extend its potential application
for small-scale LBM production. Thus, the proposed process
associated with the black-hole-based optimization algorithm
provides an energy-efficient method to recover and utilize

FIGURE 1 | Physical life cycle of the black hole algorithm.
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biomethane, which could be beneficial to increase the percentage
of renewable energies in the global energy market.

OPTIMIZATION METHOD

Black-Hole Optimization Algorithm
The black hole is such a mass-concentrated region in the space
that it is impossible for objects falling into it to escape from it.
Black-hole-based optimization (BHBO) is a new metaheuristic
methodology derived from the phenomena of black hole. Black

holes are so thick that nothing even the light can emit back
from their inside. The spherical skull or the black hole’s periphery
layer is named as the event horizon (Hatamlou, 2013; Black Hole,
2021). The objects that cross this horizon are swallowed by the
black hole forever. The physical life cycle and interpretation of
the black-hole algorithm is seen in Figure 1.

Black-hole-based optimization is a population-based method
in which the optimal solution from the initial population of
solutions is evolved by a procedure that is motivated by the
black hole phenomenon. The evolution process is accomplished
by transmuting the candidate solutions to the best candidate

FIGURE 2 | Base case flow sheet of biomethane liquefaction by adopting the SMR process (Haider et al., 2020).

FIGURE 3 | Modified biomethane liquefaction process.
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that is known as black hole. Other candidate solutions that
fall within the black hole’s range are replaced by the candidate
solutions newly created in the given search space. The working
procedure of the BHBO algorithm can be well described in the
forthcoming steps.

Step 1: Bound Normalization
All variables may have different ranges (upper and lower bounds).
These ranges of all variables are first normalized to new ranges
from 0 to 1. The ranges of all variables can be normalized using
Eq. (1).

Normalized Var (i) =
Var (i)− LB(i)
UB (i)− LB(i)

(1)

Normalizing the variables’ bounds can improve the convergence
speed of the BHBO algorithm.

Step 2: Initialization
A random population of candidate solutions called the stars is
generated and placed in a search space of the problem of n
dimensions. The value of the objective function against each
star is calculated, and the star that has the best fitness value is
designated as the black hole Xbh.

Step 3: Movement of Stars
Star absorption is the process of moving stars toward the
absorbing force of the black hole. Once the star population is
generated and the black hole is assigned, the black hole starts
absorbing its stars. Thus, all stars move toward the black hole.
This movement/absorption of the stars can be formulated by Eq.
(2).

Xt+1
i = Xt

i +Rand
(
Xbh − Xt

i
)
∀i; i 6= Best fitness value (2)

where Xt+1
i and Xt

i are the locations of the ith star at iterations
t+1 and t, respectively. Xbh is the location of the black hole (best
fitness value), and Rand is the random number between 0 and 1.
As the black hole has the best fitness value so it does not move, it
just attracts others.

Step 4: Updating the Black Hole
During stars’ movement toward the black hole, it is possible that
a star (candidate solution) at its new position gets its fitness value
better than the already assigned black hole. In such case, the black
hole’s position is updated with this star, the algorithm continues
its process with this updated black hole, and other stars start their
movement toward this new/updated black hole.

Step 5: Generation of New Stars
During the stars’ movement, a star can cross the event horizon
(spherical boundary of the black hole). The star that crosses
the event horizon is sucked by the black hole which results
in star death. In order to keep the number of stars (candidate
solutions) constant, a new star is randomly generated at the
place of the died star and randomly placed in the search
space (Chen and Chang, 2010; Hatamlou, 2013). The next
iteration starts on completing one movement of each star. The
radius of the event horizon can be calculated as by Eq. (3).

R =
f bh∑n
i = 1 f i

(3)

where n is the number of candidates (stars), and fbh
and fi are the fitness values of the black hole and ith
star, respectively.

Step 6: Termination Criteria
The above steps of the BHBO algorithm are repeated until the
termination criteria. The algorithm could be terminated on two
criteria. The first is the maximum number of iterations, and the
second is the specific number of iterations during which the
black hole does not change its position. In simple words, in the
first case, BHBO will automatically terminate on completing the
number of iterations defined by the user. In the second case, if
the black hole’s current position does not change after a certain
number of iterations, the BHBO may be terminated. However,
a careful study is needed to set the stopping criteria because
the algorithm may be stopped without reaching the global
optimum. Conversely, unnecessary running of the algorithm may
be avoided if the convergence is to be expected earlier. Based on
the above description, the pseudocode of the BHBO algorithm is
given in Algorithm 1.

1. Randomly generate stars population (Candidate solutions) Xi (i = [1, n]) in
the search space S (p) = [Xp

1 ,X
p
2 , Xp

3 , . . . , Xp
n ]

of some function.
2. Set the number of iterations or other termination criteria
3. for each ith star, calculate the Fitness function f i =

∑PopSize
i = 1 S(p)

4. Designate the best Fitness value as the Black Hole; Xhb ← Optimal
solution
5. while (Termination criteria not met) do
6. for each star Xi change its location as

7. Xt+1
i = Xt

i + Rand
(
Xbh − Xt

i

)
8. end for
9. Calculate the event horizon as: R = fbh∑n

i =1 f i

10. for each star Xi calculate its distance from the black hole
11. Di =

√
(X1bh − X1i)2 + (X2bh − X2i)2 + . . . (Xnbh − Xni)2

12. if Di < R
13. Collapse Xi

14. Xi ← new randomly generated star
15. end if
16. if Fitness value of Xi is better than that Xhb

17. Xi Black hole
18. end if
19. end for
20. Xbh = Best optimal solution
21. end while
22. end for

PROCESS DESIGN, OPTIMIZATION, AND
ANALYSIS

Biomethane Liquefaction: Process
Design and Simulation
The base case of biomethane liquefaction by adopting the SMR
liquefaction process is illustrated in Figure 2 (Haider et al., 2020).
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The upgraded biomethane (methane molar fraction over 99%)
goes into the multi-stream cryogenic heat exchanger (CHX-1)
and is cooled and liquefied by the low-pressure mixed refrigerant.
The stream BM2 decreases to the LBM storage pressure in VLV-1
and reduces the temperature leading to obtaining of the LBM in
the separator’s bottom with a liquefaction rate of 92%. The mixed
refrigerant (MR) adopted in this paper consists of CH4, C2H6,
C3H8, i-C5H12, and N2. The MR is pressurized by a four-stage
compressor with intercooling. Subsequently, the high-pressure
MR is cooled by the returning cold MR in CHX-1 and expanded
in the throttling valve (VLV-2) to supply the cooling capacity for
the biomethane and warm MR. Afterward, the superheated MR
returns to the first-stage compressor’s inlet (K-1) to complete the
refrigeration cycle. The temperature of the MR outlet from the
intercoolers is 40◦C.

To improve the thermodynamic performance of the base
case, cryogenic liquid turbines are introduced to replace the
throttling valves (VLV-1 and VLV-2), as shown in Figure 3.
Through this modification, the isentropic expansion can generate
a larger temperature difference with the same pressure ratio and
provide extra power for the compression system. In the modified
case of the biomethane liquefaction process, the cold energy
of the end flash gas (EFG) is recovered in the main cryogenic
heat exchanger, which also reduces the refrigeration requirement
from the SMR cycle.

The proposed biomethane liquefaction processes are modeled
in Aspen HYSYS V10 by choosing the Peng–Robinson equation
of state (Peng and Robinson, 1976) for the thermodynamic
properties’ calculation. It is assumed that the deep eutectic
solvent-based process upgrades the biomethane, and its
conditions are shown in Table 1.

To simplify the process simulation, several assumptions are
made as follows:

(1) The process is in steady state.
(2) The heat losses from the equipment to the

ambient are neglected.
(3) The adiabatic efficiency of the cryogenic liquid turbine,

pump, and compressor is 90%, 75%, and 75% (Qyyum
et al., 2018), respectively.

(4) The pressure drop of the warm stream and cold stream
in the main cryogenic heat exchanger is 100 kPa
(Haider et al., 2020).

(5) The pressure drop of the compressor intercooler is
25 kPa.

(6) The produced LBM is stored with a pressure of
120.9 kPa.

Simulation–Optimization Framework
In this study, optimization aims to find the optimal design
of the proposed modified SMR process for LBM production
corresponding to minimal specific energy consumption, i.e.,
objective function. Usually, liquefaction processes, especially
mixed refrigerant-based, are highly non-linear and complex,
mainly due to the number of exceptional interactions among
the key design variables, constraints, and constrained objectives.

Therefore, even minor variations in the design or decision
variables may cause an unfeasible process, which ultimately
reduces the process’ overall competitiveness. In this context, it
is meaningful and mandatory to pinpoint the major influencing
design variables and constraints allied with the design of the
liquefaction process in order to get the desired benefits through
rigorous optimization. The refrigerant flow rates, refrigerant
condensation pressure, and evaporation pressure were chosen
as the key design variables. The minimum internal temperature
approach (MITA) that signifies the driving force of the heat
transfer between the hot and cold streams inside the main
cryogenic heat exchanger was taken as a constraint with a
specified value of 1∼3.0◦C. All key design variables (with their
lower and upper bounds), constraint, and objective function are
listed in Table 2.

The constraint of the MITA value was incorporated by
introducing the exterior penalty function into the objective
function. The objective function after incorporating the penalty
function is given in Eq. (4).

Minimize f (x) = Min(
∑k

i =1

Wi

mBM

+r(max[0, (1∼3−MITA(X))])) (4)

TABLE 1 | Conditions of the upgraded biomethane (Haider et al., 2020).

Parameters Value

Feed temperature (◦C) 22.85

Feed pressure (kPa) 3600

Mass flow rate (kg/h) 34069.49

Composition in molar fraction (%)

CH4 99.785

N2 0.004

CO2 0.211

TABLE 2 | Key decision variables of the SMR process and their upper
and lower bounds.

Objective function:
Specific energy consumption (kWh/kg-BM)

Minimize f(X) = Min.
(

n∑
i=1

Wi
mBM

)
Constraint:
Minimum internal approach temperature
(◦C)

1.0≤MITA(X)CHX−1≤3.0
and,
X lower < X < Xupper

where X is a vector of
the decision variables.

Design variables Lower bound Upper bound

Suction pressure of MR, Psuc (kPa) 110 350

Discharge pressure of MR, Pdisc (kPa) 3500 7000

Flow rate of methane, ṁCH4 (kg/h) 3000 40000

Flow rate of ethane, ṁC2H6 (kg/h) 5000 45000

Flow rate of propane, ṁC3H8 (kg/h) 5000 45000

Flow rate of iso-pentane, ṁi−C5H12 (kg/h) 45000 90000

Flow rate of nitrogen, ṁN2 (kg/h) 500 10000
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where X is a vector of the decision variables, as given in Table 2,
i.e.,

X = (Psuc, Pdisc,mCH4 ,mC2H6 ,mC3H8 ,miC5H12 ,mN2).

To find the optimal design variables of the proposed biomethane
liquefaction process, the BHBO approach was customized
considering the following steps:

Step 1: For the objective function given in Eq. (4), some sets
(called stars) of random values from within the upper and
lower bounds of each design variable are generated. These sets
of random values of design variables are fed to the Aspen
HYSYS environment that has the LBM process to be optimized.
The SMR process returns the values of compressor energy and
the MITA against each star (set of design variables), which
is further used in calculating the fitness value by using the
objective function given in Eq. (4). The star (set) that gives the
best fitness value is designated as the black hole Xbh. The values
of design variables of the black hole star may be treated as the
location coordinates of the black hole. A sample population of
five stars is given in Table 3.

Step 2: Once a star (a set of design variables) is fixed as a
black hole, other stars start moving toward the black hole. The
location coordinates/movement of stars is formulated by using
Eq. (2). While moving toward the black hole, a star at its new
position (new set of design variables) may have its fitness value
better than that of the black hole. In such case, black hole’s
position is updated with this star, the algorithm continues with
this new black hole, and other stars start moving [changing
location coordinates using Eq. (2)] toward this new black hole.
Step 3: The radius of the event horizon is calculated by Eq.
(3). If the fitness value of any star is less than the predefined
value of the event horizon, that star would be eliminated. The
reason for eliminating this star is that the set of design variables
against this star may lead to being stuck in the local minimum
if existed. A new star (set of design variables) is randomly
generated at the place of the eliminated/swallowed star to keep
the number of candidate solutions constant. When each star
completes its one movement (i.e., design variables of each set
are updated once), the next iteration starts.
Step 4: Maximum number of iterations was set as the
termination criteria. BHBO will automatically be terminated
on completing the number of iterations.

TABLE 3 | A sample of initial population of stars.

No. of stars Psuc (kPa) Pdisc (kPa) ṁCH4 (kg/h) ṁC2H6 (kg/h) ṁC3H8 (kg/h) ṁi−C5H12 (kg/h) ṁN2 (kg/h)

1 99 5220 4000 7000 8000 47000 1200

2 102 3230 5000 9502 10502 80000 1300

3 250 4251 16000 32000 36000 70000 2500

4 300 5986 20000 42000 43000 65000 3600

5 305 3025 31000 38000 33000 55000 4500

TABLE 4 | The decision parameters along with the power consumption after optimization.

Parameter Base case (MITA = 2◦C) Modified case 1 (MITA = 1◦C) Modified case 2 (MITA = 2◦C) Modified case 3 (MITA = 3◦C)

ṁCH4 (kg/h) 39561.60 32110.00 32556.00 32158.40

ṁC2H6 (kg/h) 17464.40 41398.00 34105.00 33305.04

ṁC3H8 (kg/h) 50397.20 5122.00 12563.00 6680.00

ṁi−C5H12 (kg/h) 44315.60 57662.00 58326.25 57142.00

ṁN2 (kg/h) 39561.60 4220.00 4299.00 5052.00

ṁtotal (kg/h) 161096.30 140512.00 141849.25 134337.44

Psuc* (kPa) 274.00 341.00 280.00 275.00

Pdisc** (kPa) 5300.00 5230.00 4890.00 6440.00

W-1 (kW) 3758.78 2973.45 3086.58 3245.85

W-2 (kW) 3938.69 3075.43 3264.54 3423.70

W-3 (kW) 3623.63 2687.15 2855.66 2952.63

W-4 (kW) 2963.24 17.10 13.05 22.56

W-5 (kW) 71.38 2275.31 2383.31 2456.73

W-6 (kW) – 75.81 74.48 110.57

W-7 (kW) – 80.33 80.33 80.33

W-8 (kW) – 251.57 239.84 311.46

Wtotal (kW) 14355.71 10772.37 113339.45 11820.24

SEC (kWh/kg-BM ) 0.4214 0.3162 0.3328 0.3469

*The suction pressure for the base case and modified cases is PM1 (pressure of the stream M1).
**The discharge pressure for the base case is PM10 (pressure of the stream M10), for the modified cases are PM13 (pressure of the stream M13).
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Exergy Analysis
Exergy is the maximum power generated by a system when it
is transferred from the current state to the environmental state
(Moran et al., 2014). If the potential and kinetic exergies are
ignored, the exergy of a material stream can be defined as (He
et al., 2020a):

E = ṁ(eph + ech) (5)

where E is the exergy; ṁ is the mass flow rate; and eph and ech
are the physical and chemical exergies, respectively, which are
described in Eqs. (6) and (7) (Mousavi and Mehrpooya, 2020):

eph =
(
h− h0

)
− T0(s− s0) (6)

ech =
∑n

i = 1
xiech,i + RT0

∑n

i = 1
ln(xi) (7)

where h and s are the specific enthalpy and specific entropy,
respectively. xi refers to the molar composition of the ith
component. R is the gas constant. The subscript 0 refers to the
environmental state, which are 101.325 kPa and 25◦C.

The exergy destruction is induced by the thermodynamic
irreversibility of the process. Thus, it is critical to obtain the
exergy destruction distribution in the LBM process. Principally,
the exergy destruction is defined in Eq. (8) when exergy loss is
neglected:

Ed =
∑

Ein −
∑

Eout + Ẇ (8)

The exergy efficiency of the LBM process is defined as the ratio
of the theoretical minimum power to the actual total power
consumption, as shown in Eq. (9).

ηex =
Ẇm

Ẇt
(9)

where ηex is the exergy efficiency, Ẇt is the total power
consumption, and Ẇm is the theoretical minimum power, which
can be described as (Qyyum et al., 2020b):

Ẇm = ṁLBM(hLBM − h0 − T0(sLBM − s0)) (10)

RESULTS AND DISCUSSION

In this work, the SMR process for BM liquefaction was designed
and evaluated for different MITA values corresponding to energy
and exergy efficiency. For the base case, the MITA inside the main
cryogenic heat exchanger was 2◦C. However, the modified case
was optimized for MITA of 1, 2, and 3◦C, respectively.

Energy Performance Analysis
Specific energy consumption (SEC) is the principle indicator in
assessing the energy performance of the biomethane liquefaction
process. The decision parameters along with the power
consumption of the base case and modified cases with different
MITA optimized by BHBO are shown in Table 4.

Firstly, modified case 2 and base case were compared since
they had the same MITA in CHX-1. The total MR flow rate
was 141849 kg/h in modified case 2, which was 11.95% lower
than the base case. The optimal molar fractions of the MR in
the four cases are illustrated in Figure 4. The molar fractions
of methane, propane, and nitrogen decreased, while ethane and
i-pentane increased in modified case 2. Moreover, the pressure
ratio was 17.46 in modified case 2, while it was 19.34 in the base
case leading to a 9.71% reduction. These two factors resulted in a
21.01% decrement of the SEC in modified case 2. The cryogenic
liquid turbine T-1 and T-2 generated 80.33 and 239.84 kW of

FIGURE 4 | The optimal MR molar fractions of four cases.
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power, respectively, thereby saving the total power consumption
of modified case 2. It should be noted that, regardless of the power
recovery by the cryogenic liquid turbine, the SEC of modified
case 2 was 0.3422 kWh/kg of LBM, which was still 18.78%
lower than the base case. Thus, adopting the BHBO to optimize
modified case 2 brought a significant power saving for the BM
liquefaction process.

The effect of MITA on the SEC of the biomethane liquefaction
process was investigated. With the increase of the MITA in
CHX-1, the total power consumption and SEC increased. This is
because the difference between the hot and cold composite curves
in CHX-1 enlarged with the increase of the MITA which required
a larger refrigeration capacity to liquefy the same amount of
biomethane. The SEC of the modified cases 1, 2, and 3 was 0.3162,
0.3328, and 0.3469 kWh/kg, respectively. In addition, the power
generated by T-2 also rose as the MITA increased. The reason was
that a larger MITA required a lower evaporation temperature of
the stream M18, which means a lower discharge pressure of the
T-2, thereby generating a larger power output.

Composite Curve Analysis
The temperature-heat flow composite curves (THCC) in CHX-
1 were the key indicator to reflecting the energy performance of
the liquefaction process, as seen in Figure 5. The space between
the hot and cold composite curves was proportional to the exergy
destruction in CHX-1. Figures 5A,C show that the heat flow

in modified case 2 was 29523 kW, which was 10.29% lower
than the base case. This result may be explained because the
appropriate MR molar fraction and cryogenic liquid turbine in
modified case 2 reduced the required refrigeration capacity for
LBM. When compared to Figures 5B–D, it was apparent that the
cold composition curve matched the hot composite curve closer
with the decrease of the MITA. In addition, the vertical line below
−150◦C in Figures 5B–D was caused by the cold energy recovery
of the EFG, which led to a large temperature difference at the
outlet of CHX-1.

Figure 6 presents the TDCC of the base case and three
modified cases. As shown in Figure 6A, the largest temperature
difference of 22.33◦C occurred at the high-temperature range. In
the middle temperature range (−90 to −40◦C), the temperature
difference is in the range of 2–4◦C. When the temperature
decreased to the low-temperature range (−150 to −90◦C), the
temperature difference increased to the second highest peak of
19.85◦C. Figure 6B shows that the largest temperature difference
was 14.97◦C and its average temperature difference was also
smaller than the base case. It indicated that reducing the MITA
in the heat exchanger could uniform the temperature difference
distribution along with the large temperature range. However, it
was a trade-off between the energy performance and economical
cost. The most surprising aspect of the temperature difference
is shown in Figure 6D. Although the MITA in modified case
3 was larger than the base case, the temperature difference in
modified case 3 was smaller than the base case. This implied

FIGURE 5 | Temperature-heat flow diagram of the hot and cold composite curves (THCC) of four cases: (A) base case; (B) modified case 1; (C) modified case 2;
(D) modified case 3.
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FIGURE 6 | TDCC of four cases: (A) Base case; (B) modified case 1; (C) modified case 2; (D) modified case 3.

FIGURE 7 | Exergy efficiencies of four cases.
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FIGURE 8 | The total exergy destruction of four cases.

FIGURE 9 | The exergy destruction percentage of different equipment in four cases.
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TABLE 5 | The decision variables along with the power consumption of modified
case 2 optimized by three algorithms.

Parameter BHBO PSO GA

ṁCH4 (kg/h) 32556.00 34946.00 35418.51

ṁC2H6 (kg/h) 34105.00 43060.00 26891.26

ṁC3H8 (kg/h) 12563.00 19429.00 20871.55

ṁi−C5H12 (kg/h) 58326.25 65070.00 54578.35

ṁN2 (kg/h) 4299.00 5785.00 3788.56

ṁtotal (kg/h) 141849.25 168290.00 141548.23

Psuc* (kPa) 280.00 304.00 257.60

Pdisc** (kPa) 4890.00 3623.00 5156.00

W-1 (kW) 3086.58 3084.78 3282.11

W-2 (kW) 3264.54 3301.92 3467.73

W-3 (kW) 2855.66 2990.42 3087.44

W-4 (kW) 13.05 5.44 9.70

W-5 (kW) 2383.31 2518.35 2549.04

W-6 (kW) 74.48 48.10 78.18

W-7 (kW) 80.33 80.33 80.33

W-8 (kW) 239.84 200.79 256.41

Wtotal (kW) 113339.45 11667.88 12137.46

SEC (kWh/kg-BM ) 0.3328 0.3425 0.3563

*The suction pressure for the base case and modified cases is PM1 (pressure
of the stream M1).
**The discharge pressure for the base case is PM10 (pressure of the stream M10),
for the modified cases are PM13 (pressure of the stream M13).

that the modification of the process configuration by introducing
the cryogenic liquid turbine coupled with the optimization by
BHBO reduced the energy consumption dramatically. Moreover,
the MITA affected the TDCC significantly. With the increase
of the MITA, the average temperature difference in the main
cryogenic heat exchanger increased. As shown in Figure 6, in
the temperature range of−20◦C to 40◦C, the largest temperature
difference increased from 13.74 to 16.87◦C and 18.69◦C when
the MITA increased from 1 to 2◦C and 3◦C, respectively.
It indicated that a larger MITA could deteriorate the heat
transfer performance in the high temperature range of the main
cryogenic heat exchanger.

Exergy Performance Analysis
In this work, the theoretical minimum power of the biomethane
liquefaction process was 3361.36 kW. The base case’s exergy
efficiency was 23.82%, which was the lowest in four cases, as
shown in Figure 7. The exergy efficiency of the three modified
cases was 31.20%, 29.64%, and 28.44%, respectively. For the
same MITA, modified case 2 was 5.82% higher than the base
case. Moreover, modified case 3 was 4.62% higher than the
base case even though the exergy efficiency decreased with
the MITA increase.

The total exergy destruction in four cases is shown in Figure 8.
The base case’s total exergy destruction reached 10022 kW,
which was 45.51%, 28.66%, and 21.23% higher than the modified
cases 1, 2, and 3, respectively. The results indicated that the
process retrofitting and optimization by BHBO made the LBM
process much efficient. For modified case 2, the total exergy
destruction was 7790 kW, which was 13.10% higher and 5.77%
lower than the modified cases 1 and 3, respectively. In addition,
the exergy destruction of the main cryogenic heat exchanger

(CHX-1) in modified case 2 was 2597 kW, which was 19.64%
lower than the base case.

Figure 9 illustrates the percentage of exergy destruction
in different equipment in four cases. It should be noted
that the number 5 in Figure 9 referred to the valve for
the base case and the turbine for the modified cases. It is
seen from Figure 9 that the main cryogenic heat exchanger
in the base case contributed to 32.24% of the total exergy
destruction, followed by compressors (29.31%). However, for
modified case 1, the intercooler was the second largest exergy
destruction contributor reaching 30.87%, which was 4.40%
higher than the compressors. A possible explanation for this
might be that the appropriate mixed refrigerant reduced the
exergy destruction in compressors significantly. Due to a larger
temperature difference in CHX-1 in modified case 2, the
exergy destruction caused by CHX-1 was the largest among
all equipment. Furthermore, the exergy destruction by the
cryogenic liquid turbine was dramatically lower than that by the
throttling valve.

Comparison of BHBO With Other
Algorithms
To evaluate the optimization performance of BHBO, the particle
swarm optimization (PSO) algorithm, and genetic algorithm
(GA) were selected to compare three algorithms’ performance.
The results of modified case 2 optimized by three algorithms
are shown in Table 5. The SEC optimized by BHBO was
0.3328 kWh/kg, which was 2.83% and 6.59% lower than the
PSO and GA, respectively. It indicated that the optimization
performance of the BHBO was comparable with the mature
algorithms like PSO and GA.

CONCLUSION

Liquefied biomethane is one of the most auspicious energy
sources because of its sustainable and environmental aspects.
However, the high-energy consumption of LBM limits its
wider potential applications. To address this issue, a SMR-
based biomethane liquefaction process was proposed for the
small-scale LBM production. To improve the process energy
performance, cryogenic liquid turbines were utilized to replace
the LBM and MR throttling valves. The BHBO algorithm
was adopted to optimize key decision variables to minimize
SEC. Three different MITAs in the main cryogenic heat
exchanger were studied to reveal the relationship between the
process performance and MITA. Furthermore, the composite
curve, energy, and exergy analyses were conducted. The results
indicated that the SEC of modified case 2 (applying cryogenic
liquid turbine with MITA = 2◦C) was 0.3228 kWh/kg with
21.01% reduction than the base case (adopting throttling
valve with MITA = 2◦C). When the MITA decreased to
1◦C, the SEC of modified case 1 reduced to 0.3162 kWh/kg,
which was 24.96% lower than the base case. Moreover,
the total exergy destruction of modified cases 1, 2, and
3 was 31.28%, 22.27%, and 17.51% lower than the base
case, respectively. Besides, the exergy destruction of the
cryogenic liquid turbine was significantly lower than the
throttling valve with additional power generation. The findings
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indicated that the proposed SMR process for LBM was superior
to the conventional one. In conclusion, the BHBO-optimized
SMR-based LBM process was found suitable for small-scale LBM
production. Furthermore, the BHBO algorithm could also be
adopted to optimize other LNG and LBM processes as well as
other multiple working fluid-related processes.
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NOMENCLATURE

Variables

D Distance MR Mixed refrigerant

E Exergy (kJ) MSMR Modified single mixed refrigerant

e Specific exergy (kJ/kg) SEC Specific energy consumption

f Fitness value SMR Single mixed refrigerant

h Specific enthalpy (kJ/kg) T Turbine in Figures 2, 3

m Mass flow rate (kg/h) TDCC Temperature difference composite curve

P Pressure (kPa) THCC Temperature-heat flow composite curve

p Population P Pump in Figures 2, 3

R Radius/gas constant PNEC Parallel nitrogen expansion

s Specific entropy (kJ/kg-K) PSO Particle swarm optimization

T Temperature (K) V Separator

W Power (kW) VLV Valve

X Vector of decision variables Subscripts

x Molar fraction bh Black hole

η Exergy efficiency ch Chemical

Acronyms d Destruction

BHBO Black-hole-based optimization disc Discharge

BM Biomethane ex Exergy

CHX Cryogenic heat exchanger i ith star or component

E Cooler in Inlet

EFG End flash gas

GA Genetic algorithm out Outlet

K Compressor ph Physical

LBM Liquefied biomethane suc Suction

LNG Liquefied natural gas t Total

M Mixed refrigerant stream in Figures 2, 3 0 Environmental state

MITA Minimum internal temperature approach
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