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Abstract
In this paper, the problems of high refrigerant line differential pressure and uneven distribution of cold energy in cold box 
regulation under C3-MR process are studied. Five reasons are predicted by engineering performance. Using gas chroma-
tography experiment and grey system pure mathematics analysis, it is determined that the main causes of the problem 
are unreasonable distribution ratio of each group of mixed refrigerants and disordered latent heat of vaporization of 
refrigerants. Furthermore, the grey system model is used to study: 1. grey relation analysis model shows that the correla-
tion degree of T3 temperature measuring point is 0.8552, which is the only main factor. The abnormal working condition 
is determined by the project to be caused by incorrect proportion of N2 components. 2. According to GM(1,N) model, 
the driving term of T3 temperature measuring point is 3.8304, which needs to be supplemented with N2 component 
to eliminate the problem. 3. After adding N2 to 10% (mol component), abnormal working conditions disappeared. The 
GM(1,N) model is used again to verify that the difference of driving results is small, the average relative error is 24.91%, 
and the accuracy of the model is in compliance.
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1  Introduction

As a clean and efficient fossil energy, natural gas accounts 
for a large proportion in production and life. Liquefied 
natural gas (LNG) is widely transformed and applied by 
virtue of its advantages of easy storage and transportation 
and high calorific value. The acquisition of LNG requires 
purification, refrigeration and storage of raw gas. In the 
whole production process, the liquefied refrigeration link 
accounts for 42% of the total cost of LNG production, and 
at the same time, the failure rate and control difficulty 
of this link are the biggest [1]. Therefore, the research 
on liquefaction refrigeration has the dual significance of 
improving system stability and reducing operating costs. 
Natural gas liquefaction refrigeration process is divided 
into cascade, nitrogen expansion and mixed refrigerant 

[2]. However, the mixed refrigerant liquefaction process 
has the advantages of wide adjustable range, remarkable 
energy-saving effect and low project investment cost, so 
it is widely used. At present, there are three typical types: 
single mixed refrigerant liquefaction process (SMR), dou-
ble mixed refrigerant liquefaction process (DMR) and pre-
cooled mixed refrigerant liquefaction process (C3-MR). In 
production practice, it is necessary to maximize the latent 
heat of vaporization of refrigerants in the temperature-
sensitive range of different components on the premise 
of reasonable composition ratio of mixed refrigerants and 
proper control of cold box (plate–fin device) expansion 
valve, so as to obtain the best energy consumption and 
system stability rate. Optimization research on liquefac-
tion process of mixed refrigerant mainly focuses on the 
following aspects:
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Theoretically, aiming at the liquefaction process of 
mixed refrigerant, it is dominant to explore the process 
optimization methods from the perspectives of thermody-
namics, mathematics and economy. Wang [3] conducted 
thermodynamic and economic analysis under C3-MR and 
DMR processes, and optimized the processes by adjust-
ing shaft work, total heat transfer coefficient and area [4]. 
Sanavandi [5] used HYSYS optimizer to optimize C3-MR 
and MR processes, respectively. The results show that 
the specific energy consumption can be saved by 5.35%. 
Many researchers cite mathematical algorithms to opti-
mize the liquefaction process in order to obtain the opti-
mal solution. At present, there are two main mathematical 
optimization algorithms [6]. Conventional optimization 
algorithms such as dynamic programming algorithm, sim-
plified gradient method and Newton method. Traditional 
algorithms have advantages in finding the optimal solu-
tion on a small scale, but there are some shortcomings in 
the application of engineering solutions. Simplified gradi-
ent method has poor convergence and long calculation 
time. Newton’s method is very limited to the continuity 
and differentiability of objective functions and constraints 
[7]. Therefore, the traditional method is not suitable for 
solving the liquefaction process. Heuristic optimization 
algorithms such as tabu search, particle swarm optimiza-
tion (PSO) and genetic algorithm (GA) [8]. Although the 
above algorithms are widely used in liquefaction process, 
they also have corresponding shortcomings. For example, 
when using heuristic algorithm, it is necessary to avoid 
local convergence in liquefaction process. Aspelund 
[9] developed a gradient-free optimization simulation 
method based on tabu search and Nelder–Mead down-
hill simplex. Khan [10] used particle swarm optimization 
to optimize SMR process. Compared with the above two 
methods, the radial basis function combined with thin 
plate spline method used by Ali [11] can obtain optimi-
zation results in a short time, thus obtaining an alterna-
tive model of SMR process and reducing the calculation 
amount of simulation optimization.

In the aspect of method orientation, because the liq-
uefaction process is a discrete problem, it is necessary to 
select the appropriate mathematical model to complete 
the task in the analysis and optimization of different prob-
lems. For example, in the process of finding the global 
optimal solution, the global searching ability of genetic 
algorithm is superior to that of similar particle swarm 
optimization algorithm. However, particle swarm opti-
mization (PSO) is faster than genetic algorithm (GA), and 
its coding and logic modification are easier; in particular, 
its convergence is more credible [12]. Genetic algorithm 
with mutation mechanism can overcome the defect of 
local optimization in process industry. Cammarata [13] first 
used genetic algorithm to optimize helium liquefaction 

cycle. Nogal [14] introduced genetic algorithm into natural 
gas liquefaction industry, studied and optimized the heat 
exchange temperature difference and investment cost of 
heat exchangers in SMR process. Alabdulkarem [15] used 
genetic algorithm to optimize the mixed refrigerant cycle 
in C3-MR model, which reduced the energy consumption 
by 17.16% under real working conditions . In addition, 
the heat transfer effect in the liquefaction process is also 
an important factor in the optimization evaluation of the 
natural gas liquefaction process. For example, the exergy 
analysis widely used in the combustion field is an impor-
tant method to measure the heat transfer effect [16]. Li 
Y [17] optimized the large-scale natural gas liquefaction 
system with exergy as the optimization target and genetic 
algorithm. Although the accuracy of the model is only 
good for large-scale liquefaction equipment, the subse-
quent deviation factor and improved algorithm can also 
apply the model to liquefaction equipment of different 
scales [17]. Vatani [18] analyses and evaluates five kinds 
of mixed refrigerant liquefied natural gas processes by 
preset multidimensional complementary experiments. 
They found that the proportion of endogenous exergy 
destruction in the components was higher than that of 
exogenous exergy destruction [18]. Palizdar [19] calculated 
the total avoidable (EXERRGY) damage and total (EXER-
RGY) efficiency by using the improved EXERRGY analysis 
mathematical model, so as to preset the components in 
the process of improvement and simplification. At the 
same time, the chemical exergy calculated by the model 
is more accurate [19]. In 2019, Palizdar A introduced the 
concept of economic analysis based on exergy efficiency 
analysis, succeeded in the practical application of small N2 
double expander process and put forward a multiobjec-
tive economic cost analysis method for small liquefaction 
equipment [20].

In the aspect of result orientation, many researchers 
start from the source of process design and optimize the 
process flow to get better results. Mortazavi A [21] used 
waste heat of gas turbine to provide power for absorp-
tion chiller of C3-MR process. Wang [22] proposed an SMR 
process with distillation column through experimen-
tal research. Wu [23] replaced the multiflow plate–fin 
heat exchanger of MR process with brazed plate heat 
exchanger. This improvement has been optimized in sys-
tem equipment power consumption and engineering 
construction period [23]. Qyyum [24] proposed a double-
effect single mixed refrigerant (DSMR) process with good 
energy consumption and construction cost, which uses a 
single-loop refrigeration cycle to produce double cooling 
and supercooling effects. He [25] tested the stability and 
dynamic response of mixed refrigerant process. It is found 
that the mixed refrigerant flow shows good operational 
flexibility and can estimate different kinds of disturbances 
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in a wide range [25]. Qyyum [26] investigated the uncer-
tainty levels in the overall energy consumption and mini-
mum internal temperature approach (MITA) inside LNG 
heat exchangers with variations in the operational vari-
ables of the DMR processes. They found that the specific 
energy was completely influenced by the variable changes 
in the sub-cooling cycle section (approximately 63%), 
which included the flow rates of nitrogen (N2), methane 
(C1), ethane (C2) and propane (C3), as well as the low 
and high pressures of the sub-cooling cycle. The specific 
energy was also slightly influenced by the variation in the 
flow rates of C2, C3, n-butane (n-C4) and iso-butane (iC4), 
as well as the low pressure of the pre-cooling cycle (37%) 
based on the uncertainty quantification and sensitivity 
analysis. So the pre-cooling process has little effect on the 
sensitivity of the whole process [26]. Jackson [27] found 
that LNG plants located in warm areas need 20–26% more 
energy than similar processes located in cold climate.

However, the current research focuses on the overall 
optimization of liquefaction process at macrolevel. Little 
attention has been paid to the working condition analy-
sis and operation optimization in local production details, 
and the economic pressure of the completed LNG plant 
for process optimization and transformation has not 
been taken into account. In particular, the research on the 
mixture ratio of mixed refrigerants mostly focuses on the 
theoretical study of solution thermodynamics and lacks 
field problem analysis methods and production control 
schemes. In this paper, the problems of high refrigerant 
line differential pressure and uneven distribution of cold 
energy in C3-MR process cold box control are studied. 
Firstly, the front-end purification and pre-cooling pro-
cesses are preset to run stably, and the research bound-
ary is defined as the cold box heat exchange cycle of the 
last-stage mixed refrigerant liquefaction process. Then, 
the heat transfer data of cold box under 60% production 
load of LNG project studied are collected. Finally, the grey 
relational model is used to analyse the main factors of the 
problem, and the GM(1,N) model is used to guide the reg-
ulation. It provides guidance for dynamic mixing of mixed 
refrigerant components and regulation of expansion valve 
under real-time working conditions.

The rest of the thesis is organized as follows. Section 2 
introduces the production background and abnormal 
working condition records of the LNG plant under study, 
puts forward the reasons for engineering prediction and 
gives the research ideas. Section 3 introduces the calcula-
tion process of GRA model and GM(1, N) model, and car-
ries out engineering verification. Section 4 discusses the 
results and points for attention in engineering. Section 5 
gives the conclusion.

2 � Background

The natural gas processing capacity of the LNG plant 
studied is 500 × 104m3/d, the annual output of LNG is 
120 × 104 t/a, the flexibility of production operation is 
50–110%, and the production scale is the first in China 
and the second in Asia. The process flow mainly includes 
gathering and transportation, public works, third separa-
tion, liquefaction, BOG, storage tank area, loading and 
so on [28].

The liquefaction plant of this plant adopts multi-
stage single-component refrigeration liquefaction 
process, which is generally a traditional cascade refrig-
eration process, and specifically adopts three refrigera-
tion cycles, belonging to one of C3-MR processes. The 
first-stage propylene refrigeration cycle provides cold 
energy for natural gas, refrigerant C2H4 and refrigerant 
CH4. The second-stage C2H4 refrigeration cycle provides 
cold for natural gas and refrigerant CH4, The refriger-
ant cycle of the third-stage mixed refrigerant provides 
cold for natural gas and itself. The feed gas is cooled by 
six heat exchangers and one plate–fin heat exchanger 
(cold box), and the temperature is gradually reduced to 
-165℃ to obtain liquid LNG. According to different pro-
duction loads, the ratio range of mixed refrigerant in this 
factory is N2 (5–10 mol%), C2H4 (15–30 mol%) and CH4 
(80–60 mol%). N2 is supplied after N2 gasification of pur-
chased 98.8% purity liquid, CH4 is supplied as feed gas 
after moisture, carbon dioxide and heavy hydrocarbons 
are removed from the system, and C2H4 is directly sup-
plied as purchased 99.9% purity liquid [29].

Plate–fin heat exchanger (cold box) has the character-
istics of compact structure, light weight and easy main-
tenance. However, due to the narrow heat exchange flow 
channel and high design accuracy of the cold box, the 
system instability is easy to occur when encountering 
special working conditions and abnormal production 
control. For example, the mixing of benzene and ben-
zene derivatives in the system will lead to the solidifica-
tion of cyclic aromatic hydrocarbons at low temperature, 
blocking the heat exchange runner of the cold box and 
causing shutdown. In addition, the instability of the cold 
box will also lead to many adverse consequences such 
as substandard LNG product temperature and exces-
sive energy consumption. Therefore, the control of cold 
box in the last stage of the plant studied and the ratio 
of mixed refrigerant are the key factors affecting LNG 
production.

Record of problem working conditions: during normal 
production, the mixed refrigerant of CH4 sub-cooled to 
– 155 ℃ enters the cold box, is throttled to 140 kPa.g 
and  158.9 ℃ by the V-1 valve and then returns to the 
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cold box to provide cold energy for LNG and CH4 refrig-
erants, thus realizing refrigerant circulation of CH4 refrig-
eration system. LNG output and cold energy supply are 
implemented by control valves V-2 and V-1, respectively. 
During the operation of increasing the output from 
300 × 104m3/d to 350 × 104m3/d, the alarm of the con-
trol system was triggered by the increase of refrigerant 
line differential pressure, and the alarm of high pressure 
still occurred after the operation of reducing the output 
immediately. See Fig. 1 for drawing the cold box pro-
cess flow, and mark each parameter measuring point; 

according to the latent heat of vaporization of each 
component of mixed refrigerant, the corresponding tem-
perature measuring point of flow channel can reflect the 
component content correspondingly (T1 reflects C2H4, 
T2 reflects CH4, T3 reflects N2). See Table 1 for working 
condition data before and after collecting problems.

According to the performance of working conditions, 
the reasons are predicted as follows: 1, micro-icing caused 
by unqualified dew point of CH4 refrigerant water blocks 
the flow passage. 2, Mixed refrigerant is mixed with 
mechanical impurities to induce blockage of flow chan-
nel. 3, Mixed refrigerant pollutes and mixes high freezing 
point components. 4, The distribution ratio of mixed refrig-
erants is unreasonable, and the latent heat of vaporization 
of refrigerants is disordered. 5, The operation of increas-
ing output is too fast, and the heat transfer of cold box is 
uneven.

Pay attention to the operation cycle of online chromato-
graphic analyser in LNG plant under study is 15 min/time. 
Because the mixed refrigeration cycle system is too long, 
it takes 1.2 h to wait for the refrigerant components to be 
mixed evenly to get the final stable data. We measured 
the dew point of water on the refrigerant line of the cold 
box in time, and the result was – 60 ℃, At the same time, 
samples were sampled and analysed by Agilent7890A gas 
chromatograph, and the results are shown in Table 2.

According to the results in Table 2, it can be concluded 
that the components of the mixed refrigerant are deter-
mined normally and do not contain benzene. The possibil-
ity of predicting causes 1 and 3 is ruled out. Pre-judgement 
reason 2 can be verified by regulatory verification and 

Fig. 1   Cold box process flow chart

Table 1   Working condition 
data of measuring points

Time 8:32 9:04 9:29 10:00 10:30

Coolant differential pressure, Kpa 18.2 18.4 23.2 31 36.8
T1, ℃ − 111.9 − 111.8 − 115.2 − 199.3 − 120.5
T2, ℃ − 127.6 − 127.7 − 131.3 − 135.7 − 136.6
T3, ℃ − 155 − 155 − 155.9 − 156.7 − 157.3
T1#, ℃ − 130 − 131 − 133.7 − 135.5 − 137.6
T2#, ℃ − 149.3 − 149 − 150.2 − 151 − 153.1
T3#, ℃ − 158.5 − 158.6 − 159.4 − 159.7 − 160
T4, ℃ − 101.1 − 101.2 − 104.9 − 109.7 − 112.3
Output of LNG, Nm3/h 117,338.2 118,376 126,678.8 1,396,214 147,252.7
Gas differential pressure, Kpa 1.21 1.35 2.66 4.9 6.75

Table 2   Measuring table of components of mixed refrigerant

Component N2 CH4 C2H4 C2H6 Other

Content, mol% 7.4514 59.4921 31.0007 1.8898 0.166
Freezing 

point,℃
− 210 − 182.5 − 169.4 − 183.3  to − 172 − 



Vol.:(0123456789)

SN Applied Sciences             (2022) 4:5  | https://doi.org/10.1007/s42452-021-04890-0	 Review Paper

disassembly of filter in the next overhaul. In this paper, 
mathematical analysis is carried out for the unreasonable 
distribution ratio of each group of mixed refrigerants and 
the disorder of latent heat of vaporization of refrigerants. 
The logic of the calculation process is shown in Fig. 2.

Due to the complex operation rules of liquefaction 
system, the real-time working conditions of cold box are 
affected by many factors, such as operation, output and 
component ratio, so the online chromatography cannot 
analyse the components of mixed refrigerant in real time, 
and the use of HYSYS for real-time dynamic simulation is 
heavy in workload and low in timeliness, and cannot get 
the solution of the problem and the optimization opinion 
of the working condition accurately. At the same time, the 
dimensions of working condition data of measuring points 
are not uniform, and the statistical data of working condi-
tion information under different output of cold box are 
incomplete. Therefore, it is judged that the system is a typi-
cal grey system, which has the fuzziness of hierarchical and 
structural relations, the randomness of dynamic changes 
and the incompleteness of index data. According to the 
actual problem, let refrigerant differential pressure be the 
parent factor and other factors be sub-factors. Firstly, the 
grey correlation model is used to calculate the correlation 
degree. Dynamic analysis of the similarity or dissimilar-
ity of development trends among factors under current 
working conditions. Secondly, using the analysis results, 
the key points of the process that need to be regulated 
are obtained qualitatively. Finally, GM(1,N) model is used 
to determine the regulation range and demonstrate the 
regulation results.

3 � Experimental investigation

3.1 � GRA model

Grey relational analysis (GRA) is a multifactor statisti-
cal analysis method, which uses grey relational grade to 
describe the strength, size and order of the relationship 
between factors based on the sample data of each factor; 
if the change trends (direction, size and speed) of the two 
factors reflected by the sample data are basically the same, 
the correlation between them is relatively large. On the 
contrary, the correlation degree is small. Under the condi-
tion of limited experimental data and less workload, this 
method can obtain the results reflecting the inherent laws 
of the system under study [30]. As the model requires all 
data to be positive, the negative temperature is converted 
into a fraction according to the engineering characteris-
tics. Let refrigerant differential pressure be parent factor 
x0 and other factors be sub-factors x1 ~ x9. The analysis 
sequence factors are shown in Table 3.

In this part, the grey absolute correlation model 
which reflects the geometric similarity between two 
series images is selected. Grey relative correlation model 
reflecting the development speed of two sequences. 
At the same time, taking into account the relation-
ship between absolute quantities and the influence of 
change rate, the grey comprehensive correlation degree 
model is used for mathematical experiments [31].

Grey absolute correlation degree:
Let Xi =

[
xi(1), xi(2), ⋅ ⋅ ⋅, xi(n)

]
 be the system behaviour 

sequence, so that:

Then XiD = X0
i
=
[
x0
i
(1), x0

i
(2), ⋅ ⋅ ⋅, x0

i
(n)

]
 is the initial 

zero image of Xi , and D is called the initial zero operator.
Let Xi , Xj be system behaviour sequences, then define:

It is the grey absolute correlation degree between the 
behaviour sequences of two systems, which is referred to 
as absolute correlation degree for short, in which:

The absolute correlation degree between two 
sequences describes the geometric similarity of the two 
sequences and is only related to the geometric shapes 
of the two sequences. The greater the similarity between 
them, the greater the absolute correlation. Regardless of 
the spatial relative position of images, translating any 
sequence of images does not change its absolute rel-
evance value [31].

Grey relative correlation degree:
Let Xi =

[
xi(1), xi(2), ⋅ ⋅ ⋅, xi(n)

]
 be the system behaviour 

sequence, so that:

Then XiC = X
�

i
=
[
xi(1)c, xi(2)c, ⋅ ⋅ ⋅, xi(n)c

]
 is the initial 

zero image of Xi , and C is the initial value operator.
Let Xi , Xj be system behaviour sequences, and their 

initial images are X
′

i
, X

′

j
 , respectively. Then, according to 

formula (1), the zero images at the starting point are cal-
culated as follows:

(1)X0
i
(k) = xi(k) − xi(1);k = 1, 2, ⋅ ⋅ ⋅, n

(2)�ij =
1 + ||si|| + |||sj

|||
1 + ||si|| + |||sj

||| +
|||sj − si

|||

||sw|| =
n−1∑
k=2

x0
w
(k) +

1

2
x0
w
(n); w = i, j

|||sj − si
||| =

n−1∑
k=2

(
x0
j
(k) − x0

i
(k)

)
+

1

2

(
x0
j
(n) − x0

i
(n)

)

(3)Xi(k)c = xi(k)∕xi(1);k = 1, 2, ⋅ ⋅ ⋅, n
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Fig. 2   Logic diagram of calcu-
lation process
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Then define:

It is the grey relative correlation degree between the 
behaviour sequences of two systems, which is referred to 
as the relative correlation degree for short, in which:

The relative correlation degree of two sequences 
describes the approaching degree of two sequences rela-
tive to their respective initial change rates, and the relative 
correlation degree value is only related to the approach-
ing degree of two sequences relative to their respective 
initial change rates. The greater the degree of the two 
approaches, the greater the relative correlation degree, 
which has nothing to do with the numerical value of each 
component in the sequence, and the number multiplica-
tion operation of the two series does not change its rela-
tive correlation degree value [31].

Grey comprehensive correlation degree:
Let Xi , Xj be system behaviour sequences, and �ij , rij 

are absolute correlation degree and relative correlation 
degree of the two sequences; then, define:

It is the grey comprehensive correlation degree 
between them, which is referred to as the comprehen-
sive correlation degree for short. � ∈ [0, 1] , which is used 

X
�0
0

=
[
x

�0
0
(1), x

�0
0i
(2), ⋅ ⋅ ⋅, x

�0
0
(n)

]

X
�0
i

=
[
x

�0
i
(1), x

�0
i
(2), ⋅ ⋅ ⋅, x

�0
i
(n)

]

(4)rij =
1 +

|||s
�

i

||| +
|||s

�

j

|||
1 +

|||s
�

i

||| +
|||s

�

j

||| +
|||s

�

j
− s

�

i

|||

|||s
�

w

||| =
n−1∑
k=2

x
�0
w
(k) +

1

2
x

�0
w
(n);w = i, j

|||s
�

j
− s

�

i

||| =
n−1∑
k=2

(
x

�0
j
(k) − x

�0
i
(k)

)
+

1

2

(
x

�0
j
(n) − x

�0
i
(n)

)

(5)�ij = ��ij + (1 − �)rij

to adjust the influence degree of absolute correlation 
degree and relative correlation degree on comprehen-
sive correlation degree, and � = 0.5 is usually adopted.

Comprehensive correlation degree combines the 
advantages of absolute correlation degree and relative 
correlation degree, which not only reflects the simi-
larity between two series images, but also reflects the 
closeness of two series relative to their respective initial 
change rates. It is a quantitative index that accurately 
describes the close relationship between sequences [31].

Take the correlation calculation of x0 and x1 sequences 
as an example:

Calculate the absolute correlation degree:

	 (1) 	 zero image of the starting point of the sequence:

(2)	  Calculate |s0|,|s1|,|s1-s0|
	   |s0|= 27.3; |s1|= 0.001; |s1-s0|= 27.299.
	   �ij = 0.5090.

Calculate the relative correlation degree:

(1)	  The initial image of the sequence:
	   x0 sequence: 1.0000, 1.0110, 1.2747, 1.7033, 2.0220,
	   x1sequence: 1.0000, 1.0022, 0.9731, 0.9395, 0.9294,

(2)	  Zero image of the starting point of the sequence:
	   x1 sequence: 0.0000, 0.0110, 0.2747, 0.7033, 1.0220,
	   x2sequence: 0.0000, 0.0022,-0.0269,-0.0605,-0.0706,
(3)	  Calculate |||s

�

0

|||,
|||s

�

1

|||,
|||s

�

1
− s

�

0

|||

	   rij = 0.6551.

x0sequence ∶ 0.0000, 0.2000, 5.0000, 12.8000, 18.6000,

x1sequence ∶ 0.0000, 0.0000,−0.0002,−0.0005,−0.0006,

|||s
�

0

||| = 1.5000;
|||s

�

1

||| = 0.1205;
|||s

�

1
− s

�

0

||| = 1.3795

Table 3   Analysis of sequence 
factors

Time factor 8:27 8:29 9:29 10:00 10:30

Differential pressure of refrigerant (× 0) 18.2 18.4 23.2 31 36.8
T1(× 1) 1/111.9 1/111.8 1/115.2 1/199.3 1/120.5
T2(× 2) 1/127.6 1/127.7 1/131.3 1/135.7 1/136.6
T3(× 3) 1/155 1/155 1/155.9 1/156.7 1/157.3
T1#(× 4) 1/130 1/131 1/133.7 1/135.5 1/137.6
T2#(× 5) 1/149.3 1/149 1/150.2 1/151 1/153.1
T3#(× 6) 1/158.5 1/158.6 1/159.4 1/159.7 1/160
T4(× 7) 1/101.1 1/101.2 1/104.9 1/109.7 1/112.3
Output of LNG (× 8) 117,338.2 118,376 126,678.8 1,396,214 147,252.7
Differential pressure of natural gas (× 9) 1.21 1.35 2.66 4.9 6.75
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Calculate the comprehensive correlation degree:

From this, the �ij , rij , �ij results of x1 ~ x9 sequences about 
x0 sequences are shown in Fig. 2.

Figure 3 shows that: firstly, because the difference of 
grey relative correlation results is more prominent, the 
grey relative correlation results are selected for qualita-
tive analysis. The order of correlation degree of sub-factors 
from strong to weak is × 3 >  × 7 >  × 2 >  × 1 >  × 4 >  × 9 >  × 
5 >  × 6 >  × 8. According to the grey system theory, when 
the resolution coefficient is 0.5, the correlation degree is 
greater than 0.7 as the main influencing factor. × 3 correla-
tion degree is 0.8552, which is far more than other sub-fac-
tors, and is judged as the important factor. The engineer-
ing explanation is that the proportion of N2 components 
is wrong, which is consistent with the pre-judgement 
reason 4. Secondly, × 7 is the second important factor, 
and the engineering explanation is that the T4 tempera-
ture measuring point in this working condition study can 
reflect the latent heat of vaporization of mixed refrigerant 
as a whole. Finally, × 8 correlation degree is only 0.5861, far 
less than most factors. The possibility of predicting cause 
5 is excluded from engineering interpretation.

3.2 � GM(1,N) model

Whether the intrinsic system is grey or not, there are 
objectively processes of energy absorption, storage 
and release. Therefore, the original data sequence is 
inevitably random and irregular [32]. By using the grey 
system theory, discrete random numbers are generated 
and become a more regular generation sequence with 

�ij = ��ij + (1 − �)rij = 0.5 × 0.5090 + (1 − 0.5) × 0.6551 = 0.5821

significantly reduced randomness. In this way, we can 
dig out more internal expansion information from the 
inside of the system, describe the change process con-
tinuously for a long time, establish corresponding differ-
ential equations and more intuitively reflect the essence 
of the system [33]. The background value of grey sys-
tem GM(1,N) model is integrated by trapezoidal method, 
which is to establish the coefficient of differential equa-
tion, and the simulation accuracy and prediction accu-
racy are moderate. The calculation process is as follows:

There are N series.

Accumulate and generate X (0)

i
 to obtain a generated 

sequence:

We regard the time k = 1, 2, ..., n of sequence X (1)

i
 as a 

continuous variable t  and turn sequence X (1)

i
 into a func-

tion X (1)

i
= X

(1)

i
(t) of time t  . If the sequence X (1)

2
, X

(1)

3
, ..., X

(1)

N
 

has an influence on the rate of change of X (1)

1
 , the whit-

ening differential equation can be established:

T h e  p a r a m e t e r s  o f  E q .   ( 6 )  a r e  l i s t e d 
a s  � = (a, b1, b2, ..., bN−1)

T   ,  a n d  t h e n 
YN = (X

(0)

1
(2), X

(0)

1
(3), ..., X

(0)

1
(n))T  , and Eq. (6) is discretized 

according to the difference method, and the linear equa-
tions can be obtained:

X
(0)

i
= (X

(0)

i
(1), X

(0)

i
(2), ..., X

(0)

i
(n)) i = 1, 2, ...,N

X
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i
= (X

(0)
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m=1

X
(0)

i
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X
(0)

i
(m))
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(1)
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(1)

i
(1) + X
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+ ... + bN−1X
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N

Fig. 3   Calculation results of 
grey correlation degree
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According to the least square method, we get:

Among them, the matrix can be obtained by using the 
idea of moving average of two points.

After finding 𝛼̂ , the differential Eq. (6) is determined.
If n − 1 < N , then the number of equations in the sys-

tem of Eqs. (7) is less than the number of unknowns. At 
this time, BTB is a singular matrix, so we cannot get 𝛼̂ by 
using formula (8). We call the information at this time poor 
information. Considering that the elements of vector 𝛼̂ are 
actually the reflection of the influence of each sub-factor 
on the parent factor, matrix M is introduced to minimize 
the weight of �T� . Give greater weight to the sub-factors 
with weakened future development trend, and give less 
weight to the sub-factors with development potential, 
which can take into account the possible future situations 
and make them better reflect the actual situation in the 
future [34–36]. Particularly, let

Among them, if the influence of Xi on X1 tends to 
weaken, �i is correspondingly larger; On the contrary, if the 
influence of Xi on X1 tends to increase, �i is correspondingly 
smaller. At this time, the following formula can be used to 
calculate vector 𝛼̂:

According to the result of GRA analysis, the propor-
tion of N2 components is wrong. Combined with the 
structural principle of the plate–fin heat exchanger, the 
working state of each component in the mixed refriger-
ant is reacted in different temperature layers from top 
to bottom in the heat exchange runner. Get GM(1,N) 
modelling project, prepare: because T4 is the outlet tem-
perature of mixed refrigerant after heat exchange, it can 
dynamically reflect the working state of mixed refriger-
ant. T1, T2 and T3 can, respectively, represent the work-
ing state of each component in the mixed refrigerant. 
So continue to simplify the model. Select the latent heat 
of vaporization of mixed refrigerant as working repre-
sentative T4 as the parent factor x0. Temperature meas-
uring points T1, T2 and T3 of each component content 
of the reaction mixed refrigerant are sub-factors × 1, × 2 

(7)YN = B𝛼̂

(8)𝛼̂ = (BTB)−1BTYN

B =

⎛
⎜⎜⎜⎜⎝

−
1

2
(X

(1)

1
(1) + X

(1)

1
(2)) X

(1)

2
(2) ... X

(1)

N
(2)

−
1

2
(X

(1)

1
(2) + X

(1)

1
(3)) X

(1)

2
(3) ... X

(1)

N
(3)

⋮ ⋮ ⋮

−
1

2
(X

(1)

1
(n − 1) + X

(1)

1
(n)) X

(1)

2
(n) ... X

(1)

N
(n)

⎞
⎟⎟⎟⎟⎠

M = diag(�1, �2, ..., �N)

(9)𝛼̂ = M−1BT (BM−1BT )−1YN

and × 3. See Table 4 for stable production data of 2.4 h 
after emergency reduction adjustment under problem 
working conditions. GM(1,N) model is used to describe 
the current situation of mixed refrigerant system. Also, 
because the model requires all data to be positive, the 
negative temperature is converted into fractions accord-
ing to the engineering characteristics, and the analysis 
sequence factors are shown in Table 5.

The calculation process of establishing GM(1,3) model 
is as follows:

(1)	 Generate X (0)

i
 by AGO accumulation:

(2)	  The construction of matrix B:

(3)	  The construction of matrix Y:

(4)	  Generate of system development coefficient a and 
driving term b:

X
(1)

3
=

⎡
⎢⎢⎣

0.0088 0.0165 0.0248 0.0325 0.0417

0.0076 0.0144 0.0218 0.0286 0.0363

0.0064 0.0127 0.0191 0.0254 0.0319

⎤⎥⎥⎦

BT =

⎡⎢⎢⎢⎣

−0.0132 0.0165 0.0144 0.0127

−0.0221 0.0248 0.0218 0.0191

−0.0310 0.0325 0.0286 0.0254

−0.0398 0.0417 0.0363 0.0319

⎤⎥⎥⎥⎦

YN =

[
X
(0)

1(1)
, X

(0)

1(2)
,⋯ , X

(0)

1(4)

]T
=

[
0.0089 0.0088 0.0089 0.0088

]

â =

⎡
⎢⎢⎢⎢⎣

a

b1

b2

b3

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

1.9759

0.1478

−0.7875

3.8304

⎤⎥⎥⎥⎥⎦

Table 4   24-h stable production data after adjustment

Sequence 1 2 3 4 5

T4(℃) − 114.6 − 112 − 113.4 − 111.8 − 113.6
T1(℃) − 113.3 − 130 − 120.8 − 129.6 − 109
T2(℃) − 131 − 147.2 − 136.1 − 146.8 − 129.5
T3(℃) − 155.6 − 158.8 − 156.8 − 158.6 − 154.4

Table 5   Analysis of sequence factors

Sequence 1 2 3 4 5

T4(X0) 1/114.6 1/112 1/113.4 1/111.8 1/113.6
T1(X1) 1/113.3 1/130 1/120.8 1/129.6 1/109
T2(X2) 1/131 1/147.2 1/136.1 1/146.8 1/129.5
T3(X3) 1/155.6 1/158.8 1/156.8 1/158.6 1/154.4



Vol:.(1234567890)

Review Paper	 SN Applied Sciences             (2022) 4:5  | https://doi.org/10.1007/s42452-021-04890-0

(5)	  Bring the obtained parameters into the differential 
equation:

	   According to calculation and analysis, T1 driving 
term is close to 0, and C2H4 component in mixed 
refrigerant need not be adjusted. T2 driving term is 
negative, which indicates that CH4 has more compo-
nents, but the driving term is small, which does not 
affect it. T3 driving term is positive and maximum, 
and N2 component should be supplemented appro-
priately in the next step. According to the error detec-
tion in Table 6, the maximum relative error of single 
data column is 13.64%, and the average relative error 
of whole data column is 6.868%, so the model accu-
racy is reliable.

3.3 � Verification

The analysis shows that the current N2 component is 
7.4514 mol%; according to the engineering experience, 
the N2 content was added to 10 mol%, the C2H4 and CH4 
components were diluted, and the temperature measur-
ing points of the cold box were observed after running for 
2.4 h. The GM(1,N) model is used continuously, and the 
temperature point T4 at the outlet of the refrigerant line is 
set as the parent factor × 4. Temperature measuring points 
T1, T2 and T3 of each component content of the reaction 
mixed refrigerant are sub-factors × 1, × 2 and × 3, which are 
taken from Table 7.

The process is omitted, and finally, the differential equa-
tion is obtained:

Through calculation and analysis, the results of T1, T2 
and T3 driving terms are similar, and their absolute values 
are small. Although T1 driving term is negative, it shows 
that C2H4 is slightly higher at present, but the absolute 
value is small, which does not affect the refrigerant ratio. 

dx
(1)

dt
+ 1.9759x

(1)

0
= 0.1478x

(1)

1
− 0.7875x

(1)

2
+ 3.8304x

(1)

3

dx(1)

dt
+ 1.954x

(1)

0
= −1.742x

(1)

1
+ 1.730x

(1)

2
+ 1.013x

(1)

3

According to the error detection in Table 8, the maximum 
relative error of single data column is 45.44%, and the 
average relative error of whole data column is 24.91%, 
so the model accuracy is in compliance. In the next step, 
refrigerant components need not be adjusted. The V-1 and 
V-2 control valves can be adjusted cooperatively according 
to the output, and finally, the refrigerant differential pres-
sure returns to the normal value.

4 � Results and discussion

GRA calculation results show that the correlation degree 
of LNG output (X8) is the weakest, and the alarm problem 
triggered by the differential pressure rise of refrigerant 
line this time has nothing to do with the capacity increase 
operation. According to the engineering experience and 
the principle of cold box heat exchange, the correlation of 
temperature measuring points at least presents the group 
corresponding arrangement relationship of (T1, T1#), (T2, 
T2#) and (T3, T3#). However, the calculation result × 3 >  × 
7 >  × 2 >  × 1 >  × 4 >  × 9 > X5 > X6 >  × 8 only has the corre-
sponding arrangement relationship of T1 and T1#. There-
fore, the GRA results can predict that this working condi-
tion problem is caused by unreasonable distribution ratio 
of mixed refrigerants.

The calculation results of GM(1,N) show that the driving 
term of T4 is 1.9759. If the driving terms of T1, T2 and T3 are 
similar, it is judged that the distribution ratio of each group 
of mixed refrigerant is reasonable and does not need to 
be adjusted. However, the current T3 driving term reaches 
3.8304, and it is determined that the N2 component cor-
responding to this temperature measuring point needs 
to be supplemented appropriately. At the same time, the 

Table 6   Error detection

Serial 
num-
ber

Real data Simulated data Residual Relative error (%)

2 0.0088 0.0097 − 0.0009 10.11
3 0.00894 0.0092 − 0.0003 3.08
4 0.0088 0.0089 − 0.0001 0.641

Table 7   24-h stable production data after N2 supplementation

Sequence 1 2 3 4 5

T4(℃) − 113.9 − 113.8 − 114.2 − 114.0 − 114.0
T1(℃) − 122 − 121.9 − 122.6 − 122 − 122.9
T2(℃) − 137.3 − 137.4 − 138.8 − 137.6 − 139.4
T3(℃) − 157.2 − 157.3 − 157.6 − 157.3 − 157.8

Table 8   Error detection

Serial 
num-
ber

Real data Simulated data Residual Relative error (%)

1 0.0087 0.0047 0.0040 45.44
2 0.0087 0.0076 0.0011 12.78
3 0.0087 0.0073 0.0014 16.49
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driving terms of T1 and T2 are all around 0.5, which is of 
the same order of magnitude. The engineering interpre-
tation is that CH4 and C2H4 have good composition ratio. 
According to the process design, the recommended ratio 
of N2 is 5–10 mol%. The current test result of N2 compo-
nent is 7.4514 mol%. According to the engineering experi-
ence, considering the actual production at full load in the 
next step, N2 is added to 10 mol%, and C2H4 and CH4 are 
diluted at the same time. The following GM(1,N) model is 
used to verify that the driving terms of T1, T2, T3 and T4 are 
all around 1.5, and the results of determining the driving 
terms of each factor are similar and the absolute value is 
small. The project proves that this regulation is appropriate 
and meets the expectation of operation results.

This mathematical experiment discusses: 1. although 
the algorithms proposed by machine learning are rela-
tively mainstream at present, there will be data distortion 
caused by instrument failure, power failure and distur-
bance of engineering factors in LNG production site. If 
machine learning is used directly, the failure of computing 
task will be caused by low fault tolerance, which is mani-
fested in: over-fitting problem, ignoring the correlation of 
attributes in data set, sensitivity to missing data, unbal-
anced samples, large prediction deviation, long learning 
process and the possibility of falling into local minimum. 
In addition, the on-site data collection terminal, PLC con-
trol system and overall central control system need to 
occupy a large amount of memory. If machine learning 
is carried out, it will lead to memory crisis caused by too 
large training set, and even affect the normal operation of 
the central control system, endangering the safe produc-
tion of the project. Therefore, the grey system with limited 
computation is chosen to solve this problem. 2. To build a 
multivariate grey model, it is necessary to select suitable 
objective factors and screen measurable physical quanti-
ties with direct correlation. In this study, enthalpy, entropy 
and other thermodynamic energy variables are selected 
to build the model, which can better reflect the essence 
of the problem. However, the most direct response to the 
change of temperature field is the function of temperature 
t variable in space coordinates (x, y, z) and time variable t. 
Further, considering the usability of engineering data, it 
is more suitable for engineering practice to build a grey 
model by selecting temperature data of different time 
development and different spatial positions. 3, The inte-
grated calculation results in Fig. 1 show the difference of 
absolute correlation degree, relative correlation degree 
and comprehensive correlation degree. Because the engi-
neering significance of this modelling lies in mining the 
latent heat of vaporization of each component of mixed 
refrigerant in the dynamic process of refrigeration cycle, its 
essence is to describe the data interaction in the dynamic 
process. Therefore, it is most appropriate to choose the 

grey relative correlation result reflecting the development 
speed of the two sequences for engineering analysis. 4, 
GM(1,N) model can dig out more internal expansion infor-
mation from the inside of the system and describe the 
change process continuously for a long time. This char-
acteristic also accords with the engineering significance 
of this modelling. However, in the application process, it 
is necessary to optimize the operational factors, simplify 
the mathematical model, reduce the average relative error 
as much as possible and ensure the convergence of the 
model. The average relative error of all data columns in this 
GM(1,N) modelling is 24.91%, although it is less than the 
threshold of 30%, so the model accuracy is controllable. 
However, the next step needs to be compared with other 
methods to optimize the calculation accuracy of this part.

Important points for attention in engineering: 1, in the 
cold box capacity increasing operation under the premise 
of mixed refrigerant liquefaction process, it is necessary 
to first prepare refrigerant according to LNG capacity and 
latent heat properties of gasification of each component 
of mixed refrigerant, and then start to increase the out-
put operation. If it is found that the difference between 
the corresponding temperature measuring points of T1 
and T1#, T2 and T2# or T3 and T3# is 15℃, the operation 
of increasing production must be stopped. After keeping 
the compressor running for 2.4 h, observe the temperature 
measuring points of the cold box, and make GM(1,N) anal-
ysis by using the current data to judge the next refrigerant 
control scheme. 2, If any data measuring point exceeds 
the protection value, the output must be reduced imme-
diately and the V-1 valve should be turned down to reduce 
the supply of mixed refrigerant. After the alarm is released 
and the heat exchange cycle returns to the safety limit, 
the instantaneous alarm value data are collected and the 
GRA model is used to assist in problem analysis. 3, The 
running cycle of online chromatographic analyser in LNG 
plant is 15 min/time, and the time for evenly distributing 
mixed refrigerant after running for one week in refrigera-
tion cycle system is 1.2 h. Considering the phase change 
process and the influence of condenser in refrigeration 
cycle system, according to engineering experience, it takes 
2.4 h hours to obtain the final stability data of each com-
ponent of mixed refrigerant. Therefore, before grey system 
analysis, attention should be paid to data selection and 
refrigerant sampling time nodes to ensure rigorous data 
preparation. 4, The operation principle of "small action, 
multiple times" should be followed in the process of 
increasing LNG output. In the next step, according to the 
engineering experience, we should explore the relation-
ship between the driving terms of GM(1,N) model results 
and the control quantities of refrigerant components, and 
obtain quantitative operation guidelines to improve the 
control accuracy. 5, According to the working conditions 
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and engineering experience of this study, the hypothesis is 
put forward here: when the output of the research plant is 
increased to 300 × 104m3/d, the latent heat of vaporization 
of the mixed refrigerant conforms to some complex non-
linear relationship. Generally speaking, there is a big differ-
ence between the production load less than 300 × 104m3/d 
and the production load greater than 300 × 104m3/d. If it 
is necessary to increase the output to over 300 × 104m3/d, 
the ratio of mixed refrigerant must be adjusted first, and 
then, the operation must be carried out.

The workload of this study is as follows: 1, the abnormal 
working condition data of control system alarm caused 
by refrigerant line differential pressure rise during the 
operation process of the LNG plant output increased from 
300 × 104m3/d to 350 × 104m3/d are collected. According 
to laboratory analysis methods and engineering experi-
ence, five assumptions and judgements of pre-judgement 
reasons were made. 2, Using GRA model to analyse the 
pre-judgement reason 4, it is concluded that the current 
abnormal working condition is caused by the wrong pro-
portion of N2 components. 3, Using GRA model analysis 
results and engineering experience to further simplify 
the model, collect data and bring it into GM(1,N) model 
to get the direction of N2 component ratio control. And 
the GM(1,N) model is used again to verify the regulatory 
compliance.

The innovations of this study are as follows: 1. a method 
of multitask model cooperation is proposed under the 
premise of the same theoretical model which is suitable 
for working condition analysis of process industry prob-
lems. It is more suitable for engineering practice to select 
temperature data of different time development and dif-
ferent spatial positions to construct grey model; 2, GRA 
model and GM(1,N) model, both of which belong to grey 
system theory, have good data coupling in problem anal-
ysis, which is suitable for the large data change process 
of refrigeration cycle which needs to be described con-
tinuously for a long time; 3, This method of simultaneous 
solution of multitask model can flexibly select key data 
factors and reasonably control the amount of calculation 
for working condition problems on the premise of limited 
preset research boundary. Taking into account the advan-
tages of high efficiency and accuracy, it is suitable for the 
regulation and control of refrigeration cycle that needs to 
respond quickly.

5 � Conclusion

(1)	  In view of the unreasonable distribution ratio of each 
group of mixed refrigerants and the disordered latent 
heat of vaporization of refrigerants, research bound-
ary setting and data collection were conducted. The 

temperature data of different spatial positions with 
different time development quantities are selected, 
and the grey model which is more suitable for engi-
neering practice is constructed. Using GRA model, 
it is concluded that the current abnormal working 
condition is caused by incorrect proportion of N2 
components. The simplified model brought new data 
to GM(1,N) model, and combined with engineering 
experience, the control measures to supplement N2 
component to 10  mol% were obtained. After the 
operation, the abnormal working conditions in the 
project disappeared. The GM(1,N) model was used 
again to verify that the operating conditions were 
successfully regulated. The engineering significance 
of this study: to explore the latent heat of vaporiza-
tion of each component of mixed refrigerant in the 
dynamic process of refrigeration cycle. Its essence is 
to describe the data interaction under the dynamic 
process, intuitively reflect the essence of the system 
and guide the adjustment of mixed refrigerant com-
ponents.

(2)	  The operation principle of "small action, multiple 
times" should be followed in the process of increasing 
LNG output. If any data measuring point exceeds the 
protection value during the operation, it is necessary 
to stop the operation or reduce the output urgently, 
wait for the alarm to be lifted and make adjustment 
after analysing the problem. Using mathematical 
algorithms such as grey system theory to analyse 
problems can effectively save material costs, avoid 
downtime losses and guide on-site regulation effi-
ciently and accurately. GM(1,N) model can make full 
use of data to analyse the composition ratio of mixed 
refrigerant. It makes up for the engineering bottle-
neck caused by the delay of chromatographic ana-
lyser results and the lack of other basic verification 
means. In the next step, according to the engineer-
ing experience, we should explore the relationship 
between the driving terms of GM(1,N) model results 
and the control amount of refrigerant components, 
and obtain the quantitative operation scheme to 
improve the control accuracy.
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