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Efficient Identification and Accurate Evaluation for Shutdown Operation Flow
of Cryogenic Air Separation Units

Duowen Chen' Guanghui Yang%3 Hongfeng Lou* Xiongfeng Feng?2 Zuhua Xu3  Zhijiang Shao?3
1.Department of Polytechnic, Zhejiang University ~ 2.Huzhou Institute of Industrial Control Technology
3.State Key Lab of Industrial Control Technology, Department of Control Science and Engineering, Zhejiang University
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fEE: During the operation of air separation units(ASU), planned short-term shutdowns are often required to ensure a balance
between supply and demand of downstream air separation products, and maintain equipment performance and ensure
production safety. Making the device shut down smoothly and safely is a key measure in air separation production. However, this
process highly relies on manual participation and carries risks and uncertainties. In response to this practical demand, we

propose an ASU Shut...
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Abstract: During the operation of air separation units(ASU), planned short-term shutdowns are often
required to ensure a balance between supply and demand of downstream air separation products, and
maintain equipment performance and ensure production safety. Making the device shut down smoothly
and safely is a key measure in air separation production. However, this process highly relies on manual
participation and carries risks and uncertainties. In response to this practical demand, we propose an ASU
Shutdown operation flow assistance system (SOFAS). We firstly build a standard logical model based on
the actual shutdown process and develop algorithms to assist in executing standardized and safe shutdown
operations. Then, we propose an operation flow identification algorithm to identify the shutdown
operation flow, and an evaluation algorithm to quantitatively analyze the efficiency and safety of the
operation flow using two performance indicators. Finally, the effectiveness of the method was verified
through experimental analysis using the actual operational data of ASU.

Key Words: Air Separation Unit, Shut down, Identification algorithm, Evaluation algorithm, Operation
flow

safety [4]. ASU Shutdown requires operators to
strictly follow the shutdown operation tickets,
shutdown plans, and operating procedures,
involving a series of complex safety measures and
operational steps. Safe and stable shutdown of the

1 Introduction

Air separation unit(ASU) separates products
such as nitrogen, oxygen, argon, etc., from the air.
Industrial air separation production mainly uses

the cryogenic rectification method, which utilizes
the differences in the relative volatility of the
components in the air. ASU is an important
equipment in the national economic field, widely
used in fields such as steel, pharmaceuticals,
semiconductors, petrochemicals, metallurgy,
aerospace [1-3].

Air separation production often faces planned
short-term shutdown during operation to keep the
balance between supply and demand of
downstream air separation products, and maintain

equipment performance and ensuring production

device is a key measure in air separation
production, which helps to extend the service life
of the equipment, improve production efficiency,
reduce failure rates, and ensure the normal
operation of the production process and the
economic benefits of the enterprise.

Most ASU Shutdown operations are highly
dependent on the participation of operators, and
the existing automation systems cannot
completely replace manual operations. Operators

must follow the guidance on the shutdown
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operation tickets to perform a series of complex
shutdown steps. Although in some cases, the
flexibility of manual shutdowns does not appear
to have a significant impact on the shutdown
results on the surface, there are still risks and
uncertainties from a deeper perspective in terms
of operational safety and equipment stability. In
order to improve the efficiency and reliability of
ASU Shutdown, reduce the potential safety risks
caused by human errors, it is particularly
necessary to adopt a more efficient and reliable
auxiliary shutdown strategy. In this article, we
propose a new method for identifying and
evaluating the operation flow of ASU Shutdown
processes, based on the operational data of the
unit, technical platforms and logical models, in
response to this practical need [5]. This method
aims to operators in  performing
standardized and safe shutdown operations
through precise operation flow identification and
evaluation, while also enhancing their skills and
ability to respond to emergency situations,
reducing human errors to prevent potential
accidents, and thereby improving the safety
standards and operational level of the entire air
separation industry.

assist

2 Air Separation Unit Shutdown -
Externally Compressed Air

Separation Process

2.1 Externally Compressed Air Separation

Process

A typical external compressed cryogenic air
separation process mainly includes air filter (AF),
main air compressor (MAC), air cooling
tower(ACT), molecular sieves absorbers(MSA),
booster expander (BE), main heat exchanger
(MHE), high pressure column(HPC), low
pressure column(LPC), crude argon column 1
(CAC-I), crude argon column 2 (CAC-II) and

pure argon column (PAC), shown as Fig. 1. Feed
air is firstly filtered by the AF, compressed by the
MAC, then cooled by the ACT, and subsequently
purified by the MSA to remove impurities,water
vapor, and carbon dioxide. The purified air is
divided into two streams.The majority of the air
exchanges heat with the reflux gas (pure oxygen,
pure nitrogen, waste nitrogen, etc.) in the MHE
and enters the HPC, while a smaller portion of the
air is compressed and expanded by the BE to the
liquefaction temperature and enters the LPC after
exchanging heat in the MHE. In LPC, the air is
initially separated into liquid nitrogen(LIN) and
oxygen-enriched liquid air, with a portion of
liquid nitrogen sent back to HPC for reflux,, a
portion sent to the top of the LPC through a sub-
cooler for reflux, and a portion sent as liquid
products to the storage tank. After passing
through the sub-cooler, a portion of the oxygen-
enrich liquid air is sent to the middle of the LPC
for reflux, and another portion is sent to the upper
part of the CAC-Il. Gaseous nitrogen(GAN) is
produced by the gaseous nitrogen in the top of the
LPC after heat exchange in the MHE. in the
bottom of the LPC, liquid oxygen is produced,
with a portion used as liquid oxygen(LOX) and
another portion used to generate gaseous
oxygen(GOX), which are respectively sent to
storage tanks and user pipelines. A side flow
extracted from LPC is sent to CAC-I for further
separation to produce argon products. The bottom
product of CAC-I is sent back to LPC, and the
crude argon in the top is sent to CAC-II. The
bottom component of CAC-I11 is sent to CAC-I,
and the top component is sent to PAC. Cruse
argon is denitrogenated in PAC, and liquid
argon(LAR) is produced at the bottom of PAC,
and part of it is directly used as the product, while
the other part is sent into MHE to produce
gaseous argon(GAR).
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Fig. 1. A diagram of externally compressed air separation process

2.2 Air Separation Shutdown Process

The ASU Shutdown requires following a set of
standard operating procedures, which can be
divided into multiple processes in sequence
according to the operating logic, including
shutting down the oxygen compressor, the
nitrogen compressor, the storage tank inlet, the
argon system, the main distillation system, the BE,
the MSA, the pre cooling system(mainly ACT),
and the MAC, and finally replacing the sealing
gas source, as shown in Fig. 2. There are many
problems with ASU Shutdown in practical
operation. The operation ticket referred to in ASU
Shutdown does not follow a fixed and unchanging
sequence, but is flexibly executed based on the
actual situation and the operator's judgment,
resulting in strong subjectivity in operators’
operation. For example, when shutting down the
BE, the operator will decide based on personal
experience and operating habits whether to pre
reduce the speed of the BE to to below a specific
value. In addition, ASU Shutdown often require
multiple operators to collaborate and coordinate
actions by observing variables on the DCS
interface and communicating over the phone.
However, this approach may lead to parallel or
chaotic sequence of operation steps. The above-
mentioned differentiated shutdown operations
can sometimes cause serious accidents. In 2006,
a temporary ASU Shutdown was carried out in
the air separation workshop of a fertilizer plant.

Due to negligence, the operator opened the liquid
oxygen discharge valve in the acetylene separator,
causing the liquid oxygen to flow into the indoor
trench and evaporate rapidly, ultimately leading
to a gas explosion accident [6]. In addition to the
uncertainty caused by human factors, emergency
situations may also be encountered during the
operation of ASU. In an ASU workshop of a
certain steel company, the malfunction of the
liquid level gauge caused an abnormality in the
1/0 module, resulting in fluctuations in the
simulated input signal, Subsequently, the outlet
pressure of the air compressor exceeded the
pressure, triggering an interlock, causing the air
compressor to dissipate and the ASU to shut
down [7]. On a night in 2013, due to a sudden
increase in atmospheric carbon dioxide content at
the inlet of the air compressor, carbon dioxide
broke through the molecular sieves absorbers and
blocked the main heat exchanger, causing the
ASU to shut down [8]. These unexpected
situations require operators to maintain high
operational proficiency and adaptability to
perform emergency shutdown or cooperate with
ASU interlocking shutdown.

In response to the above issues, we have
established a detailed ASU Shutdown logical
model based on shutdown operation tickets and
on-site operator experience. Based on the logical
model, we propose a method for identifying and
quantitatively evaluating the ASU Shutdown
operation flow.



Shut Dow
Shutdown hut Down
Preparation Oxygen
P Compressor

Shut down Main

Close Heat
Exchanger Inlet

Shut Down
Nitrogen
Compressor

Shut Down BE

Shut Down Argon
Pump

Shut Down Oil
Cooler

Close Storage
Tank Inlet

Shut Down ACT

Shut Down
Cireulating Pump

Shur down Argon
System

Shut Down MAC

Shndown
Complete

Replace Sealing
Gas Source

|

|

Fig. 2. Main flow chart of ASU Shutdown

3 ASU Shutdown operation flow
assistance system(SOFAS)

The core of SOFAS is as follows.

Logical model: Based on the operation ticket
and the ASU operators' practical experience, a
shutdown logical model was constructed. This
model provides a detailed description of the entire
shutdown process, including changes in unit
status, operator actions, expected sequence and
state transition conditions. The model is the
underlying logic of the identification algorithm

Data Flow

and serves as a reference for evaluating the
algorithm. The main part is shown in Fig. 2.

Operation flow identification algorithm: The
identification algorithm analyzes the data
collected by the DCS, which involves analyzing
the actions of operators and changes in unit status
to identify various key stages in the shutdown
process.

Operation flow evaluation algorithm: The
evaluation algorithm quantitatively analyzes the
identified shutdown operation flow to evaluate its
consistency and efficiency compared to standard
operating procedures.

DCS

Controlled variables

Improving

skills

Evaluation Result

Identification Algorithm

Reverse model

Operation
Flow

Targeted training on OTS

Evaluation Algorithm

Sequence Quality
module module

Fig. 3. Operational flow shutdown assistance system framework

3.1 Operation flow identification algorithm

The operation flow identification algorithm,
based on the logical model, includes multiple
independent modules, each designed to scan the
operation of the corresponding subprocess in the
ASU Shutdown process. Due to some on-site
manual operation information not being recorded
by DCS, a total of 7 typical shutdown sub
processes modules were designed, including

shutting down the oxygen compressor, nitrogen
compressor, argon system, main distillation
system, BE, MAC and MHE intake, covering the
main operations of ASU Shutdown. State update
functions were written based on their respective
logical models. These modules get operational
data such as pressure, temperature, valve opening
value, and operation switch values from DCS,
predict possible operating variables through a set



of pre established reverse transfer function
models from the controlled variables to the
corresponding variables, and
independently identify the current status of each
subprocess preset
parameters and thresholds. For example, the
status update function of the oxygen compressor
checks the sensor readings, status switch values,
and operating variables related to the oxygen
compressor, such as outlet pressure, operation
switch values, and oxygen compressor vent valve
opening. Based on these data, the oxygen
compressor module determines whether the
oxygen compressor is running normally, closing
a certain valve, or has already stopped. If the
oxygen compressor vent valve is detected to be
open at any time, the current timestamp and the
corresponding subsystem’'s new status will be

control

based on experience

recorded.

In addition, to improve the flexibility of the
algorithm, parameterized configurations have
been introduced, which allow for adjusting key
thresholds and conversion conditions based on
different parking needs and device characteristics
without modifying the source code itself. By
updating an external configuration file, these
parameters can be easily updated and maintained,
thereby achieving adaptability and scalability for
different air separation devices.

3.2 Operation flow evaluation algorithm

In previous algorithmic research on operational
evaluation, most studies have employed strictly
sequential evaluation methods, where operators
must follow specific steps and transition
conditions to perform operations [9,10]. This is
effective for training in standardized process
tasks, however, for tasks such as ASU shutdown,
this approach greatly limits the flexibility of
operation, leading to operation rigidity.

In this study, we adopt a sequential evaluation
module with a certain degree of flexibility,
combined with a quality evaluation module, to

provide a comprehensive and complete

operational evaluation. two key evaluation
indicators were selected as follows.
(@) Completion Time(CT)

CT directly reflects the efficiency of shutdown
operation. Shorter completion time helps to
reduce product release rate and lower energy
consumption costs. The score of CT can be
calculated as follows:

Sl _ Tstandard X 100 (1)

TOperator

where Toperator represents the actual time
spent by the operator to complete the
shutdown operation, while Tgangara 18 @
benchmark time for comparison, which can
be the theoretical parking time simulated by
the parking model according to the standard
parking process. w;is the weighing factor of
Si-

(b) Deviation Degree(DD)

DD reflects the difference between the
actual shutdown operation flow and the
standard process, which is an important
indicator for measuring the consistency of
operation and the degree of standardization.
To quantify DD, the following steps need to
be taken.

Identify operation flow from raw data.
Using identification algorithm to scan DCS
data and OTS standard shutdown model
simulated data separately to obtain the actual
operation flow and standard operation flow,
including each operator action, unit status
change, and timestamp.

Operation flow match. Match the actual
operation flow with the standard operation flow.
Identify  the
differences between the actual operation flow and
the standard operation flow, and classify them as
a type of deviation, such as additional operations,
missed operations, errors in operation sequence,
and deviations in operation conditions.

Deviation quantification. Specify the types of
deviation as shown in Table 1. Quantify deviation
using the deviation index. 0 is the minimum

Deviation Identification.



deviation index, indicating that a single actual
operation fully complies with the standard
process; 4 is the maximum deviation index.
Assign values to different types of deviations in
each sub process based on the degree of impact of
actual deviations on the shutdown process, as
shown in Table 2.

In the context of our research, we have
implemented a Dynamic Time Warping (DTW)
algorithm to match the shutdown operation
sequences, where each operation is assigned a
weight reflecting its significance in the process.
The DTW algorithm is adept at aligning two
temporal sequences, which in our case are the
actual and standard shutdown sequences, by
stretching or compressing the time axis to find an
optimal match. To account for the varying
importance of operations, we introduce a
weighting factor wo for each operation oo in the
sequence. This weight is determined by expert
knowledge and reflects the operation's impact on
safety, efficiency, or regulatory compliance. The
local distance measure d(tats) between two
operations ta from the actual sequence and ts from
the standard sequence is then modified as follows:

d'(tg ts) = wg * ws* d(tg, ts) (2)

where w, and w are the weights of the

respective operations. The cumulative cost

C(i,j) at each step (i,j) in the DTW matrix is

updated to incorporate these weights, calculated
as:

C(i,j) = min (C(i — 1,/),C(i,j — 1),C(>i —
Lj=1+d'(tg, ts)) (3)
where ¢, and ts; are the operations from the
actual and standard sequences at indices i and j,
respectively. The total deviation TD is then the
sum of the weighted distances along the optimal
warping path, given by:
DD = Y jyepatn d' (ta; ts;) 4)

This approach allows us to quantify the deviation
between the actual and standard shutdown
sequences with a sensitivity to the criticality of
each operation, providing a more nuanced
evaluation of the shutdown process.

The evaluation algorithm calculates the DD for
each sub process according to the rules in Table
2, and calculates S, as follows:

S, =100 — —2
TD.

x 100 (5)

max

TD,qx 1s the maximum theoretical deviation
value of the entire process, calculated as 85 in our
process case.

The final score is weighted by the scores of two
indicators:

Sfinat = 2§ W;iS; (6)

where w; is the indicator weight. When
evaluating the operation flow, we place greater
emphasis on the level of process standards, hence
we set w; =0.3, w, =0.7. The higher the
Stina1» the closer the actual operation process is to

the standard process.

Table 1. Deviation type and corresponding description

Deviation Type

Description

Deviation Index

No deviation

Completely identical to the
standard operation flow

Additional peration

Actual execution of steps that
do not exist in the standard
process

Missed operation

The steps that exist in the
standard process were not
actually executed.

Disordered operation

The steps were executed, but
the order of execution Is
different from the standard
process.

0~-4

Operation of numerical
deviation

The steps were executed, but
there was a deviation in the
operating values




Table 2. Deviation index of different sub processes for each deviation type
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4 Experimental Analysis

We validate the effectiveness of the proposed
ASU Shutdown operation flow identification and
evaluation algorithm in this section. Using the
operating data of an externally compressed ASU
with nominal capacity of 20,000 Nm3/h at the
Gas Supply Company of Nanjing Iron Steel
United Co., Ltd.

4.1 Operation flow identification and analysis

Scan the DCS data and the theoretical

shutdown data simulated by the OTS standard
shutdown model using identification algorithms,
and obtain the actual operation flow and
theoretical operation flow respectively, with the
latter used as the standard operation flow.
Fig. 4 shows the output standard operating flow,
where the standard shutdown process takes 318
seconds from ‘starting the OC shutdown program’
to ‘MHE in shutdown’.

Fig. 5 shows the flow of the first shutdown
operation. After comparing with the standard
operation flow, it can be found that there were no
missed or additional operations in this operation
flow, but the nitrogen compressor was stopped
about four hours earlier than the oxygen
compressor. After analysis, it was found that due
to the relatively small demand for nitrogen as a
subsidiary product, the nitrogen supply is often
adjusted based on real-time demand. Even during
normal operation of the ASU, the nitrogen
compressor frequently starts up and shuts down.
Therefore, when the ASU begins to stop, the
nitrogen compressor is often already shut down in

advance. In addition, the sub processes of

stopping the argon system, MAC, MHE inlets,
can be seen from the operation flow that there are
interspersed operations, which is caused by the
collaborative operation of multiple operators.
Fig. 6 shows the second shutdown operation
flow. When scanning the initial timestamp, the
nitrogen compressor was already in a shutdown
state. After further exploration, it was found that
the nitrogen compressor had stopped early two
days ago to balance the downstream nitrogen
supply and demand. At the same time, this
shutdown also has the same problem of multiple
sub processes interspersed operations as the first
shutdown. In addition, the valves of the argon
system have not been fully adjusted in place.
Among them, V751 valve is the exhaust gas
discharge valve of PAC, which should have been
fully closed in the standard process to prevent
negative pressure from entering the tower.
However, the actual process maintains a 40%
opening throughout the entire process; The V757
valve should have been fully open in the standard
process to transfer the liquid argon from the kettle
of PAC to the CAC-I, so that the argon system can
quickly accumulate cold energy during the next
startup. However, in this shutdown process, it was
fully closed instead. In addition, the algorithm
detected unconventional shutdown operations
when shutting down the MAC. After fully
opening the air compressor vent valve, the
operator did not first close the guide vanes to 15%,
but directly pressed the stop MAC button. During
the shutdown process, excessive guide vanes may
cause the MAC to experience surging, seriously

affecting its lifespan, which is a very non



compliant operation.

From the above analysis, it can be seen that due
to differences in production conditions before
difficulty

multiple operators, and non-standard shutdown

shutdown, in coordinating with

operations, the actual operation process time of

the two times is much longer than the standard

Timestamp Oxygen Compressor
2024/4/23 7:50:00 OC in operation
2024/4/23 80006 Start the OC shutdown program
2024/4/23 80018 Valve V3304 fully open
2024/4/23 80025 Valve V3303 fully open
2024/4/23 B00:34 Valve V3306 powered off
2024/4/23 8:00:39 OC in shutdown

Assist Oxygen Compressor Nitrogen Compressor
NC in operation

Argon System

Argon System in operation

operation flow, and the operation sequence is
significantly different from the standard process.
Relatively speaking, the first shutdown process is
more standardized. In the following section, a
quantitative evaluation will be conducted on five

stops, including the two mentioned above.

Main Distillation Syster Expander
MDS in operation BE in operation

Main Air Compressor
MAC in operation

Main Heat Exchanger
MHE in operation

2024/4/23 8:00:53 Vent valve V103 fully open
2024/4/23 8.01:16 NC in shutdown
2024/4/23 8:.01:47 Vent valve V105 fully open
2024/4/23 8:02:09 Valve adjustment in progress(V701,V706,V707 V711,V751V757)
2024/4/23 8:02:11 Valve adjustment in progress(V701,V706,V707 V711,V751,V757)
2024/4/23 8:02:12 Valve adjustment in progress(V701,V706,V707 V711,V751V757)
2024/4/23 8:02:15 Valve adjustment in progress(V701,V706,V707 V711,V751V757)
2024/4/23 8:02:16 Valve adjustment in progress(V701,V706,V707 V711,V751V757)
2024/4/23 8:02:19 Valve adjustment in progress(V701,V706,V707,V711V751V757)
2024/4/23 8:02:24. Valve adjustment in progress(V701,V706,V707 V711V751V757)
2024/4/23 8:03:13 Valve V1 and V3 closed
2024/4/23 8:03:32 Return valve fully open
2024/4/23 8:03:46 Turn nozzle down
2024/4/23 8:03:49 Press the manual stop button
2024/4/23 8:04:04 Vent valve fully open
2024/4/23 8:04:22 Turn guide vane down
2024/4/23 8:05:06 MAC in shutdown
2024/4/23 8:05:10 MHE intake closed(V111,V112 V113 V1]
2024/4/23 8.05:14 MHE intake closed(V111,V112V113,V1]
2024/4/23 8:05:19 MHE intake closed(V111,V112 V113 V1]
2024/4/23 8:05:24 MHE in shutdown
Fig. 4. The Standard shutdown operation flow
Timestamp Oxygen Compressor Assist Oxygen Compressor Nitrogen Compressor Argon System Main Distillation System Expander Air Compressor Heat Exchanger

2024/3/12 8:00:01 OC in operation

2024/3/12 8:01:50

2024/3/12 8:02:19
2024/3/12 11:59:07 Start the OC shutdown program
2024/3/12 12:00:03 Valve V3304 fully open
2024/3/12 12:00:47 Valve V3303 fully open
2024/3/12 12:00:48 Valve V3306 powered off
2024/3/12 12:00553 OC in shutdown
2024/3/12 12:00:54
2024/3/12 12:.01:27
2024/3/12 12:01:52
2024/3/12 12:02:00
2024/3/12 12:02:08
2024/3/12 12:02:15
2024/3/12 12:03:26

NC in operation
NC in shutdown
Vent valve V105 fully open

Argon System in operation  MDS in operation BE in operation MAC in operation MHE in operation

Vent valve V103 fully open
Valve adjustment in progress(\V701,V706V707,V711V751V757)
Valve adjustment in progress(\V701V706,V707,V711V751V757)
Valve adjustment in progress(V70LV706V707,V711V751V757)
Valve adjustment in progress(V701V706V707,V711V751V757)
Valve adjustment in progress(V701V706V707 V711 V751V757)

2024/3/12 12:03:34
2024/3/12 12:03:42
2024/3/12 12:05:39
2024/3/12 12:06:25
2024/3/12 12:06:27
2024/3/12 12:06:34
2024/3/12 12:06:40
2024/3/12 12:06:47
2024/3/12 12:06:59
2024/3/12 12:09:23
2024/3/12 12:09:55
2024/3/12 12:10:25

Return valve fully open
Turn nozzle down
Press the manual stop button
Vent valve fully open
MHE intake closed(V111\
Turn guide vane down
MHE intake closed(V111\
MHE intake closed(V111\
MHE in shutdown
MAC in shutdown

Valve adjustment in progress(V70LV706.V707,V711V75LV757)
Valve adjustment in progress(\V701V706V707,V711V751V757)

Valve V1 and V3 closed

Fig. 5. The first shutdown operation flow

Timestamp Oxygen Compressor
2024/4/7 150001 OC in operation
2024/4/7 150911 Start the OC shutdown program
2024/4/7 1515140 Valve V3304 fully open
2024/4/7 151801
2024/4/7 15:18:27 Valve V3303 fully open
2024/4/7 15:18:28 Valve V3306 powered off
2024/4/7 15:18:46 OC in shutdown
2024/4/7 1520145
2024/4/7 1520:54
2024/4/7 1521:02
2024/4/7 1521:09
2024/4/7 1521:11
2024/4/7 152316
2024/4/7 1523:40
2024/4/7 152346
2024/4/7 152351
2024/4/7 152352
2024/4/7 152359
2024/4/7 1524557
2024/4/7 1525142

Assist Oxygen Compress: Nitrogen Compressor
NC in shutdown

Argon System
Argon System in operation

Vent valve V103 fully open

Valve adjustment in progress(V701V706V707V711V751V757)
Valve adjustment in progress(V701V706 V707 V711 V751V757)
Valve adjustment in progress(V701V706 V707 V711 V751V757)
Valve adjustment in progress(\701V706V707.V711.V751V757)

Main Distillation System
MDS in operation

Expander
BE in operation

Air Compressor
MAC in operation

Heat Exchanger
MHE in operation

Return valve fully open
Tum nozzle down

Press the manual stop button
Vent valve fully open
MAC shutdown in disorder - MHE intake closed(V:
MHE intake closed(V
MAC in shutdown
MHE intake closed(V.
MHE in shutdown
Valve V1 and V3 closed

Valve adjustment in progress(v701V706,V707V711V751V757)

Fig. 6. The second shutdown operation flow

4.2 Operation flow evaluation and analysis

On the basis of identifying and analyzing the
operation flow, quantitatively evaluate and
analyze the operation flow.

The indicators for evaluating the operation
CT(Completion Time)
DD(Deviation Degree), and the benchmark used

flow include and
is the standard operation flow.

In the first shutdown process, the nitrogen

compressor was stopped 4 hours at 08:01:50
before the oxygen compressor was stopped. If the
nitrogen compressor is considered as the starting
point and the entire stop time is calculated to
reach 14915 seconds, the completion time index
sl for the first stop will be only 2.13 points(out of
100 points). For the convenience of comparing
multiple shutdown processes with each other,

intercept the first shutdown data and considering



the time starting point as 11:59:07, though

resulting in missing nitrogen compressor
shutdown operations and a decrease in S, score.
The completion time is 678 seconds and the score
for S; is 47 points. The valve of the argon
system was not fully adjusted during the second
shutdown, and the final operation was considered
as the end point of the stop. Therefore, the
completion time is 991 seconds, and the score for
S1 1s 32 points.

Evaluate the DD, with a deviation index of 18
and a score of 79 for the first shutdown as shown
in Table 3, and a deviation index of 28 and a score
of 67 for the second shutdown as shown in Table

4. Taking Table 3 as an example, the table shows

the times of deviation and total deviation values
involved in each sub process during the first
shutdown.

In addition to the first two stops, we continued
to test the parking data for three more times and
summarized the scoring results in Fig. 7.

After investigation, the first shutdown was
planned and notified three days in advance. The
workshop arranged five skilled operators. The
fourth shutdown was temporary and only notified
three hours in advance. Among the five operators,
two had less parking experience. It can be seen
that temporary shutdown is more prone to
operational errors and non-standard operations

due to its suddenness.

Table 3. Deviation degree indicator for the first shutdown

Assist - Main .
Oxygen Oxygen Nitrogen Argon Distillation | Expander Air Heat TD(Total s2
Compressor | Compressor| System N Compressor| Exchanger | Deviation)
Compressor System

issed,  additional]
Misorered  operation 0 0 0 0 0 0 0 0

ithin the sub process
Disordered operation
between subj 1 1 0 3 3 0 1 0
processes
[Deviation index 2 2 0 6 6 0 2 0 18 79

Table 4. Deviation degree indicator for the second shutdown

Assist - Main .
N
OXYBE |y vpen | NHTOBE | ATBON |l on | Expander | AT | Heat | TD(Total s2
Compressor System N Compressor | Exchanger | Deviation)
Comp System

fissed,  additional
disorered  operation 0 0 0 1 0 1 0 0
vithin the sub process|
[Disordered operation
between subj 2 1 0 4 3 0 1 0
processes.
[Deviation index 4 2 0 10 6 4 2 0 28 67
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Fig. 7. Evaluation results for five shutdown operations



5 Conclusion

In this article, we propose a shutdown
operation flow identification and evaluation
method for the ASU Shutdown. A detailed logical
model was established by combining the
operational data of the ASU, and algorithms were
developed to assist operators in establishing
standardized and safe shutdown operations.

we first collected data of the ASU and operator
operations through the DCS, and then analyzed
these data using the shutdown operation flow
identification algorithm to identify key
operation flow. Subsequently, we designed a
quantitative evaluation algorithm and selected
multiple key evaluation indicators to
comprehensively evaluate the efficiency and
safety of operation flow, and generated a
comprehensive score. The experimental result
shows that the proposed method can effectively
identify the actual shutdown operation flow and
compare it with the standard shutdown process,
revealing deviations in the operation. Through the
case analysis of two shutdown processes, we
found that the operators' experience, preparation
time, standardization of the operation process,
and the execution of key operation steps have a
significant impact on the efficiency and safety of
shutdown processes.

In future research, we plan to calibrate the
evaluation rules and parameters more finely to
ensure that the evaluation results are more
realistic. We will also explore deeper integration
methods between technological systems and
manual operations, and develop a set of
intelligent shutdown systems that can assist
operators or be fully automated. Finally, we plan
to apply the method of this study to different types
of air separation units to verify their applicability

across different units.
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