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Operation and Maintenance (O&M) refers to activities related to daily operations and maintenance needed to
preserve an asset so that it continues to provide services and maintain functioning. With the increasing attention
paid to sustainable development worldwide, improving energy efficiency and applying effective means of energy
saving have gradually received worldwide attention. As the largest energy consumers, manufacturing industries are
inevitably facing pressures on energy optimization evolution from both governments and competitors. Among these
enterprise activities, O&M of manufacturing systems are considered to have the most prospects for energy
optimization. To address these issues, the existing O&M optimization approaches with energy management are
reviewed and divided into several operation levels: single-machine, production-line, factory, and supply-chain
levels. Recent research trends in O&M optimization with energy-management considerations in manufacturing

systems are also discussed.

sustainable energy optimization operation and maintenance manufacturing systems

| 1. Introduction

With the rising concern about the environmental pollution of fossil energy, the concept of sustainable development
has gained worldwide attention. A huge number of measures have been proposed to achieve the global
sustainable goal from various perspectives of energy policy, technology, etc. WiZIBl Renewable energy is
recommended to gradually replace fossil energy, and the calls for applications of energy efficiency increases and
effective energy saving have become much more urgent 4. As the important pillar of development as well as the
main sector of energy consumption, industry consumed 28.9% of the world’s total final energy, 38% of total
electricity consumption, and especially 81.9% of coal consumption Bl. Therefore, reasonably improving the
sustainable development level of the industry, especially the optimization of energy consumption, plays an

important role in promoting the transformation to a sustainable manufacturing mode &,

Under the background of sustainable development, industrial enterprises not only need to improve their energy
efficiency and reduce waste to obtain greater competitiveness but also have to face a more challenging energy
transformation environment such as energy source changes and emission punishment, which brings more
considerations and constraints for the decision-making process. Effective energy-saving measures can help
enterprises save costs, resist the risk of policy changes, and can also reflect the social responsibility of enterprises,

driving long-term sustainable development [,
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For a classical industrial enterprise, the energy consumption sources can be mainly divided into two categories
according to the usage purpose of the consumption terminal [&l. One is used to support the normal functioning of
enterprises, such as lighting and heating of all buildings, which is more stable and easier to predict. This kind of
energy consumption can be reduced through the systematic application of green building and management 229,
The other is mainly consumed in operation and maintenance (O&M) activities, which are directly related to the
manufacturing process and have a strong correlation with the energy consumption of the system 1. Compared
with the former energy consumption source, O&M-related energy optimization faces more severe challenges.
Since the production activities involve both products and machines, the randomness of production orders, the
diversity of production-line structures, and the complexity of the machine working environment all increase the

difficulty of O&M decision-making.

In recent years, O&M decision-making with energy-management considerations has been noticeable and studied
from various perspectives. Many valuable reviews have been published to summarize different ways of energy
management in manufacturing systems. Park et al. 12 reviewed energy consumption reduction strategies and
energy-saving technologies in different countries. Jasiulewicz 13 concluded recent maintenance technologies for
sustainable manufacturing to avoid sudden breakdown and decrease energy and material consumption. In
addition, Gham et al. (14 constructed a study framework for energy-efficient scheduling and made a sufficient
review. These studies on energy management in the O&M field usually focus on totally different objects and are
scattered among different processing stages. However, they have not carried out more specific and systematic

generalizations for the concrete optimization problems and solving methodologies.

The content presented here classifies various energy management approaches in the field of O&M, focusing on the
energy optimization of manufacturing systems, and reviews from mainly four processing levels: machine level,
production-line level, factory level, and supply-chain level. The following sections are arranged as follows: In
Section 2, the O&M methods for manufacturing systems with an energy-saving consideration are reviewed, and the
challenge factors are elaborated. Sections 3 and 4 summarize the new research on energy optimization in the field
of O&M from the machine level and production-line level, respectively. Section 5 briefly introduces current
developments of O&M optimization with energy management in the factory level and supply-chain level. Section 6
further discusses the future development trend in this research field, and, finally, Section 7 summarizes the work of
the full text.

| 2. History

O&M are the main business activities within manufacturing enterprises. In a broad sense, they refer to all related
activities needed to preserve the functioning and productivity of a system. For a manufacturing system, O&M are
the collection of a series of system management activities, including product scheduling, machine management,
product quality control, inventory control, and supply-chain management, as well as after-sale service. These are
used to analyze the characteristics of different manufacturing system structures, apply systematic optimization
methods, and make improvements to the performance of the whole system, including production cost, system

efficiency, machine reliability, and product quality.
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Since O&M activities are carried out in multiple forms at different levels of manufacturing systems, the optimization
can be categorized according to the organization of manufacturing systems 13, which can also be defined as the
manufacturing process. In this context, the manufacturing optimization activities can be decomposed into several
levels: the machine level where unit optimization is carried out, the production-line level with the consideration of
interactions between machines and products, and the factory level, which is defined as monitoring the whole
performance of the factory through various aspects, including building energy monitoring and manufacturing
system energy optimization, and the multi-factory and supply-chain level, where energy management is applied

from suppliers to customers. The main activities and elements concerning in different decision levels are presented

in Figure 1.
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Figure 1. Decision levels of O&M in a manufacturing process.

The O&M research on the machine level mainly studies the degradation trend and machine status through in-depth
analysis of the processing details, so as to improve the processing performance. Inputs for a machine processing
procedure are the processing parameters and operation schemes, and some noticeable performance outputs
include machine degradation status, product quality, and processing costs. Therefore, O&M on a single-machine
system usually focuses on the process parameters of machines, degradation of machines 8 production
schedules, and single-machine maintenance strategies I8 which can be further divided into sub-tool
replacement, whole-machine maintenance, etc. Many studies also take product quality into consideration and
perform joint modeling and optimization 229 The analysis of the single machine is also the foundation for

system-level optimization and provides a more specific optimization angle to realize energy savings.

The system research on the production-line level pays more attention to the structure of the production line and the
processing sequence. In addition to the machine status and scheduling problems, which are considered at the
machine level, production-line-level optimization starts to concentrate on the interaction among procedures and

between machines and products.
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At the same time, the application of the Manufacturing Execution System (MES) broadens the meaning of O&M to
the factory level 2, Through additional management systems, the synchronous optimization can be accomplished
by real-time monitoring and precise simulation, combined with systematic analysis. In addition, building energy
optimization can be included in the operational activities of enterprises. Moreover, energy optimization between
factories within the supply chain is also considered to be a promising research field, which includes supplier

management, logistics optimization, and so on.

The following content focus on the O&M optimization strategies in the manufacturing system, that is, the related
activities at the machine level and production-line level. Since the system profit and energy consumption are
directly related to the product production schemes and machine maintenance behaviors, O&M optimization in the
manufacturing system pays more attention to the production scheduling and system maintenance strategies. As
two key activities in the manufacturing system management, these two kinds of activities are coupled with each
other through the reliability and availability of the machine 22, Maintenance aims to ensure the health of the
machine and thus ensure production efficiency and product quality 23!, whereas production scheduling can in turn
affect the formulation of machine degradation. Therefore, the difficulties of joint decision-making of maintenance

and production scheduling are mainly reflected in three aspects:

e The independence of the machine degradation

The function and working environment differ between machines in different procedures among the whole system,
and the fact that the degradation distributions of any two machines are independent of each other due to the
variation among machine components further proves the necessity of full consideration of independent machines’

degradation modeling [24],

» Multiple couplings brought by production operation

The production of workpieces often needs to go through multiple processes; as a result, the machine in each
process is connected through the processing sequence of the workpieces. It also unexpectedly influences the
reliability of machines and increases the difficulty of overall decision-making at the system level in the formulation
of production and maintenance strategies. Moreover, maintenance actions are performed in machines, which

occupies the feasible time for product processing and influences the final productivity of the system.

 Interactions between energy consumption and O&M operation

Maintenance and production are related to machine status and thus related to the energy consumption levels of
machines. The processing machine usually consumes more energy when it is on for production, and is shut down
or kept idle during maintenance. Therefore, reasonable and effective maintenance and production scheduling can
reasonably utilize the status of each machine in the system, so as to find the opportunity for energy balance,

thereby reducing energy consumption.

Meanwhile, more and more attention has been paid to energy consumption and energy efficiency during

processing in the context of sustainable development 22, The consideration of energy savings in O&M optimization
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of the manufacturing system also brings changes to the traditional joint decision-making of production and

maintenance:

1. Additional targets or constraints brought from energy consideration

The consideration of energy consumption can usually be added to the model in two ways, one as an optimization
objective and the other as a model constraint. However, no matter what form the addition takes, it increases the
solution complexity of the original model. In particular, when energy consumption is taken as the optimization

objective, it may greatly affect the original solution space and the optimization direction of the solution.

2. Changes in modeling methods under a new energy policy background

Simple additional goals or constraints will not change the original model too much. However, with the gradual
deepening of energy-saving considerations, the updated energy consumption policies will also become a new
research point for system optimization. Under the influence of these circumstances, in addition to the revision of
the original model, it is more likely to completely subvert the original model, and force researchers to build a new

system optimization model and seek new energy-saving opportunities.

Based on the difficulties and changes mentioned above, the following sections will give a detailed overview of O&M
optimization methods with the consideration of energy management from the perspective of single-machine and

production-line levels.

| 3. New Research Developments on Machine Level

The manufacturing system is formed by series and parallel connections of machines with different functions in
different processes. Therefore, the machine can be regarded as the most important part, constituting the
production line. At the same time, the machine itself is a complex system. From the structural aspect, typical
machining equipment is composed of tools, spindles, motors, and other components. In addition, from the
perspective of the machining process, it can be divided into rotation, positioning, feeding, and other processes,
which have different energy consumption characteristics. Therefore, machine-level operations can be divided into
two categories. One is to optimize the processing parameters for different processes to reduce energy
consumption and the other is to achieve energy consumption minimization through whole-machine actions such as
on/off control and single-machine production scheduling. Similarly, the maintenance of machines can also be
summarized into two types. On the one hand, the machine can be taken as a whole, and data-driven methods can
be used to optimize the overall maintenance action. On the other hand, each component can be taken as the focus
of optimization to study the maintenance and replacement strategies of each part. In addition, some researchers
also additionally introduce reliability assessment or optimization with product quality control consideration
(28] Therefore, the O&M optimization of energy management on the machine level can usually be summarized into
three main aspects: process parameters optimization, energy-efficient maintenance optimization, and energy-

efficient production optimization.

3.1. Process Parameters Optimization
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From the perspective of process parameter optimization, many papers focus on the optimal design of cutting
parameters [27[28129130] Thijs kind of research is mainly carried out in three ways: real experimental-design-based

optimization, optimization based on fitting experimental data, and impact-analysis-based optimization.

In addition, there is a complex mapping of machining energy consumption to tool selection and tool usage
conditions in the machining process. It has been demonstrated that both cutting parameters and energy
consumption also vary significantly depending on the tool wear conditions when using worn tools B2, Therefore,
tool selection 233l tool wearing conditions [B4I33l136] and machining quality control (28137138 are ysually also taken

into account in new studies.

3.2. Energy-Efficient Maintenance Optimization

The most common maintenance actions used in maintenance optimization decisions for a single machine can be
divided into two categories: corrective maintenance (CM) and preventive maintenance (PM). CM, which is also
known as minimal maintenance B9, refers to actions of taking the necessary repairs to restore the machine to
function when a failure has already occurred. This type of maintenance action is not effective enough in ensuring
machine reliability because failures are unpredictable and happen randomly. In contrast, PM is a pre-act
maintenance strategy, in which the machine is overhauled and repaired according to a pre-defined strategy before
a failure occurs, thereby eliminating the failure in advance and avoiding major economic losses caused by sudden
breakdown. In the construction of a single-machine maintenance strategy, the above two actions are usually

considered at the same time, and the strategy is optimized mainly for preventive maintenance.

For the construction of the maintenance optimization model, machine reliability, productivity, maintenance cost,
etc., are usually considered as objectives. The impact of energy consumption is also integrated into the decision

model in order to fully consider the impact of sustainability objectives on the decision-making process.

Focusing on the machine itself, it is also composed of multiple sub-components. Therefore, some constructions of
the model also address the machine maintenance optimization integrated preventive maintenance and component

replacement strategies to achieve a system improvement.

3.3. Energy-Efficient Production Optimization

Production-related energy consumption optimization usually consists of two aspects: one is the production

scheduling problem and the other is the machine on/off state switching problem.

The single-machine scheduling problem is the set of all scheduling problems that perform sequencing on a single
machine and is usually used to guide the optimization of the workpiece processing order. The general description is
as follows: A number of N and mutually independent workpieces are sorted according to specific sorting rules and
scheduled to be processed on a single machine. Each workpiece can only be processed once on that machine and
the machine can only process one workpiece at the same time. In a sustainable manufacturing context, machining

energy consumption is usually added to the model as a goal or constraint.
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In addition to considering production scheduling sequence optimization, some studies were also devoted to energy

consumption optimization with the help of machine state switching. For machines with high standby power and long

production waiting intervals, through timely machine status switching, the standby energy consumption of

machines can be saved by a certain amount. Moreover, production scheduling can be further used to optimize the

energy consumption of machines systematically.

Single-machine production scheduling does not always bring a significant effect on energy consumption reduction;

in this context, some studies have explored a series of joint optimization considering both machine status and

production-related elements. Usually, a multi-objective model with energy and productivity objectives is designed in

these kinds of studies.

All O&M optimization topics at the single-machine level mentioned above are summarized in Table 1.

Table 1. Energy-optimization opportunities and challenges in O&M at single-machine level.

Area Sub-Area

Feed parameters

Process Parameters

Optimization
Tool movement
trajectory
Tool replacement
Machine

Maintenance
System
maintenance

Machine Production Machine state

Energy-Optimization

Principles

Reduce energy consumption by
improving machining efficiency

and quality

Reduce energy consumption
during movement through

efficient path planning

Reduce excess energy
consumption due to machine
degradation by improving

machine reliability

Reduce idle time by switching

Challenges

Processing steps’ division

Energy consumption
calculation

Optimization modeling

Machine degradation

modeling

Reliability threshold

determination

Maintenance strategy

selection

Settings of switch principles
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control on/off

Batch scheduling

Reduce idle time through Construction of efficient

EsEtan efficient production scheduling scheduling models

scheduling

] Reduce idle time using N ]
State analysis ) ) ) State transition analysis
simulation analysis

| 4. New Research Developments on Production-Line Level

With the widespread use of complex manufacturing systems consisting of different types of multiple machines in
series and parallel construction forms according to process requirements, production-line level O&M optimization
strategies have become a hot topic for urgent research. O&M optimization at the production-line level is usually

planned using traditional operations research methods and solved by intelligent algorithms.

Compared with single-machine O&M planning, production-line-level optimization scheduling is more complex in
terms of decision constraint consideration, overall optimization objectives, machine-related analysis, and dynamic
optimization processes. If there is no dependency between machines, the single-device optimization model can be
directly adopted. However, the multi-device optimization strategy not only needs to consider the characteristics of
each machine itself, but also should comprehensively analyze the interdependencies between machines, which
include economic dependencies (the productivity of the system is dependent on the bottleneck machine with the
lowest production efficiency), fault dependencies (different health decline processes of the machine may interfere
with the health status of other devices), and structure dependency (downtime of one machine in the system

structure can mean simultaneous downtime of several machines).

In the production-line-level optimization stages, it is necessary to systematically analyze the interdependencies
between machines and perform the systematic scheduling of each machine planning to achieve the decision goal
of improving the overall system efficiency. At the same time, as the system structure becomes more complex, it
also expands the research space on sustainable optimization. The system structure can be fully utilized to find new
opportunities for energy savings. Production-line-level O&M optimization with energy management has been
studied to some extent, and the most widely used methods among this research can be summarized into three
main categories: system maintenance strategy, production scheduling optimization, and system performance

optimization. Based on the above three categories of studies, joint optimization in multiple directions is often
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performed. New angles of energy savings are also explored to add to the traditional model in order to make certain

extensions to the current study.

4.1. System Maintenance

The energy-consumption-oriented system maintenance strategy is an extension of the single-machine
maintenance strategy, and the rational scheduling of the maintenance plan has a positive effect on the optimization
of the system energy consumption 29 In the process of production-line level maintenance planning, it is necessary
to fully consider the maintenance synchronization between machines and the energy-saving opportunities brought
by production, effectively use group maintenance and opportunity maintenance strategies to take advantage of

system scale, and reduce system energy-consumption costs.

Maintenance planning at the production-line level has been maturely studied, and the research was mainly
optimized to ensure system reliability and production efficiency. While the research on maintenance planning
considering energy consumption optimization is limited, the related current research methods are mainly carried
out in the following areas: group maintenance, opportunistic maintenance, and maintenance in conjunction with

production.

4.2. System Production Scheduling

In the optimization of production systems, production scheduling is another cornerstone of system O&M
management in addition to maintenance planning. Research in production scheduling is also mature enough. In
recent years, with the promotion of sustainable manufacturing, the optimization of production energy consumption
has been added to the modeling of production scheduling, which can be reflected in three main aspects: energy-

constraint-based scheduling, energy-target-based scheduling, and time-dependent energy-cost-based scheduling.

4.3. System Performance Optimization

In addition to maintenance and production decisions, direct control of machine conditions and other energy-saving
opportunities have been studied to some extent. To take full advantage of energy-saving opportunities, in addition
to taking maintenance and production actions, it is also possible to proactively adjust the machine’s working states.
Therefore, this type of production-line-level optimization often draws on changes to machine status, using
operations such as switching on and off, to actively find and even create energy-saving opportunities and achieve

effective reductions in system energy costs.

The energy-optimization opportunities and challenges in O&M optimization at the production-line level are

summarized below in Table 2.

Table 2. Energy-optimization opportunities and challenges in O&M at production-line level.
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Area

System Maintenance

System Production Scheduling

System Performance Optimization

Sub-Area

Group maintenance

Opportunistic
maintenance

Maintenance and

production

Energy target and
constraints

Energy usage

background

Machine states

Energy-
Optimization

Opportunities

Machine
maintenance

shutdown

Machine breakdown

Preventive
maintenance

schedule

Sudden breakdown

Production

changeover

Production
scheduling (machine
selection, processing

period selection)

Machine on/off

control

Challenges

Grouping strategies

Maintenance energy

calculation

Opportunity searching

Maintenance energy

calculation

Multi-objective

scheduling

Action interactivities

Adding
objectives/constraints to

the original model

Innovative modeling and

analysis

Effects on production

scheduling

Effects on machine
reliability
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System structure
Buffer states Buffer threshold _
analysis

) ) Observation index
Dynamic observation  Integrated methods )
selection

5. New Research Developments on Factory and Supply-
Chain Levels

In addition to the O&M optimization for manufacturing systems considering machines and production lines, in a
broader sense, systems at any level in the manufacturing process can be identified as manufacturing-related
systems, such as manufacturing factories and supply-chain systems. The O&M optimization of these two levels
often faces more difficulties in coordination between system elements, and the scenarios are more complex,

bringing more diverse problems into the research field.

The O&M at the factory level is mainly aimed at the management of system components beyond the production
lines, such as inventory systems, and building facilities. Such management includes but is not limited to factory
facility control, such as lighting and heating control, floor layout optimization, and energy monitoring of the whole
factory (12l With the advancement of Industry 4.0, data-driven management methods have also been identified as

the main contributors to factory monitoring and optimization 41142,

For the O&M optimization at the multi-factory and supply-chain level, the coordination and collaboration between
factories are usually considered, and typical problems involve logistics management, warehousing location
optimization, etc. These optimization problems focus on objectives such as logistics cost and transportation
efficiency. In the context of sustainable manufacturing, energy-related objectives are gradually considered in the
modeling of the original problems.

| 6. Summary and Future Research Trends

The content presented here aims at providing an overview and classification of O&M energy-optimization methods
for manufacturing systems under a sustainable background. The sustainable manufacturing paradigms have been
promoted with the deepening of the energy revolution to ensure the competitiveness of enterprises. Moreover, a
more urgent and specific methodology for O&M optimization with energy management needs to be constructed.
The focus is mainly on the energy optimization of O&M activities at the single-machine and production-line levels.

In such studies, operations research methods have been applied to different levels of O&M strategies.
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At the single-machine level, current energy consumption analysis focuses on the machine itself and the machining
process, where the energy consumption of each stage is modeled and analyzed according to the actual physical
processing stages of machining. The energy-consumption level of a single machine often depends on multiple
factors such as process parameters, machine selection, machine status, tool selection, etc. Among them, the
optimization of process parameters has been widely and deeply studied, while less research has been devoted to

maintenance and production strategies, and there is still much space for improvement.

At the production-line level, the main consideration is the system consumption structure and the interaction
between workpieces and machines, often taking the system productivity and energy consumption as objectives,
modeling the problem using optimization methods, and solving it using exact or heuristic algorithms. The research
at the production-line level focuses more on the scheduling problems of production and maintenance. Through
effective scheduling strategies, scheduling optimization is used to reduce the cost of sustainable production and

achieve energy savings without over-changing the system structure.

At the system level, energy consumption optimization is often based on the application of management systems
and overall policy considerations. Compared with the above two levels, its optimization is more inclined to the
upgrading of management methods and innovation of management modes, and there is still a long way for

improvement with practical implementation and application.

Based on the above analysis, researchers believe that future research trends are mainly reflected in the following

points:

1. From the methodology perspective:

» Unification of the analysis and evaluation system

The current model construction is more individualized, and the actual energy consumption flow and energy
consumption transformation relationship of the research object have not yet been comprehensively described
clearly, either at the single-machine level or at the production-line level. Therefore, the subsequent research can
consider unifying the definition of process energy consumption calculation, defining system boundaries, unifying
input and output variables, and finally establishing a unified evaluation system to provide systematic guidance for

the research of sub-problems.

» Construction of systematic theory
At present, the optimization at each level is basically isolated. Through the construction of systematic energy
consumption optimization theory such as the manufacturing system energy flow model, the relationship of each

sub-problem can be clarified and further interaction between more decision variables can be discovered.

» Refinement of management theory
To put these energy-optimization methodologies into practice, people need to rely on the efficient management

tools of enterprises. At present, the consideration of energy optimization at the system management level is not
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sufficient; hence, the promotion of technology application is somewhat limited. Innovations in energy management

theory can be made in the future to promote energy-saving methods.

2. From the application perspective:

o Development of control and management software

As a key driving factor of Industry 4.0, the development of industrial software is an important measure of the
manufacturing competitiveness of countries. In a sustainable background, good industrial software can not only
improve production efficiency but also achieve energy savings. From the machine level, machines are driven by
control software. Therefore, in addition to focusing on production efficiency and quality, the development of control
software can put more attention on the combining of the optimization of process parameters and energy
consumption. Moreover, from the factory level, the combination of energy management in the MES is also

gradually becoming an essential part of the industry site management measures.

» Application of new technologies

With the progress of science and technology, the iteration of machine tools and the upgrading of manufacturing
paradigms bring challenges to optimizing energy consumption. Industry 5.0, characterized by being human-centric,
resilient, and sustainable, further promotes the industrial transformation toward an environment-friendly
manufacturing model. Explorations on clean production technology, energy savings, environmental protection

technology, and recycling manufacturing all have great prospects.

| 7. Conclusions

The problem of energy consumption optimization in manufacturing systems has received attention with the rising
concern of sustainability. The content above reviews articles in the field of energy optimization of O&M of
manufacturing systems, covering several aspects related to the optimization procedures such as model

construction, solution methods, and application areas. The main contributions are as follows:

1. The current research perspectives on energy optimization of O&M are described.

2. A detailed classification and problem overview of energy-optimization methods of the O&M of manufacturing
systems are outlined.

3. The current research framework is summarized and future research trends are proposed.

For the research related to energy optimization, it is believed that it has high application value and vast research

space. Through reasonable O&M scheduling, energy savings can be achieved without changing production system

structures, which will pave the way for the progressive promotion of sustainable manufacturing paradigms.

Research in this area is expected to achieve greater attention and policy preferences.
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