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Abstract: To promote the sustainability of mechanical production process, this study proposes an
emergy-based sustainability evaluation method to evaluate the resource utilization and environmental
pollution of the mechanical production process. Firstly, this study constructs the sustainability
evaluation index system of the mechanical production process from the perspectives of economy and
environment. Secondly, an emergy analysis method-based sustainable evaluation of the mechanical
production process is constructed. Finally, taking the gear manufacturing process as an example,
the method is tested. The results show that this method can effectively quantify and identify the
sustainability of the gear manufacturing process and provide effective feedback to improve the
process. The resulting improvements can aid in reconsidering the economic and environmental
factors, improving the production efficiency and the sustainability of the production process, and
reducing the difficulty of operating the lathe in the production process. This study provides method
support for the sustainability evaluation of mechanical production process and decision support for

its improvement.

Keywords: mechanical production processes; emergy; data analysis; improvement

1. Introduction

Industrial manufacturing plays a vital role in the national economy. The process of
mechanical production involves the conversion of resources into semi-finished or finished
products, which not only changes the traditional handcraft manufacturing model, but also
significantly improves the efficiency and quality of the product [1]. However, significant
problems faced by mechanical production processes are the high consumption of resources
and the discharge of waste [2], which cause major pollution in the environment. With the
increasing awareness of consumer sustainability and the emphasis of government policies
on environmental protection and corporate social responsibility, this contradiction has
aroused widespread concern among scholars [3], and some universities have established
specialized institutions to study this issue [4]. Improving the sustainability of production
processes is a major challenge facing the development of industrial manufacturing [5]. The
development of objective sustainability assessment methods is a promising method of
accelerating energy conservation and emission reduction in the manufacturing industry [6].
It is necessary to use an objective method to evaluate and analyze the sustainability of the
mechanical production processes, propose optimization measures, improve the efficiency
of resource utilization, and reduce resource consumption and environmental pollution,
which have far-reaching implications for the sustainable development of products.

Regarding these challenges, scholars generally evaluate the sustainability of mechan-
ical production processes using three sustainability criteria, namely, economical [7,8],
social [9] and environmental [10,11], and have achieved good results [12,13]. In terms of
the selection of evaluation indicators, the comprehensive sustainability indicators of envi-
ronmental, economic, and social impacts are used to evaluate the adaptive sustainability of
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a cloud-based distributed mechanical manufacturing system [14]. Sproesser et al. selected
three indicators that reflected the environmental and economic performance and applied
the weight space division method to evaluate the sustainability performance of the two
welding processes [15]. Saxena et al. combined sustainability indicators with other tradi-
tional manufacturing indicators and proposed a new framework [16]. Singh et al. used the
mold-casting process sustainability analyzer to systematically analyze three sustainability
indicators, namely energy utilization, solid waste, and carbon emissions [17]. Sihag et al.
established the sustainability evaluation index of an industrial manufacturing system to
help manufacturers and users objectively investigate the sustainability performance of
machine tools [18]. The Delphi analytic hierarchy process (AHP) qualitative evaluation and
sustainable value stream mapping quantitative analysis were combined to determine the
manufacturing sustainability index [19]. In terms of sustainability evaluation methods, the
life cycle assessment (LCA) is often used for the sustainability evaluation of mechanical
production processes [20,21]. The LCA application has been improved to varying degrees.
A hybrid framework combining six integrated methods of environmental LCA and life
cycle cost calculation was used to improve environmental and economic performance [22].
Egilmez combined economic input—output LCA with data envelopment analysis (DEA)
to analyze the ecological efficiency of the U.S. manufacturing sector [23]. Three LCA
methods were proposed to comprehensively evaluate the sustainable impact of additive
manufacturing in the triple bottom line [24]. Many other methods have also been used to
evaluate the sustainability of mechanical production processes. Improved quality function
deployment (QFD) tools, AHP and normalization techniques were used to address the
expectations of manufacturers and multiple stakeholders on their sustainability priorities
in manufacturing practices [25]. Eslami et al. adopted a formal concept analysis (FCA) to
study the regularity of sustainability assessment methods and tools and proposed a new
overall framework for the sustainability assessment of manufacturing organizations [26].
The multi-standard manufacturing process sustainability assessment method was used to
assess the sustainability of a manufacturing process that requires less detailed data, time,
and expert knowledge [19,27]. Considering the energy, economy, and environment in the
mechanical manufacturing system, an energy benchmark method based on the technique
for order preference by similarity to ideal solution (TOPSIS) method was proposed to
promote the sustainability of mechanical manufacturing [28]. Based on the classic digital
twin mapping system, a digital twin driven sustainability assessment information archi-
tecture for the dynamic evolution of the entire life cycle was proposed [29]. Comparative
experiments were carried out on four test methods to evaluate the energy efficiency of
machine tools [30].

Emergy theory was founded by H. T. Odum. It is a method that can comprehensively
and effectively use a unified measurement unit to scientifically compare, add, and sub-
tract energy in the system (such as material flow, information flow, money flow, energy
flow, etc.) [31]. It provides a framework for heterogeneity and quantitative comparison
in environmental impact analysis [32] and can compare different environmental impact
factors [33]. Therefore, it has been widely studied and applied by experts and scholars
from around the world and has successfully been used to carry out ecological efficiency
and sustainability evaluations covering countries [34], watersheds [35], provinces [36],
cities [37], ecosystems of regional coasts [38], wetlands [39] and forests [40]. Because it
can describe the relationship between the environmental friendliness and production cost
of a system [41], it is also applied to environmental impact analysis and sustainability
assessment of mechanical manufacturing processes [42,43]. The success of these studies
proves the effectiveness and practicality of emergy theory. Therefore, emergy theory can be
used to analyze the sustainability of mechanical production processes.

The aforedescribed research results provide a valuable reference for scholars to further
study the sustainability of industrial production. However, there are still some gaps in the
research as detailed below.
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(i) The mechanical production process is a multi-input and multi-output process. The
use of unified standards for the accounting of various input resources is conducive to
the comprehensive analysis of the material, energy and capital flows in the production
process, and provides a theoretical basis for the sustainability evaluation. The emergy
method solves this problem; however, studies of this method in mechanical production
processes are limited.

(ii) The real value of various material natural resources used in mechanical production
activities, such as water, solar energy, wind energy, and the impact of resource con-
sumption on the natural environment, is not prioritized. These factors have an im-pact
on the sustainability of the production process.

(iii) Existing research mainly focuses on the impact of material and energy consumption
on sustainability at a level directly related to production in mechanical production
processes, while ignoring the impact of waste discharge, management costs, personnel
wages, and other resource consumption.

We propose an emergy-based approach to assess the environmental impact and sus-
tainability of mechanical production processes. This method not only considers the impact
of various natural resources on the sustainability of the manufacturing production process,
but also converts all input and output elements into solar emergy for unified measurement,
which is conducive to quantifying the production efficiency and environmental impact of
the mechanical production process. Furthermore, in combination with the characteristics of
the mechanical production process, factors such as personnel salaries, maintenance and
waste discharge costs are fully considered in the evaluation. This method is used to evalu-
ate the gear manufacturing process. According to the evaluation results, improvements
of the production process in terms of production efficiency, environmental impact and
sustainability are proposed.

This study has remarkable research significance. Theoretically, the environmental
impact and sustainability of the mechanical production process is evaluated from the
perspective of emergy, which provides quantitative support for sustainability improvement,
enriches the application range of emergy theory and provides a new perspective for research
on the sustainability of the mechanical production process. In practice, the manager can
analyze the problems existing in the mechanical production process from the sustainability
evaluation results and realize management and improvement gains of the production
process so as to reduce the energy consumption, production input, and waste discharge;
this can remarkably help protect the natural environment. Moreover, the production cost of
the spur gear is effectively reduced, and the product efficiency of the spur gear is improved.
In addition, this study demonstrates the effectiveness of this method in evaluating the
sustainability of the mechanical production process and provides a reference for further
research in related fields.

The structure of this paper is as follows: Section 2 introduces the method, emergy
measurement model and index system for mechanical production processes; Section 3
covers a case study to verify the effectiveness and practicality of the method; and Section 4
presents the conclusion.

2. Materials and Methods

According to the basic steps of emergy analysis, this section first determines the
boundary and content of the process, lists the main input and output items, then measures
the emergy of various types of energy and substances and finally, according to the char-
acteristics of the mechanical production processes, selects appropriate emergy evaluation
indicators for sustainability evaluation, application, and optimization.

2.1. Boundary Definition and Emergy Flow Diagram

The first step of the emergy analysis method is based on mastering the data of all
aspects of the production process, classifying the collected data according to the emergy
processing requirements, and using the energy symbol legend to describe the emergy flow
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diagram, forming a clearly structured system diagram [44]. The system diagram contains
the main environmental and economic components of the input and output resources
and can fully reflect the roles and relationships between components. The environmental
resource inputs include renewable resources (R) and non-renewable resources (N), and the
economical feedback emergy of which a majority comprises the purchased emergy input
(F). The output is mostly comprised the system output product (Y) and waste (W). Figure 1
shows the emergy flow of manufacturing a gear.
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Figure 1. Emergy flow of gear manufacturing.

2.2. Emergy Measure

In the collected raw data, various types of energy, material and economy are trans-
formed into common solar emergy units, and the emergy measurement can better evaluate
their contribution and status in the system [45]. The basic expression is

EM = UEV x N, 1)

where EM represents the solar emergy, UEV represents the emergy conversion rate of
different substances, and N represents the input flow of different units (mass in grams or
energy in joules).

Based on the above formula, the emergy measurement model of a mechanical produc-
tion system is constructed as follows.

(1) Renewable resource emergy

When evaluating the sustainability of mechanical production processes, this study
fully considered the impact of natural resources such as solar energy, rainwater and wind
energy provided by nature on the production process and measured it.

EMg =Y (UEVg, x Ry), )
where R; represents the i-th renewable resource provided by nature, and i is the total
number of renewable resource types used in the production process.

(2) Non-renewable resource emergy

Non-renewable resources refer to natural resources that cannot be regenerated for
a long time after human development and utilization. Several non-renewable resources,
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such as coal, electricity, natural gas, etc., are used during the production process, which are
calculated as follows.
n
EMy =), ,(UEVy, X Ny), ®3)

where N; represents the i-th non-renewable resource, and i is the total number of non-
renewable resource types used during the production process.

(3) Purchasing emergy

This emergy is also known as economic feedback emergy and refers to various means
of production and labor services. This not only includes raw materials and parts required
for production, but also includes production management costs, R&D costs and employee
salaries. The emergy measurement formula is

EMp =) (UEVE, x F), @

where F; represents the i-th external purchase resource, and i is the total number of purchase
resource types used in the production process.

(4) Waste emergy

Waste emergy refers to the emergy of environmental pollution caused by industrial
waste of the production system. This includes the emergy of waste gas, wastewater, solid
waste and waste oil produced in the production process. Its expression is

EMy =}, (UEVy, x Wy), 5

where W; represents the i-th type of waste, and i is the total amount of waste generated in
the production process.

2.3. Index Construction

Emergy analysis results in a series of emergy evaluation indicators which can reflect
the impact of the system on the environment and sustainability of the system. In this study,
the following emergy indexes were selected to evaluate the sustainability of a mechanical
manufacturing process.

(1) The emergy yield ratio (EYR) refers to the ratio of emergy generated by the system
during normal operations or mass production of products, to the emergy fed back by the
system in economic activities. The calculation formula of EYR is generally defined as

EYR = (EMg + EMy + EMg)/EME, (6)

EYR is well suited to measure the energy production and utilization efficiency of the
entire system. The great contribution of the system to social and economic production
activities and the production utilization rate of the system’s residual energy can also
be measured and reflected through this index. The EYR is directly proportional to the
production quality and utilization efficiency of the product. However, this indicator
also measures the competitiveness of a system’s economic activities and the sustainable
development index of products. The EYR is directly proportional to the competitiveness of
the system’s economic activities and the sustainable development index, which is suitable
for long-term sustainable development.

(2) The emergy investment ratio (EIR) refers to the ratio of emergy input from an
economic system to emergy input from an ecosystem.

EIR = EMg/(EMy + EMR), @)

The lower the EIR, the lower the degree of economic development of the machining
process, and the higher the degree of dependence on natural resources.
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(3) The environmental load ratio (ELR) refers to the ratio of the total amounts of
non-renewable and renewable resource emergy invested by the environmental system. The
basic calculation formula of the ELR is generally defined as

ELR = (EMf + EMy)/EMg, 8)

The ELR can measure the load of the mechanical manufacturing process on the whole
nature. The ELR is directly proportional to the utilized proportion of its non-renewable
resources and the bearing pressure of the entire ecological environment. Thus, the manu-
facturing process will have a negative impact on the surrounding ecological environment
at high ELR values, and production should be stopped immediately.

(4) The emergy waste ratio (EWR) is the ratio of the sum of emergies of the various
wastes produced by the mechanical production process to the total emergy of the process
input. It can directly reflect the degree of waste discharge and resource recycling of the
mechanical manufacturing process. Lower values indicate better waste management,
recycling management and utilization of the mechanical manufacturing process.

EWR = EMW/(EMg + EMy + EM5), )

(5) The emergy sustainability index (ESI) refers to the ratio of the EYR to ELR of a
mechanical manufacturing process. The calculation formula is

ESI = EYR/ELR, (10)

This index can be combined with social and economic benefits and ecological environ-
mental pressure simultaneously to obtain a high-performance composite evaluation index.
The higher the ESI, the higher the social and economic benefits achieved under the pressure
of the environment and the social and economic potential for sustainable development in
the future.

3. Case Study
3.1. Gear Production Process

This study takes a spur gear independently developed by enterprise A as the research
object, combined with the relevant knowledge of emergy theory, evaluates the economic and
ecological sustainability of the production process, and optimizes the processing technology
in order to improve the sustainable development performance of the production process.
The spur gears are mass produced. The entire production process is roughly divided into
the following main steps: drawing design, blank manufacturing, gear processing, gear
detection, painting, and parts packaging. The specific process flow is shown in Table 1 and
Figure 2.

3.2. Results

In order to analyze the emergy of the spur gear production process, the production
data of spur gears were collected according to the production process of spur gears. This in-
cluded the collection of raw data on energy, materials, equipment, production management,
human resources, waste and products. Data collection was carried out by means of field
research, sample collection and analysis, interviews and so on. According to the collected
original data and the calculation formula of emergy, the global emergy power benchmark
of 9.44 x 10?* sej/yr was adopted to convert the original data of each component into
emergy and establish an emergy analysis table.

According to Table 2, the sustainable development indicators are calculated as shown
in Table 3 and Figure 3. 8 x 10%.
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Table 1. Process card of spur gear machining.

Product Name Spur Gear
Machining Process Card Materials 16MnGr5
Blank Shape Dimension 25 x 76
Item Operation Equipment Process Equipment Unit Time

Cut 25 mm thick blank from

Horizontal lathe

Cutting 76 mm round steel bar CA6140 Sawing machine, vernier calipers 6 min
. Turning tool,
En.d Turn first end to 76 mm Horizontal lathe Clamp end milling cutter, 1 min
turning CA6140 . .
vernier calipers
. Rough turn 9uter circle to Horizontal lathe Turning tool, clamp end milling cutter, .
Rough turning 76 mm with a 1 mm . . 5 min
. CA6140 vernier calipers
machining allowance
.. . Fine turn 'to 76 mm to meet Horizontal lathe Turning tool, .
Finish Turning drawing tolerance . . 8 min
) CA6140 vernier calipers
requirements
End Turn work piece around and ~ Horizontal lathe Turning tool, 1 min
turning turn opposite end CA6140 vernier calipers
Hobbing Cutt.ln.g blank and Hobbing machine  Fixture, gear hobbing cutter, twist drill 10 min
machining gear teeth
s . Horizontal lathe Vernier calipers, micrometer, grinding .
Drilling Drill center hole CA6140 wheel and caliper 6 min
Drillin Pre-drill 35 mm center hole Horizontal lathe twist drill. vernier calipers 8 min
& and 30 mm bottom hole CA6140 ’ P
Enlarge center hole to Vertical drill
Broaching 35 mm and bottom hole to 7505 twist drill, reamer, tap, vernier calipers 9 min
34 mm
. Horizontal lathe . . .
Reaming Ream to 35 mm CA6140 Vernier calipers 9 min
Plug in the keyway Plug in the keyway Slotting machine Vernier calipers 1 min
Heat treatment Heat treatment Quenching furnace / /
Clamping Remove residual burrs Bench Vernier calipers, tap and file 2 min

and clean

Final inspection

Put in storage

Painting machine

Antirust oil, packing box

Figure 2. Stages of the gear during the manufacturing process.
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Table 2. Emergy analysis of spur gear production process.

Item Original Data UEV Emergy Data (sej)  Data Collection Mode
Renewable resources
Industrial water (g) 5.50 x10? 1.26 x 10* 6.90 x 10° OPC protocol collection
Air (g) 8.88 x 107 2.98 x 10° 2.65 x 1013 File analysis
Solar energy (J) 1.34 x 108 1 1.34 x 108 File analysis
Wind energy () 6.33 x 10? 1.55 x 10* 1.03 x 107 File analysis
Sum 2.65 x 1013
Non-renewable resources
Electric power (J) 7.18 x 100 2.78 x 10° 1.99 x 1013 OPC protocol collection
Nature gas (g) 5.80 x 10° 4.80 x 10° 2.78 x 1013 OPC protocol collection
sum 4.77 x 103
Purchasing resources
Mechanical blank (g) 9.58 x 102 1.96 x 1010 1.88 x 1013 Database collection
Sawing machine (CNY) 4.50 8.61 x 101 3.87 x 1012 Database collection
Coolant (g) 8.52 x 10! 8.61 x 101 7.31 x 1012 Database collection
Horizontal lathe (CNY) 1.47 8.61 x 101 1.27 x 1012 Database collection
Turning tool (CNY) 8.22 x 1072 8.61 x 1011 7.06 x 1010 Database collection
Gear hobbing machine (CNY) 2.78 8.61 x 101 2.39 x 1012 Database collection
Vernier caliper (CNY) 1.03 x 102 8.61 x 1011 8.85 x 10° Database collection
Micrometer (CNY) 1.26 x 1072 8.61 x 101 1.09 x 1010 Database collection
Twist drill (CNY) 2.74 x 1074 8.61 x 101 2.36 x 108 Database collection
Reaming knife (CNY) 2.99 x 10~* 8.61 x 101 2.57 x 108 Database collection
Tap (CNY) 1.37 x 1073 8.61 x 101 1.18 x 10° Database collection
Drilling machine (CNY) 1.37 x 1071 8.61 x 101 1.18 x 1011 Database collection
Slotting machine (CNY) 1.10 x 101 8.61 x 101 9.43 x 1012 Database collection
Quenching furnace (CNY) 4.11 x 10! 8.61 x 101 3.54 x 1013 Database collection
Gloves (CNY) 2.50 x 1072 8.61 x 1011 2.15 x 1010 Database collection
Bench (CNY) 2.74 x 1071 8.61 x 101 2.34 x 101 Database collection
Grater (CNY) 1.00 x 102 8.61 x 101 8.61 x 10° Database collection
Detector (CNY) 1.47 8.61 x 101 1.26 x 1012 Database collection
Spray paint machine (CNY) 1.37 x 1071 8.61 x 1011 1.18 x 101 Database collection
Antirust oil (CNY) 6.80 x 1072 8.61 x 101 5.85 x 1010 Database collection
Packaging (CNY) 2.00 x 1072 8.61 x 101 1.72 x 10%0 Database collection
Production management (CNY) 1.08 8.61 x 1011 9.34 x 1011 Database collection
Employee salary (CNY) 3.00 x 10! 8.61 x 101 2.58 x 1013 Database collection
R&D improvement (CNY) 3.15 8.61 x 101 2.71 x 1012 Database collection
Sum 8.04 x 1013
Waste
Waste water (g) 8.00 x 10? 1.24 x 10° 9.92 x 1011 Field investigation
Solid waste (g) 1.60 x 10* 2.52 x 108 4.04 x 102 Field investigation
Waste gas (g) 1.72 x 10* 1.84 x 108 3.17 x 1012 Field investigation
Waste oil treatment (CNY) 8.61 x 1012 2.10 1.81 x 1013
Sum 2.63 x 1013
Output
Finished spur gear (CNY) 2.50 x 102 8.61 x 1011 2.15 x 10 Database collection
Sum 2.15 x 101

Note: Emergy conversion rate comes from references [31,42,44,45].



Processes 2022, 10, 1692

9 of 14

Table 3. Various emergy flows and results.

Type Expression Value
Renewable resource emergy EMR 5.23 x 1013
Non-renewable resource emergy EMy 4.77 x 1013
Purchasing emergy EMg 8.04 x 1013
Waste emergy EMw 2.63 x 1012
The emergy yield ratio EYR = (EMy + EMy + EMg)/EMg 2.25
The emergy investment ratio EIR = EMg/(EMy + EMR) 0.8
The environmental load ratio ELR = (EMg + EMy;)/EMg 2.44
The emergy waste ratio EWR = EMW/(EMR + EMy + EME) 15%
The emergy sustainability index ESI = EYR/ELR 0.92
Esl [N 092
EWR 15.00%
ELR 2.44
EIR [N os
ER [ .25
0 05 1 15 2 2.5 3

Figure 3. Sustainable development indicators of manufacturing a spur gear.

@
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The following conclusions can be drawn:

Analysis of production efficiency indicators. The EYR of the spur gear production
process is only 2.25, and the emergy ratio of products and services is 16.3%. The
production efficiency is low, the economic competitiveness is weak, and the utilization
efficiency of the spur gear production process for resources is medium. Combined
with the process, it is found that the reason for the low EYR is that the production
process has invested too much in purchasing emergy, particularly in equipment and
management emergy.

Analysis of economic efficiency indicators. The EIR of the spur gear production
process is only 0.80, indicating that the production process is less dependent on natural
resources, which is consistent with the characteristics of the mechanical production
process. In addition, the process has low economic benefits and a poor economic
development level.

Analysis of ecological efficiency indicators. From the perspective of ELR and EWR,
it reflects that the ecological efficiency of this production process is low. The main
reason is that the waste discharge is too high, in which the emergy output of waste oil
is as high as 1.81 x 10'?, accounting for 68.8% of the total waste emergy. Enterprises
should pay attention to the discharge of waste o0il and reduce waste discharge during
the production process.

Analysis of sustainable development index. The ESI of the spur gear production
process is 0.92, which is low in the long run. The main reason is that the EYR is
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low, the ELR is high, and the waste emission of the production process is too large,
especially during the lathe manufacturing and heat-treatment processes.

3.3. Improvement for Spur Gear Production Process

To enhance the production efficiency and sustainability of spur gears, the gear material
processing technology was improved. The horizontal lathe replaced the vertical drilling
machine and slotting machine, and the reaming and keyway insertion processes were
completed on the horizontal lathe, to effectively reduce the input of purchasing emergy
and use of cutting fluid, coolant, and hydraulic oil.

After the process improvement of manufacturing spur gears according to the above
method, the emergy of each element is shown in Table 4.

Table 4. Comparison of emergy after process improvement of the spur gear production.

Item Original Value Improved Value D-Value
Renewable emergy 5.23 x 1013 5.23 x 1013 0
Non-renewable emergy 4.77 x 1013 4.77 x 1013 0
Purchasing emergy 8.04 x 1013 6.95 x 1013 —~1.09 x 1013
Total input emergy 1.80 x 1014 1.70 x 1014
Waste emergy 2.63 x 1013 8.22 x 10'2 —~1.81 x 1013
Output emergy 2.15 x 10 2.15 x 10 0

The changes of each index are shown in Figure 4.

I - I
ELR ESI

25

15
0.
0
EYR

N

[y

(&)

EIR EWR
m Original value 2.25 0.8 2.44 15% 0.92
= |[mproved value 2.44 0.695 2.24 4% 11

Figure 4. Comparison of indicators before and after improvement of the spur gear production process.

From the perspective of EYR, the production efficiency of the improved spur gear
production process is higher than before, and its economic competitiveness is strong. Its
EYR increased to 2.44, and the production efficiency improved. The EIR was 0.80 before
improvement and 0.695 after improvement, indicating that the economic development
of the spur gear production process is still very low, but the social benefits are improved.
According to the analysis of the improved ecological efficiency index, both ELR and
EWR reflect that the ecological efficiency of the production process is improved. After
improving, the ESI of the production process increased from 0.92 to 1.10, which shows that
the sustainability of the spur gear production process improved over the long run.

After improvement, from the perspective of the production process, the processing
technology became simpler, the technical skill requirements of the operators were lower
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than those before the improvement, and the physiological health and production enthu-
siasm of the operators also improved. From the perspective of production management,
the equipment requirements for the spur gear production process were reduced, thereby
reducing the large amount of input of auxiliary materials, materials and equipment emergy,
which could save a considerable part of the purchase and disposal costs. As an enterprise,
the enterprise benefits and personnel wages improved, and the saved funds can be invested
in product R&D and transformation, while the enterprise sustainable development index
improved considerably.

3.4. Management Insights

Compared with the existing sustainable research on mechanical production processes,
this study has the following advantages: (1) using emergy as a common measure to connect
the various material, energy and capital flows of mechanical production processes, so
that energy and materials from different sources and of different properties can be fairly
compared against the same standard; (2) when constructing the sustainability evaluation
index system of mechanical production processes, the impact of natural resources and
waste discharge is fully considered, which can better reflect the characteristics of such
processes; (3) the method is applied to the sustainable evaluation of the process of man-
ufacturing spur gears, and the evaluation results verify the effectiveness of the method.
According to the evaluation results, a targeted optimization strategy for the sustainability
of production processes is proposed. In view of the above results, this study draws the
following implications for management.

First, the sustainability evaluation of mechanical production processes is a complex
problem, which involves a wide range of system boundaries, objectives and complex influ-
encing factors. The use of different system boundaries, analysis methods, and influencing
factors will lead to great variation in the evaluation results. The construction of an objective,
scientific and complete sustainability evaluation system has an important impact on the
sustainability evaluation of mechanical production processes.

Second, a mechanical production system is different from an ecosystem. The material
flow in the ecosystem can be recycled, so the impact of waste discharge on the environment
and system sustainability is generally not included in the evaluation. However, the waste
discharge of a mechanical production system has a great impact on the environment. We
should choose a production process with the best economic benefits, the least impact
on the ecological environment and the most sustainability as much as possible to meet
the needs of economic development and environmental protection. Simply applying the
index system of an ecosystem cannot objectively reflect the sustainability of mechanical
production processes.

Third, the production process of the machinery manufacturing industry should not
only consider economic benefits, but also organically combine economic benefits with
environmental protection, improve the utilization efficiency of energy and resources as
much as possible, reduce waste discharge and environmental pollution, and realize the
coordinated development of the natural environment and human economy.

4. Conclusions

The global energy shortage and environmental pollution have led to new development
models, such as sustainable development, being adopted globally. The largescale expansion
of the machinery manufacturing industry and the impact of manufacturing activities
on the natural environment require methods to quantitatively analyze and evaluate the
sustainability of machinery production processes.

This study proposes a sustainable evaluation method of mechanical production pro-
cesses based on emergy. Its innovation lies in (i) converting the input and output energy
and materials of the mechanical production process into a unified standard emergy to mea-
sure and analyze by objectively quantifying the production efficiency and sustainability of
the mechanical production process; (ii) considering not only the impact of natural resource
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consumption on sustainability, but also the personnel salaries, maintenance and waste
discharge costs, a sustainability index system more aligned with the mechanical production
process was constructed to evaluate its economic and ecological efficiency, and sustainable
development level; (iii) using the production process of a spur gear as an example, the
sustainability of the system was quantitatively evaluated using the method given in this
study, the main influencing factors were analyzed, and targeted improvement metrics were
put forward. After the improvement, the production efficiency and sustainability were
enhanced. The research results show that this method is applicable to different mechanical
production processes and provides a theoretical basis for guiding the benign operation and
sustainable development of mechanical production processes.

Emergy theory has been widely used in natural ecosystems, but it is relatively new
to mechanical production processes. The major focus of this study is on improving the
application of the emergy method and evaluation index system in mechanical production
processes. While this study proposes some emergy indicators and applies them to the
sustainability evaluation of a specific mechanical production process to verify their effec-
tiveness, the breadth and depth of study need to be further expanded. The data used in this
study were acquired from the gear production workshop of a vehicle bridge factory. The
emergy calculated in the research are all single products, and the research results are only
improved for the processing technology, which inevitably has certain limitations. In future,
emergy theory can be used to guide the mechanical production processes to improve its
sustainability, including strengthening the utilization of renewable resources and reducing
the consumption of non-renewable energy and waste emissions. In addition, this study
does not consider the external factors of the mechanical production processes, which can
be addressed in further studies.
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