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Abstract: Accurate production efficiency evaluation can assist enterprises in adjusting production
strategies, improving production efficiency, and, thereby, weakening environmental impacts. How-
ever, the current studies on production efficiency evaluation do not accurately consider interactions
inside the production system in parallel production processes. Based on the concept of the manufac-
turing service, this paper describes the production process of a complex product system (CoPS) with
a manufacturing service chain. An efficiency calculation model based on the triangular intuitionistic
fuzzy number-solid waste recycling-super-efficiency data envelopment analysis (TIFN-SWR-SDEA)
is proposed under the consideration of the internal parallel structure of the production system on
the example of solid waste recycling. Additionally, the technique for order preference by similarity
to ideal solution (TOPSIS) method and the entropy weight method were combined to determine
the proportion of solid waste recycling, and an improved proposed index rank (PIR) method was
employed to rank the efficiency interval results. Finally, the effectiveness and superiority of the
method were verified by comparative analysis. The results show that the overall efficiency of the
CoPS production system can be improved by using green manufacturing technology, increasing the
recycling of renewable resources, using clean energy, and improving the utilization rate of materials
in the production process.

Keywords: complex product system; data envelopment analysis; parallel manufacturing; solid waste
recycling; efficiency evaluation

1. Introduction

A complex product system (CoPS) is defined as a large-scale product, system, or
infrastructure with high R&D cost, high technical content, single-piece or small-batch
customization, and high integration [1]. The manufacturing level of CoPS is a crucial symbol
reflecting a country’s comprehensive strength and plays a huge role in promoting the
sustainable development of the national economy [2]. However, the manufacturing process
of a CoPS is accompanied by a large amount of energy consumption, resulting in a series
of environmental problems, such as noise pollution, carbon emissions, and industrial solid
wastes. Improper treatment may even have a serious impact on the ecosystem [3-7]. How to
find a balance between economic interests and environmental interests while maximizing
the operational efficiency of the industrial system has become a national concern.

With the continuous improvement of environmental protection laws and regulations
and the increasing awareness of environmental protection in society, the promotion of
green manufacturing has become a consensus [8]. Part of the research focused on green
manufacturing is on solid waste recycling and utilization [9,10]; for example, the remains
of steel plates after shearing are no longer available for this process, but they can be used
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as raw materials for other processes after recycling. Solid waste recycling can improve
the utilization rate of materials and reduce environmental pollution, but the recycling
process will also lead to cost increases, secondary pollution, and other problems. Whether
solid waste recycling can truly achieve green manufacturing and improve the overall
efficiency of the production process must be scientifically evaluated through reasonable
methods [11]. The purpose of solid waste recycling is to reduce the input of resources in the
production system and the output of waste so as to optimize the production process [12].
Data envelopment analysis (DEA) is one of the most effective decision-making tools and a
non-parametric system analysis method that calculates the relative effectiveness of multi-
input and multi-output decision-making units (DMUs) of the same type based on linear
programming [13]. The DEA method has been applied in efficiency evaluation involving
recovery, for example, pollution treatment and waste disposal [14], integrated utilization
of industrial solid waste systems [15], etc.; however, the evaluation framework adopted
in relevant studies is not perfect enough. Compared with the original “black box” model,
the existing research has introduced intermediate variables with a multi-layer network
structure to build the DEA model so that the efficiency evaluation process is closer to the
actual work process [16,17]. However, there are few studies on specific industrial systems
such as CoPSs. The existing studies do not fully consider the interaction between parallel
decision units and the uncertainty of data collected in a real environment. Therefore,
relevant studies need to be deepened.

In order to evaluate the efficiency of large-scale industrial systems more pertinently,
this paper has designed the internal structure of the DEA model according to the produc-
tion characteristics of a CoPS. In the actual production process, the precision of processing
equipment is continuously improved, and the standardization of communication interfaces
between equipment is constantly promoted, forming a parallel manufacturing mode in
which the core components and supporting components of the CoPS are relatively indepen-
dent [18,19]. The manufacturing resources are encapsulated into manufacturing services by
adopting a series of methods, such as collecting the execution data of manufacturing tasks
and excavating the cooperative relationship between manufacturing resources. In this way,
a stable manufacturing service cooperation system can be established and the frequency of
resource reorganization is reduced, contributing to effectively improving the stability and
reliability of the production process of CoPSs [20,21]. In this paper, with the described pro-
duction process from the perspective of manufacturing services, the manufacturing process
of CoPSs can be simplified into two parallel manufacturing service chains that represent the
processing processes of core components and supporting components, respectively. This
involves the processing stage and the assembly stage, with a total of four decision-making
units (DMUs). The input of each DMU is mainly raw materials and the corresponding
manufacturing services. Additionally, the manufacture service factor (the ratio of the actual
manufacturing time needed to complete the production process to the theoretical order
completion time) is introduced in this paper to analyze the manufacturing service quality,
and it combines the corresponding energy consumption and the number of processing
personnel to form manufacturing services to calculate the efficiency of the corresponding
DMU. The output of each DMU is divided into desirable and undesirable outputs, of
which the desirable output is mainly products or semi-finished products with industrial
added value and the undesirable output is the environmental impact. In this paper, the
corresponding amount of solid waste, noise, and carbon emissions are mainly used to
calculate the efficiency of the decision-making unit regarding the environmental impact.
Moreover, some solid wastes generated in the processing stage of the core components are
recycled as input in the processing stage of supporting components, and some supporting
components are directly used in the production of complex product systems as input in
the assembly stage of core components; therefore, there are interactions between parallel
DMUs. The recycling ratio of solid waste needs to be determined by expert scoring after
the comprehensive consideration of various factors. In this paper, TOPSIS was combined
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with intuitionistic fuzzy information entropy [2] to determine the recycling proportion of
the solid waste generated in the production process of core components.

Many pieces of data obtained in the actual production process are vague. For example,
different workers operating the same device and processing the same workpiece are differ-
ent in terms of time and energy consumption, impeding the prevention of the fuzziness of
data used for efficiency evaluation [22]. Given the fuzziness of data, the combination of the
fuzzy number and DEA for efficiency evaluation has been widely applied [23]. Particularly,
efficiency evaluation using the combination of the triangular intuitionistic fuzzy number
(TIEN) and DEA has been recognized by more and more researchers [24,25]. Compared
with the traditional methods, the introduction of fuzzy numbers in the DEA model can help
the model cope better with the data fluctuations caused by random situations and avoid
the impact of individual differences on the efficiency evaluation results [26-28]. However,
the efficiency results calculated by combining TIFN and DEA models are interval values
and cannot be directly compared. The proposed index rank (PIR) method can be used
for efficiency interval sorting [24]; however, the results of the PIR ranking method are
prone to distortion when membership function « and j values are close to 1. In this paper,
the PIR ranking method was improved based on the adaptability of the « and § values;
it can more accurately complete efficiency interval sorting. The manufacturing service
efficiency method based on fuzzy DEA can effectively avoid the impact of fuzzy data on
the evaluation results and more objectively analyze the factors that affect efficiency.

To sum up, this study fills the existing research gaps in three ways. (1) Based on the
production characteristics of the manufacture and assembly of CoPSs, a parallel two-stage
structure DEA model considering the internal interaction of the system is proposed on
the example of solid waste recycling. (2) An expert scoring method based on TOPSIS and
intuitionistic fuzzy information entropy is proposed to determine the recovery value of
solid waste, and an efficiency calculation of the TIFN-SWR-SDEA model is completed.
(3) An improved PIR ranking method is established, which suppresses the situation where
the results of the PIR ranking method are prone to distortion when membership function
« and f3 values are close to 1. In addition, this paper proposes intervention measures for
promoting the overall efficiency of CoPSs.

The remainder of this paper is organized as follows. Section 2 introduces the research
status of DEA and solid waste recycling. Section 3 reviews the super-efficiency DEA model
of trigonometric intuitional fuzzy numbers. Section 4 presents mathematical modeling of
the fuzzy DEA-based manufacturing service efficiency evaluation and ranking approach
for a parallel two-stage structure of a complex product system. Section 5 illustrates the
viability of the proposed method using empirical research and analysis, and conclusions
are given in Section 6.

2. Research Status
2.1. Data Envelopment Analysis

The research history of DEA can be traced back to the concept proposed by Farrell
in 1957 [29]. The DEA model was formally proposed by Cooper and Charnes in 1978 [30].
DEA is mainly employed to evaluate the efficiency of DMU through known input and
output data. This model is broadly used for the efficiency evaluation of the manufacturing
industry [31], the banking system [17], logistics companies [23], medical institutions [24],
airlines [32], and other large enterprises. The traditional DEA model only involved in-
put and output variables. With the deepening of research, intermediate variables were
introduced to build a second-order DEA model to better manage the efficiency evalua-
tion problems in a real production process [33]. On this basis, variables such as shared
input [34], undesirable output [35], and feedback input [36] were introduced, and the serial
DEA model and the parallel DEA model were constructed to overcome the efficiency eval-
uation in more complicated cases [37,38]. Additionally, the efficiency value must be limited
to [0,1] due to the constraint characteristics of traditional DEA itself. If there are multiple
DMUs with an efficiency value of 1, the efficiency cannot be judged and the DMU cannot
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be ranked, suggesting that the traditional DEA model was deficient in discrimination [39].
Given this limitation, a super-efficiency DEA rank (SDEA) can be achieved by reducing
the constraints in the original DEA and allowing the efficiency value to be higher than 1.
Zhou et al. [40] established an efficiency evaluation system based on sustainable devel-
opment goals under the consideration of both industrial production and environmental
protection with the super-efficiency DEA model. Chen et al. [38] evaluated the research and
development efficiency of China’s high-tech industry in the field of green innovation using
a three-stage super-efficiency DEA model. Although there have been many relevant studies
on the application of the DEA model, the existing model cannot fit the actual situation of
the production process of complex product systems. Therefore, it is necessary to improve
the internal network structure of the DEA model and further enhance the accuracy of
efficiency evaluation with super-efficiency sequencing and other methods.

With the constant deepening of research on the DEA model, the limitations of the tradi-
tional DEA model, with the crisp value as input and output, have gradually emerged. Since
it is difficult for the acquisition process of fixed values to avoid subjectivity and randomness,
taking fixed values as input and output would generate evaluation errors [41]. To better fit
the actual situation, many researchers have combined fuzzy sets with DEA [23,32,42], and
the essence is to apply data fuzzification to DEA, among which triangle fuzzy numbers are
more commonly used [43]. MR Soltani et al. [44] integrated fuzzy numbers and two-stage
DEAs to build an efficiency evaluation model for the efficiency evaluation of some indus-
trial workshops in Iran. Furthermore, researchers have revealed that intuitive fuzzy sets
(IFS) can achieve better results, and DEA research based on intuitionistic fuzzy numbers
has become a hot spot for DEA problems at the present stage [45-47]. The acquisition
of some data in the production process of complex product systems has difficulties in
avoiding subjectivity and randomness. Based on the production process of the parallel
manufacturing of complex product systems, a new DEA model internal structure was
established. Meanwhile, the triangular intuitionistic fuzzy number was introduced for data
processing to solve the issue that the existing research was insufficient for the efficiency
evaluation of parallel manufacturing processes.

2.2. Solid Waste Recycling

Complex product systems are not only the heart of industries and the lifeline of the
national economy but also an essential foundation to support comprehensive national
strength. However, the traditional manufacturing production mode with “high input, high
pollution, and low output” has placed enormous pressure on environmental protection.
With the development and progress of manufacturing, more and more countries have
begun to invest a lot of energy in researching green manufacturing technology [48]. Some
achievements have been made in related research. For example, the research conducted
by the Institute of Environmental Sciences of Leiden University in the Netherlands shows
that the implementation of green manufacturing has made a great contribution to the
ecological environment [49]. Eco Design and IEEE have performed several studies on
green manufacturing to explore how to solve the problem between the development of
the manufacturing industry and environmental protection using green manufacturing
technology [50]. Part of the research focused on green manufacturing is on solid waste
recycling and utilization, which can significantly improve the utilization rate of resources
and reduce environmental pollution.

Industrial solid waste refers to the by-products and residues produced in the industrial
production or auxiliary processing process and wastes of a process that are not available for
the process but can be effectively recycled and used in other processes [51]. Ali et al. [52]
suggested that the direct reuse of iron and steel materials is superior to recovery and
utilization through smelting for both the environment and the economy. The Center for Sus-
tainable Design in the UK conducted in-depth research on the sustainable use of products
and proposed that enterprises could improve resource utilization rates by constructing a
sustainable recycling system [53]. MIT has performed a series of studies on waste recycling
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systems, product recycling, and remanufacturing, verifying that waste recycling and reuse
could effectively improve the resource utilization rate and reduce environmental pollution
from multiple perspectives [54]. There are large amounts and various types of solid waste
generated in the production of core components of complex product systems. Therefore,
the recycling proportion of available solid waste should be determined by experts based on
the waste situation and the technical, economic, and resource—environmental characteristics
of recycling treatments. However, experts’ decision-making opinions have been vague
and hesitant to some extent. The technique for order preference by similarity to ideal
solution (TOPSIS) method can be used to solve such problems [55,56]. Moreover, the role
of solid waste recycling and utilization in the manufacturing process of complex product
systems can be analyzed to improve the efficiency of manufacturing services and promote
enterprises to strengthen the recycling and utilization of resources.

At present, parallel manufacturing is widely used in the production process of complex
product systems to improve production efficiency, and green manufacturing technology
has been gradually applied. Nevertheless, there has been little research on the evaluation
of the parallel manufacturing efficiency of complex product systems combined with solid
waste recycling. In this paper, a new DEA network structure is constructed based on
the production practice of complex product systems, and then the manufacturing service
efficiency of complex product systems is evaluated by combining fuzzy numbers and solid
waste recycling and utilization.

3. Basic Definitions

The super-efficiency DEA model of TIFN, is the DEA model introducing the TIFN was
used to evaluate efficiency, allowing the efficiency value to be higher than 1. Firstly, the
TIEN of relevant data should be obtained. Then, a-cut and S-cut methods were employed
to cut the membership and non-membership functions, respectively, to obtain the fuzzy
interval of the variables. Finally, the DEA model was adopted to calculate efficiency.

The TIEN of relevant data is A = (11 a™ a”;a'l,am,a'“), satisfying the conditions

al <al <am < v < at,at,d, a ,a",a" € R. Moreover, a- cut and B-cut methods
were employed to cut the input ¥/, (mput variates) and output y; j (output variates) of
TIEN, respectively; a-cut and p- cut were adopted to cut the membership function and

non-membership function, respectively. After truncation, the fuzzy interval of the relevant
variables is:

o =lo 1O e
'y“fjaI[Wf}A (1= a)yj; ”‘yz‘j + (1= a)yj] (1)
Tp =[B!+ (1= e+ (1 Pyt

Vijp = By + (1= B)yik, Byt + (1= B)yif']

After set cutting with a-cut and B-cut, the fuzzy interval of relevant variables was
substituted into the DEA model for calculation. The calculation method of the efficiency
interval based on the «-cut method is expressed in Equation (2):

S
max [E]Lo a,E%a} El rio ["‘%]o (1= a)yjy aylly + (1 oc)y}}o}
s.t. Z Uijo [ocx +(1—a)x ljo,ocxl]o +(1- zx)xl]o} 1,1],
Z Vrjo ["‘%‘j +(1— zx)yiLj, txyf-}/l +(1- a)ylﬂ @)
Z Uijo [ax +(1- uc)xl],txx +(1- uc)xlﬂ
< [0,0],] =1,2,...n,
uijo, Urjo Z g, Vi,r
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where ¢ denotes the non-Archimedean infinitesimal constant; u;;, and v,j, indicate the
weights of fuzzy input and fuzzy output, respectively. Jo is regarded as being the evaluation
DMU,. Due to the introduction of fuzzy numbers, the calculated efficiency result becomes
fuzzy, and the final efficiency result is the interval value.

4. Mathematical Modeling
4.1. Problem Description

The manufacturing process of complex product systems can be simplified to two par-
allel manufacturing service chains containing the machining stage and the assembly stage
for the production of core components and supporting components. Among them, part of
the solid waste generated in the processing stage of core components is employed as raw
materials in the processing stage of supporting components, while a part of the supporting
components and core components is assembled to become the finished product of com-
plex product systems. In other words, there is an interaction between the manufacturing
processes in parallel. The production efficiency evaluation of complex product systems
should be based on the actual situation of the interaction between parallel manufacturing
processes. Concurrently, the uncertainty of data acquisition and the influence of solid waste
recycling on the efficiency evaluation results should be fully considered. In this paper, the
parallel manufacturing service efficiency of complex product systems considering solid
waste recycling is evaluated through the following steps:

(1) Data acquisition and fuzzy processing. The actual production data of complex prod-
uct system manufacturing enterprises were collected and sorted out, and fuzzy processing
was conducted.

(2) Solid waste recycling evaluation. Experts were organized to score the solid waste
generated in the processing stage of core components, and the TOPSIS method was used to
calculate the recycling ratio of solid waste according to the scores.

(3) Efficiency calculation. The established triangular intuitionistic fuzzy number-solid
waste recycling-super-efficiency data envelopment analysis (TTFN-SWR-SDEA) model was
used to calculate the efficiency.

(4) Efficiency ranking. An improved proposed index rank (PIR) method was used to
rank efficiency according to the obtained efficiency interval.

The evaluation process of the parallel manufacturing service efficiency of complex
product systems considering solid waste recycling is presented in Figure 1.

The evaluation of the parallel manufacturing service efficiency of complex prod-
uct systems considering solid waste recycling is expressed in Equation (3). Suppose
A={A1,Ay, ... A} is the decision unit set, C = {C1,Cy, ... ,Cq} is the attribute set, and
Cy={Xg,Yghg=1,... Q. X, is the input variable of the gth processing stage, and Y is the
output variable of the gth processing stage. S = {51,5, ... ,Sg} is the processing stage set.
The weight of each processing stage is w = {wq, wo, ..., wg}, where 222:1 wy =1,wy > 0.
f(Ax, Cy, S4) indicates the index of decision-making unit Ay when it is in the processing
stage S;, and its attribute is C;.

S, S, . So
A f(A1,C,51)  f(A1,C,8) -+ f(A1,Cq, Sq)

— Az | f(A2,C1,S1)  f(A2,Cy,S2) -+ f(A2,Co,S0) ©)
A LF(ACLS1)  f(ACo82) -+ f(Ak Co Sq)

The meanings of the main parameters used in this paper are exhibited in Table 1.
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Data Acquisition and Preprocessing

Production Data Collection
of CoPS

» Data Preprocessing

v

Evaluation of Solid Waste Recycling

Solid Waste to be

—> Expert Scoring —» TOPSIS Processing Data [—»  Determine the Ratio
Evaluated

v

Efficiency Calculation of TIFN-SWR-SDEA Model

Staged Efficiency Overall Efficiency
Calculation Calculation

y

Efficiency Sort and Evaluation

TIFN-SWR-SDEA Model >

Efficiency Ranking ~ [* Efficiency Evaluation

Figure 1. The evaluation process of parallel manufacturing service efficiency of a complex product
system considering solid waste recycling.

Table 1. Main parameters.

Set and Indices Description
Indices
b Index of raw materials, whereb=1,2, ..., B.
i Index of environment influence, wherei=1,2,..., L
h Index of manufacturing services, where h=1,2,..., H.
h Index of part products, wheren=1,2,...,N.
k Index of reused solid wastes, wherek=1,2, ..., K.
a Index of end products, wherea=1,2, ..., A.
d Index of supporting products, whered=1,2, ..., D.
j Index of evaluated manufacturing types, wherej=1,2,...,].
Jo Index of manufacturing types being evaluated.
Paremeters

B Number of raw materials.
I Number of environment influences.
H Number of manufacturing services.
N Number of part products.
K Number of reused solid wastes.
A Number of end products.
D Number of supporting products.
] Number of evaluated manufacturing types.

L1 Minimum efficiency evaluation.

U,u Maximum efficiency evaluation.
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Table 1. Cont.

Set and Indices

Description

The min/max efficiencies

Ele o The minimum efficiency of evaluated manufacturing type j, in DMU 1 under « —cut
Eﬁ o The maximum efficiency of evaluated manufacturing type j, in DMU 1 under a—cut
ElL/‘ op The minimum efficiency of evaluated manufacturing type j, in DMU 1 under f—cut
EEO, 8 The maximum efficiency of evaluated manufacturing type j, in DMU 1 under f—cut

The weights of each variate (inputs, outputs, and intermediates)

I
ylnjg

]
Mkj,

1
4ij,

I
Wipj,
11
T1hj,
1
:ulnjn
1
Mikj,

I

1/111]'(,

1
gld o

The weight of part product n of evaluated manufacturing type j, in minimum efficiency evaluation DMU 1.

The weight of reuse solid waste k of evaluated manufacturing type j, in minimum efficiency evaluation DMU 1.

The weight of environmental influence 1i of evaluated manufacturing type j, in minimum efficiency evaluation
DMU 1 (superscript number 1 means the index of DMUs and subscript number 1 denotes the index of
environment influence).

The weight of raw material 1b of evaluated manufacturing type j, in minimum efficiency evaluation (superscript
number 1 means the index of DMU ).

The weight of manufacturing service 11 of evaluated manufacturing type j, in minimum efficiency evaluation
DMU 1 (superscript number 1 means the index of DMUs and subscript number 1 denotes the index of
manufacturing services).

The weight of part product 1n of evaluated manufacturing type j, in minimum efficiency evaluation DMU 1
(superscript number 1 means the index of DMUs and subscript number 1 denotes the index of part products).
The weight of reused solid waste 1k of evaluated manufacturing type j, in minimum efficiency evaluation DMU
1 (superscript number 1 means the index of DMUs and subscript number 1 denotes the index of reuse
solid waste).

The weight of end product 1a of evaluated manufacturing type j, in minimum efficiency evaluation DMU 1
(subscript number 1 denotes the index of end products).

The weight of supporting product 14 of evaluated manufacturing type j, in minimum efficiency evaluation
DMU 1 (subscript number 1 denotes the index of supporting products).

The intuitionistic fuzzy numbers of each variate

m
plnj(7
m
Reulk.

Jo

1m
Flijg

m
X1bj,
1m
Z1hj,
m .
laj,

m
$1dj,

The intuitionistic fuzzy number medium m of part product py,, of evaluated manufacturing type j, in DMU
1(subscript number 1 denotes the index of DMUs and superscript I means the low value of membership degree
in the intuitionistic fuzzy number).

The intuitionistic fuzzy number medium m of reuse solid waste Reuj of evaluated manufacturing type j, in
DMU 1 (subscript number 1 denotes the index of DMUs, where superscript  means the low value of
membership degree in the intuitionistic fuzzy number).

The intuitionistic fuzzy number medium m of environment influence Flli of evaluated manufacturing type j, in
DMU 1 (subscript number 1 denotes the index of DMUs, where superscript  means the low value of
membership degree in the intuitionistic fuzzy number and superscript number 1 means the first
environment influence).

The intuitionistic fuzzy number medium m of raw materials xq; of evaluated manufacturing type j, in DMU 1
(subscript number 1 denotes the index of DMUs, where superscript I means the low value of membership degree
in the intuitionistic fuzzy number).

The intuitionistic fuzzy number medium m of manufacturing service z}, of evaluated manufacturing type j, in
DMU 1 (subscript number 1 denotes the index of DMUs, where superscript  means the low value of
membership degree in the intuitionistic fuzzy number and superscript number 1 means the first
manufacturing service).

The intuitionistic fuzzy number medium m of end product Y, of evaluated manufacturing type j, in DMU 1
(subscript number 1 denotes the index of DMUs, where superscript I means the low value of membership degree
in the intuitionistic fuzzy number).

The intuitionistic fuzzy number medium m of supporting product s1; of evaluated manufacturing type j, in
DMU 1 (subscript number 1 denotes the index of DMUs, where superscript  means the low value of
membership degree in the intuitionistic fuzzy number).

4.2. Solid Waste Recycling Evaluation

Large amounts of solid waste are generated during the production of core components
of complex product systems, part of which can be recycled and reused in the production
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of supporting components. The recycling ratio needs to be determined by expert scoring
after the comprehensive consideration of various factors. Nonetheless, expert decision-
making opinions are fuzzy and hesitant to some extent. In this paper, TOPSIS is combined
with intuitionistic fuzzy information entropy [2] to determine the recycling proportion of
the solid waste generated in the production process of core components, and the specific
steps are:

(1) Expert scores are collected and expressed in the form of the intuitive fuzzy number,
as exhibited in Table 2. [u,,, v4.] represents intuitive fuzzy information given by experts
on the score value of solid waste A; generated in the manufacturing process of core
components, where 1,4, and v;. denote the membership degree and the non-membership
degree, respectively.

Table 2. Intuitionistic fuzzy decision information table of solid waste recycling.

T T, N T. . Tc
Aq [u11,011] [u12,012] . [u16,01¢] .. [uic,v1c]
A [u21,021] [u22,020] . [uzc,02c] . [uzc,voc]
Ay [ua1,041] [1a2,042] e [uge,v4c] . [uac,vac]
Ap [up1,9p1] [up2,0p2] e [upe,opc] . [upc,vpc]

(2) The entropy weight method is extended to the intuitive fuzzy environment to
determine the attribute weight w; of the evaluation index A, of solid waste recycling, as
expressed in Equation (4). H ([u4.,v4.]) denotes the information entropy, and f;. represents
the mutual weight between indexes.

S —f([uda Vdc]) )

C— ¥ H([tac, vac])

c=1

—Uge In Ude — O4e In Ode — nA(xk) In 7-[A(xk) Uge +04c € (0/ 1)

H([udm vch =40 Uge + 04 = 1 (5)
0 Uge + Vg = 0
fae = (g, 05,) = Walttge, vac] = (1= (1= uge)™?, (v4c)™) (6)

(3) Positive ideal solution F* and negative ideal solution F are calculated. In Equations
(7) and (8), it is assumed that there are two intuitionistic fuzzy numbers a = (u,, v,) and
b = (up, vp), and the corresponding intuitionistic fuzzy entropy is H(a) and H(b). If
H(a) < H(b), a > b; if H(a) > H(b), a < b.

F= {ff e f )= maxiy fuc} )

F={fi fy e fp}= {min fu | ®)

(4) The distances from each decision-making index to the positive ideal solution and
the negative ideal solution are calculated.

Df = Jlug, — 8, )+ (o, — 0B )+ (g, — 7, ) ©)

D =\ ug, — 07, P+ (o, — o)+ (g, 7, ) (10

_ + _ + + - _ - -
where TTfy = 1-— Ufye = Vfyer TTf, = 1-— Ug =V, Ty = 1-— Ug — g .
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(5) The relative closeness degree D} is calculated, and the ranking is completed. The
higher the D} value, the higher the ranking.

.
c F —
Dd +Ddc

c

d=1,2,...,D,c=1,2,...,C. (11)

(6) The recycling ratio of solid waste generated in the production of core components
of complex product systems is obtained from Table 3.

Table 3. Comparison table of TOPSIS method score and solid waste recycling ratio.

Final Score (Percentile) Solid Waste Recycling Ratio (%)
>90 20
85-90 15
80-85 10
70-80 5
60-70 2.5
<60 0

The selection of the reused solid waste is introduced in Algorithm 1, where the
input is regarded as the variate of solid waste and the output belongs to the variate
of the reused solid waste. Under the consideration of the working experiment, the
variate of solid waste {swl, SWy, ..., SWj, ..., SW ]}, ] is analyzed and evaluated by ex-
perts and each expert would give fuzzy membership scores [u;., v4.] to each variate
{sw1, SWy, ..., SWj, ..., SW ]}, J. The scores would be calculated and ranked by TOPSIS with

intuitionistic fuzzy information entropy. The rank result of scores {D ]’»‘1, D]’-‘z, ...,D ]’fk, e, D]’-‘K}
would correspond to the value of the reused solid waste {Reu, Reuy, ..., Reuy, ... Reug}.

4.3. Calculation of Parallel Manufacturing Service Efficiency

The parallel manufacturing service efficiency of complex product systems considering
solid waste recycling and reuse based on the intuitionistic fuzzy super-efficiency DEA
is illustrated in Figure 2. The manufacturing process of complex product systems can
be simplified as two parallel manufacturing service chains that represent the processing
process of core components and supporting components, respectively. This involves the
processing stage and the assembly stage, with a total of four decision-making units (DMUs).
The input of each DMU is mainly raw materials and the corresponding manufacturing
services. Additionally, the manufacturing service factor (the ratio of the actual manufactur-
ing time needed to complete the production process to the theoretical order completion
time) is introduced in this paper to analyze the manufacturing service quality. Then, the
efficiency of the corresponding decision-making unit is calculated by combining the corre-
sponding energy consumption and the number of processing personnel. In this way, the
accuracy of the model is guaranteed. The output of each DMU is mainly products with
industrial added value and environmental impact. In this paper, the corresponding amount
of solid waste, noise, and carbon emissions are mainly used to calculate the efficiency of the
decision-making unit regarding the environmental impact. Moreover, some solid wastes
generated in the processing stage of core components are recycled as input in the processing
stage of supporting components, and some supporting components are directly used in the
production of complex product systems as input in the assembly stage of core components.

Based on the parallel manufacturing process of the complex product system, a super-
efficiency DEA model was established under the consideration of solid waste recycling
and reuse. Then, TIFN was introduced to avoid the impact of related data uncertainties
on efficiency evaluation results. As suggested by the model structure in Figure 2, a new
TIFN-SWR-SDEA model was established to calculate the parallel manufacturing service
efficiency of the complex product system with solid waste recycling and reuse.
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Algorithm 1: selection of the reuse solid waste

1. Input: The solid waste from stage of main manufacturing, {swl, SWy, ..., SWj, ..., sw]}, ]

2. Output: the reuse solid waste to stage of main assembly
{Reuy, Reuy,..., Reuy,...Reug}, K

3.  Initialize: {Reu;}
4. forj=1:] / *j: index of evaluated manufacturing types/
5. m—1—-v—u
6. fork=1: K
7. H( [ujk, v]-kD — <u]-k, Ujs n) by Equation (5)
8. w;j < (H,K) by Equation (4)
9. fix = (1= (1 =up)™, < )w/> by Equation (6)
10. Ft o« mux]].:1 fik by Equation (7)
11. F~ minlj.:lfjk by Equation (8)
+

12. D ( Uf s fjk fk) by Equation (9)
13. D — ( J?k fk fk) by Equation (10)

D
14. D]’fk D++D, by Equation (11)
15. end for
16. Rank { D}, D5, .., D, Dig }
17. Reuy < ranky
18. end for

19. Return: {Reuy}
20. end

In the TIFN-SWR-SDEA model, there are three kinds of variates under consideration:
the inputs, the desirable outputs, and the undesirable outputs. The detailed examples in
the main manufacturing stage (I) are as follows: (1) The inputs X: the raw materials and the
manufacturing services; (2) the desirable outputs Y eape: the parts, reuse, and solid waste;
(3) the undesirable outputs Y,;;4esiraple: the environmental impact.
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Min

s.t.

The environmental impact F The environmental impact F
The raw materials
Main . i
X Parts The finished product Y
—»| manufacturing P P Masl?aazszr:w)bly —>
> stage (1) g
Manufacturing services Manufacturing services

z

Reuse solid waste Reu Assembly sets of components s

The raw materials
y Secondary Parts p Secondary Assembly product Y
—— | manufacturing P| assembly stage f—————»
—_— | stage (n N (V)
Manufacturing services Manufacturing services
z z . .
The environmental impact F The environmental impact F

Figure 2. Structure of the TIFN-SWR-SDEA model.

Each DEA model without a fuzzy number is established by Equation (12), which can
fully explain the relationships between the inputs and the desirable /undesirable outputs.

max 0 = u-Ygesirapie

sit. w- X+ v Yyudesiravle = 1
M'Ydesimble - (wX + z)'Yundesimble) <0
U, Ww,v > &

(12)

Additionally, the DEA model with TIFN (triangular intuitionistic fuzzy number) is
established by Equations (1) and (2) based on Equation (12). Then, the fuzzy/interval effi-
ciency score can be calculated using Equations (1) and (2) from the variates with TIFN. The
calculation method of the other stage is similar to stage (I) of the TIFN-SWR-SDEA model.

The minimum efficiency of the core component based on the a-cut method in the
processing stage EL. i

1]1xs.

N
EL .=-L

1
]DIX "

(yln]u (apln]u (1- zx)p’lnjv) — ; 77{,% (szeu{’;% +(1- a)Reullkjo>
H
1 21 2 2 3
(ww,, (axfhy, + =)ty ) ) + & (o, (astiy, + (0= 0zl )+, (e, + =)zl ) +od, (el + 102 ))

)+ (k2 + (L= a)F2 ) + 8 (wB + (1 —a)F )

1

1m 1u
( 1ij, aFll]o 1 - Fln]o

ﬁmz ”

K

1 1 l
Vlnjﬂ (ucp;';jo +(1- "‘)Plnjg) + kgl ik, (aReuﬂ]-D +(1- oc)Reulkju> (13)
- z (4 (aFlge + (=l ) + 5, (g + (1= B ) + 4 (B + (-0 )

H
11 2 3 3

fbg oy, (axty, + (0 =0ty ) = T (ol (wzlf, + Q= w2ty ) + iy, (asdly, + 1=, ) + 3, (2l + (- 0023, ))
20,j,mikbh=12,...j%#]jo.

l 1 1 21 31 1 11 21 3l H
Hnjor Tikjo? “njor Mnjo” injor Whijor Vihjor Vihjr Vihj, = & Vn, ik, b, h.

The minimum efficiency of the core component based on the a-cut method in the

assembly stage EL

2]1x
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Min

s.t.

Min

s.t.

Min

s.t.

A
L :_aglv{aj0<ay;';] (1- )Y{a])

N
ELp=— 21 (.“é;jg (“pglnjg + (1 - a)pénjg>
n=

2jo,x

1u )z ) + N, (az% + (1 -z ))

N

Z Tll, (ocp};”jo +(1- oc)p}zj ) + ; ('Y;L/ (azz,” (1 — )z ) +7§ng (zxzzm +(1-

+ Z (Lzl] (ochll’]” (1- D()Fél}; ) + lZU (:szzl’]" +(1- a)Fzzl’]‘ ) + 121] (aFgl’]" (1- oc)FZ‘]‘ )) +d§1 ﬁlldjn <¢xs{"d].0 +(1- :x)s?djo)
m (. (1 )Z;Z] )) (14)

= 1
H
1 1 11 1 21
Z 7!](7 < plnmj“ + (1 - D‘)p1Z] ) + hgl (’Yzhj ("‘sz + (1 )ZZZ] ) + ’YZhjg (“zzm + (1 )ZZh] ) + 7211]0 (D‘ZZZ]

A
+ ): gldjo (“Sﬂj(, +(1- “)sﬁldj(,) - ; Viajo (“Y{Z] +(1- )Ylla] )

+ ): (12” (bl + (1 - Bl ) + 3 (wr2 + (1 - B3 ) + ) (B + (1) B )
>Oa,],ndih:12 <] F Jo-

1 121 31 1l 1 H
Vlﬂ/“’ 121]0’ 121]0’ [21]0’ 1njo” 72}110’ 72}110’ IYZh]O éldj(7 > g Vﬂ, n, d’ L h.

The minimum efﬁciency of the supporting component based on the a-cut method in

the processing stage E3] Rt

3jo,a
K 1 m u H 1 1m 1u m 3m 3u
L 13 (aReusk]-O +(1- oc)Reuakjo>+ ; (73,1]. ("‘Zsh] (1- oc)z3h] ) + 73h] (ocz3h] +(1- uc)z31]7> + 7311] (ocz3h] (1- "‘)2311] >)
3 3

(1= )B )

B 1
! 1 1 2, 2
+b§1 <w3bjo (“xgzjg + (1 - “)xflilhjo>> + IZ:1 (131] ( F31r]n + (1 - {X)FSzL]‘ ) + lSz; < P31r]” (l - (X)FSzI; ) 31/ ( 3ijo

=1,
g (30, ("‘Pgncjo +(1- "‘)Pénﬁ,) - i 3k, (D(Reugﬂk]b +(1- ”‘)Re”gkﬁ,)
< (ol - 0wy ) 4 8 (055 + 0= 0E3 ) 4 4, (0B + (1~ R )

)xé‘bjo)) + Z (’yéﬁﬁ. (zxz%Z} +(1- )ZSh] ) +’)/3h/n (zxzsh +(1- )Zah/ ) + 731]0 <¢xz3h +(1- )zg’,j/ ))

(15)

— Y (wip. (ax?. +(1—«a
b:1< 3b]o( 3bjo (
20,jikbhn=12..,]j# .
! 1 2] 3l ;
Wayi,r Vahjar Vajor Vhio >¢, Vi, k,b,h,n.
The minimum efﬁciency of the supporting component based on the a-cut method in

1 120 3l l
Hanj, 13ij, 7 B3ijy 3ijor T3kjy
the assembly stage EL. o 1

L
E4}u «

4 1 m 1 L 1 m u
=L Vi (orgsy, + (1 =)V, )+ L Ty (apy, + (1 =a)pty;, )
H
h[j (7}1;1]‘ ("‘Z}ﬁ:}g + (1= a)zy), ) + 73, (zxzé;l +(1—w)zgy ) + 73k, (uczz;’l'; (11— )z >)
D
+ Z <l4z] ( Pélllr]n (1 - (X)Fizl]l ) 21] ( FZZ]H (1 - DC)FZ;; ) 21/ ( Féfz’;l (1 - “)FE; )) + dgl é'idjg (“5’1171]'0 + (1 - (X)Sﬁ‘dju)
= 1
A
Z Véaj (“YZ’EJ ( - ) 2aj, ) Z Tan (D‘pg'lnjg + (1 _(x)pgnjn) (16)
Z gb (wF 4+ (1 —a)Fl ) + 25 (aF2 + (1 —a)F24 ) + 8L (aFd" + (1 — )M
41]7 4ijo 4ijo 21/, 4ijo 4ijo 21], 4ij, 4ijo
D
1
,}El (74;1]0 (az4h] +(1— )z4h] ) + 74,1]0 (ucz4;:1 +(1- oc)z4h] ) + '74;1] (uczz;,'; +(1- )zizj )) - dgl o, (ucsg’fijo +(1- a)s‘z‘djo)

>0.a,j,n,c,d,hi=12,...,] % jo.

l AL 2r 8 1l 1 {
VZa]U’ 4ijo” 14110’ l41]U’ 2njo” ()/4h]0’ ()/4h]0’ ()/4h]o é{Mjc, > ¢ Ya,n,c,d,hi.

The total minimum efficiency based on the a-cut method E JLO . 18t

L
L (Vln] + Wlk](,)El] o _'_Ula] EZ] P nu3n] 3] s + VZa] E4jg,rx (17)

JoX
#171](J + Tllk](, + Vla] + ‘u?m] + UZajo

The process of calculating the minimum efficiency of the TIFN-SWR-SDEA model

with the a-cut method is presented in Equations (13)—(17). Firstly, the minimum efficiencies
El o E2] W E Y and EL 4o of each DMU are calculated by the a-cut method. Secondly,
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the minimum efficiency of the total E]L is obtained by the weighted sum of the minimum

efficiency of each DMU. The calculation method of maximum efficiency based on the a-cut
method is detailed below.

The maximum efficiency of the core component based on the a-cut method in the
processing stage }E1 o 1 i

N K
Max 1]011 - E (.uln]g< pln] ( - a)pilnj ) + Z ”i{kj“ (“Reuﬁjo + (1 )Reulllkj )

s.t. (wlb (”‘xib] xlb] )) + Z (71111 (”‘Zi% +(1- tx)zlhj > +'Yillfj <"‘Zi% +(1- )Zlh] ) +'Yih;0 ("‘Z% +(1—a)z %1 ))
é ( 1, (aFlllT (1—a Fllllj ) L%U (DzFi’]” +(1- oc)Flzllj ) +‘i’i‘§‘ (szf&" +(1- zx)Ffll] ))
=1,
g‘, 111]0( Pin, + pln] ) + Z iylk] (aReulk] +(1 —oc)Reui‘ij (18)

7»21 (zﬁ;- (aFll]’]“ +(1—a)Flf, ) + i35 (aFlll']" +(1—w)F, ) a3 (chi']” +(1—a)F, ))
i=

B H
1u m 1 1u 1m 2m 3m 3l
*bg Wyy;, (“xlbj(, +(1- “)xlhj“) - h; (”hhju (“zzihjo +(1- )Zlh] ) + 'Yihju( g, + (1= )Zlh] ) + 711]0( iy, + (1 —a)zg, ))
<0,j,mikbh=12.,j% ],
1u 2u 3u wh 1u 2u 3u H
f”lln]U’ 7]1k]0’ 1njo” ln]D lln]g 1ijo” ,Y]hjo’ ,Ylhjo’ ,Ylhju > &,Vn,i, kb, h.
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N 1u 11 H m ke i 2 19
ng Tl ("‘Pin;o (1- "‘)Pinjo) +h§ <’72h]4, (“ZZhJ +(1- )ZZhJ ) +72h]u (athJU +(1— )Zzh] ) +’Yzh] (DéZthU + (1= a)zy,, )) (19)
+ E éi’dj, (”‘Si'fﬁn +(1- “)Si'djn> B ; Vigj, ("‘Ylaf (1- )Y{‘H/U)

+ Z (lzn]o( aBy 4+ (1—a)Fy ) * ‘2n]o( aby, + (1= “)F22£'Jo> * 12"10( aBp, + (11— “)FSVI’]”»
< 0 a,ijn,dh=12,...,j%j.
Tu

2u Tu lu 2u 3u u .
Vijo? 2ijor 1215y ’z;]D Tlnjnr’Yzhjor’Yzhjor’Yzhjoréidjo >¢,Va,i,j,n,d,h.

The maximum efficiency of the supporting component based on the a-cut method in

the processing stage E3 o0 1 i

N
Max 3]DtX - ; (nué;,ju< pgln]a + (1 - a)pgnju)
H
st Lk, (sRenty, + (1= wpReudy ) + B (vd, (o, + (1= w0, )+ o3, (s, + (= )2, ) +03, (o, + (1w, )

+b§(w§bjo(o¢xg';,ja+(1 )x3b])>+2(131]7< e (- ) + 3 (aB3r + (- ) + 3 (aB3 + (1—04)1-”331’]))

_N 1u u ! 20
X:; (f'{3n]0 <“p3n]0 ( - a)pSnju> E 7ISkJU (“REMSk] + (1 - ‘X)ReuSkjo) ( )
I
-x ([31]0 (m:;yy 1- oé)F31]]0> + 3 (apggf (1- a)Fg-;h) + 3 (ap;7' (1-F, ))
B
bgl (w;g] (ocxg;,ja +(1— oc)xébia» +h§ (73% (azsl’f +(1- )z3h] ) +'y3hj (zxz3h] +(1-— )z3h] ) +'y3% (0423}1'; +(1— a)zgil] >)
<0 mikbh=12...,] %o
u lly_ 121-‘. lSy_ uooph lu, 2u 3u. >eVnikbh
f’[3n]0’ 3ijo” L3ijy 7 31]0/173](]0! 3},]0r')/3h]0r')/3h]0r')/3;,]0 Z & Vn, 1, K, 0, 1.

The maximum efficiency of the supporting component based on the a-cut method in
the assembly stage E{!

4]tx
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Max W = ; vy, (aYZ";J (1-a)vs,)
I
s.t. (’74/1] ("‘2411] Z4h] > +’Yiz]u ("‘2421 +(1- )Z4h] ) +’Y4h;o (“24% +(1- )Z4h] )) + Z 571,1] ("‘Sld] +(1 *“)514j0>
+ Z <L4,] (D‘Fii’;; +(1- uc)F},IJ ) +t§}*jﬂ (fofl’]" +(1- a)Ef,l] ) + l%:; (aFf',’]” (1- oc)F‘fll] )) +n§1 T (“Plnjﬂ +(1— (x)pllnjn)
Zv <0¢Y”’ +(1-a)Yl ) g‘,r”}(fx’”-Jr(lfa)l})
P 2ajo 2ajo 2aj, = 1njo pln/a plnja (21)
z i (aFm + (1= a)FYl ) + 38 («FZ0 + (1—a)Fg, ) + 38 (aFg! + (1—a)Fy),
j o o j o o o o j
"
,}El ('tha (az}lz}o +(1— 06)24;11 ) + 'yﬁ,lj]a (oczi{{}o +(1— DL)Z4h] ) + 74h]0 (az4h] +(1— )z4h] )) Z @m (as{'ﬁijo +(1— oc)slldj0>
<0,a,jnidh=12,...,]% jo.
Viaior 4l o By Thiior Vil Vahjor Vi iy, = & V8,1, ., .
The total maximum efficiency based on the a-cut method E].LOI o 18
u u u lu fu U u
Eu . (Vlnjn + 77lkjo) 1jo,x +V1u] EZ]O + nu3n] E3]0 +V2a] E4]D, (22)

o, 0 U
Jo Pnj, T Mkjy T Viaj, T H3nj, T Vauj,

The process of using the a-cut method to calculate the minimum and maximum
efficiencies of the TIFN-SWR-SDEA model is written in Equations (13)—(22). The efficiency
interval [E]L " E u . calculated by the a-cut method is obtained. Similarly, the corresponding
efficiency 1nterval [EL o B 5] is obtained with the S-cut method.

The efficiency measurement progresses in the stage of main manufacturing under
the fuzzy DEA a-cut is shown in Algorithm 2. Use Algorithm 2 to complete the efficiency
measurement. As Equation (23) expresses, the inputs are x1p;,, z1;j,- The desirable outputs
are p1,j,, Reuyyj,. The undesirable output is Fyj,.

min 6 = —u-p—n-Reu

st. wx+yz+aF=1
—u-p—n-Reu — (wx+yz+waF)>0
U1, W, 7,8 > &

(23)

Between Steps 6 to 13 of the raw pseudo-codes in Algorithm 2 are the details of the
function lingprog (linear programming function in Matlab software), which can use linear
programming in Matlab to search for optimal solutions.

The calculation of the minimum efficiency of the fuzzy model under a-cut is shown in
Algorithm 3. When minimum efficiencies at each stage (main manufacturing stage, main
assembly stage, secondary manufacturing stage, secondary assembly stage) are obtained,
the whole minimum efficiency of each manufacturing team is calculated by each efficiency
and those weights, which is explained in Equation (17).
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Algorithm 2: stage of main manufacturing of DEA efficiency measurement under a«-cut

1. Input: py1,j, Reuygj, x1p), Z1p, Fyj,

2. Output: ElJM

3. Procedure: Fuzzy DEA under a-cut

4. Initialize the weighted coefficients of each variates: ]/tll njo? Uik o7 lll o/ wl1 i 'yllh o

5. for o = (0:1,0.1)

6. forj=1:] / *j: index of evaluated manufacturing types/

7. A1l ¢ [-x -z -F p Reu];

8. A11(j, 1) = [zeros (1, 1)];

9. Aeqll « [x z F zeros (1,2)]; beql1<-1; /* zeros means 0/

10. bll < zeros (1, )); UB11 «[];

11. LB11 <—zeros (1:m); /* m means the number of all variates in the DMU/

12. f11 < [zeros (1,7) -p -Reu];

13. w1l < lingprog (f11, Al11, b11, Aeqll, beqll, LB11, UB11);

14. ElL]O o < (p Reu) xwll/[(x,z,F) *wll] /*j, means the DMU; under
calculating /

15. end for

16. end for

17. Return El]o ®

18. end

Algorithm 3: Calculating minimum efficiency of the model under a-cut

1.  Input: each minimum efficiency of stage: main manufacturing, secondary manufacturing,

EL

main assembly, secondary assembly, { o at? E3]0 wEL o, lx}

1jo,0”
. o . . L
2. Output: whole minimum efficiency, {E i, “}

3. Initialize: the weight coefficients of each stage’s output, {yll iy 77% ki’ vi ajo’ ,”%,51 o vé ajo }

4. forj,=1:]

5. {yln]urrllk] ’ 1ﬂ]0/ﬂ3n]u/ 251]0} — {]/l, 17,1/}
L L L L
Ej” (El} o EZ]) o’ E3] pg 4] zx) by Equation 17)

end for

L
Return E ot

© ® N

end

4.4. Efficiency Ranking

The efficiency results calculated by the TIFN-SWR-SDEA model were interval values,
which cannot be directly compared. Some researchers have studied the ranking method of
efficiency interval [24,32,42,57]. The PIR ranking method [24] considers not only member-
ship degree, non-membership degree, and efficiency loss but also the efficiency loss value
of each « and . However, the results of the PIR ranking method are prone to distortion
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when « and § values are close to 1. In this paper, the efficiency values when « and § values
are 1 are ignored, and the PIR ranking method was improved based on the adaptability of
« and B values for the efficiency ranking of the calculated results of the TIFN-SWR-SDEA
model. The specific steps are:

(1) The order value of a-cut is calculated. Assuming that a,, = mmE]LIX and
] laad’
by, = maxE]a , for any « € [0,1], E]L,Itx,' —ay; > 0 and E]-L,IX]_ —by; < 0. Then, the order

value based on a-cut can be defined as:

Uffm)i(Eﬁi*am)
I = i=0 (24)

J(i@%—@d—i(m m)

=0 i=0

(2) The order value of B-cut is calculated. Assuming that cg, = minE]’-[b, and
] Ut}
dg, = maxE”g, for any B € [0,1], E ]ﬁ —cp, > 0and E]ﬂ —dg, < 0. Then, the order
value based on S-cut can be defined as:
n e
| (-6 % (B, — )
Ij = . . (25)
!/ !
L (5t ) = 5 (Bl — s

(3) The composite index (CI) is calculated. According to the calculation results of
Equations (20) and (21), it can be calculated from Equation (22) that 7 € (0,1) and 7 = 0.5.
The efficiency ranking can be completed according to the CI; value. The higher the CI;
value, the higher ranking of the corresponding efficiency interval.

Cli=nli+ (11— (26)

5. Empirical Research and Analysis

With the manufacturing process data of multiple complex product systems as an
example, the effectiveness of the proposed TIFN-SWR-SDEA model was verified through
comparison. The parallel manufacturing service efficiency of complex product systems
considering solid waste recycling and reuse was further analyzed and discussed with the
proposed method based on the intuitionistic fuzzy super-efficiency DEA.

5.1. Comparison of Algorithms

In this section, 28 groups of production process data of large-scale cement engineering
system providers in Tangshan are compared and analyzed, as described in Appendices A-D.
The production process data of each product can be integrated into four main processes:
the core component processing stage, the core component assembly stage, the supporting
component processing stage, and the supporting component assembly stage.

The triangular intuitionistic fuzzy number—super -efficiency data envelopment anal-
ysis (TTFN-SDEA) model without considering the parallel structure and the proposed
TIFN-SWR-SDEA model were adopted to calculate the efficiency of the production process
data of the three groups of complex product systems randomly selected in Appendices A-D.
The efficiency score of every efficiency calculation stage is listed in Tables 4 and 5.
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Table 4. Efficiency evaluation results of the TIFN-SDEA model.

Stages of /B Value
Efficiency Group
Calculation 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ES-a-max 5 1.3554 1.2479 1.1571 1.0870 1.0058 0.9451 0.8902 0.8408 0.7993 0.7664 0.6870
14 0.4787 0.4568 0.4366 0.4206 0.3977 0.3833 0.3702 0.3581 0.3477 0.3396 0.3034
... 27 0.3358 0.3281 0.3207 0.3168 0.3053 0.2981 0.2914 0.2849 0.2787 0.2728 0.2574
ES-a-min 5 0.4345 0.4523 0.4714 0.4911 0.5117 0.5428 0.5656 0.5892 0.6138 0.6392 0.6660
14 0.2111 0.2178 0.2247 0.2317 0.2386 0.2479 0.2575 0.2675 0.2779 0.2890 0.3010
27 0.1625 0.1678 0.1733 0.1787 0.1841 0.1897 0.1953 0.2011 0.2070 0.2130 0.2192
ES-B-max 5 1.8312 1.5816 1.4073 1.2527 1.1152 0.9698 0.8240 0.7639 0.7040 0.6535 0.5599
14 0.5497 0.3924 0.3815 0.3577 0.3641 0.3633 0.3601 0.3556 0.3470 0.3391 0.3108
27 0.3962 0.3086 0.3066 0.2944 0.2975 0.2985 0.2999 0.3052 0.3035 0.3031 0.2780
ES-B-min 5 0.3070 0.3304 0.3552 0.3816 0.4098 0.4464 0.4877 0.5321 0.5976 0.6281 0.7219
14 0.2018 0.2155 0.2297 0.2446 0.2601 0.2772 0.2857 0.2997 0.3226 0.2728 0.2925
27 0.1145 0.1244 0.1350 0.1467 0.1594 0.1733 0.1871 0.2050 0.2223 0.2198 0.2379
Table 5. Efficiency evaluation results of the TIFN-SWR-SDEA model.
Stages of o/B Value
Efficiency Group
Calculation 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ES-a-max 5 1.4984 1.4090 1.3355 1.2767 1.2269 1.0272 0.9768 0.9199 0.8977 0.8792 0.8610
14 0.4224 0.4112 0.4007 0.3910 0.3816 0.3727 0.3642 0.3516 0.3324 0.3254 0.3222
... 27 0.5199 0.5107 0.5018 0.4931 0.4846 0.4762 0.4680 0.4592 0.4528 0.4452 0.4754
ES-a-min 5 0.6834 0.7054 0.7277 0.7503 0.7732 0.8123 0.8124 0.7879 0.8143 0.8408 0.8732
14 0.2783 0.2836 0.2891 0.2947 0.3005 0.3041 0.3307 0.3355 0.3407 0.3268 0.3348
27 0.3949 0.4040 0.4134 0.4230 0.4313 0.4224 0.4434 0.4512 0.4591 0.4618 0.4700
ES-B-max 5 1.9462 1.6394 1.4305 1.3970 1.2346 1.0536 0.8727 1.3239 1.1772 0.8919 0.8293
14 0.3732 0.3179 0.3220 0.3188 0.4000 0.3885 0.3809 0.3646 0.3477 0.3396 0.3299
27 0.5050 0.4983 0.5002 0.4984 0.4995 0.5099 0.5213 0.5031 0.4819 0.4612 0.4782
ES-B-min 5 0.3366 0.3422 0.3494 0.4032 0.4163 0.4414 0.4757 0.2818 0.3511 0.8516 0.9202
14 0.2459 0.2549 0.2643 0.2554 0.2679 0.2783 0.2860 0.2869 0.2984 0.3262 0.3424
27 0.2495 0.2532 0.2611 0.2644 0.2743 0.2842 0.3060 0.3258 0.4269 0.4480 0.4714

The comparison of calculation results between the TIFN-SDEA model without con-
sidering parallel structure and the TIFN-SWR-SDEA model proposed in this paper for the
production process data of the fifth complex product system is illustrated in Figures 3 and 4.

The comparison results demonstrate that the TIFN-SDEA model, which neglects the
parallel structure and solid waste recycling, has an imperfect internal structure and does not
fully consider the internal process of the production process of complex product systems,
resulting in a significant deficiency in efficiency evaluation. The TIFN-SWR-SDEA model
proposed in this paper is more suitable for the actual production situation, presenting more
accurate efficiency calculation results.

5.2. Analysis and Discussion

Based on the TIFN-SWR-SDEA model, the proposed parallel manufacturing service
efficiency calculation method of the complex product system under the consideration of
solid waste recycling and reuse based on intuitionistic fuzzy super-efficiency DEA was
employed to evaluate the efficiency of the production process of the complex product
system, as introduced in Appendices A-D. The calculation results of the improved PIR
ranking method are presented in Table 6.

According to the efficiency interval obtained by the TIFN-SWR-SDEA model, the
improved PIR ranking method was adopted to rank efficiency, as illustrated in Figure 5.
The results of the graph suggest that Group 3 has the highest composite index value,
namely, the highest efficiency ranking; Group 2 has the lowest composite index value and
efficiency ranking.
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Figure 3. Comparison of efficiency calculation results of the a-cut method between the TIFN-SDEA
model and the TIFN-SWR-SDEA model.

Maximum and Minimum Efficiency of Manufacturing Type 5 Under p-cut
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T Effciency Score-B-Max (TIFN-SDEA)
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Figure 4. Comparison of efficiency calculation results of the -cut method between the TIFN-SDEA
model and the TIFN-SWR-SDEA model.

With the TIFN-SWR-SDEA model, the a-cut and -cut methods were used to calculate
the minimum and maximum efficiencies in each manufacturing stage of the production
process of 28 groups of complex product systems in Appendices A-D (Figures 6 and 7).
Those figures in Figure 6 are able to show the minimum and maximum efficiency of
manufacturing type in all stages under a-cut. In Figure 6a,c,e,g, the minimum efficiency of
manufacturing in stage-1, 2, 3, 4 under a-cut. In Figure 6b,d,fh, the maximum efficiency of
manufacturing in stage-1, 2, 3, 4 under a-cut. For example, in Figure 6a, shown the value of
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a-cut is in the horizontal coordinate and the info of manufacturing type is in the vertical
coordinate. The different colors can reflect different efficiency, and the brighter colors can
reflect higher efficiency. Similarly, those figures in Figure 7 are able to show the minimum
and maximum efficiency of manufacturing type in all stages under -cut.

Table 6. Calculation results of the improved PIR ranking method for 28 groups of complex product systems.

Manufacturing Ordinal Value Ordinal Value Composite Index Value
Service Number of a-Cut of B-Cut

1 0.344783 0.408454 0.376618
2 0.390017 0.002107 0.195009
3 0.323078 0.443562 0.383320
4 0.347644 0.328882 0.338263
5 0.317286 0.366529 0.341907
6 0.126470 0.497043 0.311757
7 0.147169 0.532083 0.339626
8 0.158444 0.512760 0.335602
9 0.164630 0.461933 0.313281
10 0.159867 0.501913 0.330890
11 0.194604 0.460244 0.327424
12 0.114222 0.476064 0.295143
13 0.159769 0.449626 0.304698
14 0.038109 0.551814 0.294962
15 0.093113 0.524391 0.308752
16 0.173379 0.478117 0.325748
17 0.107488 0.455521 0.281504
18 0.076223 0.511835 0.294029
19 0.100922 0.488530 0.294726
20 0.072969 0.536875 0.304922
21 0.078057 0.530198 0.304128
22 0.083389 0.510815 0.297102
23 0.113729 0.502834 0.308282
24 0.105322 0.486918 0.296120
25 0.102970 0.548566 0.325768
26 0.070054 0.560510 0.315282
27 0.080475 0.538604 0.309539
28 0.042303 0.566550 0.304426

07 Rank information of all manufacturing types
Nl e e e L e e B e e ML s e e e |

e I e 4
w IS o o

rank coefficiency from improved PIR
o
N

0.1

012345678 91011121314151617 181920212223 2425262728
index of manufacturing type

Figure 5. Total efficiency ranking information graph.
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Figure 6. Minimum (a,c,e,g) and maximum (b,d,f h) efficiencies of manufacturing type in all stages

under a-cut.

minimum efficiency of manufacturing type in stage-1 under B-cut

maximum efficiency of manufacturing type in stage-1 under B-cut

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
beta

()

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

beta

(d)

45
12
25 25 4
35
1
20 20
g g
= 1S3 ,
£ 2
E 5
3 08| B
<15 £ 15 25
1 c
g m
E E
° K
o S )
2 6| S
€ €
5 10 E 10
< <
15
04
5 5 1
05
02
0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
beta beta
(a) (b)
of mant type in stage-2 under B-cut : of Iring type in stage-2 under B-cut N
25 09 25
25
08
g 20 g 20
> Ho7 2 )
£ g
5 E
2 5
06 s
£ 15 €15
c c
<3 <
£ E 15
I 05 | 5
g g
5 10
2" 0| 2
1
03
5 5
02 05

Figure 7. Cont.



Processes 2022, 10, 2322

23 of 31

number of mannfacturing type

25

N
S

0.1

minimum efficiency of manufacturing type in stage-3 under B-cut

maximum efficiency of manufacturing type in stage-3 under B-cut

20

number of mannfacturing type
E

0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(@) ®

number of mannfacturing type

25

20

0.1

0.2

0.3

minimum efficiency of manufacturing type in stage-4 under B-cut

0.4

maximum efficiency of manufacturing type in stage-4 under B-cut

o o o o o o o o -
N b = b > 3 ® ©
number of mannfacturing type
N N N N
e > = 3 &
© ° ° =~ - -~ = pry ~ ~ ~
= > ® N N > o N N

Figure 7. Minimum (a,c,e,g) and maximum (b,d, f,h) efficiencies of manufacturing type in all stages
under B-cut.

It can be observed that the efficiency value calculated in some manufacturing stages
exceeds 1 due to the use of the super-efficiency model. The minimum and maximum
efficiency values calculated by the a-cut and S-cut methods are high when « and f select
an edge value, such as 0 and 1. This affects the calculation of the final efficiency value. The
efficiency of the production process of complex product systems in Groups 1-5, calculated
by a-cut and B-cut, is higher than that of other groups. However, the efficiency ranking
of Group 2 is the lowest (Figure 8), implying that the improved PIR ranking method had
a good filtering effect on the final efficiency ranking results, better than the past research
study when « and B selected an edge value.

Based on the TIFN-SWR-SDEA model, the a-cut and S-cut methods were employed
to calculate the total efficiency of the production process of 28 groups of complex product
systems in Appendices A-D (Figure 8). According to the analysis, the recycling of solid
waste in the production process can significantly improve production efficiency, and at the
same time, energy consumption should be reduced as much as possible, the environmental
impact should be reduced, and the utilization rate of raw materials should be improved.
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The TIFN-SWR-SDEA model proposed in this paper can be used to accurately calculate the
efficiency interval in the case of interaction in a parallel manufacturing process.
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Figure 8. The box-plot graphs of efficiency of all manufacturing types under «, B-cut.

5.3. Improvement Recommendations

The goal of complete efficiency evaluation is learning from the characteristics of CoPS
manufacturing and increasing process efficiency through improvement recommendations.
As a primary priority, these manufacturing services in CoPSs ought to consider some
strategies of the prioritization scheme and must go across two steps: (1) effective score
evaluation and (2) manufacturing adjustment. When the evaluation is completed, the cor-
responding manufacturers can improve their efficiency scores according to the evaluation
results. According to an analysis of the calculation results in this paper, (1) the proportion
of solid waste recycling in Group 16 is higher than that in Group 15 and Group 17 and
the overall efficiency of Group 16 is higher than that in Group 15 and Group 17 when
other data are similar, indicating that solid waste recycling has a very positive impact on
improving the overall efficiency of CoPS production systems. (2) The carbon emission of
Group 2 is significantly higher than that of Group 1 and Group 3; its final overall efficiency
is also the lowest, indicating that excessive carbon emissions will significantly reduce the
overall efficiency of CoPSs. (3) The ratio of final products to raw materials in Group 25 is
very high, that is, the same raw materials can produce significantly more products; the final
efficiency is also higher than in Group 14 and Group 27, indicating that higher material
utilization is conducive to improving the overall efficiency of CoPSs.

The main improvement recommendations for strengthening the manufacturing effi-
ciency score of CoPSs can be presented in three ways: First, since the system of evaluation
consists of the inputs variable and the outputs variable, the direct ways to improve the
score are by minimizing inputs and maximizing outputs. Second, the variables in algorithm
procedures are represented by triangle intuitionistic fuzzy numbers to avoid deviations
and errors from data collection and method calculation; therefore, decreasing the fuzzy
ranges and providing more exact manufacturing information can have a positive impact
on the scope. Third, solid waste recycling work plays a key role in parallel manufacturing
service efficiency, which is a significant approach in the improvement recommendations.
Effectively, both decreasing solid waste and increasing reliable recycling can create remark-
able states of positive manufacturing, i.e., making a hefty profit, processing green products,
minimizing energy utility, etc.

6. Conclusions

This study presents a fuzzy DEA-based manufacturing service efficiency evaluation
and ranking approach for a parallel two-stage structure of complex product systems. First,
the TIFN-SWR-SDEA model was established with the interaction of parallel manufacturing
processes such as solid waste recycling and utilization in the production process of complex
product systems. Second, since the solid waste recycling ratio in the model is decided by
expert decision-making, it inevitably has fuzziness and hesitation; the TOPSIS method was
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combined with the entropy weight method to process the result of expert scoring. Third,
an improved PIR method was proposed for efficiency ranking when the efficiency values
calculated by the model were difficult to rank. The algorithm proposed in this paper was
applied to empirical study and analysis and the calculation results meet the theoretical
expectations, indicating that this method is effective.

The academic contributions of this paper include the following aspects: a parallel two-
stage DEA structure model considering the interaction within the system on the example of
solid waste recycling is proposed to describe the production process from the perspective
of manufacturing services, and the established model better reflects the production process
of CoPSs. The established model can also better reflect the operation process of large-scale
industrial systems. The use of fuzzy numbers reduces the influence of random conditions
on the evaluation results and better describes the actual production process. The TOPSIS
method was combined with the entropy weight method to process the result of expert
scoring, using scientific methods to deal with the score of the joint influence of various
uncertainty factors, which can well determine the recovery value of solid waste and solve
the problem of processing part of the data. The PIR method was improved to suppress the
distortion of ranking results when the memberships of « and B approached 1, achieving the
accurate ranking of efficiency intervals. The above research provides a valuable reference
for similar research.

We propose the following improvements for CoPS manufacturers: (1) The use of
green manufacturing technology in the production process to increase the recycling of
renewable resources has a very positive impact on improving the overall efficiency of the
CoPS (such as the recycling of solid waste, water, and heat energy). (2) Use more clean
energy, such as solar energy, wind energy, and water energy, reduce the use of fossil fuels,
and use energy-saving and emission-reduction technologies in the production process to
reduce carbon emissions in the production process, all of which are conducive to improving
the overall efficiency of CoPSs. (3) During the manufacturing process, more advanced
equipment should be used to reduce the defective rate and the generation of waste as
much as possible, reduce the generation of waste and by-products using reasonable design,
and improve the utilization rate of materials, all of which are conducive to improving the
overall efficiency of the CoPSs.

Regarding the research of this paper, after fully considering the characteristics of
CoPSs, it is very important to design the internal structure of the DEA model for efficiency
evaluation. Therefore, the structure and interaction of the efficiency evaluation model,
such as series, parallel, and feedback, should be comprehensively considered in future
studies based on an actual production process to establish an efficiency evaluation model
for improving the accuracy of efficiency evaluation.
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Appendix A. Production Process Data of Complex Product Systems—The Core
Component Processing Stage

Manufacturing Services Environmental Impact
Industrial Added
Serial Available Solid
Raw Materials () Energy . Value (Ten -
Number Consumption Technical Ma[{ufachlre Thousand Yuan) Solid Waste (t) Average Noise (dB) Carbon Emission Waste (¢
Staff Service Factor (kg)
(kW-h)
(558.62,600.00,638.00; (105440110000, g 5y 55 gp (054, 0.60,0.71; (748.75, 800.00, (58.60, 60.00, (62.36, 65.00, 68.60; (795.60, 831.49, (14.47,15.00, 15.85;
! 436,68, 600.00, 759.22) 1168.40; 875.90, 20,26) 0.53,0.60,0.72) 831.78; 653.31, 6437, 5599, 58.86, 65.00, 70.38) 912.93; 665.08, 14.06,15.00, 16.41)
-68; 600.00, 755. 1100.00, 1290.59) - 58, 0.60, 0. 50000, 840.18) 60.00, 65.20) -86, 65.00, 70. 831.49, 1035.25) -06,15.00, 16.
(593.91, 640,48, 652.50; (949.28, 103086, (15,18,22;13, (0.61,0.66,0.76; (65846, 730.54, (6270, 65.00, (6636, 67.83, 73.26; (76041, 77922, (18.32,19.18, 20.58;
2 49615, 640.48, 819.16) 1087.85; 808.55, 18,27) 0.5, 066, 0.81) 801.43; 62481, 68.84;59.73, 63221, 67.83, 74.15) 846.44; 568.84, 17.43,19.18, 21.05)
15, 640.48, 819. 103086, 1252.95) / -5, 0.6, 0. 730,54, 770.92) 65.00, 71.05) 21, 67.83, 74. 779.22, 931.75) 43,19.18, 21
(539.36, 560,49, 605.71; (91833, 990.63, (19,23,27: 18, (056,060, 0.71; (747,64, B18.57, (6150, 63.86, (62.14, 64.82, 68.92; (698.09, 748,82, (15229, 16.09, 17.00;
3 447,83, 560.49, 669.69) 992.38; 751.95, 23,31) 053,060, 0.75) 840.74; 700.85, 68.24;57.67, 6097, 64.82, 70.73) 815.72; 576.33, 1453, 16.09,17.66)
83, 560,49, 665. 990.63, 1232.81) ‘ 58, 0.60, 0. 818.57, 867.55) 63.86, 69.90) 97, 64.82, 70. 748.82, 890.6) -53,16.09, 17.
(62432, 636.24, 69359, (101950,1082.26, 15 45 gy, (0.62,0.66,0.76; (71236, 787.74, (6189, 63.56, (6650, 68.79, 73.53; (802.14, 818.08, (14.48, 15.01, 16.06;
4 46445, 636.24, 775.18) 1109.36; 848,87, 17,24) 0.53, 066, 0.84) 84677, 634.97, 68.43;57.53, 63.41, 68.79, 75.03) 849.63; 653.06, 1392, 15.01, 16.38)
45, 636.24, 775. 1082.26, 1259.85) ( 53, 0.6, 0. 787.74, 805.06) 63.56, 68.80) 41, 68.79, 75! 818.08, 970.16) -92,15.01, 16.
(56976, 617.54, 673.64;  (1133:50, 115046, (16,17, 18;9, (0.61,0.65,0.77; (728.03, 78774, (5910, 6218, (57.96, 60.23, 64.65; (81212, 869.64, (14.99, 1553, 16.52;
5 149257, 617,54, 733.12) 1215.01; 880.58, 17,27) 0.56, 0.65, 0.83) 852.94; 648.50, 66.38; 58.31, 55.68, 60.23, 65.11) 869.79; 685.39, 14.15, 15,53, 17.06)
-57,617.54, 733. 115046, 1376.74) ( -56,0.65, 0.83 787.74, 847.93) 62.18, 67.89) 68, 60.23, 65. 869.64, 1042.57) -15,15.53, 17.
(881.10,900.00,969.23; 10074330000, 59 45 4y 33, (064,070, 0.81; (1036.26, 110000, (47.94,50.00, (75.20,78.00, 83.14; (2316.08, 249447, (33.94,35.00,37.35;
6 700.10,900.00, 1124.77)  i41.52;2496.22, 40,47) 0.60, 070, 0.85) 1209.78; 939.08, 5269; 46.38, 73.62, 78.00, 85.07) 2620.66;1933.06, 32.24,35.00, 37.94)
10, 500,00, 1124. 3300.00, 3838.92) - -60,0.70, 0. 1100.00, 1112.64) 50,00, 54.69) -62,78.00, 85 249447, 3097.97) -24,35.00, 57.
(906.61,97039,977.13; 03959, 3040.0L, g 33, (072,076, 0.89; (1073.94, 115723, (5079, 5241, (67.69,70.74, 76.12; (216359, 2298.02, (31.84,33.25, 35.15;
7 713.46, 97039, 1201.86) 3269.90; 2330.11, 41,49) 0.64,0.76,0.93) 1214.81;1004.98, 56.20; 49.26, 65.13,70.74, 77.31) 236245; 172691, 3043, 33.25, 36.56)
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(888.38,984.22, 102365, 204028 S0IL8L, 4 4y 4g;37, (072,076, 0.86; (1067.69, 1172.68, (4812, 49.66, (74.90,78.41, 82.67; (2111:32, 2276.63, (36.17,37.94,40.71;
8 78064, 98422, 1174.08) 24764 2356.57, 44,50) 0.63, 076, 0.98) 1276.57; 101731, 5235; 46.76, 74.48,78.41, 86.16) 2369.84; 1750.88, 353, 37.94, 41.19)
-64,984.22, 1174, 3011.81, 3599.13) ‘ 63,076, 0. 117268, 1223.43) 19.66, 53.80) -48,78.41, 86. 227663, 2834.28) -39,37.94, 41.
(921.07,981.63,106433;  CToR77. 373958, 5y 55 3999, (067,072, 0.84; (999.65, 1082.38, (49.60,52.05, (8257, 85.67, 91.35; (273046, 262675, (40.18, 41.80, 43.95;
K 780.73, 981.63, 1177.52) 8772.97;2983.21, 35,41) 0.63,0.72,0.89) 1109.18; 892.11, 55.95;47.26, 77.57,85.67,93.96) 2856.52; 2208.78, 38.28, 41.80, 45.72)
73, 96163, 1177. 3739.58, 4432.96) g -68,0.72,0. 1082.38, 1135.22) 52.05,56.79) 57, 85.67, 98: 282675, 3276.92) 28, 4180, 45.
(814.52,899.26,981.40;  11038,3254.09, 44 49,37, (074,0.78,091; (1027.47, 10677, (45,01, 47.05, (78.13,79.98, 85.29; (2402.05, 2459.76, (28.45,29.11,30.95;
10 648.79,899.26,1119.42) 22787 249585, 44,50) 0.6, 078, 0.96) 1194.50; 933.05, 49.94; 4379, 73.71,79.98, 87.56) 2504.30;1882.33, 27.35,29.11,31.85)
79, 899.26, 1119 3254,09, 3820.65) ‘ -66,0.78, 0. 109677, 1161.50) 47.05,51.18) 71,79.98, 87. 2459.76, 2981.80) 35,2911, 31.
(701.67,750.00, 82225, (236140,2500.00, ) a5 35,5, (0.61,0.65,0.75; (94891, 100000, (52.39, 55.00, (66.68, 70.00, 74.78; (175714, 1889.75, (24.46,25.00, 26.89;
i 586.59, 75000, 881.53) 2643.42; 1903.19, 35, 45) 0.54, 065, 0.83) 1063.06; 824.36, 58.00; 50.16, 63.55, 70.00, 77.00) 1945.99; 1436.11, 22.87,25.00, 27.20)
-59:750.00, 881 2500.00, 2925.60) g -54,0.65,0. 1000.00, 1064.00) 55.00, 60.14) -55,70.00, 77 1889.75, 2298.27) -87,25.00,27.
(698.89,735.17, 76725, ZH2031, 262687, g 5y 560, (058, 0.62,0.72; (925.29, 989.31, (6573, 68.86, (48.24, 5065, 53.43; (1866.35, 1985.65, (2555, 26.29, 27.90;
12 570,07, 735.17, 856.65) 2878.73; 2087.19, 31,38) 054,062, 0.78) 1080.14; 838.35, 72.98; 65.23, 45.94, 50,65, 55.60) 213641;1562.34, 2421,2629,28.67)
07,735.17, 856. 2626.87, 3022.33) 31, 54,062, 0. 989.31, 1015.84) 68.86, 74.69) 94, 50.65, 55. 1985.65, 2390.35) 21,2625, 28.
(652.99,677.06,737.81; 2032280876, g 35 33,93, (0.61,0.66,0.76; (99191, 108875, (6263, 64.52, (47,62, 49.48, 52.86; (195559, 2119.36, (30.10,31.13,33.32;
13 527.85, 677.06, 810.18) 2829.10; 2142.06, 32, 39) 0.5, 066, 0.79) 1138.83; 899,85, 68.35; 60.90, 4520, 49.48, 53.87) 215681, 161446, 28,67, 3113, 33.72)
85, 677.06, 810. 2803.76, 3391.80) g -5, 0.6, 0. 108873, 1114.31) 64.32, 70.44) 20, 49.48, 53. 2119.36, 2560.24) 67,3113, 33.
(67757, 68220, 73361, COOOSZ 2S04 5g 5909, (060, 0.64,0.75; (1052.24,1151.61, (5400, 55.25, (34.6, 36.15, 38.67; (2045.79, 2075.65, (23,64, 24.85, 26 34;
14 504.72, 682.20, 814.34) 2971.54; 210495, 38, 45) 0.56, 0.64, 0.81) 1189.55; 949.61, 58.50; 4973, 33.92, 36.15, 39.29) 2211.05; 1608.66, 22.47,24.85, 27.09)
72, 682.20, B14. 2745.99, 3312.66) ‘ -56,0.64, 0. 115161, 1207.42) 55.25,59.70) 33.92,36.15, 39. 2075.69, 2422.60) 47,2485, 27,
(74682, 75217, 765.56; (201063, 2726.96, 3 37 40,31, (057, 0.62, 0.69; (98070, 1054.55, (5256, 5.1, (49.86, 52.08, 55.74; (188673, 2061.31, (21.06,22.03, 23.64;
15 559.80, 752.17, 888.31) 277451; 2078.92, 37, 44) 052,062, 0.79) 1150.52; 848,50, 5835, 5147, 48.18, 52.08, 57.10) 2097.16;1617.17, 20.43,22.03, 23.85)
-80,752.17, 888. 2726.96, 3227.90) ‘ -52,0.62, 0. 105453, 1082.27) 55.11, 59.60) 18, 52.08, 57. 206131, 2447.81) -43,22.03, 23.
(77885, 81422, 885.73; (220359, 262166, (32,36, 38; 30, (0.55,0.59, 0.69; (95396,1016.27, (6591, 68.02, (40.62, 42.41, 45.40; (189263, 198174, (29.65, 3121, 32.87;
16 Cre s o5 8y 2781.97, 197446, i O 039,00 1069.87; 843.54, 72.84; 63.47, Cos 4241 4658 1990.38; 1521.67, Sent 3o 2
76, 814.22,950. 2621.69, 3101.84) . 52,059, 0. 101627, 1028.61) 68.02, 74.06) 82, 42.41, 46. 198174, 2428.63) 24,3121, 34.
(69637, 740.11,79059;  ZoA198, 268121 g 5y 3396, (057,062, 0.74; (1157.57, 1266.35, (5841, 60.72, (46.82, 47.88, 50.79; (196456, 202672, (30.98, 31.86, 34.01;
7 565.59, 740.11, 925.12) 277235, 205.18, 31, 41) 0,50, 062, 0.75) 1870.23; 1051.06, 6484;5561, 44.12,47.88, 52.31) 205531;1523.15, 29.46, 31.86, 34.90)
59, 74011, 925. 2681.21, 3301.61) . 50, 0.62, 0. 126635, 1382.32) 60.72, 66.33) 12, 47.88, 52. 2026.72, 2449.09) 46,31.86, 34.
(66135, 687.00, 740.05;  (2080:27,2835.72, (35,39, 40; 31, (0.68, 0.74, 0.87; (939.38, 991.44, (5919, 61.39, (46.61, 48.09, 51.93; (1965.31, 2143.52, (19.45,20.33, 21.71;
18 it s 00, 56025 3039.37, 2134.64, 1o, 48) i 073 001, 1048.94; 84538, 65.25;56.35, o 1509, 580 2299.99;1705.17, o2 2038, 72360
-48, 687.00, 860. 2835.72, 3415.82) . 62,074, 0: 991.44, 1025.79) 6139, 66.39) 22,48.09, 52. 214352, 2511.20) -32,20.33, 22.
(6141365634, 71040, 200505,310646, 5 34 3626, (085,092, 1.0; (907.34, 989.11, (6961, 71.90, (55.15, 56.82, 60.22; (227050, 2348.17, (19.85, 2046, 22.03;
19 523.03, 656.34, 774.56) 319434 2472.00, 34, 40) 0.80, 092, 1.14) 1040.73; 819.45, 7699; 66.39, 51.98, 56.82, 61.44) 2441.90;1767.24, 18.84, 20,46, 22.48)
03, 656.34, 774. 3106.46, 3797.94) ‘ 80,092, 1. 989.11, 1024.26) 71.90, 79.01) 98, 56.82, 61. 2348.17, 2705.49) -84,20.46, 22.
(61606, 67262,73033; 28103, B2ALL g g 43 ay (0.75,0.80, 0.96; (93550, 1013.26, (71.53, 74.20, (5547, 57.67, 60.58; (243587, 2452.24, (23.60,24.59, 26.35;
0 53734, 672.62, 828.65) 344243, 2587.09, 39, 46) 071,0.80, 1.02) 1093.83; 858.87, 78.09;70.34, 53.27,57.67, 63.30) 2620.79; 1880.54, 2229,2459,26.92)
34, 672.62, 828. 3244.14, 4019.82) . 71,080, 1. 1013.26, 1042.09) 7420, 80.90) 27, 5767, 68. 245224, 2838.03) -29,24.55,26.
(65017, 68748, 751,03, 20098,3068.72, 5 40 45,34, (0.69,0.76,0.84; (1145.00,1209.84, (7129, 7311, (5125, 53.01, 57.24; (2089.00, 2319.65, (21.76,22.54,24.25;
2 516.16, 687.48, 790.63) 312375, 2306.11, 40, 46) 0.62, 076, 0.96) 1236.00; 105020, 78.06; 66.78, 4831, 53.01, 57.35) 2368.91;1804.04, 20,54, 22,54, 24.50)
-16, 687.48, 750. 3068.72, 3802.28) - 62,076, 0. 1200.84, 1330.01) 7311, 8031) -31,53.01, 57. 2319.65, 2704.73) 54,2254, 24.
(727.99,729.02,796.33; 215296613, 59 4y 4y, (0.86,0.92, 1.06; (95631, 1024.42, (7241, 7431, (5090, 52.59, 55.35; (215699, 224210, (20.00,20.82, 22.46;
2 545.00, 729.02, 912.77) 2985.41; 2356.16, 41, 49) 0.78,092, 1.19) 1063.40; 874.08, 79.85; 68.22, 48.63, 5259, 56.90) 2457.22; 1747.28, 19.18, 20,82, 22.50)
-09,729.02, 912 2966.13, 3629.84) . 78,092, 1. 1024.42, 1069.76) 7431, 81.63) 63, 52.59, S6. 224210, 2583.06) 18,2082, 22.
(57040, 62541, 678.85; 00172288306, 4y 463, (072,077, 0.88; (961.80, 1015.06, (63.39, 65.07, (49.22, 51.39, 54.90; (202199, 2179.30, (23.96, 24.64, 26.03;
z 187.64, 625.41, 724.33) 3163.12; 2259.9, 44,53) 0.67,077,0.98) 1061.43; 862.87, 69.50; 60.55, 4822, 5139, 55.88) 2361.65; 1666.87, 2263, 24.64, 26.95)
64, 62541, 72433 2883.06, 3472.61) ‘ 67,077, 0. 1015.06, 1070.30) 65.07, 70.49) -22,51.39, 85. 2179.30, 2507.80) -63,24.64, 26,55
(632.80, 69155, 719.23; AT 27219,y 4y 4730, (072,076, 0.86; (998.38,1053.21, (6685, 68.39, (54.62, 56.78, 60.63; (177395, 194431, (21.10,21.95, 23.46;
u 534.62, 691.55, 795.42) 2699.64; 2007.57, 44, 54) 0.64, 076, 0.96) 1101.30; 91051, 72.38; 63.38, 51.88, 56.78, 61.67) 198274; 148657, 19.91,21.95, 24.03)
-62,691.55, 795 2572.19, 2971.70) . -64,0.76, 0. 1053.21, 1081.51) 68.39, 73.93) 88, 56.78, 61. 194431, 2330.17) 91,21.95, 24.
(1125.80, 117862, (53539267651, 0 14 (079,055,095, (1036.86, 1139.36, (6524,66.77, (7225, 7522, 7899, (190854, 2023.18, (3226, 3346, 35.44
25 1193.76; 909.66, 287852, 2029.04, o O s 0% 1190.26; 94131, 70.68; 6201, ot 7s s 2100 2163.82; 152151, oo 2346 200,
1178.62, 1502.35) 2676.51, 3328.28) ‘ 73,085, 1 1139.36, 1203.20) 66.77,72.61) 43,75.22, 82, 2023.18, 2494.89) 69, 33.46, 36.
(1059.71, 107185, (Q87642,306125, (0 11 4o s (056,094,105, (108492, 1168.27, (6160, 64.14, (6546, 7179, 75.42 (2187.99, 2314.00, (3201, 3335, 35.26
2% 112241, 839.50, 3110.64; 2322.88, i O 098 119, 1198.53; 959.54, 68.85; 58.53, prpEArAKi 2489.34; 1775.89, Coi 3035 2623,
1071.85, 1285.21) 3061.25, 3666.75) . 83,094, 1. 1168.27, 1191.97) 64.14, 69.44) -68,71.79, 78. 2314.00, 2797.96) -42,33.35, 36.
(973.99, 104122, (255206, 280118, p0 o (052,055,095, (99838, 1094.99, (60.17, 63.13, (6370, 6.4, 7056 (204615, 2117.41, (3175, 3241, 345,
2 1052.11;790.14, 3000.02; 2146.62, s O a8 L1 1127.33; 918.85, 67.70; 58.42, oS csat 2259.87; 1647.85, oL 311 2m02)
104122, 1314.51) 2801.18, 3250.68) ’ 72,0.88,1. 1094.99, 1189.65) 63.13, 68.50) 18, 6644, 72. 211741, 2614.79) 81,3241, 35.
2 (79629,851.92,85872; G A0 (3,44, 9,35, (080, 0.86, 0.96; s, ey o0 o (73.51,76.20, 80.56; e (27.03,28.13,29.70;
668.56, 851.92, 1069.18) 79;3166.47, 44,53) 075,086, 1.11) -74; 823.29, 19, 62.59, 68.83, 76.20, 82.30) 43; 2288.42, 25.45,28.13, 30.72)

4009.98, 4771.12) 1022.64, 1073.49) 68.08, 74.48) 3031.15, 3665.62)
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Appendix B. Production Process Data of Complex Product Systems—The Core
Component Assembly Stage

Manufacturing Services

Environmental Impact

Industrial Added ished Product
Serial Number Value (Ten Energy Manufacture Value (Ten
Thousand Yuan) Consumption Technical Staff Service Factor Thousand Yuan) Solid Waste (t) Average Noise (dB) Carbon Emission (kg)
(KW-h)
(74875, 800.00, (2947.53, 300000, ] (1362.99, 150000, ] ] (2079.12, 2267.70,
1 831.78; 653.31, 3101.82; 2293.01, (15, 15,17; 13, 15, 18) (0'66'00‘7700'00589(;' 059, 1618.84; 1209.92, 23;16[)12'33556[2)0'3377'5738)' (3323 56';5 &0'3387;;)' 2307.77; 180457,
50000, 840.18) 3000.00, 3625.10) 70,0. 150000, 2435.26) 01, 35.00, 37. -01, 35.00, 38. 2267.70, 2797.87)
(658.46, 73054, (270413, 2769.19, ! (1255.66, 1355.23, : : (2012.66,2093.23,
2 801.43; 624.81, 2850.82; 2083.62, (12,13,13;10,13, 16) (0'63'(?'()29'00:79)' 0460, 1523.76; 1096.44, (;4'1621'33666%5';8:20)’ (23;;4'332254'3365'14[;' 2179.46; 1665.13,
730,54, 77092) 2769.19, 3192.39) 69, 0. 1355.23, 2190.91) -12,36.05, 38. 86,32.84, 36. 2093.23, 2485.11)
(747.64, 81857, (2669.74, 2906.31, ! (134415, 1434.50, ] _ (217264, 2196.88,
3 840.74; 700.85, 3058.66; 2227.25, (14, 14, 16; 13, 14, 17) (0'63'&6;'00;% 059, 1606.58; 115653, 2356%3‘)6'3377‘33:'349("6126)' %;;;;99;;5 9072) 2318.74; 1692.24,
818.57, 867.55) 290631, 3381.00) 68, 0. 143450, 2350.77) -19, 37.34, 39. -26,32.99, 35 2196.88, 2629.77)
(71236, 78774, (297476, 3295.22, ) (1317.81, 145025, : : (2336.70, 2490.86,
4 846.77; 634.97, 3323.86; 2612.70, (14, 16,19; 13, 16, 19) (0'57'(;]'6633'00'7764)' 055, 1552.01; 1249.62, 2302:;]'3333';33'3376'1227)’ o flf'éz'llzz';"fg 2615.66; 1960.32,
787.74, 805.06) 3295.22, 3893.91) 63, 0. 1450.25, 2374.04) 86,33.93, 37. 40,32.12, 35. 2490.86, 2919.40)
(728.03, 78774, (3233.28, 3579.40, ) (1468.56, 1605.15, i ) (252140, 2705.67,
5 852.94; 648.50, 3844.00; 2718.19, (15, 16, 16; 13, 16, 20) (0'67'(?'7711'00535)' 058, 1799.34; 1363.75, <23916159'3311é977'33435£' (2391 ﬂ‘*';‘zz';:'f;;ﬁ)' 2838.34; 2057.01,
787.74, 847.93) 3579.40, 4336.52) 71,0. 1605.15, 2611.26) 05,3197, 34: 41, 3255, 35. 2705.67, 3230.04)
(103626, 110000, (8517.19, 900000, ) (1864.27, 20000, ! ) (6765.59, 6803.10,
6 1209.78; 939.08, 9234.65; 7016.10, (25,25, 25; 24, 25,29) (0'66'(;17733'00'98;)' 061, 2085.67; 163431, ?{)3;;]'44556?/:5'2038)' e bo0 [;*98377)' 6855.24; 5112.82,
1100.00, 1112.64) 9000.00, 10780.22) 73, 0: 2000.00, 3243.44) 96, 45.00, 49. 87, 45.00, 45 6803.10, 7951.83)
(1073.94, 1157.23, (8512.52, 8869.43, ) (2549.98, 2724.09, ! , (6227.10, 6704.40,
7 1214.81; 1004.98, 9120.81; 6811.02, (22,24, 24; 21,24, 28) (0'72'{;]'7777'00'9992)/ 062, 2873.14; 2336.76, f:ﬁgi‘gg (3322'19;'314&0'33;% 6791.83; 5188.73,
1157.23, 1245.07) 8869.43, 10539.28) 77,0. 272409, 4376.16) -33, 49.54, 53. -13,34.00, 37. 6704.40, 7794.22)
(1067.69, 1172.68, (9106.28, 9435.02, . (199178, 219281, } ) (660359, 7131.93,
8 127657101731, 10268.15; 7149.82, (26,27, 29; 26,27, 31) (0'72'(;177;'1051[;' 062, 2352.42; 1876.79, (o7, 4455'6(’77'5‘;9‘1291)' (33134293'3344'5500'3376:27)' 7499.29; 5648.20,
117268, 1223.43) 9435.02, 11778.45) 78, 1. 219281, 3533.17) 16, 45.67, 50. 49,3430, 37. 7131.93, 8578.27)
(999.65, 1082.38, (8562.86, 9097.54, ) (2447.17, 269081, : . (6757.16, 6876.83,
9 1109.18; 892.11, 9639.11; 713361, (24,24, 26; 22, 24, 26) (0'72'{;]'77;'1“511)/ 067, 3082.17; 223033, ?5'9313'3552122'4497%9)' S”S?j P 4319'1873)' 7267.24; 5469.50,
108238, 1135.22) 9097.54, 11101.20) 79,1 2690.81, 4367.68) 91, 4542, 49. 14,8765, 41. 6876.83, 7989.01)
(1027.47, 1096.7, (1021261, 104023, ! (1956.62, 212004, i ) (7564.91, 7863.10,
10 1194.50; 933.03, 10857.38; 783236, (27,27,29; 24,27, 29) (0'71'5'7788'00'9?)' 067, 2373.26; 1835.20, (B 4‘77‘1155'551057:)' 506 3oL 7]91) 8179.65; 6019.73,
109677, 1161.50) 104023, 12342.91) 78, 0. 2120.04, 3412.17) -45,47.15, 51 89,3451, 87. 7863.10, 9688.34)
(94891, 1000.00, (6108.82, 660000, ; (1457.43, 1600.00, : . (4701.48, 4988.94,
1 1063.06; 824.36, 7094.00; 4977.42, (23,23, 25, 20, 23, 26) (0'65'(?'77(?'0055[;/ 061, 1839.28; 1340.99, (3?&;753':22&]?'&4% (o8 200, 4455523(;' 5284.29; 3769.90,
100000, 1064.00) 6600.00, 7758.83) 70,0, 1600.00, 2593.41) -85, 42.00, 44. 58, 42.00, 45. 1988.94, 5670.63)
(92529, 98931, (737586, 8082.27, ) (1495.92, 1609.34, ! ) (572293, 6109.38,
12 1080.14: 838.35, 8443.32; 6099.13, (21,23, 25; 21,23, 25) (0'71'00‘7766'00'9874)' oe1, 1848.94; 1361.14, 120‘6433'55225'5575'6%5)' (3?1267‘173'3;77993376()397) 6519.71; 4717.38,
989.31, 1015.84) 8082.27, 9991.70) 76, 0. 160934, 2613.53) 63, 52.8, 57 -64,33.79, 37 6109.38, 7210.20)
(99191, 1088.73, (6053.49, 6393.90, ) (146752, 1619.14, : ) (4734.64, 4833.15,
13 1138.83; 899.85, 6513.58; 4977.01, (@1,22,23;21,22,25) (0'54';]'55;'00‘7602)/ 049, 1724.78; 1347.14, 1402;,)97‘"&4‘11;":86‘3975)’ Ef;il;s'5i4555'5'5598'7()11)' 4918.04; 3678.19,
1088.73, 1114.31) 6393.90, 7724.09) 56, 0. 1619.14, 2640.59) 67, 44.18, 48. 17, 54.55, 59. 4833.15, 5682.09)
(105224, 115161, (8075.81, 8177.05, ; (1401.80, 1553.14, ] ! (607140, 6181.03,
14 1189.55; 949.61, 8614.71; 6526.78, (20,21, 23; 20,21, 24) (0'65'(?'7711 '00'9709)' o6l 1774.67; 1276.49, f;'z?'fééfg%séﬁ' ?57'1;2' o '66;'5533'7070)' 6522.00; 4938.13,
115161, 1207.42) §177.05, 9576.08) 71,0. 1553.14, 2533.21) 26, 36.10, 38, -18, 49.65, 58. 6181.03, 7703.22)
(98070, 1054.53, (7350.14, 7622.06, : (150427, 1667.27, ! . (5501.10, 576152,
15 1150.52; 848.50, 7836.95; 5982.49, (22,22, 24; 20,22, 25) (0'68'(;]'77:'00'9867)' 0465, 1899.77; 1429.06, (34;)6393,31.528,:;3.2%, Ef;fgo,;)oggo,;;&ﬁ, 5774.58; 4487.48,
1054.53, 1082.27) 7622.06, 9215.51) 74, 0: 1667.27, 2691.18) 09, 41.58, 4. -10, 50.90, 55. 5761.52, 6709.75)
(953.96, 1016.27, (8175.25, 8249.94, ! (1442.48, 1572.30, ) ) (578897, 6236.13,
16 1069.87; 843.54, 8847.99; 652274, (@1,22,22;19,22,25) (0'74'00;1'10;(;' 068, 1745.18; 1375.12, P ;91)' 2;167;3_315' P 1985) 6663.06; 4966.23,
101627, 1028.61) §249.94, 10231.00) 81, 1. 1572.30, 2520.60) 85, 44.80, 47. 51, 49.18, 53. 6236.13, 7669.01)
(115757, 1266.35, (6290.49, 6423.52, ) (144565, 1526.61, ! . (4690.05, 4855.54,
17 1370.23; 1051.06, 6968.45; 4993.36, (22,22,22;21,22,24) (0'57'(;16(’33'00'7762)' 054, 1609.62; 1236.59, 1?'6017'55334422’5576'2856)' s '5)03344';2;())' 14961.75, 3829.64,
126635, 1382.32) 642352, 7626.47) 63, 0. 1526.61, 2450.90) 61, 58.42, 57. 07,5034, 54: 4855.54, 6040.43)
(93938, 991.44, (6579.32, 693027, ) (151658, 1634.17, : , (5212.42, 5238.59,
18 1048.94; 845.38, 7611.70; 5424.00, (25,25, 28; 23, 25, 29) (0'72'00'77; '00'998:;/ 064, 1732.84; 1354.82, 2‘181'9138’3‘115]' f';go)' (3324'5772'33;,)6'1199'339&399‘"’)' 5304.48; 4161.73,
991.44, 1025.79) 6930.27, 8413.16) 79, 0. 1634.17, 2628.01) 93, 4210, 44: 57, 36.19, 39. 5238.59, 6456.76)
(907.34,989.11, (7826.74, 812147, . (1822.07, 1931.62, : ) (607185, 6139.02,
19 1040.73; 819.45, 8931.78; 6273.56, (23,23, 26,22,23,27) (0'78'(;]5822'1056% 069, 2104.65; 1672.60, (ol 1o ff‘;ﬁ' (3324'8531';5'9933'3388;71)' 6705.63; 4894.72,
989.11, 1024.26) 8121.47, 9639.48) 82,1 1931.62, 3119.23) 58, 44.53, 47. -85, 35,93, 38: 6139.02, 7372.75)
(935.50, 1013.26, (7011.85, 7195.46, ) (1566.51, 1696.32, ] . (5195.66, 5439.05,
20 1093.88; 858.87, 7390.68; 5615.38, (27,29, 29; 27,29, 31) (0'84'{?'9922'11'1011)/ 080, 1864.46; 1386.12, 536'2163'377'2255'5510617‘? 5;114;43' o 4‘27;‘32)' 5529.00; 4088.64,
1013.26, 1042.09) 7195.46, 8899.83) 92, 1. 1696.32, 2776.46) -26, 4725, 51 84,4518, 48. 5439.05, 6467.07)
(114500, 1209.84, (7943.09, 832072, ) (1657.56, 1783.95, : : (6258.77, 6289.63,
7 1236.00; 105020, 9017.47; 626152, (23,25,27; 22, 25,29) (0'83'(?'8?11'1024)' 074, 1960.14; 147272, (has, w2l ;7‘1112)' s, i, :97'2362)' 6918.03; 4877.13,
1209.84, 1330.01) 8320.72, 9672.80) 88, 1. 1783.95, 2882.23) 76,4421, 47. 90, 44.98, 45. 6289.63, 7458.85)
(95631, 1024.42, (6187.22, 661163, : (1829.49, 1935.26, ! . (4626.04, 4997.73,
2 1063.40; 874.08, 6889.26; 5241.19, (23,23, 24 22, 23, 26) (0'86'(?;;22'11'1%7)/ 081, 2100.04; 1653.08, f;isf?lss(?%ifls?il:)/ (las 2%, 4?&?5? 5316.53; 3838.55,
1024.42, 1069.76) 6611.63, 7966.68) 92,1 1935.26, 3161.18) 16,50.74, 54. 42, 42.55, 46 14997.73, 6141.81)
(961.80, 1015.06, (6648.25, 7215.42, : (1879.80, 1983.45, ] i (4967.36, 5454.13,
23 1061.43; 862.87, 7845.68; 5687.49, (22,24, 28; 21, 24,28) (0'92'00‘9988'11’2127)'0'81' 222651; 1683.22, 1‘3‘2910';33‘3377'::'1587)' g8é7';;;;"f325733;' 5836.11; 4355.55,
1015.06, 1070.30) 721542, 8628.35) 98, 1. 1983.45, 3240.29) 21, 43.87, 46. -89,39.75, 43. 545413, 6385.56)
(99838, 1053.21, (6228.73, 681699, : (184237, 1994.62, : . (4637.85, 5152.96,
2 1101.30; 91051, 7442.10; 5409.77, (29,29, 32; 28,29, 32) (0'84';];)900'11%7)/ 074, 2098.08; 1739.34, 514()1.1?2,:336077,::?50), o0, 224 4465'3403;' 5429.76; 4097.56,
105321, 1081.51) 6816.99, 7922.51) 90, 1. 1994.62, 3213.91) 11, 43.07, 46. 79, 42.24, 46. 5152.96, 6317.56)
(1036.86, 1139.36, (720628, 7347.20, ) (2285.90, 247753, ] ) (5518.09, 5553.75,
25 1190.26; 94131, 7633.62; 572036, (28,28, 31; 25, 28, 31) (0'36'(?‘9933'11 '1096)' 075, 2710.04; 2176.67, S 6%1), 2_693 o é5'7722'76]9'6174)' 5774.59; 4380.16,
1139.36, 1203.20) 7347.20, 8505.00) 93, 1. 247753, 4048.14) -65, 58.99, 63 69, 65.72, 71. 5553.75, 6485.90)
(108492, 1168.27, (8382.29, 8717.13, } (2056.86, 2199.38, i . (6180.84, 6589.28,
2% 1198.53; 959.54, 9185.15; 6763.39, (29,31, 3329, 31,33) (0'77'(?;14'1053' 0469, 2404.42; 187550, ﬁ‘ﬁ'ﬁi’f@ o8 76l 66203672) 7079.72; 4946.51,
116827, 1191.97) 8717.13, 10304.35) 84, 1. 2199.38, 3530.22) -45,45.57, 49. -6, 57.61, 62- 6589.28, 7707.93)
(99838, 1094.99, (9543.78, 9555.49, ) (196225, 2091.19, i _ (660153, 7222.99,
27 1127.33; 918.85, 10053.31; 7556.74, (30,31,33;30,31, 35) (0'84'(;];)93'11'1?‘3)' 074, 2323.43; 1728.89, (035 W76 f;;?;’ (5502'9312'5533'728'5587'2540)' 7573.96; 5537.09,
1094.99, 1189.65) 9555.49, 11421.33) 2091.19, 3417.98) 69, 44.76, 48 91, 53.78, 58. 7222.99, 8452.29)
(93488, 1022.64, (6311.42, 686157, } (1823.15,2025.71, : . (5138.80, 5186.66,
28 1122.74; 823.29, 7334.20; 5414.73, (27,28, 28,27, 28,32) (0'86'(;19911'11%5;'0'75' 2178.16; 1727.82, g;s':zsz’g%' 51580;,1,5511‘.3911,5565.2431), 5203.06; 4108.26,
1022.64, 1073.49) 6861.57, 8151.33) 91, 1. 2025.71, 3279.00) 35, 62.49, 66. -39, 51.91, 56. 5186.66, 6157.43)
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Appendix C. Production Process Data of Complex Product Systems—The Supporting
Component Processing Stage

Manufacturing Services

Environmental Impact

Industrial Added
Serial Number Raw Materials (t) Energy Manufacture Value (Ten
Consumption Technical Staff N Thousand Yuan) Solid Waste (t) Average Noise (dB) Carbon Emission (kg)
Service Factor
(KW-h)
(5499, 60.00, 64.47; (@804.27, 390090, (062, 0.65,0.68; 0.57, (465.47, 50000, (47.01,48.00, 51.79; (4842, 50.00, 53.53; (217861, 2267.70,
! 47.67,60.00,69.99) e (1114,18:5,14,20 0.65,0.72) 338.13; 123,31, 45.01,48.00, 51.96) 47,07, 50.00, 54.05) 2380.76; 1802.07,
07,6000, 65 300000, 3522.63) 5,0 500.00, 555.31) 01, 48.00, 51 07,50.00, 54 26770, 2832.2%)
(49.33, 54.70, 57.06; v ane (060, 0.63, 0.69; 0.55, 7.2, 5570, (48.41,49.56, 52.81; (4458, 46.04, 49.48; (241693, 242167,
2 42.77,5470,67.32) 3491.35; 2412.85, (10,12,13;4,12,21) 0.63,0.73) 549.02; 455,05, 46.86,49.56, 53.77) 41,68, 46.04, 49.95) 249023184440,
77,5470, 67- 3203.96, 3857.94) 63,0 525.70, 597.74) 86, 49.56, 53. 68,46.04, 49. 212187 280985,
(57.29, 58.54, 60.15; (74897, 389280, (0.62,0.67,0.72;0.57, (48042, 521.55, (43.88, 45.76, 48.85; (47.48, 48.58,51.67; (279418, 294256,
3 46,51, 58.54, 69.39) 4057.64; 2959.74, (14,15,18; 7,15, 24) 0.67,0.76) 556.36; 428.19, 1261, 4576, 19.44) 4501, 48.58, 52.96) 2947.34; 2303.30,
21,5854 69 3892.80, 4721.85) 67,0 52155, 586.08) 61, 45.76, 49. .01, 48.58, 52. 291256, 3648.94)
(63.53, 64.41, 69.16; Ceoos 2omnn. (0.61,0.64, 0.67; 0.54, o515, S1o57. (49.13,51.14,55.17; (4442, 46.21, 48.76; (47756, 271190
4 50.59, 6441, 75.23) 3600.87; 2723.08, (17,19, 20; 10, 19, 26) 064,072 543.77; 449.56, 1678, 51.14, 56.16) 14341, 46,01, 50.37) 2838.29; 2153.22,
59, 6441, 75. 3587.64, 4303.80) 64,0 516.67, 588.00) 78,5114, 36. 41,4621, 20. 2711.90, 3216.25)
(6281, 63.43, 66.41; (8628.00, 5348.81, (0,57, 0.63, 0.68; 0.54, (426,51, 466.97, (43.79, 45.30, 47.95; (49.07, 51.05, 54.36; (2423.88, 253157,
5 1057, 6345, 7853 3634.80; 2676.89, (5,9,10;0,9,15) 065,07 475.31; 40154, o0, 4530, 455 o s 2553.85, 2008.34,
07, 6345, 7% 3348.81, 3975.89) 46697, 530.58) -60, 45.30, 48: 65, 51.05, 56 2531.37, 3146.99)
(78.67,80.00, 87.91; (811033, 5000.00, (060, 0.66,0.71; 054, (60208, 660.00, (33.28,35.00,3695;  (62.01,65.00, 68.96; (6567.50, 6806.10,
6 62,69, 80,00, 95.00) 9054.99; 7064.94, (28,30, 33; 21, 30, 36) 06,078 704.53; 564.68, 5205, 35,00, 3846 6131, 65,00, 7148, 6817.33; 529196,
-69,80.00, 95 9000.00, 11096.13) 66,0 660.00, 741.44) 03, 35.00, 38 31,65.00,71. $509.10, 7856.91)
(7088, 78.09, 84.67; roTe 813167 (062,0.66,0.71; 057, (587.72, 628.46, (3398, 35.19, 37.10; (70.83, 7379, 78.44; (5838:60, 6373.50,
7 6142, 78.09, 97.42) 8739.15; 6454.08, (24,25,29; 18, 25, 31) 0.66,0.76) 673.13; 505.07, 31.98,35.19, 38.26) 69.61,73.79, 79.89) 6425.81; 4782.19,
42,78.09,97- 8431.67, 9998.99) 66, 0- 628.46, 693.76) 98, 35.19, 38. 61,7379, 73. 6373.50, 7565.81)
(6918, 7621, 82.19; (Fos2.81, 835140, (060, 0.6, 0.70; 0.55, (626.06, 665,05, (3476, 35.99,38.5; (72.85,74.68, 79.66; (619095, 6312.82,
8 5541, 75,21, 9441, 9038.61; 6601.93, (29,30, 33; 23, 30, 36) 056,075 697.05; 537.53, 52673599, 392 6716, 74,68 5077 6790.88; 500003,
41,7621, 94 8351.40, 9798.91) 66,0 665.05, 741.60) 67, 35,99, 39. 46, 74.68, 80. §a1252 7470.37)
(76.62, 80.86, 83.52; ot sty (0.59,0.63, 0.67; 0.50, (co6.18, 72250, (32.69,33.37,35.15; (66.30,69.01, 73.63; (800557, 57845,
9 G 7e 50586, 97.00) 12492.18; 8849.07, (30, 32, 35; 25, 32, 41) 0, 071 761.42; 590.73, 50463397, 3653, 6316, 69,01, 7563 9434.23; 6634.40,
75, 80.86, 97 1162079, 14395.17) 65,0. 72250, 810.06) 146, 53.37, 36. 16, 69.01, 75 8784.15, 10813.34)
(72.53,75.02, 81.12; (7712.73, B505.36, (0.59,0.63, 0.69; 0.52, (57450, 628.67, (33.49, 34.43,36.71; (71.74,73.28,77.52; (598834, 6429.20,
10 53907502, 9150) 9030.93; 6750.89, (24,27,30;21,27, 35) 03,070 662.99; 542.58, 51,06, 34,13, 37.75) G755, 7328 7932 6477.07; 4974.85,
90,7502, 91. 8505.36, 10340.56) 65,0 628.67, 719.88) 06,3443, 37. 85,73.28,79. 6429.20, 7975.70)
(71.72, 75.00, 78.43; (6318.46, 6500.00, (056, 0.60, 0.64; 0.53, (569.53, 600.00, (34.23,35.00, 36.93; (63.85,66.92, 71.42; (4703.34, 4913.35,
1 5435, 75.00, 97.13) 7072.97;5144.07, (24,25, 29; 18, 25, 30) 060, 0.68) 653.86; 501.15, 31.60, 35.00, 37.97) 6227, 66.92, 73.54) 5242.61; 3693.24,
997580, 57- 6500.00, 8065.90) 0,0 600.00, 681.74) 60, 35.00, 37 27,6692, 73. ot cne s,
(70.85, 73.57, 75.59; (77989, 7986.52, (056,059, 0.64; 0.50, (62633, 63540, (38.90, 40,61, 43.23; (60.56, 62.07, 66.62; (586896, 6036.86,
N 53.03,73.57, 90.51) st 35 0507 1) (21,24, 25:19,24,29) 059, 0.67) 7154, 28226, 36.89, 40.61, 44.34) 57.70, 62.07, 67.66) 6030.24; 4763.82,
05,7357, 0. 7986.32, 9597.17) 9,0 695.40, 773.26) 89,40.61, 44. 70,62.07, 67. §036 56, 7103.81)
(76.87, 81.32, 84.79; pla g (045,050, 0.54; 0.43, s, 5578, (35.70, 36.79, 39.09; (62.93,65.97,70.19; (oAl 2, 497445,
3 62.98, 8132, 100.31) 6752.07; 501398, (17,20,23;10,20, 29) 050, 0.56) 565.82; 468,40, 33.33,36.79, 40.42) 61.88, 65.97, 7152) 5355.59; 3961.54,
98,8132, 100- 6580.84, 8110.38) 20,0 537.85, 606.46) 33,36.79, 40. 88,65.97, 7. it 019559,
(73.17, 78.49, 83.70; (90055 oo, (0.58,0.62,0.66; 0.51, (61981, 667.42, (35.24, 36.28, 38.80; (63.59, 65.01, 69.65; (526176, 5645.84,
14 S 75.19,90.70) 7625.11; 5973.77, (21,23,27;13,23,33) 062, 069) 682.44; 56031, o 2528, 2038 e 509181, 4358.04,
17, 78.49,90: 7469.03, 9056.98) 62,0 667.42, 745.27) 68,36.28,39.3 96,6501, 70: 5645.84, 7015.01)
(63.78, 70.04, 76.55; et sy’ (0.52,0.57,0.61;0.47, (554,09, 02069 (30.85,31.70,33.29; (56.99, 58.44, 61.59; (6051.98, 609561,
15 51.07,70.04, 89.78) 8867.16; 612654, (19,20, 22;15, 20, 26) 057, 0.66) 660.94;524.75, 20.73,31.70, 34.58) 55.32, 58.44, 63.24) 6441.49; 1616.29,
07,7004, 8- 8064.05, 9636.78) 57,0 620,65, 682.95) 73,31.70, 34, .32, 58,44, 63. oo T15650)
(7440, 80,81, 86.13; (722351, 742896, (046,050, 0.52; 0.40, (67542, 715.00, (30.16,30.85, 33.27; (57.32,59.10, 62.11; (5088.70, 5615.55,
16 62.02, 80.81,96.29) 7806.27; 5873.55, (22,23,24; 16,23, 33) 050,0.56) 755.17; 584.31, 28,18, 30.85, 33.89) 5146, 59.10, 6493) 5998.64; 4232.09,
02,8081, 96. 7428.96, 8759.73) 50,0 715.00, 820.17) 18, 30.85, 33. -46,59.10, 64: 5615.55, 6858.1)
(76.06, 81.65, 87.30; oo S0 (0.54,0.57,0.61;0.51, (5198, 55265, (43.03,44.86, 47.24; (71.39, 73.69, 77.62; (5635.02, 592550,
7 64.10, 81.65, 95.18) 8005.91; 5957.54, (27,29,32;22,29,36) 057, 0.65) 601.98; 464.77, 41,14, 44.86, 48.99) 68,71, 73,69, 80.83) 6095.06; 4659.84,
10,81.65,95- 7839.00, 9567.24) 97,0 55263, 627.10) 14,44.86, 48. 71,73.69, 80. 592550, 7271 28]
(75.4, 78.70,80.52; (666649, 5924.47, (0.56,0.62, 0.67; 0.51, (448.26, 485,38, (30.61,32.02, 34.24; (65.45, 67.95, 72.73; (444652, 4478.31,
18 5676, 78.70. 9150 6004.42; 4624.69, (19,20, 22; 15,20, 28) 062, 0.70) 526.73; 409.50, 2916, 32.02. 3496) a0 6195 7307, 4723.69; 3363.0,
70,7870, 1. 5924.47, 7135.08) 62,0. 18338, 538.69) 16,32.02, 34. 80,67.95, 73: 781 336010,
(71.37, 77.66, 81.86; (654082, 711201, (0.61,0.66, 0.69; 0.55, (512.26, 561.05, (3448, 35.61, 37.64; (79.52, 81.9, 87.95; (537359, 5375.97,
19 6207, 766,977, 7411.63; 5368.11, (12,16,18; 8, 16, 23) 066,0.5) 570.85; 48081, 52,15 35,61, 39.00 7606, 5196, 5916, 5424.61;4280.11,
-07,77.66,97. 7112.01, 8472.76) 66,0 561.05, 621.17) 45,35.61, 39, -06,81.96, 8. 5575.97, 6461.07)
(80.19, 82.25, 84.92; (6736.81, 7265.64, (0.70,0.76, 0.83; 0.64, (459.60, 50284, (34.88, 36.55, 38.80; (81.24, 84.48, 88.87; (524216, 5492.10,
2 65.04, 82.25,100.19) 7714.08; 5462.35, (12,16,17;8,16,24) 0.76,0.85) 52189, 423.45, 33,59, 36.55, 40.12) 77.91,84.48,92.92) 5577.15; 4278.94,
04, 82.25,100- 7265.64, 8779.76) 76, 0. 502,84, 56036) 59, 36.55, 40. 91,84.48, 92. Shoa 10, 2062,
(7420, 80.45, 83.75; (6105.05, 626537, (0.63, 0.68, 0.73; 0.5, (456.63, 49097, (32.69, 33.97, 36.55; (66.91, 69.38, 73.03; (4471.25, 4736.00,
2 6176, 80.45, 101.40) 6382.39; 4816.23, (13,15,17;5,15, 21) 068,077) 534.06; 429.86, 30,59, 3397, 37.35) 65,43, 6938, 76.12) 5070.21; 3744.96,
70,8045, 101 6265.37, 7744.32) 68, 0. 490.97, 553.12) 59, 33.97, 37. 43,69.38, 76. 173600, 3569.51)
(81.63, 83.46, 89.50; s s (0.67,074, 0.80; 0.61, (o1, 85 (31.35,32.01,33.77; (73.31,76.98, 81.89; (3867.59, 405230,
z 64.05, 83.46, 102.43) 5458.22; 4091.33, (14,16,19;10, 16, 26) 0.74,084) 575.50; 476.54, 28.96,32.01,35.01) 71.74,76.98, 84.55) 4299.33; 3156.31,
05,8346, 102 5360.89, 6526.19) 74,0. 51859, 62635) .96,32.01, 35 74,76.98, 84. 10530 197412,
(79.89, 86.51, 87.33; (519352, 5572.52, (0.60, 0.66, 0.71; 0.58, (522.26, 575.15, (35.03, 36,19, 38.15; (72.98,74.83,80.27; (414097, 421212,
23 6297, 565, 11144 5990.07; 4180.49, (20,22,25,14,22,28) 056,076 596.36; 489.47, 5420, 36,19, 39.10) G35, 74,83 50.59 4255.76; 3326.40,
57,8651 1L 5572.32, 6584.60) 66,0- 575.15, 643.49) 20,36.19, 39. .33, 74.83, 80. 21212 3223.91)
(73.14,73.17, 78.04; ot s t0. (056, 0.62, 0.66; 0.52, (8830, 55526, (31.35,32.09, 34.55; (76.36, 80.36, 86.78; (918,58, 516555,
24 56.80, 73.17, 90.29) 6942.47; 5371.10, (20,21, 24; 14, 21, 26) 062, 0.69) 541.90; 464.54, 29.95, 32.09, 34.91) 7450, 80.36, 87.20) 5505.12; 3933.34,
80,7317, 90- 6833.61, 8105.85) 62,0 533.26, 607.57) 95,32.09, 34: 59,80.36, 87. Sa8s ooan s,
(15170, 16017, (18402.47, 20146.82, : (540.88, 592.52, ] (102.74,105.33, (14638.62, 15228.95,
25 161.29; 126.72, 20685.69; 25528.64, (18,19, 23; 13, 19, 28) (0'60'(?‘66;"00%(;' 056, 644.48; 492.17, 23()06995'3322‘0(;7'3344.6357)' 113.63; 99.03, 105.33, 16103.04; 1153635,
160.17,197.73) 20146.82, 23559.46) 64,073 592,52, 659.93) 09,32.07, 34 115.81) 15228.98, 17801.42)
(14054, 15270, (1666725, 17801.09, ! (505.07, 56040, ! ) (12557.12, 13455.84,
26 159.26; 119,35, 18472.16; 13649.85, (15,16,17; 8, 16, 26) (0'58'(;]'6633'00‘7607)' 050, 605.02; 487.82, f‘;gf*ﬁ;&?ﬁ 5526'3115'588'1177'99545)37(;' 13829.82; 10732.80,
15270, 197.83) 1780109, 21971.62) 63,0 560.40, 616.68) 95, 49.96,54. -31,88.17, 95 13455.84, 15751.97)
(156,30, 158.56, (1670401, 1820294, ! (468.40, 497.07, i (11435, 11718, (12919.22, 13759.61,
27 166.98;119.24, 18355.40; 1366460, (14,18,22;11,18,23) (0'67'00‘7722'005709)' 058, 51437, 42951, (s fg:;)' 123.41;105.56, 1421030; 10756.84,
158.56, 195.10) 1820294, 22555.83) 72,0. 497.07, 570.78) -62,44.89, 48. 11718, 128.45) 13759.61, 16691.68)
(128.77,130.14, (1902408, 19621.13, ) (476,52, 52081, ! ) (13499.19, 14831.61,
28 130.43; 10292, 1975261,1554515, (17,19, 23;14,19,27) (0'61'(;16(’55'00'7?)' 058, 553.40; 424.58, 23(;3'219'33115?3344'6356)' ;5%)1?;/994466114/1{)%0.2(§$(;, 16269.87; 1130959,
130.14, 163.95) 1962113, 23563.44) 65,0 520,81, 574.09) 28,3185, 34. 98, 94.64,105. 14831.61, 18268.97)




Processes 2022, 10, 2322 29 of 31

Appendix D. Production Process Data of Complex Product Systems—The Assembly
Stage of Supporting Components
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