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Abstract: Remanufacturing has received extensive attention due to its advantagesenml and
energy saving, emission reductiondans often considered a viable approach for the realizatioam of
circular economy. Remanufacturing ecological performance reflects they alfildan enterprise to
balance economic and environmental benefits. Therefore, evaluating the fachaimg ecologal
performance is of great significance feveragingthe benefits of remanufacturing and promoting the
concept of sustainability and the implementation of a circular economy indbstry. To this end, a
set of datadriven techniqus, i.e.,data enviepment analysis, R clustering and grey relational aralysi
are deployed to analyze and evalutdie ecological performance & remanufacturing process. The
effectiveness and feasibility of the proposed methredlustrated via a case study of remaruifaing
for hydraulic cylinder and boom cylinder. Furthermaeaumber of critical factors, e.g@nergysaving
rate, remanufacturing process cost and rate of remanufactéoingndof-life productshave been
identified as theékey driversimpactingthe remanufacturing ecological performance. So as to improve
remanufacturing ecological performance, optimizipgpduction technology, implementing lean
remanufacturing and raising public acceptability over remanufagtprioducts are effective measures.
Theresearch results dfe present work can provide support for remanufacturing enterprigpsde
andimprove their ecological performance and formulatierdevelopment strategies.
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DEA data envelopment analysis sls* the slack variables
DMU decisionmaking unit u’ output weight coefficient
GRA greyrelationanalysis V' input weight coefficient
REP remanufacturing ecologicakrformance X,- the input oDMU;
C theith independent subclass X the input projection value of DMy
hj the relative efficiency value of DMU Yj the ouput of DMU;
K, the system feature sequence Y the output projection value of DMJ
K, theith system behavior sequences o0 the _relative  efficiency value g
DMUy
K, transformedsystem feature sequence /11- the weight of DMUY
k. the trgnsformedesquencesnf ith system & resolution coefficient
behavior
= ati i S the relation coefficient between tl
i Pearson correlation cdéient oi sequencesk, and k

1 Introduction

In the past few decades, with the rapid development of the ecosminthe acceleration of product
technologyupgrades, social resources are increasingly exhausted [1]. At the sameatimes waste
products are also flooding our natural environment [2]. This has caused emimngs sproblems of
energy consumption [3], resource shortages and environmental pollution [4]. Rechaig is
considered one of the best ways to handle these waste products [5]. Astandmgsselection to
extend the life cycle dEndof-life (EOL) products remanufacturing has received widespread attention
[6]. In China, remanufacturing has been confirmed as an important strategy. Argd ptajad an
important role in the scrap disposal of engines, automobiles, constructiomergctmd other fields
[71-

It is generally believed remanufacturing has great economic and environrheniits. The
remanufacturing of EOL products can not only reduce the procuremsndfcraw materialsut also
minimize the discharge of waste and realizes the recycling of reso@jcedn terms of improving
product quality while reducing economic castd resource consumption and decreasing the negative
impact on the environment [9], these two aspects constitute the remarinfpcecological

performance [10]. Paying attention to the ecological performance of the rexciamuniy process, so
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that the eonomic and environmental benefits of remanufacturing can be developgdalanced
manner [11]. It can not only scientifically and accurately reflect theatipar of remanufacturing
enterprises in ecological management, but also provide decision stgpenterprises and properly
guide the enterprise's future production behavior and performance. So as wieethes problems of
resource depletion, environmental pollutietc [12].

Analysis and evaluation of remanufacturing ecological performaneean important means in
measuring the sustainability and realizing strategic management of fewtaring enterprise.
Remanufacturing processes with higher ecological performance can achievegonomic benefits
while minimizing excessive resource congtion and reducing environmental impact [13]. Through
ecological performance analysis and evaluation, it can be judged whether thgacatqerformance
management of the remanufacturing process is reasonable. And tinechsstes to control cost, use
resources effectively, and improve ecological performance can be founcoWo, it is also an
important guarantee to help enterprises realize remanufacturing barefitpromote the sustainable
development of the remanufacturing industry [14].

The focusof this study is to evaluate the remanufacturing ecological performandbisTend, a
datadriven evaluation method (integrated R Clustering, DEfey Relation Analysjsis proposed to
guantitatively evaluate the ecological performance of remanufagtpriocess and then identify the
key drivers impacting ecological performance. It aims to help enterpfisdseconomic and
environmental problems in the production process, and provide adratsie government to formulate
policies to regulate remanutacing.

The rest of the paper is organized as follows. Secti@p@rts on the literature review related to the

research topic, and proposes the main innovations of this fapegh comparative analysis. Section 3

introduces the methods deployed in thisdy. Evaluation system and data sources are presented in

Section 4. While Sections 5 and Sections 6 respectively show the dppliesults of the method and

make discussion in detail. Finally, conclusion remarks arengiv8ection 7.

2 Literaturereview

Before proceeding further with this study, it is necgsst review literature related to
remanufacturing ecological performance Evaluation. This section discussaluation on the

remanufacturing ecological performance, methods of performanceiageal and application of
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datadriven modeling method in remanufacturing.

2.1 Evaluation on the remanufacturing ecological performance

Remanufacturing ecological performance includes both economic andreneintal benefits. As far
as know, the current étature indicatethat there are few studies on the remanufacturing ecologica
performance evaluation. However, many researchers have studied the econanidgranmental
benefits of remanufacturing in a single dimension. For instance, Sabharv@8aag [15] utilized
Graph Theory to analyze the parameters affecting the economic feasibitéynahufacturing, and
obtained the maximum and minimum values of cost effectiveness index. Sandl6f ahdlyzed the
influencing factors of remanufacturing costnd established a statased remanufacturing cost
prediction model using Grey Theory. In terms of environmental benefits, rEamdtl Lee [17]
compared the environmental performance of remanufacturing with singtxiah recovery and new
product manufacting through extensive literature analysis and researcio & al. [18] established
the product life cycle based evaluation matrix for squantitative analysis to obtain environmental
evaluation indexes of engine remanufacturing. By analyzing the emeaggrials and carbon dioxide
emissions during the remanufacturing process, Xu [19] developedessa®ent model of resource and
environmental benefit for the remanufacturing of decommissioned construcidminary. Liu et al.
[20] used Life Cycle Assement (LCA) to analyze the environmental impact of laser cladding
remanufactured cast iron cylinder head block and compared them to the manuédcnee.
Furthermore, many scholars have applied different models torexghle impact of remanufacturing on
environmental benefits such as resources and energy [21].

Moreover, also some experts calculate or evaluate the remanufacturing b&pefitthe two
comprehensive dimensions of economic and environment [22]. Quariguasi anthBf@nalyzed the
ecoefficiency in remanufacturing from the perspectives of environmangelct, energy conservation,
and customer purchase intentions for remanufacturing products [23hskaoland Kuebler [24]
evaluated the sustainability of remanufacturing enisepr from thedimensions b economic,
ecological and social. Liao et al. [25] and Shi [26] propasgdantitative model to comprehensively
assess the environmental benefits and cost of remanufactudagaumlity uncertainty. Van et al. [27]
developed a decision suprt tool to quickly evaluate the attractiveness of remanufacturing on
economic and environmental. Diaz et al. [28] exploited the Monte Ceaglboth to evaluate the

performance of the remanufacturing supply chain in order to help deoisikers determinghe
4



A w0 N

10
11
12
13
14
15
16

17

18
19
20
21
22
23
24
25
26
27
28
29

30

potential of remanufacturing activities. Graham et al. presented a ¥dns for evaluating

remanufacturing performance [29]. Deng et al. [30] and Liu [31] provideduaninsights into

enhancing remanufacturing benefits from the perspective of identifgyndaktors in remanufacturing
ecoefficiency.

Most of these studies utilized qualitative methods or engineering modets drasertain empirical
values to evaluate economic or environmental benefits of the remanufgqioocessAlthough few
schdars have clearly proposed the concept of “remanufacturing ecologicalmanfoe’, these studies
provide valuable references for further researciRBR To the best of our knowledge, there has been
no research report on application in remanufacturintpgimal performance evaluation. Moreover, few
literatures combined key drivers of REP with performance evaluatiarptore how to optimize REP.

In this study, a quantitative assessment of the ecologidakrpemce of the remanufacturing process is
perfamed by establishing a datliiven model. Combined with the evaluation results, the key drivers
impacting the remanufacturing ecological performance can be identfiddthe measures to improve
the remanufacturing ecological performance are exploreds Will benefit the sustainable
development of the remanufacturing industry from the perspective of ppiiiithe remanufacturing

environment and economic balance.

2.2 Methodsfor ecological performance evaluation

Performance evaluation is a tool for managers to accomplish their goalsaiadiss. Research on
performance evaluation has received attention in many areas, such as sapplynahagement,
renewable energy resources efficiency [32] and ecological environetentThe commonly used
methods ofcological performance analysis mainly include Corrected Ordinary LeasteSCOLS),
LCA, Data Envelopment Analysis (DEA), and Key Performance &idic(KPI). Among them, DEA
has emerged as a powerful approach to analysis performance. As an eftatif@ ttalculating
relative efficiency [33], it has not only been used in evaluation on ecolgggciormance, but also
widely in power performance [34], energy and environmental efficiency [@ad, supply chain
performance [36].

SarkisandCordeiro[37] appliedDEA to determine the combined ecological and technical efficiency
of the 437 largest fossil fuel power plants in thated StatesCook et al. [38] developed a DEA model
based on improved weight limits to assess the ecological performanue WEtpower industry and

achieved good results. Lo Storto [39] adopted the composite index calculate8/yrBssover
5
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efficiency and Shannon entropy index to rank the urbareffidency scores, the results of the case
study show that the method has gatiscriminating ability. Xiaoping et al. [40] used DEA ¢aplain

the urban resource and environmental efficiency of 285 cities in Chinaparaned the evaluation
results to study the factors that have the greatest impact on the spatial. pattaddion, some
improved DEA methods have also been employed in performance analysis. Lij#&} ptoposed an
improved DEA model to solve the problem of namiqueness of optimal weights in creefficiency
evaluation of data envelopment analysis. To anayréronmental efficiency, Chang et al. [42] and
Yang et al. [43] presented a noadial DEA model based on slack metric (SBM) and an environmental
superefficient data envelopment analysis (SEDEA) model, respectively.

The above review indicates thHaEA is a viable technique for conducting ecological performance
assessment3heir work on model optimization and improvemang of great significance to the better
application of DEA for performance evaluatid¥evertheless, most of the research is mainlysed
on the specific methods of performance evaluation and its specificatjupl areas, but no reasonable
conclusions have been drawn in the selection of DEA model indicators anctacaunalysis of
performance. To fill this gap, our study proposes an improved DEA modehlicaée remanufacturing
ecological performance. The R Clustering technique is used t seleators for the DEA model, and
the absolute performance value is obtained by increasing the expédtédiibe proposed model can
solve the problem of insufficient data and many evaluation indiatdhe remanufacturing ecological
performance evaluation. Through the actual performance obtained, fullngraérall DMUs can be

achieved. The presentation of this improved DEA model is one ofdjer nontributions of this paper.

2.3 Application of data-driven modeling method in remanufacturing

Increasing studies suggest that data mining and data artegsid methods are effective apprasch
for knowledge discovery in various disciplines [44]. For example, Pewdl proposed a method for
obtaining specific KPIs of business objectives based on data mining techid&jieJorregrossa
presented a daddriven methodology to support daily energy decisimaking [46]. Datadriven
modeling ideas are also favored by researchers in the field of remanunfacihrm [47] developed a
datadriven modeling method to analyze the combination problem of disassemblyinglaand
machine scheduling in the remanufacturing process, and an induas@awa given to prove the
application of the model. A big dathiven product lifecycle management framework was proposed by

Zhang [48], to support optimization decisions for prddifecycle management. In order to optimize
6
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the sorting strategy of the remaaaturing systemMashhadiand Behdad[49] used a datdriven
method to evaluate the quality level of the recycled prizgdund then performed cluster sorting to
finally complete the end of life decision. A datdven remaining useful life assessment rodtbased
on support vector machine (SVM) was employed to realize the analysis and dewgkiog of
remanufacturing scheme in [50]. Zhang et al. [51] presented an overalkeenatdt for datdased
product lifecycle analysis that helps product lifecytianagement and cleaner production decisions.
Ovchinnikov et al. [52] proposed a datdven assessment of the economic and environmental aspects
for remanufacturing.

As can be seen from the above research, variousidatn method has achieved positiesults in
the fields of remanufacturing disassembly planning, productiitde management remanufacturing
scheme decision and so on. However, no scholars have yet establisheddeveatanodel to
guantitatively evaluate remanufacturing ecological performance. dtaeldven modeling approach is
becoming a promising area, and its rapid development and widespread admetemt new
opportunities and challenges for performamsluation The focus of this paper is to establish a
guantitative evaluatio model for remanufacturing ecological performartces. different from previous
research, focusing on the objective and reasonable evaluation of rantarinfy ecological
performance by allowing the data itself to reflect the imfmion. To this end, alatadriven approach
of ecological performance analysis for remanufacturing procge®®sed in this study. This model
incorporates the techniques RfClustering, DEA and Grey Relation Analysis. DEA is employed to
calculate performance, R Clusterireghnique is used to determine model input/output indicators and

Grey Relation Analysis (GRA) is applied to identifsiving factors.
3 Proposed method

There are three main purposes of the analysis in this paper. Firss, th&sesological performance
of the remanufacturing process and propose optimization methods; secondntatiyizompare the
ecological performance of remanufacturing for different products; ard ibintify key influencing
factors ofREPin environment, economy, societgsourcesnd energyetc.

By combiningR Custering, DEA, andGRA, a datadriven approaclof ecological performance
analysis for remanufacturing process is proposed in this study (as shéign 1). First, R Clustering

technique is used to select input and outpdexes for DEA model. Then, the ecological performance
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value of the remanufacturing process is obtained by the calculation ofBheriethod. Finally, the
GRA is applied to correlate ecological performance with evaluation iodéctd identify key driers.
The above three main steps and related techniques of the proposed anettiethiled in Sections 3.1

to 3.3, respectively.

EvaluationlndexStructureof RemanufacturingcologicalPerformance

3.1 R-Clustering
Analysis
Determine input Indicators
output indictor data input
3.2 DEA
Analysis

Remanufacturing
ecological performance

3.3 Grey
Relation
Analysis

Key driversof
remanufacturing ecological
performance

Conclusion?2

Measures to improvecological Keydrivers impacting remanufacturing

performancef remanufacturing ecological performance

Fig. 1 Datadriven model of ecological performance analysis for remanufagtypriocess

3.1 R Clustering Analysis

There are rany aspects in the criterion layer of REP evaluation, and there are a largernof
indicators in each aspect of the criterion layer. For ssaatiple sets, substantial independent attributes
make it difficult for samples to form clusters in higimensonal spaces [53]. According to the
characteristics of the remanufacturing process, selecting the evaluateatdral These indicators can
correctly describe, reflect, and measure the operational characteristicssturé b remanufacturing
ecological performance. It is the premise and basis for scientifically conducéntanufacturing
ecological performance evaluation.

In most of the current performance evaluation, the selection of indicatarteis determined
qualitatively or through the quantitedi analysis of expert scoring. Generally speaking, there are more
qualitative analysis and less quantitative analysis in the constructi@olofEal performance index
structure. Quantitative selection method is also more subjective, lacfedtivafnes test. This has a

subjective impact on the final evaluation results. R Cliieis a multivariate statistical analysis
8
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technique based on similarity to group targets. ThezefrClustering technology is utilized to select
the impactful indicators foevaluation model in this study. That is, the purpose of screening indicators
can be achieved through the selection of similar indicators. Tdheskering technique has proven to be
a great advantage in the selection of indicators. It casterldhe indiators into several categories
according to the similarity relationship between them and then find the main ingliteb affect the
remanufacturing ecological performance.

R Clustering is ahierarchical algorithrmon data mining.It is a way to clusterhie variables and
classify the characteristics of the sample set in order to reduce the nunabgaloies and achieve the

purpose of dimensionality reduction. The indicators selection process bast#tt R Clustering
technique is shown in fig. 2. The celation coefficient R, of the two classesC,,C, is calculated

as follows:
Ro=1— Y 3R @)
"cicl :

2. (X=X -)
1 S = @)
\/Z(x—x) > -9)

Initialization of class
—|  averagecoefficient
matrix Mg

:

Merge class and upda
matrix Mg

!

Select indicata for remanufacturing ecological performance evaluation mode

Each indicator is
initialized as a
separate subclasg

Calculate class
correlation

Output clustering
results

aggregated into
single cluste?

Fig. 2 Flow chart of indicator selection bases o@l&staing

3.2 DEA method

DEA is an efficiency evaluation method based on the concept of relditierafy, which is used to

deal with multiobjective decision making. It evaluates the strengths and weaknesses of
9
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DecisionMaking Unit (DMU) based on a set ofpiat and output data, i.e., evaluates the relative
efficiency of each unit. DEA method relies on input and output indicator aladaevaluates the
efficiency of each unit from the point of relative eficcy. It does not need to set the specific
input/output function of the decision unit in advance. In determining the relativeesitiz of several
DMUs, the emphasis is on optimizing each DMU to obtain the maxinalative efficiency and the
optimal weight. The DEA method does not require any kteig assmptions, but mathematically
plans the actual input/output data of DMU to obtain th&nmal weight. It does not require user
subjective weighting and has strong objectivity. Therefore, the DEt#ad can avoid the complexity
of input/output indicators andhe difficulty in measuring the ecological performance of the
remanufacturing process.

There are many factors to be considered in the remanufacturing ecolagfoaiance evaluation.
And there is a mukdirectional interaction among many evaluation @adibrs. This complex internal
relationship is difficult to accurately express from a wscopic perspective with a certain function
analytic. In addition, the units of each indicator in the remanufactueogogical performance
evaluation are often nomniform. When using other methods for evaluation, the indicators need to be
compared to the same unit for comparison. The DEA method does not need to oshsitier the
dimension is unified, or the weight of the indiaates assigned. It can better reflect the infororatind
characteristics of the evaluation object. Therefore, this method hasnitgie advantages in

remanufacturing ecological performance evaluation.
3.2.1 Traditional DEA model

The CGR model of DEA technology is the most commonly useéffitiency evaluation. Suppose
there are n comparable DMUs, the input and output of the DMure recorded as

X, = (le 1 Xop Xy )T and Y, = (ylj ' Yoi s Y )T respectively, then the efficiency evaluation

index of DMV is:

h =— 3)

The meaning of hj is the ratio of output to input when input i, and output isY;. Each

DMU has a corresponding efficiency evaluation index, and there are salagpropriateu and v,

10
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making hj <1. The CR efficiency evaluation model is:

T

u
maxh, =—_°
° v X,

T

Y,
=<1 j=12-,n (4)
st. VTX]-

u>0,v=>0

By using the duality principle of linear programming and introducingcagitan variables, the dual

linear programming model of’R can be obtained as follows:

min @

n+1

D X4 +s =6X,

j=1

n+1 5

st.y Y Y4, -s =Y, ©
j=1

4,20,j=12,n

In this study, @ is employed to represent REFhe slack variables and s' are the input

redundancy and the output deficiency, reflecting the way to imghevperformancef DMU .

When #=1 ands=s'=0, it means that DMbJis DEA efficient; when @=1 ands*0 or s'*0,

DMUy is weak DEA efficient; when@ <1, DMUo is nonDEA efficient. When the DMU is neBDEA

efficient, the input and output are adjusted by &qud6).

Xo=0Xy—5,Yy =Y, +5S" (6)
3.2.2 Improved DEA model considering the expected goal

While the traditional DEA approach is beneficial in evaluating remanufagt ecological
performance, it also has the following limitations: (1)eTREA method oly evaluates the relative
efficiency of the DMU, rather than the absolute efficiency evaluation. TdrereDEA cannot
completely replace the analysis of absolute efficiencyhe traditional ratio analysis method; (2) Due
to the weight change of the tiidnal DEA model is too flexible, it is easy to cause an ssioe
number of effective DMUs. To some extent, this limits thaitalof sorting method to distinguish
DMU.

In order to solve the above problems, a virtual optimal decision unit adirded.If the optimal

11
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value of each indicator can be determined in advance, and the optimal virtual DMihiognall the
best values can be simulated, the efficiency of these DMUs can be calculatedri@addby DEA
method. The efficiency value of the virtuaptimal DMU is 1, it can be regarded as the expected
efficiency, and that of the real DMU is between 0 and 1. Theieity value obtained can be regarded
as the comparison result with the standard efficiency, and basically caegéeled as absolute
efficiency. In this way, the full ranking of DMUs can be realized

By using the DEA method, the virtual expected optimal DMUhduded in the actual DMU for
sorting. And the obtained efficiency value of the actual DMU can bededars the actual effigiey,
and the actual efficiency value can reflect the degree of expected efficiency thatamdmelved. The
closer the actual efficiency is to the expected efficiency, i.e, the closer to 1gtes the level of
ecological performance of the remanufaictg process.

Among the many indicators for evaluating remanufacturing ecolog&&rmance, not all data are
objective data generated in actual production activities, but thereaadasds when evaluating them.
Compared with the manufacture of newduots, remanufactured products can save 50% of cost, 60%
of energy saving, 70% of material saving, and hardly produce solid wassecdarhibe regard as an
expected goal for remanufacturing ecological performance. Inainpg the virtual DMU into the réa
DMU, the following improved DEA model is available:

maxh,, =u"Y,
VX, =1
st.qu"Y,-v'X,;<0,j=12---n+1
u>0,v>0

@)

19

20
21

22
23
24
25
26

The DEA analysis process for remanufacturing ecological performansieowsn in Fig. 3. The

model has the following main steps:

Sep 1: Selects input and output indicatora W Clustering.

Step 2: Calculate the ecological performance of the remanufacturing process by hesiafRt

models of improved DEA model.

Sep 3: The optimal measure to improve the REP is obtained kjggtian analysis of relaxation

variables. The senaitty analysis is carried out to further optimize thedrdset and the verification

algorithm.

12
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REPevaluaion index Inputoutput indicator data is
structure substituted into the DEA model

L

Inputoutput indicators

<

R Clustering to get input
output indicators

Remanufacturing ecological
performance valug

v v

Data acquisition and Projection analysis for Sensitivity analysis

identification of expecteq A of input and output
sl p Non-DEA efficient b eetare

Fig. 3The @lculation process of improved DEA model
3.3 Grey Relation Analysis

The remanufacturing ecological performance value lea obtained by the DEA method, then the
driving factor identification should be carried out in order to further explweactors affecting the
remanufacturing ecological performance. Owing to the amount of mlatamanufacturing ecological
performane evaluation is too small and its distribution law cannotrmen, it is difficult to use the
traditional correlation analysis method to identify the driving factoRA G a method to measure the
degree of influence of factors on the object of study. The Grey Relation Analytsiedrdoes not
require too much sample size, nor does it require a tygistibution law, and the calculation amount
is relatively small. The results are in good agreement thithqualitative analysis results. Therefore,
Grey Relation Analysis is employed to determine the key factors affectiagramanufacturing
ecological performance in this study.

Grey Relation Analysis is mainly used to analyze the dynamic relatpph&tiveen the various
factors of the system and its chetsistics, so as to find the main factors of the system [54].en th
process of system development, if the situation of the two factargyeh is basically same, they are
considered to be highly correlated. Thus, the correlation degree is atafivantiescription on
relativity among the factors of the system. In this studRAGs adopted to identify key drivers

impacting REP. The calculation process is as follows

(1) Let the system feature sequence Kg = (K,w, K@, :-,Kym), and there aren system
behavio sequences aK; = (Ki o, K, @, K, (n)) i=22---,m).

13
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(2) The system feature sequence and the system behavior sequence are gdnsjothe initial

value operatorThe transformedhitial valued image sequences akg = (K, w, K, @, -, Kym) and
k = (K o,k @, -, K (n)), respedvely.
(3) Calculate the grey relation coefficient between the initialized dnmguencesko and k; :

minminfk, (1) —k; (1| + & maxmaxk, (1) —k;(1)|
Lk T , 1=12,-,n 8)
|k0(|)—ki(|)|+l9miaxmka)1k0(|)—ki(|)|

50i (l) =

Where 6 € (01), the general value of) is 0.5,

(4 ) Calculat the grey relation degree between the system feature sequence systém behavior

sequence.

1 n
o :_Z5Oi(|) 9)
ni=

When £=0.5, if r >0.6, it indicates that the factor is closely rethto the system.

(5) Sott each factor according to the grey relation degree.

14
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4 Evaluation indicator s and data

Constructing a scientific and reasonable evaluation xind&gucture is the first step for
remanufacturing ecological performance evaluation. In this sectiolednasss of referringto a large
number of documents, the remanufacturing ecological performance evaliradien structure is
established. Then the input/output indicators of the evaluation model arenohetd by using the R

clustering technique proposed in 8ec 3.2. Section 4.3 describes the data sourctslata lists.

4.1 Evaluation index structure

The remanufacturing ecological performance evaluation index struucemposed of many
indicators. It is used to scientifically evaluate the legical level and effect achieved by the
remanufacturing process. Ecological performance indicators include maestsaspch as economy,
environment, etc., with a focus on converting environmental irddom into quantifiable numbers.
The ecological performance is ridered as the ratio of input to output, which is measured by
converting environmental impact into value. The goal is to olth&maximum value of the product or
service with minimal environmental impact.

In order to select a scientific and comprehem&valuation index of ecological performance, a large
number of domestic and foreign literature related to ecological perficarevaluation were consulted
by the author Many scholars and institutions have published ecological performance @raluat
standirds for application reference [30]. Among them, 1SO14031 Environmentdbrifance
Evaluation Standard [55] and WBCSD Eefficiency Index Structure [56] have the most reference.
Referring to the existing ecological performance evaluation system andexdmg the characteristics
of the remanufacturing process, the evaluation index structure is coedtras shown in Table 1. In
this indicator structure, 14 firdével performance indicators (includes 52 -gudlicators) are
reorganized into four categories: economy, economy, environment, resow@eerdy, and society. It

can provide a detailed analysisremanufacturing ecological performance.

4.2 Indicator selection

As can be seen from Table 1, there are a total of 52 relevant indicatibesastablished evaluation
system. Too many variables and high correlation between variables brirgirgreavenience to

performance evaluation. The R Clustering method proposed in Section 2.2lsyemto select
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input/output indicators for the DEA model in thatudy. For instance, the economic indicators are
clustered by Reluster, and the results of indicator classification @ashin Fig. 3. It can be seen from
Fig. 4, that theRemanufacturing processing cost is highly correlated with theost of purchasing EOL
products, inventory cost, cost of purchasing replace parts, and management service cost, and the
Remanufacturing processing cost can effectively represent other indicators. A lot of other indicators

can be similarly processed.

0.9
0.8 |
0.7
0.6 |
0.5
0.4}
03 | | | |
1 6 2 5 7 3 4
cost of cost of
remanufacturing pyrchasing inventory pnrcha[;ing management t'rs?nspnr- logistics
processing cost  End-of-life cost replace service cost tation cost  cost
products parts

Fig. 4 Dendrogram of Elustering based outputs

According to the principle that the redundancy betweentimglicators/output indicators is as small
as possible, and the correlation between input and output is as large ibke pbssanwhile, in the
DEA model,theratio is gengally not directly applicable to input/output indicatoFsnally, combined
with the results of the R Clustering analysis, and considering the databdigitne input and output

of the DEA model are determined as shown in Fig. 5.

Input:
X1: Electrical energy consumption
X2: Water consumption
X3: Remanufacturing processing cost
X4: Carbon dioxidgCO2)emission

Input:
Y1: Remanufacturing profit
Y2: Level of customer satisfactior
in remanufacturing products

Ecological performance evaluation df
remanufacturing process

Fig. 5 Input and output indicators thfe evaluation model
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Table 1 Evaluation index structure of remanufacturing ecologictinpeance

Category Indicator Indicator Subgroup
. Cost of purchasing End-offe (EOL) praducts, transportation cost, inventory cost, remanufactu

C1 Remanufacturing cost .p g (. ) P P y
processing cost, cost of purchasing replace parts

c2 Remanufacturing income Remaanactgrlng profit, pgrts reuse income, waste disposal income, governnestivénancome, total
asset utilizatio, net asset yield

Economy Envi tal ninvest t luti trol i t t i tal rehabilit

c3 Environmental protection fund investment ° nvironmental managemeninvestment, pollution control investment, environmental rehabilita
investment

ca Production input Management service codbgistics cost, cost of supplementahterial, depreciation for plant assets, waste
management cost

5 ) ] Energy saving ratecomprehensive utilization rate€CUR) of industrial wastewaterCUR of industrial

Environmental benefit exhaust fumesCUR of industrial solid wastethe utilization rate of environmentally friendly materiaiate
C6 Exhaust fumes emissions Car_bo_n dioxide(CO2) emission sulfur dioxide (SQ@) emission, compounds of nitrogen and oxyc
) emission
Environment

C7 Sewage discharge Wastewagr discharge, COD emission, ammonia nitrogen emission

C8  Waste discharge Solid waste nonrecyclable waste

C9  Original energy consumption Coal consumptioncrude oil consumption, natural gas consumption

C10 Water consumption Water @nsumption

Resource &
eneray C11 Electrical energy consumption Electrical energy consumption
C12 Resource utilization Rateof material reusgrate of naterial recoveryother material resource consumption
c13 ) Level of customer satisfaction imemanufacturing products, level of customer dissemination
) Service level remanufacturingnformation, level of remanufacturing quality management, market response timefyecove
Society : - : . . . .
) o Corporate green imageegree of cleaner production, meet emission standards, comply with the laws and
Cl14  Social responsibility

regulations, market share of remanufacturing products
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4.3 Data

The remanufacturing data of different products from two remanufagtenterprisein China have
been chosen as the object of empirical study. These mainly include the recharing of hydraulic
cylinder and boom cylinder. The data used is from théherspot investigation of relevant enterprises.
The collected data includes not only the data recorded in the enterprise eataltaglso the
multi-lifecycle inventory data. The production data comes from enterprisetigatesn. The raw
material processing data is collected from Chinese Life Cycle BsgalCL CD), which is the life cycle
basic database suitalitae Chinese enterprises.

Key statistics of the data are summarized in Table 2.si@ecimaking unit HIH12 are data on
remanufacturing of hydraulic cylinder, obtained from W mechanical remauntifagct company.
B1-B12 are the K company's data of remantufdng for boom cylinder. Different DMU represents
different remanufacturing batch, that is, different remanufactuiing.tThe acquisition of data on
electrical energy consumption and water consumption refers to the CLCD, on théariie comes
from the detailed account records of remanufacturing enterprises. D@tatwfn dioxide emissiorse
mainly obtained from the corporate waste disposal Retmanufacturing processing cost/profit are
calculated based on the enterprise investigation data casnbitie material cost and labor cost. The
level of customer satisfaction in remanufacturing potslis the score obtained by the questionnaire.

The higher the score, the more satisfied the customer is witkrfenufacturing products

18



Table 2Inputandoutput indicator data of the decistamaking unit collected

X1 X2 X3 X4 Y1 Y2
DMU E(Ieencérrigcil Water _ Remanuf_acturing er(rigzsio Remanufgcturing Liv;:s(;;;zit?:wer
consumption cons(,Eg;ptlon proc&iz:;g cost n (SLO;:) remanufacturing
(kwh) (kg) products
H1 325 451 802 133 2,895 82
H2 212 424 776 102 3,247 76
H3 303 397 974 126 2,972 85
H4 271 484 1,040 78 2,409 90
H5 198 407 841 94 3,143 88
H6 245 362 926 105 3,200 84
H7 339 328 1,120 82 2,571 94
H8 206 441 991 113 3,023 87
H9 317 342 874 93 3,340 74
H10 182 377 1,290 89 2,509 92
H11 253 290 940 97 2,876 91
H12 212 346 889 107 2,910 85
B1 145 667 1,860 76.3 9,212 91
B2 180 724 2,436 81.2 8,816 92
B3 24.2 584 2,879 70.4 8,240 89
B4 30.8 612 3,200 68.5 7,955 79
B5 44.5 528 4,200 51.3 7,734 81
B6 36.8 561 4,050 49.6 8,545 80
B7 48.7 710 2,560 70.1 9,010 75
B8 32.3 642 3,120 64.6 8,204 86
B9 27.9 505 3,454 48.2 7,800 81
B10 41.2 577 4,109 53.7 7,209 95
Bl11 34.6 692 2,704 55.3 9,364 90
B12 37.5 624 2,570 69.0 8,902 88
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5 Resaults

Based on the proposed method above, a systematic study has been pedodhtbé, results are
presented as follows. While Sections 5.1 presents the results petformance analysis, Section 5.2
shows the results of the compan experiment and sensitivity analysis. And Sectioride8tifies the

key drivers impacting remanufacturing ecological performance.

5.1 DEA analysisresults

The REP of hydraulic cylinder and boom cylinder derived with the DEA methodveshdig. 6.
Since the expected optimal DMU is added to the model, alabEiMUs are DEA invalid (ie, the
efficiency value is less than 1.000). The performance value in Fig. 6 caydeled as the absolute
efficiency of the DMUs.

Through the DEA analysis, the REPtbe two remanufacturing enterprises can be compared and
analyzed. There are two main findings that can be drawn. In the evalo&tREP for hydraulic
cylinder, the efficiency value of all DMUs is above 0.65, and the DMU with padoce value higher
than 0.8 accounts for 41.7%. This shows that the ecologicagaament of remanufacturing process of
hydraulic cylinder has reached a relatively good sthateaddition out of all 12 DMUson the
remanufacturing proce$sr boom cylinderall DMUs had goerformancevalue of less than 0.8 and the
lowest is only 0.5711. Thus, it can be seen K company should pay attention to the ecological
performance of the remanufacturing process and strive to improeffitiency value.

Table 3 shows theperformance valueanking and slack variable values f&REP of hydraulic
cylinder and boom cylinder. As can be seen from Table 3, the reasons #uattladf REP vary in
different decisiormaking unit (i.e., different batches of remanufacturing products). Byg s$ack
improvement analysis, the key elements of invalid DMU can be locally adjustéitiatsinvalid DMU
can reach a strong and effective state. This reflects the specific ways tovemgcological
performance.

From the perspective of input variables, electricalrgy consumption, water consumptiand CO2
emission are the important reasons why W company does not reach the atglediormance
envelope, and are the weak links that affect the ecological performancemyany should improve
production efficiencyand utilization of energy. For boom cylinder remanufacturing, eleceinargy

consumption and remanufacturing processing cost affect its ecologicainpante level. K company
20
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can adopt more advanced technologies and strengthen production managemedude

remanufacturing cost. From the point of view of output variables, thmls@rognition of the

remanufacturing products of two enterprises reached a high level, indi¢hat they have made

achievements in terms of service level and social ressipiity. However, remanufacturing profit needs

to be improved under the existing resource input and technology level
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Fig. 6 The results of REP analysis of hydraulic cylinder fa)t@om cylinder (b)
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Table 3 Performance values and slack variable of DEA performaatysian

DMU Performancevalue Rank S1 S2 S3 Sa S's S's
H1 0.7217 10 -101.62 -124.44 0.00 -44.59 139.00 0.00
H2 0.8482 2 -21.85 -122.68 0.00 25.08 0.00 11.76
H3 0.6545 12 -45.32 -30.34 0.00 -22.97 173.00 0.00
H4 0.8077 4 -56.88 -147.92 -165.00 0.00 921.00 0.00
H5 0.8000 6 0.00 -88.00 -12.80 -13.60 113.00 0.00
H6 0.7668 8 -15.94 -20.06 0.00 -13.01 0.00 2.49
H7 0.8024 5 -102.83 -9.40 -193.73 0.00 907.00 0.00
H8 0.7005 11 0.00 -100.35  -100.85 -25.00 196.00 0.00
H9 0.7746 7 -83.07 -21.19 0.00 -8.85 0.00 16.27
H10 0.9099 1 0.00 -94.63 -483.76 -16.58 895.00 0.00
H11 0.8472 3 -50.55 0.00 -113.91 -18.48 491.00 0.00
H12 0.7602 9 0.00 -20.21 -4.09 -17.72 235.00 0.00
DMU Performancevalue Rank S1 S2 Ss S4 S's S's
B1 0.7924 1 -0.4 -114.0 0.0 -21.8 0.0 1.1
B2 0.6133 9 0.0 -30.1 -22.1 -11.2 384.0 0.0
B3 0.6903 6 -5.9 0.0 -550.4 -10.9 660.0 0.0
B4 0.5711 12 -8.5 0.0 -599.0 -6.7 0.0 0.6
B5 0.6420 8 -21.0 0.0 -1603.4 -1.4 366.0 0.0
B6 0.7236 3 -16.4 -21.4 -1563.3 0.0 0.0 5.5
B7 0.6028 10 -17.0 0.0 -20.3 -2.2 0.0 15.1
B8 0.5849 11 -9.2 0.0 -504.7 -2.8 396.0 0.0
B9 0.7218 4 -10.4 0.0 -1197.0 -0.8 300.0 0.0
B10 0.7430 2 -19.2 -1.2 -1533.1 0.0 2291.0 0.0
B11 0.7112 5 -13.4 -70.8 -424.8 0.0 0.0 3.6
B12 0.6858 7 -13.4 0.0 -225.5 -6.9 0.0 1.0

5.2 Comparison experiments and sensitivity analysis

In order to verify the effictiveness of the proposed methbdth thetraditional DEA model and
DEA-TRIS model[57] were used to compaie this work The comparison experimenigre carried
out with 12 sets of data of the hydraulic cylindemdthe resultsareshown in Table 4.tlcan be seen
from Table 4 that the three models are basically consistéimé iranking of remanufacturing ecological
performance of hydraulic cylinder. Compared with the traditional DEA mdHel,improved DEA
model proposed in this paper can effectivathieve the full ordering of all DMUs. And compared with
DEA-TRIS model, the proposed model can obtain absolute performance values anty shapli
calculation process. It further illustrates thesfbaity and rationality of the proposed model.

In orderto ensure the stability of the DEA results, sensitivitylysiga is also required. Take the 12

sets of data of the boom cylinder as an example. On the bdkis @figinal model, one input indicator
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or output indicator was omitted at a time to generst®E&A models. Fig. 7 shows the results of the
sensitivity analysis. The performance value obtained by the four misdssically unchanged from
the original model. The performance value of Model 2 and Model 6 are slitittyating, but the
ranking isconsistent with the original model. It can be concluded that the proposed methbdss
based on the obtained evaluation results. This method is feasible aniveffie addition, the results
show that the samples are sensitive to indicators X2 ahdreflecting that the remanufacturing

ecological performance of boom cylinder has an advantage in thegediesators.

Table 4 Comparison results of the three models

The proposed model Traditional DEA model DEA-TRIS model
DMU Performance value Rank Peformance value Rank Sort index Rank
H1 0.7217 10 0.9771 10 0.7634 10
H2 0.8482 2 1.0000 1 0.9213 2
H3 0.6545 12 0.8754 12 0.7512 11
H4 0.8077 4 1.0000 1 0.8418 4
H5 0.8000 6 1.0000 1 0.8249 6
H6 0.7668 8 1.0000 1 0.8022 8
H7 0.8024 4 1.0000 1 0.8352 5
H8 0.7005 11 0.9371 11 0.7224 12
H9 0.7746 7 1.0000 1 0.8117 7
H10 0.9099 1 1.0000 1 1.0000 1
H11 0.8472 3 1.0000 1 0.9024 3
H12 0.7602 9 0.9963 9 0.7881 9
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Fig. 7 The results of sensitivity analysis for pexments
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5.3 Results of key driversidentification

Since evaluation index structure of remanufacturing ecologafbmmance (as shown in section 3.1)
provides a comprehensive evaluation of 52 performance indicators or pejformance aspects
(economy, environment, resource & energy and society) of remanufgcturitess, this section
investigates the impacts of detailed performand&ators on REP. The 14 firktvel indicators related
to the above four kinds of factors are taken as the system behavisr aadehe grey relation glee
with ecological performance value as the system characteristic seqserateuiated. The results are
shown in Fig. 8. The analysis has shown that remanufacturing cost (Rithnenental benefit (C5),
electrical energy consumption (C11) and resourié&zation (C12) group indicators have the most
influence on REP. Obviously, those four indicators can help improve remanufactwoiggeal

performance.

0.80
0.79
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0.77
0.76
0.75

0.74

Correlation degree

0.73

0.72

0.71

0.70

Cl C2 C3 C4 C5 C6 C7 CB8 (9 CI0 Cl11 C12 C13 Cl14

Fig. 8 Correlation degree betweeemanufacturing ecological performarared primary indicators

Through the abovgreyrelation analysisindicators in theabovefour groups have been fouta be
correlated with REP. To further identifgey drivers for remanufacturing ecological performance, the
greyrelation analysidor 15 subindicatos of thosefour group indicators is performed. Fig. 9 shows

the final result.

From Fig. 9. Among the'economy related indicators, cost of purchasing EOL products,
25



1 remanufacturing processing cost and cost of purchasing replace pahs arest important factors. |
can be seen that low cost given higher performance scores in the RERtiemalThis could be

explained fronthe following perspectives. As an input resourtteg cost is an important indicator for

A W N

measuring the REP. And among all the remanufacturisy tie three types of cost mentioned above

5 determine more than 80% of the total cost. Among ‘@mvironmerit related factors, energgaving

6 rate and rate of remanufacturing for EOL products are more important than fattors. Finally,

7 among the‘resouice & energy group indicators, electrical energy consumption is the top important

8 factors. This suggests that in remanufacturing process, the ele@nieayy consumption is a
9  significant measure of resource & energy saving ability. Since in treegsof reprocessing for EOL
10 products, electrical energy consumption is much greater thanreiwermrces.
11 Overall, remanufacturing processing ¢astergy saving rate and rate of remanufacturing for EOL
12 products are found to be the most important factors. Treyconsidered to be the key drivers
13 impacting remanufacturing ecological performanoecontrast,CUR of industrial exhaust fumes, the
14 utilization rate of environmentally friendly materialsarisportation cost, et@are found to be ks

15  important.
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6 Discussion

Ecological performance emphasizes the balanced development of economic modnemital
benefits. Remanufacturing ecological performance evaluatiohgeeat significance for achieving the
sustainable development goal of enterprises and promoting the sustainable eintatienn of
remanufacturing engineering. In this work, we present adtatan approach (integrated ®ustering
analysis, DEA and GRAp evaluate the ecological performance of the remanufacturing process. The
results of the case study have demonstrated the effectivertbesméthod. In addition, on the basis of
the evaluation results, the key drivers impacting the remanufacturaiggeal performance were
identified. To the best of our knowledge, this study is the firstapgse a remanufacturing ecological
performance evaluation, and to link remanufacturing evaluation withcinfipetors to explore how to
improve remanufacturingcelogical performance.

Based on the proposed method, we evaluated the remanufacturing ecolodicaigrere of boom
cylinders and hydraulic cylinders. As can be seen from Fig. 6, there ismificaigt difference in the
remanufacturing ecological performanceaafidentical product. The overall ecological performance of
the remanufacturing industry is in good shape. On the other hand, in terms ohtabrimmparison,
the REP of hydraulic cylinder is higher than that of the boom cylinder. Thisiisly due to different
product types. This result is consistent with previous experieased assessments. Therefore, the
government should focus on how to improve the institutional design of the ecblpgifamance
evaluation system. In order to guide amd@urage the remanufacturing enterprises with relatiosly
levels of ecological performance, enhance the initiative of emalbgerformance management.

From the results of DEA analysis in Section 5.1, it can be seen that EhefRIfferent productssi
quite different, and factors impacting on the REP of different batchefhidosame product will be
different. Reducing remanufacturing cost and electricity consumption, dexgezarbon emissions;
and improving technical efficiency while effectively utilizing resourddsese are impactful measures
to improve the REP. According to the analysis of this study, carboniensisare not the only
contributors to REP, and may not even be the most important factor. Teenefducing carbon
emissions shouldat be considered as a comprehensive solution. Moreover, remanufacturingsproce
with high sustainability des not necessarily have high energfficiency in other words, pursuing
sustainability does not mean improving remanufacturing ecological perfogmaticough they are

relevant.
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To further explore important factors impacting the remanufacturingpgical performance, key
drivers identification was performed. It can be seen fioeresults of identificatiofor REP drivers
(as shown in Fig 8 and HRg. 9), among all 14 firstevel indicators, remanufacturing cost,
environmental benefit, electrical energy consumption, and resourizatigit are the most important
factors affecting remanufacturing ecological performaRoethermore, the impact ofdtors related to
service level and social responsibility on REP is not diean the results of greyelation analysis
This is mainly due to the interaction between various indicators. In this stedgientified keyREP
key driverswith an order fronmost important to least important are: energy saving refie¢ting the
attitude towards energy sustainability), remanufacguprocess cost (reflecting the production inputs
of remanufacturing) and rate of remanufacturing for EOL products dtiefle uilization of waste
resources).

Based on the above analysis, the following feasible implicatiengraposed on improving the REP.
Firstly, the remanufacturing process cost is mainly reflected in #estiment in technology and labor
power. So, the ability to repair EOL products should be improved to incezas®mic benefits.
Secondly, remanufacturing enterprises ntestrive to increase the efficiency of resource utilization.
This means they need to expand output without increasing investmente§thedy is to optimize the
process and implement lean production. Thirdly, considering that the namahufacturing for EOL
products determines the REP to a certain extent, it is itiner® strengthen the detection of EOL
products. Detailed detectiomakes it easier to determine the degree of damage to the EOL products,
which helps to develop a reasonable repair solution and ultimatelgentiee remanufacturing rate.

Our results are encouraging the evaluation and improvement of remanufacturiraplegical
performance. Our work provides a valuable reference for the researghaatide of remanufacturing
ecological performance management. It should be ndigdthere are still some limitations in this
study. Firstly, in the performance evaluatimocess, it is difficult to quantify the expected performance
value. Secondly, due to the limited amount of data, it is impossible to verifyrdpesed method in

more depth. These will be improved in further research.

7 Conclusion

Evaluation on remanudturing ecological performance is of great significance for realizing the

economic and environmental benefits of enterprises and promoting theabistalevelopment of the
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entire remanufacturing industry. In this study, a dhteen model for evaluatingemanufacturing
ecological performance is established. Different from the traditignalitative evaluation, improved
DEA method is used to realize the quantitative analysisccoliogical performance in this model. R
Clustering technique is used to s¢lawicators to avoid subjective results generated by researchers
randomly selecting indicators. Finally, combined with the evaluation seshét key drivers impacting

the remanufacturing ecological performance are identified by Gekatihal Analysis.

The feasibility of the pposednethodin meeting the objectives of this reseaichlearlyillustrated
by the remanufacturing ecological performance evaluation of hyciadinder and boom cylinders. In
addition, energysaving rate, remanufacturing gmess cost and rate of remanufacturing for EOL
products are identified as key drivers impacting the remanufacturihgge=d performance. So as to
improve remanufacturing ecological performance, optimizing produdgghnology, implementing
lean remanufcturing and raising public acceptability over remanufacturing procaretseffective
measures.

The maincontribution of this study iproposing a datdriven method for evaluating the REP.
Overall, the insights gained from this study provide a solid Hasidurther research. This study
nevertheless has several limitations. Some of the indicator data iseabbig other indicators due to
the inadequacy of the relevant data, it may have an uncertain effect on ttee @sing to the small
number of samples, the generalizability of the findings is constrainedreFstudies should use as
much data as possible to overcome these problems. And such as big data techmlmgle utilized
to increase the objectivity and universality of the rasaitd enhace the accuracy of the analysis for

REP.
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