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Abstract

Energy performance improvement is a basic significant way of addressing both energy security and environment concerns,
which can promote energy-saving and emission-reduction. There are various measures of energy performance, with differ-
ent purposes and applications. However, there are few models or approaches for measuring and quantifying energy saving
potential in machining systems. To better perform the energy performance analysis and evaluating energy saving potential
in machining, an energy performance evaluation method based on energy benchmark in machining systems is addressed.
Energy performance characteristics is analysed, and some energy performance concepts and indicators are proposed. The
energy performance evaluation based on energy benchmark is developed for machining systems. Furthermore, a case study
involving the establishment of an energy performance evaluation and energy saving potential for gears in a real machining
plant was examined, illustrating the practicability of the proposed method.
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1 Introduction

The consistent increase in the global demand for energy,
the failure to provide this quantity, and the conditions for
developing new energy sources have resulted in a dramatic
increase in the cost of energy over past decades [1, 2, 3].
Investigation shows that global energy intensity fell by 1.8%
in 2016. This recent trend of the decline was slowing down
as depicted [4]. Although the Global Energy Intensity (GEI)
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in 2016 was lower than that in 2015, the average energy
intensity was a significant increase compared to the preced-
ing decades.

Currently, due to development of advanced technology,
globally, energy efficiency has been 13% higher from 2000
to 2016 [4, 5]. Recent statistics reflect that there are larger
differences in energy use with and without energy savings
from efficiency improvements, and the global final energy
use in 2016 improved by 12% without energy efficiency sav-
ings [6]. Therefore, improving energy efficiency is a very
crucial and effective measure to solve the issues relating to
energy supplies more urgent, especially for fossil fuels, and
to relieve stress of GHG emissions, benefiting air quality
and public health. Improving energy efficiency has become a
crucial strategic target, which results in extensive interest in
recent years [7, 8], especially in energy-intensive industries
[9, 10]. The International Organization for Standardization
[11], the European Union [12] and the Japanese Standards
Association [13] implement numerous energy benchmarks
and standards to support the energy-efficient production. The
US Department of Energy has established special Industrial
Assessment Centers providing effective measures to increase
energy efficiency [14]. ISO 50,001 Energy Management
Standard and the Europe 2020 Strategy were developed that
aimed at achieving reduction of overall energy use [15].
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Recently, China jointly issued a series of national energy
efficiency standards to provide important policy support
[16].

To analyze and increase energy efficiency in the industry,
barriers and the opportunities related to energy management
and energy efficiency improvement have been carried out,
i.e., energy efficiency measures, standards, labeling regula-
tions, metrics and performance measurement on national and
policy level [17-19]. Reddy analyzed barriers and drivers
of energy efficiency based on a new taxonomical approach,
which provided scope for appropriate policy interventions
[20]. To investigate various barriers and the opportunities
to energy efficiency improvement, some conceptual frame-
works and models that show physical, technological, socio-
economic, economic, and market potential for environmen-
tally sound technologies are proposed, which contributes to
discussing some actions and measures of energy efficiency
[21-23]. Besides, Bunse, et al. analyzed concepts and tools
for measurement, control and improvement of energy effi-
ciency in production management, and summarized ICT
tools and standardization as important enablers for energy
efficient manufacturing [24]. de Groot et al. identified the
factors, determined by the investment behavior, and cor-
responding responsiveness of energy policies in nine dif-
ferent Dutch industrial sectors [25]. Ernst Worrell, et al.
analyzed the sector-wide technologies and summarized
process-specific technologies and measures focusing on
energy-intensive industries [26]. Lo analyzed renewable
energy and energy efficiency in electricity, industry, trans-
portation, buildings, and local government, and identified
limitations and room for improvement [27]. Wang, et al.
addressed a method for measuring energy efficiency based
on meta-frontier data envelopment analysis approach, and
analyzed the source of energy inefficiency [28]. Lin, et al.
investigated the technology gap of energy efficiency [29],
and introduced an approach to measure energy efficiency
[30]. Taylan, et al. presented an integrated decision model
to analyze and improve energy efficiency processes in petro-
chemical industry [31]. Several solutions regarding energy
efficiency for manufacturing have been offered [32].

Performance indicators as a key measure had been widely
used to enable better monitoring and control of energy con-
sumption to improve energy efficiency in industry [33].
The US Environmental Protection Agency proposed the
ENERGY STAR and introduced the promoting indicators as
an effective lever to measure energy-based performance [34].
Besides, Dietmair, et al. studied the energy consumption
modeling and some approaches for improving energy effi-
ciency performances in production processes [35]. Boydet
et al. evaluated the energy performance indicator to develop
the energy use benchmark in industrial plant [36]. Zhou,
et al. proposed a performance indicator model of energy
consumption allowance [37]. Cai, et al. widely studied the
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energy allowance and benchmark of the machining system
and mechanical manufacturing industry [38], including the
development of fine energy consumption allowance, multi-
objective energy benchmark, dynamic energy benchmark
[39], etc.

The U.S. Energy Information Administration published
an energy yearbook in 2012 showing that energy consump-
tion in the mechanical manufacturing industry accounted
for 74.7% of the total energy consumption in the manufac-
turing industry [40]. Numerous surveys have indicated that
the machining system consumes a large amount of energy,
and the energy efficiency of the machining process is very
low: usually less than 30% [41, 42]. With a wide distribu-
tion and large amount of energy consumption at a low effi-
ciency, machining systems have considerable energy-saving
potential [43]. It is therefore important to measure energy
efficiency and energy potential of machining.

Based on an analysis of relevant literature, the pertinent
literature revealed that industry production still lacked
approaches and tools to better understand the energy effi-
ciency behavior. The deficiencies focused mainly on that
there were few effective methods for measuring energy
efficiency and exploring energy potential, especially for the
exploring energy potential of machining. Therefore, this
study proposed a new concept of energy mining and the
method realizing the energy efficiency measurement and
energy potential exploration in machining. Meanwhile, the
proposed energy mining can quantify energy efficiency of
production and energy saving potential. Based on the tool,
the superfluous energy can be controlled by the optimiza-
tion method, and latent energy and energy efficiency can
be found. Obviously, the energy mining was a crucial tool
contributing to strengthening energy monitoring and man-
agement and improving energy efficiency, and to providing
some helps in the process of policy-making, or for the evalu-
ation of specific policy measures.

2 Materials and Method
2.1 Goal and Scope Definition

The goal of this study is to proposes a new method of energy
performance evaluation to better understand the energy effi-
ciency behaviour especially for exploring energy potential
in machining systems. The functional unit that is consid-
ered is a typical machining system that could be a or sev-
eral machine tools, machining production line. In terms of
system boundary, the manufacturing cycle of one work-
piece is, in principle, a cradle to grave exercise. However,
in some cases cradle to gate, gate to gate, gate to cradle or,
more recently, cradle to cradle approaches are possible. In
the case of the machining system, the approach can only be
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gate to gate as there can be many different applications later.
Therefore, the whole gate to gate process within the system
boundary includes machining for the workpiece from the
raw material to the qualified workpiece in the mechanical
manufacturing workshop.

2.2 Energy Performance Characteristics

It is not clear about what the energy efficiency and energy
efficiency potential characteristic of the machining systems
and how to quantify the energy performance. Understand-
ing the energy consumption and energy saving potential
rules of machining systems are conducive to improve the
energy efficiency level and reduce energy consumption. For
energy consumption and energy efficiency in machining,
traditional methods are simply to monitor the actual energy
consumption and to perform the comparison between the
actual energy consumption and desired energy consumption.
Therefore, traditional methods offer no substantial help for
improving the energy management or increasing the energy-
efficiency in the machining process.

Frist, to analyze the energy efficiency from the broad
sense, based on previous studies, an energy performance
curve of machining systems is described in Fig. 1. taking a
machining product to be manufactured for example, some
important concepts need to introduced including four kinds
of energy, three kinds of energy systems and four kinds of
system adaptability for the product.

The four kinds of energy for a machining product com-
prise real energy, benchmark energy, optimal energy, and
energy saving potential. Real energy (RE) is the real energy
consumption of a manufacturing product, a manufacturing
process or an industrial system, and the value is the rep-
resentations of the specific energy consumption in histori-
cal production. Benchmark energy (BE) is a value of the
benchmarking for measuring the energy efficiency level,
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Real efficiency system
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Energy

Specific energy consumption

High energy
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»
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Fig. 1 Energy efficiency curve of the machining systems

and the value of the BE can be determined in terms of cur-
rent methods including the calculation method, statistical
analysis, etc. Optimal energy (OE). is a value of the perfect
state under the special environment. Energy saving potential
(ESP) is the amount with energy saving under the specific
conditions.

Three kinds of energy systems comprise the low, medium
and high energy efficiency system. The machining product
has different specific energy consumption (SEC) in differ-
ent industrial systems. Even so, the same system that is low,
medium and high energy efficiency system may be vari-
ous SEC due to differences in system adaptability for the
machining product. For example, in the medium system, the
SEC has obvious differences under the SA, and SA, due to
the differences in system adaptability.

Four kinds of system adaptability (SA) for the machining
product include SA ,SA_,SA, and SA,. The system adapt-
ability is the superiority of the manufacturing equipment,
process plans and parameters for product and operation
behavior. If the better the SA, the larger the ESP is. The SA,
is the worst that the production system may be behindhand,
and the industrial systems is not suitable to production and
should be weeded out. The SA, is a demarcation point that
has a medium performance of industrial system with good
manufacturing equipment, process plans and parameters for
production. The SA  is demarcation point that has an excel-
lent performance of industrial system with advanced manu-
facturing equipment, process plans and parameters for pro-
duction. Therefore, the SA, is perfect state of the industrial
system by various advanced technologies under the special
environment.

From above analysis, improving the manufacturing equip-
ment, process plans and parameters for production or opera-
tion behavior is an effective measure to reduce the SEC. It
is well known that, in some cases, the current SEC of the
machining can be reduced and its energy efficiency also can
be further increased. Current almost few concept and method
to describe the status. Due to the severe lack of a system-
atic theory for energy performance improvement so far, the
study meets a bottleneck about how to measure energy effi-
ciency and to explore their energy potential for machining.
These seriously hinder the development to increase energy
efficiency. To overcome these challenges, based on previ-
ous studies [38, 39], our research team proposed a novel
approach to provide an effective tool to measure energy per-
formance and explore energy potential.

Almost all industrial systems have different energy-
saving potential levels. For example, the process manu-
facturing industries (i.e. steel and cement industry) can
improve energy efficiency and reduce energy use through
the advanced equipment and standard management, etc.; the
discrete manufacturing industries (i.e. mechanical manufac-
turing industry) also can increase energy performance by
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advanced equipment and excellent parameters, etc. In the
machining, whatever are a product, a production process or
an industrial system, it is so difficult for reflecting energy
potential level and latent energy conditions currently. There-
fore, energy benchmark-based energy performance evalua-
tion of machining is a basis of implementing energy conser-
vation and emission reduction.

2.3 Benchmark-based Energy Performance
Evaluation

2.3.1 Indicators of Energy Performance

To perform the energy performance evaluation of machin-
ings using energy benchmarking, some indicators of energy
performance could be described. Minable real energy (MRE)
is the real amount with ESP under the specific conditions.
The minable real energy can be expressed by MRE. The
minable real energy is energy saving amount between real
energy and benchmark as shown in Eq. (1). Moreover, for
the minable real energy, there are the maximum minable
real energy (MRE,,,,) and minimum minable real energy
(MRE,;;,)- The maximum minable real energy is the mini-
mum real amount in machining process that also is amount
of energy saving; on the contrary, and minimum minable
real energy is the maximum real amount. Therefore, the big-
ger minable real energy is, the energy saving potential bet-
ter (or current energy efficiency worse). The MRE,,,, and
MRE,;, are as shown in Eqgs. (2) and (3).

MRE = RE - BE (H
MRE,,,, = RE,;, —BE )
MRE,;, = REy;,x — BE 3)

How to measure the advantage of some machining
method, it is necessary to introduce the MRE. In the machin-
ing, the value of the MRE is various, and the difference
of minable real energy is larger due to the use of different
energy mining methods (production methods). The degree
of deviation between the real energy and benchmark energy
represented by minable real energy also measures the energy
efficiency level of the systems. For all value of minable real
energy of the system, the maximum minable real energy
and maximum minable real energy stand for the energy
saving potential level under current production technology.
Realistically, minable real energy relative value is a plus
or minus sign. If the closer to MRE comes to the MRE,,,,
the MRE is larger and this machining is energy-intensive
with worse method but with greater energy saving potential;
If the closer to MRE comes to the MRE,;,, the MRE is
smaller and this machining is energy-efficiency with better

method but fewer energy saving potential. Meanwhile, the
MRE),,,, and MRE,; are a plus or minus sign, but MRE,,
is the positive number in general; the MRE,;, is the posi-
tive number or negative number. Minable energy liveness
is a quantitative range of minable real energy under current
energy saving methods. The minable energy liveness (MEL)
can be described.

MEL = |MREyy,, — MREyy| “
or
MEL = |(REMin —BE) — (REy,, — BE)‘ )

According to Eq. (4), it can be found that minable energy
liveness is a range value and is an absolute value. The range
of minable energy liveness depends on the varieties and
differences of methods for energy mining. If the smaller
the varieties and differences of methods are, the range is
smaller; If the larger the varieties and differences of meth-
ods are, the range is larger. The reason for the smaller range
is because there are two situations: (i) the current methods
for energy mining may be disadvantage with lack of techni-
cal improvement and advancement resulting in the unsatis-
factory of energy saving; and (ii) the current methods for
energy mining may be advantage with technical improve-
ment and advancement, and the results of energy saving are
satisfactory. For the reason for the larger range, results are
similar. Therefore, although the minable energy liveness can
stand for the energy saving potential, the specific representa-
tion with advancement of energy saving methods is difficult.
The minable optimal energy and energy mining rating can
be introduced to solve this problem.

Minable optimal energy is the optimal amount with
energy saving potential under the specific conditions. The
minable optimal energy can be expressed by MOE. The min-
able optimal energy is to describe the energy saving limit,
and the minable optimal energy generally is the maximum
minable energy limit without minimum minable energy
limit. The minable optimal energy is as shown.

MOE = MREoptimal = REminimum_optima] —-BE (6)

The minable optimal energy is optimal amount be able to
explore energy potential, and also is the maximum energy
saving. The minable optimal energy is a generalized con-
cept with various level characteristic of the plant level,
regional level and national level. For the different levels of
the machining, the minable optimal energy of an industrial
system is different, even differences are larger due to differ-
ences of advanced equipment, standard management, excel-
lent parameters, etc. Thus, to analyze the minable optimal
energy of a system, the scope and boundary should be deter-
mined. On basis of the optimization and use of advanced
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equipment, standard management, excellent parameters,
the minable optimal energy can be acquired. Actually, the
minable optimal energy is a virtual value or ideal value. If
the closer to RE comes to the MOE, the current industrial
system is more advanced; whereas, it is more outdated.

Energy saving efficiency is to describe the energy effi-
ciency and energy saving potential of machining systems
with some machining methods. The energy saving efficiency
includes maximum minable energy efficiency (MEE,,,),
minimum minable energy efficiency (MEE,;;,), and min-
able energy efficiency (MEE). The three kinds of energy
efficiency are as followed.

MEE,,,, = % @)
ax MLE
MRE,,
MEE,, = ——2
Min MLE (8)
MRE
MEE = ——
MLE ©)

The maximum minable energy efficiency is the ratio of
the maximum minable energy to the minable optimal energy,
and is an index to describe the maximum minable efficiency
of current production equipment with MEE,,,. < 1. The
minimum minable energy efficiency is the ratio of the mini-
mum minable energy to the minable optimal energy, and
is an index to describe the minimum minable efficiency of
current production equipment with 0 < MEE,;;, < 1. The
moment minable energy efficiency is the ratio of the moment
minable energy to the minable optimal energy, and is an
index to describe the moment minable efficiency of current
production equipment with MEE < 1.

To use this energy indictors to analyze the energy sav-
ing potential of machining systems, a schematic diagram of
energy analysis is proposed as shown in Fig. 2. Figure (a)
and (b) represent the energy analysis map, the difference

Less MREmin M<0 More Less MREmin M<0 More
iR - [ViRED
= MREBe »N=0 = MREBe »MN=0
= = s =
€ 2 s 2
2 : 2 :
2 MEL £ a MEL =]
o 2 o Z
E BE g E BE g
51 8
2 [NREN - % & [NREN > 5
=4 g 8 5
2 5 2 &
53 53
MREMax
MREMax M
More MOE 1=l Less More MOE M=l Less
(@) (b)

Fig.2 Energy analysis map

is only equal to MRE,,,, and MOE. From the Fig. 1, this
red line of the right represents the absolute values of the
real energy and benchmark energy. RE, and RE; are the real
energy in the systems, and the energy consumption can be
measured by prediction methods, statistical analysis and
online acquisition. For the green line and yellow line of the
left, they are relative values. The value of MREg is 0, and
energy saving of current machining is also O that its real
energy use is same as the benchmark. The MRE, and MRE;
are the energy saving level of machining. The energy saving
efficiency of the MRE, is less than zero showing that cur-
rent machining is energy-efficiency production with high
energy efficiency. The energy saving efficiency of the MRE;
is more than zero with energy-intensive production. Given
that # = 1, the production has reached its optimal level of
energy saving in current system level.

2.3.2 Energy Performance Evaluation Based on Energy
Benchmark

To further perform the tool of energy analysis to measure
energy efficiency and explore energy potential, therefore,
the energy performance benchmark and processes can be
developed on basis of above indictors. The object of energy
analysis is the machining; however, the machining is the
main body of energy consumption of product. Therefore,
in this study, we develop the energy performance bench-
mark for product that helps to measure energy efficiency and
explore energy potential of machining systems. The energy
performance benchmark can be designed, and the operation
procedures are summarized as shown in Fig. 3.

In the (b) of the Fig. 3, it is a very important measure
benchmark, namely energy analysis instrument (EAI).
The EAI can be designed to measure MEE reflecting the
energy saving level and potential of machining systems.
The range of the EAl is — 0.4 to 1.0 generally, it is hardly
involved under the value (—0.4) of MEE. The background
color is different and indicates that the MEE is more and
more large, and the energy saving level and potential of

()

Fig.3 Energy performance benchmark and operation procedures
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machining systems is better and better from the red to
green of the background color of EMI.

The Fig. 3 shows that operation procedures of energy
analysis comprise four steps: (i) establishing the applica-
tion table, (ii) acquiring the MRE using the energy analy-
sis instrument, (iii) determining the energy saving level by
evaluation table, and (iv) analyzing energy saving poten-
tial of each machining for the product. For the first step
(establishing the application table), the application table
should be determined with important data including BE,
MRE,;,«» MRE,;;, and MEL before measuring the MRE; in
other words, the value of BE, MRE,,., MRE,;;, and MEL
is certain for the same product. We only need collect or
acquire the RE under the current machining, and the MRE
also can be determined in terms of above theory. Then,
the MRE can be graded using EAI. According to MRE,
the energy saving level and potential is quantized for cur-
rent machining and provides crucial technical support for
energy efficiency improvement. Finally, if grasping the
overall energy efficiency level of machining systems, the
statistical analysis can offer help in the (d) of Fig. 3.

To apply the proposed method to measure energy
performance and explore energy potential of machining
systems, the machining system as a type machining can
be studied. With a wide distribution and large amount of
energy consumption at a low efficiency, machining systems
have considerable energy-saving potential. For machin-
ing systems, this study not only illustrates the process to
energy mining, but also analyzes the practicability of the
energy analysis and energy saving potential of machining
systems in a real production process.

The gear is regarded as a representative machining
product in mechanical manufacturing industry and is an
important symbol that measures the machining level.
Therefore, this study is to establish energy mining bench-
mark to analyze the energy saving potential of a S148-
1331 gear in the Chongqing Machine Tool Works Co.,
Ltd., China. Parameters of the gear include tooth member
(36), modulus (2), pressure angle (20°), helix angle (20°)
and full tooth depth (4.5 mm), and the gear and param-
eters are as shown in Fig. 4. Production of the gear com-
prises the blank making process, the gear blank making
process, and the hobbing process, and a gear consists of
three machine tools from the blank making process to
qualified product. In this firm, the production process is
various with different machine tools, i.e. CD6140A, GSK-
980TDb, YB3120M, YE3120CNC7 and YKS3120, result-
ing the differences of energy use and energy efficiency.
The energy consumption for 24 kinds of different machin-
ing plans is collected in Fig. 5. The number (No.1-No.24)
in Fig. 5 is endowed with specific machining systems that
comprise the machine tools and corresponding machining
parameters.
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Fig.5 Energy consumption of the gear for 24 kinds of different
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3 Results and Discussion

Realistically, we had an in-depth study on the energy
benchmark and acquired the value of energy benchmark
that was 0.539kWh in the published paper [38]. Mean-
while, the RE,;,, and RE,;;, also can be determined and are
0.740kWh and 0.410kWh, respectively. Therefore, appli-
cation table can be established in Table. 1.

According to real production of the gear, the whole of
production involves 24 kinds of different machining process
or machining plan constituted by different machine tools
and machining parameters, even different spindle speed of
machine tools. The machine tools involve the various types
such as CD6140A, GSK980TDb, YB3120M, YE3120CNC7
and YKS3120. The machining parameters for each proce-
dure is also different. Taking an example for one of machin-
ing plan, the specific detail information is in Table. 2.
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Table 1 Application table of energy analysis for S148-1331 gear

Table 3 RE of the gear under different machining systems

Application table

Types Data

BE 0.539kWH
MRE,;, 0.201kWH

MRE,;, 0.128kWH

MLE 0.128kWH

RE Independent variable
MRE Dependent variable

The different machining processes or machining plans
constitute different machining systems, thus, there are 24
machining systems for the gear. The RE under these machin-
ing processes are collected as shown in Table 3. Therefore,
the MRE can be calculated using above model, and the sche-
matic diagram of energy mining for these machining systems
is as shown in Fig. 6. Figure 6 shows the energy efficiency
level and energy saving potential of each machining system.
The distribution of energy efficiency level is summarized
in Table. 4.

The Table 4 shows that the energy efficiency level of
twenty-four machining systems is different with lager dif-
ferences, and the high energy efficiency level of machining
systems is a few including two most advanced levels (i.e.
Sth and 6th machining systems) and two excellent levels
(i.e. 11th and 12th machining systems), respectively. The

No. of production RE (kWh) No. of production RE (kWh)

system system

1 0.523 13 0.632
2 0.541 14 0.650
3 0.572 15 0.680
4 0.597 16 0.706
5 0411 17 0.520
6 0411 18 0.520
7 0.556 19 0.665
8 0.574 20 0.683
9 0.605 21 0.714
10 0.631 22 0.740
11 0.444 23 0.553
12 0.445 24 0.554

good and relatively good energy efficiency levels of machin-
ing systems are very scarce. There are three machining sys-
tems with common energy efficiency. By contrast, there are
a mass of machining systems that belongs to the bad and
worst efficiency levels about seventeen machining systems.
Meanwhile, analyzing energy efficiency level and energy
saving potential in Fig. 7, it can be found that the high
and common energy efficiency machining systems occupy
merely 16.7% and 12.5% of the total machining systems,
respectively. Especially for the low energy efficiency, they

Table 2 Main process

- Machine Tools Content Spindle speed Feed (mm/r) Depth of
?:rratl}rlr;e;;srof a machining plan (tpm) cut (mm)
CD6140A Turning (®90mm) 560 0.198 4.0
Turning (®86mm) 560 0.198 1.4
Drilling 220 - -
Turning (®44mm) 560 0.396 3.0
Turning (®44mm) 560 0.396 3.0
Turning (®44mm) 560 0.396 2.5
End turning 560 - 2.3
GSK980TDb Turning(®84.6 mm) 360 0.200 3.1
Turning(®85.1 mm) 500 0.150 1.0
End slot turning 100 0.020 8.7
End slot turning 100 0.040 33
End of turning 500 0.200 1.5
Turning (®44mm) 500 0.120 1.0
Turning (®43mm) 500 0.150 3.5
Turning (®40.5 mm) 500 0.110 0.6
Boring (®27mm) 500 0.150 1.0
Boring (©28mm) 500 0.120 1.0
End slot turning 130 0.030 8.7
End slot turning 130 0.030 33
YB3120M Hobbing 130 24 3.0
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Fig.6 The schematic diagram of energy analysis for these machining systems

occupy the 70.8% of machining systems showing that a mass
of energy has been wasted, also another reflection of current
low energy efficiency machining system possesses consider-
able energy saving potential by energy mining technology.
In terms of the measured energy efficiency of these
machining systems, firms and energy management depart-
ment can implement energy benchmark to energy-efficient
production with being subjected to financial and admin-
istrative penalty in terms of the extent beyond the bench-
mark. If using advanced machining equipment (machine
tools) like 5th and 6th machining systems and weeding
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out backward machining equipment (machine tools) like
15th and 16th machining systems, there are energy saving
potential for the 70.8% gears in machining systems by the
energy mining, and decrease in energy was about 4.01kWh
for unit gear with total energy efficiency improvement of
29.2%. Therefore, the proposed energy mining not only
can measure the energy efficiency and explore energy
potential, but also can strengthen energy monitoring
and management and improving energy efficiency in the
machining systems.
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Table 4 Distribution of energy efficiency level for these machining
systems

Energy efficiency level Amount Specific machining system

Most advanced 2 5th and 6th

Excellent 2 11th and 12th

Good 0 -

Relatively good 0 -

Common 3 1th, 17th and 18th

Bad 4 1th, 7th, 23th and 24th

Worst 13 3th, 4th, 8th, 9th, 10th, 13th, 14th,

15th, 16th, 19th,20th,21th and
22th

170.8% gears, and decrease in energy is
{about 4.01kWh for unit gear with total
{energy efficiency improvement of 29.2%.

Fig.7 Analysis of energy performance analysis

4 Conclusions

Current machining still lacked approaches and tools to bet-
ter understand the energy efficiency behavior due to the
severe lack of a systematic theory for energy efficiency
improvement so far. The study met a bottleneck about how
to measure energy efficiency and to explore their energy
potential for machining systems. These seriously hindered
the development to increase energy efficiency. Therefore,
this study addressed energy benchmark-based energy per-
formance evaluation of machining. The results of the study
were summarized as follows:

Firstly, analysis on energy performance of machining is
introduced including benchmark energy, optimal energy,
energy efficiency system, system adaptability. This paper
proposed some energy performance indicators to analyze
the energy performance of machining systems includ-
ing the benchmark energy, minable real energy, minable
potential liveness, minable optimal energy, energy saving
efficiency. Secondly, to further perform the tool of energy
analysis to measure energy performance and explore
energy potential, therefore, the energy performance bench-
mark and processes are introduced: (i) establishing the

application table, (ii) acquiring the MRE using the energy
analysis instrument, (iii) determining the energy saving
level by evaluation table, and (iv) analyzing energy per-
formance of each machining for the product. Finally, to
apply the proposed method and to evaluate energy perfor-
mance of machining systems, the machining system as a
type machining can be studied. The energy performance
evaluation based on energy benchmark was applied to a
mechanical manufacturing industry in China, showing
that the proposed method was feasible for establishing an
energy potential diagram and performing energy potential
analysis for gears in machining systems and can play a cru-
cial role in improving energy management and promoting
energy saving and emission reduction.

Future studies will comprise two aspects. First, the
energy evaluation standard and certification of machining
systems will be considered using the energy performance
evaluation method. Second, data acquisition for establishing
more fundamental energy databases will be implemented
continuously.
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