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Abstract

The energy benchmark has been recognised as an effective analytical methodology and management tool that help to improve
the efficiency and performance of energy utilisation. With a wide distribution and large amount of energy consumption at
a low efficiency, machining systems have considerable energy-saving potential. This paper proposes a task-oriented energy
benchmark in machining systems, and illustrates the concept of the task-oriented energy benchmark and indicators. A
method for developing the task-oriented energy benchmark considering the certainty production task and the uncertainty
production task is proposed, which lays a solid foundation for studying the energy benchmark, benchmark rating system and
energy certification. Furthermore, a case study of the task-oriented energy benchmark not only verifies the reliability but the

effectiveness for energy-efficient production.

Keywords Energy benchmark - Task-oriented - Machining system - Energy efficiency

1 Introduction

Facing significant natural resource consumption, environ-
mental degradation, and resulting climate warming, national
administration heightened attention on ecological moderni-
zation, green growth, and low carbon development, with a
national sustainability strategy [1-4]. Manufacturing indus-
try is as an important pillar industry in the national economy
[5]. Yet, it brings vast amounts of natural resource con-
sumption and energy consumption at a low efficiency [6, 7],
which makes the manufacturing industry pay more attention
to energy conservation [8]. The mechanical manufacturing
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industry that has widely distributed and consumes large
amounts of energy [9-11] is a type of typical manufactur-
ing industry. The Energy Yearbook published by the United
States Energy Information Administration showed that elec-
tricity use of the mechanical manufacturing industry was
striking, accounted for 75% of electricity use for manufac-
turing [12]. Besides, much of the research have shown that
the energy efficiency of machining processes was intensely
low [13], generally less than 30%. Therefore, decreasing
energy consumption and improving energy efficiency are
urgent issue for machining systems.

Currently, the International Organization for Stand-
ardization (ISO) is developing the ISO 14955 series about
machine tools for energy efficiency improvement [14]. The
European Commission issued some critical directives to
decrease the energy consumption [15]. The Japanese Stand-
ards Association presented some relevant studies to imple-
ment the energy-efficient machine tools and machining [16].
Besides, many scholars have devoted to efficient energy use
for machining systems to investigate the magnitude of the
energy efficiency and to improve the energy efficiency [17,
18]. As an example, Gutowski constructed an exergy frame-
work for manufacturing systems to estimate the theoretical
energy requirement for producing one unit of product [19].
Kara presented the unit process energy consumption models
for material removal processes to characterize the energy
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efficiency of unit processes [20]. Oh studied the machin-
ing characteristics and energy efficiency of Ti-6Al-4V in
laser-assisted trochoidal milling [21]. Jackson established an
energy consumption model for additive subtractive manufac-
turing processes [22]. Jia proposed a new energy modeling
method of machine-operator system for sustainable machin-
ing [23]. Balogun proposed a new mathematical model and
logic for predicting direct electrical energy requirements
in machining toolpaths, realizing the visibility and process
dependence of the energy and carbon footprint [24]. Zhou
presented an energy consumption model of a workpiece con-
tributing to establishing the energy consumption benchmark
in a machining system [25]. Zheng introduced a non-pulsed
energy modeling based on energy consumption subunits in
wire electrical discharge machining (WEDM) process [26].

To perform the energy management and energy efficiency
improvement in machining systems, this paper proposes a
task-oriented energy benchmark as a new method, contribute
to promoting the energy-efficient production. This paper is
organized as follows. In Sect. 2, the theoretical background
for the task-oriented energy benchmark is introduced from
the different perspectives. Definition of task-oriented energy
benchmark is described in Sect. 3. Section 4 introduces the
method of establishing the benchmark. Finally, a case study
and application analysis are illustrated in a real machining
workshop.

2 Theoretical Background

There are some effective measures to improve the environ-
mental performance in machining systems, including the
process selection, capacity optimization of the machine tool,
more efficient machine tool components, change of tech-
nology, electrical energy and material recovery, energy and
material cascading, integrated versus central peripherals,
selective actuation of subunits, reduction of standby energy
[27]. In this paper, some measures to improve the environ-
mental performance can be illustrated briefly from perspec-
tives of energy efficient machining, energy efficient machine
tools and energy benchmarking for machining systems.

2.1 Energy Efficient Machining

Currently, the improved machining technology and pro-
cess optimization are basically two options available for
realizing energy efficient machining [28]. While the first
option mainly aims to reduce the energy using the advanced
machining technology, the second approach focuses on
reducing machining time.

Electric energy in machining which can easily be pro-
vided is the most crucial source of energy. The main drivers
for energy consumption in machining systems are machine
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tools. Other sources of energy, like transloading equipment
(i.e. cranes, forklifts, electro mobiles) and auxiliary equip-
ment of workshops (i.e. lights, air-conditions, compressors,
fans), need to be in most cases provided by using the electric
energy. Besides, the electric energy consumption caused by
machining processes also results in the total environmental
footprint. For example, Kellens studied the environmental
impact modeling in selective laser sintering processes lay-
ing an important basis of helping to identify and quantify
measures for significant impact reduction of both involved
products and the supporting machine tools [29]. Jia proposed
a prediction models for feeding power and material drilling
power to support sustainable machining [30]. Mathew con-
sidered the environment factor in the work material during
drilling [31]. Therefore, to evaluate the environmental and
energy performance in machining systems, it is reasonable
for electric energy as a parameter for energy efficiency of
machining processes. Since the desired outcomes of machin-
ing processes are workpieces, a promising key performance
indicator (KPI) for energy efficiency of machining processes
is the specific energy consumption per workpiece (SEC)
[32].

For one workpiece to be machined, different machin-
ing technologies and machining plans that involve differ-
ent machine tools (including parameters, tools, etc.) may
lead to a great number of differences in energy consump-
tion. The workpiece to be machined by advanced machine
tools (i.e. the high-speed dry-cutting hobbing machine
such as YE3120CNC7) consumes less energy consumption
with high energy efficiency in comparison to the common
or backward machining technology (i.e. the common hob-
bing machine and hobbing machine such as YKB3120M,
YKS3120A) due to the reduction of machining time and
energy per time [33]. Therewith, it can be assured that the
KPI is comparing the desired outcome (the workpiece) with
the entire amount of used energy per workpiece. Obviously,
the technological level of machine tools used for the produc-
tion has a significant impact on machining performance and
energy efficiency.

Besides the machining technology aspect, the machine
tool operator also is a crucial factor for machining processes.
The operator aims to effectively achieve the machining pro-
cess of workpieces and to avoid the waste of energy such as
long running time of machine tools without machining and
other inappropriate practices.

2.2 Energy Efficient Machine Tools

In machining processes, selection of machine tools has a
huge impact on the total amount of energy demand, and
influences of machine tools can be derived from two aspects:
the design of machine tools and the use of machine tools.
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For the design of machine tools, which improve the
energy efficiency or energy utilization [34], it is focusing
on reducing the idling rate and the load loss power, and
improving the load rate of the cutting that involves the
design of machine tools, at times. The specific methods
or measures as followed:

e Reasonable selection of motor capacity of machine
tools: On the one hand, it can reduce energy loss of
motor to improve energy utilization. On the other
hand, providing the enough cutting power also indi-
rectly leads to the improvement of energy utilization.
Assuming that the motor capacity is bigger, the idling
power is bigger resulting in the reduction of energy
utilization. In contrast, assuming that the motor capac-
ity is less, the energy loss of motor is increased and it
is unable to provide enough cutting power, which also
reduces the energy utilization.

e Structure design of machine tools: To reduce the idling
power and load loss power, it is worth notice in select-
ing reasonably the lubrication system and lubricating
oil, selecting the reasonable accuracy of transmissions
and determining reasonable requirement of assembly
technology.

e [mproving the load rate of the cutting: Improving per-
formance indicators of machine tools including the
rigid indicator and speed changing indicator (i.e. rea-
sonable common ratio or stepless speed changing) is a
crucial measure for increasing the cutting parameters
and choosing optimal cutting parameters to increase
the energy utilization.

e Reducing the idling rate or idling time: The effective
measures comprise improving the transmission struc-
ture, reducing the time of speed changing, improv-
ing clamp and reducing the time of tool changing and
clamping.

For the use of machine tools, there are a slice of the
measures of energy efficiency, and they are focusing on
machining parameters. Machining parameters mainly
include the cutting speed, feed and the depth of cut,
which are closely related to the production efficient, cost,
energy demand, etc. Selection of the reasonable machin-
ing parameters plays a significant role in production effi-
cient, cost, energy demand.

To evaluate the energy efficiency level of the machin-
ing process, measures of improving energy efficiency can
be performed according to the analysis on energy effi-
cient machining and machine tools. This paper proposes
an energy benchmark concept that can evaluate the energy
efficiency level of machining processes.

2.3 Energy Benchmark of Machining Systems

Developing energy benchmark is an effective analytical
methodology and management tool that help to promote
the energy efficiency and performance [35, 36]. A mul-
titude of approaches to energy benchmarking have been
applied in the petrochemical industry [37], steel and
cement industry [38] and coal mining industry [39]. Study-
ing energy benchmark has aroused extensive interest in
recent years [40].

However, current research regarding the use of energy
benchmark for machining systems is insufficient due to com-
plexity and variety of energy consumption processes used in
these systems, which indicates that machining systems offer
considerable energy-saving potential. Developing the energy
benchmark in machining systems has significant effects:

e Top management by e.g. setting institution of rewards
and punishments on energy usage.

e Energy managers by e.g. performing energy audit and
energy measure.

e Workshop managers by e.g. conducting energy moni-
toring, management and improving energy efficiency in
production processes.

e Machine operators by e.g. strengthening awareness of the
energy conservation and normalized operation.

Currently, in the mechanical manufacturing industry,
studying the energy benchmark has become an important
strategy of carrying out sustainable machining. Quite a few
scholars have proposed important research achievements
related to energy benchmark of machining systems. For
example, Liu analyzed the complexity of product energy
consumption allowance (PECA) in discrete manufacturing
industry and proposed some strategies for establishing the
PECA [6]. Zhou presented a concept of the energy-con-
sumption-step (ECS) to uniformly describe various types
of energy consumption in the whole machining process of a
workpiece, established the architecture of the ECS and pro-
posed an energy-consumption model for establishing energy-
consumption allowance of a workpiece in a machining sys-
tem [25]. ElI-Maraghy performed the energy use analysis
of manufacturing lines and addressed a method for energy
benchmarking to improve energy efficiency [41]. Cai made
systematic studies for the energy benchmarking in machin-
ing systems including the energy benchmarking directions,
concepts, flamework, methods, et al., laying an important
foundation for the energy benchmarking research [42, 43].
These studies have offered effective methods for develop-
ing the energy benchmark in machining systems. However,
study on task-oriented energy benchmark of machining sys-
tems has not been resolved, so that there is absence of a
method for promoting energy-efficient production.
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2.4 Contributions

With regards to the analysis of energy efficient machining
and machine tools, the energy benchmark can provide a sup-
port for energy efficient machining and machine tools. To
date, previous studies are significant for the energy bench-
mark study, but are far from sufficient to satisfy the demand
for establishing a reasonable energy benchmark in machin-
ing. Deficiencies of previous studies focus mainly on the
following two aspects:

e For establishment of the energy benchmark in machin-
ing, types of the production task from the perspectives of
production scales, production amount, production plans
and others have been not considered.

e The complexity and variety of the energy consumption
processes result in difficulty of establishing the energy
benchmark because of the lack of an effective method.

In this paper, we presented the use of the task-oriented
energy benchmark to reduce energy consumption and to
improve energy efficiency in machining systems. This study
illustrated concept and connotation of the task-oriented
energy benchmark and proposed indexes of the benchmark.
On this basis, a method for developing the energy bench-
mark of machining systems is presented, which lays a solid
foundation for studying the energy benchmark, benchmark
rating system and energy certification, etc.

3 Definition of Task-Oriented Energy
Benchmark

Task-oriented energy benchmark plays a role in the energy
management, monitoring and energy efficiency improvement
for the actual production tasks. Realistically, although there
are some methods for energy benchmarking, few studies
involve the task-oriented energy benchmark of machining
systems, even cannot give a clear definition. Therefore, this
section illustrates the concept of the task-oriented energy
benchmark in machining systems to develop the benchmark
and to further perform the energy-efficient production.

The task-oriented energy benchmark is a metric for the
standardised evaluation of the energy consumption and effi-
ciency for the production task in machining systems. In this
study, the production task is the machining requirement for
the same workpiece. The production task can be regarded
as unit workpiece or a batch of workpieces that may be pro-
cessed through various machining plans including a slice of
machine tools, various machine tools and production line.
These different machining plans for the production task
result in large differences of energy use.
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The energy benchmark needs to be established in advance
while the production task or production quantity of the
workpiece is given. The complex machining environment or
machining equipment makes the diversification of machin-
ing plans, leading to differences of energy consumption
for the same workpiece. If the machining environment (i.e.
machining equipment) is onefold, or the assigned process-
ing for the workpiece is in a specific machining plan, in
other words, the production task is certainty in machining
processes. The certainty production task is the certainty of
the production quantity, production plan and other process
information for the product to be manufactured. On the
contrary, the production task is uncertainty in machining
processes. Therefore, the task-oriented energy benchmark
comprises the energy benchmark under the certainty produc-
tion task and the uncertainty production task. Moreover, the
energy benchmark under certainty production task includes
the energy benchmark with historical machining infor-
mation and without machining information (namely new
workpiece). Realistically, the classification of the certainty
production task and uncertainty production task is to sim-
plify the establishment of energy benchmark in terms of real
scenarios. For example, in the machining workshop of the
Chongqing Machine Tool Works Co., Ltd., a batch of gear
needs to be processed with given production quantity, given
machining equipment (i.e. high-speed dry-cutting hobbing
machines) and machining plans, which makes the production
information and machining information clear. The scenario
is certainty production task, and its benchmark belongs to
the energy benchmark under certainty production task. On
the contrary, in this machining workshop, although the pro-
duction quantity of the workpiece is given, the machining
equipment is diversified (i.e. the common hobbing machine,
wet-cutting CNC hobbing machines and high-speed dry-cut-
ting hobbing machine) resulting in differences of machining
plans. Obviously, their energy consumption is different [34],
and it is not clear about how many tasks are assigned of the
workpiece in above three types of machine tools. There-
fore, this scenario is uncertainty production task, and its
benchmark belongs to energy benchmark under uncertainty
production task.

Indexes of the task-oriented energy benchmark, as
an important metric, can be constructed in terms of the
concept and connotation. Indicators for the benchmark
comprise the benchmark under certainty production task
and the benchmark under uncertainty production task.
The benchmark under certainty production task can be
described using specific energy consumption per work-
piece (SEC), production amount of the workpiece (PA),
total energy consumption (TEC) and energy saving coef-
ficient (ESC) to represent the energy usage level of the
workpiece. For the benchmark under uncertainty produc-
tion task, its indicators are more complex and comprise
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use of a number of different sub indicators to show the
energy usage including the integrated SEC under different
machining plans, production scale (PS), process correla-
tion coefficient (PCC) and TEC.

4 Development of the Task-Oriented Energy
Benchmark

This study aims at developing an task-oriented energy
benchmark in machining systems for energy-efficient pro-
duction, and the method is constructed in the following
five steps: (i) goal and scope definition, (ii) establishment
of the database, (iii) acquisition of energy-consumption
data and determination of the benchmark under the cer-
tainty production task, (iv) acquisition of energy-con-
sumption data and determination of the benchmark under
the uncertainty production task, and (v) development of
the index systems using the benchmark.

4.1 Goal and Scope Definition

The goal of this study is to develop a reasonable task-
oriented energy benchmark in machining systems. The
machining systems are composed of various machine tools
and do not involve other machining equipment and auxil-
iary equipment of the workshop. The energy consumption
of the use phase of the involved machine tools is taken
into account, and the manufacturing and maintenance of
machine tools and tooling are not considered. Machin-
ing systems are in units of the firm and are integrated
with machine tools by one or more workshops, but do not
involve the integration among the firms. The functional
unit considered is one workpiece that is a typical machin-
ing product. The benchmark can play a role in guiding the
production under the certainty task and uncertainty task.
Regarding the system boundary, the machining cycle of
one workpiece is, in principle, a cradle-to-grave exercise.
However, in some cases, cradle-to-gate, gate-to-gate, gate-
to-cradle, and, more recently, cradle-to-cradle approaches
are possible [44, 45]. Considering the benchmark of the
workpiece, the approach can only be gate-to-gate, as there
can be an ocean of different applications later. Therefore,
the whole of gate-to-gate processes within the system
boundary include the whole machining processes that
may be production lines, single machine tool and multi-
ple machine tools in the machining workshop from the raw
material to the qualified workpiece. Energy consumption
of the unit workpiece is the sum of energy consumption
in machining processes involved in machining systems.

4.2 Establishment of the Database

As shown in Table 1, the database needs to be established
in advance, which comprises three parts: (i) energy-related
data, (ii) energy-unrelated data and (iii) production data.
This information can be used to acquire energy consump-
tion data and to determine the benchmark.

Firstly, for the energy-related data including the standby
power, starting energy consumption, idling power and load
loss coefficient, methods for developing these databases are
as followed.

e Standby power is collected from the standby power data-
base that can be established by measuring the standby
power of each machine tool beforehand [46, 47].

e Starting energy consumption is collected from the start-
ing energy consumption database, and it can be measured
with speed as a variable beforehand [48].

e Idling power is collected from the idling power database,
also the idling power can be determined by measuring the
power at several selected speeds beforehand [6, 46].

e Load loss coefficient is a complex parameter, generally,
the value of load loss coefficient is 0.15-0.25 [48, 49]. To
acquire more accurate load loss coefficient, establishing
the database by measuring or calculating the load loss
coefficient for each machine tool is indispensable [50].

Secondly, this study needs collect energy-unrelated
data that includes machining parameters, standby time and
idling time. The standby time is the universal waiting time
for the spindle stop, and the time comprises a variety of
scenarios like the manual clamping time for the workpiece,
manual tool changing time, rest time for the machine tool
and debugging time. The idling time is the time of spindle
running for offering the cutting preparation, and the time
involve a variety of scenarios like automatic tool chang-
ing time, air cutting time, and loading and unloading time.
These data of standby time and idling time can be acquired
through the established databases in advance, and methods

Table 1 Basic information affecting the benchmark

Main classification Sub classification

Energy-related data Standby power

Starting energy consumption
Idling power

Load loss coefficient
Energy-unrelated data Machining parameters
Standby time

Idling time
Production data Production amount

Production scale
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for establishing the databases has been illustrated in the
previous study [46].

4.3 Determining the Energy Benchmark Under
Certainty Production Task

Acquiring the energy-consumption data and the bench-
mark under certainty production task is a crucial basis
for determining the benchmark under uncertainty produc-
tion task. The benchmark under certainty production task
is the benchmark of the workpiece for each machining
plan in the machining workshop, and the machining plan
is certainty. Actually, the workpiece may involve various
machining workshops, thus the workpiece has multiple
benchmarks.

To acquire the energy consumption of the workpiece
under various machining plans, an energy consumption
model is established [6, 46]:

E=Egp+Eg+Ep+Eqy (1)
where, E is the energy consumption of one workpiece dur-
ing the whole of machining processes under a machining
plan,Eg;, Egp, E;p and E, are the total energy consump-
tion in the standby, starting, idling and cutting material pro-
cesses, respectively.

Therefore, the SEC can be acquired based on the Eq. (1)

SEC= D (D By + X By + X By + 2o Eon,)

(@)
where SEC is regarded as the energy benchmark of unit
workpiece under a machining plan, ngy, is the number of
standby processes in ith machine tool, n, is the number of
starting processes in ith machine tool, n;, is the number of
idling processes in ith machine tool, and n,,, is the number
of cutting material processes in ith machine tool.

Ey =Py X 1y

S

Ey,=Py Xt

L

E,,={Py+[1+0m] x P.} X 1,

where P, and P,; are the standby power and idling power,
P. is the cutting power of the tool in the cutting material
processes.ty, t;; and ¢, are the standby, idling and cutting
material time, respectively, and @(n) is the load loss coef-
ficient of the machine tool [49].

The Eq. (2) provides an important support for deter-
mining the benchmark. In the machining workshop, the
machining plan is certainty for the production task, the
status of workpiece to be machined that has been pro-
cessed or unprocessed should be considered. The bench-
mark under certainty production task comprises two kinds

of scenarios: the workpiece with and without historical
machining information. Therefore, these benchmarks
for two kinds of circumstances should be considered
respectively.

4.3.1 Benchmark with Historical Machining Information

The historical machining information (HMI) involve
machining plans, machining parameters and the number of
the workpiece under each machining route. Given that the
processed workpiece comprises 1th, 2th, 3th,..., ith machin-
ing routes resulting in the various machining plans (P,, P,,
P;,..., P;), the corresponding SEC under each machining
plan can be described: SEC, = f(P;).

Given that the amount of the processed workpiece under
each machining plan are Z,, Z,, Z,,..., Z,, respectively, the
corresponding scrap of the workpiece are W, W,, Ws,..., W,.
The scrap consumes a lot of energy, and their energy con-
sumption should be shared with all the qualified workpieces.
Therefore, the SEC of the workpiece is as follows

Y SECp X Z;

SECypr = Z" (Z W)
i=1 \“i — i

3

where SECyy is the energy benchmark with historical
machining information under the certainty production task,
n is the number of the machining plan.

4.3.2 Benchmark Without Historical Machining
Information

Since lack of historical machining information for the work-
piece (i.e. the number of processed workpiece and scrap),
it is difficult to determine the benchmark using the Eq. (3)
through the determined machining plan and parameters.
Therefore, for the specific scenario, on basis of obtaining
the SEC using Eq. (2), it is necessary to evaluate its machin-
ing plan and energy consumption from the perspectives of
(i) reasonability of machining plan and energy consumption
and (ii) reasonability of uncertainty time in machining to
determine a reasonable benchmark of the workpiece.

e Evaluating reasonability of the machining plan and
energy consumption: The reasonability of machining plan
is an important basis for establishing the energy bench-
mark. Whether the machining plan is reasonable should
be evaluated via benchmarking staffs, process plan-
ners, operators and workshop managers from perspec-
tives of the energy consumption, process performance,
experience in machining and production management.
For example, while meeting production requirements,
selecting the low speed and the large depth of cut for the
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machining is better than selecting the high speed and the
small depth of cut, and the energy consumption of the
former is less compared with the latter. Under the same
allowance for machining, reducing the machining time
can decrease energy consumption. Based on the princi-
ple of the minimum energy consumption, the machining
plan and energy consumption of the workpiece can be
determined.

e Evaluating reasonability of uncertainty time in machin-
ing: The energy consumption in machining is affected
by uncertainty time such as standby time, idling time
of machine tools. For example, if the standby time is
much too long, the energy is wasted; if the standby time
is much too short, it is difficult for operators to clamp
the workpiece and follow-up. Thus, the standby time
depends on the operator level and further keeps allow-
ance to ensure that the most machining processes can
be completed, normally. Determining the idling time is
similar to the standby time. If the uncertainty time is
changed, the corresponding energy consumption should
be adjusted.

On basis of the machining plan and energy consumption
evaluation, the benchmark is related to energy-saving level
of firms. Therefore, the SEC of the workpiece is as follows

SECy,_py1 =k X SEC 4)

where SECy,_p 1s energy benchmark without histori-
cal machining information under the certainty production
task, « is an energy saving coefficient. The larger the «, the
lower the energy saving level of the firm is. « is slightly
less than 1.0 or slightly greater than 1.0. Determination of
the « has various methods that include workshop historical
information-based evaluation method and scoring method
of the expert decision-making. The evaluation method of
the workshop historical information-based depends on cur-
rent energy consumption level of the machining workshop.
The x can be estimated through statistics and analysis of a
period of energy consumption for all workpieces. Scoring
method of expert decision-making is a subjective behavior
for determining the k by several experts of energy managers
and production managers according the energy saving level.
Actually, determination of the « is very complicated, and the
specific method will be introduced in subsequent study in
detail because of space limitations.

According to the certainty production task, the TEC; can
be determined in terms of PA; of the workpiece under ith
machining plan:

TEC, = SEC, X PA,. (5)

Therewith, the TECs under various machining plans can
be determined. Therefore, the energy benchmark of the
workpiece under various machining plans is acquired, this

benchmark of the workpiece is regarded as a product energy
benchmark with the certainty production (PEB,):

PEB, = f(TEC,, TEC,, ..., TEC,) (6)

where, TEC,, TEC,, and TEC, are the TEC under the 1th,
2th and nth machining plan, respectively, f(-) is the function
about the TEC. The PEB, is determined using the statistical
analysis with the detail illustration in the case study.

4.4 Determining the Energy Benchmark Under
Uncertainty Production Task

Acquiring energy-consumption data and determining the
benchmark for the workpiece under the uncertainty produc-
tion task are arduous compared with the certainty production
task. The reasons are that there are various machining plans
and process parameters for the workpiece, and it is an una-
wareness of production amount for the workpiece under each
machining plan, which results in the uncertainty for produc-
tion task and the difficulty in determining the benchmark.

4.4.1 Process Correlation Coefficient

Specific machining plan and the production amount for the
workpiece to be produced are not easily identifiable cer-
tain due to perplexity in assigning production tasks. The
uncertainty production task has an uncertainty of machin-
ing plans and the production amount. Therefore, to solve
this problem, this paper proposes a new concept of process
correlation coefficient (PCC), and the PCC is the correla-
tion for the production scale under different machining plans
and the production amount. As an example, given that there
are n machining plans for the workpiece, the TEC can be
determined:

TEC; = SEC, X PA|+SEC, X PA, +:++SEC, X PA,

@)
where, TECj is the total energy consumption for the work-
piece under all machining plans. Actually, the TEC; cannot
be acquired in terms of the Eq. (7) because PA,, PA,,..., PA,
are unknown due to uncertainty of machining plans. Thus,
the Eq. (7) is difficult to determine the TEC;.. On this basis,
the following Eqgs. (8) and (9) can solve this problem using
the PCC:

TEC, = PEB, x PA, 8)

PEB,=w, X SEC; +w, X SEC,+ -+ w, X SEC,
®
where, PEB,, is a product energy benchmark with the under
the uncertainty production task, PA, is the production
amounts of the workpiece (PA, = PA; + PA, + --- + PA,),
@, ®,..., », are PCWs under different machining plans.
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4.4.2 Determining the Benchmark Using the Process
Correlation Coefficient

Although the Eq. (9) introduces a general method based on
the PCW, the acquisition of the PEB, and TEC are formi-
dable due to the uncertainty of the production task. There-
fore, for the uncertainty production task, the PEB, can be
estimated in terms of the PS that can be divided into three
categories including the mass production, medium produc-
tion and small production for the workpiece. The Eq. (9)
can be further described using the Eq. (10)

PEB, = m,,,,, X SEC, ., +®

mass mass

X SECmedium + Dmall X SECsmall'

Given that there are n machining plans for the work-
piece, the SEC of each machining plan that comprises
machine tools or systems can be acquired. Therefore,
SEC 14550 SEC,0qiwm and SEC,, ., can be determined in terms
of production capacity of machine tools or machining sys-
tems. Realistically, these production plans, whatever the
workpiece is produced in the form of the mass production,
medium production and small production, can happen in
parallel.

medium

10)

SEC, + SEC, + - + SEC,

SEC, = (1)
i
SEC;,, + SEC; » + - + SEC,
SECmedium = - +-2 el (12)
J
SEC; 11 +SEC; ;1 + -+ + SEC;

SECsmull = ki +j]:2 o (13)
where, i, j and k are the number of SEC,, ., SEC,, 4., and
SECsmall’ l +] + k =n.

Moreover, for the @, s> ®ppegivm a0d @g,,01> the produc-

tion amount of the workpiece as the mass, medium and

small production can be estimated to be n,, ., 1,,,gim a0
small- The Dynasss Omedium and Dgyay ALC:
® _ Mass (14)
mass ~
Mass + Nyedium + Nmall
@ _ Pnedium (15)
medium —
Myass + Myedium + Nmall
w _ Nsmall ( 1 6)
small —
Mass + Myedium + Rsmall
Acquiring PCCs (®,,,55> @ modivm 304 @y,,01) 18 Simple but

imprecise, and they are exceedingly dependent on the high
expertise for decision-makers.
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4.5 Development of the Index System Using
the Benchmark

This paper proposes the index system using the benchmark
aiming to implement the benchmark in a direct way at the
respective objects. The index system could be applied to the
energy management or energy audit for the energy sector in
the workshop, which is available for the energy efficiency
improvement in the real machining process. The index sys-
tem can be extended to an energy card, and it comprise quite
a few key information. If the production task is certainty, the
indexes systems include PEB,, TEC;, SEC; and PA;; if the
production task is uncertainty, the index system includes
PEB,, TEC;, PA,, SEC,..c» SEC edgivm> SECnait> @mass»
@ yrodium A @, ;- Furthermore, the index system also con-
sists of other basic information besides the benchmark infor-
mation. Therefore, the information for the index systems is
as following in Table 2, the specific development of indexes
systems is introduced in the case study.

5 Case Study

This case illustrates the process of developing the task-ori-
ented energy benchmark in machining systems considering
two kinds of scenarios (the certainty production task and
uncertainty production task) and analyzes its practicability of
the benchmark in a real production process. The case study
includes three aspects: (i) certainty production task, (ii) uncer-
tainty production task, and (iii) discussion.

Table 2 The index system of the benchmark

Basic ‘Workpiece Workpicce Material Figure of
information number product
If it is certainty production task
Machining Machining Machining Machining
plan 1 plan 2 plan i plan n
SEC, SEC, SEC; SEC,
PA, PA, PA; PA,
PEB, PA, TECy
If it is uncertainty production task
Energy ;
information Productl(')n scale
Mass production Medlum Small production
production
SECmuss SECmedium SECsmull
Ninass Nmedium Nsman
Wmass WDmedium Wsmail
PEB, PA, TEC;
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5.1 Certainty Production Task

This case is to establish an energy benchmark in the Chong-
ging Machine Tool Works Co., Ltd., China: an energy bench-
mark of a cylindrical gear under the certainty production task.
For the cylindrical gear under certainty production task, each
of machining plans comprises two machine tools including the
CNC lathe (CHK560CNC) and hobbing machine (Y3150E).
Parameters of the cylindrical gear include the material (45
steel), tooth number (60), modulus (5), profile angle (20°)
and cross teeth (7). The machining environment is as follows
in Fig. 1.

According to the method analysis, these databases (i.e. the
standby power, starting energy consumption, idling power
and load loss coefficient databases for the CHKS60CNC and
Y3150E) can be established in advance. The energy-unrelated
data such as the standby power, starting energy consumption,
idling power and load loss coefficient can be acquired by these
databases. The specific establishment processes for these data-
bases can be found in the previous study [47], thus, these pro-
cesses are omitted in this paper. Besides, the energy-unrelated
data including machining parameters, the standby time and the
idling time can be collected from the technologist and calcu-
lation in terms of the machining parameters. The machining
parameters are as follows in Table 3.

Therefore, the benchmark of the cylindrical gear under
the certainty production task can be obtained in terms of its
machining plan, as follows

c _ mn Z sy Z st 2 Nig 2 Mem
SECL‘)'lindriL‘algear - 21‘:1 =1 Sbij + j=1 EY!,, + j=1 Eid,, + j=1 Ecmu

= 3.86 kWh.

In addition, according to the machining plan and pro-
duction task, the production amount of the cylindrical gear
(PA yiindricalgear) 18 30. Therefore, the total energy consump-
tion of the cylindrical gear (TEC,,j,4icaigear) €an be deter-
mined as 115.8 kWh.

v

i O

|

Fig. 1 Machining environment of the cylindrical gear

5.2 Uncertainty Production Task

This case is to establish an energy benchmark in the Chong-
ging Machine Tool Works Co., Ltd., China: an energy
benchmark of the gear blank. The gear blank is an important
component for the gearbox. Due to the nondeterminacy of
the amount of the gear blank production for each machin-
ing plan and the nondeterminacy of the selected machin-
ing equipment, the gear blank can be produced with the
characteristic of the uncertainty production. The gear to be
machined and parameters are as follows in Fig. 2.
Regarding the total production requirements or produc-
tion amount that is 300 gears, the production scale can be
divided into two categories: mass production and small
production, considering the production capacity of machine
tools or machining systems in this machining workshop in
the Chongqing Machine Tool Works Co., Ltd., China. For
these gears to be produced, production amount of the mass
production and small production can be roughly estimated as
260 gears (n,,,,, = 260) and 40 gears (n,,,,; = 40), respec-
tively, in terms of the experience of the technician. The SEC
of each machining plan can be estimated based on the previ-
ous energy model and basic data (energy-related data and
energy-unrelated data). In this case, for the mass production
and small production, the specific machining plan and the
number of the machining plan can be determined syntheti-
cally considering the manufacturing equipment (machine
tools) and quantity. The number of the machining plan for
the mass production is two types, and the manufacturing
equipment are the machine tool (CHK560CNC lathe) and
the machine tool (GSK980TDb). The number of the machin-
ing plan for the small production is one type, and the manu-
facturing equipment are the machine tool (CD6140A).
Similarly, the SEC of each machining plan can be acquired
using above method, and the number allocation for each
machining plan is as follows in Table 4. In terms of the
Egs. (7)-(16), SEC,,,,; and SEC,,,; can be determined as
0.1379 kWh and 0.2031 kWh, and ®,,,,,,, and @,,,,,;; also can be
determined as 0.867 and 0.133. Therefore, for the gear blank
under the uncertainty production task, the PEB, and TEC; can
be acquired, and PEB, is 0.1466 kWh, and TEC is 43.98 kWh.
On basis of the acquiring the benchmark in machining
systems under the certainty production task and the uncer-
tainty production task, it is easy to develop a systematic
energy benchmark card to control energy consumption and
perform energy efficiency monitoring as shown in Fig. 3.
The energy benchmark card comprises more information
including product information, production information,
energy information and energy suggestion. In real produc-
tion, the energy benchmark card is uniformly structured with
a coloured frame to draw people’s attention in the factory
hall to provide some necessary information for operators and
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Table 3 Machining processes

Step Content Spindle Feed (mm/r) Depth of
anq par.ameters for the — — speed cut (mm)
cylindrical gear Machining processes Cutting t}n}es (tpm)

for machining

CHKS560CNC
1 End of turning Once 220 0.22 0.5
2 Turing(®@31.4 mm) Twice 200 0.22 3.5
3 200 0.22
4 End of turning Twice 200 0.22 0.5
5 200 0.22
6 End of turning Twice 200 0.22 0.5
7 300 0.22
8 Turing for the central cylindrical and R~ Six times 350 0.22 0.4
9 350 0.22
10 350 0.22
11 350 0.22
12 350 0.22
13 350 0.22
14 Turing for the central cylindrical Three times 300 0.15 0.18
15 300 0.15
16 300 0.15
17 Turing hole (@55.6 mm) Twice 450 0.22 1.6
18 450 0.22
19 Turing R Once 250 0.15 0.1
20 Exchanging plane
21-40 Repeating the above steps: 1-19

Y3150E
41 Hobbing Three times 120 0.007 6
42 120 0.014 35
43 120 0.014 0.5

Gear

Gear blank

Material: 45 #

Tooth number: 36
Modulus: 2mm
Pressure angle: 20°
Helix angle: 20°

Full tooth depth: 4.5mm

External diameter: 80.5mm

Fig.2 The gear blank, gear and parameters
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managers. Besides, the energy benchmark card can further
be a benchmark compared with the same product among
firms, and will become a standard to promote the sustainable
production. The benchmark is expected to be a new tool that
helps to improve the efficiency and performance of energy
utilisation.

6 Discussion

The proposed method is an effective measure to promote
product energy management and energy efficiency improve-
ment in machining systems, especially for the energy-effi-
cient production for the batch production. In previous stud-
ies, there are few useful methods available for developing
the energy benchmark in machining with merely macro
framework [6]. Recently, development of the energy bench-
mark become a focus. Methods for establishing the energy
benchmark in machining are illustrated by authors, as shown
in Table 5. The proposed method is the forecast method by
building energy models. The proposed models, especially for
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Table.4. The SEC of each Production scale No. of machining Machine tool (s) SEC (kWh) Number
machlr?lng plan and number plan allocation
allocation
Mass production 1th CHK560CNC lathe 0.1539 130
2th GSK980TDb 0.1218 130
Small production 1th CD6140A 0.2031 40

Fig.3 Energy benchmark card

Task-Oriented Energy Benchmark Card

for the gear blank under uncer-
tainty production task

Product information Production information

Product: Gear blank

SEChmass : 0.1379 kWh
@pmass 1 0.867
PEB. : 0.1466 kWh

Firm: Chongqing Machine Tool Works Co., Ltd, China

Production amount: 300

Production type: uncertainty production task

Energy information

SECsman : 0.2031 kWh
@smalt 2 0.133
TECr: 43.98 kWh

Production scale:
Mass production: 260 Medium production: 0 Small production: 40
Machine tool for mass production: CHK560CNC lathe and GSK980TDb

Machine tool for small production: CD6140A

Energy suggestion
Selecting excellent production plans
Enhancing energy awareness for production

Improving operation proficiency of the machine tool for employees

Table 5 Differences among

- Methods Applicability Data Model requirements Reliability
prediction method, expert require-
decision, and statistical analysis ments
[43]
New Processed Low High Low Medium High Bad Good Excellent
work- workpieces
pieces

Forecast method 4/ v Vv Vv V
Statistical analysis \/ \/ \/ \/
Expert decision v Vv Vv v Vv

the total formula Eq. (2), is reliable. The forecast error for

the formula is within 10%. In this case, the forecast error of

the energy consumption model is as followed

| SECFore - SECActu |
SE CActu

Error

m Ny Ny n Nem
‘Zi=1 (Zj;]1 Esb,,» + Ej:l Esti/» + 2j=d1 Eidij + 2j=1 Ecm‘-/»> - SECActu

deviation. Some random factors in machining process
also affect the forecast accuracy, which can be accepted
to some extent. Actually, the accuracy of proposed method

= 8.75%.

SE CActu

Realistically, forecast deviation of energy consumption
in standby, starting and idling procedures which mainly
depends on the accuracy of basic databases by observed
measurement is small. In cutting material procedures, the
forecast deviation of its energy consumption is higher than
standby, starting and idling procedures. However, the aver-
age energy consumption of cutting material procedures
only occupies less than 30% of total energy consumption
of machining processes according to statistical analysis,
which has less effect on prediction deviation relatively.
Thus, it can be found that the accurate establishment
of basic databases is the key to reduce the prediction

for forecasting energy consumption is generally higher
than 90% according to statistical analysis of 24 machin-
ing plans in Fig. 4.

Besides acceptable forecast accuracy of the proposed
method, the method provides an effective solution for
performing energy management of batch production, not
merely cares for the level of the unit workpiece compared
with latest research [36]. Actually, it is more important for
the firm and workshop in the task-oriented energy manage-
ment and energy-efficient production. The use of energy
can be measured and quantified for the production task by
the current method including the certainty production task
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0.10 4
0.09 4

0.08

0.07 4 ). A
0.06 \/H\-/.\'\_'//‘ \#'\/\/ \\/H

0.05

Forecast error

0.04 4

0.03 4

0.02 4

0.01 4

0.00 A—————r——————"—T————————T————7—

Machining plan

Fig.4 The forecast error of energy consumption model for this case

and uncertainty production task. On the other hand, energy
managers can master the overall energy consumption level
of the production task and determine whether it is eligible.
The energy benchmark also benefits energy audits, energy
statistics, and energy-efficient analysis, aiding the decision
making of energy managers.

In the production investigation on machining workshop,
the phenomenon in the production workshop, which the
majority of operators usually keep machine tools running
standby for a long time without machining, is very com-
mon. The operation is not adroit in the idling and cutting
material processes lacking energy saving consciousness.
Through rough estimation and data statistical analysis, the
energy consumption of the machining process has more than
20% energy-saving potential in this machining workshop.
Implementing the energy benchmark is beneficial to energy
management and energy efficiency improvement for pro-
duction task. Meanwhile, institution of energy consumption
restraint and supervision could be established in terms of
this benchmark, which carries out a reward and punishment
system. The waste of energy caused by a long running time
for machine tools and other unreasonable operations also can
be avoid for operators and the energy saving consciousness
can be enhanced.

7 Conclusions

With a wide distribution and large amount of energy con-
sumption at a low efficiency, machining systems have con-
siderable energy-saving potential. The energy benchmark
has been recognised as an effective analytical methodology
and management tool that help to improve the efficiency and
performance of energy utilisation. In this study, a concept of
task-oriented energy benchmark was proposed contributing

@ Springer KE;E

to promoting the energy-efficient production. The results of
the study were summarised as follows.

First, previous studies on energy benchmarks related
to machining or production were analysed. We proposed
a task-oriented energy benchmark to overcome existing
deficiencies. The benchmark synthetically considered two
circumstances of production task from the perspective of
the certainty production task and uncertainty production
task. Second, this paper illustrated the goal and scope defi-
nition for the task-oriented energy benchmark and presented
a method for developing the task-oriented energy bench-
mark in machining systems. The database for supporting
establishment of the benchmark was described including the
energy-related data, energy-unrelated data and production
data. For the benchmark under certainty production task, this
paper proposed two kinds of benchmarks that included the
benchmark with historical machining information and the
benchmark without historical machining information, fur-
ther introduced corresponding benchmark models. For the
benchmark under uncertainty production task, an important
parameter of process correlation coefficient that describes
relations among production task was proposed on basis of
obtaining the benchmark under certainty production task.
The method for establishing the benchmark under certainty
production task using the process correlation coefficient
was presented. Finally, the task-oriented energy benchmark
was applied to the real machining system showing that the
proposed method was feasible for establishing an energy
benchmark for the certainty production task and uncertainty
production task, which plays a crucial role in strengthen-
ing energy management and promoting the energy-efficient
production.
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