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Abstract:

The energy performance certification has been recognized as an effective assessment
methodology and tool to systematically manage energy consumption and improve energy per-
formance. In the process manufacturing industry and building industry, a large number of en-
ergy performance certifications have been applied worldwide with remarkable results
achieved in energy saving and emissions mitigation. Mechanical manufacturing industry,
which is characterised as a typical discrete manufacturing having wide distribution in opera-
tions with large consumption of energy and low efficiency, has considerable potential of ben-
efiting from energy saving and emissions mitigation. The objective of this paper is to perform
areview and analysis of energy performance certification in mechanical manufacturing indus-
try for evaluating its potentials and applicability for performance enhancement. We begin
with analyzing energy performance certification and research gaps to develop an operational
definition of energy performance certification. The scope of energy performance certification
and the method for data acquisition are reviewed. Next, we establish the classification of en-
ergy performance certification from perspectives of the energy benchmarking, rating and la-
belling to lay a foundation for its implementation framework and evaluating its practicability.
Through the systemic review and analysis, the current state of researching energy perfor-
mance certification is provided with the methods for developing energy performance certifi-
cation summarized and analyzed. These findings are useful references for managers to
strengthen energy management and monitoring and improve energy performance in mechan-
ical manufacturing industry.
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1 Introduction

1.1 Energy consumption in industry

In view of natural resource consumption and environmental degradation [1,2], develop-
ing low carbon operations is an important part of national sustainability strategy [3,4,5]. The
International Energy Agency (IEA) investigation showed that the global total final energy con-
sumption experienced a rapid upward trend from 2000 to 2016 as shown in Fig.1. The global
total final energy consumption was 791 Mtoe in 2000, and the global total final energy con-
sumption was 1978 Mtoe in 2016 recording an increase of 60%. The share of industry energy
consumption increased by 692 Mtoe in 2016 compared with that in year 2000 [6]. With in-
dustrialization progresses, the share of industry energy consumption has been driving a great
change of world energy structure and an incredible growth in CO; emissions [7,8].

Mechanical manufacturing is a pillar industry supporting national economy. Yet, it brings
vast amounts of natural resource consumption at low energy efficiency [9,10] with serious
environmental pollution resulted in the transformation process from manufacturing re-
sources to products [11,12]. Energy consumption of mechanical manufacturing industry is
responsible for 74.7% of the total energy consumption in manufacturing industry [13]. Plen-
tiful studies show that energy efficiency is fairly low in mechanical manufacturing, usually less
than 30% [14]. With wide distribution and great energy consumption in low efficiency, me-
chanical manufacturing industry has considerable energy-saving potential.

There are effective measures of energy saving and CO2 mitigation in production pro-
posed [15,16] and that efforts have been made for green and sustainable processes [17]. Some
policies targeting to promote sustainable development have been implemented to bring

greener shifts of manufacturing sectors [18].
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Fig.1 Energy consumption trend from 2000 to 2016. (redrawn with data from [4])

1.2 Energy efficiency measures

To promote energy performance of mechanical manufacturing, energy efficiency
measures such as energy measurement, monitoring, modelling and optimization have been
carried out worldwide with remarkable results achieved. Nevertheless, these existing
measures are largely deficient in evaluating and certifying energy performance for the appli-
cation of specific constraints to energy use. In this paper, we first summarize and analyse ex-
isting energy efficiency measures and then review their deficiencies to evaluate the value of
energy performance certification.

Energy measurement and monitoring are an effective measure for providing energy data
to support reliable operations in any organizations. In mechanical engineering, these data are
useful for: (1) establishing environmental performance goals by senior management [19], (2)

reducing energy consumption in mechanical manufacturing processes by energy managers,



(3) using efficiency measures in manufacturing processes by process managers, (4) under-
standing how to meet customer requirements by suppliers. To control energy use in mechan-
ical manufacturing plant, energy consumption could be measured and quantified in real pro-
duction processes [ 20]. Monitoring is a measure to judge and evaluate specific energy con-
sumption as well as a practical energy saving [21]. Energy measurement and monitoring in
mechanical manufacturing also has aroused wide research attention. For example, Hu pro-
posed an on-line energy efficiency monitoring method for machine tools [22]. Vijayaraghavan
established an approach for realizing automated energy monitoring of machine tools through
[23]. Behrendt designed the standardized test procedure of standard test piece with some
common machining features, performed the experimental verification, and achieved the en-
ergy monitoring processes in mechanical manufacturing [24].

Energy modelling and optimization are basis of studying energy-efficient mechanical
manufacturing, and has received researchers’ attention. Gutowski analyzed the electrical en-
ergy requirements [25] and established the energy models [26]. Kara proposed the specific
energy consumption (SEC) models for materials removal, offering an important theoretical
basis [27]. Hu studied machining energy consumption from the perspectives of sequencing
the features of a part [28] and performing the multi-objective optimization of time, deviation,
and energy [29], providing a new method for energy optimization of mechanical manufactur-
ing. Jia presented some energy models from the perspective of the therbligs in machining [30,
31]. Lv proposed a method for reducing energy loss during machining operations [32] and
established the energy prediction model in machining [33]. Yoon performed decomposing of
energy elements of machine tool and presented an empirical model of energy consumption in
milling. [34], and proposed a novel approach for controlling the cost and energy in micro-scale
drilling [35]. Mohammed analyzed the specific cutting energy and established the model
through reporting on full bandsawing tests to achieve energy efficiency evaluation under dif-
ferent processing materials [36]. Guo performed an optimization method synthetically con-
sidering the energy and surface quality in finish turning [37]. Li proposed the definition on
fixed energy consumption and study methods for machine tools to promote energy efficiency
[38]. Cai investigated the energy efficiency of hobbing machine tools and performed the con-
trastive analysis among different machine tools [39].

Energy performance evaluation is to quantificationally measure energy efficiency level in
production process [40]. However, complexity of mechanical manufacturing processes, the
variability of energy consumption, the diversity of application object, and other uncertainties
result in the difficulty in analyzing and evaluating energy performance. [41]. Despite all this,
studies of energy performance evaluation also make some progresses. For example, Bernard
analyzed the energy information of six industries through measuring the input and output of
energy use based on principal components analysis [42]. Duflou made a comprehensive re-
view on energy and resource efficiency in manufacturing and advance understanding on en-
ergy efficiency improvement [43]. Wang built a multilevel index model of energy efficiency
from three levels of the workshop, machine tool, and workpiece [44]. Schudeleit attempted to
assess the energy efficiency of machine tools through different approaches [45,46]. Liu struc-

tured a series of indictors to evaluate the sustainability of remanufacturing using the emergy



method [47]. Moreover, there are energy-saving strategies proposed to decrease energy con-
sumption and promote energy efficiency including sustainability design, modelling, and opti-
mization. For example, Diaz introduced some energy -saving strategies to control energy con-
sumption and promote energy efficiency in machining [48]. Li analyzed some factors affecting
operational processes and further summarized some effective measures to reduce energy use
in machining [49]. Aramcharoen discussed critical factors in energy demand modelling for
CNC milling and impact of toolpath strategy [50]. Yoon performed a review on energy con-
sumption analysis, energy efficiency characteristics, energy modelling and energy saving
strategies [51].

In sum, energy measurement, monitoring, modelling, optimization, and energy saving
strategies have offered important theoretical foundation for studying energy performance in
mechanical manufacturing. However, there is a serious lack of study on mechanical manufac-
turing energy certification due to the difficulty of mechanical manufacturing and energy rules

mentioned above.

1.3 Research gaps

Energy performance certification is part of the broader use of certification for evaluating
and certifying energy performance. This certification approach has been adopted since last
century and seen extensive research and remarkable results in various sectors [52-57]. For
example, in 2002, the European Union established energy performance of buildings directive,
and initiated energy performance certificates for new and existing buildings with the aim to
reduce CO2 emissions further [58-60]. Herrando developed building energy performance cer-
tification through analysing the gaps of energy consumption [61]. Taehoon conducted many
studies on buildings energy certification, and made important progresses [62,63]. It appears
that direct correlation with energy performance certification mainly focuses on the building
industry. There are scanty studies on energy performance certification for other industrial
sectors, especially for the mechanical manufacturing industry. Even so, there are massive
studies on indirect correlation with energy performance certification including energy bench-
marking, energy rating, and energy labelling. Previous studies on direct and indirect correla-
tion with energy performance certification in various sectors are summarised in Table 1. No-
ticeably, study on energy performance certification has become a research focus adapting to
the world's sustainable development strategy.



Tab.1 A selected summary of existing energy performance certification studies in various energy-intensive industries from literature

Type Industry Research method Specific research object Sources
Strategic energy review Framework of building energy certification Pérez-Lombard [64]
Direct correla- Comparative analysis Energy certification of buildings Andaloro [65]
tion with energy e Embodied energy calculations and live cycle analysis ~ Building energy regulation and certification in Europe Casals [66]
Building industry

performance
certification

Indirect correla-
tion with energy
performance
certification

Bio-chemical industry

Petrochemical industry

Steel and cement industry

Coal mine industry

Paper industry
Environmental protection in-
dustry

Agricultural and food industry

Manufacturing industry

Others

Means of Artificial Neural Networks
Comparative analysis

Geostatistical approach and data-mining technique

Analysis of criteria and indicators
Strategic energy review
Mathematical modelling

Analysis and review

Analysis

Experimental analysis
Mathematical modeling

Analysis

Life cycle assessment

Statistical analysis

Statistical analysis

Analysis and field survey
Analysis and review

Analysis and review

Analysis and modeling

Modeling and Statistical analysis
System modelling

Comparison of methods and approach
Statistical analysis

Tool for checking energy performance and certification
Building energy efficiency certification system
Energy performance certificates for existing buildings
Certification on sustainable biomass trade

Energy benchmarking of petrochemical application
Performance rating system

oil shale energy rating

Integrated benchmarking and energy savings tool
Energy benchmarking of cement grinding
Classification and labelling

Energy efficiency benchmarking system
Benchmarking energy use on process unit level
Energy and environmental rating of advanced glazing
Energy benchmarking of WWTPs

Certification of food products

Energy utilization of main crop straw resource
Energy training and certification

Energy labeling for electric fans

Energy benchmarking rules in machining systems
Dynamic energy benchmark for mass production
Industrial energy benchmarking

Energy rating of PV modules

China energy label.

Buratti [67]
Park [68]

Koo [58]
Lewandowski [69]
Rikhtegar [70]
Rahdari [71]
Koitmets [72]
Worrell [73]
Zeng [74]
Skeaff [75]
Wang [76]
Laurijssen [77]
Papaefthimiou [78]
Krampe [79]
Ortega [80]
Ming [81]
Glatt [82]
Mahlia [83]
Cai [84]

Cai [85]

Ke [86]

Kenny [87]
Zhou [88]
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As mentioned, mechanical manufacturing consumes massive energy with low energy ef-
ficiency, which has a considerable potential of energy-saving and CO; emissions mitigation.
Realistically, studies on energy performance certification in mechanical manufacturing indus-
try are fairly scarce as shown in Table.1, even studies on indirect correlation with energy per-
formance certification like energy benchmarking, rating, and labelling are deficient. Currently,
there is a lack of useful tool of energy performance certification for evaluating and certifying
energy performance of mechanical manufacturing. For the industry, Liu developed a strategy
for energy consumption benchmark of the products regarding the different product types
[41]. Cai proposed some energy related benchmarks of the workpiece including the fine en-
ergy consumption allowance and multi-objective energy benchmark to strengthen energy
management and promote energy efficiency in machining [89,90]. These studies are discrete,
and are not comprehensive for revealing the property of energy performance certification of
mechanical manufacturing, and the research gaps mainly include the following three aspects:

® (Complexity and variety of the mechanical manufacturing processes result in difficulty in
developing energy performance certification due to the lack of a systemic study method.

® The concept and connotation of energy performance certification of mechanical manufac-
turing are unclear, and its framework and related indicators are imperfect.

® [tisunclear how the energy performance certification is implemented to evaluate and cer-
tify energy performance in mechanical manufacturing industry and further to improve its energy

performance.

1.4 Contributions

Through analysing existing energy efficiency measures and energy performance certifi-
cation in industrial section, these methods and measures are considered helpful for energy
performance improvement and CO; emissions mitigation. Due to the deficiency of studying
energy performance certification in mechanical manufacturing industry, this paper review
and analyse energy performance certification from the perspectives of energy benchmarking,
rating, mining and labelling, which is more beneficial to strengthen energy management and
improve energy performance. This paper systematically proposed energy performance certi-
fication of mechanical manufacturing from several aspects including application scope and
data, definition of energy performance certification, classification of energy performance cer-
tification, application of energy performance certification, etc. Mastering scope and data of
mechanical manufacturing is helpful to understand application objective and complex rules
and offer an important basis to acquire database for energy performance certification. Defini-
tion of energy performance certification points out the connotation and attributes of energy
performance certification. Classification of energy performance certification by different stud-
ies provides details of their certification categories including energy benchmarking, rating,

mining and labelling to facilitate their implementation in mechanical manufacturing industry.
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These studies are useful references for studying energy performance certification. Meanwhile,
through application analysis, the proposed energy performance certification not only has
wide application prospects in mechanical manufacturing industry, but also plays an important

reference role for certification in other fields.
2. Definition of energy performance certification

To limit CO; emissions, European Council Directive 93 /76 /CEE was proposed to promote
the development of energy saving and emission reduction [91]. The energy performance cer-
tification has been recognised as an effective tool that helps to evaluate and certify energy
performance and promote energy performance in industrial sector further [92]. As previously
mentioned, the mechanical manufacturing industry has great potential of energy saving.
Therefore, energy performance certification of mechanical manufacturing can perform a cru-
cial role in achieving energy conservation in mechanical manufacturing. This energy perfor-
mance certification should comprise a description of manufacturing energy characteristics,
offer the energy efficiency information for prospective users, and provide some options for
the energy performance improvement.

Due to the non-mandatory directive as well as ambiguities, it is indistinct to how to offer
information about manufacturing energy efficiency resulting in difficulty of implementations
regarding the requirements. In recent years, the EU acknowledged the need for a new regula-
tory instrument on the energy performance of industrial sectors. The development of the en-
ergy performance certification of mechanical manufacturing was a challenge that has not re-
solved. Currently, the energy performance certification lacked sufficient detail for a clear and
consistent implementation. An energy performance certification definition was vague with
two unresolved issues: how to define and how to measure energy performance of mechanical
manufacturing.

According to previous studies and perform a comprehensive analysis, the energy perfor-
mance certification of mechanical manufacturing should comprise some important indicators
to reflect the most basic energy performance of the manufacturing product in mechanical
manufacturing. Therefore, the energy performance certification of mechanical manufacturing
contains at least the following parts and the scheme is as shown in Fig.2.

® An overall energy performance index (EPI) stated in terms of energy consumption,
carbon dioxide emissions or energy cost, per unit manufacturing product to allow the com-
parison between manufacturing processes or systems.

® A minimum energy efficiency performance index (EPImin) indictor to describe the best
energy performance under different scenarios.

® A label based in the A-E bands of the manufacturing product to quantify a suitable

grading of production.



1
2

3

Ul

O© 0 N O

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

® Manufacturing product information (MPI) including basis information and manufac-
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Energy Performance Certification of Mechanical Manufacturing

Fig.2 Framework of energy performance certification of mechanical manufacturing

Thus, the scope of energy performance certification is extended to include not only the
energy performance of the mechanical manufacturing but also comprise a minimum require-
ment and a label or class that allows users to compare and assess prospective manufacturing

products.

3 Scope and data

3.1 Scope, processes and energy consumption analysis

The objective of this paper is to perform a systematic review and analysis on the energy
performance certification in mechanical manufacturing industry, and to further discuss the
framework comprising the energy benchmarking, rating, and labelling. In this study, the me-
chanical manufacturing product is considered as a research object or a functional unit. To en-
sure the application of the energy performance certification, it is necessary to introduce this
application boundary. In general, production cycle of one mechanical manufacturing product
is in principle a cradle to grave exercise [93]. In the case of the mechanical manufacturing
product, the proposed energy performance certification is applicable to many different sce-
narios such as the cradle to gate, gate to gate, and gate to cradle. More specifically, the whole
proposes (from cradle to gate) includes the casting, forging, machining, heat-treating, coating,
assembling, etc., from raw materials to qualified products in the workshop. The energy per-
formance certification can be applied to the whole processes (from cradle to gate) or one of
gate to gate. The mechanical manufacturing product that is generalized in this study can be
either an assembled manufacturing product, a part, or a workpiece. The boundary of produc-

tion process for the mechanical manufacturing product is shown in Fig.3. Therefore, the object
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of the energy certification of mechanical manufacturing is an assembled manufacturing prod-

uct, a part or a workpiece.

= Auxiliary equipment of workshop

’ o———  Waste flow

- Auxiliary equipment of workshop flow

Energy flow

Fig.3 The boundary of production process for the mechanical manufacturing product

The mechanical manufacturing process is fairly complex with various manufacturing
equipment, assembly equipment, transhipment equipment and auxiliary equipment, the pro-
duction process involves the use of various equipment. The manufacturing equipment com-
prises some casting, forging, machining, heat treatment, coating, and waste disposal equip-
ment [41]. Each type of equipment can be further divided, for example, machining equipment
includes lathes, milling machines, planers, grinding machines, and hobbing machines. Each
kind of machining equipment has a variety of similar functions with different types like the
hobbing machine (i.e. YM3120, YKS3120, YD31125CNC6, YE3120CNC7). The assembly equip-
ment is the assembly of workpieces or parts that have been manufactured, and the assembly
equipment includes logistics lines, robots, etc. The transhipment equipment is available for
short distance transfer of products, parts, workpieces, and raw materials including automatic
conveyer belt, battery car, travelling crane, forklift truck. The auxiliary equipment of the work-
shop plays an important role in providing the production services including the production
environment and drivers. The auxiliary equipment involves lighting, ventilation and heating,
air conditioning, water supply equipment and fans, etc. It appears that the complex mechani-
cal manufacturing processes leads to the complexity of energy consumption.

Although mechanical manufacturing processes for manufacturing products are fairly
complex, the manufactured product can comprise some parts and some workpieces and that
the part can be composed of some parts and workpieces at the next level. By parity of reason-
ing, the part of the bottom level merely comprises some workpieces. Therefore, energy con-
sumption of the product consists of various energy consumption, such as energy consumption
of the workpiece, part, assembling, transhipment, waste disposal and auxiliary equipment of
workshop. Energy consumption of a workpiece includes energy consumption of machining,

transhipment, waste disposal and auxiliary equipment of workshop. Energy consumption of
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the assembling involves energy consumption of logistics lines, robots, etc. Energy consump-
tion of the transhipment can be attributed to automatic conveyer belt, battery car, travelling
crane, forklift truck, etc. Thus, the product structure tree indicates the characteristics of mul-

tiple parts and workpiece and production energy consumption in Fig.4.

|
TEC AEC ‘ WDEC ‘ AEEC ‘
PEC PEC PEC
TEC WDEC ‘ AEEC ‘
PEC PEC PEC

‘ MEC ‘ ‘ jiGE ‘WDEC‘ AEEC ‘

Workpiece Workpiece
WEC

WEC

Workpiece Workpiece
WEC

WEC

. MPEC (Machining Product Energy Consumption) TEC (Transshipment Energy Consumption)

. WEC (Workpiece Energy Consumption) WDEC (Waste Disposal Energy Consumption)

. PEC (Workpiece Energy Consumption) . AEEC (Auxiliary Equipment Energy Consumption)

. AEC (Assembling Energy Consumption) MEC (Manufacturing Energy Consumption)

Fig.4 The manufacturing product structure tree and energy consumption [94]

3.2 Data and analysis

The energy data is important basis of developing manufacturing energy certification in
that studying and collecting energy data is an important basis task. In this study, acquiring
energy consumption of the manufacturing product is an important basis of designing and de-
veloping energy performance certification that comprises the energy benchmarking, rating,
mining, and labelling. The key energy sources principally used in production are electricity,
gas energy and other sources, which are used for casting, forging, machining, heat-treating,
coating, assembling, etc. The energy consumption differs depending on manufacturing pro-
cess, for example, from casting to assembling, from machining to heat-treating. As mentioned
above, the research scope for manufacturing product is limited from casting to assembling.
According to real production process, the involved energy data for manufacturing product
need to be collected. To facilitate the analysis of energy consumption in mechanical manufac-
turing, the factors or variables affecting energy consumption are regarded as independent
variables. The CO; emission density is used as a dependent variable in Table.2. Besides, the
energy consumption per manufacturing product can also be modelled as the dependent vari-
able. Considering the unified dimension of multiple energy sources and reflecting the climate

change effects, the CO2 emission per manufacturing product is a better measure. However, the
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available administrative data does not include the auxiliary energy data like dining room, toi-
let, and others. In view of such background, this study determined that energy consumption

per unit manufacturing product might be the best measure.

Tab.2 Factors affecting the COz emission density of the manufacturing product

Variables Descriptions

Independent variable Manufacturing processes (such as casting, forging, machining, heat-treating,
coating, and assembling)
Process plans
Manufacturing equipment
Process routes
Process parameters
Dependent variable CO2 emission density

The data comprise a variety of data sources such as energy data and information data,
which should be established or collected beforehand. The energy data comprise kinds of en-
ergy sources and amount of each kind of energy. The information data comprise the data of
production processes like the amount of manufacturing equipment, process parameters. After
data collection, especially for the energy data derived from various energy sources (i.e., elec-
tricity and gas energy) for manufacturing product in mechanical manufacturing, unifying dif-
ferent energy sources is a basis of analysing the energy consumption and developing the en-
ergy performance certification. In other words, the different energy sources need to be con-
verted into the primary energy consumption or CO2 emission. As mentioned above, the de-
pendent variable (CO; emission density) for each manufacturing product by energy sources
can be acquired as follows.

CE(tCO,) = (The amount of electricity consumption (kWh)) X

3
(Carbon dioxide emission factor for eletricity (:ACV(\)/;) X (1—10) ) (D

Where, CE is CO2 emission for electricity consumption, and CO; emission factor for elec-
tricity energy is 0.4705 t CO2/MWh [55].
CG(tCO,) = (The amount of gas energy consumption (m3))

Kcal

1 7
(Sen51b e caloric value for gas energy ( m3 ) (10) )

tC
X (Carbon dioxide emission factor for gas energy (T_OE>>

tCO
X (The ratio of the molecular weight of CO, to carbon ( TC2)> 2)

Where, CG is CO; emission for gas energy consumption, the sensible caloric value for gas
energy is 9420kKcal/m3, CO2 emission factor for gas energy is 0.637tC/TOE, and the ratio of
the molecular weight of CO; to carbon is 44tC0O2/12tC [55].

12
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Therefore, the CO; emission of energy consumption for the manufacturing product can
be acquired.

CT(tCO,) = CE(tCO,) + CG(tCO,) 3)
Where, CT is CO2 emission of total energy consumption for the manufacturing product,
CE is CO2 emission of electricity for the manufacturing product, and CE is CO; emission of gas
energy for the manufacturing product. If the production process of manufacturing product
involved other energy sources, such as coke, the CO, emission of energy consumption for man-

ufacturing product should the summation of CO emission for all energy sources, as follows.
CT(tCO,) = CE(tCO,) + CG(tCO,) + CC(tCO,) + CO(tCOy) (4)
Where, CC(tCO,) is CO; emission of coke energy for manufacturing product, and

CO(tC0,) is CO2 emission of other energy for the manufacturing product.
4 Classification of energy performance certification

According to definition of the certification, the certification is a representation of the in-
tegrated information, and it comprises various types including the energy benchmarking, rat-
ing, mining, and labelling. Therefore, this section attempts to define and clarify concepts of the
energy benchmarking, rating and labelling within manufacturing energy classification to de-

velop the certification.

4.1 Energy benchmarking

4.1.1 Concept and method of energy benchmarking

Energy benchmarking is an effective measure and method to describe the energy perfor-
mance in production [95]. Energy benchmarking has been regarded as one important indica-
tor of energy performance certification and the concept of the energy benchmarking has been
studied worldwide. Methods used for establishing energy benchmarks to improve energy per-

formance as shown in Table 3.

13



Tab. 3. A summary of existing energy benchmarking studies in various energy-intensive industries from the literature

Industry

Benchmarking method

Specific research object

References sources

Petrochemical industry

Steel and cement industry

Coal mine Industry

Pulp and paper industry

Environmental Protection industry

Agricultural and food industry

Others

Coupled cluster method
Mathematical modelling
Strategic energy review

Mathematical modelling
Mathematical modelling
Mathematical modelling
Analysis

Mathematical modelling
Analysis

k-means

Comparative analysis
Comparative analysis
Statistical analysis
Comparative analysis
Mathematical modelling
Mathematical modelling
System modelling
Statistical analysis
Analysis

Molecular systems

Industrial glass furnaces
Petrochemical applications

0Oil and gas wells and cement slurries
Iron and steel production

Cement grinding

Mineral Comminution

Dump trucks in mines

Copper and gold ores

Coal production

Production of paper and board
Paper mill

Kraft pulping mill

Wastewater treatment plants (WWTP)
WWTP

Dutch industry

Frozen food

Paddy production

Various industries in Taiwan

Rezad [96]
Sardeshpande [97]
Rikhtegar [70]
Saleh [98]
Worrell [73]
Zeng [74]
Nadolski [99]
Sahoo [100]
Ballantyne [101]
Wang [76]
Laurijssen [102]
Zhang [103]
Mateos-Espejel [104]
Jonasson [105]
Krampe [79]
Phylipsen [106]
Prakash [107]
Chauhan [108]
Ke [86]

Saygin [109]
Chan [110]
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The basic idea of the benchmark is to evaluate and compare the energy performance of
two systems which can be as aggregate as manufacturing industry or as disaggregated as spe-
cific manufacturing process, and to identify the potential for improving energy efficiency
based on the difference between the two systems. Ke proposed a systemic approach for ana-

lysing the energy benchmarking [86] in Fig. 5.

U® (%)
<® y®
> G(x) > FO(x®) —l
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! - Y d
>
”””””””””””””””””””””””””””””””” 3 +
X > F® J Y
U

Fig.5 System diagram of general energy benchmarking (Source: [86])

However, for the mechanical manufacturing system, the description is:
y=F®) =U(x) (5)
y® = p®) (X(b)) =F®(G(x)) = U (x) (6)

b) (b b . .
xl( ),xg ), x,(n)) are m-dimensional real vectors,

Where x = (x4, X5, ..., X,) and x®) = (
which influence the factors that represent the manufacturing process (e.g. types of the manu-
facturing equipment, number of manufacturing equipment, manufacturing parameters). G (x)
is the function translating the control variable x to x®® . y = (y,v,,...,y,) and y® =

(yl(b),yz(b), ...,y,(lb)) are n-dimensional real vectors that represent the CO, emission and the

corresponding energy benchmarking, respectively. y = F(x) and y® = F®(x®) are €O
emission models of manufacturing systems and the energy benchmarking to be evaluated, re-
spectively. U(x) = F(x) and U®)(x) = F®?)(G(x)) are the composite function.
In manufacturing processes, CO; emission CT(tCO,) and energy benchmarking
CT(tC0O,)® of the base process is:
CT(tCO,) = K(y) (7)
CT(tCOz)(b) = K(b)(y(b)) (8)
Where, K(.) is the function of calculated CO2 emission.
Thus, the total CO; emission of the whole manufacturing processes of the product
CT(tCO,)Tota) and energy benchmarking CT(tCOZ)(TZ)ml are:
CT(tCO2) rotar = CT(tCO,); + CT(tCO,), + -+ + CT(tCO,)y = XN CT(tCO,); (9)

15



U s W N

11

12
13
14

15

CT(tC0,) W), . = K(CT(tCO) rorar) = K(CT(tCO,); + CT(tCO,), + -+ + CT(tCO,)y) =

K (Z{ CT(tC0,);) (10)

Through development of the system modelling of energy benchmarking, the approach
provides a general unified framework for studying energy benchmarking in mechanical man-

ufacturing and offers an affinitive study tool.

An energy management
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Fig.6 A summary of existing energy benchmark studies in mechanical manufacturing

The related studies on energy benchmarking in the mechanical manufacturing industry
are inadequate [111], and achieve some progresses. A summary of existing energy benchmark

studies is as shown in Fig.6.

4.1.2 Energy benchmarking and classification

On the basis of summarizing these studies, we proposed a systemic energy benchmarking
for the manufacturing product. The energy benchmarking can be represented using the CO>

emission of manufacturing product. The benchmarking includes different aspects in Table.4.
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Tab.4 The energy benchmarking of mechanical manufacturing product from the different aspects

Different requirement types for One Kind of Multiple bench- One Kind of Multiple bench-
Benchmarking Benchmarking
benchmarking benchmarking marking benchmarking marking
Entire production cycle A certain production stage
Production cycle aspect o o .
benchmarking benchmarking
Production objective Single objective bench- Multiple objectives bench-
. o o .
aspect marking marking
Benchmarking evaluation aspect Static benchmarking ° o Dynamic benchmarking o .
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(1) Production cycle aspect

The CTyp, which is total energy performance that is total CO; emission for the manufac-
turing product comprising all energy sources, and it can be determined as the total energy
benchmarking of the manufacturing product. The CTramufacturing proauct iS regarded as an
entire production cycle benchmarking. However, in the actual production processes, the en-
ergy consumption of each production procedure such as the casting, forging and machining
procedure, even Auxiliary equipment of workshop, need to be cared or considered to improve
the corresponding energy performance by some measures and control methods. Therefore,
the benchmarking of each production procedure, which is a certain production stage bench-

marking, need to established. The benchmarking can be expressed by CTcusting, CTrorging,

CTmachining' CTheat—treating' CTcoating' CTassembling and CTothers-
Therefore, these energy benchmarking can be determined as follows:

CTcasting (tCOZ) = CEcasting (tCOZ) + CGcasting (tCOZ) + CCcasting (tcoz) +

COcasting (tCOZ) (11)
CTforging (tCOZ) = CEforging (tCOZ) + CGforging (tCOZ) + CCforging (tCOZ) +
COforging(tCOZ) (12)

Meanwhile, other energy benchmarking also can be determined, therefore, the entire

production cycle benchmarking of the manufacturing product is calculated
CTup(tCO2) = CTeasting (tCO2) + CTrorging (tCO2) + CTmachining (tCO2) +
CTheat—treating(tCO2) + CTeoating ((CO2) + CTassempiing (tC02) + CTyepers(tCOZ) (13)

(2) Production objective aspect

The energy benchmarking of the manufacturing product is related to production technol-
ogy. The energy usage of the product is very different with various production technology re-
sulting in difference in energy benchmarking.

The production technology is closely related to the production objectives such as produc-
tion time (PT), cost of production technology (CPT), production quality (PQ). In general, the
firm pursues a comprehensive goal that it is good for each indictor like energy, PT, CPT, and
PQ. [90]. The production objectives are different, and there is an even bigger difference among
production processes. Therefore, the energy benchmarking comprises two kinds of bench-
marking: single objective benchmarking (SOB) and multiple objectives benchmarking (MOB).
The single objective benchmarking mainly considers the energy usage, but the multiple objec-
tives benchmarking integrated considers some or all objectives of PT, CPT, PQ, and EP besides
energy usage.

The usual energy benchmarking is regarded as the SOB, and it is a kind of universal

benchmarking. The description of the SOB is:
CTup(tCO2)s0p = Y[f (x)] (14)

——
Si
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Where, CTy;p(tCO,) g is total CO2 emission of the single objective benchmarking for the

manufacturing product. Y[-] is the calculation function of CO; emission. f(x) is the function of
——’
Si

the production process considering the single objective S;. x is process parameters. Therefore,
if the firm only considers the production cost (C) as the production objective, the description
of the SOB is as shown in E. q (15); If only considers the production efficiency (T) as the pro-

duction objective, the description is as shown in E. q (16)

CTyp(tCO2) 505 = Y[@] (15)
¢

CTyp(tCO2) 505 = Y[@] (16)
T

However, the MOB is more complex compared with the SOB. The MOB can be determined
by integrated evaluation method such as TOPSIS method. The method for acquiring the MOB

is as shown in Fig.7.
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Fig. 7 The method for acquiring the MOB

(3) Benchmarking evaluation aspect
In the application phase of the benchmarking evaluation, the energy benchmarking can

be divided into the static benchmarking and dynamic benchmarking. The static benchmarking

is a conventional benchmarking interpreting the relationship between a product and its en-
ergy consumption by a numerical value, similar to the relationship between manufacturing
one product and the energy usage of that product. Unnecessary energy of the production pro-
cesses can be identified by comparing the actual CO; emission with the benchmarking. CO»

emission can be controlled and reduced by identifying useful measures using static bench-
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marking in the production processes. Static benchmarking is one of the most widely used ap-
proaches [85]. However, for the static benchmarking, whether production processes or sub-
processes satisfy the criterion is ultimately judged by the comparison between the actual en-
ergy usage and the benchmarking. The static benchmarking is beneficial for promoting energy
management and energy efficiency.

Compared with the static benchmarking, the dynamic benchmarking is the improvement
and evolution of static benchmarking. Cai proposed the dynamic energy benchmarking and
gave the definition that dynamic energy benchmark is a metric for the standardised evaluation
of the energy consumption for the same production target in a different environment [85]. Cai
introduced the scope and application boundary for dynamic energy benchmarking, and ana-
lyzed the characteristics [85]: Dynamic benchmarking considers all energy circumstances of
product under the various production plans and is applicable to the production of a single
product with different manufacturing equipment. The dynamic benchmarking is an integrated
benchmarking that can reflect the energy level contributing to achieving maximum utilisation
of production equipment. Dynamic benchmarking can quantify the energy level of each pro-
duction plan for the same unit manufacturing product under different product plans.

Dynamic benchmarking can be described:

1

n= CTA(tCOZ) 'm.

100 (17)

Here, n represents the benchmarking rating of the manufacturing product, CT,(tCO,)
represents the CO2 emission of the manufacturing product by all energy sources in manufac-
turing, and CTg(tCO,) stands for the benchmarking of the manufacturing product.

Establishment of the dynamic benchmarking can offer effective help for developing the
energy rating system and energy labelling.

4.2 Energy rating
4.2.1 Concept and method of energy rating

Rating is a description of manufacturing energy classification or rating figure (expression
energy rating system) [112]. In general, the energy rating system (ERS) is a synonym of energy
classification that is a measure to evaluate energy performance. For example, in the building
sector, the energy rating system can evaluate the energy level for building energy use. In the
manufacturing industry, the ERS can serve as a method for the assessment of predicted energy
use, and energy use prediction, rating score.

Tab. 5 Energy ratings and classification

Rating type Rating subtype Based on Pattern of use Project stage
Design Calculations Standard Design
Standard
Manufacturing Calculations Standard Manufacturing
Tailored - Calculations Non-standard Manufacturing
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Measured or operational - Metered amounts  Actual activity Manufacturing

For the standard EN 15603 [21], CEN presents two types of ratings including the calcu-
lated ratings and measured (or operational) ratings. The calculated ratings are based on the
computer or model calculations to predict energy used, and calculated ratings are subdivided
into standard and tailored ratings. The measured (or operational) ratings are based on real
metering on-site. Therefore, the ratings can be applied to the manufacturing product in Table
5. The standard ratings include the rating subtype of design and manufacturing and these are
based on the calculations. The other tailored ratings also are based on the calculations and are
non-standard of pattern of use. The measured (or operational) ratings are derived from me-
tered amounts as an actual activity of pattern of use.

Energy performance certification schemes for the manufacturing product are usually im-
plemented by standard ratings. For the manufacturing product, both calculated and measured
ratings are applicable, but the latter is preferred to reduce energy performance discrepancies
and limit production risks due to uneconomic production investment or credibility problems
if stakeholders conclude that energy rating system are less accurate than expected.

For the manufacturing product, the ratings can be described.

1

n= CTA(tCOZ) 'm.

100 (18)

The energy rating is also the benchmarking rating as mentioned. Besides, the energy rat-

ing can be further improved, on basis of Eq. (18)

__|eTp(€0,)-CT, (tCO,)|

CTp(tCOy) (19)
a
A= = (20)
a,=(1-a) 100 (21)
a; € (0,a0) (22)
az €lag+4,ay+24-100) (24)
ay_q1 €E[ag+ (N—-3)A-100,ay+ (N —2)4-100) (25)
ay € [100, +) (26)

Where, CT,(tCO,) is mean of the energy benchmarking under through optimization, a is
common energy-saving potential range, 4 is evaluation grade range, N is the number of the
evaluation grade, a is the upper limit of common energy-saving potential range, a; is uncom-
mon energy-saving potential range, a,, a3, and ay_; are common energy-saving potential
range, and ay is the unqualified range exceed the benchmarking. Authors previous study
pointed out that especially for the Eqgs. (19) and (20), CT, (tCO,) can be achieved through op-
timization methods, either of the process parameters optimization and the change of manu-

facturing equipment. N usually is 4 or 5. @, is the most excellent energy-saving potential

22



N

O© 0 N O U1 »

10
11

12
13
14
15
16
17
18
19
20

range. a,, @3,and ay_; gradually become bad for the energy-saving potential, and ay is worst.
For the energy rating and method, it can offer an important help for developing the energy

labelling.

4.2.2 Energy rating system

The energy rating is a basis of designing and developing the energy rating system. The
design of energy rating system has a similarity in different fields. For example, in the building,
U.K.issues designs the energy performance certificate (DEC) in the form of standardized value
(0-150) for a building’s CO2 emissions [55], which is categorized into seven grades from A to

G in Fig.8.

Building Energy Efficiency Rating

Jor Public Buildings

More energy efficient

B 26-50

~
) =410
L%/ 765100 100 would be typical

E}
= 1011-125

F 126-150

Less energy efficient

Fig.8 Building EPCs for the operational rating in the UK (Source: [55])

In mechanical manufacturing industry, energy rating system is established as shown in
Fig.8. Such system is applied to the machining and the functional unit considered is one work-
piece that is a typical mechanical manufacturing product [85,90]. Fig.8 employs five grades
from A to E, and the energy rating is not unique and is determined according to the require-
ments of the firm, district government, and nation. Actually, the method for establishing en-
ergy rating system is similar and that only the objects are different, regardless of mechanical
manufacturing industry or building industry. Similarly, the application of energy rating sys-
tem can be extended in terms of requirement, for example, the integration of energy consump-

tion and time can be described in the energy rating system as seen in Fig.9.
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Benchmark Rating System
Fum: Chongqing Machine Tool Works Co., Ltd, China Workpiece: S148-1331 Gear

Energy consumption per unit gear Production time per unit gear

More energy efficient More time-saving

E Over 145

Less energy efficient More time-consuming

I@ @WE

S148-1331 gear energy consumption benchmark: 0.539 kWh: Corresponding production time: 1258s

Establishment time: 2016.04.02 First edition

Fig.9 Application of energy rating system integrating energy consumption and time (source:

[85])

4.3 Energy labelling

The energy labelling was introduced by the EU in the early 1990s with a double objective:
to inform consumers about the energy performance of energy consuming devices and to pro-
mote energy savings and energy efficiency. Currently, the energy labelling has been developed
rapidly and extended to various industries [59].

Manufacturing energy labelling is regarded as an important index of energy performance
certification of the mechanical manufacturing. Mechanical manufacturing energy labelling can
be regarded as an energy performance class or label to the product and requires the develop-
ment of a scale related to a manufacturing labelling index (MLI). Analysing the manufacturing
scenario by comparison is the basis of determining the MLIL. If there are enough comparable
manufacturing products, statistical analysis of the EPI through the cumulative frequency dis-
tribution curve allows the use of the percentile as an indicator of the energy position. At this
point, labelling is equivalent to SEC distribution of cumulative frequencies using an average

value such us the percentile of 50% (EPIso) the labelling index could be defined as:

EPI

MLI =
EPIg,

(27)
The scale is defined by fixing the transition values between classes, MLI;;. Fig. 10 is a pos-
sible scale of 5 bands over the labelling index distribution curve. However, the scale of 5 bands

is non-unique, and the scale that may be 6 or 7 bands is determined according to the require-

ments.
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Fig.10 Labelling scale and cumulative frequency curve of MLI
For the energy performance of the manufacturing product, the MLI depends on two ref-
erences indexes [63]. The first index is the overall minimum efficiency requirement set by the
regulation (or optimization) as a maximum limit for the energy performance index (EPI >
EPI;); The second index corresponds to the energy performance reached by 50% of the man-
ufacturing product (EPIy). If the EPI is normalized by the manufacturing product reference,

the label index for the regulation reference is:

EPI, _

MLIL. = EPl,

(28)

In the real application, regulation developers should assure a certain saving percentage
(1 — a) ahead manufacturing product to improve energy performance. According to analysis
of this methodology CEN'’s scale [63], the classes for the scale is as follows in Table.6.

Tab.6 Limits between classes for the scale proposed by CEN.

MLIAp MLIgc MLIcp MLIpg

05a a 0.5(1+ a) 1

Criteria to set the scale are subjective and, perhaps, closer to policy decisions than to
technical analysis. Thus, there is great disparity between different scales. A key issue is the
level of definition or number of classes. Fig. 11 shows a comparison of the saving percentages
of four different labelling scales for classes ahead a certain reference. The CEN’s scale refer-

ence is set by the regulations for different energy performance certification [113].
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Fig.11 Comparison of energy scales of different certifications schemes in terms of saving

percentage ahead certain reference.

Therefore, the energy labelling can be designed and developed as an important part of
energy performance certification in terms of the calculated methods above. The energy label-

ling system are shown with more detail in section 5.

5 Application of energy performance certification

5.1 Analysis on key issues for energy performance certification

(1) Assessing energy efficiency of mechanical manufacturing

The energy efficiency is a measurement expressing the idea of consuming less energy
while providing better services [63]. The energy efficiency is a ratio of energy input to service
output and can be determined by calculation and measurement. However, evaluating the en-
ergy efficiency in mechanical manufacturing are a complex task because the complexity and
variability of energy processes can lead to difficulty in the definition and measurement of en-
ergy efficiency. The energy performance indicators have been regarded as a substitute in en-
ergy efficiency analysis. Therefore, for the energy performance certification of mechanical
manufacturing, the first step is to consider and determine the energy performance indicators.
The indicators can be selected flexibly regarding the practical conditions, such as energy con-
sumption per product, the ratio of energy utilization per product, COz emission.

(2) Acquiring the energy data in mechanical manufacturing

Obtaining the energy data is a basic step to achieve the development of energy perfor-
mance certification, and its methods are subdivided into prediction, on-line measurement, and
analogy analysis.

The prediction method is mainly to build a mathematical model and to calculate energy.

This approach is easier to acquire corresponding data focused on an objective, which can be
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adapted to various manufacturing product including the unprocessed and processed produc-
tion with wide application. The on-line measurement method can collect the data that has high
accuracy by the measuring instrument, but this method is not adapted to the unprocessed
manufacturing product without data. The analogy analysis method focuses on the analysis and
evaluation of previous energy data of other products that have similar characteristics for each
production process compared with current production processes of the product. But, this
method has strong professional capacity and it is difficult to find similar products and data to
match with the current product. Three kinds of approaches for data collection are summarized

in Table 7. The specific methods are selected in terms of actual requirements.
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Tab.7 Differences among different methods

Opera- Model Require-

Applicability . Data Reliability
Methods bility ments
Unprocessed product Processed product Low  High Low High Bad Good  Excellent
Prediction Method ° ) ° ° °
On-line Measurement ° ° ) °
Analogy Analysis ] ° ° ° °
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(3) Comparing the energy performance of mechanical manufacturing

On basis of acquiring the energy performance indicators, to establish the energy rating
or energy labelling, a sample of buildings for comparison should be found. Definition of com-
parison scenario is fairly important for implementation of energy performance certification.
The vital issues is whether the EPI of a wide number of processed products is available, and
processed products are identity for current product. For the affirmative answer, the compar-
ison is feasible and a certain degree of similarity between products to be compared must be
set, and the product must be same without caring the production process. The product could
be in different plants, but in a same firm.

(4) Labelling for energy efficiency of mechanical manufacturing

Classifying energy performance of mechanical manufacturing related to the comparison
scenario could be determined through assigning an energy label. Firstly, the manufacturing
labelling index (MLI) should be defined. Given that the sample for comparison is available, MLI
can be defined as the ratio of the EPI of the mechanical manufacturing to the EPI average value
of the sample. According to Fig.11, the manufacturing label index shows the saving percentage
in relation to the reference mechanical manufacturing performance. Secondly, the limits be-
tween classes on the label index frequency curve should be set by synthetically considering
the saving percentages.

(5) What information should the energy performance certification include?

The energy performance certification is a concept affecting the energy performance and
mainly includes four kinds of energy information (i.e. energy benchmark, energy rating, en-
ergy mining, and energy labelling). In real-life application, energy performance certification
includes at least the energy benchmark and energy label. In order to assess what other infor-
mation should be included, three categories of information according to its final use are (1)
administrative data such as process data and procedure information; (2) energy mining infor-

mation and energy saving level; (3) the overall minimum energy performance index EPIwin.

5.2 Case analysis

This case analysis introduces the development of energy performance certification, and
discusses the practicability for a real production. Due to a wide variety of energy performance
certification and obvious differences in application under different circumstances, this part
mainly introduces energy benchmarking, energy rating, and energy labelling for a common

part in mechanical manufacturing.
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Fig.12 The coupling shaft in machining

Tab.8 The basic database for the machining

Standby power
. CNC machine tool
Machine tool CY-K360 ¢ Yes Standby power py;, (k) 300
or no

Starting energy consumption

Spindle speed n (rpm) 300 500 700 900 1000 = 1100 1300 1500 1700

E, (kWh) 0.0015 ' 0.0015 0.002 0.002  0.002 0.002 0.002 0.002 0.003
Spindle speed n (rpm) 1900
E,, (kWh) 0.003

Idling power

Spindle speed n (rpm) 300 500 700 900 1000 1100 1300 1500 1700

Pia (W) 770 980 1090 1120 1160 = 1220 1400 1700 2450
Spindle speed n (rpm) 1900
Pia (W) 3000

Load loss coefficienta
0.19

The part is a coupling shaft, and the energy performance certification for the coupling
shaft can be developed. The production processes for the coupling shaft merely involves the
machining without other processes, and the energy is electricity energy. The data of the cou-
pling shaft including energy data and information data can be acquired by the prediction
method. The coupling shaft that is considered a function unit is shown in Fig. 12. The manu-
facturing equipment is machine tool (CY-K360 and XH714D). To acquire the electricity energy
consumption for the coupling shaft, the basic database need to be established for the CY-K360
and XH714D. Due to the same method for establishing the basic database for the CY-K360 and
XH714D, this section only illustrates the establishment of the basic database for the CY-K360

in Table. 8. Besides, main machining parameters are shown in Table. 9, respectively.
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Tab. 9 Main machining parameters for the coupling shaft

Step

N O Ul W N

11

12

13
14

16

17

18
19

Power demand (W)

Content Spindl Cutti
o de Feed Depth of the u- dltr;lg
. Cutting times spee . wi
Machining processes for machining Other (rpm) (mm/r) cut (mm) (mm)
End of turning Once - 1000 50 1.0 -
1000 100 1.5 -
1000 100 1.5 -
Rough 1000 100 1.5 -
Machining 1000 100 L5 =
Turning i . 1000 100 1.5 -
Nine times
(#60mm) 1000 100 1.5 -
semi- 1000 100 12
finishing '
Finish ma-
. 1000 100 0.3 -
chining
Turning around
End of turning Once - 1000 50 1.0 =
Rough
. e 1000 100 2.0 -
Turning . machining
Twice
(#60mm) Semi-fin-
L 1000 100 0.7 -
ishing
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Fig. 13 A schematic diagram of a power profile for mechanical manufacturing (source: [90])

Meanwhile, the energy characteristics of the mechanical manufacturing process has been

analysed by authors as shown in Fig. 13. The mechanical manufacturing processes of the cou-

pling shaft are subdivided into the standby, starting, idling and cutting materials processes.

Thus, on basis of basic databases and machining parameters, the electricity energy consump-

tion of mechanical manufacturing processes for the coupling shaft is determined using Egs.

(29)-(33)
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Ecoupting shae = 21 Espi + 212 Esei + 2029 Eigi + XN Eci (29)
Eg, = psp * tsp (30)

Eg = E(ny) (31)

Eiqg = Dia " tia (32)

Ecpn=(P.+aP.)  tem (33)

Where, Ecoupiing shast iS energy consumption of one coupling shaft; Egy,, Egt, Ejq and E¢py,
are the standby, starting, idling and cutting material energy consumption, respec-
tively; Ngp, Ngt, N;g and N, are the number of standby, starting, idling and cutting material
processes, respectively.

Electricity energy consumption of the coupling shaft is calculated that is the prediction
value as Ecoupiing shaft = 0-555kWh. To describe the energy performance and assess the in-
fluence of environment performance that is most closely related to climate change, this study
set the CO; emission density as a dependent variable as mentioned above. Therefore, the CO>
emission density for the unit coupling shaft is:

CEcoupiing shaft (tCO2)

= (The amount of electricity consumption (kWh))

. . .. [tCO, 143
X (Carbon dioxide emission factor for eletricity (MWh) X (1—0) )

3

= 0.555kWh x 0.4705 tco, X ! =0.261gCO
- ' (MWh) (10) B e

The CO; emission density for the unit coupling shaft (0.261gCO,/ unit coupling shaft) can

be determined as the energy benchmarking to perform the energy management and counting,
and to control electricity energy consumption, especially in monitoring the effects to climate
change. However, for the coupling shaft, the current electricity energy consumption (or CO;
emission density) is initial benchmarking, which aims at promoting a majority of the coupling
shaft to meet it. But, the electricity energy consumption 0.555kWh (or CO; emission density
0.261gC0,/ unit coupling shaft) can be reduced by some effective measures or optimization
method, etc. For the case, by the optimization of mechanical manufacturing process and ma-
chining parameters using advanced machine tools and excellent parameters, the overall min-
imum electricity energy for the unit coupling shaft can be determined as 0.402 kWh, the de-
tailed process is neglected because of space limit. Therefore, the overall minimum energy per-
formance index for the unit coupling shaft EPI;,;, = 0.189gC0,/ unit coupling shaft. Besides,
for the coupling shaft, using the Egs. (19)- (26). The number of the evaluation grade N is five,
and the energy rating are a = 0.276, 4 =0.092, a; € (0,72.4), a, €[72.4,81.6), a3 €
[81.6,90.8), a, € [90.8,100) and a5 € [100, +00). On this basis, combining the energy labelling
in section 6.4, the energy performance certification for the coupling shaft can be developed as

shown in Fig. 14.

32



0 N O U1 bW

11
12
13
14
15
16
17
18
19
20

21

22
23
24
25
26

Energy Performance Certification

Manufacturing Product Information Energy Rating

T Uncommon energy-saving
potential range H

Common energy-saving potential range H Unqualified range

Product: Coupling shaft Procedure: Turning roller and keyseating

ing equipment: Machine tool Machine tool: CY-K360 and XH714D

Energy Performance Indicator
B (6 D

Electricity energy consumption for unit coupling shaft: 0.555 kWh

Energy benchmarking (CO2 emission density/ unit coupling shaft): 0.261 gCO

Overall minimum energy performance index (EPluin): 0.189 gCO2

0 724 816 90.8 100

Energy grades: A, B, C, D and E L -
w9 More energy efficient Less energy efficient

The “ 100" is the value of energy rating under the benchmarking

Establishment time: 2018.08.03 First edition

Fig.14 The energy performance certification for the coupling shaft

The energy performance certification is important to evaluate energy performance and
promote energy efficiency. From the perspective of mechanical manufacturing, electricity en-
ergy consumption and CO; emission density of one coupling shaft could easily be grasped by
operators. The energy rating and grades could be analysed in real production by a comparison
with energy rating system to guide operators to avoid unreasonable machining parameters
and to select more reasonable machining plans and efficient process parameters. From the
perspective of energy management, energy managers can count the overall energy level and
CO2 emission density of the coupling shaft and workshop via energy performance certification.
The energy performance certification also benefits for conducting energy audits, a collection
of energy statistics, energy-efficiency analysis, aiding the decision-making processes of energy
managers. From the perspective of government, energy performance certification is as an ef-
fective tool for designing relevant energy policies and standards towards energy saving and
low carbon. For example, when CO; emission density of one mechanical manufacturing system
exceeds the energy grade for energy rating, the firm could be subject to financial and admin-
istrative penalties in accordance with the extent they breach the grade. Incentive schemes may
be implemented for firms that satisfy energy benchmarks and grades. In conclusion, energy
performance certification in the mechanical manufacturing is significant measure for realizing

energy-efficient production and CO2 emission mitigation.

6 Conclusions

The mechanical manufacturing industry as one of the important pillars of the national
economy consumes huge amounts of energy and brings a lot of CO2 emissions resulting in
huge environmental burden. The energy performance certification is an effective tool to sys-
tematically manage the energy consumption and improve energy performance, as well as fur-

ther mitigate CO, emissions. This paper mainly focused on analysis of energy benchmarking,
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rating, mining and labelling within the framework of energy performance certification in me-
chanical manufacturing industry to better identify the potentials and applicability of different
energy performance certification.

First, the existing energy measures in the mechanical manufacturing including the energy
measurement, monitoring, modelling, optimization and other strategies, were analysed,
which contributes to understanding the method to promote the energy performance. The con-
cept of energy performance certification was introduced, and the research progress on the
energy performance certification and research gaps in the mechanical manufacturing industry
were systematically analysed. On this basis, the objective and framework of this study was
illustrated.

Analysis of the mechanical manufacturing process and energy consumption, as the sig-
nificant basis of analysing energy characteristics, were performed. Energy data is important
basis of developing the manufacturing energy certification, and methods for acquiring the data
were summarized and analysed from the perspectives of variable definition and data collec-
tion and unification.

Second, on the basis of analysing the energy performance and requirements for mechan-
ical manufacturing industry, definition and connotation of energy performance certification
of mechanical manufacturing were illustrated. The energy performance certification contains
overall energy performance index (EPI), overall minimum energy performance index (EPIwin),
energy rating, a label based in the A-E bands and manufacturing product information (MPI).
According to definition and scope of energy performance certification, it was a representation
of the integrated information, and it comprised various types including the energy bench-
marking, rating, and labelling. This paper attempted to define and clarify concepts of energy
benchmarking, rating, mining and labelling in the context of manufacturing energy classifica-
tion to develop the certification.

Besides, some key issues for energy performance certification (i.e. assessing energy
efficiency of mechanical manufacturing, acquiring the energy data in mechanical manufactur-
ing, comparing the energy performance of mechanical manufacturing) were analysed. To sys-
tematically discuss the energy performance certification, this study not only illustrated devel-
opment process for energy performance certification but also demonstrated and analysed the
practicability for a real production process. The review and analysis on the energy perfor-
mance certification was an important cornerstone for promoting the development of energy
performance certification in mechanical manufacturing industry. Meanwhile, this study could
play an important role in strengthening energy management and monitoring, and promoting

energy performance in mechanical manufacturing industry.
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