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Abstract: Modeling and assessing the sustainability of machining systems has been considered to
be a crucial approach to improving the environmental performance of the machining processes. As
the most common machining system, the computer numerical control (CNC) milling system is a
typical man-machine cooperative system where the activities of the machine tool and operator
generate material and energy consumption. However, the energy consumption of the operator in
the CNC milling system has often been ignored in most existing research. Therefore, existing
methods fail to provide a comprehensive understanding of the sustainability of the CNC milling
system. To fill this gap, an exergy loss assessment method is proposed to investigate the
sustainability of the CNC milling system, where the energy consumption of the operator, the energy
consumption of the machine tool, and material consumption are taken into consideration. The key
performance indexes of the energy consumption of the operator, the energy consumption of the
machine tool, the exergy loss, and the specific exergy loss (SEL) are analyzed and modeled. To
demonstrate the feasibility of the proposed method, a case study was carried out on a three-axis
machining center (XH714D), in which SEL was found to be 88.04 J/mm3. The proposed method is
effective to assess the sustainability of the CNC milling system, and the established exergy loss
models build a good basis for exergy efficiency optimization.

Keywords: CNC milling system; the energy consumption of the operator; exergy analysis; the
specific exergy loss

1. Introduction

The mechanical manufacturing industry is the basic industry of the national economy with the
characteristics of resource-intensive, energy-intensive, and labor-intensive [1]. While creating great
social wealth, the mechanical manufacturing industry also results in huge energy and material
consumption and generates a large amount of carbon emissions [2]. A study by Dahmus [3] shows
that the carbon emissions of one CNC machine tool with 22 kW spindle power in one year are
equivalent to the carbon emissions of 61 SUVs (20.7 mpg, 12000 miles/year). Meanwhile, the quantity
of machining system is enormous which provide the considerable potential to save energy and
material consumption. As far as China is concerned, there are about 10 million machine tools in
Chinese machining plants, ranked number one in the world [4]. Moreover, the machining operation
of operators consists of a series of activities that also generate tremendous energy consumption and
carbon emissions [5]. Therefore, it is important to assess the sustainability of the machining system
considering the energy consumption of the operator, the energy consumption of the machine tool,
and the material consumption in machining processes for mechanical manufacturing industry
sustainability improvement. As the most common machining system, the CNC milling system is a

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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typical man-machine cooperative system characterized by low energy efficiency and intensive
material consumption [6,7]. Because modeling and assessing the sustainability of the CNC milling
system has been considered to be a crucial approach to improving environmental performance, the
first step is to devise applicable assessment methods.

Numerous research works focusing on energy consumption modeling and energy efficiency
assessment of machine tools have been carried out. Gutowski et al. [8] established the total power
model for the material removal stage which can be divided into a fixed and a variable part. Mori et
al. [9] classified machine tool energy consumption as energy consumption of standby, energy
consumption of positioning, energy consumption of acceleration of the spindle, and energy
consumption of feed movement. Li et al. [10] proposed an improved energy consumption model of
the milling process based on thermal equilibrium and empirical modeling. Jia et al. [5,11,12] modeled
the energy demand of the machine tools based on therbligs. Kara [13], Balogun [14], Cai [15], Liu [16],
Ghosh [17] and Heinzel [18] all employed the SEC (specific energy consumption) as an indicator to
measure the energy efficiency of different machining processes. Ma [19], Liu [20], and Tuo [21,22]
investigated the inherent energy performance of machine tools to describe the differences in energy
efficiency. In addition, some research works have been conducted to study the material consumption
characteristics of the machining systems. Choi et al. [23] described the resource consumption and
environmental emissions of the machining process with the Input-Process-Output (IPO) diagram.
Munoz et al. [24] established a quantitative analysis method to reveal the relation between cutting
parameters and cutting tool consumption, material consumption, and cooling liquid consumption in
the NC machining process. Liu F et al. [25] presented a calculation method for the overall utilization
rate of material resources in machining systems. Jiang et al. [26] proposed a multi-objective
optimization model in which process cost and cooling liquid consumption are used as objective
functions, and cooling liquid flow rate is used as one of the optimization variables. The above studies
provide a foundation for assessing the sustainability of machining systems but fail to provide
uniform evaluation criteria between energy and materials flows.

Because exergy analysis theory has the ability to quantify both materials and energy flows in
one metric, it is a suitable method for assessing the sustainability of machining systems. Gutowski et
al. [27] firstly proposed a thermodynamic framework to analyze the material and energy resources
used in 20 manufacturing processes. The research showed that new manufacturing processes
primarily generate an increase in material/energy intensity, rather than traditional technologies.
Renaldi et al. [28-30] provided different definitions of exergy efficiency for subtractive processes,
additive processes, and mass-conserving processes. Salman Pervaiz and Mohamed Gadalla [31,32]
established a physical model of exergy analysis for the metal dry-cutting process. In a dry-cutting
experiment, they found that the exergy efficiency of removal is very different from the overall
efficiency. Ghandehariun et al. [33] established the calculating model of exergy loss for the dry
turning process and optimized the exergy loss by solving the partial derivative of the model function.
In another study, Ghandehariun et al. [34] provided an exergy efficiency model of drilling processes
and analyzed the variation tendency between exergy loss and feed rate by experimental tests. Benjie
Li et al. [35] pointed out that the energy used to maintain the thermal stability of a motorized spindle
is useful energy consumption. Based on it, a new energy efficiency model was established under
exergy analysis for a high-speed dry hobbing machine. The above research works indicate that exergy
analysis is a good method for assessing the sustainability of the CNC milling system.

As a matter of fact, the activities of operators in machining processes also generate massive
energy consumption. Regrettably, the energy consumption of the operator in the CNC milling system
has often been ignored in most existing research. Therefore, existing methods fail to provide a
comprehensive understanding of the sustainability of the CNC milling system. To supply the gap,
the energy consumption of the operator from the activities perspective is modeled. The rest of the
paper is arranged as follows. The system boundary of exergy loss assessment is defined in Section 2.
The energy consumption models of machine tools and operators are established in Section 3. The
exergy analysis is conducted and the specific exergy loss model is established in Section 4. A case
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study conducted on an XH714D machining center is given in Section 5. Conclusions and future works
are proposed in Section 6.

2. Definition of the system boundary

The boundary of the exergy loss assessment method for the CNC milling system is shown in
Figure 1. Generally, all machining processes consume materials and energy as input sources and
produce products as output while discharging waste streams. The CNC milling system is a typical
man-machine cooperative system. Therefore, the input energy of the CNC milling system consists of
the electrical energy consumption by the machine tool and the metabolic energy by operators during
the machining process. The input materials include workpieces, cutting tools, cooling liquid, and
compressed air. The output materials are products, chips, final worn cutting tools, recycled and
dissipative cooling liquid, and air. In addition, the CNC milling system is running in a specific
external environment, such as the temperature (TO) and pressure (P0) of the environment. On the
other hand, most of the energy consumption by the activities of the machine tool and operator is
dissipated with heat loss.

electrical energy metabolic energy
Environmental state
(Tos po)
chips

"t —
cutting tools CNC milling system

final worn cuytting tools
— | nal worn el
. (machine tool & operator)
compressed air air

— >
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Figure 1. The boundary of assessment method.

3. Energy analysis

Usually, the machining process of the CNC milling system can be broken up into seven stages
according to the activities of the operator and machine tool. The activities of the operator and machine
tool during the seven stages are shown in Table 1. Consequently, there are two kinds of energy
consumption in the CNC milling system: energy consumption of the machine tool and energy
consumption of the operator.

Table 1. The activities during the seven stages.

Category Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6  Stage 7
Machine tool Standby  Standby  Standby  Standby EX;iz;?agmNC Standby Standby

Loading Loading
cutting tool workpiece

Checking
NC program

Unloading Checking

Operator Setting tool Standing still

workpiece workpiece

3.1. Energy consumption modeling of machine tool

According to the above-mentioned machining process stages, the energy consumption of the
machine tool for machining a workpiece can be calculated as:

7
Eyp = Z EMT,:‘ (1)
im1
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where Ewr [J] is the energy consumption of the machine tool for machining a workpiece; Emr, i [J] is
the energy consumption of the machine tool during stage i.

As for the machine tool, stage 5 (executing NC program activity) can be divided into two sub-
stages: sub-stage 1 (air cutting activity) and sub-stage 2 (material removal activity). So, the energy
consumption of the machine tool during stage 5 can be expressed as:

E

Mrs =

E

MT,5-1

+ EMT,s—z (2)

where Emrs1([]] is the energy consumption of the machine tool during sub-stage 1 (air cutting activity);
Ewmrs2[]]is the energy consumption of the machine tool during sub-stage 2 (material removal activity).

The energy consumption of the machine tool during each stage is a function of power and time.
The power types of all machining process stages are divided as follows:

(1) Standby power

Standby power is the basic power to keep the machine tool running where the main power is
switched on; the electrical control systems and the numerical control system are running. Generally,
the value of standby power is a constant, usually measured by experiment. The standby power can
be measured as:

P _ Y Pstandby,i
standby z N (3)

i=1

where Pstanary [W] is the machine tool electrical power consumption of standby activity; Pstandsy, i [W] is
the i-th measured value of the machine tool electrical power consumption of standby activity; N is
the number of measured value.

(2) Air-cutting power
Air-cutting power is the machine tool’s electrical power consumption of the air-cutting activity
in which the cutting tool moves with the tool path defined in the NC program without material

removal. The air cutting power, which consists of four parts: standby power, spindle rotation power,
feed power, and cooling liquid supplying power, can be calculated by Equation (4).

Pair-cutting = Pstandvy + Pspindie + Pfeed+ Peooling (4)

where Puir-cutting [W] is the power consumption of the machine tool during sub-stage 1 (air cutting
activity); Pspinaie [W] is the spindle rotation power; Pr.: [W] is the feed power; Peoing [W] is the cooling
liquid supplying power treated as a constant value.

In addition, the spindle rotation power follows an approximately linear relationship with the
rotational speed, which can be expressed as:

Pspindle= kin+b (5)

where 1 [r/min] is the spindle rotational speed; k1 and b are the specific coefficients of the spindle
motor.
Similarly, the feed power follows an approximately linear relationship with the feed rate, which
is calculated as:
Pfeed: k2f+c (6)
where f [mm/min] is the feed rate; k2 and c are the specific coefficients of the feed motor. Based on

Equations (4)—(6), the Pair-cutiing can further be written as:

Pair-cutting = Pstandvy + Peooling + kln+b+ k2f+ C (7)

(3) Material removal power

Material removal power is the machine tool’s electrical power consumption of the material
removal activity where the cutting tool is in contact with the workpiece and the chips are produced.
It can be expressed as:

Pruaterial removal = Pnir-cuth‘ng + Pcurting (8)
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Pcutting =kOMRR = ko_fﬂp 723 /60 (9)

where Puaterial removat [W] is the power consumption of machine tool during sub-stage 2 (material removal
activity); Peuing [W] is the power consumption in cutting tool tip when cutting the workpiece; MRR
[mm3/s] is the material removal rate; k0 the specific coefficient of cutting force; a4, [mm] is the cutting
depth; a.[mm)] is the cutting width. Based on Equations (7)—(9), the Pmaterial removal can further be
written as:

Prmaterial removal = Psttzndby + Pcoaling +kln+b+ k2f+ c+kOMRR (10)

In development, the Emr can be expressed as:

t5-1

tl t2 t3 t4
E mr = J. F.)s'randbydt + J. Rtandbydl + I P.’s‘tandbydl + J‘ Fz'tandhy dt + J‘ R,,, cutting dt
0 0 0 0 0
522 ‘o 7 (11)
+ .[ Pmaterial removal dt+ J‘ Pstandby dt+ J‘ Pstandby dt
0 0 0

where ti (i=1,2,3,4,6,7) [s] is the duration of stage i; t5-1 [s] is the duration of sub-stage 1 (air cutting
activity); t5-2 [s] is the duration of sub-stage 2 (material removal activity).
Moreover, according to the NC program, t5-1, t5-1 and t5can be calculated as:

ts_l:Lmr/f
15_2 = Lz'u/ling /f (12)
t5=t5-14+15-2

where Lar[mm] is the length of the cutting tool moving route during sub-stage 1 (air cutting activity);
Leuing [mm] is the length of the cutting tool moving route during sub-stage 2 (material removal
activity), t5 [s] is the duration of stage 5.

It's worth noting that the energy consumption in the cutting tool tip used to remove material
from the workpiece, ” Ecutting [J]”, is defined as the effective energy output of the CNC milling system.
It can be expressed as:

15-2 15-2
B = [ P dt="[ KOMRRdt (13)
0 0

In consequence, the traditional material removal energy efficiency of the machine tool can be

calculated as:

Ecutzmg
n.=—"" 14
Ey (14)

where 1. is the material removal energy efficiency of the machine tool.

3.2. Energy consumption modeling of the operator

Similarly, the operations of the operator in the machining process can be broken up into seven
activities. Each activity also generates massive energy consumption which is often been ignored in
previous studies. The energy consumption of the operator is relevant to the activity intensity, the
duration of each activity, and the features of the operator such as height and body weight. As a matter
of fact, different activities have different intensities that can be characterized by the average energy
metabolic rate. On the other hand, the duration of the seven activities is diverse. Therefore, there are
huge differences in the energy consumption of the operator during the seven stages. The description
and intensity of the seven activities are shown in Table 2.
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Table 2. Intensity of the seven activities of the operator.
.. Activity intensity [36] .
No  Activity of operator [keal-min“-m?] Description
1 Loading cutting tool 2.647 Operator assembles the cutting tool and loads it to the main spindle
2 Loading workpiece 2.647 Operator installs and fastens workpiece to the fixture
Operator establishes workpiece coordinate system by operating the
3 Setting tool 1.788 electronic hand wheel to and input the data into the numerical
control system
4  Checking NC program 1.495 Operator brings up the existing NC code and check it
5 Standing still 0.862 Operator stands near the machine in a relaxed state
6 Unloading workpiece 2.647 Operator unloads the product from the fixture
t the size of th ified kpi i
7 Checking workpiece 1554 Operator measures the size of the specified workpiece using a

vernier caliper

The unit of the average energy metabolic rate is 1.0 kcal per minute per m? body surface area.
The body surface area is the function of the height and body weight of humankind and for Chinese
people, it can be calculated as:

5=0.006H + 0.0128W - 0.1529 (15)

where S [m?] is the body surface area of the operator; H [cm] is the height of the operator; W [kg] is
the body weight of the operator.
According to the unit transformation between calories and joules, 1.0 kcal=4184 ], the unit of
activity intensity can be transformed as follow:
1.0x4181

1.0 kcal'min’-m2=1.0 X 4184]- min"'-m2=1.0X 4184]-(60s)'-m2= T Jstm2  (16)

It is well known that 1 W =1 J-s'. So, Equation (16) can be transformed as follows:

1.0x4181

J-s1:m2=69.683 ]-s-m2= 69.683 W-m2= P” 17)
60 m

where P77 [W-m?]is the power consumption of the operator per m?body surface area.

According to the above-mentioned analysis, the operator energy consumption for machining a
workpiece can be calculated as:

7 7
Epp = Eop, =) P-1i=2.647P% -S-11+2.647P% -S-12+1.788P% - S -13
= f pr m m m (18)
+1.495P% -S - 14+0.862P% - S-15+2.647P% - S-16+1.554P% - S .17

where Eor[]] is the energy consumption of the operator for machining a workpiece; Eor,:[J] is the operator
energy consumption of activity i; P;[W] is the power consumption of the operator for activity i.

4. Exergy analysis

Exergy is defined as the maximum obtainable work from a system, also called work potential.
Unlike energy which is conserved, exergy is not conserved and it can be destructed in a system based
on the second law of thermodynamics. Because there are no chemical reactions taking place in the
CNC milling process, the chemical exergy is not taken into account in this study. Additionally, under
the environmental temperature TO (dead state), exergy transfer accompanying heat transfer in and
out of the CNC milling system is zero. Therefore, the exergy balance equation of the CNC milling
system can be expressed as:

+ Ex

+ Ex + Ex cooling ,in

Ex,, = Exy; ., + Exqp,, + EX
=FEx

air,in

+ Ex

tool ,out

workpiece,in

+ Ex

tool in
+ Ex, (19)

cooling ,out

+ Ex

chip ,out

+ Ex +Ex,,

product,m product,w air ,out

where Exin [J] is the total exergy inputs to the CNC milling system; Exmri [J]and Exor.n [J] represent
the electrical exergy and mechanical exergy input respectively; Exuworkpiccein [J], Exair,in [J], Extootin [J] and
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Excontingin [J] represent input exergies of the workpiece, compressed air, cutting tool, and cooling liquid
respectively; Exairout [J], ExtooLout [J] and Excoiingout [J] represent output exergies of air, worn cutting tool
and cooling liquid respectively; Exaipout [J] is the exergy of chips; Exiss [J] is the total exergy loss of
CNC milling system; Exproductm [J] is the output mass exergy of the finished workpiece; Exproductw [J] is
the additional exergy of the finished workpiece and the value of it is equal to the electric energy
consumption of machine tool used to remove material from workpiece ” Ecutting” .

The electrical energy consumed by the machine tool and mechanical energy provided by the
operator is “high-quality energy” which means can be converted into useful work 100%. So, the
electrical exergy and mechanical exergy associated with the machine tool and the operator are
expressed as:

Exyp i =Eyr
{ ’ (20)

Exop i = Epp

What needs to be emphasized is that the material flow in the machining process, although the
material flow is consistent with the conservation of mass, the availability of the material is changed.
For example, after the material removal process, the workpiece is changed into chips and a product.
Compared to the workpiece, the availability of metal chips is reduced. But for the product, the
required shape and high dimensional accuracy are obtained which leads to the availability of the
product increased.

The above-mentioned exergy balance equation is complex because of numerous input and
output factors. It can be simplified from the exergy loss perspective, which can be expressed as

Equations (21) and (22):
Exloss = ExMT,in + ExOP,in - Exproduct,w + Exwm’kpicce,in - Expraduct,m - Exchip,oul

+ E‘xair,in - Exair,oul + E‘xlool,in - E‘xtool,out + Exmoling,in - Exmoling,ou! (21)

= Ex[o.v.v,energy + Ex/oss,chips + Exloss,air + Ex/nss,tonl + Exlos.v,cnoling
Exloss,energy = ExMT,in + ExOP,in - E‘xpruduct,w
Ex[uss,zrhips = Exwm‘kpicc’e,in - Expraduct,m - Exchip,aut
Exloss,m'r = Exm’r,in - Exm'r,out (22)
Exloss,taol = Extaol,in - Extaol,aut
Ex[oss,zrouling = Excuoling,in - Exwoling,aut

where ExXuoss,encrgy [J], Extoss,chips [J], EXtoss,air [J], EXtoss,toot [J] and Extoss.cooting [J] represent the exergy loss of energy
consumption, the exergy loss of chips, the exergy loss of compressed air, the exergy loss of cutting
tool wear and the exergy loss of cooling liquid dissipation respectively.

The exergy loss of energy consumption means the total energy consumed by the machine tool and
operator except the actual energy computation used to remove the material. The exergy loss of chips is
calculated by the exergy consumed in recycling chips to produce workpieces. The exergy loss of
compressed air means the exergy loss by pressure loss. The exergy loss of cutting tool wear is the exergy
apportionment of tool life. The exergy loss of cooling liquid dissipation can be described as mass exergy
transfer. The specific calculation models for different kinds of exergy loss are presented in Table 3.
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Table 3. The calculation models for exergy loss.
Type of exergy loss calculation models
the exergy loss of energy consumption EXipss nerey = Evir + Eop ~ Bevuing (23)
T;
the exergy loss of chips EXipys chips = Coips™.,,, [1 —“]xlo" (24)
chips
i E. =y RT,| L[ 1- L] x10°
the exergy loss of compressed air Siwar = Mar Rl | I 7 (25)
. UL 5-2 6
the exergy loss of cutting tool wear Exipg oo == X —x10 (26)
tool tool
the exergy loss of cooling liquid dissipation EXssconting = Cosnting Meoiing = Ceoningooiingt 5 X10° (27)

In Equation (26), Twi [min] is the cutting tool life and it can be obtained as the following empirical
formula [37]:

T;M[ =3961 1829.71/672.26318](‘;0,12101a;0.55799a70.34016 (23)

P

where V:[m/min] is the cutting speed, f: [mm] is the feed per blade, 2, [mm] is the cutting depth,
aJ[mm)] is the cutting width.

In order to describe the exergy efficiency of the CNC milling system, specific exergy loss (SEL)
is put forward. SEL is defined as the ratio between the total exergy loss and material removal volume.
Therefore, SEL is calculated as:

SEL = Fli (24)
chips
where SEL [J/mm?] is the specific exergy loss of CNC milling system, Venips [mm?] is the volume of
chips. SEL can be used to directly identify the exergy efficiency level of machine processing. The
smaller the value of SEL, the more efficient it is, which also means a lower environmental burden.

5. Case study

A three-axis machining center, some workpieces, and an operator form an actual CNC milling
system to demonstrate the feasibility of the exergy loss assessment method. The case study consists
of two steps. First, a series of cutting experiments were carried out to match the coefficients of the
power function, such as the k0, k1, k2, b, and c. Second, a workpiece was machined to demonstrate
the exergy loss assessment method.

5.1. Experimental details

The case study was conducted on an XH714D three-axis machining center made by the
Hanchuan CNC Machine Tool Co., Ltd. of China. The power and energy consumption of the machine
tool was measured by a Yokogawa WT1800 power analyzer. The power sensor was installed in the
electric cabinet and it measured the main power input as shown in Figure 2. The main parameters of
the machine tool are listed in Table 4. The information about the operator is listed in Table 5.

Table 4. The main parameters of the machine tool.

Items Spindle speed  Spindle motor Maximum tool Tool magazine Distance of travel

range [r/min] rated power [kW] diameter [mm] capacity XYZ [mm]
Values 60~8000 7.5 100 16 630X400X500
Table 5. The information of the operator.
Items Gender Age Height [cm] Body weight [kgl body surface area [m?]

Values Male 35 175 75 1.8746
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(a) Machine tool (b) Wiring diagram (c) Data acquisition instrument

Figure 2. XH714D experiment platform.

Furthermore, the workpiece with the dimensions 100X80X22 mm was used for face milling
experiments. The material of the workpiece is medium-carbon steel (C45). The part drawing of the
final product is shown in Figure 3.

30
—]

80
100

80

.
ohi !

(a) Two dimensional part diagram (b) Three dimensional part diagram

Figure 3. Part diagram of product.

According to the dimensions of the workpiece and the part drawing of the product, a face milling
cutting tool and a shank cutting tool were used in the upper surface machining and the lug boss
machining. The main parameters of the face milling cutting tool and the shank cutting tool are listed
in Table 6. Moreover, the process card was made by the operator as shown in Table 7. Based on the
process card, the NC program was written by the operator.

In this case study, the temperature (To) and pressure (Po) of the environment were 298.15 K and
0.1 MPa respectively. The density, melting temperature, and energy consumption per unit of material
smelting of chips were 7.85 g/cm?3,1808.15 K, and 9 MJ/kg respectively. For compressed air, the flow
rate, pressure, and molar gas constant (R) were 0.2 m3/min, 0.7 MPa, and 8.314 J/(mol-K) respectively.
The specific exergy of the cutting tool was 401.5 MJ/kg and there were two tool noses for one blade
of the face milling cutting tool. The specific exergy of the cooling liquid was 42.287 MJ/kg and the
dissipation rate was 0.00368 g/s.
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Table 6. The main parameters of cutting tools.
. Diameter The number of One blade Weight of Cutting
Cutting tools . Structure
[mm] teeth weight[g] tools[g]
F illi
ace mivng 100 6 9 - Assembly type
cutting tool
Shank cutting tool 16 4 - 150 Integral type
Table 7. Process card of the product.
Step . Cutting tool n f ap ae
P Task
rocess number description diameter [mm] [r/min] [mm/min] [mm] [mm]
Rough milling th
The upper 1 oush mItng the 100 380 200 18 80
upper surface
surface Finish milling the
machining 2 5 100 500 150 0.2 80
upper surface
Rough milling the 16 2000 180 48 95
The lug boss outer contour
hini — e
machining 4 Finish milling the 16 2800 250 02 05

outer contour

5.2. Results and discussion

(1) The coefficients of the power model for the machine tool

Based on experimental testing and data collection, the standby power was 525W on average and
the cooling liquid supplying power was 40W on average. Based on the fitting lines shown in Figure
4, the spindle rotation power is a function of spindle rotation speed. The fitting result is shown in
Table 9.

1000 T T T

4 Measurement
= Fitting
= = = Prediction bounds
800

900

700

600

500

Power(W)

400
300

200p=-=""

0 I i L

1 .| 1 1
0 1000 2000 3000 4000 5000 6000 7000 8OO0
Spindle speed (/min)

Figure 4. The spindle rotation power function fitting.

As for the feed power, it was measured only along the X-axis. With the same situation (the same
servo motor and mechanical transmission structure) as the X-axis, the feed power function of the Y-
axis was considered the same as the X-axis. The feed power consumption of the Z-axis was ignored
owing to low power consumption and low variability. The power consumption for the X-axis or Y-
axis movements at defined feed rates is shown in Figure 5 and the fitting result is shown in Table 9.
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Results
Linear model Polyl.
fix) = pl*x + p2
Coefficients (with 93% confidence bounds):
pl= 001092 (0.01045, 0.01139)
p2=  19.87 (1842133

Goodness of fit: ‘
SSE: 6.897
R-square: 0.9972
Adjusted R-square: 0.9969 4
RMSE: 0.9285

H 1 1 1 1
1500 2000 2500 3000 3500 4000 4500 5000
Feeding rate(mm/min)

I
500 1000

Figure 5. The feed power function fitting.

The power consumption in the cutting tool tip, Peuing (acquired by subtracting air-cutting power
from the material removal power), was measured by Lo orthogonal array tests with four factors and
three levels as shown in Table 8. The fitting result is shown in Table 9.

Table 8. Test data and results of Peutingand MRR.

No n f ap ae MRR Pair-cutting ~ Pmaterial removal ~ Peutting
[t/min] [mm/min] [mm] [mm] [mm3/s] [W] [W] W]
1 2500 300 04 4.2 8.4 882 924 42
2 2500 400 0.6 3.8 15.2 885 959 74
3 2500 500 0.8 34 22.7 886 996 110
4 3500 300 0.6 4.2 12.6 955 1015 60
5 3500 400 0.8 34 18.1 956 1046 90
6 3500 500 04 3.8 12.7 958 1018 60
7 4500 300 0.8 3.8 15.2 1027 1102 75
8 4500 400 04 4.2 11.2 1028 1081 53
9 4500 500 0.6 34 17.0 1029 1112 83

Table 9. Summary of power models.

Models R-square
Pstanavy= 525W -
Peooting= 40W -
Pespindie= 0.07219n+113.9 0.9696
Preea=0.01092f+19.87 0.9972
Peutting = 4.927MRR 0.9962

Paircutting = 0072197’1+001092f+69877 -
Pnaterial removal = 0072191’l+001092f+ 4927MRR +69877 -

(2) Energy consumption analysis for machine tool and operator

Table 10 shows the durations and the energy consumption calculated by energy models for the
machine tool and operator in seven machining stages. It can be seen that the energy consumption of
the machine tool for machining the workpiece shown in Figure 3 is 758211 | and the energy
consumption of the operator is 169750 J. The energy consumption of the operator is also enormous
and should not be ignored. For the machine tool, the results show that most of the energy is consumed
in sub-stage 2, sub-stage 1, and stage 3. The values are 324830 J, 194506 ], and 163800 ] respectively.
As for the operator, the results show that most of the energy is consumed in stage 3, stage 5, and stage
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2. The values are 72871 ], 52585 ], and 17289 ] respectively. The energy consumption in cutting tool
tip ”Ecuning” is calculated as 139626 ] with Equation (13) and the traditional energy efficiency of
machine tool “n¢” is calculated as 18.42% with Equation (14). It means that the XH714D three-axis
machining center is energy-inefficient in machining the workpiece because abundant electrical
energy is consumed in sub-stage 1 and stage 3.

Table 10. Energy consumption details calculated by energy consumption models.

Items Stagel Stage2 Stage3 Stage4 Sub-stags:iieui)-stage > Stage 6 Stage 7 Sum

ti [s] 32 50 312 20 243 224 26 15 > ti=9228
Emri[J] 16800 26250 163800 10500 194506 324830 13650 7875 Emr=758211]
Eori[J]] 11065 17289 72871 3906 52585 8990 3045 Eor=169750]

To demonstrate the accuracy of the above-mentioned energy models, the relative errors of
calculated and measured values were selected as shown in Figure 6. It can be seen that the total error
between the calculated and measured value of energy consumption of the machine tool in this case
study is 3.09%. The maximum error which appears in stage 3 is 4.82%. The main reason for this is
that in this paper the machine tool is supposed in a standby state during stage 3. But in fact, the
machine tool has other activities resulting in extra energy consumption such as spindle rotating, X-
axis feeding, Y-axis feeding, Z-axis feeding, etc. The proposed energy consumption models of the
machine tool provide an efficient calculation method with high accuracy of 97%.

27000 Stage2 175000 Stage3 172100 ‘

16800

10500
165000 163800

1= 160000 =
z 4.82% 'z 9500 =
B155000 B

= 150000 ] S 9000

17000 Stage1
16885
0.50%

_—

E
216400
&
16200
16000
calculated value  measured value

145000 8500

140000 8000
calculated value measured value

Stage?
8000 Sers 790000
7900

7800 770000
o0 | a0
i

7000 700000
asured value calculated value measured value

Encrgy())

500000

Figure 6. The accuracy of the developed machine tool energy consumption models in all stages.

A deeper analysis of the proportions of energy consumption between the machine tool and
operator during the seven stages is conducted. As shown in Figure 7, for stage 1, 2, and 6, the
proportions of energy consumption for the operator are all 39.71%. The main reason for this is that
during stage 1, 2, and 6, the machine tool is in the state of standby, at the same time the activity
intensity of the operator are equal. Meanwhile, for stage 3, 4, and 7, the proportions of energy
consumption for the operator are 30.79%, 27.11%, and 27.88%, respectively. The proportion of energy
consumption for the operator during stage 5 is relatively low (9.19%). It is because the activity of the
machine tool is executing the NC program during stage 5 and the energy consumption is very
significant (519336 J). But, the activity of the operator is only standing still. Consequently, the power
consumption of the operator is relatively low (112.6 W) and the energy consumption is only 52585 J.
What needs to be pointed out is that the energy consumption of the operator accounts for 18.29% of
the total energy consumption of the CNC milling system for machining the product. Obviously, the
energy consumption of the operator should be taken into account if aiming for accurate and fine
exergy loss assessment.
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I proportion of operator Il proportion of machine tool

proportion (%)

0
Stagel Stage2 Staged Staged Stage5 Stage6 Stage7 Total

Figure 7. Proportions of energy consumption for machine tool and operator.

(3) Exergy loss analysis

Based on the experiments and calculations of exergy loss models, the values of all kinds of exergy
loss are shown in Table 11. The exergy loss of energy consumption, chips, compressed air, cutting
tool wear, and cooling liquid dissipation are 603131 J, 2031404 ], 22023 ], 301868 ], and 2673 ],
respectively. Furthermore, the specific exergy loss is calculated as 88.04 J/mm? with Equation (29). It
means that 88.04 ] energy is degenerated or destructed for unit material removal of the workpiece,
which includes electrical energy consumption by machine tool, the metabolic energy consumption
by operators and material flows consumption, and needs to be reduced for sustainable
manufacturing.

Table 11. The values of the exergy loss and SEL.

Items EX oy onerey [] ] EX s chips [J 1 EXipss air [J ] EXipss 1001 [] 1 Exlus.\',(‘(m[ing [] 1 SEL [J/ mm?3]

Values 603131 2031404 22023 301868 72673 88.04

The proportion distributions of exergy loss are shown in Figure 8. In this case, the proportions
of exergy loss in five parts in descending order are that the exergy loss of chips accounts for 67.02%,
the exergy loss of energy consumption accounts for 19.90%, the exergy loss of cutting tool wear
accounts for 9.96%, the exergy loss of cooling liquid dissipation accounts for 2.40% and the exergy
loss of compressed air accounts for 0.73%. Obviously, the top three are the exergy loss of chips, energy
consumption, and the cutting tool wear.

- the exergy loss of energy consumption
- the exergy loss of chips

- the exergy loss of compressed air

[ I the exergy loss of cutting tool wear

I the exergy loss of cooling liquid dissipation
67.01% = :

a 0.73%

19.9%

Figure 8. Proportion distributions of the exergy loss.

Generally, the higher the proportion of exergy loss, the greater potential for the total exergy
efficiency increasing it is. It can be found that the reduction of the generation of chips is the most
effective way to improve the exergy efficiency because it dominates the total exergy loss. In order to
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reduce the exergy loss of chips, three suggestions have been proposed. Firstly, blanks or workpieces
which have similar features in shape and size as the products are selected to reduce the amount of
material removed during processing. Secondly, during the product design stage, the lower exergic
value materials replace the higher exergic value materials to reduce the exergy loss of chips. Thirdly,
use additive manufacturing techniques whenever possible. The exergy loss of energy consumption
is the second largest. It is understood that great potential for improvement can also be realized by
reducing energy consumption for machine tools and operators. At present, related scholars have
done a lot of research on reducing the electrical energy consumption for machine tools, but research
about energy consumption evaluation and optimization for operators is very rare which will be one
of our future study work. The third largest exergy loss is the exergy loss of cutting tool wear. It is
suggested that reduction of the exergy loss of cutting tool wear can be achieved by using wear-
resistant blades and choosing suitable cutting parameters to improve the life of the cutting tool. The
exergy loss of cooling liquid dissipation and compressed air are both relatively low, therefore they
have the lowest promotion potential.

6. Conclusions

CNC milling system is a man-machine cooperative system that is characterized by low energy
efficiency and intensive material consumption. However, the energy consumption of the operator in
a CNC milling system is often ignored in most existing research. Therefore, existing methods fail to
provide a comprehensive understanding of the sustainability of the CNC milling system. In this
paper, an exergy loss assessment method based on the second law of thermodynamics is proposed
to investigate the sustainability of the CNC milling system, where the energy consumption of the
operator, the energy consumption of the machine tool, and material flows are taken into
consideration. The energy consumption of the operator, the energy consumption of the machine tool,
traditional energy efficiency, exergy loss, and specific exergy loss are characterized by a mathematical
modeling approach. In order to demonstrate the feasibility of the proposed method, a case study was
carried out on a three-axis machining center (XH714D). The results showed that the energy
consumption of the operator and the machine tool are 169750 ] and 758211 J respectively. The energy
consumption of the operator accounts for 18.29% of the total energy consumption. The exergy loss of
energy consumption, chips, compressed air, cutting tool wear, and cooling liquid dissipation are
603131 J, 2031404 J, 22023 J, 301868 J, and 2673 ], respectively. Furthermore, the specific exergy loss is
calculated as 88.04]/mm3. The proposed method can bring the following advantages: (i) the energy
consumption of the operator is considered and modeled; (ii) detailed power and energy consumption
models of all machining process stages are established for the energy evaluation of the machine tool;
(iii) a novel exergy efficiency model (SEL) is established to investigate the comprehensive
sustainability performance of CNC milling system; and (iv) exergy efficiency improving potentials
can be found by exergy loss analysis. The proposed method is also applicable to other machining
systems.

In future work, an effective measurement experiment for the energy consumption of operators
will be conducted. Exergy efficiency improvement is another important issue. The optimization
models of SEL will be thoroughly studied based on this paper.
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Abbreviations
List of symbols
ap the cutting depth [mm] MRR
Qe the cutting width [mm)] n
b the coefficient of the spindle motor Tair
c the coefficient of the feed motor N
energy consumption for per unit of material
Cchips N . Niool
smelting of chips [M]/kg]
Ctool the specific exergy of cutting tool [M]J/kg] P
€cooling The specific exergy of cooling liquid [M]/kg] Po
Eur the m.ac.hme tool enfergy consumption for Putmaty
machining a workpiece [J]
it the mz'ichme tool energy consumption of Prtmts
stage i []]
Ewrsa the machine tool energy consumption of Pai-ttng
sub-stage 1 [J]
E the machine tool energy consumption of ~ Puateriai
T 5-
MLs2 sub-stage 2 [J] removal
the energy consumption in cutting tool tip
Ecuftirzg . . Pspindle
used to remove material from workpiece [J]
Eop the oPeFator energy’ consumption for P
machining a workpiece [J]
E the operator energy consumption of activity z
OP, i . coolin,
i ] )
Exttoss, energy  the exergy loss of energy consumption [J] ~ Peutting
Exioss, cnips ~ the exergy loss of chips [J] Teooling
Exioss,air  the exergy loss of compressed air [J] R
Exuoss, 000 the exergy loss of cutting tool wear [J] S
Extos coling g;e exergy loss of cooling liquid dissipation SEL
f the feed rate [mm/min] ti
fz the feed per blade [mm] t5-1
H the height of the operator [cm] £5-2
ko the specific coefficient of cutting force To
k1 the coefficient of the spindle motor Tenips
k2 the coefficient of the feed motor Ttool
L the length of cutting tool moving route v
" during sub-stagel[mm] ‘
the length of cutting tool moving route
Lcutting . Vchips
during sub-stage2 [mm]
Mchips the weight of the chips [kg] W
Mool one blade weight [kg] z
Mecooling the weight of dissipated cooling liquid e
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the material removal rate [mm?/s]

the rotation speed of spindle [r/min]
the amount of substance of consumed
compressed air [mol]

the number of measured value

the number of tool noses for one blade

the pressure of compressed air [MPa]
the pressure of environment [MPa]

the machine tool electrical power
consumption of standby activity [W]

the i-th measured value of the machine tool
electrical power consumption of standby
activity [W]

the power consumption of machine tool
during sub-stagel [W]

the power consumption of machine tool
during sub-stage 2 [W]

the spindle rotation power [W]
the feed power [W]

the cooling liquid supplying power [W]

the power consumption in cutting tool tip
when cutting the workpiece [W]

the dissipation rate of cooling liquid [g/s]
the molar gas constant

the body surface area of the operator [m?]

the specific exergy loss [J/mm?]

the duration of machining stage 7 [s]
the duration of sub-stage 1 [s]

the duration of sub-stage 2 [s]

the temperature of environment [K]
the melting temperature of chips [K]
the life of cutting tool [min]

the cutting speed [m/min]

the volume of chips [mm?]

the body weight of the operator [kg]
the number of teeth

the traditional material removal energy
efficiency of machine tool
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