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Abstract

Process route planning bridges the gap between design stage and manufacturing stage, which transforms workblanks into parts or
products. The decisions of processing methods, machines, cutting tools, and sequence of process stages during process route
planning have a significant impact on carbon emissions in manufacturing process. To reduce carbon emissions of process routes
of parts and simultaneously consider economic and high-efficiency factors, a low-carbon multi-objective process route optimi-
zation method is proposed. Firstly, a constructed PBOM (process bill of material) based on machining features of parts is used to
quantify carbon emissions of every processing step. Secondly, a multi-objective optimization model of process routes with the
objectives of minimum carbon emissions, minimum processing cost, and minimum processing time is built based on the PBOM.
Thirdly, a multi-objective ant colony algorithm is designed to solve the proposed model. Finally, a practical applicable bearing
seat is taken as a case study to verify the rationality of the proposed method. Comparison results show that the proposed method

can obtain the low-carbon, economic, and high-efficiency process routes for parts.

Keywords Process route - Carbon emissions - Multi-objective optimization - Ant colony algorithm

1 Introduction

According to the research report of International Energy
Agency [1], 1/3 of the energy consumption and 36% CO,
emissions on the globe come from manufacturing industry.
The statistical data from the energy statistics development of
national bureau of statistics of China [2] also indicate that the
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energy consumption of industrial circle accounts for about
71% of the total amount of energy consumption in China,
and the manufacturing industry’s energy consumption ac-
counts for 81% of energy consumption in the whole industrial
circle. Thus, low-carbon manufacturing [3] is emerged ac-
cordingly to solve the problem of high consumption, high
emissions, and high pollution in manufacturing industry. Its
ultimate goal is to reduce resource consumption and carbon
emissions in the discrete manufacturing process including the
stages of design [4], process planning, scheduling [5], and
manufacturing [6].

Considering carbon emissions in process route planning
plays an important role in realizing the low-carbon
manufacturing. In machining process, process route planning
bridges the gap between design stage and manufacturing
stage, which transforms workblanks into parts or products.
Especially in the process of intelligentized production nowa-
days, the process routes of different parts tend to have great
flexibility, which means a part could be manufactured by dif-
ferent process routes. The flexibility of process route is
reflected in the selection of process steps in the processing
stages and sequencing of processing stages. In every process-
ing stage, a manufacturing feature concerns the selection of
processing methods, processing resources, and process tools
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[7, 8], etc. In the sequencing of processing stages, the process
steps selected in process stages are sequenced according to
relevant restraints including precedence constraint among pro-
cessing stages, and auxiliary time. The auxiliary time contains
the machine change time, cutting tool change time, and clamp
change time. The low-carbon process routes of parts are that
the factors related to carbon emissions will be considered in
the selection of processing steps and sequence decision of
processing stages. Specifically, the factors are energy con-
sumption of machines, usage of cutting fluid, changes of ma-
chine tools, changes of clamps, and abrasion of tools.
Different processing methods, machines, sequences, cutting
tools in process route planning cause large differences in car-
bon emissions generated by material, energy, and wastes.
Hence, how to decide the optimal low-carbon process route
according to the available manufacturing machines, methods,
sequences, cutting tools, and so on is significant to reduce
carbon emissions for manufacturing industries.

In fact, the optimization of process routes of parts has been
widely researched by many scholars. This issue is integrated
into different manufacturing systems, resources and environ-
ments, such as the integration of job scheduling and others
[9-11]. However, these studies have the following limits: (1)
Few scholars take carbon emissions as the objective of process
route optimization of parts; (2) There are many complex and
practical factors in quantifying carbon emissions during the
manufacturing process. However, traditional carbon emis-
sions quantitative models of process routes neglect many fac-
tors related to carbon emissions so that they are not sufficient
and precise; (3) Many studies focus on single objective pro-
cess route optimization. Processing time, cost, and quality are
involved separately in their models rather than they are con-
sidered simultaneously. Hence, it has a great potential to study
the process route optimization considering carbon emissions
and other factors such as processing time and cost.

To address the above problems, this article proposes a pro-
cess route optimization model considering carbon emissions
factors to determine process routes, processing resources and
relevant parameters during the whole manufacturing process
in which the workblanks are turned into finished parts. The
processing time and cost are also considered in the low-carbon
process route optimization model. According to the research
[12], a PBOM (process bill of material) model based on
manufacturing features of parts is constructed firstly. On the
basis of the PBOM, an assessment method is proposed to
quantify carbon emissions of process routes of parts.
Secondly, a process route optimization model considering car-
bon emissions, processing time, and cost is proposed. To solve
this model, a multi-objective ant colony algorithm is intro-
duced. In the end, a practical applicable case is applied to
verify the feasibility and availability of the proposed model
and algorithm. By comparison, the experimental results prove
that the proposed method can not only reduce carbon
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emissions and save cost and time but also obtain an optimal
process route.

The rest of the paper is organized as follows. Section 2
reviews relevant research. Section 3 introduces carbon emis-
sions quantitative model and Section 4 presents the optimiza-
tion model based on the PBOM. Section 5 presents the solving
process with the multi-objective ant colony algorithm. In
Section 6, a case is tested to illustrate the implementation
process and verify the feasibility and availability of the pro-
posed method. Finally, conclusions are given in Section 7.

2 Literature review

Process route optimization problem plays an important role in
manufacturing systems and it is studied by many scholars.
Different methods are proposed to describe and optimize pro-
cess routes to get near-optimal or optimal process routes with
different constraints and goals. Process route optimization can
be divided into two categories according to the number of
considered objectives: one is the single objective optimiza-
tion, which only pays attention to processing time or cost,
and the other is the multi-objective optimization, which pays
attention to time, cost, and other factors simultaneously.

In the traditional process route optimization, manufacturing
cost or manufacturing time is widely considered as an impor-
tant index. Lian et al. [13] considered different flexible factors
in process route optimization and applied imperial competi-
tion algorithm to reduce comprehensive cost including pro-
cessing cost, cutting tool cost, and machine cost. Liu etal. [14]
considered processing cost, cutting tool change cost, and
clamping cost and applied ant colony algorithm to solve the
proposed process route optimization problem. Wen et al. [15]
took three weighted sum of processing cost, cutting tool cost,
and clamping cost as objective and solved the process route
optimization model with honey-bee mating optimization
(HBMO) algorithm. Li et al. [16] proposed a gene combined
simulated annealing algorithm to solve the process route prob-
lem; the genetic algorithm was used to generate initial solution
and the simulated annealing algorithm was applied to obtain
optimal process routes. Qiao et al. [17] proposed a sequence
method to sequence the selected process steps with genetic
algorithm for box parts, and they took the weighted sum of
constraints and objectives as the optimization fitness. Ma et al.
[18] proposed a concurrent method to handle the process route
optimization. On the other hand, many papers studied the
process route optimization problem considering processing
time from the integration of process planning and scheduling.
Manupati et al. [19] proposed an integrated model based on
non-cooperative game theory, and they solved it by a two-
layer genetic algorithm and obtained the optimal completion
time of each job. Shukla et al. [10] proposed a composite
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algorithm based on combination of SA and TS and used agent
technology to integrate process route and scheduling.

In the multi-objective process route optimization,
Miljkovié et al. [20] took manufacturing time and manufactur-
ing cost as optimization objectives, and they applied an im-
proved particle swarm algorithm to solve the multi-objective
process route optimization problem. Apart from time and cost,
energy consumption and environmental factors have gradual-
ly been considered by many studies as optimization objectives
inrecent years. Srinivasan et al. [21, 22] studied the influences
of processing sequence on environment based on features and
explained the influences of features’ processing sequence and
the shape interference among features on environment. This is
a great innovation on considering environmental factors.
Newman et al. [23] proposed an oriented energy efficiency
process planning theoretical framework. They found that both
process routes and processing parameters will influence the
energy consumption of machining process, and the energy
consumption can be taken as the effective objective of process
planning optimization. Tian et al. [24] proposed an energy
consumption assessment method and a process planning opti-
mization model for stochastic characteristics. Hu et al. [25]
established an energy consumption optimization model based
on processing sequence of features of parts. Altintas et al. [26]
proposed an energy consumption prediction model for milling
process of a cylindrical part. The model depended on the
manufacturing features which came from STEP 224 applica-
tion protocol that defined shape features and material charac-
teristics of parts. Similarly, in some models [27, 28], according
to the operation time of machine, energy consumption was
divided into three different categories, i.e. energy consump-
tion in the start-up phase, energy consumption in the operation
phase and energy consumption in the material removal phase.
However, owing to the great relationships between energy
consumption and carbon emissions, few scholars consider
the objective of carbon emissions. Wang et al. [29] integrated
technology elements and proposed a combination model to
assess carbon emissions in machining process. Yi et al. [30]
established a process route optimization model aiming at the
minimum carbon emissions and maximum processing effi-
ciency. The model was optimized with NSGA-II, but in the
process of optimization, the authors did not mention how to
get the only solution which resulted in the failure of obtain-
ment of the optimal leading edge. Meanwhile, the article did
not consider the auxiliary carbon emissions between two ad-
jacent process steps.

In conclusion, a review of the related work reveals that (1)
one-dimensional objective such as processing time, or multi-
dimensional objective by integrating and coupling many indi-
cators is often taken as the decision objective in the traditional
process route optimization research; (2) the energy consump-
tion and carbon emissions are gradually considered with the
introduction of low-carbon manufacturing. However, firstly,

the traditional process planning methods are hard to describe,
represent, and solve the process planning problem restrained
by carbon emissions. Secondly, low-carbon process route op-
timization has not been researched deeply, and most papers
mainly focus on the energy consumption. Thirdly, low-carbon
quantitative models of process routes neglect some factors
such as auxiliary carbon emissions between two adjacent pro-
cess steps. In view of the insufficiencies of current research on
low-carbon process route optimization, this article develops a
new method to precisely describe and effectively solve the
process route optimization problem in process planning under
the constraint of carbon emissions.

3 Carbon emission quantitative model
of process route of parts

3.1 Calculation method of process step carbon
emission based on PBOM

In the planning of process routes of parts, features are usually
used to express and describe a part. A part is made up of one or
several basic features. Basic features are divided into two cat-
egories, i.e., the auxiliary features and the main features. The
main features, which includes faces, holes, chamfers, are those
features that cannot be split again in geometric topology. The
auxiliary features are local geometric structures of the main
features including keyways, threads. For each standard shape
machining feature, it needs a series of process states including
rough machining, semi-finishing, and finish machining.
Usually the selectable processing methods for a process state
of a feature are not exclusive. Further, machines, cutting tools,
and clamps for each process step are also selectable.
Therefore, process route planning of parts devotes to select
processing methods, processing resources, and so on in
manufacturing process of features. Hence, a part usually has
many selectable processing conditions so they correspond to
different carbon emissions.

To quantify carbon emissions of process steps of process
states of a part, a PBOM for specific parts is given. The struc-
ture of PBOM is shown in Table 1 and it includes the follow-
ing four parts: the part structure information, operation infor-
mation of basic features, process ID of process steps, and
carbon emissions of each process step. The detailed explana-
tion is as follows: (1) The part structure information has three
levels, i.e., part level (P), composite feature (CF) and basic
feature (BF); (2) Operation information of basic features is
searched and filtered from the c-PBOM(carbon emissions-
process bill of material) which is built for the manufacturing
workshop [12]. Particularly, cutting parameters are added in
this table, but they can be obtained by optimization finally; (3)
Material carbon emissions generated by the production of raw
materials, cutting tools, and cutting fluids consumed in a
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The structure of PBOM

Table 1

Carbon emissions

(kgCOy)
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Process elements

Level, feature

ID

Energy  Waste

Material

Cutting

State Device Tool Clamp

Method

Repeated information

Basic
feature(BF)

Composite

Part(P)
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) D) (T ©

M)

®R)

feature(CF)

Sum

machining process, energy carbon emissions caused by the
production of the electricity consumed in a machining pro-
cess, and waste carbon emissions, caused by the disposal of
chips, scrap cutting tools, and scrap cutting fluids produced in
a machining process are respectively obtained after the opti-
mal cutting parameters are determined. The process ID in-
cludes the feature information and process elements, such as
CF2F1R1S2M1D3T2Cl. CF2F1 denotes the feature classifi-
cation, R1 is repeated information and S2 is the second oper-
ation state. M1D3T2Cl1 represents that the used machine, pro-
cess method, cutting tool and clamp are D3, M1, T2, and C1,
respectively. The process ID is an important basis to decide
carbon emissions from changes of cutting tools and clamps of
parts features.

Process step is a continuous cutting process, and its life
cycle includes the machine feeding, main shaft rotating, ma-
terial removing, cutting fluid spraying, automatic chip remov-
al, and basic module operation movement without tool chang-
ing movement. Therefore, the energy carbon emissions CE,.
elec Within a process step are:

CEs-ciec = CEpy + CEgy + CEy + CEpm + CEs + CEcc(1)

where CE,,,. is carbon emissions from material removing,
CE,, is carbon emissions from the main drive, CEris carbon
emissions from feeding, CE,,, is carbon emissions from basic
module operation of machine, CE4 is energy carbon emis-
sions from cutting fluid spraying, and CE,. is carbon emis-
sions from automatic chip removal.

The material carbon emissions CEj_,,4seriq; Within a process
step are:

CES*material = CEptool + CEpchip + CEpCf (2)

where CE,;,,; is carbon emissions from cutting tools produc-
tion, CE,;, is carbon emissions from workpiece material
production, and CE,,,is carbon emissions from cutting fluid
production.

The waste carbon emissions CE_,,,.;. Within a process step
are:

CEs*wuste - CEdtool + CEdchip + CEdcf (3)

where CE,,,; is carbon emissions from disposal of wasted
cutting tools, CE,.ris carbon emissions from the disposal of
wasted cutting fluid, and CE ., is carbon emissions from the
disposal of wasted cuttings chips.

The total carbon emissions within a process step are:

CEstage - CES*EIEC + CES*material + CES*WLIS[C (4)

All kinds of carbon emissions calculation models in
the above formula are related to the process elements
including workpiece materials, machines, cutting tools,
cutting parameters. The specific carbon emissions models
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can be acquired via literature [12] and Appendix (Tables
8,9, 10, 11 and 12).

The machining process of a part involves the changes
of possible automatic tools and clamps between two adja-
cent process steps, which also produces carbon emissions.
Therefore, once the PBOM of parts is obtained, it is very
easy to know the total carbon emissions of parts when
auxiliary carbon emissions caused by auxiliary operation
are provided.

3.2 Auxiliary carbon emission calculation method
between process steps

Besides carbon emissions calculation of all process steps, the
auxiliary carbon emissions calculation between two adjacent
process steps are also needed. The auxiliary carbon emissions
are from the changes of the possible automatic tools and
clamps between process steps.

The auxiliary carbon emissions can be identified
through the adjacent process numbers in process routes.
Designing three rules in combination with the process
numbers to reason carbon emissions between two adjacent
process steps:

(1) Rule 1: Compare the numbered ID of machine be-
tween two adjacent process numbers from the given pro-
cess route. If the values are different, it means that ma-
chine between the two process steps needs to be changed.
The replacement of machines require the transportation
process of parts between two machines. In this article,
the transportation of the parts is treated as a process with
a constant speed and constant power, and carbon emis-
sions are determined by the length of the route of the
transportation process. Therefore, carbon emissions
CE,ansk can be calculated as the following formula:

transk = (S(kfl)fk)/vtrans (5)
CEtransk = (Ptrans + Pbm) X transk X EFelec

where #,.4,5 15 the workpiece transportation time, S¢— 1) -
« 1s the distance between two machines, v, is the trans-
portation speed of parts, P;,,, is the transportation power,
Py, 1s the power of the basic module operation of ma-
chines, and EF . is carbon emission factor of electricity.

The replacement process of machines requires changes of
the cutting tools and re-clamping operation of parts. Carbon
emissions from changes of cutting tools and clamps can be
calculated via rule 2 and rule 3.

(2) Rule 2: Based on Rule 1, compare the numbered ID of
cutting tools between every two adjacent process numbers
when the machines are identical. If the values are different,
it means that the cutting tool required to change between the
two adjacent process steps.

Carbon emissions of the automatic tool changes process
CE,, are constituted by carbon emissions generated by auto-
matic tool changers and carbon emissions generated by the
simultaneous operation of basic modules of machines.
Therefore, CE,. can be expressed as follows:

tick = 1y X Lo

CEtck - [(Ptc +Pbm) X ek +Etcon +Etcoﬁ':| X EFelec (6)

where 7, indicates the number of tool rotation of cutting
change modules, #, is the time of each cutting tool
change, P,. is the power of cutting change module, E,.,,
is the start energy consumption of cutting change module,
E,co is the shut off energy consumption of cutting change
module, and EF,,. is carbon emissions factor of energy
consumption.

(3) Rule 3: Compare the numbered ID of clamp between
every two adjacent process numbers when machines are iden-
tical. If the values are different, it means that re-clamping is
required.

The clamping process is usually completed by operation
staff. Carbon emissions generated by the clamping process
of machines can be calculated as follows.

CEclampk =P bm X tclampk x EF elec (7)

where 7., in the formula depends on the time spent by the
operation staff in clamp.

Therefore, the auxiliary carbon emissions between the two
adjacent process steps are:

CE auxik — CE transk + CE ek CE clampk (8)

3.3 Carbon emissions of parts

Based on above discussion on calculation methods of car-
bon emissions of process steps and auxiliary carbon emis-
sions between process steps, the processing step of every
processing stage of all features of parts can be selected
from the corresponding PBOM. Then the process steps
selected in every processing stage are sequenced accord-
ing to related constraints to form a process route of parts.
Finally, carbon emissions of the process routes of parts
can be obtained according to the calculation rules of aux-
iliary carbon emissions between process steps, shown in

Eq. (9).

n n—1
CEpart - Z CEStage + z CEauxik
i=1 k=1

9)
n—1 n—1 n—1 (
CEstage + Z CEtransk + Z CEtck + Z CEclampk

k=1 k=1 k=1

"M =

i=1
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4 Process route optimization model based
on PBOM

4.1 Expression of the process route of parts based
on PBOM

The process route is the specific process procedure of parts,
which includes processing sequence information between pro-
cessing steps and processing steps themselves information.
The manufacturing information includes machines, cutting
tools, and cutting parameters. The processing sequence infor-
mation is generally determined by many factors and con-
straints, such as machining accuracy, and processing experi-
ence. Moreover, different processing steps and processing se-
quences of the selected process steps will influence the auxil-
iary movement between process steps, which has an impact on
the total carbon emissions of parts. In the meantime, the se-
lected process steps and the movement between process steps
also influence the total processing time and cost of parts. As a
result, it is of great significance to consider the selection of
process steps and the optimization of processing sequences.

4.1.1 Expression of process steps of parts based on PBOM
The PBOM contains all available manufacturing steps and

resources of a part. A process route can be constructed based
on the PBOM by selecting different process steps from all

06

o1

Fig. 2 Machining sequence constraint graph
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processing stages of every feature. As such, different process
routes have different carbon emissions, as shown in Fig. 1. For
the feature F1 of the part P1, it has two alterative process steps,
ID1 and ID2. Feature F3 also has two alterative process steps,
ID4 and IDS. Similarly F4 has three alterative process steps,
i.e., ID6, ID7, and IDS8. Therefore, selecting process steps for
each manufacturing feature constructs the process route of
part P1. It is note that the selected process routes are not
always rational because the constraints between manufactur-
ing features are not considered in the machining process.

| Initialize pheromone, search
tabu list, standard path

v

Randomly make ants at start
position that indegree set is
null

v

Select the next location
based on the pheromone and [«
tabu list

v

Update tabu list

4

YES

2

End

Output optimal
solution

Evaluate three distances of

ants 4

YES

NO ¢

Update pheromone, reset
tabu list

Termination
condition

Fig. 3 Operation flow of multi-objective ant colony algorithm
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Fig. 4 Three basic orthographic

views of the bearing seat
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4.1.2 Expression of processing sequence constraints

In the actual processing, these selected process steps from the
PBOM cannot be arranged according to a random order. The
arrangement of processing sequence of parts should follow the
principles below based on considered factors which include
the benchmark relationship of processing surfaces, the sur-
faces processing quality and the production efficiency.

(1) Rough machining takes precedence over finish machin-
ing. It means that surface rough machining should be
arranged before finish machining;

Primary surface priors to secondary surface. Primary sur-
face is the principal factor in deciding the part quality,
and its processing is also the main content in the whole
technological processing. Therefore, the processing se-
quence should be considered to guarantee the machining
precision of primary surface;

Plane machining takes precedence over hole machining.
This means the plane (usually the assembly datum)
should be processed firstly, and then the hole or hole
series can be processed according to the plane datum.
Normally, drilling a hole or boring a hole on semi-
finished surfaces is likely to deflect the drill or split the
tool.

@

G)

These principles are all treated as the constraint conditions
when arranging the process sequences. A constraint graph of
processing stages can clearly indicate the sequence constraints
among processing stages, because it is a visualized description
of precedence relationship among process stages [31]. As

shown in Fig. 2, the symbol O; indicates the alternative pro-
cess steps for the processing stage S;. The arrow represents the
precedence relationship of process stages. It is noted that if the
indegree set and outdegree set of one stage are both null, it
reveals the stage has no any constraints with other stages;
hence, it will not be shown in the constraint graph. Once the
constraint graph is obtained, the selected alternative process
steps of every processing stage could be combined and sorted
in a reasonable process route. One of reasonable process
routes shown in Fig. 2 is O1-05-07-04-02-010.

4.2 Process route optimization model

From the above relationships of constraints, a great many
reasonable process routes could be obtained. However, they
might not be the optimal route when considering different
objectives and constraints. The process route optimization is
actually a combinational optimization problem with con-
straints. The mathematical model can be described in follow-
ing section.

4.2.1 Optimization objective
Objective function: The optimization objective in this article is

to minimize the processing time, carbon emissions and cost of
parts, as shown in Eq. (10).

{ .f] (X) = T(X) = Ztstage + Zttmnx + Ztvlampk + Zttck
mmF(X) = fZ(X) = CE(X) = CEpart
f3 (X) = C(X) = chrage + anuxik

(10)
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Table 2 The geometric structure
of the bearing seat Part

Composite feature Basic feature Replicate Shape(mm) Allowance
P1(bearing seat) F1 (face) 1 82 x 38 3
F2 (face) 2 20 x 38 2
CF1 (bearing hole) F3 (hole) 1 R15-r14 38
F4 (hole) 1 R17.5r15 15
F5 (hole) 2 r4 15
CF2 (counter bore) F6 (hole) 2 r6.5
F7 (hole) 2 r4.5 7
F8 (hole) 1 2 10
F9 (hole) 1 13 12.5

The processing time 7(X) of parts is the sum of cutting time
of all process steps in process routes and all auxiliary time
including machine change time, clamp change time, and cut-
ting tools change time between two adjacent process steps.
The cutting time of a process step can be expressed as Eq.

(11):

8 xnxa, (tuning, drill)

tstage: V/, . (11)
fxnxayxa, (l’nlll)

where / is the feed distance, A is the machining allowance, V'is

the removing volume, a,, is the cutting depth, a, is the cutting

width, f'is the feed rate, and # is the rotate speed.

The total amount of carbon emissions are the sum of the
carbon emissions from process steps and the auxiliary carbon
emissions between two adjacent process steps. Similarly, the
processing cost also includes process steps cost Cgqe and

auxiliary cost C,,;;x between two adjacent process steps,
which includes the processing management cost [C + C5] X
T, tool cost C,, and cutting fluid cost C,: They can be calcu-
lated by the following Eq. (12):

Cstage = [Cl + CZ] x T+ Ct + Ccf

tcuttingl tcutl‘ingi
C=|l/——F+...+—7F7———+...| xXC
- SR A ST ’
Leutting
qugiééumf+AA@)xcu
Cawik = [Cl + CZ] X Laulik
(12)

where T; is the times that the cutting tool would get sharp-
ened, 7; is the cutting time using a specific cutting tool in
a certain cutting condition, 7}, is the cutting fluid change
interval, 7; is the life cycle of the cutting tool in the cer-
tain cutting condition, AM, is the initial volume in the

Table 3 The machine tools and

cutting tools in the workshop Machine tool Cutting tool Life
Price(yuan)  cycle(min)
DI(CNC lathe) T1 (Sandvik Boring tool CCMT 09T3 12-PR 4325) 30 75
D2(CNC horizontal T2(Sandvik Cemented carbide end mill D50) 50 42
miller) T3(Sandvik Cemented carbide end mill D20) 50 45
T4(ZCCCT Cemented carbide end mill 111 60
GM-2EL-D13)
D3(Vertical driller) T5(ZCCCT SU series Cemented carbide twist drills 80 12
D4(Radial driller) ©4)
T6(ZCCCT SU series Cemented carbide twist drills 80 25
©6)
T7(ZCCCT SU series Cemented carbide twist drills 80 25
@8)
T8(ZCCCT SU series Cemented carbide twist drills 80 25
©9)
TI(ZCCCT Cemented expanding drill ¢29) 115 50
T10(Cemented carbide reamer 8) 120 45
T11(Cemented carbide reamer ¢30) 120 75
T12(Countersink drill with parallel shanks and solid 55 45

pilots @13)

@ Springer
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D2 (CNC horizontal

P, =24.783x" —7.464x1+2.645
P, =11328x10% x f*+19.045% f +3.623
P, =31.047x1* ~9.548x1~1.757

—1.319x10° x n’+0.395x n+377.414 (n <1400)
P, =4-0.026n+939.346 (1400 < n <1600)
1.973%10% xn” =1.016xn+1975.171 (n>1600)

»

miller) .
P, , =85.943x1"+5.034x1+226.437 CEpehipt
COx/kg
P, =402w
E,, =T14J P, =6Alw E, =393] s
E,, =824J P.=435w E,_, =527/
- " CO/kg

E,, =498J P =419w E_, =243J

3 TZJATIOY ST
CEp: P =84.55n""
EF=33.TkeCOMS | g0 7045kgCOVKIVR
CEper:

EF=0.469 kgCO/kg

EF=0.0135 kgCO/kg
0157 0107 | CEpey

@ EF=3.782 kgCO>/L

Coding:PF01
Model:
Gonctel IRoughing | 1Milling
plane
Shape
parameter:
W. L

D2 T2

F(PF01)SIM2D2T2

I (1)Cast iron:

T
1
CEpchip: 1
i Cpetip CEiyp CEy CEom CEq CEuf
| p=T300kg/mt | [l TR
1

T P

CEq :(I)Cast iron:

1 |1 CEperip:
i 3

\EF=2.2kgCO/kg _ 1 |1Sce Table A2 !
Clp 1(D2: ONC horizontal miller) _y

EF=27.67 kgCOx/kg CEp:

(2)Alloy steel: | (1)Cast iron:
CEpchip: I p_ 0858 £0264 0179 0063
0 = 7800kg/m’ SO e e
EF=1.49 kgCOxkg | (D)Alloy steel:
Chye P 81847 O 0
= ¢ N " ‘ b
EF=33.TkgCOkg | pp_ 7045kgCOLMMN 82 kgCO/L
P

(r/min ’ mm/r ’ mm)

Rough Milling F1

Level, Name

Operation
Carbon emiss  kgC0;)

content

Process ID
P
P CF BF Material | Energy Waste Sum
/i, ™™ /r , M)

' FIRISIMID2T2CI1 [255,0.2,2] 0.117 0.041 0.055 0.202 :
F1 I e D D D

FIR1S2M2D2T2C1 [300, 0.1,1] 0.074 0.038 0.041 0.153

P1
F2 2 F2R2S1M1D2T3C2 [255,0.2,2] 0.08 0.035 0.053 0.168

Fig. 5 The formation process of PBOM of the bearing seat

cutting fluid tank, M, is the additional volume of cutting
fluid during the life cycle, C; is the depreciation cost for
the equipment and management cost per unit time, C, is
labor cost per unit time, Cj; is tool cost per unit time, and
Cy is cutting fluid cost per unit time.

4.2.2 Constraint conditions

There are many rationality constraints which have been
discussed in machining process in Section 4.1.2. In the opti-
mization model, these constraints are transformed into the
constraint graph as the input conditions of the model.

5 Multi-objective ant colony optimization
5.1 Solving procedure

Ant Colony Algorithm is enlightened by the behavior that ants
search for food. The behavior of real ant colonies foraging for
food is simulated and used for solving optimization problems.
The process route optimization problem is similar to the trav-
eling salesman problem [32]. The nest of ants is deemed as the
starting point of a city and food sources are regarded as target
points. The whole path planning process is also considered as
a process that the ants find food in the map city. Through
mutual communication and coordination, ants eventually
avoid obstacles and find an optimal path. The main operation
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Table 5  Alterative step of each process state of the bearing seat

Features Process state step Process 1D Processing time Carbon emissions cost

F1 S1 01 FIR1SIMI1D2T6C1 1.804 0.202 5.14

S2 02 FIR1S2M1D2T6C1 3.067 0.153 8.74

F2 S3 03 F2R2S1M1D2T6C2 0.588 0.168 1.65

F3 S4 04 CF1F3S1R1M1D3T9C3 0.474 0.246 1.33

05 CF1F3S1R1M1D4T9C3 0.474 0.235 1.33

S5 06 CF1F3S2R1IMI1D3T11C3 0.48 0.109 1.42

o7 CF1F3S2R1IM1D4T11C3 0.48 0.101 1.42

F4 S6 08 CF1F4S1R1IM1DI1T4C3 0.056 0.348 0.15

F5 S7 09 F5R2SIMI1D4T7Cl1 0.122 0.326 0.41

S8 010 F5R2S2M1D4T10C1 0.22 0.114 0.71

F6 S9 Ol11 CF2F7R2S1M1D4T12C1 0.025 0.274 0.07

012 CF2F7R2S1M2D2T5C1 0.013 0318 0.04

F7 S10 013 CF2F6R2S1M1D4T8C1 0.032 0.227 0.11

F8 S11 014 F8R1SIM1D3T5C3 0.136 0.106 0.57

015 F8R1S1IM1D4T5C3 0.136 0.105 0.57

F9 S12 016 FOR1S1IM1D3T8Cl1 0.083 0.154 0.28

017 FOR1S1IM1D4T8C1 0.083 0.151 0.28

steps of ant colony algorithm include the definition of distance
between cities, probability choice of next city, and the update
of the pheromone. Ant colony algorithm is successfully ap-
plied to solve a series of NP complete combinatorial optimi-
zation problems, such as quadratic assignment problems, and
job shop scheduling problems. The flowchart of the algorithm
is shown in Fig. 3.

5.2 The definition of distance between cities

The concept of distance between cities in ant colony algorithm
is a criterion to judge the superiority of the ants passing paths.
Processing time, processing cost, and carbon emissions of
process steps are deemed as three distances from the last pro-
cess step to the current process step. Each process step k;
corresponds to a city. The distances between process step k;

Fig. 6 The constraint graph of the process states of the bearing seat

and process step k; are redefined as time(k; — k), carbon(k; —
k), cost(k; — k;), as shown in eq. (13).

distance; = time(k,«—>kj) + time(kj)
D = < distance, = carbon (ki—>k j) + carbon (k j) (i,jen)
distances = cost(k;—k ;) + cost(k;)

(13)

where time(k; — k;) is the auxiliary time between city &; and k;,
carbon(k; — k;) is auxiliary carbon emissions between city &;
and k;, cost(k; — k) is the cost from city &; to k;, and time(k;),
carbon(k;), and cost(k;) are manufacturing time, carbon emis-
sions, and cost of process step k; respectively.

It is noted that the distances of ants to reach the first process
step are the processing time, processing cost, and carbon
emissions.

5.3 Tabu searching criterion

Ants must take the proper route when they crawl. In our algo-
rithm, the next node that the ants crawl is the allowed node in
the tabu list. They move according to the following rules:

(1) Set T; as tabu list of ant i. Ant i moves each step and
stores this step and its corresponding processing stage
in its own tabu list 7

(2) According to the above constraint graph discussed in
Section 4.1.2, in the rest nodes, the allowed nodes whose
indegree set completely belongs to the tabu list or is null
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Table 6 Parameter setting of the

algorithm Pheromone Pheromone Heuristic information ~ Minimum pheromone Reference
evaporation weighting « weight (3 concentrations Tinin AntA,
rate
P
0.6 1 3 0.05 5
are obtained. Then one of these nodes is added to the 5
. . «
tabu list 7; of ant i. [Tk,-kjﬂ (1)] [Wk,k/+1 (f)}
ki1eM$
a @ g’ i Ky
When all processing stages have a corresponding step to be P kikjur (1) = > [T k_,l(t)] {ﬁk ,z(t)}
added to the T}, the ant i will complete an iteration, and its path 1M1
. a
1S a process route. 0, k1M 4
(14)

5.4 State transition probability

Each ant gradually chooses the next step from an initial step of
parts to construct a process route. In each step of the route
construction, step j of ant @ moves from node %; to the adjacent
node k;;  and the choice of k; | is carried out according to
the state transition probability from node &; to node &; 4 ;. The
transition probability is designed as follows:

Table 7

where P, (t) denotes the probability of ant a from the

current position &; to the next position &+ 1) at time ¢, M’ Zm
is the optional set, namely the set of nodes that the ant can
access in next step, which is obtained from the tabu list, 7. .,
(t) is the pheromone concentration between &; and &, | at
time , 1) ., (¢) is local pheromone concentration at time ¢,

generally obtained by the reciprocal of distance, and « and /3
are used to calculate the probability of transition.

The optimal result of the bearing seat and a comparison with literature [12]

Literature [12]

Process stage Machine ID Cutting tool ID Clamp
Rough milling F2 D2 T3 C2
Rough milling F1 D2 T2 C1
Finish milling F1 D2 T2 Cl
Counter boring F3 D3 T9 C3
Reaming F3 D3 T11 C3
Boring D1 T1 C3
F4

Drilling D4 T8 Cl
F6

Drilling D4 T7 Cl
F5

Reaming D4 T10 Cl1
F5

Drilling D4 T6 Cl
F9

Countersinking F7 D4 T12 Cl1
Drilling D4 TS C3
F8

CE=2.451 kgCO,

T=19.636 min

C=51.292 yuan

This paper

Process stage Machine ID Cutting tool ID Clamp
Rough milling F1 D2 T2 Cl
Finish milling F1 D2 T2 C1
Counter D4 T9 C3
Boring F3

Reaming F3 D4 T11 C3
Milling F2 D2 T3 C2
Drilling F9 D4 T6 Cl
Counter D4 T12 Cl
Sinking F6

Drilling F7 D4 T8 Cl
Drilling F5 D4 T7 Cl
Reaming F5 D4 T10 C1
Boring F4 D1 T1 C3
Drilling F8 D4 TS5 C3

CE=243 kgCO,
T=15.566 min
C=37.786 yuan
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5.5 Pheromone trail updating

The key of the algorithm is to evaluate each path that ants
crawl and determine the method of pheromone updating.
Because the process route optimization in this paper is a
multi-objective optimization problem, each path of the ant
crawling has three targets, namely three distances indexes,
which makes it difficult to measure the path. Many literatures
used non-dominant relationship to find Pareto solution and
determined the needed solution by normalization, which
based on human experience. Based on the shortages of the
traditional multi-objective solving approaches, this paper de-
signs a novel pheromone trail updating mechanism based on
the concept of ant colony algorithm.

Randomly assign an ant as a reference ant, and Q; is the
pheromone reference value of the ant under the action of ob-
jective 7. In each iteration, the pheromone trail will be updated
when all ants are constructed out their solution. The rule of
pheromone trail updating pheromone release concentration A
Tk, k4 (2) are as follows:

Thjk (l + 1) = max (Tmin; (l_p) X Tk ([)
+ AT (t)) (15)
ATk (8) = CYpyay + Plsay + -+ [Cp,an] /1

where D;(A;) is the path distance from step &; to ki, ; under
the first objective of the ant A;, n is the number of objectives, p
is pheromone evaporation rate, 74 4., (¢) is pheromone be-
tween k; and k4 ) at ¢ time, and A7y 4, is the pheromone
increment between k; and k; ;. 1y at ¢ time. In this algorithm, the
lower threshold of pheromone trace 7,,;, is set up to avoid
premature stagnation.

6 Case study
6.1 Features analysis of part

Taking a bearing, referred by [12], as an example to
explain the feasibility and advantages of the proposed
process route optimization method. Three basic ortho-
graphic views of the bearing seat are shown in Fig. 4
and the information of the geometric structure is listed
in Table 2. The available machines and cutting tools in
the workshop are listed in Table 3. The initial and
additional dosages of cutting fluid are 500 and
200 L, the cutting fluid change interval is 2 months,
and the times that the cutting tool would get sharpened
is 3 at average. According to operation experiences, C;
takes 2 yuan/min, C, takes 0.4 yuan/min, C; depends
on the specific tools listed in Table 3, and C, takes
18.75 yuan/L. The average values are chosen as the

unit machine change time, unit machine change power,
clamp change time, the basic module operation power,
cutting tool change time, the cutting change module
power and shut off-on energy consumption of cutting
change module which are 40 s, 35 W, 1 min, 364.4 W,
1.2 5, 56.3 W, and 90 J, respectively [12].

According to the above PBOM formation steps shown
in Section 3, the PBOM of feature F1 of this bearing can
be obtained as shown in Fig. 5. The specific PBOM for-
mation process of feature F1 is illustrated in Fig. 5.
Firstly, the c-PBOM for the workshop is established;
Secondly, according to the decomposed basic features F1
of the bearing seat, for example, the available operation
elements and corresponding carbon emissions information
are screened; Finally, filling in the obtained operation el-
ements, carbon emissions information and the determined
optimal cutting parameters into the corresponding fields
of the PBOM until all the features of bearing seat are
traversed. Table 4 gives the constructed PBOM of the
bearing seat based on the research [12]. The solution
space of the process route optimization of bearing seat is
shown in Table 5, which is based on Eq. (12) and the
PBOM of the bearing seat. In Table 5, there are many
optional steps for each stage of each feature. For example,
the processing stage S1 of the feature F3 has two steps:
03 and 04, and only one of them can be selected to add
to the process routes.

Based on the processing sequence constraints of each pro-
cessing stage of all features, the constraint graph of the process
states of the bearing seat can be constructed as shown in
Fig. 6.

6.2 Optimization result and discussion

According to the designed algorithm and optimal space of
the bearing seat, we set the number of ants and the max-
imal iterations number as 20 and 200 respectively. Other
parameters of the algorithm are listed in Table 6. The
optimal process route of the bearing seat is calculated as
listed in Table 7. The optimal processing time, cost, and
carbon emissions are 37.786 yuan, 15.566 min and 2.43
kgCO, respectively.

We compare the process route, processing time, pro-
cessing cost, and carbon emissions with literature [12].
The results are shown in Table 7. Through optimization,
we can get that the cost reduced about 15 yuan, process-
ing time reduced about 4.1 min, and carbon emissions
decreased about 0.02 kg. It is observed that the proposed
method could reduce carbon emissions, processing cost,
and time obviously. Compared with the previous process
route, we find that (1) the proposed method can save
processing time, cost, and carbon emissions of process
routes of parts without any changes of facilities in current
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existing manufacturing environment; (2) the optimal solu-
tions obtained by this optimization model can provide
process routes with less changes of machines, cutting
tools, and clamps under the constrains of processing time,
cost, and carbon emissions. In the practical production, it
plays a significant role in saving cost, improving delivery
rate, and reducing carbon emissions.

7 Conclusion

In this paper, an approach of process route optimization is
presented to reduce processing time, cost, and carbon emis-
sions of parts. In current existing manufacturing environment,
the approach can optimize carbon emissions, processing time,
and cost of process route of parts without any changes of
facilities. Several contributions are made from the proposed
low-carbon, economic, and high-efficiency process route op-
timization method.

Firstly, the proposed quantified PBOM model can display
the manufacturing resources and precisely calculate value of
carbon emissions of each process step for parts.

Secondly, a multi-objective optimization model of process
route with the objectives of minimum carbon emissions, min-
imum processing cost, and minimum cost is then built based

Appendix

on the PBOM. The model can obtain a low-carbon, high-effi-
ciency, and economic process routes by using the designed
multi-objective ant colony algorithm.

Finally, the rationality and availability of the proposed
method is verified by a bearing seat. Comparison results show
that the proposed method can effectively reduce carbon emis-
sions, processing time and cost of parts without any change of
facilities. This will provide effective carbon emissions data of
parts or products to cope with the coming carbon policy such
as carbon labelling.

In manufacturing environment, job scheduling is another
important module for parts manufacturing. Therefore, the pro-
cess planning and scheduling are usually complementary.
Thus, it is worth studying the integration method of route
planning and scheduling to achieve the goal of global optimi-
zation of carbon emissions during the whole manufacturing
process in the future.
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Table 8 Partial machine tool power models of the workshop

Machine tool Power models

D1(CNC lathe)
xt—2.513

{Pry = 106.656 x £*~5.853 x t + 5.648 Py = ~7.68 x 107 x f> +22.614 x f + 1.491 P, , = 156.548 x *~7.396

{Py, = {-5.944 % 10° x n® 4 1.037 x n—182.139 (n<1100) 0.1457+716.650 (1100 < n < 1500) —1.21 x 10™
xn® +0.955 x n=255.443 (n > 1500) Py = 454.457 x £* + 2.632 x t-265.966

{ Pp = 1679 Epejon = 294J Ppoy = 418w Epepyyr = 92J Ejon = 398J Pie = 432w Eyeopp = 214J

{ Py = 24783 x £~T7.464 x t +2.645 Py = 11.328 x 10™ x f2 + 19.045 x f + 3.623 P;—y = 31.047 x *-9.548

{ Py = {1319 x 107 x n* +0.395 x n+377.414 (n<1400) —0.026n + 939.346 (1400 < n < 1600) 1.973 x

{ P = 402w Epon = T74J Ppor = 641w Epoyr = 393J Eoy = 824J Py = 435w Eyeopp = 527 Egeon = 498J

D2(CNC horizontal
miller) xt—1.757
10 x n2=1.016 x n + 1975.171 (n > 1600) Py, = 85.943 x £* +5.034 x ¢ + 226.437
Peo = 419w Eopp = 243J
D3(Vertical driller)

436

{ P/ =64845 x P~6.875 x t +3.429 Py =5.299 x 107V} + 0.014v,~1.224 Py = 46.689 x /~11.925 x 1+ 3.

{Py, = {2.862 x 10° x n? + 1.042 x n+90.745 (n<1100) 0.145n+ 716.650 (1100 < n < 1500) 5.293 x 10™
xn?=0.955 x n -+ 1274.985 (n > 1500) Py, = 321.873 x 2 + 1.487 x ¢ +26.849

{ Py = 5620 Epepon = 659J Ppop = 458W Epepop = 441J Ereon = 576J Pre = 480w Ereo = 334J
D4(Radial driller) ~ { Py, = 135.714 x #=9.857 x t + 1.429 P; = 1.25 x 10™ x f?~0.055 x [ +25 Py ; = 128.826 x £*~6.654 x t +
2.844
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Table 8 (continued)

Machine tool Power models

{Pgy ={1.944 x 10° x n* +0.234 x n +422.750 (n < 1200) —0.02 x n+ 751 (1200 < n < 1500) 2 x 107 x n?
—1.075 x n+ 1872.429 (n > 1500) Py, = 354.457 x £* + 2.632 x (-265.966

{ Pom = 466w Epejon = 355J Py = 438w Epggiy = 208 Eypy = 1864 Pro = 795w Eyy = 634J

Description P 44, Ps P 4. Feed power in acceleration stage, uniform motion stage, and deceleration stage.

Py, Py,: Spindle rotation power in uniform motion stage and acceleration stage.

Py,,: Power of basic modules (such as numerical control system, lighting, etc.).

Epeons Epego: Sudden energy consumption when the tool changer is turned on and turned off. P,.: Power of tool changer.

Eycons Ercop: Sudden energy consumption when the cooling installation is turned on and turned off. P,.: Power of cooling
installation.

Econ Ecco: Sudden energy consumption when the automatic chip removing device is turned on and turned off. P,.: Power of

the automatic chip removing device.

Table 9  Partial c-PBOM for rough machining of the workshop

Feature Operation element 1D
Name(F) Specification S M D T CE; cfer CE; ppaterial CEq vaste
General Coding:PFO1 1Rough 1Milling D2 T2 F(PFOI1)SIMID2T2 (1) Cast iron: CE,,, CEj; CEy,,, CE,p, CE 4, CE,, CE,. (1)Cast iron:
plane  Model: CEpepip: See Table A.1 CEpepip:
p="7300 kg/m3 D2(CNC horizontal miller)CE,,,: EF=0.361
EF=22 (1) Cast iron: kgCO/kg
kgCO/kg P. = 69.47n0858 f02644017940064 (2)  CE,:
CE,;: Alloy steel: (2) Alloy steel::
EF=337 P = 81. 84}’[0 752f0 .097 0 163 2 1287 CEpChip:
kgCO/kg EF=0. 7()45kgC02/kWh EF=0.361
Shape: (2) Alloy steel: kgCO-/kg
W, L CE,cpip: CE,;
p="1800 kg/m’ EF=0.0135
EF=149 kgCO/kg
kgCO/kg CE,
CE,. EF=3.782
EF=33.7 kgCOy/L
kgCO/kg
CE,:
EF=0.469
kgCO/kg
D2 T3 F(PFO1)SIMID2T3 (1) Cast iron: CE,,, CEj; CEy,,, CE,, CE 4, CE,, CE,. (1) Cast iron:
CEpepip: See Table A.1 CEpepip:
p="T1300 kg/m’ D2(CNC horizontal miller) EF=0.361
EF=22 CE,,: kgCO/kg
kgCO/kg (1) Cast iron: CE,;:
CE,: P, = 75.O4n0'773f 0.105 a2‘024a2'04 (2) (2) Alloy steel:
EF=27.67 Alloy steel: CEpenip:
kgCO/kg P. = 84.55n087 fO1B 01570007 £F=0.361
(2) Alloy steel: ~ EF= 0. 7045kgC02/kWh kgCOy/kg
CEpepip: CE,;.
p= "800 ke/m’ EF=0.0135
EF=1.49 kgCO/kg
kgCO/kg CE,
CE,: EF=3.782
EF=337 kgCO»/L
kgCO/kg
CE,:
EF=0.469
kgCO/kg

Description p: Material density.
EF: Carbon emission factor.
CEpchip» CEpin CE,o: Material carbon emissions of material production, cutting tool production and cutting fluid production.
CE,,, P.: Carbon emissions of material removal and power of material removal.
CE yenips CEtoor» CE 4. Waste carbon emissions of chip disposal, cutting tool disposal, and cutting fluid disposal.
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Table 10  Partial c-PBOM for rough machining of the workshop (Continued)

Feature

Operation element

ID

Carbon emission models

Name(F) Specification S

End Coding: 1Rough
face PF02

Model:

Shape

parameter: D

M

1Turining DI

2Milling D2 T3 F(PF02)SIM2D2T3

Description

D T
T1 F(PF02)SIMIDITI

p: Material density.

CES-e[e(‘

(1)Cast iron:

CEpenip:

p= 7300 kg/m’

EF=22 kgCOykg

CE,;:

EF=129 kgCO/kg

(2)Alloy steel:

CEpthp

p="1800 kg/m’

EF=1.49 kgCO5/kg

CE,:

EF=12.9 kgCOx/kg

CEp

EF=0.469
kgCOy/kg

(1) Cast iron:

CEpey

p= 1300 kg/m’

EF=22 kgCOy/kg

CE,;:

EF=114 kgCO,/kg

(2) Alloy steel:

CEpenip:

p= 7800 kg/m’

EF=149 kgCOy/kg

CE,

EF=114 kgCOx/kg

CEpy

EF=0.469
kgCO/kg

EF: Carbon emission factor.

CEpc‘hip’ CEpts
production.

CE,

‘D

CEs material

CEy, CE; CEpy, CEg, CE g,
CE,, CE,.

See Table A.1

D1(CNC lathe)

CE,:

(1)Cast iron:

P = 53. 74}’!0 953f0 .331 0 791

(2)Alloy steel:

P = 37. 23” 861f0 .267 0787

EF=0. 7045kgC02/kWh

CEg, CE,CE,, CE,, CE.y CE,,
CE,.

See Table A.1

D2(CNC horizontal miller)

CE,,:

(1) Cast iron:

P —47. 26n0 886f0 42 0 813

(2) Alloy steel:

P = 50. 58}’!0 842f0 146 0901

EF=0. 7045kgC02/kWh

CE,,, P.: Carbon emissions of material removal and power of material removal.

CEycnip» CE o0, CEyct Waste carbon emissions of chip disposal, cutting tool disposal, and cutting fluid disposal.

CEj vvaste

(1)Cast iron:

CEpenip:

EF=0.361 kgCOy/kg

CE,:

(2)Alloy steel:

CEpenip:

EF=0.361 kgCOy/kg

CE,:

EF=0.0135
kgCOy/kg

CEpCf

EF=3.782 kgCOL

(1) Cast iron:

CEpenpp

EF 0 361 kgCO/kg

CE,:

2) Alloy steel:

CEpChip:

EF=0.361 kgCO»/kg

CE,;:

EF=0.0135
kgCOy/kg

CEpo

EF=3.782 kgCO,/L

- Material carbon emissions of material production, cutting tool production, and cutting fluid

@ Springer
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