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A Low-carbon Flexible Job Shop Scheduling Method with Lot Splitting
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Abstract: A multi-objective batch scheduling model integrating carbon emissions, makespan, and
manufacturing cost is established to accommodate the flexible production mode commonly adopted by small
and medium-sized manufacturing enterprises. An improved non-dominated sorting genetic algorithm
(NSGA- I ) was proposed to solve the model. To enhance scheduling flexibility and solution efficiency, a
four-layer chromosome encoding scheme was designed. A maximum batch number search method was de-
veloped to determine a reasonable batching range. Furthermore, an improved precedence operation cross-
over (POX) operator was introduced to prevent illegal solutions arising from operation overlap, while an
adaptive mutation operator was employed to dynamically adjust the mutation probability and strengthen
global search capability. The effectiveness and applicability of the proposed algorithm were validated
through both benchmark instances and real-world industrial case studies.
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Fig.1 Carbon emission assessment boundary for

machining processes
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Fig.2 Flowchart of the uniform batch division method
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Fig.3 Flowchart of the maximum batch number search

method
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Fig.4 Encoding diagram
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Fig.7 Analytic hierarchy process model diagram
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Tab.2 Parameter combinations of the improved

NSGA-1 algorithm and average makespan
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32 EBISH
LA T 2 1) g k58 % G2 3645 05 L, 38 5
AR SCERE 5 R SR R LR B SE PR . 8 Fh
A T~ T8 By T 2 P A AL CEF 1)
AR (TR 2) B (T8 3) B2 (TIF 4) 8
i (L7 5) B L (T 6) FURS IS (0% 7)
AR 6 ALK Eog . AR BT EI e ] 7, m T
I 18] 2, BL A U0 H 20 3 PO 5% 0 | A4 OSTID —
HERSARIO)  Horp " RRHURA SE TR . ALK
AR T A DL 3 3, B A A IR 5 DL 3R 4 HE A O
SRANL SR .
x3 MFMIRER
Tab.3 Machining cost table JG/h

M, | M, | My | M, | My | M

A )N T ORAS PA | 240 | 300 | 180 | 180 | 420 | 240

F4 BHEBETFSHE

Tab.4 Carbon emission factor parameter table

24 g

HLBEHEIL N - Fo/ (kg-kW ™ +h™) 0.67

IV i Ak 3 (9 HE T K F Fovea/ (kg okg ™) 0.36
B Ak 3R HE TN F F g/ (kgL 0.2

x5 HMBEXSHE

Tab.5 Other relevant parameter table

SR Bl
BT AR B YT R A p/ (T L) 120
BAT AR D) 0 2 A AR AL R AR p/ (T 1) 200
AN I A R 22 A A A B A p, /(UG kg ) 170
HLES &) B— RS T FERI L RE L,/ (KW h) 0.5
HLES & 10 B 5 K A2 04 A 5 i s 1) 2,/ 780
JE ] BRI CHE RS 2R G 0 A E D p, /R W 0.5
AL AS7 st TR AIL 25 119 D 1 M S A B g/ (Les™) 0.04

B 2 BR 0 T8O A1 S 80 A PyCharm 2
P, 0F R A SCH B . 2 H bRk A1 4k (particle
swarm optimization, PSO) % ¥ FI NSGA- [ #%
U8 B SR AT O B AR 0 45 BRI 8 T ) ik
HE - F0 ] R AS 19 Pareto B/ (&19) . iy 81 9 Al 01,
AL LS B Pareto fi# 2 8E B4y A ¥ 57, R W
ARSCF R BRI ZREE . A SO SR A 1
Pareto JE X it fit i 2 . H £ H b5 PSO B3k 1k 32
AC A 240 A SC B 1 1 Al S TEE A ST L 3 3R B AR SC
VR A SR i ) U EL A R RE A S

Ay BT A SC ALk B SR 19 Pareto i 48 (3 49 SC R
(1 OSID Z 4E % 3R O v %1 K [ i 76 45 H AR T 1Y
e Ak R SR A TR L g 16 (R vk 17, 58 T ]
8361 s, ik HlE i 57.65 kg il i i A 1971.8870) 5
fif 47 CEAE IR 16, 58 T 0[] 6331 s, B HF i 64.32
kg il & WA 1943.68 76 ) (14 Jin T2 Bt i) JL - A %5
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. o ALk
T T 9 ZHPSOHH
e — 2 ® NSGA- I e I3 0%

s LI a)#/s10°
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Fig.9 Multi-objective pareto chart

(ELAfE 16 1 B 1 o SEARL ik 47 B ) 3 A B

SR JH 3 T Rl 0 AT 1 AHP B R B 8 47 20
i A% B e AR R (T R 24 SR E R
0.249, X iz B 43 4t J5 S N 2 6 it o i B2 H 4 ]
HE10, L O, Fm TR S — 7 HEAY S =08
T,

F6 AXUHNSGA-TIRERENSHFTE

Tab.6 Batching scheme for the optimal scheduling of
the improved NSGA- I in this paper

FHFS | T | TR | FHIUFS | T | TR
1 7 10 9 7 4
2 7, 10 10 7. 6
3 7, 3 11 7, 8
4 A 3 12 7, 2
5 A 4 13 7, 1
6 7, 2 14 7, 4
7 7, 5 15 7, 5
8 A 3 16 A 10

e L T il G 0 A 1 AHP B B i 36 NS-
GA- T B AL ES R0 1341/t . AHP LS 21
A FE A A5 3 A R A AR
A3 0.422.0.379.,0.199 , XF 17 1 BE H 45 & 4 &
11, A EHZE R 0.262,

iz HEBEF il & 0 AU 1 AHP BB i 1% 2 H
br PSO 53545 2 0 31 21 i, fe A 08 B2 i 1) AHP
AT B WAL AT B K AE
() 20 4 B 43 51 R 0.588.,0.286,0.126, Fe {4 97 %
I B R RO B 12, T Rk TR L g
HER N 0.274,

R 3 O S A e AR U B T R T e 4
PN 8 fr /R o 7E 58 1B [a] 5 . AR SCAE
NSGA- I B 405 22.1% .t £ HAx PSO 8 32 44
BETAY . TEBRHRET S T A SCRE > T LA
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Fig.10 Gantt chart of the optimal scheduling solution obtained by the proposed algorithm
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Fig.11 Gantt chart of the optimal batch scheduling scheme of the NSGA- Il algorithm
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Fig.12 Gantt chart of the optimal scheduling scheme of the multi-objective PSO algorithm

®7 ZBHPSOHERERAENSMUAR ®8 HIRMRERTLE
Tab.7 Batching scheme for the optimal scheduling of Tab.8 Algorithm performance comparison
the multi-objective PSO algorithm o SGA-
WETTR GRS Pﬂgoaﬁgi 1\1112%;&
TS | O | DA | FHUFS | DA | s -
1 J, 10 9 7. 4 e LI C,,./s 5915 6386 7594
2 J, 10 10 J 6 HLES 2 5% 37.66 40.76 42.08
3 J. 3 11 J 3 ) BE B L HE
’ ]s - > ]6 ; R 7 4 11.18 11.46 11.95
3 6 WAk kg
BN 7.65 8.12 8.39
5 7, 4 13 7. 1 khicckia
; b
6 7, 5 m 7 1 1% 5y b B 2.35 2.49 2.65
P
7 J, 5 15 J, 5 it 58.84 62.83 65.07
3 7, 3 16 7, 10 il A /7T 1990.80 | 2018.88 | 2105.30

1z B 0 T BB AR B HE R, B R HE NSGA-TT A ) 3 AR T L 3 AR 22 IR K L E AR SO R
B > 9.6% ., £ H AR PSO B k08D 6.3% . 18k 2 IR e A
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€ T [ 5 /N A il 2 0 S5 /N Ak i 6 AR =
A D7 WA TR AR I ST T R AR 1 2R M AR
b 4 18] 434tk 98 B2 B R (LEISP-LS) . g 5K fiff 1% 4
B R NSGA- T8 g, i 20 U2 40 5
75 2 Bl B8 SCPR AL RO 9 3 AR AT L)
it R T A3 LR B S R R 7 A Kl A Y ) A
A ol S 51 i FH 235 R 3% W AR SCRVA AE 8 T ) A
HE g 0 o) 3 A Y SR B L B T A
RO R

SR 7R A AR PR S IR AN AT BE— ELRRE LR
G BLAEAILIN T2 o] e O, DR b 5 2 0T 9% 4
28 J MR L (WL IR A4 245 ) 6t BN T 2= ] 8 )3
8552 T, SR BBCA 280 1 81 2 7 8 R AR AE A 7= I A
Pt RN — T EIRA T R .
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