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Abstract

In the context of the continued penetration of e-commerce, hazardous materials transportation has
shown characteristics such as order-driven demand, small-batch shipments, high delivery fre-
quency, and increasingly stringent timeliness requirements. Traditional transportation organiza-
tion methods can no longer effectively balance safety, efficiency, and service fulfillment. To address
this issue, this study develops a vehicle routing optimization model that considers time window
constraints, heterogeneous vehicle capacity configurations, and the transportation of multiple cat-
egories of hazardous materials. The objective is to minimize transportation impedance, transpor-
tation risk, and time window penalty costs. A two-stage solution approach is proposed, combining
alternative path generation based on Yen’s K-shortest paths algorithm with allocation optimization
using an improved genetic algorithm. The computational results indicate that time window width
and vehicle fleet structure have significant effects on scheduling performance. Appropriately relax-
ing time windows and adopting coordinated configurations of vehicles with multiple capacity levels
can effectively reduce total cost, improve vehicle utilization, and enhance the safety, economic effi-
ciency, and timeliness coordination of transportation plans. The findings can provide practical sup-
port for fleet configuration and routing decisions in hazardous materials transportation enter-
prises.
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Figure 1. Design of code
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Figure 2. Single-point crossover
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Figure 4. Neighborhood structure one
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Table 4. Comparison of different time window schemes

4. TRIREEKE T Rt

we ok NOF Lo amw OE mmmn mmm g
1 ZEEFER 2/ 12 75.69%  167,262.8964 12234567  21,123.46 23,793.77
2 ZREEM 3K 11 78.13%  135,082.9233 110,449.30  20,115.36 4518.26
3 ZREER 4/ 10 83.52%  124,991.3059 100,432.77  20,567.35 3991.19
4 ZEEFER S/PE 10 83.30%  114,418.7103  92,243.27 20,143.45 2031.99
5 ZHEEEM 6/ 11 73.39%  135,871.9240 112,296.79  21,785.57 1789.56
6 EZREBEER TN 11 83.52%  136,091.9240 114,320.40  20,074.17 1697.32

DOI: 10.12677/ecl.2026.156671 587 TR 4TS


https://doi.org/10.12677/ecl.2026.156671

Bk

MSEBR 25 AT LA HY RS AE AWK 8] B BE A 00 485 58 AN 18] 2 35 B Je AR 2 AR X BRI
BERE KA, I E) &L 7 A A R H AR S a5 A AR K FEILIR R, — 7, i ™ i 1)
BRI R L m A BT, IR A AT XE S, SO [A) T i S S ) AN I 0, 38 1 44
WRR R AR EL G I G A, TSI AR RS oA 5 XUz o 53— T T, ) i 9 R AR
(ELI ) 767 Y02 R PR 477 K AT B 3 S50 A AP0 S5 AR T TR 884 I B 5 4T S I, T B A 8 356 AR RE 7870 1 P 1 2 12 3
SR B IE FRR,  TE f F A 5 XU R AR RN 4 55

4.4. ZREFBRRMELIH

N IR 2 25 R R R BN AR SCSE IR R, (R B KN 5 AN RTIR T, 10 ANMEHT
%5 20 A 53 Sl A A R — ZE B (R R 40 % fT R AL A A R A R AT SR80, T A A RN 50 1)
TERHICIEW R I K, A A & 250 M4t T-IR 9%, DRIk, A SOR 6 A 25 5 1004 150+
200 MZERIZER, 255 100 + A& 150 FRLLE R 150 + 258 200 5010 77 ST T3 AR 3
& HAR R B LR G ARSI + Bk + B R E TR, 2R s.

Table 5. Comparison of schemes with different vehicle capacities

=5 TRIFEERF RN

MEE R Iy — — A I &R
g A BEs ey 1 ER = 3

1 Z R 5 /BT 10 83.30%  114,418.7103  92,243.27 20,143.45 2031.99
2 BRE 100 EM 5 /8EF 16 75.69%  327,365.9387 259,876.99  29,752.58 37,736.37
30 BAR 150 R 5N 13 62.10%  176,595.6583 130,912.13  23,782.40 21,901.13
4 PSR 200 FER 5 /NEF 11 55.05%  137,191.9240 111,253.59  21,175.25 4763.08

Ra=n + P EL
s A= 100 f}gg‘ 5 /NI 13 80.73%  176,595.6583 136,421.65  22,671.53 17,502.48

150 =74

A 150 + A 0

6 200 257 5 /NEF 11 59.07%  137,191.9240 113,637.27  21,012.79 2541.86

MG EE R LAE Y, R 25 EE IS5 7 R84 Hbs R UL Bl 5/, MRS, &5
JRURE DA% i ) 5 S A6 51 2 Rl By, AN WIS BB T2 5 U DA B 7] B 48§11 AR Sk B #2 E R T
HRTMITE, HEGEMAN 114,418.7103, [FIBALT 10 FHERIT] 2 RELEESS, FERT2maEEis
F 83.30%, fEFTA 7 Ak T e mi /Ko R RTE T, 2 42800 B Be 0% AR AN [R1 I8 i 75 oK R & 7 e 2249,
BESE TR %, BRR T B SE A AR . Rk, fEfatb fhia s iskns b, Mg H 2 25 8 5 8 R
R IE AT 55 1 B 8 22 e RIGULAC RS, i bp “ KRZE/DNH” 8L “/NEZ Y SR BHIRIR T 5 A E7t
TNiA SEhris i s o SR 2R IRE R

LRI, TEFER M E LR MG Mg s, RAZAREMNIFREGE IR A E, &
BRFRA LR BE, BREEBHRA, LALLM R, S50 s BIGUE T 3T AT
SYPRAR ) 22 2B - B ) T P (R0 0 S 7 B2 20 F 6 i 38 A D9 8% R P 2K S S AN B, [RIB to f
Ko b A B At 1 A B e AR T AT R

5. & ERE
5.1. EEMRSG L
A FE Ao B S5 et A M 30 17 7 O ERT 1] B B A 22 2280 2 A 5 g DA S s 5 IR 772 1 2% T

DOI: 10.12677/ecl.2026.156671 588 TR 4TS


https://doi.org/10.12677/ecl.2026.156671

Bk

F, RSO UTE TR S B A R P Sl A, mR EN IZ A GUEAT T ARG A

(1) TEAEGfE R it AR A AR Y Bt b, A SORE & i FELT 32 i RIS 5 k1) 7 76 500 AR idE 47 48— %
PR T 25 RSN B 7 20 PR 5 22 ZE A0 ZE 0 BB 1V fa Ak B IS S R AR A B o AR AU R T A R i BB AT
IsF 1) B A T B A SR PR (2, BRI T AN R 2 R 4 AR IS BT A5 VL R O, 8 A% e 53 ol 3
FRIGSHE TGl B, B A2 AR LB 2075 23 P i sS2 b B 16 5 .

(2) ASCBEATHIP I BER MR 7 15 B 1E £ 0k 15 42 A R S I8 3T 45 e 2 IRV BN s e, skt 24
RS G], BVEAE 0-85 AR RISERR T BRI EE 1) 97.5%, &N EEH MR L) 489,444.4920 LBk
ZBIAN) 114,418.7103 fidi, JRILT SRKMARERE RSBAIACTEERE ). NE ISR T 1
[ Y FE SR AL T AT AT SR AR R

(3) I TR AT T IR, JEXTE TN EE LR RIS R SRR, EIIANRE 52 4
HMNEE, MABEEBRRA . KK &A%z MR T A EE T, A SCRAN 2%
BEAEHT ZAAEETBI R IE R T 83.30%, MEEARA 114,418.7103, 4 B T3 2 40F 2%,
WIS IR B SRR, R RIS T R BT S S E A AR e .

5.2. EHER

L5 b, ASCPTEESLE G i S AR AR Y e 2 R 2R BRI ™ IR M B R, VBT &, &
I it A4 N7 B A Ml K% B = T R A SR B e B 22 A L PR S I ROV AR AR TSR . ARSI R R W,
FERTHSERT, NEEEHS 2 S FERELENGEK RisELRENEENR, SHNHBE
WFF iz VL HC SRS REVS A AR THE R dh 2 LT 8 A BCIE ReR 5 IR 57K RS TR S5 1R X fa ke s
BENARA BB OME, TR SIS N El R E L R N RA BB HE .

53. MRRE

AR TR T BN A W 201 5 2 A R A AR e Ak s AR DAL R AEAT T st R R, RIS T
TURIWE FORR A . SR, SZPRTWE I R 2 ME 5 NRE ST, AW FUAAAE — S m] it — DR A4t e
7 18

(1) ARSCHIWTFUHE T A B WU IAEE, BB BOEAT I E) L WUz SR M5 S B B e (. SR, SEbriz
IR R BRI, ARRAIHTFUR] UL RS I AZ B R T AR A LA [ 8, RS id s . Rk B
N B AR AE S A AN E VR SR WA, AT H 50 D10 75 5 ) e ek A ST B A

(2) AW TN 2 RN St iz i E M A EAFEAT X 70, IR T 2 F R R 4
B& T A KB e i . fEARSK, ATRLE— DAL T - TRIRERCYELO I, BRI SRS A 4%
b TR BN S R B T 4 T bt & R 4255 ) R 00 T A iy s B0 SRS A0 A9 4 e 2 5 B 42
R, A AR SR U KPR s A it A B T ) R s 7 S B

SEEk
[11  Z=57, XBMf, BT, T ool NSGA-NF LN fER SIEH AT R[], KeE5W8 TR, 2021, 28(1):
111-117.

[2] Munaziza, F.A., Farizal, and Gabriel, D.S. (2020) Optimization of Dimethyl Ether (DME) Transportation Routes Using
the Multi-Objectives Model. Proceedings of the 3rd Asia Pacific Conference on Research in Industrial and Systems
Engineering 2020, Depok, 16-17 June 2020, 64-68. https://doi.org/10.1145/3400934.3400948

[31 Song, L., Yu, L. and Li, S. (2023) Route Optimization of Hazardous Freight Transportation in a Rail-Truck Transporta-
tion Network Considering Road Traffic Restriction. Journal of Cleaner Production, 423, Article ID: 138640.
https://doi.org/10.1016/j.jclepro.2023.138640

DOI: 10.12677/ecl.2026.156671 589 TR 4TS


https://doi.org/10.12677/ecl.2026.156671
https://doi.org/10.1145/3400934.3400948
https://doi.org/10.1016/j.jclepro.2023.138640

Bk

(9]

[10]

(1]

[12]

[13]
[14]

[15]

[16]

[17]
[18]

R, Uik, BRAER. 2T R aRiR I fEk fis s 2w 7)), H B 2R R, 2012, 22(2): 116-121.
BARAR, X, R, & ETRESGME RS E AR, SEE RS %4, 2020, 38(3): 17-23.
RERAE, Y63k, IKEHE, 25 BB TN BRI ) G R S s s 2 X0 B AR AR [T]. BB TR 22243, 2021, 43(1):
43-52.

ReVelle, C., Cohon, J. and Shobrys, D. (1991) Simultaneous Siting and Routing in the Disposal of Hazardous Wastes.
Transportation Science, 25, 138-145. https://doi.org/10.1287/trsc.25.2.138

Batta, R. and Chiu, S.S. (1988) Optimal Obnoxious Paths on a Network: Transportation of Hazardous Materials. Oper-
ations Research, 36, 84-92. https://doi.org/10.1287/opre.36.1.84

Liu, L., Tian, T., Wang, R., et al. (2025) Time Varying Route Optimization of Hazardous Materials Transportation Con-
sidering Risk Equity.

Ke, G.Y. (2022) Managing Rail-Truck Intermodal Transportation for Hazardous Materials with Random Yard Disrup-
tions. Annals of Operations Research, 309, 457-483. https://doi.org/10.1007/s10479-020-03699-1

Khan, M.A. and Mehran, B. (2023) Hazardous Materials Facility Siting Optimization and Ranking: A Transportation
Risk Mitigation Framework. PLOS ONE, 18, €0290723. https://doi.org/10.1371/journal.pone.0290723

TkE, PRiEEE, PMVREE, 25 BRI ENAR RS AR ARAD]. RN T REER(EESEH LR
i), 2020, 42(4): 290-297.

T, BEAm, EIEE B ASBCOE B 2 B ARE AR 7S], W RN, 2021, 39(5): 772-781.

R, wmAEE, ROk R R S s i T A AR A AR ST L[], P E AR AR, 2024, 34(1):
193-199.

Moghaddam, K.S. and Azadian, F. (2020) Chance-Constrained Multi-Objective Approach for Hazardous Materials Rout-
ing and Scheduling under Demand and Service Time Uncertainty. Journal of Multi-Criteria Decision Analysis, 27, 318-
336. https:/doi.org/10.1002/mcda.1718

Teng, J., Ren, C., Wang, X., Fu, F., Ding, F. and Zhou, G. (2023) Path Optimization of Multi-Type Vehicle Mixed
Distribution. Eighth International Conference on Electromechanical Control Technology and Transportation (ICECTT
2023), Hangzhou, 19-21 May 2023. https://doi.org/10.1117/12.2689588

SRIEAR, b kRG22 LIE XA B ED I AR BB AT FU[T]. MR ER, 2025, 44(8): 34-45.
JREIH, FhENE, JEIHEGH. 25 RE Sl s A 1 2 £ R AR AL T IET]. RS TR, 2020, 38(1): 93-102.

DOI: 10.12677/ecl.2026.156671 590 TR 4TS


https://doi.org/10.12677/ecl.2026.156671
https://doi.org/10.1287/trsc.25.2.138
https://doi.org/10.1287/opre.36.1.84
https://doi.org/10.1007/s10479-020-03699-1
https://doi.org/10.1371/journal.pone.0290723
https://doi.org/10.1002/mcda.1718
https://doi.org/10.1117/12.2689588

	电子商务场景下带时间窗的危险品多容量车型运输路径优化研究
	摘  要
	关键词
	Optimization of Hazardous Materials Transportation Routes with Time Windows and Heterogeneous Vehicle Capacities in an E-Commerce Context
	Abstract
	Keywords
	1. 引言
	2. 模型构建
	2.1. 问题描述
	2.2. 条件假设
	2.3. 数学模型
	2.4. 符号表

	3. 算法设计
	3.1. Yen’s K-Shortest Paths Algorithm生成备选路径
	3.2. 编码及解码
	3.3. 遗传算子
	3.4. 领域搜索策略

	4. 实验分析
	4.1. 算法对比分析
	4.2. 计算结果
	4.3. 时间窗因素对比分析
	4.4. 多容量车型因素对比分析

	5. 结论与展望
	5.1. 主要研究结论
	5.2. 管理启示
	5.3. 研究展望

	参考文献

