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ABSTRACT: The work aims to propose a new green delivery mode using mobile parcel lockers and onboard robots for
collaboration to improve the 'last mile' delivery efficiency. First, considering customer preferences, time windows, the
vehicle capacity and the coordination between mobile parcel lockers and delivery robots, a route optimization model
was built with the objective of carbon emissions minimization. Second, an adaptive large neighborhood search algorithm
was developed to solve the corresponding routing problem. Finally, numerical experiment analyses were conducted using
instances generated from a real case. The proposed algorithm obtained the same or better solution as the Gurobi solver
under the time limit of 1 h on fifteen instances. Three out of ten instances obtained different solutions when taking cost
minimization as objective. Among them, solutions under carbon emissions minimization were with about 0.3% higher cost

and 2.41% lower carbon emissions. In terms of carbon emissions and delivery costs, the collaborative delivery using
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mobile parcel lockers and onboard robots could achieve a reduction of 53.29% and 33.38% when compared with

truck-only system, a reduction of 41.85% and 62.01% when compared with the fixed parcel lockers system, and a

reduction of 37.80% and 32.76% when compared with the vehicle mobile parking for the self-pickup system. Benefits of

the proposed delivery system are validated. The proposed route optimization model and the designed solution algorithm

can provide a valuable reference and decision support for building a low-carbon sustainable urban delivery system.

KEY WORDS: green vehicle routing problem; mobile parcel locker; delivery robot; carbon emission
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Tab.2 Solution results of ALNS and Gurobi

Gurobi ALNS
%W’J — — gapl/% gapz/%
Ci/kg CO, T/s C,/J0 T/s Ci/kg CO, T/s C,/Jt T/s
15-01 2.72 2.21 110.31 0.69 2.72 2.67 110.31 4.96 0.00 0.00
15-02 2.52 1.41 109.97 0.81 2.52 2.45 109.97 1.56 0.00 0.00
15-03 2.11 1.57 108.15 0.31 2.11 1.44 108.15 0.13 0.00 0.00
15-04 2.92 1.17 111.18 0.33 2.92 0.87 111.18 0.16 0.00 0.00
15-05 2.57 2.79 110.11 1.12 2.57 0.84 110.11 1.19 0.00 0.00
25-01 2.41 42.04 110.02 11.55 2.41 3.29 110.02 0.51 0.00 0.00
25-02 2.88 97.99 111.34 67.50 2.88 1.02 111.34 13.84 0.00 0.00
25-03 2.74 2 941.03 110.99 242431 2.74 1.19 110.99 8.02 0.00 0.00
25-04 2.70 158.91 110.95 298.93 2.70 14.25 110.95 3.27 0.00 0.00
25-05 2.93 211.74 111.96 117.13 2.93 24.31 111.96 2.12 0.00 0.00
30-01" 3.65 3 600.00 114.61 3 600.00 2.84 3.53 112.22  12.14 -22.19 -2.09
30-02" 3.42 3 600.00 11421 3 600.00 2.72 3.39 111.14 1.64 —20.47 -2.69
30-03" 3.45 3 600.00 112.87 3 600.00 2.57 4.82 110.73 6.57 -25.51 -1.90
30-04" 3.66 3 600.00 114.14 3 600.00 2.79 8.64 110.99 9.08 -23.77 -2.76
30-05" 3.52 3 600.00 114.43 3 600.00 291 12.32 111.73 1.85 -17.33 -2.36
FHE 2.77 1 430.72 111.68 1394.85 2.51 5.67 110.79 447 -7.28 -0.79
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Tab.3 Comparison on results under two objective functions
B R AR/ B Bk A fre /b
Z il gap®/% gap*/%
C/ /kg CO, C, /7t T/s C; /kg CO, C, /7t T/s

15-01 2.72 110.31 2.21 2.72 110.31 0.69 0.00 0.00
15-02 2.52 109.97 1.41 2.52 109.97 0.81 0.00 0.00
15-03 2.11 108.15 1.57 2.11 108.15 0.31 0.00 0.00
15-04 2.92 111.49 1.17 2.94 111.18 0.33 0.68 0.28
15-05 2.57 110.11 2.79 2.57 110.11 1.12 0.00 0.00
25-01 2.41 110.02 42.04 2.41 110.02 11.55 0.00 0.00
25-02 2.88 111.77 97.99 2.92 111.34 67.50 1.37 0.39
25-03 2.74 111.27 2 941.03 2.89 110.99 242431 5.19 0.25
25-04 2.70 110.95 158.91 2.70 110.95 298.93 0.00 0.00
25-05 2.93 111.96 211.74 2.93 111.96 117.13 0.00 0.00
P {E 2.65 110.60 346.09 2.67 110.50 292.27 0.72 0.09
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Fig.3 Payloads of MPL in three cases

AU pe i XA e, MPL+DR A ] 52 9 Atk HE
JREAR 53.29%, BLik A I8/ 33.38%, ik &K W TE
MPL+DR #=F, MPL NHiiER— &AL, W
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A7 B0 2% BE 4 b 3 1L 5 P I IR) 2 200, T T
MPL [ {i FI%f . DR A LA R B il HE IR A7 35 i A

P AR TR st i, Rt RIS TR E
Bt HE T R 226 AR 1) AT

FPL #isUFE WiJe 48 FPL 1 A48, 400
HEIZEE FPL ZJ5, & HATEMI . ASCH]
FHAE G2 e IR 2 Z2 ) vh FPL 947 R o FPL KR
IcHER FEoRIE T 2 NEB4r: Bk WA FPL M9 H
Wik, A (38) 1153 FPL MicHEsca:, Hri,
pries FPL BEITR, BUE R 30 Wi A Al i
K, BUER 24 h; & Frm & B AT FUI ™ A A i
Hegdode:, BUE M 0.377 3 kg COo/kWh, PFL F & 2 A
AHUE 20 76/d.

E=hpe’ (38)
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Tab.4 Comparison of different delivery modes
Fe i 3% 455 X KR 7= TRHEEI kg COqe 8= %N
MPL 3.43 213.65
MPL+DR . DR 0.26 4.97
1 ETTHL% )
B 3.69 218.62
R 4 S 7.90 328.15
MPL+DR MPL/ & 2.96 109.98
br g 2.66 109.46
2 F P HB
FPL FPL 2.43 180.00
B 5.09 289.46
MPL 3.24 211.51
MPL+DR X ) DR 0.15 3.27
3 50% b I T E+50% % 7 11 H )
pal 3.39 214.78
B A P 5.45 319.42

2.4 3.6 48 6.0
TR0 BE/(km-hY)

K4 Bk pLae AT Bl B 5 55 AR U 23
Fig.4 Sensitivity analysis on speed and radius
for delivery robots
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