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A Green Vehicle Routing Problem Considering
Drone Battery Charging using an Electric Vehicle
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This paper proposes a green vehicle routing problem using a drone where the drone can charge its
battery using the electric vehicle. Most of the conventional drone-vehicle collaborative routing problems
have an assumption that the battery of a drone is instantly replaced after its delivery. This in turn
requires numerous batteries in total, as much as the number of drone launches. However, in this
research, we propose a novel routing scheme, where the drone can charge its battery using the
electricity of the ground vehicle. Especially, the problem aims to find a route with the lowest total
battery consumption, forming an environmental-friendly delivery route. A mixed-integer linear
programming model is presented and noticing the complexity, we develop an efficient heuristic

algorithm.
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Ela=y Ol%—’F‘&—E— Hoz wHYE AHEsHA Hot olH 3 wWiEE E AHESte AL F3HARE ARES)H
= oA o] FF l?‘SH A&7 Aolgtar & 4 vk 2y v AAE ﬂ* st o ol AT
e EHHHF#FJ% H7lehs Hg2 A= Aert 2ok wiE e kel ad F=o A= AANM=
7o =do] A= stH, A Fo] AstrE A= o BT, T HSF A2 HHjE
& 75 BHE EF3t e AFo|th(BKim 2021). WA S ASE tAste SAIO wWiEHEE B
0§ g&dos &8ste] WY Ao A4k HIE Eole Aol A8 =FE s EFF v w
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=FUAE o2’ mE wiE BidE wjE 1Y I8P =F BRFE USET F e YHoE s
o =< =457l AlZeAth vl=9] Amazon A, UPS AbellA FH| Foll e ‘=8 w2 719 44
< 7 UTHKim, 2020). 52 DHL A+ parcelcoptere S0tz el7} A He] o)g&Ex 225 ARG
on, 27} L E(skyport) & &-838t] F kS Atolo] Huf =80 AW 8% st T YT JRE B
o]+ AtH(Adams, 2016). EFE, TN E TERLSFAA =8 9l Ade AT AdSETS TEs
B FAME 28 wiFo] Ade AT S EHUHKKim 2021). EFHAS =&8& wEol A-&-3F

A 71Ee] WiEET MEUAE Ho A wiEe] Hed Aoz By itk

£ A7+ Murray and Chu(2015)7}F A| ¢kt flying sidekick traveling salesman problem(FSTSP)< €74,
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A5 EZIWZ=+ Macrina et al. (2020)3 Chung(2020)o <J3] #AM3] B4 = Ath. Poikonen and

Golden(2020)2 =&¢] 3t} obd F 1A o]} MESE F JEF FAE sty dugFS AASA

t}h. Kitjacharoenchai(2019)& &3 589 +& t o] AT F IESE o= a4 2P S A Al
0)e-

Rem, 1o F&ste FeEl2E dauddEFS AASAT. Gonzalez-R(2020)2 =82 v 1A v ZA
g AA st EAE E7198 E=2 7% (Simulated Annealing) 71%Fe] WHE-A &8 31 ] E(iterative
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A& vehicle routing problem with drones and time windows(VRPTWD)E 89|l om &3l o] %
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A FAZE7] MFFA AGel the 1HE FhE F LA ATFE ALSAT. Agatz(2018)°l 2]
3l TSP with Drone(TSP-D)7} A A HloH, EA1E éﬁéﬁ}% Wi o] EFATAYH EAE £t
o A3t WS AT AFE Vasquez(2021)ol| A AT 4= Utk EZF, Ermagan(2022)= 848 71H
(column generation)= 7|¥te& 3 =8 & EA(drone routing problem, DRP)E A A3 T
Moshref-Javadi (2020)2 o2 E&& AET o, A Fo] BE 5&9 35 AZHA t71ge e st )
THIT ST AFNAE Hd g7 ATl dE SEE AT (bound) S At Lare]Fe] A
ST Yoprt A g =289 o] 54 A (station) H &R FSL BE i EFELS =80 l —’Fsﬁﬂ
5 EA) 3 t}(Carlsson 2018). A A7} A A & Tv:?ﬂ]q Zol, BE WHES &

°of AFH Y Wi MiFshogs FF AN, Y, At FF S T F9olAM AgEH °lEP (Yl
2021, Chowdhury 2021, Ribeiro 2021).
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st A4 54 & 7HAt PDSTSP+= FSTSPF th2A =&0] 54 &A% (i.e., sorties, Murray and
Chu(2015))2.2 -2 o]7| °"7] EH—v—Oﬂ —:—Xﬂ«] EAEs Adde= ¢ Kim and Moon(2018)2

TSP-D #A] s & Ak sig Aol = 2ol H
S FPst= Aol ofd =8 7 X](sta’aon)i EFS Fuste d8x 993t Raj et al(2021)
PDSTSP9t ##3te] of=(arc) 7IRE S| BE I F 7HA o] YA G E A (set covering problem) 7]®E <
YRS AL i AAs =82 wWiEHg AHee _T’_E:]f?} TE olF £5E A3t ol& W
skt PDSTSPE= ©e AdE ARgsted, e 7Hd <

routing problem(PDSVRP)o| th&t AT = 3= AtH(Nguyen 2021).

A7 A5 2] ARgo] BE3E EHHA electric vehicle routing problem(EVRP)2l A3 A= wiE & A}
43 A2 EA7F AAE NS, Erdogan and Miller-Hooks(2012)+= 313 & A|E green vehicle routing
problem(GVRP)2} 4 2]3} %t} Schneider(2014)& A& WEdloF sk AIZMi7E A3z A3 7}><4 —5—].
of 7] ApgFo] FRACA HM7IE FAEH wiES IPst=s BE EAE ALstA. B yobrt, &
Fho] A&t Wi Y AHFS HAaFstaA ste HZ o4 Macrina et al.(2019) A ?Ltl
(vehicle fleet)o] Wl&& FHT v Fxo] 7t ol e 7h&E3 & tigd oA &R

sk, o mis 7 ARG AR2E e AFE AGSAT Goeke(2015)= A7 A A<}
W drId ASATE EARE FEolA Sxok stE FAlC Y7 dyvA ARES FEl R HET
TE AT,

2 AFoAE g3 AA AT wMAS 7INte R AR FEEHe B8] MVIAR AVE FEH
© EYY HiHZzE A4 wEgE S-sts s EYd =8 25 Ha3e wWiEHY ARFo=E
HiEs st ¥@Y HWi$ ER green vehicle routing problem with drone battery
charging(GVRP-DC)& A|¢tgth. GVRP-DCx i3l 1455 E5F 137 WESI Eotes FdE
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Al (Traveling Salesman Problem, TSP)®| EF/FEA TSP A7l Zte BE 718 FdsHA A &it=t
AR A AF7 AP} o] GVRP-DCE AFH HEo] 7] E8s F7IE 8317 W 4=
FHl= 71E9 TSP+ tE2H. 53], GVRP-DCE 71&9 A#F-E8 4 wiE EAdA Yeus 4=
o FHjok & A97F AT 7L AF-EE Y MSdAs =89 v S43 wAE
7Hgstal glem, wiEg &RE aHEA F7] Wi JHed He 3gE =ES A 5 o
B, GVRP-DCOlA = w27t ApFe] wiEgjol] oj&A ol 53] wiEgle] ARde HAstetr] 9
olF JFE AT = SO AEIF FdHT olHFT 54 ol | Figure 1& FlA &AL =
A
(a) Typical TSP (b) VRP with drone (c) GVRP-DC

Figure 1. A difference in route shape between typical TSP problem, VRP with drone and GVRP-DC.
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o omsie 4 @) @)k ANAEAL AME Fshe] ThAl AH O Bofslof & Uehith FA=
AR e WA A A G)sh @)ol ERH I A ()& FHEEAFL VeI glom, 4
)T (®)& A7) E2e] 1A wE jo]A FWste] 1A T jE Foloh Ao Bk F& Lhehyl
. 4 (@ Ego] o)Fate 1A wE sl HEE 1A v B BEoF FL AR Yol ¢
om, 4 (10)& E&e] 2% AN o F 5 Age] td Ake etk 4 1) A7AEAT 2
7l E8o] o3t =EE FHSE mSRT WA HENoF & ovIstn, 4 (12) - 15 & £EFH

o] mAAZE ALE ST A (16)S d7) =20 Agd o A ow BAsE A 53 5L
&8 Ak HellFs 48E FeTh 4 17)-18)lM = W7 B8] °oIF THe «A8E AHEete ol F

= Mo =3 s, 2 (23) (24)= Aol AIZAIZE
17145 2ke] WEeA o} 285 °1F & =S &, Ak

o]
4 (22 A == kAo EAAE agste] 1A ke oA AHHF o|FALE AT,

3”]’ FTHFS U]VHEH"’F a9t BE o|&3te AAHHG. 53] 4 (28)9 A a7,z Fol F/IE EASE,
2 : A7) 289 S4o] Wi g AW &7 o]
A G sHe Akl A (13 (2)7F A DT B ar,z, = 0012, 4 (28)5 (1ol W)
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g 28 1A ") oju], A7) =&o] WESA ¥E 1 Lo E AHMS b BAEHA 2
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e FAAIH, 23 A3}t ATl Bol] AFEE= 7o th(Whitley, 1994). £ &aglFolA FA4A
(chromosome)= Ak (gene) &2 o] Fol4 tte] & UEtH= ©9lolth. Figure 2+ GVRP—DC‘)ﬂH
st Aldl, @A, 28l FAAE YERA T Figure 2014 Yebd A 3 o], =82 F 39 WS

— T

Ty o] W, FHAE B8] MFEE Hl AWe REES EARCE ‘/]’F/}‘H‘:} 3 A= s
DE T2 ol% AR £AH 2 $AAE 2SS s} AR Ao AL FT & Q)

2 AFNA AHES 3 daE]F2 7hsdl(feasible solution)E 2 At FAstE A =2HS &
Fol AT A7A Thea#, ©es] AR FARES Eakes Zo] ofyet BE 1A k= ToA aiH
g zFo] Y F fle 2do] F7IE 189 & £k A= FA A AHESS W, 5t
we] FRATE Aol St 1S ESIL gA AR Eotes Y] EE &AA%S 9rdit
d, 71227 WiEe S W A7) 28 13] ol AT F gl Aol v old W dAA|

o] Zol7} 2 o]/fo] =W E7}5 3l (infeasible solution)”} F T

®
Blole
088

Figure 2. A feasible solution of GVRP-DC. A gene specifies a

sortie and a chromosome denotes all sorties in a single route

YAl FH &aelF2] 1A (crossover)= 71E9] o HE AL FEHOZ AN2FE A=
HA S FAh TSP 22 AEZA A ARbAQl wate] Wi & F7 & (subtour) & E33te & A
o long WHyo] dasitt. GVRP-DCAM = F-BZE WA s oF &k, ol x5 Ade= 3
of o &AM AAEE FHAel gEHR] BAE 7HA= AL Yudth & dFolH s & 2l X (simple
one point crossover)E AH&3FoH, ARkl W o= IdqstA HH ErFsslrt A A2 5 o=
2, 54 42 Ad & F Ade £AA%S R GANA Fop wagie

3ff &Aool A9 H A A (local optima)e WMAUE = Ue A2 HA 3 LSl vl T3,
T3 dagFoAA s Hol(mutation)E &3l ©]E T3t GVRP-DCOl A AE-5 & Hol] A4k wxbe)
o) vzttt Aol S FAAE A W Ao f A JAEe 1HetA Yo s A A
ol A deistes B o2 APt wols2 o FHS fal 042 2AHs A
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Crossover Mutation

[Chromosome, Gene ] : : Mutation rate = 0.4
Iteration count = 0 : E Y

Chromosome length = L
Crossover point = k
New Chr list

Choose one gene

Y

Create possible
sorties set
& choose a new sortie

Iteration count = L-k?

Y

Change chosen sortie
with a new sortie

Create possible
sorties set
& choose one sortie

v

Add chosen sortie to
New Chr

No

random number > 0.4 . :

5 E Return New Chr

lteration = Iteration + 1

Figure 3. A flowchart of crossover and mutation for the proposed algorithm
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GVRP-DCY| 75l A2 Bl ofue} WEle] 3 BHAANE Fasiof a =, 2 7
wEolA 7t eswe WEE BEe £4Y & ootk AT AL A8 oA AN S 2

ol miFell o] A7l =&o] A7I1AEA 2ol HAFH A=A

A7 A5l MEEE A7) Aol AgsHe Z(yr,) fol=

e ] 2R (B7,)7F ol 7oAtk ole) @ &S 1 dte] GVRP-DC7E HA 02 st A4 wE e AR

S APE 2oz A3ty 7 s& Btk AFEE FUlsks AL 2 (54)9 2ol Feojdth

fitness = V+ A —( TruckBattery,. , + Drone Battery.,. ,) (54)

2t eEge] WEHe e At Rk W 557 He A

frasta &2 Yo = E7}53)(infeasible solution)o|th. &7}t
_2'4

of A ¥ =2 FrreAdh Ad=E M A F

P%»EE}% ogugez, AAd2HA e =HlES 7l = ok sAR Erbe
2 FrtE SlE vtE AASHA Fghow o= dWrFo=w Jhs F H(feasible region)? £Vl G
(infeasible region)®] A NA HA |7} Bl S-S ol&str] sliMelty. B2 FESY i
Fo] A oNA FEIA Fe WFEEY A, FEEAY] H¥Ss 257 T Vsl EA HIPL 7He g
A7 Bok olgd ¥ wakst WolE T T s EVFssE vtE Al ASHA &3kt Figure 4
= BE T*V*Oﬂ/‘i«l 7} sfolut 5 Aol wiE g o] F7F Hol EbssQd A5-E HolFa o
ol# & o A uztet WolE T3 heMES AES Jidis) £ + U

A route for chromosome ((1,2,3),(3,4,5))

Drone battery : b; b, : 60 by : 10

EGV battery : v; @ /@

b:100 U250 4 tag
vyl 400 Vg © 80

Figure 4. An infeasible solution of GVRP-DC and
the battery level at each node. Note that the battery

level of the drone at node 5 is negative.
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31 49 &4

B HollMEe FE R FE2E dugF A AP 47 4 s At =2-E Y o
ol B A= Wl SLSHA ol FoiH oy, TP A2 viE Y AR EEFEY A7 gEHA &
Ag 183 A2 A ASZ A78 b7t Itk o], GVRP-DCY| &&43 a4 S AFH oz H
W F e AYAT7E gleh. wEbA AA SR (P)I FelaY dagFe] Aes vustd HAF
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solverZ+ IBM Cplex 12.10.0.0= Ar&3tth. F2] 28 &ag|F2 Python 3.85 7oA 7= A

GVRP-DCS| 2 w87 Fel2g 2ueze] 4% B71e 94 Solomon(1987)°1 Ak oA E ALg
o] 4%e WAk Solomon(1987)0] A3k aﬂxﬂt % 3744 2H= BREN, 29 X7} 2He

o] F3 Y& C-type, TR do&2 Bxy 317]9] 420 RC-type, UPZ]E}OE 2E 37 0] Yojo] X
BEZ3A & R-typel & o] Foj&] ot FE|RF | AT o] B2 o NS R o] R HES A
of siAE e EE3t7] vl AERo®, FEEYS HAFS A2 7o 1o E ==EF AFAH3HA
A= &3

A dugFe A A7) 289 olF g, S A W F AL MFE APl A FoloF gt
2 ARQdAE 14 == 5 [Cldd "3, 22 =& o talAeE =5 FE 2, 3,42 UFE #e K& &
AR MEE AASFAY. & =5 Foll UeiAes 7] =29 $HE& 18 =5 $E5 4, 52 Uie &
o & FRAY MER AASAT. ol2A A FHAA e s BF AP T UM L s
T 495 g

GVRP-DCOM = H7|1A-gate 27 E&e ARgst7] Wwel 2 2gade] e &35 AHe8E, 5
&S Al AR Folof it A7IAEAe] A9 A7) =89 viE e &3

2 oF 1:409] vl &S Zh=Th(Loveday 2021, Abeywickrama 2018). & A @A = HH’“ /\] 2F Al ZF EEF
o] $FHo A= Pﬁﬁ&oi e vl &S ARESte], A7 AE Ak wiEl ] &%-S 40,000 V), 7]
29 mHy §FS 1 B)Ri 288 o+ Aot Loveday(2021)¢} Abeywickrama(2018)°l 7141 2t
srde 45 %’%0}@] g a=18 7|F22 =05, 7y=22 24T F Jth YEHIY =
o] FAIZEE A7) B8] AM7|A-s ARG 154 MEES A4 e TH(Choi, 2021).

i

Ho

(r

32 FE12y 4349

£ Ao A& Solomon(1987)9] A& &85 TR (P)Y A4 AFAAE V&t HHd ==&
8l 1 == 5 7,8 183 NE E9A L
GVRP-DCE] 45-< H7I3t7] 93l &Y &5AAQL ) HAEA(TSP)<} sl & FA ol vlas]|FAct TSP
EAY AL 98, GVRP-DCY E3F EAo]B& uiHs A9} o 002 AR Fo] AL g}
12 7t EA9 §¥EZ TSP} GVRP-DCE HAs| e} A4AIzbE Al Aoty 53,
GVRP-DCell t3llA+= TSP thHl sl9] /I E HE(Imp. over TSP(%))<t 7] =& ALEES 4 3HA
71 A 81 A T

Table 1. Experiment result of the MILP. Solved until optimality without time limit

Obj.val Run time(s)

Problem |Cl Imp. over Drone
1P Gvrp-DC 1E 0 TSP GVRP-DC  usage(%)

C101 7 230.75 212.59 8.54 12.60 2215 42.86
C101 8 232.90 21491 8.37 158.26 198.77 37.50
C101 9 243.22 220.33 10.39 3343.15 10818.55 44.44
R101 7 600.24 439.08 36.70 13.78 16.81 42.86
R101 8 703.02 481.44 46.02 126.68 227.01 50.00
R101 9 730.62 515.83 41.64 3093.79 5145.14 44.44
RC101 7 441.35 440.31 0.24 6.77 21.55 42.86
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RC101 8 464.78 463.74 0.22 159.42 209.16 37.50
RC101 9 479.42 471.60 1.66 2939.84  13227.37 44.44

e HA MAELS 022%, HH MAAELS 46.02% LS &+ Jom 7} FA F3HEE(Ctype, R-type,
RC-type) 3l 7A41 9] B3 F 9.1%, 41.45%, 0.71% 2 GVRP-DC2| H s+ TSP HZHs|nt}t mg 7
$-ofl ti& A= o] GVRP-DC] Abgo] ax29)e A sl AAEth ol & %3] GVRP-DCE &4 TSP
o #AY 22 g2 A 25 ¢ 7+ Atk &4 73 Rtypedll Al 53] of /i a3 =SS &
T Ao, FrF ez uAe] X7t Y= EExH A= B¢ GVRP-DCY F8°] B 52 Zo= &
M@ 4 ok

ﬂll

2o agon °;<1o171 wEol, 7o AL
2o MEF 4 vk 89 99 nAL 4A WEYAY A F
Rypedl A 17] E&o] AYjaoz A48 AL < 5 3k

33 At ¢ FE AIAH

AAZ FElRge BFE7) u$ 27] i & WEYI Aol = tisi e 24 AI7H3600%) Wil
Fr & 3l (feasible solution)< Z7] wj-¢- APt T ZAE UA st E HWESHNZ /\}01101] oA &Sl
E ATE 7 e Felzy dugEFe Mo & dolA 25 50, 100719 17 ko g i
duEEFe] 45& 7IEdnt FeoE dugEFe ME =3 AR §9 WE shsA ol glof 103
AA F <

#e 71ESA

Table 2= RE &A #3dol sl 7, 8, 971t 25, 50, 100702 WEY ol 3k AxE A3 Axjo|n}
Table 13 PIZ7HA R H7] EE29 AEES AL F o A F3 A9t Afol& WEESE
A8 T C101, R101, RC101 Ao JEHZ A71E &2 A% ¢1gEL2 HHHE =&dF+= 4571
EAetg e, HAs o AtolE F& F Ae Be Aol tElAdE 3% o v 2dgpth 9o ==
£ 7F R101 A0l tsiAxl= HAs) kel ztol7) 211% = ‘7,1'% , ol A7IAEA] AR A9 At

How g AoE B shssit). sAw, WA EA (TSP HH e (730.62) BT A5 T 3(526.72)
£+ BHAFUSS T & Utk

Table 2. Experiment result of the heuristic algorithm for GVRP-DC. The default settings for Table 1 is used.

Heuristic Algorithm

Problem | Cl . ) Gap to Drone
Obj.val Run time(s) MILI;’ (%) usage(%)

C101 7 212.59 1.16 0.00 42.86
C101 8 215.15 2.13 0.11 50.00
C101 9 22293 441 1.18 44.44
C101 25 890.48 27.81 * 24.00
C101 50 2657.98 729.63 * 24.00
C101 100 8308.79 12007.31 * 20.0
R101 7 447.08 1.06 1.82 42.86
R101 8 481.44 212 0.00 50.00



R101 9 526.72 2.73 211 44.44

R101 25 2408.03 22.74 * 24.0

R101 50 5044.04 474.77 * 240

R101 100 10961.15 13148.83 * 20.0
RC101 7 440.31 1.22 0.00 42.86
RC101 8 464.99 2.61 0.26 50.00
RC101 9 473.33 5.04 0.37 44 .44
RC101 25 1669.98 22.07 * 240
RC101 50 5032.51 519.83 * 24.0
RC101 100 11229.19 13806.27 * 20.0

A7 2o AgBe e A Aoz, s 2 9ol dalAE &

3
el Byoz AR A F AR L A F A AU, = EAl Ao =25, 50 2 1007))
=

Ui
o A F 2b FE(E £F 4,52 he g H)OE AP A F /43 £ AE JASAT
oY@ Wil AH A7) S oF HFE ;estA RohE 9k AL F ot 4P dnurakE s
Ag PEe Aestac

o A=7t o FEEA Y
bt B AFol A Aldtete FrElay g Fe] s =S Table 2014 & & AX HAs) e 237
M AFHE aAhE BESYPT. o] ZH, C1013 RC101 2o] & o2 HE I s &g
9 & 7o) RI01ETHE AZ3tH, o]& 3l A&ALe] UEY A 9474l g ST o] & A|tst=

FuYEE B FE5 4G F5TE AAR

¢

4. AE

B ERoAE A7) SES ANAFAE A Y MRS AQDh A7) SRS ANAER
o WiE e & Agstel 1 S Bl AA AR <8 A ASHE NEY 2RFS Had Hud s
A2E 2aA Bk o EHS AT FURFL AXHGOM WEND Ao| =7} Aol me} F)
mgo] FENE 2A Zay] Mol f1 AnLFS /WO S FosE SueFS ALsA A
4 APE B 2 mE ol BAC] AME LA AL U FE AE AT B FAT 5 AU

B ATE A4S ARE GBL Rl or, A2 BAYLS DARAS W FF 34 b
ATE WS B RO ART WEATS BF Ao Aux FAS AHIE Fo abolmE, B
F oA 9 BEA 9L 99l O ME WSS BHOE At AL 1AW ATE g AT FAY
5tk B3, # ATM PYED gt 9 27145 9 A7) S8 ohd thre A7 4%
Aok there] A7) SEL ST ME RIE Y b ATRAC B Zolth FueE TH B ol
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w
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