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[Co rre sp o nd ing  Autho r ind ic a te d  b y a n a ste risk *] 

Abstra c t—  Distribution is one  of the  ma jor sourc e s of c a rbon e missions a nd this issue  ha s be e n addre sse d by 

Gre e n Ve hic le  Routing  Proble m (GVRP). This proble m a ims to  fulfill the  de ma nd of a  se t of c ustome rs using  a  

homog e ne ous fle e t of Alte rna tive  Fue l Ve hic le s (AFV) orig ina ting  from a  sing le  de pot. The  proble m a lso  inc lude s 

a  se t of Alte rna tive  Fue l Sta tions (AFS) tha t c a n se rve  the  AFVs. Sinc e  AFVs sta rte d to  ope ra te  ve ry re c e ntly, 

Alte rna tive  Fue l Sta tions se rvic ing  the m a re  ve ry fe w. The re fore , the  driving  spa n of the  AFVs is ve ry limite d. This 

ma ke s the  routing  de c isions of AFVs more  diffic ult. In this study, we  formula te d a  multi- obje c tive  optimiza tion 

mode l of Gre e n Ve hic le  Routing  Proble m with two c onflic ting  obje c tive  func tions. While  the  first obje c tive  of our 

GVRP formula tion a ims to  minimize  tota l 𝑪𝑪𝑪𝑪𝟐𝟐 e mission, whic h is proportiona l to  the  distanc e , the  se c ond a ims to 

minimize  the  ma ximum tra ve ling  time  of a ll route s. To solve  this multi- obje c tive  proble m, we  use d 𝜺𝜺- c onstra int 

me thod, a  multi- obje c tive  optimiza tion te c hnique , a nd found the  Pa re to  optima l solutions. The  proble m is 

formula te d a s a  Mixe d- Inte ge r Line a r Prog ramming  (MILP) mode l in IBM OPL CPLEX. To te st our propose d me thod, 

we  g e ne ra te d two hypothe tic a l but re a listic  distribution c a se s in Izmir, Turke y.  The  first c a se  study foc use s on a n 

inne r- c ity distribution in Izmir, a nd the  se c ond c a se  study involve s a  re g iona l distribution in the  Ae g e a n Re g ion 

of Turke y. We  pre se nte d the  Pa re to  optima l solutions a nd showe d tha t the re  is a  tra de off be twe e n the  ma ximum 

distribution time  a nd c a rbon e missions. The  re sults showe d tha t route s be c ome  shorte r, the  numbe r of g e ne ra te d 

route s (a nd the re fore , ve hic le s) inc re a se s a nd ve hic le s visit a  lowe r numbe r of fue l sta tions a s the  ma ximum 

tra ve ling  time  de c re a se s. We  a lso  showe d tha t a s ma ximum tra ve ling  time  de c re a se s, the  solution time  

sig nific a ntly de c re a se s. 

Inde x Te rms—  Gre e n Ve hic le  Routing  Proble m, Alte rna tive  Fue l Ve hic le s, 𝜀𝜀- Constra int, Multi- Obje c tive  

Optimiza tion, Pa re to  Optima lity 

I. INTRODUCTION

Fa c to rs suc h a s te c hno lo g ic a l d e ve lo p me nts, g lo b a liza tio n a nd  p o p ula tio n g ro wth ha ve  c e rta in 

e ffe c ts o n the  c o rp o ra te  stra te g y o f c o mp a nie s. In the  1990s, the  e ffe c ts o f g lo b a liza tio n c a use d  the  

c o mp e titio n to  rise  [1]. The re fo re , firms we re  re q uire d  to  ke e p  the  p ric e  le ve ls a t a  minimum. This 

situa tio n fo rc e d  ma ny firms to  lo we r inte rna l c o sts in o rd e r to  inc re a se  p ro fits. The  c o nc e p t o f Sup p ly 

Cha in Ma na g e me nt wa s d e ve lo p e d  a nd  stud ie d  fo r c o mp a nie s to  minimize  the ir o p e ra tio na l c o sts. 

The  ma in o b je c tive  o f Sup p ly Cha in Ma na g e me nt is to  p ro vid e  the  re q uire d  p ro d uc ts to  the  

c usto me rs a t the  rig ht time , a t the  rig ht p la c e , a nd  a t a  lo w p ric e . This g o a l c a n o nly b e  a tta ine d  b y 

e ffe c tive ly ma na g ing  sup p ly c ha in o p e ra tio ns while  minimizing  o p e ra tio na l c o sts. A b a sic  sup p ly 

c ha in wo uld  c o nsist o f sup p lie rs, ma nufa c ture rs, who le sa le rs (o r d istrib uto rs), a nd  re ta ile rs. An 

illustra tio n o f a  simp le  sup p ly c ha in struc ture  c o nsisting  o f sup p lie rs, ma nufa c ture rs, d istrib uto rs, 

re ta ile rs, a nd  c usto me rs is g ive n in Fig ure  1. 

Co mp a nie s try to  find  the  b e st wa y o f imp ro ving  the ir sup p ly c ha in ma na g e me nt b y o p tima lly 

p la nning  the ir o p e ra tio ns, suc h a s stra te g ic  p la nning , d e ma nd  p la nning , wa re ho using  a nd  lo g istic s 

p la nning , ma nufa c turing  p la nning , inve nto ry c o ntro l, p urc ha sing , a nd  tra nsp o rta tio n p la nning . All 

the se  to p ic s invo lve  d iffe re nt d e c isio n p ro c e sse s. Fo r e xa mp le , in stra te g ic  p la nning , d e c id ing  the  
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lo c a tio n o f fa c to rie s a nd  wa re ho use s is the  ma in fo c us, while  in tra nsp o rta tio n p la nning  find ing  the  

b e st the  d istrib utio n p la n a mo ng  sup p lie rs, ma nufa c ture rs, re ta ile rs a nd  e nd  c usto me rs is the  g o a l. 

 

  
Fig ure . 1. A typ ic a l sup p ly c ha in 

 

 

De te rmina tio n o f a  g o o d  tra nsp o rta tio n p la n is d iffic ult b e c a use  the  ro a d  infra struc ture  c ha ng e s 

c o nsta ntly d ue  to  the  a dd itio n o f ne w ro a d s o r the  e xiste nc e  o f ro a d wo rks. In a d d itio n, the  va rie ty o f 

p ro d uc ts ha s inc re a se d  b a se d  o n c usto me r d e ma nd s a nd  it ma ke s ship p ing  a c tivitie s e ve n mo re  

d iffic ult b y fo rc ing  c o mp a nie s to  find  a n o p tima l wa y o f d e live rie s in o rd e r to  minimize  the  d ista nc e , 

the  fue l usa g e , 𝐶𝐶𝐶𝐶2 e missio n, a nd  the re fo re  ma ximize  the ir p ro fits. 

Co mp a nie s try to  find  mo re  e ffic ie nt wa ys to  re a c h the ir c usto me rs fro m the ir d e p o ts a nd  sa tisfy 

d e ma nd  a t the  rig ht time  a t the  minimum c o st. The  Ve hic le  Ro uting  Pro b le m (VRP) a d d re sse s this 

issue . Ve hic le  Ro uting  Pro b le m is a  g e ne ra liza tio n o f Tra ve ling  Sa le sp e rso n Pro b le m (TSP) a nd  it a ims 

to  re d uc e  the  tra nsp o rta tio n c o sts, a vo id  d e live ry d e la ys, sa tisfy c usto me r e xp e c ta tio ns, sa ve  fue l, 

a nd  re d uc e  e nviro nme nta l e ffe c ts. The re fo re , the  VRP is ve ry imp o rta nt fo r d e live ry c o sts a nd  

e nviro nme nta l e ffe c ts. Fig ure  2 sho ws a n e xa mp le  o f VRP whe re  the  d istrib utio ns to  the  c usto me rs 

a re  o p e ra te d  fro m a  sing le  d e p o t using  multip le  ro ute s (a nd  ve hic le s). 

 

 

 
Fig ure . 2. An e xa mp le  o f the  VRP 

 

 

Gre e n Ve hic le  Ro uting  Pro b le m (GVRP), first p ro p o se d  b y Erd o g a n a nd  Mille r-Ho o ks [2], fo c use s o n 

the  e nviro nme nta l a sp e c ts o f the  VRP. The  use  o f ve hic le s c re a te s p o llutio n, wa sta g e  o f fue l a nd  

tra ffic  c o ng e stio n. In the  Unite d  Sta te s, 97% o f e ne rg y fo r tra nsp o rta tio n invo lve s the  usa g e  o f 

g a so line . Thro ug ho ut the  wo rld , ne w me tho d s to  re d uc e  tra nsp o rta tio n p o llutio n ha ve  b e e n p la nne d  

a nd  imp le me nte d . Fo r insta nc e , munic ip a l c o rp o ra tio ns, p ub lic  e nte rp rise s, vo lunta ry a sso c ia tio n, 
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a nd  p riva te  c o mp a nie s a re  a lte ring  the ir tra d itio na l fle e ts o f truc ks to  Alte rna tive  Fue l Ve hic le s (AFVs) 

tha t use  no n-p e tro le um fue l typ e s suc h a s b io d ie se l, e le c tric ity, a nd  hyd ro g e n. This is d o ne  ma inly to  

minimize  the  ne g a tive  imp a c ts o n the  e nviro nme nt a nd  a d a p t to  the  c urre nt e nviro nme nta l 

re g ula tio ns. Gre e n Ve hic le  Ro uting  Pro b le m inc lud e s a  ho mo g e ne o us fle e t o f AFVs a nd  a  se t o f 

Alte rna tive  Fue l Sta tio ns (AFSs) a nd  a ims to  minimize  to ta l d ista nc e  tra ve le d  b y the  ve hic le s. 

In this stud y, we  d e ve lo p e d  a  Multi-Ob je c tive  Gre e n Ve hic le  Pro b le m (MO GVRP) b y e xte nd ing  the  

GVRP. The  p ro b le m ha s two  c o nflic ting  o b je c tive s tha t a re  minimizing  𝐶𝐶𝐶𝐶2 e missio n a nd  the  ma ximum 

tra ve ling  time  o f the  ro ute s. The se  two  o b je c tive s a re  c o nflic ting  b e c a use  a s the  ma ximum tra ve ling  

time  d e c re a se s, ro ute s b e c o me  sho rte r a nd  the  numb e r o f ro ute s inc re a se s. The re fo re , the  to ta l 

c a rb o n e missio n, whic h is p ro p o rtio na l to  to ta l d ista nc e , inc re a se s. We  mo d e le d  the  p ro b le m a s a  

Mixe d -Inte g e r Line a r Pro g ra mming  (MILP) mo d e l a nd  use d  Ep silo n C o nstra int Me tho d  to  so lve  this 

multi-o b je c tive  p ro b le m b y using  IBM OPL CPLEX. We  a lso  te ste d  o ur mo d e l o n two  hyp o the tic a l b ut 

re a listic  c a se  stud ie s in Izmir, Turke y. The  first c a se  stud y fo c use s o n a n inne r-c ity d istrib utio n in Izmir, 

a nd  the  se c o nd  c a se  stud y invo lve s a  re g io na l d istrib utio n in the  Ae g e a n Re g io n o f Turke y. We  

o b ta ine d  the  d ista nc e s a nd  d ura tio ns a mo ng  lo c a tio ns (c usto me rs, a lte rna tive  fue l sta tio ns, a nd  the  

d e p o t) b y using  G o o g le  Ma p s. We  sho we d  tha t the re  is a  tra d e o ff b e twe e n the  ma ximum d istrib utio n 

time  a nd  c a rb o n e missio ns a nd  p re se nte d  the  Pa re to  o p tima l so lutio ns.   

This stud y is o rg a nize d  a s fo llo ws. In Se c tio n 2, the  re le va nt VRP lite ra ture  is summa rize d . In Se c tio n 3, 

the  p ro b le m fo rmula tio n is p re se nte d . Se c tio n 4 e xp la ins the  so lutio n me tho d o lo g ie s use d  in o ur stud y. 

The  re sults a nd  ma na g e ria l insig hts a re  p ro vid e d  in Se c tio n 5. The  c o nc lusio n a nd  future  wo rk a re  

g ive n in Se c tio n 6. 

 

II. LITERATURE REVIEW 

Gre e n Ve hic le  Ro uting  Pro b le m wa s first p ro p o se d  b y [2] a s a n e xte nsio n o f the  Ve hic le  Ro uting  

Pro b le m a nd  a ims to  minimize  the  to ta l d ista nc e  o f d e live rie s to  a  se t o f c usto me rs using  a  

ho mo g e no us fle e t o f a lte rna tive  fue l ve hic le s tha t a re  o rig ina ting  fro m a  sing le  d e p o t. It is imp o rta nt 

to  p o int o ut tha t Alte rna tive  Fue l Sta tio ns a re  a lso  a d d e d  to  the  p ro b le m with the  so le  p urp o se  o f 

se rving  AFVs. O ur stud y e xte nd s GVRP b y a d d ing  a no the r o b je c tive  o f minimizing  the  ma ximum tra ve l 

time  o f the  ro ute s a nd  the re fo re  turning  it to  a  multi-o b je c tive  p ro b le m. In a no the r GVRP stud y, [3] 

ha s d e sig ne d  a  simula te d  a nne a ling  he uristic  b a se d  e xa c t so lutio n to  so lve  the  GVRP.  

Po llutio n is a n issue  tha t ha s a n imp a c t o n the  e nviro nme nt; the re fo re , e xte nsio ns o f VRP re la ting  to  

minimizing  the  ne g a tive  e ffe c ts o f p o llutio n we re  inve stig a te d  in va rio us stud ie s. This line  o f re se a rc h 

sp e c ific a lly na me s the  p ro b le m a s the  Po llutio n-Ro uting  Pro b le m (PRP) a nd  the  ma jo r stud ie s a re  [4], 

[5], [6], a nd  [7]. The  Po llutio n-Ro uting  Pro b le m is a  re c e nt e xte nsio n o f the  Ve hic le  Ro uting  Pro b le m 

whic h d e c id e s the  o p tima l ro ute s fo r a  se t o f ve hic le s to  se rve  a  numb e r o f c usto me rs while  

ma na g ing  the  sp e e d  o f e a c h ve hic le  o n e a c h ro ute  in o rd e r to  minimize  fue l c o nsump tio n, e missio n 

a nd  d rive r c o sts. Be kta s a nd  La p o rte  [4] intro duc e d  a  mo re  e xte nsive  o b je c tive  func tio n tha t 

a c c o unts fo r the  tra ve l d ista nc e , the  to ta l a mo unt o f e missio ns, tra ve l time s, fue l c o nsump tio n, a nd  

d istrib utio n c o sts. De mir e t a l. [5] p re se nte d  a n Ad a p tive  La rg e  Ne ig hb o rho o d  Se a rc h (ALNS) 

a lg o rithm, whic h inte g ra te s the  c la ssic a l ALNS sc he me  with a  sp e c ia lly d e sig ne d  ve hic le  sp e e d  

o p timiza tio n a lg o rithm fo r so lving  the  PRP. A he te ro g e ne o us fle e t o f ve hic le s wa s a d d e d  to  the  PRP 

b y [6]. The  ma in g o a l o f [6] is to  minimize  the  sum o f ve hic le  fixe d  c o sts a nd  ro uting  c o sts whe re  the  

la tte r inc lud e s the  c o st o f fue l a nd  𝐶𝐶𝐶𝐶2  e missio ns, a nd  d rive r c o st. De mir e t a l. [7] p ro p o se d  a  b i-

o b je c tive  PRP to  minimize  fue l c o nsump tio n a nd  to ta l d riving  time . In the ir stud y, the  c o mb ina tio n o f 

ALNS a nd  a  sp e e d  o p timiza tio n p ro c e d ure  we re  use d  to  so lve  the  b i-o b je c tive  PRP. 

The re  a re  a  va rie ty o f e xte nsio ns to  the  c la ssic a l Ve hic le  Ro uting  Pro b le m in the  lite ra ture , suc h a s 

multi-d e p o t, time -wind o ws, a nd  he te ro g e ne o us fle e t. 
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The  multi-d e p o t ve hic le  ro uting  p ro b le m (MDVRP) is the  p ro b le m o f d e live ring  g o o d s to  a  se t o f 

c usto me rs with a  se t o f ve hic le s o rig ina ting  fro m se ve ra l d e p o ts. It wa s initia lly p re se nte d  b y [8]. In 

a no the r stud y, [9] a p p lie d  the  MDVRP in the  he a lthc a re  se c to r using  a  he te ro g e ne o us fle e t in whic h 

a  se t o f he te ro g e ne o us ve hic le s (e a c h b e lo ng ing  to  a  d iffe re nt fa c ility) p ro vid ing  tra nsp o rta tio n 

se rvic e s to  p a tie nts. The re  a re  d iffe re nt ve hic le  typ e s with d iffe re nt fle e t size s lo c a te d  in multip le  

he a lthc a re  fa c ilitie s. Va ria b le  Ne ig hb o rho o d  Se a rc h a nd  Ta b u Se a rc h a lg o rithms we re  use d  to  so lve  

the  p ro b le m in [9]. Ano the r e xa mp le  is p ro p o se d  b y [10], whic h inc lud e s time  wind o ws o f c usto me rs 

a nd  a  fle e t o f ve hic le s use d  fo r the  d e live ry a nd  insta lla tio n o f e le c tro nic s. This is a n imp o rta nt sub je c t 

in the  lite ra ture  b e c a use  tra nsp o rta tio n o f insta lla tio n se rvic e s is a  re q uire me nt fo r ma ny c o mp a nie s 

tha t ma nufa c ture  o r se ll p ro d uc ts tha t a re  d iffic ult to  se t up . Furthe rmo re , [11] a ime d  to  p ro vid e  

milita ristic  so lutio ns fo r unma nne d  ve hic le  ro uting .  A se t o f mixe d  g ro und  a nd  a e ria l ve hic le s a t 

se ve ra l d e p o ts tra ve ling  to  c e rta in ta rg e ts we re  c o nsid e re d  in the ir study a nd  a  b ra nc h-a nd -c ut 

a lg o rithm wa s d e ve lo p e d . Cre vie r, Co rd e a u, a nd  La p o rte  [12] p re se nte d  a  va ria nt o f the  MDVRP b y 

inc lud ing  inte rme d ia te  de p o ts to  a id  the  ve hic le s to  re p le nish. To  so lve  the  p ro b le m, a  he uristic  

c o mb ining  the  Ad a p tive  Me mo ry Princ ip le  a nd  a  Ta b u Se a rc h me tho d  wa s d e ve lo p e d . Va rio us 

he uristic  so lutio n me tho d o lo g ie s p re se nte d  b y [13], [14], [15], a nd  [16] to  so lve  the  MDVRP. 

 

The  Ve hic le  Ro uting  Pro b le m with Time  Wind o ws (VRPTW) is a  sig nific a nt va ria tio n o f VRP. In VRPTW, 

a  ve hic le  must visit e a c h c usto me r within a  sp e c ific  time  inte rva l. The  VRPTW wa s intro d uc e d  to  the  

lite ra ture  b y [17]. The  mo d e l o f this stud y a ims to  minimize  ro ute  d ura tio ns. [18] fo rmula te d  the  VRPTW 

a s a  se t p a rtitio ning  p ro b le m a nd  so lve d  the  p ro b le m b y using  c o lumn g e ne ra tio n. Furthe rmo re , [19] 

fo rmula te d  a  Multi-Ob je c tive  Ge ne tic  Alg o rithm fo r VRPTW. In the ir stud y, the  first o b je c tive  is to  

minimize  the  to ta l d ista nc e  while  the  se c o nd  is to  minimize  the  numb e r o f ve hic le s use d . [20] 

p ro p o se d  Ve hic le  Ro uting  Pro b le m with So ft Time  Wind o ws a nd  Sto c ha stic  Tra ve l Time s whe re  time  

wind o ws o f the  c usto me rs a re  la rg e . The  o b je c tive  func tio n o f the  mo d e l c o nsid e rs b o th 

tra nsp o rta tio n c o st a nd  se rvic e  c o st a nd  Ta b u Se a rc h me tho d  wa s use d  to  so lve  the  mo d e l. Le ung  

e t a l. [21] e xte nd e d  the  VRPTW b y c o nsid e ring  simulta ne o us p ic k-up  a nd  d e live ry. In the ir stud y, 

c usto me rs re q uire  b o th p ic k-up  a nd  d e live ry se rvic e s within the  sp e c ifie d  time  wind o ws. The  ma in 

o b je c tive  is to  minimize  the  to ta l d ista nc e  tra ve le d  b y the  ve hic le s.  

VRP with the  he te ro g e ne o us fle e t (HVRP) inc lud e s multip le  ve hic le  typ e s with d iffe re nt c a p a c itie s, 

fixe d  a nd  va ria b le  c o sts. The  ma in p urp o se  o f the  HVRP is to  minimize  to ta l va ria b le  ro uting  c o st a nd  

the  ve hic le  fix c o sts. Ang e le lli a nd  Ma nsini [22] p ro p o se d  a n HVRP with two -d ime nsio na l lo a d ing  

c o nstra ints.  The  p ro b le m c o nsid e rs two -d ime nsio na l lo a d ing  c o nfig ura tio n o f p ro d uc ts a c c o rd ing  to  

the ir size s. A Simula te d  Anne a ling  he uristic  with a  lo c a l se a rc h (SA_HLS) wa s use d  to  so lve  the  

p ro b le m. Be lfio re  a nd  Yo shiza ki [23] e xte nd e d  the  HVRP b y c o nsid e ring  time  wind o ws o f c usto me rs 

a nd  d e ve lo p e d  a  Ta b u Se a rc h a lg o rithm to  so lve  it. Furthe rmo re , [24] d e ve lo p e d  a n HVRP with time  

wind o ws a nd  sp lit d e live rie s. The y p ro p o se d  a  Sc a tte r-Se a rc h (SS) a p p ro a c h to  so lving  the  mo d e l. 

Ja ir e t a l. [25] p ro p o se d  the  HVRP with time  wind o ws a nd  multip le  pro d uc ts whe re  c usto me rs 

d e ma nd  d iffe re nt typ e s o f p ro d uc ts. In the ir stud y, a n Ant Co lo ny Op timiza tio n a lg o rithm wa s 

d e ve lo p e d  to  so lve  the  p ro b le m. 

Furthe rmo re , se ve ra l multi-o b je c tive  mo d e ls we re  p re se nte d  in the  VRP lite ra ture  ([7], [19], [26], [27]). 

Fo r e xa mp le , [26] p ro p o se d  a  hyb rid  me ta -he uristic  fo r multi-o b je c tive  ve hic le  ro uting  p ro b le ms with 

time  wind o ws. The ir mo d e l a ims to  minimize  to ta l d ista nc e  tra ve le d  a nd  the  wo rklo a d  imb a la nc e  

tha t is the  ra tio  o f d ista nc e  tra ve le d  b y a  ve hic le  a nd  lo a d  o f the  ve hic le . The  multi-o b je c tive  

o p timiza tio n ha s a lso  b e e n use d  fo r milita ristic  p urp o se s. G ue rrie ro  e t a l. [27] p ro p o se d  a   VRP with 

so ft time  wind o ws fo r Auto no mo us Unma nne d  Ae ria l Ve hic le s (UAVs). The  p ro b le m ha s thre e  

o b je c tive s tha t a re  the  minimiza tio n o f to ta l d ista nc e  tra ve le d  b y the  UAVs, minimiza tio n o f the  

numb e r o f ve hic le s (UAVs) a nd  ma ximiza tio n o f c usto me r sa tisfa c tio n. 
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III. PROBLEM DEFINITION AND FORMULATION 

The  a im o f the  GVRP is to  find  the  o p tima l ro ute s o f a  se t o f ho mo g e ne o us AFV fle e t tha t d e p a rt fro m 

a  sing le  d e p o t in o rd e r to  me e t the  c usto me r d e ma nd s. The  fue l c a p a c ity o f ve hic le s a re  se t a nd  

Alte rna tive  Fue l Sta tio ns tha t ve hic le s c a n re p le nish the ir fue l a re  c o nsid e re d  in the  mo d e l. In a d d itio n, 

the  ma ximum tra ve ling  time  o f a  ro ute  is inc lud e d  in the  mo d e l.  

 

In this stud y, we  d e ve lo p e d  a  Multi-Ob je c tive  Gre e n Ve hic le  Ro uting  Pro b le m (MO GVRP) tha t is a n 

e xte nsio n o f the  GVRP, whic h is o rig ina lly p ro p o se d  b y [2]. The  first o b je c tive  o f the  p ro b le m is to  

minimize  to ta l 𝐶𝐶𝐶𝐶2 e missio n tha t is p ro p o rtio na l to  to ta l d ista nc e  tra ve le d  b y the  ve hic le s. The  se c o nd  

o b je c tive  minimize s the  ma ximum tra ve ling  time  o f a ll ro ute s. The  ma the ma tic a l mo d e l is p re se nte d  

b e lo w. 
 

Se ts: 

D          Se t o f De p o ts 

C   Se t o f Custo me rs 𝐶𝐶0  Se t o f De p o t a nd  C usto me rs: 𝐷𝐷 ∪  𝐶𝐶 

F Se t o f Alte rna tive  Fue l Sta tio ns  𝐹𝐹0  Se t o f De p o t a nd  Alte rna tive  Fue l Sta tio ns: 𝐷𝐷 ∪  𝐹𝐹 

V Se t o f All No d e s: 𝐷𝐷 ∪ 𝐶𝐶 ∪  𝐹𝐹 

E  Se t o f Ed g e s: �𝑣𝑣𝑖𝑖  , 𝑣𝑣𝑗𝑗�: 𝑣𝑣𝑖𝑖  , 𝑣𝑣𝑗𝑗  𝜖𝜖 𝑉𝑉 

 

Pa ra me te rs: 

  ∝ 𝐶𝐶𝐶𝐶2 e missio n (in kg ) p e r km  𝑑𝑑𝑖𝑖𝑗𝑗  Dista nc e  fro m no d e  i to  no d e  j: (𝑖𝑖, 𝑗𝑗) 𝜖𝜖 𝐸𝐸  

M A suffic ie ntly la rg e  numb e r 

r    Ve hic le  fue l c o nsump tio n ra te  (lite rs p e r km) 

Q  Ve hic le  fue l ta nk c a p a c ity 𝑠𝑠𝑖𝑖  Se rvic e  time  a t no d e  i: 𝑖𝑖 ∈ 𝑉𝑉 𝑡𝑡𝑖𝑖𝑗𝑗  Tra ve l time  (ho urs) fro m no d e  i to  no d e  j: (𝑖𝑖, 𝑗𝑗) 𝜖𝜖 𝐸𝐸 

 

De c isio n va ria b le s: 𝑥𝑥𝑖𝑖𝑗𝑗   �1 𝐼𝐼𝐼𝐼 𝑎𝑎 𝑣𝑣𝑣𝑣ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑣𝑣 𝑡𝑡𝑡𝑡𝑎𝑎𝑣𝑣𝑣𝑣𝑖𝑖𝑠𝑠 𝐼𝐼𝑡𝑡𝑓𝑓𝑓𝑓 𝑖𝑖 𝑡𝑡𝑓𝑓 𝑗𝑗 
0 𝑓𝑓𝑡𝑡ℎ𝑣𝑣𝑡𝑡𝑒𝑒𝑖𝑖𝑠𝑠𝑣𝑣 � 𝑦𝑦𝑗𝑗   The  re ma ining  fue l le ve l b e fo re  a rriving  to  j. This va ria b le  is re se t to  Q  up o n visiting  a  fue l sta tio n 

o r the  d e p o t 𝜏𝜏𝑗𝑗  Arriva l time  o f a  ve hic le  a t j (d e p a rture  fro m the  d e p o t is a ssume d  to  b e  ze ro ) 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚      Ma ximum tra ve ling  time  o f a ll ro ute s 

 
 
 
 
 
 
 

min � ∝ 𝑑𝑑𝑖𝑖𝑗𝑗𝑥𝑥𝑖𝑖𝑗𝑗𝑖𝑖,𝑗𝑗∈𝑉𝑉′𝑖𝑖≠𝑗𝑗
                                                                                                                                (1) 

 

min  𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚                                                                                                                                               (2) 

 𝑠𝑠. 𝑡𝑡.  
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� 𝑥𝑥𝑖𝑖𝑗𝑗 = 1, ∀𝑖𝑖 ∈ 𝐼𝐼𝑗𝑗∈𝑉𝑉′𝑗𝑗≠𝑖𝑖
                                                                                                                      (3) 

 � 𝑥𝑥𝑖𝑖𝑗𝑗𝑗𝑗∈𝑉𝑉′𝑗𝑗≠𝑖𝑖
≤ 1, ∀𝑖𝑖 ∈ 𝐹𝐹0                                                                                                                    (4) 

 �𝑥𝑥𝑗𝑗𝑖𝑖𝑖𝑖∈𝑉𝑉′𝑗𝑗≠𝑖𝑖
−� 𝑥𝑥𝑖𝑖𝑗𝑗 = 0, ∀𝑗𝑗 ∈ 𝑉𝑉′𝑖𝑖∈𝑉𝑉′𝑗𝑗≠𝑖𝑖

                                                                                                 (5) 

 � 𝑥𝑥0𝑗𝑗𝑗𝑗∈𝑉𝑉′\{0}

≤ 𝑓𝑓                                                                                                                                    (6) 

 � 𝑥𝑥𝑗𝑗0 ≤ 𝑓𝑓𝑗𝑗∈𝑉𝑉′\{0}

                                                                                                                                    (7)  𝜏𝜏𝑗𝑗 ≥ 𝜏𝜏𝑖𝑖 + �𝑡𝑡𝑖𝑖𝑗𝑗 + 𝑝𝑝𝑖𝑖�𝑥𝑥𝑖𝑖𝑗𝑗 −𝑀𝑀�1 − 𝑥𝑥𝑖𝑖𝑗𝑗�,                ∀ 𝑖𝑖 ∈ 𝑉𝑉′, 𝑗𝑗 ∈ 𝑉𝑉′\{0} 𝑎𝑎𝑎𝑎𝑑𝑑 𝑖𝑖 ≠ 𝑗𝑗                    (8) 

0 ≤ 𝜏𝜏0 ≤ 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚                                                                                                                                     (9) 𝑡𝑡0𝑗𝑗 ≤ 𝜏𝜏𝑗𝑗 ≤ 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − �𝑡𝑡𝑗𝑗0 + 𝑝𝑝𝑗𝑗�,                               ∀𝑗𝑗 ∈ 𝑉𝑉′\{0}                                                     (10) 𝑦𝑦𝑗𝑗 ≤ 𝑦𝑦𝑖𝑖 − 𝑡𝑡 ∙ 𝑑𝑑𝑖𝑖𝑗𝑗𝑥𝑥𝑖𝑖𝑗𝑗 + 𝑄𝑄�1 − 𝑥𝑥𝑖𝑖𝑗𝑗�,                        ∀𝑗𝑗 ∈ 𝐼𝐼 𝑎𝑎𝑎𝑎𝑑𝑑 𝑖𝑖 ∈ 𝑉𝑉′, 𝑖𝑖 ≠ 𝑗𝑗                              (11) 𝑦𝑦𝑗𝑗 = 𝑄𝑄,                                                                        ∀𝑗𝑗 ∈  𝐹𝐹0                                                           (12)   𝑦𝑦𝑗𝑗 ≥ 𝑓𝑓𝑖𝑖𝑎𝑎�𝑡𝑡 ∙ 𝑑𝑑𝑗𝑗0, 𝑡𝑡 ∙ �𝑑𝑑𝑗𝑗𝑗𝑗 + 𝑑𝑑𝑗𝑗0��,                         ∀𝑗𝑗 ∈ 𝐼𝐼,∀𝑖𝑖 ∈ 𝐹𝐹′                                               (13) 𝑥𝑥𝑖𝑖,𝑗𝑗 ∈ {0,1},                                                                ∀𝑖𝑖, 𝑗𝑗 ∈ 𝑉𝑉                                                          (14)  

 

 

Ob je c tive  Func tio n (1) minimize s the  to ta l 𝐶𝐶𝐶𝐶2 e missio n while  o b je c tive  func tio n (2) minimize s the  

ma ximum tra ve ling  time  o f a ll ro ute s. Co nstra ints (3) e nsure s tha t a  ve hic le  a rrive s a t a  c usto me r 

e xa c tly o nc e , while  Co nstra int (4) e nsure s tha t a  ve hic le  d e p a rts fro m a  c usto me r e xa c tly o nc e . 

Co nstra ints (5) is the  flo w b a la nc e  c o nstra int. C o nstra int (6) a nd  (7) limit the  numb e r o f a va ila b le  

ve hic le s tha t ma y d e p a rt fro m a nd  a rrive  a t the  d e p o t. Co nstra int (8) c a lc ula te s the  time  o f a rriva l 

a t e a c h lo c a tio n. C o nstra int (9) se ts the  minimum d e p a rture  time  o f the  ve hic le s fro m the  d e p o t to  

ze ro  a nd  limits the  a rriva l time s o f ve hic le s to  the  d e p o t to  𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚. Co nstra int (10) g ua ra nte e s tha t the  

d ura tio n o f e a c h ro ute  d o e s no t e xc e e d  the  ma ximum tra ve ling  time . C o nstra int (11) c a lc ula te s the  

ve hic le  fue l le ve l whe n it a rrive s a t a  c usto me r. Co nstra int (12) g ua ra nte e s tha t whe n a  ve hic le  visits 

a n AFS, the  fue l ta nk o f the  ve hic le  b e c o me s full. Co nstra int (13) e nsure s tha t ve hic le s ha ve  e no ug h 

fue l to  re turn the  d e p o t whe n the y a rrive  a t the  la st c usto me r in the  ro ute . La stly, C o nstra int (14) is the  

b o und a ry c o nstra int. 

 

IV. METHODOLOGY 

A.      Multi-Ob je c tive  Op timiza tio n 

Witho ut lo ss o f g e ne ra lity, a  multi-o b je c tive  o p timiza tio n p ro b le m c a n b e  de fine d  a s a  minimiza tio n 

p ro b le m o f the  fo rm a s sho wn in (14) thro ug h (16). 

Minimize  𝐼𝐼(𝑥𝑥)  =  (𝐼𝐼
1

(𝑥𝑥),  𝐼𝐼
2

(𝑥𝑥) … …  𝐼𝐼𝑎𝑎(𝑥𝑥))           (14) 
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Sub je c t to ; 𝑔𝑔𝑖𝑖  (𝑥𝑥) ≤  0    ∀𝑖𝑖 =  1, … . . , 𝑝𝑝            (15) ℎ𝑖𝑖(𝑥𝑥)  =  0 ∀𝑖𝑖 =  1, … . . . , 𝑞𝑞            (16) 

Ma ny re a l-wo rld  o p timiza tio n p ro b le ms invo lve  multip le  o b je c tive s. Sinc e  the  o b je c tive s a re  g e ne ra lly 

c o nflic ting , the re  is no  wa y to  find  a n o p tima l so lutio n whic h is b e st fo r a ll o b je c tive s. Inste a d , the re  is 

a  se t o f o p tima l so lutio ns (i.e ., Pa re to  o p tima l so lutio ns) c a n b e  fo und . As in (14), a  re d uc tio n in a ny 

o b je c tive  func tio n va lue  c a n o nly b e  a c hie ve d  b y a n inc re a se  in a no the r o b je c tive  func tio n va lue . 

In the  Pa re to  o p tima l se t o f so lutio ns, no  so lutio n d o mina te s a no the r. By d e finitio n, so lutio n A 

d o mina te s so lutio n B if a t le a st o ne  o b je c tive  o f “A”  is b e tte r tha n “ B”  a nd  the  re ma ining  o b je c tive s 

a re  a t le a st a s g o o d  a s the  o ne s o f “ B” . In this e xa mp le , “ A”  is c a lle d  a  no n-d o mina te d  so lutio n if 

the re  is no  o the r so lutio n d o mina te s “ A” . No te  tha t, the  se t o f Pa re to  Op tima l so lutio ns c o nta ins o nly 

no n-d o mina te d  so lutio ns.  

The  p rima ry g o a ls in the  multi-o b je c tive  o p timiza tio n a re : 

1) Pre se rving  no n-d o mina te d  so lutio ns, 

2) Imp ro ving  p ro g re ss o f the  a lg o rithm to wa rd  the  Pa re to  fro nt, 

3) Ma inta ining  so lutio n d ive rsific a tio n in the  Pa re to  fro nt, 

4) Pro vid ing  a n a b und a nt numb e r o f no n-d o mina te d  so lutio ns to  the  d e c isio n ma ke r. 

Multi-o b je c tive  o p timiza tio n fo rmula tio ns a re  a p p lie d  in va rio us e ng ine e ring  o p timiza tio n p ro b le ms. 

Minimizing  c o st, e missio n, time , wo rk-in-p ro c e ss a nd  sto c ks a nd  ma ximizing  p ro fit, p e rfo rma nc e  a nd  

c usto me r sa tisfa c tio n a re  the  e xa mp le s o f multip le  c o nflic ting  o b je c tive s o f ma ny re a l-life  

e ng ine e ring  p ro b le ms. In multi-o b je c tive  o p timiza tio n, the re  is no  sing le  o p tima l so lutio n b ut a  se t o f 

Pa re to  o p tima l so lutio ns tha t a re  e q ua lly g o o d . At this p o int, it is the  d e c isio n ma ke r’ s c ho ic e  to  se le c t 

o ne  o f the  so lutio ns fro m the  Pa re to  Op tima l So lutio ns se t.  

In o ur mo d e l, we  ha ve  two  ma in o b je c tive s. Tho se  a re  minimizing  the  ma ximum tra ve ling  time  o f a ll 

ro ute s a nd  minimizing  the  to ta l 𝐶𝐶𝐶𝐶2 e missio n. To  o b ta in the  true  Pa re to  o p tima l so lutio ns o f the  

p ro b le m, we  use d  𝜀𝜀-c o nstra int me tho d . 

 

 

 

 

B.      𝜀𝜀-Co nstra int Me tho d 

 

We  a p p lie d  𝜀𝜀-c o nstra int me tho d  to  a na lyze  the  tra d e -o ff b e twe e n 𝐶𝐶𝐶𝐶2 e missio n a nd  ma ximum 

tra ve ling  time . 𝜀𝜀-c o nstra int me tho d  is o ne  o f the  mo st c o mmo n o p timiza tio n me tho d s in the  multi-

o b je c tive  lite ra ture . Eq ua tio ns (17) a nd  (18) e xp la ins the  p ro c e d ure  o f the  𝜀𝜀-c o nstra int me tho d . 

Fo r a  multi-o b je c tive  o p timiza tio n p ro b le m, a s sho wn in (17), x is the  d e c isio n va ria b le  ve c to r a nd  𝐼𝐼1(𝑥𝑥) thro ug h 𝐼𝐼𝑛𝑛(𝑥𝑥) a re  the  n o b je c tive s o f the  p ro b le m tha t a re  to  b e  minimize d . 
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min(𝐼𝐼1(𝑥𝑥),  𝐼𝐼2(𝑥𝑥) … …  𝐼𝐼𝑛𝑛(𝑥𝑥) )                                                                                                                                             (17) 

 𝜀𝜀-c o nstra int me tho d  o p timize s o ne  o f the  o b je c tive  func tio ns b y c o nve rting  the  o the r o b je c tive s into  

c o nstra ints a s sho wn in (18).  

 

min 𝐼𝐼1(𝑥𝑥)  

Sub je c t to ; 𝐼𝐼2(𝑥𝑥) ≤  𝑖𝑖2 𝐼𝐼2(𝑥𝑥) ≤  𝑖𝑖2                                                                                                                                                          (18) 

...... 

...... 𝐼𝐼𝑛𝑛(𝑥𝑥) ≤  𝑖𝑖𝑛𝑛 

 

The  me tho d  so lve s the  p ro b le m ite ra tive ly b y c ha ng ing  the  rig ht-ha nd -sid e  (RHS) o f e a c h c o nstra ine d  

o b je c tive , 𝑖𝑖𝑖𝑖, b y a  sma ll 𝜀𝜀 va lue  a t e a c h ite ra tio n. The  ite ra tio ns sta rt fro m the  up p e r b o und  o f e a c h 

o b je c tive  a nd  e nd  a t its lo we r b o und . Thus, a  d iffe re nt so lutio n is o b ta ine d  a t e a c h ite ra tio n. 

Va rio us multi-o b je c tive  a p p ro a c he s we re  d e ve lo p e d  in the  lite ra ture  suc h a s NSG A-II, SPEA-II, 

MOEA/ D a nd  we ig hte d  sum me tho d . We  ha ve  c ho se n 𝜀𝜀-c o nstra int me tho d  b e c a use  it ha s so me  

a d va nta g e s o ve r the  o the r me tho d s. The se  a d va nta g e s o f the  𝜀𝜀-c o nstra int me tho d  a re  summa rize d  

a s fo llo ws: 

 

1- It g ive s the  true  Pa re to  O p tima l so lutio ns o r yie ld s a  ve ry c lo se  a p p ro xima tio n, 

2- Ea c h ite ra tio n g e ne ra te s a  d iffe re nt so lutio n, 

3- The  numb e r o f o b ta ine d  so lutio ns c a n b e  p re -a d juste d  b y c ha ng ing  the  va lue  o f 𝜀𝜀. 
 

In o ur p ro b le m, we  ha ve  two  o b je c tive s: (1) minimiza tio n o f to ta l c a rb o n e missio ns, a nd  (2) 

minimiza tio n o f ma ximum tra ve ling  time  o f a ll ro ute s. Eq ua tio n (19) e xp la ins the  p ro c e d ure  o f the  𝜀𝜀-
c o nstra int fo r o ur p ro b le m. The  RHS va lue  c ha ng e s a t e a c h ite ra tio n t b y a n 𝜀𝜀𝑡𝑡 va lue . The re fo re , e a c h 

ite ra tio n g e ne ra te s d iffe re nt 𝐶𝐶𝐶𝐶2 e missio n a nd  ma ximum tra ve ling  time  va lue s. 

min � ∝ 𝑑𝑑𝑖𝑖𝑗𝑗𝑥𝑥𝑖𝑖𝑗𝑗𝑖𝑖,𝑗𝑗∈𝑉𝑉′𝑖𝑖≠𝑗𝑗
  

s.t.                           (19) 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 ≤  𝑅𝑅𝑅𝑅𝑅𝑅𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝜀𝜀𝑡𝑡  𝜀𝜀𝑡𝑡 = 𝑡𝑡 ∗  𝜀𝜀  

 

V. RESULTS 

We  c re a te d  two  d iffe re nt d istrib utio n sc e na rio s: (1) C ity d istrib utio n (İzmir, Turkey), a nd  (2) Re g io na l 

d istrib utio n (Ae g e a n re g io n o f Turke y). Fo r b o th sc e na rio s, we  se le c te d  the  lo c a tio ns o f 13 d iffe re nt 

c usto me rs, 3 fue l sta tio ns a nd  1 d e p o t using  G o o g le  Ma p s. Ta b le s 1 a nd  2 sho w the  na me s a nd  

c o o rd ina te s o f the  se le c te d  lo c a tio ns. Afte r o b ta ining  the  c o o rd ina te s o f the  lo c a tio ns, we  

g e ne ra te d  the  d ista nc e  a nd  tra ve ling  time  ma tric e s b y using  G o o g le  Ma p s Ap i in R p ro g ra mming  

la ng ua g e . Se rvic e  time s (lo a d ing  a nd  unlo a d ing  time s) a t c usto me rs a re  ra nd o mly g e ne ra te d  

b e twe e n 15 a nd  45 minute s, while  the  se rvic e  time s o f a lte rna tive  fue l sta tio ns a re  ra nd o mly 

g e ne ra te d  b e twe e n 5 a nd  10 minute s. The  fue l c a p a c ity o f ve hic le s is selected as 100 liters for İzmir 
c ity c a se , while  it is se le c te d  a s 500 lite rs fo r Ae g e a n re g io n c a se  b e c a use  we  a ssume d  tha t sma ll-
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size d  ve hic le s a re  use d  in inne r-c ity d istrib utio n.  La stly, the  numb e r o f a va ila b le  ve hic le s is se le c te d  

a s 8. 

 

Ta b le  1. The  na me s a nd  c o o rd ina te s o f the  lo c a tio ns o f Izmir c ity sc e na rio  

Loc a tion No  Loc a tion Na me  La titude  Long itude  

0 Ke ma lp a sa  (De p o t) 38.443019 27.382101 

1 Urla  38.325408 26.766736 

2 To rb a li 38.15387 27.3613 

3 Buc a  38.384972 27.173453 

4 Ga zie mir 38.325188 27.12748 

5 Alsa nc a k 38.440644 27.154587 

6 Me nd e re s 38.251641 27.134917 

7 Na rlib a hc e  38.392787 27.008523 

8 Me ne me n 38.609575 27.068201 

9 Fo c a  38.662059 26.753541 

10 Bo rno va  38.486544 27.212053 

11 Ca mo nu 38.102358 27.15145 

12 Ba d e mle r 38.273696 26.829623 

13 Villa Ke nt 38.602069 26.919441    

14 To rb a li  (Fue l Sta tio n) 38.209473 27.33527 

15 Ba lc o va   (Fue l 

Sta tio n) 

38.397213 27.066138 

16 Me ne me n  (Fue l 

Sta tio n) 

38.682503 27.010836   

 

 

 

 

 

Ta b le  2. The  na me s a nd  c o o rd ina te s o f the  lo c a tio n o f Ae g e a n re g io n sc e na rio  

Loc a tion No  Loc a tion Na me  La titude  Long itude  

0 Ke ma lp a sa (De p o t) 38.443019 27.382101 

1 Akhisa r 38.934484 27.845407 

2 Ayva lik 39.263005 26.732903 
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3 De mirc i 39.047515 28.654982 

4 Od e mis 38.230259 27.971609 

5 Ayd in 37.849461 27.823558 

6 Mug la  37.211026 28.362027 

7 De nizli 37.774926 29.078012 

8 Usa k 38.675099 29.405645 

9 Kuta hya  39.419277 29.981497 

10 Dursunb e y 39.586409 28.628718 

11 Afyo n 38.768686 30.490718 

12 Burd ur 37.717731 30.281475 

13 Susurluk 39.861124 28.153807 

14 Civril (Fue l Sta tio n) 38.300789 29.735007 

15 So g utc uk  (Fue l 

Sta tio n) 

37.496792 28.109612 

16 Kirka g a c   (Fue l 

Sta tio n) 

39.273171 27.897975 

 

The  MILP mo d e l wa s c o d e d  in IBM CPLEX Op timiza tio n Stud io  a nd  e xe c ute d  in a n 8GB RAM, Inte l® 

Co re ™ i7-4510U C PU @ 2.00 GHz p ro c e sso r Linux c o mp ute r. 𝜀𝜀-Co nstra int me tho d  is use d  to  o b ta in 

Pa re to  Op tima l so lutio ns.  

 

Fig ure  6 shows the Pareto Optimal solutions of the İzmir city scenario. 28 non-d o mina te d  so lutio ns 

we re  o b ta ine d . The  so lutio n with the  minimum tra ve ling  time  is a t the  o ne  e xtre me  a nd  ha s 

827.234 𝐶𝐶𝐶𝐶2 kg  e missio n a nd  3.7 ho urs ma ximum tra ve ling  time . The  so lutio n with the  minimum to ta l 

e missio n is a t the  o the r e xtre me  a nd  ha s 420.084 kg  𝐶𝐶𝐶𝐶2 e missio n a nd  8.05 ho urs o f ma ximum tra ve ling  

time .  
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Fig ure . 6. Pa re to  o p tima l so lutio ns fo r İzmir City scenario 

 

Fig ure  7 illustra te s the  o p tima l ro ute s o f the se  two  e xtre me  so lutio ns o f Izmir c ity sc e na rio . On the  ma p , 

De p o t, C usto me rs, a nd  Alte rna tive  Fue l Sta tio ns a re  numb e re d . The  na me s a nd  c o o rd ina te s o f the se  

lo c a tio ns c a n b e  fo und  in Ta b le  1. As sho wn in Fig ure  7, the  numb e r o f ro ute s inc re a se s a nd  ro ute s 

b e c o me  sho rte r a s the  maximum traveling time decreases for İzmir city scenario. Thus, no  a lte rna tive  

fue l sta tio n wa s visite d  fo r the  sc e na rio  with the  lo we st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  va lue  (Fig ure  7a ), ho we ve r, five  ve hic le s 

we re  use d . In the  sc e na rio  with the  hig he st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  va lue  (Fig ure  7b ), o nly two  ro ute s we re  use d  a nd  the  

ve hic le  re fue ls a t a n a lte rna tive  fue l sta tio n in the  lo ng e st ro ute .  

 

            a ) Lo we st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  a nd  hig he st e missio n                   b ) Hig he st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  a nd  lo we st e missio n 

Fig ure  7. The  o p tima l ro ute s o f two  e xtre me  so lutio ns o f Izmir c ity sc e na rio  

 

 

Fig ure  8 sho ws the  Pa re to  Op tima l so lutio ns o f the  Ae g e a n re g io n sc e na rio . 15 no n-d o mina te d  

so lutio ns we re  o b ta ine d  in this sc e na rio . The  so lutio n with the  lo we st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  va lue  g e ne ra te d  the  hig he st 𝐶𝐶𝐶𝐶2 e missio n (3801.779 kg ) a nd  10.7 ho urs o f ma ximum tra ve ling  time . The  so lutio n with the  hig he st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  va lue  yie ld e d  the  lo we st 𝐶𝐶𝐶𝐶2 e missio n (2329.912 kg ) a nd  16 ho urs o f ma ximum tra ve ling  time .
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Fig ure  8. Pa re to  o p tima l so lutio ns fo r Ae g e a n re g io n sc e na rio  

 

 

Fig ure  9 illustra te s the  o p tima l ro ute s o f the se  two  e xtre me  so lutio ns o f the  Ae g e a n re g io n sc e na rio . 

On the  ma p s, De p o t, C usto me rs, a nd  Alte rna tive  Fue l Sta tio ns a re  numb e re d . The  na me s a nd  

c o o rd ina te s o f the se  lo c a tio ns c a n b e  fo und  in Ta b le  2. Ac c o rd ing  to  Fig ure  9, mo re  ro ute s (five ) 

we re  use d , ro ute s b e c o me  sho rte r, a nd  no  a lte rna tive  fue l sta tio n wa s visite d  whe n ma ximum 

tra ve ling  time  is the  lo we st (Fig ure  9a ) in Ae g e a n d istrib utio n sc e na rio .  Only thre e  ro ute s we re  use d  

a nd  o ne  o f the  ve hic le s re fue le d  a t a n a lte rna tive  fue l sta tio n whe n the  ma ximum tra ve ling  time  is 

the  hig he st (Fig ure  9b ). 

 

 
 

            a ) Lo we st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  a nd  hig he st e missio n                   b ) Hig he st 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  a nd  lo we st e missio n 

Fig ure  9. Op tima l ro ute s o f two  e xtre me  so lutio ns o f Ae g e a n re g io n sc e na rio  



Lo g istic s & Susta ina b le  Tra nsp o rt 

Vo l. 10, No . 1, June  2019, 31-44 

d o i: 10.2478/ jlst-2019-0003 

 

43 

 

 

As fo r the  so lutio n time s, the  me a n a nd  sta nd a rd  d e via tio n o f so lutio n time s a re  36.668 a nd  64.819, 

while  the  minimum a nd  ma ximum so lutio n time s a re  1.129 a nd  340.833 fo r Izmir c ity sc e na rio . The  

me a n a nd  sta nd a rd  d e via tio n o f so lutio n time s a re  11.327 a nd  12.808, while  the  minimum a nd  

ma ximum so lutio n time s a re  0.585 a nd  43.663 fo r Ae g e a n re g io n sc e na rio . As  𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚  re d uc e s, so lutio n 

time  a lso  re d uc e s fo r b o th sc e na rio s. 

 

VI. C ONCLUSION 

 

The  Ve hic le  Ro uting  Pro b le m is o ne  o f the  mo st p o p ula r c o mb ina to ria l o p timiza tio n pro b le ms. The  a im 
o f the  VRP is to  de live r g o o d s to  a  se t o f c usto me rs with a  fle e t o f ve hic le s de p a rting  fro m a  d e p o t a t 
a  minimum c o st. Ra the r tha n minimizing  c o st, the  a im o f the  VRP ma y a lso  b e  minimizing  e missio n, 
time , a nd  d ista nc e  o r ma ximizing  the  se rvic e  le ve l. As a n e xte nsio n to  the  o rig ina l VRP p ro b le m, the  
Gre e n Ve hic le  Ro uting  Pro b le m fo c use s o n the  e nviro nme nta l a sp e c ts o f the  VRP. It c o nsid e rs a  
ho mo g e ne o us fle e t o f Alte rna tive  Fue l Ve hic le s o rig ina ting  fro m a  sing le  d e p o t a nd  use s a  se t o f 
Alte rna tive  Fue l Sta tio ns to  re fue l the  ve hic le s. It a ims to  minimize  the  to ta l d ista nc e  o f the  ro ute s.  

 

In this pa pe r, we  fo rmula te d  a  Multi-Ob je c tive  Gre e n Ve hic le  Ro uting  Pro b le m b y e xte nd ing  the  
GVRP. Our multi-o b je c tive  pro b le m inc lud e s two  o b je c tive s: (1) minimizing  the  ma ximum tra ve ling  
time  o f a ll ro ute s, a nd  (2) minimizing  the  to ta l 𝐶𝐶𝐶𝐶2 e missio n, whic h is p ro p o rtio na l to  the  to ta l d ista nc e . 

The se  two  o b je c tive s a re  c o nflic ting  b e c a use  a s the  ma ximum tra ve ling  time  d e c re a se s, the  ro ute s 
b e c o me  sho rte r a nd  mo re  ro ute s a re  use d . The re fo re , the  to ta l 𝐶𝐶𝐶𝐶2 e missio n inc re a se s. We  mo de le d  

the  p ro b le m a s a  Mixe d  Inte g e r Line a r Pro g ra mming  mo d e l a nd  c o d e d  in IBM OPL CPLEX. Sinc e  the  
p ro b le m is multi-o b je c tive , we  a p p lie d  𝜀𝜀-Co nstra int me tho d  to  g e ne ra te  Pa re to  o p tima l so lutio ns.  

 

The  pro p o se d  me tho d  ha s b e e n te ste d  o n two  hyp o the tic a l b ut re a listic  c a se  stud ie s. The  first c a se  
stud y c o nsid e rs a  c ity d istrib utio n, whe re a s the  se c o nd  o ne  a dd re sse s a  re g io na l d istrib utio n. The  da ta  
o f the  p ro b le m a re  g e ne ra te d  to  re fle c t a  re a l-life  d istrib utio n o p e ra tio n. We  d e te rmine d  13 c usto me rs, 
thre e  AFSs a nd  o ne  d e po t lo c a tio ns in b o th sc e na rio s. Re sults sho w tha t 𝐶𝐶𝐶𝐶2 e missio n de c re a se s a s 

ma ximum tra ve ling  time  inc re a se s. In a d d itio n, ro ute s b e c o me  sho rte r, the  numb e r o f g e ne ra te d  

ro ute s (a nd  the re fo re , ve hic le s) inc re a se s a nd  ve hic le s visit a  lo we r numb e r o f fue l sta tio ns a s the  
ma ximum tra ve ling  time  d e c re a se s. Also , a s ma ximum tra ve ling  time  d e c re a se s, the  so lutio n time  
sig nific a ntly d e c re a se s. Furthe rmo re , CPLEX so lve s the  p ro b le m ve ry fa st fo r 17 lo c a tio ns. Ho we ve r, 
whe n the  numb e r o f lo c a tio ns inc re a se s a b o ve  20, the  so lutio n time  sta rts to  inc re a se  d ra ma tic a lly. 
Thus, the  future  stud y ma y c o nsid e r de ve lo p ing  a n e ffe c tive  he uristic  a lg o rithm to  so lve  the  la rg e  
insta nc e s in a  sho rte r time . In a dd itio n, e xte nd ing  the  p ro b le m b y c o nsid e ring  d iffe re nt AFV typ e s, the  
imp a c t o f ve hic le  lo a d  o n e missio n, o r multi-de p o t c a n b e  o the r d ire c tio ns fo r future  re se a rc h.    

 

 

REFERENCES 

1. Dunning , J. H. (2014). The  Glo b a liza tio n o f Busine ss (Ro utle dg e  Re viva ls): The  Cha lle ng e  o f the  1990s. Lo nd o n: Ro utle d g e . 

2. Erdoğan, S. & Mille r-Ho o ks, E. (2012). A g re e n ve hic le  ro uting  p ro b le m. Tra nsp o rta tio n Re se a rc h Pa rt E: Lo g istic s a nd 

Tra nsp o rta tio n Re vie w, 48(1), 100-114. 

3. Ko ç , Ç . & Ka ra o g la n, I. (2016). The  g re e n ve hic le  ro uting  p ro b le m: A he uristic  b a se d  e xa c t so lutio n a pp ro a c h. Ap plie d 

So ft Co mp uting , 39, 154-164. 

4. Bektaş, T. & La po rte , G . (2011). The  p o llutio n-ro uting  p ro b le m. Tra nsp o rta tio n Re se a rc h Pa rt B: Me tho do lo g ic a l, 45 (8), 
1232-1250. 

5. De mir, E., Bektaş, T. & La p o rte , G . (2012). An a da p tive  la rg e  ne ig hb o rho o d  se a rc h he uristic  fo r the  p o llutio n-ro uting  
p ro b le m. Euro p e a n Jo urna l o f Op e ra tio na l Re se a rc h, 223(2), 346-359. 

6. Ko ç , Ç ., Bektaş, T., Ja b a li, O . & La p o rte , G . (2014). The  fle e t size  a nd  mix p o llutio n-ro uting  p ro b le m. Tra nsp o rta tio n Re se a rc h 

Pa rt B: Me tho do lo g ic a l, 70, 239-254. 

7. De mir, E., Bektaş, T. & La p o rte , G . (2014). The  b i-o b je c tive  p o llutio n-ro uting  p ro b le m. Euro pe a n Jo urna l o f Op e ra tio na l 

Re se a rc h, 232(3), 464-478. 

8. La po rte , G ., No b e rt, Y. & Ta ille fe r, S. (1988). So lving  a  fa mily o f multi-de p o t ve hic le  ro uting  a nd  lo c a tio n-ro uting  
p ro b le ms. Tra nspo rta tio n Sc ie nc e , 22(3), 161-172. 

9. De tti, P., Pa pa lini, F. & de  La ra , G . Z. M. (2017). A multi-d e po t d ia l-a -ride  p ro b le m with he te ro g e ne o us ve hic le s a nd 
c o mpa tib ility c o nstra ints in he a lthc a re . Ome g a , 70, 1-14. 



Lo g istic s & Susta ina b le  Tra nsp o rt 

Vo l. 10, No . 1, June  2019, 31-44 

d o i: 10.2478/ jlst-2019-0003 

 

44 

 

10. Ba e , H. & Mo o n, I. (2016). Multi-d e po t ve hic le  ro uting  p ro b le m with time  wind o ws c o nside ring  de live ry a nd  insta lla tio n 
ve hic le s. App lie d Ma the ma tic a l Mo de lling , 40(13-14), 6536-6549. 

11. Sund a r, K. & Ra thina m, S. (2017). Alg o rithms fo r he te ro g e ne o us, multip le  de po t, multip le  unma nne d  ve hic le  pa th p la nning  
p ro b le ms. Jo urna l o f Inte llig e nt & Ro b o tic  Syste ms, 88(2-4), 513-526. 

12. Cre vie r, B., Co rd e a u, J. F. & La po rte , G . (2007). The  multi-d e p o t ve hic le  ro uting  p ro b le m with inte r-d e p o t ro ute s. Euro pe a n 

Jo urna l o f Ope ra tio nal Re se a rc h, 176(2), 756-773. 

13. Co rd e a u, J.F. & Ma isc hb e rg e r, M. (2012). A p a ra lle l ite ra te d  ta b u se a rc h he uristic  fo r ve hic le  ro uting  p ro b le ms. Co mpute rs 

& Op e ra tio ns Re se a rc h, 39(9), 2033-2050.  

14. Esc o b a r, J. W., Linfa ti, R., To th, P. & Ba ld o q uin, M. G . (2014). A hyb rid  g ra nula r ta b u se a rc h a lg o rithm fo r the  multi-d e p o t 
ve hic le  ro uting  p ro b le m. Jo urna l o f He uristic s, 20(5), 483-509.  

15. Shimizu, Y. & Sa ka g uc hi, T. (2014). A hie ra rc hic a l hyb rid  me ta -he uristic  a pp ro a c h to  c o p ing  with la rg e  p ra c tic a l multi-
d e p o t VRP. Industria l Eng ine e ring  & Ma na g e me nt Syste ms, 13(2), 163-171. 

16. Sub ra ma nia n, A., Uc ho a , E. & Oc hi, L. S. (2013). A hyb rid  a lg o rithm fo r a  c la ss o f ve hic le  ro uting  p ro b le ms. Co mp ute rs & 

Op e ra tio ns Re se a rc h, 40(10), 2519-2531. 

17. Sa ve lsb e rg h, M. W. P. (1992). The  ve hic le  ro uting  p ro b le m with time  wind o ws: Minimizing  ro ute  d ura tio n. ORSA Jo urna l o n 

Co mp uting , 4(2), 146-154. 

18. De sro c he rs, M., De sro sie rs, J. D. & So lo mo n, M. (1992). A ne w o p timiza tio n a lg o rithm fo r the  ve hic le  ro uting  p ro b le m with 
time  wind o ws. Ope ra tio ns Re se a rc h, 40(2), 342-354. 

19. Omb uki, B., Ro ss, B. J. & Ha nsha r, F. (2006). Multi-o b je c tive  g e ne tic  a lg o rithms fo r ve hic le  ro uting  p ro b le m with time  
wind o ws. App lie d Inte llig e nc e , 24(1), 17-30. 

20. Taş, D., De lla e rt, N., Va n Wo e nse l, T. & De  Ko k, T. (2013). Ve hic le  ro uting  p ro b le m with sto c ha stic  tra ve l time s inc lud ing  so ft 
time  wind o ws a nd  se rvic e  c o sts. Co mp ute rs & Ope ra tio ns Re se a rc h, 40(1), 214-224. 

21. Ang e le lli, E. & Ma nsini, R. (2002). The  ve hic le  ro uting  p ro b le m with time  wind o ws a nd  simulta ne o us p ic k-up  a nd  de live ry. 
In Klo se , A., Sp e ra nza , M. G . & Va n Wa sse nho ve , L. N. (Ed s.), Qua ntita tive  app ro a c he s to  distrib utio n lo g istic s and supp ly 

c ha in ma na g e me nt (p p . 249-267). Be rlin: Sp ring e r. 

22. Le ung , S. C . H., Zha ng , Z., Zha ng , D., Hua , X. & Lim, M. K. (2013). A me ta -he uristic  a lg o rithm fo r he te ro g e ne o us fle e t ve hic le  
ro uting  p ro b le ms with two -d ime nsio na l lo a d ing  c o nstra ints. Euro pe a n Jo urna l o f Ope ra tio nal Re se a rc h, 225(2), 199-210. 

23. Jia ng , J., Ng , K. M., Po h, K. L. & Te o , K. M. (2014). Ve hic le  ro uting  p ro b le m with a  he te ro g e ne o us fle e t a nd  time  
wind o ws. Exp e rt Syste ms with Ap plic a tio ns, 41(8), 3748-3760. 

24. Be lfio re , P. & Yo shiza ki, H. T. Y. (2013). He uristic  me tho d s fo r the  fle e t size  a nd  mix ve hic le  ro uting  p ro b le m with time  wind o ws 
a nd  sp lit de live rie s. Co mpute rs & Industria l Eng ine e ring , 64(2), 589-601. 

25. Ja ir, J., Pa te rnina -Arb o le d a , C . D., Ca ntillo , V. & Mo nto ya -To rre s, J. R. (2013). A two -p he ro mo ne  tra il a nt c o lo ny syste m—
Ta b u se a rc h a pp ro a c h fo r the  he te ro g e ne o us ve hic le  ro uting  p ro b le m with time  wind o ws a nd  multip le  p ro d uc ts. Jo urna l 

o f He uristic s, 19(2), 233-252. 

26. Ba ño s, R. L., Orte g a , J., Gil, C . N., Má rq ue z, A. L. & De  To ro , F. (2013). A hyb rid  me ta -he uristic  fo r multi-o b je c tive  ve hic le  
ro uting  p ro b le ms with time  wind o ws. Co mp ute rs & Industria l Eng ine e ring , 65(2), 286-296. 

27. Gue rrie ro , F., Sura c e , R., Lo sc ri, V. & Na ta lizio , E. (2014). A multi-o b je c tive  a p p ro a c h fo r unma nne d  a e ria l ve hic le  ro uting  
p ro b le m with so ft time  windo ws c o nstra ints. Ap plie d Ma the ma tic a l Mo de lling , 38(3), 839-852. 

 

AUTHORS 

A. Özgür KABADURMUŞ, is a n Assista nt Pro fe sso r a t the  De p a rtme nt o f Inte rna tio na l Lo g istic s 

Ma na g e me nt, Ya sa r Unive rsity (Izmir, Turke y). (e -ma il: o zg ur.ka b a d urmus@ ya sa r.e d u.tr) 

B. Mehmet Serdar ERDOĞAN, is a  Re se a rc h Assista nt a t the  De p a rtme nt o f Inte rna tio na l Lo g istic s 

Ma na g e me nt, Ya sa r Unive rsity (Izmir, Turke y). (e -ma il:  me hme t.e rd o g a n@ ya sa r.e d u.tr) 

C . Yiğitcan ÖZKAN, BA, is a  stud e nt a t the  De p a rtme nt o f Inte rna tio na l Lo g istic s Ma na g e me nt, 

Yaşar University, Izmir, Turkey (e-ma il: yig itc a n.o zka n@ stu.ya sa r.e d u.tr) 

D. Mertcan KÖSEOĞLU, MA, is a  stud e nt a t the  De p a rtme nt o f Inte rna tio na l Lo g isitic s Ma na g e me nt, 

Yaşar University, Izmir, Turkey (e-ma il: me rtc a n.ko se o g lu@ stu.ya sa r.e d u.tr) 

Ma nusc rip t re c e ive d  b y 23 Fe b rua ry 2019. 

 
Pub lishe d  a s sub mitte d  b y the  a utho r(s).  

 


	A Multi-Objective Solution of Green Vehicle Routing Problem
	I. Introduction
	II. Literature Review
	III. Problem Defınıtıon and Formulatıon
	IV. Methodology
	A.      Multi-Objective Optimization
	B.      𝜀-Constraint Method

	V. Results
	VI. Conclusion
	References
	Authors


