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LOCAL DEPOT-BASED URBAN SUPPLY CHAIN FOR LIVEABLE CITIES

The paper presents the theoretical and experimental study results on construction sustainable urban supply
chain, namely last mile delivery. Within the theoretical part we proposed to estimate the necessary number of local
depots within the supply chain taking into account the direct and indirect impacts from a delivery system function-
ing. The indirect effect is presented with CO2 emissions. The conducted experiment has covered the pessimistic and
optimistic scenarios for delivery system states. Within the experiment along with demand attributes we assessed the
range of vehicle carrying capacity from 0.5 to 2 tons. The obtained experimental results revealed the shift in neces-
sary local depots number to guarantee the sustainable effect for delivery system and promote liveable state for the

urban area.

Keywords: local depot, urban supply chain, environment, sustainability, tour.

Problem statement

The transportation process implemented by motor-
ized vehicles remains to be the urgent element of the
supply chain [1-4]. Within the urban area, where the
delivery system can form the strong negative environ-
mental impact, the unsustainable problems attracted the
great attention of the researchers around the globe for
years [1, 5-9]. A list of measures has been proposed in
this case giving the technical [5, 7, 10] and technologi-
cal [1, 6, 9, 11-13] ways for leveling negative impact of
the vehicle and truck-based urban logistic. Both of them
are efficient and appropriate for the urban supply chain
(USC) environmentally friendly state to be achieved.

In frame of this study we would like to focus on
technological measures connected with construction of
sustainable option for urban delivery system. A two
echelon USC (2E-USC) will be considered as the frame
structure for delivery system. In this case the number of
LD plays an important role in deconsolidation, storage
and transportation processes within 2E-USC. According
to this we would like to assess the impact of LD number
on 2E-USC total cost allowing us to define the condi-
tions of the sustainable option for goods delivery
system.

Literature analysis

The local depot-based supply chain has been
considered as the key element promoting sustainable
urban delivery system within a list of studies [11-18].
The number of LD in the supply channel can be
considered as one of the major factors influencing on
2E-USC efficiency. It gives the possibility to achieve
the sustainable option of the urban delivery system
leveling the negative impact caused by the freight
vehicles. According to this statement, for instance, the
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study made by Crainic et al. [11] proposed to formalize
the relationship among LD number, their accessibility
and transportation cost. The authors utilized Hansen’s
model [19] to identify the accessibility index for every
possible location of the satellite (can be referred to LD
according to its functional purpose). Along with that the
authors used the mean of normalized transportation cost
as criterion to implement the complex assess the
satellite location. In fact, the Crainic et al. identified the
necessary number of LD for urban delivery system as
the complementary issue in case of study’s [11], as the
major aim was the LD location solving. The authors
have used the limited interval to LD variation from two
until five and considered the variable-density density of
customers’ distribution. In turn the end-consumers’
number was variable from 50 till 250. The satellites
have the random location not the centered one that gave,
in some instances, the extra values for VMT and
transportation cost. As this study has the exploratory
features it became the base for further research in field
of 2E-USC.

Thus, J. Gonzalez-Feliu within his study [12]
proposed alternative to classic 2E-USC system based on
cross docking strategy. It means the absence of stocking
process in the LD but with the freight deconsolidation
fulfillment. Under such conditions the vehicle routing
problem (VRP) solving, and LD number estimation are
the basic steps that have to be done. The study [12] are
focused on VRP revealing most common used
algorithms with description of their features and
advantages.

Following up upon 2E-USC problem and
contributing to [12] S. Manchini in work [14] has
covered the wide range of questions in field of multi-
echelon urban delivery, namely, the two echelon
location routing problem, the two echelon VRP (2E-
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VRP) and truck and trailer routing problem. Every of
these issues is a part of general problem on sustainable
development of the urban area. For instance, 2E-LRP
deals with land use and facility location efficiency that
are highly important for 2E-USC. As the density of end-
consumers can vary within urban area and some
restrictions on inner area entering by the truck can be
deployed 2E-LRP can help in providing the appropriate
location definition for LD. The number of LD is
significant attribute in frame of 2E-VRP and should be
formalized according to demand parameters. Besides
that, 2E-VRP is strongly connected with vehicle load-
carrying capacity estimation problem [20] and vehicle
loading capacity usage rate [21]. Taking into account all
these features of 2E-USC the 2E-VRP allows us to
minimize the total VMT within both echelons and
contribute into sustainable development of the urban
area.

Another issue that should be revealed within
liveable cities paradigm is the definition of LD number.
To solve this problem some of the studies used
analytical  modeling  [15,16]  revealing  the
environmental positive impact provided by 2E-USC. In
such a way, the study [15] gave the insights into the
environmental efficiency evaluation under LD-based
delivery system usage versus private cars. As the
criterion for extreme bounds definition, when the LD-
based USC is efficient to be used, the authors have been
considered the total vehicle mileage travelled (VMT).
The analytical model has been developed based on
Daganzo’s approximation for the traveling salesman
problem [22]. As the result of the study [15] the authors
have estimated the hyperbolic tendency of emission
coefficient ratio change that should be used as the
guideline on promoting environmentally friendly LD-
based supplies.

The new vison on LD number estimation has been
proposed in [16]. Thus, the authors proposed to take
into account the monetarized impact of the environment
pollution caused by the freight vehicles. Under such
conditions the LD number shifts into the bigger values
than it could be without taken into account monetized
environment impact. This effect has been revealed for
suburban area under service of consumers from 30 till
45 units. The shift in LD rational number has been
observed for all cases of vehicles usage (considered
from 0.6 till 2 tons). Based on that the proposed
methodology to LD number assessment gave the
positive results and needs the deeper study in case of the
city area with higher density of end-consumers location.

To promote the sustainable city development the
local authorities may restrict or prohibit the inner area
access by the vehicles with combustion engine [23].
Such measures are important for touristic cities, for
instance Rome [13] or Cracow [17], to provide
environmentally friendly inner area for residents and
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visitors [24]. Under such conditions the delivery of the
goods to the end-consumers within inner area should be
executed via 2E-SC construction. This type of the 2E-
USC is known as nearby delivery area (NDA) system.
As there is the restriction for the access the inner area
by the vans the cargo bikes or electric cycles are
appropriate to use within the second echelon. The static
location of the LD becomes the key factor to fulfil the
efficient and effectiveness delivery process to the end-
consumers when the NDA system is used.

The usage of NDA with LD-based option may be
considered as the multi commaodities supply chain [13].
Furthermore, the end-consumer can be provided with
alternative channels of the delivery implementation or
purchase channels choice within one NDA system.
According to these, in [13] authors have developed the
scenarios for e-commerce and in-store purchase
channels service based on 2E-USC with NDA option.
The restoking trips of the vehicles within the second
echelon is proposed to implement by trolleys making
zero CO2 emissions. This guarantees the possibility to
make the last mile delivery within the area having the
access restriction for vans and cars with combustion
engine. The e-commerce deliveries within the second
echelon are executed by the end-consumers via parcel
lockers system. The simulated data for NDA and
alternative delivery bays-based system has revealed
higher efficiency of NDA system with the reduction in
59 percent of the total delivery time for the studied area
(Campo Marzio, inner area of Rome, Italy). Thus, as it
is defined in [13] the NDA system may act as more
flexible and time efficient SC option if to compare with
regular deliveries within the inner area. Taking into
account the environment effect under NDA system
usage we may conclude about high efficiency of green
2E-SC and necessity to deeper evaluate the conditions
for LD-based urban deliveries.

Naumov and Starczewski [17] have proposed to
determine the rational location of the LD according to
minimization of cargo bicycles freight turnover within
the second echelon. The estimation of the rational
location only of one satellite for the NDA system was
the key feature of this research, as the bigger number of
the LD would be excessive because of the low freight
flow. Under such conditions the variance in order sizes
and density of the end-consumers forms the basic
characteristics of the demand for the service. The
authors proposed to use Monte-Carlo method to assess
the distribution of the freight turnover values. The study
did not face with assessment of the monetary cost of the
delivery process as the non-motorized vehicles have
been used for the second echelon. The simulation data
has shown that for the small delivery weight the mean
of the freight turnover varies from 1.7 till 2.5 tons-
kilometers for the alternative scenarios of LD location.
The variance of total freight turnover was determined



with the significant law values, less than 0.03 tkm2,
making possible to assess the rational location of the LD
with small number of the draws during the simulation.

Rossolov et al. in [18] made the estimation of LD
rational location for 2E-USC using multi criterion
which covered the parameters for both echelons. It
reflected the total vehicle mileage travelled, freight
turnover and goods delivery time within the first and the
second echelons. As the additional component of the
NDA system usage the reduction in CO, NO and CH
has been evaluated. The modeled data shown about
significant contribution in sustainable city development
under NDA system implementation. The complex
assessment of the 2E-USC functioning results allowed
to define the rational location of LD with consideration
of consolidation center location and density of the end-
consumers within the service area.

Methodology

To promote the sustainable option for USC we
propose to take into account direct and indirect impact
of the wurban delivery system. The graphical
interpretation of the proposed approach is presented in
Fig. 1 and more detailed description of this approach
can be found in [16].
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Fig. 1. Sustainable approach to determine the optimal
number of local depots in the supply chain [16]

According to Fig.1 the total impact of USC
provided for the urban area can be calculated as follows:

R(/‘,/:RT+R\N+REv 1)

where R/ is the total impact of the USC, USD;

R; is the total transportation cost, USD;

R, is the total storage cost, USD;

R is the negative environmental impact from the
supply chain, USD.

The presented in Fig. 1 value Ré reflects the

common approach to LD number estimation based on
direct effect. Under this statement the LD number do
not provide the sustainable option as the indirect impact
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from USC is not taken into account. According to this
we have:

RS =Rs +Re, )

Following (1) the rational number of LD can be
formalized as:

R¢ = f(np)—> min, ©)

where n/_ s the number of LD under sustainable
conditions for USC, units.

The transportation cost is calculated according to
the number of the tours made by the vehicles:

Rr =Cuur - z zdji +Chour - z thi ) (4)

jenp ie¥ jenp ie¥
j,ing, ¥,>0 (5)

where C,,; is the transportation cost element
depending on the mileage, USD/km;
C is the transportation cost element depending

Thour
on the time, USD/hours;
d, is the length of i tour, km;

t; is the duration of i tour, hours;

N is the total number of LD that is used within
USC, units;

Y is the total number of tours, units.

K is the total number of the tours that should be
made to service all clients of value N¢ located within
the area S, units.

The tour length without vehicle capacity
constraints is proposed to define based on Daganzo’s
approximation [22]:

D=k-N,-S, (6)

where D is the tour lengths without vehicle
capacity constraints, km;

k is the coefficient, k = 0.75;

N
serviced within the area, units;

S is the square of the service area, km?.

The tour duration is the function of vehicle route
speed and length:

o is the number of the clients that should be

t=f(dV), @)

where V is the vehicle route speed, km/h.
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It should be noticed that within this study we are
considering the impact within the second echelon where
the delivery process is implemented under the last mile
conditions. In this case the end-consumers’ number acts
as the key attribute for the LD amount estimation.
Within the urban scale this value is bigger than for
suburban area that has been assessed by the authors
in [16].

To assess the tour length, we have to make the
estimation of the clients” number, that should be
serviced within every tour. For that reason, at the first
stage we have to evaluate the needed number of tours
that should be implemented for all number of clients
within the area covered by one LD:

— Ncl ¢ ’ (8)
1000-q, -n
where ¢ is the average amount of goods that is
delivered to one consumer, kg;
q, is the vehicle loading capacity, tons.

Based on (8) the number of clients within one tour
is the following:

n, =——=>=4", 9)

where n, is the number of clients within one tour,

units.
Given (8) and (9) we can estimate the actual tour
length:

d, =k- |n, ~i=k-1/nc,-8’ ,

r-]LD

(10)

where S’ is the service area covered by one LD,
km2.

In frame of this study we would like to test the
Daganzo’s approximation usage for predicting the tour
length within the second echelon instead of used in [16]
Pravdin et al. model [25]. Besides that, the tour length is
constructed in the study according to the following
assumption:

11)

dLD—c = dc—(c+1) !

where d, . is the mileage covered by the vehicle
from LD to the first client within the tour, km;
d. ¢,y 18 the mileage between two consecutive

clients within the tour, km.
So, based on (11) we are considering that the
location of LD in relation to consumers N within the
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study area S forms the relevant densities. This allows us
to implement the analytical modeling of the USC within
the second echelon based on Daganzo’s approximation.
Having the modeled results on USC states under
variable number of LD we will be able to evaluate the
achieved sustainable effect making city liveable for the
inhabitances.

The description for R, and R modeling can be

found in [16].
Results

The experimental part will be implemented
following to experimental plan developed in [16]. We
will consider the orthogonal plan of 2" type (where n is
the number of factors in the experimental plan). As the
input variable attributes n we propose to use the
following: x; — the average consignment delivered to
every consumer; Xo — the number of consumers within
the study area. The square of city area is fixed at 350
km? reflecting the case study Kharkiv city. The extreme
values for x; and x, are defined according to the
considered last mile delivery system. So, within
Kharkiv city case study we use parcel delivery company
“Nova Poshta”. This company has one central terminal
within urban area and about 100 post offices that service
the wunattended deliveries for city’s inhabitants.
According to this x™ =50 kg, x™ =100kg. In turn

min

for x;" and x;>* we used, accordingly, 50 and 150

post offices reflecting the pessimistic and optimistic
scenarios.

The experiment plan has been carried out for a list
of vehicle types as 0.5, 1.0, 1.5 and 2.0 tons. Given that
we could assess the wide range of possible situations
that can occur within USC. Also, it should be noticed
that during the experiments implementation we detected
both variants of the LD number estimation: under non
sustainable (eq. 1 without Rg) and sustainable (eq. 1
taking the full range of components) conditions. That is
why every experiment is presented by two values of LD
number, as n/, and N, .

The obtained results of the conducted experiments
are presented in Tables 1-4 and Fig. 2-5.

Table 1
Results on USC impact under 1% experiment

Vehicle Number of LD, units
carrying I(Té);():t
capacity, ’ 1 2 3 4
tons usb
Ry 131.8 | 70.8 50.3 | 41.7
Rw 26.1 | 375 56.4 83
0.5 Re 56 28 20 16
R¢/ 158 108 107 125
Re" 214 136 127 141
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Table 3
Results on USC impact under 3" experiment

Vehicle Number of LD, units
carrying I(T(f;;:t
capacity, USD, 1 2 3 4
tons
Rr 102.2 | 588 | 413 | 351
Rw 26.1 | 376 | 56.6 | 83.3
1.0 Re 48 24 16 12
Ré/ 128 96 98 118
Rg" 176 120 | 114 130
Rr 91 51.8 36 36.4
Rw 26.2 | 37.7 | 56.8 | 835
1.5 Re 44 24 16 12
Ré/ 117 89 93 120
Rg" 161 113 109 132
Rr 88.8 | 51.9 | 429 | 334
Rw 26.2 | 378 | 56.9 | 83.9
2.0 Re 44 24 16 12
Ré/ 115 90 100 117
R’ 159 114 116 129

Table 2

Results on USC impact under 2" experiment

Number of LD, units

Vehicle Number of LD, units
carrying I(r:opsa:):t
capacity, USD 1 2 3 4
tons
Rr 439 | 236 | 157 | 149
Rw 11.2 | 22.6 | 415 | 68.1
0.5 Re 20 8 5.6 4
R/ 55 46 57 83
Re’ 75 54 62.6 87
Rr 341 | 211 | 155 | 97
Rw 11.3 | 22.7 | 417 | 684
1.0 Re 16 8 6 4
R/ 45 44 57 78
R’ 61 52 63 82
Rr 286 | 19.3 12 12.1
Rw 11.3 | 22.7 | 419 | 684
1.5 Re 16 8 4.8 4
R¢/ 40 42 54 81
Re’ 56 50 58.8 85
Rr 317 | 144 | 143 15
Rw 113 | 229 | 419 | 69.1
2.0 Re 16 8 5.2 4
R¢/ 43 37 56 84
Re’ 59 45 61.2 88
Table 4

Results on USC impact under 4" experiment

Vehicle

carrying Impact

capacity, (cost), 1 2 3 4

tons USD
Rt 91.2 | 498 | 336 | 274
Rw 15 26.4 | 455 | 722

05 Re 40 20 12.8 8
Re/ 106 76 79 100
Re" 146 96 91.8 | 108
Rt 726 [39.2 [301 |225
Rw 15 26.6 | 458 | 72.7

1.0 Re 36 16 12 8
R¢/ 88 66 76 95
Re 124 82 88 103
Rt 61.8 | 37.9 | 27.7 | 174
Rw 151 | 26.7 46 73.3

1.5 Re 32 16 12 8
R¢/ 77 65 74 91
Re" 109 81 86 99
Rt 59.7 | 336 | 20.7 | 205
Rw 151 | 26.8 | 464 | 733

2.0 Re 32 16 9.2 8
R¢/ 75 60 67 94
Re 107 76 76.2 | 102

Vehicle Number of LD, units
carrying I(r:(fsi;:t
capacity, USD 1 2 3 4
tons
Rt 30.4 17.7 12.4 11.7
Rw 7.5 19 38 64.7
0.5 Re 12 8 4.8 4
R&/ 38 37 50 76
Re" 50 45 55 80
Rt 25.8 16.5 10 9.7
Rw 7.6 19.1 38.1 65.3
1.0 Re 12 8 4 3.6
R&/ 33 36 48 75
Re" 45 44 52 79
Rt 22.8 12.6 12 12.1
Rw 7.6 19.1 38.6 65.3
15 Re 12 6 4.8 4
Re/ 30 32 51 77
Re" 42 38 56 81
Rt 16.9 14.4 14.3 15
Rw 7.7 19.5 38.6 65.4
2.0 Re 8 6.4 5.2 4.8
Re/ 25 34 53 80
Re" 33 40 58 85
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Fig. 2. The 1% experiment results on rational number of
LD for non-sustainable and sustainable states of USC
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Fig. 3. The 2" experiment results on rational number of
LD for non-sustainable and sustainable states of USC
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Fig. 4. The 3" experiment results on rational number of
LD for non-sustainable and sustainable states of USC
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Fig. 5. The 4™ experiment results on rational number of
LD for non-sustainable and sustainable states of USC

Based on obtained results on the conducted
experiments we can state that the shift in LD number to
promote the sustainable option of the 2E-USC has been
detected for all experiments. Moreover, within the first,
third and fourth experiments this effect is observed for a
list of vehicle carrying capacity values.

Conclusions

Based on the conducted theoretical and
experimental studies we can conclude the following.
The literature analysis allowed us to assess the scope of
LD usage in frame of 2E-USC. The wide range of
problems can be solved based on LD-based supply
system. Among them we would like to emphasize on
deconsolidation features for LD positively influencing
the VMT and transportation cost.

The developed analytical model for estimating the
rational number of LD takes into account the direct and
indirect impacts of USC. This gives us the possibility to
define the sustainable states of the delivery system and
promote the liveable cities development. In this frame
the special attention should be given to VMT and
number of tours prediction. To do this we used the
Daganzo’s approximation. In turn, the necessary
number of tours has been estimated based on vehicle
carrying capacity constraints.

The experiment results covered the pessimistic
(low demand) and optimistic (demand possible growth)
scenarios with range of vehicle carrying capacity from
0.5 to 2 tons. The modeled data has revealed the
necessity of taking into account the indirect impact of

USC. For all four experiments we observed the

e 1 / I H
condition of n ; >n;, where n , is defined based only

on direct impact from USC. This effect has a slight
power within the pessimistic scenario (the 4%
experiment) when the consignment and consumers’
density within the service area decrease.

As the further research steps, we would like to
implement the assessment of LD number under
conditions of attended deliveries, such as home
delivery. Besides that, the first echelon has to be
included in the model allowing us to describe the whole
chain of commodities’ delivery within the urban area.
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MICBKHM JIAHITIOT TOCTAYAHB HA OCHOBI JIOKAJILHAX MTEPEBAHTAKYBAJIbHAX
MYHKTIB JIJIA 3ABE3NEYEHHS BUCOKOI IKOCTI )KUTTA B CYYACHUX MICTAX
O.B. Poccomnos, O.0. Jlobamos, A.O. bouman
XapKiBCHKUH HaIllOHAIFHUH YHIBEPCHTET MichKOTO rocmofgapcersa imeHi O.M. bekeroBa, Ykpaina

Y emammi npeocmasneni pesynemamu meopemuyno2o ma eKCHepUMEeHMAIbHO20 O0CNIONHCEHHS BRPOBAOIHCEH-
Hsl CIMAN020 TAHYIOZY NOCHMAYAHb 8 PAMKAX OOCMABKU OCIMAaHNbOI Muni. Agmopamu 3anponoHo8ano HOGuUll nioxio 0o
no6y006u MicbK020 J1aHYI02y NOCMAYAHb HA OCHOBI JIOKAbHUX NEePesaHmadiCy8aibHux nyHkmie. B konmexcmi eupi-
wienHs 0aHoi 3a0ayi nPeoCmasneHo MemoouKy OYiHKU payioHANbHOT KLIbKOCI JOKANbHUX NePEeBaAHMANCY BAIbHUX
NYHKMIG 0151 Micbkoi mepumopii. B meopemuuniii vacmunu cmammi po3Kpumo CymHicmes H08020 Nidxo00y 00 Gu-
3HAYEHHSI PayiOHANLHOT KibKOCMI TOKAIbHUX NEePeBaHmMadiCy8albHuX NYHKmMIe, AKull nepeddaiae 8paxy8anHs npsi-
MO20 Ma HeNpsAMOo20 GNIUGIE 6i0 (YHKYIOHY8AHHSA MICbKOI cucmemu mamepianvhux nocmayans. Henpsamuil enius
dopmanizosano yepes oocae suxudie CO2 3 nodanvuoro monemapisayiero yiei ckradosoi. Ha ocnosi anpoxcumayii
Jlozanzo po3pobreno ananimuyHy mooeib OYiHKU cepeOHbo2o Npodiey 8aAHMANCHO20 MPAHCROPMY Npu 00CMAasyi
mosapie cnoxcugayam 8 mescax micma. Ilopao 3 yum 6 aHarimuyHiti MOOeli 8PAX0BAHO OOMENCEHHS NO BAHMANC-
HOCMI MPAHCNOPMHUX 304C00I8, WO CMAN0 OCHOB0I0 OJiA BUSHAUEHHS KIIbKOCHI MPAHCNOPMHUX YUKLIE BUKOHAHUX
Ha mpancnopmHuii mepedci. [Ipoeedenuti excnepumenm oxXonus NeCUMICIMUYHULL ma ONMUMICMUYHUL cyeHapii cma-
HY cucmemu 0ocmaeku. B sikocmi pakmopHux 03HAK 0N ONUCY CYEHAPII8 3ACMOCO8AHO CepedHill po3Mip nocma-
YaHHA Ma 3a2anbHy KilbKicmes nynkmis euoadi «Hoegoi Iowmuy 6 micmi Xapxis. B ekcnepumenmi pazom i3 xapax-
MepucmuKamMu RONUMYy npo8edeHd OYiHKA GAHMANCONIOUOMHOCMI MPAHCNOPMHUX 3acobié 6 dianazoHni 6i0 0,5 0o 2
moH. Ompumani eKCnepumMermailbti pe3yibmamu NOKA3aiu 3MIHy 8 KLIbKOCi HeOOXIOHUX MiCyesux CK1aoie 6 nopi-
6HAHHI 3 OA308010 OYIHKOIO HA OCHOGI Juue Npamux eumpam. 3a@ikcoeano Has8HICMb 306Uy 8 CMOPOHY 3POCMAH-
HSL NOMPIOHOT KIIbKOCMI JIOKAIbHUX NePesaAnHMAadCy8aibHUX NYHKMIE npu noOyoosi cmaniozo 6apianmy MiCbKO2o
Janyrozy nocmavans. B pesynemami 3acmocysanns 3anpononoanozo nioxooy OUiKyEMbCs OOCASHEHHS CMAL020
Ccmawmy MicbKoi cucmemu MamepianibHUX ROCMAYAHb WO NOBUHHO CAPUAMU 3POCMAHHIO JHCUMMEIOAMHOCMI Micma.

Knrwouoei cnoea: nokanbhuii nepeeanmanicy8aibHutl NyHKm, MiCbKuil 1aHylo2 NoCMa4anb, HA8KOIUWHE cepedo-
suwe, CManicms, Mapuwipym.
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