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The article focuses on remanufacturing, the process of restoring the functionality of end-of-life products, which is considered an
important link in reverse logistics systems to recover value. The aim of the paper is to prove that reverse logistics is important for
business, as it allows to effectively manage returns, minimise losses, reduce waste and increase customer satisfaction. The market-
based contractual system of reverse logistics for remanufacturing is studied. A mixed integer programming model is developed for
making key tactical decisions, namely: setting up the systemic remanufacturing, production and inventory levels, purchasing and
transporting the main components, as well as loading and balancing the remanufacturing line within the planning horizon.
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Cmammio npuceésueno pemanyhakmypuney — npoyecy iOHOGNeHHs QYHKYIOHATbHOCME NPOOYKYIL, o GIOCIYIHCULA CBIlL
MepMiH, AKULL 88ANCAEMbCA 8AANCTUBOIO TAHKOIO 8 CUCIEMAX PeBepCUSHOT I02ICUKY 05 8I0HOGNeHHA YinHoCcmi. 3a ocmanui
06a OecAMUAIMMs NPOEKMYBAHHS MEPENC 360POMHOI TOICIMUKIU CINANO WUPOKO OOCTIONCYBAHOIO Chepolo K ONisl HAYKOBYIE,
mak i 0118 npomuciosyis-npaxmuxie. Mema yiei cmammi — 0oéecmu, wjo 360pOMHA JIO2ICMUKA 8ANCIUBA 0151 OI3HECY, OCKINIbKU
003807151€ eheKMuUGHO YNpasamu HO8epHEeHHAM, MIHIMI3Y6amu empamu, 3MeHWUmu 6i0X00u ma nioGUWUmuU piéeHs 3a00601e-
Hocmi KieHmis. J{oCi0#CeHO PUHKOBY KOHMPAKMHY CUCMEMY 360POMHOL 1o2icmuku 0isi pemanygaxmypusayii. Pospobneno
MOOeNb 3MIUANH020 YIIOUUCETLHO20 NPOSPAMYSAHHS OISl NPUUHATNMS KIIOYO8UX MAKMUYHUX PIleHb, d came. HANA200)CeHH s
pemanyghakmypuzayii cucmemu, 3aKynieni ma mpaHcnopny8ants 0OCHOGHUX KOMHOHEHMIB, a MAKOJIC 3A8AHMAdICeHHs ma Oa-
JAHCYBAHHS NIHIT peMaHydakmypuzayii 6 medxicax 20pu3oHmy nianyeants. Ha npukiadi peeepcroi 1o2icmuyHoi mepesici midxc
nyHKmMamu 360py cmapux xonoounvruxie, a came: Kuis, [ninpo, Yepkacu, dogedeno npubymxogicnms mako2o niOnpuemcmea.
Pospaxosano minimanvHuti ma mMakcumaibHuil 00xio ybo2o nionpuemcmea. OCKinbKu 00Xio € bazamoxpumepianrbHuUM NOKA3-
HUKOM, OVII0 NPOAHANI308AHO OeKiNbKa (hakmopis, a came: KilbKiCmb X0100UIbHUKIG, 8APMICHb PEMOHNTY MA 6aPMICMb MPAH-
cnopmyeanns. Mapwipymu 0yau onmumizoeani 015 3MeHWeH s, MPAHCROPMHUX gumpam. B pobomi po3paxo8ano 6uKuou wKio-
JUBUX PEHOBUN 8 NPOYeC] eKCNIYamayii agmomooiIbHO20 MPAHCNOPNTY, AKUL € NOMYICHUM OdIcepenom 3a0pYOHeH s OOBKILIA.
Posenaoaromuca eyeneyesi sumpamu, aki eniueaioms Ha gy2neyesi NOOAMKU, WO SUHUKAIOMb 6 Pe3yIbmami eKcniyamayii
00 ’exma ma mpancnopmuoi disneHocmi. Bumpamu na euxuou gyaineyio 6paxogyromucs 015 gyeieyesux nooamkis, Wo GUHUKA-
10mb 8 pe3yibmami excnayamayii 00’exma ma mpancnopmmuoi disnvHocmi. Manoymui 00CniodxiceH st NOBUHHI 30cepeOumucs Ha
PO3pobYi HoBuX Modenell | Memoois 0 Kpaujo2o 8paxy8ants 6npo6a0’CeH s MeXHON02Il Y PIUEHHAX 000 NPOEKNy8ants ma
excniyamayii cucmem, wWoo cnpuamu niagHoMy nPOMUCTIOBOMY | COYIANLHOMY Nepexooy.

Kntouoei cnoea: pemanypaxmypa, yinouucenvhe npocpamysants, peeepcusHa 102iCIuKad, GUMpamu, NaamocnpoMONCHICMb.
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Problem statement. The solvency of Ukrainians is
declining due to the beginning of the full-scale invasion
of Ukraine. This was also influenced by the appreciation
of the currency, which in turn led to an average 20-30%
increase in prices for most imported goods. In the first three
weeks of the war, according to the UN, almost 10 million
Ukrainians were forced to flee their homes because of the
war, of which 6.5 million were internally displaced and
3.2 million had already left the country.

Therefore, in this situation, remanufacturing, the
process of restoring the functionality of products with an
expired service life, is relevant.

This article investigates the market contractual system
of reverse logistics for the remanufacturing of refrigerators.
A model of mixed integer programming for making key
tactical decisions is developed.

Analysis of recent research and publications. Reverse
logistics is a concept that originated in the 1980s and describes
the reverse flow of material compared to the forward flow.

Planning an effective reverse logistics system is an
important and challenging task, where quantitative methods
and operations research models have been intensively
developed since the 1990s. Mixed integer methods are
used to make decisions about nodes and arcs in strategic
planning. Early studies developed models to minimise total
cost or maximise total profit for used vehicle recycling
networks. The incorporation of new technologies, such as
big data, has become another emerging research area in this
field. The following prominent scholars have addressed
these issues: Abid, S., Mhada, F.Z. [1], H. Yuand X. Sun[2].
Among the works of Ukrainian scientists are M. Hryhorak
[3], A. Dziubina [4]. However, at the same time, the issues
of effective implementation of reverse logistics tools and
its organisation at industrial enterprises, which have many
features, require more attention in the context of scientific
research.

Formulating the purposes of the article. The aim of
the article is to determine the reverse logistics network in
Industry 5.0.

Presentation of the main research material. At
present, there are no high-quality refrigerators of our own
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production in Ukraine. The only refrigerators produced
in Ukraine are Saturn refrigerators. This brand was
registered in the Czech Republic in 1996. The company
offered exclusive models and later began cooperation with
factories in China, Turkey, and Taiwan. Several factories
were built in Ukraine — in Kaniv and Cherkasy. The
company that owns the Saturn brand has invested more
than $30 million in the new plant. The price of household
refrigerators is between UAH 9,000 and 13,000. The new
plant produces about 300,000 units of refrigerators per
year, using technologies from Chinese manufacturers.

It should be noted that in the 1970s and 1990s, the
Dnipro Refrigerator Plant produced high-quality household
electric refrigerators (Dnipro, Dnipro-2, Dnipro-2M,
Dnipro-2MS). Nord refrigerators were also popular before
the events of 2014. Today, due to the Russian invasion,
Nord refrigerators are no longer available.

The Ukrainian home appliance market is flooded with
imported goods. The best fridges are Samsung, LG, Bosch,
Siemens (Fig. 1). Prices for these fridges range from
16000 UAH to 26000 UAH. The cheapest refrigerator with
a freezer in Ukraine is Grunhelm VRM-S49M45-W, the
price of which ranges from: 3932-3999 UAH.

In September 2024, inflation accelerated to 8.6%
(+1.5% m/m) due to rising processed food prices, higher
input costs, and ongoing pressure from the previous
hryvnia devaluation. Let’s build a reverse logistics network
structure.

Let us consider an example. Let’s mark a reverse
logistics network on a map of Ukraine. The local
collection points for old refrigerators will be Kyiv,
Dnipro, Cherkasy (Fig. 2). Old refrigerators are sold for
up to UAH 2000.

Let’s write the objective function. The main fixed
costs will be: transport costs, repair cost sand emission
fees (Table 1). F is the fixed cost of organizing a regional
collection center for old refrigerators (Table 2).

Using the salesman method, we optimize the cost of
transporting refrigerators to recycling centers.

The travelling salesman problem is a shortest path
problem (1).
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Figure 1. Cost of the most popular refrigerators

Source: built based on [6]
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Figure 2. Network structure on the map of Ukraine

Source: author'’s development
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x;=1 if city j can be reached from city i and 0 otherwise;
d; distance from city i to city j; s, price of transportation;
u; which parts need to be replaced; x; number of parts;
s, price of parts; N number of refrigerators; n number of
cities; kK number of parts; s,, price of parts. v is the emis-
sion fee.
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The route optimization results in
22420 UAH (2)-(3).

The resulting profit can be written in the following
formula:

n n C
Zo =N*s=(F+2 7 Zj:lZc:l dyx ;s +

N k g
+Zi=l Zj:l Zg=1uijxjisig tv

where s is the price of the fridge.

savings of

(4)
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Let’s use a free tool from Google Trends, designed to
compare and analyses trends in the popularity of certain
products in a particular city or region. With its help, we get
data on the demand for refrigerators (Fig. 3).

Among household appliances, Ukrainians are most
interested in refrigerators, freezers and microwaves.
Ukrainians are looking for refrigerators at a price of UAH
6,500. Let’s assume that sales of refrigerators follow a uni-
form law of demand distribution Figure 5:

;,De(a;b)
f(D)=13(b-a) Q)

0,D ¢ (a;b)

where a,b are the lower and upper bounds of the range. The
lower bound is zero, and the upper bound is 2 thousand
refrigerators per month (Fig. 4).

The next step is to transport the old refrigerators to
the collection points. We have three collection points:
Kyiv, Cherkasy and Dnipro. Let’s analyses the cost of
transportation from cities and towns in these regions.
The Kyiv region, which covers 28,131 km?, had a
population of 1.8 million people as of the end of 2022.
The distance to Kyiv from the largest cities and towns
is 1516.34 km, and the cost of transportation is UAH
94870.35. Accordingly, the population of Dnipro region
is 3.096 million, and the distance from Dnipro to the
largest cities is 1443.014 km, with a transportation cost
of UAH 10,7053. As of 1 January 2022, the population
living in the region was 1160.7 thousand people. The
cost of transportation in the Cherkasy region is UAH
44674, and the total distance to Cherkasy from small
towns is 874.5 km.
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Figure 3. Requests for refrigerators in Ukraine in 90 days

Source: compiled by the authors
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Figure 4. Popular queries by territorial units of Ukraine for 90 days

Source: built based on [6]

Table 1
Costs of repairing a refrigerator

Title Price
Freon for refrigerators and air conditioners 3065
Sensors, sensors for refrigerators 335
Doors for refrigerators 3 860
Fasteners for refrigerators 325
Sensors, sensors for refrigerators 335
Compressors for refrigeration systems 7920

Source: built based on [6]

Carbon emission costs are determined by formula (6),
which is used to account for carbon taxes arising from
facility operations and transport activities.

Vehicles are powerful sources of environmental pollu-
tion. Every year, a large amount of toxic and aggressive
substances are released into the air of settlements from
engine exhaust gases (EGR).

For the purposes of reporting on air protection,
assessing the level of pollution from mobile sources,

and stimulating the implementation of environmen-
tal protection measures, it is necessary to calculate the
mass emissions of harmful substances released into the
atmosphere from vehicle exhaust gases.

During the operation of motor vehicles, emissions of
harmful substances (HS) change significantly. In order to
assess the toxicity of vehicles during operation objectively,
it is necessary to take into account a large number of fac-
tors that determine the number of pollutants released into
the environment. Numerous studies have shown that all of
these factors accurately characterize vehicle fuel consump-
tion. Therefore, the calculation of mass emissions of HS is
based on information about the mass of fuel consumed by
a car over a certain period of time. This value depends on
operational factors and therefore takes into account their
influence.

Mass emissions are calculated based on the specific
emissions of HS per unit mass of fuel consumed by a
vehicle with an engine of a given type. Specific emissions
are set for engines that are in good working order and
properly adjusted.
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Transportation of refrigerators to markets

Table 2

. . . . Cost of transport
Titlel Title2 Distance Price 1 km (UAH)
Kyiv Cherkasy 203,4 46 9356,4
Kyiv Dnipro 449 47 21103
Cherkasy Dnipro 321,6 45 14472
Total 449314
Source: built based on [6]
Table 3
Mathematical expectation of income
The price of an . Realisation price
F old fridge Transport costs Repair costs Demand Revenue (UAH.)
max min max min max min max min max min max min max
10¢ 1000 2000 | 246597 | 227881 | 3500 7920 100 134000 | 4658471 | 4828334 | 6500 8000
Source: compiled by the authors
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Figure 5. Revenue of the enterprise depending on the number of repaired refrigerators

Source: compiled by the authors

The calculation of the mass of emission of the i-th
HS by the rolling stock of road transport, which has n
groups of vehicles of the k-th type, for a certain period
of time t is carried out depending on the information on
fuel consumption and the number of vehicles of a certain
type and group.

Types of harmful substances to be calculated:

— CO — carbon monoxide;

— CH — hydrocarbons;

— NO, — nitrogen oxides;

— PM — particulate matter (should be divided into two
types.

They are calculated as follows:

Mass emissions of individual harmful substances, cal-
culated according to dependence (6), t/year:

M, =20 8Kk,

where g, is the average specific emission of the i-th
harmful substance per unit mass of the j-th fuel type,
kg/t; G, — is the consumption of the j-th vehicle fuel for a
certain period, t/year; K, —is a coefficient that takes into

90

(6)

account the impact of the technical condition of a vehicle
of the k-th type consuming the j-th fuel on the value of
specific emissions; k; — is the coefficient of reduction to
the environmental class of the vehicle.

During operation, changes in the technical condition
of the vehicle and violations of its regulations are
possible, which cause an increase or decrease in
emissions of individual GHG components. In the
calculations, these changes are taken into account
by introducing the correction factor K, , which is
selected depending on the HS (j), the mass of which is
calculated, the type of vehicle (k) and the type of fuel
consumed (i). The values of the coefficients K, are
given in Table 4.

Fuel consumption is calculated using formula (7), t/year:

G,=m-S,-G,-p,-107 ()

where m, is the number of vehicles of the &-th type, S, is
the mileage of one vehicle of the k-th type per year, thou-
sand km/year; G, is the fuel consumption of the vehicle of
the k-th type, 1/100 km; p, is the density of the i-th type of
fuel, kg/l.



«ExoHomiuHul sicHUK HTYY "Kuigcokuli nonimexHiyHul iHcmumym”s»

Ne 31,2024

The values of specific emissions of SE g, , by modern
vehicles are given in Table 5.

Based on the mass emissions of individual compo-
nents, the total mass emissions of SE by the vehicle fleet
are calculated.

For the calculation of Euro-0 vehicles, £, is equal to 1.
For the calculation of Euro-1 to Euro-5 vehicles, conver-
sion factors are used, which are multiplied by the value of
mass emissions of pollutants (Table 6).

Average vehicle fuel consumption in liters per 100 km
for trucks with petrol engines is 25 liters of petrol per 100 km.
The average density of A92 petrol is 0.715-0.760 kg/1. The
average cost of 1 liter of petrol is UAH 53.

The calculation of the total economic loss is carried out
in accordance with the EU methodology. In accordance
with Directive 2009/33/EC of the European Parliament
and of the Council, the amount of damage should be calcu-
lated using the formula (8) in EUR, taking into account the
coefficients shown in Table 7.

K=>" ¢M]10° (7)

where @, is the value that determines the emission fee per
unit of the j-th harmful substance, EUR/g (Table 8); M, is
the mass of the j-th pollutant emitted by cars for a certain
period, t/year.

Table 4
Values of the coefficient K,
Vehicle groups K-values of K. i for different SR
CO CH NO, PM
Trucks with engines powered by petrol or LPG 1,7 1,8 0,9 —
Trucks with diesel engines 1,5 1,4 0,95 1,8
rucks and buses with LNG-fuelled engines 1,7 1,8 0,9 -
Source: built based on [5]
Table 5
Average specific vehicle emissions of harmful substances
Specific emissions of SE, kg/t of fuel
Type of fuel 8co Scn 8Enox 8ru
Trucks with engines powered by petrol 196,5 37,0 21,8 —
Trucks with diesel engines 36,0 6,2 31,5 3,85
Trucks and buses with LNG-fuelled engines 87,5 22,4 27,6 -
Source: built based on [5]
Table 6
Conversion factors for k; to Euro
Pollutants Environmental classes of vehicles
€Bpo-0 €Bpo-1 €Bpo-2 €Bpo-3 €Bpo-4 €Bpo-5
CcO 1 0,4 0,32 0,17 0,12 0,12
NO, 1 0,55 0,49 0,34 0,24 0,13
CH, 1 0,46 0,46 0,28 0,2 0,2
PM 1 0,51 0,21 0,14 0,03 0,03
Source: built based on [5]
Table 7
Calculation of emission charges in Euros
Pollutants M; S G Koy k; 9; K(EUR)
Co 22207,64 196,5 554 1,7 0,12 0,0001 0,002220764
CH 8855,136 37 554 1,8 0,24 0,001 0,008855136
No 2173,896 21,8 554 0,9 0,2 0,004 0,008695584
PM 0 0,03 0,087
Total 33236,68 0,019771484
Source: built based on [5]
Table 8
Emission charge per unit of the j-th AR, EUR/g
Pollutants co CH NO, PM
Payment for emissions per unit of the j-th SE 0,00011 0,001 0,0044 0,087

Source: built based on [5]
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Conclusions. This paper discusses remanufacturing,
the process of restoring the functionality of products
with an expired service life. Over the past two decades,
the design of a reverse logistics network has become a
widely researched area for both academics and indus-
trial practitioners. An integer model was used for cal-
culations.

An example of an enterprise that refurbishes old
refrigerators is considered. The minimum and maximum
income of this enterprise is determined. Since income is
a multicriteria indicator, several factors were analyzed,

namely the number of refrigerators, the cost of repair,
and the cost of transportation. The routes were opti-
mized to reduce transportation costs.

The paper also examines the carbon costs, which affects
the carbon taxes arising from the operation of the facility
and transport activities.

There is a great deal of uncertainty in the paper, so
future work should focus on developing new models
and methods to better incorporate technology adoption
into system design and operation decisions to facilitate
a smooth industrial and social transition.

References:
1. Abid S., Mhada F. Z. (2021) Simulation optimisation methods applied in reverse logistics: a systematic review. Int. J. Sustain.

Eng., no. 14, pp. 1463-1483.

2.Hao Yu. (2022) Modeling a remanufacturing reverse logistics planning problem: some insights into disruptive technology
adoption. The International Journal of Advanced Manufacturing Technology, no. (123), pp. 4231-424.

3. Grigorak M. Y., Savchenko L. V. (2019) Kontseptualni osnovy rozvytku reversyvnoi lohistyky v tsyrkuliarnii ekonomitsi [Conceptual
bases of reverse logistics development in the circular economy]. Ekonomichnyi zhurnal Odeskoho politekhnichnoho universytetu, no. 3 (9),

pp. 33-38.

4. Dzyubina A. V. (2019) Implementatsiia kontseptsii reversyvnoi lohistyky v umovakh rozvytku elektronnoi komertsii. [The
implementation of the concept of reverse logistics in the conditions of e-commerce development]. Ekonomichnyi zhurnal Odeskoho

politekhnichnoho universytetu, no. 3 (9), pp. 33-38.

5. Zakon Ukrainy «Pro okhoronu atmosfernoho povitria», zi zminamy vid 21.06.2001r. za Ne 2556-I11 S. 23 [The Law of Ukraine
‘On Protection of Atmospheric Air’, as amended on 21.06.2001, No. 2556-111].
6. State Statistics Service of Ukraine. Available at: https://www.ukrstat.gov.ua/

Jlitepatypa:
1. Abid S., Mhada F.Z., Simulation optimisation methods applied in reverse logistics: a systematic review. Int. J. Sustain. Eng.

2021. No. 14. P. 1463-1483.

2. Hao Yu. Modeling a remanufacturing reverse logistics planning problem: some insights into disruptive technology adoption. The
International Journal of Advanced Manufacturing Technology. 2022. No. (123). P. 4231-424.
3. I'puropak M.1O., Capuenko JI.B. KoHnenryallbHi OCHOBH PO3BUTKY PEBEPCHBHOI JIOTICTHKH B IUPKYISPHINA ekoHOMII. [Ipu-

asoscvruli exonomiunutl sicnux. 2018. Bumyck 5(10). C. 78-84.

4. 13106ina A.B. IMrmuiemenTanis KOHIENIIi PeBEPCUBHOI JIOTICTHKU B YMOBAaX PO3BUTKY €JIEKTPOHHOI KoMepuii. Exonomiunuii
arcypran Odecvkoeo nonimexuiynozo yuigepcumemy. 2019. Ne 3 (9). C. 33-38.

5. 3akon Ykpainu «IIpo oxopoHy armMocdepHoro moBitTpsi», 3i 3minamu Bix 21.06.2001 p. 3a Ne 2556-111. C. 23.

6. JlepxxaBHa ciyx06a craructuku Ykpainu. URL: https://www.ukrstat.gov.ua/

92

Crarts Haziinuia 1o penakiii 04.12.2024
Crarrs ony6nikoBana 21.01.2025



