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Vending, the sale of goods and services through automated systems, has gained worldwide popularity as a
convenient and low-maintenance method of commerce or service delivery. With its wide range of
applications, vending can be used in almost all areas of commercial and social life. This article is dedicated
to studying the impact of digitalization on the operation of water vending machines. These machines
represent a modern way of obtaining safe and physiologically complete drinking water. Their advantage lies
in autonomous operation without the constant presence of servicing personnel. This is achieved by replacing
filters and maintenance tasks carried out on a time-based logic basis. However, time-based logic does not
account for actual volumes of purified water, leading to over expenditure on servicing some machines and
untimely maintenance, resulting in a deterioration of water quality for others. This study investigates the
impact of digitalization on optimizing service costs and the cost price of water purification. It is shown that
through digitalization, the maintenance logic was changed to volume-based, resulting in reduced expenses
on replacement filters (51%), servicing (13%), and collection (17%). Collectively, these factors reduced the
cost of water by 20%. The decrease in cost enhances the profitability of the vending machine network. With a
fixed water price, this is the only way to increase profitability and attract investors, consequently
popularizing water vending machines. Subsequent research will focus on seeking alternative filters,
materials, and water preparation technologies to achieve even greater machine autonomy. By assessing the
established impact of digitalization on water vending machine operations, a predictive cost of water is
calculated, assuming compliance with all operational requirements. The predicted cost reduction amounts to
39%, providing economic justification for future research endeavors.
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1. Introduction .
replacement of consumables and servicing,

Access to safe and physiologically
complete drinking water is a pressing task for
humanity. Collective systems for water
preparation and vending, such as water
vending machines (WVMs), represent a
promising solution to this task (Moommala et
al., 2021). Among the advantages of this
solution are water safety, accessibility to a lot
of people, and the lowest price (Falcone et al.,
2023). However, disadvantages include non-
compliance of water composition with the
requirements of physiological completeness,
insufficient autonomy due to frequent
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low profitability due to water price
limitations, and high cost (Kita et al., 2020;
Picardal et al., 2018; Yongyod, 2018).
Finding rational ways to address the
shortcomings in the operation of existing
WVMs is both relevant and necessary for
their widespread adoption (s:e< et al.,
2012). One of the ways to reduce the
frequency of WVM servicing and the number
of consumables is digitalization. Therefore,
studying the impact of digitalization on the
operation of WVMs is important, and the
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results of such studies can be used to optimize
their operation.

Literature Review and Problem
Statement

Article (Mudryk & Mitchenko, 2023)
formulates requirements for the operation of
machines and compares the actual
performance indicators of WVMs with these
requirements. Non-compliance with
requirements  regarding  water  quality
concerning pH, hardness, and dry residue;
productivity; and servicing frequency is
demonstrated (Christian Di Carlo, 2022).
Solutions for optimizing operation are
proposed, including the digitalization of
WV Ms and the replacement of servicing logic
from time-based to volume based.

The implementation of digitalization
will allow changing the servicing logic of the
machines from time-based to volume based.
Such a change is necessary since the volume
of dispensed water in the WVM network
varies from 50 to 1000 dm®/day (Mudryk &
Mitchenko, 2023). Time-based servicing logic
leads to overconsumption of consumables and
too frequent servicing for one group of
machines and untimely replacements and
servicing for another group. Therefore,
transitioning to volume-based servicing logic
optimizes WVM operation.

Optimizing WVM operation through
digitalization will lead to a decrease in the
cost of water (Grievson et al., 2022). The cost
structure of water in WVMs under time-based
servicing logic is consists of: replacement
filters (34%), rental (24%), depreciations
(19%), servicing (12%), cash collection (6%),
utility payments (5%).

Changing the servicing logic will affect
expenses related to replacement filters,
servicing, and collections. The cumulative
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contribution of these expense categories to the
total cost is 52%. Therefore, optimizing them
will have the most significant effect.

The digitalization of water vending
machines involves equipping them with water
flow meters, sensors for monitoring the
equipment status, and payment modules. This
will enable gathering information about the
actual performance of each machine.
Additionally, in the digital management
system of the machines, the resource lifespan
of each replaceable filter needs to be
specified. Based on the actual water
consumption, the system can forecast the date
for their replacement. Consequently, servicing
each unit will be scheduled precisely when
the filter resources are nearly depleted, while
the machine continues to dispense water with
specified quality and productivity parameters.

Furthermore, in the digital system, it is
necessary to set the maximum capacity of
cash and coin boxes. This will allow
estimating the date for the next collection
based on the accumulated volume of bills
and/or coins, the maximum capacity of the
boxes, and the average daily intake of bills
and coins.

This approach will achieve maximum
prolonged operation of the machine without
constant personnel supervision, optimal
frequency of filter replacements and
collections, thereby reducing the cost of water
preparation. Therefore, it is advisable to
assess the impact of digitalization on the
number of replaceable filters, technical
servicing, collections, and the cost of
prepared water.

Objective and Research Tasks

The objective of this study is to
determine the impact of digitalization on
reducing the cost price of water in water

29



Water and Water Purification Technologies. Scientific and Technical News On-line ISSN 2521-151X

vending machines. To achieve this objective, the network based on the volume of dispensed
the following tasks need to be accomplished: water is illustrated in Figure 1.

determine the influence of digitalization on

the number of replaceable filters; determine =

the influence of digitalization on the ¥ o
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collections; evaluate the cumulative impact of E o

digitalization on reducing the cost of water § 2 I
purification. B T . s he e

Avarage daily volume of dispensed water, dm?/day

2 Materials and Methods Fig. 1. Distribution of machines in the
network by the volume of dispensed water

For the study, a network of WVMs

(Vseredyni Akvaboksu Chystoi Vody | BWT Figure 2 presents a schematic diagram
Aqua (Inside the Aqua Box of Pure Water | of a water vending machine with elements of
BWT Aqua), n.d.) consisting of 71 units digitalization.

installed and operational in Kyiv, Ukraine,
was selected. The distribution of machines in
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Fig. 2. Schematic diagram of a water vending machine
1 - Mechanical purification filter; 2 - Activated carbon filter for chlorine removal; 3 - Antiscalant
dosing cartridge; 4 - High-pressure pump; 5 - Reverse osmosis module; 6 - Mineral filter; 7 - Open
type pure water tank; 8 - Water dispensing pump; 9 - Activated carbon filter for improving
organoleptic quality indicators of water; 10 - Ultraviolet disinfection unit with an incandescent
lamp; 11 - User bottle; 12 - Electronic flow meter; 13 - Controller; 14 - Payment module.
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It is important to note that some filters are
installed along the feed line of the raw water,
namely filters 1, 2, 3, while filters 5, 6, and 9
are on the line supplying already purified
water to the user. The reverse osmosis module
has a certain hydraulic efficiency coefficient
(HEC), which is the ratio of purified water
volume to raw water volume (Tyvonenko et
al., 2023), flow meter 12 is installed on the
line of purified water.

Therefore, the placement of filters
should be considered when calculating the
frequency of their replacement. Specifically,
the frequency of replacing filters installed
before the reverse osmosis module should be
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increased by the value of the reverse osmosis
module's HEC.

Servicing the machines involves
periodic replacement of filter elements and
collections. The list of filter elements and
their annual quantity required for operation
based on time-based replacement logic is
provided in Table 1.

Based on the available metrological
means of control in the technological scheme
(Figure 2), as well as data processing tools
and elements of the payment system for data
collection and processing, a  server
infrastructure and software were created, as
shown in Figure 3.

Table 1. List of consumables and types of servicing based on time-based logic

Consumable Materials

Replaceable Filters Quantity per Year | Capacity, dm?
Mechanical Purification Filter 4 80 000*
Activated Carbon Filter 4 80 000*
Antiscalant Cartridge 4 40 000!
Reverse Osmosis Module 2 50 000
Mineral Filter 4 50 000
Activated Carbon Filter 4 40 000
Servicing

Replacement of Consumable Materials 4 -
Collections 12 -

! When calculating the replacement frequency of filters, it is necessary to consider the Hydraulic Efficiency Coefficient
of the membrane module, which is 50% for the selected machines *.
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The server software (SS) collects and
processes data from vending machines,
calculates statistical indicators of machine
performance, and allows remote control of
vending machines by sending commands and
changing their settings. The SS is based on
event-driven architecture (Cabane & Farias,
2024) and client-server architecture (Shakirat
Oluwatosin, 2014) and ensures high data
throughput ~ from  machines  received
asynchronously.

Operational Commands
Data and Settings

]

< DATA PROCESSING SERVICE )4—»( FRONTEND SERVICE
Data T
HTTPS
DATABASE @ @
USER

Fig. 3. Structure of the server software

The operation of the SS follows the
following algorithm: The WVM (Figure 3,
position 1) sends data to the server using a
TCP and/or UDP-based protocol as transport
(Eddy, 2022). The data from the vending
machines are decoded and processed by the
data processing service from the WVM
controllers (Figure 3, position 2), after which
they are stored in the database (Figure 3,
position 3), from where they can be retrieved
and viewed by various clients through the
service's APl (Figure 3, position 2) - for
example, a web dashboard as a frontend
service (Figure 3, position 4) or a mobile
application.

Additionally, using the service (Figure
3, position 2), settings can be changed, or
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commands can be sent to the vending
machine - such changes will be saved in its
database and, when a connection is
established with the vending machine
controller, transmitted to it.

The embedded software of the WVM
controller performs the following functions:

1. Control of the water purification
equipment of the WVM.

2. Management of the payment process
for dispensing water to consumers.

3. Monitoring the technical condition of
the WVM - detecting faults, etc.

4. Recording information about all
events in the operation of the WVM in
the internal memory of the controller.

Data exchange with the SS on servers.

3. Results and Discussion

Impact of Digitalization on the Quantity
of Replacement Filters

To determine the impact of transitioning
from time-based servicing to volume-based
servicing in the software, resources of
replacement filters (In-Line Filters, n.d.) were
specified in Table 2, along with the capacity
of cash boxes for bills and coins.

The calculation of the quantity of
replacement filters was carried out based on
the actual volume of dispensed water. The
quantity of service maintenance was
determined based on the frequency of
replacing each filter.

The quantity of cash collections was
based on the actual amount of coins and bills.
The impact of digitalization was determined
by comparing the quantities of replacement
filters, service maintenance, and cash
collections per year using both time-based
and volume-based logic for the entire sample
of WVMs.
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Table 2 shows that the transition from
time-based filter replacement logic to volume-
based logic leads to a reduction in the
quantity of filters by 836 units per year or
51%. The decrease in the quantity of filters is

On-line ISSN 2521-151X

observed for all groups of WVMs based on
average daily fill volumes. However, the
higher the fill volumes, the smaller the change
in the quantity of filters.

Table 2. Change in the quantity of filters for a sample of 71 WVMs with the application of

digitalization
Range of average | Quantity of replacement filters per year, pcs | Change in the quantity
daily fill, dm? Time-based logic VVolume-based logic of filters

50-100 230 50 -78%
100-150 322 112 -65%
150-200 322 140 -57%
200-250 345 195 -43%
250-300 276 192 -30%
300-350 138 108 -22%

Total 1633 797 -51%

Impact of digitization on the quantity of
service maintenance visits

An analysis of the results regarding the
impact of digitization on the quantity of
service maintenance visits is presented in
Table 3, showing a reduction in the number of
service maintenance visits for WVMs with an
average daily fill ranging from 50 to 200 dm?®

by 25% to 63%. For WVVMs with an average
daily fill of 200 to 250 dm?3, the transition
from time-based logic to volume-based logic
does not affect the number of service
maintenance visits. However, for WVMs with
an average daily fill of 250 to 350 dmd, there
is an increase in the frequency of service
maintenance visits when transitioning to
volume-based logic.

Table 3. Change in the quantity of service maintenance visits for a sample of 71 WVMs when

digitization is applied

Range of average | Quantity of replacement filters per year, pcs Change in the
daily fill, dm?® Time-based logic Volume-based logic guantity of filters

50-100 40 15 -63%
100-150 56 35 -38%
150-200 56 42 -25%
200-250 60 60 0%
250-300 48 60 +25%
300-350 24 36 +50%

Total 284 248 -13%
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Impact of digitization on the quantity of
cash collections

The results of comparing the number of
cash collections per year using both time-
based logic and digitization are presented in
Table 4, indicating that for WVMs with a low
average daily water fill, the number of cash
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collections is significantly lower when
digitization is applied. For WVMs with an
average daily fill above 300 dm?3, an increase
in the number of cash collections is observed.
The overall reduction in cash collections for
the network is 141 collections or 17%.

Table 4. Change in the quantity of cash collections for a sample of 71 WVMs when

digitization is applied

Range of average Quantity of replac;r:sent filters per year, Change in the
daily fill, dm® Time-based logic | Volume-based logic quantity of filters

50-100 120 51 -57 %
100-150 168 100 -40 %
150-200 168 156 -1,1%
200-250 180 169 -6,1 %
250-300 144 143 -0,7 %
300-350 72 92 +27 %

Total 852 711 -17%

Impact of digitization on the reduction of water purification cost
Table 5. Change in the cost of purified water for a sample of 71 WVMs when digitization is

applied
Time-based logic VVolume based logic
_ Expenditure, Expenditure, Change
Expense item thousand % thousand %
Euro/year Euro/year
Replacement filters 89 34% 44 21% -51%
Rent of premises for WVM 62 24% 62 30% 0%
Depreciation of WVM 51 19% 51 24% 0%
Servicing 31 12% 27 13% -13%
Cash collection 16 6% 13 6% -17%
Utility payments 13 5% 13 6% 0%
Total 262 100% 210 100% -20%
From Table 5, it follows that the The cost reduction is due to decreased
implementation of volumetric servicing logic expenses on replaceable filters (51%),

for WVMs leads to a reduction in the cost of
purified water by 20%.
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reduced frequency of cash collections (17%),
and fewer service visits (13%).
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The study on the impact of digitization
on optimizing the cost of water purification in
WVMs involved determining the influence of
digitization on the following  cost
components:

1. Quantity of replaceable filters.
2. Number of service visits.
3. Frequency of cash collections.

Digitization allowed the utilization of
volumetric  tracking logic  for filter
replacement and service visits in WVMs, as
well as the planning of cash collections based
on actual funds accumulated in the WVMs, as
opposed to simple time-based planning.

The implementation of digitization
resulted in a 20% reduction in the cost of
purified water in the WVM network with a
mean daily water dispensing volume ranging
from 50 to 350 dm? per day due to:

1. Decreased expenses on replaceable
filters (51%).

2. Reduced expenses associated with
service visits (13%).

3. Lower expenses related to cash
collections (17%).

The decrease in expenses on replaceable
filters is attributed to the prolonged filter
lifespan after digitization, which can be
explained as follows.

In the absence of digitization, the
resource of replaceable filters is solely
determined by their operational time (3
months for filters and 6 months for reverse
0smosis membranes), without considering the
actual volume of purified water produced and
dispensed by the WVMs due to the lack of a
measurement method for this volume. This
leads to earlier replacement of filters in
WVMs with low mean daily dispensing
volumes, exceeding their nominal volume
resource specified by filter characteristics,
while in WVMs with high dispensing
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volumes, filters may significantly exceed their
nominal volume resource within the allocated
time frame.

This conclusion is supported by the
noticeable trend in Table 3 towards a gradual
convergence of the number of replaceable
filters when using digitization to the number
of filters under time-based logic as the mean
daily dispensing volume of WVMs increases.
Since the network's indicators are influenced
by the number of WVMs in each group based
on the mean daily dispensing volume, for the
WVM network with mean daily dispensing
volumes ranging from 50 to 350 dm?, the
overall decrease in the number of replaceable
cartridges, and therefore, the reduction in
expenses on replaceable cartridges, amounts
to 51%.

The reduction in expenses on service
visits is also attributed to the full utilization of
the nominal volume resource of replaceable
filters, the extension of their service life, and
consequently, the decrease in the frequency of
service specialist visits to the WVMs for filter
replacement.

Since the number of service visits
directly depends on the cartridge resource, it
also depends on the mean daily dispensing
volume of the WVMs, as evident in Table 4.
Moreover, there is a significant discrepancy in
the nominal volume resources among the
replaceable filters in the water purification
scheme of the WVMs. For instance, from
Table 1, it can be observed that the anti-scale
cartridge has the lowest resource of 40,000
liters, which is twice less than the resources of
other replaceable filters. Thus, the need for
replacement of this specific filter often
becomes the main reason for service
maintenance, resulting in a relatively low
overall effect of digitization on the number of
service visits compared to the effect of
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reducing the number of replaceable cartridges
— the decrease in the number of service visits
amounts to only 13% for the entire network.

Therefore, it can be assumed that a
prospective direction for further reduction in
the cost of purified water in the WVMs, as
well as achieving the set goal of ensuring the
normal operation duration of the machine for
12 months (Mudryk & Mitchenko, 2023)
without operator intervention, is to explore
alternative solutions regarding the choice of
the anti-scale cartridge filter.

The reduction in expenses on cash
collections due to the decrease in the number
of collections is facilitated by the opportunity
for more effective planning of collection
visits based on data on actual funds
accumulated in the WVMs compared to
simple time-based planning, where WVMs
are visited for cash collection once a month.

As evident from Table 5, the change in
the number of cash collections also depends
on the mean daily dispensing volume of the
WVMs. This is explained by the fact that the
price of water for the consumer in the WVM
is fixed, and consequently, the more water the
WVM dispenses each day, the faster money
accumulates in it. Similar to the number of
service visits, there is a noticeable increase in
the number of cash collections compared to
the time-based logic for WVMs with large
mean daily dispensing volumes. Since WVMs
with smaller mean daily dispensing volumes
predominate in the network, the overall
decrease in expenses on cash collections for
the network amounts to 17%.

Due to the reduction in expenses on the
components of water cost in the WVMs
influenced by the implementation of
digitization, the overall reduction in the cost
amounts to 20%. Such a reduction in cost
allows increasing the profitability of vending
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machines, which attracts investors and
contributes to the proliferation of WVMs as a
source of drinking water.

Additionally, the analysis of the results
of digitization implementation allows making
certain  assumptions  regarding  further
directions for improving WVMs to meet the
requirements outlined in  (Mudryk &
Mitchenko, 2023).

For instance, as mentioned earlier, in
order to reduce the frequency of service visits
for each WVM to once every 12 months, it is
necessary to use replaceable filters with
corresponding nominal volume resources
taking into account the mean daily dispensing
volume of each WVM. It is also necessary to
select a set of replaceable filters for WVMs
based on the consistency of the nominal
volume resources of all filters, which will
allow replacing the entire set once a year.

Another factor that necessitates frequent
visits to the WVMs is the need for cash
collections. It may be possible to meet the
need for WVM cash collections once every
12 months by increasing the capacity of the
WV Ms for cash, but such an approach seems
risky for the operation of WVMs as devices
containing a large amount of money and
lacking video surveillance or security.
Additionally, cash collection of a large
amount of money is inconvenient and
dangerous for the collector.

Considering the above, a better solution
may be to eliminate cash as a payment
method at the WVMs and implement cashless
payment methods described in (Murena et al.,
2020). The absence of cash accumulation will
eliminate the need for cash collections
altogether and make the operation of WVMs
safer.

Based on the established influence of
digitization on the cost of water, it is possible
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to calculate the forecasted cost under the
conditions of meeting the requirements for the
operation of WVMs. Namely:
- nominal filter resources are balanced
with each other and ensure the
operation of WVMs for 12 months
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with an average daily water
consumption of 350 dm?;

- all filters are replaced once every 12
months;

- expenses on cash collection are
absent.

Table 6. Cost of purified water under time-based servicing logic and projected under volume-

based logic
Time-based logic VVolume based logic
_ Expenditure, Expenditure, Change
Expense item thousand % thousand %
Euro/year Euro/year
Replacement filters 89 34% 27 17% -70%
Rent of premises for WVM 62 24% 62 39% 0%
Depreciation of WVM 51 19% 51 32% 0%
Servicing 31 12% 8 5% -75%
Cash collection 16 6% 0 0% -100%
Utility payments 13 5% 13 8% 0%
Total 262 100% 161 100% -39%

As seen from Table 6, the projected cost
reduction is 39%, which creates an economic
basis for further optimization of WVM
operations in the directions mentioned above.

4. Conclusions

Digitalization  significantly  reduces
water vending machine (WVM) operational
costs by 20% in Kyiv, Ukraine. This
reduction is attributed to decreased expenses:
51% for filter replacements, 13% for
maintenance, and 17% for cash collection. To
meet WVM servicing regulations, enhancing
antiscalant cartridge capacity and aligning
filter capacities are necessary. Implementing
cashless payment methods, removing cash
options, and servicing WVMs annually can
cut costs by 39%. This forecast underscores
the viability of further optimizing WVMs,

MATHEMATICAL MODELING AND OPTIMIZATION

offering substantial economic incentives for
future research.
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obcnyeosyrouoeo nepcouany. Lle Odocaeacmuvcea 3aminolo ginempie ma — 00CHY208Y8AHHAM, AKI
301lICHIOIOMbCA 3a 4acosolo n02ikol. Hacoea nozika He epaxosye hakmuyHi 00’ emMu o4UWeHOT
800U, MOMY Npu pobOmMi Mepedxci Cnocmepieacmvcsa nepesumpama Kouimieé Ha 00C1y208Y8anHs
O0OHUX anapamie i HeguacHe 00CTY208Y8aHHA MA NO2IPULIEHHS AKOCMI OYUWeHOI 600U OaA THuwuUxX. B
oauitl pobomi 00CHIOAHCYBABCA BNIUE YUDPOBI3ayil HA onmuMI3ayilo eUMpam HA 00CY208Y8AHHS.
ma cobisapmicme ouuweHus 6oou. Illokazano, wo 3a605Ku Yu@posizayii 6ya10 3MiHeHO N02IKY
00Cye08y8antsi HaA 00’ €MHY ma cKopoueHo eumpamu Ha 3minuHi @inempu (51%), cepsiche
oocnyeosysanns (13%) ma inkacayii (17%). Cymapno yi pakmopu smenwunu cobieapmicms 600U
Ha 20%. 3uudicenns cobieapmocmi nioguugye npudymxosicme pobomu mepedxci asmomamis. Ilpu
¢hikcosaniil yini 600U, ye €OUHUL cNOCiO 30LTbUEHHS NPUOYMKOBOCMI | 3AYIKABIEHOCHI IH8eCmOopie
ma K HACTIOOK NONyasapu3ayii 600HUX 8eHOUH208UXx asmomamis. Hacmynui oocniodcents 6y0ymo
NPUCBSIUEHT NOWLYKY ATbMEePHAMUBHUX (pintbmpie, mamepianié ma mexHoao2ii nio2comosku 600u 0.
odocsicHenHs uje ODINbWOoI asmMoOHOMHOCII anapamis. 3a60AKU 6CIAHOBIEHOMY 6HAUSY YUPPOosizayii
Ha pobomy 600HUX 6EHOUHSOB8UX ABMOMAMIE PO3PAX0BAHA NPOSHO3HA COOI6apmicmb 600U NpU
BUKOHAHHI 8CIX eumoz 00 ix pobomu. [Ipocroszne 3menuenns cobieapmocmi ckiadae 39%, wo
3aK1a0a€ eKOHOMIUHE OOIPYHMYBAHHS 051 MAUOYMHIX OOCHIOIHCEHD.

Kniouosi cnosa: 360pomnuti ocmoc, inmepuem peueil, Onmumizayis, numHa 800a, coobisapmicmey,
MexXHO02ii 6000NI020MOBKU
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