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ABSTRAKT

Soucasna pandemicka situace ukéazala obrovské dopady rozsifeni infekce na spolecnost, i presto
stale jeste¢ chybi jednotny pfistup k problematice infekéniho odpadu. Cilem této prace je
predstaveni metodiky nakladani sinfekénim odpadem v ramci regionu v kontextu situace
v Cesku a Evropské Unii. V teoretické &asti prace je uveden legislativni ramec, charakter
produkce, moznosti dekontaminace a podminky spalovani infekéniho odpadu. Na zakladé
téchto poznatkl je navrZzena metodika pro nakladani s infek¢nim odpadem v ramci regionu.
V praktické ¢asti prace je pak metodika aplikovana na konkrétni region — Kralovéhradecky kraj.
V ramci metodiky jsou navrzeny mozné scénare nakladani sinfekénim odpadem a vybrany
nejvhodnéj§i znich z pohledu zdravotnich rizik, rozpoctové zatéze a dopadu na Zzivotni
prostredi. Na zavér je metodika kriticky zhodnocena a srovnana s metodikami jinych studii na
podobné téma.

Klicova slova

infek¢ni odpad, dekontaminace, nakladani s odpadem, sterilizacni drti¢

ABSTRACT

The current pandemic state has shown huge impacts of the infection spread on society, yet there
is still no coherent approach to the issue of infectious waste. The aim of this thesis is to present
the methodology for managing infectious waste within the region in the context of the situation
in the Czech Republic and the European Union. The theoretical part of the thesis sets out the
legislative framework, the character of production, decontamination options and conditions for
incineration. Based on this knowledge, the methodology for managing infectious waste within
the region is proposed. In the applied part of the thesis, the methodology is applied to the
Hradec Kralové Region. Under the methodology, possible scenarios for the infectious waste
management are proposed. The most suitable one is selected from the perspective of health
risks, budget burden, and environmental impact. Finally, the methodology is critically assessed
and compared with the methodologies of other studies on a similar topic.
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ROZSIRENY ABSTRAKT

Teoreticka Cast prace se zabyva reSersi informaci o odpadech ze zdravotnictvi v Evropské Unii
a Ceské republice. Uvadi definici infekéniho odpadu, jako pojmu z Evropského katalogu
odpadu, kde je tento odpad veden pod Cislem 18 01 03 a fadi se tedy do skupiny zdravotnickych
odpadi (18) a podskupiny odpadi ze zdravotni péce o lidi (18 01). Dalsim uvedenym
podstatnym druhem odpadu z podskupiny 18 01 je odpad 18 01 04, ktery muze byt
zjednodusené nazyvan ,,neinfekcni®. Ostatni druhy odpadu z této skupiny jsou pomérné uzce
definovany a dohromady maji jen maly podil v produkci. Likvidace téchto druhti odpadu je
specificka a jejich problematika je v této praci vynechéana.

Dale jsou v teoretické Casti uvedeny legislativni dokumenty, které se infekéniho odpadu
bezprostfedné tykaji, a doporuCeni Svétové zdravotnické organizace, pro podminky jeho
likvidace a nakladani s nim. Odpad muZze byt pfed konecnou likvidaci totiz jeste
dekontaminovan, tedy zbaven infek¢nosti, a muze s nim byt tedy zachazeno jako s odpadem,
ktery nepifedstavuje riziko S§ifeni infekce. Dale se prace zabyva charakterem produkce
zdravotnického odpadu v Cesku a jinych zemich Evropské Unie, zejména je demonstrovan
rozdil v mnozstvi vyprodukovaného infekéniho odpadu mezi Ceskem a Némeckem.

Jiz zminéné dekontaminaci je v praci vénovana samostatnd podkapitola, kde jsou uvedeny
mozné zpusoby témér 100% sterilizace odpadu. Mezi tyto metody patii pokrocilejsi technologie
dekontaminace vodni parou v kombinaci s mechanickym drcenim. Jindy nezadouci pfemeéna
mechanické energie v teplo v priabéhu drceni je v tomto pfipad€ uziteCna pii tvorbé vodni pary.
Na Ustavu procesniho inZenyrstvi byl v minulosti jeden takovy sterilizadni drti& testovan, a
proto byla modelova fada tohoto konkrétniho drtiCe pouzita k reprezentaci této technologie.

V samostatné kapitole je uveden popis nové metodiky pro hodnoceni scénaitt nakladani
s infekénim odpadem v ramci regionu. S vyuzitim této metodiky je mozné definovat vhodnou
koncepci nakladani s infekénim odpadem pro vybrany region. Posuzuji se pfitom tii zakladni
kritéria: Dopad na zivotni prostiedi, zdravotni riziko a rozpoctova zatéz. Kazda z téchto oblasti
je hodnocena znamkou z rozsahu A—F podle definovanych kritérii kvalifikace.

Dopad na zivotni prostredi je kvalifikovan na zékladé emisi oxidu uhlicitého, které jsou
produkovany provozem vozidel urcenych k prepravé odpadu. Zahrnuje tedy cesty s infekcnim
i neinfekénim odpadem a zpatecni cesty bez nakladu. Emise jsou stanoveny podle kombinované
spotieby paliva a druhu paliva bézné pouzivaného vozidla pro tento ucel v danych podminkach.
Jejich vySe je prepocitana podle odhadu poctu najetych kilometrii, podle produkce odpadu a
legislativnich podminek.

Zdravotni riziko je uvazovano jako pfimo umeérné mnozstvi prepravovaného infekéniho
odpadu napfi¢ regionem a vzdalenosti, na kterou je tento odpad prepravovan.

Rozpoctova zatéz je kritérium, které je urCeno nejslozitéji. Vypocet se sklada z provoznich
nakladt spaloven odpadu, sterilizacnich drtict a pfepravy odpadu.

Praktickd C¢ast prace zacina predstavenim Kralovéhradeckého kraje, jako jednoho
z vyznamnych administrativnich celkd v Ceské republice, ktery je svym charakterem blizky
vétsing dalgich kraji Ceské republiky. Jsou zde uvedeny demografické udaje, ¢lenéni kraje na
obce s rozsifenou pusobnosti a rozmisténi zdravotnickych zafizeni a spaloven infekcniho
odpadu, které se v kraji nachazeji. Pro ucCely tvorby scénaiti bylo také zjisténo mnozstvi
vyprodukovaného odpadu v jednotlivych obcich s rozsifenou pisobnosti a kapacita spaloven
infek¢éniho odpadu.

Pti hledani vhodné koncepce bylo vytvoreno celkem devét scénart, které kombinovaly pocet
spaloven a miru vyuziti sterilizacniho drti¢e Converter. K tvorbé a hodnoceni téchto scénait



byla aplikovana metodika z teoretické Casti prace. Potfebna vstupni data o produkci odpadu
v jednotlivych obcich s rozsifenou pusobnosti byla ziskana z vefejné databaze Ministerstva
zivotniho prostiedi. V ramci zefektivnéni vypoCti metodika nezohlediiuje produkci
jednotlivych zdravotnickych zafizeni a za producenta odpadu administrativni centrum dané
obce s rozsifenou pisobnosti bylo povazovano. Udaje o kapacité spaloven a skutedném
mnozstvi spalovaného odpadu byly ziskany z dat Ceského hydrometeorologického Gstavu a
Planu odpadového hospodarstvi Kralovéhradeckého kraje.

Z vyhodnoceni scénaiti vyplynulo, ze nejlepsi moznosti je vyuziti steriliza¢nich drtict ve vSech
deviti nemocnicich v kraji a zachovani pouze jedné spalovny. Na hodnoceni zdravotniho rizika
a dopadu na zivotni prostfedi mélo nejvétsi vliv mnozstvi odpadu, ktery byl dekontaminovan
v drti¢ich. Drtice odpad vysusSuji, ¢cimz dojde k redukci jeho hmotnosti zhruba o polovinu a
umérnému snizeni objemu prepravy odpadu. Rozpocet se ukazal byt nejvice zatizen poctem
spaloven, a proto v kritériu rozpoCtové zatéze vitézily scénare, ve kterych byl pocet spaloven
sniZzen na jednu.

Zavér praktické Casti prace je vénovan diskuzi a srovnani pouzité metodiky a zpusobu ziskani
vstupnich dat s jinymi pracemi a studiemi na podobné téma. V tomto ohledu je prezentovana
jako nejpodstatnéjsi dostupnost dat a jejich presnost.
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Infectious waste management at regional level

1 Introduction

The primary aim of any health care system in the world is curing people’s diseases and disease
prevention. Many diseases are infectious, and pathogens can stay alive on surfaces, thus medical
waste can be a secondary source of infection for the public. The process of handling the waste
should therefore be transparent, efficient, and designed to pose the least possible risk. [1]

Infectious waste is one of many types of waste specified in the European Waste Catalogue,
where each waste type has its six-digit number. Infectious waste is identified by number
18 01 03. It belongs to the group of waste from health care (group 18), more specifically health
care for people (sub-group 18 01) and is defined as: ‘Wastes whose collection and disposal is
subject to special requirements in order to prevent infection’. [2]

1.1 Current situation regarding infectious waste management

Treating infectious waste in the European Union (EU) is in the competence of each national or
a regional council. Every country must have a waste management plan or plans (separately for
every region in a country) according to the Article28 of the European
Directive 2008/98/EC. [3]

All infectious medical waste must be either incinerated or decontaminated. According to the
World Health Organisation (WHO), the temperature of incineration should be at least 1,000 °C.
Before incineration, the waste is separated and stored in hospitals for a certain amount of time.
Some health establishments use the decontamination of infectious waste by means of an
autoclave, which allows them to treat it as non-hazardous waste. Infectious waste is either
transported to incineration plants or incinerated directly in a medical facility. Most of the
infectious waste in the Czech Republic is incinerated without preceding
decontamination. [4], [5], [6]

The utilization of a decontamination technology at the place of waste origin has a major impact
on infectious waste production. According to the official European statistics, waste generation
rates are divided according to catalogue numbers, but the statistic does not reflect waste flows
inside a single health-care facility. This fact allows distinguishing how common is the usage of
the waste decontamination technology in general. There is a big gap between decontamination
usage and waste segregation efficiency in Germany and the Czech Republic as can be seen from
the waste type comparison in the fig. 1. [7]

Germany Czechia
2.7 %

m infectious

W non-infectious

97.3 %
Fig. 1 Major contents of medical waste [8], [9].
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Infectious waste management at regional level

As shown in the fig. 1, most of the medical waste produced in Germany is non-infectious waste,
whereas it is the opposite in the Czech Republic even though the quality and availability of
healthcare is similar in both countries [10]. However, the efficiency of infectious waste
management efficiency improvement does not have a big impact on the hospital’s public image
compared to other factors, especially the healthcare itself [11]. Another cause of high infectious
waste production rate is often vague infectious waste definition in internal hospital rules causing
employees to consider nearly all the waste being potentially infectious. [11]

According to the survey of the Czech Ministry of the Environment, the medical waste
decontamination is truly not common among Czech hospitals because only 4-5 % of facilities
are equipped with such technology. [7]

Aside from lower health risk from decontaminated waste, the technology would maybe also
help the hospitals’ budget burden because treating decontaminated waste is expected to be
cheaper than treating hazardous infectious waste. In a survey, hospitals were asked the
following question: ‘What are your financial costs with health care waste disposal?”’ [7] with
‘a), b), ¢), d)’ options [7]. The answers of 93 hospitals [7] that answered this question (roughly
one half of hospitals in total [12]) are displayed in the fig. 2.

1.1 %

M a)>20CzZK/kg

b) 14-20 CZK/kg
355 %
M c) 10-13 CZK/kg

559 %

md) <9 CZK/kg

Fig. 2 Waste disposal costs in hospitals (2020). [7]

It is obvious that calculating the average price for waste processing is very difficult from the
pie chart above. For example, the following assumptions would have to be used in the
estimation:

1.1 % of hospitals pay 21 CZK/kg,
7.5 % of hospitals pay 17 CZK/kg,
35.5 % of hospitals pay 11.5 CZK/kg, and
55.9 % of hospitals pay 8 CZK/kg.

If those considerations were assumed true, the waste disposal costs for Czech hospitals would
be roughly 10 CZK/kg on average.

1.2 Motivation and thesis methodology

In the Czech Republic, tracking waste flows is often impossible, rates of production and
disposal in regions are not equal, meaning that infectious waste is being transported across the
country [13]. The methodology in the regional waste management plans in the country should

13



Infectious waste management at regional level

be updated considering environmental and human health threats which are related to
uncontrolled transportation of highly dangerous infectious waste.

The aim of the thesis is to demonstrate an approach which is the golden mean between complex
mathematical modelling and an intuitive elementary approach, because such study has not been
published yet. The reason of bypassing the modelling might be time saving and the transparency
of calculations so that even a non-mathematician can understand the approach. The process of
searching for the best waste management strategy is shown in the block scheme in the fig. 3
and described below.

Methodology

Input data collection

Prioritiesfvalues of regional government

lHumanheaIthJ[ Budget J:

.
. "
B O S R R L <R

i "y

Waste producers and
disposal sites

Enviroment

Legslative

conditions Possible
4 Data analysis §CEnarios Evaluation Best waste
" ™ ’ simulation management
Transportation strategy
options
. o
i ™y

Decontamination
options

Fig. 3 The block scheme of searching for the best waste management strategy.
Input data collection (chapter 2)

The first part of the process is the information retrieval about legislation and applied
technology. The legislation context may vary in different countries; however, it is always right
to follow the recommendations of the WHO, too. Regarding technology, decontamination plays
an important role; it decreases transportation and operating costs and bypasses a lot of
legislative restrictions for infectious waste. However, it breaks the mass balance of produced
and disposed waste, too, because some methods moisturize waste while other methods dry it.
The most important legislative condition is the maximum allowed infectious waste storage
period. The computations regarding transportation must be done differently if the production
rate for a specified period is lower than a certain limit. The high cargo-space utilization should
usually be the priority, but the frequency of journeys between a health-care facility and an
incineration plant must always be higher or equal to the maximum allowed storage period for
infectious waste. The length of the period varies among countries and can have various
additional conditions, usually maximum allowed temperature of the environment where the
waste is being stored.

Methodology description (chapter 3)

In the contextual framework of this thesis, methodology represents the theory which is then
applied on the evaluation of infectious waste management in a certain region. The evaluation
is characterized by the criterion compliance rate of the following three main criteria:

14
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e Environmental impact
e Health risk
e Budget burden

The compliance rate is expressed by marks A—F for each criterion where ‘A’ is the best and ‘F’
the worst.

Data analysis (chapter 4)

The analysis of available production and disposal datasets. There are three common options of
production data availability:

e There are no data available.
e The waste production data are available only for certain territorial units.
e Data are available for each health-care facility in the region.

If there are no waste production data available, we have no other option but to calculate
estimations. A common way to do so is to create a certain factor that is used for multiplying the
number of inpatients or the number of beds present in studied health-care facility or
facilities [14]. However, no general value of the factor exists because it must be estimated for
locally specific conditions [14].

Reliable production data availability for sufficiently small territorial units is the premise that is
going to be applied. The largest hospital in a certain subregion or simply an administrative
centre can be assumed as the place of waste origin. If there is an incineration plant located at
the same place as the largest hospital, the rate of transported waste from such subregion is
assumed to be zero.

It would be too much time-consuming to identify and analyse waste production of every single
source of medical waste because there are too many of them. However, if such reliable dataset
already exists, it is naturally the most accurate way to obtain inputs.

The waste disposal data can but do not necessarily have to help us obtain or verify waste
production because the rate of disposal can differ from the rate of production. This fact can be
caused by import or export between the region and other regions that are not part of the study,
by uncertainties, or by the motivation of waste disposal companies to show higher rates than
the real ones to gain higher profit [13]. The information about importing and exporting medical
waste is usually provided in the waste management reports that are published at regional or
national level across the European Union.

Possible scenarios simulation (chapter 5)
The scenarios simulation consists of three main parts:

e Transportation
e Waste processing approach
e Costing

The transportation part is about estimating distances for waste transport according to the weight
limits and the quickest available road. Weight limits should also be considered when choosing
the suitable vehicle for waste transportation. Vehicles should always have a large cargo space
where the maximum allowable weight-load should be the significant factor for distinguishing.
The maximum allowable weight of the load is more important than the maximum allowable
volume because medical waste has high bulk mass. In Europe, vehicles of total weight below
3.5 tcan take nearly any road, which makes the route planning simpler. When considering 90%
utilisation of the cargo space, such a vehicle of the total weight of 3.5 t can take roughly 1 t of
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medical waste. This consideration makes calculations simpler and allows the resulting
transportation rate in [km-t] to be interpreted as a distance multiplicated by the projected
number of journeys per year.

There are two main branches of waste processing approach:

e Incinerating infectious waste.
e Incinerating waste which has been sterilised.

There are several methods of waste decontamination. The process often changes the mass and
volume balance of a waste flow, which can have either positive or negative impact on the
defined criteria that should be met. Decontamination methods are described in the chapter 2.3.
The process can be done either at the place of the waste origin or in another catchment health-
care facility.

Incinerating is in a close relationship with the cost estimation, because the number of
incineration plants is the most significant element of budget burden. However, estimating costs
is the most complex and uncertain part of the methodology because the price level and wages
differ depending on the time and place. All the estimations that were obtained from the past
should be multiplied by an inflation factor which can be different than the increase in wages in
the same period.

Evaluation (chapter 5)

Scenarios are evaluated according to the fulfilment of defined environmental impact, health risk
for public and budget burden criteria. These three criteria are the ones most frequently
mentioned in technical articles. However, it is not easy to compare values of the criteria between
each other. It seems more like a philosophical problem than a scientific one. When comparing
the fulfilment of criteria, several statistical misinterpretations can also occur. For example, the
best possible case of all does not necessarily have to be the good one and vice versa. Also, there
can be factors which end up being the only ones affecting the grade while other ones are
supressed. Changes and solutions in waste management at the regional level often require initial
investments. However, the willingness of local authorities to invest into new solutions and
technologies can be unpredictable, thus there could be more best-case scenarios for each case
of initial investment.

In the case of this study, each criterion is going to be graded A—F. The main purpose of marks
is to allow quick comparison and easy orientation for the reader. Marks were assigned according
to specified values as follows:

e Environmental impact: The frequency and the length of journeys during a year between
health-care facilities and incineration plants while carrying medical waste of any type
or with empty cargo-space. The value is represented by the amount of carbon dioxide
(CO2) emitted by the combustion engine of the chosen vehicle according to its fuel type
and average fuel consumption.

e Health risk: The frequency and the length of journeys during a year between health-care
facilities and incineration plants while carrying infectious waste.

e Budget burden: The estimated amount of money that needs to be spent for significant
parts of waste management process.

The lowest value that is assigned to a criterion defines the lower bound of the range and receives
the mark ‘A’ and vice versa. The lower and upper bounds of each criterion define the range of
the interval, which is divided into six sub-intervals of the same size with respective marks. In
the evaluation, the best-case scenario should be given the best marks.
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2 Health care waste in European Union and Czech Republic

The theoretical part of this thesis begins with the summary of theoretical inputs that must be
specified to show possibilities when solving the problem of infectious waste management in
the Czech Republic or possibly in any other country of the European Union. This chapter
consists of four sub-chapters:

e 2.1 Legislation: Summary of important legislative documents regarding waste.

e 2.2 Production: Waste production characteristics in European countries.

e 2.3 Decontamination technologies: Description of common decontamination
methods.

e 2.4 Incineration: Description of medical waste incineration specifics.

2.1 Legislation

The Union’s legislation about waste is covered by the directive 2008/98/EC, the directive
defines the hazardous property ‘infectious’ (HP 9) with the well-known warning symbol
‘biohazard’. The important part of the Union’s legislative is the waste catalogue, described in
the Commission decision 2014/955/EU, that unifies waste categories, defining each waste type
by six-digit number. Categories and subcategories specified in the Commission notice on
technical guidance on the classification of waste C/2018/1447. The truncated list of medical
waste subcategories regarding the catalogue chapter 18 “Wastes from human or animal health
care or related research” is in the tab. 1. [3], [2], [15]

Tab. 1 Chapter 18 of Waste catalogue (truncated) [2].

Number Content Hazardous
18 01 Wastes from human health care -
18 01 01 Sharps (except 18 01 03) No
18 01 02 Body parts including blood bags (except 18 01 03) No
18 01 03 Subjected to special requirements to prevent infection Yes
18 01 04 Not subjected to special requirements to prevent infection No

(...)

180110 Amalgam from dental care Yes
18 02 Wastes from veterinary care -
18 02 01 Sharps (except 18 02 02) No
18 02 02 Subjected to special requirements to prevent infection Yes
180203 Not subjected to special requirements to prevent infection No

(...)

The thesis aims at subcategories 18 01 03 and 18 01 04 from the table above, because those two
waste types represent most of the medical waste produced in health-care facilities [9]. However,
stats about waste production sometimes mix more categories together. [16]

The legislation must be respected in each country of the EU. Every country implements it into
national legislation which includes far more specific conditions. In the Czech Republic, the
waste legislation is included in the Act No. 541/2020 Sb. [17]. The waste catalogue is an exact
copy of the Union’s one in the Act No. 8/2021 Sb. [18]. The methodology for the management
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of waste from health, veterinary and similar facilities is provided from the National Institute of
Public Health [4]. The storage periods and conditions for medical waste are included in the
section 10, paragraph 5 of the Act No. 306/2012 Sb. on conditions for the prevention and spread
of infectious diseases and on hygiene requirements for the operation of health and social care
facilities [19].

The legislative is very detailed and exact at most points. Allowed storage periods and other
legislative conditions are considered in the methodology in the chapter 3.

2.2 Production

European stats of the waste production are provided by Eurostat. However, the European data
does not display health-care waste production on its own, but as part of the category “W05”,
described as “Medical and biological waste” divided on hazardous and non-hazardous
subcategories as follows: [16]

e Hazardous: 18 01 03 and 18 02 02. [16]
e Non-hazardous: 18 01 01, 18 01 02, 18 01 04, 18 02 01 and 18 02 03 [16]

The following chart in the fig. 4 shows the significant difference in production of countries in
the EU per capita in 2018. The lowest production of infectious waste is in Austria (0,1 kg per
capita), the highest in France (6,91 kg). The Czech production (2,84 kg) is slightly above the
Union’s average (2,44 kg). It is obvious, that production of non-infectious waste in Austria and
Germany relates to significantly low production rate of infectious waste. However, among all
the countries of the EU, the correlation coefficient between hazardous and non-hazardous
medical waste production rates is close to zero. In other words, there is no proper indirect
proportion between hazardous and non-hazardous medical waste production, thus there must
be other factors affecting the proportion than just the decontamination rate. [20], [21]
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Fig. 4 Medical waste production in EU [20], [21].

Although the correlation between infectious and non-infectious waste production was not
proven among all the EU countries, the extremely low rate of infectious waste production in
Germany and Austria is most likely caused by better sorting and decontamination.
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The following pie chart in the fig. 5 shows the content of the category W05 in the Czech
Republic. As shown, other categories than 18 01 03 and 18 01 04 have only 4% impact on the
result. [9], [16]

W 180103
m 180104

M other

Fig. 5 Contents of category W05 in Czechia, 2019 [9], [16].
2.3 Decontamination technologies

The destruction of the entire microbiological contamination in waste is nearly impossible. The
efficiency of decontamination is expressed by the State and Territorial Association on Alternate
Treatment Technologies (STAATT) classification system, which has four levels according to
the reduction rate of specified highly resistant microorganisms, where the level IV is the highest
level. The common standard of microbiological inactivation is the STAATT level III, defined
as: ‘Inactivation of vegetative bacteria, fungi, lipophilic/hydrophilic viruses, parasites and
mycobacteria at a 6 1logl0O reduction or greater; and inactivation of Geobacillus
stearothermophilus spores and Bacillus atrophaeus spores at a 4 loglO reduction or
greater’ [22], where the ‘6 1ogl10 reduction’ means the reduction of 99,9999 % of specified
microbiological life and 99,99 % for ‘4 1og10 reduction’ respectively. [22]

Common ways of infectious waste decontamination:

e Hot steam

e Microwaves

e Dry heat

e Chemicals

Hot steam is used in an autoclave, where it penetrates the treated waste at high pressure for a
certain time. Autoclaves have a wide use, except for chemicals that emits dangerous fumes,
such as mercury, alcohols, phenols, and formaldehyde. [22]

Microwave technology is in fact a hot steam process of decontamination, where steam is
produced by heating the molecules of water inside the treated material [22]. Generally, that kind
of medical waste that can be treated in an autoclave, can also be treated in a microwave
system [23]. It is a common misconception that metals cannot be treated using microwave
technology, the opposite is true [23].
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Dry heat treatment uses conduction, convection, or radiation to heat up the treated waste.
Longer exposure periods and higher temperatures must be used compared to the hot steam
technology, and therefore they are not commonly used in large-scale facilities. [22]

Chemicals, commonly: ‘chlorine compounds, aldehydes, lime-based powders or solutions,
ozone gas, ammonium salts and phenolic compounds’ [22 ] are suitable for liquid waste, treating
solid waste has several limitations [22].

Advanced hot steam technologies

Those technologies are based on the combination of mechanical shredding and autoclaving.
Shredding is used before, during or after hot steam treatment. The last part of the process is
drying or compaction resulting to reduction of weight and volume. [22]

The sterilization crusher Converter by Italian company OMPECO srl. was chosen to represent
this technology, because this device was being tested at the Institute of Process Engineering of
Brno University of Technology. Converters are made in eight models of different capacity
described in the tab. 4 [24]. The biggest impact on waste flow has the reduction of mass by
50 % and volume by 80 %, [24]. Treated waste is disinfected at the STAATT level 1V [25],
which is the highest one, meaning that at least 99,9999 % of ‘vegetative bacteria, fungi,
lipophilic/hydrophilic viruses, parasites, mycobacteria and Geobacillus
stearothermophilus’ [22] are inactivated. The process of waste decontamination in the
Converter consists of several parts as follows:

e Shredding while heating up using the heat from both friction from the shredding
process [24] and an electric heating spiral around the perimeter of the Convertor’s
chamber.

o Rapid increase in temperature to the boiling point of water [24].
o Evaporation of the water from waste at the boiling point [24].
o Superheating up to 151 °C [24].

e Injection of water which immediately turns to steam, while the temperature is held on
151 °C. This process takes 3 minutes.

e Cooling down by water injection to the boiling point, then to 60 °C by ventilation.

However, according to the survey among Czech hospitals done by the Ministry of the
Environment, there are only 4-5 % of hospitals in the country, that treat waste by any of
decontamination technologies [7].

2.4 Incineration

Infectious waste must be incinerated or decontaminated, non-infectious waste including
decontaminated waste may be incinerated, landfilled, or recycled. The important parameter of
waste incineration is the ‘lower heating value’ (LHV). Medical waste, which usually contains
large quantities of plastic, typically has a high LHV (above 16.7 MJ/kg), but moisture can
significantly reduce it. The rate of moisture in waste should be less than 30 % for feasible
incineration and the LHV at least 8.3 MJ/kg. Despite combustion is the preferred way of
disposal, some contents of medical waste must not be incinerated (or just at negligible rate).
Those include for instance any radioactive content, halogenated materials like polyvinyl
chloride (PVC), heavy metals (mercury), and extremely thermally stable pharmaceuticals (5-
fluorouracil). [26]

There are two main types of large-scale incinerators of medical waste: [26]

e Dual-chamber starved-air incinerators [26]
e Rotary kilns [26]
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Starved-air incineration is also called controlled-air incineration, pyrolytic incineration, two-
stage incineration, or static hearth incineration. The incinerator consists of primary and
secondary chamber and the technology for cleaning the flue gas. The primary chamber is used
for thermal decomposition of waste in an oxygen-deficient environment at the temperature
range of 800-900 °C including a fuel-burner used when the process starts. The secondary
chamber burns the gases from the primary chamber using an excess of air at the temperature
range of 1,100-1,600 °C, the temperature must not drop below 1,100 °C. If the temperature is
about to drop below 1,100 °C, an additional thermal energy must be supplied by a gas or fuel
burner. [26]

Incineration in a rotary kiln follows the same principle as the dual-chamber starved-air
incineration, moreover, the primary chamber is represented with the rotary kiln which allows
higher temperature, up to 1,200 °C, allowing better decomposition of heat resistant
chemicals. [26]

The bottom and fly ash from incineration cannot be landfilled because the ash includes heavy
metals, chlorine, and other harmful compounds, therefore it is bad for human health and
environment. Instead, it is commonly solidificated by adding into Portland’s cement. Chlorine
can be absorbed by water as pre-treatment before solidification, which reduces the amount of
cement required. [27]
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3 Methodology for regional infectious waste management

Defining methodology is the last chapter from the theoretical part of this thesis, the new concept
development progresses as follows:

e Summary of legislation and possibilities (chapter 2).

e Analysing available data of production, disposal, and distances in the Hradec Kralové
Region (chapter 4).

e (Creating possible scenarios of waste management for the Region (chapter 5).

e Identifying the best-case scenario as the new concept for the Hradec Kralové Region.

Environmental impact, health risk, and budget burden are three main qualifiers for the concept.
For simplicity, each of them is going to be graded by marks A—F, while ‘A’ is the best and ‘F’
the worst. The purpose of this chapter is describing the calculation of each criterion value.

3.1 Environmental impact

For simplicity, environmental impact is measured by CO2 emissions from transportation of all
kinds of medical waste (infectious and non-infectious). Emissions amount is estimated
according to a combined fuel consumption of a common vehicle used for waste
transportation [28]. It is important to know how heavy load the vehicle can carry, and it should
be considered, that it cannot be filled over 90 % of its capacity [28].

The weight limit is more important than the volume of the vehicle’s cargo space because the
bulk mass of non-shredded waste is at least 100 kg/m3 [29]. In other words, 1 average ton of
waste has the volume of 10 m>. Shredded waste has naturally even higher bulk mass.

There is a legislative condition that infectious waste in the Czech Republic cannot be stored for
longer than 30 days [19]. Therefore, there must be at least 12 waste transports annually.

Emissions are doubled with respect to return journeys, although this correction cannot affect
the comparison of scenarios. The interval between the maximum and minimal CO; emissions
rate, presented in following scenarios, is divided in six subintervals of the same size. Each
subinterval is going to represent a grade A—F.

3.2 Health risk

Health risk for public is directly proportional to amount of infectious waste transported across
the region. This parameter is the best measurable one. For this study, it does not matter how
many vehicles are involved. Vehicles of weight below 3.5 t should be preferred, because they
are less likely to face weight restrictions on the road. The only important parameter on a vehicle
regarding this criterion is the maximum weight it can carry.

Qualification of this priority is determined according to the sum of products of transported
infectious waste mass and distance, where the waste mass represents the frequency of certain
journeys annually. The calculation is shown in the following equation:

Wy = X di-my ey
Where:
d; distance between certain facilities [km],
mi mass of produced waste [t],
Wir annual infectious waste transportation rate [km-t].
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The results are divided in six subintervals of the same size representing marks A-F.

3.3 Budget burden

Estimating transportation and incineration costs is the most difficult task. Costs are calculated
separately for:

e Incineration plants

o Wages

o Maintenance, reinvestment, and waste treatment
e Sterilisation crushers
e Waste transport

Incineration plants

Incineration costs were estimated based on formulas in [30] with adjustments due to the
significant difference between wage growth and inflation rate since the time when the
dissertation thesis [30] was completed. The distinction between municipal waste incineration
and hazardous (infectious) waste incineration was neglected. Following equations were used:

e The equation of wages considering the wage growth [30]:

Cp = (2.5537 - W, + 106.84) - (1 + 1% 2)
e The equation of maintenance, reinvestment, and waste treatment [30]:
Cor = lczi * 29.974 - 00863 Wa 3)
Cwt = iczk = 9.324- W, 4)
The respective symbols in equations (2) — (4) have the following meaning:
Cor maintenance and reinvestment costs [CZK],
Cy wages [CZK],
Cwi waste treatment costs [CZK],
e Euler’s number [—],
iczk inflation rate of Czech koruna [%],
Wa annually processed waste [kt],
We wage growth [%].

Sterilisation crushers

The operational crushing costs are mainly defined by the price of electric energy (the total
price recalculated to the unit price of 1 kWh). The calculation is determined using the following
equations:

Cs=Ws-E.-Ce ®)
Where the respective symbols have the following meaning:
Ce. unit price of electricity [CZK/kWh],
Cs shredding costs [CZK],
E. electric energy consumption per ton of waste [kWh/t],
Wy annually shredded waste [t].
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Waste transport

Transportation costs are estimated separately for infectious and non-infectious waste. The
cost of non-infectious waste transportation should be estimated according to a selected
transportation company which operates in the studied region. Infectious waste transportation
costs are more difficult to establish. The best way is obtaining costs from similar studies, which
have been done in the same country, because the price level may vary among different countries,
especially wages. After that, an interpolation should be made between costs and annually
travelled distances presented in such study.

This approach is way easier than trying to estimate costs of fuel, tyre wear, insurance,
administrative and other operational overheads, labour costs and amortisation.

Overall costs

The overall cost estimation is the sum all the costs mentioned above, described by the equation:

Co=0Cti+Cs+ Cpp + Crpyr + G (6)

Where the respective symbols have the following meaning:

Cor maintenance and reinvestment costs [CZK],

Co overall costs [CZK],

Cy wages [CZK],

Cs shredding costs [CZK],

Ci costs of infectious waste transportation [CZK],

Ci waste treatment costs [CZK].

As well as previous priorities, the overall costs, presented in following scenarios, are divided
in six subintervals of the same size labelled with grades A—F.
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4 Production and processing capacity in Hradec Kralové Region

This chapter is the beginning of the applied part of the thesis. The purpose of this chapter is:

e Describing the specific system of lower administrative units in the Czech Republic and
the Hradec Kralové Region as one of the administrative units in the country.

e Showing the current infectious waste production character and progress along with
current disposal options.

e Describing the current state of infectious waste management in the Hradec Kralové
Region.

The Czech Republic is divided in 13 administrative regions and the capital city Prague as one
exceptional example. Those regions are furtherly divided into sub-regions, so called
‘municipalities with extended powers , while the capital city is divided into city districts.
Different regions include different number of municipalities as shown in the fig. 6, where the
Hradec Kralové Region is highlighted in red.

Fig. 6 Map of municipalities and districts in Czechia. [31]

The Hradec Kralové Region was selected because it has many sub-regions for which the data
are provided meaning there are many possible scenarios of waste transportation. The region,
shown in the fig. 7, has 550,000 inhabitants, it is 4,800 km? large and divided into 15 districts,
called ‘municipalities with extended powers ‘. The region has similar character compared to
other regions of the Czech Republic.
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Fig. 7 The map of municipalities in the Hradec Kralové Region [32].

There are nine hospitals in the region, including one university hospital and other 1,419 health
care facilities [33], [34]. The locations of all the hospitals of the region are shown in the map in
the fig.8. As shown in the map, these hospitals are always in the centre of a certain
municipality.
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Fig. 8 The map of main hospitals in the region. [34]

The number of inhabitants in each district strongly correlates with the produced medical waste
(shown in the tab. 2), the Pearson product-moment correlation coefficient has the value
of 0.974 [9].
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Tab. 2 Production in each district of the region (2019) [35], [9].

Municipality with Population Allmedical (())111(1% @ 8 (())111(1)?1 @
extended powers waste [t]
Broumov 15,876 32.0 24.4 7.5
Dobruska 20,190 53.5 30.7 22.6
Dvur Kralové nad Labem 26,949 73.6 314 41.7
Horice 18,377 80.9 50.4 29.3
Hradec Kralové 146,899 1,131.2 929.8 162.8
Jaromér 19,273 27.9 27.5 0.0
Jicin 48,382 102.9 100.7 0.1
Kostelec nad Orlici 24,892 2.7 1.8 0.0
Nachod 60,595 289.1 140.5 146.8
Nova Paka 13,286 17.9 1.0 16.0
Nové Mésto nad Metuji 14,214 13.6 13.4 0.0
Novy Bydzov 17,384 494 49.3 0.0
Rychnov nad Knéznou 34,301 97.9 74.5 22.0
Trutnov 63,419 304.2 1254 150.5
Vrchlabi 27,610 66.8 45.1 19.9
Total 551,647 2,344 1,646 619

According to the production data from the tab. 2, most of the medical waste is represented either
by infectious waste 18 01 03 or non-infectious waste 18 01 04. Therefore, other categories can
be neglected. The shares are demonstrated in the pie chart in the fig. 9.

34 %

m 180103
m 1801 04

M other 70.2 %

Fig. 9 Contents of medical waste in Hradec Krdalové Region. [9]

The biggest producer is the University Hospital Hradec Kralové with capacity of 1,375 beds
and approximately 715,000 outpatients treated annually [36]. The hospital is equipped with an
incinerator with capacity of 1,900 tons per year, however, only 835 tons were incinerated in
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2019 [37]. The second biggest producer, the hospital in Trutnov, is equipped with an incinerator
with capacity of 1,000 tons per year, however, similarly like in Hradec Kralové, only 151 tons
were incinerated in 2019 [38]. Those are the only two incinerators in the region and they are 51
km away from each other by the fastest route. [39], [13], [40]

The methodology in the chapter 3 assumes that all the waste is produced and disposed within
one region. Assuming the regional council of Hradec Kralové Region would be willing to
dispose all the infectious waste in the region, the capacity of incinerators is big enough. In case
of minimizing the distance of transport, majority of the waste would be disposed in the
University Hospital Hradec Kralové — 1,278 tons annually which is 67.3 % of capacity. The
resting 368 tons of waste could be disposed in Trutnov utilising 36.8 % the local incinerator’s
capacity.

The simplest way of disposing medical waste seems to be transporting it to the closest
incinerator, either to Hradec Kralové or Trutnov. Resulting from the dates above, this scenario
does not take place, at least did not in years 2019 and 2013. As mentioned in the introduction,
all the infectious waste produced (catalogue No. 18 01 03) must be incinerated. In total,
1,646 tons of infectious waste were produced in 2019, meanwhile, just 986 tons were
incinerated. The resting 660 tons had to be transported out of the region. In 2013, the inequality
was even more significant, there were 2,013 tons of infectious waste produced while no more
than 935 tons incinerated. It means that current situation is barely analysable because the waste
can be both exported and imported. [9], [41]

The computation of distances between health-care facilities and incinerators was simplified.
There is assumed one big health-care facility producing all the medical waste from a district,
located in each centre of 15 districts of the region. If a health-care facility is in the same district
as an incinerator, the distance between them was neglected. The following tab. 3 shows the
sorted distances between each district’s centre and both incinerators in the region, considering
the fastest possible route.In the current state, the average waste transport distance is
13.6 km. [9], [37], [38], [34]
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Tab. 3 Distances between health-care facilities and incinerators. [35]

Way to

Municipality with Way to Hradec Trutnov
extended powers Kralové [km] [km]
Hradec Kralové 0 50.7
Jaromér 24.0 28.8
Horice 26.3 39.1
Kostelec nad Orlici 33.2 68.8
Dobruska 33.5 49.5
Nové Mésto nad Metuji 33.8 45.7
Novy Bydzov 46.1 58.7
Rychnov nad Knéznou 39.9 68.9
Jicin 51.3 53.1

Trutnov 50.7 0

Dvur Kralové nad Labem 37.2 20.4
Vrchlabi 73.6 329
Nachod 45.6 36.7
Nova Paka 52.8 359
Broumov 75.7 45.7

It would be even possible to dispose all the infectious waste just in the incinerator in Hradec
Kralové, the production is 1,646 per year, filling the capacity by 86.6 % [9], [6]. However, the
spare capacity should be at least 20 % according to production data from the 10 years period
shown in the fig. 10 to cover usual deviations. Although the production was most likely a lot
higher in 2020 due to the pandemic of COVID-19 according to the data from foreign
countries [42]. Data regarding waste production rates in the Czech Republic in 2020 were not
published before the submission of this thesis. According to linear approximation, the infectious
waste production in 2022 is going to be approximately 1,656 t, neglecting the impact of the
current pandemic state.
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Fig. 10 Progress of infectious waste production in previous decade. [9]
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S New concept of infectious waste management in Hradec Kralové
Region

The purpose of this chapter is the application of the methodology on several possible scenarios
of infectious waste management in the Hradec Kralové Region, its evaluation, and identification
of the best-case scenario. The chapter is divided in the following five subchapters regarding:

e Application of the methodology on the Hradec Kralové Region.

e Scenarios, where sterilisation shredders are not involved. Thus, the scenarios without
initial investments.

e Scenarios, where sterilisation shredders are involved. Thus, an initial investment is
required.

e Evaluation of scenarios and identifying the best one.

e Discussion and comparison with other theses and studies.

The current state of the infectious waste management in the region is considered to be
insufficient because the entire amount of produced waste is not being disposed withing the
region, which is mentioned in the chapter 4 [13]. The current state cannot be evaluated by the
presented methodology from the chapter 3, because of the lack of data regarding waste
transportation from and to the region.

5.1 Applied methodology on Hradec Kralové Region

The required waste production data were obtained from the database of the Czech Ministry of
the Environment and the data regarding waste incinerators capacity were obtained from the
Czech Hydrometeorological Institute. The datasets are presented in the chapter 4. The scenarios
modelling was done respecting legislative conditions as a constraining factor. Legislation
regarding infectious waste management is presented in the chapter 2.

The scenarios were created according to the current state and possible options in the region.
According to the distribution of waste production within the region, it seems ineffective to build
any new incineration plant. Both the existing incineration plants are well placed in the middle
of the catchment areas of Hradec Kralové and Trutnov, thus there is not any better place for
them. The scenarios were created according to following options:

e No utilisation of sterilisation shredders and thus no reduction of incinerators capacity.
o Two incinerators remain (scenario 1).
o Only the bigger one incinerator remains (scenario 2).
e Utilisation of sterilisation shredders and thus reduction of incinerators capacity.
o Shredding at the place of an incinerator.
* Only one incinerator (scenario 3).
= Two incinerators (scenario 4).
o Shredding in the two biggest catchment areas, while incinerating only in the
biggest one (scenario 5).
o Shredding in each municipality, where the production rate is above 3 t/a.
* Only one incinerator (scenario 6).
= Two incinerators (scenario 7).
o Shredding at hospitals.
* Only one incinerator (scenario 8).
= Two incinerators (scenario 9).
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Environmental impact, health risk, and budget burden are the three main qualifiers for the
concept. For simplicity, each of them is going to be graded by marks A—F, while ‘A’ is the best
and ‘F’ the worst.

Environmental impact

Environmental impact is measured by CO2 emissions from transportation. CO; emissions are
estimated from combined diesel consumption of 10.81/100km of the Renault
Master 2.3 dCi 170, a common vehicle used for waste transportation [28]. The average CO>
emissions rate of the vehicle is 290 g/km [43]. The vehicle can carry 1.1 t of load [44] but only
roughly 1t considering 90 % capacity utilised [28]. In other words, the waste production of
each producer is equal to the theoretical number of transports per year. The vehicle cargo space
volume is either 21.252 m? or 29.645 m? [28], while the bulk mass of non-shredded waste is at
least 100 kg/m3 [29]. In other words, 1 average ton of waste has the volume of 10 m?, which is
obviously less than the cargo space volume.

Emissions are doubled in respect of return journeys, although it cannot affect their comparison.
The interval between the maximum and minimal CO; emissions was divided into
6 subintervals. Each subinterval represents the grade A—F as shown in the tab. 4.

Tab. 4 Scaling of environmental impact based on CO2 emissions.

Mark Lower bound [t/a] Upper bound [t/a]
A 6.939 9.028
B 9.028 11.117
C 11.117 13.207
D 13.207 15.296
E 15.296 17.385
F 17.385 19.474

Health risk

The selected vehicle, Renault Master 2.3 dCi 170, has a weight of 3.5 t [28], meaning there is
only a small possibility of weight restrictions on the road against the vehicle of such weight.
The vehicle can carry roughly 1 ton of waste, considering 90 % of capacity is utilised [28]. This
fact simplifies the following calculation. Qualification of this priority is determined according
to the sum of products of transported infectious waste mass and distance, where the waste mass
represents the frequency of certain journeys annually. The calculation is shown in the following
equation:

Wy = X di-my ey
Where:
d; distance between certain facilities [km],
mi mass of produced waste [t],
Wir annual waste transportation rate [km-t].

The results, presented in following scenarios, are divided in six subintervals of the same size
representing grades A—F as shown in the tab. 5.
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Tab. 5 Scaling of health risk based on infectious waste mass and transport distance.

Mark Lower bound [km-t] Upper bound [km-t]

A 829 6,287

B 6,287 11,745
C 11,745 17,203
D 17,203 22,660
E 22,660 28,118
F 28,118 33,576

Budget burden

Estimating transportation and incineration costs is the most difficult task. Costs are calculated
separately for:

e Incineration plants

o Wages

o Maintenance, reinvestment, and waste treatment
e Sterilisation crushers
e Waste transport

Incineration costs were estimated based on formulas in [30] with adjustments due to the
significant difference between wage growth and inflation rate since the time when the thesis
[30] was completed. The distinction between municipal waste incineration and hazardous
(infectious) waste incineration was neglected. Following equations were used:

e  Wage growth in the Czech Republic between 2010 and 3Q/2020 [45]:

Wy = 48.35 % @)
e Inflation rate of the Czech koruna (CZK) between 06/2010 and 09/2020 [46]:
iczx = 20.03 % ®)
e The equation of wages with the consideration of wage growth [30]:
C, = (2.5537 - W, + 106.84) - (1 + :VT%) 9)
e The equation of maintenance, reinvestment, and waste treatment [30]:
Conyr = iczi * 29.974 - £0:0863Wa (10)
Cwe = lczx - 9.324 - W, (11)
The respective symbols in equations (7) — (11) have the following meaning:
Cor maintenance and reinvestment costs [CZK],
Cy wages [CZK],
Cwi waste treatment costs [CZK],
e Euler’s number [-],
iczk inflation rate of Czech koruna [%],
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Wa annually processed waste [kt],
We wage growth [%].

The sterilisation crusher has relatively high consumption of electricity, 0.4-0.6 kW/kg based
on the waste moisture content [47]. Assuming the middle value of 0.5 kW/kg and the fact that
one treating cycle takes ‘less than 30 minutes’ [24], one average ton of waste needs 250 kWh
of electrical energy. The price of 1 kWh of energy in the Czech Republic is considered at
4.5 CZK/kWh [48]. According to the assumptions described above, the crushing cost
calculation is determined using the following equations:

Cs=Ws-E.-Ce (12)
Where:
Ce. unit price of electricity [CZK/kWh],
Cs shredding costs [CZK],
E. electric energy consumption per ton of waste [kWh/t],
Wy annually shredded waste [t].

Transportation costs were estimated separately for infectious and non-infectious waste. The
cost of non-infectious waste transportation was estimated according to the price list of a
transportation company based near Hradec Kralové, which puts the price at 15 CZK/km for a
3.5t vehicle [49]. Infectious waste transportation costs were estimated according to the case-
study [28] of another region of the Czech Republic about infectious waste transportation
between health-care facilities and an incineration plant. The mentioned case-study reveals
transportation costs per certain cumulative distances that each vehicle would travel
annually [28]. The transportation costs included cost of fuel consumed, tyre wear, insurance,
administrative and operational overheads, labour costs and amortisation [28]. The values should
be increased according to inflation rate and wage growth to the referential 3Q/2020 because the
case-study was published in April 2019. The values for each scenario are shown in the tab. 6.

Tab. 6 Transportation costs of infectious waste [28], [45], [46].

Travel Other . Updated
distance = Wages [CZK/t] costs 11;13{;)1]1 Wagc{e;tiowth overall costs
[km] [CZK/t] ¢ ¢ [CZK/t]
26,208 4,169 2,875 7,331
44,408 2,493 2,172 4.02 4.12 4,855
61,152 1,561 1,619 3,309

The dependency between infectious waste transportation and the distance travelled is
exponential and can be expressed by following exponential equation, which is also displayed
in the fig. 11:

C,; = 13,321 e 210" Da (13)
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Where:
Ci
D,
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Fig. 11 The dependency between the cumulative travel distance and costs.

The overall cost estimation is the sum all the costs mentioned above, described by the equation:

Where:
Cr
Co
Cp
Cs
Cii
Cut

Co = Cpi + Cs + Cyyp + Gy + G (14)

maintenance and reinvestment costs [CZK],
overall costs [CZK],

wages [CZK],

shredding costs [CZK],

costs of infectious waste transportation [CZK],

waste treatment costs [CZK].

As well as previous priorities, the overall costs, presented in following scenarios, are divided
in six subintervals of the same size. Each subinterval represents the grade A—F as shown in the

tab. 7.
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Tab. 7 Evaluation of budget burden

Mark Lo.w?r bound Upp?r bound
[million CZK] [million CZK]
A 221 259
B 259 297
C 297 335
D 335 373
E 373 412
F 412 450

Value of each criterion

The ‘weight’ of each criterion can be quantified as the interval width of each mark and the
impact of the change between upper and lower bound. In other words, the aim is quantifying
the difference between each mark, for example between the middle value of A and the middle
value of B. Interval lengths are shown in the tab. 8.

Tab. 8 Value of criteria.

Criterion I:1terval Unit Object
ength
Env%ronmental 29 t/a CO,
1mpact
) Cumulative
Health risk 5,496 km-t/a )
travel distance

Budget burden 39-10° CZK/a money

5.2 Possible scenarios without initial investment
Scenarios 1 and 2 does not require any initial investment, they respect the current capacity of
both incinerators in Hradec Kralové and Trutnov and do not involve waste pre-treatment.
Scenario 1:

e Use of the current incinerators in Hradec Kralové (1,900 t/a) and Trutnov (1,000 t/a).

The simplest scenario prefers the closest incinerator. The transportation scheme is shown in the
fig. 12.
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Fig. 12 Transportation scheme of scenario 1. [32]

The product of waste amount and overall transportation distance is 23,099 km-t [9], [34]. The
biggest advantage of this scenario is the absence of investment in a new technology but
maintaining two incinerators with relatively high capacity is the most expensive solution. The
overall length of waste collection routes is medium, and it has corresponding environmental
impact. However, all the transported waste is infectious, thus, pose a significant risk to human
health. The rating for each priority is shown in the tab. 9.

Tab. 9 Rating of scenario 1.

EnvEronmental Health risk Budget burden
impact
D E F
13.397 t/a 23,099 km-t/a 450 million CZK/a

Scenario 2:
e Use of incinerator only in Hradec Kralové (1,900 t/a).

The capacity of the incinerator in Hradec Kralové is big enough to cover more than the entire
infectious waste production in the whole region. For example, in 2019, 13.38 % of the
incinerator’s capacity would not have been utilised. Maintaining two incinerators can be
considered as too expensive, especially when the only one is sufficient. However, the mentioned
13.38 % capacity reserve may be insufficient, especially if a sudden health-care crisis occurs.
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The product of waste amount and overall transportation distance is 33,576 km-t, which is the
highest value of all the scenarios [9], [34]. The transportation scheme is in fig. 13.

Fig. 13 Transportation scheme of scenario 2. [32]

Some routes can be optimised by adding stops along the journey, especially for serving small
producers with the waste production less than 12 t/a like the route starting in Nova Paka. The
cargo space of vehicles serving Nova Paka would only be used at 12 % of capacity because,
despite low production, infectious waste cannot be stored for more than a month. It seems
efficient to serve the municipality of Hofice too. The route along Hofice is even 4 km shorter
than the fastest route losing just 10 minutes as displayed on the map in the fig. 14.
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Fig. 14 Routes connecting N&vd Paka and Hradec Kralove. [35]

yeiace

Alternatively, the route from Vrchlabi can be used in the same way. As shown on the map in
the fig. 15, the fastest route between Vrchlabi and Hradec Kralové is via Nova Paka.
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Fig. 15 Route connecting Vrchlabi and Hradec Krdlové. [35]

The adjustment slightly improves the fulfilment of all the priorities in those scenarios, where is
only one incinerator — in Hradec Kralové. The overall evaluation of the scenario 2 is in the
tab. 10.

Tab. 10 Rating of scenario 2.

Environmental impact Health risk Budget burden
F F A
19.147 t/a 33,012 km-t/a 239 million CZK/a

The number of incineration plants has the major impact on costs. Therefore, the budget burden
criterion has received the ‘A’ mark, even when the waste production rate was not decreased.

5.3 Scenarios with initial investment

Scenarios 3-9 include usage of advanced hot steam technology represented by the sterilisation
crusher Converter. Its properties are described in the chapter 2.3. In each new scenario, the
capacity of incineration plants is adjusted according to the new production rate affected by
sterilisation crushers. In the scenarios in this chapter, the capacity of each incineration plant is
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equal to the projected new production rate increased by 25 % and rounded up to the higher
whole hundreds.

The sterilisation shredder Converter from H-series for health-care waste applications is
available in following models described in the tab. 11. The prices were provided by Ventos
Energy Solutions, except for the smallest H25 model. The price of the model H25 was
established based on the linear extrapolation of prices of models H50, H100 and H200. All
dimensions are in the format of ‘length-width-height ‘.

Tab. 11 Converters of H-series [47], [50], [51].

Processing Chamber  Dimensions D.ry Total P?‘?e
weight  power [million

Name  rate[kg/h]  volume[]  [m-m-m] kel (kW]  CZK]

H25 4-6 25 0.6:0.7-0.9 110 2.8 L.5

H50 8-12 50 0.7-:0.7-1.1 250 10 22

H100 15-20 100 1.5-1.1-1.4 1,000 55 5.2

H200 3040 200 20-12-1.4 1,500 65 8.4

H400 60-80 400 23-1.5-1.8 2,200 100 12.2
H1000 150-200 1,000 6.7-2.5-59 12,000 260 219
H2000 250-350 2,000 6.7-:2.5-6.5 14,000 360 30.4
H5000 500-600 5,000 8.0-2.5:6.5 16,000 520 41.0

Assuming 8,000 operating hours per year and one decontamination cycle taking 30 minutes,
there are 14 efficient combinations of certain parameters summarised in the tab. 12. The first
three sets are single crushers, because in case of a malfunction, untreated waste can be either
stored for longer without the big demand on space or transported to the large capacity crushers
in Trutnov or Hradec Kralové. The rest of sets are always represented by crushers in pairs to
avoid major issues in case of a malfunction. The amount of infectious waste produced in 2019
was multiplied by a factor of 1.25, then the set of the next higher processing rate was chosen.
The prices are not part of the budget burden criteria.
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Tab. 12 Sets of convertors [47], [50], [51].

Processing rate  Processing P?i?e
Set No. Crushers [ke/h] rate [t/a] [million

CZK]
I H25 4-6 40 1.5
I H50 8-12 80 2.2
I H100 15-20 140 5.2
v H100 + H100 3040 280 10.5
A% H200 + H100 45-60 420 13.7
VI H200 + H200 60-80 560 16.8
VII H400 + H200 90-120 840 20.6
VIII H400 + H400 120-160 1,120 24.5
IX H1000 + H400 210-280 1,960 34.1

X H1000 + H1000 300400 2,800 43.8
XI H2000 + H1000 400-550 3,800 52.3
XII H2000 + H2000 500-700 4,800 60.8
XIII H5000 + H2000 750-950 6,800 71.4
X1V H5000 + H5000 1,000-1,200 8,800 82.1

Scenario 3:

e Incinerators with decreased capacity in Hradec Kralové (900 t/a) and in Trutnov
(500 t/a).
e New crushers in Hradec Kralové (set No. IX).

The university hospital in Hradec Kralové is the biggest producer of infectious waste [9].
Shredding is the most efficient in this location because large-capacity crushers can work almost
continuously. Continuous operation has a very high efficiency because the residual heat from
previous shredding process is utilised [52]. This scenario reduces the amount of waste produced
and burned in Hradec Kralové by 50 % [24], however, it does not reduce the amount of
transported waste, thus there is no improvement in rating compared to the scenario 1 as shown
in the tab. 13.

Tab. 13 Rating of scenario 3.

Environmental impact Health risk Budget burden
D E F
13.397 t/a 23,099 km-t/a 426 million CZK/a

The budget is most affected by the number of incineration plants. Therefore, the rating does not
significantly differ from the previous two scenarios. It was estimated that the incinerator in
Hradec Kralové with the decreased processing capacity of 900 t/a, would have operating cost
of 211 million CZK per annum [30], [45], [46]. The incinerator in Trutnov, with the decreased
capacity of 500 t/a, would cost 204 million CZK annually [30], [45], [46].
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The University Hospital in Hradec Kralové would be equipped with a set of Converter crushers
H1000 and H400. Theoretically, if the crusher H1000 would have a malfunction, the remaining
H400 crusher provides the period of 57 days to a solution. However, this considers a continuous
H400 crusher operation 24 hours a day without any break, until the maximum allowed storage
period for infectious waste of 30 days is broken (section 10, paragraph5 of the Act
No. 306/2012 Sb.). [47], [19]

Scenario 4:

e Incinerators with decreased capacity in Hradec Kralové (1,000t/a) and in
Trutnov (250 t/a).
e New crushers in Hradec Kralové (set No. IX) and Trutnov (set No. VI).

The scenario 4 shows that there is no significant difference (4 million CZK) in the budget
burden between the state with thermal decontamination in Trutnov and without it. The major
impact has the number of incinerator plants, not its capacity, because of the dominance of fixed
costs.

Tab. 14 Rating of scenario 4.

Environmental impact Health risk Budget burden
D E F
13.397 t/a 23,099 km-t/a 422 million CZK/a

The Trutnov Regional Hospital would be equipped by the pair of H200 Converter crushers with
total waste processing capacity of 560 t/a, which would have been 152 % of the utilised capacity
in 2019 [9], [47]. The longest possible emergency continuous operation of only one crusher
H200 is approximately 180 days.

Scenario 5:

e Incinerator with decreased capacity in Hradec Kralové (1,100 t/a).
e New crushers in Hradec Kralové (set No. IX) and Trutnov (set No. IV).
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The conclusion from previous scenarios is that the major impact on the budget has the number
of incinerators. In the scenario 2, there is only one incinerator in Hradec Kralové. It is obvious
that the best place for an incinerator is in Hradec Kralové, because most of the waste is produced
there [9]. It is also efficient to build up a crushing centre at the same place consisting of two
Converter crushers, one H1000 and one H400, of the capacity of 1,960 t/a [47]. To decrease the
health risk and environmental impact of transportation, it could be a good option to build up the
set of sterilization crushers in the Trutnov Regional Hospital too. It would consist of the pair of
H200 Converter crushers of the total capacity of 560 t/a [47]. The shredding centre in Trutnov
would be also used for treating the waste from the two most remote municipalities Broumov
(75.7 km to Hradec Kralové [40]) and Vrchlabi (73.6 km to Hradec Kralové [40]), where
Trutnov is much closer as shown in the fig. 16, where the blue arrow represents the flow of
contaminated waste.

Fig. 16 Transportation scheme of scenario 5. [32]

The results should be compared to the scenario 2, where is also only one incineration plant.
Compare to the scenario 2, where both the environmental impact and the health risk criteria
have the mark ‘F’, there is only a slight improvement to the mark ‘E’ in both, as summarized
in the tab. 15. The budget criterion remains at the same mark. It is questionable whether it is
worth investing extra 51 million CZK into sterilization crushers or not [50], [51].

Tab. 15 Rating of scenario 5.

Environmental impact Health risk Budget burden
E E A
17.052 t/a 22,696 km-t/a 225 million CZK/a
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Scenario 6:

e Incinerators with decreased capacity in Hradec Kralové (450 t/a) and in Trutnov
(250 t/a).
e New crushers are where the production of infectious waste is greater than 3 t/a.

In this scenario, sterilization crushers are situated in main health-care facilities in the centres of
those municipalities, where the production of infectious waste is greater than 3 t/a. This criterion
of 3 t/a was set according to the fact, that the efficiency is higher when the crusher works
continuously at least several cycles in a row [52]. The capacity of the smallest model ‘H 25’ of
the Converter series is 4—6 kg/h [47]. When the waste flow is just 3 t/a and the crusher works
8,000 operating hours annually, the waste flow through the crusher would be equal to
0.375 kg/h on average, which is way less than its capacity. That means the crusher cannot work
continuously, but should work at least once per 15 days in continuous operation all day long.
The 15 days is the half of the maximum allowed storage period for infectious waste according
to the Act No. 306/2012 Sb. [19]. The criterion is not met in two municipalities of the region:
Nova Paka (1.4 t/a) and Kostelec nad Orlici (1.8 t/a) [9]. The transportation scheme of this
scenario is shown in the fig. 17.

Fig. 17 Transportation scheme of scenario 6. [32]

This solution improves environmental impact and health risk to the best level marked ‘A’. The
only health risk is posed from the small amount of transported infectious waste from Nova Paka
and Kostelec and Orlici. The rate of 829 km-t/a is in fact fictional. Despite the small waste
production in both municipalities, there must be at least 24 journeys (12 there and 12 back
again) per year, to respect the Act No. 306/2012 Sb. [19]. In case of the waste transport from
Nova Paka and Kostelec nad Otlici, the fictional waste production of 12 t/a is considered as the
amount of the transported waste. It is considered that the number of journeys is more important
for the health risk criteria than the transported mass itself.

Sterilization crushers used in this scenario are showed in the tab. 16. Most of them are the
models H100 and H25 (six per each model), three H50 and only one H1000. The total initial
investment is 80 million CZK.
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Tab. 16 Sets of sterilization crushers in scenario 6 [9], [50], [51].

Set Processin Processing Utilisation Price
Municipality No Models rate [t /a]g capacity [%] [million
' [t/a] ¢ CZK]
Broumov 1 H25 24 .4 40 61 % 1.5
Dobruska I H25 30.7 40 77 % 1.5
Dvir Kralove H25 314 40 79 % 1.5
nad Labem
Hofice II H50 50.4 80 63 % 2.2
Hradec IX HI1000+ H400  931.6 1,960 48 % 34.1
Kralové
Jaromér 1 H25 27.5 40 69 % 1.5
Ji¢in 11 H100 100.7 140 72 % 5.2
Nachod IV H100+ H100 140.5 280 50 % 10.5
Nové Mésto 1.5
nad Metuii I H25 13.4 40 34 %
Novy Bydzov 1I H50 493 80 62 % 2.2
Rychnovnad — y H100 74.5 140 53 % >:2
Knéznou
Trutnov IV H100+ H100 125.4 280 45 % 10.5
Vrchlabi II H50 45.1 80 56 % 2.2
Total — — 1,644.9 3,240 51 % 79.6

The scenario is well comparable to the scenario 1, because there are 2 incineration plants in
both scenarios. As shown in the tab. 12, the budget burden was slightly improved to the mark
‘E’, despite the major impact on the budget has the number of incinerators and this number
remained the same. The environmental impact was improved from the mark ‘D’ to the best “‘A’,
similarly the health risk criteria from ‘E’ to ‘A’.

Tab. 17 Rating of scenario 6.

Environmental impact Health risk Budget burden
A A E
6.939 t/a 829 km-t/a 403 million CZK/a

Scenario 7:

e Incinerator with decreased capacity in Hradec Kralové (1,100 t/a)
e New crushers are where the production of infectious waste is greater than 3 t/a.

The only difference between scenarios 6 and 7 is in the number of incineration plants. In this
scenario, there is only one incinerator, located in Hradec Kralové. The transportation scheme is
shown in the fig. 18.
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Fig. 18 Transportation scheme of scenario 7. [32]

Compared to the scenario 6, the budget burden criterion receives the best mark ‘A’. However,
there is a mild deterioration in environmental impact criterion to the mark ‘B’, because of the
longer distances from northern municipalities to the incinerator in Hradec Kralové. The health
risk does not significantly differ, remains at the best mark ‘A’.

Tab. 18 Rating of scenario 7.

Environmental impact Health risk Budget burden
B A A
10.036 t/a 1,032 km-t/a 221 million CZK/a

Scenario 8:

e Incinerators with decreased capacity in Hradec Kralové (1,000 t/a), and in Trutnov
(250 t/a).
e New crushers at all nine hospitals.

It is projected that it would be easier to handle infectious waste treatment in a hospital than
elsewhere. There are nine hospitals in the region in the centre of following municipalities:
Broumov, Dvur Kralové and Labem, Hradec Kralové, Jaromér, Ji¢in, Nachod, Nové Mésto nad
Metuji, Trutnov, and Vrchlabi [34]. The transportation scheme is shown in the fig. 19.
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Fig. 19 Transportation scheme of scenario 8. [32]

The aim of this scenario is determining whether it is necessary to strictly follow the scenario 6
or building up new sets of crushers in remaining four municipalities (Dobruska, Hofice,
Novy Bydzov, and Rychnov nad Knéznou) should be avoided. Criteria’s marks are shown in
the tab. 19.

Tab. 19 Rating of scenario 8.

Environmental impact Health risk Budget burden
B B F
9.141 t/a 8,424 km-t/a 414 million CZK/a

The rating of scenario 8 shows a single-level decrease in every criterion compared to the criteria
of the scenario 6.

Scenario 9:

e Incinerator with decreased capacity in Hradec Kralové (1,300 t/a).
e New crushers at all nine hospitals.

Similarly like in the previous scenario 8, the aim is identifying the difference between building
up shredders in each one municipality with the waste production higher than 3 t/a, or only there,
where a hospital is already presented. The transportation scheme is shown in the fig. 20 and the
scenario’s rating in the tab. 20.
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Fig. 20 Transportation scheme of scenario 9. [32]

Tab. 20 Rating of scenario 9.

Environmental impact Health risk Budget burden
A B A
6.002 t/a 8,005 km-t/a 220 million CZK/a

This solution moves the mark ‘B’ from the environmental impact in the scenario 7 to the health
risk in this variant.

5.4 Evaluation

All the scenarios are briefly evaluated in the tab. 21 showing all the criteria and the potential
investment in sterilization crushers.
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Tab. 21 Evaluation of scenarios [50], [51].

Scenario Environmental Health Budget Investment in

No. impact risk  burden [micll{il:)ilg;K]

1 D E F -

2 F F A N

3 D E F 34.1
i D E F 50.9
5 E E A 44.6
6 A A E 79.7
. B A A 79.7
. B B F 68.6
) A B A 68.6

The number of incineration plants plays an important role in the budget burden, separating
scenarios into only nearly two options, either the ‘A’ mark for one incineration plant or ‘F’
mark for two. The only exception is the scenario 6 receiving the ‘E’ mark for the smallest
possible amount of incinerated waste, because of the application of sterilization crushers in
those municipalities with extended powers, where the infectious waste production is above
3 t/a. Those were 13 municipalities out of 15.

The environmental impact and health risk criteria give similar results for all scenarios, differing
in no more than one level of a mark. The environmental impact criterion is affected by the
amount of transported waste no matter whether it is hazardous (infectious) or not, because only
the amount of emitted CO> matters. Conversely, the health risk criterion is affected only by
infectious waste transportation. Those two criteria are related, because of the way of the
sterilization by crushers, which compress the output waste by roughly 50 % [24], resulting in
the smaller total amount of transported waste.

Sterilization crushers proved they can decrease the CO2 footprint from transportation in Hradec
Kralové Region by roughly 610 t/a if they are used in each municipality where the production
rate of infectious waste is above 3 t/a. However, it is still a lot less than the carbon footprint
from the electricity consumption of sterilization shredders, according to the current ways of
power generation in the Czech Republic. The equivalent emission of CO; from the current way
of power generation is 0.52 kg/kWh in the Czech Republic [53]. The quantity of CO;indirectly
produced by sterilization shredders is for each scenario viewed in the tab. 22, showing that the
argument of environmental impact is invalid under current conditions in the Czech Republic.
However, the power generation in the Czech Republic is projected to reduce the carbon
equivalent to zero between years 2033-2038 with the ban of coal-fired power stations [54].
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Tab. 22 Indirect carbon footprint of sterilization crushers.

) Electric energy CO: €02 saved by
Scc;n;;lrlo consumption of Equivalent tr an;;z:tgtion
. crushers [MWh/a] [t/a] rate [t/a]

1 - ~ _
, } B _
3 319 166 13
4 411 214 13
5 411 214 17
6 411 214 7
7 411 214 10
8 360 187 ?
9 360 187 6

It is still questionable, whether the environmental impact is going to be improved after 2035 by
lowing the amount of waste transported compared to the increase in the consumption of
electrical energy. By that time, it is uncertain whether vehicles are still going to be powered by
combustion engines that exhausts COx. In that case, the quantifier of the environmental impact
would need to be updated.

Identifying the best-case scenario
The list of scenarios which were given an A from the respective criterion:

e Environmental impact: Scenarios 6 and 9.
e Health risk: Scenarios 6 and 7.
e Budget burden: Scenarios 2, 5, 7 and 9.

The scenarios with at least two A marks are scenarios 6, 7 and 9. The scenario 6 should be
eliminated, because it was given mark E from budget burden.

The scenario 7 simulates the situation, in which sterilization crushers are situated in every single
municipality with waste production above the limit of 3 t/a. The scenario 9 is almost the same
as the scenario 7, but sterilization crushers are located just in hospitals, therefore it should be
easier to find suitable premises and staff. The initial investment for the scenario 9 is lower by
11 million CZK. The resulting best-case scenario is the scenario 9, where is only one
incineration plant as part of the largest hospital of the region and there are different sets
of sterilization shredders operating in each of total nine hospitals.

If there would be no willingness to invest into sterilization shredders, there are only two
available scenarios. Either combusting the waste in two incineration plants (the current state)
or utilization of only the one in Hradec Kralové. The number of incineration plants is the main
impact factor on the budget. Two incineration plants give the ‘budget burden’ criterion the mark
‘F’, meanwhile only one incinerator improves it to the best mark ‘A’. On the other hand, the
other criteria have better marks for the scenario with two incineration plants (scenario 1), which
is the current state, but the gap is not so significant as the one affecting budget.
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5.5 Discussion and comparison with other studies

The approach presented in this thesis shows a good effort-to-achievement ratio. It should
represent the golden mean between usual and complex mathematical approaches. The usual
approach analyses just already existing solutions, in this case, only the shortest or quickest
possible way to the nearest incinerator, creating only one option (presented as the scenario 1).

On the other hand, the complex mathematical approach is always coming from a vast number
of inputs and multiple different experts must cooperate on it and there is a special software
involved. One example of a special computing software is the tool NERUDA, which simulates
waste flows on regional or international level [55]. The necessary inputs are economic and
environmental priorities, treatment technologies and production data [55]. The accuracy of the
software is affected by the quality of inputs because the algorithm divides a region ‘7n hundreds
of nodes.’ [55] In this study, there are only 14 nodes presented as the centres of ‘municipalities
with extended powers.” To gain more nodes, it would be necessary to gain access to the data of
waste production of single health-care facilities, which are currently unavailable for public.

Waste production data

The most exact way of gaining production data is obtaining them from each one health-care
facility. There are roughly 4,500 health-care facilities in Hradec Kralové Region [26]. Even if
their production data were published, it would be time-consuming to process them, especially
the dataset with distances between each facility and incineration plants.

On the other hand, the simplest approach (basic) would only reflect the number of beds in each
hospital and the production rate would be obtained by multiplying for example the number of
beds or the number of doctor’s offices by a certain factor. Various expert sources report annual
infectious waste production rates:

36 kg/bed — a study from the United Kingdom [56],
69-321 kg/bed — a study from Taiwan [57],

88 kg/bed — a study from Uganda [58],

91-165 kg/bed — a study from Iran [59],

110 kg/bed — a study from Pakistan [60],

120 kg/bed — a study from Greece [61].

172 kg/bed — a study from Bangladesh [62].

However, the resulting production calculated from whatever production rate mentioned in the
previous paragraph can match with the official Czech data of waste production in
municipalities. For example, the University Hospital in Hradec Kralové had 1,375 beds in 2019
[63] and the long-term care hospital in the same city has currently 94 beds [64], while the
production rate of the infectious waste in the whole municipality of Hradec Kralové was 929.8 t
in 2019 [9]. If those facilities were the only two facilities in the municipality, it would result in
the production rate of 633 kg per bed. In conclusion, considering the number of beds, the
multiplication factor is naturally very inaccurate way of estimating a waste generation rate.

A different approach was used in another study from the Czech Republic, which was focused
on the Zlin Region. The production data in that study were obtained directly from those four
hospitals and consulted with a waste disposal company, which means, that the data must be
exact [28]. The study was focused only on the medical waste transportation from four main
hospitals of the region to an incineration plant [28]. The amount of waste per bed was not
mentioned in the study, but the infectious waste production factor, based on the waste
production in those four hospitals (946.3 t/a [28]) and the sum of beds in each one of them
(2,236 beds [65], [66], [67], [68]) can be estimated at 423 kg/bed.
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The case-study in this thesis did not use any factor of waste generation per bed nor official
production waste disposal data from each health-care facility. The waste production data were
obtained from the public database of the Ministry of the Environment of the Czech
Republic [9]. The database shows production rates of infectious waste in 14 ‘municipalities
with extended powers’ located in the studied region. The centre of a municipality or a dominant
health-care facility of a municipality were considered as the place where all the waste is
produced, because there are roughly 4,500 health-care facilities in the region [33], and it would
not be efficient to obtain production data of all of them. Therefore, the approach presented in
this thesis seems to be the most efficient one.

Different region application and generalization

The method can be algorithmized and applied on every region of the Czech Republic, including
the capital city. An algorithm of scenarios can be even applied on the entire country, because
the whole country is divided into defined number of municipalities and the capital city districts.
There are more than 200 ‘municipalities with extended powers’ in the Czech Republic and
22 Prague city districts. However, in case of the whole country, there would be a lot of possible
options, therefore the definition of possible scenarios should also be algorithmized.

The production rates of any kind of waste of each municipality or district are published by the
Ministry of the Environment and the dataset is publicly available [9]. Processing capacity of
22 incineration plants, that burn medical waste in the Czech Republic, are publicly available at
Czech Hydrometeorological Institute [7]. In other countries, the limitation is in the presence of
input data in required format and several changes would need to be made in costs, especially in
payroll costs, but the classification of environmental impact and health risk criteria can remain
the same as for the Czech Republic. In other surrounding countries of the Czech Republic —
Austria, Germany, Poland, and Slovakia, no such database, that displays production of medical
waste in small districts, was found.

Waste transportation

This thesis does not cover the waste transportation inside each one of 14 municipalities, but the
waste collection problem is simplified, thus, assumed that there are only 14 waste producers
and no more than 2 incineration plants. Solving more complex transportation problems requires
usage of special software algorithms, waste production data and waste producers’ locations.
The similar study of the Zlin Region deals with only four producers and only one incineration
plant, creating only two possible scenarios [28]. The purpose of the scenarios in the mentioned
study is deciding whether each one hospital should have its own vehicle for the waste
transportation, or it would be more efficient to use only two common vehicles [28].
Additionally, the comparison of four different vehicles was made considering several factors
like: price, weight, fuel consumption, cargo space capacity, tire type, amortization, toll, and
other fees [28]. The study presented in this thesis does not solve the problem of vehicle election
or the number of vehicles required. The transportation costs are calculated in general, based on
the price list of one selected transportation company, when referring to non-infectious waste
transport. When referring to infectious waste transport, only one vehicle is assumed, and costs
are calculated according to the data from the case-study of the Zlin Region [28].

If the presented method is applied on the entire country, not on separate regions, the dataset
would be too big, and an advanced tool needs to be applied [69]. However, the problem is not
as complicated as the optimalization for municipal solid waste collection, because there are
much less producers. Generally, it would be necessary to perform rigorous pre-processing [69].
After that, it is possible to use a heuristic approach, for example utilizing the Adaptive Large
Neighbourhood Search algorithm [69], [70]. For a traffic model, several options could be
assumed. One study dealing with this problem is the study from the United Kingdom, which
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focuses particularly on infectious waste from pharmacies that treat waste from patients in
homecare [70]. There are 3 general scenarios specified in the mentioned study:

e The scenario of 85 %: The pharmacy calls a waste-transport operator whenever 85 % of
their storage capacity is reached. [70]

e The scenario of threshold: Similarly like at the previous scenario, but high reactivity of
a waste-transport operator is required. [70]

e The scenario of the rolling horizon: Solutions are revised every day according to actual
data. [70]

Another study from the Czech Republic shows a complex methodology of municipal waste
transportation, which is a little different, because the certification of the Agreement of
concerning the International Carriage of Dangerous Goods by Road (ADR) is not needed and
there are more possible nodes. The methodology begins with the analysis of the relation
between the gate fee in an incineration plant and its capacity [55]. Then the NERUDA
optimalisation software tool is utilised to show the best-case scenario of transportation [55]. A
studied area is also divided into municipalities (sub-regions), it also utilises a traffic network
between those nodes (road and rail network) [55]. The software tool bypasses the heuristic
approach of creating possible scenarios, presented in this thesis, by a complex mathematical
model [55]. However, the study admits inaccuracies, when dealing with hardly predictable
input parameters [55].

Evaluation

Scenarios were evaluated according to the marks which the criteria received according to the
methodology. However, the weightage of each criterion was not considered. In case of practical
utilisation of the presented methodology, it would be necessary to assign a relative weightage
to each criterion. After that, one solution would be using the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS). The technique relies on a simple mathematical model,
which utilises the Euclidean distance. According to the TOPSIS, the best case-scenario is the
one with the longest Euclidean distance between the ideal best solution and the ideal worst
solution. [71]
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6 Conclusion

The aim of the concept of infectious waste management at the regional level is showing what
results can be achieved by a heuristic approach of creating several possible scenarios without
the utilization of any advanced software algorithms. The aim was fulfilled by using
methodology which was set up with knowledge and relatively simple calculation formulas from
many different expert sources.

The concept development was aimed at determining the level of environmental impact, health
risk and budget burden of each scenario. These three criteria were evaluated according to the
methodology, which was defined in the theoretical part of the thesis. The evaluation showed
that:

e The environmental impact represented by the carbon footprint was mostly affected
by the amount of waste that is processed by sterilization crushers. Sterilisation crushers
reduce waste mass and volume and thus the number of journeys required for waste
shipping is lowered along with the carbon footprint. The positive effect might be
questioned in some countries because it also depends on the carbon equivalent of the
electricity consumed by the shredders. However, most of the electrical energy in the
European Union is produced from renewable sources and the share of fossil fuels
rapidly decreases over time [72].

e The health risk was quantified according to the amount infectious waste shipment.
This criterion was also mostly affected by the utilisation of sterilisation shredders, as
well as the environmental impact. The number of incineration plants also had an
influence on both environmental impact and health risk criteria, but the effect of
sterilization crushers was greater.

e The budget burden was roughly estimated considering many variables. During
calculations, the number of hazardous waste incinerators was found to have virtually
the only effect on the outcome. Using one incineration plant instead of two proved to
be a cheaper solution. The second largest impact was the capacity of these incinerators.

In the evaluation, the Scenario 9 was chosen as the best-case scenario, because it is most in line
with the criteria mentioned above. In the scenario, there was only one incineration plant as a
part of the largest hospital of the region in the city of Hradec Kralové and different sets of
sterilization shredders operating in each of all nine hospitals in the region. Only one incineration
plant caused low budget burden and the high rate of sterilization meant a good result in both
environment impact and health risk criteria. However, there were other scenarios with even
better results, but those were eliminated because the operation of the crushers in other health-
care facility than a hospital seems to be problematic. Hospitals probably already employ staff
in charge of waste management and introducing new procedures would certainly not be as
complicated for them as for other health establishments. This was not included in the
methodology, but it was clear that the result needed to be adjusted based on practical
considerations.

Many of the ideas presented in the methodology and the thesis itself would have been worth
exploring further. For example, the qualification of the environmental impact. It is questionable
whether the CO; production is the best environmental impact indicator because in fact, the only
disadvantage of the CO> emissions is that the CO> causes the greenhouse effect in the
atmosphere. For example, the decontamination by wet steam is for sure a source of sewage
water that somehow needs to be cleaned. The total amount of pollutants released with the
sewage water can possibly be another quantifier of the environmental impact.
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Another topic that could be furtherly studied is the idea of separate regions that are self-
sufficient in waste management. The methodology presented in the chapter 3 of this thesis
cannot compare the state of interregional waste management (the current state) with the
presented idea of waste management within separate regions due to the lack of publicly
available data regarding waste transportation. Therefore, it is still not clear whether it is the
right idea or not.
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List of shortcuts

ADR Agreement concerning the International Carriage of Dangerous Goods by Road
CO2 carbon dioxide

CZK Czech Koruna

dCi direct Common-rail injection

EU European Union

HP Hazardous Property

LHV lower heating value

PVC polyvinyl chloride

STAATT The State and Territorial Association on Alternate Treatment Technologies
TOPSIS Technique for Order Preference by Similarity to Ideal Solution

WHO World Health Organisation
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List of symbols
symbol meaning unit

Ce unit price of electricity [CZK/kWh]
Cur maintenance and reinvestment costs [CZK]
Co overall costs [CZK]
Cy payroll costs [CZK]
Cs shredding costs [CZK]
Cii costs of infectious waste transportation [CZK]
Ci waste treatment costs [CZK]
D, distance that vehicles travel annually [km]
d; distance between certain facilities [km]

e Euler’s number [-]
E. electric energy consumption per ton of waste [kWh/t]
iczk inflation rate of Czech koruna [CZK]

LHV lower heating value [MJ/kg]

m mass [kg], [t]
mi mass of produced waste [t]

T temperature [°C]
Wa annually processed waste [kt]
We wage growth [%]
Wy annually shredded waste [t]
Wir annual waste transportation rate [km-t]
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