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OndSej Proch8zka

Editorial

Dear readers,

here you have the fourth number this year, whose patron is WASen, z.s., a center
of transfer of top innovative technologies focusing on the material and energy
processing of industrial and municipal waste.

| would like to remind you of the coming year of symposium ODPADOVE FORUM
2019 (March 197 21,2019, Hu sCzexlpRepudlic). All authors and readers are
cordially invited (not only) to participate actively at the symposium. Symposium
contributions can then be posted in WASTE FORUM. The symposium is held within the
Week of Research and Innovation for the Practice and Environment (TVIP) and all the
information you can find on www.tvip.cz.

With the approaching year 2019, | would like to recall the previously announced
unification of the publication contributions for articles, regardless of their language. This
means that the publishing fee will be CZK 500 per page starting with the next issue.

OndSej Proch8zka
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Pro autory

WASTE FORUM je casopis urCeny pro publikovani puavodnich védeckych praci
souvisejicich s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadld a
recyklace, jak by mohl naznaCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci
ekologickych zatézi atd. Vychazi pouze v elektronické podobé a Cisla jsou zvefejfiovana na volné
pristupnych internetovych strankach www.WasteForum.cz.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé i se zabudovanymi obrazky
a tabulkami, tak zvan& Ap r i -n & a d Pokyny k obsahovému &lenéni a grafické Upravé prispévki
spolu s pfimo pouzitelnou Sabl onou gr af vedkOKRDulsou wedgny na www-strankach
Casopisu v sekci Pro autory. Ve snaze dale rozSifovat okruh moznych recenzentll zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publika¢ni jazyk je Cestina, slovenstina a anglictina. Preferovana je angli¢tina a v tom pfipadé je
nezbytnou soucasti ¢lanku na konci nazev, kontakty a abstrakt v ¢eském ¢&i slovenském jazyce, pficemz
rozsah souhrnu neni shora nijak omezen.

Vydavani Casopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 200 K& za kazdou stranku u pfispévku
v anglickém jazyce (plati jen do konce roku 2018), u ostatnich je 500 K¢ za stranku. Uvedené Castky
jsou bez DPH. V pfipadé nepublikovani pfispévku v dusledku negativniho vysledku recenzniho fizeni je
tato ¢astka poloviéni.

Uz 8v iNDmejab | il®g2hho | asopi su WRARIMEB20EODRUOKI ge pak 8.
20109.

For authors

WASTE FORUM is an electronic peer-reviewed journal that primarily publishes original scientific
papers from scientific fields focusing on all forms of solid, liquid and gas waste. Topics include waste
prevention, waste management and utilization and waste disposal. Other topics of interest are the
ecological remediation of old contaminated sites and topics of industrial and municipal ecology.

WASTE FORUM publishes papers in English, Czech or Slovak. Articles submitted must
include a abstract in Czech (Slovak) or English language, respectively.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form
to the e-mail address prochazka@cemc.cz or wasteforum@seznam.cz. Manuscripts must be fully
formatted (i.e. printer-ready) in MS WORD. The file should have a name that begins with the surname of
the first author or the surname of the corresponding author.

All articles submitted for publication in WASTE FORUM undergo assessment by two independent
reviewers. The reviews are dispatched to authors anonymously, i.e. the hames of the reviewers are not
disclosed to the authors.

All papers that was not subjected to a peer-review are labeled in a header of each page by the
text Not peer-reviewed and commercial papers.

Revenue to cover at least the costs associated with the issuance of the magazine, we select
a publication fee 500 CZK per each new page for articles reviewed part of issue and CZK 1000 for
every new page for contributions in the second part of the issue.

The deadline of the next issue is on January 8, 2019, more on April 8, 2019.
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Multivariate analysis of biomonitoring data on atmospheric

deposition: First results

IrenaP AV L ¢ KQMEBITTA%L V2 t NzRsU GGE Retr J ANL% K

2V G B Technical University of Ostrava, 17. listopadu 15/2172, 708 33 Ostrava,
Czech Republic

e-mail: irena.pavlikova@vsb.cz

® University of Ostrava, Chittussiho 10, 710 00 Ostrava, Czech Republic

Summary

The article introduces the possibility of identification of pollution origin using cluster analysis provided
by self-organizing (Kohonen) map. The pollution was detected in naturally growing moss to monitor the
atmospheric deposition in the Czech-Polish borderlands (Moravian and Silesian regions). The method
was applied on the dataset of 44 samples collected from 41 sites where the content of 38 elements was
determined using Neutron Activation Analysis. The method was used for the classification without any
data transformation necessary and any information loss, so determined clusters hold the information
about chemical content needed for the identification of the pollution origin. The method classified
biomonitoring data into four clusters with specific chemical composition. Now it is possible to correlate
them with emission to determine the origin pollution. The applied method is recommended for the
employment after further testing.

Key words: cluster analysis, atmospheric depaosition, biomonitoring, moss

Introduction

The origin of environmental pollution can be determined by various methods such as modelling or/and
special air quality monitoring. Receptor-oriented methods and models define source contributions by
characterizing atmospheric aerosol samples, often using chemical elements or compounds (injected or
occurring) in samples as tracers for the presence of material from particular kind of sources. Mechanistic
source-oriented models conceptually follow pollutant from source to receptor simulating the pollutants'
atmospheric transport, dispersion, chemical conversion and deposition [1]. So receptor-oriented methods
can define a specific group of chemical elements (“finger print”) in collected environmental samples and
associate it to the source. This principle is the basis for using the cluster analysis, which classifies
objects with similar characteristics into subsets where an object is as possibly similar to others in the
same cluster [2]. Objects in each subset are considered similar when they are closer to other objects in
the subset than to objects in other subsets with some selected metric. The article introduces application
of self-organizing map (SOM) / Kohonen map representing a type of artificial neural network (ANN) for
identification of such clusters [3], [4].

The atmospheric aerosol can be sampled also through the biomonitoring, which is used for the
systematic and long-term assessment of the environment comprising the atmospheric deposition [5]. To
assess the long-term atmospheric deposition and transfer, bryophytes, in particular, pleurocarpous
mosses are commonly used. Mosses are able to concentrate metals and other elements to remarkably
high concentrations owing to the high cation exchange capacity of their tissues and lack of root system
and protecting cuticle on their leaves [6], [7], [8]. Further, carpet-forming mosses have a large total
surface area and other structural properties which promote a mechanical retention of depositing
particles. These advantages have facilitated the use of mosses in monitoring heavy metal deposition in
many areas of the world [9], [10], [11], [12].

Mosses are resistant against many substances which are highly toxic for other plants. As a
consequence of their nutrient cycling and uptake mechanisms, they tend to accumulate pollutants [13],
[14]. These moss abilities can be observed even under natural conditions without visible human negative
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effects. For example, groups of bryophytes specialized on Cu-enriched substrates are known as well as
bryophytes which are associated with lead- and zinc-enriched substrates [15] [16] [17].

The main goal of the biomonitoring was to identify the origin of air pollution and study the spatial
distribution of trace elements in the region. To meet this goal, different approaches while analysing
obtained data are being tested, including the presented method of ANN. The biomonitoring followed the
methodology introduced in the Monitoring Manual established by the International Cooperative
Programme on Effects of Air Pollution on Natural Vegetation and Crops (ICP Vegetation 2015) [22].

Materials and Methods
Biomonitoring

Atmospheric deposition for data analysis was determined by biomonitoring using pleurocarpous
mosses. The sampling network covered the area of the Moravian and Silesian region in the Czech-
Polish borderland where the concentrations of particulate matter (PM) exceed the annual average limit
(for PMy, = 40 pg.m?, for PM,s = 25 pg.m™®) over long term [20]. Sampling sites were located on
aregular 10 x 10 km grid with an extra point in the centre of every cell. The grid numbered 41 points
covering area of 1600 km? (40 km x 40 km) [21]. See Figure 1.

The moss was sampled within one week in October 2015 to minimalize the intra-annual variability
[23]. According to the Manual [22] sampling a single species is preferred because of possibly different
accumulation coefficients but the single species hadn’'t occurred at all sites so more species were
sampled [23]. The most frequently sampled moss species in the area were Brachythecium rutabulum
(Hedw.) (66% of all samples), then (in descending order of frequency): Cirriphyllum piliferum (Hedw.)
(12% of samples), Hypnum cupressiforme (Hedw.) (10 %), Hylocomium splendens (Hedw.),
Brachythecium salebrosum Schimp. and Eurhynchium hians (Hedw.).

The moss samples were transported to the laboratory daily, dried at the constant ambient
temperature (20°C) for 24 h and processed immediately. All extraneous material (plant and tree remains,
visible particles) was manually removed and using quartation apical segments were separated from the
shoots to monitor approx. 3-years deposition. Processed samples were analysed via Epithermal Neutron
Activation Analysis (ENAA) at the IBR-2 fast-pulsed reactor in Frank Laboratory of Neutron Physics
(FLNP), Joint Institute for Nuclear Research (JINR) in Dubna [24].

Neutron activation analysis (NAA)

NAA is a sensitive analytical technique performing qualitative and quantitative multi-element analysis
of major, minor, and trace elements in samples of almost every conceivable field of scientific interests
[25]. NAA within the IBR-2 reactor provides activation with epithermal neutrons at low temperatures,
convenient for biological samples, and it is equipped with the automatic system for sample transportation
and measurement [26]. Neutron flux characteristics and other technical details can be found in
Frontasyeva and Pavlov [27]. To determine the element content of mosses, samples were packed in
polyethylene and aluminium cups for short-term and long-term irradiation, respectively. The elemental
content in moss samples was analysed using the Channel 2 (for short-term irradiation) and the Cd
screened irradiation Channel 1 (for long-term irradiation) with neutron flux density Gey= 3.6%10™ n.cm?.s™
and irradiation time 1 min and 89 h, respectively. After 3 days cooling, the samples were repacked and
measured twice on HPGe Radiation Detectors, the first time directly after repacking and the second time
20 days after the irradiation. The measurement time was 0.5 and 1.5 h, respectively. Obtained gamma-
spectra was processed using GENIE software [28] and the content of each element in moss was
calculated via software developed in the FLNP, JINR [26]. In total 38 elements were determined by NAA:
Al, As, Au, Ba, Br, Ca, Cd, Ce, CI, Co, Cr, Cs, Fe, Hf, I, K, La, Mg, Mn, Mo, Na, Nd, Ni, Rb, Sb, Sc, Se,
Sm, Sr, Ta, Tb, Th, Ti, Tm, U, V, W and Zn. For results see Table 1.
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Table 1: The minimum, maximum, average and standard deviation (in mg/kg) of the element content

Element Min. Max. Aver. St. Dev. Element | Min. Max. Aver. St. Dev.

Na 117 1150 306.1 176.7 Sr 15.6 54.1 33.0 10.0
Mg 1450 4790 3001.6 825.9 Mo 0.172 1.0 0.55 0.21
Al 430 6790 2977.9 1710.5 Cd 0.176 1.78 0.71 0.34
Cl 102 2240 660.5 454.8 Sb 0.107 1.15 0.40 0.22
K 1040| 20200 11851.8 3289.1 I 0.396 4.08 151 0.78
Ca 3600 10600 7690.2 1714.6 Cs 0.148 1.00 0.43 0.23
Sc 0.076 1.38 0.59 0.34 Ba 15.5 154 63.9 28.0
Ti 59.1 573 236.1 143.5 La 0.260 4.70 1.81 1.06
Y, 0.781 10.9 4.9 2.7 Ce 1.03 9.79 3.67 2.27
Cr 2.28 34.1 9.4 6.4 Nd 0.512 5.41 2.49 1.17
Mn a7 642 187.0 118.4 Sm 0.039( 0.808| 0.288 0.171
Fe 690| 18700 3106.8 2861.5 Tb 0.007 | 0.116| 0.044 0.025
Co 0.238 2.13 0.88 0.48 Tm 0.006 | 0.075| 0.026 0.015
Ni 0.711 6.85 3.15 1.46 Hf 0.048 1.21| 0.465 0.309
Zn 30.6 263 88.5 40.8 Ta 0.009( 0.153| 0.059 0.035
As 0.286 2.59 1.0 0.50 w 0.059 1.38| 0.276 0.212
Se 0.060 1.48 0.4 0.31 Au 0.0002| 0.068| 0.003 0.011
Br 1.65 6.65 3.1 1.08 Th 0.063 1.75| 0.589 0.376
Rb 6.8 53.2 13.1 7.1 U 0.028( 0.562| 0.229 0.132

The quality control of ENAA results was ensured by carrying out simultaneous analysis of the
reference material. As nuclear reactions and decay processes are virtually unaffected by the chemical
and physical structures of the material during and after irradiation, standards with different compositions
can be employed [24]. For moss analyses was used standard reference material 2711 Montana Il Soil
from the National Institute of Standards and Technology (NIST), 1633b Constituent Elements in Coal Fly
Ash (NIST) and BCR-667 Estuarine sediment (trace elements) from the Institute for Reference Materials
and Measurements (IRMM). The reference materials and 10 — 12 moss samples were packed together
at each transport container. Thus four measurements of the reference materials were done for each set
of 44 samples.

Self-Organizing Maps (SOM)

Kohonen or Self-Organizing Maps are a kind of neural networks with unsupervised learning. The goal
of the unsupervised learning is to set the neural network to provide the same response to similar input
vectors, to make a consistent output. This results in data clustering and classification of input objects
without the need of knowledge about the desired output.

The Self-Organizing Map defines an ordered mapping, a kind of projection from a set of given data
items onto a regular, usually two-dimensional grid [29]. The input data vectors’ dimension is reduced to
two. Every data item is mapped into the node which has the most similar value to the data item, e.g., has
the smallest distance from the data item in some metric.

The visible part of a Kohonen Map is the map space, it consists of components called nodes or
neurons. The map space is defined beforehand, usually as a finite two-dimensional region where nodes
are arranged in a regular hexagonal or rectangular grid [30].

The node value is then usually a certain weighted local average of the given data items in the data
space. But in addition to that, when the models are computed by the SOM algorithm, they are more
similar at the nearby nodes than between nodes located farther away from each other on the grid. In this
way the set of the models can be regarded to constitute a similarity graph [29].
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The SOM was originally developed for the visualization of distributions of metric vectors, such as
ordered sets of measurement values or statistical attributes, but it can be shown that a SOM-type
mapping can be defined for any data items, the mutual pairwise distances of which can be defined [29].

The element composition data from moss samples were clustered by a Kohonen map with 2x2
rectangular map space grid. So, data were clustered into 4 separate clusters. The analysis was
performed in the R statistical software via the 6 k o h opaakag®é [31]. The output of the analysis in R
can be found in Table 2.

Table 2: Det er mi ned c lkahenteredr sp awilatguebfehe & software

No | Sample ID Latitude |Longitude |Cluster No | Sample ID Latitude |Longitude |Cluster
1| PLS15-05-01 50.00012 18.72923 3 23| PLS15-14-01| 49.81147 18.62168 3
2| CZT15-01-01 49.96902 18.17001 3 24| CZT15-11-01| 49.78381 18.19548 2
3| PLS15-02-01 | 49.97675 18.30889 1 25| PLS15-37-01| 49.77478 18.63198 3
4 | PLS15-03-01 49.98432 18.44780 2 26| CZT15-34-01| 49.75054 18.26842 4
5| PLS15-04-01 49.99173 18.58676 3 27| CZT15-35-01| 49.75775 18.40639 4
6 | PLS15-29-01 49.82392 18.74425 4 28| CZT15-36-01| 49.76405 18.54587 4
7| CZT15-26-01 49.92812 18.24544 3 29| CZT15-17-01| 49.70903 18.34840 2
8 | PLS15-27-01 49.93577 18.38241 4 30| CZT15-18-01| 49.71640 18.48285 3
9 | PLS15-28-01 | 49.94325 18.52302 4 31| PLS15-20-01| 49.73192 18.76080 4
10 | CZT15-08-01 | 49.89566 18.45821 3 32| CZT15-16-01| 49.69894 18.21002 2
11 | PLS15-10-01 49.91283 18.74737 4 33| CZT15-19-01| 49.72291 18.62060 4
12 | CZT15-06-01 49.87495 18.18211 3 34| CZT15-40-01| 49.67743 18.56031 3
13| CZT15-07-01 49.88738 18.32156 3 35| CZT15-39-01| 49.66703 18.41824 3
14 | PLS15-09-01 | 49.95356 18.65898 4 36| CZT15-41-02| 49.68173 18.69553 3
15| CZT15-30-01 49.84154 18.25709 3 37| CZT15-41-01| 49.68173 18.69553 4
16 | CZT15-31-01 | 49.84659 18.39420 4 38| CZT15-38-01| 49.65716 18.28579 2
17 | PLS15-33-01 49.81147 18.62174 3 39| CZT15-38-02| 49.65837 18.28730 2
18 | PLS15-33-02 49.81147 18.62174 3 40| CZT15-21-01| 49.61475 18.21676 3
19 | CZT15-32-01 49.85179 18.53764 3 41| CZT15-22-01| 49.61842 18.35601 3
20 | CZT15-13-01 49.80514 18.47095 3 42 | CZT15-23-01| 49.62594 18.49393 4
21| PLS15-15-01 49.82363 18.74420 3 43| CZT15-24-01| 49.63330 18.63188 4
22| CZT15-12-01 49.79597 18.34116 3 44| CZT15-25-01| 49.64049 18.76988 3

Result and discussion

The element composition data from moss samples were clustered by a Kohonen map with 2x2
rectangular map space grid. So, data were clustered into 4 separate clusters. The analysis was
performed in the R statistical software via the 6 k 0 h opaakag® [29]. The result was visualized as the
map in the ArcGIS [32] with the OpenStreetMap as a base map. (Figure 1)

There were three sites - PLS15-33, CZT15-38, CZT15-41, where two samples with different species
of moss were collected. All sample couples were put into same clusters by the computation algorithm.

The elemental content was classified into the clusters by significance using box-plots as illustrated on
the diagram in Figure 2:
1 Cluster 1 — no element
9 Cluster 2 — Al, Br, Ca, Fe, K, La, Nd, Sm, Sr, Ti, Tm, Zn
1 Cluster 3 - As, Ce, Co, Hf, Mn, Ni
 Cluster 4 -Ba, Cd, CI, I, Mo, Rb, Sc, Ta, Tb, Th, U, V
Au, Cr, Cs, Mg, Na, Sh, Se, W were not included in any cluster as no significance was found.
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Figure 1: Moss sample clusters determined by Kohonen maps
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Figure 2: Box plot showing the significance of Al in respective clusters (Al content in [mg/kg] / cluster)
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Standard statistical algorithms used for the cluster analysis [33] of biomonitoring data work with the
assumption that input data are unconstrained and independent, the input data vectors are therefore
vectors of an Euclidian space. This is not the case of moss sample data which are compositional. The
data are constrained in two ways. The composition of each element is a number greater or equal to zero
and the total sum of all compositions has to be less or equal than some ceiling value (f.e. 100%, 1 000
000 ppm, etc.). Existence of such constraints prevents usage of standard multivariate statistical
methods, such as PCA or k-means clustering with standard L metrics because those methods can be
applied only on unconstrained data.

When standard statistical algorithms are used, these constraints are either omitted which is
mathematically wrong or the data needs to be transformed into the new set of unconstrained variables.
In that case, the analyst losses the key analytical information about elemental compositions in each
cluster.

Artificial neural network algorithms, including Kohonen maps, do not assume calculation with
unconstrained, Euclidian data. The cluster analysis may be performed on original data without any
necessary transformation which allows further analyses based on the presence of a specific element or
elements and in this case identify the origin of the pollution.

Conclusion

Taking into consideration the specifics of biomonitoring data, this article presents the application of
ANN for the cluster analysis and recommends this method for further testing as promising supposed
results for the identification of pollution origin which will be published later on. Although this algorithm
needs greater computing time, it is much universal, robust, user friendly (not as demanding on
mathematical skill of the analyst) and easily automated.

The next step for the full employment of the method is to (1) test the other computing ANN algorithm
(K-means [34]) and its combination with Kohonen maps; (2) compare the ANN clustering with standard
statistical methods [33]; (3) apply the method on the bigger dataset (biomonitoring within the project AIR
TRITIA numbering 299 moss samples) - the publication is being prepared

As presumed, the application of this method allows to classify biomonitoring data to clusters which are
supposed to have the same origin of the pollution with maintaining the information about the chemical
composition of each element in the respective cluster. This is one of the key information when
determining the origin of pollution.
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Summary

Selective non catalytic reduction of NO, by ammonia (SNCR) represents relatively easy process for
NOy emissions decrease. However, regarding to its relatively low efficiency, there is an effort to find the
way, how to increase it. Accessible and cheap Fe additives (gray cast-iron and siderite) were tested for
understanding their catalytic effect on the SNCR process at laboratory conditions, where no radicals
formed during fuel combustion are present. The catalytic effect of iron additives was tested in the fix bed
reactor with feed containing NO, NHs;, O, and water vapor. It was found out that Fe additives have
inhibitory effect on the SNCR process, which can be explained by the ability of the formed Fe oxides to
oxidize ammonia non-selectively into nitrogen and/or NO,. However, this negative effect of Fe additives
on SNCR can be minimized by adjusting the temperature, oxygen amount in the feed gas, NH3/NO ratio
or ensuring pre-oxidation of the Fe materials by oxygen by their dosing into oxygen rich area or ensuring
appropriate time delay between contact of additive with oxygen and NO, and ammonia.

Keywords: SNCR, additive, Fe oxides, NO, reduction

Introduction

Air pollution by nitrogen oxides is one of the current problems of the industrial society. More strict
emission limits for NO, are planed according to BAT Reference Document®, which point out the need to
find new technologies for NO, removal. Selective non catalytic reduction of NO, by ammonia (SNCR)
represents relatively easy process for NO, emissions decrease and is worldwide commercially used
(equation 1-3). However, high efficiency, which can be achieved in the laboratory conditions is not easy
to reach at real industrial conditions, because there are a lot of factors influencing SNCR process
(temperature, mixing degree, gas composition, residence time, etc.), which are difficult to be maintained
constant. Ammonia can be non-selectively oxidized in the presence of oxygen according to undesirable
reactions to N, N,O and NO (equations 4-6) and each of the above mentioned parameters can influence
if these reactions take place and thus decrease overall efficiency.

4NH;+6NOThH 5N,+6H,0 (1)
4NH; +4NO+ 0, M 4N, +6H,0 )
8 NHz + 6 NO, Th 7 N, + 12 H,0 3)
4NH;+30,Th 2N, + 6 H,0 (4)
2 NHz +2 0, ™ N,O + 3 H,0 (5)
4NH;z +5 0, 4 NO + 6 H,0 (6)

The detailed overview of the SNCR process was published by Tayyeb Javed®. Reaction mechanism
is of radical type with key role of OH' radicals. NO reduction is initiated by the reaction of NH3z with
hydroxyl radicals giving amidogen (—-NH,). In the absence of water vapor, amidogen can be also formed
by the reaction of NH; with oxygen atom (O). The SNCR mechanism can be explained in terms of OH
radicals concentration or the dominance of the chain branching or chain terminating sequence. NHy
radical is very selective towards NO at optimum temperature even in oxidizing atmosphere. NO is
primarily decomposed by reactions with NH,, but besides reactions with species of NH; type NO can be
decomposed by reaction with CH; species from the fuel. The presence of oxygen in waste gas is
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prerequisite for successful SNCR. However, the influence of oxygen is described by various authors
differently. Liang® introduced a more comprehensive description - at lower temperatures, the NO
reduction efficiency increases with increasing O, concentration and at the same time with higher NH;
consumption. Conversely, at higher temperatures, an increasing amount of O, inhibits NO reduction, but
suppresses the formation of unwanted N,O. Another important SNCR parameter is the NH3/NO, molar
ratio. It has been found that the optimum reduction temperature increases with an increasing molar ratio
of NH3/NOy, with the highest NO, conversion being achieved at NH3;/NO, value of about 1.6. Some work
reports that the increasing NH3/NO, molar ratio does not shift the optimum reduction temperature but
extend the temperature window and increase NOy conversion?. The NHs/NO, ratio is closely related to
residual ammonia emissions — ammonia slip. The ammonia slip starts to appear at NHs/NO, molar ratio
higher than 1.3 and is dependent on the specific conditions of the SNCR technology (gas composition,
reaction time, NH; blending efficiency with exhaust gas, temperature etc.)?.

SNCR is widely used but this technology will not ensure the fulfilling of planned new strict emission
limits for NO,. Therefore, there is an effort to increase the SNCR process efficiency. Most commonly it is
tried to change or fix the above mentioned parameters in order to increase the efficiency. Also the
addition of some additive was tested, since it was supposed, that additives can intensify NO, reduction
process. The most commonly mentioned SNCR additives are: H,, CO, CHy,, various alcohols, phenols
and toluene® . Li° studied the effect of Na,COs;, C,HsOH and FeCl; on SNCR efficiency, but in the
presence of excess of NO and NH; over O,. The addition of these additives extended the temperature
window and moved conversion maximum to lower temperatures, resulting in an optimal temperature
drop and an increase in NO, destruction. The observed effect was explained by the positive influence on
formation of OH' radicals at lower temperatures.

The use of iron-based additives to reduce NO, emissions from stationary combustion processes was
published by V. Lissianski®’. The tests were carried out on real combustion facility (300 kW).The patent
of the same authors® stated that the additive can be added to the main combustion chamber as well as
to the reburning chamber and that the addition of the metal-based additive to the reburning chamber is
effective in the presence of a reducing agent (N-reagent) and surprisingly even in its absence. In the
case of additive dosing with overfire air (OFA), very low NO, reduction efficiency was achieved,
indicating that a fuel-rich atmosphere containing CH; or NH, and/or CO radicals is required for the proper
operation of the iron additive. The authors state that by adding additive to the main combustion chamber
together with fuel and into reburning zone, a 30% reduction of NO, and a 20% reduction of NO, can be
achieved, respectively. The possible mechanism of heterogeneous NO, reduction includes direct
catalytic reduction of adsorbed NO and indirect effects of radical loss. Radical loss means that in the
presence of iron containing additives, the concertation of non-carbon radicals is smaller and more
carbon-containing radicals can participate in reaction with NO. The recommended way of dosing the
additive is to mix them with fuel, separate dosing or dosing together with a reducing agent, in one or
even in more locations.

Iron oxides were also tested within existing research on selective catalytic reduction of NO, by
ammonia (SCR), but this is commonly done on the temperature range below 500 °C, under conditions
where SCR by NH; is normally used. The influence of Fe and its oxides on NO, reduction by NH; above
500 °C and thus applicable for modification of SNCR process was published only minimally®. However,
the understanding of the effect of iron-based additive at conditions suitable for SNCR can be helpful for
the improved application of the SNCR process.

The aim of our work was to use commonly accessible and cheap Fe materials, namely gray cast-iron
(Fe) and siderite (FeCOs3), and test them as SNCR additives at conditions suitable for SNCR to study
their catalytic effect on the SNCR process at laboratory conditions. The laboratory conditions allow
studying the effect of additives on the SNCR without presence of CH; radicals formed from the
combustion of fuels. The results obtained in laboratory conditions should be helpful for
planning/operation of real combustion test, since the additive can be dosed in many different locations
(which are suitable for SNCR), in different ways (eg. stable load of “catalyst”, powder which fly together
with off gas, fluidized bed, mixed or dosed with fuel etc.) and in different oxidation states.

Patronem t®bdhtoaw ttécshmolj®gi e stavebn2ch hmot a d2lcT Fakulty st

WASTE FORUMIZ) L&ssanad22



KateSina PACULTOVC, Anna KLEGOVC, KateSina KARCSKOVC, L
V L L E Belective non catalytic reduction of NOy by ammonia i Effect of iron additives

Experimental

The surface areas of Fe-additives were determined by N, adsorption/desorption at -196 °C using
3Flex instrument (Micromeritics, USA) and evaluated by BET method. Prior to the measurement, the
samples were dried at 150 °C for 72 hours.

For phase composition of additives, the powder X-ray diffraction (XRD) patterns were recorded using
a Rigaku SmartLab instrument with the Bragg-Brentano geometry and D/teX Ultra 250 detector, Co
radiation source (A; = 1.78892 nm, A, = 1.79278 nm), 40 kV, 40mA, 26 measured range from 5 to 90°,
step size 0.02° and rate 1.5 °.min™. The phase composition was evaluated according to the database
issued by ICDD (PDF-2).

Thermogravimetric and differential thermal analysis of siderite were performed on a SETARAM
TG/DTA SETSYS Evolution-1750 at 950 °C in an air atmosphere (20 ml/min) at a heating rate of
10 °C/min with a sample loading of 70 mg.

The catalytic effect of iron-based additives (additive in powder form diluted with inert glass sand) on
the SNCR was tested in the fix bed ceramic reactor (internal diameter of 8 mm). Feed to the reactor
contained 0.05 mol. % NH3;, 0 (NH; oxidation) or 0.05 mol. % NO, 0 - 10 mol. % oxygen and 2 mol. %
water vapor in N, at 700 and 900 °C; total flow rate was 700 ml/min (21 °C, 101325 Pa). For each test
and each temperature, the fresh sample was used. The sample was heated in N, to the appropriate
temperature and then it was switched to the inlet mixture. The outlet concentrations were measured for
two hours in order to monitor the changes of the additive oxidation state caused by the reaction and its
consequent catalytic effects. The effect of additive was evaluated on the basis of comparison with the
test without additive, which reflects response of the catalytic setup system (blank test). Blank test was
realized as a step response of inlet mixture and included effect of NH; adsorption on the walls of the
system and homogeneous SNCR NO, by ammonia. Fourier transform infrared analyzer FTIR (Antaris
IGS, Nicolet) was used for analysis of NO, N,O, NO, and NHs. In the real combustion process, it is
supposed that additive would be dosed also as the powder of the same grain size.

Results and Discussion

Physico-chemical properties of additives are shown in Table |. Both additives could be regarded as
macroporous material with low specific surface area of 1 m?.g™* and 3 m®.g™” for grey cast-iron and
siderite, respectively.

FeCO; additive is a subject to thermal decomposition at higher temperatures; therefore,
thermogravimetric and differential thermal analysis was also conducted. During heating, siderite
decomposes to CO, and iron oxides depending on the decomposition conditions. Ferric oxide or ferrous
oxide can be formed. The latter is stable only above 575 °C and decomposes to iron and ferric-ferrous
oxide below this temperature. From the thermoanalytic curves (Figure 1), it can be seen that thermal
decomposition occurs between 400-600 °C followed by a smaller weight loss of about 700 °C. The whole
process is completely terminated at 760 °C. Due to the fact that the catalytic tests were carried out at
700 and 900 °C, FeCO; was decomposed before the tests started with formation of FeO, which were
further oxidized in the tests. Since our FTIR analysis allowed semiquantitative monitoring of CO,, it was
found that massive CO, formation occurred during heating in the above-mentioned temperature interval
but also to a lesser extent at the start of the reaction (independently of temperature).
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Figure 1: Thermoanalytic curve of siderite.
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For this reason, it can be concluded that the decomposition of siderite could proceed according to
equations (7) and (8).

FeCOs;ph FeO + CO,
4 FeCO3;+ 0O,y 2 Fe, 03 +4 CO,

The additives in the fresh state and also after the reaction were measured by XRD to determine the
phase composition (Table I). It is clear that during SNCR and NH; oxidation tests (test where NO was
not present), the partial oxidation of grey cast iron to Fe,O3; and the decomposition of FeCOs; into iron
oxides followed by gradual oxidation to Fe,O; and Fe3zO,4 occurred. It is also possible that under the
reaction conditions, a part of iron may also be present in the form of FeO, which is not stable at lower
temperatures and after cooling of the additive after the reaction in the air, it is oxidized to Fe;0,.

(7)
(8)

Table I: Physico-chemical properties of fresh and spent Fe-additives

. . Majority phases  Minority Phases SgeT
Additive Additive state (XRD) (XRD) (m?lg)
L Dolomite
FeCO4 fresh Siderite FeCO; CaMg(CO5), 3
Fe Iron Fe Graphite C 1
Fe Iron Fe Hematite Fe,O; n.d.
after SNCR 900 °C Hematite Fe,O;
FeCOs Magnetite Fe;0, ) n.d.
Fe Iron Fe Magnetite Fe;0, nd
after NH; oxidation 900 °C Hemat!te Fe;0s Graphite C
FeCO Hema“tle F6203 ) n.d
8 Magnetite Fe;0, -
o Hematit Fe,O3 i
FeCO;, after SNCR 700 °C Magnetite Fe,0, n.d.
Iron Fe .
Fe o . Hematite Fe,O; Magnetite Fe3O, n.d.
after NH; oxidation 700 °C -
FeCO Hematlt_e Fe,O3 i nd
3 Magnetite Fe;0, e
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The laboratory experiments were focused on studying of various parameters affecting the SNCR
efficiency: temperature, additive composition, oxygen amount in the feed gas and NO,/NH; molar ratio in
the feed mixture. For comparison, NH; oxidation tests (without NO,) were also performed. The results
are shown in Figures 2 — 6. For each measurement, graphs showing conversion of NH; and NOy at
selected reaction times from zero to 120 minutes are given. Values reported at 120 minutes in many
cases cannot be considered as steady state value, indicating the slow progress of occurring processes.
When discussing the results, it is always necessary to keep in mind that after the placing the additive into
the laboratory reactor, several different processes can now take place. These are (i) homogeneous
SNCR NO, by ammonia, (ii) homogeneous non-selective oxidation of NH3; to NO, N,O or N, (iii)
heterogeneous non-selective oxidation of NH; to NO, N,O or N, (heterogeneous catalytic effect of
additive), (iv) catalytic decomposition of NH3 to N, and H, on Fe®, (v) oxidation/reduction of additive — the
rate can be controlled by diffusion of reactants and products and Fe ions*®*?, (vi) adsorption of NH; on
the additive.

At first, influence of additive was studied at 700 °C. The results are shown in Figure 2. The additive
did not affect the NH3 conversion in first three minutes compared to the homogeneous SNCR, but from
the fifth minute of measurement, the NH; conversion increased significantly compared to the SNCR. The
difference between the individual additives was not visible. In terms of NO, conversion, the difference
was evident already in the first minute of the reaction. In both cases, significant amount of NO, was
produced (NO, conversion was negative) by heterogeneous non-selective oxidation of ammonia
catalyzed by additives or by their decomposition/oxidation products. The amount of formed NO, is
depended on the reaction time. At the beginning of the reaction, more NO, evolved on grey cast iron; it
can be assumed that iron in a zero oxidation state catalyzes the non-selective oxidation of NH; to NO,
more significantly.

The non-selective oxidation of NH; to NO, was confirmed by a separate NH3; oxidation test at 700 °C
(Figure 3a). In line with additive assisted SNCR results at the beginning of the reaction, more NO, were
produced on gray cast iron. In the presence of FeCOs, slightly less NO, was produced but significantly
more than in homogeneous SNCR. It can be concluded that at the beginning of the reaction, iron
contained in the grey cast iron was present as Fe°, which efficiently oxidized NH; to NO,. Fe’ was slowly
oxidized into Fe,O; and Fe;O, during reaction. The slightly different catalytic activity of additives at
120 minutes from the start of the reaction can be explained by the different ratio of individual phases
(Fe;0s3, Fes0,4 or FeO) in each sample. A long-term NH; oxidation test showed that under steady state
conditions, all ammonia was oxidized in the presence of additives mainly to NO, (70-80 %) and N,
without N,O formation (not shown).

The influence of the additive on SNCR efficiency at 900 °C is shown in Figure 4. Unlike the situation
at 700 °C, the addition of the additive at 900 °C did not almost affect the NH; conversion. The amount of
NO, produced is much lower than that at 700 °C and the amount of NO, produced over time varies with
each additive. In the beginning of the reaction, similarly to situation at 700 °C, more NO, was produced
on grey cast iron. However, from the fifth minute, the negative effect of additives changed and lower NO
conversion was achieved on FeCO; additive. The grey cast iron effect was constant from the tenth
minute while the effect of FeCO; changed during whole period of 120 minutes.

The observed trends can be again explained by the different efficiency of various iron oxides (different
oxidation state) to catalyze the non-selective oxidation of NH;. Also at 900 °C, the fastest process was
recognized on Fe®. From phase analysis it was observed that at the beginning of the reaction, the Fe®
present in the grey cast iron was partially oxidized to Fe,Os. In the case of FeCOs, a mixture of Fe,Os
and Fe;O, was found after the reaction at 900 °C, which explains the further catalytic activity of this
sample 120 minutes from the start of the reaction. However, the effect of other elements such as Mn, Ca
or Mg contained as impurities in FeCO; cannot also be excluded.
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The effect of the Fe-additives on the oxidation of NH; (without NO, in the feed mixture) at 900 °C is
shown in Figure 3b, where conversion of NH; into NO, is shown. Total NH; conversion (the sum of
conversions into NOy, N, and N,O) did not changed in comparison with situation at 700 °C (not shown).
Conversion of NH; into NO, was higher during all studied time period in the presence of both additives at
900 °C, similarly to 700°C, than during homogeneous SNCR, however significantly less NOy originated
at 900 °C. The selectivity of the reaction changed during studied time and differed markedly from the
situation at 700 °C. After two hours of reaction, conversion of NH; to NO, on grey cast iron and FeCOs;
were comparable (around 30 %), while after one hour of measurement, the conversion obtained over

FeCO; was twice lower than that of grey cast iron.
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Due to the different effects of additives on SNCR and NH; oxidation at 900 °C, it is supposed that
different atmosphere (presence of NO,) cause changes of additive oxidation states, affected the porosity
of the formed oxides™® and thus influences the achieved NO, conversion. NO, conversion is closely
connected with the amount of accessible ammonia and the tests showed that additives and their
decomposition/oxidation products catalyze ammonia oxidation differently.

Since the amount of oxygen in feed gas is detrimental for SNCR, the influence of O, was also studied
for both additives at 900 °C. Two concentrations of O, (5 and 10 mol. %) were used. Test without oxygen
was also performed on gray cast iron. The results are shown in Figure 4a for gray cast iron and in Figure
5b for siderite. When no oxygen was present in the feed gas, the NO, conversion passed through the
maximum and then declined to zero (time dependency), probably after complete oxidation of the Fe
additive. As in the case of homogeneous SNCR, it is evident that oxygen is essential for NO, reduction,
however the nonselective ammonia oxidation seems to be dependent on the oxygen amount and thus
increasing amount of oxygen in the feed gas decreased NOy conversion for both tested additives. The
time dependence was similar for both additives, at first local minimum of NO, conversion was visible,
which can be explained by the non-selective ammonia oxidation on the additives with low oxidation
states with subsequent NO, conversion increase and slow stabilization of catalytic performance, when
the additive was oxidized into its stable form.
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Figure 5: Effect of O, on SNCR at 900 AcC, a) F &.,ConldiionsF0DEnI. % NH;,
0.05 mol. % NO, 07 10 mol. % oxygen and 2 mol. % water vapor in Ny, total flow rate was 700 ml/min
(21AC, 3P®HPh), additive amount: 0.073 g Fe, 0.1451 g FeCOs.
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For both additives another important parameter, which can be easily adjusted in real process, was
also studied - the NHs/NO, molar ratio. The effect of NH3s/NO, molar ratio at 900 °C is shown in Figure 6.
In both cases, a slight excess of the reducing agent to NO, (molar ratio of 1.4) is desirable, which is
consistent with the finding for homogeneous SNCR.
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Figure 6: Effect of NHy/NO, on SNCRat 900 AC, a) F es, CondilionsFODEI®.07 mol. % NH;,
0.057 0.07 mol. % NO, 10 mol. % oxygen and 2 mol. % water vapor in N, total flow rate was 700 ml/min
(21LAC, 101325 Pa), addgFei0.4481gaFa@Oyunt : 0. 073

During all the tests of additive effects on SNCR, the amount of N,O formed was also monitored. It was
found out that none of the additives had any effect on the amount of N,O produced - the same amount of
N,O was produced as for SNCR (without the additives).

Conclusion

Fe waste materials were tested as additives of SNCR. It was found out that Fe additives are oxidized
during reaction into Fe,O3; and/or FesO,4 and have inhibitory effect on the SNCR process, which can be
explained by the ability of the oxides in low oxidation states non-selectively oxidize ammonia into
nitrogen or NO,. The negative effect of additives is reduced with increasing temperature from 700 to
900 °C and with decreasing of oxygen amount in the feed gas and depends of the extent of oxidation
degree of the iron oxide - Fe oxides in higher oxidation state have lower negative effect.

Based on literature results® the mechanism of SNCR at real conditions of combustion facilities differs
from those studied in this study in laboratory conditions, because in the real combustion chamber, CH;
and NH; radicals from the fuel there are also present, which participate in the radical SNCR reaction. If
the Fe-based additive would have positive effect in combustion facility published in the literature (iron
catalyzed removal of non-carbon radicals which reduces the kinetic competition for carbon-containing
radicals, thereby increasing the rate of NO, removal®), the overall efficiency of additive assisted SNCR
will depend on the sum of contributions of all reactions taking place in the system. For that reason, it is
necessary to understand also negative effect of Fe-based additives (non-selective ammonia oxidation in
the presence of Fe additives in their low oxidation states observed in this study) and ensure such
conditions at which this negative effect will be minimalized. This can be done by adjusting the
temperature, oxygen amount in the feed gas, NH;/NO, ratio or ensuring pre-oxidation of the Fe materials
by oxygen by their dosing into oxygen rich area or ensuring appropriate time delay between contact of
additive with oxygen, NO, and ammonia. It is supposed that additive in the powder form will be
pneumatically injected by separated additive injector. The testing of the effect of Fe-based additives in
pilot plant combustion facility and thus differentiation between additive effect on SNCR without presence
of radicals from the fuel and in their presence is currently in progress.
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Souhrn
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Abstract

The knowledge of interrelations between catalyst zeta potential, dye adsorption, and photocatalytic
performance is important for evaluating the process parameters of photocatalytic wastewater treatment.
This paper deals with the experimental study of heterogeneous UV photocatalysis, used for removal of
methyl orange dye from model wastewater. Photocatalytic experiments were conducted in an open batch
reactor with P25 aeroxide TiO, as a photocatalyst and UV-A LED array as the light source. During
experiments, the effect of pH and co-existing ions on the catalyst zeta potential and both the dye
adsorption and degradation efficiency was studied. The adsorption of the dye onto the surface of the P25
catalyst was a very important step in the photocatalytic reaction and was strongly dependent on pH and
salinity of the reaction solution. Photocatalytic decolorization was found out to be faster in acidic pH
without any added sodium chloride. In contrary, the addition of sodium chloride significantly increased
the decolorization efficiency in the alkaline pH. It also results from the comparison of the experimental
data obtained, that the zeta potential is not a universal indicator of the degree of dye sorption as well as
photocatalytic degradation on titanium dioxide.

Keywords: heterogeneous photocatalysis, zeta potential, azo dye, waste water

Introduction

Textile industry wastewaters, especially those from dyeing steps, usually contain high amounts of
inorganic salts and organic azodye residues.! These dyes usually show low biodegradability and high
toxicity which complicates their direct discharge into the watercourse.? In addition, conventional water
treatment technologies are not usually designed to handle this specific class of pollutants, and their
inadequate removal is commonly observed.** The residues of dye pollutants are then often discharged
into surface waters, leading to the decline of water dissolved oxygen. This can lead to partial or complete
water ecosystem destruction and to its eutrophication. Heterogeneous UV photocatalysis can deal with
those recalcitrant contaminants, lowering their overall concentration and consequently wastewater
toxicity.>®” Titanium dioxide mediated photocatalytic oxidation has been applied extensively for dye
degradation studies.>®® This is mainly because of its low cost, stable nature and its optical absorption in
the UV region. Photocatalytic processes have several advantages over competing processes. These
are: (1) possibility of complete mineralization to harmless carbon dioxide, water, and mineral salts; (2) no
waste disposal problem; (3) no manipulation with expensive oxidants is needed and (4) only mild
temperature and pressure are necessary. On the other hand, the photocatalytic processes are in some
cases costly and their non-selective nature often causes a relatively expensive degradation of
conventional organic substances contained in treated wastewaters. Also, some intermediate degradation
products can be more toxic than the original dye and the presence of inorganic salts in wastewater can
significantly affect the degradation process.**°

Heterogeneous photocatalysis is based on valence electrons excitation in a molecule of
semiconductor catalyst by high energy photons of UV light. If the photon interacting with the valence
electron has higher energy then the energy of a band gap (i.e. light of wavelength < 390 nm for anatase
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type TiO,), the electron is excited into the catalyst conduction band and a hole is left in the valence band,
having a strong affinity for the electron. The holes can act on their own directly, or more often create
hydroxyl radicals with a suitable electron donor, for example, water.'* The hydroxyl radicals ,OH* are
very reactive and aggressively attack virtually all organic compounds. The created radicals have a short
lifetime, and it is advantageous if the compounds, that are supposed to be degraded, are located close
to the radical’s birthplace, i.e. in the vicinity of the photocatalyst particle surface, or to be directly
adsorbed onto it.*? Degradation can also take place by a self-sensitization mechanism, in which the light
(often VIS) is absorbed by the dye molecule. Charge transfer from the excited dye molecule to the
conduction band of the semiconductor results in the formation of an unstable dye cation radical, and an
active species on the semiconductor surface that attacks the destabilized dye molecule.*® Some authors
also found that direct photolytic degradation of azo dyes can be observed, dominantly with hard VUV
and UV-C light sources.'* However, typically commercial dyes are designed to resist UV light and the
direct photolysis is negligible or has a very low quantum vyield.

Additionally, during the photocatalytic processes, adsorption of water, molecular oxygen, co-existing
ions, and the dye onto the catalyst surface takes place. The adsorption of azo dyestuffs on the titanium
dioxide surface has been previously studied by several authors.?*>*®'" The dye sorption is usually very
fast, reaching equilibrium within 30 minutes.* The pH may affect the surface charge on the photocatalyst
and also the state of ionization of the dye and hence its adsorption. Bouanimba et. al.'’ studied the
influence of initial pH on adsorption of anionic methyl orange (MO) onto Evonik P25 titania catalyst. The
pH was adjusted using sulfuric acid, hydrochloric acid, perchloric acid, nitric acid, and sodium hydroxide.
In all cases, higher sorption was found in acidic than alkaline media. However, adsorption was lower
when using H,SO, in comparison with other acids. The effect of co-existing inorganic ions on both
adsorption and photocatalytic degradation of organic compounds has been reported as negative by
various researches. Dugandzic et al.'® found a negative effect of chlorides on the decomposition of
nicosulfuron, at pH 5, Guilard et al.*® reported a negative effect of inorganic ions and correlated their
inhibitive effect with the amount of dye, initially adsorbed on the titanium dioxide surface. Bouanimba et.
al.'” reported that the addition of salts such as NaCl, KCl, CaCl,, Na,SO,, Na,HPO,, Na,COs and
NaHCO; in the presence of TiO, significantly reduced MO adsorption and decolorization efficiencies.
However, the addition of BaCl, appeared to enhance adsorption and degradation rate. Although the
opinion that substances which are adsorbed strongly degrade faster is predominant, there are still
conflicting results as summarized, for example, for various substrates, by Bhatkhande et. al.’

Zeta potential, or electrokinetic potential, is a nonequilibrium parameter, which affects all dispersion
systems, including the used TiO, catalyst. It is a potential, between the slipping plane and counterion
layer in surrounding bulk liquid.'* The zeta potential value is an indicator of the double layers condition
and dispersion system stability. When dispersed particles have high value, positive or negative, of zeta
potential (+ 30 mV is often declared as a borderline value of stability), they are repulsing each other, the
creation of clusters is suppressed and the dispersion is stable. When the zeta potential is approaching
zero (isoelectric point) the dispersion system is becoming unstable. The Zeta potential is generally
dependent on many parameters (particle nature and concentration, pH, concentration and type of ions in
solution, temperature, etc.).?**?* Some of them are interconnected, so any change in one parameter
has some effect on the others. The effect of pH and salinity on the zeta potential of various TiO,
dispersions has been previously extensively studied by different authors.?*?*?* To our knowledge, none
of the works published did address systematically the relationship between zeta potential and process
characteristics of the photocatalytic degradation of azo dyes.

To extend our knowledge on the interrelations between catalyst zeta potential, dye adsorption, and
photocatalytic performance, the experiments were carried out with methyl orange (MO), i.e. sodium
4-{[4-(dimethylamino)phenyl] diazenyl}benzene-1-sulfonate, as a model mono-azo dye in various ionic
environments. Methyl orange dye was selected for the study because of its anionic nature which
corresponds to the electrostatic interactions required for the study, because it absorbs light at a wavelength
greater than the illumination source wavelength, and because it is brightly colored, making it easy to
detect. The experiments were performed in the range of pH in which the MO acid-base color changes don't
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take place. As a source of UV radiation, UV-A LEDs were used. LEDs have, in comparison to conventional
UV sources, several advantages, such as higher efficiency (electric power saving), narrow range of emitted
light frequencies (no direct photolysis and negligible emission of low energy light), better operational safety
(no ozone and ,hard“ UV production) and lower heat production. %

Experimental part

As a photocatalyst, the Aeroxide P25 titanium dioxide, manufactured by Evonik Industries was used.
P25 is of mixed-phase TiO, mainly containing anatase (more than 80 %) and rutile, the two most
common crystal phases of TiO,. It consists of aggregated primary particles. The hydrophilic aggregates
are several hundred nm in size and the primary particles have a mean diameter of approx. 21 nm.
Particle size and density of 4000 kg/m? lead to a specific surface of approx. 50 m#g. In all experiments,
the catalyst concentration of 1 g/l was used.

The sodium salt of methyl orange (Sodium 4-{[4-(dimethylamino) phenyl] diazenyl}benzene-1-
sulfonate) manufactured by Lachema (CZ) was used as a model pollutant/dye. Absorption spectrum in
a range from 190 to 750 nm was measured using DR 6000 UV/VIS spectrophotometer (Hach Lange,
US) and the wavelength of maximum absorbance was determined. Then the calibration curve was
constructed and used to determine the actual concentration of MO dye during degradation experiments.

All photocatalytic experiments were conducted in an open batch reactor with a volume of 250 ml,
irradiated area of approximately 38.5 cm? and slurry depth of 8 cm. The LED UV-A light source CBM-
120-UV-C14-FB365-21 (Luminus Devices, USA) was placed in the upper part at the distance of 2 cm
from the surface of the reaction mixture. The module producer has declared radiation flux of 8.5 W at
a peak wavelength of 365nm with a total power consumption of 32.5 W. The photocatalytic experiments
were focused on the determination of the effect of pH and sodium chloride content on decolorization
rate. After the photocatalyst was added to the dye solution, the produced suspension was intensively
mixed for 1 hour to reach adsorption equilibrium. If needed, the suspension was adjusted by the addition
of hydrochloric acid and/or sodium hydroxide. pH was monitored with the use of glass measuring
electrode. The electrode was submerged into the measured mixture as briefly as possible and
thoroughly rinsed with demineralized water before and after every use to prevent electrode fouling. For
adjustment of sodium ions concentration, p.a. purity sodium chloride was used. Reaction mixture
samples were taken in small volumes (1.8 ml) to avoid considerable changes in the reaction volume. The
samples were left to sediment and centrifuged at 10 000 rpm for 10 minutes. For total organic carbon
analysis, TOC/TN analyzer (SKALAR, NL) was used. Chemical oxygen demand was determined using
Hach Lange LCI 500 cuvette tests. Multiple measurements were carried out under identical reaction
conditions to confirm the reproducibility. The differences between duplicate measurements were less
than 10%.

The adsorption of dye on TiO, catalyst surface was determined in the dark by using 200 mL of
aqueous solution of dye at alkaline and acidic pH of 10.5 and 5.5. After 60 min of mechanical stirring, the
aqueous samples were centrifuged to remove TiO, powder before spectrophotometric analysis.

The zeta potential/pH dependences were determined via titration of 1 g/l TiO, dispersion by MPT-2k
auto-titrator (Malvern Instruments, UK). For adjustment, the pH 0.25 M HCI and 0.25 M NaOH were
used. In some experiments, 65 mmol/l of sodium chloride was also added. Dynamic light scattering
(DLS) measurements were performed using a NanoZS apparatus (Malvern Instruments, UK) operating
at a wavelength of | =633nm in backscattering mode. The average values of zeta potential, as well as
hydrodynamic diameter, were calculated from 3™ order cumulant fits of the correlation functions
measured at a given kinetic stage. The value of the isoelectric point (IEP) was determined from the
graphical dependences obtained. All measurements were conducted at 25 iC after the TiO, suspension
was adjusted in an ultrasonic bath for 10 min.

Results and discussion
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First, preliminary experiments with diluted MO and TiO, catalyst irradiated with UV-A light were
carried out, enabling to obtain optimum discoloration process conditions using procedures described in
the paper of Kertesz *°. The catalyst loading of 1 g/L, initial dye concentration in the range from 10 to
300 mg/l and agitation speed higher than 400 rpm were found as optimum. Experiments were also
carried out in the absence of TiO, catalyst under UV-A irradiation. The MO dye was found as resistant to
self-photolysis by UV-A light used. It means that no degradation of the model compound took place in
the absence of a catalyst and true heterogeneous catalytic regime can be considered in the consequent
experiments.

The measurement of the zeta potential of TiO, dispersion was important to understand the charge-
related phenomena on the surface of the TiO, catalyst. The zeta potential profile of catalyst dispersion is
shown in Figure 1 as the zeta potential vs. pH dependence.
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Figure 1: The dependence of zeta potential of Aeroxide P25 TiO, on solution pH; with and
without the addition of NaCl (concentration of 65 mmol/l).

The zeta potential decreased with increasing pH and had zero value, i.e. isoelectric point (IEP), at
pH=6.3. In acidic condition, the positive zeta potential of the catalyst particles was observed, while
negative zeta potential was found at pHs above IEP. This is in good agreement with the results of some
other authors ?***. Thus, the pH value of the wastewater may affect, through the surface charge,
properties of TiO,, both the size of formed catalyst aggregates and the efficiency of adsorption of dye
onto the TiO, surface. At pH close to the IEP, the large catalyst aggregates were generated with
a smaller external surface area (see Figure 2). The aggregation increases the number of particles
“shadowed” by the surrounding particles in the outer layer of the aggregate. Under this condition, it is
probable that the true accessibility of the inner active centers of catalyst for both the large dye ions and
UV light is limited. In figure 2, we can also observe large data scattering for pH levels where zeta
potential is close to zero, which makes the colloidal system highly unstable. Particle sedimentation was
noticed in few instances under this conditions within several hours. Thus, for the selection of the optimal
parameters of the photocatalytic degradation process, the knowledge of IEP of the catalytic system is
important.
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The surface charge of the particles has an effect; not only on aggregation processes but influences
the adsorption of different compounds as well, especially those with ionic form. At pH values exceeding
the IEP, the photocatalyst particles are negatively charged, thus making the interaction of negatively
charged dye ions with the catalyst surface more difficult. On the other hand, the highest interactions can
be expected at acidic pH, because the positive charges of the catalyst surface attract the dye anions.

9000 ~

8000

m P25TiO, + 65 mmol/l NaCl

7000 s P25TiO,

6000 -
5000
4000

3000 -
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2000

1000

0 2 4 6 8 10 12 14

Figure 2: The dependence of P25 TiO, particle size on pH (concentration of P25 TiO,
photocatalyst =1 g/l)

Figure 1 also shows the zeta potential vs. pH dependence for catalyst dispersion modified by the
addition of a constant amount of sodium chloride. It is necessary to mention, that the change of
concentration of sodium and chloride ions as a result of pH adjustment of the reaction system was
negligible (less than 0.2 mmol/l, in comparison with the addition of 65 mmol/l NaCl). The compensation
of negative zeta potential is clearly visible at pH above the isoelectric point. In the acidic region, the
value of zeta potential moves slightly to positive values. The presence of NaCl in the dispersions induces
aggregation of particles dominantly in the alkaline region (Figure 2). The average hydrodynamic
diameter values of aggregates in the region close to the IEP have significantly smaller scatter compared
to a system without any added NacCl.

Model MO dye is one of the indicators commonly used in titrations. An azo group chromophore (-
N=N-), generating color of MO, is a part of a conjugated system, here created by two substituted
aromatic rings. In an alkaline solution, methyl orange is yellow, while in an acidic solution it is red. During
acidification, the hydrogen ion attaches to one of the nitrogens in the nitrogen-nitrogen double bond and
creates complicated H' delocalization over the entire dye molecule ?’. Figure 3 illustrates the
dependence of relative absorbance of methyl orange solution on light wavelength for various values of
pH. We can observe absorbance shift at low pH values (<4.5), manifesting as a change of the
absorbance peak wavelength. As a result, it was necessary to conduct experiments in the pH range to
assure acid-base color stability. According to the literature 27, the change of MO color takes place at
pH between 3.0 and 4.4, because the dye pK, is 3.7. For pH > pK,, MO is in anionic form while
molecular form predominates at very acidic pH (pH < pKa -1). Therefore, all following experiments were
conducted at pH ranging from 4.5 to 11.5, and as Figure 3 illustrates, there is no significant change in
absorbance profile in the band of experimental pH levels used.
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Figure 3: The dependence of MO relative peak absorbance on light wavelength at different pH
values

As it has been already said, the TiO, photocatalytic activity can be influenced by the interaction
(adsorption) of reactants on the photocatalyst surface. In order to investigate the adsorption of MO, we
have studied the variation of the adsorbed amount with the equilibrium dye concentration for different
values of pH and the addition of co-existing (Na* and CI) ions. These are illustrated in Figures 4
(pH=5.5) and 5 (pH=10). The adsorbed amount of dye is relatively small, ranging from 0 to 6 mg per
gram of catalyst. As can be seen, for the systems without NaCl addition, there is significantly greater
sorption in acidic media than in the alkaline. This result is in good agreement with experimental data
obtained for example by authors'®*’. This effect can easily be explained taking into account that anionic
species of MO are present in the solution. Considering both the negative charge of these species and
the fact that the zeta potential of the P25 TiO, becomes positive at pH values below the IEP (see
Figurel) one could incline to conclude that adsorption takes place through a simple electrostatic
accumulation of the anionic species in the diffuse part of the catalyst interface double layer. However,
the simple electrostatic accumulation in the diffuse part of the interface cannot explain the considerable
adsorption of MO at pH higher than IEP and presence of co-existing Na® and CI ions (see Figure 5),
where the anionic MO interacts with a catalyst that has negative zeta potential. In this case, the sorption
of model dye is greatly enhanced and clearly shows the highest values. This phenomenon could relate to
the results of authors® who have found that in the alkaline region, increased co-adsorption of sodium
ions at the outer plane of the Stern layer located at the catalyst surface (in that case silica nanoparticles)
takes place. They found that the Stern layer compresses (becomes thinner) as the electrolyte
concentration is increased. This finding provides a simple and intuitive picture of the electric double layer
that explains the concurrent increase in surface charge density but decreases in zeta potential, as the
electrolyte concentration is increased.

At the same time, in the acid range, the addition of NaCl to the studied system has less influence on
the dye sorption process (see Figure 4). Only a slight increase in catalyst sorption capacity can be
observed. This result agrees with the zeta potential of the particles, which is more positive than in the
system without the addition of NaCl (Figure 1).
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Figure 4: The dependence of the adsorbed amount of methyl orange dye q onto P25 titanium

dioxide on equilibrium dye concentration ceq in acidic medium with and without of sodium
chloride addition. (concentration of P25 TiO, photocatalyst = 1 g/l).
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Figure 5: The dependence of the adsorbed amount of methyl orange dye q onto P25 titanium
dioxide on equilibrium dye concentration cq at solution pH of 10, with and without added sodium
chloride (concentration of P25 TiO, photocatalyst = 1 g/l).

The effects of pH on photocatalytic reaction are depicted in figure 6, as the time dependence of the
relative methyl orange concentration for different initial values of pH.
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Figure 6: The dependence of the relative concentration c/c0 of methyl orange dye solution on
time for different values of initial pH. (c0=50 mg/l, concentration of P25 TiO, photocatalyst = 1 g/l)

The results show a clear decrease of reaction rate with rising pH. The fastest decolorization was
observed at the lowest experimental pH values, around 5. This is in the agreement with data published in
the literature. ?%%%° This could be because of formerly discussed adsorption of the dye onto the catalyst
surface. The degradation curves at pH values ranged from 7 to 9 were observed to approach lower, but
similar degradation values. The slowest kinetic was observed at pH 11, most likely as a result of the very
strong coulombic repulsion *!, that exists between the TiO, surfaces (see Figure 1) and negatively
charged methyl orange dye. The opposite trend, i.e. an increase of decolorization rate with an increase
of solution pH was observed for cationic dyes by authors.™

The regression of experimental degradation data (Figure 7) confirmed pseudo-first-order reaction
kinetics in all cases, with a decrease of apparent reaction rate constant with rising initial pH of the
reaction slurry. This is in good agreement with other authors ?°*2. and with the hypothesis of an
interaction between the anionic dye and photocatalyst particle. In the case of pH affected adsorption
interactions, the Langmuir-Hinshelwood kinetics can be applied to heterogeneous photocatalysis, which
for small initial concentrations can be simplified to the aforementioned pseudo-first order kinetic
equation.®*
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Figure 7: Linearization of experimental data at different initial pH levels, without the addition of
NaCl (co=50 mg/l, concentration of P25 TiO, photocatalyst = 1 g/l).

The photocatalytic degradation of MO dye can be also affected by the presence of co-existing ions in
the dispersion matrix. These ions are generally present in wastewater, thanks to salts, which are initially
added to the dye solution in order to improve the dyeing process. However, on the release of
wastewater, the ions become an integral part of the effluent. It follows from the experimental data
depicted in Figure 8 that the addition of sodium and chloride ions had a positive effect in the alkaline
region where the negative zeta potential and a high degree of sorption were indicated (see also Figures
1 and 5). In the acidic pH range, the negative effect was observed. The addition of inorganic ions 3*3>3¢,
such as chlorides ¥, into the matrix of a treated solution of dyes, was previously reported by other
authors to have a negative effect. This was explained by the inhibitory effect of chloride ions on the
reaction because of the scavenging of photoproduced «OH by CI". The phenomenon was pronounced at
acidic pH, and consequently, the decolorization was slowed.

The promotion of photocatalytic decolorization in the high salinity alkaline dispersion is a more
complicated matter. It follows from our experiments, that in the case of high salinity systems, there is no
correlation between the zeta potential and decolorization efficiency. But in alkaline pH, the decolorization
is closely followed our sorption results (Figure 5). It is probably due to the compensation of negative zeta
potential by sodium cations resulting in compression of the Stern layer and better interaction between
anionic dye molecule in the diffusion layer and *OH generated on the photocatalyst particle surface. The
increase in zeta potential (approximately from -60 mV to -40 mV) with increased concentration of sodium
chloride in the dispersion of amphoteric nanoparticles was also observed *, and similar preliminary
experiments were performed.* Luo et al. *° studied the effect of natural organic matter on the zeta
potential of titanium dioxide and demonstrated an increase of zeta potential with the addition of calcium
chloride, showing compression of the electric double layer. He also showed that the increase of sodium
chloride concentration leads to better sorption of natural humic and fulvic acids at a pH of 8. Proposing
the creation of calcium ion bridge, working as intermediate between titanium dioxide particle and natural
organic matter, promoting the sorption. Mwaanga et al. ** reported a study of sorption of natural organic
matter on titanium dioxide at various pH and ionic strength. According to his results, higher ionic strength
results in better sorption at alkaline pH.
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Figure 8: The dependence of relative concentration c/cO on time for different initial pH values;
with and without the addition of sodium chloride (initial concentration of dye = 50 mg/l,
concentration of P25 TiO, photocatalyst = 1 g/l).

In order to elucidate the mechanism of the degradation, solution pH was also monitored during the
experiments. The data collected are displayed in Figure 9.
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Figure 9: Change of solution pH during photocatalytic degradation of methyl orange dye
(initial concentration =50 mg/l, concentration of P25 TiO, photocatalyst = 1 g/l) for two different
initial pH. Insert: change in H'/H;0" concentration.
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For a solution with alkaline initial pH (pHi=10), a decrease from pH=10 to 6.7 was observed. It
supports the assumption that hydroxyl radicals (*OH) and H* ions are generated by the reaction of the
positive holes with water *’. Unlike the alkaline solution, in the acidic solution (initial pH = 5), no
significant pH decrease was observed. But assuming that the number of radicals and H* generated is
comparable to the alkali region, it is obvious that the amount of H* ions produced is negligible, in
comparison with the H" ions present in solution with the initial pH of 5.

The UV-VIS spectra recorded during catalytic photodegradation of model dye are presented in
Figure 10. The spectrum of dye before photodegradation (t = 0 min) exhibits three main peaks at
wavelengths of 464, 270 and 190 nm.
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Figure 10: Absorption spectra of methyl orange dye solution during heterogeneous
photocatalytic treatment at different sampling times. Initial pH= 5.5, concentration of P25 TiO,
photocatalyst =1 g/l

The absorption in the visible region can be attributed to chromophore containing azo linkage, whereas
the bands observed in the UV region can be assigned to benzene rings present in MO molecule. It can
be seen, that there is a rapid decrease of absorbance in the visible part of a spectrum, while the decline
in UV range is slower. The cause of this phenomenon is that the dye molecule interaction with hydroxyl
radicals results initially in cleavage of the molecule in the vicinity of the azo bond followed by the
formation of molecules containing benzene rings. 1*** This step results in discoloration of the solution,
i.e. in the rapid decline of absorbance in the visible range. Then these primary reaction intermediates
undergo a series of subsequent reactions which lead to the formation of aromatic acids, aliphatic acids,
and finally to complete mineralization of carbon, nitrogen and sulfur heteroatoms into CO, and SO,%,
and NOj3 ™ ions, respectively. It must be emphasized that decolorization of the solution does not provide
complete data on the azo-dye degradation. Therefore, monitoring of other parameters is necessary.
Figure 11 presents the effectiveness of photodegradation of MO determined on the basis of changes in
TOC and COD relative concentration.
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Figure 11: The time dependence of relative values of COD, TOC, and peak absorbance for
50 mg/l MO solution during photocatalytic treatment. Initial pH = 5.5, concentration of P25 TiO,
photocatalyst =1 g/l

It can be seen that a much slower decrease of relative COD and TOC values was observed in
comparison with the decrease in absorbance at the peak wavelength. These results show that
mineralization is a much slower process than simple dye decolorization.

Conclusions

The effect of pH and ionic environment (changed by sodium chloride) on the zeta potential, dye
adsorption and UV/TIO, heterogeneous photocatalytic decolorization of an anionic methyl orange dye
were studied experimentally. The effect of solution pH on P25 TiO, zeta potential was determined
experimentally, and the obtained results are in good agreement with results previously published by
other authors. Addition of sodium chloride into the mixture shifted the zeta potential towards more
positive values, this shift was more pronounced in the alkaline pH range. The addition of sodium chloride
also improved sorption of MO dye onto photocatalyst, especially in alkaline pH. The photocatalytic
decolorization rate, without any addition of sodium chloride, was in good agreement with the sorption
data and with the results published by other authors — faster decolorization in the acidic pH range. With
the addition of sodium chloride, the decolorization slows down significantly for acidic pH and is improved
in alkaline pH. Fastest decolorization was observed at a pH=5 (lowest experimental pH) with no sodium
chloride, and at a pH of 10 with the addition of 65 mmol/l of sodium chloride. It results from the
comparison of the experimental data obtained, that the zeta potential is not a universal indicator of dye
sorption as well as photocatalytic degradation on titanium dioxide. The decreases of COD and TOC
parameters were also monitored and were much slower in comparison to UV/VIS absorbance at the
peak wavelength.
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Abstract

The meat-processing industry produces a huge and ever greater amount of involuntary by-products at
slaughterhouses, which increase significantly the waste amount. In terms of poultry, these comprise feet,
heads, viscera and skin - items that are rich in protein, especially collagen. The latter can be gained
through a procedure that involves grinding and defatting raw material, since poultry by-products from
meat-processing industry contain a wide range of fat (157 70 %). Indeed, it is also necessary to extract
other non-collagenic matter, such as pigment and water-soluble proteins. In this study, non-collagen
components were removed by treatment of chicken feet in 0.1% NaOH. Three methods of defatting of
raw material (applying NaHCOs, lipolytic enzyme and 10 different solvent systems) were tested. The use
of solvent mixture of petroleum ether and ethanol proved to be the most efficient method of defatting
chicken feet with a residual fat content of approximately 5 %. Collagen concentrate prepared this way
possesses the potential to be utilized by commercial sectors, such as the food or pharmaceutical
industry.

Keywords: by-products, defatting, protein, poultry, slaughterhouse

Introduction

The food industry has stimulated a growth through promoting flavourful items and provide a balance
of protein from animal sources. Such food substances benefit consumers and producers, but also give
rise to a large volume of by-products, often accounting 25 — 30 % of total production. These animal-
sourced by-products could be utilized by the meat-processing industry to ensure competitiveness against
suppliers of plant-based proteins®.

According to data from the US Department of Agriculture, 8,909,014,000 chickens, 232,389,000
turkeys and 27,749,000 ducks were slaughtered in 2016. In live weight this equalled 24.5 million tons of
chicken, 3.2 million tons of turkey, 86,200 tons of duck and 1,700 tons of other poultry, a total of 27.8
million tons®.

The meat-processing industry generates unwanted by-products as a result of the trade, such as
blood, bones, surplus pieces cut from meat, skin, fatty tissue, horns, hooves, limbs and guts. Ecological
disposal of such waste is very expensive. Although some by-products are eaten in certain countries, in
accordance with the particular national customs, elsewhere they may be considered inedible. However,
such by-products possess a high content of essential amino acids, minerals and vitamins, and it would
be economical to extract these where possible. For example, by-products of the animal slaughter trade
sometimes find application as a component in foodsubstance, as feed for livestock or pets, and
fertilizers. In addition, as a raw material, they can be utilized in the production of pharmaceuticals,
biomolecules (such as protein hydrolysates, enzymes, extracts with functional properties and bioactive
peptides) and chemicals®.

Bianchi et al. studied the potential energy output of poultry by-products, which could be harnessed to
produce electricity, especially in deregulated energy markets. Although a small-scale indirect steam
turbine would represent a viable competitor to any of such system, it would need fossil fuels to operate.
Choosing the capacity of an applicable device in relation to the corresponding amount of energy would
depend on the given price of electricity and natural gas. For example, if the price is 0.06 $/kWh,
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a 10 MW device is recommended, without the need of fossil fuels. If the cost of electricity rises and
natural gas drops in price, then equipment rated at 50 MW or more is recommended®.

By-products originating from the poultry processing industry (such as edible tissues, bones, blood, fat,
shells, unhatched eggs, discarded chickens, feathers, heads and legs) account for 22-30% of total meat
production®®. Notably, bedding for poultry is a by-product that itself arises through processing poultry.
Mechanical separation of meat from bones results in a great deal of poultry residue, which on average
contains 17% proteins (especially collagen). According to data from the FAO (Food and Agricultural
Organization) from 2012, the consumption of poultry had risen by 3.6 % per year. Indeed, between the
years 2000 — 2009, the quantity of chicken consumed per person per 12-month period went up from 30
to 38 kg. In 2010, around 78 million tonnes of poultry were eaten worldwide. In first-world countries,
poultry by-products are incorporated into pet food (for cats and dogs), feed additives for livestock and
com[z%)st for the agricultural sector; whereas, in developing countries, they are simply dumped on refuse
sites™.

In this context, major nutrients for animals comprise the following by-products: meat; bone and blood
meal; ground plasma; hydrolysate from feathers; tallow or lard containing proteins, fats, minerals and
trace elements; forms of vitamin B; and some fat-soluble vitamins’.

To date, literature presents various procedures for removing water-soluble pigments and proteins
from poultry feet. Du et al. (2013) applied the following: chicken feet were mixed with 0.5M NaOH at
aratio of 1:10 (v/v) and shaken for 6 h at 4 °C; alkaline solution was changed every 2 h°. In contrast,
Almeida and Lannes (2013) used 4% acetic acid for 16 h at room temperature®. Huda et al. (2013)
studying duck feet employed 5% solution of lactic acid at the ratio of 1: 8 (v/v) for 24 h at 4 — 7 °C°.

Poultry skins contain approximately 70 % of fat'®, chicken bones contain around 20 % of fat** and
chicken feet contain about 15 % of fat*. If these by-products valuable in the food or cosmetic industry,
such as gelatine, are supposed to be processed further, it is desirable that fat content of these tissues is
as small as possible as fat is an undesirable ingredient in gelatine. That is why, this study concerns also
fat separation from chicken feet.

Since fat content of chicken feet is generally very high, it is necessary to defat them. A few studies
have described deffating chicken feet or other poultry-based tissues. According to Du et al. (2013)
technique for the processing of poultry heads was as follows: pure samples were mixed with 15 mM
NaHCO; at a ratio of 1:4 (v/v) and mixed for 1 h at 4 °C, then centrifuged at 10,000 x g for 10 min. at
4 °C. This step was repeated 3times until no fat was observed in the sludge®. Soxhlet method was
applied in the study of chicken skins by Sarbon et al. (2012)*. However, due to the complexity of the
process, this method is inappropriate for practical application. Huda et al. (2013) removed the fat from
the top layer by spoon at the end of the alkaline treatment of duck feet®. This method was found to be
very inefficient.

The aims of the paper

The purpose is to process chicken feet, which are a significant source of collagen, into collagen
concentrate. To achieve this, several methods of defatting of a raw material have been examined. During
the process, undesirable water-soluble proteins and pigments need to be removed as well.

Materials and methods
Chicken feet

Chicken feet rich in protein are hence a suitable by-product of the poultry industry. For this
experiment, they were supplied by RACIOLA Uhersky Brod, s.r.o. The content of dry matter was
determined by drying the feet at 103 °C until constant weight had been achieved. The proteins present
were determined by Kjeldahl method®. The amount of collagen was calculated from the quantity of
hydroxyproline (by multiplying the value by the coefficient 8'); the level of fat was determined by
extraction according to Soxhlet, applying a two stage process with two solvents (chloroform and
ethanol)'®; lastly, the mineral content was determined by burning the sample and annealing at 650 °C for
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at least 1 h in a muffle furnace™. Each test was perfrormed in three replications; results are presented as
an arithmetic mean with standard deviation.

Appliances, tools and chemicals

These comprises: a SPAR Mixer SP-100AD-B meat cutter (TH Industry RD, Taiwan), Memmert ULP 400
drying devices (Memmert GmbH + Co. KG, Germany), an LT 43 shaker (Nedform, Czech Republic),
a Kern 440 - 47 electronic scale, a Kern 770 electronic analytical balance (Kern, Germany), a desiccator,
a Samsung fridge-freezer (Samsung, South Korea), a metal filter sieve (seize of pores 200 pm), a PA
filter cloth (pore size 200 um), a Nabertherm muffle furnace (Nabertherm GmbH, Germany), Parnas-
Wagner distillation apparatus, NaHCOj3, petroleum ether, ethanol, chloroform, acetone, butyl alcohol,
diethyl ether, penthane, and hexane (Verkon, Czech Republic). Lipolase 100 T (lipase from
Thermomyces lanuginosus) was produced by submerged fermentation of the genetically modified
microorganism Aspergillus oryzae (Novozymes, Denmark), with 100 KLU/g (kilo lipase unit/g) as
declared enzyme activity.

Process to convert chicken feet into a product rich in collagen

Processing chicken feet into a product boasting a high amount of collagen involves the steps shown
in Figure 1.

Selecting — Rinsing N Separation N ; 0
chicken feet with water | v| feathers v|_Cooling (0-5°C)
and dirt
- Wraping and Grinding and homogenization:
Storage (-20 °C) k———= shock freezing K————- 1. pre-grinding (size 20 to 30 mm)
(-36 °C) 2. pulping (size 3 mm)
Defrosting | Separating non-collagen components: | Filtration, rinsing
(10 °C, 10 h) — 0.1% solution NaOH, room temperature | with water
Evaporating |, Filtration K Defatting: |, Drying (35 °C | Defatting:
solvents . . Solvents [ approx.48 h) Solution of NaHCO,
T Lipolytic enzyme
Collagen |« Drying (35 °C |, Filtration, rinsing
concentrate | approx. 48 h) |7 with water

Figure 1: Flow chart of processing chicken feet into collagen concentrate
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l. Grinding and homogenization of the raw material

The preparatory stage of preparing the raw material, i.e. grinding it to the desired structure for further
processing, is very important. Proper conditions have to be set in order to prevent denaturation of the
collagen protein during the entire purification process. Key to creating a high quality and hygienically
safe product is ensuring basic hygiene conditions when obtaining the feet. A crucial aspect is to rinse
said raw material in water immediately after selecting the feet intended for use. The slaughterhouse had
a cleaning system in place for carrying the feet away via a pipe, in which the raw material was initial
cleaned and cooled.

After purification and allowing excess water to drip off, the feet were placed in storage containers.
These were then moved to chilled areas to prevent unwanted microbial growth and degradation of the
feedstock, wherein the feet were stored at 0 — 5 °C for no more than 36 hours after slaughter.
Homogenization, i.e. grinding up whole feet, was conducted as soon as possible after slaughter, so that
the temperature of the raw material did not exceed 12°C. Due to rise in the temperature of the raw
material during homogenization, it was necessary to slightly freeze it at -2 °C to -5 °C prior to the
operation. Grinding required two phases, utilizing an industrial meat grinder equipped with a four-arm
knife for both phases as shown in Figure 2. The initial pre-grinding stage required a kidney-shaped
cutting head of size 20 to 30 mm, whereas a different cutting head, at the size of 3 mm, was employed in
the second stage (pulping). Under these conditions, the final temperature of the homogenized material
increased by a maximum of 3 °C. The ground and homogenized raw material was put into PE bags with
walls of 150 um in thickness. The packed raw material was then deep frozen (shock frozen) at -36 °C
* 2 °C. Said frozen raw material was then stored in the freezer at -20°C x 2°C. Prior to the experiments,
the raw material was thawed out in the refrigerator at 10 °C + 2 °C over a 12 h period.

Figure 2: Details of cutting heads (kidney-shaped head on the left, cutting head of the size of
3 mm on the right)

I. Separation of undesirable non-collagenous components from the raw material

The procedure described by Du et al. (2013) with a slight modification to remove non-collagenous
components was used. Once thawed, material was mixed with 0.1% NaOH solution at a ratio of 1:8 and
shaken on a shaker at room temperature for 45 min. It was then filtered through a filter sieve lined with
a single layer of PA cloth and rinsed with tap water. The whole process was repeated 4 times. The raw
material was partially defatted during this process.

1. Removal of fat from the raw material

Three potential methods of removing fat from the raw material have been suggested herein, i.e. a use
of NaHCO; solution, lipolytic enzyme or solvents. The residual fat content was determined by Soxhlet
method, requiring two steps for extracting the same; the fat was extracted with chloroform for 8 h and
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then with ethanol for the same length of time. Each experiment was performed twice; the results are
presented as an arithmetic mean.

1. Deffating with NaHCO; solution

The method described by Du et al. (2013) with a slight modification was applied. Once thawed, the
chicken feet were mixed with 150 mM NaHCO; at a ratio of 1.5 (v/v) in an Erlenmeyer flask and shaken
for 1 h at room temperature. Afterwards, the material was filtered through a filter sieve; the entire
procedure was repeated 4times. The resultant material was then dried for about 24 h at 35 °C.

2. Deffating with a lipolytic enzyme

To this end, the authors utilized the lipolytic enzyme Lipolase 100 T. Defatting efficiency was studied
by the factorial experiments 22 and the central experiment; the factors monitored comprised adding the
enzyme and the duration of defatting. 100 g of chicken feet were mixed in an Erlenmeyer flask with
500 mL of distilled water, into which the lipolytic enzyme Lipolase 100 T was added at the amount
according to the scheme of the experiments (factor A; see Table 2). The pH was adjusted to 7.0 + 0.3.
The flask was sealed and shaken in an incubator at 12 °C; shaking continued for a determined period of
time, according the aforementioned scheme (factor B; see Table 2). After 1, 2 and 5 h of shaking, the pH
was checked and adjusted to the prescribed value. The product (collagen concentrate) was filtered
through a sieve lined with three layers of PA cloth and dried at 35 °C for 24 h.

3. Deffating with solvents

Experiments were carried out with 8 types of solvents, in addition to which a combination of 2 types of
solvent was tested.

The chicken feet were dried at 35 °C in an air-circulation oven for about 48 h prior to the defatting
process. Afterwards, they were mixed with the solvent or mixture of solvents at a ratio of 1:10 (v/v) in an
Erlenmeyer flask; the solvent mixture was prepared at a ratio of 1:1 (v/v) of its components. The flask
was sealed and shaken for 32 h at room temperature in four stages (at 3, 6, 8 and 15 h). After each
period, the solvent was exchanged. The defatted material was left in the hood for 30 min. to allow the
residual solvent to evaporate.

Results and discussion

Table 1 shows the composition of the chicken feet.

Table 1. Composition of the chicken feet

Dry matter [%] | Proteins [%]* | Collagen [%]* Fat [%]* Minerals [%0]*
Chicken feet 35.5 3.0 48.3 +0.4 82.8 +0.7 34.8 +0.8 16.1 0.2
*based on the dry weight of the raw material *from total protein content

Results of deffating:
1. Deffating with NaHCOs; solution

The residual fat content of the raw material, as defatted by 15 mM NaHCOj; solution, exceeded 25 %,
hence was inefficient for further use of the raw material.

2. Enzyme method

The results of the experiments are shown in Table 2. The residual fat content ranged from 24 % to
28 %, which was very high value in relation to the original fat content of the raw material (approximately
35 %). The amount of enzyme added and the processing time did exert any significant effect on the
efficiency of the process. Notably, Lipolase 100 T exhibited very poor defatting efficiency.
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Table 2: Schedule of the experiments and deffating results

Exp. No. Addition of enzyme (factor A) [%]* Period of deffating (factor B) [n] Residual fat [%)]

1 1.0 18 26.5
2 1.0 48 28.5
3 2.5 18 26.1
4 2.5 48 26.0
5 1.75 33 23.8

* pased on the dry weight of the raw material

3. Solvent method

Table 3 shows the results of the experiments. The highest defatting efficiency of the raw material was
achieved using a 1:1 (v/v) mixture of petroleum ether and ethanol, since only 5 % residual fat remained
in defatted raw material. A synergistic effect was evident for mentioned solvent mixture; in contrast, the
efficiency of pure petroleum ether was approximately 1.5times lower (almost 8% residual fat content),
while the figure for pure ethanol was around 4 times lower (= 21 % residual fat).

Table 3: Chemicals applied in the deffating process and their resultant efficiency

Solvent (mixture) Residual fat [%] Solvent Residual fat [%]
Petroleum ether+ethanol 4.97 Butylalkohol 7.66
Petroleum ether+acetone 6.41 Acetone 7.74

Pentane 6.67 Petrolether 7.93
Hexane 6.95 Choroform 8.42
Diethyl ether 7.56 Ethanol 22.2

The final product (collagen concentrate) defatted with solvent mixture petroleum ether+ethanol
contains 75.0 % of collagen, 14.6 % minerals, 5.4 % of non-collagenous organic matter and 5.0 % of
residual fat (based on the dry matter).

Conclusion

Chicken feet containing a large amount of collagen were cleaned, chilled, ground and homogenized.
Once water-soluble proteins and pigments were removed, it was necessary to defat the raw material due
to the high fat content (approximately 35 %), which involved testing various methods to discern which
was the most effective. Defatting with NaHCO; solution and lipolytic enzyme both proved unsuitable
because the residual fat content remaining in the raw material exceeded 25 % and 26 %, respectively.
Defatting with a mixture of petroleum ether and ethanol for 32 h (the mixture was exchanged 3times) at
room temperature was the most efficient method for defatting the material, wherein the residual fat
content equalled approximately 5 %; the resultant product described herein is very rich in collagen. It is
worth noting that the prices for solvents represent a crucial aspect for processing at an industrial scale.
The current retail costs per a litre of solvents are: butyl alcohol: 17.9 EUR; diethyl ether: 10.6 EUR;
pentane: 8.0 EUR; hexane: 5.9 EUR; petroleum ether: 5.5 EUR; chloroform: 5.5 EUR; acetone: 3.9 EUR,;
and ethanol: 2.3 EUR (source: www.verkon.cz). Since ethanol and petroleum ether rank as ones of the
cheapest available, a blend of petroleum ether and ethanol would constitute the most efficient and
economically viable system for defatting poultry tissues. Collagen concentrate (75.0 % of collagen)
prepared from chicken feet could potentially be utilized in the food industry (as food supplements or
nutrients) or in cosmetics (as moisturising agents).
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Souhrn

Maso-zpracujici priimysl produkuje velké mnozstvi nezadoucich vedlejsich jate¢nych produktu, které
maji jen velmi malé vyuziti, a mnozstvi téchto vedlejSich produktld se neustale zvySuje. Prikladem
takového typu vedlejSich produktt jsou dribezi béhaky, hlavy, vnitfnosti a kize, které jsou bohaté na
proteiny, zejména kolagen. Kolagen je ziskan v nékolika krocich, béhem kterych je material podroben
procesu mleti a odtu¢néni, jelikoz drabezi vedlejsi produkty obsahuji 15 — 70 % tuku. Dale je nezbytné
ostranit nekolagenni slozky (pigmenty a proteiny rozpustné ve vodé). Nekolagenni slozky byly
odstranény opracovanim v 0,1% NaOH. Dale byly otestovany 3 zpusoby odtuénéni suroviny (pouziti
NaHCOs;, lipolytického enzymu a 10 riznych rozpoustédlovych systému). Pouziti smési rozpoustédel
petrolether a ethanol se ukazalo jako nejefektivbnéjSi metoda odtucnéni kufecich béhakd (zbytkovy
obsah tuku pfiblizné 5 %). Pfipraveny kolagenni koncentrat Ize vyuzit napf. v potravinarském nebo
farmaceutickém pramyslu.

Kl'2] ovs8 s$kpga: pvedukty, odtul nDn?2, b2l kovina, dr T
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Summary

Grass biomass is an important part of renewable energy sources of moderate belt. Growing grass for
energy increases the potential of grass-harvesting not only for industrial purposes. The aim of the new
research on the use of grasses for energy purposes is the cooperation of OSEVA Development and
Research Ltd. in Zubri, VSB-TUO The ENET (Bulk Solids Center) and the University of Vigo in Spain
(Energetic Technology Group) is a comprehensive comparison of the treatment of selected energy crops
from input products through pelletizing to final combustion test results. The subject of this study is the
specific processing of four selected energy crops. Detailed description of the process of production of
pellets, evaluation of their mechanical-physical properties with quality evaluation is described. Selected
manufactured oatmeal pellets were further transported to the University of Vigo, where tests were carried
out in a small scale biomass combustor. The first experiments aimed at optimizing the setting for
alternative fuels with higher ash content (eg primary and secondary airflow). The subject of the matter of
concern was also particulate matter emissions. The results were compared with commonly available
wood pellets and alternative pellets made from leaves and spruce sawdust (25 : 75).

Key words: grass biomass, pelletization, alternative fuel, particulate matter emissions

Introduction
Grass biomass is an important part of renewable energy sources in the Czech Republic.

Seed-grasses provide farmers with market seed production and, at the same time, straw that is
usable for energy purposes. At the same time, an important source of grass biomass is the mass of
permanent grassland of grass and pasture, temporary grassland on arable land, technical areas and
lawns. This essentially agricultural and technical biomaterial raises a question of a modern solution and
economic use of this grass mass. One way that is suitable for the use of grass biomass appears to be its
use for energy production. Growing grass for energy increases the potential of grass-harvesting potential
for industrial purposes. Grass biomass is used for energy production in the field of OSEVA Development
and Research Ltd. based in Zubri at the biogas plant in Valasske Mezirici, mainly in the form of sowing.
In Frenstat pod Radhostem is production of meadow hay biopellet for heating of buildings.

The article describes the processing of grass biomass for energy use. For the tests, 4 grasses were
used - the bentgrass (Agrostis gigantea Roth), the reed canary grass (Phalaris arundinacea L.), the tall
fescue (Festuca arundinacea Schreber) and the tall oatgrass (Arrhenatherum elatius (L.) P. Beauv. ex
J. Presl & C. Presl). After their crunching, they were processed into pellets. Mechanical and physical
parameters such as mechanical resistance, hardness and more have been determined for the pellets
produced. Selected pellets were tested in a small scale biomass combustor. Resulting particulate matter
(PM) emissions were compared with commercially available wood pellet data as well as with alternative
pellets made from leaves and spruce sawdust (25:75). Cooperation continues. Tests of other grasses
are underway, and attention is focused on the issue of significant biomass ash shedding, which leads to
the creation of flares in the burner or the flame section of the boiler exchanger.
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Material and methods
Material

For the study were used 4 species of grass - the bentgrass, the reed canary grass, the tall fescue and
the tall oatgrass. The grasses were grown separately on single-breeding sowing areas. For pelleting, the
fertilized grass variant was used. In the grasses were established energy parameters (Laboratory of
Geological Engineering, FMG, VSB-TU Ostrava) [1].

Figure 1 shows ash value, combustion heat and calorific values for individual grasses.
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Figure 1: Energy parameters of grass [1].

For combustion tests were for comparison chosen commercially available wood pellets from spruce
sawdust and biopellets made from leaves and spruce sawdust in a ratio of 25 : 75.

Grass pelletization

Dried grasses were crushed in the Green Energy 9FQ 50 hammer crusher, Pest Control Corporation.
They were further pelleted on a Kahl 14-175 flatbed matrix press (Figure 2). The input grass moisture
values were before the pelletization process itself adjusted to 16 % (w.b.) [1]. For all sorts of grasses
were for comparison used identical pelletizing matrices. In this study, 40 kg of pellets were produced for
each energy grass.

Figure 2: Pelletizing press Kahl 14-175.
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Mechanical and physical properties of pellets

For the produced pellets was set moisture (EN 14774-1), mechanical resistance of pellets (D), pellet
hardness (H) and moisture resistance (WI). The moisture test was repeated three times.

The mechanical resistance of the pellets (D) was measured on a Holmen NHP 1000 instrument.
During the test, a sample of 100 g of pellets was circulated pneumatically at 70 mbar in a chamber with
perforated cone-shaped walls for 60 seconds. After the test, the sample was sieved through a 3.15 mm
sieve. Durability D was calculated as a percentage of the weight of the pellet sample after the test to the
weight of the pellet sample before the [3] test. This procedure was performed in five replicate tests and
the mean value was used.

The hardness of the pellet (Hardness H) was expressed as a pressure load in N units until the pellet
was broken or crushed. Hardness was measured with the MultiTest 50 Manual Hardness, Sotax Tester
[2]. The test was repeated ten times.

The resistance against the moisture, so called the wettability index (WI) was performed according to
Equation (1) defined by [4]:
7) p TP 1)

where m; is the pellet weight before the test and m, is the pellet weight after the test. The test is to
immerse the pellet in distilled water for 30 seconds. The test was repeated ten times.

Combustion

The tests have been conducted in a small-scale combustor (Figure 3). The general scheme and the
different sections of the facility used to carry out these experiments is described in [5].

It is an experimental biomass combustion chamber with a vacuum system and an air supply. The
combustor produces power within the range 7-12 kWj,.

exaaa 3000 Ll

Figure 3: Used facility.

Experimental methodology

A particle impactor with thirteen scales, DEKATI DLPI was used to measure the concentration and
distribution particles. In order to avoid condensation in the gas stream, the extraction and the impactor
were heated to 130 °C. The filters used in the impactor were made in the laboratory with aluminium
paper, besides, they received a thermal treatment before and after each test. In this test, totalizator was
not employed [6].
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Results and discussions

The mechanical-physical properties of the grass pellets made of the bentgrass, the reed canary
grass, the tall fescue and the tall oatgrass are presented in Table I. The grasses were first evaluated -
the bentgrass, the reed canary grass, the tall fescue and the tall oatgrass. On the basis of the lowest ash
value (Figure 1), ie 7.02%, was the tall oatgrass selected for further combustion. Due to the economic
difficulty of transporting material to the University of Vigo in Spain, only one grass was selected in the
first phase of the research. The combustion results were compared with commercially available wood
pellets and biopelet of leaves and spruce sawdust in a ratio of 25:75.

Table I: The mechanical-physical properties of the grass pellets

Material of the pellet moisture, D, - H, N WI, -
%
Bentgrass 5.1 99.31 189.0 11.8
Reed canary grass 4.8 99.11 85.5 115
Tall fescue grass 4.6 98.52 94.3 12.0
Tall oatgrass 3.8 99.19 242.9 11.5
Spruce sawdust 7.2 98.38 108.8 10.5
Leaves and spruce sawdust (25:75) 8.2 97.62 119.0 8.99

The results of the mechanical-physical properties (Table 1) show a higher hardness H of the tall
oatgrass pellets, whose water adsorption is, on the contrary, slightly lower than in the case of the
bentgrass and reed canary grass. This may be due to different contents of lignin, hemicellulose and
cellulose [7]. However, it can be stated that the produced pellets have been defined by EN 17225-6
defined values (D = 97.5%, Moisture < 12%). The values obtained for the parameters H and WI are not
normative. For the hardness H of the pellets, compared to the pellets of other species of grass that have
been measured in the before mentioned cooperation, the oat shows the highest hardness. The hardness
of the pellets is an indicator of quality and higher value also predisposes a higher bulk density. The
moisture resistance (WI) values were in line with the literature values [8, 9]. Moisture resistance to
pellets indicates the risk of mold growth, pellets can also indicate a selection of suitable pellets such as
screw feeders and others.

Some of the pellets produced were used to find optimal parameters for their combustion in
experimental equipment. The repeatability of tests for fuels with high ash content (=6%) was verified in
[5]. Table Il shows the summary of the pre-tests performed with their duration and optimal parameters for
each alternative fuel.

Table Il: Characteristics of the performed tests

Burning Ignition (min)+Stability (min)+ | Primary | Secondary Total
pelets Shut own (min)= air air air
Total duration (min) [%0] [%0] [m®/h]
30 70 20
Tall oatgrass 45+90+15=150 40 60 20
50 50 20
Leaves and 30 70 20
spruce 45+90+15=150 40 €0 20
sawdust
(25:75) 50 50 20
Wood pellets 45+180+15=240 30 70 20
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The duration is directly related to the ash content and it is particularly low when fuels with a high ash
content are used. The same total airflow of 20 m®h™ was always used, thus for low primary air staging,
the amount of supplied air is sufficient for combustion take place without disturbances. In addition, the air
staging was varied in order to study the effect of using different distributions in the results. With the grass
and leaf pellets it has been possible used three different air staging. Nevertheless, with the commercial
pellets (wood pellets), it was not possible used normally more than 30% of primary air, because the use
of higher primary air percentages resulted in high powers, which could cause deterioration of the system
components.

The facility used in this cooperation is very versatile, allowing studies of varied nature [10]. In some of
these studies has been verified not only its repetitiveness with commercial fuels [6], but also with special
fuels which has a high ash content too [5]. In figure 4 and figure 5, in each of the graphs have been
shown the particle distribution for a different tested fuel. Within each graph, the parameter that varies is
the air staging and is specified in the legend.

There are numerous studies relating to particles distribution using commercial wood pellet [11, 12]. In
these studies, it has been determined that the majority of the particles generated in biomass have
a diameter smaller than 1 ym. In addition, the distribution may have a unimodal or bimodal shape
depending on the position of the sampling point relative to the bed. However, there are not results
relative to the particles distribution for non-commercial, alternative fuels.
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Figure 4: Particulate matter distribution for each test. The total airflow is O % :50.459kg/m?s.
The air staging is specified in the legend. On the left tall oatgrass, on the right leave pellets.
Quantity of mass (dm/dlog(Dp)) on mass median diameter (Di).
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Figure 5: Particulate matter distribution for wood pellets (one test). The total airflow is
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In this particular facility, using wood commercial fuel the majority of the particles are less than 1um,
and the distribution is unimodal with a particle peak between 30 — 100 nm [10]. The same results are
proved in figure 5. This study allows to establish the particles size distribution for non-commercial fuel
(pellets from tall oatgrass), of which there are no results so far. It can be verified that independently of
the used fuel, the particles are always smaller than 1 ym. However, not all fuels have the same particle
distribution shape, for leaf pellets and wood pellets is unimodal, nevertheless, for pellets from tall
oatgrass is bimodal. For fuels with an unimodal distribution the particles peak is between 30 — 100 nm.
As a general trend, the particle size distribution is related to the used fuel. Analysing the results, the
particles diameter is always less than 1 um, therefore, the fuel quality will be determined by the particles
concentration emitted by the facility with each fuel.

Conclusion

Research on the use of grass straw from grasses grown for market seed production is very topical.
Particularly due to the decrease of livestock in recent years, the areas with grass biomass suitable for
alternative use have increased. Pellets represent one of the preferred forms of processing this grass
biomass for biofuel. The pellets have good fuel properties, allow for trouble-free transport and handling.
Therefore, the four selected energy grasses were processed into pellet form - the bentgrass, the reed
canary grass, the tall fescue and the tall oatgrass. All pellets produced qualitatively conform to the
required standards. Highest hardness and mechanical resistance with the lowest ash content included
high grass seedlings. Therefore, it was selected for transport to the combustion test. Preliminary
experiments determined the setting of the small scale biomass combustor and subsequent emission
tests were carried out. The results showed the distribution of particulate matter of the tall oatgrass pellets
elevated compared to commonly available wood pellets and alternative pellets of leaves and spruce
sawdust (25 : 75). The particle size distribution for all tested materials was approximately under 1 um.
However, their concentration for the tall oatgrass was significant value. In the case of tall oatgrass, the
shape of the distribution curve was bimodal, unlike wooden pellets and pellets from leaves and spruce
sawdust (25 : 75), where it was unimodal and shifted rather to the nanometer area. At present, tests are
also being carried out with bentgrass to compare the results for each species of grass.
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Abstract

Sewage sludge, lawn maintenance waste, fruit/vegetable waste and food catering waste were chosen
for study as typical municipal biological wastes. Hydrothermal pretreatment was used to accelerate
biological anaerobic digestion for enhancement of biogas/bio-methane production from tested biowastes.
Mesophilic anaerobic digestion tests were used to evaluate biogas production for original raw materials
and hydrothermal treated biowastes. Laboratory batch biogasification tests were performed in duplicate
with use of 3-liter glass anaerobic fermenters containing approximately 2 L of fermentation medium. The
biogasification tests were conducted at a temperature of 37 N1 AC and stirred for
2 hours. In the case of raw materials, fruit/vegetable waste and food catering waste show higher
biogas/methane production than that of lawn maintenance waste and sewage sludge. After hydrothermal
pretreat ment at t ypi c &5 h)cteenbiogas i(biormeth@rk)é specifis Gielda tof
fruit/vegetable waste, lawn maintenance waste and municipal sewage sludge increased by 7.6 (6.6),
26.5 (24.1) and 58.3 (53.2) % respectively, while for treated food catering waste the biogas (bio-
methane) specific yield decreased by 4.2 (6.1) %. It seems, the lower the origin waste biodegradability,
the higher the biogas/bio-methane yield increasing after pretreatment. More detailed research on this
topic is desirable.

Keywords: municipal biowaste; biogas production; hydrothermal pretreatment; specific methane yield.

Introduction

Typical municipal biological wastes are municipal sewage sludge, lawn maintenance waste,
fruit/vegetable waste and food catering waste. Municipal sewage sludge is the by-product of the waste-
water treatment process (WWTP). Lawn maintenance waste includes usually short cut grass®.
Fruit/vegetable waste is refused fruits and vegetables from households, municipal markets and catering
enterprises. Food catering waste is generated from households, restaurants, hotels and canteens of
schools and large companies®.

The common characteristic of municipal biological wastes is their high environmental and health
hazards®. There are different disposal pathways for municipal biological wastes, but anaerobic digestion
technologies play the most important role because of the possibilities for renewable materials and
energy utilization due to the production of biogas and digestate fertilizers*>.

Many studies®”®° show that thermal pretreatment of biowaste or biomass can significantly increase

biogas/bio-methane production, but only under certain processing conditions. Although municipal
biological wastes are seen as prospective renewable energy sources, there are not enough the
experimental results of different materials for biogas production potential, especially with and without
hydrothermal pretreatment'®. Therefore, it was necessary to assess the effect of hydrothermal
pretreatment of different biological wastes for specific biogas/bio-methane yields. The aim of this study
was to investigate the biogas and methane production with/without hydrothermal pretreatment of typical
municipal biological wastes.
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Materials and methods

As suitable objects for study, municipal sewage sludge, lawn maintenance waste, fruit/vegetable
waste and food catering waste were chosen as typical municipal biological wastes. The biowaste
samples for investigation were collected and prepared by removing bones, plastic and metals, crushing
and homogenization by the company WEKUS Ltd., which deals with the anaerobic digestion of
agricultural and municipal biological wastes using devices combining biogas production and
hydrothermal pretreatment of risk biowastes. Lawn maintenance waste, fruit/'vegetable waste and food
catering waste were crushed into particles less than 12 mm before testing. Hydrothermal treatment was
carried out in laboratory high-pressure stainless vessels heated in the electric thermo-stated oven. Liquid
to solid ratio of hydrothermal treated samples was 10:1. The processing volume of reaction vessels was
500 ml. The parameters for hydrothermal treatment were 160 °C for 0.5 hour of stable heating, according
to routine operating procedures of WEKUS Ltd. The cooling time of samples was at least 2 hours. After
opening the reaction vessels, the samples were processed within 4 hours.

The chemical analyses of the basic characteristics of waste samples were performed according to
standard procedures published in the methodological manuals of the Central Institute for Supervising
and Testing in Agriculture?, which are based on the world (ISO) or European Committee for
Standardization (CEN) procedures. Measurement by individual instruments was performed in
accordance with the manufacturers' operating procedures.

The total content of dry matter (DM) in wet samples was determined gravimetrically after drying at
105 °C to constant weight according to CSN EN 14346™. The content of organic dry matter in biological
samples, which is the same parameter as volatile solids (VS), was determined gravimetrically after
combustion at 550 °C to the constant weight of ash according to CSN EN 15169,

The soluble chemical oxygen demand (COD) was determined by the potassium dichromate/ferrous
ammonium sulphate method according to CSN ISO 15705, Total organic carbon (Cy) and total
nitrogen (Ny;) were measured by a CHNSO elemental analyzer (vario EL Cube, Elementar
Analysensysteme Ltd., Germany). Volatile fatty acids (VFAs) were measured by an isotachophoresis
analyzer (Villa-Labeco Ltd., Slovakia). N-NH," and P-PO,** contents were measured by a capillary zone
electrophoresis analyzer (Villa-Labeco Ltd., Slovakia). The pH was determined by a pH meter (Seltron
Ltd., the Netherlands).

The total content of some macronutrients, namely P and S, were determined in the mineralization
solution after sample decomposition using aqua regia in a closed high-pressure microwave system
(microwave oven Milestone MLS-1200 Mega from Milestone Inc., Italy) with analytical determination by
an inductively coupled plasma optical emission spectroscopy (ICP-OES) instrumentation (namely Integra
XL, GBC Scientific Equipment Ltd., Australia) according to CISTA methods' and common operation
procedures of the equipment.

Anaerobic digestion tests for biogas production from biomass were carried out based on the
guidelines of VDI 4630°. Laboratory batch tests were performed in duplicate with use of the assembly of
48 pieces of 3-liter glass anaerobic fermenters containing approximately 2 L of fermentation medium.
The biogasification tests were conducted at a temperature of 37 + 1 °C and stirred for 15 minutes every
2 hours. For each reactor, the volume of biogas displaced by acidic solution was measured in
a graduated cylinder. The basic composition of biogas (methane and carbon dioxide contents) was
measured with a biogas analyzer and calculated to specific yields of biogas and methane at a standard
temperature and pressure (STP) condition, namely at the temperature of 0 °C with a pressure of 100 kPa
or 1 Bar (so-called normalized volume of gas, e.g. Nm® or NL). Therefore, the suitable unit for the
expression of biogas or methane specific production from organic dry matter or volatile solids of
anaerobic digestion feedstocks is Nm®t VS or NL/kg VS.

For each series of experiments, four blanks with only water and inoculum were included to measure
the methane production originating from the inoculum. Usually this blank methane production was more
than ten times lower than the methane production of sample and inoculum blends. The blank values
were always subtracted from sample measurements. The input of the VS ratio of tested materials to an
inoculum was 3:10. The inoculum was adjusted digestate from the agricultural biogas station
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(Ekoenergie Vyskov, FABE, Ltd., Bitozeves), which processes maize and grass silages and animal
excrements in a ratio of 10:2:1. The total solids of inoculum was 67.6 g TS per 1 kg of wet weight (ww).
The VS:TS ratio of inoculum was 67.2 %, which corresponds to the value 45.4 g VS/kg ww. The total
period of biogas digestion was uniformly set at 35 days. This is a sufficient time, during which the
intensive phase of biogas production ended in all tested substrates. In the course of the experiments, the
intensive phase of the biogas development lasted from about two to four weeks after the end of the start-
up period (the so-called lag-phase), which usually takes about one to five days.

Results and discussion
Characteristics of raw biowaste materials

Biogas/bio-methane vyields are determined by feedstock composition, first of all by the content and
quality of biodegradable substances. Resistant solids are composed of lignin and some other non-
biodegradable substances. It is commonly known that biodegradable volatile solids include sugars,
starch, organic acids, cellulose, lipids and proteins. All of these substances have different specific
biogas/bio-methane yields. Therefore, the knowledge of feedstock composition of individual samples
allows to predict their biogas and methane production. Table 1 shows the basic composition of tested
biowastes with respect to their feedstock quality for biogas production. Based on these results, it can be
assumed that the highest yields of biogas/bio-methane can be expected for the food catering waste and
the lowest for the municipal sludge.

Table 1: Characteristics of raw biowaste materials (Yoww)

Object TS VS VS/TS Fibers Lipids Proteins Ash Niot Piot oH
(%) (%) (WTS) (%TS) (%TS) (%TS) (%TS) (%TS) (%TS)
Sewage sludge 16.2 114 704 20.3 15.79 20.4 2956 3.27 1.864 7.74
Lawn maintenance waste 10.3 9.0 87.6 22.7 0.52 15.3 1242 245 0.432 7.32
Fruit/vegetable waste 115 9.9 86.3 33.8 10.71 23.6 13.68 3.78 0.451 5.18
Food catering waste 205 185 90.2 18.6 32.48 23.9 9.77 3.83 0.403 4.83

Characteristics of hydrothermal treated biowaste materials

Table 2 presents the characteristics of hydrothermal treated biowaste materials. Changing the level of
biodegradability of individual biowastes is reflected primarily by changing their COD values after
hydrothermal treatment. The main cause is an increase of organic matters dissolving and hydrolyzing
caused by that the parts of solid organic matters are liquefied in the form of low molecular weight organic
compounds.

The hydrothermal treatment disrupts the raw organic compounds thus organic carbon, nitrogen and
phosphorus will be released from the solid biowaste materials into the liquid phase. The total nitrogen in
the liquid phase of all biowastes was relatively high, while the total phosphorus was relatively low. The
highest content of both elements in the liquid phase of hydrothermal treated biowastes was in food
catering waste.

The pH values tend to decrease for all hydrothermal treated materials, especially for lawn
maintenance waste and municipal sewage sludge, which changed from alkaline to acid values after
hydrothermal treatment. This is caused by the increase of soluble content of VFAs, amino acids and
ammonia nitrogen, which could significantly affect pH changes. The highest concentration of all
dissolved compounds after hydrothermal treatment was found at food catering waste and the lowest at
sewage sludge. Contrary, the highest pH was at treated sewage sludge and the lowest at treated food
waste (see Table 2).
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Table 2: Characteristics of liquid phase of hydrothermal treated biowaste materials

Object O @h  @H @b e GNP PH
Sewage sludge 9.12 35.2 10.14 1.82 0.224 38.2:7.32:1 5.96
Lawn maintenance waste 10.51 28.6 12.16 1.69 0.206 46.3:7.95:1 5.92
Fruit/vegetable waste 11.23 46.7 14.07 1.84 0.238 57.6:7.11:1 4.36
Food catering waste 15.86 129 61.72 3.18 0.553 111.4:5.74:1 418

On one side, the low-molecular organic compounds, including VFAs and amino acids, generated
during hydrothermal processing are suitable substrates for biogas production, but on the other side due
to pH changes the high concentration of these compounds can inhibit the activity of methanogenic
bacteria. Volatile fatty acids (VFA) are short-chained organic acids such as acetic acid, propionic acid,
butyric acid and valeric acid or branched isomers of them, which are the intermediate metabolites of
anaerobic digestion and are the important precursors of methanization. But their enormous accumulation
can disrupt this process due to direct feedback on the interaction of the different groups of micro-
organisms in the biogas reactor, especially the accumulation of butyric or valeric acid and their branched
isomers®*’. For example, Shofie et al.'® state that acetoclastic methanogenesis is inhibited, if the
propionic acid concentration reached above 1000 mg/L as COD equivalent. Vieitez and Ghosh'®
reported interrupting the process of anaerobic digestion when the concentration of VFAs exceeds 13,000
mg/L.

According to stochiometric calculation, 1.0 g of acetic acid, propionic acid, butyric acid and valeric
acid were equivalent to 1.07, 1.51, 1.82 and 2.04 g COD, respectively. For tested biowastes, VFAs
accounted for 36.7, 25.9, 24.0 and 12.3 % of total COD in the liquid phase of lawn maintenance waste,
municipal sewage sludge, fruit/vegetable waste and food catering waste, respectively. As seen, the
percentages of VFAsS/COD are relatively high almost for all tested biowastes except for food catering
waste.

The obtained results confirmed that the hydrothermal treatment accelerated organic substances
dissolving into liquid phase resulted into increasing the values of COD, VFA and soluble organic C,, and
thereby improving the anaerobic biodegradation of biowaste materials.

Biogas and methane specific yields of raw and hydrothermal treated biowaste
materials

Table 3 compares the results of experimental determination of biogas and methane production for raw
biowaste materials and hydrothermal treated biowastes. The obtained results confirmed that
hydrothermal treatment accelerated anaerobic biodegradation of biowaste materials and biogas/bio-
methane production. In the case of raw materials, fruit/vegetable waste and food catering waste show
higher biogas and bio-methane production than that of lawn maintenance waste and municipal sewage
sludge. The highest biogas and bio-methane yields of food catering waste can be explained by its
composition because of the highest lipid and protein contents in comparison with the other tested
biowastes.
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Table 3: Biogas and methane specific yields of raw and hydrothermal treated biowaste materials

(mean + SE)
Raw biowaste materials Hydrothermal treated biowastes
Object Biogas Methane Methane Biogas Methane Methane
(NL/kg VS) content (%) (NL/kgVS) | (NL/kg VS) content (%) (NL/kgVS)
Sewage sludge 218 +6 64.8 141 +4 345 + 8 62.4 216 +5
Lawn maintenance waste 392+9 58.1 228 +6 496 + 10 57.1 283 +7
Fruit/vegetable waste 436 + 8 59.3 259 +5 469 +9 58.9 276 +5
Food catering waste 576 + 10 62.6 361 +7 552 +9 61.5 339+6

Different situations occur in the case of hydrothermal treated biological materials. It was found that
after hydrothermal pretreatment at typical condition (160 °C at 0.5 h), the biogas specific yields of
fruit/vegetable waste, lawn maintenance waste and municipal sewage sludge increased by 7.6, 26.5 and
58.3 % respectively, while for treated food catering waste the biogas specific yield decreased by 4.2 %.
Correspondingly, the bio-methane specific yields of fruit/vegetable waste, lawn maintenance waste and
municipal sewage sludge increased by 6.6, 24.1 and 53.2 % respectively, while for treated food catering
waste the bio-methane specific yield decreased by 6.1 %.

Distefano and Ambulkar® reported 52 % increase in methane production for sewage sludge after
thermal treatment at 175 °C. Also, Qiao et al.® found biogas yield increase by 67.8 % (from 202 to
339 ml/g VS) for sewage sludge and by 18.5 % (from 443 to 525 ml/g VS) for fruit/vegetable waste after
hydrothermal pretreatment (170 °C, 1 h), respectively. Similarly, bio-methane yield increase by 65.8 %
(from 155 to 257 ml/g VS) for sewage sludge and by 16.0 % (from 281 to 326 ml/g VS) for fruit/vegetable
waste after hydrothermal pretreatment, respectively.® Vice versa, in the case of food waste the
decreases of biogas (from 781 to 754 ml/g VS or -3.5 %) and bio-methane yields (from 531 to 491 ml/g
V'S or -7.5 %) were recorded after the same pretreatment (170 °C, 1 h).®

Municipal sewage sludge gives the highest increasing rate of biogas/bio-methane production after
hydrothermal treatment, demonstrating that it greatly affects mainly the sewage sludge. It can be
explained by the highest content of raw organic substances which are not easily biodegradable, but are
well degradable by hydrothermal treatment resulting at intensive releasing soluble organic substances,
causing higher biogas and bio-methane yields.

On the contrary, the biogas and bio-methane production for hydrothermal treated food catering waste
even decreased. It can be explained by the highest content of lipids and proteins in food waste in
comparison with the other materials. It seems the higher the origin waste biodegradability, the lower the
change of biogas and bio-methane vyields after hydrothermal pretreatment. In any case, this
phenomenon deserves more detailed research in the future.

Conclusions

It was confirmed that hydrothermal pretreatment is a prospective method for acceleration of biological
anaerobic digestion and enhancement of biogas/bio-methane production from typical municipal
biowastes. Biogas/bio-methane yields are determined by feedstock composition, first of all by the content
and quality of biodegradable organic substances. Hydrothermal treatment accelerated organic
substances dissolving into liquid phase resulted into increasing the values of COD, VFA and soluble Ctot
and thereby improving the anaerobic biodegradation of biowaste materials. In the case of raw materials,
fruit/'vegetable waste and food catering waste show higher biogas/methane production than that of lawn
maintenance waste and municipal sewage sludge. Municipal sewage sludge gives the highest increasing
rate of biogas/bio-methane production after hydrothermal treatment. On the contrary, the biogas/bio-
methane production of hydrothermal treated food catering waste decreased. It means, the lower the
origin waste biodegradability, the higher the biogas/bio-methane yield increasing after pretreatment.
Given the importance of this topic, it is desirable to extend and deepen this research in the future, in
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particular to increase the number of test repetitions to ensure the possibility of reliable statistical
evaluation and to supplement the studding of the energy balance of investigated processes.
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Abstract

The physical-mechanical properties of calcium-silicate composites depend on their microstructure,
which itself, in autoclaved aerated concrete especially, depends on the formation and morphology
of the calcium hydrosilicate phases. The main one of these phases is tobermorite, which is what this
paper is focused on. Two secondary raw materials representing two main groups of by-products are
discussed. Namely, these are fluidized bed combustion fly ash and slag produced by the incineration
and power plants. Studying the utilisation of secondary raw materials has become a necessity for both
environmental and financial reasons. Selected raw materials were mixed with lime only. In this way, the

conditions eliminating the effects of other impurities were ensured. Themat er i al 6s mol ar r

oxide to silicon dioxide was 0.73 and 1.0. The material samples were then autoclaved at two

temperatures (170 and 190 A C) and three different hydrot her mal

results indicate that slag appears to be promising material. Samples containing slag reached the same

compressive strength as reference samples at 190AC

Keywords: Tobermorite, calcium-silicate composite, fluidized bed combustion fly ash, slag

Introduction

Calcium-silicate composites are made with pure materials such as quicklime and silica sand.
Nowadays these materials are becoming still more difficult to obtain. Their sources can suffer from
contamination and their extraction is becoming more expensive, which in turn raises the price of the final
product. This generates the need to re-use and recycle various waste materials. It is the usage of
secondary raw materials that is currently receiving much attention. This concerns mainly pozzolanic
silica materials such as fly ash or slag.™?

FBC ash

This paper focuses on two secondary raw materials - fluidized bed combustion fly ash (FBC) and
slag. FBC ash is a combustion by-product from fluidised bed combustion with the addition of milled
limestone. Adding milled limestone is a method of flue-gas desulphurisation. The coal combustion
temperature ranges between 800 and 900°C. There are certain variations taking place during the
combustion process, which cause instabilities in the mineral composition of the ash. Chemical
composition and mineralogy may vary as well. This complicates the utilisation of FBC ash and requires
constant observation of the properties.® FBC ash seems viable mainly because of its high content of
reactive aluminosilicates.

FBC ash can often be used as aggregate instead of silica sand. Some research shows that FBC ash
can help reduce bulk density in aerated concrete, and a 25% to 50% replacement can improve
its compressive strength. Kurama et al. claim that a substitution of the silicate components reduces
thermal conductivity. FBC ash consists of crystalline and amorphous phases. The amorphous phase is
what gives the material its pozzolanic properties.?
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Slag

Slag (HPS) is inorganic waste produced by burning coal in a fluidised bed combustor. It can be
a valuable source of alternative aggregate for concrete. One of the reasons for considering slag
as a secondary raw material is preserving the environment and cutting down on landfilling. An important
property of slag is its high content of silicon dioxide. It is also characteristic by non-homogeneity
and a high content of impurities. Mineralogical analyses have shown that aside from the amorphous
phase, slag also contains mullite, anorthite, melilite, calcium and clay rocks, magnetite, and gypsum. It
may be contaminated by unburned coal and sulphur compounds. These impurities can cause concrete
to suffer from volume changes.*

There are currently too few studies that describe the use of slag as a secondary raw material.
Replacing the silicate component in concrete with slag or other calcium-silicate composites is still largely
an unexplored area. In this respect, slag shows great promise and is worth investigating.

Microstructure

So far studies have focused only on the hydrothermal reactions during the synthesis of tobermorite
and other CSH phases while using very pure primary raw materials such as quicklime and silica sand.
However, tobermorite synthesis using secondary raw materials needs researching as well and is
addressed in this paper.

In commercially available products made with lime, silica sand, hydrated lime, and water these
components partly react under hydrothermal conditions, producing calcium silicate hydrate (CSH). The
strength of calcium-silicate products hardened by autoclaving comes from CSH phases, which bind the
silicate particles together. The hydrothermal treatment of calcium silicate products is generally done at
temperatures of 150°C to 220°C and steam pressure of 0.8-1.6 MPa over 3 to 10 hours.”

The hydrothermal reaction produced by the action of pressurised steam transforms the calcium
silicate hydrate into tobermorite, and thereby improves the strength of the composite. Prolonged
autoclaving slowly transforms tobermorite to xonotlite, which, when detected, indicates wrong autoclave
hardening and can be detrimental to the composite’s properties.* °

Tobermorite (CasSigO16(OH),-4H,0) is a natural layered mineral. It is the primary component of
autoclaved calcium-silicate, such as sand-lime bricks, autoclaved aerated concrete, thermal insulation
boards, or similar products. It is also used as an adsorber. This is thanks to the stabilised thermal
properties of materials at high temperatures and a large specific surface area with high porosity.* % 7 % °
There are several morphologies of tobermorite, namely fibers and platelets.

Materials

The goal of this research was to study the formation of tobermorite in a calcium-silicate composite in
dependence on the choice of the silicate compound and hydrothermal conditions. The experiments were
performed at different hydrothermal conditions and with different molar ratios of calcium oxide to silicon
dioxide (henceforth C/S). At first, two secondary materials and one reference compound (i.e. silica sand)
were chosen. The next step involved measuring the basic properties of the raw materials so as to
optimise the mixture formulae and set the conditions for the hydrothermal reactions. After that samples
could be made, and their microstructure studied.

Raw materials

The determining criterion for the choice of the raw materials was their SiO, content, which was
amorphous in both cases. The materials selected for the experiments were silica sand, FBC ash, and
slag (HPS). They were then tested for basic properties.

I nfl
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Properties of the materials

The first basic property to be tested was chemical composition. Drawing on the knowledge of calcium
oxide and silicon dioxide content it was possible to design the mixtures. Table 1 shows the properties of
material as results of the chemical composition analysis. Another property that may affect the formation
of tobermorite is the specific surface area. It was measured together with bulk density and water
absorption. Bulk density was measured using an AccuPyc Il 1340 helium pycnometer. The specific
surface area was determined by the Blaine permeability method in accordance with CSN EN 196-6.
Water absorption was measured as the 24-hour difference between the mass of the wet and dry
material.

Table 1: Properties of the materials

Oxide content
(%]
CaO
0.23
17.67
3.42

Water
absorption
[%]
30.8
192.9
35.3

Specific
surface area
[m?/kg]
308
390
298

Raw
material

Bulk density
[kg/m?]

2700
2740
2610

SiO,
92.91
38.05
50.00

Al,O4
2.53
24.67
23.40

Quartz sand
FBC
HPS

_ Reactivity of lime was measured using the Dewar vessel. The test was performed in accordance with
CSN EN 459-2.
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Figure 1: Reactivity of lime

The reactivity of the lime was set at 359 s (Figure 1), that is 5 minutes and 59 seconds, as the time at
which the hydration temperature reached 60°C. According to CSN EN 459-1, such lime is specified as
CL 90 - Q (R5).

Methods

As said above the mixtures needed to be optimised based on their chemical composition. The goal
was to design the mixtures in such a way that the molar C/S ratio was 0.73 and 1.00. The choice of
these particular ratios is based on limit values at which tobermorite should form. Figure 2 shows the raw
material ratios.
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Ps 65.5 34.5
c/s 1.0 i :
HPS
C/50.73 72.2 27.8
FBC
c/s 1.0 72.2 27.8
FBC
C/50.73 ?80 220
Sand TR B!
c/s1o gL 01 MR 48
Sand sy e
c/s0.73 GERERERRNEE 097 MR 108
0% 20% 40% 60% 80% 100%

Figure 2: Mixtures (percentage share) of the raw materials;
silica raw material i left side, lime 1 right side

Sample preparation

Lime, the silicate materials, and water were mixed to a slurry, which was poured into moulds.
The Samples had the dimensions of 20x20x100 mm. After demoulding, the samples were left to mature
for 24 hours. After that they were autoclaved at 170 °C and 190 °C at a holding time of 4, 8 and 16
hours. The choice of the temperatures and holding time is based on silicon dioxide solubility and the
conditions of tobermorite formation. The hydrothermal conditions were created using small autoclaving
capsules (Figure 3), which consisted of a Teflon lining (300 ml) encased in a steel sleeve. To ensure
they are airtight, the capsules are closed with a double seal. Only one specimen was placed in each
vessel. It was positioned on a disc under which was poured an amount of water corresponding to 10 %
of the lining’s capacity. The sample had to be kept from contact with the water underneath. Then, the
capsules were sealed. The tightness of the seal was verified after autoclaving when the capsules were
weighed to see whether they had lost any mass. To begin the autoclaving process, the capsules were
placed in a dryer which could deliver the required temperature for the required time.

Microstructure

Once autoclaved, the samples were extracted from the capsules and dried at 40°C until their mass
had stabilised. In order to study their microstructure, the surface layer of the samples needed to be
removed and the cores thus obtained were milled in a vibration mill. The resulting powder was sifted
using a 0.5 mm sieve. Larger particles that remained were milled again. The powder was finally milled in
an isopropanol solution down to a maximum particle size of 20 um using a McCorne XRD mill. When the
suspension had dried the samples could be placed in the holders of an Empyrean Panalytical X-ray
diffractometer. This X-ray diffractometer has an angular reproducibility of < 0.0002° and 26 linearity
equal or better than £0.01°. The output of this analysis was XRD diagrams. This examination was
supplemented by SEM imaging.
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Figure 3: Autoclaving capsules

Results and discussion

The influence of secondary raw materials on tobermorite formation was studied by a microstructure
examination. This study was supplemented with test results of physical-mechanical properties and SEM
imaging.

The influence of secondary raw materials on physical-mechanical properties

The specimens were tested for bulk density and compressive strength. It should be noted that
the measured values were only to supplement the study of microstructure. The samples were small and
intended for tobermorite synthesis; they were not composites that would possess correctly measurable
compressive strength and bulk density.

Molar ratio C/S 0,73 W Molar ratio C/S 1,0

100
90
80
70
60
50
40
30

Ll

hrs —» | 4 8 16 4 8 16 4 8 16 4 8 16 4 8 16 4 8 16

compressive strength [kPa]

°C—» 170 190 170 190 170 190

Sand FBC HPS

Figure 4: Compressive strength of samples with lime and silica raw material
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The experiment compared the influence of a representative of FBC ash and a representative of slag.
It was found that FBC ash caused a decrease in compressive strength. The strength decrease was
almost entirely proportional to autoclaving temperature, time, and the C/S ratio. Samples containing slag
reached the same compressive strength as reference samples at 190 °C with a molar C/S ratio of 0.73.
In fact, their compressive strength was higher than that of the reference autoclaved at 170 °C. The
reason is the amorphous aluminosilicate, which is more soluble than the crystalline oxide contained in
sand. Better solubility results in better reactivity, which allows CSH phases to form at 170 °C.

The results also show that samples with a molar C/S ratio of 0.73 reached better compressive
strength than the sample with a C/S ratio of 1.0. The reason is the high content of calcium oxide in the
samples with a higher molar ratio.

The influence of secondary raw materials on microstructure

The influence of secondary raw materials on microstructure was studied primarily by XRD analysis.
This analysis was supplemented by SEM images. The main parameter of the microstructure study was
tobermorite peak intensity in XRD analysis diagrams. The effect of the raw materials and autoclaving
mode on the crystallization and quality of the tobermorite was monitored. The quantification of
tobermorite will be dealt with by follow-up research in the future. The data of tobermorite peaks was then
converted into a graph.

Besides tobermorite, other phases were found in the samples. In the samples with quartz sand, most
quartz and portland minerals were found. An increase in autoclave temperature led to dissolution of
guartz and portlandite in favour of tobermorite. Tobermorite was formed in a sample with quartz sand at
a temperature of 190°C, which was sufficient for the solubility of quartz. In samples with FBC ash and
HPS, tobermorite, portlandite, and very low quartz were also found. Furthermore, the a-C2SH phase was
detected in sample with FBS ash.

O Molar ratio C/S 0.73 B Molar ratio C/S 1.0
11000

10000 —
9000

8000

Intenzity

7000

6000 |—|I
5000

hrs —» 4 8 16 4 8 1

T

°C—» 170 190 170 190 170 190

8 16 4 8 16

Sand FBC HPS

Figure 5: Intensity of tobermorite according to XRD

The tobermorite peak intensity in the sample with FBC ash was nearly constant at 170 °C and 190 °C
and every autoclaving time. This is due to the high solubility and reactivity of amorphous silicon dioxide.
In terms of microstructure, autoclaving at 170°C for 4 hours is sufficient for tobermorite formation in lime
and FBC ash samples. It is important to remember that strength is still very low at this time and
temperature. The samples also contained portlandite. It was present at the molar C/S ratio of 1.0. This
caused a surplus of CaO in the sample. It was thus proved that FBC ash has a negative effect on
compressive strength in large-amount substitutions®. In this case it was a 100% replacement and so
a drop-in strength was to be expected.
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SEM MAG: 5.00 kx Det: SE MIRA3 TESCAN

SEM HV: 20.0 kV 5pum
AdMas -FAST VUT Brno

Figure 6: Image from SEM analysis - sample with FBC ash
with a molar C/S ratio of 0.73 autoclaved at 190AC f or 8 hour s.

SEM MAG: 2.00 kx :SE i MIRA3 TESCAN

| semHv:200kv | 20pm

AdMas -FAST VUT Brno

Figure 7: Image from SEM analysis - sample with HPS
withamol ar C/ S ratio of 0.73 autoclaved at 1

The SEM images (Figure 6) show that tobermorite content is not very high. It occurs locally and has a
plate-like habit. This could be the cause of the low compressive strength®.

The differences in tobermorite peak intensity in samples made with slag are greater, especially when
autoclaved at 190°C. The longer autoclaving time caused greater tobermorite crystallisation. This fact is
in accordance with the values of compressive strength, which in samples with slag were similar to those
of the reference samples. The slag contained 12 % more SiO, than the FBC ash. This is the reason why
tobermorite could form at a greater magnitude. The SEM images (Figure 7) show that tobermorite
covered most of the surface of the aggregate. Furthermore, it had a lath-like habit, which provided
a better bond between the particles and by extension higher compressive strength.
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Conclusion

This investigation brought interesting findings. It compared the basic influence of FBC ash and slag
on the properties and microstructure of calcium-silicate composites. It was a basic comparison of an
alternative source of a silicate raw material for autoclaved aerated concrete manufacturing. The
influence of the molar C/S ratio was also observed.

1 It was found that the higher molar C/S ratio of 1.0 is unsuitable. It delivers lower compressive
strength.

1 FBC ash reduces compressive strength in samples with a 100% replacement for sand. Plate-like
tobermorite was identified. No influence of the autoclaving temperature and time was found.

1 The replacement of sand with slag increased compressive strength and was conducive to tobermorite
formation with increasing autoclaving temperature and time.

The results show that slag is a more promising raw material for calcium-silicate composite
manufacturing. This basic investigation will be expanded by research into the influence of slag in
different replacement percentages or particle sizes.
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Abstract

Using secondary raw materials is both eco-friendly and cost-effective. Great amounts of secondary raw
materials are produced in the power industry by solid fuel combustion. There are two types of ashes,
high temperature fly ash and fluidised bed combustion ash in this industry. As opposed to high
temperature fly ash, the fluidised bed combustion ash generated by the more energy-efficient and
modern combustion is still little used. High-temperature incineration also produces a slag beside fly ash,
which has potential for use in aerated concrete. For this reason, research is focused on fluidised bed
combustion fly ash, fluidised bed combustion bottom ash and slag. The aerated concrete composite was
developed using a laboratory autoclave operating at 190 A C o v ehpur holdifg time. The secondary
raw materials amounted to 10 %, 30 %, and 50 % of the aerated concrete. While fresh, the mixtures
were tested for rheologic properties by the flow table test. The results showed a dependence of
rheological properties on the content of fluidised bed combustion fly and bottom ash. The research
showed that a 10% content of secondary raw materials is to no detriment to physical properties. The
influence of secondary raw materials on the microstructure was examined by X-ray diffraction analysis
and compared to the peak intensity of the tobermorite which is the carrier of the autoclaved aerated
concrete. The intensity peak of the sample with 10% admixture of fluidised bed combustion fly and
bottom ash comparable to the reference sample and corresponded to the results of the physical
properties.

Keywords: Autoclaved aerated concrete, fluidised bed combustion fly ash, fluidised bed combustion
bottom ash, slag, rheology

Introduction

The market dominance of large companies is a source of pressure to manufacture the best possible
aerated concrete at the lowest possible cost. Current trends prefer the replacement of a part of primary
raw materials with by-products without making any substantial changes to the manufacturing process.
Reducing the autoclaving time is generally a good step, since autoclaving is a costly process.

Fly ash is the finest coal combustion residue that is caught in separators. Their particles range within
0.001 — 1 mm.* Fly ash is a heterogeneous mixture of particles of varying shape, size, and chemical
composition. ** Aside from fly ash, traditional high-temperature combustion also produces slag. Slag is
of a coarser fraction and current studies show that a partial replacement of silica sand by slag results in
a pozzolanic reaction, producing tobermorite.? °

Fluidised bed combustors burn crushed fuel suspended in an upstream of hot air and combustion
gases in a way that causes the fuel particles to burn away slowly. The ash thus produced is lifted to a
certain height where the combustor opens to a greater width and causes the gas velocity to drop down to
the suspension velocity. The particles remain suspended in this position. Solid combustion residue must
be prevented from fusing, which means that maximum temperatures must not exceed the temperature of
ash softening. Combustion takes place at 850 °C. Fluidised bed combustion produces ash that can be
divided by patrticle size into fly ash and bottom ash. Fluidised bed combustors ash (FBC ash) does
not suffer from particle elongation, it remains porous, has a layered structure, and a large specific
surface area. FBC ash contains a high amount of SOz, mainly in the form of anhydrite. Its properties are

En
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similar to gypsum, which is why no addition of it should be required for the manufacturing of aerated
concrete if FBC ash is present. Calcium oxide contained in the ash is both the reactive CaO and non-
reactive CaSO, as far as the hydrothermal reaction is concerned. They also contain a reactive mineral
phase, which may give FBC ash its pozzolanic properties.”® "8

Experiment
Raw materials

The primary raw materials were lime, cement, and sand. The samples were made with
cement |1 52.5 N. It is a Portland cement with a clinker content of 95 T 100 % and O I 5 % of other
components. The lime is described by CSN EN 459-1 as "Construction lime" CL 90-Q (R5, P1). The
silica sand had a higher alkali content, but enough silicon dioxide (92.91 wt. %). FBC ash is produced in
heating plants and has a high content of aluminium oxide, iron oxide, and calcium oxide.

The experiment used fluidised bed combustion fly ash (FBCFA), fluidised bed combustion bottom ash
(FBCBA), and slag as raw materials. FBCBA and slag had the fraction of 0-8 mm. This is why they were
milled in a ball mill to a specific surface area of approx. 300 m%kg. This value was determined on the
basis of the patrticle size of the sand. The raw materials were tested for chemical composition (Table 1),
specific density, and water absorption (Table II).

Table I: Chemical composition of the secondary raw materials

Chemical composition [%]
SiO, CaO Na,O Al,O3 SO,

Raw materials

FBCFA 38.05 17.76 0.3 24.67 544
FBCBA 38.40 12.99 0.39 24.60 5.40
Slag 51.00 4.37 - 2244 111

Table Il: Physical properties of the secondary raw materials

- , Specific surface Water
_ Specific density ,
Raw materials area absorption
[kg/m?] [m®/kg] [%]
FBCFA 2740 390 192.9
FBCBA 2510 250 130
Slag 2610 298 35.3

Mixture formula and AAC sample preparation

The reference mixture was adopted from an existing AAC manufacturing technology. This mixture
was then mixed with 10 %, 30 %, and 50 % of a secondary raw material. The amount of water was
adjusted to maintain a flow value of 25 cm. This flow value was used for samples on which the
compressive strength, bulk density and microstructure were determined. The results of the flow value of
the sample mixture are shown separately in the section ,rheology”.

A plasticiser was added to a pre-heated silica-sulphate slurry, at 40 £ 1 °C, and mixed for 5 seconds.
Pre-homogenised lime, cement, and the secondary raw materials were then added and left to mix for
45 seconds. After that, the walls of the mixer were cleaned and an aluminium suspension was added.
The mixture was mixed for 60 seconds; the entire mixing process did not take longer than 120 seconds.
The fresh mixture was poured in moulds and left to harden in a dryer at 40 °C for 24 hours. After that the
samples were extracted from the moulds.
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Table lll: Reference mixture

Raw materials Reference Unit
Lime 40

Cement 60

Sand 371 3
Gypsum 13 [kg/m’]
Aluminium powder 0.450

Plasticiser 0.396

Autoclaving took place in a laboratory autoclave at 190 °C and a 7-hour holding time. The dissolution
temperature of silica sand at hydrothermal conditions is 180 °C. To ensure the correct hydrothermal
conditions at the centre of the samples, the holding temperature was set to 190 °C. Tobermorite
formation and hardening of the material is determined not only by the autoclaving temperature but also
by time. The time of 7 hours was based on a real industrial manufacturing technology. Figure | shows the
entire autoclaving process.

—Temperature of autoclave Pressure of autoclave

"~ 1825kPa 1900

TEMPERATURE [°C]
PRESSURE [kPa]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

TIME [min]

Figure I: Autoclaving at a 7-hour holding time

Results and discussion
Rheology

FBCFA has the highest water consumption, which is caused by its high-water absorption and a high
CaO content.

The results indicate that the addition of FBCFA and FBCBA has a similar effect on consistency. This
is due to their similar water absorption, the value of which exceeds 100%. As could be expected,
a greater amount of ash mixed with the same amount of water caused the flow value to decrease.
A higher content of ash results in a descending dependence of the flow value on the water-solid ratio.

The addition of slag did not appear to affect the mixture’s rheology. A higher content of this material
caused no change in water consumption. This is due to the fact that the surface of slag particles is
sealed, making them much less absorbent.
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Figure Il: The dependence of the flow value on water-solid ratio in mixtures with a 10%, 30%, and
50% addition of FBCFA, FBCBA, and slag.

The results indicate that the flow value does not depend on water content alone, but also on the
specific surface area, water absorption, and chemical composition. At a higher content of CaO, water is
consumed during hydration, which also raises the mixture’s temperature and affects the flow value.

To flow value of 25 cm, it is necessary to use different water contents. Used water-solid ratios are
displayed in Table IV.

Table IV: Water-solid ratio of mixtures with a 10%, 30%, and 50% addition of FBCFA, FBCBA, and slag

Mixture Water-solid ratio [-]

10 % 0.57

FBCFA 30 % 0.65
50 % 0.75

10 % 0.55

FBCBA 30 % 0.62
50 % 0.65

10 % 0.55

Slag 30 % 0.52
50 % 0.52
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Compressive strength

Figure 1ll shows a chart of compressive strength and constructiveness coefficient for samples with
a 10%, 30%, and 50% addition of secondary raw materials. In the figure lll, you can see error bars that
indicate a compression strength measurement relative error. The relative error of the coefficient of
constructiveness is displayed numerically in the graph. Compressive strength and bulk density were
tested according to CSN 73 1350 Testing of autoclaved aerated concrete. The constructiveness
coefficient represents a ratio between compressive strength (f;) and bulk density (BD). It is identified as
Ky and is calculated as follows:
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v 3 ,oip T
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Figure lll: Compressive strength (column) and constructiveness coefficient (triangle) of
samples with a 10%, 30%, and 50% addition of FBCFA, FBCBA, and slag

In samples with 10% of FBCFA the constructiveness coefficient and compressive strength were 13%
and 10% lower respectively when compared to the reference. The coefficient decreased as the content
of secondary raw materials increased. A 30% addition reduces strength by 32 %, and with a 50%
addition strength drops by up to 70 %.

After autoclaving for 7 hours the samples with a 10% addition reached similar values of strength and
the constructiveness coefficient as the reference. The coefficient is 2% lower and compressive strength
is only 0.1 MPa lower in samples with a 10% addition of FBCBA. In the case of a 30% content of FBCBA
the strength drops by 32 %. The sample with 50 % of FBCBA had compressive strength 75 % lower.

A 10% addition of FBCBA results in the same strength as the reference while in samples with 10 %
FBCFA it dropped only by 10 %. At a higher content it is more difficult for tobermorite to form, most likely
because of the reactivity of silicon dioxide, which does not have enough calcium hydroxide for the
reaction. The poorer tobermorite crystallisation in these samples then brings about a decrease in
strength, in some by up to 75 % when compared to the reference.

The sample with a 10% addition of slag exceeded the strength of the reference by 9%. However, at
higher contents strength begins to markedly decrease again. At a 30% addition strength is 37 % lower
than in the reference, and 53 % at 50 %. The sample containing slag had better strength thanks to
a higher content of silicon dioxide. Unlike fly ash, slag forms at temperatures above 1000 °C, producing
sintered, less reactive particles. The lower reactivity caused strength to improve due to a better ratio of
silicon dioxide to calcium hydroxide.
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Microstructure
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The samples’ microstructure was examined by x-ray diffraction analysis using the device Empyrean
Panalitical (Cu-cathode _=1.540598 for Ka 1). X-ray diffraction analysis was measured on cores of
samples that were milling to a size less than 20 pm with the addition of isopropanol in an XRD McCorne
mill and then dried. Angular reproducibility is <0,0002° and 2theta linearity over whole range is enqual or
better than + 0,01°. Additionally, the reference sample was analysed by scanning electron microscope
TESCAN MIRA3 XMU. Representative fragments of dried samples of approximately 5 x 5 x 5 mm were
selected for scanning electron microscopy. A thin layer of gold 300 i 400 A was applied to the samples

using the Quorum Q150r. Figure IV and figure V shows the results.

MIRA3 TESCAN

AdMas - FAST VUT Brno

Figure IV: SEM image of the reference sample

The reference sample contains plate-like tobermorite crystals. Between them there is non-crystalline

calcium hydrogen silicate gel.
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Figure V: Tobermorite peak intensity of samples measured by X-ray diffraction analysis

The samples were observed for tobermorite peak intensity. Crystals formed at high intensity have
better structure. The sample with a 10% addition of FBCFA reached a more intense peak than the
reference. At higher FBCFA amounts the intensity begins to decrease.
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The sample with 10% of FBCBA likewise exhibited a more intense tobermorite peak than the
reference. Much like FBCFA, samples with a higher FBCBA content suffer a dramatic decrease in
tobermorite peak intensity.

The addition of fly and bed ash is viable only up to 10%. This content is conducive to tobermorite
formation. FBCFA and FBCBA consist of porous alumino-silicate particles, which are amorphous. This is
why these ashes react well with Ca(OH), at hydrothermal conditions and produces tobermorite. These
ashes also contain a greater amount of aluminium oxide, which is favourable to tobermorite formation.

The sample with the addition of slag reached a lower tobermorite peak intensity than the reference.
Unlike the materials containing fly ash, however, the tobermorite peak intensity decreases by a negligible
degree. As said above, slag is not as reactive, which is why a higher content causes neither
a substantial decrease, nor increase.

Conclusion

The investigation has proved that the use of fluidised bed combustion ash and slag can be used for
the above-described purpose. The highest compressive strength was measured in the sample with a
10% addition of slag. Samples with 10% of fly and bed ash reached similar strength as the reference.
Tobermorite crystallisation with a 10% content of the two ashes is comparable to the reference sample.

It can thus be said that the following replacements by secondary raw materials can be made without a
detriment to the properties of the aerated concrete:

110% addition of FBCFA
110% addition of FBCBA
110% addition of slag.

Further research will focus on testing other secondary raw materials and their combinations so as to
achieve the greatest possible substitution of primary raw materials. Another goal will be to observe the
influence of rheology on the macrostructure of the samples.

Acknowledgements

This paper has been worked out under the project Grant Agency of the Czech Republic with the
registration No. 17-1 4198 S 06 Ki net i c-structufe craafioh in dependente enrhgdrothermal

conditions and type of used mat-218H4060 dABdudwnder

silicate composites structure with emphasis on the characterization of secondary raw materials
influenceo

References

1. Drochytka Rostislav, Pérobeton. Vyd. 1. Brno: VUTIUM, 1999. ISBN 80-214-1476-6.

2. FeCko Peter, Popilky. Ostrava: Vysoka Skola bariska - Technicka univerzita, 2003. ISBN 80-248-
0327-5.

3. Benscheidt N, Hela Rudolf, Priru¢ka Popilek v betonu: zaklady vyroby a pouziti. Hostivice: CEZ
Energetické produkty vydava pro ASVEP, 2013. ISBN 978-80-260-4226-6.

4. Kurama H., Topcu I.B., Karakurt C., Properties of the autoclaved aerated concrete produced from
coal bottom ash. Journal of Materials Processing Technology [online]. 2009, 209(2), 767-773 [cit.
2016-05-04]. DOI: 10.1016/j.jmatprotec.2008.02.044. ISSN 09240136. Available online:
http://linkinghub.elsevier.com/retrieve/pii/S0924013608001908

5. Mostafa N.Y., Influence of air-cooled slag on physicochemical properties of autoclaved aerated
concrete. Cement and Concrete Research [online]. 2005, 35(7), 1349-1357 [cit. 2016-03-27]. DOI:
10.1016/j.cemconres.2004.10.011. ISSN 00088846. Available online:
http://linkinghub.elsevier.com/retrieve/pii/S000888460400448X

Patronem t®bdhtoaw ttécshmolj®gi e stavebn2ch hmot a d2lcT Fakulty

WASTE FORUMIZ0 L2ssanad 82

st


http://linkinghub.elsevier.com/retrieve/pii/S000888460400448X

PavIGHBRESTOVE®2t LERNHR, RoFKA:iTkellnuenc®d EeECoHdéry Raw Materials on the
Microstructure and Physical-Mechanical Properties of Autoclaved Aerated Concrete

6. Knézek Josef, Ekologické a ekonomické zpracovani primyslovych odpadnich materialu. 1. vyd. Brno:
Vyzkumny ustav stavebnich hmot, 2012. ISBN 978-80-87397-05-3.

7. Song Yuanming, Guo Chuanchuan, Quian Jueshi, Ding Tian, Effect of autoclave curing on hydration
of anhydrite in CFBC fly ash. Magazine of concrete research. 2015, 67(1), 1-8 [cit. 2015-04-18]. DOI:
10.1680/macr.14.00117. Available online: http://dx.doi.org/10.1680/macr.14.00117

8. Song Yuanming, Guo Chuanchuan, Quian Jueshi, Ding Tian, Effect of the Ca-to-Si ratio on the
properties of autoclaved aerated concrete containing coal fly ash from circulating fluidized bed
combustion boiler. Construction and Building Materials [online]. 2015, 83, 136 T 142 [cit. 2016-05-03].
DOI: 10.1016/j.conbuildmat.2015.02.077. ISSN 09500618. Available online:
http://linkinghub.elsevier.com/retrieve/pii/S0950061815002317

VIiiv druhotnych surovin na mikrostruktur
vliastnosti autokl d&vovaného porobetonu

PavlIGBEBESTQOV®2t LERNh, Rostislav DROCHYTKA
Vysok® ulen2 technick® v BrnhD, Fakulta stavebn
e-mail: sebestova.p@fce.vutbr.cz cerny.v@fce.vutbr.cz, drochytka.r@fce.vutbr.cz

Souhrn

wian ek® | pgizickli 2 j v leikw nz

Vyugz2yv druhotnTch ro ¢ h
ch surovin vzni k8 v ener
k

8§n?2 s u
Vysok§g produkce druhot nl
odv 2

Vt omt o Nt v? vzni kaij dva druhy pop2l kT, vysok
energeticky avImobaddenrmiNg2gr m fl uidn2m spalov8n2m jsou
st8le m8lo vyugdg2van®. PSi vysokoteplotn2zm spal ov§8n

m& potenci §lI pro vyobhotd dTpodaobpeowuwikbm papP$S&y

P-robep8amiBs2 druhotnlich surovin byl vyv2jen v
aut okl 8vu pSi 7hodinov@Ci z®drehmhh®vEdrgving j186u \
50% pS2pdlkskow ®m p-rlodesown®. siNaovi nov® smhdsi byly st
pomoc2 zkougky rozlit?2m. Visledky uk8zaly z8vislc
fluidn2ho %% etov®ho a | ogov®ho popele, gkvsgry Vi
surovin neovlivn? fyzi k8l n2 vli astnosti vzor kT. VI
pomoc?2 rentgenov® difrak] n?2 anallzy a byly porovn
pevnost2 p-robetonul0% mptSmeEksty &hlo v a

g |

of bgog®ho pope
st

sreferenln2m vzorkemvhskedlyg poydiuk ma&hsvIlastno

Kl 2] ov8Pslobat on, fluidn?2 %l etovl pop2l ek, fluidn?

Patronem t®bdhtoaw ttécshmolj®gi e stavebn2ch hmot a d2lcT Fakulty st

WASTE FORUMIZ0 L2ssanad83


http://dx.doi.org/10.1680/macr.14.00117
http://linkinghub.elsevier.com/retrieve/pii/S0950061815002317

Martin MUCHA: Stability of blast furnace slag in the demineralized water

Stability of blast furnace slag in the demineralized water
Martin MUCHA

Institute of environmental technologies, Faculty of Science, Univesity of Ostrava,
30. dubna 22, 701 03 Ostrava, Czech Republic
e-mail: martin.mucha@osu.cz

Summary

Blast furnace slag represents waste product from the metallurgy which is commonly utilized in the
construction industry as well as it is studied in the form of fine particles as potential material for removal
of heavy metals ions from solutions. Milled blast furnace slag causes significant increase of the pH value
of the suspension in the contact with demineralized water as well as soluble silicates (mainly due to
hydrolysis), Ca(ll) and Mg(ll) ions are released to the solution. The reaction of CaO present in the
material takes place in the early stages of contact with water, mainly Ca(ll) ions are released to the
solution. Hydrolysis and silicates release take place mainly after 24 hours of contact time. Equilibrium is
reached after 7 days of contact. The ratio slag mass:water volume has negligible influence on the final
pH value of the solution after contact but the amounts of released components (soluble SiO,, Ca(ll) and
Mg(ll)) increase with increasing amount of water towards the constant mass of slag. Particle size has
significant influence on the interaction of slag with demineralized water. The change of pH value as well
as amount of released species increase with decreasing particle size. Only slight interaction between
slag and water occurs for particles >0.5 mm, thus it can be stated that the material is relatively stable.
Milling of slag to the form of fine particles (<0.5 mm) leads to the strong interaction with water, significant
changes of solution pH values and release of the high amount of soluble SiO, and Ca(ll) ions were
observed. Temperature has significant influence on the interaction of slag with water as well.
Temperature influences mainly the hydrolysis of silicates. The released amounts of soluble SiO, and
Ca(ll) ions increase significantly with increasing temperature kept during contact. Interactions of phases
containing Mg(ll) are not influenced by temperature. Finely milled blast furnace slag can be stabilized by
addition of Al,O; and subsequent thermal treatment at least at 900 A CThe hydrolysis of silicates is
primarily supressed by treatment but the Ca(ll) is bound stronger in the structure after the treatment as
well.

Keywords: blast furnace slag, stability, leaching, stabilization, demineralized water

Introduction

Utilization of waste material plays important role in the research of environmental protection
nowadays.*?® Slags represent industrial waste material which originates in the metallurgical industry as
well as in the waste incinerator facilities*°. Metallurgical slags can be divided to ferrous and non-ferrous
metals production slags.**®’ Slags formed in the pig iron (blast furnace slag) and steel (steelmaking
slag) production play the most important role in the industrial as well as research utilization.>"#°

Blast furnace slags represent material based mainly on the silicate minerals and containing higher
amount of Ca(ll) and Mg(ll) in the structure. Exact elemental and mineralogical composition depends on
the batch of the blast furnace and on the type of further processing (e.g. process of cooling). Slowly
cooled blast furnace slags are crystalline but slags quickly cooled in the water stream (granulated) are
more amorphous.*”*° Blast furnace slags are subject to hydrolysis processes which depend on their
structure (crystalline phases). Hydrolysis process leads to increase on solution pH value and it could
strongly influence the utilization of slag.*’
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Slags are the most often used in the construction industry as backfilling material or as replacement of
Portland cement in the concretes. They are often alkali-activated for the utilization as binder in
concretes.*® Present research deals with utilization of various slags as potential sorption materials for
waste water purification as well.'>**? Slags can be used for adsorption of heavy metals ions****?
phosphates'***, ammonia®® or organic dyes®. All types of blast furnace slags’ utilization are strongly
affected by the hydrolysis of structure.” It is beneficial in the case of alkali-activation which leads to the
formation of the Calcium-silicate-hydrate gel with improved binding properties due to hydrolysis of
material.>® Hydrolysis can cause problems by the backfilling utilization due to release of various
compounds to the solution and changes in the properties of slag and it strongly affects the mechanism of
adsorption on the slags.” Slags can be partially stabilized by alkali-activation and formation of concrete
or by thermal treatment.>®

Presented work deals with interactions of blast furnace slag in the aqueous environment and with
stabilization of the slag structure. The leaching of blast furnace slag by demineralized water was realized
to describe the pH value changes and release of selected elements/ions (Si, Ca, Mg) in the dependence
of time, slag dose, slag’s particle size and temperature during contact. Further the treatment of slag by
the Al,O3 and high temperatures with aim to stabilize the slag’s structure was performed.

Experimental part

Blast furnace slag utilized in all experiments was kindly provided by ArcelorMittal Ostrava a.s. (Czech
Republic) Slag was milled in the laboratory mill IKA M20 (IKA — Werke GmbH & Co. KG, Staufen,
Germany) and sieved through 0.8 mm sieve prior the experiments. Slag was characterized by X-ray
fluorescence (XRF) and X-Ray powder diffraction (XRD) analyses. Both analyses were supplied by
Nanotechnology centre, VSB-Technical university of Ostrava. The influences of contact time, ratio slag
mass:water volume, slag’s particle size and temperature during contact were investigated. Times 4, 24,
48 hours, 5, 7 and 14 days were selected for contact time experiment. 0.5 g of slag was weighted to the
Erlenmeyer flask and 100 mL of demineralized water was added (ratio slag:water 1:200). Suspensions
were occasionally stirred. The suspensions were filtered after the given contact time. The selected ratios
for slag:water experiment were 1:50, 1:100, 1:200 and 1:400 (mass of slag:volume of demineralized
water). Contact time was set to 24 hours. After that suspensions were filtered. The slag’s particle size
effect on the stability of studied material was studied for size ranges <0.05 mm, 0.05 - 0.5 mm, 0.5 —
5mm, 5 — 10 mm. Ratio slag:water was 1:200. Suspensions were occasionally stirred and they were
filtered after 24 hours.

All previous experiments were carried out at laboratory temperature. The effect of temperature was
studied for temperatures 4, 26, and 80 °C. The ratio slag:water was selected 1:200 and contact time was
24 hours. Suspensions were occasionally stirred as in the previous experiments and they were filtered
after 24 hours. Filtration of all samples was carried out by vacuum filtration with membrane filters
Pragopor 6 (pore size 0.4 uym, Pragochema Ldt., Prague, Czech Republic). The pH values of all filtrates
were measured at the WTW InoLab 720 pH meter equipped by WTW SenTix 41 electrode (WTW,
Weilhiem, Germany). Content of dissolved SiO, in all leachates was determined by the UV-VIS
spectrometry (Varian Cary 50, Varian, USA) after reaction with ammonium molybdate on the wavelength
430 nm. Contents of Ca, Mg and Fe in the solutions after contact with slag were determined by atomic
absorption spectrometry (Varian AA240FS, Varian, USA). The wavelengths were 422.7 nm for Ca
determination,202.6 nm for Mg determination and 372.0 nm for Fe determination. For atomization was
utilized air-acetylene flame. The highest limit of quantification (LOQ) of the utilized methods was 0.05
mg/L. Raw blast furnace slag was modified by addition of Al,O; (5 — 25 % w/w, supplied by Lachema
Brno, Czech Republic) and subsequent thermal treatment at 800, 900 and 1000 °C in the laboratory
furnace (LAC, Rajhrad, Czech Republic) for 2 hours. Prepared samples were then leached by
demineralized water (ratio 1:200, contact time 24 hours). The pH value of the filtrates and content of
released SiO,, Ca, Fe and Mg were determined by the above mentioned methods. All experiments were
realized in two parallel assessments.
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Results and discussion

Results of XRF analysis of the used blast furnace slag confirm the silicate-based character. Content
of SiO, was the slag is 38.2 % (w/w). Al,O3, CaO and MgO form other major components of the used
slag with contents 7.2 % (w/w), 37.3 % (w/w) and 12.7 % (w/w) respectively. Contents of other elements
were below 1 % (w/w) so the properties of slag are mainly influenced by Si, Al, Ca and Mg. XRD analysis
shows that slag is composed by gehlenite, akermanite, merwinite, forsterite, calcite and calcium oxide.
The XRD analysis confirms that slag is composed mainly by silicate-based minerals. Mineralogical
composition could influence the stability of material in the aquatic environment as calcium oxide exhibit
high reactivity in water and silicates can be subject to hydrolysis processes.

Time dependence of pH value change of the solution after contact with slag is depicted on the Figure
1. The initial pH value of the demineralized water was 6.14. Fast increase of the pH value to the value 9
can be seen after 4 hours of contact. The maximum pH value 10 was reached after 7 days of contact of
slag and demineralized water. Very slight decrease was registered after 14 days of contact. It can be
stated that major processes causing the changes of solution parameters are fast. After the initial phase
of reaction the equilibrium is reached after 7 days.
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Figure 1: Dependence of pH value change on the contact time of slag with demineralized water

During the reaction of slag with demineralized water various compounds are released to the solution.
Amounts of soluble silicates expressed as SiO,, Ca, Mg and Fe ions were observed. The concentrations
of Fe in all solutions from all experiments were under the limit of quantification of the utilized method
(0.05 mg/L) and therefore the data for Fe are not shown in the figures. Very low concentrations of Fe in
the leachates are probably caused by low amount of Fe in the initial slag (0.4 % w/w according to XRF
analysis). Data for time dependence of released compounds’ amounts (SiO,, Ca(ll) and Mg(ll)) are
shown on the Figure 2. The amount of leached magnesium was practically constant during the examined
time period. The value oscillated between 0.5 and 0.8 mg/g. Obtained values of leached Mg were much
lower compared to SiO, and Ca(ll). Magnesium is probably bound in more stable minerals in the
comparison to Ca(ll). Contents of leached SiO, and Ca(ll) correspond to the data obtained for changes
of solutions’ pH value. The increase of content of both substances during the 7 days is evident from the
Figure 2. The content of leached Ca(ll) after 4 hours is higher than after 24 and 48 hours. In the initial
stage of interaction the calcium oxide probably react with water, which leads to the fast increase of pH
value and Ca(ll) ions are released to the solution due to partial dissolution of CaO. Then Ca(ll) ions can
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react with other components of solution or with slag, which leads to the slight decrease of Ca(ll) content
in the solution. Small amount (around 1.1 mg/g) of SiO, is released during the first 24 hours. Soluble
silicates (SiO,) are probably released due to hydrolysis of silicate minerals contained in the slag. Silicon
is probably released in the form of silicate anion and it can probably contribute to the pH value increase
as the silicic acid belongs to the weak acids and can bind H(l) ions from the water molecules. The
amounts of Ca(ll) and soluble silicates (SiO,) increase further in the time, which is probably caused by
hydrolysis of silicate minerals containing both species. It can be stated that minerals containing
magnesium are more stable compared to minerals containing Ca(ll) in the blast furnace slag. Dissolution
of CaO leads probably the interaction in the initial stage, then the hydrolysis of silicate minerals takes
place. Predominant leaching of Si and Ca from the slags in the aquatic environment was reported by van
Zomeren et al.*’
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Figure 2: Dependence of released amounts of selected species on the contact time of slag
with demineralized water.

The ratio slag mass:water volume has no significant effect on the changes of pH value of the solution
after contact of slag with water in the contact time 24 hours (Figure 3). The pH value very slightly
increases with the decreasing water volume added to 1 g of slag. The pH value of the solutions after
filtration was from 9.5 to 10.

Despite the negligible differences in the change of the solutions’ pH values, the amounts of released
species vary at the studied ratios. Concentrations of the monitored substances in the solutions increase
with decreasing amount of water added to slag but the released amounts related to the 1 gram of slag
exhibit opposite trend. The released amounts of soluble silicates (SiO,), Ca(ll) and Mg(ll) decrease with
decreasing amount of added demineralized water. It could be stated that slag is more stable when
exposed to lower volume of water. If constant mass of slag reacts in lower amount of water, the
equilibrium of hydrolysis as well as the maximal solubility of some compounds contained in the slag (e.g.
CaO) is probably reached earlier compared to higher amount of water. If the slag is exposed to high
amount of water, its structure is probably more eroded, which could lead to changes of other properties
as well.
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Figure 3: Changes of the pH value during contact of slag with demineralized water dependent
on the slag:water ratio.
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Figure 4: Released amounts of selected species during contact of slag with demineralized
water dependent on the slag:water ratio.

Particle size of slag significantly influences the pH values of solutions after contact as well as the
amounts of released species (Figure 5). The pH value changes increase with decreasing particles size.
The increase about 0.7 pH units for slag with particles in the range 5 — 10 mm was observed in the
comparison to 4.8 pH units for slag with particles < 0.05 mm. Only small changes were observed in the
released amounts of Mg(ll) for particular ranges of particle size. It is evident from the Figure 5 that only
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small amount of monitored species was released to the solution for big particles (5 — 10 mm) and Ca(ll)
forms the majority of released species. The released amounts of studied species significantly increase
with decreasing particle size of slag for Ca(ll) and SiO,. Smaller particles exhibit higher surface area
accessible to the interaction with demineralized water and thus reduction of the particle size of slag leads
to the increase of amounts of released species which can cause bigger increase of the pH value of
solution after contact with slag.
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Figure 5: Released amounts of selected species and changes of pH values during contact of
slag with demineralized water dependent on the particle size of slag.

The pH values of solutions after contact with slag vary only about + 0.2 pH units in the case of various
temperatures kept during contact. It can be stated that temperature has negligible effect on the pH value
change. The released amounts of monitored species in the dependence on temperature kept during
contact are depicted on the Figure 6. Increasing temperature leads to the increase of amounts of
released species except of Mg(ll). It can be stated that Mg(ll) is bonded in the more stable minerals in
the slag compared to Ca(ll). The ratio of released SiO,:Ca(ll) vary with temperature as well. Higher
amount of Ca(ll) ions was released from the slag at 4 and 26 °C compared to SiO, content in the
solution.

Opposite situation occurs at temperature 80 °C, the soluble SiO, content is higher compared to Ca(ll)
content. The increasing temperature affects mainly the soluble SiO, content in the solutions after contact
with slag. Various types of soluble silicate structures probably originate by various temperatures, which
can be concluded from the negligible differences of pH values of solutions after contact with slag. The
change of pH value is probably caused by CaO reaction with water and by bonding of H(l) in silicic acid
as it was concluded earlier. Thus the change of pH value during contact of slag with water could
increase with increasing content of SiO, and Ca(ll) in the solutions. However, the pH values of the
leachates are practically the same at different temperatures. The increasing temperature probably leads
to forming of more complex (more cross-linked) silicates in the solution which bond less of H(l) ions and
thus they cause lower increase of the pH value.
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Figure 6: Released amounts of selected species during contact of slag with demineralized
water dependent on the reaction temperature.

It can be beneficial to stabilize the slag prior the utilization e.g. in application as adsorbent or as
backfilling material for special purposes. The stabilization can be made by change of mineralogical
composition resulting to more stable minerals. Silicon is often combined with aluminium in natural
relatively stable minerals®®. Utilized blast furnace slag was mixed with various amounts of Al,O; and
mixtures were thermally treated at 800, 900 and 1000°C with the aim to recrystallize minerals which
contain almost part of the added Al,O; after treatment. Behaviour of treated slags in the aquatic

environment from the sight of solutions’ pH value changes after 24 hours of contact time is depicted on
the Figure 7.
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Figure 7: Changes of the pH values during contact of slags modified by various doses of Al,O;
and by various temperatures with demineralized water.
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It is evident that thermal treatment of raw slag without Al,O; addition has only slight effect on the
stabilization of material. The pH value change of the solution after contact with raw slag without
treatment in the previous part was about 3.4 pH units and the change of the solutions’ pH value for
thermally treated slags was about 3.2 pH units in the case of all used temperatures. Treatment
temperature 800 °C is not enough high to cause the incorporation of aluminium to the minerals forming
the slag. Thus the stabilization effect of Al,O; addition is not sufficient from the sight of pH values
changes in the case of treatment temperature 800 °C. The stability of materials treated at 900 °C
increases with increasing amount of added Al,O;. Addition of 5 % w/w Al,O; causes the decrease of
change of solution’s pH value from 3.2 units to 1 pH unit. Further increase of added amount of Al,Os
leads to decrease of pH value change to the 0.5 pH unit. Addition of Al,O; and thermal treatment at
1000 °C leads to stable material already from low additions (5 % w/w) of Al,O;. The change of pH
values of solutions after contact of slag with Al,O; treated at 1000 °C with demineralized water was
around 0.2 pH units.

Influence of the addition of Al,O3; and subsequent thermal treatment on the released amount of SiO,
and Ca(ll) is depicted on the Figure 8. Released amounts of Mg(ll) were negligible (0.35 mg/g for slags
without Al,O3; addition and thermally treated and around 0.1 mg/g for slags with added Al,O; and
thermally treated) therefore the data are not presented here. Addition of Al,O3; and thermal treatment
lead to stabilization of silicate minerals contained in the slag, which could be concluded from the
Figure 8a. Addition of 5 % w/w of Al,O3 leads to very significant decrease of released amount of soluble
silicates (SiO,). The effect on the released amount of Ca(ll) (Figure 8b) is not so significant compared to
data for soluble silicates (SiO,) but the amount of released Ca(ll) decreases with increasing amount of
added AlL,O; and with increasing temperature of thermal treatment. It can be concluded that proposed
treatment of slag by Al,O3 addition and subsequent thermal treatment leads primarily to the stabilization
of silicate minerals towards the hydrolysis probably by forming more stable aluminosilicates with higher
negative charge caused by isomorphic substitution of Al for Si. More negatively charged minerals bind
stronger cations such as Ca(ll) *®. CaO is less affected by treatment but the treatment helps to diminish
the change of solution’s pH value especially at higher treatment temperatures. Ca(ll) is probably bind in
new minerals after treatment which do not cause pH value increase (they are not subject to hydrolysis
processes or reaction with water). The increase of the pH value of solutions after contact of slags treated
at 800 °C with demineralized water is probably caused by reaction of CaO instead of hydrolysis of
silicate minerals.
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Figure 8: Released amounts of SiO; (a) and Ca(ll) (b) during contact of slags modified by Al,O3
and various temperatures with demineralized water.
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Conclusion

The stability of blast furnace slag in the aquatic environment is serious problem for the utilization of
slags. Blast furnace slag is composed mainly by silicate minerals and CaO. These compounds can react
with water and they can change the properties of solution after contact as well as properties of slag itself
can be affected by water. The significant increase of the pH value can be observed shortly after mixing
of slag with water. Then the pH value further increases and the equilibrium of interaction processes is
reached after 7 days of contact. During the contact mainly soluble forms of silicates and Ca(ll) are
released to the solution. CaO probably influences the pH value in the initial stages of reaction with water.
Hydrolysis of silicates contained in the slag takes place mainly after 24 hours of contact with water. The
silicates containing Ca(ll) seem to be less stable in the comparison with minerals containing Mg(ll). The
ratio slag mass:water volume plays only minor role from the sight of pH values changes. It was found out
that despite the slight differences in the changes of pH values the slag exposed to lower volume of water
was less hydrolysed (lower amounts of soluble silicates (SiO,), Ca(ll) and Mg(ll) were released)
compared to higher volumes of added water. The particle size of slag plays significant role in reaction
between slag and demineralized water. Lowering the particle size leads to stronger interaction with
higher increase of the pH value of solution after contact with slag and higher amount of released SiO,
and CaO.

The temperature kept during the contact of slag with demineralized water has significant influence as
well. Increasing temperature leads to significant increase of released amount of soluble SiO, as well as
to the increase of released amount of Ca(ll) ions. Temperature changes lead probably to forming of
various soluble silicate structures, which affects the pH values changes caused by contact of slag with
water. Blast furnace slag can be stabilized for special purposes by addition of Al,O; with subsequent
thermal treatment of the material. Thermal treatment at 800 °C is not sufficient for incorporation of
aluminium to the structure of slag’s minerals and thus for stabilization of slag. The stabilization effect of
Al,O3 and thermal treatment at 900 and 1000 °C is evident already for addition of 5% w/w of Al,O; to the
slag. Added Al,O; primarily interacts with silicates contained in the slag probably by forming more stable
aluminosilicates. The amount of released soluble SiO, decreases orderly after addition of Al,O; and
thermal treatment. The amount of released Ca(ll) ions decreases with increasing addition of Al,O; and
with increasing treatment temperature. It is presumable that Ca(ll) is bound in the more stable minerals
after treatment because release of Ca(ll) to the solution does not lead to increase of the solution’s pH
value. It was confirmed that proposed stabilization procedure can lead to the materials based on slag
and stable in the aquatic environment.
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Abstract

The subject of the research was focused on a partial model of the life cycle of production and disposal
of the bubble foil. The production process of the bubble film is evaluated from the feedstock use stage
which presents low density polyethylene, until two scenarios of disposal of the finished product i
incineration and landfilling which, in Slovakia and in some countries, more used comprared to recycling.
The modeling of the environmental impacts of the production was carried out in accordance with the
STN EN ISO 14040: 2007 standard using the GaBi Education database 2017 software. The impacts of
different end-of-life scenarios are compared with indicators as: global warming potential, acidification
potential, eutrophication potential, ozone depletion potential and photochemic ozone creation potential.
In almost every evaluated impact category production of LDPE presents higher value. The incineration
has the largest share of global warning potential (28.61 kg CO, eq.). Emissions which are generated by
incineration are not dangerous for the environment and human health. The results of the comparative
LCA study show that in almost every evaluated impact categories incineration has higher value than
landfilling.

Key words: Life cycle assessment, bubble foil, low density polyethylene, incineration, landfilling

Introduction

The research have been focused on modeling of life cycle assessment of plastic bubble foil
composed by LDPE (low-density polyethylene) as a kind of plastic packaging material.

In the modern era, plastics play a vital role in our daily life activities due to the fact that plastic is
lightweight, non biodegradable and low cost. Worldwide plastic production has been growing as these
materials are replacing glass and metal. Today, an average person living in Western Europe or North
America consumes 100 kilograms of plastic each year, mostly in the form of packaging. Plastic wastes
disposal can be done by various methods such as landfill, incineration, mechanical and chemical
recycling but these are restricted due to some environmental, economic and political problems*.Among
them, disposal of plastic waste in environment is considered to be a big problem due to its very low
biodegradability and presence in large quantities®.

Our research was aimed at a packaging material, becasue it is a fundamental element of almost
every manufactured product. Because of the relatively short life cycle of many consumer products, the
volume of packaging on the market is almost exactly equal to the volume of packaging waste®.

LDPE is a thermoplastic made from the monomer ethylene®.

Recycling and incineration are the usual aspects of recovery methods in the case of
thermoplastic polymers. The incineration presents some problems like the production of toxic gases and
the residue ash which contains lead and cadmium. Recycling presents advantages such as reduction of
environmental problems and saving both material and energy”.
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Within the consumer packaging sector, the low density polyethylene (LDPE) and the high density
polyethylene (HDPE) are most commonly used, followed by polypropylene (PP) and polyethylene
terephthalate (PET). For agricultural applications and non-consumer packaging, LDPE is the most used
material.

Within the total packaging market, plastic films like shrink and stretch films (10.8%), shopping
bags (3.3 %) and other flexible packages (26.1%) can be found. Siracusa et al. (2011) have studied the
environmental impact of multilayer polymer film from food packaging during the entire life cycle of the
product. They analysed two films composed of LDPE and polyamide (PA) with different thickness (70
and 90 mm). On one hand, they concluded that plastic pellet production from raw material is the process
with trée worst environmental impact compared to film converting process, mainly due to resource
saving”.

Disposing of the waste to landfill is becoming undesirable due to legislation pressures (waste to landfill
must be reduced by 35% over the period from 1995 to 2020), rising costs and the poor biodegradability
of commonly used polymers’.

For the assessment we worked through the method of Life Cycle Assessment (LCA), as it is seen as
a suitable instrument for the evaluation of the environmental impacts of a product or an activity through
its entire life cycle. LCA is definned as a compilation and evaluation of the inputs, outputs and the
potential environmental impacts of a product system throughout its life cycle.The product system
consists of a set of processes, all focused on the fulfilment of the required function. The result of a life
cycle assessment is expressed in terms of “potential” effects. These potential effects are indicators for
the real effects on local, regional and global level®. Life Cycle Assessment method presents a model
considering the net environmental impact based on the selection of materials that naturally support long-
term management of energy sources®'®*!. A significant number of publications have explained the use
of LCA; using comparisons of different waste management scenarios in order to quantify the
environmental burdens and benefits of different proposals*?.

Experimental part

The prosesses were analysed in a factory in Slovakia (Central Europe). On the basis of the process
balance, the life-cycle evaluation model was created for production and end-of-life of bubble foil. The
study was conducted following the procedure indicated by the European standards series ISO 14040.

The inventory is based on data obtained from the factory, where the LCA study and data from the
GaBi diabase were realized. For the life cycle impact assessment of the production of bubble foil GaBi
Education database 2017 software and the weak point analysis and CML method were used.

Definition of the goal and scope

The goal of LCA study was to compare two types end-of-life of bubble foil (incineration, landfilling).
The aim of this study is to assess the environmental impact of different end-of-life scenarios of the
bubble foil used in Slovakia and many other countries. The subject of the assessment is bubble foil
produced from granulated LDPE. It has a special type of shape, 100% recyclable two-layer polyethylene
foil (Table 1) with air bubbles that is used as wrapping material in the dispatch and shipping of goods.
The function of the system is to provide packaging material to protect sensitive goods for impact. Since
the bubble foil is used as a packaging material for various products, the assessed life cycle of the bubble
foil does not include the use phase. Because of this reason a declared unit was chosen instead of
a functional unit, which represents 11.1 kg of bubble foil. The declared unit 11.1 kg represents one
standard pack of buble foil, i. e. 150 m% Production time is 8.5 minutes and consumption of LDPE
granulate is 11.50 kg. System boundaries are defined as “ cradle to grave” (figure 1). All relevant life
cycle flows, processes and phases are included in the study: production processes of LDPE granulate
and bubble foil and end-of-life scenarios. The distribution and use phases were not included in the
system.
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Table 1: Technical parameters of the bubble foil
Flat weight 50 g/m?

Thickness 80 um

Bubble diameter | 10 mm
Bubble height 4 mm

Foil width 1 000 mm
Production of \  Transportand ! Disposal of bubble foil
LDPE granulate ! use !
i Transport i Production of Incineration Landfilling
| | bubble foll
Legend:
[ ] Evaluated process | Not evaluated process

Figure 1: System scheme for the LCI of the bubble foil

Life Cycle Inventory Analysis

The production process of bubble foil consists of bubble foil extrusion and finishing. The basic input
raw material of the production proces is represented by LDPE in the form of waxy granules. The low-
density polyethylene used in the production of the bubble foil represents a special type which is
produced by high-pressure ethylene polymerization. This type of low density polyethylene consists
almost entirely of carbon and hydrogen elements. Under normal conditions it does not pose any adverse
effects on human health, it is biologically inert. It is an allochthonous substance with a very slow
disintegration in the environment, it is insoluble in water, therefore in the aquatic environment it is
biologically inactive and does not pose a threat to groundwater. It is suitable for recycling and can be
effectively destroyed by incineration, while incineration under ideal conditions (temperature and / or air
sufficiency) is almost complete (> 99 %) to produce carbon dioxide and water, waste is reduced
producing 43 MJ of energy per kg of polyethylene®®.

Production process

The bubble foil machine used in the stated company is called the Automatic Line for Bubble Foll
Production (Figure 2) consisting of an injection press, a feeding roll device and a foil winder.
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Figure 2: Automatic line for bubble foil production

The blown film extrusion process is used to manufacture bubble foil. The granulated low density
polyethylene is introduced into the reservoir, subsequently to the extruder, where it is heated to 110 °C -
temperature when it is melted. The molten material from the extruder, is ,blown out® on the shaping rolls.
Bubbles are formed on one layer of the foil with vacuum and sticking the second layer will cause the air
to close. The formed bubble foil is air cooled, subsequently stretched and finally winded.

The main inputs in the proces are polyethylene low density granulate and electrical energy (in the
LCA study, only material flows are included in the Life Cycle Impact Assessment). Plastic waste is
produced in the form of residues or as a defective product. All data in manufacturing phase are
presented in Table 2.

Table 2: Input and output of manufacturing proces of bubble foil

Material kg

Polyethylene low density granulate | 11.5

Waste kg

Plastic waste 0.4

Product kg

Bubble foil 111
End-of-life

As already presented in Definition of the goal and scope two different processes are included in the
end-of-life study that are present in Slovakia: incineration and landfilling. The following limitations are
listed in the presented LCA study: absence of primary data of end-of-life proces (addressed waste
disposal companies in Slovakia do not record separate data on waste) and limits of the used software.
We used average data for EU28.

In the case of incineration proces the “Plastic packaging in municipal waste incineration“ process was
used in GaBi numerical model. The data set represents an average European waste-to-energy plant for
the thermal treatment of municipal solid waste with typical technology used in Europe to meet the legal
requirements. Environmental impacts for waste collection, transport or any pretreatment of the waste are
not included in the data set. Two different incineration models - one with a wet and one with a dry flue
gas treatment and different NO, — removal technologies are mixed to represent the appliance of different
systems in Europe.

For the landfill process “Plastic waste on landfill“ process was used in GaBi education database 2017.
The data set represents a typical municipal waste landfill with surface and basic sealing meeting
European limits for emissins. Collection, transport and pre-treatment are not included. Only
environmental impacts of the landfill proces occurring within 100 years are considered.
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Results and Discussion

The study was conducted comparing the same type of bubble foil, in terms of production technologies
and material used, but with different end-of-life scenarios: incineration and landfilling.

Life Cycle Impact Assessment

The impact assessment of all inputs and outputs was performed using weak point analysis of inputs
and outputs and CML (Centre for Environmental Studies, Leiden, Netherland) method. CML is a method
for the impact assessment (LCIA) in a LCA. Life cycle impact assessment translates emissions and
resource extractions into a limited number of environmental impact scores by means of so-called
characterisation factors. Environmental impacts of different end-of-life scenarios are compared with
environmental indicators as: global warming potential, acidification potential, eutrophication potential,
ozone depletion potential and photochemic ozone creation potential.

The results of the balance of weak and strong input and output sites showed that incineration and
landfilling consumes material resources in the same amount (cca. 14 300 — 14 600 kg), of which, in
particular, renewable resources are consumed (Table 3). Among all outputs the highest values are
represented by emissions to fresh water produced mainly during bubble foil production. We see a slight
increase in emissions to air in case of incineration. Emissions into the air are formed in the largest
amount of inorganic emissions (43.2 %). Negligible quantity is formed by heavy metals, radioactive
emissions, organic emissions (especially VOCs), and particulate matter. Harding, Dennis, von Blottnitz,
Harrison (2007) compared the partial life cycle of plastic products, including products made of low
density polyethylene LDPE. They conclude that a considerable amount of water is required for their
production, resulting in increased waste water production. The production of air emissions, compared to
waste water generation is negligible in the production of LDPE plastic products. The increase in
emissions to air is caused by end-of-life models — in particular incineration*.

Table 3: Weak point analysis from elementary flows

Incineration (%) Landfilling (%)

Production | Disposal | Total Production | Disposal | Total
Flows 17.6 82.4 100.0 35.9 64.1 100.0
Resources 17.0 40.6 57.66 34.6 314 66.0
Deposited goods 0.01 0.20 0.21 0.02 0.8 0.82
Emissions to air 0.63 8.14 8.77 1.27 0.63 1.9
Emissions to water 0.0004 33.38 33.38 0.0009 31.3 31.3
Emissions to agricultural soil | - -6.22E-9 | -6.22E-9 | - -1.95E-9 | -1.95E-9
Emissions to industrial soil - 0.0004 | 0.0004 - 0.001 0.001

The results of the life cycle assessment of 11.1 kg of bubble foil, as a characterization, show that the
overal greatest impact is global warning potential (Table 4).
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Table 4: Characterization profil of 11.1 kg of bubble foil

Incineration | Landfilling
Global warning potential, kg CO,-eq 52.70 24.90
Acidification potential, kg SO,-eq 0.10 0.09
Eutrophication potential, kg PO*,-eq 6.34E-3 8.04E-3
Ozone depletion potential, kg R11-eq 1.09E-9 2.02E-12
Photochem. Ozone creation potential, kg Ethene-eq | 0.01 0.01

The results of LCA study of the bubble foil are calculated to absolute value in the particual groups of
impact. The two different scenarios is compared on the level of functional unit. In all results (impact
factors) the share of production is the same. We mainly follow the impact factor of the end-of-life. Deeper
analysis of the resuls show that the impact of incineration compared to production is slightly higher.The
greatest overall impact on global warming potential (Figure 3) is presented by processing incineration
(incineration: 28.61 kg CO, eq.,). During perfect incineration polyethylene is burned almost completely.
Emissions that are generated are not dangerous to the environment and human health'®. The production
of bubble foil produces 24,1 kg CO, eq. Greene (2011) found that the production of 1,500 plastic bottles
of LDPE produces 0.04t CO, eg. and from the lifecycle from gate to grave, LDPE has the largest share
of the global warming potential indicator.*

In case of landfilling, polyethylene is inert, it does not release gases or other compounds known to
pollute water resources™®. The CO, production is minimal in our LCA analysis (0.82 kg CO, eq.).

30,00
25,00
20,00

15,00 W production

M end-of-life

GWP/kgCO,-eq.

10,00

5,00

0,00
Incineration Landfilling

Figure 3 Global warning potential for 11.1 kg of bubble foil

In Table 5 impact in all studied categories are presented for incineration scenario in share of life cycle
phases (production, end-of-life). In the case of incineration scenario the biggest share in all indicators
represents production. The end-of-life proces (incineration) has minor share (maximum value in
acidification potential 0.007 kg SO, eq.).
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Table 5: Other indicators for incineration of bubble foil
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B O H E R $.andfiing and incineratiBnGas| LOPE/MObble foil life-cycle

Acidification Eutrophication Ozone depletion | Photochemic
potential potential potential ozone creation
(kg SO, eq.) (kg PO*, eq.) (kg R11 eq.) potential
(kg Ethene eq.)
Production 9.00E-2 6.00E-3 0.0E+0 1.00E-2
Incineration 7.00E-3 3.00E-4 1.0E-9 3.00E-4

The landfilling has a minor share in AP, EP, ODP and POCP indicators (table 6) with the share from
0,002 (AP, EP) to 2.10™* (ODP). Only in case of acidification and eutrophication potential indicator, the
value is higher. In the case of bubble foil end-of-life in landfills, which are present for more than
thousand years in the evironment, bubble foil may break down into smaller particles that may continue to
pollute the soil and water. Guo (2012) demonstrated in his study that packaging material from LDPE led
to an increase in environmental burdens, because it has a higher impact on eutrophication, human and
aqua eco-toxicity™’

Table 6: Other indicators for landfilling of bubble foil

Acidification Eutrophication Ozone depletion | Photochemic
potential potential potential ozone creation
(kg SO, eq.) (kg PO*, eq.) (kg R11 eq.) potential
(kg Ethene eq.)
Production 9.00E-2 6.00E-3 0.0E+0 1.00E-2
Landfilling 2.00E-3 2.00E-3 2.00E-12 3.00E-4

If we normalize results with respect to bubble foil mass and calculate all impact categories for 11.1 kg
of bubble foil the results look promising for landfilling. In almost every evaluated impact categories
incineration has higher value than landfilling (table 7). Incineration, compared to landfilling shows
a higher share of global warming potential indicators (52.7 kg CO, eq.). We could observe that landfilling
has the largest share of eutrophication potential (0.008 kg PO*, eq.). The indicator of acidification
potential is almost balanced for both evaluated end-of-life scenarios. In all other impact categories
values of landfilling are in average still below values of incineration (table 7). This plastic waste usually
has a high level of contamination with dirt, organic material and adhesives, etc. As a result, in most
countries, LDPE plastic waste is currently either incinerated for energy recovery or landfilled.

Table 7: Normalized results of 11.1 kg of bubble foil

Global Acidification | Eutrophication | Ozone Photochemic
warning potential potential depletion ozone creation
potential (kg SO, eq.) (kg PO*, eq.) potential potential
(kg CO, eq.) (kg R11 eq.) (kg Ethene eq.)
Incineration 5.27E+1 1.00E-1 6.00E-3 1.00E-9 1.00E-2
Landfilling 2.49E+1 9.00E-2 8.00E-3 2.00E-12 1.00E-2
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Conclusions

Post-consumer LDPE (low-density polyethylene) plastic foils recovered from municipal solid waste are
considered difficult to recycle. In Slovakia and other countries, incineration or landfilling of waste bubble
foil is therefore preferred. It was also necessary to consider the fact that separate plastic containers
contain many impurities that are no longer usable. The use of recycling is considered in the case of
plastic waste from companies whose waste is more polluting and containing mainly polyethylene films?*®.

The LCA of these two ways of waste removal bubble foil has been performed. For the analysis,
specific data from LDPE bubble foil production were used. In the article the life cycle assessment study
of two scenario end-of-life of bubble foil is presented: incineration and landfilling. The production process
was assessed. GaBi Education software was used for numerical modelling of the life cycle phase.
Functional unit was one standard pack of bubble foil from LDPE granulate. The biggest impact in all
monitored indicators comes from granulate production proces. The production of the LDPE granulate
and the following products has a significant impact on global warming potential (24.1 kg CO,eq.).

End-of-life scenario has a considerable impact on global warming potential in the case of incineration
compared to landfilling (incineration: 28.61 kg CO; eq., landfilling: 0.82 kg CO, eq.). The acidification
potential and eutrophication potential are slightly significant for evaluated end-of-life scenarios of bubble
foil, but these values are very low (incineration: 0.003 of EP, 0.007 of AP, landfilling: 0.002 of AP and
EP). The other evaluated indicators have a negligible impact for both end-of-life scenarios. LDPE bubble
foil is environmentally friendly, can be disposed of by landfilling or by incineration, which does not
produce environmentally harmful substance.
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Summary

Globalization trends affect the growth of road passenger and freight transport, which has a positive
impact to meet the quality needs of the population, but has a negative impact on the environment. At
present, is being developed and applied technology to reduce the negative effects of transport and
automotive on the environment. The company exerts pressure on automotive companies to develop cars
with the lowest emissions. This trend is strongly supported by the European Union, which wants
automakers to stimulate new measures to invest in new technologies to reduce CO, and NO, emissions.
However, the direction and priorities of developed and applied technologies are also dependent on
economic developments, political and legislative factors. In the contribution we are focusing on the
development of electric vehicles, we analyse their sales in the European Union, and on the example of
Slovakia we say that income-dependent electric mobility is being explored, while trying out the
opportunities offered today by renowned carmakers. The disappointment is that, as with conventional
drives, even more environmentally friendly ones declare only results from laboratory conditions, which
can significantly affect the more burgeoning of ecological means of transport. Considering the amount of
the purchase price of electric vehicles in Slovakia, it is more likely that the buyer will continue to favour
classic cars for quite a long time, although hybrid and clean electric vehicles are already more efficient in
terms of fuel costs.

Keywords: Transportation, electric vehicles, emissions, investment intensity.

Introduction

The European Union's environmental policy is one of the Union's youngest policies and is currently
one of the most discussed and can be said to be even the most progressive. As a follow-up to
environmental policy, we will address the issue of reducing emissions in transport. Transport is the only
sector in which greenhouse gas emissions have been rising since 1990. It produces 26 % of greenhouse
gas emissions in the European Union, which is more than it produces industry, energy, buildings,
agriculture or waste management. Three quarters of transport emissions are generated on the road.
From transport emissions, 44.5 % of passenger cars and 18.8 % of heavy-duty vehicles are dispensing.
The European Environmental Agency states that transport emissions in the European Union have
increased by 23 % by 2015. In Slovakia the trend was the opposite, the amount of CO, produced
decreased by 0.6 %

In 2011, the European Commission published the Transport Strategy 2050 and the White Paper on
Transport. The basic idea of both documents is the creation of solutions for a competitive, resource
efficient transport system, addressing the problem of resource constraints and Europe's dependence on
these resources, reducing CO, emissions, unsustainable traffic safety and fragmentation of land, traffic
congestion and traffic noise. European transport should consume less energy, use cleaner energy and
improve efficiency in the use of both existing and newly built transport infrastructure. The White Paper
has four main objectives to be met by 2050. One of the objectives is the first objective is to use
sustainable low-carbon fuels in air transport and at least 40 % reduce emissions from shipping, 50 % of
medium-haul transport from road transport for rail and waterborne transport, reduce CO, emissions from
transport by 60 % compared to 1990 and gradually reduce the ban on conventional fuel vehicles entering
city centres. These objectives are further specified for urban, suburban and long-distance transport.
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If transport emissions are not radically and rapidly reduced, there is no chance of meeting the goal set
by the Paris Climate Agreement. The extent and intensity of transport have long exceeded the
sustainable level and the problems that transport naturally causes can only be solved by its radical
limitations. Modern civilization, however, is not willing to reduce transport, but to introduce technological
innovation. While technological innovation in transport is only mitigating and degrading its negative
consequences, energy and climate considerations are of the utmost importance and need to be
maximized. A key issue that focuses on innovation is the fundamental replacement of fossil fuels for
renewables so as to reduce as much as possible greenhouse gas emissions from transport. The original
plans of the European Commission to reduce CO, emissions in transport are being shot with the
discomfort of car manufacturers as well as environmental organizations. Automotive have labelled them
as very strict or incomprehensible. The European Parliament is currently debating a new proposal that
supports more and more electric cars to reduce car emissions by 15 % by 2025 and 30 % by 2030
compared to 2021 and includes a ban on sales other than cars without emissions. The contribution will
focus on electro mobility, the advantages and disadvantages of electric vehicles as well as their
efficiency.

Transport and its contribution to environmental pollution

The growth of road passenger and freight transport has not only positives but also negatives, with the
greatest impact on the environment. At present, numerous technologies are therefore being developed
and applied to reduce the negative effects of transport and automobile on the environment. The amount
of pollutant emissions in transport is related to the fuel consumption, which adversely affects the
technical condition of the fleet operated, the use of the means of transport and the load on the transport
infrastructure. The company exerts pressure on car companies to develop cars with the lowest
emissions. This trend is strongly supported by the European Union, which wants automakers to stimulate
new measures to invest in new technologies to reduce CO, emissions. The main idea of investing in cars
with new types of engines, especially electric cars, is also a shift away from the use of fossil fuels.

Electric cars are not new vehicles. They are even older than gasoline cars. The first electric vehicle
appeared on the road in 1873 and its constructor was the Englishman Robert Davidson. The first petrol-
powered motor vehicle appeared on the road twelve years later. Already in 1887 there were 100 electric
taxis in London. In 1900, some 4,000 vehicles were registered in the US, of which 40 % were steam
engines, 38 % electric vehicles, and 22 % gasoline powered vehicles. After 1900, the mass development
of combustion engines and electric cars failed to compete with the gasoline car and the oil era of the
automobile. The operation of petrol cars was trouble-free between 1900 and 1973, as the price of oil was
low and easily available. During this period, there was no interest in alternative drives and the reason for
something new to develop, but in view of increasing emissions, the first European emission standard for
passenger cars was introduced in 1970. The first serious problem for gasoline (diesel) cars occurred at
the beginning of the 1970s during the oil crisis. The price of oil has risen from US $ 3.29 in 1973 to US $
11.58 in 1974. In addition to rising oil prices, import embargos have been introduced, and in some
countries a fuel allocation per person has been introduced. Another serious problem occurred in the
1980s, when measurements showed an increase in air pollution, which also contributed to car transport
and very cheap oil during this period. In the 1980s, there was an increasing focus on alternative fuels
and electromobility.

The first emission limits in the automotive industry were based on voluntary agreements between car
manufacturers and the European Commission. In 1992, the EURO 1 emission standard was introduced,
requiring a changeover to unleaded petrol and the universal fitting of gasoline catalytic converters to
reduce carbon monoxide (CO) emissions. The new start for electric cars occurred in 1996, when the
EURO 2 standard was introduced, further reduced the carbon monoxide emission limit and also reduced
the combined threshold for unburnt hydrocarbons and nitrogen oxides for petrol and diesel vehicles.
EURO 2 has introduced various emission limits for petrol and diesel. In 1997, Toyota Prius was
introduced on the Japanese market. In 2000, it became the first mass-produced hybrid vehicle in the
world and is currently the best-selling hybrid vehicle with 3.9 mil. sold pieces.
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Table 1: Euro emissions standards EURO 1 and EURO 2

EURO 1 emission limits EURO 2 emission limits (petrol)
CO - 2.2 g/km
HC+ NOx — 0.5 g/km
CO - 2.72 g/km (petrol and diesel) PM — no limit
HC+ NOx — 0.97 g/km (petrol and diesel) EURO 2 emission limits (diesel)
PM — 0.14 g/km (diesel only) CO - 1.0 g/km
HC+ NOx — 0.7 g/km
PM —0.08 g/km
EURO 3 emission limits (petrol) EURO 4 emission limits (petrol)
CO -2.3 g/km CO -1.0 g/km
HC — 0.20 g/km HC — 0.10 g/km
NOx —0.15 NOx —0.08
PM — no limit PM — no limit
EURO 3 emission limits (diesel) EURO 4 emission limits (diesel)
CO - 0.64 g/km CO - 0.50 g/km
HC+ NOx — 0.56 g/km HC+ NOx — 0.30 g/km
NOx — 0.50 g/km NOx — 0.25 g/km
PM — 0.05 g/km PM —0.025 g/km
EURO 5 emission limits (petrol) EURO 6 emission limits (petrol)
CO — 1.0 g/km (H:é) - cl)'fogl‘jrkn
HC — 0.10 g/km ~0g /T
NOX — 0.06 g/km NOx-0.06g/km
PM — 0.005 g/km (direct injection only) PM — 0.005 g/km (direct injection only)
' PM — 6.0x10 11/km (direct injection only)
EURO 5 emission limits (diesel) EURO 6 emission limits (diesel)
CO - 0.50 g/km CO - 0.50 g/km
HC+ NOx — 0.23 g/km HC+ NOx — 0.17 g/km
NOx — 0.18 g/km NOx — 0.08 g/km
PM — 0.005 g/km PM — 0.005 g/km
PM — 6.0x10 *11/km PM — 6.0x10 *11/km

Source: https://www.theaa.com/driving-advice/fuels-environment/euro-emissions-standards

Due to the existence of emission agreements, the emissions produced by automotive transport have
been greatly reduced until 2004, when the cartels were no longer willing to voluntarily reduce their
emissions. The most significant progress in reducing emissions was achieved during the period of EURO
0 and EURO 1, with developments in all the areas shown in Figure 1. The most significant progress can
be seen in NOx, where there was a 98 % improvement. In the particle area, the improvement was 97 %
and 95 % in HC. Production of COF emissions also decreased significantly by 89 %. For CO, emissions,
we can also note the fact that there has been almost no reduction in COF emissions since the
introduction of EURO 4. Automobile manufacturers argue that they do not have technologies that would
significantly improve the situation and require less stringent COF limits. >3

Since 2010, the first mandatory EURO 5 standard has been in force. For EURO 5, limits have been
set for COF 140 g / km. The current EURO 6 standard is still the toughest standard, has reduced the
CO2 production limits by an additional 10g / km and has introduced a number of novelties to the
automotive industry. It came into force on 1 September 2014. Cars built after 2014 had to have
a mandatory start-stop system that, when standing in the engine, shuts down the engine to reduce
emissions and thus reduce the COFproduction to 95g / km (from today's 130g / km) by 2020.3
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Figure 1: Progress in emissions from EURO 0 to EURO 6
CO = Carbon Monoxide, NOx = Oxides of Nitrogen HC = Hydrocarbons PM = Particulate matter
Source: processed by http://image.slidesharecdn.com/renaulttruckspresentation2014en-140321131359-
phpapp01/95/renau lt-trucks-presentation-40-638.jpg?chb=1395407876

Results and discussions

In the European Union and in individual countries, the production of electric vehicles has already been
promoted for a number of years, which is intended to meet the objectives of the Europe 2050 strategy.
An electric vehicle is a vehicle exclusively powered by an electric motor powered by an electric energy
storage battery. Batteries are charged externally from the electrical system or can be recharged using an
internal combustion engine or fuel cell system. Electric cars include an electric car (electric car, electric
vehicle, electric car), a passenger or truck, a bus, an electric motorcycle, an electric bicycle.
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Figure 2: Car selling progress in European Union
Source: CARSALESBASE.COM. European car sales analysis February 2018 i brands. 2018
http://carsalesbase.com/european-car-sales-analysis-february-2018-brands/

In 2017, record sales of 2016 were overtaken, when 15,137,732 units were sold, representing
a 3.39 % increase over the previous year. This is a massive increase in sales, as sales in 2013 were
11,873,302 cars. An average of 14 million cars are sold annually since 2004. Sales of hybrid vehicles
(51.81 %), plug-in hybrid vehicles (28.90 %) also grew significantly. The reason these types of drives
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grew by a double digit number is country support and more progressive technology. The growth in sales
of cars using only the combustion engine was 2 %.* In 2017 97,571 electric vehicles were sold in the
European Union.” In the second quarter of 2018, demand for alternatively-powered vehicles in the
European Union grew significantly (+44.3 %), mostly driven by hybrid (+49.2 %) and battery electric
(+45.5 %) car sales. Overall, 72,168 electrically-chargeable cars were registered in the EU from April to
June 2018, or 43.8 % more than in the same period one year ago. Demand for LPG and NGV vehicles
also increased strongly — up 35.2 % in the second quarter of the year — mainly thanks to a notable uplift
of natural gas-fuelled car registrations (+139,8 %). Among the five key EU markets, APV registrations
saw the highest increases in Spain (+79.4 %) and Germany (+72.1 %). Demand for alternatively-
powered vehicles also continued to post strong growth in France (+43.4 %), the UK (+42.3 %) and Italy
(+20.7 %). On a global scale, electric cars have only a negligible share of automotive transport (0.2 %),
but their number will grow rapidly in the years to come. In connection with the low number of electric
vehicles beside the direct financial support, political support in the form of concessions in parking
systems, road taxes, motorway tolls, the possibility of driving electric vehicles in reserved lanes and
other benefits for electric car owners is necessary.

% growth 2016/2017
Vehicles using combustion engines
Hvybrid vehicles

Plug-In Hybrid

Electric car

0,00% 10,00% 20,00% 30,00% 40,00% 50,00% 60,00%

Figure 3: Number of registered cars in EU countries by car type
Source: own figure processed by https://www.best-selling-cars.com/europe/2017-full-year-europe-electric-hybrid-
vehicle-sales-per-eu-efta-country/

According to the International Energy Agency (IEA), the sale of electric cars is currently
concentrated in ten countries - China, the United States, Japan, Canada, Norway, Britain, France,
Germany, the Netherlands and Sweden. These countries in the past accounted for up to 95 % of the
global electro mobility market. The absolute largest market for China in China in 2016, where more than
200 million electric double-wheeled vehicles and 300,000 electric buses are the global leader in
electrification.”

Apart from the disadvantages of the electric car, there is a problem with lithium-ion batteries that are
the basis for the operation of mobile phones, notebooks of electric cars and other electrical equipment.
Currently these batteries are indispensable because they are not an adequate substitute for them.
Lithium reserves are not infinite, and the sites are concentrated in Bolivia, Argentina and Chile. There
are u% to 50 % of the world's property in Bolivia, 25% in Argentina and Chile, and 25 % around the
world.

Limited stock lithium companies are constantly working on developing a new type of battery.
Research also raises the need to increase the range, weight and cost of batteries. The battery system
today weighs approximately 290 Kg. It consists mainly of lithium, graphite, cobalt, aluminium and
magnesium. Battery life after warranty is most likely to show a certain drop in capacity compared to new
batteries, but in most cases no battery replacement or battery cells replacement will be required because
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manufacturers expect to have as long life as the electric vehicle itself. In Figure 4 we can see the
development of the prices of two currently most expensive and unbraked commaodities for the production
of batteries in electric vehicles. Prices in each year are as of 31 January. Both cobalt and palladium
prices were relatively stable between 2014 and 2015 and fell sharply in 2016. In 2018, the price of cobalt
increased by 116 % and its price exceeded 75,000 USD / tonne. However, after the Dieselgate case,
carmakers reported massive investments in electric cars, and the cost of these commodities has
softened several times. The price of palladium has risen by 206 % in 2 years and the cobalt price has
risen by as much as 366 %. Car makers have claimed that mass production will lead to a gradual decline
in the price of electric vehicles. And here we are faced with the problem of the high price of electric cars,
which is based on the price of the battery and its production costs, which are growing sooner.**
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cobalt m paladium

Figure 4: Price change of key commodities
Source: own figure processed by https://www.investing.com/commodities/palladium-historical-data

By 2020, the assumption is to increase the share of electric car sales in global sales from the current
2.5 9% to 6 % and by 2030 to 25-40 % by 2030. This means, however, that even despite the attempt to
ban the production and sale of combustion engines, they will continue to dominate over a few years over
electric motors. However, the changes will also require improvement and expansion of the recharging
infrastructure, increased electro mobility, recharging of the battery and, of course, lowering the high price
of vehicles.

In some countries, the infrastructure of charging stations is poorly built. Without the construction of
new charging stations, it is not possible to expect increased demand for electric vehicles. In Figure 5, we
can see the number of built-in charging stations and number of charging stations per 1,000 citizens in
the selected countries of the European Union. We divided the countries into 3 groups, namely the
eastern European countries and countries of the Balkans (Latvia, Bulgaria, Hungary, Croatia, Slovakia,
Slovenia, Poland, Austria and the Czech Republic). Furthermore, the Nordic countries (Finland, Sweden
and Denmark) and countries that strongly support green energy (Norway, France and the Netherlands).
In the first group of countries Austria has the most charging stations per capita. They have very weak
infrastructure in Latvia, where there are only 74 charging stations and Bulgaria 94. The second group of
states are Nordic countries where charging stations are being built at a faster rate than in Eastern
European countries and countries in southern Europe. Finland has twice as many charging stations as in
Slovakia. In Denmark, the number of charging stations is 2,582 and in Sweden even 4,733. The third
group of countries, including France, the Netherlands and Norway, is slightly different in relation to
environmental protection. In France, green technologies are preferred. Currently there are 16,331
charging stations in France. More than 2,000 are planned to be built by 2020. In Norway, 10,350
charging stations (up to 1,000 people far more than France) and the Netherlands have 32,875 charging
stations. Both countries have a common goal, and by 2025 — 2030 (the Union's goal is 2050), they want
to ban the sale of cars for fossil fuels. It should also be remembered that these two countries are among
the world leaders in the sale of electric vehicles. This fact helped to hire massive state support and
excellent infrastructure.
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Figure 5: Number of electromobile charging stations and number of charging stations per 1,000
citizens in selected countries
Source: processed by http://www.eafo.eu/electric-vehicle-charging-infrastructure

Certainly, not unified charging connections must also be mentioned. In practice, this means we have
different types of terminals for charging. If you are the owner of a vehicle such as the BMW i3 and want
to charge your car on a Tesla stand it is not possible. This is a major problem to be solved at the
beginning of the European Union's promotion of electro mobility. Similarly, as mobile phone
manufacturers once agreed, each manufacturer would not have a different type of charger (the only
exception was and still is Apple). It would be ideal to resolve the 'gentlemen’ agreement 'to agree on
a single type of voluntary agreement.*®

Electro mobility support and interest in electric cars in Slovakia

State support for electro mobility in the form of a financial contribution to the purchase of a vehicle
started in Slovakia on November 11, 2016. The state created a € 5.2 million electric mobility finance
package. He contributed 5 mi to this package. € Recycling Fund and € 0.2 million. € Automotive Industry
Association. Subsidies for the purchase of a new electric vehicle amount to € 5,000 and for hybrid and
plug-in hybrid vehicles of € 3,000. The main condition for the purchase of the vehicle was that the vehicle
was first registered and the vehicle was classified as M1 (passenger cars) or N1 (small trucks up to
3.5 tons). Not only private individuals, but also entrepreneurs, municipalities and cities, could apply for
the contribution.™ It was initially expected that the amount of 5.2 mil. € is exhausted in one year.
However, assumptions have not been fulfilled. From November 11, 2016 to November 8, 2017, only
1,885 million € were spent. A total of 445 applications were recorded, of which 275 applications were for
electric vehicles and 170 for hybrid and plug-in hybrid vehicles. On the basis of the decision of the
Government of the Slovak Republic, the time to withdraw the allocated financial volume was extended
until 30 June 2018. If the funds are not used up to a set date, the balance will be used for the
construction of new charging stations for electromobiles.™

According to data from the Automobile Industry Association of the Slovak Republic, Slovaks
requested subsidies for 523 electric vehicles and 266 plug-in hybrids. This means that the state has
contributed a total of € 3,413,000 to motorists for 789 cars. In 2015 only 188 electric vehicles and plug-in
hybrids were registered. A further 434 vehicles were added in 2016. After launching the subsidy program
in November 2016, interest in subsidies increased, and in 2017 there were 2,178 new registrations,
which represented a year-on-year increase of more than 400 %. Increased interest continued in the first
half of 2018 when there were 1,427 new registrations. In total, there are almost 4,300 electric and plug-in
hybrid cars registered in Slovakia. During the funding period, the Slovaks were most interested in
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Nissan's electric models, namely Nissan Leaf, which sold 175 units and the Nissan ENV 200, which sold
66 units. In terms of plug-in hybrid cars, the most sold Mercedes-Benz GLC 350 e was 60 units, the
Mitsubishi Outlander PHEV 27 units and the Hyundai loniq Plug-in Hybrid 26 units.*’

Currently, in order to replace the state support scheme for electromobility, the Ministry of
Environment of the Slovak Republic has announced a scheme for the municipality to which is allocated
1 mil. € and which should support the procurement of around 30 electric cars. Public sector support, with
a contribution of 95% of the purchase price of the vehicle, is a great disparity in the efficiency of
spending compared to the end-user scheme for the general public. The purchase of electric cars in
Slovakia is mainly affected by the monthly cost of electric, gasoline and diesel cars. Based on the Car
Cost Index, which compares ownership and operation costs for all types of cars in 21 European
countries, Slovaks have an electric car monthly up to € 955 per month, with only € 597 in Hungary, the
lowest amount among European Union countries. The average monthly cost in the European Union for
electric cars is € 819 (see Figure 6).'° The analysis of May 2018 has shown that riding on electric cars is
becoming cost-competitive in several European countries, in particular due to the disadvantage of in-car
engines. Since the price of electric cars is higher than gasoline or diesel cars, the difference between the
purchase price and the selling price in the future is also greater. But by gradually lowering the purchase
price, the value of depreciation should decrease, while fuel savings will be maintained. The cost of using
electric cars is lower than in the case of cars with a combustion engine in Norway and the Netherlands.
In Belgium and the UK, the difference in overall costs is rapidly decreasing. The cost of electric cars
varies greatly by country. In Poland, the ownership and operation of an electrified car monthly is € 448,
in Italy € 761. The cheapest country for using a gasoline car 353 € and a diesel car 363 € is Romania.
When analysing the monthly costs of electric, gasoline and diesel cars in V4 countries, the cost of
electric cars is highest in the Slovak Republic 955 € and in the Czech Republic it is 800 €. (Figure 7)
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Figure 6: Monthly operation expensies by car type in EU countires
Source: processed by https://www.leaseplan.com/corporate/news-and-
media/newsroom/2018/car%20cost%20index

The monthly cost of diesel cars is highest in the Czech Republic of 425 €, the lowest in Poland is
359 € and the monthly cost of gasoline cars is the lowest in Hungary of 393 €. Overall, the cost of their
operation is the highest in the Slovak Republic. Costs are calculated based on fuel / energy consumption
data reported by manufacturers. Owners of electric cars pay higher taxes, on average 131 € / month,
mainly due to higher road tax and VAT, as there is a higher purchase price of the vehicle. In the case of
combustion engines it is slightly more than 100 €.
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Source: own figure

In the paper, we note that there is a low interest in the purchase of an electric car in Slovakia. In the
survey, we examined the reasons for this low interest on the selected sample of 35 T 40 year olds from
the Bratislava region. A survey of 365 respondents found that for 42.4 % of respondents there was a
high price barrier for electric car procurement, 31.4 % of respondents had a problem with electric cars
driving range, 22.5 % of respondents saw a problem in the lack of charging stations in remote
municipalities from the economic center and 3.7 % of respondents give other reasons.

To test the real efficiency of electric cars, we took test trips on the Mercedes Benz E350e borrowed
vehicle. According to the label, we would assume that it is a electric power-driven vehicle, but in this
case it is a plug-in hybrid - a petrol engine + electric motor. The manufacturer reports an average
consumption of 2.1 7 2.5 1/ 100 km and an electric range of about 40 km. With these parameters, the
vehicle appears to be highly efficient and excellent for managers, but also as a family vehicle. In our test
we travelled through the city (Bratislava) and then a longer route to Banska Bystrica and back. In pure
urban traffic, we've set the vehicle on an electric drive to measure real-life driving. In any case, we did
not get to the declared values, but the actual mileage was 18 i 21 km, then the vehicle went into the
hybrid, respectively petrol mode. When driving outside the city, we used a hybrid drive, a combination of
an electric drive and a gasoline. The bus to the fully charged battery and the refuelling 40 litre tank was
around 620-650km with an average consumption of about 4.5 | / 100 km. Of course, we also tried to
drive outside the city on a pure gasoline propulsion along with recharging batteries and their subsequent
use in the city. Consumption, of course, rose to about 6 I 6.5 | and the batteries were recharged after
approximately 100 T 120 km. The vehicle uses a petrol engine powered alternator to recharge, on the
one hand, it recovers energy while braking and at the same time also converts the residual heat to
electricity.

We can say that the value of the manufacturer far outweighs the reality, but the drive itself would be
greatly usable in today's conditions for people coming to the city to work T at home in the garage | will
charge the vehicle and on arrival to work it will be charging there as well as for longer journeys, where
we do not have to rely on electric drive, but we will use gasoline. It is the ideal solution that helps reduce
emissions in cities and at the same time solves the shift from classic engines (gasoline / diesel) to new,
more environmentally friendly ways of motoring. The tested model had a relatively low mileage, but there
are competing vehicles on the market with a real surge of electric drive with the same concept - the
hybrid plugin. For example, the BMW 350e has a real dazzle in the city on a pure electric drive of about
28 1T 30km and the total ride is about 650 T 680 km. The great advantage of a hybrid vehicle plug-in is its
ability to recharge at home as well as in electric cars as well as at commercial recharging stations that
are gradually increasing and still relatively many of them available for free or at a minimum charge.

type
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Conclusions

The transportation sector is one of the largest employers, on the other hand, it is the biggest polluter
of the environment. In the paper, we looked at electromobility, which, according to the European
Transport Strategy 2050, should be one of the important steps to reduce emissions in cities. According
to the strategy, in the cities until 2050 only electric cars should be driven, where the most emissions are
produced in city hubs. Electromobility is a very important topic in the European Union and Slovakia over
these months and should be seen not only as an ordinary substitution for conventional cars, but also as
one of the pillars of the autonomous mode of transportation, since it will be carried out according to the
requirements of the customers. What is primarily related to the needs of people who share the idea of
a shared economy, singles live and therefore either do not need to own a car, or they can carry a small
electric car. The reason why people will want to buy electric cars will also be the fact that the European
Commission has adopted new legislation to change the use of motorways throughout the European
Union. Highway tolls will take into account the type of vehicle and will be particularly advantageous for
electric cars. Finally, we can state that the electrification of the transport sector offers the opportunity to
use energy produced from renewable sources, thereby reducing dependence on oil, electric vehicles
emitting lower levels of carbon dioxide and air pollutants, thus contributing to decarbonisation of road
transport and improvement of air quality.
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Abstract

The paper discusses municipal waste strategies for approaching the European Union (EU) recycling
targets that were set out in the Commission Decision (2011/753/EU) focused on establishing rules and
calculation methods for these targets. We analyse the calculation of recycling targets for municipal waste
in 2010 i 2015 by using four calculation methods for the EU member states. We try to assess the
differences in interpretations of the EU municipal waste (MW) definitions and the impact that the different
recycling rate calculation methods may have on final recycling figures. We discuss significant
inconsistencies in the data collection methods as well as interpretations of the definition of MW used to
support the decision of the European Parliament from 14 March 2017 claiming that the calculation of
recycled MW should be based on one harmonised method that would prevent member states from
reporting scrap® as recycled waste.

Keywords: municipal waste; household waste, mixed municipal waste, recycling rates, recycling
calculation methods, circular economy

Introduction

The European Commission’s 2015* Circular Economy Action Plan, adopted by the European Parliament
on 14 March 2017 regarding the proposal for a directive of the European Parliament and of the Council
amending Directive 2008/98/EC on waste COM(2015)0595 — C8-0382/2015 — 2015/0275(COD) brought
new challenges for municipal waste (MW) management in Europe, which had become increasingly
complex over the last decade?. This complexity is to some extent caused by the introduction of additional
facilities for pre-treating waste, mainly mechanical biological treatment, and for sorting for recovery.
There are also some legal requirements for increasing the recovery of certain waste streams, resulting in
increasing cross-order transportation of waste for recovery. Moreover, on 14 June 2018 new waste
package has been published in official journal of the European Union with deadline for entry into force
5 July 2020.

Waste policies and targets set at the European Union (EU) level include minimum requirements for
managing certain waste types. The most relevant targets for MW are: the Landfill Directive’s® landfill
diversion targets for biodegradable MW; the Packaging and Packaging Waste Directive’s® recycling
targets; and the Waste Framework Directive’s (WFD) target® for recycling and preparing for reuse (more
precisely, the target applies to specific types of household and similar waste). EU member states can
choose from among four different methods to monitor their progress towards the most recent target®;
each monitoring method establishes rules and calculation methods for verifying compliance with the
target (a) in Article 11(2) of the WFD, i.e. the target of recycling 50 % of municipal waste by 2020 (55 %
by 2025, 60 % by 2030 and 35 % by 2035). In addition, stricter rules for calculating recycling rates will

! Scrap is the discarded or rejected material from an operation suitable for reprocessing.
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help to better monitor real progress towards the circular economy. The comparability of available EU
member state data and indicators may be limited in some cases. There are differences in MW
definitions, reported waste types, and data processing. For example, some member states only include
waste from households, whereas others may include similar waste from commercial activities and
offices”™. Depending on national waste management and waste data collection systems, the
approaches for MW data collection established in the member states vary to a large extent, thus
hampering data comparability across countries.

We analyse the definitions of MW applied by EU member states. Some member states have changed
their definition of MW over time, and recycled amounts can be calculated differently depending on
whether they include the weight of materials collected but discarded during the recycling process’®. We
present an analysis of the calculation of recycling targets for MW in 2010 — 2015 using the four
calculation methods outlined in the EC Decision® for all EU member states. We try to assess the
differences in interpretation of the EU MW definitions®®*! and the impact that different recycling rate
calculation methods may have on the final recycling values presented by Eurostat'. We discuss
significant inconsistencies in the data capture and the interpretation of the definition of MW to support
the decision of the European Parliament (EP) from 14 March 2017*? on four Directives*>*® concerning
waste management, mainly waste from households and small firms, representing 8 % of total waste.
These plans produced by the EP are the first step towards creating a circular economy** in which
products are designed to facilitate reuse. The key issues include how ambitious the targets should be for
recycling rates®, and how much to limit landfilling, which is probably the most harmful method of waste
disposal. The following research questions were set:

RQ1: How does the definition of MW affect the results of recycling targets?
RQ2: How do calculation methods affect the target for municipal waste recycling?

The paper is structured to present answers to these two research questions: the first sub-chapter
provides a concise description of the material and the scientific methods used, focusing on data and
sources. The second part of the paper contains the evaluation and exact description of the achieved
results and their discussion with previously published papers. Furthermore, we outline the need for
further solutions, and the importance of developing this field in research society, and practice. The
concluding part of the paper provides a concise summary of the most important findings in relation to the
paper focus.

Materials and Methods

The research was carried out on data collected for 2010 — 2015. The sample consists of the 28 EU 28
member states, as well as Norway, Switzerland, and Iceland.

European Waste Classification for Statistics and European List of Waste

Waste statistics data were collected in the EU on the basis of an OECD/Eurostat joint questionnaire
(JQ) until the adoption of Regulation (EC) 2150/2002'°*°, the Waste Statistics Regulation. Municipal
waste (MW) includes household waste and similar waste explained in detail in Annexes | and 1I**"*8
from origination, collecting, and waste materials®.

To understand how consistently the definition of MW is applied across the 28 EU member states, an
analysis was carried out’'° to compare the situation in the member states, focusing on which materials
each member state includes in its definition of MW and on their recycling rate calculations (Table 1).

> The most comprehensive definition for statistics on MW is still the simple definition provided by the

OECD/Eurostat JQ (Eurostat, 2016): Municipal waste covers household waste and waste similar in nature and
composition to household waste.
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Table 1: Waste materials included in the national definitions of MW

Main Material Category

Material Subcategory

Country

Residual waste, bulky waste

Reused products

Material recyclables (paper and
cardboard, textiles, plastics, glass,
metals, and other recyclables, such as
wood waste)

Packaging waste from the private
sector

Biowaste (food waste and garden

Finland, Ireland
EU-28

EU-28 except for the
Czech Republic,
Estonia, Finland,
France, Germany,
Latvia and Romania

EU-28
waste)
Hazardous household waste EU-28 except for
Cyprus
Street sweepings EU-28
Waste from municipal services = Biowaste (garden and park waste,
comprises the following maintenance of roadsides, cemetery EU-28
fractions: waste)
Kitchen and canteen waste EU-28
Collected by households or by EU-28
municipal services
Waste from commerce and EU-28 excent for
trade, small businesses, office Latvia P
buildings and institutions Collected by private sector Netherlands and
Spain
- C&D waste Romania
Other waste from municipal -
. Waste from municipal sewage Germany,
services .
networks and treatment Romania

Source: Greenfield, 2015 and authors

The Waste Statistics Regulation obliges the member states to report statistical data on waste
generation and waste treatment according to the European Waste Classification for Statistics (EWC-
Stat). The EWC-Stat is a mainly substance-oriented aggregation of the waste types defined in the
European List of Wastes (LoW)°. The result is a 1:n - relationship between EWC-Stat and LoW which
allows for the unambiguous conversion of the waste types classified according to the LoW into the EWC-
Stat waste categories. The transposition table between the EWC-Stat and the LoW is established in
Annex Il of the (EC) 2150/2002™'°, the Waste Statistics Regulation®®. The EWC-Stat categories that
have to be reported to Eurostat are set out in section 2 of Annexes | and 11'°. Whereas the Waste
Statistics Regulation stipulates that the EWC-Stat has to be used for reporting the data to Eurostat, it
does not prescribe a specific classification to be used for data collection. Countries may use any waste
classification as long as they can produce the defined formats in the quality required. In practice, most of
the countries collect their data according to the LoW and convert it subsequently into the required EWC-
Stat categories based on the transposition table in Annex Il of the Waste Statistics Regulation®®. The
direct use of the EWC-Stat for data collection is applied only by few countries. For the countries that use
the EWC-Stat for data collection, the guidance document? is particularly help in clarifying which wastes
are covered by the defined reporting categories.
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Recycling target calculation methods

To verify compliance with the MW target set in Article 11(2)(a) of the WFD®, EU member states would
apply a recycling target to one of the following:

1) the preparation for reuse and recycling of paper, metal, plastic, and glass household waste;

2) the preparation for reuse and recycling of paper, metal, plastic, glass household waste, and other
single types of household waste or similar waste from other origins;

3) the preparation for reuse and recycling of household waste;

4) the preparation for reuse and recycling of municipal waste.

The EC Decision® specified the use of one of four calculation methods for the calculation of the
recycling target:

1) Calculation method 1 (in %):
Recycling rate of paper, metal, plastic, and glass household waste =
(Recycled amount of paper, metal, plastic, and glass household waste)
/ (Total generated amount of paper, metal, plastic, and glass household waste)

2) Calculation method 2 (in %):
Recycling rate of household and similar waste =
(Recycled amount of paper, metal, plastic, and glass waste and other single waste streams from
households or similar waste streams)
/ (Total generated amount of paper, metal, plastic, and glass waste and other single waste streams
from households or similar waste)

3) Calculation method 3 (in %):
Recycling rate of household waste =
(Recycled amount of household waste)
/ (Total household waste amounts excluding certain waste categories)

4) Calculation method 4 (in %):
Recycling of municipal waste =
(Municipal waste recycled)
/ (Municipal waste generated)

Results and discussion

The possibility of using four calculation methods regarding the 2020 recycling target for MW is
maintained mainly because of legal certainty and to minimize any short-term disruption to the waste
management plans adopted by several EU member states. The method used to determine the recycling
rate differs for every EU member state’”*°.

Table 2 summarizes these methods for 28 EU member states, Norway, Switzerland, and Iceland.
This table does not cover the potential of recycling materials from mixed municipal waste (MMW). There
is a great deal of additional recycling potential in the MMW (mainly the household waste) produced by
member states. The additional recycling potential concerns particularly separately collected paper and
cardboard, plastic, and biowaste. Member states calculate this potential with different weights. Table 2
shows that methods 2 and 4 have been adopted by 23 of the 31 states of the European Free Trade
Association (EFTA) that were considered. Focusing on the aspect of certain waste types similarity to
household waste, Eurostat's Guidance on municipal waste data collection™ offers an option allowing the
scope of MW to be expressed in terms of the European Low™.
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Table 2: Methods of calculating MW recycling rate in different countries of the European Free
Trade Association in 2015

Method 1 Method 2 Method 3 Method 4 Method
Recycling rate of Recycling rate of
paper, metal, h Recycling rate of Recycling of Currently not
: ousehold and 2 .
plastic, and glass similar waste household waste municipal waste sighed up to one of
household waste o [%] [%0] the four methods
[%] [%]
Ireland Austria Bulgaria Belgium Norway
Malta Croatia Luxembourg Denmark Switzerland
Cyprus United Kingdom Finland Iceland
Czechia Germany
Estonia Latvia
France Netherlands
Greece Slovenia
Hungary Spain
Italy
Lithuania
Poland
Portugal
Romania
Slovakia
Sweden
2 15 3 8 3

Source: EEA (2015) and authors

This option is based on the principle that the scope of MW includes household waste and similar
waste types generated by sources other than households, regardless of whether municipalities or private
actors are responsible for their collection. Recent experience demonstrates that a relevant number of
member states include amounts of mixed municipal waste (MMW) (i.e. Low code 20 03 01) from all
business economy sector - NACE Rev. 2'° activities in the MW data (group 38 of NACE). Furthermore,
one can argue that the overall target is to reduce the unsorted MMW or residual household waste
(RHW), regardless of its origin. If this is to be done, it is consistent to cover the separately collected
fractions from all origins as well. Source-segregated material fractions found in residual household waste
(EWC-Stat/version 4 code 10.1) are considered as mis-sorted waste fractions. Housing types are divided
into single-family and multi-family houses. Here, the term ‘single-family house’ corresponds to
households with their own residual waste bin, while ‘multi-family house’ corresponds to households
sharing residual waste bins, e.g. common containers in blocks of flats. Therefore, the starting point for
the waste types to be included are the waste codes listed in Chapter 20 of the LoW, with some additions
from subchapter 15 01'®. When discarded items are handed over to the waste management system,
they are classified as a certain waste type, ideally by 6-digit codes according to the Low™® or another
(national) classification. The weight and code are usually registered at the weighbridge of a waste
management facility. Thus, the key to any definition of MW is certainly the material classification of the
waste, since this classification best determines its similarity to household waste ‘in nature and
composition’.

The scope of recycled MW materials is based on selected LoW codes, which are specified in Table 3
along with EWC-Stat/Version 4 codes for recycling target calculation, as member states have to submit
an annual national waste report based on the Waste Statistics Regulation'®. Member state
implementation reports on MW recycling targets should comply with the specific requirements set out in
Annexes | and 11°, see Table 3. However, member states may use different weights for collected waste
materials (specified by LoW codes). Eurostat has collected and published data on MW since 1995.
These data are widely used for comparing MW generation and treatment in different countries, and
indicators relevant to MW are used to monitor European waste policies®. The data on MW expressed in
kilograms per capita are part of a set of indicators compiled annually to monitor the EU’s sustainable
development strategy?.
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Table 3 Municipal waste materials and relevant Low and EWC-Stat/Version 4 codes for
calculation methods 1, 2, and 3 of Annex Il (EC, 2011)

Waste materials

LoW code according to (EC,
2011)

EWC-Stat codes according to
(EC, 2002, 2010)

Paper and cardboard

Metals

Plastic

Glass

Biodegradable kitchen and canteen waste
Biodegradable garden and park waste
Non-biodegradable garden and park waste
Wood

Textiles

Batteries

Discarded equipment

Other municipal waste

200101,150101

20 01 40,1501 04

2001 39,1501 02

20 01 02, 15 01 07

20 01 08

200201

20 02 02, 20 02 03

2001 38,1501 03
200110,2001 11,1501 09
2001 34, 20 01 33*

20 01 21*, 20 01 23*, 20 01 35%,

2001 36
20 03 01, 20 03 02, 20 03 07,

07.2

06

07.4

07.1

09 (excl. 9.11, 9.3)
09 (excl. 9.11, 9.3)
12 (excl. 12.4, 12.6)
07.5

07.6

08.41

08 (excl. 08.1, 08.41)

10.1, 09 (excl. 9.11, 9.3)

15 01 06

Source: (EC, 2011, Eurostat, 2012)

Table 4: Municipal waste generated by country in selected years in kilograms per capita

1995 2000 2005 2010 2015
EU-28 - 521 515 504 477
EU-27 473 523 517 505 477
Belgium 455 471 482 456 419
Bulgaria 694 612 588 554 419
Czechia 302 335 289 318 316
Denmark 521 664 736 - 789
Germany 623 642 565 602 625
Estonia 371 453 433 305 359
Ireland 512 599 731 624 -
Greece - 412 442 532 -
Spain 505 653 588 510 434
France 475 514 530 533 502
Croatia - 262 336 379 393
Italy 454 509 546 547 486
Cyprus 595 628 688 689 638
Latvia 264 271 320 324 433
Lithuania 426 365 387 404 448
Luxembourg 587 654 672 679 625
Hungary 460 446 461 403 377
Malta 387 533 623 601 624
Netherlands 539 598 599 571 523
Austria 437 580 575 562 560
Poland 285 320 319 316 286
Portugal 352 457 452 516 -
Romania 342 355 383 313 -
Slovenia 596 513 494 490 449
Slovakia 295 254 273 319 329
Finland 413 502 478 470 500
Sweden 386 428 477 439 447
United Kingdom 498 577 581 509 485
Iceland 426 462 516 481 :
Norway 624 613 426 469 421
Switzerland 600 656 661 708 725

Source: Eurostat®*®
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Table 4 shows municipal waste generation by EU and EFTA countries expressed in kilograms per
capita. To illustrate the trends, Table 4 shows generated MW for selected years, covering the period 1995
to 2015.

Using data from Eurostat, we can calculate the recycling of MW by country in kilograms per capita and
the MW recycling rate by country as a percentage of generated MW in the period 2010-2015 (Table 5).

Table 5: Shared recycling of MW by EFTA countries in kilograms per capita [kg/citizen] and as
a percentage of total MW [%] in 20107 2015

Country 2010 2011 2012 2013 2014 2015

koici. w9 K g % kgl cit. % kglcit. %
EU-28 124 24.6 128 25.7 130 26.8 128 26.8 134 28.1 137 28.7
EU-27 125 24.8 129 25.8 131 26.9 129 26.9 135 28.1 137 28.7
Ireland 200 32.0 188 30.5 181 30.8 - - - - - -
Malta 32 5.2 46 7.8 45 7.7 48 8.1 45 7.4 42 6.7
Calculation method 1 116.0 18.6 1170 19.2 113.0 19.3 48.0 8.1 45.0 7.4 42.0 6.7
Austria 152 27.1 137 23.8 139 239 142 245 144 255 144 25.7
Croatia 12 3.3 29 7.5 51 13.2 54 13.2 56 14.4 64 16.3
Cyprus 74 10.7 85 126 81 123 81 13.1 83 135 85 133
Czechia 43 136 47 148 63 20.6 65 21.3 70 22.6 81 255
Estonia 31 10.1 44 145 40 14.0 37 12.7 95 26.6 89 247
France 95 17.8 111 20.6 110 211 111 21.5 112 22.1 112 223
Greece 78 14.7 75 149 79 156 - - - - - -H#
Hungary 64 159 66 17.2 84 209 81 21.4 94 24.3 98 25.9
Italy 103 18.8 120 22.8 121 23.9 122 24.8 127 26.1 126 25.9
Lithuania 14 3.4 81 18.2 87 19.6 88 20.4 91 21.1 103 229
Poland 47 14.8 31 9.7 33 10.3 39 13.3 57 21.1 75 26.4
Portugal 59 11.3 56 115 52 115 57 12.9 74 16.2 - -
Romania 8 2.6 9 3.3 8 3.3 11 4.2 13 5.2 14 5.7
Slovakia 18 5.7 19 6.2 26 8.4 20 6.6 16 5.1 25 7.6
Sweden 151 344 149 33.1 147 32.7 150 33.4 146 33.4 145 324
Calculation method 2 63.3 13.6 70.6 154 747 16.8 75.6 17.4 84.1 19.8 89.3 21.1
Bulgaria 136 24.5 122 24.0 103 22.3 108 25.1 94 21.2 80 19.0
Luxembourg 183 27.0 188 284 182 27.7 174 28.4 178 28.4 178 28.4
United Kingdom 129 25.3 129 26.2 128 26.9 132 27.4 132 27.3 132 27.2
Calculation method 3 149.3 256 146.3 26.2 137.7 25.6 138.0 27.0 134.7 25.6 130.0 24.9
Belgium 153 33.6 155 33.9 144 32.2 138 31.6 141 33.0 143 34.3
Denmark - - 213 27.3 203 25.7 205 26.0 212 26.9 215 27.3
Finland 92 19.7 110 21.8 109 215 94 19.0 87 18.0 141 28.1
Germany 275 45.6 288 46.1 293 47.4 286 46.6 300 47.6 299 47.8
Latvia 28 8.8 30 8.6 41 137 71 20.2 85 23.4 92 21.2
Netherlands 142 24.8 137 24.2 131 23.9 126 23.9 125 23.7 129 24.6
Slovenia 99 20.2 126 30.3 131 36.3 116 28.0 126 29.0 208 46.4
Spain 90 17.6 81 16.7 91 195 70 155 76 16.9 73 16.8
Calculation method 4 32 5.2 46 7.8 45 7.7 48 8.1 45 7.4 42 6.7
Norway 111.0 20.4 118.0 223 122.0 24.8 119.5 23.7 126.2 24.7 1405 27.3
Switzerland 125 26.5 121 249 124 25.9 116 23.4 110 26.1 110 26.2
Iceland 239 33.7 238 34.6 241 34.8 236 33.6 238 32.6 231 319

Source: Authors based on Eurostat %>2°

It will be very difficult for most European countries to reach the 50% recycling target in 2020 when the
recycling rate for the EU-28 was 28.7 % in 2015: linear extrapolation suggests the rate will be 32.6 % in
2020. This is especially likely to be true if Eurostat’* does not recommend adding the amount of
composted or fermented MW to the recycling rate. The exception among European countries is
Germany; its high recycling rates will enable it to reach a 50 % recycling rate in 2020.
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Table 6: Shared recycling and composting of MW by EFTA countries in kilograms per capita
[kg/citizen] and as a percentage of total MW [%] in 2010 — 2015

Country 2010 2011 2012 2013 2014 2015

';gt’ % E?t’ % E?t’ % kglcit. % kg/cit. % kglcit. %
EU-28 103 383 197 396 202 415 202 422 209 437 215 450
EU-27 194 385 198 39.8 203 417 203 424 211 439 216 452
Ireland 223 357 222 361 215 366 - - - - - -
Malta 32 52 53 90 57 97 48 81 45 74 2 67
Calculation method 1 1275 205 137.5 226 1360 232 480 81 450 7.4 420 67
Austria 334 504 325 567 335 577 334 577 319 563 319 56.9
Croatia 15 40 32 83 57 147 61 14.9 64 165 71 180
Cyprus 74 107 85 126 89 136 90 146 104 170 115 17.9
Czechia 50 158 54 170 71 232 74 242 79 254 94 297
Estonia 55 182 71 233 54 191 52 179 112 313 102 283
France 186 349 199 369 197 37.8 199 386 199 392 199 395
Greece 91 171 91 180 98 193 i i i - i i
Hungary 79 196 84 220 102 255 100 264 118 305 121 322
Italy 170 31.0 187 355 194 384 194 394 207 425 212 435
Lithuania 20 49 89 199 104 235 120 278 132 305 149 331
Poland 68 214 56 175 63 19.6 71 242 87 323 121 425
Portugal 97 187 98 201 118 261 114 258 138 304 - -
Romania 40 128 31 117 37 148 34 132 33 131 32 131
Slovakia 29 91 32 103 41 133 33 108 33 103 49 149
Sweden 211 481 213 473 212 472 219 487 218 499 215 480
Calculation method 2 101.3 217 109.8 23.8 1181 263 1211 27.4 1316 304 1384 321
Bulgaria 136 245 133 262 116 250 123 285 102 231 123 294
Luxembourg 316 465 308 464 310 47.4 285 466 209 47.7 302 48.0
United Kingdom 205 402 207 42 203 42.6 208 433 211 437 211 435
Calculation method 3 219.0 37.1 2160 382 2097 383 2053 395 2040 382 2120 403
Belgium 250 549 248 543 237 531 230 527 228 532 223 534
Denmark i . 324 415 333 421 341 432 356 451 365 463
Finland 154 328 176 348 169 333 161 325 157 325 203 40.6
Germany 376 625 394 630 403 652 392 638 414 656 413 661
Latvia 30 94 34 97 47 158 91 259 98 270 116 26.7
Netherlands 281 492 278 491 271 494 263 498 268 509 271 517
Slovenia 110 224 148 356 152 419 144 348 156 360 242 541
Spain 149 292 130 267 139 298 147 325 138 30.8 144 333
Calculation method 4  183.3 343 1933 365 1968 39.2 199.7 399 2052 405 2315 454
Norway 108 421 194 399 190 398 194 392 178 422 180 42.8
Switzerland 357 505 345 501 347 500 358 510 391 535 382 527
Iceland 100 209 125 253 144 280 155 209 160 29.7 - -

Source; Authors based on Eurostat %>2°

Germany’s recycling rates are driven by its waste management policy and initiatives. EU legislation
under the WFD?®, for example, sets the policy framework and targets for recycling in Germany, which was
one of the first European countries to limit landfilling and introduce schemes for collecting packaging
waste, bio-waste, and waste paper separately. The shared recycling and composting or fermentation
rates for MW in European countries in the period 2010 — 2015 is shown in Table 6.

For 2015, the recycling and composting or fermentation rates for MW vary between member states
considerably, ranging from 66.1 % in Germany to 6.7 % in Malta. The EU-28 average was 45.2 %. The
variations reflect differences in applied technologies, but depend also on how MW is collected, sorted,
and managed. Linear extrapolation suggests the average EU-28 rate would reach 51.8% in 2020. In
2015, five EU member states achieved the WFD’s 50 % EU recycling target; nevertheless, they did so by
including biowaste, which was composted/fermented in the calculations: Austria (56.9 %) (method 2),
Germany (66.1%), Belgium (53.4 %), Slovenia (54.1) and the Netherlands (51.7 %) (method 4). Table 6
also shows that methods 3 and 4 have higher average recycling rates than methods 1 and 2. Member
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states using method 4 in particular have higher recycling rates. Only Latvia has a recycling rate lower
than 30 % (26.7 %).

Table 7 shows the sum of household and similar waste generated by households by year in waste
categories 10.1 defined by EWC-Stat 4", and shows this sum as a percentage of total generated MW.

Table 7: Waste generated by households in EU countries by year (in EWC-STAT 4 waste

categories 10.1) in kilograms per capita and as a percentage of total MW generation
Country 2010 2012 2014
kg/ cit. % of MW kg/ cit. % of MW kg/ cit. % of MW
EU-28 275 62.9 260 61.2 243 59.1
Belgium 147 26.9 174 31.6 169 33.6
Bulgaria 324 67.9 262 69.5 274 73.9
Czechia 258 81.1 241 78.2 231 74.5
Denmark 334 52.2 336 56.4 316 52.1
Germany 197 44.4 194 42.8 192 42.1
Estonia 122 37.8 128 38.8 153 41.7
Ireland 303 79.9 287 79.5 256 77.6
Greece 413 88.4 377 85.7 363 87.7
Spain 413 82.9 380 83.7 365 84.1
France 278 61.5 270 59.0 252 58.6
Croatia - - 246 88.2 238 86.9
Italy 361 65.9 309 61.3 275 56.4
Cyprus - - 119 22.8 86 17.7
Latvia 187 56.5 301 50.5 208 58.4
Lithuania 244 60.0 261 66.2 256 64.6
Luxembourg 222 45.0 208 44.3 197 451
Hungary 236 82.5 220 81.5 260 87.0
Malta 278 77.0 233 65.4 236 65.4
Netherlands 265 48.4 253 47.8 236 46.7
Austria 180 325 196 41.1 198 40.6
Poland 220 94.0 228 93.1 181 83.4
Portugal 470 91.3 413 91.8 410 90.5
Romania 220 86.3 186 82.3 176 91.7
Slovenia 247 69.6 174 55.8 134 49.1
Slovakia 270 84.6 255 83.3 258 80.6
Finland 160 51.1 178 55.6 138 46.9
Sweden 230 53.4 241 54.8 173 40.2
United Kingdom 261 57.2 238 55.3 229 53.4

Source: Authors based on Eurostat 2>2°

Household and similar waste (EWC-STAT 4 code 10.1) present the sum of the amount of waste
corresponding to the following LowW codes: 20 03 01 mixed municipal waste; 20 03 02 waste from
markets; 20 03 07 bulky waste; 20 03 99 municipal wastes not otherwise specified; 20 03 03 street-
cleaning residues. The data summarised in Table 7 concerning waste generated by households is
considered to be RHW and mostly consists of mixed municipal waste (LowW code 20 03 01) and bulky
waste (LoW code 20 03 07). It reflects the large potential for increasing the MW recycling rate in several
EU memlger states with respect to the composition of collected MMW, which is mostly disposed of via
landfilling”.

3 Landfilling of waste makes no sense in a circular economy and can pollute water, soil and air. By 2035 the
amount of municipal waste landfilled must be reduced to 10% or less of the total amount of municipal waste
generated.
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Conclusions

There are large differences among EU member states with respect to their waste management
performance, particularly regarding the recycling of MW. On 14 March 2017 the EP proposed that the
member states that recycled less than 20% of their MW in 2013 (see Table 5), and were not considered
at risk of failing to achieve the target of preparing for the reuse and recycling of at least 55% of their MW
by 2025, should be given additional time to comply with the preparations for the reuse and recycling
targets established for 2025%*. Those member states could also be given additional time to comply with
the preparations for the reuse and recycling targets established for 2030, if they are not considered at
risk of failing to achieve the target of reusing and recycling at least 60% of their MW by 20307, In light of
average annual progression rates observed in member states over the past fifteen years, those member
states would need to increase their recycling capacity to the levels that are well above past averages to
meet those targets. In order to ensure that steady progress towards the targets is made and that
implementation gaps are tackled in time, member states that are given additional time should meet
interim targets and establish implementation plans, the effectiveness of which should be assessed by the
EC on the basis of defined criteria. In new waste package have been identified in the monitoring
framework which will be continuously updated on the website dedicated to monitoring framework. The
ten indicators are: EU self-sufficiency for raw materials, green public procurement, waste generation,
food waste, overall recycling rates, recycling rates for specific waste streams, contribution of recycled
materials to raw materials demand, trade in recyclable raw materials, private investments, jobs and
gross value added and patents.

Germany, with high recycling rates that would enable it to reach the 50% recycling rate by 2020, is an
exception among European countries. Germany’s recycling rates are driven by its waste management
policy and initiatives. EU legislation under the WFD?, for example, sets the policy framework and targets
for recycling in Germany, which was one of the first European countries to limit landfiling and to
introduce schemes for collecting packaging waste, bio-waste, and waste paper separately.

Despite separate collection, a lot of recyclables still end up in RHW/MMW, see Table 7. With high-
quality sorting, especially optical sorting, a considerable amount of materials can be sorted from the
residual waste and subsequently recycled and reprocessed into secondary raw materials. Member
states should thus also take measures to ensure that waste that is not separately collected is sorted.

In order to ensure the uniform calculation of data on preparations for reuse and recycling targets, the
EC should adopt detailed rules on the determination of recognised preparations for reuse operators,
deposit-refund schemes, and final recycling operators, including specific rules on waste collection,
traceability, verification, and reporting, as well as on the quality criteria for metals that have been
recycled in conjunction with incineration or co-incineration. To calculate whether the preparations have
been made for reuse and recycling targets, and after the adoption of the harmonised calculation method,
EU member states should be able to consider using ways of recycling metals that take place in
conjunction with incineration or co-incineration, such as energy recovery?.

Compliance with the obligation to set up separate collection systems for paper, metal, plastic?, glass,
textile, and biowaste is essential to achieving the agreed reuse and recycling rates in EU member states.
In addition, biowaste should be collected separately and recycled in order to contribute to an increase in
preparations to meet target reuse and recycling rates, and to the protection of dry recyclable materials
from contamination, as well as to prevent incineration and landfilling. Therefore, research on possible
collection and recycling systems for other waste streams and new materials should be encouraged and
intensified.

4 Single use plastic directive requires mandatory to produce beverage containers composed of at least 35% of
recycled plastic by 2025 content; collecting up to 90 % of bottles in 2025; plastic ban in certain products; labelling
requirements; fishing gear producer responsibility; obligations for producers (focus EPR) and Awareness-raising
measures.
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Souhrn

Zpracovani polyethylentereftalatu (PET) do polymerbetonu pfedstavuje alternativni metodu recyklace.
Byl porovnan vliv znecisténi polyethylentereftalatu (PET) na teplotni okrajové podminky pfi vyrobé
takového polymerbetonu. Necistoty (pfimési polyolefind) nemély vliv na teplotu tani, avSak hraly
vyznamnou roli pfi tepelné degradaci. V inertni atmosféfe znecisténi zvySovalo tepelnou degradaci,
zatimco v oxida¢ni atmosféfe (na vzduchu) dokazalo v urcitych pfipadech vzorky tepelné stabilizovat.

K1 i ¢ ov a resyklawey @dpad, polyethylentereftalat (PET), polymerbeton.

Uvod

Bé&hem poslednich let po celém svété dramaticky vzrostla produkce plastového odpadu. Tento jev je
zpusoben skute€nosti, ze plasty zaujimaji mnoho vyhodnych vlastnosti vzhledem k ostatnim materialdm.
Podle odhadl se v roce 2020 predpoklada, Zze objem vyroby plasti na svété bude ve vysi 400 milionu
tun ro¢né, a pro rok 2050 dokonce vice nez 700 miliond tun. Bohuzel se vétSina téchto materiall
spotfebuje pro jednorazové aplikace, jako jsou obalové produkty, které Casto kon€i v odpadu. Ekologicka
likvidace plastovych odpadd je nezbytna nejen v Ceské republice, a proto je nutné najit efektivni feSeni
vyuziti plastd. Soucasny systém nakladani s odpady vychazi ze zasad v hierarchii dle priorit:
predchazeni vzniku odpadu, opétovné pouziti vyrobkd, recyklaci a kompostovani, energetické vyuziti
a skladkovani®.

Jednim z nejbéznéjSich plastl je polyethylentereftalat (PET). Jedna se o linearni semikrystalicky
termoplasticky polyester s excelentnimi mechanickymi vliastnostmi. Vynika odolnosti vac¢i chemikaliim,
vysokou pevnosti a razovou houzevnatosti, nizkou vahou, prahlednosti a snadnou recyklovatelnosti.
NejCastéji se pouziva k vyrobé syntetickych viaken a obalovych lahvi. Vedle Siroce pouZzivané
mechanické recyklace PET, probiha vyzkum na r(izné metody chemické recyklace PET2 PET produkty
se v prirodé rozkladaji pomalu, az Ctyfi stoleti. Dlouhou dobu byly povazovany za nedegradovatelné za
normalnich podminek, protoZze nebyl znamy zadny organismus, ktery by konzumoval jeho pomérné
velké molekuly. V letodnim roce byl objeven enzym produkovany bakterii Ideonella sakaiensis, ktery byl
aginny pfi degradaci/recyklaci PET. Bohuzel mechanismus degradace zatim neni znamy®.

Zajimavou alternativou recyklace PET je jeho vyuZiti v polymerbetonu®. V roce 2016 byla navrzena
a zkonstruovana technologicka linka pro vyrobu dilcd z odpadnich termoplastt a vhodnych plniv, kde byl
jako plnivo zvolen odpadni PET. Plastovy odpad neprochazel €isticim ani separaénim procesem pied
samotnym zpracovanim. Jako plnivo bylo pouzito drobné kamenivo frakce 0 — 4 mm. Cilem tohoto
Clanku je posoudit vliv zneCisténi PET na teplotni okrajové podminky pfi vyrobé takového
polymerbetonu.
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Byly pouzity tyto materialy: pomlety odpadni Spinavy PET (obsahoval 4 hm. % pfimési polyolefind ve
formé kousku vicek a etiket), pomlety vycistény PET (zbaveny polyolefini na zakladé rozdilné hustoty),
pomlety Cisty PET zfirmy PETKA CZ, a.s., a umytd a Cista PET lahev, ktera byla oznaCena jako
referen¢ni vzorek.

Di ferenci alni skenovaci kalorimetrie (DSC)

DSC mérfeni byla provedena na pfistroji DSC Discovery od firmy TA Instruments v teplotnim rozmezi
30 az 300 °C. Rychlost ohfevu i chlazeni byla 10 °C/min. Byly provedeny 2 ohfevy. V pribéhu prvniho
ohfevu byla smazana teplotni historie vzorku. K vyhodnoceni tepelnych procesu slouzil druhy ohfev.
U kazdého vzorku byly provedeny 3 méfeni, vysledky byly zprimeérovany a byly vypocéteny smérodatné
odchylky.

Termogravi metri ckéa méfeni (TGA)

TGA méfeni byla provedena na pfistroji TGA Q500 od firmy TA Instruments v dusikové nebo oxidacni
atmosfére. Rychlost ohfevu byla 10 °C/min. PET vzorky byly podrceny. Dale bylo provedeno izotermni
mérfeni pfi teplotach 260 °C a 300 °C v inertni a oxida¢ni atmosféfe. Vzorek byl zahfaty na pozadovanou
teplotu (260 °C nebo 300 °C) a po 2 hodiny byla udrzovana teplota konstantni. Po celou dobu byl
zaznamenavan Ubytek hmotnosti. Cas, po ktery bylo nutné vzorek zahfivat na poZzadovanou teplotu, byl
vzaty jako t; a od zbyvajicich €asl byl odeéten. Taktéz ubytek hmotnosti, ktery byl zaznamenan pfi
dosazeni cilové teploty, byl odecten od ostatnich zaznamenanych hodnot.

Vysl edky a diskuse

K tomu, aby se porovnal vliv necistot na teplotni okrajové podminky PET, byly provedeny DSC a TGA
analyzy. Vysledky DSC méfeni byly shrnuty do Tabulky 1. Pribéh prvniho DSC méfeni pro 2. ohfev
a 2. chlazeni byly uvedeny v obrazku 1 a 2. Teploty tani pfi 1. ohfevu byly u vSech vzork( témér totozné,
pouze se liSil o 3 °C referenéni vzorek. U teploty tani pfi 2. ohfevu Cisty PET z firmy PETKA, a.s.,
vykazoval asi 0 3 °C nizSi teplotu tani nez ostatni vzorky. Nejednalo se v3ak o dramatické zmény.
VétSinou je trend opacny, nedistoty lehce snizuji teplotu tani. Naméfené hodnoty jsou v souladu
s obecné& znamymi daty®. Minimalni teplota zpracovani je 255 °C. U chlazeni mé&feni ukazala, Ze $pinavy
vzorek vykazuje teploty krystalizace o asi 20 °C vySSi nez Cisté vzorky. Teploty krystalizace jsou silné
zavislé na podminkach chlazeni, a proto se jako ur€ujici uvadi teploty tani.

Tabul ka 1: Visledky DSC mhRSen?
Tepl ot a t & Teplotakrystalizace[ ° (

Vzorek

1. oh 2. oh 1l.chlazen 2.chl az
Spinavy PET 2484+06 2474+1,0 2054+08 203+1,2
Vycistény PET 248,6 +0,3 247,3+0,7 186,7+1,3 186,2+2,1
Cisty PET (PETKA CZ, a.s.) 2486+0,2 244303 182122 1776+25
Referencni vzorek 251,7+0,9 2478+0,1 180,2+0,2 178,0+0,1
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Vysledky TGA méfeni v inertni atmosféfe jsou zobrazeny na obrazku 3, zatimco v oxida¢ni atmosfére
na obrazku 4. Pfi 250 °C v inertni atmosféfe se ukazalo, Ze nejméné stabilni byl Spinavy PET, naopak
nejvice stabilni byl referenéni vzorek (Cistd PET lahev). Stejny trend byl patrny i pfi vysSich teplotach.
S rostouci teplotou hralo vyraznou roli znecisténi. Vy€isténa PET oproti Spinavé PET vykazovala nizSi
hmotnostni ubytky (hmotnostni Ubytek vycisténého vzorku predstavoval asi 3/5 uUbytku v pfipadé
Spinavého vzorku pfi 350 °C).

PFi 250 °C v oxida¢ni atmosféfe byl nejstabilné&jSi referencni vzorek, zatimco nejméné stabilni byl
Spinavy vzorek. PFi 300 °C byla situace obdobna, opét nejméné stabilni byl Spinavy vzorek, zatimco
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nejstabilngjsi se jevil referenni vzorek. PFi 350 °C doslo k zajimavému jevu, nejméné stabilni se stal
vzorek z firmy PETKA, a.s. a referencni vzorek. Vycisténi PET pomohlo vzorek tepelné stabilizovat. Pfi
350 °C uz v8ak byly hmotnostni Uubytky znacné, a proto jako mezni teplota zpracovani byla stanovena
teplota 300 °C. V oxidacni atmosféfe byly hmotnostni ubytky vysSi nez v inertni atmosfére.

Na zakladé DSC a TGA mérfeni byla navrzena izotermni TGA mérfeni pfi teplotach 260 °C a 300 °C.
Teplota 260 °C byla zvolena proto, aby bylo zajisténo, ze PET bude pIné roztaveny. Teplota 300 °C byla
zvolena, protoZe se jednalo o hrani¢ni teplotu, kdy nastava degradace vzorku.
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Nejdfive byla provedena izotermni méfeni vybranych vzorkG PET pfi 260 °C v inertni (obrazek 5)
a v oxidacni (obrazek 6) atmosféfe. Hmotnostni Ubytky s pfibyvajicim Casem rostly. Pfi 260 °C v inertni

v v

Kdyz byla PET drt vyciSténa, tak doslo k poklesu hmotnostniho ubytku, avSak hmotnostni Ubytky nebyly niz&i
nez u Cistého referenéniho PET. Zvysledkd vyplyva, Ze vinertni atmosféfe pfi 260 °C dochazi
u znecisténych PET k vySSim ubytkim hmotnosti, avSak po 120 min byly tyto ubytky hmotnosti pod 1 %.
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Opacny trend byl pozorovan pfi 260 °C v oxidacni atmosfére. Referenc¢ni a Cisty PET z firmy PETKA
CZ, a.s. vykazovaly vy$Si hmotnostni Ubytky nez Spinavy vzorek. Promyti znecisténych vzork( zpUsobilo
0 néco vySssSi hmotnostni ubytky nez v pfipadé S$pinavého vzorku. Necistoty na vzduchu tepelné
stabilizovaly PET. V oxidacni atmosféfe byly ztraty hmotnosti pomérné vyrazné, po 120 min ubylo az
kolem 8 % hmotnosti vzorka.

Poté byla provedena izotermni méreni vybranych vzork( PET pfi 300 °C v inertni (obrazek 7)
a v oxidacni (Obrazek 8) atmosféfe. Hmotnostni ubytky s pfibyvajicim €asem rostly rychleji nez pfi
CZ, a.s. a referen¢ni PET, naopak nejvyssi ubytky vykazoval Spinavy PET. Kdyz byla PET drt vy¢isténa,
tak opét doSlo k poklesu hmotnostnich Ubytk(, avS§ak hmotnostni Ubytky nebyly nizSi nez u Cdisté
referencni PET. Z vysledkl vyplyva, ze v inertni atmosfére pfi 300 °C dochazi u Spinavych PET k vyS§im
Ubytkim hmotnosti, avSak po 120 min byly tyto ubytky hmotnosti pod 5 %.

Pfi izotermnich méfeni pfi 300 °C v oxidacni atmosféfe dochazelo k pomérné vysoké degradaci.
NejlepsSich vysledkd dosahl referenéni PET, naopak nejhorsi vysledky ukazal PET z firmy PETKA CZ,
a.s. Otazkou vsak zustava, nakolik jsou vysledky objektivni. U v§ech méfeni byl hmotnostni ubytek po
60 minutach pfes 5 %. Dulezité je zminit, Ze Spinavy PET vykazoval lepSi tepelnou stabilitu nez
vycistény.

Vysledky odhalily, ze na tepelnou stabilitu ma vliv jednak teplota a volba atmosféry, ale také
znecisténi PET. V inertni atmosféfre znecisténi zplsobuje vysSi ubytky, avSak na vzduchu dokaze vzorky
tepelné stabilizovat.
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Teplotni okrajové podminky zpracovatelnosti Cistého a Spinavého PET byly stanoveny na 255 1
300 °C. Optimalni teplota zpracovatelnosti byla stanovena na 260 °C. Na teplotu tani nemélo znecisténi
témér zadny vliv. Vinertni atmosféfe znecisténi zvySovalo tepelnou degradaci, zatimco v oxidacni
atmosféfe (na vzduchu) v pfipadé izotermnich méfeni dokazalo vzorky tepelné stabilizovat. V inertni
atmosféfe pfi 260 °C byly po 120 min ubytky hmotnosti pod 1 %, zatimco v oxida¢ni atmosféfe byly az
kolem 8 %. V inertni atmosféfe pfi 300 °C byly po 120 min ubytky hmotnosti pod 5 %, avSak v oxidacni
atmosfére byly po 60 min nad 5 %. V praxi se PET nezpracovava v inertni podminkach, ale doba, kterou
PET stravi v extrudéru je 2 T 4 min. Pfimési polyolefinid v PET drti se nezdaji byt na zakladé vysledku
naSich méfeni nezadouci.

PodRkov8n?2

Tento || 8rzak fvanminkIn? podpory Tecphpnobogmok @®ha ge mat
TJ0O1000034 pod ng§zvem eVinokpudnas o @ p agdmn? cjhejti ch ngsil e
stavebn2ch hmot .
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The influence of PET pollution on thermal boundary conditions in polymer
concrete production
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Summary

The processing of polyetylene terephthalete (PET) into polymer concrete represents an alternative
method of recycling. The effect of PET pollution on the thermal boundary conditions in the polymer
concrete production has been compared. Impurities (polyolefine admixtures) didn Oaffect the melting
temperature, however Theky played a crucial role in thermal degradation. The pollution increased
thermal degradation in inert atmosphere, whereas in air atmosphere the pollution stabilized samples in
certain cases.

Keywords: recycling, waste, polyetylene terephthalate (PET), polymer concrete.
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Souhrn

Kl 2] ovim faktorem pro praktick®oVpgigicky bioal ogi ¢
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Experiment &8l nz2 mhRSern2dbygtibelpovo@mdBOrRpervi ment §l n2m
mN&Sn2 mnogstv?2 odedkowan®ho tepla z

Kl 2] ov8bsbodpad, tuh® alternativn?2 palivo, tepeln

Uvod

Procesy aerobni fermentace je mozné Uspésné vyuzit pro tzv. biologické dosouseni biomasy, tedy
redukci vlhkosti materialu pusobenim mikroorganism(i a tepla vedouci k odparu vlhkosti a jejimu
odvedeni z materialu. Mikroorganismy puUsobici v materialu jednak rozkladaji organickou hmotu, ¢imz
Cini odpar a odvod vlhkosti jednodusSim a jednak svym metabolismem produkuji teplo, které také
pozitivné pusobi pfi odparu vihkosti. Tyto skuteCnosti Ize uspé&Sné pouzit pro suSeni biologicky
rozlozitelného materialu a biomasy. Biologické suSeni a dosouseni vyuziva energie biologickych procesu
v materialu pro pokryti energetické potfeby pro odpar vody. Sou¢asné mikroorganismy plsobi pozitivné
na zménu struktury materialu a usnadnéni uvolnéni vazané vody v bunétnych sténach a zlepSuje
dynamiku suseni.

Cooney' hovofi o produkci tepla 4 Whgo," vyuZitého mikroorganismy. Svoboda, Evans? o 4,03
kWhkgo, vyuzitého bakteriemi. Jedna se nezavisle na sobé o dvé velmi podobné hodnoty. PFfi znamych
koncentracich kysliku vstupujiciho a vystupujiciho aerifikaCniho média (vzduchu) je mozné pomoci
dynamického respira¢niho indexu zkalkulovat spotfebu kysliku mikroorganismy a provést prepocet na
tepelny vykon. Veli¢ina Dynamicky respiraéni index (DRI) byla zavedena v souvislosti s potfebou
hodnoceni biologické stability odpadnich materialt. Z rozdilnych koncentraci kysliku pfed a po prdchodu
materialem, objemu vzduchu a mnozstvi materialu je mozné vypocitat spotfeba O, v miligramech na
gram susiny méfeného materialu za hodinu (mg O,kgys™h™). Pro potfeby naslednych experimentt byl
pavodni vzorec publikovany Adanim® zjednodusen na

0YO——pni Q5 Q00 ,
kde & Q1 je pratok vzduchu pfi provétravani, @ je stfedni rozdil relativnich koncentraci O,
na vstupu a po prichodu materialem [-], & "Q"Ge hmotnost susiny v experimentalnim reaktoru.

Pro vybrané materidly uvadi Adani a Habart* rozsah DRI pro bioodpady 2000 aZ 5000 mgO.kgys™*h™,
pro stabilizovany material hodnotu DRI <1 000 mgO.kgys‘h™. Pfi spojeni obou vyse uvedenych hodnot,
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tedy DRI pro bioodpady a produkci tepla pfi fermentacnich procesech (Y) se dostavame na teoretickou
hodnotu tepelného vykonu 20,15 kW pfi DRI 5000 mgO,kgyvsh™ a Y=4,03 kWhkgo, na tunu suchych
spalitelnych latek v materialu. Uvazime-li popelnatost a vlhkost bézného biologicky rozlozitelného
odpadu ve vySi cca 20 % hm. popelovin a relativni vihkosti cca 60 %, pak ziskdme hm. podil suchych
spalitelnych latek cca 35 % v celkovém vihkém, vstupnim materidlu — zakladce. Pfi pfepoltu na
hmotnost zakladky je to pak tedy 7,05 kW na tunu zakladky. Pfi DRI 2000 mgO.kgys*h™, tzn. na spodni
hranici vy$e uvadéného rozsahu je to pak 2,8 kWt (na tunu zakladky).

Sardinsky® uvadi celkovou produkci 3 375 000 Btu (British thermal unit), 290 kgCO, a 47 | vody
v odparu béhem 21denniho cyklu kompostovaciho procesu v 1 tuné zakladky o 50% vlhkosti), tzn.
6 696 Btuh™. Po pfevodu energie na jednotky SI (1 btu = 1 055 J = 0,309 Wh) se jedna o primérny
tepelny vykon 1,96 kWt™,

Vemmelund a Berthelsen® uvadi 550 kcal za hodinu na 1 m*® kompostované zemédélské kejdy, tzn.
vykon 639 Wm. Pfi objemové hmotnosti cca 950 kgm™ a susiné cca 20 % se jedna o 672 Wt kejdy,
tzn. 3 363 Wt™ susiny.

VSechny v literatufe nalezené vysledky jsou v korelaci. Nicméné s ohledem na planovany vyvoj
specifického zafizeni, dobu od publikovani vy$e uvedenych vysledku, odliSné zpracovavané materialy a
specifika odpadu a klimatickych podminek v CR bude vhodné provést experimentalni méfeni v realnych
podminkach.

Experimentalni C¢ast

Cilem experimentu bylo experimentalné stanovit mérny tepelny vykon biologickych procesu pfi
aerobni fermentaci biologicky rozloZiteIného odpadu. Méfeni je zaloZzené na principu fizeného odebirani
tepelné energie z aktivni vsazky BRO pfi zachovani optimalnich teplot uvnitf vsazky.

Popis méfici soustavy
MéfFici soustava (obrazek 1) pracuje na principu kalorimetru, kde reaktor tvofi izolovany uzavieny

box, z néhoz je vyménikem odebirano teplo vyvijené biologickymi procesy vsazky. Pro dostateCny
pfisun kysliku pro aerobni procesy je soustava vybavena nucenym diskontinualnim provzdusniovanim.

@ @

LOGER 1

LOGER 2

e

T REAKTOR

e

OBEHOVE
CERPADLO

BERNICE
INTERNICH
EPLOMERU

Y
T_o>
L LOGER2

Obr§ z elkBl okov® sch®ma mRNSic2?2 soustavy
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1. Obé&hové &erpadlo WEBERMAN typ 24-40 180 — 0,2-3,5 m*h™; vytlak 3,8m
2. Pratokomér ENBRA typ fady EV (logicky signal po prutoku 1 I)
3. Kulovy ventil chladiciho média
4. Odporovy teplotni snima¢ SENSIT Pt1000/3850 typ TR130A-35 G3/4“/OK30
5. Vymeénik tepla v reaktoru—vicevrstva trubka Pex-al-pex 26x3 mm; délka 20 m
6. Viz odrazka 4.
7. T spojka 1°
8. Chladi¢ — interiérovy radiator; rozméry 1800x500x100
9. Termostaticky sméSovaci ventil VTA 322 30-70 °C 1*

10. Vyrovnavaci nadrz s volnou hladinou cca 11 |

11. Logger S7021 — Dvoukanalovy zaznamnik s Citacim a binarnim vstupem
12. Logger S0121 — Dvoukanalovy zaznamnik teploty s dispejem

13. Vpichovaci radiové teploméry — Codet s.r.o. BRNO

Dalsi vybaveni:

1 Kancelarsky notebook pro sbér dat.

1 Ventilator pro provétravani 0,3 m®s™ pfi jmenovitém tlaku 300 Pa.
1 Topna spirala pro temperovani soustavy pfi startu 0,5 kW.

q Cistici prostfedek Savo pro Upravu vody.

Ve

Experi ment al ni

b ox

Obrd&ze2k3 D vizualizace experimentdalniho b

Reaktor tvofi korpus z OSB stavebnich desek tloustky 18 mm o rozmérech 1,25%1,25 m. (v rozich
jsou vyztuhy z dfevénych tramku.) Vrchni a €elni strana je odnimatelna. Bedna je zaizolovana stavebni
polystyrenovou izolaci o tloustce 140 mm.

UCi nny o b jor gmaxinedmiloltjem vsazky)
@ plt oiplt oiw  plo K
Odhad ztr8ty tepla vnhDjg2m povrchem reaktoru

Byl proveden jako kvalifikovany odhad sdileni tepla soustavou do okoli. Ztratovy vykon Q. byl
zkalkulovan metodou sumy prostupU tepla jednotlivymi sténami na 184,6 W.
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ProvzduSnovaci systeém

ProvzduSnovani je realizovano ventilatorem, ktery vhani vzduch do prostoru pod vsazkou. Prostor
v bedné tvofi perforovany plech podepfeny paletou, ktery zaroven slouzi jako nosi¢ vsazky. Plech ma
otvory 10x10 mm. Pro zabranéni zkratovitého proudéni vzdudiny okolo stén, je na plech polozen podél
stén pas félie (cca 100 mm). Odvod vzdusSiny z reaktoru je realizovan prichodkou se zpétnou klapkou na
vrchni strané bedny (priimér 100 mm).

Provzdusnovani je diskontinualni a je v ¢innosti po sepnuti ¢asového relé. Nizkotlaky ventilator je
pouzit ze vzduchotechniky (titkové parametry: priitok 0,3 m3s™ pfi tlaku 300 Pa).

soustavu

Postup méfeni

Byla pouzita bézna zakladka pro kompostovani v pasovych hromadach pfipravena na kompostarné
Vicenice u Namésté nad Oslavou a pfevezena k méfeni. Slozeni zakladky — trava 60 %, dfevni Stépka
20 %, slama 10 %, listi 10 %.

i

Mé&rna hmotnost materidlu” v ¢ @Q
g ¥/

ObrazedkUmi st éni zakl adky a vyméniku
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Méfeni 1

Mé&reni mélo za cil prokazat funkénost soustavy a poukazat na nedostatky. Zaroven mélo poslouzit
jako zkouska k osvojeni si méfeni a chovani dil€ich prvkd soustavy.

85,00
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Teplota [*C|
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Obr§ z &5kPr TbNh tepl ot uvnitS reaktoru bRhen

Méfeni prokazalo funkénost soustavy. Pfi méfeni byl pozorovan unik vzduchu netésnostmi horniho
vika v dob& mezi provétravanim, coz zcela neeliminovalo ani jeho zatiZzeni. Tento jev zpUsobuje
kominovy efekt reaktoru a také snizovani hustoty vzduchu po provétrani vlivem zvySujici se teploty
(z teploty v hale na cca 60 °C) a vlhkosti vzduchu. Re$enim tohoto jevu byla instalace vyméniku do
prostoru v reaktoru nad vsazku pfi nasledujicim méfeni 2. Instalace vyméniku Castecné fesi i intenzivni
odvod vlhkosti provétravanim z reaktoru. Byl pouzit naporovy chladi€ z osobniho automobilu (zdroj
likvidace autovraku). Pfi rozebirani zakladky byl material velmi suchy, az na lokalni mista a horni vrstvu.
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Vol ba reprezentativnich dat

Bé&hem méfeni se vyskytly nepfedvidané komplikace s vypadky elektrické energie vlivem poruchy
regulace na sousedici vodni elektrarné vzhledem k nizkému vodnimu stavu. Vypadky |ze pozorovat jako
narUst teplot v reaktoru, viz obrazek 7. Z pohledu vyvinu tepla v reaktoru je dilezita pfedevsim avodni

termofilni faze po najeti. Proto bude diskutovan pouze nasledujici ¢asovy Usek od pocatku do Sestého
dne.

Graf teplot chladiva
63

62

61 ——T_in

—e—T_out

(*cl

60

59

Teplota chladiva

58

57

L an o o o

56

=y

15 2 2,5 3 3,5
Cas [den]

4,5 5 5,5

Obr§ ze8kPSi bl 2 gen? reprezentativn2ch dat pro vipol

MRSenlT Wsek 1

Je v Casovém useku od 1,84 dne do 2,72 dne, celkem 0,88 dne. Pratok chladiva byl stabilni bez

kolisani a prumér logovanych minutovych hodnot je & o p' @1 . Tento Usek reprezentuje piné
vyvinutou termofilni fazi.

MRSenl YWsek 2

Je v Casovém uUseku od 4,41 dne do 5,2 dne, celkem 0,79 dne. Pratok chladiva byl stabilni bez

kolisani a pramér logovanych minutovych hodnot je & o T . Tento Usek reprezentuje proces
ke konci termofilni faze.
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Vysl edky a di skuse

Vypocet vyvinu tfeplmendarcob mimipr ocesy

Vypocet koresponduje s daty z ¢asovych usekl méreni 2. Detailni kalkulace nejsou s ohledem na
rozsah publikace publikovany a jsou spolu s primarnimi daty z méfeni k dispozici u autoru.

Vipolet vikonu z kalorimetrick®ho mRSen?2
0 ® Yeiw¥a TQo,

kde "Y a"Y J5 jsou naméfené vstupni a vystupni teploty chladiva, ® "Yg QW'Q tepelna
kapacita vody, &  pratok chladiva, @ "Y Y Y I a'Yg

Jo stfedni teplota chladiva
Vypocteny vykon kalorimetru je nasleduijici.
Mé&feny usek 10 op®

MéFeny Usek 2 0 X @

Vipolet vikonu z provPRDtr8vg8n2 experiments8ln2ho bi

0 M  Q ta tp mmwr
kde stavové veliiny vzduchu pfi méfeni jsou “Y  p don LN ¢ p OWQ
a io,t Stanovena na zakladé p 1% a T dle méFeni dle ”.

Vypocteny vykon kalorimetru je nasledujici.
MéFeny Usek 10 p ¢lpo

MéFeny Usek 2 0 p Thgo

Vipolet svBkdntahbermentaln2ch procesT

0 0 0
Mékeny usek 10 opopchp T 1w
Mékeny usek 20 Xo pthg ¢ phaw
0 %6 gf) ETTﬁQ quﬁw oo oXa@

JelikoZ objem vsazky druhého experimentu byl dle vysky hladiny vsazky & pht @ je tento vykon
vztazen pravé na tento objem a na hmotnost susiny 212 kg. Korekce na 2/3 useku 1 a 1/3 useku 2 jsou
voleny pro zohlednéni dynamiky termofilni faze a vahy jednotlivych ¢asti.

Pokud bychom zahrnuli do celkového vyvinu tepla i odhad sdilenim tepla experimentalniho reaktoru
do okoli vysledny celkovy vyvin tepla by byl nasleduijici.
0 0 0 ooy pyYylp vulgo
Celkova data zexperimentd byla promitnuta do grafu a prolozena kfivkou — znazorfiuji
experimentalné stanoveny tepelny vykon fermentacnich procesu biologicky rozlozZitelnych odpada.
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PFi srovnani s vysledky obdobnych experimentt z literatury — konkrétn& Vemmelund, Berthelsen © -
550 kcalm™ pfi kompostovani zemédélské kejdy s nucenym provétravanim — tzn. 639 Wm?, pfi
objemové hmotnosti cca 950 kgm™ a susiné cca 20 % se jedna o 672 Wt kejdy, tzn. 3 363 Wt™ susiny.
Timto je potvrzeno, Ze dosaZeny vysledek je fadové srovnatelny a spravny.

Dosazené vysledky v experimentalnim reaktoru, ktery vérné simuluje realné podminky, prokazuje
dale technicky vyuzitelny vyvin tepla fermentaCnimi procesy.

Zavery
Provedena méfeni prikazné experimentalné stanovila skute¢nou hodnotu vyvin fermentacniho tepla
modelové zakladky v experimentalnim boxu. Byla pouzita bézna zakladka pro kompostovani v pasovych
hromadach pfipravena na kompostarné Vicenice u Namésté nad Oslavou a prevezena k méfeni.
Slozeni zakladky — trava 60 %, dfevni $tépka 20 %, slama 10 %, listi 10 %. Celkova hmotnost susiny
zakladky v 1 m? objemu méficiho boxu byla 212 kg.

Celkovy stfedni tepelny vykon byl experimentalné zméfen na hodnotu 367,5 W. Kdy byl slozen
z vykonu v ramci termofilni faze a nasledného poklesu teploty. Celkova doba trvani experimentu byla
6 dni. Stfedni vykon v prvnich 4 dnech byl 442,18 W, ve zbyvajicich dnech 218 W, coz svédci
0 vyznamném poklesu po projiti termofilni faze. Stfedni vykon 370 W je vSak objektivnim vysledkem.
S uvazenim tepelné ztraty sdilenim do okoli, ktera byla zkalkulovana na 185 W byl stfedni tepelny vykon
materialu 552 W na 212 kg susiny. Celkovy vysledek tohoto experimentu tedy je 2603 W t™ susiny
materialu.

Zobecnény vysledek pro energetickou bilanci biologického dosousSeni biomasy s vyuzitim
fermentacniho tepla s uvazenim primérné 40 % suSiny bézné zakladky je stfedni tepelny vykon
termofilni faze aerobni fermentace b&’né kompostafské zakladky 1041 Wt zakladky stanoveny
meéfenim tzn. obecné 1 kW na 1 t u mMento xyalédék§edskbyy.pro dalsi vyvoj zafizeni pro
vyuziti biologicky rozlozitelného odpadu pro vyrobu tuhého alternativniho paliva v primyslové praxi.
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Experimental research of the amount of usable heat of biodegradable waste
aerobic fermentation processes
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Summary

A key factor for the practical use of biological drying of biodegradable waste and biomass is to
determine the amount of usable heat produced by microorganisms during fermentation processes. Some
values have been published in the past, but usually with different materials and not very clear
measurement conditions. For this reason, the experimental verification of usable thermal power is one of
the key tasks for the design of a practically usable facility bio drying of biowaste and biomass, in
particular for the production of solid alternative fuels from these materials.

Keywords: biodegradable waste, aerobic fermentation, heat production
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Pohl ad samawybraaan é nakladaniay
skomunal nym odpadom

Moni k a LONKOVC, Mi ¢ hal STRI L € K, Moni ka E
Podnikovoh o s pod 8r s ka f a kBkdnomackepyunivezity v Bratislaveh
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Eur-pska %nia si Vv 1 8mci rozvojovbbahoct®md ®god $ p &
dosiahnuS maxi mélnreer gred ti erki®8 lvoywogi ti e odpadu s mini
Slovenskej republike sa ug dlhgie nedar2 plni s tie
poslednlch miestabbdmoobVasia odpadu vr8tane komun
pr2spevok napom§ha identifikovas pr2legdgitosti a
odpadu, prilomdovgzih®kawa®hzo prieskumu zya navesskeép h o
republ i ke VI sl edkom vyhodnoteni a pr~ieskumgjivjoetnz®mL
prostrediu, ako aj_  n8vrh opatrenZv,l gehoul ctr oveaal
komun&8l nehoslodwerdsuk Ivc hobgiaehs t § c h a

KO%| ov ® Kloonwu§:8 | ny odpad, zhodnocovanie odpado
skl 8dkovani e, samospr 8va, dotazn2kovl prieskum
Uvod

Odpad vznika ako vedlajsi produkt vyroby a poskytnutia sluzby. Vznika v suvislosti s kazdou aktivitou
Cloveka. S rozvojom konzumnej spoloCnosti rastie objem vyprodukovaného odpadu vratane
komunalneho odpadu (KO), a tym sa zvySuje miera zned&istovania Zivotného prostredia (ZP). Roéna
produkcia odpadu v Eurdpskej unii predstavuje priblizne 2,5 miliard ton odpadu. Z toho takmer 10 %
tvoria komunalne odpady. S velkym objemom odpadov prichadza dalSi problém, ktorym je spdsob
nakladania s odpadom.

Znedistovanie zZivotného prostredia v ddsledku tvorby odpadov je mozné redukovat dvoma spésobmi.
Vyvinom dokonalejSich a ekonomicky vyhodnejSich bezodpadovych technoldgii alebo organizovanym
zberom odpadov spolu s ich ekologickym zhodnocovanim a recyklaciou.*

Jednotlivé Staty Eurdpskej unie sa snazia o znizovanie produkcie komunalneho odpadu vo vazbe na
AHi erarchi u odp atdwaBf®inioa Enropskpho gaglamentu a Rady 2008/98/ES, ktora sa
premietla aj do slovenskej legislativy?, uvadza, 2e: Ahi er archi a odpadov®ho hos
poradie tTchto priorz2t:

a) predch8dzanie vzniku odpadu,

b) pr2prava na op2tovn® pougitie,

c) recykl &8ci a,

d) in® zhodnocovani e, napr. energetick® zhodnocoyv
e) znegkodRovanief.

Na zaklade tejto hierarchie prijimaju jednotlivé Clenské Staty opatrenia, ktoré budu viest k Co
najlepSiemu environmentalnemu vysledku. Odklonit sa od hierarchie odpadového hospodarstva je
mozné iba pre urcité toky odpadov,ak j e to od!vodnen® %¥vahami o gi Vv
kcel kovim vplyvom vzni ku a “rmakoklvypliiva zo izékonaso odpadodhrh o d p a c

Vyprodukované mnozstvo komunalneho odpadu pripadajuceho na jedného obyvatela v Clenskych
krajinach EU zacala vacSina eurdpskych krajin znizovat od roku 2008 a EU aj nadalej vytvara tlak na
znizovanie KO a zvy$ovanie zhodnocovania uz vzniknutého odpadu® (graf 1).
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Graf 1: VIvoj viagpercapkaviEeD KpDivest i ch kr aj i n8tshonED a

A) Vyvoj produkcie KO kg. per capita v EU a na Slovensku Ptk
kg per B) Traja najvacéi a traja najmenéi producenti KO kg per capita v r.2016 Sovensko )
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Na Slovensku od roku 2013 bol zaznamenany narast produkcie komunalneho odpadu. V roku 2016
sa vyprodukovalo 1 954 tis. ton KO, v prepocte na jedného obyvatela je to 348 kg ro¢ne, a v roku 2017
to bolo spolu 2 137 tis. ton, priCom produkcia KO na obyvatela vzrastla na 392,98 kg za rok.

Medzi regionmi Slovenska su vyrazné rozdiely v produkcii komunalneho odpadu (Graf 2)°. V roku
2017 bolo najviac KO celkom aj na obyvatela produkovaného v Bratislavskom kraji a najmenej KO na
obyvatela je produkovaného v PreSovskom kraji. Medziro&ne sa produkcia KO zvysila.
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Nakladaniesk omunal nym odpadom

Okrem vzniku komunalneho odpadu je potrebné venovat pozornost aj otazke, ako sa naklada
s komunalnym odpadom. Odpad sdm o sebe a nespravne nakladanie s nim vyraznym spdsobom
poSkodzuje zivotné prostredie. Primarne podkodzovanie Zivotného prostredia a rovnako zdravia ludi, Ci
riziko kontaminacie je spésobené nevhodnym uskladriovanim odpadu. Sekundarne poskodzovanie
zivotného prostredia suvisi s potrebou ziskavania novych zdrojov pri vyrobe produktov. Objem
spotrebovanych (€asto neobnovitelnych) zdrojov mdze byt zniZzeny spravnym zhodnocovanim odpadu,
ktoré by viedlo k opatovnému pouzitiu zdrojov ziskanych zo zhodnoteného odpadu. Za environmentalne
najvhodnejsi spésob zhodnocovania odpadu je povazovana recyklacia materialov, ktora predstavuje
uplatnenie principov obehového hospodarstva, ktoré chce dosiahnut Eurdpska unia.

Vo vacsine europskych krajin sa najviac komunalneho odpadu skladkuje alebo spaluje. Cielom
politiky EU je znizit mieru skladkovania v europskych krajinach, nakolko je skladkovanie povazované za
environmentalne najnevhodnejSiu formu nakladania s komunalnym odpadom.
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Cielom EU a kazdého &lenského $tatu je zvySovat mieru recyklacie komunalnych odpadov ako
efektivneho spdsobu nakladania s komunalnym odpadom. V roku 2016 dosahovalo z krajin EU
najvyssSiu mieru recyklacie Nemecko, kde sa recyklovalo az 48,11 % celkového spracovaného
komunélneho odpadu. Ostatné krajiny vyrazne zaostavaju. V EU dosiahla priemerna miera recyklacie
vroku 2016 29,80 %, pricom Slovensko dosiahlo Groveri 23 % vratane kompostovania®. Najmensie
mnozstvo z celkového spracovaného odpadu sa recykluje v Rumunsku (7,40 %) a na Malte (7,84 %).

Kym vroku 2013 zcelkového mnozstva vyprodukovaného KO na Slovensku bolo 27,78 %
zhodnoteného, 70,56 % zneskodneného a 1,65 % komunalneho odpadu bol zhromazdeného’, v roku
2016 na Slovensku sa celkovo zhodnotilo 33,20 % komunalneho odpadu, z toho 35,75 % materialovo,
30,32 % energeticky, 32,77 % kompostovani a 1,14 % inym sp6sobom. Najviac komunalneho odpadu
bolo zhodnoteného v Bratislavskom kraji (64,77 %) a najmenej v Trengianskom kraji (22,17 %)°.

Z regionalneho hladiska vyS$Sie percento zhodnoteného komunalneho odpadu ako celoslovensky
priemer vroku 2016 vykazuje Bratislavsky kraj (64,77 %) a KoSicky kraj (51,82 %). Z celkového
zhodnoteného KO bolo materialovo zhodnotenych 35,75 %, pri€om najvacsi podiel materidlového
zhodnotenia z celkového zhodnoteného komunalneho odpadu vykazoval Zilinsky kraj (55,89 %).
Celoslovensky podiel energetického zhodnotenia komunalneho odpadu z celkového zhodnoteného KO
v uvedenom roku predstavoval 30,32 %. V Bratislavskom kraji to bolo 66,02 % a v KoSickom kraji
56,85 %, v ostatnych krajoch to bolo menej ako 3 %. Je potrebné zdéraznit, Ze na Slovensku su
prevadzkované dve spalovne KO, a to v Bratislave a v KoSiciach.

Najviac KO (v roku 2016 az 66%) koncilo na skladkach. Aj tu boli zaznamenané regionalne rozdiely.
V Bratislavskom kraji to bolo len 30,65 %, v KoSickom kraji 47,85 % a v ostatnych krajoch to bolo
v intervale od 71 % do 78 % z mnozstva KO vyprodukovaného v regioéne. Je potrebné branit sa tomuto
negativnemu stavu, najma zvySovanim miery triedenia odpadu. Eurépska komisia stanovuje pre
Slovensko ciel do roku 2020 recyklovat najmenej 50 % odpadu z domacnosti. Je otazne, i sa podari
tento ciel pri su¢asnom stave naplnit.

Eurdpsky parlament v aprili roku 2018 schvalil ambiciézpe ciele: do roku 2025 zvysit mieru recyklacie
komunélneho odpadu na 55 % a do roku 2035 na 65 %°. Dal$im ambiciéznym cielom je dosiahnut, aby
od roku 2035 na skladkach neskoncilo viac ako 10 % odpadu.

Uroveri recyklacie odpadov je vo velkej miere ovplyvnena politikou a cielmi recyklacie a socialnymi
normami, pretoze tieto iniciuju stimuly a efekty recyklacie®. Jednym z délezitych faktorov tspechu pri
implementovani preventivnych opatreni vzniku KO a zvySovani miery recyklacie KO su postoje
obyvatelov v otdzkach nakladania s KO, vnimanie nasledkov kontaminacie ZP odpadmi aj legislativne
opatrenia®®, priom vyskum v Taliansku preukéazal, Ze motivacia jednotlivcov nekoreluje s ich spravanim
vplyvajucim na zvySovanie podielu recyklovatelnej €asti KO, ale spravanie zodpovedné za minimalizaciu
mnozstva vyprodukovaného KO je zavislé jedine na vnatornom presved&eni®. Cim viac poznatkov
o vplyve KO na ZP obyvatelia maju a zarover veria zmyslu opatreni zvySujucich mieru recyklécie, tym
su ochotnej$i spolupracovat a triedit odpad*®. Signifikantnym faktorom zvySovania miery recyklacie je
tiez otazka ceny, kedZe za netriedeny odpad domacnosti musia platit', a Uspe$nym programom
znizovania produkcie nezhodnocovaného KO sa javi jeho mnoZstevné spoplatnenie’®. Prieskum
zamerany na spravanie, vnimanie a postoje fudi v otazke zniZzovania KO hlavne medzi ob&anmi
zastupujucimi obec, ktori maju vedomosti o administrative a realizacii nakladania s KO v obci, je témou
aj nasho prispevku.

Ciel, metodi ka a %ymuodnotenie pries

Ciefom nasho prispevku je zhodnotit postoje a vnimanie otazok Zivotného prostredia a komunalneho
odpadu ob&anmi so zameranim sa na kompetentnych zastupcov samosprav, ¢o povazujeme popri
legislativnych opatreniach za vplyvny faktor drovne nakladania s komunalnym odpadom v Slovenske;
republike ana zaklade dotaznikového prieskumu vykonaného v ramci samospravy na Slovensku
navrhnat opatrenia, ktoré by prispeli k postupnému zniZzovaniu ukladania tohto odpadu na skladky
odpadov a intenzifikovali jeho materialové zhodnocovanie.
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Vysledky prieskumu vychadzaju z primarne zistenych udajov pocas rieSenia projektu VEGA
€. 1/0582/2017, v ramci ktorého bol v roku 2018 (v obdobi od maja do septembra) realizovany e-mailovy
dotaznikovy prieskum zamerany na otazky nakladania s komunalnym odpadom.

Dotaznik bol distribuovany v elektronickej podobe vyuzZitim formuldrového nastroja spolognosti
Google. Oslovené boli po¢as niekolkych tyzdrfiov vSetky mesta, ich mestské Easti a obce (dalej len obce)
na Slovensku s dostupnou e-mailovou adresou. Ziadali sme ich o spolupracu pri ziskavani informacii
0 spbésoboch nakladania s komunalnym odpadom a triedenom zbere a o dalSiu distribuciu dotaznikov.
Celkovo bolo v prvej etape, nasledujucej po pilotnom testovani dotaznika, rozposlanych 2927
jedineCnych e-mailov na prevazne verejne dostupné adresy zastupcov slovenskych obci, miest
a mestskych &asti (par desiatok adries pochadzalo zo sukromnych zdrojov &lenov projektového timu),
e-mailové adresy dvoch obci neboli dohlfadatelné. PriebeZzne sme rozosielali spravy na alternativne
e-mailové adresy alebo boli oslovené osoby vo verejnej sprave telefonicky, a to v pripade, ked sme
zistili, ze e-mail je nedoruditelny na ziadnu nam znamu adresu, alebo ked bol e-mail vymazany bez
pre€itania a zaznamenania odpovede oslovenej obce v zbernej tabulke formularu Google. V druhej
etape sme opatovne rozoslali e-maily na adresy uradov, z ktorych sme odpovede v primeranom &ase
neziskali.

V prvej majovo-jinovej etape sme oslovenim vsetkych 2927'° uradov (Celkovy podet obci bez
mestskych Casti, vratane Bratislavy a KoSic ako celku: 2890, celkovy poCet mestskych Casti: Bratislava
(17), Kosice (22), celkovy pocet miest: 140, celkovy pocet vidieckych obci: 2750 (vratane 3 vojenskych
obvodov)).

V julovej etape, v ktorej bola navratnost vys8ia, sme opatovne odoslali 2438 vyziev samospravam
s funkénymi e-mailovymi adresami (44 uradov nebolo v kone¢nom désledku kontaktovanych vébec pre
nefunkénd, resp. neznamu e-mailovu adresu).

Spolu za celu dobu sme od vsetkych respondentov ziskali 1114 odpovedi, ale neopakujucich sa
odpovedi od zastupcov samosprav s poznatkami o nakladani s komunalnym odpadom odpovedalo
spomedzi v8etkych obci, miest a mestskych €asti 947 uradov, ¢o je 32,23%-ny podiel po¢tu vSetkych
samospravnych uradov obci, miest a mestskych €asti. Dvaja kompetentni respondenti neuviedli svoju
lokalitu, budeme ich zahffiat’ len do analyz nezavislych na Specifikovani konkrétnej obce. Odpovede
a obce, ktoré boli v dotazniku zastupené viacnasobne boli korigované vahami tak, aby bola v sucte obec
zastupena iba raz. Pri réznych odpovediach za prislusnu obec vstupujucich do analyz do réznych
kategorii, ak po€etnost’ v kategorii nadobudla rozmer desatinného Cisla, bolo toto &islo zaokruhlené.

Simultanne prebiehal a prebieha dotaznikovy prieskum medzi nahodnymi, resp. navzajom si
odporucajucimi obanmi prostrednictvom problematike venovanej internetovej stranky, na ktoru
smerovali zdiefané odkazy Facebooku, &i prispevku v dvoch tlacenych periodikach a niekolkych
obecnych novinach. Zber tychto dat este trva, preto podrobnejSie porovnanie postojov, vnimania a &inov
v oblasti Zivotného prostredia a komunalneho odpadu beznych ob&anov budeme vyhodnocovat po
skonceni zberu tohto druhu dat v decembri.

Otazky, ktoré dotaznik obsahoval z oblasti triedenia komunalneho odpadu boli zamerané na osobné
nazory, postoje a spravanie sa ako aj vSeobecnu €ast’' s udajmi o respondentoch a bydlisku sluziacich
pre kategorizaciu odpovedi. Respondenti boli poziadani, aby odpovede na otazky vztahovali na miesto
bydliska (trvalého alebo prechodného), kde platia poplatky za komunalny odpad a v ktorom sa pocas
roka najCastejSie zdrzuju.

Pre pracovnikov samosprav so znalostou problematiky nakladania s komunalnym odpadom bola
venovana osobitna Cast, ktora sa respondentom, ktori nie sU zamestnani v ramci samospravy,
nezobrazovala. Otazky, na ktoré sme sa pytali, nebudu po vyhodnoteni za jednotlivé obce verejne
dostupné, len suhrne za okresy, kraje a celé Slovensko, na analyzu a modelovanie vSak suhrnné di
priemerné udaje nestacia, preto sme pozadovali od respondentov konkrétne uvedenie miesta bydliska,
resp. pracoviska obecného, mestského &i miestneho uradu, ak bolo odliSné od miesta bydliska. Tento
udaj vyvolavajuci obavy z moznej identifikacie respondenta a zo zverejnenia osobnych udajov mohol
spdsobit’ nizSiu navratnost dotaznikov.

Patronem t®bdhtoaw ttécshmolj®gi e stavebn2ch hmot a d2lcT Fakulty st

WASTE FORUMIZO L2ssanaD47T



Moni ka LONKOVC, Michal STRbhOKd MambkarBALOYCvybran® ot §
skomun8l nym odpadom

V tomto prispevku boli vyhodnocované otazky, ktorych analyza a potvrdenie Statistickej vyznamnosti
zaveru vyplyvajuceho zo Statistického testu hypotetickych predpokladov bola zalozena na testoch
hypotéz o zhode podielov vyskytu javov v dvoch suboroch. Podmienka nahodnosti zastupenia
respondentov vo vyberovej vzorke nebola zabezpeéena uplatnenim Standardizovanych postupov, ale len
na baze subjektivheho rozhodnutia avSak reprezentantov celej populacie 2927 zastupcov obci, miest
a miestnych uradov, okrem 46 z nich, ktorych e-mailové adresy boli bud neexistujuce alebo nefunkéné.
Dlhodobé problémy informatizacie samospravy su vdak mozné len pri malych obciach, a teda suhrnné
vysledky nemo&zu byt ovplyvnené, preto je takéto obmedzenie vzniku vyberovej vzorky akceptovatelné.
Nenahodnostou vyberu mézu byt vysledky skreslené, odklon vSak minimalizuje relativne vysoké - viac
ako 30%-né zastupenie populacie samosprav.

Vykonané testy zhody podielov skumanych znakov v dvojiciach porovnavanych suborov su zalozené
na asymptotickom pristupe z dévodu dostato¢ne velkého poctu respondentov, a teda zabezpecujicom
primeranu silu testov. Po¢etnosti a podiely su korigované vahami tak, aby jedna obec bola zastupena za
samospravu iba raz.

V kazdom teste bola zakladna hypotéza H, formulovana ako zhoda podielov vyskytu skumaného
znaku v subore, t.j. Ho: p, =p,a alternativna hypotéza tuto zhodu popierala, t.j. Hi: p, | p,, resp.

konkretizovala jednoznaCnu situaciu Hi: p, <p, podiel vyskytu testovanych odpovedi je v ramci
samosprav vacsi) alebo Hy: p, > p, (podiel vyskytu testovanych odpovedi je v ramci samosprav mensi).
Testy boli realizované na hladine vyznamnosti a =0,5, t.j. bola akceptovana 5% pravdepodobnost

Statistickej chyby prvého druhu, Ze bude zamietnuté tvrdenie hypotézy Ho, ktoré je v skutoCnosti
pravdivé. Statistické testy boli vykonané pomocou Statistického softvéru (GRETL 2018c — GNU
Regression, Econometric and Time-series Library).

Vzhladom na uspesSné riadenie zaleZitosti odpadového hospodarstva na obecnych uradoch
oCakavame avtomto prispevku otestujeme predpoklad osobného zmys$lania, uvedomenia, postojov
a ¢inov reprezentantov obci v oblasti komunalnych odpadov. V analyzach nevyhodnocujeme nazorové
zastupenie v populacii vzhfadom na nereprezentativne zastupenie skupin respondentov, zaujimaju nas
skor relativne prevazujuce Statisticky vyznamné rozdiely v porovnavanych skupinach. V prispevku
otestujeme pravdivost siedmych tvrdeni a na zaver zhrnieme odporu€ania v suvislosti so zlepSenim
situacie v odpadovom hospodarstve.

Pozoroviam®t avané predpokl ady:

Predpoklad 1: Pracovnici samospravy zodpovedni za oblast nakladania s komunalnym odpadom
CastejSie deklaruju zaujem o sucasny stav a buducnost’ zivotného prostredia ako ostatni
ucastnici prieskumu zaradeni v skupine beznych ob&anov.

Predpoklad 2: Pracovnici samospravy zodpovedni za oblast nakladania s komunalnym odpadom
CastejSie vnimaju kvalitu Zivotného prostredia lepSie ako ostatni ucastnici prieskumu
zaradeni v skupine beznych ob&anov (a). Pracovnici samospravy zodpovedni za oblast
nakladania s komunalnym odpadom pracujuci v obci, v ktorej maju trvalé bydlisko
CastejSie vnimaju kvalitu zZivotného prostredia pozitivnejSie ako pracovnici samospravy,
ktori maju pracovny pomer na Urade samospravy v inej obci (b).

Predpoklad 3: Vnimanie kvality Zivotného prostredia pracovnikmi z miest je CastejSie horSie ako
v pripade pracovnikov z obci.

Predpoklad 4: Pracovnici samospravy zodpovedni za oblast nakladania s KO sa CastejSie zapajaju do
aktivit minimalizujucich mnozstvo vyprodukovaného komunalneho ako beZni ob¢ania.

Predpoklad 5: U pracovnikov samospravy je vySSia miera zaujmu o minimalizovanie mnozstva
vyprodukovaného KO ako uob¢anov alebo u pracovnikov samospravy s bydliskom
v inej obci.

Predpoklad 6: Ste dostatocne motivovani k triedeniu odpadu?

Predpoklad 7: MenSie obce do 1000 obyvatelov sa CastejSie spajaju s inymi samospravami alebo
organizaciami pri jednani o cenach a inych otazkach ako vacsie obce.
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Vysl edky a diskusi a

Predpokl ad 1. Pracovn?2ci samospr8vy komdm@Vvegm> odd a
| astejgie dekl aruj s z8ujem o s Y asnl stav a bud?
al astnzci prieskumu zarabtéeahov.skupine begnlch o

Vy&Si zaujem o su€asny stav a buducnost’ Zivotného prostredia je sumarizovany odpovedami na
otazku ,Zaujimate sa o suéasny stav a buducnost Zivotného prostredia?“ ,Ano — aktivne (venujem tomu
svoj 6as a peniaze)‘ + ,Ano — &asto aj aktivne* + jedna otvorena odpoved ,Zaujimam sa intenzivne
0 buducnost nasho zivotného prostredia“. Skupina je oznacena nazvom ,Vy3Si zaujem®. V druhej
skupine nazvanej ,Mensi zaujem* boli zaradeni respondenti odpovedajuci (Ano — pasivne (ked
nepomaham, aspori neskodim) + Ano, niekedy + Nejako bolo, nejako bude + Ja sa nebudem
obmedzovat kvéli neistej buducnosti, zijem teraz). Skupiny respondentov pozostavali z respondentov zo
samosprav kompetentnych v otdzkach KO a druhou skupinou boli bezni ob&ania, ktori v pracovhom
vztahu nemaju kompetencie ohladom KO. Pocetnosti a podiely odpovedi su v nasledujucej tabulke.

TabuOka 1: Zauj 2 mat e s a 0 sWl asnl stav a b
(samospr 8va/obl ani a)

Zaujem/ Suabor Kompet e Ogncalzlsr:ila Obc¢ani Obc¢ani g
respondentov pracovrn o ovlematik pracujy nepracuj
(pocCet, podi el samospr P KO y samospr| vsamospr
VySSi zaujem 809 |0,8545| 83 0,7194 | 24 | 0,7039 39 0,725
Niz8i zaujem 138 |0,1455| 33 0,2806 | 10 | 0,2941 23 0,275
Spolu 947 1 116 1 34 1 82 1

Nulova hypotéza: podiely v populaciach su rovnaké verzus podiel zaujmu je vysSSi u kompetentnych
pracovnikov samospravy ako u beznych ob&anov.

1. Zastupcovia samospravy: n; = 947, podiel; = 0,8545; 2. ObCania: n, = 116, podiel, = 0,7194
Testovacia Statistika: z = (0,8545 - 0,7194) / 0,0360852 = 3,74392
Jednostranna p-hodnota = 9,059 (10°.

Jednostranna p-hodnota 9,059 ©010° L a = 0,05, preto zamietame nulovu hypotézu o zhode,
konsStatujeme Statisticku vyznamnost vysledku, Ze podiely sa nerovnaju, a teda pracovnici samosprav sa
CastejSie vo vy3Sej miere zaujimaju o stav zivotného prostredia ako obc¢ania nepracujuci oficialne
s informaciami o komunalnom odpade.

Rozdiely v zaujme o Zivotné prostredie medzi ob&anmi bez znalosti problematiky KO pracujucimi
vV ramci samospravy a mimo samospravy nie su Statisticky vyznamné, pracovnici samospravy bez
kompetencii ohfadom KO preukazuju dokonca niZSi zaujem o Zivotné prostredie ako bezZni obCania
zapojeni do tohto prieskumu.

Zaujem o zivotné prostredie urCite zvySuju poznatky, skusenosti a zodpovednost pracovnikov
samospravy za rieSenia v oblasti komunalneho odpadu, o mézeme overit' v dalSich krokoch vyskumu
vo vztahu k veku, vzdelaniu a inym ukazovatefom.

Predpokl ad 2: Pracovn?2ci samospr 8§vy koomdp@Y enggm? oda a
| astejgie vn2maj% kvalitu givotn®ho prostredia | efg
vskupi ne begnlch oblanov (a), prilom | astejgie vn2m

olak8vame tieg u pracovn? ko wbcispaanoviskp aj Bydlysko viptoa rov nraa j2
stlmi, ktor?2 na pracovisko doch8dzaj Y.
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Pri teste tohto predpokladu sme analyzovali otazku: ,Aka je podla Vas kvalita zivotného prostredia
vo Vasom meste/obci?“ s moznymi odpovedami: ,Velmi dobra“ + ,Dobra“ + ,Primerana“ + pozitivha
vlastna odpoved = ,Dobra kvalita“ a ,Na hranici akceptovania“ + ,HorSia“ + ,Velmi zla* + negativna
vlastna odpoved, ktora sa do konca zberu dat ani nevyskytla = ,Zla kvalita“.

Kvalitu zivotného prostredia v mieste bydliska povazuju za dobru zastupcovia samosprav a ob¢anov
v podiele a pocte, ako je uvedené v tabulke 2a a nasledujucom teste zhody podielov.

TabuOka 2a: Ak§ je podOa V§s kvalita ¢givotn®h:t
(samospr8val/obl ani a)

Kvalita/ Suabor re Kompetentni p Ob¢ania bez z
(pocCet, podi el) samospravy problematiky KO

Dobra kvalita ZP 871 0,9197 98 0,8448

Zla kvalita ZP 76 0,0803 18 0,1552

Spolu 947 1 116 1

Medzi kompetentnymi pracovnikmi z n; = 947 samosprav, ktori reflektovali na dotaznik, vysSiu kvalitu
Zivotného prostredia vnima 871 pracovnikov, ¢o je podiel; 91,97% pracovnikov.

Medzi ob&anmi bez znalosti problematiky KO, &i uz pracujucimi v rdmci samospravy alebo inde, je
tiez vnimana vySSia kvalita Zivotného prostredia relativne vysoka, hoci nizSia ako v pripade
kompetentnych pracovnikov samospravy, a to zaokruhlene p, = 84,5 percentami obCanov. Otestujeme,
Ci je tento rozdiel Statisticky vyznamny.

Nulova hypotéza: podiely v populaciach su rovnake, alternativna hypotéza: podiel vyskytu pozitivneho
hodnotenia ZP v populacii kompetentnych pracovnikov samospravy je vyssi.

Testovacia Statistika: z = (0,9197 - 0,8448) / 0,0279353 = 2,68119

Jednostranna p-hodnota zamietajuca nulovu hypotézu = 0,003668.

Jednostranna p-hodnota 0,003668 < a = 0,05 nas vedie k zamietnutiu nulovej hypotézy, konstatujeme
Statisticku vyznamnost' rozdielu, a teda pracovnici samosprav su realne CastejSie vo vy3Sej miere
spokojni s kvalitou Zivotného prostredia v porovnani s beZznymi ob¢anmi bez znalosti problematiky KO.

K predpokladu 2b, Ze pracovnici samospravy zodpovedni za oblast nakladania s komunalnym
odpadom pracujuci v obci, v ktorej maju trvalé bydlisko, CastejSie vnimaju kvalitu Zivotného prostredia
pozitivnejSie ako pracovnici samospravy, ktori maju pracovné poslanie na urade samospravy v inej obci,
nas viedla uvaha o vplyve dodatoénych informacii z poznania agendy v inej obci a usilia pracovne
vynakladaného pre inu ako vlastnu obec. Myslime, Ze ¢im viac poznatkov a kompetencii Clovek ma, tym
je spokojnejsi, v sulade so zavermi ohfadom predpokladu 2a.

Pocetnosti odpovedi kompetentnych pracovnikov samospravy sme rozliSili podla toho, v akej obci
maju trvalé bydlisko, Ci v obci, kde zaroveri na samosprave pracuju alebo v obci odliSnej. Uvadzame ich
spolu s podielmi vyjadrujucimi spokojnost’ s kvalitou Zivotného prostredia v obci bydliska v tabulke 2b.

TabuOka 2b: &k&%¥S8sekpadiOta ¢Jgivotn®ho prostredia Vv
apracovisko so zhodnou verzus odlignou adresou obce
Kvalita/ Subor Pracovi sko saoimds| Pracovi sko s anioe
respondentov . . : . f

- : strvalym bydl ifobciakojeobec trval é
(pocet, podie
Dobra kvalita ZP 770 0,9255 101 0,8783
Zla kvalita ZP 62 0,0745 14 0,1217
Spolu 832 1 115 1

Patronem t®bdhtoaw ttécshmolj®gi e stavebn2ch hmot a d2lcT Fakulty st

WASTE FORUMIZ0 L2ssanaD D0



Moni ka LONKOVC, Michal STRbhOKd MambkarBALOYCvybran® ot §
skomun8l nym odpadom

Nulova hypotéza: podiely v suboroch dat respondentov v oboch skupinach sa rovnaju, alternativna
hypotéza: podiel v prvej populacii respondentov s bydliskom aj pracoviskom v jednej obci je vacsi ako
v druhej populacii.

1. populacia: Zastupcovia samospravy s bydliskom a pracoviskom v obci: n; = 832, podiel; = 0,9255
2. populacia: Zastupcovia samospravy s inou obcou bydliska a pracoviska: n, = 115, podiel, = 0,8783
Testovacia Statistika: z = (0,9255 - 0,8783) / 0,0270257 = 1,74649

Jednostranna p-hodnota = 0,04036

Jednostranna p-value = 0,04036 < a = 0,05 nam umozfiuje zamietnut Hy, konsStatujeme Statisticku
vyznamnost rozdielu, a to, ze podiely sa nerovnaju, a pracovnici samosprav CastejSie povazuju kvalitu
zivotného prostredia za lepSiu ako obc€ania nepracujuci s informaciami o komunalnom odpade.
P-hodnota sa ale blizi ku hodnote vymedzujucej hranicu nezamietania a zamietania platnosti nulovej
hypotézy, preto pre uistenie sa v platnosti zaveru by bolo prinosné poznat odpovede od viacerych
kompetentnych respondentov ohfadom komunalneho odpadu, ktori maju bydlisko a pracovisko na
samosprave v odliSnych obciach.

Predpokl ad 3: Vn2manie kvality §dgivotn®ho prostredi
vpr2pade prachoh2kov z

V nadvaznosti na predchadzajuci predpoklad nas zaujima aj vplyv prostredia mestského verzus
vidieckeho na vnimanie kvality zivotného prostredia, kedZe hoci najma mladi ludia ¢asto opustaju
vidiecke obydlia a stahuju sa do miest o¢akavajuc lepSie moznosti, ¢o vidiet na postupnom vyludriovani
najma od vacsich miest vzdialenejSich obci, v su€asnosti je hlavne medzi finanéne zabezpelenymi
ludmi prejavujuci sa opacny smer stahovania sa z mesta do vidieckych sidiel uprednostriujuc ticho
a prirodu a celkovo priaznivejSie Zivotné prostredie.

Vnimanie kvality Zivotného prostredia sme ponechali v pévodnych zoskupeniach z predchadzajuceho
predpokladu deklarujucich dobru a horSiu (zjednoduSene suhrnne pomenovanu zlu) kvalitu Zivotného
prostredia, subory respondentov boli tvorené mestskym obyvatelstvom a obyvatel'stvom, resp.
pracovnikmi samosprav s bydliskom charakteru obce. Pocetnosti a podiely su korigované vahami tak,
aby jedna obec bola zastupena iba raz a su v nasledujucej tabulke €. 3.

TabuOka 3: AkS8§8 je podOa VE&s kvalita ¢givotn®ho pros:

Kvalita/ Subor regpond Bydlisko Bydlisko v obci
podiel) vV meste

Dobra kvalita 93 0,8774 876 0,9154
Zla kvalita 13 0,1226 81 0,0846
Spolu 106 1 957 1

Nulova hypotéza: podiely vyskytu odpovedi zo Skaly ,Dobra kvalita“ sa v oboch populaciach rovnaju:,
alternativna hypotéza: podiely vyskytu odpovedi zo 3kaly ,Dobra kvalita® sa v populaciach nerovnaju
a v prvej populacii (mesto) je podiel nizsi Hi: p, <p,.

Respondenti s bydliskom v mestach: n; = 106, podiel; tych, ktori uvadzaju dobru kvalitu ZP =0,8774
Respondenti s bydliskom v obci: n= 957, podiel, tych, ktori uvadzaju dobru kvalitu ZP =0,9154
Testovacia Statistika: z = (0,8774 - 0,9154) / 0,0290578 = -1,30774

Jednostranna p-hodnota = 0,09548

Jednostranna p-hodnota = 0,09548 nie je menSia ako a = 0,05, neméZeme preto zamietnut' nulovu
hypotézu, t.j. podiely odpovedi uvadzajucich vnimanie kvalitného ZP su v populaciach mestskych
obyvatelov a vidieckych obyvatefov s najva&Sou pravdepodobnostou zhodné, obe skupiny vnimaju
kvalitu ZP rovnako, tito kvalitu charakter bydliska neovplyviiuje.
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Predpokl ad 4 . Pracovni ci samospravy zko@ peae dnist B j
zapajajlu doiaktiviufdmich mnozstvo vyprodukovaného
ob¢ani a? (a) CastejsSice t akpt ac oavkntiikvoivt u s aortoasMpé vaavm e

pracoviska maju aj bydlisko (b).
TabuOka 4: Rob2te nielo preto, vaypr osduek onvianni ®@aol i kzoonvi
odpadu? (samospr8va/obl ani a)
Pracovisko Pracovisko
Aktivital g Kompeten 4.l samospr a| Ob ¢nébez
samospr abei] . . : .
respondentov pracovn -1 vinej obci ako je znalosti
9 . strvaly .
(poCet, po samospr @ . obec tr v|problematiky KO
bydliskom :
bydliska
Aktivni respondenti 919 0,9704 810 0,9736 109 0,9478 111 0,9569
Pasivni respondenti 28 0,0296 22 0,0264 6 0,0522 5 0,0431
Spolu 947 1 832 1 115 1 116 1

Pre analyzu tohto predpokladu testujeme podiel kladnej odpovede na otazku ,Robite nie€o preto, aby
ste  minimalizovali mnozstvo vyprodukovaného komunalneho odpadu?‘ Spomedzi pracovnikov
samosprav so znalostami otazok komunalneho odpadu vysoké percento z nich uvadza, Zze sa zapdja do
aktivit minimalizujucich mnozstvo vyprodukovaného komunalneho odpadu (97,0%, beznych ob&anov
95,7%), podiely su velmi podobné a rozdiely nie su Statisticky vyznamné ani pri rozliSovani medzi
pracovnikmi samosprav s bydliskom v obci samospravy a bydliskom v ingj obci. Vycislenie je dostupné
v tabulke &. 4. Testy 4a a 4b neodhalili vysSiu aktivitu niektorych respondentov a z dévodu Statistickej
nevyznamnosti testy zhody podielov neuvadzame.

Predpokl ad 5: U pracovnikov samospravy je vysSsSia |
vyprodukovamkdou Kbb€anov alebo u pracovni knejwbcs amos p

Hoci je podiel vietkych, ktori su pri minimalizovani mnozZstva vyprodukovaného komunalneho odpadu
potesujuco vysoky (z testu predpokladu 5), ked sme chceli spresnenie odpovedi uvedenim miery, do
akej respondentom na minimalizacii zalezi analyzovali sme otazku: ,Do akej miery Vam zalezi na tom,
aby ste minimalizovali mnozZstvo vyprodukovaného komunalneho odpadu? s krajnymi mozZnostami:
1: Ano, maximalne mi zalezi na tom, aby som v domacnosti neprodukoval/a takmer ziaden komunalny
odpad a 6: Nie, vbbec mi nezalezi na tom, kolko komunalneho odpadu vyprodukujem. Hoci
v predchadzajlcej otazke traja respondenti uviedli ,Ano“, robia nieSo preto, aby KO minimalizovali,
v tejto otazke oznacili krajnu 6. moznost, ktora prezradza to, Zze aj ked nie€o v prospech minimalizacie
KO urobili, nebolo to preto, Zze by im na tom zalezalo. Ziskali sme odpovede, ako su uvedené v tabulke 5.

TabuOkbao 5akej miery V8&m z8leg2 na tom,vapyodulowmama
komun8l neho (csdapnodyp? 8va/ obl| ani a)

. Pracovisko
Aktivital Kompet en Pracowsko, ] samospr & Obc¢ani a
Isamospr abei] " . ) . .
respondentov pracovn -1 vinej obci ako je znalosti
. . strvaly -
(poCet, po samospr a . obec tr v| problematiky KO
bydliskom .
bydliska

Vysoka miera

. " 757 0,7985 676 0,8115 81 0,7043 82 0,7082
(uroven 1 a 2)

NizSia miera (3-6) 163 0,1719 135 0,1621 28 0,2435 28 0,2444
Ziadna aktivita 28 0,0295 22 0,0264 6 0,0522 6 0,0474
Spolu 948 1 833 1 115 1 116 1
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Nulové hypotézy: podiely v populaciach (a: kompetentni pracovnici, b: kompetentni pracovnici
s bydliskom a pracoviskom v jednej obci) su rovnaké.

Pri testoch sme za vys3iu mieru vOle minimalizovat KO kategorizovali prvé dve najvySSie urovne
poskytnutej Skaly od 1-6. Kompetentni pracovnici uvadzaju tuto vysokd mieru v takmer 80-tich
percentach, ob¢ania bez znalosti problematiky KO tuto vysoku mieru uvadzaju v cca 71 percentach.
V ramci samospravneho uradu pracovnici s trvalym bydliskom v obci, kde sa urad nachadza, mieru
zaujmu o minimalizaciu odpadu maju vysSiu (81,15%) na ukor miery zaujmu medzi dochadzajucimi
zamestnancami samospravy z inych obci (70,43%). Miera, do akej respondentom zalezi na tom, aby
minimalizovali mnozstvo vyprodukovaného KO, je porovnavanim kompetentnych pracovnikov
samosprav s obCanmi (p-hodnota jednostranného testu zhody podielov je 0,01227) a pracovnikov
samosprav v mieste bydliska verzus pracovnikov samosprav s bydliskom vinej obci (p-hodnota
jednostranného testu = 0,003603) je Statisticky vyznamne odliSna, t. j potvrdzujeme vysSiu motivaciu
pracovnikov pred ob&anmi a miestnych pracovnikov samosprav pred dochadzajucimi z inych obci.

Tieto vysledky preukazuju, Ze dochadzajuci pracovnici do Uradu samospravy su menej motivovani
pre vys$Siu mieru zaujmu o minimalizaciu produkcie komunalneho odpadu. M6zu byt dévodom nevyhody
dochadzania na vzdialenejSie pracovisko, alebo Ze vo vlastnej obci nepoznaju dopady svojej €innosti
v produkcii komunalneho odpadu, & to, Zze ich pracovné usilie vramci samospravy v inej obci sa
neprejavi v obci, kde ziju? Tieto otazky sme v ramci nasho prieskumu nepokryvali, odpovede na nich si
moZzu obce zistit’ sami.

Predpoklad 6: Ste dostatolne motivovan?2 Kk triedeni

Nazory na uroven motivacie fudi na separaciu a iné aktivity znizujuce zatazenie zivotného prostredia
sa réznia. Tuto uroven nam pomozu zistit odpovede na otazku: ,Ste dostatoéne motivovani k triedeniu
odpadu?“ s odstupfiovanou $kalou moznych odpovedi: ,1. Urdite ano*, 2. Va&sinou ano, ,3. Casto,
primerane®, ,4. ,Niekedy, trochu®, 5. ,Zriedka, malo®, 6. Vébec". V tabulke 6 su odpovede zoskupené po
dve do kategérii Ano, som ,dostatoéne motivovany/a“, ,stredne motivovany/a“ a ,malo motivovany/a“.
Rozdelenie zoskupenych odpovedi sa nachadza v tabulke 6 avgrafe 3 ja znazornenie rozdelenia
nezoskupovanej skaly odpovedi podla suborov respondentov.

TabuOKsa e6:dost at ol ne mo fuiodpaduahgamosd pri @damhob| ani a)

Pracovisko Pracovisko Obc¢ani a |
respondentoy| KO MP et en| respondenovy | EROTAETAY L BECSL
pon pracovniramci sam¢._ . ". ) P LKy
(pocCet, samospral vobcistrval je vinej obci ako nakladania s
podiel) bvdliskom je obec t komunal ny
y bydliska odpadom
Ano 748 0,7902 666 0,8007 82 0,7141 72 0,6224
Stredne 166 0,1756 140 0,1680 27 0,2308 33 0,2828
Malo 32 0,0341 26 0,0312 6 0,0552 11 0,0948
Celkovy sucet 947 1,0000 832 1,0000 115 1,0000 116 1,0000
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Graf 3: Ste dostatolne motivovan2 Kk tri e
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Z grafu aj tabulky je vidiet tendenciu rozdelenia odpovedi, priCom opat pracovnici samospravy
s kompetenciami ohladom KO vykazuju Statisticky vyznamne CastejSie vySSie urovne motivacie ako
beZni ob&ania. Podiel odpovedi hodnotiacich Groven motivacie zhrnutych do kategérie ,Ano* (motivovani
respondenti) z celého suboru respondentov v ramci samospravy je rovny 0,7902 z n; = 947 odpovedi
a podiel LAno“ v stibore obcanov je 0,6224 z n, = 116.

Testujeme nulovi hypotézu, Ze podiely odpovedi kategérie ,Ano“ v prvom subore (respondenti
samospravy) a druhom subore (respondenti ob&ania) su zhodné oproti alternativnemu tvrdeniu, ze
podiel v prvom subore (respondenti samospravy) je realne vysSi na hladine vyznamnosti a = 0,5.

Testovacia Statistika: z = (0,79 - 0,622) / 0,0412916 = 4,06862

Jednostrannému testu prislicha p-hodnota 2,365e-005 L a =0,05, preto nulovu hypotézu zamietame
a prijimame alternativhu hypotézu, Ze podiel v najvac¢sej miere motivovanych zamestnancov v prvom
subore je vySSi ako podiel v najva¢dej miere motivovanych ob¢anov.

Zaroven v ramci samospravy su Statisticky vyznamne CastejSie viac motivovani zamestnanci, ktori su
zamestnani v samosprave v mieste svojho bydliska:

Testovacia Statistika: z = (0,801 - 0,714) / 0,0404908 = 2,14863; jednostranna p-hodnota = 0,01583,
zamietame Hy 0 zhode podielov.

Predpokl ad 7:e Ma)ngliOeQOObocbyvateOov el massamgspr Spé&p
organi z8ci ami cepmig8cihreldmranédt ®zkach ako v2] gie obce.

Mnohé vyskumy venuju pozornost’ otazke verejného a sukromného poskytovania verejnych sluZieb,
vratane odpadového hospodarstva, ktoré su zamerané na analyzu poskytovatelov odpadového
hospodarstva, efektivnosti zmeny poskytovatela odpadového hospodarstva. Struk, M. porovnanim
vydavkov za nakladanie s komunalinym odpadom vo viac ako 60 obciach v CR, ktoré zmenili
poskytovatela, poukazuje na zniZovanie vydavkov obci pri zmene dodavatela bez ohfadu na to, Ci
novym poskytovatelom je verejna alebo sukromna spolo¢nost, namiesto neustaleho predlzovania zmlav
so sU&asnym poskytovatefom®’. Iné vyskumy v oblasti odpadového hospodarstva si zamerané na
moznosti a nasledne efektivnosti spajania sa obci pri nakladani s komunalnym odpadom. Struc¢ny
prehlad o tom poskytuje Soukopova™. Na priklade CR poukazuje na spoluprdcu medzi mestami
a prezentuje hodnotenie nakladovej efektivnosti nakladania s komunalnym odpadom.

V podmienkach SR sme zistovali, aky podiel obci vyuziva komunikaciu a spolupracu s inymi obcami
¢i organizaciami s cielom zefektivnit’ svoje vysledky, pricom sme si vSimli, Ze CastejSie takuto spolupracu
vyuzivaju obce s menSim poctom obyvatelstva.
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Predpoklad sme otestovali testom zhody dvoch podielov suhlasnych odpovedi na otazku: ,Spajate sa
pri organizacii a jednani o cenach za nakladanie s odpadom s inou samospravou/organizaciou?”

Vysledky nasho prieskumu (Tabulka 7) poukazuju na to, Zze cca 36% obci do 999 obyvatelov a len
26% obci s potom obyvatelov 1000 a viac sa spaja pri rieSeni otazok nakladania s komunalnym
odpadom. Nenahodnost vysledku potvrdime zamietnutim nulovej hypotézy, Ze podiely spolupracujucich
obci v populaciach obci s menej ako 1000 obyvatelmi a s 1000 alebo viac obyvatelmi su rovnaké
a prijatim alternativnej hypotéza vyjadrujucej predpoklad vysSieho podielu kooperujucich obci v prvom
subore tvorenom mensimi obcami.

Subor 1: Pocet takychto obci je v nasej databaze n; = 585, podiel; spolupracujucich z nich 0,3556.

Subor 2 je tvoreny obcami s poctom obyvatelov 1000 alebo viac obyvatelov va¢sim alebo rovnym 1000.
Pocet tychto obci je n, = 359, podiel, spolupracujucich z nich je 0,2563.

Testovacia Statistika: z = (0,3556 - 0,2563) / 0,0312181 = 3,18084.
Jednostranna p-hodnota = 0,0007342.

Castejsie spolupracu pri organizacii a inych aspektoch nakladania s komunalnym odpadom podla
oCakavania uplatiiuju menSie obce, ktoré si takymto partnerstvom zefektiviiuju organizaciu riadenia
zalezitosti onfadom komunalneho odpadu, ale stéle je to relativne nizka pocCetnost. Rozdiel povazujeme
za Statisticky vyznamny na zaklade testu hypotézy rovnosti podielov v oboch suboroch na hladine
vyznamnosti a =0,05, kedZe jednostranna p-hodnota je <a, mdézeme nulovu hypotézu zamietnut
a konstatovat, Ze rozdiel v podieloch spolupracujucich obci v suboroch s mensimi a va¢simi obcami je
Statisticky vyznamny potvrdzujuci prevahu viac spolupracujucich menSich obci.

TabuOka 7: Spg§8j ate s a pricemghRniza8cnakl adameidearn? c
samospr 88vou/orgamid®cd DU ?0 ybwat eObDFOFr@ghyvynatl eOmie sl e

?esp?)r{d:nrt]olve/ Obcespoc¢t om Obcespoc¢t om
pon obyvatel om | obyvatel om

(pocCet, p

Ano 208 0,3556 92 0,2563

Nie/neviem 377 0,6444 267 0,7437

Celkovy sucet 585 1 359 1
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,Co by stmemlasphdri e situadcie v odpadovom hospodal

Otazkou v dotazniku sme ocakavali ziskanie nie koneénych rieSeni problémov v odpadovom
hospodarstve, ale podnety pre Uvahy a podklady pre dalSie projekty, odborné Studie a analyzy. Mnoho
odpovedi bolo laickych, ale nembZeme oCakavat, Zze nazory individualnych respondentov, aj ked
reprezentuju v otazke administrativy komunalnych odpadov kompetentnych zastupcov obce, ze budu
vysoko odborné, analytické €i inovativne u vSetkych administrativne kompetentnych zastupcov obci viac-
menej len aplikujucich existujucu legislativu v predmetnej oblasti do praxe obce.

S tymito oCakavaniami sme odpovede na uvedenu otazku rozdelili do siedmych skupin, pri¢om
niektoré odpovede sme zaradili aj do viacerych skupin z dévodu, Ze niektoré rozsiahlejSie odpovede
smerovali do viacerych oblasti.

Prva skupinu odpovedi sme vytvorili v sulade s hierarchiou odpadoveého hospodarstva. Do tejto
skupiny sme zaradili odpovede respondentov suvisiacich s jednotlivymi prioritami. Respondenti na
zlepSenie situacie v odpadovom hospodarstve odporucali predchadzat vzniku komunalneho odpadu uz
priamo pri vyrobe, respektive pri baleni a nasledne pri distribucii produktov a to tak, aby sa pouZivalo
menej obalového materialu, v ramci distribucie odporucali zalohovanie obalov (PET flias, sklenenych
flia§, plechoviek). Pripravu na opatovné pouzitie a recyklaciu zahrnuli do odpovedi, v ktorych zamerali na
potrebu rozSirenia poctu triedenych zloZiek komunalneho odpadu, zriadenie zbernych dvorov v obciach,
zabezpecenie farebnych kontajnerov do jednotlivych obci, &i farebné nadoby, ktoré by boli zabezpelené
za ucelom triedenia komunalnych odpadov do domacnosti. Medzi odpovedami boli uvedené aj podnety
na dobudovanie spalovni, Ci dorieSenie koncovky vyuZivania vytriedeného odpadu. Vo viacerych
odpovediach bol kladeny dbraz na nastavenie systému, aby ten kto triedi odpad platil nizsi poplatok. Do
tejto skupiny odpovedi bolo zaradenych viac ako jedna tretina odpovedi respondentov.

Druhu skupinu odpovedi tvorili odpovede, ktoré suviseli s financovanim nakladania s komunalnym
odpadom. Respondenti odporucaju upravit finanéné vztahy, viac finanénych prostriedkov pre
samospravy zo Statnych zdrojov, Eurofondov, Envirofondu, ¢ OZV za ucelom nakupu techniky,
kontajnerov a predovSetkym motivovat tych, ktori triedia komunalny odpad (takmer 9 % respondentov).

Tretiu skupinu odpovedi tvorili odpovede, v ktorych respondenti poukazuju na potrebu legislativnych
zmien, potrebu zvySenia poplatkov a dodrziavania platnej legislativy s uplatfiovanim postihov pre tych,
ktori ju nedodrziavaju, netriedia komunalny odpad, znecistuju zivotné prostredie a tvoria Cierne skladky
(viac ako 9 % respondentov). Do tejto skupiny sme zaradili aj odpovede, v ktorych respondenti
oCakavaju pomoc od tatu pri likvidacii Ciernych skladok.

Stvrtd skupina odporuéani respondentov bola zamerand na Nevyhnutnost kontroly v systéme
nakladania a triedenia komunalneho odpadu s dérazom prenesenia zodpovednosti za kontrolu na
obvodny urad zZivotného prostredia, policiu, pripadne vytvorenie samostatnej kontrolnej institucie (viac
ako 4 % respondentov).

Takmer Stvrtinu odpovedi tvorila piata skupina odporu€ani smerujucich k propagacii triedenia odpadu
medzi obyvatelstvom na réznych urovniach ako uzemnych, tak aj ku vSetkym vekovym kategoriam
obyvatel'stva.

Na piatu skupinu odpovedi logicky nadvazovali odporucania pozadujuce zvySovat mieru vytriedeného
odpadu apelovanim na vy$Siu zodpovednost ob&anov a zvySovanim ich motivacie (Siesta skupina).

b4

Poslednu siedmu skupinu tvorili odpovede respondentov, ktori uvadzali ,ni¢“, ,neviem®, neuviedli
Ziadnu odpoved na tuto otazku, teda nedali konkrétny navrh na zlepSenie v danej oblasti, pripadne su
spokojni s danym stavom nakladania s odpadom v ich obci. Do tejto skupiny sme zaradili aj odpovede
typu: ,dohliadnut’ na to, aby sa zabezpecilo, aby do nasej krajiny neprivazali na skladky odpadov odpad
z inych S&tatov® alebo ,vratit sa do Cias z rokov 1980% alebo ,zlepsit vymozitelnost pohladavok za
neplatiCov komunalneho odpadu (t. z., siahnut aj na davky)“.
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Zaver

Velké mnozstvo odpadu, nakladanie a hospodarenie s odpadom predstavuje vazny environmentainy,
ekonomicky a socialny problém, nakolko odpady ohrozuju vSetky zlozky zivotného prostredia. Eurépska
Unia urCuje pre Clenské Staty jednoznaénu hierarchiu nakladania s odpadom, ktoru sa vSak nedari
dodrziavat.

Zavery experimentalnej Casti tohto prispevku su zaloZené na subjektivnych nazoroch zastupcov
samosprav a beznych ob&anov. Kazdy ¢lovek je zdrojom Skaly réznorodych nazorov, postojov a €inov,
Co predstavuje nahodnu zlozku Statistického javu, ovplyvnenych okolnostami prostredia, vedomostami
skusenostami a samotnou situaciou. Testovanie Statistickych hypotéz napomaha odhalit tendenciu
vnimania, postojov a spravania sa ludi za Specifikovanych okolnosti pomahajic rozhodnut sa, &i je
testovany jav vysledkom pdsobenia len nahodnych prirodzenych odchylok alebo vplyvom objektivnych
Specifik, €o nasledne mézeme spolahlivejSie vyuzZit v manazmente procesov odpadového hospodarstva
a snahach o dosahovanie vyty€enych cielov.

Jednym =z takychto cielov pre Slovensku republiku je do roku 2020 zvySit recyklaciu odpadu
z domacnosti a z inych zdrojov, ktoré obsahuju podobny odpad ako domacnosti, najmenej na 50 %
podla hmotnosti. Aby bol tento ciel splneny, je potrebné zvysit uroven triedeného zberu
recyklovatelnych ¢asti komunalnych odpadov. Tymito ¢astami rozumieme najma papier, lepenku, plast,
kov, sklo a biologicky rozloZitefny odpad. Nakolko jednotlivé vytriedené zloZky komunalnych odpadov
nie su plne recyklovatelné, ciele pre mieru triedeného zberu komunalnych odpadov prevySuje samotny
ciel recyklacie a v roku 2020 ma triedenie komunalneho odpadu dosiahnut 60 %, ako predpoklad 50 %
recyklacie, nakolko nie vSetok vytriedeny odpad je mozZné aj realne recyklovat. Takto stanovené ciele sa
zatial na Slovensku, ale aj v mnohych dalSich krajinach Eurdpskej unie nedari dodrziavat, ¢o vytvara
tlak na potrebu prijatia u€innych opatreni. Efektivnost opatreni je vo velkej miere zavisla od
realizovanych legislativnych zmien, ako aj systému nakladania s odpadom, tak ako sa to dari
v najvyspelejSich krajinach v tejto oblasti.

Na zaklade dotaznikového prieskumu a zistenych vysledkov si dovolujeme navrhnut nasledujuce
opatrenia, ktoré by mali napoméoct k zvySeniu zaujmu o triedenie komunalneho odpadu:

1. Upravit poplatok za vyvoz KO tak, aby ti, o triedia, platili menej, alebo mali iné vyhody z triedenia.
Tuto kompetenciu v sulade s platnou legislativou maju obce, ktoré zodpovedaju za nakladanie
s komunalnymi odpadmi, ktoré vznikli na uzemi obce, a s drobnymi stavebnymi odpadmi, ktoré vznikli na
uzemi obce. Za zber, prepravu a zneSkodriovanie komunalnych odpadov a drobnych stavebnych
odpadov sa plati obci miestny poplatok. Okruh platitelov poplatkov, vySku a sadzbu poplatkov, vznik a
zanik povinnosti platenia poplatkov a dalSie nalezitosti poplatkov upravuje vSeobecne zavazné
nariadenie o miestnych daniach a o miestnom poplatku za komunalne odpady a drobné stavebné
odpady pre uzemie obce. Obec pri ustanoveni vysky miestneho poplatku za komunalny odpad a drobny
stavebny odpad vychadza zo skutoénych nakladov obce na nakladanie s komunalnym odpadom
a drobnym stavenym odpadom. Pritom obec do miestneho poplatku nemdze zahrnut naklady triedeného
zberu oddelene zbieranej zlozky komunalneho odpadu, ktoré znasaju vyrobcovia vyhradenych vyrobkov,
tretie osoby alebo organizécie zodpovednosti vyrobcov, ktori zodpovedaju za nakladanie s vyhradenym
prudom odpadu v danej obci. Vynos miestneho poplatku za komunalne odpady a drobné stavebné
odpady pouZije obec vylu¢ne na zber, prepravu, zhodnocovanie a zneSkodfiovanie komunalnych
odpadov a drobnych stavebnych odpadov. Od polovice roka 2016 obce neuhradzaju naklady na triedeny
zber. Finanénu zodpovednost za triedeny zber komunalneho odpadu v obciach prevzali organizacie
zodpovednosti vyrobcu. Z vysledkov ankety medzi samospravami vyplyva, Ze v désledku prechodu
finan¢nej zodpovednosti za triedeny zber komunélneho odpadu na organizacie zodpovednosti vyrobcu,
ktory povodne bol zahrnuty do poplatku za komunalny odpad, ani jedna z 33 anketovanych obci
neznizila poplatky za komunalny odpad. Obce to zddvodiuju tym, Ze naklady na komunalny odpad
dotovali z rozpoctu obce (21 obci), vzrastli naklady na biologicky rozlozZitelny odpad (7 obci), vznikli nové
naklady na prevadzku zberného dvora (2 obce)™.

Napriek uvedenym faktom a existencii rozporu, kedy respondenti (obce) na jednej strane ako jednu
z realnych moznosti zvySovania podielu triedeného komunalneho odpadu odporu€aju ako jeden
z faktorov motivacie ku triedeniu odpadu aj finanénu motivaciu tych, ¢o odpad triedia vo forme
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zniZovania poplatku za komunalny odpad a na druhej strane, ked obce su oslobodené od nakladov na
financovanie nakladania s triedenym odpadom, poplatky za komunalny odpad neznizuju, lebo
uvedenymi usporami financuju novovzniknuté naklady, odpori€ame znizovat poplatky za komunalny
odpad pre tych, Co triedia. Obce by mali hfadat aj iné moznosti zniZovania celkovych, ako aj
novovznikajucich nakladov.

2. ZlepSit organizaciu nakladania s odpadom tak, aby ob¢ania mali dostatok vriec na vyseparované
zZlozky odpadu v rodinnych domoch a pri obytnych blokoch dostatok kontajnerov. Zabezpecit' pravidelny
zvoz tychto vyseparovanych zloziek, aby nedochadzalo k prepliianiu zbernych nadob.

3. Zaviest separaciu KO v tych mestach a obciach, kde tento zber zatial nebol zavedeny, alebo nebol
zavedeny primerane.

4. ZvySit osvetu a propagaciu medzi obanmi ohladom dodlezitosti triedenia komunalneho odpadu.

Nas$ vyskum sa zameriava na analyzu a rieSenia podporujtice plnenie cielov EU ohladom triedenia
komunalnych odpadov, ktoré reprezentuju variant aktualneho stale len Ciastkového rieSenia globalnych
problémov s odpadmi. Pre udrzatelnost stavu zivotného prostredia je vSak nevyhnutné zabezpecCit
zaroven spolahlivé a stabilné rieSenie odbytu a spracovavania vyseparovanych zloZiek.

Potreba zvySovania miery triedenia a zhodnocovania KO je nesporna. Dosiahnut sa to da hlavne
zvySenou aktivitou v oblasti triedeného zberu priamo u pévodcov jednotlivych zloZiek odpadu. Aj napriek
jasnym environmentalnym, ekonomickym a socialnym prinosom su na Slovensku kvalitné a ucinné
systémy triedeného zberu zatial len malo rozSirené. Z toho dévodu je potrebné vykonat zmeny, ktoré su
v sulade s cielmi a legislativou Slovenskej republiky a Eurdpskej unie. Potreba tychto zmien, hlavne
v oblasti motivacie ob&anov, vyplynula aj z nasho prieskumu.

PoNakovani e

Pr2spevok je liastolnim vistupom pr oj edkanamickéE GA
efekt2vnosti materi 8l ovo energetick®ho zhodnocov
Podni kovohospods8r skej fakul te Ekonomi ckegi cumicvherz
podpor e Vedeckej grantovej agenvibis kgunMi nas tgerogttwa
republiky, zalo jej vyjadrujeme svoje poNakovanie.
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Views of municipalities on selected municipal waste management issues

Moni ka LONKOVC, Michal STRILE&EK, Monika BALOVC
Podni kovohospod8rska fakulta v Kogiciach Ekon
041 30 Kogice, Slovensk8 republika

Summary

The European Union in its development strategy has set the goal in circular economy to achieve
maximum of material and energy recovery of waste with minimization of its disposal. The Slovak
Republic has been failing to meet these goals for a long time and, in comparison with the European

Union

countries, it is in the last places in the field of waste recovery, including municipal waste. In this

context, the contribution helps to identify the opportunities and barriers to the effective recovery of
municipal waste, based on a questionnaire survey focused on self-government in the Slovak Republic.
The outcome of the evaluation of the survey is to identify the attitude of the representatives of
municipalities towards the environment as well as to propose measures, whose implementation would
contribute to increasing the level of municipal waste sorting in Slovak towns and municipalities.

Keywords: municipal waste, recovery of waste, waste disposal, landfilling, municipal, questionnaire
survey
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Vyzkum moznosti zpracovani komu

sohl edem na platnou a noveée pl an

Uzemi statutarniho mésta Opavy
Petr J ANL,P&traGUT A ROV CFIEBGR

Vysok&8 ¢k oilTae cbh8nRsckk8 uni ver zita Ostrava,
technol ogi 2, 17. | i st Bgubad u 1 5, 708 33 Os
e-mail: petr.jancik@vsb.cz; petra.sutarova@vsb.cz; jiri.fiedor@vsb.cz

Souhrn

C2lem vizkumnlTch aktsiowiltasmPhe zhadmuomearkd §d§n? s
Yazem? statut8rn?ho mRNsta Opavy a ideovl ngvrh pS2y
skomun8l n2 m colpda d e onv lvmi trendy, kt erpGSilpucdowyvaakRotl v

pIat!né@wsvach, st8tech Evropsk® wmiMoe.avERotsd e@kdt Bal,§ K snia
skl §da&alynnD pSiblignhD 17000 tun smN§m®hovkakumB8l ohh

vytvoSen t eicehknord omii ckklo model , kterjyurpaglﬁlSjZepadn@vn
nov®ho syst®mu nakl 8d8n2 se smlDsnid Tz rkloortungd n§ ane fo8dc
vIizkumu byly analyzovsgny t e BKOn jaloki@tS¥drcantly nkay a
bi oplynovg8 stanice, k o nmpgoestti 8crkn®a , v yzuadd Pt&2dsatcéat pparcad , eanpgd &
odpadxtkekrn2zmu zpracovsg§n?2. Jednot | icko®@mickg zhodaonenyy a | e
Kl 2] ovg samNewnd: komunsgl n?2 odpad, var itédrtdnx 2 zpr akay
vyugit2, bioplynov8 stanice, kompost&8rna

Uvod

Pro feSeni problematiky nakladani s odpady v ramci Statutarniho mésta Opava je vhodneé zafazeni do
kontextu v ramci Evropské unie, Ceské republiky a regionalni urovné. KliCovy pro trend v nakladani
s komunalnim odpadem je ale legislativni ramec, zejména pfiprava nového zakona o odpadech.

V soudasné dobé je v Ceské republice v platnosti zakon &. 185/2001 Sb., o odpadech®. Tento zakon
zapracovava pfislusné predpisy Evropské unie a upravuje pravidla pro pfedchazeni vzniku odpadud a pro
nakladani s nimi pfi dodrzovani ochrany Zivotniho prostfedi, ochrany lidského zdravi a trvale
udrzitelného rozvoje a pfi omezovani nepfiznivych dopadld vyuzivani pfirodnich zdroju a zlepSovani
ucinnosti tohoto vyuzivani.

V ramci vyzkumu byl bran ohled zejména na povinnosti pfi nakladani s komunalnim odpadem, se
smésnym komunalnim odpadem a biologicky rozlozitelnou slozkou komunalniho odpadu.

Zakon® stanovuje, Ze v ramci odpadového hospodafstvi musi byt dodrzovana nasleduijici hierarchie
zpUsobl nakladani s odpady:

a) predchazeni vzniku odpadu,

b) pfiprava k opé&tovnému pouziti,

c) recyklace odpadd,

d) jiné vyuZiti odpadu, napfiklad energetické vyuziti,
e) odstranéni odpadu.

Zakon' dale stanovuje povinnosti a opravnéni obce a fyzickych osob pfi nakladani s komunainim
odpadem. Obec ve své samostatné pusobnosti stanovi obecné zavaznou vyhlaskou obce systém
shromazdovani, sbéru, pfepravy, tfidéni, vyuzivani a odstranovani komunalnich odpadu vznikajicich na
jejim katastralnim uzemi. Obec mulze vybirat Uhradu za shromazdovani, sbéru, pfepravy, tfidéni,
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vyuzivani a odstrafiovani komunalnich odpadi od fyzickych osob na zakladé smlouvy. Vybira-li obec
tuto uhradu, nemlze stanovit poplatek za komunalni odpad ani mistni poplatek za provoz systému
shromazdovani, sbéru, prepravy, tfidéni, vyuzivani a odstrafiovani komunalnich odpadl podle zakona
o mistnich poplatcich. Obec mize obecné zavaznou vyhlaskou stanovit a vybirat poplatek za komunalni
odpad vznikajici na jejim uzemi.

Obcim je stanovena povinnost zajistit mista pro oddélené soustfedovani slozek komunalniho odpadu,
minimalné nebezpecnych odpadu, papiru, plastl, skla, kovl a biologicky rozlozitelnych odpadu. Na
skladky je od roku 2024 zakazano ukladat veSkery neupraveny smésny komunalni odpad
a recyklovatelné a vyuZitelné odpady?.

Nakladani s biologicky rozloZitelnymi odpady se fidi zakonem o odpadech® a vyhlaskou MZP
¢. 341/2008 Sb., o podrobnostech nakladani s biologicky rozloZitelnymi odpady®. Dle platné legislativy
Ize biologicky rozlozitelné odpady zpracovavat v zafizenich, jejichz technologie je zaloZzena na aerobnim
nebo anaerobnim biologickém rozkladu.

V soudasnosti je navrh nového zakona o odpadech v rezimu pfipominkového fizeni®. Novy zéakon
0 odpadech mél byt platny od 1. 1. 2018. Hierarchie nakladani s odpady je obdobna jako v souCasné
platném zakoné o odpadech a vychazi ze Smérnice EU 75/442/ES. Specifikace podminek pro nakladani
s odpady k dosazeni této hierarchie je v8ak konkrétngjsi. Navrh nového zakona o odpadech” specifikuje
i nastroje, jak této hierarchie dosahovat. Nové je uvedeno, kdy odpad pfestava byt odpadem. Jedna se
zejména odpad, ktery je uréen k opétovnému pouziti (napf. dily autovrak(l) a dale odpad v okamziku
zpracovani do vyrobku v zafizeni, které odpad pfijima jako vstupni surovinu.

Na skladky bude od roku 2024 zakazano ukladat odpady, jejichz vyhfevnost v susiné je vySSi nez
6,5 MJ/kg, odpady, které nesplni parametr biologické stability AT4 vymezeny v pfiloze 6. 9 zakona’
(charakterizuje biologickou aktivitu odpadu), a odpady, které je za stavajiciho stavu védeckého
a technického pokroku mozné uéelné recyklovat. Navrh zakona® dale upravuje poplatky za ukladani
odpadu na skladky. Navrhované poplatky za ulozeni jednotlivych druht odpadud na skladku jsou uvedeny
v tabulce 1.

Tabulka 1: Sazba za ukIl 8§d8&8n2? odpadT na skl §8dku

Dil ¢&i za Popl atkovérooebdobi v

poplatku za 2030
Ukl Adani|208 |2019 |2020 |2021 |2022 |2023 |2024 |2025 |2026 |2027 |2028 | 2029 |Z°°
‘é{lﬁgﬂ”e“o 900 | 1150 | 1350 | 1550 | 1700 | 1850 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000
zbytkového 500 | 500| 500| 500| s500| 00| 500| 500| 600| 600| 700| 700 | 800
odpadu

ggg:ﬁﬁecneho 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000| 2000 | 2000
vybraného

technologického 45 45 45 45 45 45 45 45 45 45 45 45 45
odpadu

Navrh nového zakona o odpadech® v obecné roviné rovnéz resi problematiku nakladani s biologicky
r ozl oz idadegademykomunitniho kompostovani, pouzivani kalil z COV i z potravinarskych provozu
na pudé a sedimentl vytézenych z vodnich tok a nadrzi.

(Cz

Nakl adldommusal ni m odpadenz evnei cvhy bE vatheypché ar e publ i ¢

Zakladnimi zdroji dat o produkci a nakladani s odpady v Evropé jsou Evropska agentura pro zivotni
prostfedi, data zpracoval statisticky urfad Evropské unie Eurostat a Organizace pro hospodarskou soutéz
a rozvoj OECD. Mezinarodni srovnani produkce komunalnich odpadd na obyvatele uvadi obrazek 1.
Podil energetického vyuziti SKO ve vybranych zemich Evropy uvadi tabulka 2.
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Obr §8zek 1: Mezi n8r odn?2

Tabul ka 2: Energetick® vyugrt2 SKO ve vybranlTch z

. Energetick
Zeme [hnij.%]
Rakousko 11
Belgie 33
CR 13
Dansko 53
Finsko 10
Francie 38
Né mecko 44
Madar s k @ 8
I'talie 8
Nizozemsko 31
Norsko 15
Spanél sK 6
Svédsko 38
Svycar sk 48
Vel ka Br i 9

V roce 2017 bylo v Ceské republice vyprodukovano 24,9 mil. tun odpadu, z toho 3,6 mil. tun
komunalniho odpadu. Smésny komunalni odpad, pfedstavoval 2,1 mil. tun, tedy 58 % z celkové
produkce komunalniho odpadu®. Smésny komunaini odpad je v Ceské republice zpracovavan
ukladanim na skladky (cca 87 %) a energeticky vyuzivan ve spalovnach odpadl (cca 13 %). Pro
energetické vyuziti smésného komunalniho odpadu jsou v provozu 4 spalovny komunalnich odpadd.
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Navrh moznosti nakladani s komunalnim odpadem v Opavé reflektuje Plan odpadového hospodarstvi
Moravskoslezského kraje pro obdobi 2016-2026, ktery schvalilo zastupitelstvo Moravskoslezského kraje

dne 25. Unora 2016".

Stvaaj i ci

stav

Produkce komunalniho odpadu samotného mésta Opavy ve vySi cca 23 000 tun ro¢né je na urovni
60 % okresu Opava. Podil nevytfidéného SKO ¢&ini 70 % z celkové produkce komunalniho odpadu.
Produkci komunalniho odpadu a jeho slozek uvadi tabulka 3°. Zpracovani komunalnich odpadl ve
mésté Opava provadi Technické sluzby Opava, s.r.o. (TSO).

Tabulka3:Pr odukce komun8l n2ho odm@elda2056 OpaviD v | etech
Druh odpadu Cel kovéa prtodnu&k kg/obyvatele
2014 2015

Papir a | epenka 2092,8 1519,3 26,3
Sklo 696,5 675,8 11,7
Nebezpecény odpad 20,5 15,9 0,3
Plasty 703,8 708,6 12,3
Kovy 3575,7 3664,9 63,5
Biologicky rozlozi 912,5 774,9 13,4
Smésny komunal ni o 13874,8 13 410 232,5
Objemny odpad 2618,5 2535,8 44,0
CELKEM 244949 23305,0 404,1

Cast uvedené produkce je svazena TSO, s.r.o. jako tfidény odpad. Ten se dale dotfiduje na ruéni
dotfidovaci lince a prodava jako surovina. Objemny odpad je po snizeni objemu ukladan na skladku.
Smésny komunalni odpad je rovnéz ukladan na skladku. Biologicky rozloZzitelny odpad spolu s odpadem
Z udrzby zelené je prfedavan ke kompostovani externim subjektim. Zdrojem SKO je tedy svoz ze
sbérnych nadob a provoz sbérnych dvort, ktery zajistuji TSO, s.r.o. Biologicky rozlozitelny odpad od
ob&anu je v sou€asnosti odebiran v ramci sbérnych dvoru a jsou provadény pokusné svozy sbérnych
nadob na biologicky rozlozitelny komunalni odpad (BRKO), aby bylo mozno ovéfit naklady na jeho svoz.

Navr hovagt éahhické zhodnoceni

Podle stavaijici i pfipravované legislativy je SKO povazovan za vyuzitelny a od roku 2024 jej nebude
mozno ukladat na skladky a bude potfeba jej upravit tak, aby jej bylo mozZno oznacit, dle nové
pfipravované legislativy, odpadem ,zbytkovym®. Po zhodnoceni sou€asnych technickych moznosti ve
svété i v CR byla vybrana dostupna technick& zafizeni pro mozné zpracovani SKO v Opavé se
zahrnutim svozu z okolnich obci. Pak by bylo mozno pocitat s kapacitou alespori 20000 t SKO za rok.
To je obvykla limitni minimalni kapacita pro technologie na zpracovani SKO. Zakladni technologie pro
zpracovani SKO s odlisnou filosofii jsou zafizeni pro materialové vyuZiti slozek SKO a zafizeni pro
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energetické vyuziti SKO. Dopliikovymi technologiemi jsou zafizeni pro zpracovani BRKO a pfipadné
neni vhodné, dochazi k velké chybovosti, je nutny velky pofet zaméstnancli, a vzhledem k jeho
potencialni infekEnosti nastava problém s hygienou prace. Proto tato varianta nebude dale uvazovana.

Pro uvazovanou kapacitu pfichazeji v ivahu nasledujici zafizeni:

- linka pro tfidéni SKO

- zafizeni pro hrubé predtfidéni SKO

- zafizeni pro anaerobni digesci BRKO

- zafizeni pro aerobni digesci BRKO

- pfimé energetické vyuziti oxidaénim procesem (spaleni)

- prekladaci stanice a odvoz smésného komunalniho odpadu k odstranéni externi firmou.

Linka pr &6Ka $2dnn?2

Navrh technologie pro tfidéni SKO v zajmovém uzemi vychazi z modernich ovéfenych technologii,
které funguji ve srovnatelnych uzemich. Jedna se napfiklad o technologii tfidici linky smésného
komunalniho odpadu v polském mésté Bielsko-Biata. Technologie uvedena do provozu v roce 2012
splfiuje standardy BAT (Best available techniques - nejlepSi dostupné techniky). Smésny komunalni
odpad je mechanicky tfidén na bubnovych sitech na 3 frakce, a posléze ru¢né dotfidén na jednotlivé
materialové vyuzitelné frakce, energeticky vyuzitelny podil a biologicky rozlozitelnou frakci (lehka
nadsitna frakce pro dotfidéni na materialové vyuzitelné slozky, stfedni frakce pro energetické vyuziti,
téZka podsitna frakce pro vyuzZiti biologickymi procesy). Na obdobném principu je navrzena instalace
linky pro dotfidéni SKO v Karvinském regionu ve mésté Havifov s kapacitou cca 40 000 t SKO/rok®.

Linka pro hrub® pSedtS$S2dhDn2 SKO

V pfipadé pouZiti jednodussiho zafizeni na pfedtfidéni SKO, budou vysledkem tfidéni dvé zakladni
frakce:

* podsitna frakce, ktera obsahuje zejména BRKO a inertni odpad,
* nadsitna frakce, ktera obsahuje ostatni slozky (materialové a energeticky vyuZitelné).

Vyhfevnost podsitné frakce je zanedbatelna a vyhfevnost nadsitné frakce je cca 18 Mg/kg. Pfedpoklada
se, ze podsitnou frakci bude pravdépodobné mozné po stabilizaci biologicky rozlozitelné slozky ulozit na
skladku jako zbytkovy odpad a nadsitnou frakci bude mozno vyuzit pro vyrobu alternativniho paliva. Navic
se predpoklada vyuziti magneticky separovatelné slozky — Zeleza. VySe uvedené informace vyplyvaji
z vysledku pilotnich pokusu provedenych ve spole€nosti OZO Ostrava, s.r.o.

Komung8l n2 bioplynov8 stanice (anaerobn?2 digesce)

Podsitnou frakci ziskanou mechanickou separaci tuhého komunalniho odpadu lze zpracovat na
rekultivacni material pomoci procesu anaerobni digesce. Timto procesem je mozno rovnéz zpracovat
biologicky rozlozitelny odpad z udrzby méstské zelené i bioodpad separovany u zdroje (obyvatel,
zivnostniku ¢i firem) na energii a hnojivo. Produkovan je bioplyn vyuzitelny k vyrobé elektrické energie
aplikovatelné do sité a tepelné energie (pfipadné i chladu) v kogeneracnich jednotkach. Odplynénou
biomasu je nejvhodnéjsi osetfit z hlediska obsahu zavadnych latek a navratit ji do pidy, kde organicka
slozka v dnedni dobé schazi. VyuZzit Ize technologii bioplynové stanice (BPS) s ,mokrym*, ,polosuchym®
a ,suchym® procesem.

Kompost 88rna (aerobn2z digesce)

Pro ucely kompostovani jsou z technického hlediska k dispozici dvé zakladni technologie, a to
kompostovani na volnych pasovych hromadach a kompostovani v biotabilizaénich boxech.
Kompostovani na hromadach je vhodné pro zpracovani velkych objemu biologicky rozlozitelnych odpad
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za predpokladu zajisténi vhodného sloZeni vsazky, zajisténi vhodnych skladovacich prostor a dodrzeni
spravnych procesnich podminek. Pro technické feSeni Ize uvazovat se dvéma variantami, a to podle
zpusobu provzdusnovani. Jedna se o kompostovani na pasovych hromadach s pouzitim samochodného
prekopavace a kompostovani na plodnych hromadach s pouzZitim pfekopavaci frézy. Pro ucely vyroby
certifikovaného kompostu Ize vyuzit BRKO z udrzby vefejné zelené respektive bioodpad separovany
u zdroje (obyvatel, Zivnostnikt). Kompost vyrobeny z podsitné frakce tfidici linky je ménéhodnotny
s ohledem na pfimési inertnich materiald a na moznou pfitomnost toxickych prvku a lze jej vyuzit jako
rekultivani material.

ZaS2zen? pro energetick® vyugit?2 odpadT

Pro mésto Opava Ize pfedpokladat navrh zafizeni pro energetické vyuziti SKO s jmenovitym vykonem
20 000 t SKO/rok. Instalaci takového zatizeni v CR provadi napf. spoleénost EVECO Brno, s.r.o., ktera
dodava jednotku s nazvem EVELINE. Tato jednotka je schopna energeticky zpracovat az 30 000 tun
SKO/rok. Jako stabilizaCni a pfidavné palivo je pouzit zemni plyn. Energie spalin je vyuZita pro vyrobu
pary o pozadovanych parametrech. Vyrobena para slouzi pro generovani elektrické energie turbinou
pracujici v Rankinové cyklu. Organicky Rankintv cyklus (ORC) funguje na stejném fyzikalnim principu
jako tepelné obéhy v konvenénich elektrarnach a teplarnach. Zasadnim rozdilem je pouzitd pracovni
latka pro pohon turbin. U klasickych blokl se vyuziva voda, ale ORC vyuziva organické latky (chladiva,
silikonové oleje apod.). Organické latky maji vyrazné niz$i vyparné teploty, proto se daji nasadit na
recyklaci tepelné energie o nizSich teplotach, ktera by se v tradi¢nich zafizenich jiz nedala efektivné
vyuzit'°.

Predpokladana primérna vyhievnost komunalniho odpadu je cca 8 az 10 MJ/kg. Toto tvrzeni doklada
skuteénost, ze v ramci provadénych vyzkumnych aktivit bylo provedeno roztfidéni vzorku SKO (1 svozovy
vlz — cca 6 tun SKO) na vybrané frakce metodikou pouzivanou ve spole¢nosti SAKO Brno a.s., Uprava
téchto frakci na analyticky stav a stanovena hodnota vyhrevnosti jednotlivych frakci. Vazenym pramérem
byla uréena hodnota vyhfevnosti plvodniho vzorku SKO, jak je uvedeno v tabulce 4.

Tabulka4:Pr TmNRrng§ widKSeOmav D

Vy hTf evn( Podil n
% Hmotnost sl ozZMIWkg [[ vyhFevnos
Frakce SKO hm. [t] sl oZzky [MJ/kg SKO]

Nevyuzitel 1 274 5452 1,50 0,41
Stfedni fri 172 3429 18,50 3,19
Sklo 1,2 239 0,00 0,00
PET barevny 08 159 21,64 0,17
PETzel eny 0,6 119 21,64 0,13
PET modry 0,7 139 21,64 0,15
PE-folie 4,2 842 32,56 1,38
PEHD 0,7 131 29,14 0,19
PP 0,8 159 39,01 0,31
Napojovy ki 06 119 13,00 0,08
Papir, | epd{ 154 3 066 13,00 2,00
Zel ezo 1,1 215 0,00 0,00
HI i ni k 0,5 96 0,00 0,00
BRKO 0-80 mm 28,8 5728 2,05 0,59
Celkem 100 19 894 8,61
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PSekl §dac?2 stanice a odvoz SKO k extern2mu zpraco

Prekladaci stanice predstavuji prostorové méné naro¢né vybaveni pro prekladani smésného
komunalniho odpadu ze svozovych vozl do velkokapacitnich kontejnert. Pfedpoklada se denni nalozeni
cca 4 — 6 kontejnert o kapacité 10 t. Toto mnozstvi pfepravi ke zpracovateli cca 2 az 3 tézka nakladni
vozidla denné. Prekladaci stanice musi byt vybavena vhodnou manipulaéni plochou a nakladaéem.
V soucasnosti je mozna varianta dodavky veSkerého mnozstvi SKO z Opavy do tfidici linky OZO
Ostrava s.r.o. Je zavisla na dohodé Magistratu mésta Opavy s OZO Ostrava s.r.o., tedy zejména na
cené za zpracovani jedné tuny SKO. Vzhledem ke skuteCnostem, Ze jedté neni schvalend nova
legislativa, spole¢nost OZO Ostrava s.r.0. neni schopna stanovit pfesnou cenu za odstranéni odpadu.
Po konzultacich s vedenim OZO Ostrava s.r.o. byla odhadnuta cena za zpracovani 1400,- az 1650,- K&
za 1 tunu smésného komunalniho odpadu v misté odbéru (areal OZO Ostrava a.s. v Ostravé —
Kungicich).

Navr hovaekob&dhotmi cké zhodnoceni jednotlivych var

Pro zpracovani SKO v Opavé pfichazi v Uvahu fada variant moznych kombinaci vyuziti, pficemz
jednotlivé varianty byly samostatné posouzeny. Jedna se o nasledujici varianty:

1. Tr¥idici linka SKO a jeho materidlové vyuziti

Tridici linka a bioplynova stanice

Tridici linka a kompostarna

Hrubé predtfidéni SKO

Hrubé predtfidéni SKO a kompostarna

Hrubé predtfidéni SKO, kompostarna a separovany sbér BRKO
Energetické vyuziti SKO

Hrubé pfedtfidéni a energetické vyuziti SKO

© © N o g bk~ DN

Prekladka a externi zpracovani SKO v OZO Ostrava a.s.

Kromé& uvedenych variant byla uvazovana varianta nulového stavu (nakladani dle soucasnosti)
s prepokladanymi pozadavky pfipravované legislativy. ProtoZe technologie a jejich vystupy i ekonomické
vyuziti spolu souvisi, byl vytvofen komplexni matematicky model ekonomiky vSech variant s fadou
vstupu. Vystupem z modelu je cena za odstranéni 1 t SKO a pfepocet na jednoho obyvatele.

Vzhledem k znaénému mnozstvi ziskanych a vypocCitanych dat bude nasledné pro ukazku uvedena

vvvvv

modelu popsaném v rozsahlé vyzkumné zpravé mozno kdykoliv kontaktovat autory tohoto ¢lanku.

Variantal-Ek onomi ck § bi¢ 3 alnicrek y SSKO

VysSe investi¢nich naklada v pfipadé tfidici linky s kapacitou 20 000 t/rok je cca 240 mil. KE. Cena
zahrnuje veSkeré strojni a technologické zafizeni, stavebni a montazni prace. Pfi stanoveni ceny
a provoznich naklad tfidici linky se vychazelo ze studie proveditelnosti Aquatest a.s.®, z konzultaci se
zastupci ostravské pobocky firmy Aquatest a.s. a z konzultaci s pracovniky spoleénosti Technické sluzby
Havifov a.s. Cena muUze byt ovlivnéna technologickou skladbou tfidici linky a stupném automatizace. Pfi
hodnoceni pfijm0 a provoznich nakladd hraje dllezitou roli nékolik faktord, jejichz hodnoty jsou nejisté.
Jsou to zejména poplatky za zpracovani rznych druh( zbytkovych odpadl a ceny za ziskané komodity.
Dale hraje vyznamnou roli cena dopravy v€etné manipulace a slozeni SKO. Tyto udaje jsou stanoveny
S podstatné mensi nejistotou. DalSi udaje jsou exaktni a vychazeji z cen a z regionalni ceny prace v roce
2015. Ekonomicka bilance je uvedena souhrnné v tabulce 5.
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Tabulka5:Ekonomi ck§8 bilance tS2dic2 |linky SKO

Cel kové investi¢ni nakl ady K& 240 000 000
s dotaci K& 36 000 000
Cel kova 7ivotnost roky 20
Bl LANCE ROCNIi CH NAKLADU JEDNOTKA NAKLAD
Nakl adytfiidéni cel kem K& -11 938 214
naklady dle bilance odpadu a druhotnych surovin v K€ na tfidéni 1 t K&/t -600
Personalni naklady cel kem K¢ -6 311 803
mzdy K¢ -4 476 456
povinné pojistné Ke -1 566 760
socialni naklady K¢ -268 587
Fixni nakl ady Ké -1 850 000
roéni néklad z investice Ke -1 800 000
naklady na pojistné K¢ -50 000
Proporcionalni néakl ady K¢ -10 238 137
energie a média - zpracovani odpadu K¢ -5 626 098
servis a drzba a reinvestice K¢ -3 536 725
transport odpadti k lince K¢ -1 075 315
CELKEM Ke -30 338 154
Mérné naklady na 1 t SKO K¢ -1 525
Mérné naklady na 1 obyvatele KE -391

Vyse nakladl dle bilance odpadd a druhotnych surovin je vysledkem ekonomické bilance vyuziti
pfipadné odstranéni sloZzek smésného komunalniho odpadu v cenach platnych v roce 2016.

Varianta7i Ener geti ck® vyugit?2 SKO

Cena jednotky na energetické vyuziti smésného komunalniho odpadu (EV SKO) byla stanovena na
zakladé ,know-how“ spole¢nosti EVECO Brno, tedy na zakladé realizovanych (zejména zafizeni na
Cisténi spalin a spalovny prumyslovych odpadud) a pfipravovanych (mens$i spalovny SKO) projekta.
Z téchto zkusenosti bylo vychazeno i v pfipadé stanoveni provoznich nakladu jednotky na EV SKO.

Vyse investi¢nich nakladu v pfipadé jednotky na EV SKO s kapacitou 20 000 t/rok je cca 250 mil. K&.
Cena zahrnuje vesSkeré strojni a technologické zafizeni i stavebni a montazni prace. Pfedpokladana
Zivotnost této jednotky je 24 let. Zivotnost jednotky zcela zasadné ovliviiuje mnoZstvi zpracovaného
odpadu a tedy i ekonomiku provozu. V optimalnim stavu je jednotka mezi 2. a 10. rokem. Vyse
investi€nich nakladu je ovlivnéna konkrétni technologickou skladbou jednotky a muze byt tedy v urcitém
rozsahu upravena. Ekonomicka bilance této varianty je uvedena v tabulce 6.

Tabulka6:Ekonomi ck8&8 bilance jednotky EV SKO

Cel kové investi ¢ni nakl ady K& 250 000 000
s dotaci K& 250 000 000
Cel kovad 7ivotnost roky 24
BI LANCE ROCNIiI CH NAKLADU JEDNOTKA NAKL AD
Pfrijem za prodej komodi't K& 32 045 787
prodej vyrobené elektrické energie K&/t 14 507 099
prodej vyrobeného tepla KE 17 538 688
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Persondalni naklady cel kem K¢ -6 223 311
mzdy Ke -4 413 696
povinné pojistné K¢ -1 544 794
socialni naklady Ke -264 822
Fixni nakl ady Ke -10 416 667
roéni naklad z investice K¢ -10 416 667
Proporcionéalni nakl ady Ké -26 601 171
energie, média - zpracovani odpadu K¢ -8 221 824
servis a udrzba a reinvestice K¢ -8 631 250
naklady spojené s rezidui (popel, Skvara, odpadni voda) KE -9 748 097
CELKEM Ke -11 195 362
Mérné naklady na 1 t SKO Ke -563
Mérné naklady na 1 obyvatele K¢ -144

Vyhodnoceni dgsaBedhych v

Pro zakladni ekonomickou analyzu navrhovanych moznosti upravy SKO byly vytvofeny modely
ekonomickych rozpoc¢tld v ramci jednoho kalendarniho roku. Pro moznost srovnani se stavajicim stavem
byla pouzita vzdy pouzita vstupni data z roku 2015. Cilovym rokem je rok 2024, kdy bude podle platného
zékona o odpadech? zakazano ukladani neupraveného SKO na skladky. K tomuto obdobi jsou
uvazovany odhady cen za odstraniovani upravenych slozek odpadl, které budou souviset zejména
s predpokladanou vysi poplatkli za ukladani na skladky.

Nakladani s SKO pro mésto Opava zajiStuje zejména podnikTSO, s.r.o. Tento podnik zajistuje sluzby
spojené s nakladanim s odpady také pro dalSi obce na zakladé obchodnich vztaht. PFi ekonomickém
hodnoceni potencialnich zafizeni se uvazuje, Ze i nadale budou zpracovany odpady z okolnich obci minimalné
ve stejném rozsahu. Vysledky modelovani - ekonomické analyzy jsou uvedeny v nasledujici tabulce 7.

Tabul ka 7: PSehled ng8kladT na odstranRn2 SKO pro
Zpr aco%th| Zpr acov| Celkemza
Varianta SKO SKO SKO
[KEA] [K&/obyv.] [K&/obyv.]

stavajici stav (sou€asna legislativa) -1044 -289 -585
stavajici stav (navrh zakona) -2544 -703 -1 000
tfidici linka (TL) -1525 -391 -688
TL + BPS -1081 =277 -574
TL + kompostarna -1123 -288 -585
predtfidéni -2026 -519 -816
predtfidéni a kompostarna -1324 -339 -636
predtfidéni, svoz BRKO a kompostarna -1258 -322 -619
jednotka EV SKO -563 -144 -441
predtfidéni a jednotka EV SKO -710 -182 -479
externi zpracovani v 0ZO -1917 -491 -788

Tabulka 7 srovnava jednotkové naklady jednotlivych variant. V tabulce jsou zvlast uvedeny naklady
na zpracovani 1 t SKO a na jednoho obyvatele pro kazdou technologii nebo jejich kombinaci a dale
naklady na odstranéni v€etné stavajicich nakladld na svoz a zpracovani SKO ze sbérnych dvord.

Bilance zahrnuje ve svych modelech nékteré nejistoty ve vstupnich datech. Jedna se zejména
0 moznost vyuZiti tepla z jednotky energetického vyuziti SKO, konecné ceny investic jednotlivych staveb
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a technologii, poplatky za ukladani odpadu a povinna mira upravy odpadu pied ulozenim. Uvedené
varianty jsou vybrany tak, aby reprezentovaly odliSné pfistupy k feSeni problematiky zpracovani SKO. Je
mozné zahrnout i dal§i kombinace rGznych technologii, které by kombinovaly Upravu SKO, materialové
vyuziti nékterych slozek a energetické vyuziti jinych. To, jaky bude vysledny mix technologii, nebude
zalezet pouze na ekonomickém vyhodnoceni, ale hlavné na dikci pfipravované legislativy. Rovnéz bude
zalezet na ¢asovém vyvoji hodnoty penéz (inflaci).

Provedena ekonomicka bilance ukazuje, Ze za uvedenych pfedpokladl se jako nejvyhodnéjsi ukazuje
energetické vyuZziti SKO bez pfedchozi upravy. Je pravdépodobné, Ze jako jedina varianta umoznuje
ekonomickou navratnost investic v pfipadé vyssSiho vyuziti vyroby tepla na ukor vyroby elektrické
energie. A to i bez dotaci. VSechny ostatni varianty predpokladaji pouze mensi nebo vétsSi zvyseni

bude vyhodné ji doplnit o dalSi zafizeni na zpracovani vytfidéné biologicky rozlozitelné slozky.

Zavery

1. Ze vSech hodnocenych variant vychazi ekonomicky, prostorové a technicky nejvyhodnéji varianta
energetického vyuziti SKO bez pfedchozi upravy. Tuto variantu je mozno realizovat za
predpokladu dostatecného vyuziti vyrobené tepelné energie. Energie je dostateCna na vytapéni
cca 1000 az 1500 byt nebo objektu se spotfebou cca 50000 GJ za rok. Je mozné uvazovat
o vytapéni ostrovniho systému (napfiklad primyslova zéna s okolni obytnou zastavbou) nebo
o nahradé casti energetickych zdroju spole¢nosti Opatherm, a.s., ktera zajiStuje systém
centralniho zasobovani teplem v Opavé. Vyhodou by byl pfistup do celé opavské rozvodné sité
a spolu s ostatnimi zdroji Opathermu bezproblémové uplatnéni celého tepelného vykonu zdroje.

2. Vyuziti tfidici linky nebo hrubého pfedtfidéni bez koncového zafizeni na zpracovani BRKO je
ekonomicky nevyhodné.

3. Pokud bude volen zplsob zpracovani BRKO, je tfeba brat v ivahu moznosti pfipadného vyuziti
tepla a elektrické energie a hlavné to, Ze nakladani se znelisténym digestatem bude
pravdépodobné vyzadovat dalSi aerobni stupefi — kompostovani. Znecidtény digestat totiz
nebude pravdépodobné pouzitelny pfimo jako hnojivo a jeho ulozeni na skladku bude vyzadovat
dalSi stabilizaci. U bioplynové stanice neni mozno zpracovavat oddélené znecistény BRKO a
Cisty separovany BRKO a je nevyhodné michat tyto dvé slozky dohromady. Proto je technicky i
organizatné vhodnéjSi pfimo kompostovani na hromadach, i kdyz je ekonomicky mirné
nevyhodnéjsi, nez bioplynova stanice. Kompostarna by kromé& technického (znecisténého)
kompostu mohla zaroveri oddélené vyrabét prodejny kvalitni kompost ze zbytkd z udrzby zelené
a pfipadného ze separovaného sbéru BRKO.

4. Separovany sbér BRKO je z ekonomického hlediska pfiblizné neutralni. PFi ur€itych objemech
muze byt ekonomicky vyhodny, ale pokud by se uvazoval separovany sbér i v zastavbé
s hromadnym bydlenim, pfinese s sebou i technické problémy a rizika. Napfiklad problém
zapachu a pfipadnou nutnost hygienizace.
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Summary

The aim of the research activities was to evaluate the current state of municipal waste management in
the territory of Opava's statutory city and the real design of the new system with regard to the new trends
that will be embedded in the forthcoming legislation on municipal waste management in the countries of
the European Union. The city of Opava, located in the Moravian Silesian Region of Czech Republic,
produces about 17,000 tonnes of mixed municipal waste per year. In the framework of the research,
a technological and economic model has been created to compare the costs of introducing a new
system of mixed municipal waste management in different variants. The research has analyzed technical
variants of municipal waste treatment, such as the sorting line, the municipal biogas station, the
composting plant, the waste energy utilization facility, the transfer station and the waste removal for
external processing. These variants and their combinations were subsequently evaluated from an
economic point of view. The results of these technological and economic analyzes will be of great benefit
to many simillar cities across the Europe.

Keywords: mixed municipal waste, options of waste treatment, separating unit, energy recovery,
biogas station, composting plan
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