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Uvodni slovo $éfredaktora
Vazeni ¢tenari,

Casopis WASTE FORUM timto &islem zahajuje sviij jiz 11.
rocnik a v dubnu to bude 10 let, kdy v odborném mésicniku
ODPADOVE FORUM byl v ramci rubriky Z VEDY A VYZKUMU
uverejnén prvni recenzovany pfispévek, ktery se spolu s dalSimi
dvéma rovnéz recenzovanymi prispévky uvefejnénymi v tom roce
ve stejné rubrice stal zakladem prvniho &isla nové zaloZzeného
elektronického ¢asopisu WASTE FORUM.

ProtoZe na pocéatku nebylo jasné, jaky bude o publikovani
v novém periodiku zajem, byla pro ¢asopis WASTE FORUM
zvolena elektronicka forma, kdy neni podstatné, kolik prispévki
v Cisle je, ani kolik maji stranek. A protoze WASTE FORUM je
: hlavné o vysledcich aplikovaného vyzkumu, které by mohly
mely’) Z j/mat nasi Sir§i odbornou verejnost, byla zvolena forma tzv. ,open access®, kdy
v8echny publikované prispévky jsou na internetu volné pfistupné. Naklady spojené s vydavanim
Casopisu pak hradi autofi, resp. jejich organizace, placenim publikacniho poplatku.

V roce 2008 tak vyslo jedno Cislo se tfemi pfispévky a v nasledujicim roce uz dvé Cisla s celkem 21
prispévky. Od roku 2010 jsme zvolili ¢tvrtletni periodu vydavani, kterou v nékterych letech ve spolupraci
s organizatory nékterych konferenci rozsirujeme vydanim 5. éisla.

Brzy po zapoceti vydavani byl Casopis zafazen na Seznam recenzovanych neimpaktovanych periodik
vydavanych v Ceské republice a po ¢ase rovnéz jsme pozadali o zarazeni do databaze SCOPUS. Prvni
pokus v roce 2011 jesté nevySel, ale na podruhé jiz ano a tak od roku 2017 jsou pfispévky vyslé ve
WASTE FORUM indexovany ve SCOPUSu. Ted nam nezbyva nez Eekat, kdy bude ¢asopisu pfidélen
impakt-faktor a jaky. Na zacatku to nejspis nebude zZadna slava a my spolecné s autory a recenzenty se
budeme snaZzit, aby kvalita zverejriovanych prispévku rostla a s nimi i jejich citovanost a tim i ten impakt-
faktor.

Redakcni uzavérka nejblizsiho Cisla je 8. dubna, dal§iho pak mimoradné jiz 28. 6. 2018.

Ondrej Prochazka

Editorial
Dear readers,

This is the first issue of the 11th year volume of the Waste Forum journal. The first issue in 2008
contained as little as 3 contributions but, in the following year, two issues were released with the total of
21 contributions. Since 2010, the Journal appears with a quarterly periodicity, occasionally with the 5th
issue devoted to a conference. The electronic form was used, for which the number of articles and
number of pages are not limited. Due to the fact that Waste Forum reports preferentially on the results of
applied research, the "open access" form has been chosen, enabling the readers to get to all
contributions free of cost. The costs of the publishing process are covered by authors' fees.

The next editorial deadlines are on April 8 and June 28, 2018.

Ondrej Prochazka
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Pro autory

WASTE FORUM je casopis urCeny pro publikovani puvodnich védeckych praci
souvisejicich s primyslovou a komunaini ekologii. Tj. nejen z vyzkumu v oblasti odpadi 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 zvané ,,printer-ready”. Pokyny k obsahovému Clenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny 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.

Publikacni 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, u ostatnich je 500 K& za stranku. Uvedené &astky jsou bez DPH. V pfipadé
nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato ¢astka poloviéni.

Uzavérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. dubna 2018, dalsi pak
mimoradné jiz 28. ¢ervna 2018.

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 names of the reviewers are not
disclosed to the authors.

All magazine issues are freely downloadable on www.wasteforum.cz . Publishing costs are
covered by the publication fee paid by the authors. This is 200 CZK per each new page for papers in
English and 500 CZK per page for papers in Czech or Slovak.

Publishing of commercial and non-peer-reviewed papers is possible in the section labeled Non-
peer-reviwed and commertial papers. In this case the publication fee is doubled, i.e. CZK 400 for
contributions in English. All the above prices are exclusive of VAT.

The deadline of the next issue is on April 8, 2018, more on June 28, 2018.
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Viadimir KOCI, Robert KORINEK: Process grouping of transport systems within LCA system boundary

Process grouping of transport systems within LCA system

boundary

Viadimir KOCF, Robert KORINEK®,

% Vlysoka Skola chemicko-technologicka v Praze, Technicka 5, 166 28 Praha 6,
e-mail: Vlad.Koci@vscht.cz

b OV TGM pobocka Ostrava, Macharova 5, 702 00 Ostrava,

e-mail: robert.korinek@vuv.cz

Abstract

Environmental impacts of transport and transport systems are currently important. With the global
development of transport, the importance of monitoring and assessing the concrete environmental
impacts of transport is growing. Overall environmental impacts of transport systems using Life Cycle
Assessment method are frequently evaluated in last years. One of principal steps of life cycle
assessment is selection of system boundaries. Selection of system boundaries substantially influence
obtained results. In this article, we have designed a way to determine boundaries for the LCA study of
transport and transport-related processes such as fuel life cycles, biofuels, hydrogen transport systems,
roads and related linear structures.

Keywords: Life Cycle Assessment, LCA, transport systems, transportation construction, grouping

Introduction

Transport systems are one of the biggest polluters of the environment. With the global development of
transport, the importance of monitoring and assessment of the environmental impacts of transport is
growing®. Adverse environmental impacts of transport generate not only direct emissions from vehicles,
but also the processes involved in the operation of transport means (eg fuel production and distribution,
road construction) and emissions of subsequent processes (eg road repairs, vehicle repairs and
removals)®. As an example of the transport system, where the pre-processes are of great importance, let
us introduce cars for hydrogen or electric drive. The very operation of these cars produces relatively low
emissions, but production of the drive medium cannot be stated as emission free, although some
producers of electric cars tend to promote their products as emission free. Liquidizing and maintaining
hydrogen in the liquid state is relatively energy-intensive. The operation of an electric car is also just as
"non-emission"”, such as "non-emission" the electric power generation needed for car operation is.
Similarly, the CO, savings achieved through the use of biofuels are only as significant as significant are
savings of CO, equivalents within all life cycle of biofuels, that means including for biomass needed
fertilisers and herbicides production, processing of biomass, biofuels production and other®.

Methodical and experimental part

As mentioned in the introduction, there is a need to assess the environmental impacts of transport
systems in a comprehensive way and not to focus only on certain phases of the transport sector. Whole
life cycle of the transport systems should be assessed together including all relevant related processes
and operations. A comprehensive tool for assessing the environmental impacts of technologies,
services, products or technical systems within whole-life perspective is the life cycle assessment
method. Life Cycle Assessment (LCA) is an analytical method of assessing potential environmental
impacts associated with the life cycle of a particular product, service, technology, and/or product in
general. The LCA study consists of four basic phases: definition of objectives and scope, inventory,
impact assessment and interpretation. Compilation of LCA studies is in accordance with 1ISO 14040
(2006) and ISO 14044 (2006) standards*®.
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Individual phases of the life cycle are created by operations transforming the materials and energy
inputs into outputs. These processes are interconnected by their material and energy flows. The entire
system of processes taking a part in a product's life cycle is called the product system. LCA is an
interactive methodology (see Figure 1), which means that if it is not possible to ensure a consistency of
the processed phase with some of the previous phases, the previous phase and all the following phases
have to be reprocessed. In order to fulfil the original goal of the study, some aspects regarding its scope
may require modification®.

The first step of LCA is to determine the goals of the study, who are the recipients, and what are the
contributions. The key question is what product will be assessed and what its function is. The subject of
the analysis is thus described from a functional point of view, which is quantified by the functional unit
and reference flow, which is defined by the amount of product necessary to fulfil the functional unit. On
this basis, the whole operational plan is further developed. The scope of the study includes requirements
of input data quality, accepted preconditions and simplifications, as well as temporal and regional
limitations. Further, also to be identified will be the confines of the system with respect to the complexity
of the study, defining of the allocation procedures, and the choice of one characterization model which
will enable the assessment of the environmental impacts®’.

Life Cycle Inventory (LCI) collects environmentally-significant information regarding those processes
which fulfil the functional unit in the product system whose confines were specified in the phase of
defining the goals and scope. The inventory phase contains these steps:

e Categorization of the product system
e Inventory data collection
e Calculation of the product system ecovector.

Ecovector describes both the amounts of resources consumed and the matter emitted in relationship
to the reference flow of the product being assessed. The ecovector is a mathematical operator. Its size
matches the emission of the elemental flows into the environment or the consumption of certain raw
materials. The product system ecovector amounts to the sum of all the ecovectors of the partial
processes®’.

The sequence of partial processes which are caused by the elemental flows overcoming the system
boundary is called the impact chain. The impact chain leads to the final environmental impacts, i.e.
calculation of impact category results®’. Life Cycle Impact Assessment consist at least of classification
and characterization of elementary flows and sometimes also consists of normalization and weighting.

The last phase of LCA is the life cycle interpretation, which is used for assessment and checking of
the study results. For the large amounts of data in the previous phases of the life cycle assessment, it
was necessary to sort them out and interpret them in an appropriate manner. Within the framework of
inventory analysis, certain preconditions and simplifications can be accepted, or eventually accepted if
they involve unclear data. Within the framework of the complexity of this study, these facts have to be
placed besides the presented results, and their impacts needing to be assessed. The interpretation
mostly consists of the following steps:

e Structuring of the data with respect to the most significant groups of processes.
¢ Discussion the meaning of data above, in relationship to the quality of the input data.
¢ A final summary and proposal of recommendations.

In the method of LCA for construction products and services® individual phases of the life cycle of
individual products (buildings and works) are divided into modules Al - A5, B1 - B7, C1 - C4 and D,
where individual process groups are detail described in following table.
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Table 1: General description of the system boundary of construction products and services

systems ®
Raw material suppl Al
Al- A3 Transport o A2
Product stage ,
Manufacturing A3
Ad - A5 Transport from the gate to the site A4
Construction process Assembly AS
Use Bl
Maintenance B2
Repair B3
BL-B7 Replacement B4
Use stage -
Refurbishment B5
Operational water use B6
Operational energy use B7
De-construction Ci1
Cl-C4 Transport C2
End of life stage Waste processing c3
Disposal C4
D
Benefits and loads beyond the system Reuse- Recycling - Recovery Potential D
boundaries

This arrangement and breakdown of individual stages of the life cycle of buildings is logical and builds
on a practice that is already steady. Another situation is related to transport systems. Te life cycle of
transport systems consists of a larger number of independent industries and industrial activities. While
building manufacturers, energy and fuel distributors, transport and waste management are involved in
the building industry, broad spectrum of stakeholders is involved in the life cycle of transport systems:
fuel and energy producers, vehicle manufacturers, transport infrastructure manufacturers and, of course,
number of related services providers. Consequently, transport systems are more complex than the
construction industry, and it will be appropriate for LCA studies to open a discussion on how the system
boundaries will be defined. 1ISO standards do not address the issue of transport systems more closely
and the use of already established life cycle structure of construction products is not possible without
larger adjustments.

In the preparation of LCA studies of products and projects related to transport systems, it has been
shown that most of these projects involve some stages, and in some other cases some stages are not
necessarily included. We have identified the following groups of processes that make up the overall
framework of the lifecycle of transport systems.

In the stage of life cycle of fuel production, there are mainly processes involved in the extraction of
resources needed for the production of fuels (Resources extraction). These processes are directly linked
to the production of fuels (Fuel production). In some cases fuel distribution needs to be modelled in more
details, such as hydrogen cells systems (Fuel storage and distribution). The distribution and use of fuels
is linked to accidents and unwanted releases of harmful substances into the environment. At the moment
when the operations repairing these damages are not negligible, they need to be added to the system
under review (Recovery after potential accidents dealing with fuels). Some fuel raw materials can
generate various environmental side effects, such as biofuels production and related impacts on
landscape, biodiversity or environmental impact of pesticide (Potential consequences of fuel production).

An important place in transport systems carries a vehicles. In modelling the lifecycle of transport
systems, it is logical to model resource extraction and vehicle material production. The use of means of
transport leads to emmisions of harmful compounds into environments resulting in their direct
Patronem tohoto éisla je ODPADOVE FORUM, odborny mésicnik pro priimyslovou a komunalni ekologii, www.odpadoveforum.cz
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environmental impacts (Vehicle use phase). Maintaining vehicles in a workable condition carries the
need to run certain processes that also have the potential to damage the environment (Maintanance of
vehicle). At the end of the vehicle's lifecycle, its eventual material use or final disposal (Vehicle End of
Life) should be considered.

Traffic infrastructure entails requirements for material and energy inputs at the stage of obtaining raw
materials and materials necessary for infrastructure development (Resources extraction and
infrastructure material production; Infrastructure production). Some types of infrastructure, such as
tunnels, need some inputs to be used for their operations, which should also be included in the studies
(Infrastructure use phase). As infrastructure operation leads to more frequent damage, it needs to be
continually repaired and renewed (Infrastructure maintenance). The end of the life cycle of the
infrastructure entails a potential environmental burden, both at the stage of the eventual reworking of raw
materials and in the case of end-of-life (Infrastructure End of Life).

Similarly, in the field of life cycle assessment of construction products and services, we propose the
grouping of above mentioned processes involved in the lifecycle of transport systems into the above
groups of modules, designated F1 — F5, V1 - V5 and 11 — I5.

Table 2: Process grouping of the transport system

Resources extraction F1
Fuel production F2
F1—-F5 Fuel storage and distribution F3
Fuel stage of life cycle of transport system | Recovery after potential accidents F4
dealing with fuels
Potential consequences of fuel 5
production
Resources Extraction and vehicle V1
material production
_ V1-V5 Vehicle production V2
Vehicle stage of life cycle of transport Vehicle use phase V3
system , ,
Maintanance of vehicle V4
Vehicle End of Life V5
Resources extraction and infrastructure I
material production
11-15 Infrastructure production 12
Infrastructure stage of life cycle of transport Infrastructure use phase 13
system :
Infrastructure maintenance 14
Infrastructure End of Life 15

Such a system of process grouping designed in each stage of transport system would appropriately
classify the processes involved, and at the same time allow individual processes to be identified in order
to be able to distinguish which environmental impacts arise from which sequence of transport system
operations. In addition, it would be possible to distinguish emissions released from individual processes
in such a way as to make it clear where they occur. For the evaluation of environmental impacts of
transport systems it is important to know where emissions are released, if in cities with high density of
human population or in isolated industrial plants. In the following paragraphs, we want to show the
possibilities of segmentation of transport systems using our proposed grouping system.

Patronem tohoto &isla je ODPADOVE FORUM, odborny mési¢nik pro priimyslovou a komunélni ekologii, www.odpadoveforum.cz
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Results and discussion

System boundary of any product system is defined by unit processes and the elemental flows which
will be included into the product system. In accordance with ISO 14040°, specification of the unit process
is defined as the smallest part of the product system for which the inventory data are collected. The
product system usually creates flows which come out of this, and exceed system confines in the form of
emissions discharged into the environment. Such flows are called elemental flows. They include inputs
and outputs exceeding the confines of the product system, and thus providing exchanges of materials
and energy with the environment’. Process selection in the model product system depends upon the
definitions of goals and the scope of the study, as well as its intended utilization(s), costs, limiting criteria,
and on the accessibility of the necessary data. System boundary further defines the geographic and
temporal scope of the validity of the study. The principle of “from cradle to grave” includes those
processes which take some part from the acquisition of the raw materials all the way to the waste
management processes.

Different system or system boundary choices affect the results obtained from the LCA study, although
in all cases it is the entire life cycle. Lifecycle is, in the LCA, the assessment of the so-called cradle to the
grave, but always for the group of processes included in the boundaries of the system. Interpretation of
the LCA study may also differ in cases of different requirements for the assessment of the environmental
and health aspects at the site, in the region or globally. For certain applications, the placement of
environmental and health aspects can be important. Thus, the boundary of the system influences the
technological scope of the study and the location of the environmental and health aspects makes it
possible to determine where the particular environmental impacts may occur. Especially, but not
exclusively the LCA studies focused on transport systems are to selection of system boundary very
sensitive.

The following diagrams illustrate how the function and hence the boundaries of the system under
consideration in the field of personal land transport can be chosen. The first diagram shows the basic
groups of operations / processes involved in the complete life cycle of transport.

F4 F5
F1 F3 :
F2 Recovery after Potential
Resources . Fuel storage and : .
. Fuel production T potential accidents consequences of
extraction distribution . . .
dealing with fuels fuel production
V1
E)l(?treas(:(:ilé)rr? and V2 V3 Mai nta\rllince of V5
. . Vehicle production Vehicle use phase . Vehicle End of Life
vehicle material vehicle
production
11
Resources 12 13 14 15
extraction and Infrastructure Infrastructure use Infrastructure Infrastructure End
infrastructure production phase maintenance of Life

material production

Figure 1: Scheme of system boundaries of the transport products and/or services in general.
F indicates processes dealing with fuel life cycle; V with vehicle life cycle and | with

infrastructure life cycle
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Viadimir KOCI, Robert KORINEK: Process grouping of transport systems within LCA system boundary

This scheme expresses how the boundaries of the LCA system would be chosen to assess the
environmental impacts of transport in a particular region from long time perspecive and also taking into
account the global scale of environmental impacts. For example, a function of the system could be
expressed as follows: providing land transport for the population of the very country for 20 years. It can
be expected that some environmental aspects would be implemented directly in the area (eg exhaust
gas), some environmental aspects would be implemented in another region (eg emissions from foreign
cars production) and some environmental aspects would have a global scope (eg greenhouse gases or
ozone depleting substances). However, some environmental aspects with a global scope may also be
significant from a local point of view. Particularly greenhouse gases, which are related to the global
category of impacts, are relevant also locally in terms of legislative requirements prescribing the
reduction of greenhouse gas production. A narrower system boundary would be appropriate for the LCA
for. This would include, for example, assessing the environmental impacts of biofuels, electric vehicles
and the like. The system boundaries could then be selected as shown in the following figure.

F1 F3 F4 F5
F2 Recovery after Potential
Resources . Fuel storage and : .
. Fuel production Y potential accidents consequences of
extraction distribution . . .
dealing with fuels fuel production
Vi
E)ire:c(:ilg: and L VE Mai ntavn":mce of M
. - Vehicle production Vehicle use phase ) Vehicle End of Life
vehicle material vehicle
production

11
Resources
extraction and
infrastructure

12
Infrastructure
production

13
Infrastructure use
phase

14
Infrastructure
maintenance

15
Infrastructure End
of Life

material production

Figure 2: Scheme of system boundaries of fuels

The figure shows the difference in the range of system boundaries compared to what is normally
considered when assessing the environmental aspects of the use of biofuels. While the use of biofuels
can lead to a reduction in CO, emissions in the biofuel use phase, it does not have to apply if the
environmental aspects of the production of biofuels and all the necessary materials (fertilizers,
herbicides) are included in the system boundaries. At the same time, it is also necessary to include the
possible higher environmental aspects of the transport equipment service that may be higher due to the
use of biofuels. The boundaries of the transport system as such could be chosen as shown (Figure 4).
This is how often the boundaries of the electro-mobiles system are chosen. This is misleading, however,
because the production of electricity also has its specific quantifiable environmental aspects.
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Figure 3: Insufficient system boundaries of the vehicle excluding fuel production

Since production and distribution of fuels cause particular environmental aspects, only the processes
involved in the production and distribution of fuels are included in the system boundaries.
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Figure 4: System boundaries of the vehicle including the production and distribution of fuels

While the study becomes more demanding on data, the information is growing. For the purpose of
choosing building materials or technologies used to build the road itself, the boundaries of the system
can be chosen in close connection with the road life cycle. If the roadway is not designed for a very
specific traffic load, traffic from the proposed system boundaries can be excluded. The boundaries of the

system are illustrated by the following diagram.
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Figure 5: System boundaries of infrastructure

When designing transport systems, it is necessary to include in the assessment of environmental
impacts to the boundaries of the system, in particular, the operation of transport means, its preliminary
processes of obtaining and distributing fuels, as well as the processes of production, maintenance and, if
necessary, the termination of the operation of the road itself. Such system boundaries are appropriate for
assessing environmental impacts from a global perspective.

F1 F3 4 X .
F2 Recovery after Potential
Resources . Fuel storage and . .
. Fuel production B potential accidents consequences of
extraction distribution . . .
dealing with fuels fuel production
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vehicle material vehicle
production
11
Resources 12 13 14 15
extraction and Infrastructure Infrastructure use Infrastructure Infrastructure End
infrastructure production phase maintenance of Life
material production

Figure 6: System boundaries of life cycle, excluding vehicles, ie included are only processes
involved in local environmental aspects

In the case of assessing the potential impacts of traffic system, it may be important to organize the
identified data so that it is possible to capture which potential environmental impacts directly or indirectly
affect the territory in which the transport system is operated. For that purpose, it may be meaningful to
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exclude road construction from the boundaries of the system. This, of course, depends on the overall
assignment. If we consider the construction of the road to be strategic and necessary, its construction
can be considered inevitable and therefore its potential environmental aspects are acceptable. However,
this does not always have to be the case. In certain situations, road construction may be very significant.
Various variants of the construction or entire lifecycle of the pavements should then be assessed within
the system boundaries proposed earlier in the Figure 6. Inclusion of road construction into the system
boundaries then leads to a requirement to allocate environmental impacts emerged due the construction,
what may introduce wider variability into the system. The local impacts of transport system are caused
by those emissions that have been released from the processes included in the system boundaries
shown in the following figure. These are emissions from local processes of the transport system.

F4 F5
F1 F3 .
F2 Recovery after Potential
Resources . Fuel storage and - .
. Fuel production o potential accidents consequences of
extraction distribution . . °
dealing with fuels fuel production
Vi
Eil?:c(::i)rr? ea\snd V2 A Mai nta\r/émce of LS
- . Vehicle production Vehicle use phase ) Vehicle End of Life
vehicle material vehicle
production
11
Resources 12 13 14 15
extraction and Infrastructure Infrastructure use Infrastructure Infrastructure End
infrastructure production phase maintenance of Life

material production

Figure 7: Local environmental impacts of the transport system

In the case of a more comprehensive study, it is also appropriate to include fuel production and
distribution processes within the system boundaries. It is, however, appropriate to structure the inventory
table in an appropriate manner.

It follows from the above that the choice of the boundaries of the system influences
fundamentally the overall concept of the study, its interpretation and the results obtained. For
the purpose of assessing the environmental impacts of transport systems, it seems expedient to
choose the system boundary shown in the following figure 9 with the characterization of
emissions (elementary flows) to localised and dislocated.
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Figure 8: Core processes of the transport system

As localized we consider the environmental and health aspects (emission of matter,
elementary flows), the release of which into the environment occurred directly due to the
operation of the transport system and in its location. Dislocated are the environmental and
health aspects that are triggered by elementary flows from pre-process or subsequent
processes to the processes of the actual operation of the means of transport. Similarly, for

processes that are dislocated, we consider

those processes whose operation and

environmental aspects are implemented outside of the transport system location. Localized are
those processes that are directly related to the transport system operated in its place - on the

transport route.

Table 3: Dislocated and localized environmental impacts in relation to processes coveren into
systém boundaries of transport systems

Dislocated

Localized

Processes

Processes related to the operation of
transport systems but operated outside
its locality

Processes operated at the site of the
transport system

Elementary flows

Emissions and raw material inputs from
processes outside the transport system

Emissions released at the area of the
transport system

Environmental

All environmental and health aspects of

Environmental and health aspects at the

and health the dislocated processes - outside of the | area of the transport system
aspects transport system

Environmental All relevant impact categories: All relevant impact categories:
impacts acidification, eutrophication, global acidification, eutrophication, global

warming, photooxidants, stratospheric
ozone depletion, human toxicity,
ecotoxicity and others.

Impact categories indicator results are
determined for elementary flows of
dislocated processes.

warming, photooxidants, stratospheric
ozone depletion, human toxicity,
ecotoxicity and others.

The results of the impact categories
indicators are determined for the
elementary flows of the localized
processes.
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Conclusions

At this paper we propose to divide life cycle diagrams of transport systems into structured modules,
similarly as in the field of life cycle assessment of construction products and construction services. We
propose the breakdown of individual processes involved in the lifecycle of transport systems into the
groups designated F1 - F5, V1 - V5 and I1 - 15, where modules F cover life cycle of fuel, V life cycle of
vehicle and | life cycle of infrastructure.

Localized we consider the environmental and health aspects (emissions of matter, elementary flows),
the release of which into the environment occurred directly due to the operation of the transport system
and in its place. As dislocated we consider the environmental and health aspects that are triggered by
elementary flows from pre-process or subsequent processes to the processes of the actual operation of
the means of transport. Similarly, for processes that are deployed, we consider those processes whose
operation and environmental aspects are implemented outside the transport system location. Localized
are those processes that are directly related to the transport system operated in its place - on the
transport route.

In LCA studies, processes are usually divided into groups for upstream processes, core processes,
and downstream processes. This classification is particularly suitable for modeling the production of
specific products. For the purpose of transport systems, it is also possible to use this classification, but
for the assessment of possible environmental impacts at the traffic site, it is preferable to structure the
processes on localized and dislocated. In current LCA studies, the production of energy or fuel is
included in the central processes. This is not appropriate for transport systems, as the design of new
transport systems is usually an effort to reduce emissions and environmental and health impacts at the
point where the planned transport system will operate.

In this article, the proposed system boundaries the grouping of involved in these processes would
certainly deserve demonstration on specific case studies. However, given the scope of this text, we have
decided to exemplify this article no longer. We will prepare examples of these schemes for publication in
a separate article.
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Souhrn

Doprava je jednim z nejvétSich znecistovatel(i Zivotniho prostfedi. S celosvétovym rozvojem dopravy
vzrusta vyznam sledovani a hodnoceni konkrétnich environmentalnich dopadd dopravy. Nepriznivé
environmentalni dopady dopravy zpusobuji vedle samotnych vyfukovych plynt i emise latek z procesu
pfedfazenych samotnému provozu dopravnich prostfedki (napr. vyroba a distribuce paliv, stavba
vozovek) i emise latek z procesu naslednych (napf. opravy vozovek, opravy a odstrariovani vozidel).
V tomto clanku jsme navrhli zplsob uréovani hranic systému pro studie LCA dopravnich procest
a procesu souvisejicich s dopravou, napriklad Zivotni cykly paliv, biopaliv, vodikovych systémi pro
dopravu, vozovek a souvisejicich linearnich staveb. V ¢lanku navrhujeme seskupovat procesy pri
modelovani LCA dopravnich systémi do skupin F, V a I, které odraZeni jednotlivé skupiny procest
zamérené okruhy Cinnosti tykajici se Zivotniho cyklu paliv, dopravnich prostfedku a infrastruktury.

Kli¢ova slova: odpad, sanace ekologickych zatézi, primyslova a komunalni ekologie
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Abstract

This paper focuses on intermunicipal cooperation and provides a new and innovative approach to
evaluating the cost effectiveness and cost efficiency of municipal waste management. We examine
a sample of 710 municipalities in two regions in the Czech Republic between 2014 and 2016. We
investigated two forms of intermunicipal cooperation: joint public procurements and intermunicipal waste
collection companies. The results, based on an ordinary least squares regression, show that cost
reduction is significantly influenced by both forms of intermunicipal cooperation. The impact is stronger
for small municipalities of fewer than 1,000 inhabitants.

Keywords: waste management; intermunicipal cooperation; public procurement; cost effectiveness.

Introduction

Municipalities in the Czech Republic are obliged to provide a large number of public utilities; this
obligation is delegated to them as part of their independent and devolved powers. These services
include waste management. For the past fifty years, the academic world has been discussing the factors
influencing the cost efficiency and cost effectiveness of providing these public utility services™™ ®*°. Most
papers have focused particularly on the form of production (public or private) and the form of provision
(contracting out and in-house)*? 81 118 gglid new evidence indicates that intermunicipal cooperation is
among the most significant factors influencing the efficiency of waste management services® ***" % In
the area of waste management, intermunicipal cooperation can take the form of intermunicipal
contracting out (joined public procurement) or of an intermunicipal waste collection company.

Municipal waste management costs were more than 60% of the total current municipal costs for
environmental protection and they accounted on average for 4% to 5% of the total current costs for
municipalities in the Czech Republic in the 2012-2016 period. It is thus obvious that waste management
is an integral and indispensable part of municipal budgets. Waste management is therefore a suitable
target for measures aimed at saving public resources. Within this context, this paper is focused on waste
management at the local level in the Czech Republic in general.

The increasing importance of municipal waste management and its efficiency and effectiveness is
a broadly discussed topic, both in terms of theory and practical experience®?!. Our main intention with
our research is to contribute to the ongoing academic debate and to go a bit beyond conventional
approaches. Defining and measuring the efficiency, or, in other words, the process of using resources
and their transformation into outputs and outcomes, seems to be one of the biggest issues of
contemporary research. Over the course of several decades, evaluating efficiency and even evaluation
methods have been greatly improved and advanced. However, an accurate evaluation still remains
a conceptual challenge in relation to municipal costs. This issue is also complicated by the fact that
public sector outcomes used to be off-market, lacking relevant data and thus making it impossible to
quantify.

Many relevant factors influence the efficiency of public services. These factors have been widely
analysed in the scientific literature worldwide. Although most international studies are strictly focused on
Patronem tohoto éisla je ODPADOVE FORUM, odborny mésicnik pro priimyslovou a komunalni ekologii, www.odpadoveforum.cz

WASTE FORUM 2018, &islo 1, strana 17



Jana SOUKOPOVA, Tomas SLADECEK: Intermunicipal Cooperation in Municipal Waste Management and Its
Effects on Cost-Effectiveness

the importance of the form of production (i.e. public, private, or mixed — PPPs), statistically more
significant and clearer results are provided by the studies that are focused on the forms of provision (i.e.
outsourcing or in-house provision), including contracting out and public procurement issues. In addition,
different forms of production and provision lead to different results. Obviously, these issues are closely
connected to the problem of suboptimal local government size as well as to the phenomena of
economies or diseconomies of scale. More intensive research has recently been focused on
intermunicipal cooperation. The authors who study these issues usually point out that intermunicipal
cooperation enables the decrease of expenses and the saving of costs for municipalities and the
improvement of the quality and accessibility of local services?*?. Bel and Costas®® found intermunicipal
cooperation to be an efficient tool for reducing costs, but the cost savings can disappear over time if
contracting-out was chosen by the municipality. According to Bel and Mur®®, municipal cooperation can
help especially the smallest municipalities to provide higher quality services at stable costs. This result
corresponds with that of Steiner?’, who stated that municipal mergers resulted in a higher quality and
increased quantity of services. According to Bel et al.'!, the decision of municipalities to cooperate is
pragmatic, especially for municipalities of suboptimal size. Some authors® 2% have pointed out that
although most research results show that intermunicipal cooperation has a significant impact on cost
savings in waste management, it is important to examine the internal aspects of intermunicipal
cooperation (such as management, institutionalization, and share of municipalities in cooperation).
However, this research is still in the early stages.

Intermunicipal cooperation and its influence on increasing the efficiency of municipal expenses are
also currently significant research issues in the Czech Republic. Because the expenses expended by
municipalities on waste management have grown exponentially in the Czech Republic****, the demand
of municipalities for efficient and effective solutions has been increasing. The increasing municipal costs
for waste collection and waste disposal, as well as increased wages, require measures that will enable
the decrease of total expenses. Thus a space is created for making use of intermunicipal cooperation
that will enable the decrease of expenses, for example by utilizing the positive effects of the economies
of scale or the economies of density. In addition, municipalities themselves can influence this if they
collaborate in the given area. The Czech Republic serves as an excellent data source on this point,
contributing to the relevant academic debate with experiences from highly fragmented local government
structures.

This paper studies the relation between municipal waste management costs and selected factors
affecting cost efficiency. We pay special attention to (1) the form of production (public/private/PPPs),
intermunicipal cooperation and its different forms (intermunicipal waste collection company,
intermunicipal/joint public procurements), and economies of scale, and (2) the size structure of local
governments. The following research questions were set:

RQ1: How is the cost efficiency of local waste collection services affected by selected factors?

RQ2: Is the cost efficiency of local waste collection services affected by intermunicipal cooperation? If
so, how?

RQ3: How do the results differ between different population sizes?

The paper is structured to present answers to these three research questions, as follows: the first
sub-chapter provides a concise description of the material and the scientific methods used, focusing on
data and sources, and the empirical model. The second part of the paper contains the evaluation and
exact description of the achieved results and their statistical significance and provides a discussion and
comparison of the achieved results and previously published papers, our own opinion of the established
differences, and our view of the results. We outline the need for further solutions and the importance of
developing the research field, society, and practice. The paper concludes by providing a concise
summary of the most important findings in relation to the paper focus.
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Materials and Methods

Data and Sources

The research was carried out on data collected from 2014 to 2016. The sample consists of 710
municipalities located in two regions in the Czech Republic: Olomouc Region and Zlin Region. The
analysis utilized linked open data on municipal areas and populations from the Czech Statistical Office
(CZSO0) and linked open data on the costs of the waste collection service for the Czech municipalities
from MONITOR, the specialized information portal of the Ministry of Finance of the Czech Republic. The
data relating to the forms of intermunicipal cooperation, forms of production, forms of provision, PPPs,
and economies of scale were obtained via a questionnaire-based survey. The survey was carried out
from September 2016 to the end of December 2017.

For processing the OLS regression, it was necessary to clean the data to achieve a standard data
distribution. This was obtained after the data had been cleaned by 5% due to extreme values (18 lowest
values and 18 largest values). The data set contained 674 municipalities after the sample was cleaned.
In order to perform a statistical data analysis, the municipalities were divided into two population size
categories: fewer than 1000 inhabitants and more than 1,000 inhabitants.

The Czech Republic has one of the highest territorial fragmentations of municipalities in Europe.
There are many small municipalities with fewer than 1000 inhabitants (more than 82 % of all
municipalities) in the Czech Republic. Municipalities with more than 1,000 inhabitants form only 17.3 %
of all municipalities (see Table 1). The structure of the research sample corresponds relatively well to the
structure of municipalities in the Czech Republic, even though it contains a smaller proportion of
municipalities with fewer than 1000 inhabitants (see Table 1).

Table 1: Structure of the research sample

Population Number of Percentage of all Number of Percentage of
municipalities in = the municipalities = municipalities in the sample
the Czech in the Czech the research
Republic Republic sample
fewer than 1000 5618 82.69 % 482 67.88 %
more than 1000 1176 17.31 % 228 32.12%
total 6794 100.00 % 710 100.00 %

Source: The authors, according to CZSO

The Empirical Model

In order to enable the comparison of the results of the research with international parametric
(econometric) studies® ' 819 % an OLS regression model was used, as in those studies. The basic
function for total municipal waste management costs per capita (TMWCpc) in relation to intermunicipal
cooperation, as well as other factors, can be represented as:

TMWCpc = f(IWCC,IPP, Prod, Prov, PPP,Scale) Q)

The dependent variable TMWCpc represents the total municipal waste costs per capita. It includes
collection, transportation, disposal or treatment, and other waste collection services. The total costs
incurred by each municipality are determined by the population of the municipality; therefore, we study
the costs per capita.

They are mainly determined by the following factors, which were determined as explanatory variables:

¢ Intermunicipal waste collection company (IWCC): This is a dummy variable expressing
intermunicipal cooperation and common municipal waste collection company. The variable
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acquires a value of 1 when a municipality is one of the owners of waste collection company;
otherwise it acquires a value of 0. The hypothesis for this variable is a negative correlation, which
was confirmed by a number of studies % & 212638

e Intermunicipal/joint public procurement (IPP): This is a dummy variable expressing intermunicipal
cooperation in public procurement for municipal waste management. This variable acquires
avalue of 1 when a municipality submits a joint public procurement contract for waste
management and a value of O otherwise.

e Form of production (Prod): This variable captures the influence of either public or private delivery
of waste collection and services on costs. It is constructed as a dummy variable and takes
a value of 1 if the service is produced by a public company and a value of 0 for cases of private
delivery. A public company is defined as a company which is more than 50% under public
ownership. The expected effect is ambiguous. According to Ohlsson’, public delivery is more cost
efficient than private delivery. In contrast, other authors® %3 182021 6. 3840 haye concluded that
there are no significant differences between public and private delivery.

e Form of provision (Prov): This is a dummy variable for the form of delivery of waste collection
services. It acquires a value of 1 for cases of contracting out and a value of O for cases of internal
delivery. The results of empirical studies conducted in various European countries and in the US
are ambiguous as regards this variable. According to Bel and Costas (2006) and Bel and Mur
(2009), the form of delivery (internal/contracting out) does not have a significant impact on
municipal waste collection costs. Dijkgraaf and Gradus (2013) and Gradus, et al. (2016) indicate
that contracting out reduces municipal costs. For this reason, the hypothesis for this variable is
ambiguous.

e Public-private partnership (PPP): The impact of the mixed (PPP) form of waste collection
companies is examined in a number of empirical studies®® *> *. In order to assess the influence
of the PPP form of enterprise on waste collection costs, we use the PPP variable as a dummy
variable that takes a value of 1 if waste collection services are provided by a mixed form of
enterprise (PPP), and a value of O otherwise. The hypothesis for this variable is a positive
correlation. In mixed ownership, the co-owner is a private company, which is expected to exert
pressure on the waste collection company to achieve a higher profit.

¢ Multinational waste collection corporation (MNC): This is a dummy variable that acquires a value
of 1 in cases in which a municipality is served by a waste multinational corporation (MNC) and
a value of O if it is not. The hypothesis for this variable is a positive correlation. The globalization
of the world economy has resulted in the rapid growth of MNCs; regions forge increasing
numbers of links with other locations within and across national boundaries through the local
technological development efforts of MNCs. This kind of ownership leads the owner or/and co-
owner of the MNC to exert pressure on the waste collection company to achieve an increasingly
higher profit. Subsequently, the MNCs are allowed to return the achieved profit to the municipality
only in a minor degree; hence, the costs are increasing.

e Economies of scale (Scale): This dummy variable acquires a value of 1 where economies of
scale have been achieved in a waste collection area with more than 30,000 inhabitants and
a value of 0 in the opposite situation. The hypothesis for this variable is a negative correlation, as
was proved in a number of studies™ “°.

The analysis, consisting of both exploratory data analysis and multiple OLS regression analysis, was
conducted at the municipality level; the data used stemmed from 2016. We used the software packages
Microsoft Excel 2011 and STATISTICA. Tables 2 — 5 shows descriptive statistics for the individual
variables.
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Table 2: Descriptive statistics for variables used in the OLS model (whole sample; N=710; 2016)

Variable Mean Min Max St. dev.

MWMCpc [CZK/capita] 533.53 283.79 1,406.30 152.46
IWCC 0.29 0.00 1.00 0.45
IPP 0.17 0.00 1.00 0.37
Prod 0.58 0.00 1.00 0.49
Prov 0.61 0.00 1.00 0.49
PPP 0.13 0.00 1.00 0.33
MNC 0.49 0.00 1.00 0.50
Scale 0.72 0.00 1.00 0.45

Table 3: Descriptive statistics of variables used in the OLS model (sample of Municipalities with
fewer than 1000 inhabitants; N = 482; 2016)

Variable Mean Min Max St. dev.

MWMCpc 556.69 283.79 1,477.86 188.37
IWCC 0.35 0.00 1.00 0.48
IPP 0.17 0.00 1.00 0.38
Prod 0.68 0.00 1.00 0.47
Prov 0.57 0.00 1.00 0.50
PPP 0.07 0.00 1.00 0.25
MNC 0.57 0.00 1.00 0.50
Scale 0.69 0.00 1.00 0.46

Source: The authors

Table 4: Descriptive statistics of variables used in the OLS model (sample of Municipalities
with more than 1000 inhabitants; N = 228; 2016)

Variable Mean Min Max St. dev.

MWMCpc 615.31 290.259 1,465.868 197.23
IWCC 0.15 0.00 1.00 0.36
IPP 0.15 0.00 1.00 0.36
Prod 0.38 0.00 1.00 0.48
Prov 0.71 0.00 1.00 0.46
PPP 0.25 0.00 1.00 0.43
MNC 0.33 0.00 1.00 0.47
Scale 0.78 0.00 1.00 0.41

Source: The authors

Results and discussion

Table 5 shows the results obtained for the whole sample and for two different population size
subgroups. The results for all samples indicate that the explanatory power of the model is not very high,
but in relation to the sample size the results are significant.

The results for the whole sample show that PPPs increase total municipal waste management costs per
capita and show a significant relation to costs per capita (above 99 % of the confidence level). MNCs
have a significant and positive relation to costs (above 95 % of the confidence level). In contrast,
intermunicipal cooperation in both forms has a cost-reducing effect: for the intermunicipal waste
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collection company variable, the significance reaches above 95 % of the confidence level; for the
intermunicipal public procurements variable, the significance reaches above 99 % confidence level.
Finally, form of provision and economies of scale achieved from waste collection areas larger than 1000
inhabitants did not show a significant relation to costs; however, the result is not significant, and
international studies indicate that, economies of scale have a positive relation with costs for
municipalities with over 10,000 inhabitants.

Table 5: Empirical results of the regression analysis (OLS model) for the dependent variable of
total costs of waste collection service per capita

Variable Whole sample Municipalities with fewer = Municipalities with over
than 1000 inhabitants 1000 inhabitants
Const 874.378%+* 846.588*** 920.881***
(25.643) (42.658). (45.251)
IwWCC -31.704** -34.453%*+ -20.516**
(8.865) (4.111) (5.339)
IPP -53,381*** -64.907* -34.453%
(12.146) (17.492) (20.811)
Prod -35.808* 21.370 -38,298
(1.999) (20.617) (34.509)
Prov -89,381 -112.471 -112.579
(59.146) (78.220) (50.576)
PPP 49.404%*+ 65.703** 10.748
(14.039) (4.516) (29.833)
MNC 30.691* 31.367 36.149
(15.467) (33.939) (23.845)
Scale -13.366 -4.648 8.008
(14.246) (25.023) (44.849)
N 710 482 228
R? 0.3419 0.3467 0.3432
adj. R? 0.3001 0.2517 0.2472

Note : The values in brackets are the standard errors for individual variables. The results of the variables with a significance
level higher than 95 % are marked in bold.

The numbers* stand for the p-value of the significance of a variable: *** the significance level of 99 %, ** the significance
level of 95 %, * the significance level of 90 %.

Source: The authors

Table 5 also shows different results for different population size subgroups: municipalities with fewer
than 1000 inhabitants and municipalities with over 1000 inhabitants. In the municipalities with fewer than
1000 inhabitants, the results for the variables IPP and PPP are quite similar to the total sample
estimation. In both cases, intermunicipal cooperation reduces waste collection costs and is
significant, but the confidence level differs. In the municipalities with fewer than 1000 inhabitants
intermunicipal public procurement has a stronger effect; it is above 99 %. Intermunicipal waste
collection companies have a significant effect in municipalities with over 1000 inhabitants.
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The results indicate that intermunicipal cooperation shows a significant cost-reducing effect; however,
this effect is relatively small when compared to the opposite effects of PPPs and MNC. Concerning the
importance of intermunicipal cooperation and our RQ2, as shown by other studies focused on highly
fragmented countries™, it can produce positive effects especially for local governments with insufficient
capacities, i.e. for small local governments, as is shown by our results for the intermunicipal public
procurements variable. According to Bel and Warner®, economies of scale exist especially for small
local governments. Small local governments could benefit more from cooperation than larger ones, as
the smaller ones are more likely to achieve a reduced average cost of service delivery”. The same point
was made by Koprié®, who stresses that intermunicipal cooperation can serve as a surrogate or
functional substitute for territorial consolidation under the conditions of small units and fragmented local
structure in particular. Larger local governments do not need intermunicipal cooperation in order to
properly perform their own tasks. Our results correlate with these findings® ®** 23134,

On the other hand, the PPPs have a significant positive relation to the costs in both cases in relation
to increasing costs, but in the smallest municipalities with fewer than 1000 inhabitants, the effect is
stronger. The results of the OLS model show a significant positive relation between the PPPs and cost
increase in the total sample and for municipalities with population sizes of fewer than 1000 inhabitants.
Chong, et al. *° obtained similar results based on the data from 5000 local French authorities. The choice
made by local authorities to engage in a PPP is not random; further, conditional on the choice of the
PPP, consumer prices are significantly higher on average. Considering these results, it is possible to
ask: Do the PPPs lead to failure in terms of efficiency? The results obtained in the estimation indicate
that the form of provision (especially contracting out) has no significant effects on municipal waste
collection costs for either sample. It seems surprising in contrast that the results for intermunicipal public
procurement (contracting out in the form of intermunicipal cooperation) have a significant cost-reducing
effect. The result for the form of production variable shows a small cost-reducing effect for the service
produced by a public waste collection company. This effect is not so strong; the significance level is
above 90 % and cost reduction is only 35.8 CZK for the whole sample. In the economies of scale
achieved from a waste collection area larger than 30,000 inhabitants, the results for municipalities with
fewer than 1000 inhabitants have a positive effect and for municipalities with over 1000 inhabitants
a negative effect (increasing costs). These results were not significant. The achieved results enable us to
provide a contrast with previously published papers, to present an opinion of established differences,
and to express a view of the results with a relevant explanation. This enables us to open a space in
which to outline the need for further possible solutions and for the development of science, society, and
practices in the area of local waste management, even beyond the borders of conventional ways of
thinking in regards to different factors and variables.

Conclusions

The paper is focused on the relation between local waste collection costs and selected factors
affecting cost efficiency. We paid special attention to the forms of production and provision, to
intermunicipal cooperation in two forms (intermunicipal waste collection company and intermunicipal
public procurements), to economies of scale, and to PPPs. Based on the data set, the paper provides
clear answers to the established research questions and contributes to ongoing academic debates while
going beyond conventional approaches.

The empirical analysis of factors influencing waste collection costs returned interesting findings. In
addressing RQ1, the obtained results show a significant positive relation between intermunicipal
cooperation and cost savings in the total sample and for all population size subgroups. Concurrently we
found that the cost efficiency of local waste collection services is negatively affected by PPPs but only for
smaller municipalities with populations of fewer than 1000 inhabitants.

RQ2 and RQ3 help us to understand this issue in a deeper way. In addressing RQ2, we found that
the cost efficiency of local waste collection services is more strongly affected by intermunicipal waste
collection companies, but the significance is higher for intermunicipal public procurements. In addressing
RQ3, we found that intermunicipal cooperation more reduces waste collection costs in the smaller
municipalities with fewer than 1000 inhabitants.
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The paper provides clear answers to the research questions and contributes broadly to the field of
cost effectiveness in waste management studies. The policy implications could involve pointing out the
importance of intermunicipal cooperation in cost savings and offering a new and innovative solution to
the decision-making processes of municipal representatives. It is clear from numerous studies that local
governments prefer to collaborate with other local governments. From this perspective, it is no surprise
that intermunicipal cooperation is considered a sufficient measure of cost reduction for the municipality.
In addition, our results allow us to support the assertion that intermunicipal cooperation is often
accompanied with decreases in costs per capita. However, as was stressed by Lackowska®,
intermunicipal cooperation is not a panacea. When policy makers seek to identify an “optimal” population
size for delivering services, even the high diversity of local services can lead to different
recommendations. Taking this fact into account, it is impossible to state the sizes and the number of
local governments that must cooperate in order to achieve cost efficiency and cost effectiveness in all
cases of delivering the local services for which they are responsible. More precisely, while collaborating
local governments can be very efficient in delivering one service, at the same time they may fail to
achieve efficiency in the delivery of another service.
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Meziobecni spoluprace obci v odpadovém hospodarstvi a jeji efekty na
nakladovou efektivhost

Jana SOUKOPOVA, Tom&és SLADECEK
Ekonomicko-spravni fakulta MU, Institut pro udrzitelnost a cirkularitu, Lipova 41a, 602 00 Brno
e-mail: soukopova@econ.muni.cz

Souhrn

Clanek se zaméfuje na meziobecni spolupraci a jeji efekty v oblasti néakladové efektivnosti
odpadového hospodéfstvi obci CR a poskytuje novy a inovativni pfistup k nakladové efektivnosti sluzeb
nakladani s komunélnim odpadem. Byl zkoumén vzorek 710 obci ze dvou regionii v Ceské republice
(Olomoucky a Zlinsky kraj) pro data vydaji na odpadové hospodarstvi za obdobi 2014 az 2016. Byly
zkoumany dvé formy meziobecni spoluprace: svozové spolecCnosti ve spolecném vlastnictvi obci
a vefejné zakazky zadavané spoleéné obcemi. Vysledky analyzy zpracované pomoci obecné linearni
regrese metodou nejmensich &tvercu ukazuji, Ze meziobecni spoluprace ma vyrazny vliv na snizovani
vydajt na odpadové hospodarstvi obci, a to zviasté u malych obci do 1 000 obyvatel.

Klicova slova: odpadové hospodarstvi, meziobecni spoluprace, verejné zakazky a nakladova
efektivnost
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Abstract

This work focuses on co-firing of coal with specially separated waste marked as a solid recovered fuel
(SRF) for the purpose of decreasing sulphur dioxide emissions. Nowadays, it starts to be very
challenging for coal fired boilers to reach tightened emission limits for SO, which are currently set at
1 500 mg/m? for solid fuel and power inputs from 5 to 50 MW. The main contribution of this work is that
there were done long term experiments with co-firing at the real industrial boiler with real operating
parameters.

Three mixtures with increasing amount of SRF were proven at the grate type of boiler having power
output 5.14 MW. Used mixtures obtained 10, 25 and 40% of SRF in heat input. Experimental results
show that only the mixture with the highest amount of SRF decreases SO, concentration under the
current SO, emission limits. However, this percentage of SRF in the mixture created several problems
which should be sorted out. The biggest problems with this co-firing were increased concentrations of
particular matter, increased concentration of NO, and higher emissions of HCI. Due to the different
specific volume and mechanical properties of used fuels some potential problems with fuel preparation
and fuel feeding should be taken into consideration.

Keywords: co-firing of waste, solid recovered fuel, sulphur dioxide

Introduction

In the Czech Republic energy industry has a strong position. There are more than 38.1 % of
households heated from the central heating systems where one half of the delivered heat comes from
coal fired sources [1]. Nowadays, coal fired heating plants faces new challenges in terms of fulfilling new
emission limits. For the stationary power systems those are stated in the Air Protection Act 201/2012
Coll. [2] and the directive 415/2012 [3] and divide the sources to the categories according to the power
input and type of the fuel. Current emission limits are being tightened by legislation of European Union.
In the Czech legislation there are emission limits stated up to year 2025 and further as can be seen in
Table 1. This work mainly focuses on sulphur emission targeting sources with power thermal input in the
range from 5 to 50 MW.

For coal fired boilers meeting the newly stated emission limits starts to be very challenging. This
article focuses on fulfilling emission limits of SO, in the grate type of boiler.

Sulphur dioxide emissions

Sulphur is contained in each type of solid fuels and its content in the Czech coals varies most
commonly in the range from around 0.5 wt% up to 3 wt% related to the combustible matter. Sulphur in
coal has only negative impacts on the fuel quality. The main problem is the production of harmful sulphur
oxides, but it also decreases the calorific value and it contributes to the easier self-ignition on the fuel
storage. Sulphur in coal is found in several forms and the problematic of sulphur type determination is
very wide. The major forms are pyritic, organic, sulphates and traces of elemental sulphur [4].
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Table 1: Specific emission limits for combustion in stationary sources with thermal input
5 —50 MW [mg/m?] [2]

validation Fuel SO, NO, |PM Co
150 400
Before . 2500 650 1) 1)
Solid fuel 1) 1) | 100 300
31.12. 2017 1500 500 5502 | 650 2
1.1.2018 Sources in operation before Solid fuel 2500 650 150 400
- 1.9. 2014 1500 " 500" | 100" | 300"
19. 12. 2018 | Sources in operation after . 3) 300
1 9. 2014 Solid fuel 1500 500 30 500 ¥
Sources in operation before , 3) 300
2_0. 12.2018 21 12. 2018 Solid fuel 1500 500 30 500 4
Sources in operation after Solid fuel except 5)
31.12. 2024 0. 12. 2018 biomass 400 300 20 300
Sources in operation before | Solid fuel except 6)
o s | 21.12.2018 biomass 400 500 130 ]300
T Sources in operation after Solid fuel except 400 300 209 300
20. 12. 2018 biomass

1) Applies for stationary sources with fluidized bed.

2) Applies for biomass combustion in stationary sources.

3) For brown coal combustion in stationary sources which are operating maximally 3200 hours per year applies
specific emission limit of 2000 mg/m?.

4) Valid for biomass combustion in stationary sources except for seed cakes.

5) For stationary sources having thermal input lower or equal 20 MW applies emission limit of 30 mg/m?®.

6) For stationary sources having thermal input lower or equal 20 MW applies emission limit of 1100 mg/m®.

The product of sulphur oxidation - sulphur dioxide (SO,) is non-explosive, non-flammable, colourless
toxic gas [5]. SO, is also dangerous for whole combustion system, because it is causing both high-
temperature and low-temperature corrosion. When released to the atmosphere, the sulphur dioxide can
be converted to sulphur trioxide, which later by reactions with water vapour creates sulphuric acid
H,SO,. Sulphuric acid has a damaging effect in atmosphere, it is usually marked as acid rain. Acid rains
damage vegetation, due to their acidification they are dangerous for water sources and have devastating
effect on water organisms. Acid rains are also damaging a wide variety of building materials — mortar,
marble and roofing slate. There are several possibilities of SO, reduction. Generally we consider:

desulphurization of fuel

flue gas desulphurization

in-situ desulphurization during combustion

changing of high sulphuric fuels for low sulphuric fuels.

Desulphurization of coal covers methods removing sulphur directly from coal just before its
combustion. These methods were under the main scope of research in 1970s and 1980s. With
increasing requirements on SO, emissions and usually very high energy demands and complicated
processes, these methods are neither competitive with desulphurization of flue gas nor with other
methods.

Flue gas desulphurization are methods removing SO, after the combustion processes. FGD is a
relatively complicated process where it is necessary to remove relatively small concentrations of SO,
from a large volume of flue gas. Generally it can be divided into wet, dry or semi-dry methods. These
methods covers proven technologies with known operation but they are usually more suitable for larger
scale heating or power plants, due to their relatively expensive operation and high investment costs.
Using these technologies always means growth of the final heat price.

Desulphurization during combustion is based on the reaction between gaseous SO, and solid
sorbent, which is added directly to the combustion process. The most commonly used additives are
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limestone (CaCO;) and dolomite (CaCO5;-MgCO;). The summarized reaction of SO, retention can be
stated as [6]:

1
CaC0s + 50 +5 0, — Cas04 + €O,

The product of desulphurization is stable calcium sulphate which is removed from the combustion
process commonly with ash. The process of in-situ desulphurization is suitable mainly for fluidized bed
combustion due to the optimal combustion temperatures and improved mass and heat transfer which are
typical for fluidized beds. [6]

The last mentioned possibility of decreasing the SO, emissions with relatively low investment cost is
substitution of the fuel. Changes between the coals in terms of the Czech Republic does not bring any
important benefits, because even the usage of coal with the lowest available sulfur content does not
meet the emission limit of 1500 mg/m>. The only possibility is co-firing with other types of low sulphur
fuels, usually with biomass, although usage of other fuels is also possible.

This work focuses on co-firing of coal with certificated solid recovered fuel coming from sorted waste
on a grate fired type of boiler for the purpose of decreasing the sulphur dioxide emissions.

Experimental part
Used fuels

The original fuel used for the experiments is Czech brown coal. It should be mentioned that the quality
of used coal was slightly improved in comparison with catalogue values due to the fact that it was stored
in dry storage, protected against rain and its particular water draining. The fuel which is co-fired is
marked as Solid Recovered Fuel (SRF) and is made of non-dangerous waste. It is produced from
scrapped products that have already ended their lifetime and became waste — such as textile, plastic,
rubber etc. The original items were put on market therefore they cannot have dangerous properties. The
proximate and ultimate analyses of both fuels is stated in Table 2. The composition of SRF is shown in
Table 3. It can be seen that majority of the fuel comes from automotive industry, mainly from automotive
textile.

Table 2: Proximate and ultimate analyses of the brown coal

Fuel C' o} H | S N | A W' Qf cl
Coal 50.1 | 154 |39 |0.8 |0.6 |10.7 |185 |20.1 |<0,01
SRF 549 | 265 |74 |0.07 |11 |93 |0.79 |256 |0.07

Table 3: Composition of the SRF

Component Average amount (wt. %)
Automotive textile 60 — 80 %
Fiberglass with carton filling Up to 20 %
Rubber hose and rubber granulate Upto 10 %
Document shredding Upto 10 %
Plastic covers from food industry Up to 10 %
Plastic parts from automotive, plastic films Upto 10 %
Other Up to 10 %

Patronem tohoto &isla je ODPADOVE FORUM, odborny mési¢nik pro priimyslovou a komunélni ekologii, www.odpadoveforum.cz

WASTE FORUM 2018, &islo 1, strana 28



Pavel SKOPEC, Frantisek HRDLICKA, Jitka JENIKOVA: Co-firing of coal with a solid recovered fuel as a route for
reduction of sulphur dioxide emissions

Description of the boiler

Experiments were done on steam boiler with moving grate of a belt type running in opposite direction
than fuel addition. It is supplied via pneumatic fuel spreader. Combustion air is preheated. The boiler has
a drum and is equipped with membrane walls where water circulation is natural. The nominal parameters
of the boiler are shown in Table 4.

Table 4; Parameters of the boiler

Parameter Value
Steam output [t/h] 6.3
Heat output [kKW] 4,266
Heat input [kW] 5,140
Steam pressure [bar] 1.2
Steam temperature [°C] 220

The boiler is newly equipped with secondary air distribution in order to decrease emissions of CO.
Secondary air is supplied by 13 nozzles at the front and side walls above the grate. Flue gases are
dusted off in dry vortex and secondly in electrostatic precipitator.

Experimental set-up

Performed experiments with co-firing of above mentioned fuels have taken place within 20 days on
the described boiler. The boilers power output was set between 65 to 95% of nominal parameters. The
experiments were started with combustion of 100% coal to set the common state. Later on, three
different fuel compositions were tested. SRF was stored in outdoor storage with protection against rain
and blowing off the fine particles. Tested combination of co-combusted fuels was premixed in required
ratio outside and put inside the hopper from which it was transported via the conveyor belt to the
combustion chamber. The tested mixtures are stated in Table 5.

Table 5: Tested mixtures

Energy ratio Mass ratio LHV Sulphur content Theoretical SO,
Coal / SRF Coal / SRF [MJ/kg] [wt.%] concentration [mg/m?|
Coal 100 0 100 0 20.1 0.8 2273
Mixture | 90 10 92 8 20.6 0.75 2 081
Mixture Il 75 25 79 21 21.2 0.66 1787
Mixture Il 60 40 66 34 22.3 0.57 1484

Table 5 shows that increasing amount of SRF in the mixture increases the low heating value and
oppositely decreases SO, theoretical concentration. In case of the mixture Ill we can see that the
theoretical SO, concentration is below the emission limit of 1500 mg/m? and it should be possible to use
this mixture as the fuel for further operation of the boiler.

Measuring consists of continual analysis of SO,, CO and NO, using IR analyser Ultramat 23 equipped
with electrochemical module for O, analyses. Particulate matter was measured continually using optical
in situ analyser Dusthunter SP100 and HCI was measured using IR analyser EcoChem MC3. All the
analysers were calibrated by certified laboratory.
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Results and discussion

The results of SO, decrease from above mentioned measurements are stated in Table 6. It can be clearly
seen that the theoretical calculation of SO, concentration have relatively good accordance with the
measurements, having the highest deviation under 10%. The calculation of the theoretical SO, concentration
takes into consideration 100% conversion of sulphur to sulphur dioxide SO,. However it is known that some
part of the sulphur contained in the fuel is in a non-combustible form - e.g. sulphates. The second reason
explaining the difference between the measurement and theoretical concentration is that the sulphur from the
fuel can create also sulphur trioxide at lower temperatures, which is not under emission measurement and is
not standardly watched. Another explanation of the lower measured concentrations is the presence of
calcium carbonate in the coal ash and consequent particular SO, self - retention in the ash. However, the
difference can be also caused by fluctuating amount of sulphur in both fuels.

Table 6: Comparison of average values of SO, with theoretical calculation

Measured SO, Theoretical SO, Difference | Difference
concentration [mg/m?] concentration [mg/m?] [mg/m? [%]
Coal 2225+ 134 2273 48 2.1
Mixture | 1877 +173 2 081 204 9.8
Mixture 11 1660 + 206 1787 127 7.1
Mixture 1l 1369+ 171 1484 115 7.7

There has to be mentioned that the values of measured SO, concentration are the averages from
several day lasting measurements. The time runs of the measurements with the given fuel mixtures are
stated in diagrams in Figure 1. Those diagrams are created from the points representing the average
values of the given emission from 30 minutes periods. It can be seen that addition of other type of fuel
have significant effect on SO, emission without any negative effect on combustion stability and some
dramatic increase of other gaseous emissions. The effect on other emissions is stated in Table 7.

Table 7: Average values of other measured emissions and their standard deviations during
co-firing experiments

PM [mg/m’] | CO [mg/m®] | NO,[mg/m’] | SO, [mg/m7] 0, [%] HCI [mg/m7]
Coal 6.2+59 388 + 76 458 + 94 2225+134 | 14.7+0.8 6.4+34
Mixture | 40.2 £ 47 407 + 64 463 + 66 1877+173 | 13.9+1.7 18.2+£10.5
Mixture Il 118 + 54 402 + 64 527 + 82 1660+206 | 15.1£1.7 17.6 £17.7
Mixture 11l 154 + 23 359 + 71 499 + 54 1369 + 171 14.8+1.2 30.8 + 23.1

It can be seen that increasing amount of SRF in the fuel mixture have significantly negative impact on
particulate matter emissions which increases from 6.2 mg/m® up to 154 mg/m?® in case of using
Mixture Ill. This effect is probably caused by the high amount of light and fine particles which are
entrained with combustion gases from combustion chamber and their different characterization. The
emission limit of 30 mg/m?® is exceeded more than five times therefore further operation optimization or
extension of PM removing should be done. In order to learn more about the problem of higher PM
emissions there should be done more comprehensive analyses of particle size distribution of PM or e.g.
elemental composition of fly ash. However, this was not the main focus of presented work and thus
these analyses are missing.

In case of CO emissions there is not seen any definite dependence with increasing amount of SRF in
the fuel. The emission limit of 300 mg/m? for CO was exceeded also for reference measurement with
coal. Although the CO concentrations are higher for Mixture | and Mixture Il in comparison with reference
state, this increase cannot be dedicated to the SRF addition, as Mixture Il having the highest amount of
SRF shows oppositely the lowest emissions of CO. Emissions of CO could be decreased by
improvement of combustion process by optimization of air supply.
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In case of NO, the limit 500 mg/m3 was exceeded only in case of measurement with Mixture Il. The
increased NO, emissions in comparison with reference case are caused because of two reasons. The first
reason is higher amount of nitrogen presented in SRF, which is nearly two times higher in comparison with
coal and could increase production of so called fuel nitrogen oxides. The second reason of higher
production of NO, are increased local combustion temperatures caused by the higher low heating value of
the mixed fuel and thus increased production of thermal nitrogen oxides. Also the process of combustion
was not directly optimized for NOy reduction, due to the low experience of the operators with the new
mixtures of fuel and their different behaviour. Although there are several reasons for increase nitrogen
oxides concentrations, the final NO, emissions ranges around the emission limit and they can be reduced
by optimization of combustion process, such as optimization of secondary air supply.
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Figure 1: Emission behaviour during combustion of different fuel mixtures
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It should be mentioned that the boiler was operated with high excess of air, having O, concentration
in flue gas around 15%. This measure has several combined effects on emission production. The main
reason for such a high excess of air was to decrease the combustion temperature and thus decrease the
production of thermal NO,. Among negative effect of this measure belongs increased production of CO,
which is given by incomplete oxidation to CO, under lower temperatures and by shorter residence time in
the zone of combustion. On the other side, higher CO emissions participate on reduction of NO, back to
N.. Therefore, it is important to find some optimal settings of the boiler in order to meet these emission
limits. However, the construction of the boiler (with belt grate and pneumatic throwing of fuel) do not
enable further significant decrease of these emissions and it will be quite challenging to find an optimal
setting.

The last monitored pollutant was hydrogen chloride HCI. Chlorine which is released during
combustion is very dangerous for the construction of the boiler due to the fact that it causes corrosion. It
can be seen that with increasing amount of SRF in the mixture increases also the concentration of HCI.
This fact is connected with the higher amount of chloride obtained in the SRF. However, the process of
chlorine corrosion is relatively complicated and does not dependent only on the concentration of
released chloride but depends also on the local operational parameters. The real effect of chloride
corrosion was not studied during the experiments in detail.

Potential risks of using co-firing

According to the experiments that were done in the real industrial boiler it is possible to reduce the
concentration of SO, by co-firing of waste (SRF) with coal. Using this method brings some potential risks
that should be taken into consideration. These risks could be summarized as:

ensuring the sufficient mixing of the fuel

potential problems with fuel feeding

decreased capacity of the fuel hoppers

problems with meeting the emission limits of CO

problems with increased PM emissions due to the different characteristic of ash particles
ensuring the properties of used co-combusted fuel.

It is very important to ensure sufficient mixing of the used fuels. Insufficient mixing could cause
instable combustion with potential exceed of emission limits and instable power output of the boiler.

Different physical characteristic of the co-combusted fuel could cause problems with fuel feeding. The
most problematic feature is probably the different bulk density of the co-combusted fuels. Table 8 shows
increase of the volume of used mixtures of the fuel. The bulk density of used coal is 720 kg/m® which is
more than 3,5 higher than the bulk density of SRF which is around 200 kg/m®. Values of the specific
volume in table 8 shows that for mixture Ill we get nearly two times higher volume of the fuel in
comparison with coal. This fact can affect the volume capacity of the fuel conveyors and also decreases
the capacity of the fuel hoppers. Another problem could be the fact, that the fuel contains high amount of
the fine and light particles that can be entrained by wind from the fuel storage, which increases the
requirements for its storage.

Table 8: Specific volume of the fuel mixtures

Energy ratio Mass ratio Specific  volume

Coal / SRF Coal / SRF of the fuel [m*/kg]
Coal 100 0 100 0 1.39
Mixture | 90 10 92 8 1.68
Mixture I 75 25 79 21 2.14
Mixture 11 60 40 66 34 2.63
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Potential exceed of CO concentration can be caused by the fact than the operators of the boiler do
not have enough experiences with operation of such boilers with this type of fuel.

Emissions of the particulate matter seem to be also problematic. The reason is probably different
characteristic of the entrained particles and insufficient efficiency of the electrostatic precipitators. The
additional improvement of the particles removing is expected. Possible solution could be further
adjustment of SRF in order to increase its density using e.g. extrusion or pelletization. However, such
a type of certificated SRF or processing method is currently missing on the Czech market.

Potential risk comes also from the characteristic of the additional fuel. According to the analyses from
the last 5 years the amount of sulphur varied from 0.05 wt.% up to 0.25 wt %, with the average amount
around 0.11 wt %. Increase in sulphur content for given mass ratio of the fuels could cause growth in
SO, production. The effect of different heat ratios of the fuel with different sulphur content in SRF is
shown in Figure 2. The lower curve at the diagram shows expected SO, concentrations while co-firing
the fuel with lower amount of S (0.05 wt %). Oppositely the upper curve shows presumable SO,
emissions while co-firing the fuel with the higher amount of S (0.25 wt %). The diagram supposes
constant sulphur content in the coal, although this can also varies and assumes 100% conversion of the
sulphur on SO,.
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Figure 2: Effect of different amounts of SRF addition on SO, concentration for two different
amounts of Sin SRF

Conclusions

Above mentioned experiments that were done in the real scale industrial boiler successfully proved
that co-firing of this exact low sulphuric solid recovered fuel can be used as a tool for decreasing of the
SO, concentrations and reaching the legislative emission limit of SO,. In this exact case it was
necessary to use about 40% of SRF (heat ratio) in order to reach the emission limits of 1 500 mg/m?®
SO,. However, the experiments uncovered several problems with using this co-combusted fuel.

It is always necessary to individually consider the construction of the fuel feeding system and its
suitability for transporting SRF to the combustion chamber. The reason is the different characteristic of
the SRF and its higher specific volume. It is also necessary to ensure the stored SRF against the
inconvenient atmospheric conditions.

Meeting the emission limits for particular matter seems to be problematic. The measurements showed
increase of PM concentration from 6.2 mg/m® to 154 mg/m?® in case of using Mixture Ill. The material
which is entrained from the boiler during co—combusting have different physical characteristic than the
ash entrained from the original fuel. This leads to insufficient efficiency of electrostatic precipitators.
Necessity of additional investment costs on improving this technology are expected.
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During co-combustion there were recognized almost five times higher concentration of HCI which
could cause problems with corrosion of the boiler. The expected emission limit of HCI in future will be
probably set at about 10 mg/m?, which could cause another problem with co-firing of this fuel.

Without solving above mentioned problems that were recognized during the experiments, mainly the
problems with meeting the emission limits of PM, the co-firing of SRF cannot be currently used in
practice.
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Spoluspalovani uhli s tuhym alternativnim palivem jako zpusob snizovani
emisi oxidu sifi¢itého
Pavel SKOPEC, Frantisek HRDLICKA, Jitka JENIKOVA

Ceské vysoké uceni technické v Praze, Fakulta strojni, Ustav energetiky, Technicka 4, Praha 6,
166 07, e-mail: p.skopec@fs.cvut.cz

Souhrn

Tato prace se zabyva problematikou spoluspalovani uhli s tuhym alternativnim palivem pochazejicim
Z odpadu za ucelem snizeni emisi oxidu sifi¢itého. Pro kotle o tepelném prikonu 5 az 50 MW spalujici
uhli dochéazi od 1. 1. 2018 ke znaénému sniZeni emisniho limitu SO, na 1 500 mg/m?®. Hlavnim pfinosem
této prace je prezentace vysledkl z dlouhodobych experiment( spoluspalovani provedenych na
skute¢ném pramyslovém kotli pfi realnych provoznich podminkach.

Celkové byly spalovany tfi smési paliv obsahujici vzristajici obsah TAP (10, 25 a 40 % tepelného
pfikonu). Spalovani probihalo na roStovém kotli o celkovém tepelném pfikonu 5,14 MW. Vysledky
meéreni ukazaly, Ze pouze v pripadé vyuZiti smési s nejvétsim obsahem TAP je mozné pinit poZadované
emisni limity SO,. PouZiti takto bohaté smési paliva ov§em zplsobuje i fadu negativnich dopadu, které

koncentrace NO, a rovnéZz vysSi emise HCI. Diky rozdilnému mérnému objemu a mechanickym
viastnostem paliva mohou nastat problémy s pfipravou smési paliva a jeji naslednou dopravou do kotle.

Klicova slova: spoluspalovani odpadu, tuhé alternativni palivo, oxid sificity
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Abstract

Indoor environmental quality of average family house in the Czech Republic is the most problematic in
the kitchen equipped with combined gas and electrical appliances. Especially gas continuous flow water
heaters can be source of significant pollution in the buildings which were recently refurbished and their
facade changed into air — tight building envelope. Kitchen hood (exhaust air ventilation equipment
located above stove) was found completely insufficient in keeping adequate indoor air quality. This study
shows set of requirements on kitchen hood operation (exhaust of polluted air to outdoor environment)
and states the necessity of multiple ventilation strategies cooperation (natural ventilation — window
opening and kitchen hood operation) based on a few day measurement of typical kitchen operation and
appliances use. These stated requirements were necessary to reach standard indoor environmental
parameters values together with minimum heat losses.

Keywords: indoor environmental quality, indoor air quality, ventilation rate, gas appliances, air change.

Introduction

According to the recent trends of energy savings in building services operation and building envelope
insulation, the minimum air change rate is calculated considering heat retention. Ventilation system
control is usually based on the CO, measured concentration. The air change rate is dependent on the
occupant behavior. This paper is focused on experimental description of the investigated pollutants in
a naturally ventilated room during both occupied and unoccupied hours.

In this kitchen operation typically many pollutants are produced during cooking — combustion of gas.
The real question is which pollutant is the most important and decides the exact ventilation need rate.
The ventilation need is highly dependent on the real use of the room. These are two main challenges for
this sort of operation.

Gas Appliances in the Investigated Room

In the investigated kitchen the following appliances are used: a gas cooker and a gas continuous flow
water heater. The cooker top has four burners. These burners have three essential considerations:
1kw; 1. 75 kW and 2 times 2.0 kW. The gas continuous flow water heater has following characteristics:
stand-by flame 0. 2 kW and output during hot water generation: 8 kW.
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Ventilation Strategies

Possible ventilation strategies are natural ventilation and forced ventilation (Table 1). Natural ways of
used ventilation strategies are apart from infiltration partially open window and open door to the corridor.
This corridor is connected to another three rooms with operable windows. It interconnects spaces with
different temperatures. The forced ventilation possibility is a kitchen hood located above the kitchen
cooker. The kitchen hood output characteristics are 3 levels. The highest level enables the ventilation
rate of 205 m3h. The output of kitchen hood fan engine is 120 W. The outlet duct diameter is @ 120 mm.
The kitchen hood is used only during times of cooking. The occupants use mostly only 1% level. The
estimation of this ventilation rate was determined as 130 m*/h.

Table 1: Ventilation strategies used during measurement

YES | NO
partially open window X
open window X
closed window

door to corridor open
door to corridor closed
kitchen hood on
kitchen hood off
infiltration

X[ X[ X|X]|X]|X

Methods

Following methods were used to investigate indoor environment in the kitchen. Measurements were
taken of carbon dioxide, carbon monoxide, TVOC and formaldehyde. There were Innova air quality
sensors used to measure their concentrations. The measurement was carried out by Innova 1412
device. This device is photoacoustic multi gas monitor which works on the photoacoustic spectroscopy
(PAS) principle.

This device works as a system which consists of centrally located datalogger with multi gas monitor
and a multiple point sampler. The monitoring works as continuous — flow — PAS detector. The samples
can be taken from up to 5 different locations. This system is connected to PC (laptop) for activation of
process controllers®. All these pollutants were measured in three selected standpoints. The standpoints
were chosen to determine air flows in a room.

A tracer gas was used to calculate air exchange in time when every window and door is closed and
when there is some sort of ventilation schedule. The occupants registered their schedule of a kitchen
use and ventilation behavior — the schedule of their ventilation habits, their presence in the room, their
activity — for better comprehension of room operation.

The tracer gas sulfur hexafluoride (SFs) was dosed into the investigated kitchen in the beginning of
the measurement. The concentration uniformity was provided by the use of mixing fan. The tracer gas
concentrations were also measured by the Innova air quality sensors.

Measurements and experimental part

For indoor air quality measurements three standpoints (Figure 1) were chosen closed to freezer 11,
sink 12 and door to pantry I13. Indoor air quality parameters were measured to examine the environment
under the combustion of natural gas conditions. Especially CO concentrations are expected to be
interesting because this gas is a main product of dangerous imperfect combustion of natural gas. Other
notable sources of the natural gas are tobacco products and exhaust gasses.
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Figure 1: Scheme of IAQ measurement standpoints (I11; 12; 13) in the investigated kitchen

IAQ measurements and gas appliances

CO, CO,, formaldehyde and TVOC concentrations were measured (Figure 3, 4, 5, 6). For better
understanding the cooker schedules are included. Combustion of gas influences the measured
concentrations. CO, concentration is often used as indicator of occupant’s presence in the investigated
area. This CO, value is an average value of these 3 standpoints. (Figure 6) According to the directive®
the acceptable CO, concentration is in the value of 1500 ppm. According to the opening schedule the
open door can better the situation only a little. The partially open window helps much more.

Occupational Behaviour

Occupants were present during the test time for a couple of times. Their presence is shown in the Fig. 4.
Mostly just one occupant is present. For only one time two occupants were present. During those times
occupants produce pollutant CO, and they also use gas appliances. Occupant presence influences the
air quality and its requirements on ventilation rate. On the following graph Fig. 4 there is an occupancy
profile. This profile is represented together with openings schedule and CO, concentration.

Mostly one occupant was present in the kitchen; exceptionally two of them were present. Occupant
usually cooked or washed the dishes. Cooking produces pollutants and water vapour. Washing dishes
also produces water vapour.

There is this relation between occupancy presence and the requirements on ventilation. Also the
occupant behavior can very much influence the indoor air and indoor environmental quality as whole.
According to their behavior in terms of using different ventilation strategies the indoor environment can
very much be changed into more satisfactory state.
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Schedules of Gas Appliances Use and Kitchen Use

The investigated kitchen is used every day through the whole day because of occupants. Occupants
are elderly retired persons who stay at home usually for most of the time of a day. They work partly
during the day at home. During cooking time kitchen hood is turned on. Most of the day a window is
partially open. The upper part of the window is folded inward. The water heater operates in two positions
on-position and off position. Gas appliances are in operation for a few times a day. For the following
calculations all the values were chosen properly on the safe side of values for the biggest burners.

Large
fan  Gas monitor Sampling

Figure 2: The Concentration-decay method measurement scheme?; Picture taken by the
papers author of Innova PAS detector and multi point sampler connected to laptop during the
measurement in the investigated kitchen

Calculations

Air change calculation

Recently the plastic windows were installed to this family house. This family house fagade has also a
thermal insulation of 100 mm thickness. These factors give the assumption that the building envelope was
changed to the tighter one. The question was how effective can this kitchen ventilate through building
envelope? This assumption also brings out the hypothesis that the indoor air quality would have changed for
the worse.
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Figure 4: CO — measured standpoint concentrations and cooker schedule
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The idea was to investigate this issue with the use of a tracer gas SF¢. Tracer gas concentrations
were measured (Fig. 7) on the three standpoints during the whole day. That means during the period of
closed openings and during the period of open window and door. The rate was calculated from the
measured concentrations of SFe. The air change was calculated according to the following equation.”
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Figure 6: Occupancy, openings schedule and CO, concentration

Natural ventilation rate

A temperature difference between an outdoor temperature and an average indoor temperature was
calculated. In order to find out a natural ventilation efficiency of a partially opened window the
temperature difference was calculated. This difference shows that the natural ventilation is possible and
efficient during these times of the measurement. That means that the ventilation through the partially
open window is not negligible. Thus the strategy of the ventilation with partially open window was
effective and should be taken into the consideration.

Formulation of required ventilation rate according to occupant’s presence

Calculations of required ventilation rates were done. According to the standard® the required
ventilation rate per person is 25 m%h. Analogically the rate for two present occupants is then supposed
to be 50 m®h. Also during unoccupied hours there is this required value according to standard® of
a multiple air change n = 0.1 1/ h. Then the required rate is calculated as:

Vunocc: n * Vm (m3/h) (2)

Vunoee — Ventilation rate for occupied hours (m®h)
n — multiple air change dependent on room purpose and operation (1/h)
Vm — volume of investigated room (m?®)

Calculation of required ventilation rate according to gas appliances

Every used gas appliance has its own known installed wattage. The ventilation rate needed to get rid
of these pollutants emitted by gas appliances was calculated. Every watt of this wattage is known and
the use was written down during the measured time. The relation between wattage used and ventilation
input required was estimated® as following:

1kW=0.2m%s ie.1kW= 720 m*h (3)

Into the calculations following appliances and their schedule were taken: a cooker and gas continuous
flow water heater. Operation of the kitchen hood was also considered. The kitchen hood was used just
once. Its ventilation rate was estimated as 130 m®h. Balance calculations were taken in order to find out
the real ventilation rate needed during the occupied hours and occupants activities in the kitchen. The
balance was calculated from a gas appliance output and its conversion to carbon dioxide and to
ventilation rate of fresh air.
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Situation in the world

According to the available sources’ the gas appliances and their influence on indoor air quality was
examined since the 1970°s. There were experiments held in the laboratories, (see Fig. 8 - there are the
following AC values shown: A) 0. 24; B) 1; C) 2. 5 and D) 7 (1 / h), as well as in summary field
measurements (in the kitchens of apartments and residential houses). Traditionally CO and CO,
concentrations were measured ® '> * ', For some cases NO, NO, and NO, concentrations were also
measured & %213 |n the Californian (USA) study formaldehyde and acetaldehyde concentrations were
also measured. The goal was to find out if the examined gas appliances operation could have had an
impact on these concentrations. It was not prooved™®. Ultrafine particles (particles with diameters of 6 nm
or larger (PN)) and fine particulate matter (PM2.5) were measured™®.

135
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105

90 = - SF6 freczer
SF6 sink

75

= = SF6 door to pantry
60 pantry

— SF6 average
45

Schedule on/off (-)

partially open window

30 — - =door to corridor

kitchen hood

SI6omeasured concentration (ppm)

15

Figure 7: SF¢ - 3 measured standpoint concentrations, average concentration and ventilation
schedule — Morning of Day 1

A study conducted in Utah (USA) was focused on CO emission and decay time periods observed in
homes during every day activities*. Measurements were carried out for gas oven operation’**, gas-fired
space heaters ' and residential gas cooking systems %2134 |n Eyrope in the Netherlands a study
was conducted which was focused on pollutants stratification. The study introduces the new concept of
CACP. CACP expresses the Chance of Accumulation of Combustion Products™.

Use of kitchen hoods and increased awareness of the need to ventilate when cooking, along with
building standards for minimum range hood flow rates and volume, could substantially reduce exposures
to the pollutants® ** ™. Topic becomes more important with the tight building envelopes and lower air
changes. Concentrations of pollutants can affect health. Simulation results suggest that regular use of
even moderately effective venting range hoods would dramatically reduce the percentage of homes in
which concentrations exceed health-based standards®2.

Results

Air change results

The calculated value was taken from the concentration measured during the period of closed window
and door. In the Tab. 3 initial values can be seen and also calculated results. These concentration
values are taken from the period of time with no occupancy and all openings closed. These values were
measured during the day 1 of the measurement. The outdoor conditions were summer extreme
conditions with no rain. Outdoor temperatures were the interval of 17.1° C — 26.6 °C through day and
night.
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Table 2: Air change calculated results from values obtained by measurement

standpoint freezer sink door to pantry
day 10. 7. 10. 7. 10. 7.
T1 (hh:mm) 13:19 13:19 13:19
T2 (hh:mm) 13:22 13:22 13:22
C1 (ppm) 134.38 127.17 99.12
C2 (ppm) 133.11 125.88 96.33
AC (1/h) 0.063 0.097 0.190
» ]
50 |<«_GAS_OVEN ON - 350 £ 5 ]
40}
I hr
air quality ——»-
standard
30}
E
a.
(=N
20}~
AR nr‘{l.'f\!\"v \‘\C ~
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I~ D
okt | DS —
0 | 2

Figure 8: CO concentrations in a 27 m® experimental room at various air change rates AC (1/h).
Gas oven operated for 1 hour at 180 ?C (approximately 350 ?F).

According to the measured values the measured concentrations of pollutants are higher than it is
required. There was no ventilation strategy applied during this time. The calculated air change through
the building envelope with closed window and door from SFs concentrations in three standpoints was
calculated as 0.063; 0.097 and 0.190 (1/h).

Required ventilation rate results according to occupancy

The required ventilation rates for times during occupancy are 25 and 50 m*/h (one occupant and two
occupants present). The calculated result with no occupancy is 5.41 m%h according to the standard
multiple air change. This value was calculated according to standard requirements. These requirements
were added into the Figure 11. The calculated rates changes over a 50 %. The rate is very variable.
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Required ventilation rate results according to occupancy and gas appliances
operation

In the following Figures (Figure 11, 12, 13) operation of gas appliances was documented. Firstly
Figure 10 represents quantification of kilowatts for each gas appliance separately. Secondly Figure 11
represents their summed operation in kilowatts. The sole values were under the value of 12 kW, the
summed values were up to 11. 75 kW. A total of appliances produce about 30 m*/h diluted flue gases to
be fed through a fan.

In the following Figure 12 all ventilation requirements can be seen through time. The required
ventilation input was calculated according to the appliances operation and the above mentioned equation
(3) and is in line with the previous estimate for kitchen. After the time 13:05 there were openings
(partially opened window, open door) open in a various arts. The openings schedule was graphically
illustrated but due to a lack of space it was not published. The ventilation rates are time dependent and
occupancy dependent. The highest requirements are during time of 2 occupant’s presence and cooking.
The required ventilation rate changes according to the occupant’s activity in the kitchen and appliances
operation schedule.

Discussion

Air change through the building envelope is not sufficient when the door and window are closed. The
calculated values of air change based on measurement are really small which means that the building
envelope is tight, air is mixed inside the room and doesn’t move outside much despite of the fact that
outdoor temperature is lower than indoor temperature. The highest air change is close to the door to
pantry which is understandable because the air can move slowly through the door. There is a solution
needed to find an effective way to cope with this issue. The ventilation rate is negatively influenced by
the summer conditions so it is an extreme state.

Four pollutants were measured. It is interesting to observe pollutants movement inside room volume
and its meaning to the occupant. Different measured values for three different places make a good
question of how one correct point should be chosen and how the exact concentration measurement
should be done.

The following questions are if there is a way how the occupants can change the environment for
themselves? Is there a way how to ventilate the volume efficiently and with the favorable operation costs?

Conclusions

The ventilation rate is not sufficient after the refurbishment of building envelope. The pollutants
weren’t able to be ventilated away sufficiently. This room with tight windows and gas appliances is high-
risky. The carried out measurements show that use of gas appliances increases dangerous pollutants
concentrations and worsen environmental quality. This room with episodic operation is a complicated
case of indoor environment. The air change solution based on the episodic appliances schedule and
assumed behavior of pollutants is neither sufficient nor safe. A sophisticated smart solution should be
designed which shouldn’t be dependent on human factor. In the future there should be a change in
standards which should take into account special solutions of ventilation of recently refurbished rooms
equipped with air-tight windows and with gas appliances operation with possible polluted indoor air
exhaust.
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Figure 11: Operation of gas appliances: quantification in KW — sum
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List of symbols

PC — personal computer

PAS — photoacoustic spectroscopy

CO, — carbon dioxide

CO — carbon monoxide

HCHO - formaldehyde

kW — kilowatts

& — diameter

ppm — parts per million

TVOC - total volatile organic compounds
SFg— sulfur hexafluoride, tracer gas

AC — air change

CACP - Chance of Accumulation of Combustion Products
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Souhrn

Kvalita vnitfniho prostfedi bézného rodinného domu v Ceské republice je nejproblematiétéjsi
v kuchyni s kombinovanymi spotrebiCi (elektfina, plyn). Zejména oteviené plynové spotfebi¢e mohou byt
zdrojem vyznamného znecCiSténi, a to zejména u objektl po zateplovacich opatfenich s tésnymi okny
a tésnou obalkou budovy. DigestoF (odsavaci zafizeni pro pfimotopny spotirebi€) se ukazala jako zcela
nedostateéna pro udrZeni pfiméfené kvality vnitfniho ovzdusi.

Studie na zakladé vysledk( pribézného méreni typického prabéhu nékolikadennich ¢&innosti
v kuchyni a pouZzivani spotfebi¢t prinasi soubor poZadavkt na provoz digestore (odsavani do vnéjsiho
prostfedi) s nezbytnou kombinaci pfirozeného vétrani okny pro dosazZeni normativnich hodnot vnitrniho
prostredi s minimalizaci tepelnych ztrat.

Kli¢ova slova: kvalita vnitiniho prostfedi, kvalita vnitfniho ovzdu$i, pratok vétraciho vzduchu,
plynové spotfebiée, vyména vzduchu
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Abstract

This study deals with the problem of landfill leachate treatment using membrane separation
processes Large experience was performed in this field using samples of various landfill leachates from
landfills for municipal and hazardous waste disposal. Screening of the samples composition in the Czech
Republic showed their large variability. Large spectrum of inorganic components was analysed and the
following maximal concentrations were measured: Na 2124 mg.L™, K 1912 mg.L™", ammonia nitrogen
3178 mg.L™, chlorides 3108 mg.L™, nitrates 491 mg.L™, sulphates 1300 mg.L™, carbonates 9870 mg.L™
and TOC 1554 mg.L™. The conductivity values of leachates were between 6.1 — 22 mS.cm™ and pH
values between 7.5 — 8.7. A set of membrane separation experiments using different operating
conditions was performed on every landfill leachate with complete analyses of all streams. The
combination of reverse osmosis and pretreatment reduced the volume of landfill leachate by
approximately 80 % using one separation stage; the next stage improves the composition of permeate.
The number of treatment stages may be ruled by local legislation. Reverse osmosis showed high
separation efficiency (over 95 % in most cases) regardless of the feed quality for all pollutants and the
decrease in conductivity was also considerable. The designed and verified treatment schema allows
optimization of the treatment process with regard to the output streams disposal.

Keywords: Landfill leachate, pollutant, ammonia nitrogen, membrane separation, reverse osmosis.

Introduction

Landfilling belongs in the Czech Republic still to the most used techniques for waste removal and this
situation does not seem to change in the near future. Nowadays around 70 % of municipal waste
generated in the Czech Repubilic is still landfilled’. Even if we stopped landfilling right now, the technical
maintenance of landfills would take decades. Incineration of waste as an alternative to landfilling
produces ash, which will be probably landfilled again®. The landfill body as an uncontrolled chemical
reactor produces solid, liquid and gaseous emissions®. Landfill leachate is formed when rainwater and
groundwater infiltrate the body of the landfill. The volume of the leachate depends to a large degree on
the climate. Its composition is very variable and depends on the total rainfall, the kind of deposited
waste, the chemical reactions taking place in the landfill and the age of the landfill. Landfill leachate
usually contains large quantities of dissolved solids and organic pollutants4, usually determined in total
as the TDS (Total Dissolved Solids) and COD/TOC (Chemical Oxygen Demand/Total Organic Carbon),
respectively. Some of them represent a potential risk for local fauna, flora and potable water sources in
case of uncontrolled release into the environment®. These are mainly ammonia nitrogen®, heavy
metals”® and drugs®. Over-balanced volume of landfill leachate must be treated or removed.
A conventional wastewater treatment plant is designed to remove only substances of organic character,
heavy metals and various forms of nitrogen. It cannot handle dissolved inorganic salts; in certain cases it
even increases their concentrations'®. The biodegradability of organic matter is limited, because most
organic compounds presented in leachates are persistent”.

Pressure-driven membrane separation processes have found firm place in many industrial branches
as an alternative to conventional processes; landfill leachate treatment is one of them'?. Reverse
osmosis is used for the purification of landfill leachate usually as the main step because the treated is
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usually pure water™. It is included in the BAT (Best Available Techniques) for landfill leachate
treatment™®. The principle of nanofiltration and reverse osmosis is the same. But the separation ability of
nanofiltration is usually considerably lower. This separation technology can separate especially
monovalent ions with lower efficiency than reverse osmosis; the separation level of polyvalent ions is
comparable. The mechanism is based on the diffusion. Microfiltration and ultrafiltration are most similar
to the classical filtration. They are suitable for the removal of suspended patrticles, colloids, bacteria and
viruses, high-molecular substances etc. The separation is based on the sieve-effect. These processes
are commonly used as pretreatment to extend the cleaning interval of membrane modules and to
increase permeate flux and total efficiency of membrane separation'®*®. Pretreatment combining various
steps (filtration®’, pH adjustment by acid®®, antiscalant dosing®® etc.) is necessary for the proper running
of separation device and for ensuring the long life of membrane modules®. Scaling, fouling and bio-
fouling have to be eliminated for these reasons.

Landfill leachate is probably the most complicated wastewater a membrane can encounter. Reverse
osmosis operates at high pressure gradients at a range of 10 — 100 bar (1 — 10 MPa). In this process the
feed is divided with the help of a semipermeable membrane into two streams - the permeate and the
concentrate. The permeate is formed by the solvent and particles which passed through the membrane,
while the concentrate contains all the chemicals that were held by the membrane. The operating
pressure of this separation process grows with increasing concentration of dissolved particles in the
feed.

The permeate can be released into the environment if it fulfils limit concentrations, finds use in the
landfill area for restoration purposes (e.g. ammonia nitrogen is a nutrient) or can be used as
technological water without limitation. But general limits for release in the Czech Republic do not exist
and have to be defined individually. The concentrate disposal has to be more sophisticated. Compared
to the input landfill leachate, the concentrations of pollutants are significantly higher and the
biodegradability is worse®'. Simple return to the landfill body makes the composition of landfill leachate
worse as practical samples showed?’. Evaporation or stabilization/solidification?® technology can solve
this stream disposal.

Based on the information survey during sampling, disposal of over-balance landfill leachate in landfills
is limited by the wastewater treatment plant capacity or with the sewerage system, if there is any
available at closer range. In some cases, wastewater treatment plants accept landfill leachate only for
limited time periods and in limited volumes. Different role play the costs for the treatment and transport
by tank. These costs could be comparable. For these reasons landfill managers are looking for
a complex technology with a simple arrangement which operates in the landfill area and saves costs with
regard to the Czech law. Currently some landfills dispose of a stabilisation/solidification technology.

The focus of this work is a study, which describes the composition of landfill leachates and the
application of reverse osmosis for landfill leachate treatment in laboratory scale using single stage and
multi stage separation experiments with simple pretreatment focused on ammonia nitrogen removal and
elimination of precipitation. The experience abroad showed various treatment strategies and therefore
we selected and adjusted some steps for local conditions with regard to the costs. Despite the variability
of landfill leachates we wanted to design a treating process and optimization of the operating conditions
to achieve good quality permeate and to minimize the volume of concentrate with discussion of its further
disposal.

Materials and Methods
Materials

During three years, a total of 12 different samples of landfill leachate were collected in 10 Czech
landfills for disposal of municipal and hazardous waste and subjected to separation experiments. The
landfills were located in various areas across the Czech Republic. The volumes of the leachate samples
ranged from 50 to 200 L. Concurrently we prepared particular samples for analytical determination of
ammonia nitrogen (sample without the headspace) and of metals (sample with addition of high-purity
nitric acid). Samples are marked only with numbers 1 — 10 (condition of anonymity).
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Analytical Methods

The landfill leachates and all streams were analysed using the following methods. Metal
concentrations were measured by an AAS SensAA (GBC Scientific Equipment, Australia) according to
following standards: Ca, Mg — CSN ISO 7980; Fe, Mn - CSN 75 7385; Na, K — CSN ISO 9964-3.

Anion concentrations were measured by a capillary electrophoresis Capel 105M (Lumex, Russia),
total inorganic carbon (TIC) and total organic carbon (TOC) by a Liqui TOCIl analyser (Elementar
Analysensysteme GmbH, Germany). Both methods worked according to standard operational procedure
with following conditions. Capillary electrophoresis based on electromigrating principle of charged
particles in a electric field: original patented Lumex buffer for anions analysis, injection time 10 s under
pressure 30 mbar, standard bare fused — silica capillary length 60 cm, capillary diameter 75 um, voltage
-17 kV, temperature 20°C, detection — absorption in UV (254 nm). Carbon analysis based on two-step
procedure with acidification and thermal decomposition method: decomposition of substances containing
inorganic carbon by addition of hydrochloric acid (automatic dosage of HCI solution for carbonates and
hydrogencarbonates decomposition) with stripping of rising CO,, then heating to the temperature of
850 °C and decomposition of organic substances with rising of CO,. Formed CO, is purified through
a halogen trap with a subsequent intensive gas drying system for interfering substances capture. CO, is
detected by a non-dispersive infrared photometer.

The ammonia nitrogen was determined by an indophenol method using a UV-VIS spectrophotometer
Cintra 101 (GBC Scientific Equipment, Australia) according to standard CSNISO 7150-1, the
conductivity by a conductivity-meter GMH3430 according to standard CSN 1SO 27888 and the pH values
on a pH-meter GMH3530 (Greisinger Electronic GmbH, Germany) according to standard CSN
ISO 10523. Detail pictures of harmed membrane were taken using a microscope Evo MA15 (Carl Zeiss,
Germany).

Membrane Separation Unit

The separation experiments were performed on a membrane separation unit LAB-M20 (Alfa Laval,
Sweden). This device allows the membrane separation in laboratory scale. The device was customized
for batch processing. The volume of the feed tank was ca. 12 L. The actual separation took place on
a plate-and-frame module DSS equipped with membranes for reverse osmosis RO98pHt (Alfa Laval,
Sweden). In all experiments, also in the second stage of separation the same type of membrane was
used. The flow rate of treated feed was 8,9 — 9,1 I/min. Permeability was determined experimentally to
value of 3 L.m2h™.bar® for used RO98pHt membrane. The rejection of NaCl solution of this composite
membrane is higher than 97 % (NaCl 2 g.L™, 1.6 MPa, 25°C). The following operation conditions could
be applied: pH range 2 — 11, typical operating pressure range: 1.5 — 4.2 MPa, maximum operating
pressure: 5.5 MPa, temperature 5 — 60°C*. Maximal number of membranes was 36 with a total
membrane area of 0.63 m?. A Rannie piston pump with a maximum operating pressure of 6 MPa was
used. A separate water supply was used to maintain the pistons of the pump moist. The membrane
module was cooled by a flow liquid-liquid heat exchanger. Water from the faucet served as the cooling
medium.

The device was cleaned after every experiment using an alkali and acid to allow the comparison of
experiments. Permeate flux at 2 MPa and 20°C using potable water as feed determines the purity level
of membranes. For bio-fouling prevention, membrane module was kept in a biocide solution.

Separation Process

The separation experiments were focused on the minimization of the feed volume to gain good quality
permeate. The operating conditions were set up to achieve the stability of the separation process and to
minimize the negative influences (membrane fouling, precipitation of salts, damage of membranes, etc.)
while maintaining high separation level. For these purposes, a pretreatment step was included using
a two-stage separation process to achieve sufficient treatment level evaluation. Special attention was
paid to the removal of ammonia nitrogen, which will always represent one of the limits evaluated when
released into the environment. In principle our effort was pointed to design the treating process as simple
as possible.
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All experiment were carried up at an operating temperature of 20 °C because the permeate flux grows
with increasing temperature and invariable value of temperature allows the results comparison. Among
other factors that affect reverse osmosis belong rejection R, volume reduction factor and permeate flux.
Rejection indicates the separation efficiency of a component or in total. For the calculation of rejection
serve concentration values in the feed and in permeate (cr and cp, respectively), or conductivity values
K can be used.

_Ce=C  Ke—Kp 1)

Cr Ke

R

The volume reduction factor (VRF) is defined like the ratio between the feed and concentrate
volumes, respectively. The permeate flux is an hourly flux of permeate through the membrane with an
area of 1 m?. Its values are different for setting up the operating conditions of the separation process and
its decrease can indicate membrane fouling.

Results and Discussion
Composition of Landfill Leachates

Sampled landfill leachates were characterized by brownish to brown-black colour and by mild smell.
The colour was caused by humic acids as demonstrated by their precipitation in acid conditions. Mildly
alkaline pH values (~8) were measured in all samples. The range of conductivities was wider
(6.1 — 22 mS.cm™). Based on analytical determinations we characterized the main compounds/pollutants
in samples - ammonia nitrogen, inorganic salts and organic matter. The concentrations of said
compounds differed largely across the leachate samples. Large variability of leachates was found. But
we can find similarity across parameters. Ammonia nitrogen, carbonates (determined as TIC) and
organic matter (as TOC) occur everywhere in considerable concentrations. Table 1 and Figure 1 give
a comprehensive overview of the leachates composition.

3000

2000
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P
landfill leachate No. B o4 % %y

Figure 1: Landfill leachates composition: visualization of variability
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Table 1: Composition of raw feed and permeates from two-stage separation experiments

landfill No. 1 2 3

parameter unit rawfeed 1" stage T stoge | rawfeed 1"stsge 2 stoge | rawfeed 17stege M stsge
operating pressure MPs] 4 2 4 2 25-3 1.5
VRF [ 5 14 5 122 5 1

Mg imal’] 147 14 0,27 115 <05 <0, 5| 128 07 <0,5
Ca mal’] 98 084 <05 188 <05 <0,5 87 <05 <0,5
Na imgl’] 1780 a2 <1 859 » <1 976 5 56l
K imgl'] 767 o <1 805 2 <1 1374 75 &9
Mn imgl’] 075 025 <0,25 25 0,25 <0,2¢| 24 025 <0,2]
Fe imgl'] <0,5 <05 <0,5 7.0 <05 <0,5 1.4 <05 <0,5
cr mal'] 2087 58 <7] 1079 58 <7 1182 120 12
Si mal’] x x b% x x bl x x bY
Nfummes) imgl'] 560 28 3.1 12683 157 18 484 58 6,5
HPO™ imgl’] 85 <02 <0,2) 16 <02 <0,2) 62 <02 <0,2]
NOy mgl’] 127 <1 <1 284 <1 <1 491 78 14
50 imgl] 24 <1 <1 118 22 <1 59 <1 <1
TIC img!'] 1173 88 31 1848 72 124 528 81 8.3
TOC imgl'] 353 ) <2 827 <2 <2 268 <2 <2
pH 8 8.0 74 87 8.0 79 7.9 8.4 58 47
conductivity [mS.em’] 12,15 058 0,05 15,0 10 0.12] 1151 077 0,08

landfifl No. 4 5 6a

parameter unit rawfeed 1°stage T stoge | rawfeed 17"stage T stoge | rawfeed 1% stage ' stage
operating pressure [MPs] = 2 25-3 1.5 2 15
VRF [ 38 10 5 1 £ 10

Mg [mgAI" ] 125 <05 <05 182 <05 <0, 5 202 <05 0,5
Ca imal’] 28 <05 <0,5 127 05 <0,5 379 10 0.4
Na [mgl'] 286 20 0.9 1133 55 <1 TE4 174 58
K mgl’] 1075 33 1.4 544 2 1.1 250 72 1.6
Mn imgl’] 1.5 025 <0, 25} 034 0325 <0,25 13 <025 <0,28]
Fe imgl'] 25 <05 <0,5 13 <05 < 0,5 <0,5 <05 <0,5
cr mal’] 2080 &7 7.9 2180 149 8.1 450 152 28
Si mal’] 21 <1 <1 17,0 <1 <1 95 <1 <1
Nfummes) imgl’] 1083 124 5.9 548 % 2.7 82 29 0.4
HPO™ imgl'] 830 & <0,2 <25 25 <024 25 <025 <026
NO.’ [mgl'] 311 ) 2.0 82 <1 <1 41 49 17]
S0:* imgl'] 0 <2 <2 280 28 <2 1200 48 2,0
TIC imgl’] 1442 57 9.1 914 105 29 183 183 57
TOC imgl'] a74 <2 <2 128 <2 <2) a7 <2 <2
pH 8] 92 89 58 7.5 53 47 7.8 53 47|
|conductivity [mS.cm”] 17,9 083 0,08 128 059 0,028 81 0,12 0,014

landfill No. 6b 7 8

parameter unit rawfeed 1 stsge T"stage | rowfeed 1'stoge T stage | rowfeed 17 stsge 2 stege
operating pressure [MPs] 3 15 3.5 15 3 15
VRF 8 5 10 5 10 5 10

Mg img"] 205 <05 <0,5 227 <05 <0,5| 70 <05 <0,5
Ca imgl'] 201 11 0.6 88 08 <0,5 101 05 <0,5|
Na imgl’] 901 29 53 9n 188 28 154 a5 <1
K imal’] 429 158 1.6 554 152 1.1 544 198 <1
Mn imal'] 082 025 <0, 25| 084 025 <0, 25| 080 025 <0,25
Fe imgl'] 7.9 <05 <0,5] 23 <05 <0, 5| 35 <05 <0,5}
cr imgl’] 1210 78 9,0 1272 49 40 828 &8 2.7
Si [mg.l"] 17.6 <1 <1 16,5 <1 <1 97 <1 <1
Nfummea) imgl'] 477 215 20 560 P 19 424 ) 1.4
HPO," imgl’] <25 025 <0,25 <25 025 <0,25 <25 025 <0.25
NO+ img[l’] <5 <1 <1 28 <1 <1 218 12 1.1
50" imgl’] 51 <2 <2 <2 <2 <2 89 <1 =1
TIC imal’] 783 71 22 768 51 28 539 1541 <2
TOC imal'] 71 <2 <2 357 <2 <2 225 <2 <2
pH [ 7.8 54 46 7.8 54 48 7.8 52 4.7
conductivity [mS.cm’] 10,1 039 0,037] 10,9 0,28 0,029 8.4 038 0,025}
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Table 1: Composition of raw feed and permeates from two-stage separation experiments —
continuation

landfill No. 9a 9% 10

parameter unit raw feed 1*stage 2 stsge | raw feed 1*stage " stsge | raw feed 1*stage 2" stage
operating pressure [MPa] 25 1.5 3 1.5 25 15
VRF [ 5 10 5 10 5 10

Mg fmgl] 91 <05 <0,5 145 <05 <05 58 <05 <0,5
Ca imgfl’] 122 07 <0,5 85 <05 <0,5 59 <05 <0,5
Na imgl’] 880 180 <1 1078 192 0.8 1352 . 1,4
K imal’] 646 174 <1 756 195 0.5 94 151 <1
Mn mal’] 083 026 <0,25 027 <25 <0,25 068 <025 <0,25
Fe imgl’] 1.0 <05 <0, 5| 8.7 <05 <0,5 24 <05 <0,5
cr imgf'] 552 47 1.1 1784 124 42 07 e 41
si img['] 14,7 <1 <1 12,2 <1 <1 14,1 <1 <1
N{smme=) imgl] 440 2 25 520 27 1.4 218 157 1.8
HPO,™ imgl’] <25 <025 <0,25 <25 025 <0,25 <25 <025 <0,25
NOY imgl’] 8.0 <1 <1 <5 <1 <1 <5 <1 <1
50" imgl’] 73 <2 <2 <2 <2 <2 75 <2 <2
TIC imgl’] 718 %5 19,9 290 el 29| 439 2 88
TOC imal’] 2 49 <2} 240 <2 <] 451 22 <2l
pH [ 82 50 46 2.1 53 4.4 8.7 52 44
conductivity [mS.cm”] 8.2 0.28 0.029) 11.3 0.42 0,024 7.2 0.20 0.021

Single Stage Separation Experiments

Every landfill leachate sample was filtered through a fabric filter to remove suspended solids. In the
first experiment, an operating pressure in the range 2.5 — 4.0 MPa was applied on untreated landfill
leachates depending on the values of conductivity and permeate flux. We usually in most experiments
used 30 L of feed in single stage separation experiments. The first experiments were carried out in order
to determine whether the maximum recovery rate of the feed could be achieved at the given operating
conditions. The experiments were stopped at achieved volume reduction factor equals 5 because
precipitation of some salts occurred in many cases and the separation of ammonia nitrogen was
unsatisfactory. From these purposes we adjusted the pH of filtered landfill leachates using hydrochloric
acid to a value near pH ~5.5. In this area ammonia nitrogen is mostly in ion form NH," and the
separation efficiency increases. The positive effect of this pretreatment is particular decomposition of
carbonates and delay of precipitation. On the other hand, addition of hydrochloric acid increases the
concentrations of chlorides in permeates; sulfuric acid could solve this problem because separation level
of divalent sulphates is higher than separation of monovalent chlorides using reverse osmosis.

The concentration of the soluble substances with the charge has a direct effect on the conductivity
value. Substitution of the concentration of the individual components is technologically acceptable and
corresponds to the subject of the research where the purpose of the experiments was not to evaluate the
rejection of the individual components of the landfill leachate. The quality of the resulting mixed
permeate in terms of concentration of the individual components is mediated in the Table 1. Reported
rejection is only indicative of the progress of the experiment and the gradual concentration of the inlet
solution, and thus the higher penetration of the substances into the permeate.

Rejection of all pollutants (replaced with conductivity) stays on high levels (>95%) through the entire
separation experiment despite the worsening of composition of circulating feed with every next litre of
permeate as shown in Figure 2. The conductivities of permeates are comparable to the values in potable
water. Nevertheless it is visible the effect of the gradual concentration of the batch on the worsening
permeate quality due to substances penetration. However, ammonia nitrogen is in most cases the key
parameter and it could happen that a single stage treatment with pH adjustment will not be sufficient or
the requirements on the permeate composition for further disposal will be stricter for various reasons.
Table 1 contains the analyses of permeates from first separation stage. Permeate flux values for single
stage separation experiments with pH adjustment are shown in Figure 3.
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Figure 2: Rejection values obtained during single stage separation experiments with pH

adjustment
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Figure 3: Permeate flux values obtained during single stage separation experiments with pH
adjustment

The impact of insufficient pretreatment on the membrane used for the reverse osmosis combined with
the effort to achieve maximal reduction of concentrate volume (VRF = 20) is shown in Figure 4a
and Figure 4b. Total blockage of surface caused by organic compounds occurred and finally the rupture
of membrane followed.
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Figure 4a: Membrane surface with cracks

Figure 4b: Membrane cross-section

Two-stage Separation Experiments

Last experiments were employed as the second reverse osmosis stage, which were used to further
purify the permeates that were produced in the single stage experiments with pH adjustment. No
pretreatment was applied to the samples (with one exception) and the operating pressure was
decreased to 1.5 MPa. The aim was to achieve the highest recovery rate possible in regard to the
minimal needed liquid volume in device. Due to the small volume of circulating liquid in the device, the
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experiment was stopped at a volume reduction factor of 10 which means a 90% vyield of the permeate.
We used 20 L of permeate obtained from the single stage separation experiments as feed in this step.
Permeate flux values for two-stage separation experiments are shown in Figure 5.
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Figure 5: Permeate flux values obtained during two-stage separation experiments

The conductivities of permeates were under conductivity level of potable water and the composition is
very close to distilled water. In regard to the low pH of permeate, the TIC concentration is formed by
CO2xH,0 according to carbonaceous equilibrium; this form was separated by the membrane with worse
efficiency. Table 1 contains the analyses of permeates from second separation stage.

Experience

The decisive criterion for the number of treatment stages is the quality of permeate, which depends
on its final purpose (use as technological water in landfill areas, release into the environment, etc.). This
way we can formulate general requirements on permeate quality. As these requirements are not known,
we designed two treatment possibilities. Irrespective of the landfill leachate composition, the following
steps will be included: pretreatment, pH adjustment and one or two reverse osmosis stages. Commercial
antiscalant may additionally be dosed in the first stage. This arrangement represents a very simple
treatment scheme.

In many examples the product from the first stage is so clean that there is a high probability of
approval from the state administration. But we cannot confirm this information. For this purpose, the
second treating stage was added. Figure 6 describes the designed treatment process for landfill leachate
which was used by experiments in laboratory scale (without antiscalant). This schema is based on the
schema published by Linde et all*®. based on real landfill leachate treating plants in Wijster (Netherlands)
and Rastorf in Plén (Germany). Although landfill leachates differ in their composition, treating schema
could be similar in some range of operating conditions.

From the perspective of streams balance it is possible to decrease the feed volume in the first stage
by up to 80 % (based on our results); using even higher pressure. The remaining volume of concentrate
must be removed. The second stage treats the permeate from further stage and concentrate from this
stage can be returned into reservoir where based on its composition enhances the composition of feed.
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Figure 6: Two-stage schema for landfill leachate treatment

The concentrate from membrane separation processes contains 5 — 10times higher amounts of
pollutants compared to the feed. Back flush of the concentrate into the landfill body is not a solution of
this problem and can cause increase in pollutant concentrations in the landfill leachate®. According to
the composition of this stream, the following technologies come into consideration:
stabilization/solidification®®, evaporation, precipitation and advanced oxidation processes?®. The choice of
the technology depends on the concentrate composition and on the requirements on final product (for
example leaching tests for solidification blocks disposal). We can also use a combination of more
technologies — for example the evaporation and solidification.

Conclusions

Our work generalised the experience with landfill leachate treatment using reverse osmosis in
laboratory scale. We sampled 12 landfill leachates in 10 landfills in the Czech Republic which
represented relatively wide spectrum of physico-chemical parameters. Based on a large set of
separation experiments we formulated the following conclusions.

e Individual approach to every landfill leachate is necessary. Landfill leachates with similar
composition could separate distinctly differently using the same operating conditions. The reason
of this phenomenon is probably the influence of organic compounds in the leachate. For this
reason laboratory and pilot plant experiments have to be performed before full-scale technology
installation.

e Single stage reverse osmosis is capable to decrease the amount of most pollutants with high
efficiency. Depending on required limits and technology performance, a single stage treating
process could be sufficient for desired quality of permeate also in the case of ammonia nitrogen. In
the first step we applied the operating pressure up to 4 MPa, not high-pressure reverse osmosis.
The volume of leachate was reduced usually by 80 %. A two-stage separation process will always
meet the requirements on permeate quality.
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Pretreatment of landfill leachate is needed for the following reasons: removal of solid particles by
coarse filtration to protect the membranes and to reduce fouling of the membranes, increasing of
the efficiency for ammonia nitrogen separation by pH adjustment, elimination of precipitation by
preventive dosing of antiscalant.

The investment and operating costs for the technology are not low. However, the current state of
insufficient capacity of wastewater treating facilities and their costs make reverse osmosis technology as
one of possible and effective solutions.
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Cisténi skladkovych vyluhti pomoci reverzni osmézy: souhrn laboratornich
zkusenosti

Pavel KOCUREK, Zuzana HONZAJKOVA, Marek SIR, Pavia TOMASOVA, Jifi HENDRYCH
Vysoka Skola chemicko-technologicka, Fakulta technologie ochrany prostredi, Ustav chemie
ochrany prostredi, Technicka 5, 166 28 Praha 6, e-mail: pavelkocurek@post.cz

Souhrn

Tato studie se zabyva problematikou cisténi skladkovych vyluhG pomoci membranovych separacnich
procesu. Na zakladé rozsahlych zkusenosti v této oblasti byly vyvozeny zaveéry vyplyvajici ze zpracovani
vzorku skladkového vyluhu ze skladek komunalniho a nebezpeéného odpadu. Byla provedena detailni
analyza vzorki vyluht z Ceské Republiky, které ve svém sloZeni vykazaly znadnou variabilitu. Bylo
analyzovano velké spektrum anorganickych latek, pricemz jejich maximalni koncentrace byly nasledujici:
Na 2124 mg.I*, K 1912 mg.I"*, amoniakéalni dusik 3178 mg.I*, chloridy 3108 mg.I", dusiénany 491 mg.I*,
sirany 1300 mg.I*, uhligitany 9870 mg.I* a TOC 1554 mg.I"". Hodnoty mérné vodivosti vyluhii byly mezi
6,1 — 22 mS.cm™ a hodnoty pH mezi 7,5 — 8,7. S kazdym sklédkovym vyluhem byla provedena série
membranovych separacnich experiment( za riznych provoznich podminek a byla provedena analyza
technologickych proudd. Kombinace reverzni osmdézy a pfedupravy snizila objem skladkového vyluhu
zhruba o 80 % pfi pouZiti jednoho stupné separace; dalsi stuperi zlepSuje sloZzeni permeatu. Pocet
separacnich stupnd muze byt uréen mistni legislativou. Reverzni osmoéza vykazala vysokou ucinnost
separace (ve vétsiné pfipadu vice nez 95 %) pro vSechny znecistujici latky bez ohledu na kvalitu vstupu
a pokles mérné vodivosti byl také znacny. NavrZzeny a ovéfeny postup zpracovani vyluhu umoZriuje
optimalizaci procesu c¢isténi s ohledem na dalSi nakladani s vystupnimi proudy.

Kli¢ova slova: skladkovy vyluh, polutant, amoniakalni dusik, membranova separace, reverzni osmoéza
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Use of recycled aggregate from blast furnace slag in the
design of asphalt mixtures

Pavia VACKOVA, Adriana KOTOUSOVA, Jan VALENTIN
Czech Technical University in Prague, Faculty of Civil Engineering,
Thakurova 2077/7, 160 00 Praha 6

e-mail: pavla.vackova.l@fsv.cvut.cz

Summary

Within a research study, blast furnace slag was used as an alternative substitute of natural crushed
aggregate. Slag is in general a by-product mainly of iron and steel production and it has been used in
transport engineering for many years, but only as aggregate for unbound layers or as an additive for
hydraulically bound layers. Applications of steel slags in asphalt mixtures are known form several
regions in the world. Any other application is currently not used. This can be also due to some problems
of large road constructions (swelling) or insufficient knowledge of characteristics, source and origin of
specific types of slags. This material is often being deposited in landfills, although it could be an
aggregate with high quality, improved strength and anti-skid properties. In this paper there are presented
data of the ongoing research, where crushed and sorted slag aggregates were used in asphalt mixtures.
In the asphalt mixtures, one aggregate fraction was always fully replaced by the blast furnace slag
aggregate. A number of tests was performed on the control and alternative asphalt mixtures to verify the
effect of this alternative aggregate on the asphalt mixture properties. Performed tests included the
determination of stiffness, determination of resistance to permanent deformation, the indirect tensile
strength test, the determination of moisture susceptibility, and others.

Keywords: Furnace blast slag, asphalt mixture, asphalt mixture testing, recycling

Introduction

Blast furnace slag is produced by melting iron ores in blast furnaces during production of iron and
steel. Metallurgical industry is worldwide industry with one of the largest interests of the world economy.
Therefore, the slag as the waste product of this industrial production is one of the most voluminous
waste from the entire manufacturing industry.

Metallurgical slag is divided into two basic groups — blast furnace slag and steel slag. Blast furnace
slag (BFS) is produced by melting iron ores in blast furnaces. Steel slag is a by-product from the
production of steel from iron in converters or from melting scrap in the production of steel in electric arc
furnaces. The primarily function of steel slag is to protect the liquid metal from oxidation.

The chemical composition of the slag depends primarily on the properties of the input ores. For blast
furnace slags, it depends on the type of produced iron and the amount of coke used during the
production. The basic component are CaO, MgO, Al,Oz, SiO,, which comprise about 80 — 90 % of slag
weight. Blast furnace slag is often added to cement due to hydraulic properties. For steel slags, the
composition is significantly more diverse then for previous kind. The composition might even vary within
individual batches of production.

In the Czech Republic and generally in Europe slag has been used in transport engineering for
several decades. A number of harmonized European standards permits the use of blast furnace slag as
an alternative filler or binder (in fine grain form) in hydraulically bound mixtures.

Nowadays, in many places in the Czech Republic or wherever else around the world there are large
amounts of slag, which was developed in the past decades and can be considered fully stable at
present. These materials have a certain heterogeneity, however by suitable crushing and sorting it is
possible to obtain sufficiently homogeneous materials usable (depending on the properties of the
aggregate) for various applications in road construction as well as for asphalt mixtures.
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There are many research studies focusing on the use of slag aggregate in asphalt mixtures. The
problem of generalization of the result is the input material. The properties of slag aggregate is very
depending on the input material (steel ore source, quality of steel ore etc.) and used manufacture
procedure. Slag aggregate produced from the same steel ore source can very differ only due to the used
manufacturing procedure.

Based on these reasons it is impossible to generalize the research data. It is always important to
apply the testing on direct slag source. It might be possible to generalize the workability of the mixtures.
The study* emphasises the angular and rough textured surface of the slag particles that increases the
interlocking mechanism and therefore increases the strength performance of the asphalt mixtures. On
the other hand the studies®’ investigated that with increasing content of slag in the asphalt mixture it is
necessary to sufficiently increase the amount of bituminous binder (in 100 % slag asphalt mixture by at
least 0,5%). The aggregate has porous surface, which can partially absorb part of the binder. The study®
also mentioned worsened workability because of the high angularity and texture of the particles.

Problem observed in some research projects (e.g.” ** ™) was bulking/swelling. Not fully chemically

stable slags are highly susceptible to bulking, which can cause problem specially, when it is used in
unbound layers of road construction or hydraulic bound layers. When the slag is covered by bituminous
binder film, the potential expansion should be eliminated. This problem relates specially to steel slags.
The steel slag contains high percentages of free lime and magnesium oxides, which have not reacted
with the silicate structures. When it hydrates, there is expansion reaction.

Most of the studies result in recommendations to use only stable blast furnace slag, and are more
concerned about use of steel slag.

The intention of this study was to prove the suitability of the use of one certain type of stabilized blast
furnace slag (BFS) as a partial replacement of natural crushed aggregate. In the first phase of the
presented study, one fraction of crushed stone was replaced by slag aggregate. The intention of the
study was not to improve the properties of bituminous mixtures, but to prove that it is possible to produce
asphalt mixtures, which comply with the standard requirements with recycled aggregate, excluding any
potential risks, which might occur based on previous practical international experience.

The use of slag aggregate can also have significant economic benefits for the asphalt plant. The price
of slag aggregate is lower than the price of natural crushed aggregate. Another aspect that should not be
avoided is the possible environmental benefit. The metallurgical industry has a long history in many
countries as the Czech Republic, so there are hundreds and thousands tonnes of material stored in the
waste disposals. Being exposed for years to the climate, humidity, precipitations and changing
temperatures, we can assume they are stabilized.

Asphalt mixtures

In the presented research study three types of asphalt concrete were selected — ACqs11, ACn16 and
AC,ase22. ACq, s is asphalt concrete used traditionally in the wearing courses of pavement structures,
AC,, is used in binder courses (middle layer) and the ACpase is used in the base layer (the lowest asphalt
layer). Later stone mastic asphalt for low noise (acoustic) wearing courses SMA 8 NH was added. The
number following the asphalt mix acronym stays for maximum used aggregate size - the maximum size
of aggregate in ACyj, 16 is according to that 16 mm.

Input materials
Aggregate

For asphalt mixtures production three types of aggregates were used. Aggregates from the Zbraslav
quarry (spilit), from LaSovice quarry (hornstone, gneiss) and crushed and screened blast furnace slag
from industrial area Kladno, which origin is from the high quality iron production of Poldi Kladno
performed in the 20" century. The aggregates from the Zbraslav quarry were used as a solid skeleton of
all the mixtures. The aggregate from LaSovice quarry was used only in fraction 0/4 mm to increase the
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bulk density of mixtures and reduce the air voids content. The slag was used in mono-fraction 4/8 mm
and later in 0/4 mm.

All types and fractions of the aggregates have been subjected to fundamental tests, such as density,
shape index, water absorption, granularity, resistance to abrasion etc. All the aggregates met the
parameters of asphalt concrete product standard EN 13108-1 and the Czech technical specifications for
low noise wearing courses, TP 259. The granularity of all used aggregates is shown in Figure 1.

e— 7 braslav 16/22

0
[
7]
[

— 7 braslav 8/11
- = e BFS8/16

Zbraslav 4/8

Percentage passing (%]

BFS 4/8
Zbraslav 0/4
Lasovice 0/4

BFS0/4

Sieve [mm]

Figure 1: The granularity of all used aggregates

For asphalt concrete mixtures, the fraction Zbraslav 4/8 mm was fully replaced by blast furnace slag
(BFS) of the same particle size. The mix design and content of particular components of the mixture was
slightly modified so the resulting granularity of the reference asphalt mixture and asphalt mixture
containing BFS were as close as possible. In case of stone mastic asphalt for low noise wearing course
(SMA NH) the aggregate fraction 0/4 mm was replaced by the BSF of the same gradation. The SMA NH
consisted of approx. 80 % of fraction 4/8 mm and 20 % of fraction 0/4 mm, so the substitution of 0/4 mm
seemed to be more consistent causing less changes in determined characteristics if reference and BSF
containing mixtures have been compared.

Blast furnace slag

The blast furnace slag was obtain from industrial area Kladno, where were historically grand
metallurgical furnaces. The metallurgic industry is currently reduced, but the area contains enormous
amount of blast furnace and steel slags. Some of the slag were deposited separately and structural
companies are slowly extracting, crushing, sorting and selling the stabilized material — e.g. the material
used in this project from “Halda Kladno”. Some of the slags were disposed with all the kinds of materials,
including furnace muds, fly ash, cinders and other undefined material — e.g. “Bustéhradska halda”.
These disposals contain heterogeneous material, which has only very narrow possible use, if any.

The BFS used in the presented experimental study can be classified as artificial aggregates regularly
sold for unbound base layers or hydraulically bound mixtures for base layers. The material is periodically
controlled. The results of last laboratory control testing are summarized in Table 1. The BFS used in this
study was screened to different fraction, because of intended usage. This is the reason why the fractions
of control testing vary from aggregate fractions used in the experimental study. The sorting to narrower
fraction would not have any significant influence on the tested aggregate properties. All controlled
properties met the standard requirements for the asphalt mixtures.
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Table 1: Properties of BFS 2%

Limits
according to
Test method Standard BFS BFS BFS national
0/4 2/8 8/22 =
annex of CSN
EN 13108-1
particle size distribution - fine particle volume EN 933-1 57 07 0.2
(%) fio
particle density (Mg/m?®) EN 1097-6 | 2.414 | 2.394 | 2.381 -
water absorption (%) EN 1097-6 7.6 6.8 5.7 WA,
shape index (%) EN 933-4 NRQ 15.3 8.3 Slzg
resistance to fragmentation (LA method) (-) |EN 1097-2 | NRQ 23.4 23.4 LA,
resistance to freezing and thawing (%) EN 1367-1 | NRQ 1.8 1.8 F>

NOTE: NRQ = not required

The BFS was during the project testing subjected to XRD analyses (X-ray diffraction crystallography
analysis). The XRD analysis helps to determine the material composition. This method uses
a monochromatic beam of X-rays which passes through the test sample. During the passing through the
sample X-ray beams are flexibly bent (so called diffraction). The direction and intensity of the flexible
beam bending depends on the internal structure of the sample. The results of this test method are only
semi-quantitative and it is not possible to exactly determine the ratio of individual components. It is only
possible to estimate which components are dominant in the sample according to the intensity of the
peaks.

The result of XRD analysis of used BFS is refractive curve and summary of established minerals. For
shortage of the article, only the summary of minerals is published. The results show that the main
identified minerals are gehlenite (Ca,Al(AISi)O;) and grossular ferrian (CazAlFe(SiO,)s3). Less dominant
are quartz, gypsum and thaumasite.

Table 2: Mineral composition of the BFS sample’

Compound name Score Total lines | Scale Factor Semi-Quant [%]
Gehlenite, syn 57 23 1.000 64 %
Grossular ferrian 27 18 0.137 29 %
Quartz 20 7 0.041 2%
Gypsum 8 16 0.024 2%
Thaumasite 12 51 0.034 3%

The actual chemical composition of the slag sample can be determined from the composition of
minerals determined by XRD analysis. The result of this analysis is only indicative as it is based on semi-
gquantitative values, which do not consider the glass phase of the slag. Nevertheless the glass phase
should not differ dramatically from the crystalline phase. It is possible to obtain the approximate
information about the main component in the sample, but it is not possible to define the trace
components.

Using the table from #* (the chemical composition of mineral) the percentage chemical composition of
the crystalline phase of the BFS was determined. The results are summarized in Table 3.
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Table 3: Chemical composition of the used BFS sample’

Samole Chemical composition [%] M
P CaO SiO, FeO Fe,O; | Al,O4 MgO Na,O CO, H,O SO,
K1 38.3 27.9 0 0 30.4 0 0 0.2 1.5 1.3 0.66

The content of CaO and SiO, is typical for this type of stabilized blast furnace slag. Slightly atypical is
the higher content of Al,O;. Such a high content of Al,O;z is typical only for cast irons. this detection
indicates the possible origin of the slag. It is important to emphasize. that the values are indicative and
based on one sample. For more exact determination of chemical composition it would be necessary to
use additional test methods. such as spectral analysis or others. Since slag aggregates used in an
asphalt mixture is in a regular contact with water and at the same time is affected by climatic effect —
mainly thaw-freezing cycles — additional tests like ferrous. silicate or manganesian decay are important.
At the sime time it is always important to determine alkalinity modulus which is given by following
equation™:

_ Ca0 +MgO
27 5i0, + Al 04

The alkalinity modulus of used BFS is 0.66. If M, is < 1. the slag aggregate is specified as acid and if
Mz = 1 the slag is defined as alkalaine. The alkalinity modulus is performed on fraction 0/4 mm. because
the fine fraction is most susceptible to volume changes. The results only indicates in case of asphalt
mixtures. that the slag aggregate might be more hydrophilic. which can influence the water susceptibility
of the asphalt mixture. Following result shown later in Fig. 4 this was seen as an impact only in case of
the SMA 8 NH mixture.

The ferrous decay was determined according to EN 1744-1. the result of which should indicate
number of particles which show indication of such decay. From the results done repeatedly in 2015 and
2016 there were no such particles. The silicate decay was determined following the same European
standard. Also in this case the result was negative, e.g. no particles indicating the potential of such type
of chemical disintegration have been found ?*%3%*,

Bitumen

For asphalt concrete design and laboratory production a paving grade 50/70 according to CSN EN
12591:2009 was used. Additionally for the second variant of ACy,16 mixture. PMB 25/55-60 was used
(labelled as PMB in the experimental results). A modified bituminous binder with a higher polymer
content PMB 40/100-65 was used for stone mastic asphalt for low noise wearing courses.

Results and discussion

Volumetric characteristics

The volumetric characteristics were compared with the standard EN 13108-1 and TP 259 in case of
SMA 8 NH. The standard limit and threshold values for the initial type tests are highlighted for each
mixture in the Figure 2. For each test. data are presented for the control mixture (labelled as “ref.”) and
the mixture with the replacement of one fraction by slag aggregate (labelled as "BSF").
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Figure 2: Volumetric characteristics

In the case of volumetric characteristics. there are not visible any significant changes due to BSF
usage. For most of the mixtures. the air voids content was slightly reduced. Slag aggregates 4/8 mm
have a finer grading curve then the crushed aggregate. so it was a predictable trend. In the case of the
ACn16 PMB. substitution by BSF led to an increase in air voids content by about 1 %. This trend was
unexpected and it is unexplainable.

Resistance to water damage and frost immersion

The determination of water and frost resistance was performed in accordance with EN 12697-12 and
AASHTO T283-3 (own modified procedure). The U.S. testing method was included to extend the

procedure by a freezing cycle. The freeze cycles is not standardly required neither in the Czech Republic
nor in Europe.

For each mixture a set of 9 Marshall specimens was compacted by 2x25 blows by Marshall hammer
(EN 12697-33). These specimens were divided into three groups where each group was subjected to
another conditioning process. The dry specimens ("ref.") were stored dry at room temperature and at
normal relative humidity. The specimens ("EN") were subjected to a saturation procedure according to
EN 12697-12. when the specimens were saturated and stored in a water bath at 40 °C for 72 hours. The
last set of test specimens ("AASHTOQO") was saturated and stored in a plastic bag for 18 hours in a freezer
at -18 °C and then stored in a water bath at 60 °C for 24 hours. The indirect tensile strength testing
temperature for all of the specimens was 15 °C with conditioning of at least 4 hours.

As can be seen from the Figure 3. the indirect tensile strength values in some types of mixtures has
increased if aggregates were partly replaced by BSF and on the contrary. This disparateness is the
reason why different mixtures with different maximum grain sizes were included in the study to verify the
impact of BSF aggregates. The verification was performed on a wider range of asphalt mixtures and not
just on one type.
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Figure 3: Indirect tensile strength (ITS) results
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As it was stated above. the intention of this study is not to improve the properties of asphalt mixtures.
but to prove the suitability of the slag usage in selected asphalt mixtures. The standard requirement of
this test is specified by a minimum value of ITSR (“indirect tensile strength ratio”). ITSR is the ratio of
strength of unconditioned (“dry”) and conditioned (“EN”) specimen. All tested mixtures comply with the
standard parameter of indirect tensile strength ratio for EN test method. ITSR.,,= 80 %. or 70 %.
For ACpase Mixtures. the ITSR,, is not determined. because this test is not required for initial type test.
Nevertheless test was performed for further comparison.

The ITSR of tested asphalt mixtures varies similarly as the strength results. The ACgys and ACpase
mixtures with BSF reached higher parameters. In case of ACpase the difference is almost 25 % in EN
method and 12 % in AAHSTO method. The AC., mixtures reached very similar ratios for both
bituminous binders. The SMA NH evince the last case. where the presence of blast furnace slag
decreases the strength ratio.

There is no possible way to generalize the behaviour of BSF in asphalt mixtures.
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Figure 4. Indirect tensile strength ratio - ITSR

Resistance to permanent deformation

The resistance to permanent deformation was determined in accordance with EN 12697-22 in a small
test device using air bath at a test temperature of 50 °C. The product standard CSN EN 13108-1 and for
low noise wearing course asphalt mixture national technical specifications TP 259 set maximum values
for the two test parameters — PRDyr and WTSar. PRDaRr is the average rut depth and WTS,r is the
increment of rut depth. calculated as an average value of rut depth increase determined during the
application of repeated test wheel load cycles.
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Figure 5: Results of resistance to permanent deformation

The results are summarized in Figure 5. which highlights the limits according to EN 13108-1 or
TP 259 depending on assessed mix type. For ACp.se Mixture this test was not performed because this
parameter is not required for the initial type test.
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ACq,¢ and ACy, mixtures with BFS aggregates show slightly higher values in the permanent
deformation test than the control mixtures. but these values are still deeply below the required standard
limits. The SMA NH mixtures evince the same parameters.

The standard EN 13108-1. or TP 259 requires for initial type testing only bituminous binder content.
grading curve. air voids content. ITSR and resistance to permanent deformation parameters. No further
characteristics are demanded. By evaluating only these parameters. BSF aggregates improves to some
extent water and frost resistance (ITSR) but. on the other hand slightly reduces resistance to permanent
deformation.

Since the results of only three material characteristics do not seem to be relevant for performance
prediction and do not evaluate asphalt mixtures for example in the low temperature range. additional
tests have been added. The further tests do not have any limiting values required in the Czech Republic
for tested types of asphalt mixtures but they give an appropriate perspective how the mixture can
perform. To evaluate the effect of aging. some tests were performed even on laboratory aged
specimens.
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Figure 6: Development of the wheel tracking test for 10 000 cycles

Stiffness

The first test performed beyond the initial type testing was the stiffness modulus determination. The
stiffness was determined on Marshall specimens by IT-CY method according to EN 12697-26 (non-
destructive repeated indirect tensile stress test) at three selected test temperatures: 0 °C. 15 °C and
27 °C.
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Figure 7. Stiffness results for three selected test temperatures
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Figure 7 shows that BSF aggregates have a different effect on the stiffness modulus in different types
of asphalt mixtures. These results fairly support the indirect tensile strength results. For ACg. the
stiffness modulus at 15 °C decreased by 20 % due to BSF use. but on the contrary the ACy, with
a paving grade bitumen increased the stiffness modulus by 25 %.

The test specimens were further extended by a group of specimens exposed to laboratory aging.
Aging was performed according to one of the procedures described in prEN 12697-52. The specimens
were stored in heating oven under a constant air supply (ventilation) at 85 °C for 5 days. Due to the
oxidation of bituminous binder in the mixture. the strength characteristics increased to some extent. The
oxidized bitumen becomes harder (its penetration decreases and the softening point increases) and thus
the strength characteristics of the mixture are affected. as is generally known and expected.

The graph in Figure 8 shows stiffness values at 15 °C of virgin and aged test specimens. The
increases of stiffness modules due to laboratory aging (ageing index) are calculated. The higher the
ageing index is, the more the mixture is influenced by the ageing; is more ageing susceptible.
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Figure 8: Comparison of stiffness modules of virgin and aged specimens

Resistance to crack propagation

The resistance to crack propagation test was performed in accordance with EN 12697-44. Contrary to
the standard procedure Marshall specimens with diameter of 100 mm were use dividing them in two
semi-circular test specimens. The required width of 50 mm was achieved by cutting of specimens on
laboratory saw.

The essence of the test is a three-point bending of semi-circular specimens with a defined notch of
10 mm depth in the middle of bottom specimen face. The test procedure was performed on at least 6
test specimens at a temperature of 0 °C applying a standardized loading rate of 5 mm/min.

The set of specimens was again extended to the specimens exposed to laboratory aging. In this test it
cannot be generally said that the oxidized bitumen would result in a higher fracture toughness. The
ageing index depends on number of factors - type of used bituminous binder. type of asphalt mixture.
presence/amount of reclaimed asphalt. amount of additives. etc.

The higher the value of fracture toughness is. the better resistance to thermal cracking of the mixture
should be. It is apparent from Figure 9 that mixtures with only crushed aggregate reached higher fracture
toughness than mixtures with BSF. The decrease is apparent for all types of tested asphalt mixtures.
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Figure 10: Fracture toughness of virgin and aged specimens

The fracture toughness of almost all mixtures with only crushed aggregates decreased due to the
aging. but for the mixtures with BFS the trend is inverse. Most of the mixtures responded with increase of
the parameter due to the aging. With adequate circumspection it can be summarized that asphalt
mixture with BSF being exposed to climatic conditions (aging) shall have better characteristics at low
temperatures than asphalt mixture using only traditional crushed aggregates. Nevertheless from other
studies done at the Czech Technical University in Prague it is evident that fracture toughness is only in
limited extent suitable for describing the thermal cracking behaviour and these characteristics should
always be compared with fracture energy calculated from the load-displacement diagram.

Flexural strength (3-point bending test)

Flexural tensile strength is another simple destructive non-LVE test performed in the range of low
temperatures. Flexural strength was tested according to Czech technical specifications TP 151. This test
is in the Czech Republic required only for HMAC mixtures. The test was included for its representative
results with all types of mixtures and a simple reproducibility.

The test is performed by a three-point bending of unnotched beam test specimens. The test
temperature was 0 °C applying a loading rate of 1.25 mm/min. In total eight beam test specimens were
divided into two groups. where one group was exposed to laboratory aging according to prEN 12697-52
(5 days at 85 °C), the second group was tested in virgin state.
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Figure 11: Flexural strength of virgin and aged specimens

The tensile bending strength of asphalt mixtures containing BSF is in all cases higher than the value
for control test specimens with only crushed aggregates. These results show that BSF containing asphalt
mixtures might better withstand low temperature stresses (thermal cracking). However. this conclusion
must be taken with circumspection. The crack propagation test results on semi-circular test specimens
show the exact opposite. In that test. mixtures with BSF obtained lower fracture toughness. That implies
that it is always necessary to evaluate the mixtures at a complex range - to evaluate independently as
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many tests as possible. Additionally a more suitable test. which would be run in linear viscoelastic range
might be more suitable to explain the cracking behaviour of the asphalt mixture.

The flexural tensile strength test defines only the maximum force and the displacement at the moment
of failure. For the purpose of the research study. these parameters were additionally expanded by the
fracture energy. The fracture energy is the energy necessary for getting the test specimen fully
collapsed. The fracture energy was calculated as the area under the load-displacement diagram to the
point of failure.

It can be demonstrated on the example of ACy, mixture. why the addition of this parameter is so
important. Both AC,;, mixtures achieved almost the same flexural strength. It can be therefore said that
both mixtures will behave in terms of thermal cracking similarly. However, in the case of fracture energy.
it is clear that the mixture with crushed aggregate needs significantly higher amount of energy to fully
collapse the specimen than the mixture with BSF aggregates. The asphalt mixture with crushed
aggregate will take much longer to break (terminally crack). even though the maximum force is the
same.

2,00 - @virgin aged

1,75 3%
1,50 23%
1,25

0,75 l
os0 M

ref. BFS ref. BFS ref. BFS

4% 8%

Fracture energy [J]

ACsurf11 ACbin 16 ACbin 16 PMB

Figure 12: Fracture energy of virgin and aged specimens

Conclusion

As it was emphasized in the introduction. the aim of the presented ongoing research study was to
prove the suitability of the use of BSF aggregates as a substitute for natural crushed aggregate. For the
study three asphalt concrete types with different maximum aggregate particle size and one stone mastic
asphalt mixture for low noise surface layers were selected. Several tests have been performed to
demonstrate the suitability of this artificially born material.

The results of the present research show that the use of BSF aggregates in asphalt mixtures does not
influence the quality or durability of the mixture. on the contrary in some cases the BFS can even
improve the properties.

The use of slag in asphalt mixes could have a significant positive impact on the environment. The
extraction of natural crushed aggregate is an environmental burden and the appropriate aggregate
resources are getting smaller. It is necessary to search for new suitable quarry sites. The expansion of
the current quarries is not possible infinitely. At the same time by using suitable alternative materials
which are defined as waste materials or by-products the principles of circular economy and sustainable
construction is supported.

There are enormous amounts of different slags stored in waste disposals in current or old (brownfield)
industrial metallurgical areas. These waste materials are deposited there without any appropriate usage
having less or better potential to be applied in different areas of construction industry. Another advantage
of such material might be its economic aspect. Slag or any other recycled aggregate is usually cheaper
than natural aggregates being a waste material or industrial by-product. The cost of crushed. screened
and sorted slag aggregates is about half of the costs of natural aggregates.
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In the next stages of the presented research study, a coarser fraction of BSF aggregate will be used

in asphalt mixtures to verify its effect on strength characteristics. After confirming the assumed properties
with a coarse fraction. mixtures with 100 % slag aggregate will be produced.
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Vyuziti umélého kameniva z vysokopecni strusky pfi vyrobé asfaltovych
smeési

Pavia VACKOVA. Adriana KOTOUSOVA. Jan VALENTIN

Ceské vysoké udeni technické v Praze, Fakulta stavebni, Thakurova 2077/7, 160 00 Praha 6
e-mail: pavla.vackova.l@fsv.cvut.cz

Souhrn

V ramci vyzkumného projektu byla pouZita stabilni kladenska vysokopecni struska jako alternativni
nahrada k béznému drcenému kamenivu. Struska je vedlejSim produktem pfedevsim vyroby Zeleza
a oceli. V dopravnim stavitelstvi je pouzivana jiz fadu let, ale pouze jako kamenivo do nestmelenych
vrstev, pfipadné jako pfimés pro vyrobu hydraulicky stmelenych vrstev. Jakakoliv jina aplikace neni
v soucasné dobé pouZzivana, a to i diky nékterym problémam nékterych velkych silni¢nich staveb nebo
Z nedostatecné znalosti charakteristik a historie vzniku a ptvodu konkrétnich strusek. Tento material je
proto mnohdy spise ukladan na skladky, ackoli by se mohlo jednat o kvalitni kamenivo se zlepSenymi
pevnostnimi a protismykovymi charakteristikami.

V tomto prispévku jsou prezentovana data probihajiciho vyzkumu, kdy bylo pfedrcené a pretiidéné
struskové kamenivo aplikovano do asfaltovych smési typu AC. Ve smésich byla jedna frakce kameniva
kompletné vyménéna kamenivem struskovym. Na referencnich a alternativnich asfaltovych smésich byla
provedena cela fada zkouSek pro ovérfeni viivu tohoto alternativniho kameniva na vysledné vlastnosti
asfaltové smési. Prikladem provedenych zkouSek je stanoveni modulu tuhosti, stanoveni odolnosti vici
trvalym deformacim, provedeni zkouSky pevnosti v tahu za ohybu, stanoveni odolnosti viéi ucinkdm
vody a mrazu a dalsi.

Klicova slova: Vysokopecni struska, asfaltové smési, zkouseni asfaltovych smési, recyklace
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David KOLOUCH
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Souhrn

Clanek se zabyvéa energetickym hodnocenim dopliikové tepelné izolace z celulézovych vidken ve
skladbach plochych dvouplastovych strech. Pro vypocétoveé vyhodnoceni je zvolena modelovéa konstrukce
dvouplastové ploché stiechy, ktera nesplriuje normové tepelné technické poZadavky. Spinéni téchto
poZadavku je reSeno doplnénim tepelné izolacni vrstvy o tepelnou izolaci z foukanych celulézovych
vlaken. Jedna se o material, ktery je vyroben z vice nez 75 % recyklovaného papiru.

Energetickd nérocnost tohoto recyklovaného materidlu je na plo§e 1m? modelové konstrukce
porovnana s jinymi druhy tepelnych izolaci. Hodnocena je spotfeba svazané energie doplfikového
tepelné izolacniho materialu, spojené s jeho Zivotnim cyklem. Dalsim hodnocenym parametrem je
energeticka navratnost svazanych energii, ktera je porovnana s tusporou potreby tepla na vytapéni.

Klicova slova: celuldézova vidkna, tepelna izolace, svazané energie, energeticka naro¢nost.

Uvod

Cilem pfispévku je vypoctové prokazat efektivnost navrhu dodate¢ného zatepleni celulézovymi viakny
Z hlediska celkové energetické naroCnosti v porovnani s ostatnimi materialy tepelnych izolaci.

Tepelné izolace z celulézovych viaken reprezentuji recyklované materialy, které pfispivaji ke
globalnimu snizovani produkovanych odpadl a spotfeby novych surovin. Svou funkci vyznamné
pomahaji snizovat spotfebu provoznich energii budovy. Energetickd naroCnost celulézovych viaken
v priib&hu definovaného Zivotniho cyklu je vyznamné niz$i*? nez energeticka naroénost standardnich
tepelnych izolaci z mineralni viny nebo expandovaného polystyrenu®. Hodnoceni Zivotniho cyklu (LCA)
materialtl a stanoveni jejich energetické naroénosti je popisovano v souboru mezinarodnich norem CSN
ISO 14040-49*.

Princip vypo€tu pro porovnani svazanych energii tepelné izolacnich vrstev je proveden a hodnocen
dle vzoru metodiky SBToolCZ’ s vyuzitim databazi environmentalnich charakteristik materiald***. Pro
relevantni vysledky a moznost vyhodnoceni energetické efektivnosti je zvolena funkéni jednotka 1 m?
plochy stfechy, ktera svou skladbou splfiuje doporuéeny normovy pozadavek® souginitele prostupu tepla
konstrukci U = 0,16 W/m?K. Pro vyhodnoceni celkové energetické navratnosti je bilance svazané
energie doplnéné tepelné izolacni vrstvy porovnavana s vypodtenou usporou provozni energie,
stanovené dle vypoé&tového postupu CSN EN 128317,

Experimentalni ¢ast

Zakladni modelovou konstrukci pro vypocet je dvouplastova plocha stfedni skladba (obrazek 1)
s vétranou vzduchovou vrstvou. Hlavni nosna konstrukce stfechy je z zelezobetonové monolitické desky
tl. 180 mm s hodnotou A = 1,74 W/m.K, na které je aplikovana tepelna izolace z mineralni viny tl. 50 mm
s hodnotou A = 0,06 W/mK. Vétranou vzduchovou vrstvu vymezuje difevéna konstrukce, na jejiz horni
pasnici je zhotoven dfevény zaklop a krytina z asfaltového souvrstvi. PFfi tepelné technickém zhodnoceni
zakladni modelové konstrukce, bez vlivu tepelnych mostu, je vypoc&ten soucinitel prostupu tepla U = 0,93
W/m?K a nespliiuje normové pozadavky dle CSN 73 0540-2°.
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prkenny zaklop + hydroizolace

dievéna Konstrukce + vzduchova dutina

stavajici Tl z mineralnich vidken tl. 50 mm

nosné konstrukce - ZB 1. 180 mm

Obrazek 1: Zakladni modelova konstrukce stfrechy

Pro spInéni normovych tepelné technickych pozadavk( konstrukce je navrzeno doplnéni tepelné
izola€ni vrstvy (obrazek 2).

M

doplnéni tepelné izola&ni vrstvy

""""""""""""" f W"'"""W""""""""""""'""""""""""""'"'""""W""""""""'

OO

Obrazek 2: Doplnéni tepelné izolaéni vrstvy do zakladni modelové konstrukce strechy

Pro modelové porovnani energetické efektivnosti tepelnych izolaci jsou zvoleny materialy z databaze
Ecoinvent® véetn& uvedenych vlastnosti objemové hmotnosti, souginitele tepelné vodivosti a hodnoty
svazanych energii PEI, (viz tabulka 1). Z uvedenych vlastnosti je nasledné vypoctena minimalni tloustka
tepelné izolace pro spinéni normového pozadavku® soudinitele prostupu tepla U = 0,16 W/m’K na
definovanou funkéni jednotku 1m? Vypodet je proveden bez uvaZovani vlivu tepelnych mostd. PFi
realném hodnoceni konstrukce je vzdy nutné zohlednit skute¢né vlastnosti zvolenych materiald.

Tabulka 1: Vlastnosti hodnocenych tepelné izolaénich vrstev dle databdze Ecoinvent’ a vypocet
minimalni tloustky

Material tepelné izolacni PEI minimalni tl. tepelné izolace
vrstvy [MJ/kg] kg/m® A[W/mK] | pro spinéni U = 0,16 W/im°K
celulézova vldkna 7,2 50 0,040 200 mm
mineralni vina kamenna 20,2 32 0,036 180 mm
mineralni vina skelna 45,6 40 0,040 200 mm
EPS expandovany polystyren 105,1 30 0,035 180 mm
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Dle vypoétu normové doporu¢ené minimalni tloustky tepelné izolace v tabulce 1 jsou vzajemné
porovnany svazané energie jednotlivych materialti pro zvolenou funkéni jednotku 1 m?. Vzajemné
porovnani energetické efektivnosti dodatecné viozenych tepelnych izolaci je uvedeno na obrazku 3.

Daldim hodnocenym kritériem je efektivni materidlova volba tepelné izolaéni vrstvy vzhledem
k navrhové tloustce materialu a celkové energetické navratnosti. Hodnoceni je provedeno s okrajovymi
podminkami teploty interiéru +20°C, teploty exteriéru -13°C, primeérna rocni exteriérova teplota +4°C
a pocet ro€nich dni na vytapéni 216. V prvni vypocetni fazi je stanovena potfeba tepla na vytapéni
zakladni modelové konstrukce a poté konstrukce s nové aplikovanou tepelné izolaéni vrstvou v rozmezi
tlousték 40 - 400 mm. Vypocet potfeby tepla na vytapéni je proveden dle vypodtového postupu
uvedeného v CSN EN 12831’. V druhé vypocetni fazi jsou porovnany bilance svazanych energii
aplikované tepelné izolaéni vrstvy s vypocétenou usporou potieby tepla na vytapéni. Vliv tlousdtky
doplrikové tepelné izolacni vrstvy na narlist energetické navratnosti a vzajemné porovnani je uveden na
obrazku 4.

Vysledky a diskuse

Vysledky vypoétenych svazanych energii tepelné izola¢ni vrstvy jsou shrnuty do obrazku 3.
volbou je vyuziti tepelné izolace z celulézovych vidken. Nizka energeticka naronost tohoto materialu je
dana predevsim svou hlavni vyrobni surovinou, kterou je tfidény recyklovany novinovy papir s objemem
vice jak 75 % finalniho produktu. Energeticky hospodarna je také samotna vyroba celulézovych viaken,
ktera je realizovana rozdrcenim a naslednym rozmélnénim papiru s impregnaci z pfirodnich produkt(
proti Skadcim.

Dle vysledk( uvedenych v grafu na obrazku 3 je nejvy$$i hodnota svazanych energii uvedena
u expandovaného polystyren. Davodem je pfedevS§im zakladni surovina zpéfiovaného polystyrenu ve
formé& perli, vyrobené suspenzi polymeraci monomeru, s obsahem 4 — 7 % pentanu - nadouvadel’.
Expandovany polystyren je tedy energeticky naroény nejen svou zakladni surovinou, ale i samotnou
vyrobou finalniho produktu a likvidaci po konci své Zivotnosti. Z konstrukéniho hlediska je tento material
pro zvolenou modelovou konstrukci nevhodny, do hodnoceni je zafazen pro komplexnost porovnani
standartnich tepelné izolaénich materiald.
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Obrazek 3: Porovnani energetickée efektivnosti tepelné izolaéni vrstvy
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Obrazek 4 je graf, z néhoz je patrna vypocltena doba energetické navratnosti doplrikové tepelné
izolac¢ni vrstvy dle navrhové tloustky tepelné izolace. U jednotlivych tepelnych izolaci je vyznacena doba
navratnosti pfi minimalnich tloustkach tepelné izolace, stanovené dle tabulky 1. Nejkratsi doba
navratnosti jsou celulézova vlakna nejefektivnéjsi volbou. Nejdelsi dobu navratnosti 2,5 roku a nejvyssi
linearni narast je uveden u tepelné izolace z expandovaného polystyrenu.
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Obrazek 4: Celkova energeticka navratnost

Zaveéry

Na modelové konstrukci dvouplastové ploché stfe$ni skladby s vypogetnim vysekem plochy 1m? bylo
prokazano, Ze aplikace tepelné izolace z celulézovych vliaken je v porovnani s ostatnimi hodnocenymi
izolanty energeticky efektivni. Efektivnost je prokazana vypoctem svazanych energii tepelné izolacnich

vrstev a vypoctovou bilanci energetické navratnosti. Efektivita tohoto materialu je vztazena predevSim k
zakladni vyrobni suroviné recyklovaného novinového papiru.

Podobnych parametrli jako celulézova viakna dosahuje i tepelna izolace z mineralni viny kamenné.
Duvodem nizké energetické naro¢nosti je zakladni vstupni surovina (Cedi¢, diabas a struska).

Vyuziti novinového papiru ve formé celul6zovych vlaken je uplatnitelné ve stavebnictvi nejen ve formé
foukanych tepelnych izolaci, ale i jako surovina kompozitnich materialQ, ktera zlepSuje pevnost a tepelné
izolagni vlastnosti zakladniho materialu®.

Pro minimalizaci energetické naroCnosti staveb a zlepSovani Zivotniho prostfedi by mélo byt
uprednostfiovano vyuzivani produktd obsahujici druhotné a pfirodni surovinové zdroje.

Seznam symbolli

U Souginitel prostupu tepla [W/m?K]

A Soucinitel tepelné vodivosti [W/mK]

PEI Primary Energy Input — Spotfeba primarni energie [MJ]
EPS Expandovany polystyren
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Summary

This extract discusses energy evaluation of additional thermal insulation from cellulose fibres in the
composition of flat double skin roofs. The model construction of double skin roof which doesn’t meet
thermal-technical requirements of standards was chosen for computational evaluation. The fulfillment of
these requirements is solved by addition of thermal insulation from blown cellulose fibres into thermal
insulation layer. It is a material which is made from more than 75 % recycled paper.

Energy demand of this recycled material is compared to other types of thermal insulations on area of
1 m? of model construction. The evaluated parameter is the associated energy consumption of additional
thermal insulation material connected with its life cycle. Other evaluated parameter is energy return of
connected energies which is compared with the heat saving for heating.

Keywords: cellulose fibres, thermal insulation, primary energy, energy demand.
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Souhrn

Kaly z &istiren odpadnich vod (COV) jsou vyznamnym zdrojem minerélnich Zivin a organické hmoty,
ale zaroveri jejich aplikace na zemédélskou pldu pfedstavuje mozné riziko vnosu rizikovych prvku do
ptdy. V roce 2017 bylo odebrano celkem 20 vzork( anaerobné stabilizovanych kalti ze 17 provozt COV
napfi¢ Ceskou republikou. Kaly byly analyzovény z hlediska obsahu susiny, hodnoty pH a obsahu
mineralnich Zivin a rizikovych prvkd dle platnych norem danych aktualni legislativou. Su$ina kalt se
nej¢astéji pohybovala okolo 25 hm. %, pH pak v naprosté vétsiné pripadt okolo 7,1. Obsahy Zivin ve
vzorcich kal byly mezi jednotlivymi provozy mnohem méné variabilni, nez obsahy rizikovych prvkd.
V Zadném vzorku nebyl prekrocen limitni obsah olova, které navic vykazovalo velmi nizkou variabilitu
mezi vzorky. Limity pro aplikaci na zemédélskou pudu byly nejcastéji pfekracovany pouze v jednom ze
sledovanych rizikovych prvkd, kdy nejvétsi Cetnost pfekroCeni tohoto limitu byla v pfipadé arsenu.
Celkové nesplnilo limity obsahu rizikovych prvkd priblizné 35 % sledovanych provozd.

Kli¢ova slova: Cistirensky kal, monitoring, rizikové prvky, zZiviny, su$ina,

Uvod

Pfisun kvalitni organické hmoty do zemédélskych pld dlouhodobé klesa v disledku poklesu
produkce statkovych hnojiv. Z tohoto dlvodu je ohrozena pudni Urodnost, pldy degraduji a narlsta
riziko padni eroze. Tyto skute¢nosti jsou dale umocnény klimatickou zménou, ktera mimo jiné pfinasi
odliSné rozlozeni srazek v prubéhu vegetacniho obdobi a zvySuje tak naroky na retenci vody v pidé
a krajiné. Vedle toho je zde vyznamna produkce Cistirenskych kalu, které obsahuji jak velké mnozstvi
organické hmoty, tak i cenné mnozstvi Zivin, pfedevSim fosforu a dusiku. Z tohoto divodu je zadouci
Cistirenské kaly aplikovat na zemédélskou pudu, zvySit tak obsah pldni organické hmoty a uzavfit
kolobéh nékterych mineralnich zivin.

Cistirensky kal je jednim z koneé&nych produktt procesu &isténi odpadnich vod a jeho produkce je
nedilnou soucasti téchto procesd. V EU se v roce 2013 dle dostupnych informaci vyprodukovalo
nejméné 6 470 000 tun suSiny kalu'. Produkce kalu v Ceské republice v roce 2016 &inila pfiblizné
174 000 tun susiny kalu. To pfi primérné susiné 25 % predstavuje pfiblizné 700 000 t Cerstvého kalu.
Z tohoto mnozstvi bylo pfiblizné 36 % pfimo aplikovano na pldu, 37 % kompostovano, 24 % uloZzeno na
skladky (6 % jako odpad, 18 % jako technické vrstva skladky) a 3 % byly spaleny®.

Suchy Cistirensky kal obsahuje v priméru 50 — 70 % organické hmoty a 30 — 50 % mineralni slozky.
Obsah dusiku se v su$iné kalu pohybuje v rozmezi 1,6 — 6 % a obsah fosforu v rozmezi 1 — 4 %>*.
Z pohledu vyzivy rostlin je obsah drasliku v kalech vétSinou nizky a ve srovnani s obsahem dusiku
a fosforu Ize obsah drasliku povaZovat za nedostateény®. Obsah dal$ich makro- a mikroZivin, stejné jako
rizikovych prvkd, se vyznamné lisi dle jednotlivych &istiren odpadnich vod?.

Kaly vSak dale mohou obsahovat znatna mnozstvi rizikovych a €asto velmi perzistentnich latek, jako
jsou napt. polycyklické aromatické uhlovodiky®, polychlorované bifenyly, halogenované uhlovodiky’,
polychlorované dibenzo-p-dioxiny a dibenzofurany®, pesticidy, pFipravky osobni potieby®', latky
hormonalni povahy, Iéciva a jejich metabolity*>*?, mikroplasty™ nebo nano&astice'®. Dale se v kalu
mohou vyskytovat rtizné druhy patogennich organismd, jako jsou bakterie’®, viry nebo prvoci®.

Cilem této prace je zhodnotit aktualni stav obsahu rizikovych prvkt a zakladnich mineralnich Zivin
v anaerobné stabilizovanych kalech z Cistiren odpadnich vod v ramci Ceské republiky.
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Experimentalni ¢ast

Béhem roku 2017 bylo odebrano celkem 20 vzorkl anaerobné stabilizovanych kalu, celkové ze
17 provozl Cistiren odpadnich vod. Jednotlivé provozy byly vybirany predevsim na zakladé velikostni
diverzifikace testovaného souboru. Pokud bylo sou&asti kalového hospodarstvi COV i suseni &i
hygienizace kall, byly odebrany vzorky pfed a po této upravé. RozloZeni vzorkovanych COV dle jejich
velikosti je uvedeno v tabulce 1.

Tabulka 1: Rozdéleni souboru vzorkovanych COV dle konstrukéni kapacity vyjadfené poétem
ekvivalentnich obyvatel (EO)

Konstrukéni kapacita (EO) <50 000 50 000 — 100 000 > 100 000

Poget COV 5 7 5

Pfi kazdém vzorkovani bylo odebrano minimalné 15 kg odvodnéného kalu. Kazdy vzorek se skladal
z alespori 30-ti dilgich vzorkd (CSN EN ISO 5667-13). Jako vzorkovnice byly pouZity uzaviratelné
nepruhledné nadoby z polypropylenu, v kterych byl vzorek nasledné transportovan do laboratofe pfi
teploté 4 °C. Z téchto byl vytvofen vzdy jeden smésny vzorek, ktery byl dikladné homogenizovan, a
nasledné byla pomoci kvartace odebrana reprezentativni ¢ast vzorku. Tato ¢ast byla dale manipulovana
a analyzovana ve tfech nezavislych analytickych opakovanich.

Kaly byly nasledné zmrazeny (-40 °C) a lyofilizovany. SusSina vzorku byla stanovena gravimetricky po
vysuseni (105 °C) do konstantni hmotnosti. pH kall bylo stanoveno v suspenzi kalu a roztoku 0,01 M
CaCl, (1:5; v/v) (CSN EN 15933) po vytfepani (1 h; 150 ot. /min) pomoci pH metru s ISFET elektrodou
(S1400, Sentron Europe BV, Leek, Nizozemsko). Celkové obsahy zivin a rizikovych prvkd byly ve
vzorcich stanoveny pomoci optické emisni spektrometrie s indukéné vazanym plazmatem (ICP-OES) po
mikrovinné digesci lugavkou kralovskou (CSN EN 13657, CSN CEN/TS 16171).

Vysledky a diskuse

Zakladni statistické udaje sledovanych parametru testovaného souboru vzorkd (n = 20) anaerobné
stabilizovanych &istirenskych kalQi jsou uvedeny vtabulce 2. Ustfedni kontrolni a zku$ebni Ustav
zemé&dé&lsky v Brné v roce 2016 analyzoval 82 vzork( kalG napti¢ celou Ceskou republikou a pro obsahy
rizikovych prvkl uvadi nasledujici hodnoty medianu (mg/kg): As (6,49); Cd (1,26); Cr (41,7); Cu (204);
Ni (31,1); Pb (31,6); Zn (841)'®. Srovnanim téchto hodnot Ize tedy konstatovat, Ze nami vzorkovany
soubor predstavuje reprezentativni vzorek produkovanych kald v CR.

V testovaném souboru vykazovaly obsahy rizikovych prvkl obecné mnohem vys$Si variabilitu nez
obsahy sledovanych Zivin. Hodnoty varianiho koeficientu (KV) byly pro jednotlivé rizikové prvky
v poradi: Ni >> Cr > Cd > Cu > As > Zn > Pb. Z toho obsahy Ni, Cr, Cd a Cu vykazaly hodnoty KV vy3&§i
nez 100 %. To poukazuje na silnou variabilitu téchto prvkd v souboru a Ize to pfisuzovat mozné silné
kontaminaci nékterych kald témito prvky pravdépodobné primyslovou &innosti v dané oblasti.

Obsahy sledovanych zivin (Ca, Fe, K, Mg, P a S) vykazaly relativné konstantni rozlozeni mezi
jednotlivymi vzorky, jelikoz ani u jedné Ziviny KV nepiesahl 100 %. Nejvyssi variabilita ze sledovanych
zZivin byla nalezena pro Ca (KV = 72 %). To lIze pfisuzovat skute€nosti, ze nékteré z analyzovanych kal(
byly po odvodnéni vapnény. Tyto kaly nasledné vykazovaly silné zasadité hodnoty pH s maximalni
namérenou hodnotou 12,7. Obecné obsahy Zivin ve sledovanych kalech byly nalézany v pofadi: Ca ~ Fe
>P>S>> Mg -K.

Susina vzorkovanych odvodnénych, anaerobné stabilizovanych kall se pohybovala okolo 25 %.
Maximalni hodnoty (nad 90 % suSiny) byly nalezeny u kal(, které byly primyslové suseny. Hodnoty pH
se mezi jednotlivymi kaly liSily jen minimalné a vétSina kalu vykazovala pH okolo hodnoty 7,1 (vyjma kalu
vapnénych).
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Tabulka 2: Deskriptivni statistika obsaht Zivin a rizikovych prvkii ve vzorcich kali z COV (n = 20)

Rizikove Pramér Median Min. Max. KV? (%)
prvky (mg/kg)

As 14,2 8,65 3,05 51,6 99
Cd 2,31 1,34 0,27 16,3 148
Cr 111 49,6 24,9 1219 229
Cu 412 201 72,2 2021 125
Ni 49,4 37,6 17,6 208 856
Pb 40,0 36,7 8,87 114 48
Zn 1017 841 346 4318 78
Ziviny (g/kg)

Ca 39,0 32,2 15,2 157 72
Fe 35,5 32,7 14,8 64,6 35
K 3,98 3,71 2,73 8,30 29
Mg 5,84 4,98 3,38 9,90 33
P 25,9 26,6 19,2 33,4 14
S 13,3 13,5 7,62 19,3 21
Ostatni parametry

Susina (hm. %) 28,2 26,6 16,0 96,2 57
pH 7,37 7,13 6,47 12,7 17
Cd/P" 87,1 53,7 9,80 583 142
Ni/P° 1888 1400 664 7 520 80
Pb/P* 1 550 1 386 342 4 056 46

2 Variaéni koeficient (smérodatné odchylka / aritmeticky priimér * 100); ® mg Cd/kg P; © mg Ni/kg P;
Y mg Pb/kg P

Ziskané vysledky byly dale srovnany s meznimi hodnotami koncentraci RP v kalech danych aktualni
legislativou. Tyto vysledky jsou uvedeny v tabulce 3. Zni je patrné, Ze limitni obsahy RP v kalech
pouzitelnych na zemédélskou pGdu v CR dané Vyhlaskou &. 437/2016 Sb. jsou pro vsechny RP
pfisnéjsi, nez pozaduje Smérnice Rady 86/278/EHS.

Dle tabulky 3 je patrné, Ze ze sledovaného souboru COV byla nejéastgji piekrodena limitni hodnota
pro As (3krat), nasledné pak Cd spole¢né s Cu (2krat) a limit pro Cr, Ni, a Zn byl pfekro¢en vzdy
v jednom pFipadé&. Zadny vzorek pak neprekroéil limitni hodnotu obsahu Pb. Vzhledem k nizkému KV pro
tento prvek lze Fici, Ze kontaminace anaerobné stabilizovanych kali z COV olovem aktuéiné
nepfedstavuje vyznamné riziko pro zivotni prostiedi.

Rozdéleni sledovanych COV dle jejich konstrukéni kapacity neprokazalo vyznamny vliv velikosti COV
na obsah rizikovych prvkl v kalu. Pro tento ucel by ziejmé bylo tfeba sledovat vétSi mnozstvi provozu.
Srovnani bylo dale provedeno dle hmotnostnich pomérd obsahu rizikovych prvkld na kg fosforu, resp.
Cd/P, Ni/P a Pb/P danych aktualni danskou legislativou'’, ktera umoziuje producentiim odpad( si zvolit
kritérium hodnoceni bud dle celkového mnoZstvi RP na kg odpadu anebo pravé dle pfepoctu na kg
fosforu. V ramci t&chto kritérii byl hlavni rozdil oproti Ceské legislativé nalezen u COV stiedni velikosti
(50-100 tis. EO), kdy vSechny vzorkované provozy splfiovaly sledovana danska kritéria pro aplikaci kalt
na zemédélskou pudu. Vysledky Ni/P mohou naznacovat, Zze tento pomér je spiSe negativné ovlivnén
v kalech pochazejicich z vétSich aglomeraci, jelikoZz kriticka hodnota byla ve sledovaném souboru
prekrogena pouze u COV s kapacitou vy$si nez 100 000 EO.

Celkové byly limitni koncentrace alespori jednoho ze sledovanych RP prekroCeny v 6-ti provozech
z celkovych 17-ti sledovanych. To pfedstavuje pfiblizné 35 % z testovaného souboru. Z pohledu RP Ize tedy
fici, Ze 65 % sledovanych kalll Ize aplikovat na zemédélskou pldu. Pramérny obsah P dosahoval ve
sledovanych kalech pfiblizné 26 g/kg sus. P¥i srovnani tohoto obsahu napf. s obsahem P v hnoji skotu (6,1
g/kg sus.'), hnoji prasat (10,9 g/kg sus.™) nebo koriském hnoji (4,8 g/kg sus.") je patrné, Ze kaly obsahuiji 2-
5 krat vice fosforu nez hospodarsky hnuj. PFi jejich aplikaci na zemédélskou pldu pak tedy dochazi nejen
k vnosu cenné organické hmoty do pudy, ale také ke zlepSeni celkové bilance fosforu na narodni trovni.
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Tabulka 3: Poéet vzorku a COV nesplriujicich kritéria pro aplikaci kalu na zemédélskou pudu v CR

Rizikové . Lox o . b Konstrukéni kapacita COV (EO)
prvky (mg/kg) | HMItCRT 1 Limit EU <50000 | 50 000 — 100 000 | > 100 000
As 30 : 1 7 0
cd 5 20-40 1 0 1
Cr 200 i 0 0 1
Cu 500 1 000-1 750 0 1 1
Ni 100 300-400 0 0 1
Pb 200 750-1 200 0 0 0
Zn 2500 | 2500-4 000 0 0 1
Celkem COV 2 3 1
cap i 100° 1 0 7
Ni/P i 2 500° 0 0 3
Pb/P : 10 000° 0 0 0
Celkem COV 1 0 4

% mezni koncentrace rizikovych prvki v kalech dle Viyhlasky ¢. 437/2016 Sbh.
® mezni hodnoty koncentraci rizikovych prvku v kalech dle Smérnice 86/278/EHS
° mezni pomér (mg RP/kg P) pro kaly z COV dle Danské legislativy™®*®

Analyza hlavnich komponent obsah( zivin a rizikovych prvka ve sledovanych kalech je uvedena na
obrazku 1. Z rozptylového diagramu komponentniho skoére je patrna pfitomnost pfiblizné deseti shluki
objektll. To znaCi celkovou heterogenitu slozeni sledovanych kall a poukazuje to na skuteCnost silné
proménlivosti obsahl predevsim rizikovych prvkd mezi jednotlivymi provozy. Kaly oznacené &isly 1, 3, 11 a
12 jsou silné izolované od ostatnich vzorku. Lze je tudiz povazovat za extremy sledovaného souboru.

Dvojny graf (59,14 %)

Faktor 2:19,93 % (As 0,70; Al 0,52; P 0,50; Fe 0,48)

-2 -1 0 1 2 3 4 5
Faktor 1:39,21 % (Cr 0,87; Zn 0,85; Ni 0,81; Cd 0,78; Pb 0,78; Cu 0,72)

Obrézek 1: Analyza hlavnich komponent obsahu Zivin a rizikovych prvki v kalech z COV
(Ciselné hodnoty v grafu pfedstavuji oznaceni jednolivych vzorkd)
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Na grafu komponentnich vah jsou pak patrné tfi skupiny silné korelujicich proménnych. Nejsilngjsi
korelace Ize pozorovat mezi Pb, Cr, Zn, Ni, Cu a Cd, tedy rizikovymi prvky pfitomnymi v prostfedi
predevSim v kationtové formé. Je tfeba vS§ak poznamenat, Ze pozorovana silna korelace muize byt silné
ovlivnéna pfitomnosti extremniho vzorku (. 1) diky jeho vysokym obsahum téchto RP. Dale je patrna
silna korelace mezi As a Al. To mlize byt zplsobeno silnou adsorpci As k hydratovanym oxidim hliniku
popf. srazenim s hlinitymi solemi. Obdobné pak koreluje P s Fe, jelikoz vétSina P je b&éhem procesu
CiSténi srazena pravé Zelezitymi solemi.

Zavéry

V ramci této prace bylo analyzovano celkem 20 vzork(i anaerobné stabilizovanych kald z COV ze 17-
ti riznych provozu. Pokud nebylo do provozu zafazeno primyslové suSeni, pohybovala se susina kalu
nejcastéji okolo 25 hm. %. S primyslovym suSenim pak byla suSina vysSi nez 90 hm. %. VétSina kalu
vykazala hodnotu pH pfiblizné 7,1, avSak kaly, které byly po odvodnéni oSetfeny vapnem, mély pH vysSi
nez 11. Obecné obsahy zivin ve sledovanych kalech byly nalézany v pofadi: Ca ~ Fe > P > S >> Mg ~K.

Analyza hlavnich komponent prokazala silnou variabilitu v prvkovém sloZeni kald mezi jednotlivymi
provozy. Rizikové prvky v testovaném souboru vykazovaly mnohem vysSi proménlivost nez sledované
ziviny. NejvySSi variabilita mezi provozy pak byla nalezena pro Ni. Naproti tomu Pb dle vysledku
nepredstavuje vaznéjsi riziko kontaminace sledovanych kald. Limitni hodnoty RP pro aplikaci kali na
zemédeélskou pldu byly nejCastéji prekroceny u As. Celkové nesplnilo limity obsahl RP pfiblizné 35 %
sledovanych provozd, pfiéemz v naprosté vétsiné pripadl provozy prekracovaly limit pouze v jednom ze
sledovanych RP.

Seznam symbolt
COV - gistirna odpadnich vod; EO — ekvivalentni obyvatel; RP — rizikovy prvek

Podékovani
Clanek byl vypracovén v ramci vyzkumného projektu NAZV QK1710379.
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Evaluation of mineral nutrient and trace element concentrations in

anaerobically stabilized sewage sludge

Filip MERCL?, Zdenék KOSNAR?, Jana NAJMANOVA?, Tom&s HANZLICEK®, Jifina SZAKOVA?,
Pavel TLUSTOS?

®Department of Agro-environmental chemistry and plant nutrition, Czech University of Life
Sciences Prague, Kamycka 129, 165 00 Praha,

PReal ECO Technik, Hutska 160, 272 01 Kladno

Summary

Sewage sludge (SS), or biosolids, represent an important source of mineral nutrients and organic
matter. However, SS application on agricultural soil is related with the risk of soil contamination by trace
elements. Twenty sewage sludge samples from 17 different waste water treatment plants in the Czech
Republic were collected in 2017. Subsequently, dry matter content, pH and concentrations (agua regia
digestion) of nutrients and trace elements were determined. Analysed samples showed dry matter
content most often around 25 % and pH around 7.1. The variability of nutrients concentrations was
significantly lower when compared to variability of trace elements. No sample exceeded the limit value of
Pb (200 mg kg™) given by Czech legislation for sewage sludge application on agricultural soils. The
concentrations of Pb also showed the least variability among trace elements studied. The limit values
were usually exceeded only for one trace element and it was most frequently As (30 mg kg™). Generally,
35 % of studied samples did not meet law requirements for soil application.

Keywords: sewage sludge, biosolids, trace elements, nutrients, dry matter,
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Denitrifikace odpadnich vod s vysokou koncentraci
dusi€nanu pomoci imobilizovaného kalu

Dorota HOROVA, Viadimira SULTOVA ,
Unipetrol vyzkumné vzdélavaci centrum, a.s., Revoluc¢ni 84, 400 01 Usti nad
Labem, e-mail: dorota.horova@unicre.cz

Souhrn

Smésné bakterialni kultura ziskané aklimatizaci aktivovaného kalu z COV byla imobilizovana jednak
na uméle vytvofeném materialu — geopolymeru, jednak na pfirodnich materialech — zeolitu a lignitu.
V kontinualnich testech byla ovéfovana moZnost vyuZiti imobilizovanych bakterii pro biologickou
denitrifikaci vod s extrémni koncentraci dusi¢nant a zavislost prubéhu a ucinnosti denitrifikace na typu
pouZitého nosice, dobé zdrzeni a vstupni koncentraci dusi¢nanu. Nejvy$si ucinnosti odstranéni
dusi¢nan( byly dosaZeny s pouZzitim lignitu jako nosi¢e mikroorganismd, nicméné vzhledem k velké
rozpadavosti je pro tyto ucely nevhodny. Jako nosi¢ bakterii se z testovanych materialt nejlépe osvédcil
makroporézni geopolymer, jehoz Clenity povrch pfispél k zachyceni denitrifikaCnich bakterii a alkalicka
povaha k omezeni tvorby dusitan.

Klicova slova: biologicka denitrifikace, geopolymer, zeolit, lignit

Uvod

Koncentrace dusi¢nanu v nékterych typech primyslovych odpadnich vod vyrazné presahuji hodnoty
béZné pro komunalni odpadni vody. Pfikladem mohou byt napfiklad odpadni vody z vyroby vybu$nin,
hnojiv, nebo zpracovani kov(, které éasto obsahuiji i vice nez 1000 mg.I™ N-NO3".

Ekonomicky nejvyhodnéjsi metodou odstranéni dusi¢nan(l z odpadnich vod je v soucasné dobé
biologicka denitrifikace, ktera vyuziva schopnosti pfirozené se vyskytujicich organismu pouzivat
dusi¢nan (pfipadné dusitan) v anoxickych podminkach jako koneCny akceptor elektrond misto
molekularniho kysliku. Dusik je z oxidaéniho stupné N V nebo N " redukovan na plynny dusik *.
Z biochemického hlediska se jedna o proces podobny respiraci s molekularnim kyslikem, kterého je
proto schopna vétSina (az 80 — 90 %) béznych organotrofnich bakterii (napf. rody Pseudomonas,
Micrococcus, Denitrobacillus). DenitrifikaCni mikroorganismy mohou byt v systému Cisténi odpadnich
vod pfitomny ve formé aktivovaného kalu, nebo mohou byt imobilizovany nap¥. v biofilmu & enkapsulaci
ve vhodném materialu.

Imobilizace mikroorganisml (biomasy) na vhodném nosiCi umoznuje zvySeni jejich koncentrace
v systému a ulehCuje separaci kapaliny a pevné latky. Mikroorganismy se v téchto systémech vyskytuji
zejména na nosici, zpracovana voda tedy obsahuje vyrazné méné mikroorganismu nez pfi pouziti
aktivovaného kalu. DalSi vyhodou imobilizace na nosiCi je vy$Si odolnost biomasy vic&i nepfiznivym
podminkam  (pfitomnost toxickych slougenin, nedostatek Zivin) 2. Pouziti imobilizovanych
mikroorganism( je tedy vhodné pfi biologickém zpracovani vod s ,nestandardnim® slozenim napf.
s Castymi vykyvy sloZeni nebo extrémnimi koncentracemi nékterych slozek.

Jako nosi¢ mikroorganismu byla testovana a dovedena do praxe cela fada materiall, a to jak
pfirodnich, tak uméle vytvofenych — pisek, €edi€, aktivni uhli, biologické materialy, jil, plasty, PVC
krouzky, keramické krouzky. Udaje o vyuZiti imobilizované biomasy pro zpracovani prdmyslovych
dusiénanovych vod s koncentraci N-NO; vétsi nez 120 mg.I" jsou nicméné vzacné. Publikovano je
vyuziti imobilizace smésné bakterialni kultury nap. na tkaning °, nebo na pfirodnim zeolitu & pisku *.
Dals$i moznosti je napf. chemicka imobilizace pomoci polymerd [5] nebo enkapsulace do
polyvinylalkoholovych So&ek °.

Nejjednodussi a cenové nejméné naroCnou metodou imobilizace je spontanni adhese (adsorpce)

vvvvv
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byla vyuzita v nize popsanych testech. Jako mozné nosie bakterii byly pro ucely testovani vytipovany
zeolit a lignit jako pfFirodni materialy a geopolymer jako material uméle pfipraveny.

Geopolymery jsou anorganické polymerni materialy, které jsou pfipravovany z hlinitokfemicitanovych
materiall jejich geopolymeraci v zasaditém prostfedi za normalni teploty a tlaku. Pfi geopolymeraci
vznika trojrozmérna aluminosilikatova sit empirického vzorce M,[-Si-O,),-Al-O],.wH,0, kde M je K, Na &i
Ca, n je stupen polykondenzace, z je 1,2,3 nebo vice nez 3. Sitovité Utvary jsou slozeny z tetraedru SiO,4
a AlO, a jsou spojené Kkyslikovymi muistky. Z chemického hlediska jsou geopolymery syntetickym
ekvivalentem pfirodnich zeolitli, které maji podobné chemické slozeni (hydratovany hlinitokfemicitan)
a amorfni strukturu. Tato struktura se pro dany ucCel vyznacuje dobrymi mechanickymi vlastnostmi
a trvanlivosti . Vyhodou geopolymert je moznost ovlivilovat metodou ptipravy jejich vlastnosti. V nasem
pfipadé byla pouzita alternativa vedouci k vytvofeni pfevahy makroporu ve struktufe geopolymeru.

Experimentalni ¢ast

Pouzity zeolit, klinoptilolit, pochazel z lokality Nizny Hrabovec na Slovensku, lignit z lokality MikulCice
na Moravé. Makroporézni geopolymerni nosi¢ byl pfipraven z draselného vodniho skla se silikatovym
modulem 1,7, suroviny obsahujici metakaolinit (Mefisto K05 — Ceské lupkové zavody, a.s.), mleté
vysokopecni strusky (Kotou&¢ Stramberk, s.r.0.) a vapenného hydratu (Certak — Vapenka Certovy
schody, a.s.). Tvorba makropérl v geopolymeru byla iniciovana pfidanim praskového hliniku do
homogenni smési slozek. V dusledku reakce hliniku s alkalickymi slozkami doSlo k vyvoji vodiku a také
intenzivnimu ohfevu materialu, ¢imZ se urychlila geopolymerni reakce a vodikem napénény material
rychle ztuhnul.

Nejvy$Sim mérnym povrchem z testovanych nosié disponuje klinoptilolit (22,3 m®.g™), jako jediny
také obsahuje mikropdry, lignit je prakticky neporézni s mé&rnym povrchem 2,5 m®g™. Makroporézni
geopolymer se vyznaduije &lenitym vnéjsim povrchem, ale mérny povrch je pouze 4,6 m?.g™.

Vlastnosti, ktera ovliviiuje adhezi mikroorganismu k nosici, je jeho acidita. Zkouska acidity nosi¢e byla
provedena podle °: 1 g nosiée byl suspendovan v 20 ml destilované vody prosté CO, v plastové lahvi.
Konec¢né pH suspenze (po ustaleni pH po 48 hodinach) odpovidalo pH,,. (pH of the point zero charge).
vymyva postupné; nelze ji odstranit jednorazovym promytim. Naproti tomu klinoptilolit reaguje v roztoku
mirné kysele.

Tabulka 1: Vlastnosti nosict (po promyti a vysuseni pri 105 °C)

geopolymer | klinoptilolit | lignit

mérny povrch (m*.g™) 4,6 22,3 2,5
sypna hmotnost (g.cm™) 0,446 0,902 0,582
acidita nosi¢e pHy,¢ 10,73 5,49 7,48

Pfed zahajenim vlastnich denitrifikaCnich pokust byly vSechny nosiCe rozdrceny a byla vysitovana
frakce 4 — 8 mm, nasledné byly promyty pitnou vodou pro odstranéni prachového podilu a vysuSeny pfi
105 °C.

Pro testy byla pfipravena modelova odpadni voda simulujici sloZeni neutralizované odpadni vody
z mofeni nerezovych oceli s pfidavkem biogennich prvkd a zdroje uhliku. Modelova voda byla
pfipravena rozpusténim 6,85 g NaNO3, 2,0 g KH,POy4, 0,1 g MgS0,4.7H,0 a 0,3 g NaCl v litru pitné vody.
Stopové prvky byly zajistény pfidanim 1 ml zdsobniho roztoku stopovych Zivin do 1 litru modelové vody.
Zasobni roztok byl pfipraven rozpusténim 5,54 g CaCl,, 5,0 g FeSO,.7H,0, 5,06 g MnCl, .H,0, 2,2 g
ZnS0,4.7H,0, 1,51 g CuS0O,4.5H,0, 1,61 g CoCl,.H,0O, 1,1 g (NH4)sM070,4.xH,O a 50 g EDTA v 1 litru
destilované vody 2. Jako zdroj uhliku slouZil ethanol davkovany v poméru CHSK:N 4:1 (v imobilizagni
fazi 8:1). Hodnota pH modelové vody byla v rozmezi 7 — 7 ,5, koncentrace rozpusténého kysliku se
pohybovala mezi 7 az 9 mg.I™.
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Zdrojem mikroorganismd byla smésna kultura aktivovaného kalu zregeneraéni nadrze COV
Nestémice. Smésna bakterialni kultura byla ziskana z aktivovaného kalu aklimatizaci na koncentraci
1130 mg.I" N-NO3 po dobu 30 dni pfi teploté 30 °C za anoxickych podminek.

Metodika

Testy byly provadény za laboratorni teploty ve sklenéné koloné o priméru 3,7 cm a vnitfnim objemu
300 ml, objem nosige byl 250 ml. Pratok v koloné v rozsahu 50 az 170 ml.h™ byl zaji§tén peristaltickym
Cerpadlem. Smér pritoku byl zdola nahoru, aby napomahal uvolfiovani vznikajicich plyn (N, a CO,). Na
dné kolony byla umisténa plastova sitka s velikosti ok 1 mm, slouzici jako dno a soucasné zajistujici
distribuci pfitékajici vody na cely prufez kolony. Proces probihal pfi teploté 23 °C + 2°C. Na vstupu
a vystupu z kolony byly odebirany vzorky, ve kterych byla zjiStovana koncentrace dusi¢nand, dusitanu,
dale pH, teplota, vodivost, zakal a koncentrace rozpusténého kysliku.

Koncentrace dusi¢nant v odebranych vzorcich byla stanovovana pomoci dusi¢nanové iontové
selektivni elektrody. Koncentrace dusitant byla ur€ovana spektrofotometrickou metodou pfi 540 nm po
pouziti vybarvovaciho Cinidla tvofeného amidem kyseliny sulfanylové a N-(1-naftyl)-1,2-ethylendiamin
dihydrochloridem. Koncentrace rozpusténého kysliku byla stanovovana pfenosnym pfistrojem Hanna Hl
9146. Hodnota zakalu vody na vystupu z denitrifikace byla ur€ovana méfenim na turbidimetru Lovibond
TB210 IR.

Vysledky a diskuse
Imobilizace — vsadkovy rezim

V prvni fazi testd, imobiliza¢ni, byl do kolony postupné nacerpan roztok pfipraveny smichanim
modelové vody s koncentraci dusi¢nanového dusiku 1130 mg.I'* N-NO3, aklimatizované biomasy (0,1 g
biomasy na 1 litr modelové vody) a ethanolu v mnoZstvi odpovidajicim poméru CHSK:N 8:1. Roztok byl
ponechan cirkulovat do poklesu koncentrace N-NO3; pod 10 mg.I*, poté byl nosi¢ promyt 1000 ml pitné
vody, ¢imZ byly odstranény volné baktérie, a do kolony byla naCerpana cerstva modelova voda
s ethanolem v pomé&ru CHSK:N 8:1. Pfi poklesu koncentrace N-NO5; pod 10 mg.I* byl roztok vzdy
vyméneén. Cely proces imobilizace byl provadén 14 dni, coz byla dostate¢na doba k ustaleni rychlosti
denitrifikace.

K nejrychlejSi denitrifikaci doSlo v pfitomnosti volné biomasy v koloné s geopolymerem (51 hodin),
dale v koloné s lignitem (71 hodin), nejpomalejSi byla denitrifikace v koloné se zeolitem - k poklesu
koncentrace N-NO3; pod 10 mg.I"* doslo az po 120 hodinach. Vy$si rychlost denitrifikace mize byt
pfipsana vysSimu pH v koloné s geopolymerem. | pfes intenzivni promyvani stale dochazelo
k uvolfiovani alkality z nosice a pH v koloné se pohybovalo okolo 9, oproti koloné se zeolitem a lignitem,
kde bylo v rozmezi 7,5 az 8.

Kontinualni testy denitrifikace

Po imobilizaéni fazi byly kolony s biomasou imobilizovanou na nosi¢ich promyty kazda 1000 ml pitné
vody a byly zahajeny kontinualni testy. Byl sledovan vliv koncentrace dusi¢nant a doby zdrzeni v naplni
na rychlost a prubéh denitrifikace. Testy za riznych podminek na sebe navazovaly v nasledujicim
pofadi: 1) koncentrace 1130 mg.I"" N-NOy, doba zdrzeni 5 h, 2) koncentrace 1130 mg.I" N-NO3, doba
zdrzeni 2,5 h, 3) koncentrace 565 mg.I’1 N-NOj, doba zdrzeni 2,5 h, 4) koncentrace 565 mg.I'l N-NOg5,
doba zdrzeni 1,5 h.

V prvni sérii testdl se vstupni koncentraci N-NOz; 1130 mg.I" a dobou zdrzeni v kolon& 5 hodin
dosahla vystupni koncentrace N-NOj™ stabilni hodnoty u lignitu a geopolymeru za 2 dny, u klinoptilolitu
za 4 dny. Podobna situace byla i u dusitanového dusiku, nejdéle pretrvaval ve vystupu z kolony
s klinoptilolitem, naopak u lignitu k jeho akumulaci prakticky nedochazelo. Pribéh testll dokumentuji
obrazky 1 a 2. V této sérii testl dochazelo na Casticich nosiCe i mezi nimi k tvorbé velkého mnozstvi
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biomasy, v dusledku toho se postupné zvySoval hydraulicky odpor a bylo nutno kolony po 7 dnech
promyt, aby byly nanosy uvolnény. Narazové proplachnuti kolon pitnou vodou nebylo dostate¢né, proto
bylo promyti v této sérii testl provadéno vyjmutim nosice, a jeho proplachnutim pitnou vodu. Po promyti
doslo k pfechodnému zvySeni vystupni koncentrace dusiénanového dusiku., coZ naznacduje, Ze doslo
k ¢astenému oddéleni imobilizovanych baktérii. K obnoveni pavodni aktivity biomasy doslo po prvnim
promyti u lignitu do 24 hodin, u geopolymeru a klinoptilolitu za 48 hodin, po druhém promyti jiz byl biofilm
na vSech nosicich stabilngjsi a aktivita se po pfechodném zvySeni koncentrace dusi¢nanoveho dusiku
na odtoku rychle obnovila.
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Obrazek 1: Pribéh vystupni koncentrace Obrazek 2: Pribéh vystupni koncentrace
N-NOg’, vstup N-NO3 1130 mg.I™, N-NO,’, vstup N-NO5 1130 mg.I™,
doba zdrzeni 5 h doba zdrzeni 5 h

Pramérna vystupni koncentrace dusiénanového dusiku pfi vstupni koncentraci N-NO; 1130 mg.I*
a dobé zdrzeni 5 hodin byla po ustaleni stavu u lignitu 3 mg.I* N-NOs, u geopolymeru 230 mg.I"*
a u klinoptilolitu 121 mg.I"". Koncentrace dusitanového dusiku byly po 5 dnech ve v8ech pfipadech mensi
nez 1 mg.I" N-NO,’, kromé prechodného zvySeni po promyti kolon (7. a 14. den), kdy jeho koncentrace
u geopolymeru byla 10 mg.I" N-NO, a 2 mg.I"*, u klinoptilolitu 35 mg.I* a 11 mg.I™.

Pfi dobé& zdrzeni 5 hodin byly dosaZeny vysoké ucinnosti odstranéni N-NO;3 (u lignitu 99,7 %,
u geopolymeru 79,6 %, u zeolitu 89,3 %), ale prutok nebyl dostate¢né velky, aby vymyval velké mnozstvi
vznikajici biomasy z nosi¢e a proto dochazelo k rychlému ucpavani kolon a zvySovani hydraulického

vvvvvv

PFi zvySeni pratoku v koloné a snizeni doby zdrzeni v koloné na 2,5 hodiny se vystupni koncentrace
dusiénanového dusiku ustalily na primérnych hodnotach 308 mg.I* N-NO3™ pro lignit, 403 mg.I"* N-NO;
pro geopolymer a cca 400 mg.I" N-NO; pro klinoptilolit. | v této sérii ale dochazelo vlivem tvorby
biomasy k ucpavani kolon a nosi¢e musely byt pro promyti z kolony vyjmuty. U lignitu do$lo postupné
k masivnimu rozpadu ¢astic a kolona se stala téméfr nepridchodnou. Tvofily se velké agregaty Castic
spojenych biomasou. Po vyjmuti lignitu z kolony, jeho promyti a vysusSeni, bylo zjisténo, Ze Castic
> 3 mm zbylo pouze 45 % z plvodniho mnoZstvi.

DalSi série testd byla provedena s modelovou vodou nafedénou na koncentraci dusi¢nanového
dusiku 565 mg.I" N-NO3™ a s dobou zdrZeni 2,5 hodiny. Jako nosi¢ byl pouzZit geopolymer a klinoptilolit.

V této sérii testu jiz nebylo nutné nosice pro promyti vyjimat z kolon, promyvani bylo provadéno in situ
pithou vodou pfi zvySeném pratoku. Promytim byly odstranény vytvofené nanosy, ale nedochazelo
k poruSeni vrstvy bakterii na nosiCich, coz se projevilo stabilnimi vystupnimi koncentracemi
dusi¢nanového dusiku, obrazek 3. Koncentrace N-NO; na vystupu byla po ustaleni (cca 48 h)
u klinoptilolitu primérné 16 mg.I" N-NO3, u geopolymeru 84 mg.I" N-NO;. Koncentrace dusitanového
dusiku u geopolymeru byla primérné 0,9 mg.I" N-NO,', u klinoptilolitu kolisala (zejména po promyti) az
k hodnot& 50 mg.I" N-NO,, obrazek 4.
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Obrazek 3: Prubéh vystupni koncentrace Obrazek 4: Prabéh vystupni koncentrace
N-NOj3, vstup N-NO3 565 mg.I™, N-NO,, vstup N-NO; 565 mg.I™,
doba zdrZeni 2,5 h doba zdrZeni 2,5 h

Po snizeni doby zdrzeni na 1,5 hodiny se primérna vystupni koncentrace dusi¢nanového dusiku
zvysila u geopolymeru na 226 mg.I" N-NOg, u klinoptilolitu na 123 mg.I'* N-NOj, viz obrazek 5, coz
odpovida ucinnosti odstranéni N-NO3 58,8 % a 78,2 %. Zatimco ale vystupni koncentrace dusitanového
dusiku u geopolymeru byla primé&rné 2 mg.I", u klinoptilolitu se pohybovala mezi 50 az 60 mg.I" N-NO,

— obrazek 6.
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Obrazek 5: Prubéh vystupni koncentrace Obrazek 6: Prabéh vystupni koncentrace
N-NOj, vstup N-NO5 565 mg.I™, N-NO,’, vstup N-NO;z 565 mg.I™,
doba zdrzeni 1,5 h doba zdrzeni 1,5 h

Primérna hodnota pH vody na vystupu z kolon se pfili§ neliSila — u geopolymeru byla 8,2,
u klinoptilolitu 7,8. Nicméné alkalicka povaha povrchu geopolymeru se ukazala jako pfinosna pro
denitrifikaci. Pozitivné ovliviiovala adhezi mikroorganismu i rychlost odbouravani dusitana.

Naopak kysela povaha povrchu ¢astic klinoptilolitu vedla k hor$i adhezi mikroorganismu a jejich slabé
vazbé, ktera se snadno poruSila promyvanim. NejvétSim problémem byla ale kumulace dusitanového
dusiku, ktera dosahovala pfi pouziti klinoptilolitu az desitek mg.I" N-NO,, coZ je z hlediska ekologickych
limitd nepfijatelné. Mikroporézni struktura klinoptilolitu je pro baktérie sice nevyuzitelna, ale pfispéla ke
zvySeni kvality vody na odtoku — hodnota zakalu na vystupu z kolony dosahovala hodnot okolo 30 NTU,
u geopolymeru cca 50 NTU, u lignitu byla nejvy$si — primérné 158 NTU, coz bylo dano rozpadem jeho
Castic. Koncentrace rozpusténého kysliku na vystupu z kolon byla pfi vSech méfenich menSi nez
0,7 mg.I"". Spotfeba organického substratu se lisila podle pouZitého nosite. U geopolymeru odpovidala
poméru CHSK:N 3,5, u lignitu a klinoptilolitu méné nez 3.
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Obsah organickych huminovych latek v lignitu napomahal adhezi mikroorganismu a podporoval jejich
mnozeni a tim i u€innost denitrifikace, vzhledem k rychlému rozpadu Castic je ale lignit jako nosi¢
mikroorganismu v tomto uspofadani nepouzitelny.

Primérné hodnoty ucinnosti odstranéni dusi¢nanového dusiku pomoci imobilizace bakterii na
jednotlivych nosi€ich uvadi tabulka 2.

Tabulka 2: Uéinnost denitrifikace

ucéinnost odstranéni N-NO;’
vstup doba %
mg.I" N-NO h geopolymer | lignit | klinoptilolit
1130 5 7918 99 + 1 8914
1130 2,5 6419 739 64+8
565 2,5 83+4 X 97 +2
565 1,5 596 X 78 £ 12

Ziskané vysledky ukazuji, ze v pouzitém uspofadani je z hlediska zaijisténi stabilni koncentrace
dusi¢nanového dusiku na odtoku a dlouhodobého provozu kolon, vzhledem k tvorbé nanost v kolonach,
vhodnégjsi pouziti doby zdrzeni 2,5 h a niz$i vstupni koncentrace dusiénanového dusiku — 565 mg.I*
N-NOs'.

Zaver

Denitrifikace pomoci imobilizované smésné bakterialni kultury je u€innou metodou pro odstranéni
dusi¢nanu z pramyslovych odpadnich vod. Imobilizace probéhla uUspéSné na geopolymeru, lignitu
i klinoptilolitu. V kontinualnich testech byla nejvysSi Ucinnost denitrifikace pozorovana pfi pouziti lignitu
jako nosi¢e mikroorganismu (az 99 %). Jeho vyuziti je ale limitovano velkou rozpadavosti. Vyuziti
klinoptilolitu je i pfes dosazenou vysokou U€innost odstranéni dusi¢nanu problematické kvuli pretrvavani
dusitanu a jejich zvySené koncentraci na odtoku z kolony. Pfipraveny makroporézni geopolymer se jako
nosi¢ bakterii osvédCil. Jeho ¢lenity povrch prispél k zachyceni denitrifikaCnich bakterii a alkalicka
povaha k omezeni tvorby dusitan(. Ziskané vysledky budou, po optimalizaci druhu a mnozstvi
organického substratu, vyuzity pfi navrhu procesu denitrifikace realnych odpadnich vod z povrchové
Upravy kovd.

Podékovani

Tato prace je vysledkem projektu feSeného s finanéni podporou Ministerstva pramyslu a obchodu
Ceské republiky, které poskytlo prostfedky v réamci institucionalni podpory na dlouhodoby koncepéni
rozvoj vyzkumné organizace. Projekt byl zaélenén do Narodniho programu udrZitelnosti | Ministerstva
$kolstvi, mladeze a télovychovy Ceské republiky prostrednictvim projektu Rozvoj centra UniCRE,
identifikacni kod LO1606.
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Denitrification of high nitrate waste water using immobilized sludge

Dorota HOROVA, Viadimira SULTOVA ]
Unipetrol vyzkumné vzdélavaci centrum, a. s., Usti nad Labem

Summary

Mixed bacterial culture obtained by an acclimatization of activated sludge from the waste water
treatment plant was immobilized both on artificially formed material - geopolymer and on natural
materials - zeolite and lignite. In the continuous tests, the possibility of using immobilized bacteria for
biological denitrification of water with extreme nitrate concentration and the dependence of the course
and efficiency of denitrification on the type of carrier, the residence time and on the nitrate concentration
were tested. The highest nitrate removal efficiency was achieved using lignite as a carrier of
microorganisms, however, due to the high disintegration, lignite is inappropriate for these purposes. The
macroporous geopolymer is a suitable denitrification bacteria carrier, the ragged surface of geopolymer
contributes to the capture of bacteria and the alkaline nature of surface helps to limit the formation of
nitrite.

Keywords: denitrification, geopolymer, zeolite, lignite
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