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ABSTRACT

Constructed wetlands for wastewater treatment are extensive
treatment systems based on the processes which occur in natural wetlands.
Due to high treatment efficiency and low operation and maintenance costs
constructed wetlands have become an attractive treatment technology.

The aim of the bachelor thesis is to evaluate the long-term efficiency
of wastewater treatment of constructed wetlands Spéalené Pofi¢i and Velka
Jesenice in regard to its expansion through years and intensification.
Wastewater samples taken by authorized person during operation were
evaluated on the basis of parameters for assessing wastewater quality.

The work is focused on the average annual inflow and outflow
evaluation of biochemical oxygen demand (BODs), chemical oxygen demand
(CODcy), total suspended solids (TSS), phosphorus (P) and ammonia (N-
NH4") during the period 1992-2021 for constructed wetland Spalené pofi¢i
and 2000-2021 for constructed wetland Velka Jesenice.

Measured data were processed in Microsoft Office Excel 2016. The
results were compared with the valid legislation of the Czech Republic and
Water Authority limits given for constructed wetlands in Spalené Pofi¢i and
Velka Jesenice. Both constructed wetlands performance met required limits
through whole operation. Outflow concentrations showed minimal
effectiveness in removing ammonia nitrogen until intensification.

KEYWORD: constructed wetland, treatment efficiency, reconstruction,
maintenance, nutrients



ABSTRAKT

Kofenové Cistirny odpadnich vod jsou rozsahlé systémy zalozené na
procesech, které se vyskytuji v ptirodnich moktadech. Diky vysoké ucinnosti
¢isténi a nizkym nakladiim na provoz a idrzbu se vybudované moktady staly
atraktivni technologii.

Cilem bakalaiské prace je zhodnotit dlouhodobou ucinnost cisténi
odpadnich vod vybudovanych mokiadi Spalené Potici a Velké Jesenice s
ohledem na jeji rozsifovani v prubéhu let a intenzifikaci. Vzorky odpadnich
vod odebrané opravnénou osobou béhem provozu byly vyhodnoceny na
zaklad¢ parametra pro posuzovani jakosti odpadnich vod.

Prace je zaméfena na vyhodnoceni ro¢nich koncentraci na ptitoku a
odtoku biochemické spotieby kysliku (BSKs), chemické spotieby kysliku
(CHSKCcy), celkovych nerozpusténych latek (NL), fosforu (P) a amoniaku (N-
NH4™) v obdobi 1992-2021 pro kofenovou ¢istirnu odpadnich vod Spalené
pofici a 2000-2021 pro kotenovou ¢istirnu odpadnich vod Velka Jesenice.

Nameétend data byla zpracovéna v aplikaci Microsoft Office Excel
2016. Vysledky byly porovnany s platnou legislativou CR a limity
Vodopréavnich Gfadl stanovenymi pro kofenovou ¢istirnu odpadnich vod ve
Spéaleném Pofici a Velké Jesenici. Obé kotenové Cistirny odpadnich vod
spliiovaly poZzadované limity po celou dobu provozu. Koncentrace odtoku
vykazovaly minimalni U¢innost pifi odstraiiovani amonného dusiku az do
intenzifikace.

KLICOVA SLOVA: kofenova &istirna odpadnich vod, G¢innost upravy,
rekonstrukce, drzba, Ziviny
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INTRODUCTION

Conventional wastewater treatment plants are predominantly used for
wastewater treatment in the Czech Republic. Effects of these treatment plants
are very good, but they are accompanied by high operating costs. Many
smaller municipalities and towns cannot always afford such costs. A suitable
alternative for the settlement is constructed wetlands for their effects the
removal of organic and undissolved substances, complying with water
management requirements and lower operating costs.

Most commonly used constructed wetlands for domestic wastewater
treatment are constructed wetland with horizontal sub-surface flow, which
does not due to limited oxygen transfer capacity provide nitrification and
vertical sub-surface flow, which on the other side provide nitrification are
unable of denitrification. According to Vymazal (2004) constructed wetlands
are very efficient at breaking down even low levels of biological pollution,
their efficiency in removing nitrogen and phosphorus is low due to them not
being constructed for their removal.

In early 1960s first hybrid constructed wetland was introduced in
Germany by Seidel (1965) design consisted of two stages of several parallel
vertical flow beds usually planted with Phragmites australis followed by 2-3
horizontal beds in series containing numerous plant species, such as Carex,
Iris, Typha or Sparganimus this combined system showed higher nitrogen
removal.

These systems were according to Vamazal (2007) designed to treat
domestic, or municipal wastewater with required nitrified effluents. In 1980s
several hybrid systems of Seidel’s type were built in France. During 1990s
and early 2000s those VF- HF systems were built in many European
countries. Followed by study in late 1990s introduced by Johansen et Brix
(1996). Since then, more studies with different configuration were presented.
Such as constructed wetland in Poland designed for 750 EO with use of HF-
HF-VF-HF planted with Phragmites australis (Obarska- Pempkowiak 1999).

The ever-increasing requirements for the quality of wastewater
discharges force the development of new technologies to achieve optimal
efficiency of wastewater treatment, to meet the conditions of the given
locality, environmental requirements and the prospective nature of
wastewater sources. The bachelor thesis deals with the evaluation of the long-
term operation of two constructed wetlands in the Czech Republic, namely in
Spalené Potic¢i and Velka Jesenice.



AIMS OF THE WORK

1. Describe the principle of wastewater treatment in constructed wetlands.
2. Describe constructed wetlands Spalené Potici and Velka Jesenice.
3. Evaluate the cleaning efficiency of the monitored constructed wetlands.

4. Evaluate the performance of monitored constructed wetlands.

In the first part of the work is made a brief overview of wastewater, types of
constructed wetlands, their parts and substances treated at constructed
wetland based on literature sources.

The next part describes the constructed wetlands Spalené Pofic¢i and Velka
Jesenice over the years based on project documentation.

In the third part, the efficiency of the constructed wetlands in different phases
of operation is evaluated and the efficiency is compared with the efficiency
before intensification. Available materials from the relevant authorities are
used for the evaluation.



3. Wastewater

Water, as a necessary human need, is used not only to hydrate the
body, but also for ordinary work in everyday life in larger quantities than can
be consumed. This part of used water drains away, wastewater. According to
Act No. 544/2020 Coll. on Waters and on the Amendment of Certain Acts
(Water Act), wastewaters are waters which have changed their quality after
their use (any change from the original state see Annex 1) and are thus
dangerous for the deterioration of the quality of surface water and
groundwater.

According to Act No. 544/2020 Coll. wastewater can be from
residential, agricultural, medical facilities, as well as seepage water from
landfills. The individual degrees of pollution Table 1 depend mainly on the
type of settlement, industry and incoming waters (ballast and rainwater) that
dilute the wastewater

The separation of wastewater according to Act No. 544/2020 Coll.,
depends primarily on the source producing the wastewater and the
composition of the external pollutants. Wastewater can thus be divided into
several types, which are then treated according to applicable legislation
(Sojka 2004).

suitable for water supply purposes, food industry, swimming

I- very clean water ] .
pool, salmon fish farming, has great landscape value

suitable for water supply purposes, fish farming, water sports,

Il- pure water . .
industrial supply

only for the supply of industry, if there is no more suitable
- polluted water .
source, then it also serves for water supply purposes

IV- very polluted water |usually only for limited purposes

V- heavily polluted water Junsuitable for any purpose

Table 1: Water quality (Sojka 2004).

Substances gon1lEO
Total suspended solids 55
BODg 60
CODcr 120
Total nitrogen 11
Total phosphorus 2,5

Table 2: Average daily concentrations of pollutants in wastewater on 1EO (Junga et. al.
2015).



3.1 Rainwater

Water of various states, which does not touch any part of the Earth's
surface or buildings located on it. The purity of such water according to Act
No. 554/2020 Coll. depends on the quality of the air in the area of occurrence,
where it can be affected by transport fumes or industrial flue gases.

After contact with the surface, rainwater become surface water, which
Is then based on place of impact led to the sewerage network. Such raw water
is often used in family houses or gardens as commercial water for watering.
If infiltration is not possible, it is necessary to build at least a retention object
with a regulated outflow (Vykydal 2017).

3.2 Municipal wastewater

Or sewage water, forms the largest volume of discharged wastewater
in the urban populated area. Such water includes water already used for
everyday use (cesspool), washing objects (rinsing water). Unlike rainwater,
this water cannot be used in its raw state. It is so polluted that it must be
drained directly into the sewer so that it does not cause damage to the
environment. Average values of BODs are 200-300 mg I * and for CODcr it
is 300-500 mg I™* (Graczyk 2009, IKSR CIPR ICBR © 2022).

Municipal wastewater parameters
Strength BODs concentrations
Strong 1000mg |t
Medium 500 mg I

Weak 250 mg I

Table 3: General wastewater classification according to BODs content (Pereira et al. 2014).

3.3 Industrial wastewater

In the narrower sense, industrial wastewater is generated directly
during production in an industrial zone. Its composition depends on the type
of industry and the technologies used in it Table 4. When dealing with this
type of wastewater, it is necessary to perform a wastewater analysis and
determine contained substances.

These can be flammable substances or substances with a high content
of organic material. Only after measurement and then permission from the
administrator by the operating rules of the sewerage system can the industrial
water be diluted by sewage, rainwater and drained into the sewerage system
(VA TECH).



Wastewater
type

Brewery

Dairy milk-

cheese plants

Dairy parlour

Dying

Food pickling

Metal working
fluids

Pulp and paper 6.

Tannery

Textile mills

Winery

Municipal

Average pH

range (mg I'l)
3.3-T.6 500-3 000
5.2-11.3 350-1 082
2-11 100-300
8.2-12 56-70
2.6-3 40-110

Q

6.6-1 21-1120
8-11 2070-4 320
4.5-1 20-210
3.9-5 170-1 400
6-8 100-3

Suspendedsolids

BODs
(mg ™

1400~
2000

T0e-

10 000

166-477

140-840

7 000-
8000

1500-
11 400

77-1150

1000-
7200

1650

210-
2000

110-400

cop
(mg I
815
12 500
189-

20 000

470-820

TKN
(mg Nl_l)
14-171

14-450

25-45

70-3 200 27-42

20000- 45

22 000

5300-  160-440
40 000

100- -3
3500

3500-  250-
13 500 000
1900-  14-72
100 000

320 2164
27 200

250- 20-85
1000

Table 4: Industrial wastewater characteristics (Bielefeldt 2009).

Total P
(mg 1)
16-124

37-78

Salt
(51

0.05-

30—

640

0.1-1

3.4 Wastewater containing particularly dangerous substances

If particularly dangerous substances are recorded during the analysis,
it must be permitted from the water authority to discharge this wastewater
into the sewer. According to Act No. 544/2020 Coll., On Waters and on the
Amendment of Certain Acts (Water Act) § 16, this permit is obtained if the
industry in question establishes a control point or if equipment with sufficient

efficiency pursuant is installed.

Pollution source | CoP¢ [ BOPs | TSS f N-N Ha" | Ninorg | P tota
size €0) |0 | (mo) | (oD | (g | (o) | (moh
pimlipimjpim}p miljpimjpjlm

<500 1502201 401 8050|800 / / TV 7117117

501- 2 000 12511801 30| 60|35 70| / / TV 7]/
2001- 10000 |120]170] 25|50(|30|60| 15|30/} /] /
10 001- 100000 | 90 |130] 20| 40] 25| 50 / 115|122 ] 6
> 100 000 7511251 15130|20]40| / [ 130|201 1] 3

Table 5: Indicators for sewage and urban waters (Hlavinek et al. 2003).




3.5 Amount of wastewater

The amount of wastewater discharged is variable and greatly affected
by the level of equipment of the municipality. From the industrial zone,
infrastructure, services, households and all operating appliances used for
human comfort. The specific amount is given in the amount produced 1EO
per day. Volume of water discharged is proportional to the variability of the
period depending on the life rhythm of the city. For the Czech Republic this
value is around 100 litters per person per day (RD Rymartov, © 2022).

To quantify this variability, the coefficients of daily kdn non-
uniformity and hourly kn non-uniformity are introduced over a period of time.
The most well-known are the minimum and maximum flow in a given period
of time, depending on the size of the source of pollution. The value of the
coefficient is of a statistical nature and should be assessed in this way (Sojka
2004).

Wastewater fluctuations are characterized by nocturnal minimum and
maximum flow in the morning and evening. The design must take into
account the development in the municipality associated with the production
of wastewater (Sojka 2004).

Specific wastewater production

Office, trade 1 EO (2-3 employees)
Place in the garden 1 EO (10 places)
Camping (2 people) 1EO

Apartment area < 50 m2 2 EO

Apartment area (50- 75 m2) 3EO

Apartment area ( 75 m2) 4 EO

Accommodation facility (1 bed) 1- 3EO
Hospitality (1 x day operation) 1 EO (3 places)
Hospitality (2- 3 x day operation) |1 EO (1 place)
Hospitality (4- 6 x day operation) |2 EO (1 place)

Table 6: Specific wastewater production according to CSN 75 6402

3.5.1 Flow calculation

Calculation of the amount of sewage flowing into the constructed
wetland is performed according to the guideline values CSN 75 6402 and CSN
75 6401 from the use of specific wastewater production, most often given in
m/day or | / s.



Daily unevenness factor for wastewater
treatment plants

<1000 EO 1,5
1 000-5 000 EO 1,4
5 000- 20 000 EO 1,35
> 20 000 1,25

Table 7: Coefficient of daily unevenness for wastewater treatment plants determined
according to the set standard (CSN 75 6402).

Calculation of the average daily inflow (1):

Qz4,m= EO * g spec (M°/day) 1)

EO — equivalent population

g — specific consumption of 1 person per day

The average daily inflow (1) is obtained by the product of the
equivalent population and the specific water consumption.

Calculation of maximum rainless inflow per day Qqv m®day (2) is
obtained by the sum of ballast water QeaL with the average daily inflow of
wastewater of the population multiplied by the coefficient of daily inequality
and the coefficient of multiplied wastewater from industry.

Qd= Q24 m™* Kd + Q24,p* Kg, p + QeaL (M°/day) (2)

Kq —the coefficient of daily inequality is equal to 1.5 according to the standard
in Table 3

Kgq, p — coefficient of daily inequality multiplied by daily inflow of industrial
wastewater equal to 1 according to the standard

QsaL — ballast water (m®/day

The maximum rainless hourly inflow Qn (3) is calculated according to the
formula (CSN 75 6401, CSN 75 6402).

Qn= (Q24, m * Kg* kn+ Q24 m* K, p + QgaL) / 24 (m®/hour) (3)

Kh — coefficient of maximum hourly inequality

7



The calculation for the daily balance (4) is expressed as:

S= Q+ R+I-O—ET (4)

S = net change in storage

Q = surface flow, including wastewater or stormwater inflow
R = contribution from rainfall

I = net infiltration (infiltration less exfiltration)

O = surface outflow

ET= loss due to evapotranspiration

The formula can be used to calculate daily, monthly to yearly
intervals. If it is expected during the season, it is essential to obtain monthly
data for evaluation. For detailed data, it is necessary to collect data for
comparison in the pilot test of the constructed wetland and in full operation
(EPA.gov. 1993).

4. Wetlands

Wetlands are specific biotopes characterized by constant supply of
water or presence of a high level of underground allowing at least seasonal
growth of wetland plants (Vymazal 1995)

By definition of Cowardin et al. (1979) Drained hydric soils incapable
to support hydrophytes due to change in water regime are not considered
wetlands, but still function as indication of suitable areas for potential
restoration and as record of historical wetlands. These habitats are located on
the border of aquatic and terrestrial environment. Due to the fluidity of the
transition, boundary of wetland is not fixed. Smith 1980 defined wetlands as
a halfway world exhibiting the characteristics of both.

According to Kouril (2006), wetlands occupy about 6% of Earth's
surface. Beside Antarctica, wetlands occur on all continents and in all climatic
zones. Presence of water is the main factor influencing nature of substrate and
thus influencing nature of substrate and thus type of animal and plant
communities in wetland. Wetlands may be fed by runoff, groundwater or by
precipitation and thus water chemistry ranges from very acidic to very
alkaline (Cowardin et al. 1979)

Individual elements occurring in the environment are characteristic by
different migratory ability, depending on values of pH. This value expresses
electron content. With large amount the environment becomes more reducing
and conversely in absence of electrons oxidative, which is often

8
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simultaneously acidic. The pH value indicates content of protons the
environment becomes acidic. Otherwise with a lack of protons environment
is alkaline. Soil flooding causes a decrease in pH for alkaline soils and an
increase in pH for acidic soils. In flooded soils pH thus moves in area of
neutral values (Drever 1988).

Diversity of wetlands is also in their total area. They can spread over
a few hectares (sometimes m?), but can reach up to several km?2. Thus, can be
divided into marshes, sedge meadows, wet prairie, fens, seeps, bogs,
mangroves, swamps, rice fields and many other (Cowardin et al. 1979).

Definition of wetlands is a constant subject of debate and opinion.
Since the definition of wetlands is perceived differently by ecologists,
geologists, economics, hydrologist, biologist depending on goals and interests
of end user (Mitsch et Goselink 2000).

Wetlands provide many functions. Among the most important ones
can be mentioned hydrological functions (flood protection, water reservoir in
landscape, source of drinking water), biochemical (fixation of CO; and its
deposition in sediments, nutrient cycle and transportation, sediment retention
and nutrient deposition), ecological (high biodiversity, food source, refuge of
many rare and protected organisms). Other include climate regulation and
aesthetic character (JUST T. et al. 2004; Powers et al. 2011).

Cleaning capacity of wetlands has been used for several decades.
According to Vymazal (2004) it has been known for over 100 years. Sdlek
(1995) states, that over 30 years Institute of Water management has been
dealing with natural methods of wastewater treatment.

Initially rather than controlled treatment it was an uncontrolled
wastewater discharge, resulting in damage and even destruction of many rare
ecosystems. This, is how wetlands were damaged until sixties of 20" century.
Owing to study of wetlands in last few decades, it has become clear, what
indispensable importance they have and what functions they perform. Due to
Ramsar Convention, their importance and value increased after 1971. States
which signed Ramsar Convention are committed to the rational use and
protection of wetlands (Matthews 1993).



5. CHARACTERISTICS OF CONSTRUCTED
WETLAND

The constructed wetland (later refer as CW) works on the principle of
mechanical - biological filtration with maximum flow into the allocated
chambers and given area of vegetation to remove excess nutrients from the
wastewater. It is a man-made artificial wetland ecosystem. This complex is a
combination of biotic components (animals, plants, microorganisms) with
abiotic components, which by their action improve the quality of water, which
is essential for the ecological value of the landscape (Gelt 1997).

It becomes a suitable alternative in the case of smaller municipalities
up to 2000 EO, where the construction of conventional wastewater treatment
plants (later referred as WWTP) is a very expensive matter. The advantage of
CW over WWTPs is the ability to treat highly diluted wastewater with a low
concentration of BODs, which at a concentration lower than 50-80 mg / |
becomes problematic for conventional WWTPs (Koc¢kova et al. 1994).

The principle of treatment is the drainage of wastewater into the
building, where most of the waste is mechanically separated. The wastewater
further flows freely horizontally and vertically, trapping dirt particles by
natural sedimentation. These impurities are further broken down by
microorganisms (especially bacteria) into simple elements by the
decomposition of nitrogenous substances, which serve to nourish the
vegetation. This process helps to balance the oxygen, supplying the necessary
oxygen to the root zone of the vegetation and removing mineralized nutrients
from the wastewater (EPA.gov. 1993).

One of the disadvantages of CW is the area needed for its
implementation. A larger area of land is required to locate the CW, but land
with a soil area unsuitable for other purposes can also be used. It can also be
used in biologically valuable areas as a more aesthetic alternative to
wastewater treatment (EPA.gov. 1993, Vymazal 2004, Junga et. al. 2015).
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Advantages: Disadvantages:

Year-round operation Area consumption

Their appearance fits well into the landscape, |A White coating of elemental sulfur may

or they can also fulfill an ornamental function |@PPear on the effluent during anaerobic
decomposition in the filter beds.

require minimal maintenance - low
maintenance costs Vegetation is prone to toxic pollution
The need to protect against raids from
plants that could damage the insulation
layer

They are not suitable for removing
phosphorus and ammonia

able to clean waste materials with a low
concentration of organic substances

less prone to defects

deal well with the quality and quantity of

wastewater They require a minimum supply of
They do not bother the surroundings with water for their function,vegetation
noise cannot withstand complete moisture
Its construction creates a new habitat for loss

organisms

Table 8: Advantages and disadvantages of constructed wetland (CVUT 2012).

5.1 Types of constructed wetland

According to Brix (2003) artificial wetlands can be divided into several
categories according to the way the wastewater flows and the type of
vegetation. According to the direction of wastewater flow, artificial wetlands
can be divided into two basic groups:

e CW with vertical flow
e CW with horizontal flow

In accordance with the vegetation that is used, CW can be divided into
three basic groups:

e CW with floating plants
e CW with submerged plants
e CW with emerged plants

5.1.1 Constructed wetland with floating plants

This type of CW is not widely represented and can rarely be found in
subtropical and tropical areas. The area of these CWSs can exceed several
hectares, where the plants are free on the water surface. They are most often
built to a depth of 3 m. Tanner et Headly (2011) reported maximum root
system depth ranging 57- 87 cm. According to Vymazal (1995) plants from
the family (Lemnaceae) and water hyacinth (Eichomia crassippes) are most
often used for this method of cleaning.
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While ducklings are abundantly geographically widespread and are
able to withstand even lower temperatures, they are limited by their root
system. However, it forms a very thick, continuous coating on the surface,
which prevents algae from producing photosynthesis and serves as a good
base for bacteria (Hlavinek 2000).

Water hyacinth is the most productive to use, but the problem is
frequent growth and clogging of drains and canals. Limiting factor for this
plant is the temperature, which already limits the plant's growth even at 10 °
C. It is therefore able to operate year-round only in subtropical and tropical
areas (Vymazal 2004).

Figure 1: floating plants (GRANIA ©2021).

5.1.2 Constructed wetland with submerged plants

This type is based on the principle of ponds. Used mainly for final
cleaning. Submerged plants are able to assimilate the necessary nutrients
mainly by their root system. During their growth, they remove dissolved
inorganic carbon from the environment, causing an increase in oxygen
concentration. Such an environment is good for phosphorus precipitation and
ammonia volatilization. The condition for the use of submerged plants is well-
oxygenated water (Vymazal 1995).

Figure 2: submerged plants (GRANIA ©2021)
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5.1.3 Constructed wetland with emergent plants

Emergent plants are planted with their part in the substrate or filter
material with a larger part of the plant protruding above the surface of the
filter bed or the surface of the water surface. This is the most widespread
group of CW, which is further divided into two groups depending on the
wastewater flow (GRANIA ©2021).

e CW with surface flow
e CW with subsurface flow

5.1.4. Constructed wetland with subsurface flow

It is the most widespread wetland type CW in the world. The water
here flows only through the surface of the filter surface area, which allows
the growth of emergent vegetation (Hudcova et al. 2013).

5.1.5. Constructed wetland with surface flow

The wastewater here flows horizontally over the surface of a low-
permeable substrate. The planted wetland plants ensure the growth of
microorganisms needed for the decomposition of the material on their
submerged parts (Greiner et Jong 1984, Némcova et al. 1994).

In appearance, this type of CW resembles natural wetlands. Scirpus Spp.
and Typha Spp. Are most often used for this type. They are mostly used
in North America under the name FWS (free water system) or (surface
flow) SF. This type is not common in Europe (Brix 1987, Kouftil 2006).

iy ' 2
\‘." i" -!;" Emergent vegetation

Distribution pipe W R\ |

Outlet

Figure 3: CW diagram with surface flow (Langergraber et Haberl 2004).

5.1.6. Horizontal flow constructed wetland

This is the most common type of CW in the world. Wastewater first
undergoes mechanical pre-treatment, where most of the waste is removed.
Pre-treatment prevents possible blockage by accumulated waste. After
mechanical pre-treatment, the waste water passes horizontally through the
filter bed and forms a continuous level, flowing from one side of the filter
bed to the other. This is where microbial processes take place (GRANIA
©2021).
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In the root zone at the surface of the filter bed, an aerobic environment
is formed and BODs, undissolved substances and pathogens decompose.
Due to the predominant anaerobic environment, it is not suitable for the
reduction of ammoniacal nitrogen. The control shaft at the end of the
treatment plant regulates the level using a device located in it (GRANIA
©2021).
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Figure 4: CW diagram with horizontal flow (Langergraber et Haberl 2004).

Inflow

The disadvantage of this type is the high pollution load on small parts
at the entrance to the filter bed, which can cause clogging. Another
problem is maintaining a uniform distribution of water flow. If this did
not happen, the currents would start to shorten and drain out of the filter
bed quickly. This type of CW can be used for less polluted wastewater, or
as part of another type of CW with more efficient treatment (SSWM
©2020).

5.1.7. Vertical flow

The main difference between a vertical flow system and a horizontal
one is in the direction of the continuous flow of wastewater. The dosing
of wastewater takes place by supplying wastewater to the shaft, which,
after its sufficient accumulation, drains the wastewater and discharges it
to the entire surface of the filter bed. Here, the wastewater flows from the
entire surface of the filter bed into the lower layers, from where it is
subsequently drained through the drainage pipe.

In appearance, the vertical CW is similar to the horizontal one.
However, the difference is the supply of oxygen to the filter bed
associated with the outflow of wastewater, in contrast to horizontal
treatment, where the water remains (Salek 2006, Raphael et al. 2019).
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Figure 5: CW diagram with vertical flow (Langergraber et Haberl 2004).

Even dosing can be ensured by a pump or by means of special devices
in the form of float outlets or siphons. The number of doses during the
day varies between 4-12, which ensures time for water to drain through
the drainage pipe and air to pass between the new dose of wastewater.
This makes this type of CW more efficient for cleaning BODs and
ammoniacal nitrogen, but it is not able to reduce the overall nitrogen
(GRANIA ©2021, Salek 2006).

6. Division of parts of CW

A typical arrangement of the CW is the supply of waste water to the
mechanical pre-treatment chamber, where most of the contamination is
removed to prevent clogging of the inlet to the filter bed in the next phase
of waste water treatment. From there, the waste water is led over the entire
area of the filter bed, where the final purification and subsequent
discharge of water free of waste substances takes place (EPA.gov. 1993).

6.1 Pre-cleaning

The capacity of the mechanical pre-treatment stage depends on the
number of connected inhabitants. According to the origin, composition
and amount of wastewater, the degree of treatment is arranged. For small
treatment plants up to 50 EO, it is possible to use a settling tank or septic
tank (GRANIA ©2021).

In large municipalities, where the value is up to 3000 EO, a complete
mechanism consisting of sieves, sand trap, grease trap and primary
settling tank is already necessary. The supply to these chambers can be
influenced by a relief chamber, which regulates the supply of waste water
and thus prevents possible clogging of the mechanism. These chambers
can be several in a row even after mechanical pre-cleaning and each
amount of water can be gradually regulated (Vymazal 2011).
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They consistd of obliquely mounted bars at an inclination (45-60°) with

gaps up to 4 cm wide. The wiping of trapped dirt deppends on the type

Sieve and can be mechanical or manual. Serves to capture coarse parts of

impurities from wastewater (kitchen waste, paper, packaging waste,
wood rags, etc.).

Horrizontal, vertical or combination of both can be used. Based on

Sand - . . . . .
traos principle of sedimentation of sandy particles, while reducing the flow rate
P of wastewater.
Possible to include for wastewater treatment containing higher
Grease . .
traps concentrations of fats or petroelum substances. Submerged walls with

possible aeration are most often used.

Table 9: Components of pre- cleaning process (JAMIprojekt 2018).

6.1.1 Sedimentation tanks

The most commonly used so-called slot tanks. Designed with
horizontal, vertical and radial flow. In the lower part of the tank is a
digestion space for the collection of settled sludge, which must be
disposed of after a certain time. It is possible to take it for disposal, or
according to Vymazal (1995) to drain it in the reed fields in the CW
complex.

For the first time, this method of sludge disposal was used in
Denmark. Waste water is freed of coarse impurities by these processes
and fed to the central part of the CW, where it is evenly distributed over
the entire area of the filter bed. For small sources of contamination, it can
be replaced by a multi-chamber septic tank using submerged walls

between the chambers. The septic tank must be cleared after reaching 1/3
of the useful height, leaving a 15 cm layer of digested sludge for
vaccination. According to CSN 75 6402 retention time in a biological
septic tank is 3-5 days (Kockova et al. 1994).

The design of the septic tank (5) based on the CSN 75 6402 standard
states that the number of chambers is three. The volume calculation is
performed as follows.

V=a*n*qg*t (5)
V- effective septic tank volume (mq)

a- coefficient expressing sludge space (given by norm, usually a value of
1.5)

n- number of connected inhabitants
g- specific water demand (m*/day* inhab.)
t- mean residence time (day) (by norm 3-5 days)

16



Size of biological septic tank according to CSN 75 6402
Number of connected inhabitants 1 1 1
Sludge space coefficient 15 15 15
Specific average daily water consumption 0,15 0,15 0,15
Dwell time in days 3 4 5
Total effective septic tank volume 0,7 m3 0,9m3 | 1,1m3

Table 10: Size of biological septic tank according to CSN 75 6402.

6.2 Filter bed

It is a waterproofed natural reservoir containing aggregates of various
fractions and thicknesses forming a permeable surface planted with wetland
vegetation. The bottom of the CW is lined with a special insulating foil made
of synthetic rubber or polyester protected on both sides by geotextiles.
Washed stones with a thickness of about 80 cm are laid on the insulating layer,
which is piled with smaller aggregates (gravel, gravel sand) up to the sand
with the root zone of the wetland vegetation (Chen Y. et al. 2013, Fahim et
al. 2019).

The substances are decomposed under aerobic and anaerobic
conditions by the action of microorganisms in a flooded area. During
operation, a constant water level is maintained 10-15 cm below the surface of
the filter bed. The level is regulated in the drain shaft, which prevents freezing
at low temperatures (in winter) (Chen et al. 2013, Fahim et al. 2019).

There are several variants of the filter bed. It can be only one area, but
it is limited by flexibility at higher wastewater flows. Another variant includes
the use of two surfaces built in parallel, in which the wastewater is guided
evenly on both parts. If necessary, only one part can be used. Another variant
is a filter bed connected in series, combining several cleaning mechanisms. If
they are used in this way, it is necessary to supply wastewater to each of them
separately by means of a pipe network placed below the level of the filter bed
or above it. The pipe is made of plastic with large holes to prevent clogging
(Norvee 2005, Anonymous 1 2016).
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6.2.1 Filter bed area

The area of the filter field is designed with a slight slope of the bottom
for the correct value of the hydraulic gradient. Simeral (1998) state that the
ideal bottom slope should not exceed 0,5%. Current wastewater treatment
plants have an average bottom slope of less than 1% compared to the 8%
slope proposed in the 1980s (Vymazal 1995).

This area calculation (6) is focused on the removal of insoluble
substances and BODs contained in water.

An = Qq * (In Co — In Ct) /Kgsk (6)

An — Area of filter fields (m?)

Qq — average daily inflow of wastewater (m®/day)

Co — BODs concentration in the inflow (mg/l)

Ct— required concentration of BODs in the effluent (mg/l)

Kgsk — speed constant (m/ day)

An=Qq = In ((Ct—C*) / (Co — C¥)) IKask (7)

In the 1990s, this equation was modified using the C * concentration (7). This
is a representation of BODs created by the decomposition of substances in
CW (e.g., decomposition of plant biomass) (Vymazal 2016).

7. Vegetation

Mechanism by which plant populations boost treatment efficiency in
constructed wetland is not yet completely understood. However, types of
plants, their level of tolerance to nutrient load, number, growth, season of
their germination, density, spacing of the plants, harvesting, performance of
attached microbial populations, oxygen supply to roots affect the
performance.

Plant populations in constructed wetland require many macronutrients
and micronutrients in proper proportions for healthy growth. According to
U.S. EPA (2000) nitrogen and phosphorus are key nutrients in life cycle of
wetland plants. However, concentration of inorganic substances in
wastewater effluent importantly nitrogen and phosphorus altogether with
loading rate to constructed wetland wary depending on wastewater quality,
season and treatment facilities (Kadlec et Knight 1996; Tchobanoglous et al.
2003; Batty et Younger 2004; Poach et al. 2004).
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Nutrient changes could influence plant growth, where according to
Poorter et Nagel (2000) in low nutrient environment growth rate of plants is
slower in comparison to high nutrient supply, but at the same time increase
their biomass allocation to roots and reduce nutrient concentrations in
biomass (Aerts et Chapin 2000).

The presence of vegetation is important for providing two basic
functions. The first is to create an aerobic environment between the roots by
supplying a sufficient amount of oxygen and thus allowing aerobic
decomposition of organic matter by microorganisms. The second function is
to maintain good hydraulic conductivity caused by the formation of pores
after dead rhizomes.

Other advantages include thermal insulation of the filter bed surface,
which allows operation even in the cold season, provide a good basis for
bacterial growth and at the same time eliminate alkaloids with bactericidal
effects. Last but not least, their appearance ensures the aesthetic value of CW
(Bahlo et. al. 1990, Haberl 2003).

When choosing a suitable flora, there should be perennial plants with
high biomass bioproduction. In another case, ornamental species may be
chosen to increase the aesthetic value. Freshly planted plants must first be
flooded with clean water and then gradually concentrated more with
wastewater. This will help them better adapt to the future burden. Those can
be planted throughout the growing season, with the most suitable months
from the end of August to the end of September, in the case of pre-grown
plants. In the case of plants grown last season, it is more appropriate to plant
in the spring. According to European directives, a density of 4 plants per 1 m?
is proposed for reeds (Vymazal 1995, Brix et al. 2003).

Overview of plants used in constructed wetland

Lenght up to 3.5-4 meters, high root density section
in 30-60 cm below surface. Maximum root depth up
to 70 cm. Plays certain role in phosphorous and
nitrogen removal (Le. 2006)

Lenght up to 1-2,5m, spread from
broad-leaved cattail (Typha latifolia) lowlands to the mountains, plays certain role in

removing faecal coliform (Ciria 2005)

common reed (Phragmites australis )

Lenght up to 40-80cm, tolerates severe degradation
narrow-leaved cattail (Typha augustifolia)[ of wetlands. Efficient in removing textile dye and
total dissolve solids (Nilratnisakorn 2009)

Lenght up to 20-30 cm, forms clonal colonies, root
system produces extensive rhizomes
Lenght up to 80-200cm. Grows on nutrient-rich
water beetle (Glyceria maxima) substrates, able to stabilize shores. Plays role in
nitrogen removal (Oostrom A. 1995)
Lenght up to 30-150cm. Grows in floodplain swamps
deciduous bulrush (Juncus effusus) ,wet meadows,wetlands, banks of stagnant and
flowing waters.

reed rattlesnake (Phalaris arudinacea )

.. . Lenght up to 50-150cm. Occurs in rivers, swamps,
yellow iris (Iris pseudacorus )

borders of ponds, ditches.

Table 11: Overview of plants used in constructed wetland (Cibulka 2007, Krdsa 2008)
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8. Substances eliminated in constructed wetland

8.1 Removal of organic substances

Their removal can be considered very effective. The process of
sedimentation, filtration and, above all, microbial decomposition acting in the
filter bed contributes to their disposal. However, the efficiency of organic
treatment is not dependent on the concentration of incoming wastewater, nor
the time of year. In the filter bed, organic matter decomposes under aerobic
conditions created by wetland flora near their root system. The rest of the
filter bed forms an anaerobic to anoxic environment. According to
Langergraber (2001) main mechanism of removal are volatilization,
photochemical oxidation, sorption, aerobic and anaerobic respiration,
sedimentation and degradation by fermentation (Haberl R. 2003).

e Biochemical oxygen demand (BODs)

Defined as the mass concentration of dissolved oxygen
consumed by the biochemical oxidation of organic substances. The
designation BODs is due to 5 days incubation period (Pytl 2004, Pitter
2009).

Used according to CSN 75 6401 to determine the number of
equivalent inhabitants (EO). 1 EO is expressed as the production of
60g BODs / day divisible into 30g undissolved substances and 30g
dissolved. Undissolved substances can be separated by filtration or
sedimentation and dissolved substances can be removed with the help
of microorganisms and biochemical processes.

Average BODs values of sewage waters according to Groda et
al. (2007) are in range of 150 up to 400 mg/l, values outside this range
can be considered anomalous. BODs, enters wastewater together with
sewage discharged from individual households.

e Chemical oxygen demand (CODcr)

Content level of substances capable of chemical oxidation.
Result is given in the amount of oxygen which is equivalent to the
consumption of the oxidizing agent used. It is given in mg / . In
wastewater, a BODs / CODc; ratio in the range of 0.3-0.8 can be
considered. Higher ratio value indicates a higher content of readily
degradable organic substances. According to Groda et al. (2007)
average CODcr values of sewage waters are in range of 300 up to 800
mg/l. Values outside of this range can be considered anomalous
(Saeed T. 2012).
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Potassium dichromate is most commonly used as the oxidizing agent.
The ratio of CODcr with BODs expresses the degree of biological
decomposition of organic substances. According to Groda et al. (2007) low
ratio of CODc// BODs (< 2) presence easily degradable substances, otherwise
high values show presence of substances difficult to decompose. This ratio
cannot be generally expressed because it is for every wastewater different
(Pitter 2009, Sojka 2004).

According to CSN 75 6401 Specific production is given as 120g CODc, per
day per one inhabitant. About half of this are undissolved substances.

8.2 Removal of total suspended solids (TSS)

These substances, like organic substances, are effectively removed in
the first part of the filter bed by filtration and sedimentation. Those are either
inorganic substances or of organic origin of larger dimensions. Incomplete
pre-cleaning can clog the bed and thus the surface drain. This problem does
not affect the function of the CW, but there may be hygiene problems

associated with odour or the accumulation of mosquitoes (Maly et Mala
2006).

8.3 Phosphor (P) removal

Removal of phosphorus is very important, with increased
concentration in watercourses, water survival and subsequent multiplication
of cyanobacteria and algae can occur. Over time, they begin to form floors
and, as they grow, consume oxygen in the water. Eutrophication escalates to
the point of creating a green mass. The lower floors lose contact with light
and, when oxygen is depleted, cause the lower parts to die. This process
continues with the constant formation of ammonia in an anaerobic
environment until the water becomes uninhabitable for organisms (Smith et
al. 1999).

Constructed wetland is limited in phosphorus removal potential due
to its capacity. Removal is highly dependent on nature of materials used for
its construction and biofilm. Biofilm growth attached to media reduce
interaction between material and wastewater. To overcome those limits,
several alternatives have been suggested and tested such as chemical
precipitation of P at pre-treatment stage, P removal in separate filter unit by
granular medium with high phosphorus biding capacity and constructing
whole system with chemically enriched media.

Materials used for P removal must simultaneously have good
hydraulic characteristics altogether with sustained and consistent elimination
of phosphorus from wastewaters. Determination of these inherent properties
typically includes chemical and physical features characterisation. Once
chosen material is then tested. Those generally includes evaluation of P-
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biding capacity through sorption equilibrium isotherms experiment, P-
saturation by constantly feeding wastewater/ P- spiked water through
construction of, columns” and retention tested by balance between inlet and
outlet P- concentration (Arias et al. 2001; Drizo et al. 2002; Del Bubba et al.
2003).

According to CSN 75 6402 the daily production of phosphorus per 1
EO is 2.5 g The source of phosphorus can be divided into anthropogenic
(household cleaners, fertilizers) and natural (leaching of minerals from soils).
Phosphorus occurring as a phosphate in inorganic and organic compounds is
thus removed mainly by physic-chemical processes, adsorption and
precipitation in a filter bed with calcium, iron and aluminium ions present.
The material in the filter field (gravel, crushed aggregate) has a very limited
sorption capacity. Improvement of sorption capacity can be achieved by using
natural materials such as apatite, zeolite, calcite, or blast furnace slag can also
be used. Phosphorus adsorption depends on several factors: pH, the surface
of the filter material used and the hydraulic conductivity (Vymazal 2004,
Maly et Mala, 2006, AYAZ et al. 2012).

Sedimentation occurs, when phosphorus bounded to particles/
aggregates enters constructed wetland. When water velocity is reduced,
phosphorus particle can settle on bottom. Chemical removal of phosphorus is
caused by sorption and precipitation. Incoming phosphorus can be absorbed
on sediment/ soil particles containing Al", Ca” and Fe- compounds. In acidic
soils, phosphate is adsorbed on hydrous oxides of aluminium and iron.
Phosphorus may precipitate as AL™ and Fe” phosphates. With pH greater than
8.0, phosphorus is precipitated as Mg'P or CaP (Richardson 1999).

Removal of phosphorus by plant uptake is not directly proportional to
the growth rate of plants, as most of the stored phosphorus during
decomposition is returned to the water. In the soil, phosphorus is very strongly
bound and is not so amenable to biological processes (Reddy et al. 1999).

According to Gardavska (2013) removal of phosphorus by adsorption
is dependent on the time when at the beginning of the cleaning process the
removal rate is one hundred percent, but after filling the sorption sites, the
removal rate decreases rapidly. It is even possible to observe the release of
sorbed phosphorus at low concentrations of water on the tributary.
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8.4 Nitrogen removal

Another very problematic is removal of nitrogen from wastewater. Its
important sources include sewage and agricultural land. According to
Vymazal (2016), the removal itself does not exceed 50% and the elimination
of ammoniacal nitrogen is most often between 20-40%. From a hygienic point
of view, ammoniacal nitrogen is an important indicator of biological water
pollution (Pitter 2009).
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Figure 6: factors affecting denitrification on different scales (Trepel 2002).

As can be seen in Figure 5 rates of nitrification and denitrification are
affected by several factors. According to Reddy et Patrick (1984) nitrifying
bacteria require oxygen, ammonium, inorganic carbon source and favour pH
in range (7.5-8) soil with optimal temperature 30-40°C. In denitrification
process, organic material commonly serves as an electron donor, while nitrate
is used as electron acceptor. Denitrification favour anoxic conditions,
bioavailable organic carbon, high nitrate availability, pH 6-8.5 and high
temperature optimally 60-75 °C. According to Knowles (1982) denitrifying
bacteria are mostly heterotrophs and some autotrophs using CO2, H> and
reduced sulphur compounds (Knowles 1982, Proser 1989).

Reason for not too high nitrogen removal is the lack of oxygen in the
filter bed. Nitrogen is decomposed in aerobic environment of the root system
of wetland plants into ammoniacal nitrogen, which is converted into a gaseous
form (denitrification) in the anoxic parts of the filter bed, which is released
into the atmosphere. Elimination can be affected by the combination of a filter
bed with upstream CWs with vertical flow, where intensive nitrification
occurs due to sufficient oxygen (KriSka et Némcova 2015, Maly et Mala
2006).
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In sewage, nitrogen is found in organic and ammoniacal form. The
number of ammonifying bacteria in the root fields is up to 6 orders of
magnitude larger than the nitrifying bacteria, which can cause an increase in
the concentration of ammonia in effluent from CW. According to Andersson
et al. (2005) A lower nitrogen removal has been observed in constructed
wetlands receiving municipal water, due to receiving large quantity of
ammonium nitrogen in comparison to those receiving nitrogen in nitrate form
I. e. runoff agriculture water. Nitrogen removal is mainly regulated by
denitrification rate (May 1990, ex Ekologgruppen 2001).

Different internal flow patterns may cause shortcuts in system
resulting in higher water velocities, shorter nitrogen residence times and less
efficient constructed wetland area, which affects contact between bacteria,
nutrients and consequently nitrate removal efficiency. According to
Braskerud (2001) these can depend on vegetation, or according to Persson
(1999) on morphology. Negative high flow shown to have large impact on
average annual nitrogen removal of constructed wetland basin, hence high
flow effects should be avoided to achieve high nitrogen removal (Spieles et
Mitsch 2000).

According to Vymazal (2016), decomposition can also be negatively
affected, at lower temperatures, when removal efficiency decreases.
Decomposition depends on ambient temperature. CSN 75 6402 states the
value of 11 g of nitrogen per day per 1 EO.

8.5 Removal of microbial contamination

Wastewater consist of five main categories of pathogens. Viruses,
fungi, helminthes, enteric bacteria and protozoa. Measured organisms are
usually expressed as faecal coliforms (FC) and total coliforms (TC). Both
groups indicating both animal and human contamination (Sharma et al. 2003).

Due to high amount, of bacteria species, it is common practice to
quantify specific indicator bacteria group. According to Eiler et al. (2004) up
to 50 bacterial species can be found in single millimetre of water.

This specific indicator should be easy to measure and identify through
reliable method to provide correlation with the total number of pathogen
population, but none of them can be characterised as perfect indicator
(Stefanakis et al. 2016).

The common indicator for faecal contamination is Escherichia coli (E.
coli), with typical concentration between 108 — 10° CFU/100 ml (Asano et al.
2007).

Measurement of total coliform group represents general identification
of other bacteria form Enterobacteeilerriaceae family, but does not provide
specific indication for human pollution (Ashbolt et al. 2001).
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Most common genera of TC group are Citrobacteria, Klebsiella,
Enterobacter and Escherichia coli, which makes up to 20-30% of TC group
in raw domestic wastewater (Dufour et al. 2003).

Faecal streptococci (FS) are used as second indicator group, but are
limited due to temperature variations and reproduce very little compared to
FC. FS are used as indicator of fresh pollution, due to their shorter lifespan in
comparison to FC (Ashbolt et al. 2001).

This group includes Streptococcus bovis, S. faecalis, S. avium and S.
equinus with Enterococci subgroup (E. faecium, E. avium, E. durans, E.
gallinarum and E. faecalis). These are often used as virus indicator in biosolid
material (Payment 2002).

Removal is usually applied through combination of physico-
biological-chemical processes. Physical being through filtration and
sedimentation. Most common biological removal is natural death, which is
higher in water, then in the sedimentation. Furthermore, combined with
predation, antibiosis and biolytic processes. Chemical removal is happening
through oxidation, adsorption into biofilm, exposure to plant biocides and UV
radiation from sunlight (Stefanakis et al. 2016).

8.6 Heavy metals

To a greater extent, heavy metals are contained in wastewater from
small settlements. Purified by many mechanisms including sedimentation,
adsorption, chemical precipitation, microbial activity and biomass capture.
Complex metal compounds with organic ligands are considered an important
factor in eliminating metal toxicity. Compared to organic pollution, it is
impossible to remove heavy metals by the biological process itself (Kadlec et
Knight 1996).

Metal removal is affected by individual metals, but mostly the
purification rate reaches 80%. Of which only about 10% is captured in
biomass. Study showed dependence of adsorption efficiency on the use of
plant species. When cattail (Typha domingensis) proved unsuitable for its low
cumulative ability (Maine et al. 2007).

In an aerobic environment, presence of iron is important for sorption.
Under these conditions, oxidation and formation of precipitates of iron
oxyhydroxides occur, which in this process help simultaneous precipitation
of other metals by trapping them. In an anaerobic environment, dissolved iron
reacts with hydrogen sulphide formed during reduction of sulphates under
strongly reducing filter bed conditions. Formed sulphates are stored, but
hydrogen sulphide gas may escape into air. This process is accompanied by
an unpleasant odour (Hammer et Bastian 1989, Vymazal 2004).
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9. Investment and operating costs

During initial construction of constructed wetlands in Czech Republic,
size of investment costs were 2x to 5x lower than amount of investment for
construction of conventional wastewater treatment plants. At present however
investment costs were approximately at the same level around 4.000- 25.000
CZK per connected inhabitant. Many factors determine size of investment
costs per 1EO. Those include sustainability of the site for construction,
subsoil characteristics, availability of sustainable materials, number of
connected inhabitants etc. Price of the filter bed was approximately 60%,
where pre- treatment usually represented 25% and e.g., distribution and
collection systems, shafts and fencing represented about 15% of the total
amount.

Within cost of filter bed is cost of filtration material and its transport
on site, representing 40%, 10% on sealing foil, 5% for wetland vegetation and
5% for earthworks. Individual costs can vary considerably according to local
conditions (Vymazal et Kropfelova, 2006).

Operating costs include sludge transportation, wage costs for worker
in charge of control and maintenance of constructed wetland, working/
protective equipment for worker and water analyses. According to Kockovd
et al. (1994) operating costs at constructed wetland reach up to only 15- 30%
of wastewater treatment plants operating costs. According to Benes (2009)
based on data from 28 constructed wetlands average annual operating costs
on 1 EO per year came up to around 385 CZK.
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10. Evaluation of selected constructed wetlands

10.1 Methodology

Following part of bachelor thesis deals with evaluation of long- term
efficiency of two constructed wetlands in Czech Republic. Both constructed
wetlands were selected due to them being in operation over 20 years and have
undergone intensification. Constructed wetlands selected for evaluation of
long- term operation in municipalities Spalené Pofi¢i and Velka Jesenice falls
within category of 500- 2 000 EO. To evaluate operation, data from inflow
and outflow of constructed wetlands were obtained on basis of which its
efficiency was calculated.

Both constructed wetlands have a long- term results of BODs, CODcr,
TSS, N-NHs and P concentrations. Data of monthly concentrations of
constructed wetland Spalené Potic¢i were provided by Ing. Petr Pelikan for
period 1992- 2017, for period 2018- 2020 by Ing. Miroslav Slavik, viz Annex
no. 3, with reports see Annex no. 4, Annex no. 5, Annex no. 6 and for year
2021 by Ing. Tereza Hnatkova, Ph.D. Together with project documentations
concerning changes done to constructed wetland Spalené Pofi¢i and
investment costs provided by Ing. Miroslav Slavik for changes done in period
1992- 2018 and documentation of intensification process carried out in 2019
by Ing. Tereza Hnatkova, Ph.D. together with maximum limits for nutrient
content in treated discharged waters set by water authority Blovice provided
by environmental department Blovice. Operating costs were available online
on website of municipality Spalené Pofici

Constructed wetland Velka Jesenice has a long- term sampling results
of individual pollutants concentration. Monthly data of concentrations were
provided by Ing. Petr Jenista for period 2000- 2021 with project
documentations concerning changes done to constructed wetland with
investment costs and maximum limits for nutrient content in treated
discharged waters. Operating costs were available online on website of
municipality Velka Jesenice.

Each constructed wetland has very different parameters and is
designed for a different number of EO. Due to this it is not possible to
compare those constructed wetlands with each other. Aim of bachelor thesis
is only to evaluate the effectiveness of long- term operated constructed
wetlands with regard to limits set by Government Regulation No. 401/ 2015
Coll. and relevant water authorities. Evaluation of constructed wetlands
effectiveness was based on average annual concentrations of individual
pollutants. All data was processed in MS Excel.
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10.2 Spalené Porici
10.2.1 General characteristics

~rwr

U

in Brdy highlands, through area flows river Bradava, which serves as
recipient (outlet of treated wastewater from constructed wetland to the
watercourse Bradava- CHP 1-10-05-050-0-00. Territory belons to Vltava
with total cadastral area 54.52 km?. Municipality has unified sewerage system
(Ktest'anek 1984, EDPP.CZ © 2010 — 2021).

10.2.2 Constructed wetland Spalené Pofrici

CW is completely located in the cadastral territory of the town of
Spélené Pofici. These are lands with parcel number 2700, st.714 and partly
after intensification also land with parcel number 2636, see Annex 2. It is
situated in the floodplain of the Bradava river at a distance of up to 700 m
from the housing development. Owner of the constructed wetland and at the
same time the operator of the CW, water supply, sewerage and technical
services is the municipality Spalené Potici (Vavricka 1998, JAMIprojekt
2018).

CW in Spalené Pofi¢i was put into operation on November 1, 1992.
With its current capacity, it won first place among CW in the Czech Republic.
When founded, it was dimensioned for 500 EO. It was a CW with a horizontal
flow, divided into 4 fields of 25 x 25 m with a total area of 2500 m?.

During 2001, CW was expanded by two parallel filters. Thus, the CW
was expanded by an area of 2700 m? with an added cleaning capacity of 500
EO. It functioned in this way until 2018, when its intensification began.

Existing CW see Figure 7, is connected to public unified sewerage
system for the entire period of its operation.

Ly

Google

Figure 7: Satellite image of constructed wetland Spdlené Porici (URL 1).
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10.2.2.1 1% phase

CW was designed for 500 EO with a total area of 2500m? see Figure
8. It was a CW with a horizontal flow of mechanically treated wastewater
guided by a permeable substrate. Divided into 4 root fields, each with an area
of 625 m? (25 x 25 m). The slope was 1: 1 with a 1% slope. Insulation against
seepage into the subsoil was solved with PVVC 803 foil on both sides protected
by NETEX geotextile deposited on a layer of dust material.

Filter bed was made of coarse concrete sand with a coefficient of
hydraulic conductivity of 10-3 m.s-1 with a total thickness of 600-800 m.

Mechanical pre-treatment consisted of hand-wiped screens and a
vortex separator (sand trap) followed by a slotted tank. Fields were planted
alternately with Baldingera arundinacea and Phragmites australis.
Baldingera arundinacea was chosen for its compact root system and
tolerability of water level fluctuations. Phragmites australis was chosen for
rapid growth and a deep root system reaching up to 800 mm. Wastewater
level was kept below the surface of the filter bed, controlled by discharge
elements.
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Figure 8: Scheme of CW in Spdlené Porici (not in scale). 1- inflow, 2- rough pre-cleaning,
3- slit tank, 4- distribution shafts, 5- distribution drainage, 6- collection shafts, 7-collection
drainage, 8-drain, 9- Bradava (Vaviicka 1998).

In first year of operation, around 350 inhabitants were connected to
constructed wetland, from the second year of operation this number increased
to 500 inhabitants. Samples were taken once a month. According to Vavricka
et Vavrickova (2000) as of March 2000, about 600 EOs were connected to
constructed wetland (Vavricka 1998, Vavricka et Vavrickova 2000).
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Designed parameters (600 EO) Actual parameters (500 EO)
Qmax (I.sh) 2 2,36
Qmod (1.5 1,04 2,06
Qyear (M3.year?) 32 850 64 900
BODs (kg.year?) 854,1 230
TSS (kg.year?) 1478,2 583
BODs (kg.dh) 2,33 0,63
TSS (kg.d?) 4 1,6

Table 12: Comparison of design parameters (600 EO) and actual parameters (500 EO) at
CW Spalené Porici (Vavricka 1998).

Results in Table 12 show a stable exceeding of permitted amount of
discharged wastewater caused by a uniform sewerage loaded by ballast water.
This situation was not taken into account during calculation in proposal.
Highest value of the inflow for 1997 was measured in January - 6324
m3(Vavricka 1998).

10.2.2.2 2" phase

During 2001, CW was expanded by a separate mechanical-biological
part. This increased its capacity by 500 EO. It was put into full operation in
2002, when, according to the evaluation of the test operation, approximately
1000 EO would be connected to CW. In 2015, according to Water supply and
sewerage development plan approximately 1508 EO was to be connected
(Jindfich et Cermakova 2002).

In the original design, the CW was conceived as a two-stage. First
stage was to be formed by a slotted tank from which wastewater would flow
to the second stage formed by six parallelly connected fields. Each of the
fields was alternately planted with Phragmites australis and Baldingera
arundinacea set in a bed of crushed aggregate. Most of the proposal was
implemented with the exception of fields, where it was agreed to implement
four (JAMIprojekt 2012).

Rain separators were built on inflow from main sewer collector to the
CW in order to prevent CW storm water. Behind the third rain separator,
medium-sized screens with a horizontal sand trap and a vertical sand trap
were installed. Treated water was then led through drainage gutter along a
trap made of reinforced concrete to individual slotted tanks measured 7 x 4.9
m and 3.5 x 5.45 m (JAMIprojekt 2018).

From slotted tanks, wastewater was led to distribution shaft, which
served for distribution of wastewater to individual activation tanks. Those
consisted of a reinforced concrete base slab with a concrete thickness of C20
/25 150 mm, on which a curry mesh reinforcement 8/100/100 mm was placed
at the upper edge of the slab. In addition, shaft contained ferrous sulphate
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dispensers intended for phosphorus removal. The CHLOROZ-EXTRA 50
device was chosen, but according to Jindiich et Cermdkova (2002) it proved
to be unreliable.

Biological treatment took place in the first phase by two parallelly
connected horizontal subsurface flow filters with an area of 2500 m2. In
second phase, this process was repeated again in remaining two horizontal
subsurface flow filters, which were identical to the filters from the first phase.
The total area of all four fields was 5000 m?. Original measuring shaft was
cancelled and replaced by a concrete shaft, where the drain was captured in
outlet object with the measurement of the flow of treated wastewater by
Parshal trough (HYDROEKO 2001).

Figure 9: Scheme of CW in Spalené Porici, 2™ stage, old part on the left, new on the right):
1) wastewater inflow, 2) rough pre-treatment with relief of rainwater made from old parts of
CW, 3) screens with phosphorus removal equipment, 4) vertical and horizontal sand trap, 5)
polder, 6) slotted tank, 7) distribution shafts, 8) distribution drainage, 9) collecting drainage,
10) collecting shafts, 11) drain, 12) rivulet Bradava 13) control shaft (Chladovad 2017 ex.
Anonymous2.).

10.2.2.3 3" phase
The expected start of 2018 and the completion of construction took place in
2019.

Intensification of constructed wetland was used for the treatment of
sewage and individual wastewater led to it from existing unified sewerage
system. CW was newly dimensioned for 1750 EO.

Mechanical pre-treatment consists of new relief chambers OK1 and
OK2 with modification of sieves and sand trap. Inlet is led to the modified
tank of the biological septic tank 1 and through the newly created relief
chamber into biological septic tank 2. New activation part of the CW, a sludge
sump and a new service house were built. From the activation part, water is
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led to newly modified vertical filter i.e. vertical subsurface flow pulse
sprinkled filter (VKF) with additional recirculation. Constructed wetland also
includes a newly built electrical connection to supply the activation part of
conventional plant and VKF’s recirculation drive, see in Figure 10 from
which it is led into measuring shaft and then straight into Bradava
(JAMIprojekt 2018, Toman- Elektro 2018).

Sedimentation sump connected to outlet from the light water inlets
OK1 and OK2. After passing through the sedimentation tank, wastewater is
divided according to intensity of rainwater. It is thus distributed evenly into
parallel horizontal subsurface flow filters (HKF) 1a, 1b, 2a, 2b. From the HKF
la and 1b filters, purified water is further led to the outlet via HKF 1c. From
HKF 2a and 2b water continues straight to outlet. Inflow, from relief chamber
OK3 is led through filter HKF 1b into recipient Bradava.

Retention tank, which was previously used to relieve inflow of
wastewater led onto CW, was backfilled and closed, including inflow and
outflow on it. Whole area is newly fenced and additionally marked with the
tables "Risk workplace" and "Unauthorized entry prohibited.” Entrance area
to the complex was paved (Toman- Elektro 2018, IPR AQUA 2017).

Mésto Spalené Pofiéi - intenzifikace COV oo
okres: Pt . Spllend P B

CELKOVA SITUACE

Figure 10: CW intensification - overall situation (JAMIprojekt 2018).
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Electrical connection

Complied with the requirements of CSN 73 6005 incl. Amendments
No. 1 to 4 (Spatial arrangement of technical equipment networks) and CSN
839061 (Technology of vegetation modifications in the landscape. Protection
of trees, stands and vegetation areas during construction works). Earthworks
were carried out exclusively by hand in the vicinity of existing underground
networks.

Voltage system 3, PEN, N, PE, ~ 50 Hz, 3x400 / 230 V / TN-C-S guided by
an AYKY-J 4Bx50 cable was placed in a groove at a depth of 0.6 m. Cables
were placed in a KOPOFLEX @63mm protector. An FeZn @10mm earthing
switch was installed along the entire length for earthing all cabinets and
switchboards. Electrical connection was thus protected during normal
operation. In the event of a fault, system will automatically disconnect from
the power supply (Toman- Elektro 2018, EXTEC 2018).

Figure 11: marked electrical connection line in the CW complex (JAMIprojekt 2018).

10.2.3 Investment and operating costs

Construction costs in first stage for the construction of CW Spalené
Pofi¢i amounted to CZK 2,200,000. Operating costs include overall
maintenance of constructed wetland, cleaning of above-ground biomass,
removal of generated waste, see Table 13. Among other things, these costs
include the performance of analyse of wastewater treatment.

Costs for expansion of original parts amounted to 5,500,000 CZK. In
2010, the operating costs were around 240,000 CZK / year. Compared to a
conventional WWTP with the same output, the operation would cost around
1,500,000 CZK / year. (Vetejna sprava online © 2021)

Intensification of CW in the third stage amounted to 11,211.38 CZK.
2019 associated with the intensification and operation of CW cost 15,610.00
CZK [ year. In 2021 electric consumption was around 200,000 CZK / year.
Operating costs for wastewater treatment and fees for the discharge of waste
water into surface waters amounted to 311,000 CZK / year.
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object . operat.lng work description terms
instructions
Weaving of stands
(removal of grasses and
weeds), Checking the
vegetation level in the tanks according to need
field- (drying of the ends of
constructed the reed leaves signals a
wetland low level)
grasslands of slopes
and areas around | Mowing and removal of .
. . according to need
constructed cutgrass by incineration
wetland
control of Checking the masonry | Once a month and
outlet object constructed and cleanliness of the | always after large
wetland outlet outlet pipe waters

Table 13: Operating rules of object procurement. The generated waste is disposed of
according to valid legislation (HYDROEKO 2001).

10.3 Velka Jesenice

Municipality Velkéa Jesenice is located in district Nachod of region
Hradec Kralové northwest about 30 km from statutory city Hradec Kralové
and falls under the municipality with extended competence Nachod. Total
cadastral area of Velké Jesenice is 14.72 Km? at an altitude of 286 m above
sea level (Matous 2013).

10.3.1 Constructed wetland Velka Jesenice

CW Velka Jesenice is completely located in town Velka Jesenice,
situated in the floodplain of the Rozkos river. Owner of constructed wetland
is Velka Jesenice. Operator of CW and at the same time sewerage, water
supply and technical services of town is Velkojesenicka s. r. 0. (Matous 2013,
CHMI 2019).

Existing constructed wetland see Figure 13 has been in operation
since 1996. Design counted with capacity of horizontal system around 630EO
with an area of 3x 1050 m?. Constructed wetland was planned as mechanical
stage of pre- treatment consisting of coarse sieves, sand trap, relief chamber
and slotted settling tank. Main stage of cleaning was to consist of three
parallel connected vegetation filters with a total area of 3 150 m?. Sludge
management was to be solved by one sludge field with a total area of 620 m2.
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From original plan beside mechanical pre- treatment, only two fields
with an area of 2x 1 050 m? with capacity of about 420 EO and only half of
the proposed size of sludge field were implemented. Treated wastewater was
drained from CW into recipient Rozkos. Constructed wetland was connected
to half of municipality by unified sewerage. In 2012 the second half of the
municipality was annexed. During this period separation of septic tanks from
sewers took place at individual pollution producers. Due to those new limits
for discharged pollution were implemented altogether with need to remove
ammonia pollution from wastewater (Matous 2013, Jenista, 2018).

Figure 13: Satellite image of constructed wetland Velka Jesenice (URL 2).

10.3.1.1 1% phase
Constructed wetland Velka Jesenice was built during 1995 and approved after
trial operation in 1998.

In the original design from 1994 CW was supposed to be consisted of
three- fields with areas of 1 070 m?, 1 040 m? and 1 025 m?. Fields were to be
operated as separate units. Bypass solution would thus allow CW to operate
in continuous or discontinuous mode. In continuous mode, there would be a
parallel distribution of wastewater into horizontal subsurface filter beds. In
discontinuous mode, cyclic filling and emptying of the fields would occur.
Sludge management was to be solved by one sludge field with a total area of
620 m2,

From the original design, only two parallel horizontal subsurface beds
with an area of 2 x 1050 m? for a capacity of about 420 EO were
implemented. Filter beds were filled with duckweed in fraction (4-16 mm).
Tank seal was made of IZOFOL protected by layers of fine sand and
IZOCHRAN. Fields were planted alternately with Baldingera arundinacea
and Phragmites australis.

The mechanical pre-treatment consisted of hand-wiped screens and a
vortex separator (sand trap) followed by a slotted tank. For short- term storage
of screenings made of racks and sand deposited in sand trap a concrete
platform was built next to the sand trap. Safety overflow of the slotted tank
was inserted into the CW bypass.
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CW was supplemented by a vegetation sludge field, see Figure 14. Of
the original design, only half of the proposed size was realized. Anaerobically
distributed sludge as needed (approximately 1x in 3-4 moths) was pumped
from the slotted tank by a portable electric pump into the sludge field. The
sludge was intergrown with Phragmites australis and over the years changed
into high-quality humus, that could be used in agriculture.

Safety bypass was formed from stoneware DN 300 coming out of the
shutdown shaft and ending into the recipient. Distribution and manifolds that
distribute the wastewater and filter fields were made of PVVC. Drain was led
through the Parshal trough to recipient Rozkos (Holy 1994, JAMIprojekt
2013).

Figure.14: Simple scheme of constructed wetland Velka Jesenice): 1-rack, 2- sand trap, 3-
slotted tank, 4-distribution shaft, 5-inlet shaft, 6-collecting shaft, 7-inspection and control
shaft, 8-filter bed, 9-sludge field (Matous 2013).
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10.3.1.2 2" phase

In 2015 reconstruction and intensification of constructed wetland was
carried out. Construction was designed for capacity about 670 EO with
degradation of ammonia nitrogen and phosphorus see Figure 15.

To the original CW was added a rain relief chamber by means of a
trough flow regulator, which significantly reduced overload of slotted tank
and sand trap. Mechanical pre- treatment itself was supplemented with adding
a floating sorbents of petroleum substances, some light oils and burrows into
the slotted tank.

Inlet zones of both horizontal subsurface filters were replaced within
5 m and filter charge was removed in a width of about 2 m in the centre of the
filters to enlarge sorption capacity. Those zones were then supplemented with
new river aggregates of fractions 64/ 128 and 32/ 64. In addition, DN 100
manifold was added. Into centre of the existing horizontal subsurface filter
beds were newly planted Phragmites australis 4 pcs/ m?. On the outlet of
those filter beds were newly added pumping wells with equipment consisting
of two pumps with float regulation, which can be moved according to current
use of filter.

Four vertical subsurface flow filters (4 m x 10 m x 17.5 m) have been
added with the possibility of connecting temporary additional aeration to
ensure necessary nitrification in the event of a long- term high concentration
of N-NH4". Additional horizontal subsurface low filter was added after
vertical subsurface flow filter to ensure additional nutrient removal. Outflow
and connections from constructed wetland into recipient Rozko§ were
preserved (JAMIprojekt 2013).

| k SN _
KOMUNIACE HZI
W, | cosumkniL, f\'-‘_‘ mw—nlﬁr

L
%
TR B |

Kofenovky.cz

JAMb o es

a2

T pHisTAVMAGOY

SITUACE UMISTENI STAVBY

Figure 15: CW intensification - overall situation (JAMIprojekt 2013).
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10.3.2 Investment and operating costs

Construction cost in 1995 of constructed wetland Velka Jesenice
amounted to 6,750,000 CZK. Costs incurred for intensification come to
5,697,984 CZK. Construction itself, including VAT in 2015 cost
5,141,730.26 CZK.

Operating cost for 2015 amounted to 138,159 CZK. Operating cost
consisted of energy consumption, wages and personnel costs, analyses and
constructed wetland maintenance such as grate cleaning (1-3 days interval),
small maintenance” consisting of great and sand trap cleaning + alternating
fields and inspection every 2 weeks, ,,big maintenance” consisting of sludge
pumping and, ,,small maintenance” once a month and mowing/biomass
removal 2x year. In 2021 operating cost amounted to 206,000 CZK
(JAMIprojekt 2018, Jenista 2018).
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10.4 Limits for waste water discharge

For the discharge of wastewater into the recipient a permit from the
Water Authority of the Czech Republic is strictly required. Indicators for the
discharge of wastewater into the recipient are set by Government Decree No.
401/2015 Coll listed in Table 14. According to Vaculikovi et Zdapecova
(2009) The quality of discharged wastewater is given by two values, which is
from tkzv. Emission and limit. The emission value is the value of waste water
pollution at the entrance to the constructed wetland and the limit value, which
is the value of the of waste water pollution leaving from constructed wetland
into receiving water.

EO category represents population equivalent with a production of
60g BODs per day. For category below 2 000 EO, it is possible to calculate
balance in indicator BODs/ kg for calendar year on the inflow to constructed
wetland

p- permissible concentration value for the analysis of mixed samples (for
Ninorg and Potal mean values)

m- maximum permissible concenration value for the analysis of simple
samples

Pollution source CODcr BODs TSS N-NH-+] N inorg | Ptotal
size (EO)

p m p m p mjp/ mjpfmjpj|m

<500 150 | 22 40 1 80 [ 50 1 80 | / | / \ J/ | / | [ 1./

501- 2 000 125 | 1801 30 (60 (35 (70| / | / [ / | /| /|]/

2 001- 1 000 120 | 170 | 25 |50 (30 |60 |A5|30 | / | /1 | 1| [/

10 001- 100 000 90 130 | 20 |40 [ 25| 50| / |/ |15 2| 2| 6

>100 000 75 125 | 15 |30 (20|40 | /| / [30[(20] 1| 3

Table 14: Limits of discharged wastewater (mg / 1) according to Government Decree No.
401/2015 Caoll.

Polltionsource |~y | BoDs [N-NHw+| Neek | Peekc
size (EO)
<500 70 80 i i i
501- 2 000 70 80 50 i i
2001-10000 | 75 85 60 i 70
10 001- 100 000| 75 85 i 70 80
>100 000 75 85 i 70 80

Table 15: Emission standards- permissible minimum cleaning efficiency in percentage
(minimal procentage of removal efficiency) according to Government Decree No. 401/2015
Coll.

39



10.4.1 Limits according to water authoririties

For municipality Spalené Pofici, relevant water autority is an
municipal authority of the environmental department Blovice. For
municipality Velka Jesenice, relevant water authority is municipal authority
of the environmental department Nachod. Municipal authorities Blovice and
Néachod determine the permissible amount of pollution discharged
wastewater in accordance with government regulation alltogether with regard
to the opinion of the stream administrator and river basin manager. Set limits
are given in Table 16, 17, 18.for CW Spalené Pofi¢i and in Table 19, 20, 21,
22. for CW Velka Jesenice.

10.4.1.1 Limits set by the water authority Blovice

BODs | CODcer  TSS | N-NH-+

(mg/) | (mg/) (mg/)| (mg/l)
average 25 70 20 20
maximum 30 120 30 30

Table 16: Limits set for permissible amount of pollution in discharged wastewater for CW in
Spalend Porici according to water authority for period 1992- 2019.

Average | Maximum v
mgn) | (mgm | Y
BODs 25 30 2,6
CODcr 70 120 7,3
TSS 20 30 2,1
N-NHa+ 20 40 2,1
Ptotal monitored

Table 17: Limits set for permissible amount of pollution in discharged wastewater for CW in
Spalena Porici according to water authority for period in trial operation in 2020.

Average | Maximum Ka/
(mg) | (mgn |V
BODs 10 30 702,6
CODcr 40 140 2.810,50
TSS 10 30 702,6
N-NHs+ 10 20 702,6
Ptotal 1 5 70,3

Table 18: Actual limits set for permissible amount of pollution in discharged wastewater for
CW in Spalend Porici according to water authority since 2021.
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10.4.1.2 Limits set by water authority Nachod

Emission
limit t/year
(mg/l)
BODs 25 0,75
CODcr 120 3,7
TSS 33,3 1,04
N-NH4+ 40 1,175

Table 19: Limits set for permissible amount of pollution in discharged wastewater for CW in

Velka Jesenice according to water authority for period 2000- 2005.

Average | Maximum Y
mal | mon) year
BODs 15 30 0,3
CODcr 60 100 1,6
TSS 15 30 0,5

Table 20: Limits set for permissible amount of pollution in discharged wastewater for CW in

Velka Jesenice according to water authority for period 2005- 2014.

Average | Maximum "
(mgh) | (mgm | V¢
BODs 250 360 7,4
CODcr 6 120 1,7
TSS 80 140 2,4
N-NHas+ 50 100 15

Table 21: Limits set for permissible amount of pollution in discharged wastewater for CW in
Velka Jesenice according to water authority for period of trial operation in 2015.

Average | Maximum y
(mgf) | (mom | °
BODs 125 180 5,06
CODcr 30 60 1,2
TSS 40 70 1,62
N-NHa+ 20 40 1,175

Table 22: Actual limits set for permissible amount of pollution in discharged wastewater for

CW in Velka Jesenice according to water authority since 2016.
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10.5 Wastewater samples

For CW Velka Jesenice sampling and processing is carried out by an
accredited laboratory AGROS CS a.s. For this bachelor thesis results of
analyses were provided by mayor of Velka Jesenice Ing. Petr JeniSta. These
results of wastewater analyses are for period 2000- 2021.

For CW Spalené Poti¢i sampling and processing is carried out by an
accredited laboratory DEKONTA a.s. For this thesis results of analyses were
provided by Ing. Petr Pelikdn 1992- 2017, Ing. Jaroslav Slavik 2018- 2020
and for year 2021 by Ing. Tereza Hnatkovéa Ph.D.

Sampling is carried out by an authorised person from DEKONTA a.s
in an overflow into a control shaft from a free beam of overflowing water
(i.e., mixed two- hour samples poured from eight equal volume parts taken at
intervals of 15 minutes). Frequency of sampling is set by water authority as
12x year, see Table 23.

From Table 14 can be seen that for constructed wetlands in category
up to 2 000 EO, to which CW Spalené Pofi¢i and Velka Jesenice belongs, NV
¢.401/2015 Sb monitoring of Niotal, Protat and TOC is not mandatory. However,
water authorities Nachod and Blovice decided to monitor Pt in addition to
the monitored indicators according to the NV ¢.401/2015 Sb.

At constructed wetland Velka Jesenice, samples of wastewater are
regularly taken by authorised person from DEKONTA a.s 1 time per month
at the outlet and 1 time in 3 months samples are taken at inflow and in the
filter bed. Table 24 shows that according to the number of samples taken, it
is a category of 8- 16 samples.

b e, 1Y SO sk | cHsKe [ NL | NNH | Nea | Pea | TOC
=500 " AY 4 4 4
SO0 — 2 OIM) A 12 12 12 12
2001 = 10 000 B 12 12 12 12 12 12
10001 — 100 000 C 26 26 26 26 26 26
= [0 D) o 52 52 52 52 52 52 52

Table 23: Minimum annual frequency of sampling discharged wastewater (NV ¢.401/2015
Sh.).

Pripustny pocet
Celkovy pocet Tpmstuy ?’,°,°°
4 nevyvhovujicich
vzorka =
vzorka
4-—-7 1
8—16 2
17 — 28 2
29 —40 4
41— 53 5
54 — 67 6
68 — 81 7

Table 24: Permissible number of samples exceeding the specified emission limits depending
on total number of samples (NV ¢.401/2015 Sb.).

42



11. RESULTS
11.1 Biochemical oxygen demand - BODs

The average annual concentration of BODs measured at inflow and
outflow with annual removal efficiency over the years at CW Spalené Poftici
and Velka Jesenice are shown in Table 25.

KCOV Spalené Poriti

For whole period 1992-2021 concentration of BODs in the inflow
ranges from 8.2 - 174.5 mg / | with an average annual concentration of 69.2
mg / |. The outflow in the effluent ranges from 3-13.9 mg / | with an average
annual concentration of 82.9 mg / I.

The average annual cleaning efficiency of BODs through whole
period of its operation ranges from 48,8% to 96,1% with 82,9% of average
for period 1992-2021. After intensification average annual removal efficiency
for period 2020- 2021 reached 90.3% see Figure 18, Annex no. 3.

As can be seen in Figure 16 The maximum set value of 30 mg / | by
the water authority was not exceeded during the entire period of operation.

Constructed wetland Velka Jesenice

For biochemical oxygen demand municipality Nachod set the current
limits for BODs. Of 180 mg/l as maximum value. Concentration of BODs
varies in wide range. At inflow the annual concentration in monitored period
ranges from 33 to 1 030.3 mg/l with an average annual concentration for
period 2000- 2021 of 220.6 mg/l and at outflow from 5 to 24.5 mg/l with an
average annual concentration for the entire reporting period of 12.6 mg/I.
Figure 17 shows that maximum limit set by water authority was not exceeded
in period 2000- 2021. Efficiency of constructed wetland Velka Jesenice for
BODs removal is 60.3 %- 98.6% see in Figure 18. Average efficiency in
removing BODs for reporting period is 89.7%. After intensification average
annual removal efficiency for period 2015-2021 reached 96.3%.
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Average annual concentration of BODs
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Figure 16: Average annual concentration of BODs (mg/l) at CW Spdlené Porici 1992-2021
with maximum limit of 30 mg/l BODs set by water authority for CW Spdlené Porici (Hndtkova
2022, Pelikdan 2022, Slavik 2022).
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Figure 17: Average annual concentration of BODs (mg/l) at CW Velkad Jesenice 2000-2021
in comparison with maximal limits set by water authority through years 2000- 2021 (Jenista
2022).
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Spalené Porici Velka Jesenice
Influent Effluent Removal Influe nt Effluent Removal
(mg/l) (mg/l) efficiency (mg/l) (mg/l) efficiency
% %
1992 8,2 4,2 48,8
1993 30,2 7,3 75,8
1994 19,6 4,4 77,6
1995 20,0 3,1 84,5
1996 15,8 3,0 81,0
1997 13,1 3,6 72,5
1998 17,6 6,8 61,4
1999 15,9 3,9 75,5
2000 101,0 3,9 96,1 239,0 24,5 89,7
2001 15,8 3,7 76,6 63,0 13,0 79,4
2002 12,0 4,3 64,2 98,0 8,0 91,8
2003 77,8 13,1 83,2 33,0 10,0 69,7
2004 99,4 6,3 93,7 108,0 11,0 89,8
2005 133,5 9,9 92,6 145,0 13,0 91,0
2006 174,5 11,8 93,2 170,0 15,0 91,2
2007 80,2 13,6 83,0 248,5 13,0 94,8
2008 85,1 11,0 87,0 94,3 13,0 86,2
2009 80,2 9,7 87,9 104,0 15,0 85,6
2010 72,4 8,7 88,0 519,0 13,0 97,5
2011 75,3 7,8 89,6 132,5 11,0 91,7
2012 86,4 10,9 87,4 93,5 14,0 85,1
2013 52,6 11,5 78,1 58,0 23,0 60,3
2014 92,3 10,8 88,3 282,0 13,0 95,4
2015 80,4 9,2 88,6 1030,3 18,8 98,2
2016 65,7 9,3 85,8 193,8 20,5 89,4
2017 84,3 13,6 83,9 396,0 5,5 98,6
2018 139,9 13,9 90,1 213,0 5,0 97,7
2019 142,9 13,2 90,8 220,0 5,0 97,7
2020 103,3 9,0 91,3 288,0 7,0 97,6
2021 80,1 8,6 89,3 124,0 6,0 95,2
average 69,2 8,3 82,9 220,6 12,6 89,7
min. 8,2 3,0 48,8 33,0 5,0 60,3
max. 174,5 13,9 96,1 1030,3 24,5 98,6

Table 25: Average annual concentration of BODs at influent and effluent with average annual removal
efficiency through years 1992-2021 (Hndtkova 2022 Jenista 2022, Pelikan 2022, Slavik 2022).
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Figure 18: Average efficiency of BODs removal at CW Spdlené Porici and CW Velkd Jesenice 1992-
2021 expressed in % (Hndtkova 2022, Jenista 2022, Pelikan 2022, Slavik 2022).
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11.2 Chemical oxygen demand - CODc

The average annual concentration of CODc¢r measured at inflow and
outflow with annual removal efficiency over the years at CW Spalené Poftici
and Velka Jesenice are shown in Table 26.

Spalené Porici

Data used for this graph are from the years 1993-2021. As can be seen,
the data from 1992, 1996, 1997 could not be evaluated. In these years, CODc;
was not determined, only CODwn.

This method, due to its lower values, cannot be comparable to the
dichromate method. The set maximum limit for the output concentration of
CODcr was not exceeded during the entire CW operation.

Concentration of CODc; in the inflow ranges from 47 — 302.8 mg / |
with an average annual concentration of 146.8 mg / |. The outflow in the
effluent ranges from 19-68.4 mg / | with an average annual concentration of
40.7 mg / I. The maximum value of 125 mg / | given for period 1992-2020
and new maximum value 140 mg/I set by the water authority for CW Spalené
Porici since 2021 was not exceeded for the entire period of operation see
Figure 19.

Average annual CODc cleaning efficiency of constructed wetland
ranges from 46,2% to 90,6% with average annual removal efficiency for
period 1992-2021 being 68.1%. After intensification the average annual
removal efficiency for period 2020- 2021 reached 83.5% see in Figure 21.

Velka Jesenice

The maximum value for concentration of discharged controlled
substances according to water authority for CW Velka Jesenice for period
2000- 2014 was 125 mg/l of CODc;. This value was since 2015 lowered to 60
mg/l. As can be seen in Figure 20 average annual concentration of CODcr at
influent vary from 84.0 mg/l to 2,198.3 mg/l with an average 454.5 mg/l. The
average annual concentration at effluent ranges from 18.4 to 110 mg/l with
average annual concentration in period 2000-2021 being 51.4 mg/I.

The average annual CODcr removal efficiency as can be seen in
Figure 21 is varying 35.5-97.4%. The average annual removal efficiency of
CW Velka Jesenice for whole period of operation 2000-2021 is 80.4%. After
intensification the average annual removal efficiency for period 2015- 2021
reached 92.8%.
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Average annual concentration of CODcr
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Figure 19: Average annual concentration of CODcr (mg/l) at CW Spdlené Porici 2000-2021
in comparison with maximal limits set by water authority through years 2000- 2021
(Hndtkova 2022, Pelikan 2022, Slavik 2022).
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Figure 20: Average annual concentration of CODcy (mg/l) at CW Velka Jesenice 2000-2021

in comparison with maximal limits set by water authority through years 2000- 2021 (Jenista
2022).
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Spalené Porici Velka Jesenice
Influent Effluent Removal Influent Effluent Removal
(mg/l) (mg/l) efficiency (magll) (mg/l) efficiency
%0 %0
1992
1993 99,2 29,6 70,2
1994 75,0 26,0 65,3
1995 87,0 19,0 78,2
1996
1997
1998 67,0 32,9 50,9
1999 68,0 23,8 65,0
2000 267.,0 25,0 90,6 369,0 110,0 70,2
2001 64,0 25,8 59,7 126,0 75,0 40,5
2002 47,0 25,3 46,2 224,0 36,0 83,9
2003 122,2 39,5 67,7 84,0 36,0 57,1
2004 169,5 28,2 83,4 281,0 41,0 85,4
2005 224,3 38,2 83,0 378,0 55,0 85,4
2006 302,0 39,5 86,9 337,0 59,0 82,5
2007 147.,0 51,5 65,0 566,0 57,0 89,9
2008 138,0 64,2 53,5 268,0 59,0 78,0
2009 144,0 56,7 60,6 190,0 58,0 69,5
2010 141,0 43,2 69,4 969,8 57,0 94,1
2011 143,3 41,6 71,0 247,3 52,0 79,0
2012 1444 50,7 64,9 242,3 58,0 76,1
2013 100,5 48,9 51,3 107,0 69,0 35,5
2014 154,3 44,8 71,0 673,0 53,0 92,1
2015 119,0 38,1 68,0 2198,3 64,5 97,1
2016 110,3 45,1 59,1 374,5 66,8 82,2
2017 116,1 60,8 47,6 714,0 18,4 97,4
2018 198,3 68,4 65,5 438,0 29,0 93,4
2019 302,8 63,5 79,0 466,0 29,0 93,8
2020 232,8 34,8 85,1 448,0 19,0 95,8
2021 180,5 32,9 81,8 298,0 29,0 90,2
average 146,8 40,7 68,1 454,5 51,4 80,4
min. 47,0 19,0 46,2 84,0 18,4 35,5
max. 302,8 68,4 90,6 2198,3 110,0 97,4

Table 26: Average annual concentration of CODcr at influent and effluent with average
annual removal efficiency through years 1992-2021 (Hndtkova 2022 Jenista 2022, Pelikdin
2022, Slavik 2022).
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Figure 21: Average efficiency of CODcr removal at CW Spadlené PoFici and CW Velka Jesenice 1992-
2021 expressed in % (Hndtkova 2022, Jenista 2022 Pelikan 2022, Slavik 2022).
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11.3 Total suspended solids- TSS

The average annual concentration of TSS measured at inflow and
outflow with annual removal efficiency over the years at CW Spalené Pofici
and Velka Jesenice are shown in Table 27.

Spalené Porici

The concentration of TSS in the inflow ranges from 7.8 - 312 mg / |
with an average annual concentration of 57.9 mg / |. The concentration in the
effluent ranges from 2.5 to 15.8 mg / | with an average annual concentration
of 6.5 mg / I. The maximum value of 30 mg / | set by the water authority was
not exceeded during the entire period of operation as can be seen in Figure
22.

Largest increase in the concentration of undissolved substances during
the measurement was recorded in 2000. Reason was the number of
connections of new inhabitants to CW. During this year, use of CW increased
to 600 EO. The values of the TSS concentration in the effluent decrease.

During the observed period, the average cleaning efficiency of TSS of
constructed wetland vary from 33.1% to 95.4%. The average annual removal
efficiency for period 1992-2021 is 81.5% viz. Figure 24. After intensification
the average annual removal efficiency for period 2020- 2021 reached 79.5%
see in Figure 24.

Velka Jesenice

Value for maximal limit set by water authority for CW Velka Jesenice for
period 2000-2005 was 33.3 mg/l. Since then, the maximal limit decreased to
30 mg/l of TSS. This value was increased in 2015 up to 140 mg/l and then
since 2016 decreased to 70 mg/l. As can be seen in Figure 23 average annual
concentration of TSS at influent vary from 23 mg/l to 908.5 mg/l with an
average 196.8 mg/l. The average annual concentration at effluent ranges from
10.9 to 33 mg/l with average annual concentration in period 2000-2021 being
17 mgl/l.

The average annual TSS removal efficiency as can be seen in Figure 24 is
varying 39.1-97.1%. The average annual removal efficiency of CW Velka
Jesenice for whole period of operation 2000-2021 is 83.6%. After
intensification the average annual removal efficiency for period 2015- 2021
reached 94.3%.
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Average annual concentration of TSS
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Figure 22: Average annual concentration of suspended solids — 7SS at CW Spdlené PoFici

1992-2021 with maximal value for TSS set by water authority (Hndtkova 2022, Pelikdan 2022,
Slavik 2022).
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Figure 23: Average annual concentration of total suspended solids-7SS (mg/l) at CW Velkd
Jesenice 2000-2021 in comparison with maximal limits set by water authority through years
2000- 2021 (Jenista 2022).
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Spalené Poric¢i Velka Jesenice
Influent Effluent Removal Influent Effluent Removal
(mg/l) (mg/l) efficiency (mg/l) (mg/l) efficiency
% %
1993 51,3 55 89,3
1994 33,3 4,3 87,1
1995 216,0 12,2 94,4
1996 160,0 8,9 94,4
1997 55,0 9,0 83,6
1998 33,4 11,4 65,9
1999 21,5 8,8 59,1
2000 312,0 14,3 95,4 61,0 33,0 45,9
2001 19,3 12,0 37,8 126,0 28,0 77,8
2002 14,8 9,9 33,1 224,0 16,0 92,9
2003 54,5 5,0 90,8 23,0 14,0 39,1
2004 63,4 4,0 93,7 79,0 12,0 84,8
2005 75,7 3,6 95,2 108,0 24,0 77,8
2006 106,3 8,8 91,7 134,0 25,0 81,3
2007 18,6 2,8 84,9 112,0 13,0 88,4
2008 36,5 2,5 93,2 183,0 14,0 92,3
2009 22,3 2,7 87,9 94,0 15,0 84,0
2010 46,5 2,8 94,0 463,0 14,0 97,0
2011 16,2 2,6 84,0 121,5 14,0 88,5
2012 20,8 5,0 76,0 116,0 15,0 87,1
2013 14,3 3,6 74,8 45,0 23,0 48,9
2014 28,2 2,8 90,1 200,0 15,0 92,5
2015 35,8 2,8 92,2 908,5 26,3 97,1
2016 21,1 3,8 82,0 251,0 14,3 94,3
2017 7.8 2,5 67,9 214,5 10,9 94,9
2018 21,3 3,8 82,2 128,0 12,0 90,6
2019 46,1 7,6 83,5 328,0 12,0 96,3
2020 66,8 10,2 84,7 131,0 12,0 90,8
2021 61,2 15,8 74,2 279,0 11,0 96,0
average 57,9 6,5 81,5 196,8 17,0 83,6
min. 7,8 2,5 33,1 23,0 10,9 39,1
max. 312,0 15,8 95,4 908,5 33,0 97,1

Table 27: Average annual concentration of TSS at influent and effluent with average annual
removal efficiency through years 1992-2021 (Hndtkova 2022, Jenista 2022 Pelikin 2022,
Slavik 2022).
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Figure 24: Average annual efficiency of suspended solids — 7SS removal at CW Sdlené Porici
and CW Velka Jesenice in the years 1992-2021 expressed in % (Hndtkova 2022, Jenista 2022
Pelikan 2022, Slavik 2022).
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11.4 Ammonia - N-NH4*

The average annual concentration of N-NH4" measured at inflow and
outflow with annual removal efficiency over the years at CW Spalené Poftici
and Velka Jesenice are shown in Table 28.

Removal efficiency of N-NH4" is dependable on the sufficient supply
of oxygen. Due to the previous construction of the, it was not possible to
sufficiently remove ammoniacal nitrogen.

Spalené Porici

Despite the low cleaning efficiency, the set maximum limits by water
authority viz. Figure 25, 30 mg/I for period 2000-2019. This value was later
increased up to 40 mg/l for year 2020 and following year 2021 lowered to 20
mg/l. N-NH4" concentrations at CW effluent were never exceeded. As can
also be seen, after intensification in period 2020- 2021, CW was able to purify
ammoniacal nitrogen with an average efficiency of 66.1%.

Concentration of N-NH4" in the inflow ranges from mg / I, with an
average annual concentration of mg / . Concentration in the effluent ranges
from mg / | with an average annual concentration of mg / 1.

For the observed period 1992-2020, the average annual removal efficiency of
N-NH4* of constructed wetland Spalené Pofi¢i varied from -48.7 to 69.9. with
an average of 19.5% see in Figure 27.

Velka Jesenice

The maximum value for concentration of discharged controlled
substances according to water authority for CW Velka Jesenice for period
2000- 2014 was 40 mg/l of N-NH4". This value was increased in 2015 up to
100 mg/I and the in following year lowered back to 40 mg/l. In years 2004,
2006, 2007, 2008, 2009 and 2014 as can be seen in Figure 26 maximum limit
was breached. This may be due to filter bed being significantly anaerobic and
thus the ammonification process predominates over nitrification/
denitrification.

As can be seen in Figure 26 average annual concentration of N-NH4*
at influent vary from 17 mg/l to 149 mg/l with an average 54.3 mg/l. The
average annual concentration at effluent ranges from 1 to 67.7 mg/l with
average annual concentration in period 2000-2021 being 28.9 mg/I.

As can also be seen, after intensification in period 2015- 2021, CW
was able to purify ammoniacal nitrogen with an average efficiency of 77%.

The average annual N-NH4" removal efficiency as can be seen in Figure 27
Is varying -67.8- 98.4%. The average annual removal efficiency of CW Velka
Jesenice for whole period of operation 2000-2021 is 26.7%.
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Figure 25: Average annual concentration of N-NH4* (mg/l) at CW Spadlené Porici 2000-2021
in comparison with maximal limits set by water authority through years 2000- 2021
(Hnatkova 2022, Pelikan 2022, Slavik 2022).
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Figure 26: Average annual concentration of N-NH4* (mg/l) at CW Velka Jesenice 2000-2021
in comparison with maximal limits set by water authority through years 2000- 2021 (Jenista
2022).
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Spalené Poric¢i Velka Jesenice
Influent Effluent Removal Influent Effluent Removal
(mg/l) (mg/l) efficiency (mg/l) (mg/l) efficiency
%% %%
1992 7,6 5,9 22,4
1993 13,7 11,9 13,1
1994 12,0 9,2 23,3
1995 7,3 5,5 24,7
1996 3,9 5,8 -48,7
1997 11,2 11,4 -1,8
1998
1999
2000 28,1 19,3 31,3
2001 16,5 12,7 23,0 17,0 19,2 -12,9
2002 13,2 10,2 22,7 23,6 19,6 16,9
2003 26,4 16,8 36,4 26,3 12,9 51,0
2004 20,1 11,1 44.8 47,0 41,0 12,8
2005 26,7 17,1 36,0 43,0 31,0 27,9
2006 26,8 18,5 31,0 28,6 48,0 -67,8
2007 19,5 18,3 6,2 35,4 41,8 -18,1
2008 17,1 17,1 0,0 33,3 45,7 -37,2
2009 18,0 14,4 20,0 36,5 42,6 -16,7
2010 12,2 10,7 12,3 38,9 35,7 8,7
2011 16,8 13,7 18,5 32,7 35,1 -7,3
2012 18,3 14,7 19,7 51,9 33,1 36,2
2013 12,8 13,2 -3,1 33,0 30,0 6,1
2014 20,8 16,9 18,8 68,0 56,0 17,6
2015 20,2 17,9 11,4 149,0 67,7 45,7
2016 15,9 14,4 9,4 35,8 26,0 27,4
2017 20,3 16,3 19,7 67,0 8,0 87,3
2018 19,5 17,6 9,7 62,0 1,0 98,4
2019 21,0 16,0 23,8 137,0 3,0 97,8
2020 42,5 12,8 69,9 109,0 12,0 89,0
2021 32,3 12,2 62,2 91,0 6,0 93,4
average 18,2 13,4 19,5 54,3 28,9 26,7
min. 3,9 5,5 -48,7 17,0 1,0 -67,8
max. 42,5 18,5 69,9 149,0 67,7 98,4

Table 28: Average annual concentration of N-NH,* at influent and effluent with average
annual removal efficiency through years 1992-2021 (Hndtkova 2022, Jenista 2022, Pelikdn
2022, Slavik 2022).
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Figure 27: Average annual removal efficiency of N-NH4s* at CW Spdlené Poric¢i and CW
Velka Jesenice 1992-2021 expressed in %. (Hndtkova 2022, Jenista 2022, Pelikin 2022,
Slavik 2022).
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11.5 Phosphorus - P

The average annual concentration of P measured at inflow and outflow
with annual removal efficiency over the years at CW Spalené Pofic¢i and
average annual concentration of P measured at outflow with annual removal
efficiency through period 2012- 2021 at CW Velka Jesenice are shown in
Table 29.

The government regulation does not set any outflow limits for
constructed wetlands up to 2000 EO, however some constructed wetlands
provide data on phosphorus concentrations at outflow, or even inflow. After

wrvr

maximum limit for 5 mg/I of Pita at effluent.
Spalené Porici
For the observed period 1992-2021, the concentration of P in the

inflow ranges from 1.4 - 4.8 mg / | with an average annual concentration of
2.7mg/ 1.

The concentration at effluent ranges from 1.2 to 3.27 mg / | with an
average annual concentration of 2.2 mg / I. From the observed period, the
average efficiency of phosphorus removal of constructed wetland is 13.8%.
As can be seen in Figure 28 low phosphorus removal efficiency is due to the
low phosphorus content at inflow.

The results for the years 2020-2021 were performed on the CW after
its intensification. They point to the effective phosphorus removal from
wastewater. The average annual removal efficiency in this period reached
49.5% as can be seen in Figure 30.

Velka Jesenice

As can be seen in Figure 29 average annual concentration at effluent ranges
from 1.5 mg/l to 7 mg/l with average annual concentration in period 2012-
2021 being 4.4 mg/I.
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Average annual concentration of Piotal
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Figure 28: Average annual phosphorus concentration at CW Spdlené Porici 1992-2021
(Hnatkova 2022, Pelikan 2022, Slavik 2022).
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Figure 29: Average annual phosphorus concentration at CW Velkd Jesenice 2012-2021
(Jenista 2022).

56



Spalené Poric¢i Velka Jesenice
Influent Effluent Removal Influent Effluent Removal
(mag/l) (mg/l) efficiency (mg/l) (mg/l) efficiency
% %

1993 1,6 1,2 26,2

1994 2,0 1,4 30,5

1995 2,4 1,4 41,5

1996 2,1 1,8 16,2

1997 1,7 2,4 -39,1

1998

1999

2000

2001 3,6 3,3 9,7

2002 2,6 3,0 -15,4

2003 2,5 2,6 -3,9

2004 3,6 3,4 5,6

2005 3,1 31 0,4

2006 3,0 1,9 36,7

2007 3,1 2,9 6,3

2008 1,4 1,2 14,3

2009 2,7 2,6 3,6

2010 2,6 1,7 34,6

2011 2,3 1,8 21,7

2012 1,9 1,8 7,4 4,4

2013 1,4 1,4 0,0 4,0

2014 2,5 3,0 -18,9 7,0

2015 2,8 2,9 -3,5 6,4

2016 1,8 1,6 8,9 4,6

2017 2,5 2,3 10,2 4,0

2018 3,3 2,8 13,8 1,5

2019 4,8 2,3 52,1 4,0

2020 4,7 1,8 61,7 3,0

2021 4,3 2,7 37,2 5,0
average 2,7 2,2 13,8 4.4

min. 1,4 1,2 -39,1 1,5

max. 4,8 3,4 61,7 7,0

Table 29: Average annual concentration of Pyl at influent and effluent with average annual
removal efficiency through years 1992-2021 (Hndtkova 2022, Jenista 2022, Pelikan 2022,
Slavik 2022).

Average annual removal efficiency of Piota

1998
1999
2000

= Removal efficiency %

Figure 30: Average annual efficiency of phosphorus removal at CW Spadlené Porici 1993-
2021 (Hnatkova 2022, Pelikdn 2022, Slavik 2022).
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11.6 Removal efficiency of CW Spalené Pofi¢i and CW Velka Jesenice
with other hybrid constructed wetlands

Arangement . . —
ofgCW Locality EO | BODs [CODcr| TSS [N-NHa+| Ptotal Vegetation Citation
VE-HF | Estonia, Paistu| 64 | 91 / | 77 89 Phragmates (Odvel M. 2007)
australis
VF-HF Turisia, Bl | g5 75 | s | 70 / Phragmates (Abidi et al. 2009)
Menzah australis, Typha sp.
Spain. Gran Phragmates
VF-HF pain, . NA 86 80 9% 88 24 | australis, Scirpus | Melian H. et al. 2010)
Canaria
Sp.
HF-VE | Italy, Florence | 140 | 95 o | e | es % Phragmates (Masi F. 2007)
australis
New Zealand Baumea articulata,
HF-HF . "| NA 98 / 96 61 62 Schoenoplectus (Tanner C. C. 2012)
Hamilton .
tabernaemontani
0, Iris sp., .
VF-HF-VF | Turkey, Gebze | NA / / / 91 / . (Tuncsiper B. 2009)
Phragmites sp.
New Zealand Baumea articulata,
HF-HF-VF . "| NA 98 / 95 99 45 |Baumea articulata, | (Tanner C. C. 2012)
Hamilton .
Carex virgata
HF-VF-HF |Poland, Wilino| NA | 96.1 | 939 | 938 | / / Pzzasfr";ifs (Tuszyfka A. et al. 2008)
Poland, Phragmates )
HF-VF-HF Wieszyno NA 86 84.5 92.2 / / australis (Tuszynka A. et al. 2007)
" Phragmatis
HEVEHE |CZEChTepblic,) o0 1 gg | g3 | o | 77 /| autralis, Phalaris
Velka Jesenice .
arudinacea
. Phragmatis
HE-VE-HE | CZeChTepublic, ooy g0 | g4 | 80 | 66 | 50 | autralis, Phalaris
Spalené Pofici .
arudinacea

Table 30: Average removal efficiencies of combined constructed wetlands (in %). NA- not
available (data is not mentioned in the study) data for CW Spdlené Porici provided
by (Hndtkova 2022, Slavik 2022) data for CW Velkd Jesenice provided by (Jenista
2022).

According to arrangement of filter beds in constructed wetlands
shown in Table 30. Average annual removal of Constructed wetland Spalené
Porici are not high. Even so average annual removal efficiency of total
phosphorus reaches up to 50%, but still exceeds that of constructed wetland
in Hamilton by 5%.

Constructed wetland Velka Jesenice on the other hand is doing really
well. In comparison to others HF-VF-HF systems, constructed wetland Velka
Jesenice has best results in TSS removal efficiency of 94%.

Average annual removal efficiency after intensification of CW
Spalené Pofti¢i for period 2020-2021 and CW Velkd Jesenice after
intensification for period 2015- 2021 is shown with the removal efficiency of
9 foreign CWs with different number of filter fields in series connected. Due
to differences such as length of operation, frequency of sampling methods
and order of connected filters the comparison is only indicative.

Some studies of constructed wetlands Abdi et al. (2009) and Melidan
et al. (2010) are pilot constructed wetlands and in other studies, choice of
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filter bed material is not mentioned. Constructed wetlands also differ in
chosen vegetation, moreover the individual constructed wetlands are located
in various climate zones, which according to Tunsciper (2009) influence
processes of constructed wetland by their specific weather, i. e. change in
degree of evaporation.
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12. DISCUSSION

Constructed wetlands are an alternative method of wastewater
treatment. Its use is especially suitable in municipalities where it is not
possible to connect to public sewerage.

The average efficiency of CW Spalené Poti¢i was 82.9% for BODs
between 1992 and 2021. According to Vymazal (2016), the national average
cleaning efficiency of 84.8%. It can be stated that CW Spalené Pofici is in the
effectiveness of removing BODs below the national average. If we were to
divide the time into sections 1992-2019, when it was constructed wetland
with horizontal subsurface flowing filters, and for the period 2020-2021,
when it was already a hybrid constructed wetland. The average efficiency for
the period 1992-2019 would be 82.3%. And for the period 2020-2021 reached
90.3%.

Compared to the national average, the average removal efficiency of
BODs CW Velka Jesenice for the period 2000-2021 reaches 89.7% above the
national average. When divided into the period before the intensification of
2000-2014 and after the intensification of 2015-2021. The average cleaning
efficiency of BODs would be 86.6% for the period 2000-2014. As a hybrid
CW Velka Jesenice for the period 2015-2021 reaches 96.3%

Reason for the difference in the efficiency of the two constructed
wetlands is the different values recorded on the inflow from unified sewerage.
The average value of BODs on the tributary of the CW Spalené Pofici for the
monitored period 1992-2021 is in low values i.e., 69.2 mg/l. On the other
hand, the average BODs values in CW Velka Jesenice were on a tributary
with an average value of 220.6 mg/l. On the drain, however, the values of
both constructed wetlands were close. CW Spalené Pofi¢i 8.3 mg/l and for
CW Velka Jesenice 12.6 mg/l. Average BODs contained in sewerage
according to Groda et al. (2007) is from 150 to 400 mg/l, any value out of
mentioned range can be considered anomalous. Due to these results can be
stated, that both constructed wetlands are capable of BODs removal below
maximal limits stated by respective water authorities.

The efficiency of CODcr removal is usually lower than BODs due to
chemically difficult to degrade compounds. According to Groda et al. (2007)
average values in sewage are in the range of 300-800 mg/I, values outside this
area can be considered anomalous. Average values on the tributary of 146.8
mg/l and on the outflow of 40.7 mg/l in the CW Spalené Pofi¢i compared to
the average values on the tributary of 454.5 mg/l and the outflow of 51.4 mg/I
in the CW Velka Jesenice, it can be stated that compared to the average values
of CW Velka Jesenice, average values of the CW Spalené Pofi¢i on the
tributary are significantly lower.

The average efficiency of CODcr removal on CW Spalené Potic¢i for
the period 1992-2021 reaches 68.1% compared to the national average of

60



75.4% according to Vymazal (2016), the average cleaning efficiency is again
below the national average. However, if we were to divide the whole period
into the period 1992-2019 and 2020-2021, for the period 1992-2019 CW
Spalené Pofici achieved an average cleaning efficiency of 66.9% and 83.5%
for the period 2020-2021.

Compared to the national average, the average cleaning efficiency of
CODcr CW Velka Jesenice for the period 2000-2021 with 80.4% is again
above the national average. When divided into the period before the
intensification of 2000-2014 and after the intensification of 2015-2021. The
average CODc; cleaning efficiency would be 74.6% for the period 2000-2014.
As a hybrid CW Velka Jesenice for the period 2015-2021 reaches 92.8%.

According to Seo et al. (2008) the main processes involved in the
removal of TSS are sedimentation and filtration, most of the suspended solids
are retained already behind the entrance to the filter bed. According to Sayadi
et al. (2012) study hybrid constructed wetlands were effective in suspend
solids removal.

The average cleaning efficiency of suspended solids was 81.5% for
the period 1992-2021 in constructed wetland Spalené Poti¢i and 83.6% for
the period 2000-2021 in constructed wetland Velka Jesenice. Compared to
the national average of 82.1% according to Vymazal (2016), CW Velka
Jesenice was again above the national average compared to CW Spalené
Pofici, slightly below it.

For period 2020-2021 average annual removal efficiency of
constructed wetland Spélené Pofi¢i amounted to 79.5%. CW Velka Jesenice
in years 2015-2021 reached 94.3%. If divided into period 1992- 2019, when
it was constructed wetland with horizontally subsurface flowed filters,
average annual removal efficiency of CW Spalené Pofic¢i 81.6% and in CW
Velka Jesenice 75.6%.

This difference in the efficiency of both constructed wetlands is due
to the difference in the number of suspended solids on the inflow, while in
the CW Spalené Poftici the average values were 57.9 mg/I inflow and 6.5 mg/1
on the outflow. On the tributary of CW Velka Jesenice the average values
were 196.8 mg/l and on the outflow 17 mg/l. According to Groda et al. (2007)
the average concentration of TSS in sewage reaches 370 mg/l. The reason for
the lower values may be due to the dilution of wastewater by rainwater on the
inflow through a uniform sewer.

According to Seres et al. (2021) N-NH4" removal is one of most
important advantages of hybrid systems. In years 2020- 2021 average annual
removal reached 66.1%, while for CW Velka Jesenice in period 2015-2021
average annual removal of N-NH4" reaches 77%. Results are significantly
lower in comparison to of 91% N-NH4* removal in study of HSSF-VSSF-
HSSF system done by Obarska-Pempkowiak et Gajevska (2003). Those
results remain however significantly higher, than those obtained on traditional
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— 15.7% and 3.2% for constructed wetland Velka Jesenice in 2000- 2014.
Removal of NH4" was according to Chen et al. (2022) mainly affected by the
temperature of the wastewater and the amount of dissolved oxygen needed
for nitrification. Its increase can be influenced by adding an aeration

Compared to the national average of removal of N-NH4" 30.4%,
according to Vymazal (2016), as can be seen both monitored constructed
wetland Spalené Pofici for the period 1992-2021 was 19.5% and constructed
wetland Velka Jesenice 2000-2021 was 26.7%, they are below the national
average. It can therefore be stated that after intensification, the constructed
wetlands of Spalena Pofi¢i and Velka Jesenice were able to effectively
remove ammonia pollution.

Constructed wetland Spélené Pofi¢i combine activation part of
WWTP with vertical pulse sprayed filter with recirculation. Activation part
of WWTP was added into constructed wetland Spalené Pofic¢i due to its
previous construction, which did not reach sufficient aerobic processes and it
was not possible to replenish it naturally. According to Bilgin et al. (2014)
study suggested this as a possible alternative for pharmaceutical residues
treatment.

Phosphorus is degraded from wastewater mainly by sorption of
phosphates onto the substrate of the vegetation field. However, the sorption
capacity is limited and after some time it is necessary to replace the filter
cartridge. The efficiency of phosphorus removal from wastewater could only
be assessed for constructed wetland Spalené Pofici, only effluent
concentrations were available for constructed wetland Velka Jesenice.

Average efficiency of phosphorus removal in constructed wetland
Spalené Poii¢i for the period 1992-2021 was 13.8%. Average phosphorus
value 2.7 mg/l on inflow with an average value of 2.2 mg/l in outflow. For
the period 1992-2019, this figure reached 10.8% compared to the period after
intensification 2020-2021 when average efficiency reached 49.5%. The
average phosphorus concentration at the CW Velka Jesenice using slag as
final treatment, effluent was 4.4 mg/I.

According to Jozwiakowski et al. (2018) study the efficiency of
phosphorus removal can be influenced by a combination of different fields.
Study showed 10 different hybrid constructed wetlands in Poland capable of
around 89% average phosphorus removal with concentrations on inlet
between 8.2-39.8 mg/l and 0.1- 11.3 mg/l. With data from period 2020-2021,
constructed wetland Spélené Potici average phosphorus removal was 49.5%
with phosphorus concentration of inlet 4.3- 4.7 mg/l and of 1,8- 2.7 mg/l in
effluent.

During expansion of CW Spélené Pofi¢i in 2001, phosphorus
precipitation was included in the comb shaft, but Chladova (2017) stated in
her work that it was missing in the pre-treatment. For this reason, it is not
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possible to define an exact period for evaluating the effectiveness of this type
of phosphorus removal from wastewater.

Removal of N-NH." can be increased by using a material with a high sorption
capacity, such as dolomite. An alternative material could be biochar.
According to study by Ji et al. (2020) benefits of granular biochar with
sufficient mechanical strength used in lab- scale constructed wetlands with
different systems shoved that if incorporated into gravel based constructed
wetland increased P removal in N2O flux reduction and was able to adsorb
N2O for subsequent biotic consumption and showed efficient nutrient
removal.
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13. CONCLUSION

By comparing the above-mentioned constructed wetlands Spalené
Pori¢i and Velka Jesenice, it was found that the treatment effects of both
constructed wetlands were very acceptable and meet the legislative
requirements. During the test operations, there were no major problems and
both of them can be stated as functional.

In both constructed wetlands treated wastewaters were diluted with
rainwater. Especially in the constructed wetland Spalené Pofi¢i those
concentrations were much lower than the national average. Even then average
annual removal efficiency for constructed wetland Spalené Potici 1992- 2021
was BODs 82. 9%, CODc68.1%, TSS 81.5%, N-NH4" 19.5%, Pota 13.8%.
For period 1992- 2019 as constructed wetland with horizontal subsurface flow
has been BODs 82. 3%, CODcr 66.9%, TSS 81.6%, N-NH4* 15.7%, Piotal
10.8% and as hybrid constructed wetland with activation part of WWTP and
vertical pulse sprayed filter for period 2020-2021 was BODs 90. 3%, CODc;
83.5%, TSS 79.5%, N-NH4" 66.1%, Piotal 49.5%.

Average annual removal efficiency for constructed wetland Velka
Jesenice 2000- 2021 was BODs 89. 7%, CODcr 80.4%, TSS 83.6%, N-NH4*
26.7%. For period 2000- 2014 as constructed wetland with horizontal
subsurface flow has been BODs 86. 6%, CODcr 74.6%, TSS 75.6%, N-NH4"
3.2% and as hybrid constructed wetland 2015-2021 was BODs 96. 3%,
CODcr 92.8%, TSS 94.3%, N-NH4" 77%.

Results in years 2004, 2006, 2007, 2008, 2009, 2014 for N-NH4*
concentrations on effluent of constructed wetland Velka Jesenice did not meet
the concentration limits given by the water authorities as constructed wetland
Velka Jesenice was dimensioned as horizontal subsurface flow constructed
wetland. Constructed wetland Spalené Pofici meet the concentration limits
given by the water authorities. Both constructed wetlands comply with
legislation according to Government Decree No. 401/2015 Coll.

In terms of financial costs, it is evident that the total investment costs
of the two constructed wetlands were different. However, this difference
depends on the technological demands of constructed wetlands. In simple
constructed wetlands with a horizontally subsurface flow filter, technologies
are replaced by natural processes. Constructed wetland Spalené Pofici after
intensification electrical connection was brought to supply the activation part
of the conventional treatment plant and supported by a pulse-sprinkled
vertical filter and constructed wetland Velka Jesenice, which was equipped
with pumping wells with two pumps and the possibility of connecting
additional aeration.

Previous configuration of constructed wetland Spéalené Potici with
horizontal subsurface flow filter did not reach sufficient aerobic processes,
together with limited area for constructed wetland, the intensification was
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solved differently than in constructed Velkd Jesenice and it was thus
proceeded to add the activation part of the conventional treatment plant into
constructed wetland Spalené Pofic¢i. Introduction of this technology turned
out to be a financially cheaper option than building a conventual wastewater
treatment plant. Which represents the use of a suitable combination of filter
fields and technology for nutrient removal supported by results.

However, due to sampling at the inflow and outflow from the
constructed wetland, only the efficiency of the entire constructed wetland was
obtained and it was not possible to determine the exact amount of the impact
of the activation part of the conventional treatment plant in such a system on
the resulting removal efficiency. In order to verify function of activating part
of conventional plant in combination with vertical pulse sprayed filter in
constructed wetland Spalené Poftic¢i samples should be taken in more parts,
then on inlet and effluent, as such assessment does not take into consideration
more complex systems. To verify function of activating part of conventional
plant with vertical pulse sprayed filter it would be desirable to take samples
on inlet, entrance to vertical pulse sprayed filter and on effluent.
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Annex no. 1: DOE Water Quality Index Classification (URL 3)

Ammaniszl Mimgen

Béochismioal Cocppen Demand (B0, )
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Dissachemd Ohepgan
pH

Tertal Sicaparecded Solata (T58)
Wit Chsalty Inches (W1}

Annex no. 2: Types and parcel numbers of the parcels concerned (Vaviicka

1998)
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-5 80— 150
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1.4. Druhy a parcelni &isla dotéenych pozemkii:

Cislo parcely Druh pozemku ngéra Vlastnik
m

974/3 vodni pl. 1154 Obec Spalené
Porici

974/4 Vodni pl. 1380 Obec Spélené
Porici

974/5 Vodni pl. 435 Obec Spalené
Porici

1043/5 Ost. plochy 933 Obec Spalené
Poriti

1043/6 Ost.plochy 216 Obec Spalené
Poriti

934/4 Ost.plochy 73 Obec Spalené
Porici

934/5 Ost.plochy 147 Obec Spalené
Porici

934/6 Ost.plochy 258 Obec Spalené
Poridi

934/7 Ost.plochy 423 Obec Spalené
Porii

1964/9 Ost.plochy 74 Obec Spalené
Pofici

1964/11 Ost.plochy 414 Obec Spalené
Pofii
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Annex no. 3: Analysis of constructed wetland Spalené Potici- 2020 (Slavik

ANALYSIS OF CONSTRUCTED WETLAND SPALENE PORICI - 2020
efficiency efficiency .| efficiency efficiency total efficiency
BOD. D NL 1 N-NH4
Obs % CODer % 05°C % % phosphorus. %
inflow 247 643 285 42,6 5,37
January 97,3 56,81 29,61
outlet 6,66 <12 <2 18,4 3,78
inflow 9,57 91,2 36,6 23,8 2,77
February 55,59 70,18 72,95 65,04 31,77
outlet 4,25 27,2 9,9 8,32 1,89
inflow 87 127 29 27,5 3,03
March 90,74 59,06 93,35 48,51
outlet 8,06 52 <2 1,83 1,56
) inflow 203 214 53,7 53,8 6,3
April 85,71 77,57 43,39 70,82 64,76
outlet 29 48 30,4 15,7 2,22
inflow 96,1 301 52,6 58,2 6,4
May 97,53 84,32 79,73 74,84
outlet 2,37 47,2 <2 11,8 1,61
inflow 27,4 130 33,1 44 4,44
June 85,55 69,23 71,91 55,23 59,68
outlet 3,96 40 9,3 19,7 1,79
inflow 113 256 47,3 41,1 4,44
July 79,06 61,1 58,88 64,86
outlet <1 53,6 18,4 16,9 1,56
inflow 71,7 139 69,3 49,1 6,13
August 91,56 86,19 79,94 70,06 75,04
outlet 6,05 19,2 13,9 14,7 1,53
inflow 96,4 218 60,9 40 5,17
September 93,64 94,5 68,8 71,5 70,41
outlet 6,13 12 19 11,4 1,53
inflow 108 157 22,9 48,3 4,91
October 90 76,05 69,65 61,49 79,02
outlet 10,8 37,6 6,95 18,6 1,03
inflow 43 117 25,8 28 1,92
November 56,05 80,17 74,61 92 77,55
outlet 18,9 23,2 6,55 2,24 0,431
inflow 137 400 85,7 54,1 5,57
December 91,97 88,6 98,25 74,68 52,42
outlet 11 45,6 1,5 13,7 2,65
drain
diameter 9,74 36,87 12,88 12,77 1,8
[mg.l-1]
90,57 84,16 80,73 69,98 61,7
average
inflow 103,26 232,77 66,83 42,54 4,7
[mg.I-1]
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Annex no. 4: Proper reporting of discharged water- page 1-4. (SLAVIK

2022).
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