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ABSTRACT

Owing to low investment and maintenance costs, there has been a
growmmg interest mn applying plants in wastewater treatment. Plants
commonly used 1n constructed wetlands (CW) include: cattail, reed. rush
vellow flag, manna grass, and wallow.

In a CW, application of plants bnngs several benefits: creating
aerobic conditions in the otherwise anaerobic rhizosphere, providing
carbon compounds into the ruzosphere, uptaking pollutants (e.z,
nutments and heavy metals) from treated wastewater; improving the
hydnnhccond;honsofwastewaterﬂowthronghCWbeds and also
mcreasing the available surface for growth of mucrobial biofilms.
Hydrophytes also have great transpration potenfial Numerous studies
have shown the importance of evapotranspiration dunng hot penods m
natural wetlands and also ;n constructed wetlands. Evapotranspiration
affects treatment efficiency m CWs: it increases the concentration of
dissolved compounds due to decreasing water volume. Therefore, having
regard to the mode of operating (VSSW or HSSW), temperature and
mfluent charactenstics (e.z., HLR and wastewater mfluent loads), the
removal efficiency calculated as a companson between mitial and final
concentration 15 lower, than expected from mass balance. Grven results
from systems in colder (Poland) and warmer (Portugal) chmate
conditions shows that the difference in methodology of removal
efficiency calculation 1s sngmﬁca.nt, even 1if the CWs are operating mn
different modes. Usually, in the literature removal efficiency 15 expressed
on the basis of concentrations, mostly due to lack of flow rate momitoning.
Unfortunately, this may senously underestimate treatment performance of
CWs. This study suggests the need for routine monitoning of flow rate, or
evaluation of potential evapotranspiration. to estmate removal efficiency
of a CW based on mass balance

Keywords: Constructed wetlands, evapotranspiration, freatment efficiency,
concentration, load, water balance

1. INTRODUCTION

1.1. Natural and Constructed Wetlands
Wetland ecosystems are charactenised by the presence of standing water at

or above the soil surface for all or part of the growing season. They form
ecotones between terrestnal and aquatic systems and act as sources, sinks and
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transformers of nutnents and carbon (Mitsch and Gosselink, 2007). The
imponance of natural wetlands for nature conservation and for the ecosystem
services they provide (e.g., water punfication, hydrological bufferng,
production of valuable plant and amimal products), has long been recogmsed
(Haslam_ 2003). Wetland plants (helophytes) are adapted to tolerate saturated,
anoxic solls and because of ample supphies of hight, water and nutments in
wetlands, rates of pnmary productivity and heterofrophic activity are typically
high (Bnx, 1997). Water plants are more productive than terrestnial ones due
to greater resistance to environmental changes and high photosynthesis
efficiency (Tchobanoglous, 1987). The use of ecological systems such as
constructed wetlands (CWs), 1s recognised as an economucal and techmcally
sustainable solution for wastewater freatment making 1t safe to discharge into
the environment (Chnistensen, et al ; 1992, Schnoor, et al.; 1995).

CWs are artificial complexes of water, matnx vegetation and the
assoclated mnvertebrate and microbial communities designed to simulate the
ability of natural wetlands to remove pollutants from water (Brnx, 1997;
Kangas, 2004), being a good example of ecological engineenng (Mitsch and
Jorgensen, 2004). This method for treating a vanety of wastewaters such as
sewage, landfill leachate, mine leachate, urban storm-water, agncultural nn-
off, 1s comparatively simple to design, construct, and operate (e.g., Moshin,
1993; Vymazal, 2005; Randerson, 2006; Randerson et al., 2007; Kadlec and
Wallace, 2008). CW’s are also suitable for advanced and polishing treatment if
water reuse 1s an option (Masi and Martinuzzi, 2007; Marecos do Monte and
Albuquerque, 2010; Pedrero et al., 2011).

Plants commonly used mn constructed wetlands mclude: cattail (Typha
latifolia L.), reed (Phragmites australis Tnn ex Steudel), rush (Jumcus effusus
L), yellow flag (Iris pseudacorus L.), mannagrass (Glyceria maxima), and
giant reed (4rundo donax L.). Many authors proposed also willows (Salix sp.)
to be used in CWs with high efficiency (Aronsson, 2000; Aronsson and Perttu,
2001; Bialowiec et al., 2007; Duggan, 2005; Elowson, 1999; Kowalik and
Randerson, 1994; Perttu and Kowalik, 1997; Randerson, 2006).

Vymazal and Kropfelova (2008) showed that willow freatment systems
also can achieve zero discharge of water due to evapotranspiration (ET).

1.2. Pollutant Removal in Constructed Wetlands

Aquatic macrophytes are adapted to grow In anoxic substrates by
developing aerenchyma tissue which enables transfer of atmosphenc oxygen
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via stems to roots, much of which then leaks mto the substrate (Bnx, 1997;
Williams et al., 2010a; Wilhams et al, 2010b; Randerson et al., 2011).
Oxygen released from roots creates local aerobic conditions and changes the
redox stafus mn the otherwise anoxic or anaerobic rhizosphere, which induces
growth of aerobic heterotrophic and autotrophic bactena (mirnfiers). and the
aerobic breakdown of organic matenal (Somrel and Ammstrong, 1994; Bnx,
1997; Bialowiec et al., 2012a). Hence the plant root-soil interface plays a
significant role in the removal of pollutants, especially of mtrogen (N) from
CWs (Reddy et al., 1989; Mesquuta et al., 2013).

The release of oxygen mfo the rhizosphere 1s related to some extent to
photosynthesis, light intensity, stomata aperture, and temperature, as well as to
the plant species concemed (Stein and Hook, 2005). Removal of ammoma
through mtnfication is advantageous not only because it helps to reduce N
loads, but also because the final N specie (NO3), 1s nmch less toxic and more
bioavailable to plants than NH;™ (Jones et al., 2006).

Plant uptake also plays an important role m increasmg N removal
especially m treatment wetlands contaming fast-growing plants such as
willows (Aronsson, 2000; Randerson, 2006). Organic compounds, such as
sugars, alcohols and acids that are n the wastewater or released by plants mto
the rhizosphere can help in mifrate removal by acting as a carbon source for
demfnifying bactena (Bnx, 1997).

The majonty of microbial processing that occurs in wetlands is attnbuted
to biofilms made up of commmmties of algae, bactena, protozoa and
mvertebrates. It has been shown that up to 90% of organic and morganic N can
be removed from wastewater by biofilms (Welander and Henrysson, 1998;
Albuquerque et al., 20012).

To conclude, the plants In a CWs bnng following benefits: plants may
create aerobic condifions mm an otherwise anaerobic rhizosphere, which
increase heterotrophic and autotrophic aerobic bactena biodiversity; plants can
provide carbon compounds into the rhizosphere that may be utilized for
microbiological processes; plants may uptake pollutants (N, P, heavy metals)
from treated wastewater; plants may improve the hydraulic conditions of
wastewater flow through the CWs bed, and also may increase the available
surface for biofilm growth.

Macrophtyes have also a great potential for water loss through
transpiration (Bialowiec and Wojnowska-Baryla, 2007; Headly et al., 2012).
Thus, water losses to the atmosphere wvia ET, can be high (Borin et al, 2011),
especially under warm and windy conditions (Bialowiec et al, 2006;
Albuquerque et al., 2009a).
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Numerous studies have shown the importance of ET during hot peniods in
both natural and CW systems. ET may affect treatment efficiency of CWs by
reduction of wastewater volume passing through the system (Bialowiec et al.,
2006).

Usually, freatment efficiency of wastewater m CWs 1s calculated based on
the companson of concentration of pollutants in inlet and outlet without
considenng the contribution of evapotranspiration mn the water balance. This
approach is used In conventional wastewater treatment plants. In a CWs,
where water loss i1s typically high the calculation of pollutant removal
efficiency using results of concenfrations may lead to sigmficant errors. With
ET, the concentration of dissolved compounds increases due to decreasing
water volume, hence removal efficiencies calculated with and without the
water balance are not the same. and this problem of difference is assessed and
discussed below.

This chapter presents an overview of the importance of ET m CWs,
companing different methods of treatment efficiency calculations and
discussmg the influence of ET on removal rates taking mn account different
both operating modes and climates conditions. Two case studies are presented,
one from field work expenments camed out in an honzontal flow system
under hotter conditions (work developed i Portugal), and second, as a
companson from laboratory scale experiments developed in a vertical flow
system under colder conditions (work developed mn Poland).

1.3. Evapotranspiration of Reed and Willow Systems

Evapotranspiration (ET), includes water which vaponses from soil
(evaporation), and moisture which passes through vascular plants to the
atmosphere (transpiration), (Mitsch and Gosselink, 2007), along a gradient of
decreasing water potential, constrained by resistances encountered i the soil,
plant and air (Stewart, 1984).

Assuming an adequate water supply to wetland plants, the rate of ET 1s
proportional to the difference m vapour pressure (water potential in air),
between the wet soil or leaf surfaces and that m the overlymng air. The water
flux i1s affected by factors includmg wind speed. arr and leaf surface
temperatures and air hunudity. Hence ET vanes with season, typically being
highest m summer.

Evapotranspiration rate (ET;) 1s descnibed by Equation (1) (Mitsch and
Gosselink, 2007).
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ET.=c*f{u)(e,-e,) )

where ET, (L T") is the rate of ET. c the mass transfer coefficient (L T* M),
flu)isa ftmcﬁonofwmdspeed(l..'l'l), and e, and e, are vapour pressures at
the water/plant surface. and swrounding air, respectively. Fundamental umits
are presented for explamng equations. However, common umts are used
throughout the text.

ET, 1s increased by meteorological factors, which steepen the water
potential gradient such as increased solar radiaton and leaf surface
temperature (increasing saturation vapour pressure at the evaporating surface),
and by decreased air humidity or increased wind speed (reducing vapour
pressure close to the leaf surface). ET may be limited by plants closing their
stomata during periods of stress due to root anoxia, the presence of toxic
substances or high salinity m the substrate (Mitsch and Gosselink, 2007).
Hence actual ET 1s usually less than potenfial ET (measured as evaporation
from a water-filled pan, E..), depending on vanation due to wind and shade
effects, or on the physiological state of the wvegetation. The physical
composition of the substrate (e.g., particle size, specific surface area, water
absorption and permeability), may also affect ET either directly or imndirectly
via plant growth.

ET from wetlands may be predicted empincally by, for example,
equations of Thomthwaite, Penman, or Hammer and Kadlec (Mitsch and
Gosselink, 2007), which provide consistent estimates based on meteorological
vanables. The method of Thomthwaite requires only values of average
monthly air temperature. To allow for differences between vegetation types a
local estimate of potential evaporation (Ep.). or reference crop ET, may be
multiplied by an appropnate crop coefficient K., an approach used m
predicting agncultural imgation need (Kadlec and Wallace, 2008).

However, specific water balance data are required to calibrate K, for local
conditions. In a CWs (where it may be assumed that there 1s no loss of water
by seepage and zero net storage over a period), ET; (L T") may be calculated
simply by difference between measured fluxes of water. as mm Equation (2)
(Surface et al_, 1993):

ET=Qur*P-Que Q)

wheteQ-.fistheinﬂlmtﬂowrate(LTl)owttbeCWarea,Pdle
precipitation (L T™), and Qg the effluent flow rate (L T™) over the CW area.
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Annual water budgets, measured in a vanety of natural wetland habitats
show a range of values for ET, between 40 and 1500 mm y”, reflecting
regional differences mm climate (precipitation and solar radiation), and
vegetation type (Table 1).

Small-scale wetland areas such as CWs, frequently show enhanced ET:
(the so-called “clotheslme™ and “oasis™ effects), due to a strong influence of
advection from the relatively warm. dry air of the swrounding terrestnal
microclimate (Borin et al., 2011; Kadlec, 1989; Kadlec and Wallace, 2008).
High rates of water loss from treatment wetlands m central Europe, planted
with reed, are quoted by Siuta (1996), 1000 to 1400 mm y", Wieuner et al.
(1999), approximately 1500 mm y”, and for sludge drying reed beds in
Denmark by Nielsen (1993), approxmmately 1500 mm )"1. Born et al. (2011),
found ET; for reed bed CWs i Italy to be 6 to 7 times higher than that for a
reference crop (based on Penman calculations), when averaged over the
growing season.

ET vanes greatly with season in temperate regions, and with matunty of
the vegetation stand, smce 1t 1s positively correlated with plant stem/leaf
biomass. The effect of vegetation 1s particularly marked m subsurface flow
CWs and m sludge drying reed beds. In a study of ET: in reed CWs beds
treating landfill leachate.

Surface et al. (1993), found the greatest decrease m leachate volume
(43%), occurred between May and July m the second year of growth when
stem biomass was greater, whereas volume reduction of only 21% occurred in
the winter peniod (from October to Apnl).

Table 1. Examples of annual ET values in natural wetlands

ET, [mm y"'] Location of wetland Reference

40 Fen N. Wales, UK Gilman, 1982

64 Praine pothole, N. Dakota Shjeflo, 1968

67 Swamp, N. Carolina Richardson, 1983
72 Swamp, S. Illinois Mitsch, 1979

86-99 Swamp, Flonida Pride et al., 1966

93 Okefenokee swamp, Georgia | Rykiel 1984

102 Bog, Massachusetts Hemond, 1980

Wolsk:, m Mitsch and

1030 Okavango delta, Botswana Goi"iinh syinin

1100 Wetland, Victoria, Australia | Raisin, 1999

1524 Valley wetland, US Williams et al., 1987
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Extremely high average ET, of 40 and 57 mm d respectively for giant
reed and common reed planted CWs m Morocco were measured over the
winter to spring period, compared with 7 mm day™ for an unplanted gravel bed
(El Hamoun et al., 2007). In a Damish sludge drying bed water was lost from
the fully grown reed stand at 25 mm d” on hot, summer days, the reduction in
sludge volume bemg 3 times greater m summer than in winter, and 1t was 2
times greater in the 2* year of the study due to increased reed biomass
(Nielsen, 1993). Even in cool, wet summers ET greatly exceeded summer
ramnfall.

In honzontal subsurface flow (HSSW) reed beds treating horticultural
runoff in sub-tropical Australia. average ET; values increased from 7 mm d”
to 10.6 mm d" in the 2* year in response to growth of the plants (Headley et
al., 2012). ET: were more vanable than comesponding pan evaporation data
(ratios ET/Egm 1.9 In the first year, and 2.6 in the second year), reflecting the
important effect of vegetation. In the hot, dry, windy summer climate of north-
westem US, average water loss by ET; from sludge-drying reed beds (between
May and June), was 6.4 mm d* (simular to that for local hay crops), which
amounts to only 10% of total hydraulic loading (5 710 mm d™), (Burgoon et
al, 1997). This circumstance was due to water stress by the reeds, causing
increased resistance to water flux through the soil to the plant roots and
increased stomata resistance.

Transpiration by reeds and other macrophytes such as willows can provide
a cost-effective method for dewatering sludge and shury residues, altemative
to mechanical systems (Nielsen, 1990). Water in raw sewage sludge (typically
with 5% of dry matter), consists of pore water (67%), capillary water (25%),
and absorption/bound water (8%), (Nielsen, 1993). Removal of pore water
occurs through gravity dramnage (increasimg dry matter to only 15%).

In the field, ET by reed can easily remove capillary water (raismg dry
matter to 50%). The remaming water content is unavailable, as 1t 1s held at a
water potential greater (more negative), than the roots and rhizomes can
generate, hence 50% dry matter is the usual goal for sludge dewatenng in
CWs. ET accounted for 80% of the total dewatenng (1500 mm after 260
days), close to potential ET for the chmate. The SALIMAT techmque
developed by De Vos (1994), laid out a mat of willow rods across a sludge
bed, which grew into a willow stand effective at dewatenng the imtial deposit,
and later surface additions of sludge over subsequent years. De Maeseneer
(1997), pomnts out that high concentration of heavy metals such as zinc and
cadnuum may occur in willow leaves, depending on the ongin of the sludge.
which may restnct its after-use mn agnculture.
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A particularly important aspect of landfill leachate disposal m soil-plant
CWs systems 1s the reduced leachate volume due to ET by planted
macrophytes, typically willows, poplars and reeds (Dobson and Moffat, 1995),
during periods when ramnfall input is relatively low. Agopsowicz (1994),
determined that ET by young (3-month), willow sprouts supphied with landfill
leachate was 1.6 to 1.8 times higher than the average precipitation rate in
Poland. (about 600 mm).

In a 2-year study of a soil-plant system with young willow sprouts (Salix
amygdalina L.), Bialowiec et al. (2003, 2007), found ET; values of 2-3 mm d
l, which were up to 5 times higher than for a bare soil surface, and resulted in
volume reduction between 80 and 90%. Simlar ET; values were found for
reeds in soil-plant systems, at 1 to 3 mm d”* in the 1* year of growth and 3 to 5
mm d” in the 2* year, reflecting an increase in reed stem biomass (Bialowiec
and Wojnowska-Baryla, 2007).

Where the vegetated CWs area is sufficiently large, there may be no
effluent discharge, at least durng summer months, for example in a
wastewater treatment reed bed in Poland (Bialowiec and Randerson. 2010a;
Toczylowska et al, 2000). In a marsh-pond-meadow system with
recirculation, implemented for mumnicipal wastewater freatment m Kentucky
(Choate et al., 1993), as a result of ET and seepage no outflow occurred over 4
years except following one heavy rain event. In sensitive locations where
stringent conditions for effluent quality prevent discharge to environment as in
Denmark, zero-discharge wetland systems usmg willows to reduce effluent
volume have been employed (Gregersen and Bnix, 2001). Conversely, in areas
of low rainfall, the aim may be to mimmize ET losses in a CWs, as treated
effluent may be requured to be re-used (El Hamoun et al , 2007; Green et al.,
2006; Headley et al_, 2012; Masi and Martinuzz1, 2007).

The use of soil-plant systems for landfill leachate disposal calls for an
mformed selection of plant species and soil fypes. US-EPA (2000),
recommends willows, poplars and grasses for volume reduction in landfill
leachate treatment. Bialowiec and Agopsowicz (2007), tested the tolerance of
different willow species to pollutant concentration m landfill leachate. They
determined the species S. amigdalina L., S. viminalis L., S. purpurea to have
the highest abihity for ET and hugh tolerance of pollutant concentrations in the
soll solution.

The use of different kinds of landfill leachate for imgatmg short rotation
willow plantations has been tested in Sweden (Dmutriou and Aronsson, 2003,
2005; Dimitniou et al., 2006; Hasselgren, 1992), Finland (Ettala, 1992), Great
Bntain (Alker et al., 2003), and in Poland (Agopsowicz, 1994; Bialowiec,
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2005; Bialowiec and Kasinski, 2009). Young rooted willow plants were able
to survive m landfill leachate solutions with electrolytic conductivity (EC),
values up to 5 mS cm™ if they were cultivated in high concentrations from the
beginning, whereas naive plants were killed when EC exceeded 3 mS cm™
(Bialowiec and Randerson, 2010b).

Common reed also has a high tolerance to chronic and penodic salinity up
to a value of 18% (= 2.5% CI), (Michiel et al, 1998). Mauchamp and
Mesleard (2001) determined LC50 value of salinity as 1.5% for young reed
seedlings and that 2.5% salimty inlubited their growth. Lissner et al. (1999)
showed that reed transpiration was reduced to 2838 mm y", 50% of that in
zero salmity. Total ET; values for reed plants growing in sand with landfill
leachate applied at different hydraulic loading rates, ranged from 624 to 1150
mm y” in the 1% year, of growth, and from 1419 to 1803 mm y" in the 2*
year, reflecting an increase in shoot biomass. They are simular to values
described by Williams et al_, (1987); Raisin et al., (1999); and Wieuner et al ,
(1999); as 1524, 1100 and 1500 mm y, respectively.

1.4. Influence of Climatic Conditions on Treatment Efficiency

Removal efficiencies m CWs systems are normally viewed on an event
mean basis, in which flows, concentrations and loads are averaged over the
duration of the event.

The event average concenfration 1s defined as the mass of a compound
divided by the mass of water mvolved in the event as in Equation (3) (Kadlec,
2010).

f(Qmﬁ) 'Cm}h

C= Fa ©)

where C 1s the event average concentration of the compound (M L"), Cingi) the
concentration of the compound in the event i (M L), Qus; the incoming flow
rate 1n the event 1 (L"' Tl) and n the number of events.

Therefore, the percentage of concentration reduction of a compound (or
removal efficiency, RE) may be computed based on the difference between
mlet and outlet concentrations divided by the mlet concentrations (Equation
).

Complimentary Contributor Copy




The Influence of Evapotranspiration ... 173

RE=Cu"Car) 109
Cu @

where Car and Cez are the average concentrations (M L) of a compound in
the influent and the effluent, respectively.

Pollutant removal efficiency values above 90% are normally achieved for
suspended solids and orgamic matter (based on biochemical oxygen demand
(BOD) and chemucal oxygen demand (COD) concentrations) and up to 60%
for N (either total nitrogen (TN) or ammonia nitrogen (NHs-N)) (Vymazal,
2007; Kadlec and Wallace, 2008; Vymazal and Kropfelova, 2008; Vymazal,
2009) m gravel-based beds. However, values under 50% for COD were found
i HSSW beds (Table 2) i Israel (Avsara et al., 2007), Portugal (Albuquerque
et al, 2009a) and Spamn (Osono, 2006), countnes mfluenced by the
Mediterranean climate or moderate continental climate, and associated with
the presence of significant concentrations of slowly biodegradable organic
matter discharged from livestock faciliies.

Table 2. Removal efficiencies for HSSW in warm climate regions

Operating conditions Removal efficiency (%)
[OIR [EIR |ERT[SSA Reference
3 . |COD |TN  [NH-N|TSS
(2CODnr* &) [(amd") |@ |G’ ep-) )
48- Albucuerque et al.
9.0)
94223 85138 0.0 25 667 |76.0 |786 |564 (20093)
264-52.7 73-14.9'?3- — 42 |— 551 |904 |Avsaraetal (2007)
140- [3.0- Masi and

22- 2

22-341 156 |43 12 940 (600 |850 |840 Martimzzib (2007)

18.4-545 180 |30 |10 430 |— 250 |73.0 |Osonio (2006)
El-Ehateeb and El-

381 36 50 |23 780 |350 |226 |78.0
Gohary (2002)
Worldwide
axperience:
EPA (1999),

5.0- - and Wallace (2008);
50-200 2.0-20.0| l;t 0 3060 |=850|>=700 |-80.0 80 0 Kadlec et al (2000),
’ 7 | Eorkusuz (2005),

Kowalik et al.
(1995), Vymazal and

| . | Eropfelova (2008)

OLR: orgamc loading rate; HIR: hydraulbic loading rate; HRT: hydraulic retenhon

time; SSA: specific swface area; e.p.: equivalent-population.
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Hunter et al. (2001), Sun and Austin (2007) and Cheng et al. (2011)
reported removal efficiencies for TN between 30 and 54% i HSSW operated
in cold climate conditions. Avsara et al. (2007) and Albuquerque et al. (2009a)
have found ammoma removal efficiencies of 55.1 and 78.6%, respectively in
HSSW systems operated In warm climate regions (the average water
temperatures were above 20°C), which show higher mitrification and
demtnfication rates for higher temperatures.

Pinton et al (2007) and Bialowiec et al. (2012a) have reported
fluctuations m ammoma removal, which was explamned by the vanation of
dissolved oxygen (DO), in the rhizosphere, but also due to organic exudates by
roots. These exudates nomally include orgamic N, which hydrolysed to
ammomnia, thus increasing the concentrations of this inorgamic N form in the
rhizosphere. Therefore, the oxidation of ammoma occurs faster when the
iomzed form 1s avalable and increases agam after a few days due to
hydrolysis of organic mifrogen compounds released by the plants. Stecher and
Weaver (2003) and Mander et al. (2000) also found high vanation in ammoma
removal efficiency (from 12 to 85%) m HSFW beds, suggesting that there is a
higher influence of temperature and plant density on the activity of mtnfying
biomass.

The hydraulic loading rate (HLR) is a cntical parameter for the operation
of HSSW. The mfiltration of stormwater flow into the sewer network may
mcreasetheHlRthroughomthebeds If loading is too high (=30 cm d™), the
bed tends to clog causing wastewater to back up or hydraulic short-circuuting,
which may lead to the discharge of low quality effluents into water streams
(Wallace and Kmight, 2006).

Amado et al. (2012) found sigmficant infiltration flow rates into the
HSSW (96% hgher than the dem§n value for the bed) for
stormwater runoffs above 4000 m® d’ whx:h led to a hugh vanability of the
Hl.Rmtothebed.AsareSLﬂt,theremovaloforgamcmattet sohds and
especially mitrogen was lower than expected and the qualify of the final
effluent was negatively affected. Therefore, the vanation of the HLR and the
change in the bed media charactenstics nnymﬂuenoethebedsstabﬂnyand
performance. Ammoma 1s more difficult to remove than orgamics since
nitnfiers are autotrophic microorgamsms, which are very sensitive to changes
in humudity, temperature and wastewater charactenstics and loadings (Kadlec
and Wallace, 2008; Vymazal and Kropfelova, 2008). Nitnfiers have a slow
respiration rate and stoichiometnically requure 4.57 mg O, per mg NH-N
removed (full mtnfication to NO;) and 1.71 mg O, per mg NHs—N removed
(parhal mtnfication to NO,) (Paredes et al., 2007; Kadlec and Wallace, 2008).
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However, Sun et al. (2003) observed that the reduction in level of
ammonia in a vertical subsurface flow reed bed was not balanced by increases
in nifnite and nitrate contents in the mfluent.

Therefore, the large differences m removal efficiencies and their
vanability over time may be related to water losses. Fmlayson and Chick
(1983) calculated the RE for COD, TSS, TKN and TP (Table 3), taking mto
account the influent and effluent concentrations (Equation (4)) and the mnfluent
and effluent mass loads as in Equation (3).

Percentage removal rates calculated for mass loads are higher than those
for concentrations, because Equation (5) 1s more sensitive to flow rate
fluctuations caused by vanation m ET.

.Q
{ nl‘Quf ]

where Cio*Qins = Mzt (influent mass load, M T™) and Co#*Que= M. (effluent
mass load M T).

Nevertheless, Kadlec (2010) states that concentration reduction and mass
removals calculated using event average concentrations and mass flows, are
mnadequate to charactenze CW performance under event-dnven operation.
These two measures did not include mntemal mixing, storage and flushing,
temperature, and mter-event water quality conditions. Nevertheless, they may
be used as an approach to quantify CW performance.

Light-expanded clay aggregates (LECA) have been used to improve
treatment capacity, which is especially useful in cold climate regions, since

they present both higher porosity and specific surface area, which allows a
better biofilm adhesion, and may require smaller bed areas than the
conventional gravel substrate (Vilpas et al., 2005; Scholz, 2006; van Deun and
van Dyck, 2008; Albuquerque et al. 2009b; Bialowiec et al. 2011, Bialowiec et
al. 2012b).

Tracer expennments on LECA-based HSSW (Albuquerque, 2012) have
showed the presence of stagnated areas and the occumrence of intemal
recirculation, due to the development of clusters of biomass, roots, rhizomes
and sohid matenal, which seems not to interfere with the removal of orgamic
mater and nitrogen.

However, at the start-up these beds may present low performance if
upstream mfiltration 1s not confrolled as concluded by Amado et al. (2012).
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Table 3. Treatment performance based on concentrations and mass loads

for HSSW

Concentrations Mass loads
Compound RE RE

4 a1 -1 a1

Ciar(mgL") | Cea(mg L") ) Mir (kgd™) [Mer (kgd™) %)

COD 642 378 41 |353 138 61
TSS 214 82 62 |118 3 75
TKN 257 190 26 143 7 51
TP 198 15.2 23 | 1.1 06 49

Adapted from Fmlayson and Chuck, 1983.
C.s mfluent concentration,

C - effluent concentration;

M. mfluent mass load;

M.y effluent mass load;

RE: removal efficiency.

Therefore, CW beds subject to transient high loads and sigmficant ET
vanations should be designed to accept orgamic and solid loads, with the
inclusion of advanced pnmary treatment systems (e.g., filter screens or high-
rate clanfication), in order to reduce the surface loading rate (Albuquerque et
al_, 2009a).

In and areas, salt concenfration may increase in the treated effluent to a
level which prevents its re-use for imgation (Moran and Giardim, 2009). In
the low ranfall (<= 650 mm), high evaporation (= 2000 mm), environment of
cenfral Queensland, Austraha, water losses Imn CWs designed for bactenal
sulphate reduction in coal mining wastewater caused the opposite effect, that
of doubling SO; concentration after 70 days of treatment (Tyrrel et al., 1997).
For these reasons, CWs are often declared to be mappropnate for and
climates.

Despite the lack of published research on ET rates from CWs 1, 1t 1s clear
that wetland designs for and climates need to be different from those m
conventional temperate environments (Headley et al., 2012).
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2. CASE STUDIES

2.1. Influence of Evapotranspiration on Treatment Efficiency in
Horizontal Subsurface Flow Systems

2.1.1. Material and Methods

System Design and Control
The experiment was performed on a HSSW located at Capmha in the

Beira Intenior in the center of Portugal near the border with Spain. A moderate
Mediterranean climate with continental mfluence charactenzes the region
(annual average parameters: temperature = 14.5 °C; precipitation = 780 mm;
ET = 700 mm). ET is nommally higher than precipitation from June to
September (summer time). The wastewater treatment plant (WWTP) of
Capmha was designed for 800 ep. and receives domestic, stormwater and
livestock streams. It includes a bar racks channel, screening channel, flow rate
measurement through a Parshall device, Imhoff tank and two parallel HSSW,
each 50 m long and 15.5 m wide (total surface area, 773 mz), filled with gravel
and colomzed with common reeds (Phragmites australis Trin ex Steudel)
(Figure 1). The total depth of each bed is 1 m and the submerged operating
depth is 0.65 m_ . The beds were designed for flow rates from 45 to 90 m* d”,
HLR from 7 to 15 cm d”*, HRT from 4.5 to 9 d. SSA of 2.5 m’ p.e.*and COD
concentrations from 300 to 500 mg L. Capinha HSSW was monitored over a
perniod of 19-months (January 2007 to July 2008), including flow-measurement
and the collection of bi-monthly inflow and outflow samples (39 samples
collected at sampling pomnts (1) and (2) in Figure 1) to determune the following
parameters: pH, air and soil temperatures, DO, COD, TN, NH:-N, mfnte
nifrogen (NO,-N) and mifrate mifrogen (NO3-N). All analyses were camed out
according to standard methods (APHA-AWWA-WEF, 1999).

Treatment Efficiency

Water balance was estimated according to Equation (2), considermng Qs
as the influent flow rate (m3 d l), P as the precipitation over the CW area (m3
d") and Quz as the effluent flow rate (m’ d”). Removal efficiency of COD,
NH;-N and TN m the HSSW was calculated, based on concentrations
(Equation (4)) and on loads (Equation (3)). The two measures of RE were
compared and correlations between ET; and flow rate, and between ET; and
COD, NH;-N and TN removal efficiencies were computed.
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Raw mfluent (1)
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reatinent
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Vv

Final effluent (2)

Figure 1. Schematic representation of the WWTP of Capinha (Portugal).

2.1.2. Results and Discussion

The results for the 19-months monitoring peniod are presented in Table 4.
Nitnte and nitrate concenfrations are very low and will not be analyzed Table
5 shows RE for COD and TN based on concentrations (Equation (4)) and mass
loads (Equation (5)) for the range of HLR observed during the momitoring
poin'od (73 to 145 mm d™), which was within the design limits (70 to 150 mm
d”).
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Table 4. Results for the monitoring of Capinha HSSW
(January 2007 to July 2008)

Parameters Influent Effluent
oH 67-73 65-70
379.6 102.9
COD L!
(meg L) SD+75.4 SD=20.3
N (e L 222 85
NH-N(mgL ) SD+5.5 SD=2.6
B 05 0.0
NON(meL') $D+0.3 SD=0.0
B 22 0.2
NN msL') SD+1.4 SD=0.4
B 292 93
NGel’) SD+4.5 SD+22
3 02 05
DO (= 1) SD=+0.1 SD=0.2
. 184
Air temperature (* C) D92
Soil temperature g
° cO SD=8.7
B 1.0
ET, (mm d™) SD<6.1
R 1.7
P (mmd’) SD+4.5

Note: average values and standard deviation (SD). Number of samples: 39.

Table 5. Treatment performance based on concentrations and mass loads
for the Capinha HSSW (January 2007 to July 2008)

Parameters Concentration RE (%) Mass Load RE (%)
2

cop D47 D50

NEA gobils.o ?ﬁllz.s

= T |

Note: average values and standard deviation (SD). Number of samples: 39.
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ET, increased as air temperature increased and the highest value of daily
ET,, 37 mm d”, was obtained on 30.09.2007 with HLR of 87.8 mm d™ (this
value 1s one of the lowest HLR recorded dunng the 19 months). The results
also show that ET, influenced the RE of organic pollutants and mitrogen (Table
6), since the mass removal increased as ET: increased, especially for HLR
between 73 and 100 mm d* (average COD removal was 74.4% and 78.5% for
concentrations and mass loads, respectively; and average TN removal was
70.9% and 75.5% for concentrations and mass loads, respectively). For HLR
between 100 and 146 mm d” the RE of both parameters decreased (average
COD removal was 70.8% and 73.5% for concentrations and mass loads.
respectively; and average TN removal was 643% and 67.5% for
concentrations and mass loads, respectively). These results show also that
HLR over 100 mm d” leads to a decrease in CW treatment performance.

Over the 19-months momitoring period ET made a sigmficant contnbution
to the water balance at the Capinha HSSW (Figure 2). On all sampling days
ET; was lgher than precipitation, which 1s typical for a moderate temperate
climate. ET, varied between 4.3 and 176 mm d’ during winter time
(December to February; average 11.5 mm d"*) and between 13 and 37.1 mm d
! in the summer period (July to September; average 20.4 mm d*). The effluent
values were lower than the mfluent on all samphng days. The difference
between mnflow and outflow was dependent on ET,, and was lughest duning the
summer months.

Table 6. Removal of COD and TN according to HLR and ET, in the
Capinha HSSW (January 2007 to July 2008)

.- HLR | ET, | COD ren?ova.l }5';25 N rem.ova.l (Z;)ass
(mmd”) ((mmd") | Concentration Load Concentration Load
12/01/07 (1147 16.6 73.0 749 |[46.0 499
29/01/07 [131.0 176 70.8 740 |[718 748
13/02/07 [(106.3 6.3 71.9 733 |[692 70.7
28/02/07 |100.2 79 722 744 ([543 579
14/03/07 (1455 16.7 59.6 642 |74.1 77.1
30/03/07 |101.8 109 76.1 78.7 |774 798
13/04/07 (863 196 743 78.2 |79.1 823
30/04/07 |97.5 11.1 69.2 72.7 |62.7 67.0
12/05/07 (1194 180 2.7 76.8 |56.7 63.2
29/05/07 | 849 98 69.4 726 |65.7 69.3
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COD removal (% TN removal (%
(mmd”) |(mmd") | Concentration Load Concentration Load
14/06/07 (792 152 77.0 799 |559 61.6
30/06/07 | 734 129 66.1 72.1 |748 79.3
15/07/07 [82.1 218 78.9 845 [75.1 81.7
30/07/07 [89.1 233 80.9 859 |81.1 86.0
13/08/07 [75.6 14.0 76.0 804 |695 75.1
30/08/07 [73.5 174 75.6 81.3 [71.1 779
14/09/07 818 142 75.0 79.3 |68.1 73.6
30/09/07 (878 37.1 75.3 78.7 |58.0 63.8
12/10/07 | 964 144 76.2 798 [72.7 76.7
30/10/07 [1144 92 69.4 719 |[769 78.8
14/11/07 [1263 115 61.8 65.3 |62.0 65.5
29/11/07 [1063 58 70.7 723 444 475
12/12/07 |1324 162 67.8 71.7 |[578 63.0
29/12/07 [120.7 74 69.9 71.7 |75.1 76.7
14/01/08 [1134 156 68.0 70.3 |68.1 70.4
30/01/08 [1252 11.7 728 754 |609 646
12/02/08 1309 14.1 78.1 80.5 |664 70.0
28/02/08 [1142 69 76.4 774 |676 69.0
12/03/08 | 964 43 67.4 688 [576 594
30/03/08 |100.5 13.7 70.2 741 |[673 71.6
14/04/08 1038 128 66.9 71.0 [57.0 62.3
29/04/08 [93.6 74 75.1 77.1 |796 81.2
14/05/08 1247 138 74.9 77.0 |605 63.8
30/05/08 [105.1 78 728 748 [722 742
14/06/08 [ 948 16.6 71.4 764 |83.7 86.5
29/06/08 [87.3 153 74.4 789 |817 849
13/07/08 |792 129 774 81.1 |723 76.9
30/07/08 [844 227 80.0 854 |[676 76.3

A strong positive comrelation between ET, and the percentage decrease of
water flow through the HSSW system was found (=0.91) as shown m Figure
3. Therefore, it seem that an increase of ET, had a positive effect on water
flow decrease, regardless of varying mflow rates. The decrease of wastewater
volume due to ET; had an influence on treatment efficiency, as shown by
companng average RE of COD based on mitial and final concenfrations
(Equaion (4)), with that based on loads (Equation (35)) (Table 4 and Figure 4).
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Figure 2. Water balance at the HSSW wath air temperature dunng sampling days.
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Figure 3. Comrelation between ET, and flow rate decrease for the HSSW.
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Simular effects were found m the case of ammoma mtrogen removal
(Table 4 and Figure 5), and total nitrogen removal m the HSSW (Table 4 and

Figure 6).
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Figure 4. Companson between COD removal efficiency calculated based on
concentrations and on loads in the HSSW of Capmha over time.
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Figure 5. Companson between NH,-N removal efficiency calculated based on
concenfrations and on loads in the HSSW of Capinha over time.
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Figure 6. Companson between TN removal efficiency calculated based on
concentrations and on loads in the HSSW of Capmha over time.
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Figure 7. Comrelation between ET, and the mcrease m COD removal efficiency
calculated using mass loads relative to concentrations for the HSSW of Capmha
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Figure 8. Comrelation between ET, and the mcrease m NH N removal efficiency
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Figure 9. Comrelation between ET, and the mcrease m TN removal efficiency
calculated using mass loads relative to concentrations for the HSSW of Capmha

Dunng all sampling days RE based on concentrations were lower than RE
based on mass loads for the three parameters. The differences were higher
duning the hottest months (July to September), when ET calculated using mass
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loads increased more: 5.7%. 7.5% and 7.9% for COD, NHs-N and TN,
respectively. Average RE values based on loads were hugher than values based
on concentrations by 4.4% (COD). 7.2% (NHs-N) and 5.6% (IN). Good
correlations were obtained between ET, and the increases in COD, NH—N and
TN removal efficiencies based on mass loads relative to concentrations
(=0.69, =0.46 and r=0.59, respectively; Figures 7-9).

2.2. Influence of Evapotranspiration on Treatment Efficiency in
Vertical Subsurface Flow Systems

2.2.1. Matenal and Methods

System Design and Control
A laboratory scale expenment was conducted m (Agopsowicz et al.,
2001), using a 1 m high lysimeter (0.6 m in diameter and 0.28 m’ in volume),
as a model of a constructed wetland with vertical subsurface flow (VSSW).
The construction details of two types of lysimeter have been shown on

figure 10.
In order to compensate the temperature inside the lysimeter and mn the soil,
the lysimeter was placed in the ground.
“4— “_ - | | Sand moaed with wewa pe dhdge
r/|l.\ﬂ “0im
A
Sand layer - 075 m L Suad layer- 045 =
- 1o -
10m
Geuvel layer 015 m, Glled Grevel Jayer - 0015 oy, filked up by
._4',/’ ap by proend weler 7 posed waler
k-“ Piesseniter, d - S0 mm e Pleroem eter, &-Shoom
N
*6m *6m
Lysimeters with sand Lysimeters with sewage sludge

Figure 10. Lysimeters construction.

A mumicipal landfill m Wola Pawlowska near Ciechanow mn Poland, was
the source of treated wastewater (landfill leachate), m the expenment
Analyses of 48 landfill leachate samples indicated that average COD
concentration was about 1425 m§ L'l; BOD+/COD ratio was 0.17; EC value
was approximately 12.3 mS cm™; ammonium value was 592 mg NH; L,
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which compnsed about 76% of Kjeldahl mfrogen; orthophosphate
concentration was only 3.6 mg P-PO, L.

The expenment was conducted during two vegetation seasons, as an
example of VSSW with reed Phragmites australis (Cav.) Trin ex Steudel.

ET and RE of organic compounds mm VSSW was examined as a function
of:
—  Soil type: sand (S) and sand with a dose of 450 mg ha™ as dry matter
(dm.) of sewage sludge (C);
— Leachate HIR: 1mmd™. 3mmd’ and Smmd™.

Each vanant of the experiment was repeated three times.

The applied sewage sludge had following properties: pH 6.82; moisture
57.8%, organic matter 76.5% (of d. m) and Kjeldahl mitrogen 1.21% (of dm.).

A 0.3 m deep layer of a sewage shudge-with-sand mixture was settled at
the top of the one type of the lysimeter.

Into each lysimeter 7 reed-stocks were planted at a depth of 10 cm (Reed
etal., 1995).

The lysimeters were located under a foil roof, which had been firmly
mnsulated. There was no natural ramfall or natural groundwater inflow into the
lysimeters. All the lysimeters were watered in the followmg ways:

— wath landfill leachate according to the prescnbed HLR (once per
week):

— by simmlation of rainfall (distilled water) (once per week);

— and mcoming clean ground water (distilled water) according to
meteorological data (once per month).

Once per month free drainage water that had gathered mside the lysimeter

was pumped out through the gravel layer and the piezometer using a penstaltic
pump, prior to weighing. Water masses (kg) were then converted into (mm)
units.

Treatment Efficiency
Water balance was estimated according to Equation (2), considering Qg

as the total amount of water added to the lysimeter (mm d) and Q.g as the
amount of water pumped out from the lysimeter (mm d™). Qs was evaluated

using Equation (6).
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Q. =Q, +Qp +Q, ©)

wherteistheammnnofaddedland.ﬁllleachate(mmd'l),Qpistheammmt
of precipitation (mm d), and Q, is the amount of added ground water
(mm d™).

Simularly as HSSW system in first case study, the RE of COD in the
VSSW was calculated, based on concentrations (Equation (4)) and based on
loads (Equation (3)). The two measures of removal efficiency were compared
and correlations between ET and COD removal efficiencies were determined.

The experiment showed that ET depended on both HLR and soil type. The
daily ET, differed between successive vegetation seasons. In the first year after
planting, dunng the young reed plants’ development ET values were lower
than in the second vegetation season, when plants were well grown (Table 7).

ET from systems containing sand with sewage sludge mixture was higher
than that from the systems with sand alone, throughout the two years of the
expennment. The addition of organic matenal (sewage sludge) mmproved the
growth conditions, resulting in higher transpiration rates. Also, ET mcreased
with the nse of HLR dunng two vegetation seasons in both kinds of soil. The
highest value of daily ET,. 4.61 mm d”, was obtained in the second year in
VSSW covered by sand with sewage shidge mixture, with HIR 5 mm d” of
landfill leachate.

Simularly to case study with HSSW in Portugal, this expenment showed
that ET, influenced the RE of organic compounds. It has been proved that
treatment efficiency, calculated on the basis of both concentrations and loads,
decreased with the increase of HLR, m all vanants, but freatment efficiency
differs i values if calculated based on concentrations or based on mass loads.
In systems with sand, under the poor nutntional conditions, water losses (ET,
rangmng from 0.98 to 2.72 mm d") were too small to influence pollutant
removal efficiency, and the higher values were observed for concentrations.

In systems with soill muxture contamming sand-with-sewage sludge.
especially duning the second vegetation season, and at the lughest HLR ET,
caused a marked reduction in removal efficiency based on concenfrations
compared to that based on mass loads.

Average RE based on concentration was only 28%, whereas the value
based on loads reached 69% (Table 7).
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It has been found that when ET, is low (below 2.5 mm d?), removal
efficiency does not depend on ET,, but when ET, starts to nse above 2.5 mm d~
! water losses cause a rapid decrease of removal efficiency. At higher values of
ET,, final concentrations may be even higher than imtial (Figure 11).

Table 7. Performance of reed VSSW on COD removal for landfill leachate
treatment depending on the soil type, and hydraulic loading rate in
successive vegetation seasons

Soil type
Vegettion [, Sand Sand = Shudze
season [ELR [ELR [ER |HTR [ER HLR

lomd’ Bomd’ |Smmd' |[lmmd' 3ommd’ [Smmd?
Concentration  [90.2 721 562 [925 753 536
RE for COD (%)|SD=20 |[SD=3.7 |[SD=7.7 [sD=21 [sD=71 |[sD=154
Mvegetation [Mass load RE  [77.88  [61.6 50.1 883 75.6 686
season for COD (%) |[SD=276 |SD=15 [SD=42 |[sD=41 |[SD=110 |SD=136
ET (mm &) 098 1.00 148 1.9 122 200
SD=06]1 [SD=046 |SD=048 [SD=066 [SD=107 [SD=080
Concentration  |83.3 800 538 705 360 280
- RE for COD (%)|SD=18.5 [SD=68 |SD=168 |SD=25.6 |SD+539 |SD=56.1
. [MasicdRE  [823 793 50.7 801 868 694
VegERUOR |ew COD (%) |SD=55 |[SD=82 [sD=51 |[SD=23 |[SD=82 |SD=09
sasen ET G d) i1 236 260 B3l 305 361
SD=147 |SD=122 [sD<1.17 |SD«189 |SD=242 [sD<233
Note: average values and standard dewviaton (SD). Number of samples: 5 for each
variant in the I* year, and 6 for each vaniant in the II"™ year.

In contrast, there was no significant dependence of ET; on COD removal
efficiency calculated usimg mass loads (Figure 12).

Regarding the operating condifions, most of the studies with VSSW
(Vymazal, 2005; Vymazal, 2007; van Deun and van Dyck, 2008; Moran and
Giardim, 2009; Cheng et al, 2011; Bialowiec et al, 2011) and HSSW
(Vymazal, 2005; Vymazal 2007; El Hamoun et al, 2007, Vymazal and
Kropfelova, 2008; Vymazal, 2009; Albuquerque et al, 2009a and 2009b;
Amado et al_, 2012; Bialowiec et al., 2012b) evaluate the treatment efficiency
of beds based on concentrations as presented m Equation (4).

This approach relates to specific conditions within a CW bed, where the
influence of plants 1s not only on pollutants, but also on water. Plants transpire
water mto the atmosphere, increasing the concentration of pollutants.
Simultaneously, microbial degradation is in progress and is dependent on
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oxygen concenfration, HLR, influent loads and temperature, among other
factors.

COD remaval etficieacy on concantratians [%)

0 1 2 3 - L] e 7 &
Evapotramapiration [mm ')

Figure 11. Comrelation between ET, and COD removal efficiency calculated using
concentrations for the VSSW.
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Figure 12. Comrelation between ET, and COD removal efficiency calculated using mass
loads for the VSSW.
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It could be concluded that two independent processes of reducing the both
pollutants and water molecules are taking place. Depending on the relative rate
of each process, the final pollutant removal efficiency value differs. When ET
1s low, the difference between RE calculated through Equation (4) or Equation
(5) 1s small, but with ET nsmng the RE based on mass loads mcreases relative
to that based on concentrations.

The case studies presented m this work show higher values of RE
calculated using mass loads in VSSW, especially for high values of HLR when
the both the ET; and the ambient temperature was lower (Table 7), as well as
in HSSW operated at higher both ET; and temperatures (Table 4), as also
found by Finlayson et al. (1987) (Table 3).

In our opmion, the RE calculated through mass loads of compounds
(given by Equation (5)) should be used as a more accurate method for
performance evaluation in CW than the method based only on influent and
effluent concentrations.
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