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Abstract

Official guidelines for the on-site treatment of domestic sewage have recently been published by the Danish Ministry of Envi-
ronment as a consequence of new treatment requirements for single houses and dwellings in rural areas. This paper summarises
the guidelines for vertical constructed wetland systems (planted filter beds) that will fulfil demands of 95% removal of BOD and
90% nitrification. The system can be extended with chemical precipitation of phosphorus with aluminium polychloride in the
sedimentation tank to meet requirements of 90% phosphorus removal. The necessary surface area of the filter bed is 3.2 m2/person
equivalent and the effective filter depth is 1.0 m. The filter medium must be filtersand with ad10 between 0.25 and 1.2 mm, ad60

between 1 and 4 mm, and a uniformity coefficient (U = d60/d10) less than 3.5. The sewage is, after sedimentation, pulse-loaded
onto the surface of the bed using pumping and a network of distribution pipes. The drainage layer in the bottom of the bed is
passively aerated through vertical pipes extending into the atmosphere in order to improve oxygen transfer to the bed medium.
Half of the nitrified effluent from the filter is recirculated to the first chamber of the sedimentation tank or to the pumping well
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n order to enhance denitrification and to stabilise the treatment performance of the system. A phosphorus remova
nstalled in the sedimentation tank using a small dosing pump. The mixing of chemicals is obtained by a simple airl
hich also circulates water in the sedimentation tank. The vertical flow constructed wetland system is an attractive a

o the common practice of soil infiltration and provides efficient treatment of sewage for discharge into the aquatic env
2005 Elsevier B.V. All rights reserved.
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. Introduction

About half of the properties in rural areas of
enmark discharge their mostly ordinary domestic
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sewage directly into watercourses, lakes, or the
This discharge of poorly treated sewage is respon
for many watercourses and lakes not presently me
their quality objectives (Ministry of Environment an
Energy, 2000). Therefore, national regulations ha
recently been adopted which define the permis
discharge of organic matter and nutrients from th
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properties (Ministry of Environment and Energy,
1997). The regulations stipulate four treatment classes
that have to be met in different areas depending on the
quality objective of the receiving water body. Removal
of organic matter, measured as BOD5, is always
required to a level of 90 or 95% removal. Where the
effluent is discharged into a lake or into a watercourse
which later discharges into a lake 90% removal of
phosphorus is required, and where the wastewater
effluent is discharged into a watercourse with a water
quality objective for salmon fish 90% nitrification is
obligatory. There is no general requirement for the
removal of nitrogen because of the high ‘background’
levels of nitrate in the aquatic environment as a
consequence of drainage water from agricultural
fields.

Following the adoption of the new regulations for
wastewater treatment in rural areas, the Danish Min-
istry of Environment has developed official guide-
lines for various treatment options for systems up to
30 person equivalents (PE). Soakaways are the pre-
ferred solution because of simplicity and because of
the low costs, but at many locations soil infiltration
is not possible due to clayish soil conditions, high
ground water tables or because of proximity to drink-
ing water wells. At such sites, other treatment options
must be used. These include on-site systems, such as
biological sand filters, different types of constructed
wetlands, willow systems, collecting tanks, technical
systems (mini treatment systems) as well as the con-
n ment
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2. Background

Since 2000 several investigations have been carried
in order to develop a constructed wetland system that
will meet the most stringent treatment class, i.e. 95%
removal of BOD5, 90% removal of total-P and 90%
nitrification (Brix et al., 2003; Arias et al., 2003a,b).
These studies, as well as investigations performed in
other countries, clearly demonstrated that vertical flow
constructed wetland systems would be able to fulfil
these treatment demands (Platzer, 1996; Laber et al.,
1997; Cooper, 1999; Brix et al., 2002; Weedon, 2003).
An experimental vertical flow constructed wetland sys-
tem was established at a traditional municipal wastew-
ater treatment plant so that the loading rate could be
manipulated as desired, and a number of tests were
conducted in order to establish the treatment capac-
ity of vertical flow beds (Johansen et al., 2002). The
studies documented that the capacity of vertical flow
constructed wetlands to remove BOD5 and to nitrify
is very high and determined the area-demand of the
system. It was documented that vertical flow beds are
extremely effective in removing suspended solids and
BOD5, and they do also nitrify at high loading rates
even during cold winters (Brix et al., 2002). The stud-
ies also evaluated the effects of recirculation of nitrified
effluent back to the sedimentation tank in order to
enhance denitrification in the sedimentation tank (Brix
et al., 2002, 2003; Marti et al., 2003; Arias et al., 2005).
A recycling rate of one to one, i.e. 100% recycling,
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ection to a centralised large-scale sewage treat
ystem.

In the following, the official guidelines for vert
al flow constructed wetlands (planted filter beds)
e summarised. The guidelines contain a summ
f legislation and regulations, necessary pilot s

es at the property before construction, pre-treatm
emand, a technical description on how to design
uild the systems including technical drawings de

ng construction, and finally management dema
he vertical flow constructed wetland system descr

n the guidelines will fulfil the treatment classes req
ng 95% removal of BOD5 and 90% nitrification
ut will not remove sufficient phosphorus to f
l the demand of 90% removal of P. The syst
ay, however, be extended with a simple chem
osing system in the sedimentation tank to rem
hosphorus.
esulted in about 50% denitrification. Recycling a
mproved and stabilised the overall treatment pe

ance of the system. The removal of indicator bac
n the system was about 2 log-units (Arias et al., 2003b).

Phosphorus removal in vertical flow construc
etlands is very limited, and it is not possible to ob
sand bed medium that has a sufficient high cap

o bind phosphorus for a prolonged period (Arias et al.
001; Del Bubba et al., 2003; Arias and Brix, 200).
herefore, the phosphorus binding capacities of v
us artificial media have been assessed in the labor

n an attempt to find a medium that could be use
ind phosphorus. The idea was to establish a sep
xchangeable filter unit after the constructed wet
ystem to remove phosphorus from the effluent (Brix et
l., 2001; Arias et al., 2003a). A suitable calcite mate
ial was identified, but the full-scale tests showed
emoval initially was good, but after a few months,
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filters were saturated with phosphorus and there were
problems with clogging. It has not subsequently been
possible to solve the inherent problems with this mate-
rial. Instead phosphorus removal can be obtained by
simple precipitation with an aluminium compound in
the sedimentation tank prior to the wetland.

Based on the initial experiences from the experi-
mental systems, a full-scale system was constructed
treating the sewage from a single household with four
persons. The system consists of a 2-m3 three-chamber
sedimentation tank, a level-controlled pump and a 15-
m2 vertical flow constructed wetland. Effluent from the
system can be recirculated to the sedimentation tank
to enhance removal of total-nitrogen by denitrification
(Brix, 2003a). Phosphorus was initially removed by
a separate exchangeable filter-unit containing calcite.
However, because of the problems mentioned above,
this system was abandoned, and phosphorus is now
removed by chemical precipitation in the sedimenta-
tion tank. The performance of the single household
system has been monitored under conditions with
recirculation as well as without recirculation, and has
documented the importance of recirculation for the
treatment performance. The experiences from this
full-scale system as well as the laboratory- and pilot
tests described above have produced the necessary
background documentation for the development of
official guidelines for the design and construction of
vertical flow constructed wetland system for use in
the rural areas. The guidelines have recently been
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requiring 90% removal of phosphorus or a total-P
effluent concentration <1.5 mg l−1 if extended with
chemical precipitation in the sedimentation tank. It is
assumed that pollutant loadings per PE are 60 g day−1

of BOD5, 13 g day−1 of nitrogen and 2.5 g day−1 of
phosphorus. The water discharge is assumed to be 150 l
PE−1 day−1.

3.2. Pre-treatment requirements

The sewage must be pre-treated in a two- or three-
chamber sedimentation tank (septic tank) prior to dis-
charge into the vertical flow wetland to minimise the
risk of clogging of pipes and the vertical filter (Fig. 1).
For single household systems with up to 5 PE, the
total volume of the tank must be 2 m3. For larger sys-
tems, the volume must be enlarged in proportion to
the number of PE connected. For two-chamber tanks,
the volume of the first chamber should be 70–90% of
the total tank volume, and for three-chamber tanks,
the volume of the first chamber should be 50–70%
of the total volume. The remaining volume should
be distributed evenly between the second and third
chamber. The sludge must be removed from the tank
once a year to maintain a sufficient sludge removal
capacity.

3.3. System operation and layout

In vertical flow constructed wetlands the wastew-
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ublished by the Ministry of Environment and Ene
Brix and Johansen, 2004; Brix and Arias, 2005).

. The guidelines

.1. Scope of the guidelines

The guidelines are to be used for systems u
0 person equivalents (PE) and only for waste

er with a composition similar to normal househ
ewage. Rain and storm water may not be discha
nto the system together with the household sew
he vertical flow constructed wetland system will f
l the treatment classes requiring 95% remova
OD5 and 90% nitrification or effluent concentratio
f <10 mg l−1 for BOD5(modified)and <5 mg l−1 NH4

+-
. The system will only fulfil the treatment class
ter is loaded onto the surface of a planted filter
Fig. 2). The necessary surface area of the filter be
.2 m2/PE. The pollutants are removed or transform
y the microorganisms that are attached to the fi
and and the root system of the plants. It is impor
hat the filter is not saturated or covered with wate
rder to secure a high oxygen level in the filter (Brix
nd Schierup, 1990). The bed is planted with com
on reed (Phragmites australis). The main function
f the plants is to counteract clogging of the filter. T
tanding aboveground biomass also insulates the
er against freezing during winter (Brix, 1994, 1997).
he treated wastewater is collected in a system of
ively aerated drainage pipes placed in the botto
he filter. Half of the effluent is recirculated to the se
entation tank or the pumping well in order to enha
enitrification and to stabilise performance of
ystem.
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Fig. 1. General layout of a single household vertical flow constructed wetland system. All household wastewater is collected and passed through
a 2-m3 sedimentation tank before discharged by pumping to the planted filter bed. Half of the effluent from the wetland is returned to the
sedimentation tank, or alternatively to the pumping well, to enhance removal of nitrogen and stabilise performance of the system.

3.4. Standard system for a single 5 PE household

A vertical flow system for a single household should
have a total surface area of 16 m2 (Fig. 3). The total
filter depth is 1.4 m and consists of drainage layer
of 0.2 m, a 1.0 m layer of filtersand, and an insula-
tion layer of 0.2 m (Fig. 4). A 0.2 m high embank-
ment is established around the filter bed to prevent
surface water from the surroundings entering the sys-
tem. The filter bed must be enclosed by a tight mem-

brane (minimum 0.5 mm thickness). The membrane
must be protected by a geotextile on both sides.
The drainage layer is built up of coarse gravel (Ø
8–16 mm) in which a number of 70 mm diameter
drainage pipes are placed. The drainage pipes are con-
nected on one side to a 90–120 mm collection pipe
that discharges the effluent from the bed to the effluent
well. The drainage system is passively aerated by ver-
tical pipes extending 0.3 m over the filter bed surface
(Fig. 5).

Fig. 2. Layout of a vertical flow constructed wetland system for a single household. Raw sewage is pre-treated in a 2 m3 sedimentation tank.
Settled sewage is pulse-loaded onto the surface of the bed by a level-controlled pump. Treated effluent is collected in a system of drainage pipes,
and half of the effluent is recirculated back to the pumping well (or to the sedimentation tank).
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Fig. 3. Overview of a vertical flow constructed wetland for a single 5 PE household showing the network of distribution pipes and drainage
pipes.

3.5. Filter medium

The filter medium is sand with ad10 between 0.25
and 1.2 mm, ad60 between 1 and 4 mm, and the unifor-
mity coefficient (U = d60/d10) should be less than 3.5
(Fig. 6). The contents of clay and silt (particles less
than 0.125 mm) must be less than 0.5%. In practice,
only washed sand materials can be used. The effective
filter depth is 1.0 m and the surface of the filter should
be level. The filtersand is separated from the drainage
layer in the bottom of the bed either by the placement
of an open geotextile between the two layers or by a

Fig. 4. Detail of the side of the filter bed showing the position of the
membrane and geotextiles. The membrane should be covered by soil
in order to protect it from UV-radiation.

layer of graded gravel that will prevent the filtersand
from penetrating and blocking the drainage layer. It
is important not to compact the filtersand during con-
struction. Therefore, the use of heavy machinery is not
allowed within the bed during construction.

3.6. Distribution system

The sewage is distributed evenly over the surface
of the bed by a network of pressurised distribution
pipes. The distribution pipes should have a diameter
of 32–45 mm and should have 5–7 mm holes placed
in the bottom of the pipes for every 0.4–0.7 m. It is
important that the whole distribution system is placed
under pressure for a period that is long enough to secure
an even distribution of water over the entire bed sur-
face. In practice, the volume pumped should be at least
three times the volume of the distribution pipe sys-
tem. If 32 mm diameter distribution pipes are used for
a single household system, the volume of the distribu-
tion system will be approximately 20 l. Therefore, the
volume of water pumped to the system at every pulse
should be at least 60 l. This means that the loading fre-
quency at a normal loading rate for a household will be
8–12 pulses/day, and when half of the effluent water is
recirculated in the system, 16–24 pulses/day. The dis-
tribution pipes are insulated against freezing by a 0.2 m
layer of coarse wood chips or sea shells placed on the
surface of the filter.
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Fig. 5. Vertical cut through a filter bed showing the position of the distribution system and drainage system. The drainage pipes must be aerated
by vertical pipes extending into the atmosphere. The filter bed can be built with vertical sides (shown at the left) or sloping sides (shown on the
right).

3.7. Effluent recirculation

Half of the effluent water from the filter is recycled
to the first chamber of the sedimentation tank or to the
pumping well to enhance denitrification and to stabilise
treatment performance of the system. A split well con-
taining two V-notch weirs is placed at the outlet of the
system, and the overflow from one weir is recirculated
by gravity preferentially to the first chamber of the sed-
imentation tank. If this is not possible because of the

Fig. 6. The filtersand should have ad10 between 0.25 and 1.2 mm, a
d60 between 1 and 4 mm, and the uniformity coefficient (U = d60/d10)
should be less than 3.5. The grain distribution curve should be located
between the two cut-off lines in the diagram.

local site conditions, recirculation can be done to the
pumping well. It is important that the V-notch weirs
are placed at the same level in order to distribute the
water evenly between recirculation and effluent. The
weirs should also be easily accessible for cleaning and
maintenance.

3.8. Planting

The bed is planted with the common reed,P. aus-
tralis, in a density of approximately 4 plants/m2. The
best planting time is April–May, but planting can
be done all year round except is periods with risks
of severe frost. The best result is obtained if potted
seedlings are used, but pieces of rhizomes might also
be used (Brix, 2003b).

3.9. Systems larger than 5 PE

For systems with capacities larger than 5 PE, the size
of the filter bed is increased in proportion to the loading
(Fig. 7). For systems larger than 15 PE, it is preferred
to divide the system into two equal-sized beds loaded
in parallel. It is very important to make sure that the
pump capacity is increased in proportion to the size of
the systems in order to assure an even distribution of
water across the entire bed surface.
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Fig. 7. Layout of vertical flow constructed wetland systems for capacities up to 30 PE. Systems with capacities larger than 15 PE should be
divided into two parallel beds.

3.10. Phosphorus removal

The removal of phosphorus in the vertical flow con-
structed wetland system described here will be fairly
low, typically 20–30%. If higher removals are required,
this can be achieved by chemical precipitation in the
sedimentation tank (Fig. 8). A very simple solution
has been developed using addition of aluminium poly-

chloride in small doses in the sedimentation tank. The
dosing system consists of a timer-controlled dosing
pump and a small aeration pump installed in a separate
well next to the sedimentation tank. The aluminium
polychloride is dosed into the outlet of an airlift pump
placed in the third chamber of the sedimentation tank.
The airlift pump is circulating water at a low rate from
the third chamber to the first chamber, and is at the

Fig. 8. Vertical flow constructed wetland system extended with chemical precipitation of phosphorus in the sedimentation tank.
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same time mixing the aluminium polychloride with the
wastewater, without disturbing the sludge in the bottom
of the tank. The use of chemicals is about 30 l/year for
a single household.

3.11. Management requirements

Sludge must be emptied from the sedimentation tank
once per year to secure a well-functioning removal of
settleable and floating material prior to the filter bed.
The distribution pipes should be cleaned and flushed
once per year to remove sludge and biofilm that might
have blocked some of the holes. The V-notch weirs
distributing water between effluent and recirculation
should be inspected and cleaned at regular intervals,
e.g. every third month. During the first growing sea-
son, it is important to remove any weeds that might

compete with the planted reeds. The reeds should not
be harvested during autumn because the plant material
will help insulate the filter against frost during winter.
It might, however, stimulate the growth of the plants if
the aboveground dead plant material is removed in the
early spring. If it happens that the vertical filter clogs
because of overloading, the system should be taken out
of operation for a period of several weeks and allowed
to dry out. If this does not help, it might be necessary to
remove and replace the upper 10 cm of the filtersand.

4. Performance of single household systems

Until now, there is very limited information on
the actual performance of systems designed and con-
structed according to the guidelines. The design and

Table 1
Performance data (mean± 1 S.D.) of some single-house vertical flow constructed wetlands

System Parameter Inlet (mg l−1) Outlet (mg l−1) Removal (%)

VF1a (without recirculation) TSS 85± 28 8 ± 3 91
BOD5 254 ± 123 19± 4 92
NH4-N 105 ± 45 23± 17 78
NO2 + NO3-N <0.1 40± 13 –
Total-N 125± 51 72± 28 43
Total-P 17.2± 7.0 13.0± 6.6 25

VF1 (with 100% recirculation) TSS 68± 22 3 ± 1 96
BOD5 100 ± 35 11± 3 89
NH4-N 45 ± 13 7 ± 1 85
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construction of most of the systems in operation devi-
ates significantly from the design described in the
guidelines.Table 1summarises performance data for
some of these. In some instances the filtersand is sig-
nificant coarser than prescribed resulting in water pen-
etrating through the filter too fast with low nitrification
rates as a result. Also, the depth of the filter bed is
usually less than 1 m as prescribed by the guidelines.
It is well known from several studies that most of the
removal actually takes place in the upper few centime-
tres of the filter. However, the hydraulics of operational
systems might not be perfect, and so there is a risk that
water bypasses thin filters very fast because of non-
homogeneity or channels in the filter material. Two of
the systems presented are loaded by gravity (VF2 and
VF3), and hence water is not distributed as effectively
over the surface of the beds as it is for the pump loaded
system. Two systems receive only grey water (VF2 and
VF3), and only one of the systems has the possibil-
ity of recirculation of water to the sedimentation tank
(VF1). It can be seen fromTable 1that recirculation
of water results in lower effluent concentrations, and
hence better performance. The inlet concentration also
decreases, but this is artificial because of the dilution
from the recirculated effluent water to the sedimen-
tation tank. Sewage from single households often is
very concentrated, and the concentration of ammonium
nitrogen can be higher than 100 mg l−1. In such cases,
the dilution by recirculation is important to achieve low
effluent concentrations. None of the systems presented
h rus.
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(ATV, 1998). The guidelines are only valid for removal
of organic matter (outlet demand: BOD5 < 40 mg l−1;
COD < 150 mg l−1) and it is stated that the surface area
should be >2.5 m2/PE. The low area need of vertical
flow system to achieve simultaneous removal of BOD
and nitrification is presently being recognised by sev-
eral studies (Cooper, 1999, 2004; Platzer, 1999). It is
possible to achieve full nitrification as well as BOD
and TSS removal in vertical flow beds sized at 2 m2/PE
or less when treating domestic sewage. However, bed
clogging might be a problem, particularly if the beds are
operated without a resting period (Platzer and Mauch,
1997; Langergraber et al., 2003). In order to achieve
a good performance and at the same time to prevent
clogging, it is important that the bed medium allows
the passage of the wastewater through the bed before
the next dose arrives whilst at the same time holding
the liquid back long enough to allow the contact with
the bacteria growing on the media. The presence of the
planted reeds will by their movement and growth help
preventing clogging, but it is of prime importance that
the texture of the bed medium is right. It is also impor-
tant that the oxygen transfer rate to the bed medium
is high, both from the atmosphere through the bed
surface, but also from below via the aerated drainage
layer. The design described in the Danish guidelines
has integrated all these issues, which together with
the effluent recirculation in the system will maximise
treatment capacity and secure a good and sustainable
performance.
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