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Summary
Evapotranspiration (ET) is a method of onsite wastewater treatment and disposal that is
an alternative to conventional soil absorption systems, particularly for sites where protecting
surface water and ground water is essential or where soil infiltration is not possible. One of the
most important aspects of ET systems is their ability to evapotranspire all of the sewage
discharged into the systems and the rain falling onto the systems. On an annual basis the ET
should equal the amount of wastewater discharged into the system plus the amount of
precipitation falling onto the system. Part of the nutrients can be recycled via the plant biomass,
and the harvested biomass can serve as a source of bio-energy. In Denmark more than 500 ET
systems planted with willows are in operation. The systems generally consist of a 1.5 m deep
high-density polyethylene-lined basin filled with soil and planted with clones of willow (Salix
viminalis L.). The surface area of the systems depends on the amount and quality of the sewage
to be treated and the local annual rainfall. A single household in Denmark typically requires
between 120 and 300 m2. The annual precipitation at the site of construction is an important
dimensioning parameter. Settled sewage is dispersed underground into the bed under pressure.
The stems of the willows are harvested on a regular basis to stimulate the growth of the willows
and to remove some nutrients and heavy metals. In this paper, the theory behind the operation
of willow based ET systems, their design, construction and management as well as operational
experience are described.
Keywords: Evapotranspiration, willows, onsite wastewater treatment, zero-discharge, Salix.
Introduction
Evapotranspirative systems (ET systems) were developed in the Scandinavian countries as
a spin-off from agricultural willow plantations established for producing woody biomass for
energy production. These plantations are planted with fast growing woody species. The growth of
the trees is often limited by water availability during summer, and hence the idea that the
plantations could be irrigated with wastewater arose. Since urban wastewater contains high
concentrations of nitrogen and phosphorus in the right proportion for plant growth, the irrigation
by wastewater supplies both water and nutrients to support the growth of plants. It was observed
that the water loss by evapotranspiration from the systems was very high, and hence the idea
that zero-discharge evapotranspirative wastewater treatment systems could be designed based
on willows.
Currently evapotranspirative systems using willows can be found in all the Scandinavian
countries, the Baltic countries, Poland, Ireland, England and there is some preliminary work
done in France and Greece. Evapotranspirative wastewater treatment systems can be used
where there is a deficit of water supply for plants with high evaporative capacity.
Evapotranspirative systems can be designed so that the water loss from the systems is more than
twice the potential evapotranspiration rate as calculated by meteorological parameters.
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Definitions
Evapotranspiration (ET) is a method of onsite wastewater treatment and disposal that is
an alternative to conventional soil absorption systems, particularly for sites where protecting
surface water and ground water is essential or where soil infiltration is not possible. ET
combines two separate processes removing water from the soil surface by evaporation and from
plants by transpiration. An ET system is unique in its ability to evaporate wastewater into the
atmosphere without discharging it to the surface water or ground water reservoir. In some cases,
however, the ET concept can also combine seepage with evaporation as an alternative.
Evaporation: Evaporation converts liquid water to water vapour (vaporization) and
remove it from the evaporating surface (vapour removal). Water evaporates from a variety of
surfaces, such as lakes, rivers, pavements, soils, and wet vegetation. Energy is required to
change the state of the molecules of water from liquid to vapour. Direct solar radiation and, to a
lesser extent, the ambient temperature of the air provide this energy. The driving force to remove
water vapour from the evaporating surface is the difference between the water vapour pressure
at the evaporating surface and that of the surrounding atmosphere. As evaporation proceeds, the
surrounding air becomes gradually saturated and the process will slow down and might stop if
the wet air is not transferred to the atmosphere. The replacement of the saturated air with drier
air depends greatly on wind speed. Hence, solar radiation, air temperature, air humidity and
wind speed are climatological parameters to consider when assessing the evaporation process.
Transpiration: Transpiration vaporizes liquid water in plant tissues and removes the
vapour to the atmosphere. Plants predominately lose their water through stomata, which are
small openings on the plant leaf through which gases and water vapour pass. The roots take up
the water together with some nutrients and transport it through the plant. The vaporisation
occurs within the leaf, namely in the intercellular spaces, and the stomatal aperture controls the
vapour exchange. Nearly all water taken up is lost by transpiration and only a tiny fraction is
used within the plant.
Evapotranspiration (ET): Evaporation and transpiration occur simultaneously and
there is no easy way to distinguish between the two processes. Apart from the water availability
in the topsoil, the evaporation from a planted soil is mainly determined by the fraction of solar
radiation reaching the soil surface. This fraction decreases over the growing period as the plants
develop and the plant canopy shades more and more of the ground area. When the plants are
small, water is predominately lost by soil evaporation; once the plants are well developed and
completely cover the soil, transpiration becomes the main process. The ET rate is the amount of
water lost by plants and soil from a planted surface in units of water depth and is normally
expressed in millimetres (mm) per time unit: hour, day, decade, month or even entire growing
period or year.
Climatic and site parameters
The meteorological factors determining ET are weather parameters which provide energy
for vaporisation and remove water vapour from the evaporating surface. The main weather
parameters to consider are presented below.
Solar radiation: The amount of energy available to vaporise water determines the ET
process. Solar radiation is the largest energy source and can change large quantities of liquid
water into water vapour. The potential amount of radiation that can reach the evaporating
surface is determined by its location and time of the year. Due to differences in the position of the
sun, the potential radiation differs at various latitudes and in different seasons. The actual solar
radiation reaching the evaporating surface depends on the turbidity of the atmosphere and the
presence of clouds which reflect and absorb major parts of the radiation. Not all available energy
is used to vaporise water; part of the solar energy is used to heat up the atmosphere and the soil
profile.
Air temperature: The solar radiation absorbed by the atmosphere and the heat emitted
by the earth increase the air temperature. The sensible heat of the surrounding air transfers
energy to the plants and exerts a controlling influence on the rate of ET. In sunny, warm
weather, the loss of water by ET is greater than in cloudy and cool weather.
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Air humidity: While the energy supply from the sun and surrounding air is the main
driving force for vaporising water, the difference between the water vapour pressure at the
evapotranspiring surface and the surrounding air is the determining factor for the vapour
removal. Well-watered plants in hot dry arid regions consume large amounts of water due to the
abundance of energy and the desiccating power of the atmosphere. In humid tropical regions,
notwithstanding the high energy input, the high humidity of the air will reduce the ET demand.
In such an environment, the air is already close to saturation, so that less additional water can
be stored and hence the ET rate is lower than in arid regions.
Wind speed: The process of vapour removal depends to a large extent on wind and air
turbulence which transfers large quantities of air over the evaporating surface. When vaporising
water, the air above the evaporating surface becomes gradually saturated with water vapour. If
this air is not continuously replaced with drier air, the driving force for water vapour removal
and the ET rate decrease.
Plant related factors
The plant type, variety, and development stage should be considered when assessing the
ET from plant-covered fields. Differences in resistance to transpiration, plant height, canopy
roughness, reflection, ground cover, and plant rooting characteristics result in different ET levels
in different types of plants under identical environmental conditions. Crop evapotranspiration
under standard conditions (ETc) refers to the evaporating demand from crops that are grown in
large fields under optimum soil water, excellent management and environmental conditions, and
achieve full production under the given climatic conditions.
Management and environmental conditions: Factors such as soil salinity, soil
fertility, the presence of hard or impenetrable soil horizons, the absence of control of diseases and
pests, and poor management may limit the plant development and reduce the ET. Other factors
to be considered when assessing ET are ground cover, plant density, and soil water content. The
effect of soil water content on ET is conditioned primarily by the magnitude of the water deficit
and the type of soil. Too much water will result in waterlogging which might damage the root
and limit root water uptake by inhibiting respiration. In ET systems, plants that tolerate
permanent waterlogging like wetland helophytes or wetland trees are usually used.
Location: Altitude above sea level (m) and latitude (degrees north or south) of the location
influence ET because the atmospheric pressure (a function of the site elevation above mean sea
level), the extraterrestrial radiation and, in some cases, the daylight hours are influenced by
altitude and latitude.
How to estimate evapotranspiration?
The potential evapotranspiration can be measured in the field, but accurate estimates
demand sophisticated devices and multiple measurements. The methods are often demanding,
expensive and require well-trained personnel, which make them inappropriate for practical
reasons. Therefore these methods are mostly used to calibrate the accuracy of indirect methods.
The methodology used to measure evapotranspiration is based on the measurement of
evaporation with adjustments to account for the effect of plants and soil. Potential
evapotranspiration is usually measured indirectly, from climatic factors, but also depends on the
soil type for bare soil, the water status of the soil and the vegetation. Often a value for the
potential evapotranspiration is calculated at a nearby climate station on a reference surface,
conventionally short grass. This value is called the reference evapotranspiration, and can be
converted to a potential evapotranspiration by multiplying with a surface coefficient. In
agriculture, this is called a crop coefficient. The difference between potential evapotranspiration
and precipitation is used in irrigation scheduling.
The United Nations through the agency FAO has developed software called CROPWAT as
a tool to calculate reference evapotranspiration, crop water requirements, and crop irrigation
requirements. The calculations are performed based on a program that correlates local climatic
information (a data base containing data from more than 140 countries) with different crop water
requirement. The software is available for free from the internet and can be found and
downloaded at the address http://www.fao.org/ag/AGL/aglw/cropwat.stm.
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Types of ET systems and characteristics
There are different kinds of ET systems in the world. Willow plantations have successfully
received municipal wastewater, sewage sludge, and landfill leachate (Rosenqvist et al., 1997;
Hasselgren, 1998; Hasselgren, 1999; Venturi et al., 1999). These techniques use water and
nutrients for biomass production; excess nutrients and water are discharged to receiving water
bodies. Denmark has developed a willow-based ET system to treat sewage and recycle nutrients
from single households at sites where effluent standards are stringent and soil infiltration is not
possible (Gregersen & Brix, 2000; Gregersen & Brix, 2001; Brix & Gregersen, 2002). Willow ET
systems have zero discharge of water (because of ET) and part of the nutrients can be recycled
via the willow biomass. Furthermore, the harvested biomass can serve as a source of bio-energy.
Closed willow ET systems: In closed willow systems with no effluent, the basin receiving
the wastewater has a watertight membrane so no infiltration to ground water can occur
(Ministry of Environment and Energy, 2003a). All wastewater discharged into the system and
precipitation falling onto the system have to be evapotranspired to the atmosphere on an annual
basis (Figure 1).
Willow ET systems with infiltration: Willow systems that are not contained in a
membrane-enclosed bed allow some soil infiltration (Ministry of Environment and Energy,
2003b). The system with infiltration is intended to be used on clayish soils, where infiltration is
low.

Figure 1. Typical willow ET system in Denmark for the management of wastewater from a
single household
Dimensioning and design
Plant selection and transpiration potential: The plants to be used in ET systems
should have the following characteristics:
 A high transpiration rate; usually plants growing on wet soils or in wetlands have high
transpiration rates because they tend to keep stomata open at all times;
 Growth in waterlogged soils; wetland plants can grow in waterlogged soils by virtue of an
internal system of air-filled lacunae in roots and shoots transporting oxygen to the roots;
 The growth form should maximise transpiration, e.g. by the ‘clothesline’ effect, where the
vegetation height is greater than that of the surroundings;
 Toleration of high levels of nutrients and accumulation of nutrients and heavy metals in
the aboveground harvestable biomass; and
 Toleration of salinity that might accumulate in the system with time.
The following factors are important for maximising evaporative loss of water from the soil
and plant surfaces:
 High energy input (solar radiation);
 High air-temperatures;
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Low relative humidity in the air;
Exchange of air (wind);
Canopy resistance;
Stomata resistance;
Leaf area index;
Factors like the ‘oasis’ effect, where warmer and dry air in equilibrium with dry areas
flows across a vegetation of plants with a high water availability (Rosenberg, 1969).
The vegetation experiences enhanced evaporation using sensible heat from the air and
radiant energy, and air is cooled by this process. The ‘clothesline’ effect, where the vegetation
height is greater than that of the surroundings (different roughness conditions), may also
increase evaporative water loss (Allen et al., 1998). This occurs where turbulent transport of
sensible heat into the canopy and transport of vapour away from the canopy is increased by the
'broadsiding' of wind horizontally into the taller vegetation. In addition, the internal boundary
layer above the vegetation may not be in equilibrium with the new surface. Therefore, ET from
the isolated expanses, on a per unit area basis, may be significantly greater than the calculated
potential ET.
Examples of the clothesline or oasis effects would be ET from a single row of trees
surrounded by short vegetation or a dry non-cropped field, or ET from a narrow strip of cattails
(a hydrophytic vegetation) along a stream channel. For example, a row of trees planted
perpendicular to the prevailing wind direction will increase evaporative water loss because
plants use sensible heat from the air to evaporate water and furthermore, the wind transport
water vapour away from the plants (see Figure 2).







Figure 2. The clothesline effect illustrated by a row of trees planted perpendicular to the
prevailing wind direction
Water balance and hydrology: One of the most important aspects of the willow ET
systems is their ability to evapotranspire all of the sewage discharged into the systems and the
rain falling onto the systems. On an annual basis the ET should equal the amount of wastewater
(Q) discharged into the system plus the amount of precipitation (P) falling onto the system (see
Error! Reference source not found.). In most locations, the ET and precipitation vary over
the year, whereas the wastewater production may be more stable. Hence, the seasonal variation
in precipitation and ET must also be considered as the system should have enough volume
(depth) to be able to store the sewage and rain during winter.
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Figure 3. Water balance of an ET system. On an annual basis the ET should equal the amount
of wastewater (Q) discharged into the system plus the amount of precipitation (P) falling onto the
system.
Dimensioning structures: The willow wastewater cleaning facilities generally consist of
a 1.5 m deep high-density polyethylene-lined basin filled with soil and planted with clones of
willow (Salix viminalis L.). The surface area of the systems depends on the amount and quality
of the sewage to be treated and the local annual rainfall. A single household in Denmark
typically requires between 120 and 300 m2. The annual precipitation at the site of construction is
an important dimensioning parameter. Settled sewage is dispersed underground into the bed
under pressure. The stems of the willows are harvested on a regular basis to stimulate the
growth of the willows and to remove some nutrients and heavy metals.
The main characteristics of the willow systems are:
 For a single household (5 person equivalents) system, the sewage has to be pre-treated in
a 2- or 3-chamber sedimentation tank with a minimum volume of 2 m 3 before discharge
into the willow system;
 Closed willow systems are generally constructed with a width of 8 m, a depth of minimum
1.5 m, and with 45 degree slopes on the sides;
 The bed is enclosed with a watertight membrane and wastewater is distributed
underground within the system by a level-controlled pump;
 A drainage pipe in the bottom of the bed can be used to empty water from the bed if salt
accumulates after some years;
 One half or third of the willows are harvested every year to keep the willows in a young
and healthy state, with high transpiration rates.
Willow systems with soil infiltration are dimensioned like closed willow systems. The
willows will evaporate all wastewater during the growing season; during winter, some
wastewater will infiltrate into the soil.
Location and establishment
Placement of ET willow systems: To maximise ET, the ET willow systems should be
placed in the open landscape, at some distance from buildings and trees. The systems must not
be shaded by trees or high buildings and the planted bed should be perpendicular to the
prevailing wind direction. Appropriate access must be available for all machinery involved in
establishing and harvesting the willows.
Design and construction: Wastewater must be properly pre-treated, e.g. in a
sedimentation tank before discharge to the system. The wastewater is distributed in the bed by a
pump and a pressurized distribution pipe placed in the middle of the system. The distribution
pipe is placed in a layer of 16-32 mm gravel or some other material with a high porosity. The
distant end of the distribution pipe is placed in an inspection and cleaning well (see Error!
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Reference source not found.).
The water level in the soil can be monitored in the well,
which can also be used to pump high salinity water out of the system, if necessary.

Figure 4. Sketch of willow ET system with no outflow (modified from Gregersen et al., 2003a).
A drainage pipe is placed in a layer of gravel in the bottom of the bed. The drain is used if
it is necessary to pump water out of the system. The beds are built up in the original soil from
the site. A 0.3 m high dike is built up around the bed to avoid water from the surroundings to
enter the willow bed, and to allow water to accumulate on the surface during the winter (see
Error! Reference source not found.). Because of the availability of membranes, a standard
system will have a width of 8 m, a depth of 1.5 m, and its length will depend on the needed area.
It is an advantage to establish deeper beds, with more vertical slopes on the sides.

Figure 5. Cross-section of typical willow ET system (modified from Gregersen et al., 2003a)
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Error! Reference source not found. shows how the distribution system is buried at a
0.6 m depth to avoid freezing problems during the winter. Error! Reference source not found.
shows a cross section of a closed willow system showing the position of the distribution pipe and
the drainage pipe in the bottom to empty the bed.

Figure 6. Buried distribution system to avoid freezing problems during winter
(modified from Gregersen et al., 2003a).

Figure 7. Cross section of a closed willow system (modified from Gregersen et al., 2003a).
Plant establishment and propagation: Willow ET systems must be built in the spring
with planting material produced by specialist breeders. The clones used must be of the fast-

22

STREPOW International Workshop
growing type which is developed to maximize biomass production. Willows collected from the
nature are not suitable. The willow will grow rapidly in the first year reaching up to 4 m in
height. During the winter after planting, the stems are cut back to the ground to encourage the
growth of multiple stems i.e. coppiced. Generally, three years after cutback and again during the
winter, the crop is harvested. The willow will produce good growth if there is enough soil
moisture available within 1 m of the soil surface. It can withstand seasonal flooding but not
permanent water logging.
Weed control is a critical part of the willow establishment. Complete eradication of all
invasive perennial weeds is essential prior to planting and also during the first two growing
seasons. Fencing may be necessary to keep rabbits and other herbivores, if present, out of the
willow bed at least during the first two years.
High-productive willow varieties, bred specifically for use as short rotation coppice energy
crops, should be used (see Error! Reference source not found.). These varieties have been
developed to high yields, erect growth habit and resistance to, or tolerance of, disease. Ideally, a
mix of willow varieties with diverse rust tolerance characteristics should be used. Willows are
planted as 20-30 cm long cuttings taken from one-year-old material that is harvested between
December and March when the plants are dormant. They must be either planted immediately or
stored at -2 to -4°C, where cuttings will remain viable for several weeks. They should only be
taken from cold storage and delivered to the planting site on the morning of planting. If cuttings
are left in temperatures above 0°C, a break in their dormancy will occur, adventitious roots will
develop, and the buds may burst. This will reduce their water and nutrient content, and
consequently their viability.
Planting should ideally take place after the last frosts but as early as February if soil
conditions allow. Planting can be successful as late as June, but it is better to avoid late planting
as the longer the first growing season the better to take the plants successfully into winter.

Figure 8. Willow cuttings colour-coded by variety (from DEFRA, 2002).
Willows should be planted in rows about 1 m
each set of three rows. The spacing along the rows
shoots will arise and reach up to 4 m in height
minimise the risk of pest damage, three different
rows (see Error! Reference source not found.).
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Figure 9. Three different varieties of willows planted in alternate rows.
The willows should be monitored carefully for pests, weed growth, and general health
during the establishment year. Weeds should be removed mechanically. During the winter
following planting, the willow is usually cut back to within 20 cm of ground level to encourage the
development of the multi-stemmed coppice. The work should be carried out as late as possible in
the winter but before bud-break, generally late February. A contact herbicide can be applied after
cutback to control those weeds that have grown during the establishment year. The herbicide
should be applied before coppice bud-break otherwise the crop will be damaged. Five to 20 shoots
will emerge from each cutback stool depending on the variety. Within three months of cutback,
canopy closure will have occurred providing natural weed control due to reduced light at ground
level.
Harvesting generally takes place on a 2 or 3-year cycle. Depending on the cycle chosen, half
or a third of the bed is cut back every year. The work is carried out during the winter, after leaf
fall and before bud-break, usually mid-October to early March.
System layout and sizing
The surface area of ET systems depends on the amount and quality of the sewage to be
treated and the local annual rainfall. The annual precipitation at the site of construction and
potential ET are important dimensioning parameters. The total annual water loss (ET) from the
ET willow systems in Denmark is assumed to be 2.5 times the potential ET at the location, as
determined by climatic parameters. In other parts of the world, this factor needs to be verified.
The potential ET can be estimated from meteorological data. Calculating ET from meteorological
data requires various climatic and physical parameters. Weather data measure some of the data;
other parameters relate to commonly measured data and can be derived with the help of a direct
or empirical relationship. These data allow calculating how much water (in mm per year) can be
lost from the system by ET. The necessary surface area of the systems is then determined by the
amount of wastewater discharged, the ‘normal’ precipitation, and the potential ET at the location
of the system. The seasonal variations in potential evaporation and precipitation are also
important.
The ‘normal’ annual variability in precipitation and potential ET (monthly values) can be
used to model the seasonal variation in the water balance of the system and calculate the need
for water storage volume during winter. In Denmark, experience shows that it is often the need
for water storage capacity during winter rather than the ET rate that determines the surface
area of the systems.
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Sizing of ET willow systems in Denmark
Denmark’s guidelines present detailed instructions on how to design and construct ET willow
systems, and to size the systems (Gregersen et al., 2003a; Gregersen et al., 2003b). As
precipitation (and to a lesser extent ET) varies regionally, the sizing of the system varies by more
than a factor of two in Denmark. In the region with the lowest precipitation, a surface area of 124
m2 of willow bed is needed to evapotranspire 100 m 3 of wastewater per year whereas an area of
293 m2 is needed in the region with the highest precipitation (see Error! Reference source not
found.). Hence, it is important to carefully evaluate the local climate before designing an ET
system.

Figure 10. Grid map of Denmark showing surface area of willow system needed to treat 100 m3
of wastewater per year
Operation and maintenance
System startup: During startup of ET systems, the main concern is to secure a fast and
dense establishment of the plants that should transpire the water. Therefore, the initial year
should be managed to maximize plant establishment. This includes the time of startup, which in
most cases is optimal in early spring. Once planting has occurred, the wastewater load should be
managed according to the requirements of the plants (at least not to impede the growth of the
plants). Weeds need to be removed during the first growing season as they will impede the
growth of the planted plants. The water level in the systems should be monitored regularly
during the initial year. As ET rates are lower the first year when plants are small, the water
level may reach the soil surface in late fall; if so, it will be necessary to pump water out of the
system until next spring when ET rates increase.
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Routine maintenance and pruning: After the first year, routine maintenance is limited
to emptying the sedimentation tank yearly, inspecting the pump operation, and harvesting half
or a third of the trees yearly, in case of willow systems. The cutting is carried out during the
winter, after leaf fall and before bud-break, usually mid-October to early March. Pruning is
needed to keep healthy and highly transpiring vegetation. It is also most practical to cut the
willows before they become too large.

Figure 11. Stool of willows after cutting.
Costs
Capital costs: The capital costs of ET systems will vary significantly depending on the
actual site conditions and construction needs. The costs of the primary treatment, usually a
sedimentation tank, and the pumping system delivering the wastewater to the system can be
estimated with some certainty, but the costs of the actual ET system depend on the need for a
membrane, the amount of soil to move, etc. According to a survey of 34 Danish single house ET
willow systems (closed systems with membrane), capital costs vary between €2,000 and €12,000
(Gregersen et al., 2003c). The average capital cost of a closed willow system, including pretreatment and pump, in Denmark is about €8,000. It is necessary to estimate capital costs for
each individual project as costs depend significantly on the need for soil excavation and
membrane.
Operation costs: Operation costs of ET systems are usually very low and restricted to the
costs of emptying the sedimentation tank and pumping the wastewater to the system. Pruning
plants - needed once a year - requires in general very little work. For a single household willow
system, pruning can be done - usually by the house owner - in just a few hours. The first year
after establishment, weeds need to be removed, which also requires in general very limited work.
Operation costs for single households willow systems in Denmark, including the costs of
emptying the sedimentation tank once a year, are about €300 per year.
An important issue when comparing costs is the fact that ET systems reduce the amount of
effluent discharged from the system. In fact, in the case of closed systems, there are no effluent at
all from the system. In Denmark the wastewater producer has to pay a discharge fee of about €5
per m3 discharged. Thus for a household discharging 100 m 3 per year the discharge fee will be
€500 per year. In closed ET systems there is no discharge, and therefore the wastewater producer
does not have to pay any discharge fee. Hence, the savings of €500 per year is higher than the
operating costs of about €300 per year.
Applications
ET systems are largely used as a method of onsite wastewater treatment and disposal
particularly for sites where protecting surface and ground water is essential or where soil
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infiltration is not possible. In Denmark, willow ET systems are used in rural areas where
effluent standards are strict and where soil infiltration is not possible, either because of ground
water interests or because of clayish soils or high ground water tables. Systems are constructed
at single households, but also serve small groups of houses. Willow ET systems with infiltration
are mainly for single households, but some systems treat effluent from a zoo and some
experimental systems treat leachate.
Experiences with zero-discharge willow systems in Denmark
At present, more than 500 zero-discharge willow systems operate in Denmark, mainly
serving single households in rural areas. This section summarizes six systems that were
constructed in 1997 (Gregersen & Brix, 2000; Gregersen & Brix, 2001). The six facilities receive
sewage from single households and have surface areas between 150 and 500 m 2, depending on
the number of persons connected, their water consumption, and the local precipitation. Three
different clones of Salix viminalis (‘Björn’, ‘Tora’ and ‘Jorr’) were planted as 20-cm cuttings with
5 cm above the soil surface. Wastewater discharges into the systems and precipitation were
monitored as well as the water levels within the willow beds.
Water balance: One of the most important aspects of the willow wastewater cleaning
facilities is their ability to evapotranspire all the sewage discharged into the systems and the
rain falling onto the systems. Table 1 presents data on the estimated evaporation from the six
systems during the first two years of operation (Gregersen & Brix, 2001).
Table 1. ET rates rates (mm per year) for six willow facilities in Denmark (from Gregersen &
Brix, 2001)
Facility
1
2
3
4
5
6

Year 1
(April 1997-March 1998)
980
1,270
1,140
1,130
980
1,020

Year 2
(April 1998-March 1999)
1,470
2,090
1,650
1,690
1,660
1,880

The wastewater loading into the systems was 450 to 600 mm per year. During the second
year, the precipitation was approximately 400 mm higher than the ‘normal’ 30-year average
(1,150 mm). Facilities 1 and 5 had relatively poor growth of willow because of vigorous growth of
weeds in the beds. Facility 6 had some surface water flowing into the system because of
construction problems. The high rate of precipitation in the second year resulted in completely
saturated conditions (water on the bed surface) in some of the systems, and hence the systems
were hydraulically overloaded. Removal of water from the systems occurs by evaporation from
the soil and plant surface and transpiration.
Biomass production and harvest: Data on biomass production and the contents of
nutrients and heavy metals in the stem and leaves of one-year and two-year old shoots was
collected in Facility 4. Here the plantation consists of three rows of the clone ‘Jorr’, two rows of
the clone ‘Bjørn’, and two rows of the clone ‘Tora’. Unfortunately, there is no accurate
measurement of the nutrient and heavy metal discharged into the system. With ‘normal’ contents
in ‘normal’ household wastewater, i.e. 30 mg/L total-N, 10 mg/L total-P (Henze, 1982), and 30
mg/L K, the amount of N, P and K in the harvestable biomass almost exactly balances the
amount discharged into the system with the sewage. Only for P, the amount discharged into the
system was about 30% higher than the amount in the harvestable biomass. The balance for P
will however depend on the use of phosphate-containing detergents in the specific household.
For heavy metals, it is not possible, based on the available data, to evaluate the mass
balance. But usually sewage from single households contains low levels of heavy metals.
‘Normal’ levels of heavy metals in domestic sewage have been reported to be Cd: 2 g/L; Pb: 40
g/L; Zn: 130 g/L; Cu: 40 g/L; Ni and Cr: 15 g/L; and Hg: 1 g/L (Henze, 1982). If these levels
are used for the mass balance, it can be calculated that some accumulation of heavy metals may
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occur in the system over time. However, the uptake of heavy metals by willows depends on the
levels in the soil as well as on the clone (Landberg & Greger, 1994; Landberg & Greger, 1996;
Greger & Landberg, 1997; Greger, 2000) and therefore removal by harvesting may be higher
than indicated by the present data. A worst case scenario, based on the present removal data and
the concentration levels cited above, shows that after 25 years of operation the heavy metal levels
in the soil will not exceed the legislative standards for use of soil for agriculture (Cd: 0.5 mg/kg
dry matter; Pb: 40 mg/kg dry matter; Zn: 100 mg/kg dry matter; Cu: 40 mg/kg dry matter; Ni: 15
mg/kg dry matter; and Cr: 30 mg/kg dry matter).
Salinity accumulation: The contents of salts in the system are likely to increase over
time, but the rate of increase is unknown and depends on the amount of salts in the sewage and
hence the habits of the sewage producers. If the contents of salt in the system increase to
unacceptable levels, it is possible at some later stage to pump the salt-containing water out of the
system.
Experiences: The experiences from the Danish systems show that it is important to keep
a new-established bed free from weeds the first year after planting. Vigorous growth of weeds
will significantly reduce the production of willow stems the first year. Usually, the willow stems
are cut the first year to increase the number of stems per plant, but if the willows have had a low
number of stems the first year they will also have a low number in the second and following
years. Hence biomass production will be lower and ET and nutrient uptake will be affected. It is
therefore urgent to keep the facilities free of weeds the first year. The second year the willows
will outcompete the weeds if kept clean the first year.
The parameters of importance when designing a willow wastewater cleaning facility
include:
 Exact amount of wastewater during the first year of operation;
 Amount of rainfall at the site of construction; and
 Ability of the selected willow clones to evapotranspire water and accumulate nutrients
and heavy metals in the aboveground harvestable biomass.
For example: in an area where the annual mean precipitation is 700 mm per year, it is
assumed that the willow can evapotranspire 1,200 mm per year. The difference between
precipitation (700 mm) and ET (1200 mm), i.e. 500 mm or 500 L/m 2, is equal to the amount of
sewage that can be loaded into the system on an annual basis. Assuming a water discharge rate
of 100 L per person per day or 36,500 L per person per year, the surface area needed to
evapotranspire the sewage equals 36,500 L/year divided by 500 L/m 2.year = 73 m2 per person.
The seasonal variation in precipitation and ET must also be considered as the system should
have enough volume (depth) to be able to store the sewage and rain during winter. In addition,
the amount of nutrients discharged into the system should balance the amount that can be
removed by harvesting aboveground biomass.
Our data show that when willow growth is optimal during the first year of operation, the
ET in the system may increase by at least 300 mm under Danish conditions the following year,
i.e. from 1,200 mm to 1,500 mm per year. Therefore, willow wastewater cleaning facilities
designed for 2-3 persons may be able to receive higher amounts of sewage than designed for the
following years. However, there is still some uncertainty about the long-term performance of the
systems, particularly the potential accumulation of salts and the sustained health of the willows.
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