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Climate trends 
Next to the multidecadal climate oscillations, several stations show trends during the most recent decades, 
which may be attributed to climate change as a result of anthropogenic global warming. Such attribution to 
anthropogenic global warming is, however, uncertain. It can be done based on simulation results with 
climate models, but it is shown that the climate model results are too uncertain to enable a clear attribution. 
 
Urban drainage design statistics 
Urban drainage design statistics, such as extreme rainfall IDF relationships and related design storms 
obviously are affected by these temporal variations (oscillations, trends) in rainfall extremes. It is shown, 
based on the Brussels 10-minutes rainfall data, that rainfall design values may be about 20% biased or 
different when based on short rainfall series of 10 to 15 years length, and still 8% for series of 25 years 
lengths (Willems et al., 2013b). Methods for bias correction are demonstrated. The definition of “bias” 
depends on a number of factors, which needs further debate in the urban drainage community. 
 
International review 
Recently, an international review has been conducted of the topics above mentioned, by the International 
Working Group on Urban Rainfall (IGUR). The IGUR operates under the umbrella of the IWA/IAHR Joint 
Committee on Urban Drainage. Willems et al. (2012) reviewed the analysis of long-term historical and future 
trends in urban rainfall extremes and their effects on urban drainage systems, due to anthropogenic climate 
change (see also Arnbjerg-Nielsen et al., 2013). It is shown that current practises have several limitations and 
pitfalls, which are important to be considered by trend or climate change impact modellers and users of 
trend/impact results. 
 
Some references 
Arnbjerg-Nielsen, K., Willems, P., Olsson, J., Beecham, S., Pathirana, A., Bülow Gregersen, I., Madsen, H., 
Nguyen, V-T-V. (2013). ‘Impacts of climate change on rainfall extremes and urban drainage systems: a 
review’, Water Science and Technology, 68(1), 16-28 

Willems P. (2013a), ‘Multidecadal oscillatory behaviour of rainfall extremes in Europe’, Climatic Change, 
120(4), 931–944 

Willems, P. (2013b). ‘Adjustment of extreme rainfall statistics accounting for multidecadal climate 
oscillations’, Journal of Hydrology, 490, 126-133 

Willems, P., Olsson, J., Arnbjerg-Nielsen, K., Beecham, S., Pathirana, A., Bülow Gregersen, I., Madsen, H., 
Nguyen, V-T-V. (2012), ‘Impacts of climate change on rainfall extremes and urban drainage’, IWA 
Publishing, 252p., Paperback Print ISBN  9781780401256; Ebook ISBN 9781780401263 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 * Patrick.Willems@bwk.kuleuven.be, KU Leuven, Dept. Civil Engineering, Hydraulics division, Kasteelpark 
Arenberg 40, 3001 Leuven, Belgium 
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Modelling the impact of implementing Water Sensitive Urban 
Design at a catchment scale. 

 
L. Locatelli*, Dept. of Environmental Engineering, Technical University of Denmark; S. Gabriel, Orbicon; 
B. Bockhorn, KU; O. Mark, DHI; P.S. Mikkelsen & K. Arnbjerg-Nielsen, DTU Environment; M. J. Kjølby, 

DHI; H. Taylor, H. Larsen & A. S. Blicher, Orbicon; P. J. Binning, DTU Environment. 
 
Stormwater management using Water Sensitive Urban Design (WSUD) is expected to be part of future 
drainage systems. This project aimed to develop a set of hydraulic models of the Harrestrup Å catchment 
(close to Copenhagen) in order to demonstrate the importance of modelling WSUDs at different scales, 
ranging from models of an individual soakaways up to models of a large urban catchment. The models were 
developed in Mike Urban with a new integrated soakaway model.  

A small-scale individual soakaway model was used to determine appropriate initial conditions for soakway 
models. A common approach in modelling soakaways is to assume that soakaways are empty at the 
beginning of the simulated events, resulting in an overestimation of the benefits of soakaways. This model 
was applied to a 22 year rain time series and statistical analysis performed. Results show that soakaways, 
depending on the design criteria, are on average 20-60% full at the beginning of rain events; outflow 
intensities from soakaways are significantly reduced, especially for soakaway design return period T> 1year, 
and the annual infiltration is > 80% of the annual precipitation even for small soakaway volumes.  

A local scale (<10ha) model examined the benefit of employing soakaways and detention basins for reducing 
flooding. A baseline scenario was set up and the areas which must be disconnected in order to avoid flooding 
identified. Different WSUD solutions such as soakaways and basins (‘skybrudsfaskiner’) were applied to 
these areas, with the WSUDs being dimensioned using simple estimation methods. Results showed that 
soakaways must have volumes that are not economically feasible (for the given area) if events > 0.5 year 
return period are to be handled. However, smaller temporary detention volumes can reduce peak flows. 

The catchment scale model was then used to evaluate to the feasibility of exploiting streets as stormwater 
drains. Surface water flooding was modelled using a simplified 1D channel network in Mike Urban with a 
‘dual drainage’ approach, where the existing underground drainage network was used to its maximum 
capacity, while larger events were drained on the surface. Results showed that surface channels can handle 
the extra water volume avoiding local flooding, however they increase the flooding risk somewhere else in 
the catchment. 

The catchment scale model was also used to determine the potential impact of different percentages of 
impervious area disconnection (30, 50 and 70%) on catchment flooding and Combined Sewer Overflows 
(CSO). Results show that 30% disconnection would significantly reduce CSOs, whereas 70% disconnection 
is required to significantly reduce flooding. 

This study showed that WSUDs can significantly reduce flooding and CSOs. However, extremely large 
storage volumes are required to reduce flooding for design events. It was shown that combined soakaway-
basin solutions require much less volume for peak reduction compared to ordinary soakaways and they are 
more robust towards peak reductions. An improved method for choosing initial conditions for soakaway 
models was proposed. This study presented an approach for designing WSUDs at the catchment scale and 
demonstrated the importance of employing both individual soakaway and catchment scale simulations.  
Flooding and combined sewer overflows were shown to be generated by either excess inflow from upstream 
parts of the catchment or by reduction of downstream drainage capacity. From a hydraulic point of view 
WSUDs are shown to have the potential for flood and CSO reductions. 

 
 
 
 
lulo@env.dtu.dk; Miljøvej, Bygning 113, DK-2800 Kgs. Lyngby 
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Climate adaptation, innovative SuDS solutions and protection of Harrestrup Å 
 
S.L. Larsen* & B. Bonnerup, Grontmij; V. Rønde, Grontmij/Dept. Of Environmental Engineering, Technical 

University of Denmark; H. Kay, HOFOR.  
 

In recent years, sewer overflow related to stormwater has become a problem in many cities around the world. 
This is a consequence of more frequent high-intensity rainfall events, resulting from climate change, 
combined with increasing impermeable surface areas in urban spaces. Accordingly, new drainage solutions 
are being developed. Among these are the so called SuDS, sustainable drainage systems.  

The establishment of the new railway between Copenhagen and Ringsted involves the rerouting of 3.5 km 
pipes and the seizing of a 2,300 m3 detention basin. Harrestrup Å, the recipient of rainwater, is hydraulically 
stressed and hence discharge to the stream is limited to 2 l/s/ha.  As the establishment of a new basin is 
costly and available space is limited, the idea of finding the required volume through SuDS arose. 

Baunebakken in Hvidovre is a neighborhood consisting of 265 households and a total area of approx. 15.5 
ha. By decoupling the downspouts from the existing rainwater system, rainwater from the individual parcels 
is conveyed to newly established rain gardens and from there to a French drain. The entire system is 
connected via French drains and finally released into the existing pipe system. The purpose of the system is 
hence to store and delay the water. Also the SuDS system includes a retention lake, a winding water-filled 
ditch and a lowered football field with underlying drains.  

To ensure the functionality and capacity of the rain gardens and French drains, 4 test-“rain gardens” with an 
inter-connecting French drain were set up in Baunebakken, Grundkær 4, 6, 8 and 10. The test-location was 
chosen because authorization was given by property owners, the properties were located next to each other 
and the roofs were varying in size, hence making it possible to test different runoffs. Also, due to the 
physical setup of the existing system it was possible to easily couple the new system to the existing system.  

To test the hydraulic response to rainfall, four different rain gardens were set up. They differ in terms of 
dimension, filling material, drainage features and vegetation. An irrigation experiment was conducted to 
obtain field data and with water from a fire hydrant two rainfall-events were simulated: a 5-year event of 10 
minutes duration (constant flow) (193 l/s/ha) and a 10-year event of 20 minutes duration (constant flow) and 
a climate factor of 1.43 (226 l/s/ha). 

The water levels in the bottom of the rain garden as well as ponding at the surface, were measured with 
divers, flow through the downspout was measured through a weir-box and a flow meter was installed 
downstream of the French drain to measure the total discharge from the four rain gardens and French drain. 
Different responses were observed at the four different set-up’s, but one rain garden showed excellent 
hydraulic performance with no overflow, while the three other rain gardens flooded. It was clear that the rain 
gardens build up by mould was flooded due to the limited hydraulic capacity of mould.  

The test-results were used to revise the design of the rain gardens and the entire system is at present being 
implemented in the residential area of Baunebakken.   

Through the various decentralized SuDS elements, the capacity of the seized detention basin is replaced and 
water from the area is now delayed and drain with the allowable 2 l/s/ha. 

 
 
 
 
 
 
 
 
*sll@grontmij.dk, Granskoven 8, DK-2600 Glostrup 
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Geo-smart infiltration: Improving the work efficiency of SUDS 
 

B. Bockhorn* & M. B. Jensen, Dept. of Geosciences and Natural Resource Management, University of 
Copenhagen; K. E. S. Klint, & I. Møller, GEUS. 

 
Increasing amounts of storm water run-off observed in cities due to climate change and urban densification 
necessitate enlarged drainage capacity. SUDS fail when the inflowing run-off exceeds their infiltration 
capacity. Accordingly the soil hydraulic conductivity (K) is a pivotal factor to be taken into account when 
SUDS are put into practice.  

Most cities in Denmark are challenged by a cover of low permeable clay rich deposits. These sediments are 
of glacial origin and range amongst the most heterogeneous, with K values spanning several orders of 
magnitude. This heterogeneity has obvious consequences for the sizing of SUDS.  

We have tested methods to reveal geological heterogeneity at field scale in order to identify most suitable 
sites for the placement of infiltration elements, and to minimize the overall size requirement of SUDS. Our 
hypothesis is that work efficiency of infiltration elements can be increased significantly if knowledge on 
field geological heterogeneity is taken into account when sizing SUD-infiltration elements. 

The study area is an approximately 100 m x 100 m large site on a clay till plain in a residential area of the 
municipality of Aarhus on Jutland, Denmark. We assessed the geological variability in the field with a 
geoelectrical multi-electrode system set-up with a gradient array protocol and minimum electrode spacing of 
1 m. This method combines geo-electric profiling and sounding, returning a two-dimensional data-coverage 
along the inspected horizontal profile. Additionally we described seven 1.0 m shallow boreholes. The 
exposed sediments range from clay tills over sandy clay tills to sandy tills and correspond well with the 
geoelectrical data. Thus, sandy deposits are found in areas with higher resistivities whereas clay deposits 
occur in areas with low resistivities, all within 100 m by 100 m.  

To finally proof the value of geological information for placement of SUD-infiltration elements in glacial till 
regions identical infiltration trenches (15 m long, 1.0 m deep and 0.17 m wide, filled with 16-32 mm gravel) 
were installed on three geologically different areas: Trench 1 was placed in clay-rich sediments, Trench 2 in 
sandy-clay deposits and Trench 3 in sandy deposits. Afterwards the steady state infiltration capacity was 
determined. Major differences in infiltration capacities were observed, with infiltration rates approximately 
two times higher in Trench 3 than in Trench 1.  

This study demonstrates that the work efficiency of SUD-infiltration elements can be increased considerably 
and oversizing avoided if field geological heterogeneity is revealed before placing. Geo-electrical surveying, 
borehole descriptions or a simple spear auger analysis are all appropriate mapping tools. 

 

 

 

 

 

 

 

 

 

 

* bboc@ign.ku.dk,  Rolighedsvej 23, DK-1958 Frederiksberg C 
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Monitoring the quality of stormwater runoff when adapting cities to future climates 
 

K. Cederkvist*, P.E. Holm & M. B. Jensen,  
Dept. of Plant and Environmental Sciences, University of Copenhagen. 

 
A promising approach to adaptation of cities to a more dynamic precipitation pattern is to use the urban 
landscape for detention, infiltration, evaporation and harvesting of the stormwater runoff. In several Danish 
cities, including the capital city, this approach is prioritized above conventional sewer because of flexibility 
and contribution to urban greening and liveability (Copenhagen Climate Plan, 2011). In addition to the 
challenges of finding space for the water in the dense urban environment, this approach is challenged by the 
quality of the stormwater runoff. The key question is how to ensure an adequate quality of stormwater 
runoff, before infiltrating to drinking water aquifers, discharging to biologically sensitive surface waters, or 
harvesting as a secondary water supply. On one hand we need to find ways to adapt existing cities to future 
climates, on the other hand we need to save the quantity and quality of our freshwater reserves for future 
generations. 

Although stormwater runoff many places is already today discharged or infiltrated to water bodies without 
any prior treatment the environmental authorities are reluctant to allow landscape based climate change 
adaptation because it will imply massive runoff volumes. To reduce the uncertainty in risk assessment more 
knowledge on the contaminant profile of the stormwater runoff is needed. Further the ability of landscape 
elements and specific treatment devices to remove contaminants needs documentation. This calls for 
monitoring programs. Due to the costs and difficulties of stormwater sampling and analysing such programs 
need to be smart. Based on current research- and innovation projects within the innovation consortium Byer I 
Vandbalance and the strategic partnership Vand I Byer this presentation will share considerations relating to 
selection of:  

- Monitoring parameters: Which parameters do we need to have? Which parameters are nice to have? Is 
there a local concern? What is the budget? Which water balance do we find in the system?  

- Sampling methods, devices and instrumentation: Should we use grab samples? Or the more expensive 
powered flow proportional sampling? Passive flow proportional sampling? Which materials should be 
chosen? 

- Methods for limit testing: The maximum treatment capacity of a facility tested by adding a cocktail of 
different pollutants.  

The overall wish is that in the future, there will be more coherent monitoring data from different landscape 
based stormwater treatment facilities and that these data will be available to all who plan to manage 
stormwater runoff locally, so that we can learn from each other.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* karince@life.ku.dk, Thorvaldsensvej 40, DK-1871 Frederiksberg C 
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Ecosystem-based approaches to Climate Adaptation –  
Possibilities and conflicts in urban areas 

 
M. Zandersen* & A. Jensen**, Dept. of Environmental Science, Aarhus University. 

 
 
Effects of climate change are particularly challenging in urban areas. The high concentration of impervious 
surfaces significantly modifies energy exchanges and hydrological processes leading to heat islands and a 
higher rate and volume of surface runoff of rainwater. Meanwhile, humanity is rapidly urbanising and there 
are significant technical, social and institutional vulnerabilities due to uncertainties and surprises in climate 
impacts that cannot be avoided.  

Policymakers and urban adaptation strategies are increasingly accepting and calling for the need to work 
actively with ecosystem-based adaptation approaches, i.e. nature’s capacity to absorb and control impacts of 
climate change while offering a number of co-benefits such as aesthetics, biodiversity, improved mental 
welfare and property/neighbourhood improvements. Using an ecosystem based approach can be more 
economically, socially as well as ecologically just and efficient compared to focusing exclusively on 
technical solutions, where co-benefits are absent.  

In this study, we investigate the prospects and conflicts of systematically applying an ecosystem based 
approach in the municipality of Copenhagen. We take the case of green roofs as one example of 
implementing green infrastructure.  The project quantifies the potential for green roofs in the Municipality of 
Copenhagen; examines the prospects of integrating ecosystem-based climate change adaptation in urban 
policies; and analyses areas of potential conflicts between ecosystem-based approaches and other drivers of 
urban development in cities, such as the increasing urbanisation and expanding built environment.  

We combine quantitative and qualitative methods from the fields of environmental economics and 
environmental sociology. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 * mz@dmu.dk, Frederiksborgvej 399, DK-4000 Roskilde  
** ajen@dmu.dk; Frederiksborgvej 399, DK-4000 Roskilde  
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Utilization of road runoff – characterization, modelling and laboratory treatment test  
 

B.M. Pedersen*, U. Nielsen, K. B. Kjær & M. M. Klausen, DHI; K. Ledgaard, CPH City & Port 
Development; K. Juul-Berg, HOFOR; C. Schøsler, City of Copenhagen. 

 
The city area Nordhavn is developing to become a sustainable and environment friendly area with offices, 
residential areas, shopping centres, institutions and possibilities for recreational activities. Within the city 
area there are heavily trafficked roads (daily about 14,000 average vehicles) and according to the City of 
Copenhagen the road runoff must be treated before discharge to the harbour. This project addresses the 
problems related to discharges and utilization of runoff from heavily trafficked roads. 

Characterization of road runoff from Sundkrogsgade in Nordhavn showed that suspended solids, COD, 
BOD, lead, copper, zinc, bisphenol A, DEHP and five PAHs appeared in concentrations higher than the EU 
environmental quality standards (EQS) or higher than Danish targets for water areas. Before testing 
appropriate treatment technologies in the laboratory, hydraulic load of road runoff from 1 ha reduced area 
was modelled. The modelling was based on 5½ years precipitation data from a nearby rain gauge and data 
formed the basis for the design and dimension of treatment facilities consisting of a sedimentation tank, 
micro filtration and treatment and in an activated carbon filter. The runoff from 1 ha amounts to 4,600 m3 per 
year. The optimum volume of a sedimentation tank is 150 m3 based on conditions concerning initial loss, 
time between two precipitation events and maximum 10 overflows per year. The necessary capacity of the 
following treatment facilities should be 7.5 l/s∙ha.  

Characterization showed that most of the pollutants in urban runoff are linked with particles and colloids and 
therefore sedimentation technologies become key technologies when planning a concept for treatment of 
road runoff. In continuation of sedimentation the runoff was treated in a silica carbide membrane filter 
(micro filtration) in laboratory scale. This filtration showed a considerable reduction of suspended solids, 
COD, BOD, Total-P, PAH, NPE and DEHP. Finally, micro filtrated water passed an activated carbon filter 
which reduced dissolved copper, zinc and bisphenol A. 

The table below shows the capacity, the operating costs, and the construction costs related to treatment of 
runoff from 1 ha reduced road. The last column gives the critical parameters after sedimentation, micro 
filtration and activated carbon filtration respectively. 

 

Capacity 

Operating 
costs 
DKK/year 

Construction 
costs mio. 
DKK. 

Critical pollutants after 
treatment compared to EU 
and Danish EQS  

Sedimentation tank 150 m3 180,000 0.5-1 
Suspended substances, COD, 
Total-P, lead, copper, zinc, 
bisphenol A, 4 PAH  

Micro filtration  7.5 l/s·ha 74,000-116,000 1.4 
Dissolved copper and zinc, 
bisphenol A 

Activated cabon filtration 7.5 l/s·ha 45,000-48,000 1.45 Dissolved zinc 

 
The proposed treatment processes can be used to upgrade the water quality of road runoff. Subsequently, the 
water can be discharged or used for secondary water supply in residential areas. 
 
 
 
 
 
* bop@dhigroup.com, Agern Allé 5, DK-2970 Hørsholm  
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Urban landscape as catchment: Integrating human perspectives in water supply 
strategies through design and multi-scale approach 

 
R.W. –Torgard*, M.B. Jensen & E.M. Braae,  

Dept. of Geosciences and Natural Resource Management, University of Copenhagen. 
 
The purpose of this contribution is to gain insight in the relation between function, size, scale and form of 
landscape based water storage facilities as well as the means of how to work with giving form to technical 
water supply scenarios. The ambition is to expand our understanding of how to consider the urban landscape 
as part of the water supply system. This is important to support a more sustainable management of the 
freshwater resource and to increase the livability of our cities. The underlying hypothesis is that the concept 
of porosity both as a physical principle and metaphor can be useful in mediating human perspectives and 
urban water supply strategies. Human perspectives are understood as references for understanding relations 
at different levels or scales. One scale of reference is the specific cultural context, another is the physical 
spatial experience related to the scale of the body. Porosity refers both to a sense and experience of 
accessibility and to actual physical measure of pore space supporting flow of water.  

The purpose of the specific design investigation is to examine potentials of a simple volume-calculator 
(SVK-calculator used to estimate capacity of landscape based storm water drainage technologies) to be 
modified into a “porosity-calculator” for the design process combining both form and function of landscape 
based storm water harvesting technologies. The modification includes an expanded interface consisting of 
graphic signatures that contain elements of both general urban landscape typology and specific spatial 
characteristics. This examination of the hypothesis is an evaluation and qualification through design 
investigations within two specific sites in a typical Danish suburban landscape. The concept of porosity is 
intended to unfold the relation between permeability and water storage when moving from storm water 
drainage to storm water harvesting.  

 

 

 
 
 
 *rwt@ign.ku.dk: Rolighedsvej 23, DK-1958 Frederiksberg 
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New possibilities for geophysical mapping in urban areas 
 

P. Thomsen*, Rambøll Denmark A/S; M. R. Pedersen**, Aarhus Vand A/S 
 
Climate changes predict more heavy rainfalls. A greater need for diverting rainwater locally has resulted in 
the development of different solutions, among these natural infiltration of rainwater in green and unpaved 
areas in urban zones. Mapping the subsurface is essential for this solution, as the infiltration capacity highly 
depends on the lithology. 

For the past decades geophysical methods have shown great strength in mapping the subsurface in nonurban 
areas. In urban areas geophysical mapping always faces difficulties concerning the noise effect from 
electrical installations, especially in cases of electric and electromagnetic methods. GPR and seismic 
methods are used in special cases for mapping the structure of the subsurface. 

Rambøll has introduced the newly developed DualEM421 for mapping in urban area. The DualEM421 is a 
multi-configured EM equipment with dual coil setting in 1, 2 and 4 m, which results in 6 measured resistivity 
in 6 different depths. Geophysical inversion of the collected data results in a dense lateral and vertical 
mapping of the resistivity of the upper 5-10 m, depending on the resistivity of the subsurface. With the 
instrument’s short lateral extension, it is possible to navigate the instrument in small green areas like parks 
and playgrounds or even between blocks of flats. The measured resistivity, together with other collected 
data, will contribute to the total material for designation the potential for natural infiltration in the area. Low 
resistivity in general corresponds to impermeable sediments like clay, while higher resistivity often is 
equivalent to more permeable sediments like sand and gravel.  

As for other electromagnetic methods, data is affected by noise from electrical installations, in this case 
within a distance of approx. 5 m, but with the flexibility of the equipment you will be able to get good data 
quality in areas within even denser populated area. 

Figure 1 shows the results from a survey in the northern part of Aarhus. Note how it is possible to collect 
good data quality at small areas. 
 

 
 

Figure 1: Measured resistivity from six different coil settings for an area in the northern part of the city of Aarhus. The 
picture bottom right shows the system setup. 
 
*prt@ramboll.dk: Oluf Palmes Alle 22, DK-8200 Aarhus N 
**mrp@aarhusvand.dk: Bautavej 1, DK-8210 Aarhus V 
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A review of large-scale airborne EM methods for hydrogeophysical purposes 
 

A.V. Christiansen* & E. Auken**, Dept. of Geoscience, Aarhus University 
 
The use of airborne EM methods for large-scale hydrogeophysical mapping has been ever increasing over 
the last decade. In 2003 the Danish developed SkyTEM system flew the first surveys in the context of the 
National groundwater mapping campaign in Denmark. Since then close to 10,000 sq km has been mapped in 
Denmark making it by far the most used geophysical method for large-scale mapping in Denmark. The 
example has created a new important market abroad for adapted export of the technology.  

The SkyTEM system was the first airborne EM system designed specifically for groundwater and 
environmental purposes, where the anomalies are quite small and originating from shallow targets, which 
puts significant demands on the design of the system. Traditionally,  airborne EM methods were designed 
and implemented for the mineral exploration industry, in which the anomalies are very large and large areas 
can easily be scanned from the air accepting that the data are more or less “bump-detectors” that pin-points 
areas for follow-up ground investigations. Even though the data quality of these mineral-targeted systems has 
increased dramatically they are still no match to high-accuracy ground-based surveys. The design goal of the 
SkyTEM system was to match ground-based data in quality from day one.  

In the presentation we will briefly outline the variations found in the airborne industry pin-pointing 
advantages and disadvantages for the different systems. Then we will show examples from a variety of large 
scale surveys using the SkyTEM system as well as other systems like VETEM, TEMPEST, and AeroTEM.  
The examples will cover a variety of targets and will include some of the very large surveys in Denmark, 
spiced-up with examples from around the globe exemplifying a variety of groundwater-related problems and 
challenges. 

We will show state-of-the-art mapping results with the SkyTEM system together with an outlook on the 
direction of the developments on the hardware as well as on the software side. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* anders.vest@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
** esben.auken@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
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Incorporation of Magnetic Resonance Sounding data into groundwater models 
through coupled and joint inversion 

 
T.N. Vilhelmsen*, A.A. Behroozmand**, S. Christensen***, E. Auken****, A.V. Christiansen*****, 

 Dept. of Geoscience, Aarhus University, 
 

Incorporation of geophysical data directly into groundwater models has gained increasing interest within 
recent years. Compared to more traditional hydraulic observations such as head elevation and stream 
discharge measurements, geophysical data can often be collected at a lower cost and with much higher data 
density. By assuming a petrophysical link typically between resistivity and hydraulic conductivity, high 
spatial resolution of variation in hydraulic conductivity can be obtained from electromagnetic or DC data. 
However, the link between hydraulic conductivity and resistivity is often biased by either a conductive soil 
matrix or conductive pore fluids. Under such conditions resistivity measurements provide little or no 
information of hydraulic conductivity. Magnetic Resonance Sounding (MRS) is a geophysical method which 
is directly sensitive to the presence of water in the subsurface. The initial amplitude of the measured signal is 
proportional to the porosity of the saturated subsurface, and the decay rate of the signal can often be related 
to the ratio between pore surface area and pore volume. The MRS signal is therefore more directly related to 
the primary physical characteristics of the subsurface which govern flow of groundwater and thereby 
hydraulic conductivity. Parameters estimated from MRS do however still have to be transformed through a 
petrophysical relation in order to estimate values of hydraulic conductivity. This petrophysical relation has to 
be calibrated to estimates of hydraulic conductivity typically obtained from aquifer test data. Once 
calibrated, the petrophysical relation can be used to estimate spatial variability of hydraulic conductivity 
from MRS soundings scattered throughout a local area.  

Here we wish to present two methods to do joint and coupled inversion between MRS data and numerical 
groundwater models where parameters pertaining to all models are estimated simultaneously. Using these 
methodologies parameters are updated simultaneously in the inversion and the uncertainties associated to all 
datasets are allowed to influence the inversion result. 

When using the joint inversion setup the hydrological model has to be parameterized using pilot points in 
order to allow the MRS to introduce spatial variability into the hydraulic conductivity field of the 
groundwater model. By having information of hydraulic conductivity variations within a given aquifer it is 
expected that model prediction capabilities, including long term influences from pumping and well 
catchment zones can be improved. 

Another approach is using coupled inversion. Through a coupled inversion setup the sensitivity of MRS to 
the presence of the water table is used to constrain the estimates of hydraulic conductivity within a given 
aquifer. In such a setup MRS plays the same role as a hydraulic head observation would do in a traditional 
groundwater model inversion. This type of inversion will however only work in unconfined aquifer 
conditions, since MRS will be used to estimate the thickness of the unsaturated zone, which based on 
knowledge of the terrain elevation can be transformed into a head elevation estimate. The methodology is 
documented using a synthetic model setup. Here we compare the capability of the groundwater model to 
predict a single head elevation based on either; a traditional groundwater model inversion where only head 
and stream flow data is used; a sequential inversion where individual MRS inversions have been used to 
estimate the hydraulic head elevation and this information has been added to the traditional groundwater 
model inversion; and finally, a coupled inversion setup where the MRS model is inverted together with the 
groundwater model by minimizing a combined objective function. Based on the results from the synthetic 
model we advocate the benefits of coupled inversion compared to sequential or traditional groundwater 
model inversion. 
 

* troels.norvin@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
** ahmad@geo.au.dk. Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
*** sc@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
**** esben.auken@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C 
***** anders.vest@geo.au.dk, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C  
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First attempt to use UAV (Unmanned Arial Vehicle) to localize groundwater 
discharge zones to lakes and test it against “lake-bed-truth” data using Distributed-

Temperature Sensing (DTS) and groundwater discharge rates from vertical heat 
profiles 

 
S. Müller*, H. Hoffmann-Munk-Nielsen**, Éva Sebök***, A. Kristensen****, P. Engesgaard*****, 

Dept. of Geosciences and Natural Resource Management, University of Copenhagen, 
 

Danish lake systems can be nutrient rich with a lake water budget strongly influenced by groundwater 
discharge; the source of nutrients to the lake may therefore come from groundwater. The estimation of 
potential nutrient loadings from groundwater bodies to lakes requires a good estimate of the discharging 
water flux. Hydraulic conductivities of Danish lake sediments can be several magnitudes lower than that of 
the adjacent aquifer and show much greater variability, thus discharge to a lake may occur along preferential 
flow paths. This makes the application of local direct and indirect measurements more challenging in terms 
of scaling up these observations and, hence, how representative they are.  The recent development of 
Distributed Temperature Sensing (DTS) systems enable researchers and consultants to give a better picture 
of the spatial distribution of groundwater discharge zones along shore reaches and therefore better capture 
the spatial heterogeneity. However, the application of DTS can be time consuming; difficult to operate and 
still spatially limited in the extent of the area that can be covered. Thus, the results may be still not capture 
all spatial heterogeneities in discharge and important preferential flow paths can be missed. 

In the present study, which we believe is the first study of its kind in Denmark, we use an Unmanned Aerial 
Vehicle (UAV) equipped with a Thermal Infrared Radiation (TIR) camera, to identify discharge zones along 
a 100 m long lake shore. Results were substantiated with two DTS transects on the lake water surface and the 
lake bed and 45 Temperature profiles to test airborne TIR measurements against “lake-truth” data and 
estimated discharge fluxes.  

The study shows that TIR is a powerful tool to identify potential discharge zones along a lakeshore of a 
groundwater-dominated lake under the following condition; that groundwater discharge can reach the water 
surface without being substantially mixed with lake water causing homogeneity in the TIR picture. The data 
from late November 2013 shows weak mixing capabilities of discharging groundwater and it therefore 
occurs as a plume on top of the water surface. The relative temperatures from the TIR could be confirmed by 
the DTS on the lake water surface. DTS measurements on the lake bed and temperature profile 
measurements could verify and quantify the same spatial discharge pattern with exfiltration rates ranging 
from 0.09 m d-1 to 0.86 m d-1. 

The results show that UAV-TIR is a relatively cheap and fast way to detect groundwater discharge zones and 
guide more localized campaigns to obtain local discharge measurements in a higher spatial relation. Further 
development can therefore be useful in studying groundwater–surface water interactions, making them less 
time consuming, more cost efficient and therefore generally more efficient and eventually provide more 
representative estimates of water and nutrient discharge to lakes. 

 
 
 
 
 
 
* samu@ign.ku.dk, Øster Voldgade 10, DK-1350 Copenhagen K 
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Geophysics in groundwater assessment: uncovering structural controls influencing 
aquifer properties 

 
P. Thorn*, Danish Nature Agency 

 
Geophysical methods have been widely applied in the groundwater mapping process in the National 
Groundwater Assessment program (NGA) led by the Danish Nature Agency. The focus for the geophysics 
has been to help produce a robust geological model, estimate the thickness of the protective geological (clay) 
layers over the aquifer as well as assess aquifer salinity. In the case of the NGA mapping area for southern 
Zealand, Denmark, four geophysical techniques were applied in the mapping process. These results 
combined with groundwater quality and transmissivity data obtained from groundwater wells in the study 
area, provide valuable information on structural controls and hydrological properties that aids the 
groundwater modelling and vulnerability assessment for the area. 

The four geophysical methods applied in this study include helicopter borne transient electromagnetics 
(SkyTEM), multiple electrode profiling (MEP), vibration seismic, and magnetic resonance spectroscopy 
(MRS). All surveys were completed for the Danish Nature Agency in the spring, summer and autumn of 
2013, with SkyTEM being conducted by COWI, MEP conducted by ALECTIA, and seismic and MRS 
conducted by Rambøll. These results were analysed together with groundwater quality and transmissivity 
data obtained from the national groundwater database, Jupiter. 

The results of the survey provided a clear picture of potential structural controls on the primary groundwater 
aquifer (Cretaceous chalk) in the area. The SkyTEM data clearly reveals saltwater extending higher in the 
chalk aquifer on western and eastern side of the study area (as high as -20 to -30m msl), whereas in the 
central part saline waters remained lower (around -70 to -80 m msl). The boundary between the high and low 
salinity in the chalk is very abrupt. MEP data also shows saline water higher up in the chalk aquifer in the 
eastern and western regions. Groundwater quality data confirms the geophysical observations. The 
interpreted seismic sections across the area reveal presence of deeper faults, as much as 500m into the chalk, 
occurring approximately at the same location as the salinity changes in the aquifer observed from SkyTEM. 
In addition, the seismic survey shows numerous smaller faults in the top 50-100 m of the chalk, which could 
be the result of glaciotectonic faulting in the upper chalk layers. The abrupt changes in salinity in the same 
location as observed faulting suggest changes in the aquifer properties along the fault lines and could 
represent hydrological barriers within the aquifer. 

Transmissivity values were calculated for all groundwater wells in the chalk aquifer in the study area where 
pump test data is available. A geographical analysis of the transmissivity values shows relatively clear 
zonation across the study area. The areas with relatively high transmissivity values are located in the same 
area with higher salinities, whereas relatively lower transmissivity is observed in the areas with lower 
salinity. At the time of abstract submission, the data from the MRS survey are being processed and 
interpreted. It is expected that the MRS data will provide further information on the transmissivity in the 
chalk aquifer both in the high and low salinity zones. 

In conclusion, the geophysical surveys conducted in southern Zealand showed likely structural controls in 
the groundwater aquifer influencing groundwater salinity. The location of the mapped structures combined 
with transmissivity data identifies potential hydrological barriers within the aquifer which were otherwise 
unidentified. This information will be useful for groundwater modelling. The identification of areas of 
increased groundwater salinity will aid in the groundwater quality assessment and management of the 
groundwater resources.    

 
 
 
 
 
*pauat@nst.dk: Fejøgade 1, DK-4800 Nykøbing F 
  



The Danish Water Research and Innovation Platform 

8th Annual Meeting of DWRIP 2014, 30 January     Session 3                          

 
20

Mapping groundwater resources in India – a pilot project 
covering six areas and more than 3,000 km2 of land 

 
E. Auken*, A.V. Christiansen*, T. Nielsen*, & J.B. Pedersen*, Dept. of Geoscience, Aarhus University;  

G. Vignoli**, GEUS; F. Effersø***, SkyTEM ApS;  
S Chandra****, S. Ahmad****, S.K. Verma**** & M. Sen****  

 
India has not only a fast growing economy but also a population which has more than doubled from 540 
million in 1970 to now more than 1.2 billion people in 2013. This huge increase in population together with 
the economic growth and better living standard puts significant pressure on the water resources. The pressure 
means that in some areas the groundwater table has retreated by many tens of meters. In other cases the 
water quality has degenerated due to pesticides, fertilizers, saltwater intrusion or re-activation of salts in the 
geological layers. Another complicating factor is that significant water resources are needed also in the hard 
rock terrains covering 70 % of the total area of India. Here, the water is located in fractures covered by 
saprolites.  

For mapping of the overall geological structures SkyTEM has been chosen because it is the only technology 
which relatively inexpensive and relatively quick provides an overview of the geological layers in three 
dimensions over large areas. The method transmits electromagnetic pulses into the ground causing eddy 
currents to flow. By measuring the magnetic field from these currents the conductivity of the geological 
layers are determined and by that the geological layers. In the Indian context the SkyTEM measurements are 
followed up by detailed studies on the ground. This includes groundbased geophysics such as electrical 
resistivity tomography (ERT), electric and transient electromagnetic soundings and boreholes with 
geological and geophysical logs.  

The Indian authorities have selected 6 areas representing typical geologies in India, sedimentary and hard 
rock. The areas are from a few hundred square kilometers to more than eight hundred square kilometers with 
exploration depths in some cases down to 300 m. In total 13,800 line km will be flown with different frame 
and instrument configurations adapted to the geological conditions. More than 9,000 kilometers have been 
flown at the end of 2013 and the survey is expected to be completed in February 2014. Already now the data 
are being quality controlled. Processing and geological modeling will take place as soon as the data has been 
released by the Indian military.  

The pilot study is interesting in a number of ways. From a scientific point of view we have the chance to 
further develop the geophysical technologies originally developed for the almost finished mapping of 
groundwater resources in Denmark. In some areas the technology can be directly transferred while in other 
areas like the hard rock terrains more research is needed to release the full potential. 

From a commercial point of view the survey is interesting for the companies in Denmark working with 
mapping of groundwater resources and modeling. There is a potential huge market in India if the results of 
the pilot study are successful and the Indian government decides to carry out a nation vide mapping of 
groundwater in order to understand and manage the resource.   

We will give an overview of the project explaining why the individual areas were selected and which 
investigation methods were chosen and how they were configured. If the data from the first areas have been 
released before the meeting we can also show examples of the geological and hydrogeological results. This 
leads to a more general outlook on how further surveys should be carried out. 

In-depth information on the pilot project is found on http://aquiferindia.org/ while a more general overview 
of the collaboration with Aarhus University is on http://hgg.au.dk/projects/aquim/. 
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Challenges in conditioning a stochastic geological model of a heterogeneous 
glacial aquifer to a comprehensive soft dataset 

 
J. Koch*, Dept. of Geosciences and Natural Resource Management, University of Copenhagen/GEUS,  

X. He**, GEUS; K. H. Jensen***, KU***; J. C. Refsgaard, GEUS** 
 

In traditional hydrogeological investigations, one geological model is often used based on subjective 
interpretations, and sparse data availability. This deterministic approach usually does not account for any 
uncertainties. Stochastic simulation methods address this problem and can capture the geological structure 
uncertainty. In this study the geostatistical software TProGS is utilized to simulate an ensemble of 
realizations for a binary (sand/clay) hydrofacies model in the Norsminde catchment, Denmark.  

TProGS can incorporate soft data, which represent the associated level of uncertainty. High density (20m x 
20m x 2m) airborne geophysical data (SkyTEM) and categorized borehole data are utilized to define the 
model of spatial variability and for soft conditioning the TProGS simulations. The category probabilities for 
the SkyTEM dataset are derived from a histogram probability matching method, where resistivity is paired 
with the corresponding lithology from the categorized borehole data. 

A novelty of this study is the incorporation of two distinct datasources into the stochastic modeling process 
that represents two extremes of the conditioning density spectrum; sparse borehole data and abundant 
SkyTEM data. The high density of spatially correlated SkyTEM data leads to very deterministic simulation 
results. This is caused by overconditioning and addressed by a work around utilizing a resampling (thinning) 
of the dataset. In the case of abundant conditioning data it is shown that TProGS is capable of reproducing 
non-stationary trends. The stochastic realizations are validated by five performance criteria: (1) Sand 
proportion, (2) mean length, (3) geobody connectivity, (4) facies probability distribution and (5) facies 
probability – resistivity bias.  

As conclusion, a stochastically generated set of realizations soft conditioned to 200m moving sampling of 
geophysical data performs most satisfying when balancing the five performance criteria and can be used in 
subsequent hydrogeological flow modeling to address the predictive uncertainty originated from the 
geological structure uncertainty. 
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A concept for estimating depths to the redox interface for catchment scale nitrate 
modelling in a till area 

 
A.L. Hansen*, GEUS; B. Christensen**, Rambøll; V. Ernstsen***, X. He****, & J.C. Refsgaard*****, 

GEUS 

 
A major challenge in Danish water resources management is to reduce the nitrate load to lakes and costal 
water from agricultural areas. Since the 1980ties, regulation on agricultural management has been introduced 
in order to reduce the nitrate leaching. However, the efficiency of the present regulation is low, as it is 
applied uniformly for the whole of Denmark without taking natural transformation of nitrate in the 
subsurface and the spatially variability of this into account.  

Nitrate (NO3
-) can be transformed naturally to nitrogen (N2) under anaerobic conditions. The transition from 

aerobic to anaerobic conditions in the saturated zone is called the redox interface and nitrate must be 
transported below this interface for nitrate reduction to occur. About 50% of Denmark is covered by young 
clay till sediments and the redox interface is normally found close to the surface, resulting in a high degree of 
nitrate reduction in the saturated zone. Several studies have estimated that nitrate reduction in the saturated 
zone on catchment scale removes more than 50% of the nitrate leaching in Danish catchments. However; 
local variations in the subsurface conditions result in large differences in reduction potential within a 
catchment and thus the existence of both robust areas, where the majority of nitrate is transported below the 
redox interface and thereby reduced, as well as sensitive areas, where nitrate is transported directly to surface 
waters without significant reduction. The ability to predict the locations of these nitrate robust and sensitive 
areas would make it possible to implement a targeted regulation on the agriculture with focus on reducing 
nitrate leaching from the sensitive areas. This would be a more cost-effective approach than the current one. 
The nitrate robust and sensitive areas can, potentially, be predicted using distributed hydrological models, 
but it requires the models to have predictability on small scales. The two major challenges in this respect are 
to determine the location of the redox interface and the ability to accurately simulate the local scale water 
flow paths in groundwater. The focus of this study was on the first of these issues. 

The redox-interface can be determined easily in the field by change in sediment colour. Nevertheless it is an 
expensive task to obtain a lot of data on the location of the interface, as a borehole drilling is needed for each 
determination of the location and redox data are therefore often sparse. Studies from both Denmark and 
North America have shown that the location of the redox interface in tills can vary several meters over short 
distances. The combination of large variablity of the depth to the redox interface and too sparse data makes it 
difficult to estimate the location of the redox interface over larger areas. 

A concept for determining the depth to the redox interface on catchment scale is therefore needed and this 
was the objective of this study. The concept was based on the hypothesis, that the redox interface has been 
developing since the beginning of Holocene (11,700 years)  due to oxidation of inherent reduced compounds 
in the sediment by oxygen in recharging water. The key principle of the concept was to estimate the spatial 
pattern of the redox interface from variability in groundwater recharge and reduced compunds in the 
sediments. The concept was tested for the 101 km2 Norsminde fjord catchment using a catchments scale 
nitrate model, where two parameters controlling the estimated redox interface was calibrated based on the 
observed nitrate transport to the fjord. The estimated depths to the redox interface were able to reproduce the 
cumulative distribution of measured depths across the catchment, but they did not fit well with the 
observations at individual wells. It is therefore concluded that the concept may be useful for simulation of 
nitrate transport and reduction in the saturated zone at catchment scale, but that it is not able to correctly 
predict nitrate reduction at point scale. 
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The integrated groundwater mapping concept of Denmark transferred to Thailand. 
 

V.H. Søndergaard*, P.B. Sandersen**, B. Pjetursson*** & R. Thomsen****, GEUS 
 

The intensive effort to map groundwater resources in 40% of the Danish land area during the last 15 years 
has given Danish authorities, research institutions and consulting companies a unique opportunity to expand 
the possibilities of exporting our groundwater mapping skills. 

If you want to get noticed among many other players in a foreign market it is advantageous to have some 
new methods and/or advanced technologies to offer. Besides being important elements in the mapping tool 
box they act as visible lighthouses and ensure contact to potential customers. 

The development of the Danish airborne electromagnetic mapping system SkyTEM – being the only 
airborne TEM system worldwide developed specifically for groundwater mapping purposes - has provided a 
solid basis for development of a suite of related theories, methods and mapping tools. A certain collection of 
these developments and tools is known as the foundation of the Danish integrated groundwater mapping 
concept, even though this concept relates solely to a certain part of the groundwater mapping process. 

This integrated concept or system comprises the following components: the national Danish databases 
GERDA (geophysical data) and Jupiter (borehole data), the Aarhus Workbench (a software package for 
processing, interpretation and visualization of electrical and electromagnetic data as well as for upload of 
data to GERDA) and GeoScene3D (3D geological modelling and visualization software). Scientists at 
Aarhus University, SkyTEM Surveys ApS, I-GIS and GEUS have been primary actors in developing the 
concept and the elements of the system in close cooperation with consulting companies and Danish 
authorities responsible for the groundwater mapping. 

In Thailand the Department of Groundwater Resources (DGR), Ministry of Mineral Resources and 
Environment decided to introduce the Danish concept in their hydrological mapping routines by initiating a 
pilot mapping project 350 km north of Bangkok in 2011 including a SkyTEM survey covering a 1000 km2 
area and financed by the government of Thailand. Data processing, interpretation and geological modelling 
were carried out by Danish staff and a version of the GERDA database was established at the DGR in 
Bangkok. The pilot project was accompanied by a substantial know how and technology transfer to 
geologists from Thailand through training seminars, workshops and courses of up to 4 weeks duration in 
Bangkok as well as in Denmark. 

The initial contact was established by Danwater/ Envidan, and the project has involved SkyTEM Surveys 
(the SkyTEM measurements and data processing), GEUS (GERDA database, geological interpretation, 
education and training), Aarhus University (Aarhus Workbench and education) and I-GIS (GeoScene3D and 
education). Delegations from Thailand have visited Denmark recently and the possibilities of future projects 
in Thailand seem promising – an example of public authorities, research institutes and private companies 
being able to cooperate on export of green technology and know-how. 
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Managed Aquifer Recharge (MAR) for coastal aquifer management in a changing 
climate  

K. Hinsby* GEUS; Z. Ma**, China Geological Survey; J.C. Wu***, Nanjing University;  

S. Montenegro****, Federal University of Pernambuco; G. Cardoso*****, Federal University of Rio de 
Janeiro; A.R. Johnsen*, C.S. Jacobsen*, S.R. Sørensen* and D. Postma*, GEUS 

 
Population growth in coastal regions, climate change and sea level rise pose increasing challenges to the 
sustainable management of coastal aquifers and ecosystems globally. The project “Water4Coasts” of the 
“ecoinnovation” program of the Danish Ministry of Environment, which includes partners from Brazil, 
China and Denmark seeks to develop new innovative monitoring, data handling, modelling and management 
solutions, and share experiences on sustainable management of coastal water resources and ecosystems in a 
changing climate. The main objectives of the project is to evaluate and promote innovative solutions within: 
1) Techniques for controlling seawater intrusion and land subsidence; 2) Efficient methods for early warning 
and flood risk reduction from streams and canals; 3) Methods for reducing nutrient loadings to surface 
waters and 4) New efficient monitoring, data handling and visualization techniques. The study focuses on 
investigations in three coastal aquifers at Laizhou Bay, China; Recife, Brazil and Marielyst/Falster, 
Denmark. The three study sites are located in very different climatological and hydro(geo)logical settings in 
the northern and southern hemisphere, with annual precipitation ranging from around 600 mm (evaporation > 
1600 mm / drought conditions in Laizhou, China) up to more than 2000 mm (Recife, Brazil), and at three 
different seas: The Pacific ocean, the Atlantic ocean and the Baltic Sea.  

The Water4Coasts project will evaluate different methods for controlling seawater intrusion, such as 
rainwater and recycled water injection for creation of positive hydraulic barriers to control seawater 
intrusion. Such systems have been in operation for decades in the U.S.A. and Spain, while artificial recharge 
in coastal dunes is well known from the Netherlands.  

Rainwater harvesting and injection is a relevant option currently evaluated for Recife in NE Brazil with 
annual precipitation of up to more than three meters in wetter years, but it may also be a relevant option at 
both of the other sites. For the Danish site at the Baltic Sea, regional climate models have estimated that the 
current winter precipitation may increase by about 50% in this century.  

Rainwater harvesting, storage and injection in aquifers may be an option both for controlling seawater 
intrusion and for flood risk reduction. Likewise, direct injection of recycled water to coastal aquifers 
(managed aquifer recharge) is considered to be a realistic option to control seawater intrusion in all three 
investigated sites in order not only to control seawater intrusion and reduce flooding risks, but also to further 
reduce nutrient loadings to coastal waters and mitigate or reduce the risk of land subsidence, which is a huge 
challenge for the built environment in e.g. China.  

The Water4Coasts project considers different options for all three study areas and compares experiences for 
monitoring and controlling seawater intrusion gained at the three study sites. Initial results from analyses of 
contaminants (e.g. pesticides, chlorinated solvents, pharmaceuticals, pathogens and trace elements) from 
agriculture, industry and private households measured in treated wastewater and drain ditches at the Danish 
study site indicate that the main pollution concern in the Danish site are pathogens and pharmaceuticals. In 
addition, injection of oxic surface water into anoxic groundwater environments may mobilize trace elements 
such as As and Ni e.g. from oxidation of pyrite, and create other severe groundwater quality problems. 
Hence, required wastewater treatment, transport and fate of contaminants and naturally occurring trace 
elements in groundwater need to be carefully assessed before designing full scale pilot studies in Public 
Private Partnerships in close collaboration between water supplies, research institutions, authorities and 
private companies. Preliminary findings and comparisons for the three study sites are presented in the 
presentation.   
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Microorganisms in pig slurry leach through agricultural soil to field drains 
 

A. Forslund*, Dept. of Veterinary Disease Biology, University of Copenhagen, 
J. S. Krog, DTU-VET**,***; A. C. Schultz***, DTU-FOOD; L. E. Larsen**, DTU-VET;  

J. Kjær****, Rambøll; P. Olsen*****Agroecology AU; A. Dalsgaard*, KU 
 
The amount of animal manure applied in modern agriculture for fertilization is increasing due to the increase 
in global, animal production and intensified agriculture. Pig slurry is known to contain zoonotic bacterial 
pathogens such as E. coli, Salmonella spp., Campylobacter spp. and viruses such as hepatitis E virus and 
group A rotavirus. Faecal coliform bacteria, present in manure, have previously been shown to leach into tile 
drain when manure is used as fertilizer on agricultural fields. Such pathogens may potentially be transmitted 
to the aquatic environment and contaminate drinking water sources.  

The objective of the study was to assess the risk of viruses and bacteria leaching into the aquatic 
environment when manure is applied to fields in accordance with current regulations, to compare their 
leaching capabilities and to evaluate somatic coliphages as appropriate model organisms for leaching of 
viruses originating from pigs. 

Pig slurry was applied to a tile drained field and the leaching of six different microorganisms, i.e. E. coli, 
Enterococcus spp., somatic coliphages, hepatitis E virus, porcine circovirus type 2 and group A rotavirus, 
naturally occurring in the slurry, was investigated in drainage- and well water.  

All six microorganisms leached through the soil entering the tile drains situated in 1 meters depth. The 
leaching pattern of group A rotavirus differed substantially from somatic coliphages, otherwise used as 
indicator for microbial contamination of viruses. Furthermore, group A rotavirus was detected in 
groundwater up to two months after application of pig slurry.  

The detection of viruses in drainage water and groundwater poses a potential human health risk as drinking 
water reservoirs located in areas fertilized with slurry may be contaminated with zoonotic pathogens. 
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Soil fate and leaching of the natural carcinogen ptaquiloside 
 

H.C.B. Hansen*, F. Clauson-Kaas** & B.W. Strobel***, Dept. of Plant and Environmental Science,  
University of Copenhagen; O.S. Jacobsen**** & R. K Juhler*****, GEUS;  

L.H. Rasmussen******, Metropolitan University College 
 

Ptaquiloside (PTA) is a norsesquiterpene glucoside produced by bracken (Pteridium aquilinum), a very 
common fern with a Worldwide distribution. PTA induces DNA strand breaks and both in vivo and in vitro 
studies have demonstrated PTA to be involved in generation of tumors. Humans can be exposed to PTA via 
direct ingestion of bracken or via contaminated milk, drinking water and meat, through skin exposure, and 
due to inhalation of spores. The content of PTA in bracken is highly variable; contents higher than 1 mass % 
(dw) and annual production of more than 250 mg PTA per square meter land surface has been reported. 
Reported PTA contents for Danish bracken populations ranges between 100 and 4000 µg g-1 (dw). Due to the 
wide distribution of bracken, PTA is expected to be a carcinogen that is widespread in nature. PTA is highly 
water soluble and weakly sorbed. As consequence, PTA is easily leached from soils to the aquatic 
environment.  

PTA is released from bracken fronds (leaves) by wash off with rain, and during wilting/bracken 
decomposition during autumn and winter. PTA degradation is fast under most environmental conditions, 
with half-lives of days to weeks. Acid/base hydrolysis – which is a primary degradation reaction - shows 
minimum rates at pH 5.5. PTA has shown higher stabilities in clayey soil and in soil solutions. Hydrolysis in 
solution decreases strongly during winter times due to low temperatures.  

The risk of PTA contamination of surface and groundwater is high, due to substantial loading with PTA from 
bracken, and due to the high solubility of PTA. A recent investigation has shown that PTA could be detected 
in shallow groundwater at concentrations up to 200 ng L-1, while surface water had concentrations 6 times as 
high. Pterosin B, the primary metabolite of PTA, was frequently detected in ground waters, indicating that 
PTA had been present. Modeling of leaching using the convection-dispersion model DAISY gave leaching 
concentrations of PTA up to 400 ng L-1 which is in the same range as the observed PTA concentrations. It is 
strongly recommended that PTA be part of targeted drinking water monitoring in areas with dense coverage 
of bracken fern. 
 

Figure 1. Dense Bracken population at 
Præstø Fed (Lars H. Rasmussen) 
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Potential release of cadmium, copper and lead from urban soils of Copenhagen 
 

H. Marcussen*, Dept. of Plant and Environmental Sciences, University of Copenhagen:  
L. Li*, Institute of Agricultural Environment and Resource, Shanxi Academy Agricultural Sciences**;  

P. E. Holm* & H. C. Bruun Hansen*, KU 
 

High heavy metal concentrations in urban soils may cause risk of leaching under changing urban land uses or 
natural catastrophes’ such as flooding. We studied the bonding and release kinetics of Cd, Cu and Pb from 
different soils in the older metropolitan area of Copenhagen compared to an agricultural reference soil. Total 
Cd, Cu and Pb concentrations were up to 1. 24, 109 and 429 mg kg-1 which were 5, 8 and 27 times higher 
than concentrations in the agricultural reference soil. Cadmium and Pb were found mainly in mobilisable 
pools and Cu in strongly bound pools. The soils were subjected to accelerated leaching studies in Ca(NO3)2 
or HNO3 solutions resulting in release up to 78, 18 and 15% of total Cd, Cu and Pb soil concentrations over a 
period of 15 weeks. There were no differences in relative mobility of Cd from agricultural and urban soils 
whereas the relative releases of Cu and Pb at low solution pH values were lower for the agricultural 
compared to the urban soil showing that Cu and Pb is more readily released from the contaminated urban 
soils. However, at higher solution pH values such differences were not seen. The logarithm to the initial 
relative release rates for Cd and Pb had a negative linear correlation with solution pH in the full investigated 
pH range where a pH increase of 2 and 3 units, respectively, resulted in a factor 10 decrease in the initial 
relative release rate. Such a linear relation could not be observed for the initial Cu release rate as an 
increased rate was only seen at pH below 4.    

The investigated urban soils contain substantial amounts of heavy metals in pools vulnerable to leaching, in 
particular Cd and Pb, which showed a marked increase in initial leaching rates with decreasing solution pH. 
Urban soils with lower pH and buffer capacity are vulnerable to increased leaching on short term whereas the 
intermediate and calcareous soils cause a risk on longer term if exposed to acidification e.g. if converted to 
parkland. Flooding and reduction of the soils may lead to increased release of Pb bound in the reducible 
fraction. 
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Are PAH metabolites new emerging soil contaminants? –  
Production, identification, and mobility in soil of PAH metabolites 

 
E. S. Boll*, Dept. of Plant and Environmental Sciences, University of Copenhagen; 

 A. R. Johnsen**, GEUS**; J. H. Christensen*, KU 

 

Polycyclic aromatic hydrocarbons (PAHs) are organic pollutants ubiquitous in the soil environment. In soils, 
PAHs are degraded by soil microorganisms to metabolites that possess physical and chemical properties 
different from their parent compounds; often the metabolites are much more water soluble. Studies on the 
fate of PAH metabolites in soil are limited. The aim of this study was to identify metabolites of PAHs 
produced by a common non-ligninolytic soil fungus, Cunninghamella elegans, and to assess the potential 
mobility of selected PAH metabolites in three Danish soils.  

The metabolism of two un-substituted and three alkyl-substituted PAHs by C. elegans were investigated. We 
tentatively identified forty-eight metabolites; the conjugated PAHs derived from un-substituted PAHs were 
all oxidized and conjugated with a sulfate group. The alkyl-substituted PAHs were either oxidized or 
carboxylated and likewise conjugated with a sulfate group. The transformation of PAHs to conjugated 
carboxylic acid and/or sulfate metabolites leads to a drastic increase in the water solubility (up to 107 times 
increase) and as oppose to the parent compounds the metabolites are expected to be mobile in the soil pore-
water. Preliminary investigations have indicated that the metabolites are not likely transformed further to H20 
and C02 by soil microorganisms and the metabolites may pose a risk of transport to ground and surface 
waters.  

We tested the sorption of 14 metabolites produced by C. elegans in a batch sorption system. In contrary to 
the parent PAHs, the conjugated PAH metabolites only to a very limited extent sorbed to soil. This change in 
preference between soil and soil solution was general for all metabolites of C. elegans. However, the 
metabolites possessing both a carboxylic acid and a conjugated sulfate had the highest preference for the soil 
solution. These findings confirmed that pore water is largely a means of transport for the conjugated PAHs 
metabolites and a potential risk of leaching to surface and groundwater exists. 
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Future Drinking Water Supply; A multi parameter project 
 

H. Juul*, VCS Denmark Ltd. 
 

A big Danish umbrella project is setting focus on the drinking water utility challenges in the future. The 
R&D project is the biggest of its kind in Denmark so far and one of the important issues in the project is to 
path the way for Danish export of know-how and water technology products. The project budget is 21 
million DKR and one university, four water utilities, four consultants and two manufactures are involved as 
partners. The project is headed by the two utilities; VCS Denmark and Ringkøbing-Skjern utility. 
The project was initiated in the autumn 2013 and is expected to finish by the end of 2015. The presentation 
will therefore only outline the different elements of the project.  
As a small country, Denmark is known for holistic solutions and for co-operation between stakeholders. On 
that background, the water sector in Denmark has developed a multitude of innovative solutions. So far the 
goals of the sector have been to ensure that the consumers experienced a high reliability of water supply with 
a good water quality without having to use chloride as disinfectant. Furthermore, this had to be achieved 
without putting the resource under stress. 
Today, these goals have more or less been achieved in many developed countries, but production- and 
service structures in the globalized world will set new challenges for the Future Drinking Water Supply. 
The Danish development- and demonstration project “FutureWater” addresses these challenges. The 
operation of water supply will have to be more efficient as the price of water is being put more under 
scrutiny by benchmarking initiatives. Process control will be real-time, unmanned and automated. 
The CSR obligations of the utilities require that socio-economic factors are incorporated in the value sets of 
the utilities – e.g. greenhouse gas emissions, traffic disturbance and other factors are considered non-core 
issues today. 
Society has become more complex and the consumers more demanding. In the future it must be expected 
that the water quality not only complies with the regulatory requirements, but in some cases exceeds them. 
Softening of water will become more common and a multitude of water qualities will be offered to different 
industries. Water will be re-used and sea water desalinated in areas with water scarcity.  

 
 
The FutureWater project includes eight work packages: 

 Intelligent on-line well field management system 
o Reduces energy & CO2 consumption, controlled water quality 

 Intelligent system for real-time interpretation of water quality measurements in treatment plants 
o Automated quality control, early warning and improved process control 

 Intelligent GIS-based pipe rehabilitation planning tool 
o Transparent and socio-economic selection criteria, more value-for-investment  

 Tool for automated smart-grid power consumption in water distribution and extraction 
o Use of the reservoirs as energy storage devices to utilize energy from non-fossil sources,  

 Pilot plant for test of suitability of pellet reactor softening devices 
o Determining of design parameters for softening plants, removal of metallic ions 

 Reduction of pollution from atmospheric air in water treatment plants 
o Treatment line under pressure, advanced filtration of process air 

 Water treatment plants acoustics 
o Automated operation monitoring with on-line geophones, microphones and vibration sensors 

 Microbiological sensor On-line sensor for microbiological activity, automated quality control 

 
* hj@vandcenter.dk; Vandværksvej 7, DK-5000 Odense                                          www.futurewater.dk
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Searching for new functional genes involved in degradation of micropollutants 
 

J. L. Nielsen* & H. Kjeldal** 
Dept. of Biotechnology, Chemistry and Environmental Engineering, Aalborg University 

 
Micropollutants, including endocrine disrupting compounds, can have negative impacts on aquatic life due to 
their discharge in wastewater treatment plant effluents. Many compounds are only partially degraded during 
treatment of wastewater as the activated sludge process is mainly setup to remove macronutrients.  

While many microorganisms involved in the removal of macronutrients are known and described; only very 
limited information are available on the identity of microorganisms involved in removal of micropollutants. 
Studies made so far, however, show that the microorganisms responsible for the biodegradation of the 
micropollutants seems to be highly specialized to degrade specific compounds. Therefore, if we want to 
understand more than presence and removal rates of these compounds, then we must identify the responsible 
microorganisms and the functional genes involved in the degradation process. Advanced gene sequencing 
approaches provides crucial information on cellular potentials, but only allows identification of very similar 
genes as already available in the databases. 

In the EcoDesign centre we have applied a combination of advanced molecular OMICS techniques to find 
the microorganisms involved in the degradation of various micropollutants and to identify the genes 
responsible for the processes. By obtaining this knowledge we expect to be able to follow the presence, 
expression and activity of the processes and thereby gain valuable information on the adaptability and 
influencing parameters of the organisms and how we can optimize the biodegradation of micropollutants in 
future wastewater treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* jln@bio.aau.dk, Sohngaardsholmsvej 49, DK-9000 Aalborg  
** kjeldal@bio.aau.dk, Sohngaardsholmsvej 49, DK-9000 Aalborg 
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Sand Biofilm Reactors: a solution to remove micro-pollutants in small WWTP’s 
effluents? 

 
M. E Casas* & K. Bester**, Environmental Science, Aarhus University 

 
A quartz-sand biofilm reactor (slow sand filtration) was operated at saturated low-flow to investigate the 
degradation kinetics of seven usually recalcitrant compounds (diclofenac, propranolol, tebuconazole, 
propiconazole, iopromide, iohexol and iomeprol) at real wastewater levels. By working with a quartz-sand 
matrix the adsorption was minimized, therefore the removal was mostly achieved by biodegradation. The 
adsorption was controlled by monitoring the compounds’ elution with an on-line biofilter-HPLC-UV system. 
The removal of these compounds was tested for ten different flows corresponding to hydraulic loading-rates 
between 3 and 24 L m-2 h-1 under aerobic conditions. To do so, the concentrations of these compounds were 
analyzed off-line by means of HPLC-MS/MS in the inlet and outlet of the biofilm reactors 

For diclofenac, propranolol, iopromid, iohexol and iomeprol the removal depended on the hydraulic 
residence time in the biofilm reactor and followed single first-order degradation kinetics with degradation 
constants of 0.040, 0.143, 0.046, 0.101, 0.090 h-1 respectively. For an intermediate hydraulic residence time 
of 9.2 h (12 L m2 h-1) the sand biofilm reactor removed 41, 94, 58, 57 and 85% of diclofenac, propranolol, 
iopromid, iohexol and iomeprol correspondingly. Tebuconazole and propiconazole were degraded to some 
extent but didn’t show any dependence with hydraulic residence time.  

The system did not show any signs of clogging during the experimental period (10 months). According to the 
results, biofilm reactors show that sand filtration is an option for small WWTP’s to remove organic micro-
pollutants from effluent water. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* moes@dmu.dk, Frederiksborgvej 399, DK-4000 Roskilde 
** kb@dmu.dk, Frederiksborgvej 399, DK-4000 Roskilde 
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Forward osmosis biomimetic membranes in industrial and environmental 
applications 

 

N. Bajraktari*, DTU Physics; H.T. Madsen**Dept. of Biotechnology, Chemistry and Environmental 
Engineering, Aalborg University Esbjerg; K.H. Nielsen***, Aquaporin; P. L. Jensen & K.L. 

Eybye*****,Technological Institute; E.G. Søgaard**, AAU Esbjerg;  C. Hélix-Nielsen*, DTU Physics 

 
Membrane processes have in recent years found increasing uses in several sectors where separation of one or 
more components from a solvent, typically water, is required. The most widespread types of membranes are 
polymeric and pressure driven, but the high pressures that are required results in increasing costs and 
fouling/scaling problems. In an attempt to overcome these problems, attention has recently turned to the use 
of forward osmosis, where a solution with a high osmotic pressure is used to draw water from the solution 
that is to be filtered. This technology promises to reduce the energy consumption and lead to much more 
stable operations, but is currently limited by the availability of suitable membranes. However, by introducing 
aquaporin protein channels into a polymeric membrane to make a biomimetic membrane, the vision of both 
high flux and separation efficiency may be achieved. In this work we have investigated two potential uses of 
this technology: Peptide up-concentration and pesticide removal.  

We have developed a new method for up-concentration of small molecular compounds based on gentle water 
removal from the sample by forward osmosis. The technology is based on two units; 1) a single use filtration 
module containing a sample reservoir and a biomimetic aquaporin based forward osmosis membrane. 2) a 
multi-use desktop forward osmosis system containing draw solution mixing, and monitoring devices. The 
sample is placed in the single use module and the module is then mounted in the forward osmosis system. 
Here the up-concentration can be carried out by forward osmosis with a suitable draw solution while 
controlling volume, concentration, etc., allowing the up-concentration to be terminated at a given value for 
the monitored parameters. Our technology differentiates itself by being a simple unit operation based on 
osmotic extraction of water from dilute peptide samples with no – or very little loss of sample material. 

A big challenge in modern water treatment is the handling of micropollutants. One example of these is the 
pollution of ground-/drinking water with pesticides, which in Denmark have affected close to half of the 
groundwater resource. In this part of the work we have studied the rejection of three key pesticides: Atrazine, 
BAM and DEIA at different operating conditions. These are some of the most widespread groundwater 
pollutants, and also some of the most challenging to remove with membranes due to their small size. They 
may therefore be considered as a suitable benchmark test for general micropollutant removal with 
biomimetic membranes.     

 

 
 
* nbaj@fysik.dtu.dk, Fysikvej, Bygning 311, DK-2800 Kgs. Lyngby 
* claus.helix.nielsen@fysik.dtu.dk, Fysikvej, Bygning 311, DK-2800 Kgs. Lyngby 
** htm@bio.aau.dk, Niels Bohrsvej 8, Bygning 118, DK-6700 Esbjerg,  
*** khn@aquaporin.dk, Ole Maaløes Vej 3, DK-2200 Copenhagen N,  
**** klt@teknologisk.dk, Teknologiparken, Kongsvang Allé 29, DK-8000 Aarhus C   
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Hybrid composites of nano-sized zero valent iron and covalent organic polymers for 
groundwater contaminant degradation 

 
P.D. Mines*, Dept. of Environmental Engineering, Technical University of Denmark; J. Byun**, Korea 

Graduate School of EEWS, Korea Advanced Institute of Science and Technology; Y. Hwang*, DTU 
Environment; H.A. Patel** & C.T. Yavuz**; H.R. Andersen, DTU Environment* 

 
Zero valent iron is commonly used in a variety of treatment technologies (e.g. permeable reactive barriers), 
though recently a heavier focus has been placed on nano-sized zero valent iron (nZVI).  Having superior 
reductive properties and large surface areas, nZVI is ideal for the degradation of chemicals such as azo dyes 
and trichloroethylene (TCE). However, stabilization and immobilization of nZVI is a key parameter in its 
effectiveness as a chemical degradation agent for both in-situ and ex-situ applications.  Most important, this 
inhibits unwanted iron oxidation from the environment and prevents particle agglomeration, but also still 
allows for contaminant diffusion into the composite matrix, leading to degradation.  In this study, the effect 
of various covalent organic polymers (COPs) as effective supporting materials for nZVI for optimal pollutant 
degradation was assessed. These COPs demonstrate promising results for the ability to adsorb and remove 
carbon dioxide, yielding the notion that they are capable of groundwater contaminant removal. Composites 
of nZVI impregnated within COPs of high surface areas exhibit effective ability to degrade azo dyes, up to 
95%, over a 30-minute reaction period. Dye decolorization results were designated a precursor for 
effectiveness of pollutant decontamination; pollutants ranging in chlorinated organics, heavy metals, and 
various other groundwater contaminants. 

Using transmission electron microscopy (TEM), dimensional extrapolation of composite widths was on 
average approximately 6nm, with extremes at 2.5nm and 24nm. Composite lengths exhibited much more 
variance, and although the average was approximately 110nm, many lengths were observed as low as 50-
70nm and as high as 260-280nm ranges. 

BET surface areas of the polymers were as small as 1.8m2/g using COP47, and as large as 600m2/g using 
COP19.  Degradation of acid black I exhibited very fast kinetics within the first 2.5 minutes, with a strong 
plateau effect thereafter for 30 minutes, plotted in Figure 1.  Ultimately, dye removal rates were as high as 
95% in COP19 and as low as 42% in COP48.  Removal efficiency was determined to be a function of the 
BET surface area, as well as individual properties of the core/linker molecular make-up of each COP. The 
parallel control experiment with nZVI and COPs clearly indicated the azo dye removal mechanism by COP-
nZVI-composite, the synergistic effect of adsorption onto COPs and reduction by impregnated nZVI.  This 
translates well for treatment of many groundwater pollutants, with similar trends in abilities of each 
composite to degrade pollutants. 
 

 
 

Figure 1 Reaction kinetics of acid black I decolorization over time by composites, in terms of peak absorbance values, 
using UV-Vis spectrometry; initial peak absorbance (λmax = 618nm) at 60µM was approx. 3.14. 

 
 *padm@env.dtu.dk: Miljøvej, Bygning 113, DK-2800 Kgs. Lyngby 
** jhbyun@kaist.ac.kr: 291 Daehak-ro, Yuseong-gu, Daejeon 305-701, Korea  

0

0.5

1

0 10 20 30

C
 /
 C
o

Reaction Time (minutes)

COP1 COP6 COP19 COP47

COP48 COP60 COP61



The Danish Water Research and Innovation Platform 

8th Annual Meeting of DWRIP 2014, 30 January      Session 5                          

 
35

Highly stable and reactive nano zero-valent-iron synthesis with Mg-aminoclay and 
aging characteristics for practical application 

 

Y. Hwang*, Dept. of Environmental Engineering, Technical University of Denmark; Y.C. Lee**, KAIST; 
P.D. Mines*, DTU Environment; Y.S. Huh***, Inha University; H.R. Andersen*, DTU Environment 

 

Despite the large surface area and superior reactivity of nZVI, its limited stability is a major obstacle for in 
situ subsurface remediation. Recently, noble metal nanoparticles were successfully synthesized in the 
presence of Mg-aminoclay (MgAC). Taking into consideration MgAC function, MgAC can be expected to 
positively alter the nZVI properties, and namely, enhance their stability and reactivity.  

MgAC coated nZVI was prepared by the chemical reduction of ferrous ion in the MgAC solution using 
sodium borohydride as reductant. The stability of MgAC coated nZVI was determined by sedimentation 
analysis, particle size measured by dynamic light scattering (DLS), and zeta potential. The reactivity was 
analyzed by reactive iron content and nitrate reduction kinetic. The effect of washing and storage on aging of 
MgAC coated nZVI was investigated by different washing-storage procedures. The change of stability and 
reactivity during aging was measured by same procedure as described above. 

(a) (b
) 

(c
)

Figure 1 Enhancement of particle stability and reactivity by Mg-aminoclay coating under MgAC:Fe weight ratio of 7.5, (a) stability, 
(b) reactivity, (c) Morphology obtained by TEM  

 

The particle stability could be enhanced by increasing applied amount of MgAC (Fig 1(a)). As MgAC 
loading increased, nZVI particle growth was inhibited and thin sheathed grape-like nZVI particles with a 
higher degree of crystallinity were produced (Fig. 1(c)). The higher stability of MgAC coated nZVI was 
obtained by electrostatic repulsion by the positively charged MgAC coating. The MgAC coated nZVI 
exhibited higher tendency to react with target contaminants (Fig 1 (b)). The higher reaction rate toward 
nitrate, observed (1.17-42.0 h-1) and Fe(0) normalized (0.124-43.8 h-1•mg-Fe(0)-1), directly verified 
advantages of stabilization, which can increase the overall reaction speed. The stabilized MgAC coated 
nZVI, therefore, showed the high feasibility to apply in the field of subsurface remediation, which can have 
high mobility and short required remediation time. 

Moreover, effect of washing on aging of MgAC coated nZVI was investigated. Even though the initial 
particle size was similar, the particle size greatly increased during 1 week of aging when unattached MgAC 
was removed by pre-storage washing. The high aggregation tendency of pre-washed nZVI was due to break-
down and loss of surface coating during washing. On the other hand, washing step is essential to keep 
reactivity by removal of residual impurities which can increase iron corrosion rate. Based on this finding, 
stabilizer solution (MgAC) was applied again after pre-washing, and it exhibited both of high stability as pre-
storage washing and high reactivity as post-storage washing. Here, it is found that the proper washing 
procedure is mightily important to provide lasting stability and reactivity during preparation and transport. 

*yuoh@env.dtu.dk; Miljøvej, B113, DK-2800 Kgs. Lyngby 
**dream-ofe@kaist.ac.kr; KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon 305-701, Republic of Korea 
*padm@env.dtu.dk; Miljøvej, B113, DK-2800 Kgs. Lyngby. 
***yunsuk.huh@inha.ac.kr; Inha University, Incheon 402-751, Republic of Korea 
*hran@env.dtu.dk; Miljøvej, B113, DK-2800 Kgs. Lyngby  
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Photolysis and secondary formation of disinfection by-products by UV treatment of 
swimming pool water 

 

A. Spiliotopoulou*, K.M.S. Hansen** & H.R. Andersen***,  
Dept. of Environmental Engineering, Technical University of Denmark  

 
Swimming is popular to people as it is beneficial to fitness and health. Chlorinated disinfection by-products 
(DBPs) in swimming pools are a known health concern. UV treatment efficiently removes chloramines but 
has been reported to produce other DBPs, but the mechanism is unknown. The goal of this work was to 
investigate the effects of medium-pressure ultraviolet (UV) lamp radiation on the water quality of 
chlorinated indoor swimming pools in the presence of different species that reacts with UV: chlorine (Cl2), 
hydrogen peroxide (H2O2) and nitrate (NO3

-) describing the mechanisms that DBP formation is based on.  
Two hypothesises have been suggested. The first supports that DBPs are formed in the UV reactor. When 
free Cl2 is photolyzed, •Cl and •OH are formed. Chlorine radicals react with organic matter forming DBPs. 
Another hypothesis suggests that UV changes the organic matter making it more reactive to Cl2, so DBPs are 
formed when Cl2 is added. Apart from hypothesises, a question has appeared. Does UV create more DBPs or 
just speed up their formation? The objectives of this study are to determine the effects of UV radiation on 
swimming pool water in presence of three radical initiators.  

Treatment with UV for 20 or 40 min (UV20, UV40) did not produce THMs (Figure 1a). It was found that the 
main compound that is formed in Total THM (TTHM) in all water types is chloroform. Chloroform is not 
created during the UV exposure but after the chlorine addition (UV20 vs. UV/Cl2, Cl2). It could be concluded 
that UV/Cl2, Cl2, UV40/Cl2, Cl2 and UV, Cl2 increase the bromine in TTHM and thus the bromide 
concentration in the water must have increased by the UV treatment. The reason is that UV breaks down the 
bonds between the carbon-based compound and bromine (Figure 1b). So bromide is liberated into the water. 
The UV treatment also contributes to carbon activation, making it more reactive to chlorine. Then chlorine 
was added, post-UV, bromide is oxidized to hypobromous acid, which reacts with the newly formed THM 
precursors and forms more bromine containing THMs that reacts further with chlorine to form Br-Cl-DBPs. 
Thus, bromine is transferred from the larger brominated molecules to smaller volatile compounds like 
BDCM and DBCM. 

     
 
 

 

 

 

 

 

 
 
 
To sum up, DBPs are not formed in the UV reactor but only when Cl2 is added after the UV treatment. Thus, 
the first hypothesis is disapproved while results enhance the hypothesis which suggests that UV changes the 
carbon making it more reactive to Cl2. Also, UV speeds up DBP formation but it is uncertain whether it 
increases DBP concentration or not. 
 
* katspil@windowslive.com: Miljøvej, B113, DK-2800 Kgs. Lyngby  
** kmsh@env.dtu.dk: Miljøvej, B113, DK-2800 Kgs. Lyngby 
*** hran@env.dtu.dk: Miljøvej, B113, DK-2800 Kgs. Lyngby 

Figure 1: a) Total trihalomethane formation in water samples treated by different procedures,b) Schematic 
representation of brominated THM formation by chlorination post UV radiation.  
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Optimizing Forward Osmosis Separation in Commercial CF042 Cross-Flow Unit 
Using Open Source Computational Fluid Dynamics Simulations Software 

 
U. Aslak*, M. F. Gruber** & C. Hélix-Nielsen***,  

Department of Physics, Technical University of Denmark, 
 
Forward osmosis is an osmotically driven membrane separation process that relies on the utilization of a 
large osmotic pressure differential generated across a semi-permeable membrane. This technique has shown 
great promise in the areas of wastewater treatment, seawater/brackish water desalination, and power 
generation.  

Typical membranes are optimized for reverse osmosis and have an asymmetric design where an active 
separation layer is supported by a much thicker porous layer for support. When using such an asymmetric 
membrane for an osmotically driven separation process, the water flux performance is severely limited by 
concentration buildup/dilution within the porous layer, i.e. so-called Concentration Polarization (CP), which 
works to reduce the effective osmotic driving force across the active layer of the membrane. Such CP effects, 
both within and outside the membrane, are highly important for the performance of the membrane per se and 
for the performance of membrane modules. 

Whereas it can be difficult to influence CP within the membrane, concentration buildup outside the 
membrane is readily modulated by the characteristics of the fluid flow in the given module. Minimizing the 
CP effects by modulating the fluid flow close to the membrane is therefore of significant interest when it 
comes to optimizing a given membrane module.  

We have previously developed a model in the open source computational fluid dynamics framework 
OpenFOAM® capable of simulating both RO and FO processes. We have now extended our workflow in 
such a way that we can readily create membrane modules in the popular open source 3d animation suite 
Blender™, export them to OpenFOAM®, and test their performance in either RO or FO systems. In this 
work we demonstrate our workflow on a commercially available lab scale cross flow filtration cell by 
Sterlitech, CF042, demonstrating how the results obtained using our CFD model can be used to optimize 
module performance.  

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
* ulfaslak@gmail.com  
** mgrub@fysik.dtu.dk 
*** Claus.Helix.Nielsen@fysik.dtu.dk 
Fysikvej, Bygning 311, DK 2800 Kgs. Lyngby 
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Chemical disinfection of combined sewer overflow (CSO) using performic acid 
 

R. K. Chhetri*, A. K Sharma* & H. R Andersen*, 
 Dept. of Environmental Engineering, Technical University of Denmark, 

 
Combined sewer overflow (CSO) deteriorates the quality of receiving waters when it is discharged untreated, 
since CSO contain a variable mixture of rainwater, raw sewage, watershed runoff pollutants, and variable 
pathogenic organisms. According to European Union directive for bathing water the number of indicator 
organisms should not exceed 500 Escherichia coli (E. coli) and 200 Enterococcus per 100 mL water. Bathing 
water quality can be preserved by disinfecting the CSOs with a chemical disinfectant but the disinfection 
capacity of a chemical depends on concentration and contact time. Disinfection of CSOs can be achieved in 
the existing sewer systems by adding a disinfectant in the beginning of the outlet pipe or before the detention 
tank. The organic peroxide performic acid (PFA) has emerged for disinfection of wastewater treatment plant 
effluents. PFA is strong disinfectants with a wide spectrum of antimicrobial activity and its degradation 
products are nontoxic and biodegradable. 
 

In this study, we investigated the 
disinfection effectiveness of PFA applied 
to CSO event in full scale at the sea outfall 
pipe CSO structure in Skovshoved as 
illustrated in figure 1. CSO was collected 
before and after the dosing point using 
automatic sampling device collecting a 
fraction of the flow in 20 min intervals.  
In order to replicate the 22 min retention 
time in the outfall a pipe reactor was 
inserted into the sample stream from the 
treated water to the sampler. 
Laboratory treatment experiment was performed on selected 
untreated CSO fractions to verify the dose and disinfection 
effectiveness from full scale. Furthermore, degradation profiles of 
different concentration of PFA in CSOs of variable quality were 
investigated to evaluate the residual PFA being released. 

 In the full scale experiment illustrated in figure 2A removal 
of E. coli was around 3 log unit and removal of 
Enterococcus was around 2 log unit with 4-8 mg·L-1 PFA 
applied in fraction 4 to 15. 

 Consumption of 1 and 2 mg·L-1 PFA was faster compared 
to consumption 3 and 4 mg·L-1 PFA in CSO (Figure 2B). 
½-life of 20-30 min as predicted in our previous laboratory 
investigations was confirmed.  

 Similar disinfection efficiency as the field experiment was 
achieved using 2-3 mg·L-1 PFA when the authentic CSO 
fractions were disinfected in laboratory (figure 2C).  

The results confirm the design of the full scale experiment but 
more refining of the dosing and hydraulic control is required before 
the installation resemble a final design for continued use.  

 
* rakc@env.dtu.dk, Miljøvej 113, DK-2800 Kgs. Lyngby  

Figure 2: A) Disinfection effect of PFA on indicator organisms in CSO 
treated on full scale. B) Concentration profiles (with time) of PFA in CSO 
collected from inlet of sea outfall pipe. C) Disinfection effect of PFA on 
indicator organisms in CSO-fractions treated in laboratory. 

Figure 1 Schematic drawing of full scale experiment at Skovshoved. 
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Micro-pollutants removal from wastewater effluents with biogenic manganese oxide 
nanoparticles 

 

K. M. Furgal*, Environmental Science/iNANO, Aarhus University, R.L. Meyer**, iNANO, Aarhus 
University; K. Bester***, Environmental Science, Aarhus University*** 

 
Conventional wastewater treatment technologies often do not remove pharmaceuticals efficiently. 
Consequently, pharmaceuticals find their way into the aquatic environment as micro-pollutants. Biogenic 
manganese oxides nanoparticles (BioMnOx) appeared as an attractive alternative to remove otherwise 
persistent micro-pollutants. Implementation of BioMnOx in wastewater treatment requires that Mn2+ 
oxidation and pollutant removal by BioMnOx can occur in situ, but little is known about the potential of 
BioMnOx to remove a wide range of micro-pollutants under in situ conditions. Here we present the reactivity 
of BioMnOx, produced by Pseudomonas putida in situ (including growth media), towards a wide range of 
micro-pollutants at low concentrations (10 µg L-1). We found that a steroid hormone, estrone, was readily 
removed with BioMnOx within the first 33 h after the addition, while no removal occurred in the bacteria 
free and manganese free controls during 300 h of incubation (Figure 1). The process needs to be optimized to 
remove ibuprofen, tebuconazole and diclofenac. Our results point toward the prospective of BioMnOx in 
advanced water treatment. 
 

 
 
Figure 1. Relative concentration of estrone during incubation with: □ Pseudomonas putida, ● Pseudomonas putida 
enriched with MnCl2, ▲ bacteria free control with MnCl2. C0 =10 µg L-1. Error bars indicate standard deviation derived 
from three incubations sampled at the same time. 
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The effect of forest coverage and forest type on the water balance of the Skjern 
River catchment 

 
B. Pang*, T. O. Sonnenborg** & A. Bruge, GEUS;  

J. Christiansen, & P. Gundersen***, Dept. of Geosciences and Natural Resources Management, University 
of Copenhagen  

 
Using a physically based and spatially distributed hydrological model with an energy based description of 
evaporation and transpiration processes (MIKE SHE SVAT), a large scale model has been established for the 
Skjern catchment in Western Denmark. Several land used scenarios have been defined using forest (beech 
and spruce forest) and agricultural crops (willow SRC, grass, corn, wheat and barley) to test the impact of 
forest type and coverage on water resources.  

The model is found to give a reliable representation of the exchange processes between groundwater, soil 
water, the vegetation and the atmosphere. The results highlight that coniferous forest has the highest 
evapotranspiration among all land-use types. The model shows that if existing conifer forests are replaced by 
broadleaf forests a significant increase in groundwater recharge and groundwater level is expected. The 
sandy soils in western Jutland enable the additional groundwater recharge to reach the groundwater aquifers. 
It is also shown that it is possible to double the area covered by forest without compromising the 
groundwater resources or the minimum stream discharge if afforestation is carried out with broadleaves and 
the present conifer forest simultaneously is substituted by broadleaf forest. If the land use of the entire 
catchment is changed from agriculture to forest, significant reductions in groundwater level and stream 
discharge may be expected, especially if the forest consists of conifer trees.  
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Figure 1. Present land use (left) where forest is dominated by conifer (green); scenario where broadleaf (blue) has 
replaced conifer (middle) and doubled in area; and the resulting change in groundwater level (right). 


