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Background information 
HELCOM has worked intensively to develop recommendations to reduce the plant nutrient input from land-

based sources such as industries, wastewater treatment plants, individual housing, agriculture as well as 

emissions to water and air from shipping. HELCOM standards are often stricter than present EU standards, 

eg. for wastewater treatment plants which have lower emission limits and lack any regulations for 

wastewater treatment plants under 10,000 pe. It is therefore necessary to continue and intensify the efforts 

so all countries are in compliance with HELCOM recommendations and agreed Country Allocation Reduction 

Targets - CART. 

However, despite that the anthropogenic load of plant nutrients (phosphorous and nitrogen) from land based 

sources are decreasing, the severe eutrophication of the offshore Baltic Sea continues and the sea is not 

showing improved status. Recent research shows that the frequency and intensity of algal blooms increase, 

and that they occur earlier during the summer. The anoxic conditions of the deepwater is worsening and the 

extension of dead bottom areas is now probably the largest in the world which contribute to the very serious 

status of the Baltic Sea cod. 

While it is imperative to continue to reduce the load of plant nutrients from land-based sources and shipping, 

the maximal potential of various measures are being approached (such as the phosphorous removal in waste 

water treatment plants). Increased efficiency beyond existing HELCOM recommendations would be very 

costly and further reduction potential low.  In other words, going beyond the requirements of other HELCOM 

recommendations for industries, individual housing and shipping have low reduction potential. In reality, 

there is only potential for substantial plant nutrient reduction measures in the agricultural sector but the 

implementation is problematic, slow, inefficient and costly. 

The internal load of phosphorous from oxygen free sediments in the offshore and coastal areas of the Baltic 

Sea is huge, which calls for a discussion on complementary in situ approaches. HELCOM HOD 46 discussed 

the need to speed up the recovery of the Baltic Sea and agreed on the following text in the terms of reference 

for that HELCOM PRESSURE:  “The WG will ensure the necessary expertise to respond to requests to assess 

specific pollution sources at land as need may be. Priority is given to reducing inputs. Being aware of the need 

to speed up the steps towards the recovery of the Baltic Sea, innovative measures may be needed as 

complementary action”. 

At the HELCOM HOD 46 meeting, Sweden proposed to convene a seminar to further discuss this topic and to 

share information about the state of art of knowledge and results of field experiences.  Attachment 1 of this 

document is a “save-the-date” notification announcing that Sweden will organize a seminar on this topic at 

the University of Stockholm, 12 of February 2015. 
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The Attachment 2 of this paper gives examples of  recent and ongoing research and field activities in Sweden 

on selected potential measures to reduce this internal  load including oxygenation,  permanent inactivation 

of mobile phosphorous in sediments, low-flow dredging, using stranded algae for biogas production and 

cultivation of mussels to absorb the plant nutrients. The examples have been drafted by scientists and experts 

and do not necessary reflect any official Swedish position in that respect. 

 

Action required 
The Meeting is invited to take note of the seminar planned to be held in Stockholm on 12 February 2015.  

The Meeting is invited to take note of the Swedish examples of research and field test projects and HELCOM 

Contracting Parties are invited to propose additional cases which could be considered at the seminar. 
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Oxygenation of anoxic bottoms as a method to decrease the Baltic Proper 

eutrophication 
By Anders Stigebrandt, Researcher and Professor emeritus, Department of Earth Sciences, University of 
Gothenburg, Box 460, SE-40530 Gothenburg, Sweden. E-mail: anst@gvc.gu.se 
 

1. Short background and proposed remedial measure 
 
Starting in the 1980s, the top of the halocline sank from 60 to 100 m depth in the Baltic proper due to 

imbalance between supply and removal of new deepwater. This episode ended in 1993 when a large 

(major) inflow restored the salt stratification of the deep water. Stigebrandt and Gustafsson (2007) noted 

that the phosphorus (P) content of the water column in the Baltic proper decreased by about 40% during 

this episode. They explained the P decrease in the water column by P deposition (ca 3 gP m-2) on 

oxygenated bottoms that earlier were anoxic. They suggested that the P content in the water column and 

the eutrophication of the Baltic Proper could be decreased by keeping the deepwater oxygenated by 

pumping winter water from above the halocline into the deepwater. The amount of oxygen supply needed 

to keep the deepwater of the Baltic Proper oxic was also estimated.  

The external annual supply of P decreased from about 60 000 tonnes in 1980 to 35 000 in 2005 (Gustafsson 

et al., 2012). In spite of this, the content of P in the water column increased by about 20% during the same 

period, e.g. Stigebrandt et al., (2014a). To explain this, there must be an internal source that has increased 

more than the external source has decreased so that the total P supply from external and internal sources 

has increased. An elementary P-budget model, similar to that in Wulff and Stigebrandt (1989) but with an 

additional internal P source, was applied by Stigebrandt et al. (2014a). They found that the changes in the P 

content in the water column between 1980 and 2005 could be explained by an internal annual source of P 

that increased from 45 750 tonnes in 1980 to 91 750 tonnes in 2005. It was assumed that the internal 

source emanates from anoxic bottoms, the area of which increased from about 20 000 km2 in 1980 to 

about 40 000 km2 in 2005 (Hansson et al., 2011). Thus, it may be estimated that the time and space mean 

leakage of P from anoxic bottoms equals 2.3 tonnes km-2year-1. This result was supported by P observations 

in the water column in the Bornholm Basin that switches between anoxic and oxic conditions. It was also 

supported by observations during the By Fjord Experiment (Stigebrandt et al., 2014b) and by direct 

observations using chambers on benthic landers in the Baltic Proper, Viktorsson et al. 2013.  

For management it is an extremely import finding that the internal source of P emanates from anoxic 

bottoms. This means that the internal P supply may be reduced by reducing the area of anoxic bottoms. 

An experiment in the By Fjord shows that it is possible to oxygenate anoxic bottoms by pumping oxygen 

saturated water into the deepwater, see Section 2 below for a description of the experiment. Although the 

pumped flow in the By Fjord Experiment was much smaller than the pumped flow needed to oxygenate 

basins in the Baltic Proper, the same pumping principles can be used although the pump platform must be 

adapted to forces in the open ocean.  In the Box-win experiment the design of and energy supply to large 

offshore pumps were analyzed, see Section 2 below.  

 The internal P supply is at present about three times greater than the external P supply. In addition, the P 

content in the Baltic is increasing although the external supply is continuously decreasing due to increasing 

use of waste water treatment and better agricultural practice. However, improvements of the 

environmental situation e.g. decreased blooming of cyano bacteria and decreased areas of anoxic and 

hypoxic bottoms can be obtained by decreasing the eutrophication in the Baltic Proper.  

It is proposed that the eutrophication of the Baltic Proper is reduced by oxygenation of anoxic bottoms. It is 

suggested that this possibility should be thoroughly evaluated by HELCOM.      

mailto:anst@gvc.gu.se
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2. Methods tested and results (research, field studies, etc) 
Based on the ideas presented in Stigebrandt and Gustafsson (2007), the Box (Baltic deepwater OXygenation 
experiment) project had the aim to make an initial investigation of the feasibility of decreasing the 
phosphorus content in the water column and thereby the eutrophication of the Baltic Proper by 
oxygenation of the anoxic deepwater. As part of the Box project, a pilot experiment was done in the By 
Fjord that was oxygenated by pumping 2 m3s-1 of oxygen saturated surface water into the deepwater (sill 
depth equals 13 m and maximum depth 47 m). The deepwater was oxygenated in two ways; by the 
addition of oxygen rich surface water and by an increased frequency of exchange of deepwater caused by 
the rapid decrease of the density of the deepwater caused by the supply of the low-saline surface water. In 
the experiment, the frequency of exchange of deepwater increased from one exchange about every 3rd 
year to 3-4 exchanges annually. The first exchange of the deepwater occurred about two months after the 
start of the pumping, see Figure 1. By continued pumping, the deepwater was then held oxic for almost 
three years. The bottoms were colonized after about one year when the top layer of the sediment had 
become oxidized. No increase of leakage of toxic metals or toxic organic matter was observed during the 
experiment. The phosphorus content in the basin water was reduced to 1/5th of the initial amount, partly 
because of increased flushing and partly because of decreased leakage from the bottom sediments. An 
overview of the By Fjord Experiment and its results is given in Stigebrandt et al. (2014b).   
 

 
Figure 1. The upper panel shows the salinity in the By Fjord. Pumping (the green line between upper and lower figures 
shows when pumping was on) started day 283 and gave an immediate response in the salinity field. Water exchange 
started about day 335 when saltier water intruded from the neighboring Havsten Fjord. It led to increased salinity 
(upper panel) in most of the deepwater and rapid oxygenation of the deepwater (lower panel). (From Stigebrandt et 
al., 2014b)   

 
Before the start of the By Fjord experiment, the needed pumping rate was investigated using a circulation 

model with pumping implemented. This is of course crucial for the design of the pumping equipment 

(Stigebrandt and Liljebladh, 2011). The pumping in other contemporary experiments, e.g. the Sandöfjärd 

experiment by Proppen, unfortunately failed (for further information contact Proppen).   

The Box project also made investigations of the phosphorus dynamics in the Baltic proper, some results 

were mentioned already in Section 1 above. The most important contribution is the investigation presented 

in Stigebrandt et al. (2014a) showing that the internal phosphorus source now is three times greater than 
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the external source and that the internal source can be shut off by oxygenation. This is also the key to 

restoration of the Baltic proper. This possibility was not clear when starting the Box project. 

The Box project also made theoretical investigations of pumping in the Bornholm Basin. In Stigebrandt and 

Kalén (2013) it was shown that pumping about 800 (m3 s-1) of so-called winter water into the deepwater 

would keep the deepwater oxygenated. This result was confirmed by computations in the Box-win project 

for a 21-years-long period where also some ecological effects of oxygenation were investigated 

(Stigebrandt et al., 2014c). Among other results it is shown that the conditions for cod reproduction in 

Bornholm Basin will improve and the deep bottoms will be colonized if the deepwater is oxygenated by 

pumping. The Box-Win project also calculated the cost for oxygenation using not only wind power but also 

other energy sources. Many of the results from Box and Box-win are published in papers and reports that 

can be downloaded from www.box-win.se.  

  

3. Potential use as restoration measure in the Baltic Sea, inclusive financial aspects  
In Stigebrandt and Gustafsson (2007) it was anticipated that the eutrophication of the Baltic Proper could 

be diminished by oxygenation of the deepwater. The idea proposed in that paper was that oxygenation 

would improve the P sink properties of the deepwater. However, with the results obtained in Stigebrandt 

et al. (2014a) focus shifted to internal P sources. From the results in that paper it can be concluded that the 

internal sink can be removed completely by oxygenation of the deepwater. Thus one has the choice to 

reduce the internal sink by oxygenation of parts of the anoxic bottoms or even completely restore the 

Baltic Proper by oxygenation of all anoxic bottoms.  

It is proposed that one as a first step oxygenates a smaller part of the Baltic Proper. A good choice for such 

an enterprise should be the Bornholm Basin which represents about 10% of the anoxic bottoms. It was 

shown in Stigebrandt et al. (2014a) that the time mean internal P source in Bornholm Basin is about 7500 

tonnes year-1. Thus, by oxygenation of the Bornholm Basin the internal (and the total) source of P to the 

Baltic Proper should decrease by 7500 tonnes P year-1. Oxygenation would require pumping of about 1000 

m3 s-1 of winter water from about 30 m depth to 90 m depth in the deepwater (Stigebrandt et al. 2014c).  

The annual cost to oxygenate the Bornholm Basin was estimated by the Box-win-project to 150 - 300 MSEK 

depending on the chosen energy source and method of pumping (depreciation time 20 years). The Unit 

Abatement Cost – UAC, i.e. the annual cost to suppress the supply of P from the internal source, is thus 

20 000 – 40 000 SEK per tonne P. If one chooses to oxygenate the whole Baltic Proper one may talk about 

restoration and this is an operation that should take about 10 years and the annual cost would be about 

1500 – 3000 SEK (work in progress – will be presented at the workshop with HELCOM in February 2015).  

4. Environmental implications, risks and proposed way forward 
A decrease of the eutrophication of the Baltic Proper is high on the wish-list for HELCOM and ordinary 

people living around the Baltic Sea. A decrease of the P content by oxygenation of anoxic bottoms would 

lead to less intensive blooming of cyano bacteria and reduced areas of anoxic and hypoxic bottoms. 

Oxygenation of the Bornholm Basin would improve the conditions for cod recruitment and also establish 

fauna on the deep bottoms. As shown in the By Fjord experiment it is likely that the leakage of toxic metals 

and organic matter decreases when the bottoms obtain an oxidized layer at the sediment- water interface. 

There are apparently many benefits with a less eutrophic Baltic Proper and the value of these should be 

estimated.  

Several publications concentrate on possible negative effects of artificial oxygenation and do not even 

mention obvious positive effects, as a typical example see the comment by Conley (2012). Without doubt, 

there might be negative effects of oxygenation by pumping. These have to be investigated and described in 

an Environmental Impact Assessment (EIA) that must be presented and discussed before oxygenation by 

pumping starts. However, many of the thought risks presented should be valid also if the Baltic Sea might 

http://www.box-win.se/
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recover by itself thanks to reduced external outlets of nutrients. The question is then if a spontaneous 

recovery should be prevented by increasing the nutrient outlets again?  
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Permanent inactivation of phosphorus in Baltic sediments 
Sven Blomqvist, Department of Ecology, Environment and Plant Sciences, University of Stockholm 

1. Short background and proposed remedial measure 
The Baltic Sea is heavily loaded with phosphorus (P). This result in serious and large-scale eutrophication, 

for instance, regular occurrence of toxic cyanobacteria blooms, increased nitrogen (N) fixation, extensive 

areas of anoxic conditions and loss of amenity value. Despite ambitious reduction of anthropogenic loading 

during recent decades, these detrimental marine conditions remain, and call for alternative remediation 

actions. In particular, the large release of P from oxygen deficient bottom sediments prolongs and worsens 

environmental conditions in the sea area, and therefore needs to be reduced. 

The project proposes a promising and cost-efficient treatment that permanently inactivates labile P in Baltic 

sediments. It is based on supplying fine-particulate marl (lime-rich clay) to selected Baltic bottom 

sediments, thereby binding and sequestering a large fraction of the mobile P. For extensive review, see 

Blomqvist & Rydin (2009).  

The marl used is a by-product of lime quarrying on the island of Gotland, a favourable location with respect 

to logistics, harbour facilities, periodical surplus of cheap wind power electricity, and a valuable lime-

industry tradition. At best, a single addition of prepared marl to a certain area might be sufficient for a 

permanent large improvement of the water quality. 

2. Methods tested and results 

Pilot studies were launched in June, 2012, by a series of laboratory experiments, focusing on the adsorption 

of phosphate on marl particles. Time-course affinity measurements in brackish and fresh water were 

conducted for (i) a range of particle sizes from (i) 1000 to <75 µm, (ii) in different salinities (0– and~7 PSU, 

respectively) , and (iii) in various dissolved phosphate adsorbent concentration ratios. Findings obtained 

are very promising, showing a strong and rapid association of P to fine-grained marl (minutes) that is little 

affected by salinity. Also, the calcite appears to be stable, and does not dissociate measurably over the time 

period (months) studied. Furthermore, when marl was added to natural bottom sediment, P retention was 

substantially improved. 

3. Potential use as restoration measure in the Baltic Sea 
Left heaps of excavated marl are numerous in the Baltic area. For instance, the available amount of surplus 

marl deposited at one quarry only (at Storugns in Gotland), is enough to treat the anoxic bottoms in the 

entire Stockholm archipelago (Arholma–Landsort, 1,200 km2,Engqvist & Andrejev 2003). Moreover, our 

recent findings suggest that the P adsorption efficiency might be further enhanced, perhaps by as much as 

three orders of magnitude (cf. Hiraga & Shigemoto 2014), if calcium phosphate (Nriagu 1984) – e.g. apatite 

(Gunnars et al. 2004), is formed. At best, this implies that marl of only one quarry might be well enough to 

treat the anoxic–hypoxic bottoms of the whole Baltic Sea (70,000 km2).  

In order enhance the efficiency of P adsorption to fine-particle marl matter, two alternatives will be 

studied: 

(i) Transformation of calcite crystals into semi-crystalline phases by heating. The resulting increase in the 

specific surface area will enhance adsorption of P into the marl matrix. Also, we aim to produce semi-

crystalline marl which slowly liberate free Ca ions into the sediment pore water, and enhance formation of 

authigenic calcium-phosphate minerals. Apatite is such a P-rich mineral which might have been precipitated 

chemically in the marine geological past (Blomqvist & Gunnars 2010), but this is currently kinetically 

blocked in the Baltic Sea due to low dissolved Ca concentration in the seawater (Gunnars et al. 2004). By 

screening the effect of different heating treatments, marl matter having different dissolution characteristics 

can be formed, and the calcinated particles adapted to different settling rates and water depths. The crystal 

structure is recorded by modern X-ray diffraction technique, at our disposal at Stockholm University. 
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(ii) Another alternative is to enhance the P adsorption to the crushed marl matter by adding a small amount 

of aluminum salt, which is incorporated into the supplied marl, and is released upon dissolution of the marl 

matrix. The settling rate and dissolution characteristics of this matrix might also be altered to suit different 

water column depths. Studies on these matters will be conducted at Cementa Research AB, a cement 

manufacturing plant at Slite, in Gotland, and also at Stockholm University 

As a first order estimate, we have calculated that the cost to prepare the amount of fine-particle marl 

(lutite) needed to adsorb one kilogram P is less than 3 Є. This is magnitudes lower than other suggested 

alternatives, for instance, removal of P by sand filters which is 200 Є to 450 Є, or building wastewater 

treatment systems for single households which cost ~4000 Є per kilogram P. 

4. Environmental implications, risks and proposed way forward 
The overall focus of the project is to enhance the capability of marl to sequester P as described above. 

When achieved, the next step will be directed to the vertical flux rate of this marl-product, and the 

significance of resuspension and resettling on the P-sequestering capacity. Particularly, the influence of 

different density conditions (pycnoclines of temperature and salt) on the vertical flux rate of fine-particle 

marl appears to be an important topic for future studies. Also, the influence of water currents on the 

stability of the formed P–marl aggregates will be investigated. These aspects are evaluated by mesocosm 

experiments, and carried out at Umeå Marine Sciences Centre, Umeå University. 

The further development of the project needs (i) a feasibility study, also including a jurisdictional evaluation 

of the legal rights, (ii) a business model, and (iii) certain further experimental field tests. The environmental 

risk of the proposed project appears minor (cf., Blomqvist & Rydin 2009).  

It is worth mentioning that our project “Permanent inactivation of phosphorus in Baltic sediments” is 

recommended by the Swedish Water Districts of the North and South Baltic proper, respectively, and all 

responsible County Administration Boards adjoining these districts. 
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Anoxic coastal sediments bind phosphorous after Al-treatment  
Emil Rydin and Linda Kumblad, BalticSea2020 

1. Short background and proposed remedial measure 
Phosphorus inputs to the Baltic Sea have been reduced to 1950s levels (Gustafsson et al. 2012). Despite 

this, eutrophication does not decline, and estimated overall recovery of the Baltic Sea will not occur until 

next century (Gustafsson et al. 2012). The long recovery period ahead is mainly a result of poor permanent 

P binding in anoxic bottoms, resulting in the “viscous cycle”. Internal nutrient recycling from the sediment 

is the main P source to the water column and is several times larger than the external load from the 

catchment area (Gustafsson et al. 2012). 

With experience from Björnöfjärden in Stockholm archipelago (full-scale demonstration project, 

BalticSea2020) and Östhammarsfjärden in Öregrund archipelago (long term sediment experiment, Rydin 

2014), we today know that the retention of P in anoxic brackish water sediments can be substantially 

increased by addition of aluminum to the sediment (Al-treatment).  

2. Methods tested and results 

Al is naturally occurring in sediments, which together with Fe and Ca, are the natural binders of phosphate. 

Unlike Fe, the binding capacity of Al is not redox sensitive, which means that Al binds P also in anoxic 

conditions, and therefore has a large potential for remedial measures of the Baltic Sea.  

Aluminum treatment has been used world-wide since the 1970s (Cooke et al. 2005). In Björnöfjärden, a 

special technique developed by Vattenresurs AB (Sweden) was used, where the AlCl3-solution PAX XL 100 

was injected directly into the sediment. The method has previously been used in a handful of lakes mainly 

in the Stockholm area. The dissolved Al forms a precipitation within the top 10 cm of the sediment that 

bind mobilized P and act as chemical barrier. The applied dose, 50 g Al/m2, is expected to permanently bind 

up to 10 g P/m2, which is all the P expected to be mobilized in the future from the treated sediment (Rydin 

et al. 2011).  

The Al-treatment in Björnöfjärden was performed in anoxic sediments (ca 80 ha) and was finished in august 

2013. The internal loading ceased which in turn reduced the average water column TP concentration by 

50%. The top 10 cm of sediment show a substantial accumulation of P bound to Al. The Al-treatment 

turned the Björnöfjärden ecosystem from a P-source into a P-sink. 

3. Potential use as restoration measure in the Baltic Sea 
The cost for Al-PAX-solution is ca 20 000 SEK/ton. Assuming a 5:1 binding efficiency (Rydin 2014), one ton 

of Al will bind 200 kg P, resulting in a chemical cost of 200 SEK/kg P. Including application costs, estimated 

to 30 000 SEK/ton Al (or 300 SEK/kg P), the total cost would be 500 SEK/kg P. Expressed per unit surface, 

the high dose applied corresponds to 1 MSEK/km2. Including the application costs, the total is 2.5 

MSEK/km2. It can be expected that treating larger areas would lower the applications costs, and that many 

areas require lower doses, and thus lower chemical cost, ending up with an overall expected treatment 

costs around 1-1.5 MSEK/km2. However, development costs for boats with capacity for treating larger 

depths, etc. is not accounted for. 

The extension of anoxic bottoms of the Baltic Sea may be too large for a complete Al-treatment. However, 

it is technically feasible and economically reasonable to restore selected parts, for instance areas identified 

as “P-hot-spots” (Figure 1).  
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Figure 1. Distribution of hot spots for P-release in the 

Stockholm, Åland and Helsinki archipelago (Puttonen et al. 

2014). 

4. Environmental implications, risks and 
proposed way forward 
After the Al-treatment in Björnöfjärden the amount 

of Al in the upper sediment layer has increased by 

approximately 20% compared to the natural 

background. The Al-concentrations in both bottom 

and surface water of the treated bay are still similar 

to prior the treatment, indicating that the added Al 

does not dissolve and diffuse into water column. The 

addition of Al can be looked upon as enhancing a 

natural process, the dissolved Al added and the 

subsequent precipitation is a natural occurring process. 

Al may be hazardous to aquatic organisms if present in dissolved forms in high concentrations. However, 

dissolved Al can only occur at low (<5.5) pH. The pH in Baltic Sea sediments is near neutral and very stable, 

as the buffer capacity of brackish water is high. The risk of Al-toxicity due to Al-treatment is therefore very 

small. Furthermore, in case of an extreme event substantially reducing the pH, all Al present in the 

sediment would dissolve, of which the added Al from an Al-treatment only is a minor fraction.  

The potential for geo-engineering measures is central for the recovery of the Baltic Sea. Of increasing 

concern is the lack of tested theory and empirical data upon which decisions of field-scale geo-engineering 

can be based (Spears et al. 2013). This is due mainly to the rarity of long-term ecosystem scale studies that 

are needed to produce the relevant data. The Al-treatment in Björnöfjärden was the first treatment in a 

brackish water environment ever. The development of the aquatic ecosystem in Björnöfjärden will be 

monitored and scrutinized in detail, which will give a deeper insight in the possibilities and limitations of Al-

treatment as a remedial measure for coastal areas of the Baltic Sea, and its potential for larger and deeper 

areas. 

Yet, there are no estimates available, neither on the level of P reduction needed to actually break the 

"vicious circle" in the Baltic Sea, nor if P is released to the same extent from all anoxic bottoms. If there are 

"P-hot-spot-areas", it may be sufficient to restore these to improve the situation in the entire Baltic Sea. 
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Density sorting dredging as an approach to speed up Baltic restoration  
Bengt Simonsson, Techmarket 

Minimally invasive sea bed suction technology removes eutrophication-causing sediment top 

layer from sea floor, converts it to valuable raw materials stimulating investment in local, 

circular and green economy. The approach will speed up the recovery of anoxic areas in the 

Baltic and decrease effective net input.  

1. Short background and proposed remedial measure 
BACKGROUND: WITH THREAT COMES OPPORTUNITY. The top layer of recent biogenic sediments on deeper 

areas of the seabed, if left intact, threaten to increase expansion of the anoxic areas of the Baltic Sea. 

Extracting nutrients from a potential ecological threat can fund sustainable development:  this fresh biogenic 

sediment layer at the top is, compared to older and deeper layers, relatively clean from heavy metals and 

other pollutants. It is therefore cost efficient and suitable as a commodity for a new form of fertilizer and 

biogas substrate. 

PROPOSED MEASURE: ZERO DISPERSION VACUUM EXTRACTION. The approach removes this top layer, and 

uses it as input for biogas and fertilizer production. Retrieval costs are offset by income from biogas and 

fertilizer, making it one of the most cost-effective restoration approaches available. At the same time, the 

approach stimulates investment in the circular economy reducing reliance on imported phosphorus. 

MAIN COMPONENTS: The solution consists of a main vessel controlling the underwater unit and a bulk 

storage vessel. Four large intermediate soft shell storage containers sit under the surface each with a storage 

capacity of 4000 cubic meters. 

The harvesting area is 500 by 500 meters, with a buoy in each corner. Each buoy houses a digital wire 

actuating motor. These motors move the suction head over the sea floor.  

SUCTION HEAD REMOVES LAYER WITH MINIMUM DISPERSION: The suction head is lowered to seabed to 

retrieve mainly the lighter sediment layers on top of the seabed. The suction speed is slightly higher than the 

moving speed of the underwater unit. This avoids particle dispersion. 

SEDIMENTATION: A three chamber device further separates older sediment from fresher. The device is 

located 20 meters under the water surface to avoid wave movements and marine growth. The fresh sediment 

is shipped ashore after storage. (As an option, the small amounts of remaining older sediments, with a higher 

content of pollutants, could be oxidized by air and returned to seabed, where the oxidized volume will bind 

phosphorus.)  

CENTRIFUGATION: The decanter centrifuges located on the bulk vessel have two main functions: to reduce 

the amount of water from the retrieved sediment and further separate fractions by means of density 

differences.  

PRODUCTION OF BIOGAS AND FERTILIZER: To produce biogas is a central part of the method. The Swedish 

University of Agricultural Sciences and Swedish Institute of Agricultural and Environmental Engineering will 

participate in the continued development to design new fertilizers from sediment. 

2. Methods tested and results 
FULL SCALE TESTS IN FRESHWATER LAKE demonstrate proof of concept and technology. In the lake 

Barnarpasjön in Sweden retrieved top layer sediments were clean enough to spread on nearby farming 

land. 

OCEAN-SCALE TEST PROGRESSING: A deep water project stated in July 2014 in the waters east of 

Oxelösund in Sweden. This part of the Baltic Sea has some fifty deep water areas with an accumulation rate 
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higher than 10 mm per year. Studies from SGU show that oxygen levels are low in these hollows and that 

further accumulation will make deeper areas tip over, as in the case with lakes. The deep water project has 

surveyed a typical deep area with an accumulation rate higher than 16 mm per year. The project has found 

that if 16 mm of fresh sediment per year would be removed regularly, the oxygen situation would improve 

in this deep area. As a result, the internal leakage of phosphorus would abate.  

FULL SCALE TESTS STARTED IN OCTOBER AND WILL CONTINUE IN APRIL 2015. The digital mapping of this 

specific area shows a very flat seabed with excellent conditions to retrieve top layer sediment with a very 

simple technical solution. The sediment will be pumped up to the surface, as in the case in Barnarpasjön.  

FINANCIAL MODELS BEING EXPLORED. The County Administrative Board of Östergötland, the dominating 

cereal producing region of Sweden, has volunteered to participate in the continued project to establish the 

circular economy as described above. That way, the land based installations will be paid for by the 

municipalities. The municipal sewage community will pay for its leakage (Polluter Pays Principle) as a fee 

rather than a municipal tax. The production and sales of biogas and fertilizers will constitute a payback to 

the sewage community. Thus the method will create a local economy, with jobs, energy and fertilizer 

production. 

3. Potential use as restoration measure in the Baltic Sea, including financial aspects 
REMOVING THE FRESHER SEDIMENT IN DEEP AREAS REDUCES THE INTERNAL LEAKAGE OF PHOSPHORUS. 

This will have the effect of reducing the net P burden on the Baltic. Deep sea dredging has one further 

benefit in that specific problem areas can be targeted for restoration. Recovery time can be rapid with this 

approach in combination with net inflow reductions compared to net inflow reductions only. 

UAC CALCULATION, FROM HARBOR TO INCOME The following calculation shows unit abatements costs per 

ton, with an annualized investment cost (at 5 %, with a 20 yr capital recovery time). 

 Sediment retrieval  68,000 EURO per ton P 

 Biogas/fertilizer production plant  52,000 EURO per ton P 

 Income from biogas and fertilizer  88,000 EURO per ton P 

 Net Unit Abatement Cost  32,000 EURO per ton P 

As a comparison, sediment recovery in inland lakes is far cheaper and municipal connection solutions are 

far more expensive 

 Inland lake retrieval 5,400 EURO per ton P 

 Single households municipal connection 15 000,000 EURO per ton P   

AS SHOWN ABOVE, THE METHOD WILL FINANCE ITSELF UP TO 75%. The two main revenue streams come 

from biogas and nutrients making this method unique in comparison with other methods designed to 

decrease internal leakage of phosphorus. The remaining 25% could be financed by means of emission fees.  

The method is a cost efficient complement to land-based activities, even without the two revenue streams 

defined above. A Unit Abatement Cost comparison for phosphorus shows that the method applied in 

shallow lakes is up to 3000 times more cost efficient compared to connecting single households to a 

municipal sewage system. 

4. Environmental implications, risks and proposed way forward 
Environmental benefits 

Top layer removal of organic sludge decreases internal leakage and accelerates natural restoration – 

Reducing oxygen consuming substances from seabed mitigates the oxygen drop and less phosphorus leaks 

to the water volume. Each kilogram of phosphorus removed in organic matter reduces the leakage by one 

kilogram of phosphorus. 
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 System is designed to eliminate particle dispersion risk – The design of the process, including nozzles, 

hoses, low flow, low velocity and three chamber devices eliminates particle dispersion making it safe for 

use in eutrophic regions. 

Top layer removal reduces risk of leakage from old sediments – When retrieving the top layer of the very 

runny and fresh sediment, the lower sediments remain intact and soon get recovered by dispersed 

sediments from surrounding areas. 

Retrieved sediment halts carbon dioxide and methane production on sea bed decreasing the greenhouse 

effect – By producing biogas in controlled processes, the corresponding amount of carbon dioxide and 

methane will not escape into the atmosphere. 

Retrieving larger volumes of nutrients from the Baltic Sea reduces vulnerability to global shortages. 

Phosphorus is a finite resource, lacking a natural recycling scheme. Thus, a large share of all phosphorus 

handled in societal systems finally ends up in sea beds. Accordingly, in order to handle the challenge of 

depleted soils and food supplies for future generations globally, it is logical to start learning how to retrieve 

nutrients from seabeds in a sustainable way. At the same time we would learn a new way to unburden 

eutrophicated lakes and seas.  

Retrieved sediment will decrease phosphorus import – By producing fertilizer from sediment, the import of 

phosphorus will decrease. There is no need for more phosphorus into the system. 

Bringing nutrient-rich biomass back upstream stimulates circular economy investment. Bringing relatively 

cheap nutrients back to land creates the conditions that stimulate investment in further land based 

recovery measures – for example biogas and fertilizer production – thereby creating a market for nutrients 

otherwise released with effluent.  

THE WAY FORWARD IS TO INTRODUCE THE APPROACH IN SEVERAL BALTIC COUNTRIES AND APPLY FULL-

SCALE TESTING including a full economic analysis of the potential of market based instruments targeting 

the stimulation of investment in sediment retrieval, fee systems to set off emissions where land based 

solutions are not viable, and circular economy investments in the form of fertilizer and biogas production 

 

Project Leader:  

TechMarket (spin-off from the Royal Institute of Technology, Stockholm) 

 

Deep Sea Project financed by:  

The BSAP Fund and The Swedish Agency for Marine and Water Management 
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Biogas from beachcast algae – Trelleborg municipality 
Matilda Gradin, Municipality of Trelleborg 

 

1. Short background and proposed remedial measure  
In Trelleborg, on the south coast of Sweden, the consequences of Baltic Sea eutrophication are severe. One 

of the visible effects is the excessive growth of philamentous algae along the coast and in the marinas. To 

enhance recreation algae are collected on many beaches around the Baltic Sea. Most of the collected algae 

are dumped back to the ocean after the beach season. The algae contains P and N, and before the 

introduction of commercial fertilizers, algae was widely used to fertilize the farmlands in the coastal 

regions. 

Over the past years Trelleborg has initiated projects to test how the algae could be turned into a resource 

for the region by using the biomass for biogas production and return the nutrient rich residuals to arable 

land. The uptake of nutrients from the sea is combined with other measures to reduce nutrient runoff, like 

wetland restoration, production wetlands, better waste water processes and an offensive work to reduce 

the impact from the ferry traffic.  

2. Methods tested and results  
A pilot plant to make biogas from beach cast algae have been operating in Trelleborg since 2011. The 

results shows that it is possible to use Baltic Sea beach cast algae to produce clean energy. It is not viable 

from a strict economic point of view, considering today’s oil prices. However the energy balance is positive 

(Risén et al 2013*), taking into consideration collection and transport of algae and energy for the process. 

In 2013-2014 a full scale plant was built, using about 1000 m3 algae/year. First results on biogas production 

in this plant are still to come. 

Beach cast algae (a mix of bladderwrack, filamentous algae, eelgrass etc) is collected on the beaches of 

Trelleborg, or when needed from a marina, and transported to the plant. The plant is a 2 step process, with 

the hydrolysis separated from the methane step to avoid mechanical problems in a stirred reactor.  

Residuals are used as fertilizer on arable land. 

The remedial effect depends on the amount of algae collected and the content of N and P in collected 

algae. The P content in the collected algae from Trelleborg is about 0,2 kg/ ton (wet weight). 

3. Potential use as restoration measure in the Baltic Sea, inclusive financial aspects  
Very preliminary numbers suggests the cost to reduce nutrients via a biogas facility is 15 SEK/kg N and 500 

SEK /kg P. 

A study on the potential amount of algae available for biogas production in Skåne suggests there are 63 000 

tons algae available in Skåne during a season (outside nature reserves and at accessible beaches). The 

content of P in this algae would be 12 600 kg with a P content of 0,2 kg /ton. 

4. Environmental implications, risks and proposed way forward 
 
The cadmium content in algae is a key issue to facilitate circulation of nutrients. The Cd content varies 

between regions and over the season. Cd is not a problem in all places (ie in Poland). The Cd regulations 

must be considered. 

Some algae (ie bladderwrack) is an important part of the marine ecosystem and collection of algae must be 

done with an ecosystem approach. However, additional environmental benefits from algae collection can 

be achieved, taking into consideration oxygen depletion and methane slip from algae decomposing in the 

shallow waters or on the beach. 
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Today it is commonly practiced to return collected algae to the sea after bathing season. The total content 

of nutrients in this algae should be calculated and changes in this practice might be a cost effective way to 

reduce nutrients to the Baltic Sea. 

 
References:  
 
*Risén, E., Tatarchenko, O., Gröndahl, F. och Malmström, M.E. 2014. Harvesting of drifting 
filamentous macroalgae in the Baltic Sea: An energy assessment. Journal of renewable and 
sustainable energy.  
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Mussel farms as an environmental measure 
 Susanna Minnhagen, Municipality of Kalmar 

1. Short background and proposed remedial measure 
 

According to the Water Authorities preliminary calculations for measures in the WFD, it will be necessary to 

further evaluate possible reductions of nutrients near coastal areas and in-situ measures in order to reach 

god ecological status in the coastal waters. To reach the Swedish goals in BSAP preliminary calculations show 

that it remains measures for 55 ton P and 6 400 ton N. Mussel farming is one of the few known available in-

situ, methods to counteract eutrophication from diffuse sources, and a possible way to recycle phosphorus. 

If we are to reduce nutrient input from land to acceptable levels, and to reduce internal load of nutrients in 

the Baltic Sea, we need economic incentives and new concepts, like for example the "Agro-Aqua concept" 

with large scale mussel farms as buffer zones around fish farms and coastal agriculture.  

 

Example from Endelave, Denmark, 10 ha nutrient-compensation mussel farm at Hjärnö Havbruk (from 

permit-process by Per Dolmer, Orbicon) 

In Denmark a license to production of 2105 t rainbow-trout was given in May 2014. A condition in the 

license is that the fish production has to be neutral in relation to nitrogen and partly neutral in relation to 

phosphorus according to the WFD. According to the  condition in the license the fishproducer have to 

produce 7500 t blue mussels in the same water body, as where the fishproduction is located. So in 

Denmark a management scheme is developed in relation to aquaculture. This management scheme may be 

adapted to other branches, inclusive agriculture. 

2. Methods tested and results (research, field studies, etc) 
 

Central and south Baltic, Trosa and Kalmar sound area (from the project Mussel farms as an environmental 
measure in the Baltic, Odd Lindahl 2012) 

 

Coastal area Biomass per 

longline or 

pipe 

kg m-1 

Estimated 

harvest per 

ha farm area 

ton ha- 

Mussel meat 

content % 

Estimated 

amount 

N 

ton ha-1 

Estimated 

amount P 

ton ha- 

Kalmar 

Sound 
35 150 30 1.8 0.12 

Trosa area 25 100 30 1.2  0.08 

Estimated harvest tonnage after two years 

The easiest way to estimate nutrient reduction is just to weight the mussels at harvest. One kg of live 

mussels can return 8.5 – 12 g of nitrogen (N) and 0.6 – 0.8 g of phosphorous (P) from sea to land when 

harvested (Lutz, 1980; Petersen and Loo, 2004).  

Results from measurements of the Åland musselfarm, Kumlinge (from the Baltlic Eco Mussel project final 

report 2013) 

The production of mussels in Kumlinge was around 20-25 tons in 2 years. The mussels were grown on 4 

nets, 120m long 3 m depth. Total-P and chlorophyll-α differed significantly between the mussel farm (M) 

and the 6 control sites 500 –1000 m to the SW, SE and NE of the farm. For total-P, there were significant 

overall differences (F = 2.94, p = 0.045*, df = 6, 14) at 2 m depth. Pair-wise SNK-test demonstrated that 

these differences were due to lower values in the farming area (17.17 μg/l) compared to the control sites 
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(20.07 – 21.30 μg/l). For chlorophyll-a, a two-way ANOVA demonstrated a significant interactions with Site 

and Depth (F = 8.10, p < 0.001, df = 6, 22) and SNK-tests revealed that the chlorophyll-a levels were lower at 

2 m depth at the mussel farm site compared to all control sites.  Secchi depth was bigger at the mussel 

farm (6.1 m) compared to the control areas (4.5–5.3 m) indicating differences in water transparency/clarity 

(no statistical tests performed). For the parameters total-N, oxygen concentration, salinity and temperature 

there was no significant differences between the mussel farm and the surrounding control sites (data not 

shown). 

3. Potential use as restoration measure in the Baltic Sea, inclusive financial aspects  
 

UAC is a question of geography, hydrography and also depend on which technique that is used, harvest 

frequency, if the mussels can be sold to create an income for the mussel-farmer, and other circumstances. 

Calculated marginal cost for harvest of N and P by mussel farming in the south of Baltic is 64-336 SEK/kg N 

and 640-3360 SEK/kg P (Green et al. 2010) 

Calculation of Unit Abatement Coast (UAC) for mussel-farming as an environmental measure in the Kalmar 

sound (final report from LOVA-project “Förstudie storskalig musselodling i Kalmar län, 2012). 

The blue mussels in our test farms in Kalmarsund 2006-2010 needed 2 year for growth, and produced 75 
tonnes of mussel per ha*year (Mussel farms as an environmental measure in the Baltic, Odd Lindahl 2012). 
Martin Lindquist et al 2008, Sveriges lantbruksuniversitet has calculated the costs for production of 75 
ton/ha*year to 3,8 SEK per kg mussel. Costs for investments at start; such as material and work, operating 
costs and cost for harvesting are included in these calculations.  
The most promising use of mussels today is as animal fodder. Blue mussels can be processed to mussel meal, 
to be compared to fish meal (http://www.aquabestproject.eu/reports.aspx.). Compared with the market 
price for fish-meal, the price for feed-mussels (whole mussel, wet weight) will be approximately 0,75 SEK/kg 
mussel (Lindahl 2011, Aquabest Åland aquaculture week pers. com). 
 
A production cost of 3,8 SEK/kg for mussels from Kalmar sound is higher than the hypothetical market value 
for feed mussels 0,75 SEK/kg. The difference is 3,05 SEK/kg mussel, which corresponds to the net cost for 
reduction of 8.5 – 12 g of nitrogen (N) and 0.6 – 0.8 g of phosphorous (P) from sea to land. Recalculated to 
Unit Abatement Coast this corresponds to 254 SEK/kg N and 3 808 SEK/kg P.  
 
Presumptions for this calculation is that a commercial market for feed-mussels would exists, as is not realized 

today, but a main goal for just finished and planned projects (Pilot plant for mussel meal  2009-2014, Baltic 
Blue Growht- Initiation of large scale, feed mussel farming to harvest nutrients from the Baltic Sea 2014- ). 

 
Need for subsidies 
 
The Unit Abatement Coast for mussel farming as an environmental method can be compared to those 

calculated from Olshammar, M. et al (2012): Fallstudie – avgiftssystem fosfor och kväve för kommunala 

reningsverk). We could reach Swedish BSAP goals by investments in better seawage-treatment systems, but 

this would increase our costs for seawage-treatment by 200 SEK/kg N and 3000 SEK/kg P, respectively, 

without gaining the positive effects that could come from large-scale feed-mussel farming (new coastal jobs, 

new source for marine protein, etc). 

Today, farmers get environmental subsidies to reduce nutrient leakage from agriculture by measures like 

spring plowing, cover crops, buffer zones and wetlands. Mussel farms should not be used instead of more 

close to source methods, but mussel farms could be considered as a complementary method to those above 

mentioned, for further reduction of nutrients.  Mussel farms could also be considered as an option in cases 

where nothing else works, for example to combat leaking from diffuse sources, or in such cases when mussel 

farms is the most cost-efficient measure.  

http://www.aquabestproject.eu/reports.aspx
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4. Environmental implications, risks and proposed way forward 
  

From experience and literature some potential environmental implications can be listed, both positive and 

negative. These parameters should be included in management and control program of future mussel-

farms.  

Regarded as positive: 

 Water transparency increases 

 Nutrient reduction 

 Can attract fish and birds – biodiversity locally increased 
 

Regarded as negative: 

 Increased sedimentation at bottom – risk for anoxic conditions, internal load of phosphorus and 
ammonium. 

Can be ways of minimizing this risk: for example with low-density dredging, mobile mussel-farms, 

choosing areas of god water exchange etc 

Unknown – to be further studied 

 Implications for ecosystem, including phytoplankton, zooplankton, fish, marine mammals (seals). As 
fish- recruitment is a problem at coastal areas, and diminishing zooplankton availability has been 
proposed as a probable reason – it will be necessary to study effects on different levels in the 
ecosystem. 

 Risks for dispersals of parasites 

 Aesthetically aspects 
 

Reference:  Restriktioner vid nyttjande av marina substrat för biogasproduktion 

http://www.lansstyrelsen.se/kalmar/SiteCollectionDocuments/Sv/publikationer/Rapporter/2011/rapp1112

_tillg%c3%a4nglig.pdf 
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