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Seabased measures  

The eutrofied state of the Baltic Sea with frequent blooms of cyanobacteria 
and extensive hypoxia is the result of a century of excess nutrient inputs. 
Despite significant nutrient load reductions in recent decades, signs of 
improvement is lacking, at least in open Baltic proper and it has been pointed 
out that internal cycling of the massive amounts of phosphorus that 
accumulated in the Baltic Sea water column and sediments is contributing to 
the slow recovery. 

Historically the phosphorus input reductions were achieved by development 
of efficient sewage treatment and although significant hot spots are remaining, 
in several countries further development will only give small additional
reductions. Excess usage of fertilizer and manure in agriculture is gradually 
being eliminated from the Baltic Sea catchments by improved agricultural 
practices. However, after measures been taken it will be a continued challenge 
to minimize leakage from the massive amounts of phosphorus stored in soils 
and inland water sediments that accumulated from decades of artificial and 
manure fertilization as well as sewage inputs to inland waters. 

In the light of the deteriorated state and the expected long recovery time of 
the Baltic Sea various actions of combatting eutrophication by measures taken 
directly in the sea have been proposed. Several of the most imaginative
 engineering ideas that came after return of extensive hypoxia and 
cyanobacterial blooms in the early 2000nds, like altering the circulation of the 
Baltic through modulation of the flow through the straits have been shown 
not to work. However, a few ideas for large scale engineering are still not 
proven impossible. In addition, smaller scale sea based measures has been 
developed and tested in the past decade. In Sweden, in particular, considerable 
research and innovation investments have been put into projects to investigate 
potential and feasibility of various approaches to direct measures in the sea to 
combat eutrophication. 
In general, the methods fall into three categories: 

• 1) Elimination of phosphorus leakage from the sediment storage, 
• 2) Biomanipulation of the food web and 
• 3) Extract nutrients from the sea

On February 12, 2015 the seminar “Sea-based measures – to reduce consequ-
ences of eutrophication” was arranged with the aims to review the experiences 
from recent projects and in light of these discuss opportunities and challenges 
with sea-based measures, especially from the stakeholder side of the issue. 

Some of the proposed measures are under significant, and at times heated, 
scientific debate, but the intention of this seminar was not to focus on the 

iv



scientific challenges. 

The seminar was jointly arranged by the Swedish Ministry of Environment, 
the Swedish Agency for Water and Marine Management (SWaM) and the 
Baltic Sea Centre and Baltic Nest Institute at the Stockholm University. A 
clear division of responsibilities were made so that Stockholm University had 
responsibility for providing a scientific background and perspective presen-
tation, while the SWaM and the Ministry were responsible for the invitation 
of the presented projects. Practical arrangements were made by Stockholm 
University.

The full program of the seminar is provided in Annex 1. Following below is 
minutes from the presentations and the panel discussion. All presentations 
are provided in annexes and the seminar was video filmed and is available for 
watching at http://www.su.se/ostersjocentrum/baltic-eye/kan-vi-ge-östersjön-
konstgjord-andning-1.224279. 
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Christoph Humborg, scientific director at Stockholm University’s Baltic Sea 
Centre, opened the seminar by providing his view on the role of scientific re-
search in analysing and evaluating both the need for and the use of sea-based 
measures.

– In science there is no final word. We scientists cannot deliver the truth. What
we can provide is an estimate in relation to reality, based on the best available 
knowledge, he said.

How should then research relate to the various measures discussed in public 
debate and within the scientific community today? According to Humborg, 
there is, on one hand, considerable uncertainty regarding the risks of imple-
menting large-scale experimental measures.

– On the other hand, we all agree that, at present there is not a single square
meter of the Baltic Sea that is not already manipulated by man, he said.

Further, Christoph Humborg stressed the importance of not pulling all the 
various measures together as one. There are for instance significant differences 
between large-scale actions in the deep sea and small projects in coastal areas.

– We know that small local projects to clean household sewage water won’t
cure anoxia in the Baltic Sea. But for the small communities these projects can 
be very important to clean the local bays, he said.

Introduction Science 
Christoph Humborg, Stockholm University’s Baltic Sea Centre 
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Introduction Governance 
Stefan Berggren, Ministry of the Environment and Energy 

Stefan Berggren at the Swedish Ministry of the Environment gave a short spe-
ech and noted that the fight against eutrophication and rescuing the Baltic Sea 
environment is one of the greatest challenges of our times.

– Great progress has been made over the last forty years, mainly through the
HELCOM activities. The impacts from industry and agriculture have declined 
but there are still much left to do. For example, we need to improve the measu-
res against algal blooms and dead zones, he said.

Reducing the internal load from the dead zones and recycle nutrients from the 
sea can be cost efficient, and according to Stefan Berggren, Sweden has already 
invested a lot of money in research and pilot projects to test various alternative 
ways to improve the environmental status of the Baltic Sea.

– The purpose of today’s seminar is not to have a discussion about the pros and
cons of sea-based measures, but to provide information on the experiences gai-
ned so far, and on what kind of methods that can be applied – off-shore and on 
a large scale as well as in coastal areas on a smaller scale, he said.
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Scientific background
Bo Gustafsson, Baltic Nest Institute 

Bo Gustafsson, director of the Baltic Nest Institute (BNI) at the Baltic Sea Centre, 
gave a general description of the current environmental situation and the eutrophi-
cation in the Baltic Sea. He also explained the extensive and successful action work 
being done within particularly HELCOM and the Baltic Sea Action Plan to reduce 
the effects of eutrophication.

Using a simulation model, Bo Gustafsson showed how the area of dead zones has 
increased dramatically in the Baltic Sea during the last hundred years due to various 
anthropogenic pressures.

– One of the major anthropogenic pressures in the Baltic Sea region is the growth of
the population, particularly in the larger cities. The total population in the Baltic Sea 
region has increased by fifty percent during the past hundred years. But in the big 
cities, the population increase has been four hundred percent over the same period, 
he said.

Another key influencing factor is agriculture, which has grown and intensified dra-
matically during the last century and brought an increased use of fertilizer. 

However, the nutrient load reached its peak in the 1980s, and has since then begun a 
slow decrease.

Figure from Bo Gustafssons talk, see appendices. 
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 Over the past hundred years, the nitrogen load from external sources has been 
around 80 megatons in the sea. Part of this nitrogen is stored in the bottom sedi-
ments. A majority of the nitrogen is however converted to nitrogen gas, by the mi-
crobiological process of denitrification, and disappears from the ocean and up into 
the atmosphere.

Regarding phosphorus, an estimated four megatonnes have been added to the Baltic 
Sea during the same period. Most of this phosphorus has ended up in the bottom 
sediments.

– The amounts of both nitrogen and phosphorus in the Baltic Sea water column have
increased by about 0.4 to 0.5 megatons each over the last hundred years, said Bo 
Gustafsson.

Figure from Bo Gustafssons talk to illustrate different stages of eutrophication, see appen-
dices. 

So what about the future? Is there still hope for a Baltic Sea recovery?
In his answer, Bo Gustafsson pointed especially to the development of HELCOM’s 
Baltic Sea Action Plan in recent years, and concluded:

– Even if we manage to implement all necessary measures stipulated in the plan it
will still take between 75 and 100 years before reached the environmental objectives. 
One of the key aspects for the discussions here today is actually the time-scale, and if 
we might be able to speed it up somehow.
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Anoxic sediments bind phosphorous after 
Al-treatment
Lina Kumblad and Emil Rydin, BalticSea2020  

Experiments with aluminum precipitation to stop the leakage of phosphorus 
from bottom sediments were carried out in Björnöfjärden (Värmdö) a few 
years ago, within the programme "Living coast”. The programme was funded 
by Baltic Sea 2020 ands led by the ecotoxicologist Linda Kumblad and the 
limnologist Emil Rydin.

The bays of Björnöfjärden are heavily influenced by eutrophication, with dead 
zones, decreased light availability and extremely high nutrient concentrations.

– The major source of nutrients to the water comes from previous external
emissions that since then has been stored in the sediment for a long time, said 
Linda Kumblad.

Over the past fifty years, the phosphorus input to the sea bottoms was signi-
ficantly larger than the natural input of phosphorus-binding substances such 
as iron, aluminum and calcium. Thus, the bottom sediments eventually didn’t 
have enough binding capacity for retaining the phosphorus.

– Additionally, iron looses its ability to bind phosphorus when the sediment
becomes anoxic. But by adding more phosphorus-binding agents, such as alu-
minum, we have managed to break this vicious circle, said Emil Rydin.

The aluminum “treatment" is made by adding a special aluminum solution to 
the bottom sediment via a specially designed barge that gently run back and 
forth across the bottom and adds aluminum into the top layer of sediment.

– The aluminum solution consists of the same substance that is used in drin-
king water treatment plants, said Linda Kumblad.

The amount of phosphorus bound to aluminum in the top layer of the sedi-
ment doubled during the trial period from June 2011 to June 2014. During 
that time the phosphorus content of the bay's bottom water was reduced by 
more than 90 percent.

The ecological condition in Björnöviken has improved significantly after the 
treatment, according to Rydin and Kumblad, with for example less plankton, 
increased visibility and bottom vegetation extending to greater depths than 
before.

In an area of about one square kilometer, the project has so far managed to 
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bind around one ton of phosphorus.

- We expect that the total amount of phosphorus sediments will be about four 
tons. And we have enough aluminum to bind even that, said Emil Rydin.

So far is the cost of "treatment" has been about 2 750 SEK per kilogram 
bound phosphorus, much due to high costs for the machines involved. Thus, 
Rydin and Kumblad estimate the costs to be considerably lower in a lar-
ger-scale operation.

One essential question is of course if there are any potential risks involved 
when adding large amounts of aluminum to a sensitive marine environment.

– We have a monitoring system, but so far we haven’t seen any negative ef-
fects. And we actually don’t expect to see any in the future either. The alu-
minum treatment is basically just an improvement of a natural process, said 
Linda Kumblad.

Photo from Appendix 3.
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Oxygenation of anoxic bottoms
Anders Stigebrandt, Gothenburg University 

Anders Stigebrandt, professor of physical oceanography at the University of 
Gothenburg, is the leader of a pilot experimental attempt to oxygenate the 
deep anoxic waters of the Baltic Sea. The aim is to counteract the effects of 
eutrophication and stop the dominant internal phosphorus input by simply 
pumping down large amounts of oxygen rich water to the Baltic Sea deep 
water, thereby creating conditions for a long-term and increasing binding of 
phosphorus in the sediments.

– Our experiment in Byfjorden shows that after 16 months with oxygenation
the surface layer of the sediment was oxidized. And after one year with having 
a oxidised surface layer, the total load of phosphorus then start to decrease in 
a rate of about 15 percent per year.

Stigebrandt estimates that it would take about ten years to restore the whole 
of Baltic Proper.

– The environmental conditions in the Baltic Sea would be reversed back to as
they were in the 1940s. After that, the Baltic Sea will be able to re-oxygenate 
itself and you can remove the pumps, he said.

However, these measures requires huge pumping devices that are capable of 
pumping down 10,000 cubic meters of oxygen-saturated so-called ”winter 
water” per second, from above the halocline and down to deep water.

The experiments in Byfjorden were made with large electric pumps that pum-
ped down the oxygen-rich water about 35 meters. For the whole of the Baltic 
Sea, Stigebrandt suggests huge floating wind-turbines, inspired by the design 
used in offshore industry, with attached pumping devices..

– The total cost to oxygenate the entire Baltic Proper for ten years would be
less than 40 billion Swedish kronor, said Stigebrandt, and continued:

– But of course, we must first make a complete analysis of environmental
impacts.
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Removing eutrophication-causing sediment 
top layer from seabed
Bengt Simonsson, TechMarket 

- This project combines the ambition to achieve a sustainable and prosperous 
domestic cultivation with the aim to save the Baltic Sea.

Bengt Simonsson, head of research and marketing at the environmental tech-
nology company TechMarket, presented a project which involves custom-built 
machines that scrape off and retain the phosphorus-rich and oxygen-consu-
ming top layer of the bottom sediments.

About 10,000 tons of phosphorus is imported every year in the form of ferti-
lizers, according to Simonsson. But only 20 percent of that phosphorus goes 
into the food we eat and the rest is accumulated in the environment.

– Our challenge is to take advantage of that remaining 80 percent - on land
and in water, said Bengt Simonsson. The project wants to create a recycling 
system that would make import of new phosphorus unnecessary.

– When we remove the surface layer the oxygen consumption in the bottom
water decreases. At the same time we extract the energy in the sediment mass 
in a controlled process on land, said Simonsson.

To scrape off and process great amounts of surface sediments from the bottom 
of the Baltic Sea obviously requires very advanced technical equipment. With 
the help of an info animation Bengt Simonsson showed how a pontoon-like 
machine floating on the sea surface and storing the loosened mass from the 
bottom. Beneath the surface, a pipe goes down to the bottom an connects to a 
number of rotating “arms” that scrape off and vacuums up the surface layer. 
Together the “arms” cover a bottom area of approximately one square kilo-
meter.

– We also have a vessel that goes out and collects the retained sediments. The
vessel has a centrifuge on board to separate the substances we want from the 
substances we don’t want. The organic components of the sediment are then 
transported to a factory on land that produces biogas and fertilizers, said 
Simonsson.
The sediment mass is cleaned from organic contaminants and heavy metals, 
making the end product pure enough to fertilize cropland with.

– The risks we must deal with are partly due technical errors that for instance
can cause leaks. Other risks may concern what will happen once the bottom 
areas we are working on gets oxygenated again, said Simonsson.
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Enhanced inactivation of P in Baltic sediments 
by addition of marl
Sven Blomqvist, Stockholm university 

Sven Blomqvist from the Department of System Ecology at Stockholm University 
presented the results of a study initiated by the Swedish Agency for Marine and Wa-
ter Management a few years ago.

The assignment was to find new and effective ways to stop the internal input of 
phosphorus to the Baltic Sea from sediments.

– Today we have about 700 000 tonnes of phosphorus in the Baltic Sea, and the an-
nual input is about 30 000 tonnes, said Sven Blomqvist. While we put great effort in 
reducing the relatively small amounts of annual input, the great ”pool” of phosphor-
us remains in sea floor sediments.

When the seabed becomes anoxic the iron in the sediment loose its ability to bind 
phosphorus and the bound phosphate is released, which leads to an increased con-
centration of phosphorus in the water column. Blomqvists experiments were carried 
out in a year (2012-2013) and were funded by the Foundation Baltic Sea 2020 with 
additional support from the company Cementa. The project investigated the pos-
sibility of adding a suitable absorbent that can bind phosphorus even under anoxic 
bottom conditions. The absorbent examined was marl, which is a calcareous clay and 
a bi-product from the manufacturing of lime on Gotland. There the marl is in great 
excess, stored in the landfill and used only to a minor extent.

The study showed that fine particulate marl increases the sediments binding capaci-
ty. According to Sven Blomqvist, it takes about 15 cubic centimeters of marl to bind 
the  phosphorus in one square meter of anoxic Baltic Sea bottom.

– Rough calculations showed that about ten million metric tons of marl would be
enough to fix all of the anoxic bottoms in the entire Stockholm archipelago, he no-
ted.

– This means that the large store of marl on Gotland would be more than sufficient
to treat the anoxic bottoms in the entire Baltic Sea. And to a very low cost at that: 
less than three euros per kilo of marl.
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Reversal of nutrients to agricultural land 
through wetlands, algae and biogas 
 Matilda Gradin, Trelleborg Municipality

– Our aim is to recover and recycle the nutrients from the Baltic Sea back into
agriculture instead of using more and more fertilizers, said Matilda Gradin 
and showed pictures of algal blooms in coastal waters and large amounts of 
seaweed washed up on the beaches in her hometown.

– We who live in Trelleborg can clearly see the effects of eutrophication

Matilda Gradin is a municipal environmental strategist in Trelleborg and leads 
a project of transforming algae into fertilizer and biogas.

- To fertilize the fields with algae is an old tradition that farmers in Skåne used 
in ancient times, she said.

The algae is gathered few times a year and converted into biogas at a facili-
ty close to a local sewage water treatment plant. The digestion process also 
forms a by-product, a so-called digestate, which can be used as fertilizer on 
farmland.
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Eutrophication as a resource

Dennis Wiström, Västervik Municipality 

By linking the Baltic Sea eutrophication to agronomy, the agronomist Dennis 
Wiström at the municipality of Västervik show that agriculture actually can 
help to reduce eutrophication.

Dynestadsjön outside Västervik is connected to the Baltic Sea. But the gradual 
uplift has created a threshold at the inlet, and today the lakes’ ecosystem has 
collapsed with anoxic water from three meter below the surface and all the 
way down to the bottom. Measurements showed that the anoxic water con-
tained large amounts of nutrients – a total of 26 tonnes of nitrogen and 3.3 
tonnes of phosphorus dissolved in the water throughout the entire lake.

Together with SLU, Hushållningssällskapet and two local farmers the munici-
pality runs a project that has started to pump up the nutrient-rich water and 
spread it on fields as fertilizer.

– If we annually water 100 hectares of land with 100 millimeters of water,
we estimate that it would take about seven years to make Dynestadsjön clean 
again, said Dennis Wiström.
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Advantages and disadvantages of artificial 
oxygenation
 Jouni Lehtoranta and Heikki Pitkänen, SYKE

- The purpose of this project was to test and evaluate the oxygen pumping 
of coastal waters according to the same principles as Anders Stigebrandt use, 
said Heikki Pitkänen.

The findings of the three-year project ”Proppen” was that oxygen pumping 
can work in small and relatively isolated areas of water, but that the method 
should not be considered as a universal solution to anoxia in all coastal areas.

- Now we know, among other things, that if we pump the warm surface wa-
ters down through the thermocline to deep waters we can increase the water 
temperature down there, thus increasing both mineralization and accumula-
tion of for instance ammonium in deep water layers, said Jouni Lehtoranta.

The fact that the project could establish both positive and negative effects 
at different test areas in turn gave us a pretty good starting point for further 
research, said Lehtoranta.

- Now we can compare the results and analyse the differences. We also believe 
that we need to look further at other elements than just phosphorus and oxy-
gen. There is also good reason to investigate such things as iron, magnesium, 
sulfur and nitrogen, he said.
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Can a reduction of zooplankton-eating 

fish improve water quality?
Sif Johansson, Mistra EviEM

By compiling and evaluating a large number of scientific articles and data 
from 125 lakes, Mistra EviEm tried to determine if a reduction of the number 
of zooplankton-eating fish can have positive effects on water quality. The end 
result showed that such measures actually can increase the visibility depth of 
about half a meter.

– Then, the question one must ask oneself is if half a meter of increased visi-
bility means something or not. For the Baltic Sea I would answer no. But for 
small and shallow lakes half a meter can be pretty much, said Sif Johansson.

Henceforth, the findings must be connected to an analysis of to what extent 
and how often these measures can be implemented, according Sif Johansson

– Another important aspect is to identify gaps in knowledge and see where
more research is needed, she said.
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Large-scale feed-mussel farms to harvest 
nutrients from the sea
Susanna Minnhagen, Kalmar Municipality

During the municipality’s previous attempts at large-scale mussel farming in 
Kalmar Sound a few years back, problems arose during the spring when the 
ice floes destroyed the farms.

– We have learned from that. In this new project we will lower the farm to
between three to five meters below sea surface, said project manager Susanna 
Minnhagen.

The mussel farms are intended to purify water from nutrition by mussels fil-
tering the water. When the mussels are grown and harvested the nutrients are 
taken up from the sea and included into the animal feed industry.

– The idea is to start viewing the mussels as a natural resource. We also hope
that the mussel farms will lead to more jobs, said Minnhagen.

The project contains of four studies, of which the Swedish one is a large-sca-
le mussel farming in Kalmar Sound. Once the mussels are harvested Kalmar 
Lantmän will take them into their feed industry, mix them with other ingredi-
ents and test them for toxins and more. Then the final product will be used at 
a large chicken industry on Öland.

- There we will do extensive testing to assess the potential risks. The chickens 
receiving this food will be studied very carefully, said Minnhagen.

She hopes that the mussel farm in Kalmar will be able to produce about 4 000 
tonnes of mussels, which correspond to approximately 2 000 tonnes of animal 
feed.

According to Susanna Minnhagen there are calculations showing that around 
500 tonnes of nitrogen and eight tonnes of phosphorus per year can be ”har-
vested” by a mussel farm in the size of 700 acres.

– Some nutrients will be returned to the sea. That always happens at farms
like this. But the farm still absorbs more nutrients than leaks back to the sea, 
Minnhagen said.
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Perspectives on seabased measures
Lena Viktorsson, Baltic Eye 

Closing remarks by Lena Viktorsson, researcher at the Baltic Eye, Stockholm 
University Baltic Sea Centre:
Lena Viktorsson summarized the day’s presentations by linking them to the 
central issue for the future: What role can seabased measures play in future 
efforts to combat eutrophication in the Baltic Sea?

Three levels to reduce eutrophication
– As I see it there are three different levels at which we can work to reduce
eutrophication, she said:

1. Overall changes in society and lifestyle, in which we for instance eat
less meat, reduce our air travels and help individual farmers.

2. Reduce emissions of nutrients from land to sea, for example by crea-
ting wetlands and reducing the use of fertilizer.

3. End-of-pipe solutions that address what can be done with the nutri-
ents already in the sea.

– It is also important to remember that the efforts being made to reduce
nutrient discharges from land to sea must continue. We must at least keep 
emissions at the levels they are today, or better still reduce further than what 
is said in the Baltic Sea Action Plan. If we don’t, all other measures would just 
be like throwing money in the sea, said Lena Viktorsson.

Three ways to reduce eutrophication 
Examining the different seabased measures that had been suggested during 
the seminar Lena Viktorsson was able to distinguish three different categories, 
based on which methods the different measures advocated:

1. Removal of phosphorus, for example through oxygenation or adding
of substances that bind phosphorus to the sediments.

2. Changes in the food chain, i e. various forms of bio-manipulation,
such as reducing the amount of plankton-eating fish.

3. Recycling, where the main idea is to ”take out” nutrients from the sea
and re-use them on land (eg. mussel farming or processing of algae).

– The recycling differs from the others in that they are based on an economic
model of supply and demand. They produce a product which there has to be a 
market for, said Lena Viktorsson.
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She also stressed the need to reflect further on the use of materials from 
the sea as fertilizer instead of manure, where the latter is a product already 
existing on land and in steadily growing amounts due to increasing meat 
consumption.

Up-scaling or down-scaling? 
According to Lena Viktorsson the most important overall aspect of seabased 
action is the scale at which actions are performed. Costs, objectives and risks 
are evaluated differently depending on whether the measures are done in lar-
ge-scale or small-scale.

– I see a clear potential for some measures in coastal areas since there are
many such areas around the Baltic Sea with eutrophication and low oxygen. 
There is a great potential to collaborate locally and show people who live the-
re or come to visit that it is possible to improve the local marine environment, 
she said.

What scale to continue the seabased measures? From Lena Viktorssons talk, see appendice. 

One advantage of the large-scale measures on the high seas - the oxygena-
tion of anoxic bottoms and binding of nutrients in the sediments - is that if 
they are successful they also bring improvements to the coastal areas. But 
according to Lena Viktorsson there are also significant risks connected to the 
”up-scaling” of measures out on the open sea.

- When we up-scale, we go from something we think we can control so-
mething that is so much bigger. It is important to remember that we already 
manipulate the ecosystem in many ways and that sometimes these manipula-
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tions have caused surprising responses in the ecosystem. Therefore it is impor-
tant that all actions, whether they are large-scale or small scale, are properly 
evaluated and risk assessed, said Viktorsson.

Before implementing oxygenation of anoxic bottoms on a larger scale a full 
environmental impact assessment must be performed. 

– For instance, we don’t know that much about the long-term effects. Do we
really remove phosphorus permanent if we oxygenate the bottoms for ten or 
fifteen or fifty years?

Another uncertainty comes with the colonization of the bottoms, according 
to Viktorsson. What happens when new species takes hold in the sediments? 
How is the leakage of phosphorus and nitrogen effected?

- And the conditions of cod must be taken into account. For the cod it is of 
course nice with more oxygen. However, the reproduction of cod depends on 
salinity. Anders Stigebrandt has in his studies shown that salinity is high eno-
ugh for cod reproduction. But I don’t think it is enough that just one scientist 
is looking at that. We need to compare with other studies and really scientifi-
cally prove that it is possible to mix the water in this way and get those re-
sults, Viktorsson said.

In addition, there are legal, political, economic and ethical aspects connected 
to every ”up-scaling”. A large-scale implementation of oxygenation will requi-
re negotiations and agreements between countries in the Baltic Sea region.

If the current land-based measures that already exist are carried out at the rate 
described in the HELCOM Baltic Sea Action Plan Baltic, the Baltic Sea will 
have recovered totally from eutrophication within 75-100 years.

- Here comes the important timescale set. Do we only stick to the land-based 
measures that we have agreed upon and planned, or should we also engage 
in sea-based measures to speed up the process? That is a central issue, Lena 
Viktorsson concluded.
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Concluding panel discussion on potential 
risks and the way forward
Mary Laamanen (Finnish Ministry of Environment)
Mikhail Durkin (Eco Balt)
Sif Johansson (Mistra EviEM)
Pauli Merriman (WWF) 
Karl-Johan Lehtinen (NEFCO)

Moderator: Ms Baltscheffsky (New Technology)

The discussion began with three clearly defined questions: Do we know eno-
ugh? Is it possible? and What is the next step?

Karl-Johan Lehtinen was convinced of the need to proceed with implementing 
seabased measures and find cost effective solutions.

– As it looks now, we can oxygenate the sediments for under 10 000 euros per
tonne of phosphorus. Compare that to land-based measures that cost in the 
order of one to four million euros per tonne, he said.

WWF:s Pauli Merriman stressed that no matter what happens with the 
sea-based measures, he land-based ones must be continued in current pace or 
faster. 

Mikhail Durkin was on the same track and advocated that the land-based 
measures should focus even more on agriculture, to reduce emissions from 
farmland by working even more closely with the farmers.

– However, I still see many opportunities for small-scale and local sea-based
activities around the Baltic Sea, he said.

Sif Johansson called for an extensive and comprehensive evaluation of the 
seabased measures, that looks at everything from risks and long-term effects 
to possible technological solutions.

And according to Maria Laamanen there is no turning back from the plan 
developed within the framework of HELCOM for land-based measures.

– Another aspect to be aware of is that as soon as we begin to focus on these
offshore activities, it can have a psychological effect with the public, who may 
be led to believe that we are letting go of the land-based measures in areas 
such as agriculture, she said.

According to Laamanen it is also important to remember that although it will 
take some 75 to 100 years to achieve a healthy Baltic Sea according to the 

18



Baltic Sea Action Plan, the change will not appear over night after that time. 
The marine environment will gradually become better and better during the 
long process.

Sif Johansson interjected that there is not yet sufficient scientific knowledge to 
launch large-scale seabased operations in the open sea.

- It is still too early. One can make the comparison that if you are sick and go 
to the doctor, and the doctor recommends you a new medicine that has only 
been tested on one single person before, she said.

The widespread opinion among the panelists about the importance of being 
cautious and evaluate data and observation for a long time, left Karl-Johan 
Lehtinen “a bit confused”:

– We know that the Baltic seabed is anoxic ... but we should not try to oxy-
genate? What’s wrong with doing that? If we for example get oxygenation to 
the Bornholm Basin and it turns out that something goes wrong – then we can 
just pull the plug, he said.

According to Maria Laamanen the time aspect - how much time should be de-
voted to research and analyze before launching seabased projects on a larger 
scale - was not an issue for the panel to answer.

– What we do today when we discuss this is very important. Politicians and
the rest of society should also be involved in this discussion, she said.

As for the possibilities to implement this type of measures in the future is of 
course also dependent on the willingness among the Baltic Sea countries to 
pay for these kind of the measures. According to Mikhail Durkin the Stern 
Report showed that the Nordic countries had a higher willingness to pay for 
environmental measures than the eastern countries – given that the persons 
being interviewed in the survey where only asked to consider land-based mea-
sures.

- And that do not even tell the whole truth. There has already been much done 
on land in the Nordic countries and the costs of additional land-based measu-
res are high. At the same time, it may also be that the willingness increases for 
seabased operations, especially if it turns out that they are more cost effective 
than measures on land, he said.

The clear difference between the western and the eastern countries in views on 
the environmental status of the Baltic Sea is also linked to the fact that large 
parts of the population in the eastern countries do not live by the Baltic Sea 
coast, continued Durkin.
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Pauli Merriman concluded the discussions on the future by saying that the 
way forward is a complex path that can go both quick and fast. We must act, 
she said, but we must also take into account the precautionary principle and 
really know what we are doing, for example through research and these kinds 
of discussions.

– The precautionary principle is often misinterpreted as being slow and mea-
ning endless research. We have amazing research in the Baltic Sea region. 
Many of us probably feel that there is much that can and should be done 
today – and that this discussion will continue, she said
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Sea-based Measures
- to reduce consequences of Eutrophication

12 February 2015, Stockholm University
Foto: Azote

In collaboration between the Agency for Marine and Water Management; Stockholm Univesrsity Baltic Sea Centre and the Swedish Ministry of the Environment 

Seminar Program
The seminar aims to give a scientific background to the influence of eutrophication on nutrient 
cycling and present pilot projects to discuss the potential of these as complementary solutions for 
combating eutrophication in the Baltic Sea.

9.00 – 09.30  Coffee and sandwich
09.30 – 09.40  Welcome address, Stefan Berggren Swedish Ministry of the Environment and Christoph Humborg Stockholm 

University Baltic Sea Centre
09.40 – 10.20  Scientific background to Baltic Sea Eutrophication, Bo Gustafsson Baltic Nest Institute

10.40 – 12.00  Presentations of projects
Emil Rydin and Linda Kumblad Baltic Sea 2020
»Anoxic sediments bind phosphorous after Al-treatment.«
Anders Stigebrandt Gothenburg University
»Oxygenation of anoxic bottoms as a method to decrease the internal P-load and the eutrophication of the  

 Baltic Proper«
Bengt Simonsson, Teknikmarknad
»Removing eutrophication-causing sediment top layer from seabed, converting it to valuable raw materials”
Sven Blomqvist, Stockholm University
»Enhanced inactivation of P in Baltic sediments by addition of marl”

12.00-12:45  Lunchbreak

12:45-13.45 Short parallel presentations
 A. Dennis Wiström, Västervik Municipality

»Eutrophication as a resource - Restoration of a eutrophicated fjord through irrigation of crops with nutrient 
 rich water« 
 B. Matilda Gradin, Trelleborg Municipality

»Nutrient recycling in agricultural landscapes via production wetlands, algae and biogas«
C. Susanna Minnhagen, Kalmar Municipality
»Large-scale feed-mussel farms to harvest nutrients from the sea”
D. Jouni Lehtoranta and Heikki Pitkänen, SYKE Finnish Environment Institute
“Benefits and disadvantages of artificial oxygenation under coastal marine conditions in the Baltic Sea”  

 E. Sif Johansson, EviEM The Mistra Council for Evidence-Based Environmental Management 
»Can a reduction of zooplankton feeding fish improve water quality?«

13.50-14.10 Sea based methods in perspective, Lena Viktorsson Baltic Eye

14.30 -15.30 Panel discussion on potential, risks and the way forward
 Maria Laamanen Finnish Ministry of the Environment, Mikhail Durkin Eco Balt, Sif Johansson, EviEM, Pauli 
 Merriman, WWF and  Karl-Johan Lehtinen NEFCO
 Moderated by Susanna Baltscheffsky, Editor in Chief, Ny Teknik

15.30-15.45 Closing remarks and wrap up by Thomas Johansson Swedish Agency for Marine and Water Management
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Anoxic sediments bind phosphorus 
after Al-treatment 

Linda Kumblad & Emil Rydin 

www.balticsea2020.org BalticSea2020 



For a Living coast – Björnö bay (2011-2017) 

Internal load 
80% Private 

sewage 
10% 

Agriculture 
5% 

Background 
5% 

•  Heavily eutrophied 

•  Measures of internal and external loads 

•  Extensive monitoring (reference bays) 

•  Anoxic bottoms, 6-25 m 

Drainage basin 15 km2 

Bay area 1.5 km2 

P-load  
2011 



The idea of increased phosphorus retention 

Phosphorus (P) Binding agents (Fe, Al, Ca…) 

<1940 

P < binding 
agents 

2000 

P > binding 
agents 

>2013 

P < binding 
agents 

Al-treatment in 
Björnö bay 



Al-treatment to bind the “old sins” in Björnö bay 

• Lake restoration method

• Dissolved Al mixed into anoxic bottoms (50 g Al/m2)

• Permanent binding of mobilized sediment P

• Performed in summer 2012 and 2013



Phosphorus status in the sediment 
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Phosphate-P concentration in bottom water 
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Total phosphorus concentration 
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Response in the bay after treatment 

Björnö bay	   Reference bay	  

Phytoplankton	   ê	   é	  

Zooplankton	   ≈	   ê	  

Secchi depth	   é	   (ê)	  

Bottom vegetation	   é	   ê	  

Anoxia in summer	   ê	   ≈	  

Bottom fauna ≈	   ≈	  

Juvenile pike	   é	   (é)	  



Are there any risks with Al-treatment? 

•  Enhance a natural process 

•  Low solubility at around neutral pH 

•  Good buffering capacity 

•  No general increase of Al concentration in water 

•  Continued monitoring 



Nutrient removal and cost efficiency 

Aluminum 
(sek / kg P) 

Application 
(sek / kg P) 

Total 
(sek / kg P) 

Björnö bay 250 2500 2750 
Larger bay* 100 250 350 

•  In the Björnö bay (ca 1 km2) 4 ton P will be bound to Al 

Cost efficiency (phosphate-P to be released) 

*Estimates from Vattenresurs AB 



•  After Al-treatment anoxic sediments bind P 
 
•  Evaluate and learn more from Björnö bay 

•  Promising results! 

 

 
 

Conclusions 



Puttonen et al. 2014 

Coastal P - load, retention and release: 

• Are there hotspots?

• Potential for measures?

• Effects on Baltic Sea scale?

Next step? Way forward? 



Thank you! 
 

www.balticsea2020.org 
 

BalticSea2020 
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	  Oxygena)on	  of	  anoxic	  bo/oms	  as	  a	  method	  
to	  decrease	  the	  internal	  P-‐load	  and	  the	  
eutrophica)on	  of	  the	  Bal)c	  Proper	  

Anders	  S)gebrandt	  
Department	  of	  Earth	  Sciences	  

Gothenburg	  University	  

Sea-‐Based	  Measures,	  Seminar	  in	  Stockholm,	  12	  February	  2015	  



2	  

Short	  personal	  history	  in	  Bal0c	  Sea	  Ecoengineering	  
	  
2004	  	  ’Miljövårdsberedningen’	  asked	  me	  to	  inves)gate	  whether	  sea	  based	  methods	  may	  
be	  used	  to	  combat	  the	  increasing	  eutrophica)on	  of	  the	  Bal)c	  Proper.	  A	  solu)on	  was	  
presented	  where	  hypoxic	  and	  anoxic	  deepwater	  is	  pumped	  into	  coastal	  basins	  for	  aera)on	  
before	  brought	  back	  again.	  The	  method	  was	  not	  further	  developed	  because	  pumping	  costs	  
were	  considered	  too	  high	  (very	  long	  pipes).	  
	  
2007	  Publica)on	  of	  a	  paper	  sugges)ng	  oxygena)on	  of	  the	  deepwater	  by	  adding	  High	  
Oxygen	  Low	  Density	  water	  (HOLD)	  by	  pumping	  to	  increase	  the	  area	  of	  oxygenated	  bo/oms	  
that	  can	  adsorb	  phosphorus.	  	  
	  
2009-‐2012	  The	  Box	  project	  –	  successful	  pilot	  experiment	  in	  the	  By	  Fjord	  with	  oxygena)on	  
of	  an	  anoxic	  Zord	  basin	  where	  several	  environmental	  effects	  were	  studied.	  Development	  
of	  a	  P	  model	  for	  the	  Bal)c	  showing	  that	  the	  internal	  P	  source	  from	  anoxic	  bo/oms	  is	  huge.	  
The	  model	  shows	  that	  the	  Bal)c	  Proper	  may	  be	  restored	  by	  oxygena)on	  of	  the	  deepwater.	  
	  
2013	  The	  Box-‐win	  project	  –	  combina)on	  of	  genera)on	  of	  wind	  power	  for	  the	  grid	  and	  
pumping.	  It	  is	  shown	  that	  oxygena)on	  of	  the	  deepwater	  in	  the	  Bornholm	  Basin	  would	  
improve	  condi)ons	  for	  cod	  recruitment	  and	  that	  now	  dead	  bo/oms	  would	  be	  colonized.	  	  
	  
2014	  –	  Publica)on	  project.	  Starts	  developing	  a	  method	  to	  restore	  the	  Bal)c	  Proper.	  
	  
Funding:	  Mistra,	  Vinnova,	  Swedish	  EPA,	  Swedish	  HaV,	  NEFCO	  (NIB).	  Many	  Thanks!	  



Autumn 1995 
(best since 1960) 

Autumn 2010 
(worst since 1960) 

Spreading	  of	  anoxic	  and	  hypoxic	  bo8oms	  in	  Bal0c	  Proper	  

From	  www.SMHI.se	  	  



From	  www.SMHI.se	  	  

hypoxic	  

anoxic	  

Not	  even	  a	  major	  Bal0c	  inflow	  
may	  pay	  the	  oxygen	  debt!	  



The	  annual	  external	  
supply	  of	  phosphorus	  (P)	  
to	  the	  Bal5c	  Proper	  is	  
halved	  since	  1985!	  	  

(A@er	  Gustafsson	  et	  al.,	  
2012,	  Ambio),	  	  Data	  
a@er	  2006	  are	  
extrapolated.	  

Phosphorus	  content	  (Tot-‐P,	  winter	  
data)	  above	  and	  below	  60	  m	  depth	  	  

But	  the	  contents	  of	  P	  in	  the	  water	  
column	  increases	  ader	  1985!	  
Explana)on?	  	  

From	  S)gebrandt	  et	  al.	  “A	  new	  
phosphorus	  paradigm	  for	  the	  Bal)c	  
proper”	  Ambio	  (2014)	  

5	  



Tot	  P	  below	  	  60	  m	  depth	  (-‐	  -‐	  -‐	  )	  	  and	  
Area	  of	  	  anoxic	  boLoms	  	  in	  Bal5c	  
Proper	  (	  	  	  	  	  	  	  	  )	  	  from1968	  to2010	  .	  
(from	  Hansson	  et	  al.	  2011).	  

Explana)on:	  
Anoxic	  bo/oms	  are	  P	  sources!	  	  
Implies	  that	  oxygena)on	  of	  anoxic	  bo/oms	  turns	  off	  the	  internal	  P	  
source!	  

From	  S)gebrandt	  et	  al.	  Ambio	  (2014)	  
6	  



Phosphorus	  model	  of	  a	  two-‐layered	  Bal)c	  Sea.	  Phosphorus	  sources	  are	  shown	  by	  
colored	  arrows.	  Sinks	  are	  propor)onal	  to	  c1.	  	  

Phosphorus	  model	  of	  a	  two-‐layered	  Bal0c	  Sea	  
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The	  two	  layers	  are	  added	  to	  one	  single	  layer.	  Then	  only	  fluxes	  normal	  to	  external	  
boundaries	  ma/er.	  	  
	  
The	  )me	  dependent	  equa)on	  ()me	  resolu)on	  1	  year)	  for	  the	  total	  content	  of	  phosphorus	  
in	  the	  water	  column	  of	  the	  Bal)c	  proper,	  presented	  in	  S)gebrandt	  et	  al.	  (2014),	  reads	  

(1)	  

(2)	  

(3)	  

The	  internal	  sink,	  Intsink	  =	  Intsink1	  +	  Intsink2	  (c.f.	  Fig.	  1),	  can	  be	  wri/en	  (Wulff	  and	  
S)gebrandt,	  1989)	  

Here	  v	  is	  the	  so-‐called	  apparent	  se/ling	  velocity	  (m	  year-‐1)	  and	  A	  the	  surface	  area	  of	  
the	  Bal)c	  Proper.	  The	  annual	  removal	  rate	  of	  phosphorus	  from	  the	  surface	  water	  to	  
internal	  sinks	  is	  thus	  assumed	  to	  be	  propor)onal	  to	  the	  winter	  concentra)on	  c1.	  The	  
external	  sink	  by	  export	  to	  Ka/egat	  is	  propor)onal	  to	  	  	  	  	  	  	  	  	  	  	  .	  Thus	  all	  sinks	  are	  
propor0onal	  to	  the	  winter	  surface	  water	  concentra0on	  c1.	  From	  this	  follows	  that	  c1	  
increases	  (decreases)	  when	  the	  total	  P	  supply	  increases	  (decreases).	  	  	  	  

This	  is	  a	  mass-‐balance	  model	  (Vollenweider	  type	  of	  model	  but	  with	  internal	  source)	  

11 cc γ=



Using	  the	  P	  model	  to	  es0mate	  the	  internal	  source	  (S0gebrandt	  et	  al.,	  Ambio,	  2014)	  

Model	  results:	  
	  
fs	  =	  2.3	  tonnes	  P	  km-‐2	  yr-‐1	  
	  
This	  result	  is	  supported	  by	  direct	  observa)ons	  of	  fluxes	  from	  bo/oms	  obtained	  from	  
benthic	  lander	  chambers	  in	  e.g.	  Bal)c	  Proper	  (Viktorsson	  et	  al.	  2013).	  
Table	  1.	  External	  and	  internal	  P-‐sources	  to	  Bal)c	  Proper	  

Year	   Anoxic	  area	  
(km2)	  

External	  souce	  
(tonnes	  P/yr)	  

Internal	  source	  
(tonnes	  P/yr)	  

1980	   20	  000	   60	  000	   45	  750	  

2005	   40	  000	   35	  000	   91	  500	  

Model	  results	  
BOX-‐project	  

Assump)on:	  
	  
Internal	  source	  =	  fs•Aanox	  
	  
Here	  fs	  is	  the	  specific	  source	  
of	  P	  from	  anoxic	  bo/oms	  and	  
Aanox	  	  is	  the	  total	  area	  of	  
anoxic	  	  bo/oms.	  
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The	  winter	  surface	  concentra)on	  c1	  in	  the	  Bal)c	  Proper	  is	  propor)onal	  to	  the	  total	  
supply	  of	  phosphorus,	  i.e.	  to	  the	  sum	  of	  the	  external	  source	  and	  the	  internal	  source	  
and	  the	  import	  from	  Ka/egat,	  minus	  the	  rate	  of	  change	  of	  P	  stored	  in	  the	  water	  
column.	  The	  value	  of	  the	  denominator,	  which	  should	  not	  vary	  with	  )me,	  is	  
determined	  using	  data	  from	  one	  year	  (1980)	  that	  can	  be	  obtained	  from	  S)gebrandt	  
et	  al.	  (2014).	  

(3)	  

Predic0ng	  winter	  surface	  concentra0ons	  for	  different	  Total	  Supplies	  
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1980	  

1955	  
2030	  

2030	  



Sediment	  profile	  images	  from	  19	  m	  depth	  in	  the	  By	  Fjord	  –	  colors	  are	  
digitally	  revised	  

2009	   March	  2012	  
	  
16	  months	  ader	  
oxygena)on	  of	  the	  
deepwater.	  	  

Azoic	  sediment	  

Oxidized	  surface	  
layer	  	  
	  
Digging	  
macroscopic	  
animals	  in	  the	  
sediment.	  NB	  
deep	  burrows.	  

From	  S)gebrandt	  et	  al.,	  2015,	  Ambio	  



How	  long	  0me	  will	  it	  take	  to	  restore	  the	  Bal0c	  Proper?	  
	  
Ader	  1	  year	  with	  oxidized	  surface	  layer	  of	  the	  sediment	  (in	  the	  By	  Fjord	  the	  surface	  
layer	  was	  oxidized	  ader	  about	  1	  year),	  the	  total	  sink	  equals	  130	  000	  ton	  P	  while	  the	  
total	  source	  equals	  40	  000	  ton	  P.	  =>	  The	  storage	  of	  P	  decreases	  by	  about	  90	  000	  ton	  
during	  year	  2,	  i.e.	  with	  ca.	  15%.	  
	  
With	  an	  annual	  decrease	  of	  the	  storage	  by	  15%,	  equilibrium	  will	  be	  reached	  in	  about	  
10	  years.	  
	  
Restora)on	  of	  the	  Bal)c	  Proper	  will	  take	  about	  10	  years	  to	  perform	  .	  Ader	  the	  
restora)on	  the	  trophic	  level	  of	  the	  Bal)c	  Proper	  will	  be	  in	  balance	  with	  the	  external	  
supply	  of	  phosphorus!	  Winter	  surface	  concentra)on	  will	  	  be	  about	  0.25	  mmol	  P	  m-‐3.	  
	  
	  
NB!	  Pumps	  may	  be	  removed	  ader	  10	  years	  when	  restora)on	  completed! 



How	  to	  do	  the	  oxygena0on?	  

The	  pumping	  may	  be	  
powered	  by	  wind,	  
waves	  or	  the	  electrical	  
grid	  (like	  in	  the	  By	  
Fjord).	  

Pump	  arrangement	  
used	  in	  the	  By	  Fjord	  

Floa)ng	  wind	  power	  
sta)on	  with	  pump	  

The	  HOLD	  method	  
About	  10	  000	  m3	  s-‐1	  
needed	  pumping	  rate	  



The	  By	  Fjord:	  pumping	  starts	  day	  282	  –	  water	  exchange	  starts	  day	  330	  	  

Salinity	  

Oxygen	  (mg/L)	  



What	  would	  it	  cost?	  	  
Total	  cost	  to	  oxygenate	  the	  Bornholm	  Basin	  during	  10	  years	  has	  been	  
es)mated	  to	  about	  2000	  –	  3000	  MSEK	  (Box-‐win	  project).	  This	  includes	  
building,	  running	  and	  removing	  the	  equipment.	  	  
	  
To	  oxygenate	  the	  whole	  Bal)c	  Proper	  would	  require	  a	  10	  )mes	  bigger	  
installa)on.	  	  
	  
The	  total	  cost	  to	  oxygenate	  the	  whole	  Bal)c	  Proper	  during	  10	  years	  should	  
be	  less	  than	  40	  000	  MSEK.	  



A	  complete	  Environmental	  Impact	  Analysis	  (EIA)	  is	  needed	  	  
	  	  
Ader	  restora)on,	  the	  surface	  water	  will	  be	  in	  equilibrium	  with	  the	  external	  P	  supply	  
which	  will	  about	  the	  same	  as	  in	  the	  1940s.	  The	  sight	  depth	  will	  be	  larger	  than	  today	  
and	  the	  sea	  beds	  in	  the	  deepwater	  will	  be	  colonized.	  Will	  the	  ecology	  of	  the	  Bal)c	  be	  
similar	  to	  that	  in	  the	  1940s?	  
	  
What	  happens	  during	  the	  restora)on	  period?	  	  We	  already	  know	  quite	  much	  about	  
environmental	  effects	  of	  oxygena)on	  through	  the	  experiment	  by	  the	  Box	  project	  in	  
the	  By	  Fjord	  and	  from	  studies	  of	  basins	  that	  are	  switching	  between	  oxic	  and	  anoxic	  
states,	  e.g.	  the	  Bornholm	  Basin.	  Theore)cal	  inves)ga)ons	  show	  that	  oxygena)on	  of	  
the	  Bornholm	  Basin	  would	  improve	  the	  condi)ons	  for	  cod	  recruitment	  and	  lead	  to	  
coloniza)on	  of	  now	  dead	  bo/oms	  in	  the	  Bornholm	  Basin.	  	  



Salinity	  Bornholm	  
Basin	  

Observa)ons	  
	  
	  
	  
	  
	  
Model	  simula)on	  
	  
	  
	  
	  
	  
	  
Model	  predic)on	  
when	  pumping	  
1000	  m	  3	  s-‐1	  



Oxygen	  Bornholm	  
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Observa)ons	  
	  
	  
	  
	  
	  
Model	  simula)on	  
	  
	  
	  
	  
	  
	  
Model	  predic)on	  
when	  pumping	  
1000	  m	  3	  s-‐1	  
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Summary	  

• The	  Total	  P	  Source	  =	  External	  source	  +	  Internal	  source	  +	  Import	  of	  P	  from	  Ka/egat.	  A	  P
budget	  model	  shows	  that	  contemporary	  Internal	  P	  Source	  is	  ca.	  100	  000	  tonnes	  yr-‐1.	  	  

• The	  winter	  surface	  layer	  phosphorus	  (P)	  concentra)on	  in	  the	  Bal)c	  Proper	  strives
towards	  equilibrium	  with	  the	  Total	  P	  Source.	  The	  equilibrium	  P	  concentra)on	  to	  present	  
day	  Total	  P	  Source,	  ca.	  140	  000	  tonnes	  yr-‐1,	  is	  about	  1	  (mmol	  P	  m-‐3).	  
	  
•	  If	  the	  Internal	  P	  Source	  could	  be	  turned	  off,	  the	  Total	  P	  Source	  would	  be	  only	  ca.	  40	  000	  
tonnes	  yr-‐1	  or	  less	  with	  an	  equilibrium	  winter	  surface	  P	  concentra)on	  of	  about	  0.25	  (mmol	  
P	  m-‐3),	  similar	  to	  the	  P	  concentra)on	  in	  the	  1950s!	  	  
	  
•	  Oxygena)on	  of	  anoxic	  bo/oms	  turns	  off	  the	  Internal	  P	  Source.	  	  
	  
•	  Oxygena)on	  may	  thus	  be	  used	  as	  a	  method	  to	  restore	  the	  Bal)c	  Proper	  to	  a	  trophic	  state	  
in	  equilibrium	  with	  the	  actual	  magnitude	  of	  External	  P	  Source	  +	  Import	  of	  P	  from	  Ka/egat!	  
	  
•	  Sustained	  oxygena)on	  of	  the	  deepwater	  will	  in	  about	  10	  years	  bring	  the	  winter	  surface	  P	  
concentra)on	  to	  equilibrium	  with	  the	  actual	  magnitude	  of	  the	  Total	  P	  Source.	  	  	  
	  
•	  Deepwater	  oxygen	  consump)on	  is	  propor)onal	  to	  the	  winter	  surface	  P	  concentra)on.	  In	  
equilibrium	  with	  external	  supply	  equal	  to	  that	  in	  the	  1950s	  or	  less,	  natural	  circula)on	  
should	  keep	  the	  deepwater	  oxygenated	  why	  the	  pump	  equipment	  may	  be	  removed!	  
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1.  Describe	  the	  idea	  -‐	  how	  will	  it	  decrease	  eutrophica1on	  in	  the	  Bal1c	  Sea?	  
2.  Present	  your	  research	  and/or	  field	  studies	  
3.  Show	  known	  and	  poten1al	  risks	  of	  the	  method	  
4.  Present	  the	  nutrient	  removal	  poten1al	  (or	  similar)	  of	  your	  method	  and	  the	  

es1mated	  costs	  (preferable	  Unit	  Abatement	  Cost	  (UAC),	  i.e.	  price	  per	  kilo	  
nutrient).	  

5.  Describe	  the	  way	  forward	  with	  your	  method	  and	  the	  poten1al	  for	  reducing	  
eutrophica1on	  and	  its	  consequences.	  



1.  Describe	  the	  idea	  -‐	  how	  will	  it	  decrease	  eutrophica1on	  in	  the	  Bal1c	  Sea?	  
2.  Present	  your	  research	  and/or	  field	  studies	  
3.  Show	  known	  and	  poten1al	  risks	  of	  the	  method	  
4.  Present	  the	  nutrient	  removal	  poten1al	  (or	  similar)	  of	  your	  method	  and	  the	  

es1mated	  costs	  (preferable	  Unit	  Abatement	  Cost	  (UAC),	  i.e.	  price	  per	  kilo	  
nutrient).	  

5.  Describe	  the	  way	  forward	  with	  your	  method	  and	  the	  poten1al	  for	  reducing	  
eutrophica1on	  and	  its	  consequences.	  



Upstream	  (land	  based)	  
Decrease	  import	  of	  phosphorus	  

Downstream	  (sea	  based)	  
Decrease	  oxygen	  demanding	  sediment	  volumes	  

Imported	  phosphorus:	  
-‐	  20%	  into	  produced	  food	  
-‐	  80%	  losses	  (mainly	  widespread	  systems)	  

Retrieved	  phosphorus:	  
-‐	  10000	  tonnes	  retrieved	  	  
-‐	  10000	  tonnes	  reduced	  internal	  leakage	  
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No	  par1cle	  dispersion	  
	  Deep,	  low	  energy	  areas	  
	  System	  design	  with	  hoses	  and	  low	  flow	  

Reject	  water	  is	  safe	  
	  Low	  in	  pollutants	  
	  Returned	  to	  seabed	  -‐	  not	  to	  surface	  

No	  pollutants	  on	  farmland	  
	  Organic	  pollutants	  are	  removed	  	  
	  Heavy	  metals	  are	  removed	  

Technical	  failures	  
	  Leakages	  
	  System	  parts	  are	  dispersed	  

Areas	  turn	  oxic	  
	  Organic	  pollutants	  	  
	  Heavy	  metals	  
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Financial	  Balance 

Dredging	  system	  and	  logis1cs 	  -‐	  	  66 

Storage/diges1on 	   	   	  -‐	  	  52 

Product	  value 	   	   	  +	  87 

Emission	  fees 	   	   	  +	  31 

Sum 	   	   	   	  =	  +/-‐	  0 
€/kg P 

75% 25% 
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Linköping	  

Norrköping	  

Motala	  

Mjölby	  

Söderköping	  

30	  tonnes	  

3	  tonnes	  

Lake	  Glan	  (#36)	  
Equivalent	  to	  
phosphorus	  
throughput	  
in	  275	  000	  
holiday	  homes	  

Nykvarnsverket	  
Municipal	  	  
sewage	  plant	  
Linköping	  
Capacity	  98%	  P	  



Geo stratification 















Sustainable	  financing	  of	  proposed	  system	  and	  opera1ons	  
The	  project	  has	  shown	  that	  the	  retrieval	  of	  organic	  substances	  from	  seabeds	  has	  the	  capacity	  to	  form	  a	  solid	  base	  for	  
sustainable	  financing	  schemes.	  By	  retrieving	  maBer,	  at	  least	  two	  Swedish	  precedents	  yield	  that	  compensa1on	  of	  emissions	  is	  
possible	  within	  the	  legal	  framework	  of	  exis1ng	  Swedish	  Environmental	  Code:	  
	  	  
Financing	  scheme	  A	  –	  The	  sewage	  community	  
The	  Swedish	  municipal	  sewage	  fee	  –	  notably	  not	  a	  tax	  –	  does	  not	  require	  addi1onal	  legisla1on	  to	  be	  used	  for	  covering	  the	  
remaining	  leakage	  of	  nutrients.	  Most	  Swedish	  municipal	  sewage	  plants	  reach	  a	  97-‐98%	  phosphorus	  precipita1on.	  The	  
remaining	  2-‐3%,	  roughly	  2-‐4	  metric	  tonnes	  for	  a	  Swedish	  city	  like	  Linköping,	  finally	  end	  up	  in	  the	  Bal1c	  Sea.	  Thus,	  the	  sewage	  
community	  would	  finance	  a	  yearly	  retrieval	  of	  2-‐4	  tonnes	  of	  phosphorus.	  	  
	  	  
Financing	  scheme	  B	  –	  The	  industrial	  sector	  
The	  project	  has	  performed	  depth	  interviews	  with	  industrial	  sectors	  that	  emit	  substances	  that	  will	  cause	  organic	  maBer	  in	  the	  
Bal1c	  Sea.	  Interviews	  include	  corpora1ons,	  federa1ons	  and	  The	  Confedera1on	  of	  Swedish	  Enterprise	  (Svenskt	  Näringsliv).	  The	  
Swedish	  industrial	  sector	  has	  suggested	  compensa1on	  throughout	  the	  years,	  especially	  the	  forrest	  industry.	  A	  leakage	  of	  60	  
tonnes	  of	  Nitrogen	  to	  water	  would	  finance	  a	  yearly	  retrieval	  of	  60	  tonnes.	  
	  	  
Financing	  scheme	  C	  –	  The	  agricultural	  sector	  
The	  project	  has	  performed	  depth	  interviews	  with	  the	  agricultural	  sector,	  including	  farmers,	  federa1ons,	  authori1es,	  agencies	  
and	  universi1es.	  By	  switching	  from	  buying	  imported	  phosphorus	  to	  a	  na1onal	  recycled	  form	  of	  phosphorus,	  a	  total	  of	  10	  000	  
metric	  tonnes	  of	  phosphorus	  yearly	  will	  be	  prevented	  from	  entering	  the	  system.	  This	  way,	  an	  ul1mate	  upstream	  endeavor	  
will	  be	  achieved	  that	  will	  benefit	  the	  Bal1c	  Sea.	  	  
	  	  
Flexible	  emission	  fees	  regulate	  upstream	  versus	  downstream	  obliga1ons	  
The	  project	  has	  studied	  possible	  circular	  economy	  schemes.	  The	  project	  suggests	  a	  Flexible	  Emission	  Fee	  System	  that	  would	  
s1mulate	  the	  market	  to	  develop	  more	  cost	  efficient	  upstream	  solu1ons	  and	  that	  would	  eventually	  compete	  with	  sediment	  
retrieval.	  In	  the	  mean	  1me,	  the	  sediment	  retrieval	  will	  unload	  the	  internal	  leakage	  of	  the	  Bal1c	  and	  lakes.	  
	  	  



Way	  forward	  /	  potenFal	  

• Unloaded	  aqua1c	  environments	  

• Recycling	  of	  nutrients	  
	  	  

• Process	  self	  financed	  

Local	  investments	  

Local	  economies	  

Local	  job	  opportuni1es	  

Local	  energy	  produc1on	  

Local	  nutrient	  refining	  

SupporFng	  organizaFons	  

The	  Board	  of	  Agriculture	  
Swedish	  University	  of	  Agricultural	  Sciences	  
Swedish	  Ins1tute	  of	  Agricultural	  and	  Environmental	  Engineering	  
The	  Federa1on	  of	  Swedish	  Farmers	  
The	  Rural	  Economy	  and	  Agricultural	  Society,	  Östergötland	  
The	  Confedera1on	  of	  Swedish	  Enterprise	  
The	  Swedish	  Energy	  Agency	  
VINNOVA,	  Sweden's	  Innova1on	  Agency	  
The	  Swedish	  Agency	  for	  Marine	  and	  Water	  Management	  
The	  Geological	  Survey	  of	  Sweden	  
The	  Royal	  Ins1tute	  of	  Technology,	  Land	  and	  Water	  Resources	  Eng.	  
Stockholm	  University,	  Ecology,	  Environment	  and	  Plant	  Sciences	  
The	  County	  Administra1ve	  Boards	  of	  

	  -‐	  Kalmar	  
	  -‐	  Jönköping	  
	  -‐	  Östergötland	  

The	  Municipali1es	  of	  
	  -‐	  Jönköping	  
	  -‐	  Östhammar	  
	  -‐	  Trosa	  
	  -‐	  Norrköping	  
	  -‐	  Oskarshamn	  
	  -‐	  Kalmar	  
	  -‐	  Ronneby	  
	  -‐	  Orust	  
	  -‐	  Heby	  
	  -‐	  Uppsala	  

Föreningen	  Forum	  Östersjön	  
BSAP	  Fund	  (NIB/NEFCO)	  
Alfa	  Laval	  	  
Xylem	  
The	  Sustainable	  Seas	  Ini1a1ve	  

Sweden	  
Åland	  
Latvia	  

More winners 
Fewer losers 
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How to enhance long-term 
removal of P by bottom 
sediments in the Baltic Sea 

Swedish Environmental 
Protection Acency 

Evalution of State-of-the-Art 
(Blomqvist, S. & Rydin, E. 2009) 



Large standing pool of mobile P in  
the entire Baltic Sea 



Available Fe binds <1% of the disolved P in the Baltic proper 
Data from the Landsort Deep (Johan Ingri pers comm) 

Iron deficieny in the 
Baltic proper 

due to rich supply of S 

Fe:P << 2 

BY31 20070704 

 



The mechanism of binding phosphate by iron 
is shut-off due to binding of Fe by Sulphide 

Therefore, we need to add a 
substance, with capacity to 

bind and retain P in the bottom 
sediments.     

We suggest addition of marl = 
carbonate-rich clay 



Marl heap of 10 million metric tonnes  at Storugns on Gotland rdkalk AB, 
Storugns, Lärbro  10



•  Time-course adsorption of P (%) by fine-particulate marl (<75µm size; 
50 g per L) in Baltic Sea (7‰) water (blue) and freshwater (green). Initial 
P-concentration 50 µM.  



Continued for >1 yr 



 Blomqvist & Abrahamsson (1985) 

5 mm of capped marl added, incubated during 24 h at 5 ºC 
→ 95 % of the P-flux retained  



What is the adsorption capacity 
of  marl to bind P in the Baltic?  

Estimated from: 
Anoxisk Baltic bottom sediment harbour mobile: 2,4 g P / m2  
Saturated adsorbans level: 0,5 µmol P/ m2 märgel 
Specific area <75µm: 12 m2 /g marl 
 

0.5 µ   



Ten million metric tonnes of fine-
particulate marl is enough to treat 
all anoxic-hypoxic bottoms in the 
entire Stockholm archipelago 
(Arholma-Landsort, 1200 km2)  



But, the P adsorption efficiency 
might be further enhanced by as 
much as three orders of magnitude! 



But, the P adsorption efficiency 
might be further enhanced by as 
much as three orders of magnitude! 

This means that the marl heap on 
Gotland should be well enough to 
treat all anoxic-hypoxic bottoms 
(70.000 km2) of the entire Baltic Sea. 



But, the P adsorption efficiency 
might be further enhanced by as 
much as three orders of magnitude! 

This means that the marl heap on 
Gotland should be well enough to 
treat all anoxic-hypoxic bottoms 
(70.000 km2) of the entire Baltic Sea. 

Unit abatement cost: Less than 3 € 
per kilogram P 



a  b

c d

 d

Gunnars et al. (2004) 

Ca5(PO4)3(OH) 



Calcium carbonate is rather stable – no release of Ca 

but heating produces quicklime (CaO) – which is very soluble 



However, quicklime is too reactive in 
water, and can not be employed. 
  
Aim: 
The crushed marl must be heated to 
form a semi-chrystalline phase which 
can settle to the bottom, liberate Ca 
and then precipitate apatie (bind P) in 
the sediment.  



CaCO3 CaO, 900ºC (too soluable) 

Semi-crystalline phase, 750ºC 



Thank you for your attention 

Financial support: 

Stiftelsen BalticSea2020 – Björn Carlson 
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The mechanism of binding phosphate by iron is 
shut off due to binding of Fe by Sulphide 

hat we need 

Therefore, we need to add a substance, with capacity to bind 
and retain P in the bottom sediments.     

We suggest addition of marl = carbonate-rich clay 
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January–April, Eastern  Gotland Basin, 1960–2003. Red line average.  

   Modified from Nausch et al. (2004).  





Time series of annual average total river runoff (Q), nitrogen (N), and 
phosphorus (P) loads from land and atmosphere to the whole Baltic Sea 

(Gustafsson et al. 2012) 

P 

N 



• Blå	  punkter	  –	  egna
experimentella
mätvärden	  med
granulerad	  märgel

• Röda	  punkter	  –	  se9ling	  
beräknad	  på	  kalcit	  
(Maiklem	  W.R.	  
1968,Sedimentology	  
10:101-‐109)	  

V=	  se9lingshasNghet	  (cm/s)	  
g=	  979,22	  cm/s2	  (gravitaNon)	  
η=	  0,919	  (vätskan	  viskositets	  koefficient)	  
ρF=1,03	  (vätskans	  densitet)	  
ρP=2,72	  (kalcits	  densitet)	  
r=parNkelradien	  (cm)	  



y = 92,905e-0,037x 
R² = 0,82587 
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y	  =	  6,0487x	  -‐	  13,454	  
R²	  =	  0,71192	  
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Analogt för sötvatten 



• Adsorption av fosfat över tid på tvättad finpartikulär märgel
• (75 µm ) i olika mängd i 1 L östersjövatten, med initial P-

koncentration 10 µM.

• 50 g (romb), 25 g (kvadrat), 10 g (triangel), 5 g (cirkel) and 1 g
(kryss)

50 g stor yta 

25 

10 

5 

1 g 

Olika många part 



Analogt i sötvatten 



Adsorption av fosfat över tid på 50 g tvättad märgel av olika 
partikelstorlek i 1 L östersjövatten, med initial P-koncentration 50 µM.  
<75 µm (kvadrat), 75–250 µm (romb), 250–500 µm (triangel) and 500–
1000 µm (cirkel)  

<75 µm 
stor yta 

Olika stora 
partiklar  



Analogt för sötvatten 



The amount of adsorbed phosphate per unit surface area (µmole/m2) 
on 50 g (rhomb), 25 g (squares), 10 g (triangles), 5 g (circles) and 1 g 
(crosses) of washed, fine-grained marl (<75 µm) in 1 L brackish water 
with an initial concentration of 10 µM phosphate.  

1 g 

5 g 

10 g 
25 g 

50 g 

Olika 
många 



Analogt i sötvatten 



• Adsorption av fosfat över tid på tvättad finpartikulär märgel
(75 µm ) i olika mängd i 1 L östersjövatten, med initial P-
koncentration 10 µM –men

• 50 g (romb), 25 g (kvadrat), 10 g (triangel), 5 g (cirkle) and 1
g (kryss)

50 g 

25 

10 

5 

1 g 



• Time-course measurements of the relative amount of adsorbed
phosphate on 5 g marl <75 µm with an addition of 5% CKD (rhombs,
red markers) 20% CKD (circles, red markers) in 1L brackish water with
an initial concentration of 10 µM phosphate. Washed marl was used as
reference (squares, blue markers).

pH  

9.9 resp 10.6 



•  Predominance diagram of phosphate ions calculated with MEDUSA, 
for the concentrations intervals 0.001-0.01 M Ca2+ and pH 1-12. 
Above the diagram, the water composition is specified.  
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Anoxic Baltic proper 
water pH 7.2 
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Swedish phosphorus supply (tonnes)  
in 1969-2013 to the marine environment (SEPA) 







Counteracting eutrophication by production of renewable energy 
Biogas from algae in Trelleborg

In Trelleborg, on the 
south coast of Sweden, 
the consequences of 
Baltic Sea eutrophica-
tion are severe. One of 
the visible effects is the 
excessive growth of 
philamentous algae 

along the coast and in the marinas. To enhance re-
creation, macro algae are collected on many beaches 
around the Baltic Sea. Most of the collected algae are 
dumped back in the ocean after the summer season. 
The algae contain Phosphorous, Nitrogen and other 
valuable nutrients, and before the introduction of com-
mercial fertilizers, beach cast algae were widely used 
to fertilize the farmlands in the coastal regions. In Trel-
leborg, algae are collected for biogas production and 
the nutrient rich residuals are returned to arable land.

A pilot plant to make biogas from beach cast algae has 
been operating in Trelleborg since 2011. The results 
show that it is possible to use Baltic Sea beach cast 
algae to produce clean energy and get a positive en-
ergy balance (Risén et al 2013*), taking into conside-
ration collection and transport of algae and energy for 
the process.  In 2014 a full scale plant was built, using 
about 1000 m3 algae/year. Results on biogas produc-
tion in this plant are still 
to come, the general en-
ergy content in algae is 
about 200 l CH4/kg VS.
Beach cast algae (a mix 
RI� EODGGHU� ZUDFN�� ¿OD-
mentous algae, eelgrass 
etc) are collected on the 
beaches of Trelleborg, 
or when needed from a marina, and transported to the 
plant. The plant consists of two hydrolysis beds, whe-
re the substrate is soaked with water, and a separate 
methane step to avoid mechanical problems in a stir-
red reactor. Residuals are used as fertilizer on arable 
land.

Remediation effect 
The algae collected in Trelleborg contains 
about 0,4 kg P and 7 kg N/ tonne wet weight. 
In 2014 about 2000 tons of algae were collec-
ted in Trelleborg, containing aprox 800 kg P 
and 14 tonnes N. 

The cadmium content in 
algae is a key issue for 
circulation of nutrients. 
The Cd content varies 
between regions and 
over the season. In the 
biogas plant in Trelleborg 
a limit for incoming bio-
mass is set at a Cd-con-
tent below 1 mg Cd/kg 
dry substance.

Some algae (ie bladder wrack) are an important part 
of the marine ecosystem and collection of algae must 
be done with an ecosystem approach. However, ad-
GLWLRQDO�HQYLURQPHQWDO�EHQH¿WV�IURP�DOJDH�FROOHFWLRQ�
can be achieved, taking into consideration oxygen de-
pletion and methane slip from algae decomposing in 
the shallow waters or on the beach. 
Problems with high hydrogen sulphide formation when 
GLJHVWLQJ�DOJDH�KDYH�EHHQ�YHUL¿HG��
This hydrogen sulphide process competes with the 
methane production and is therefore limiting to the 
methane process.

*Risén, E., Tatarchenko, O.,  Gröndahl, F. och Malmström, M.E. 2014. Harvesting 
RI�GULIWLQJ�¿ODPHQWRXV�PDFURDOJDH�LQ�WKH�%DOWLF�6HD��$Q�HQHUJ\�DVVHVVPHQW��

Journal of renewable and sustainable energy.
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