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1. Preface 

The landlocked nature of the Baltic Sea leads to limited water exchange and makes it highly vulnera-

ble to nutrient pollution induced by human activity such as e.g. fish farming. Eutrophication is affecting 

the vast majority of the Baltic Sea territory and much effort has been devoted to remedy this. The poli-

tical goal of achieving a good environmental status in the Baltic Sea by 2021 has enforced a strict 

environmental legislation that puts a considerable pressure on present day fish farmers and their ex-

pectations for future development of the business. A fish farmer in the Baltic Sea region will have to 

pay as much attention to his pollution load as to his fish production. One solution that supports conti-

nuous fish farming in the Baltic Sea region and simultaneously complies with a “good environmental 

status” is to treat the wastes (reduce the pollution) from the fish production before discharge to the sea 

basins. This is done in Recirculating Aquacultural Systems (RAS) where the fish is reared on land, the 

water is partially reused and the effluent waste streams are treated prior to discharge.  

This report will focus on nitrogen (N) removal as N generally is considered to be the main limiting 

nutrient for primary production (algae growth) triggering eutrophication in the Baltic Sea (Enell and 

Fejes, 1995) and also the nutrient which most often limits the RAS farm production (Jokumsen and 

Svendsen, 2010). The present report will: 1) Summarize the environmental issues and policy for the 

Baltic Sea region as this is the background for making N-removing technologies relevant for fish far-

mers. 2) Provide a general introduction to biological removal of nitrogen in order to know the mechan-

isms by which N can be removed from the ecosystem. 3) Introduce different filter types for N-removal 

in RAS and different farm systems. Finally, 4) experimental data from N-removal in a pilot-scale RAS 

system will be presented, and the future perspectives for fish farmers in the Baltic Sea region will be 

discussed. 
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2. Introduction 

Protection of the marine environment of the Baltic Sea has existed on the political agenda since the 

Helsinki convention in 1974. In unison with EU Water Framework Directive (WFD 2000/60/EC) and the 

Marine Strategy Framework Directive (MSFD 2008/56/EC), the Commission for the protection of the 

Marine Environment of the Baltic Sea (HELCOM) launched a Baltic Sea Action plan (BSAP) in 2007 

with the overall objective of reaching a good environmental status in the Baltic sea by 2021 (HELCOM, 

2007). The plan addressed the issues of eutrophication, hazardous substances, biodiversity and ma-

rine activities, and was adopted by the nine Baltic Sea region countries and Russia.  

Eutrophication can be defined in a number of ways (Ærtebjerg et al., 2003) but the essential is the 

state of deviation from a healthy marine environment caused by anthropogenic enrichment by nu-

trients. The enhanced input of nutrients stimulates algae growth which leads to imbalanced functioning 

of the ecosystem. Ecological objectives in BSAP for achieving a Baltic Sea devoid of eutrophication 

include; clear water, concentrations of nutrients close to natural levels, natural levels of algal blooms, 

natural oxygen levels, natural distribution and occurrence of plants and animals (HELCOM, 2013a). 

Despite decreasing nutrient loads to the Baltic sea since the late 1980‟s, only the open sea of the 

Bothnian Bay had a good environmental status while the rest of the Baltic Sea was affected by eutro-

phication in a recent 2007 – 2011 assessment (Laamanen et al. 2013) (Figure 1). 

 

Figure 1. Eutrophication status in 2007-2011 was assessed as being good (green colour, Good Environmental 

Status; GES) in the open sea of Bothnian Bay, while the rest of the Baltic Sea was affected by eutrophication (red 
colour, status less than good; sub-GES). From: Laamanen et al. 2013. 
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The sub-basin division of the Baltic Sea (KT: Kattegat; DS: Danish Straits; BP: Baltic Proper; BS: 

Bothnian Sea; BB: Bothnian Bay; GR: Gulf of Riga; GF: Gulf of Finland) is shown in figure 2.  
 

 

Figure 2. The sub-basin division of the Baltic Sea and the catchments contributing to the waterborne inputs to 

each basin. Borders to the five neighboring countries (Belarus, Ukraine, Czech Republic, Slovakia and Norway) 
contributing with transboundary waterborne inputs are also shown (HELCOM, 2013b).  

 

HELCOM has monitored the input of nutrients into the Baltic Sea since the mid-1980‟s in order to sur-

vey eutrophication status and the effect of the political initiatives to reduce input of nutrients. These 

data series are crucial for the environmental management of the sea. A maximum allowed annual 

nutrient input to the Baltic Sea in order to reach the wanted eutrophication status has been estimated 

by modeling of the Baltic Nest Institute, Sweden (BALTSEM model). The model gives the nutrient 

reductions necessary at the sub-basin level and the responsibility of reaching these targets are divided 

between the HELCOM countries based on the polluter pays principle. More advanced modeling (in-

cluding more parameters, a more extended and updated dataset, and removing the discounts for bet-

ter wastewater treatment standards in Western countries) has estimated new allowable nutrient inputs 

and reduction targets in 2013 compared to the quotas provisionally set in the 2007 HELCOM Baltic 
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Sea Action plan (Table 1). Some countries, e.g. Poland with the biggest reduction share, face consi-

derable challenges which might also seriously affect the potential of the fish farming industry.  

Table 1. Country-wise allocation of nutrient reduction targets according to  the HELCOM Baltic Sea Ac-

tion plan from 2007 and the 2013 updated and adopted values for N and P (HELCOM 2013). 

 

*)Preliminary requirements due to transboundary water transports to other countries 

 

At the sub-basin level the largest sea area, the Baltic Proper, requires the greatest reduction in nu-

trients, followed by the Gulf of Finland, as shown in the table of sub-basin nutrient reduction require-

ments (table 2).     

Table 2.    The sub-basin nutrient reduction needed in order to fulfill the maximum allowed annual 

input, adopted 

   2013 (HELCOM, 2013).  

 

 

Model predictions by the NEST institute forecast that it will take up to 100 years before the eutrophica-

tion target values are reached with the present reductions (Figure 3). The P decline will be faster and 

steadier than the modeled N response due to the more intricate dynamics of nitrogen in the sea 

(HELCOM, 2013b). The latter N-transformation processes will be elaborated in the next section. From 

extrapolation of sediment characteristics and 
15

NO3
-
-tracer studies it has been estimated that 48-73% 
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of the external N-inputs are removed by denitrification in the sediment layer of the Baltic sea (Deutsch 

et al., 2010). 

 

 

 
Figure 3. Forecast modeling performed by the NEST Institute. If nutrient inputs will be reduced to agreed maxi-

mum allowable nutrient input levels by year 0, there will be a rapid initial decline of DIP (winter dissolved inorganic 
phosphorus) and a slightly more delayed initial decline in DIN (winter dissolved inorganic nitrogen) concentrations 
as indicated with red bars and the 11-years running average indicated with thick lines. Thin lines are average of 
10 realizations using different weather forcing. If the inputs remain at the level of 1997-2003, DIN and DIP con-
centrations are not foreseen to decline remarkably between years 0 and 200 (grey bars and 11-years running 
average). The dotted curves represent the eutrophication targets for DIN and DIP (HELCOM, 2013b). 

 
 

The pollution load from aquaculture has been decreasing since the mid-1990 e.g. in 2010 the N-

emitted was more than 50 % lower than the 1995-level (Figure 4).  

 
 

 
Figure 4. The decline in annual direct inputs of total nitrogen (in tonnes per year) to the Baltic Sea from  

fish farms discharging directly to the sea during 1994-2010. From: HELCOM, 2013c. 
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3. The Nitrogen Cycle 

Nitrogen is a macronutrient required to sustain all living growth. The removal of N from aquatic sys-

tems is done by microbial reduction of nitrate (NO3) or nitrite (NO2) to inert nitrogen gas (N2) in a 

process called denitrification. In the absence of oxygen a range of (facultative) bacteria are able to use 

nitrate as electron acceptor for their respiration of organic matter (Figure 5). Besides heterotrophic 

denitrification where organic matter is the electron donor as shown in figure 5, iron or sulfur driven 

autotrophic
1
 denitrification exist. Anaerobic ammonia oxidation (Anammox) is another autotrophic N-

removal process (Figure 5) which particularly have been identified at deep sea levels and estimated to 

account for 30 – 50 % of all global marine N loss (Francis et al. 2007). In the Gulf of Finland about 10 - 

15 % of the N2 production was reported to derive from anammox (Hietanen and Kuparinen, 2008).  

The total removal efficiency of the N-biogeochemical cycle in the sea will as illustrated in Figure 5 

depend much upon the oxygen concentrations as ammonia needs to be oxidized (in oxic zones) to 

nitrate (or nitrite) in order to enter the denitrification and anammox “N-sinks” (in anoxic or anaerobic 

zones, respectively). Thus, the overall N2 formation will be the sum of the up-ward flux of ammonia 

and the down-ward flux of nitrate through the redoxcline
2
 as a N2-transit zone (Conley et al., 2009). 

Changes in water currents / water mixing, temperature, etc., will naturally affect the dynamic system 

and thus the apparent N-removal rates. 

 

 

Figure 5. The cycling of nitrogen in oceanic oxygen minimum zones (OMZs). Inert gaseous N2 can be produced 
by both anammox (orange) and denitrification (red ). In the latter, each step can also be considered individually, 

with possible release of intermediates, and each could be responsible for further remineralization, though shown 
only in the first step here. Both nitrate reduction (purple) and dissimilatory nitrate reduction to ammonium (DNRA; 
blue) are also remineralization processes, producing additional NO2 and NH4, respectively. Nitrification requires 
oxic conditions and is divided into two steps: ammonia oxidation (light green) and nitrite oxidation (dark green). 

From: Lam and Kuypers, 2011.   

                                                 

 
1
 Autotrophs use inorganic C (as CO2) for growth contrary to heterotrophs that needs an organic carbon source. 

2
 The redoxcline is the water layer segregating the upper oxygenated water from the lower anoxic water. 
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Biological wastewater treatment relies on the same processes as present in the natural biogeochemi-

cal cycles when removing dissolved nutrients from water. The advantages of confining the processes 

to a controlled system or reactors are the possibility of optimizing the processes and avoid or diminish 

the effects of natural variations. 

4. Denitrification in Recirculation Aquaculture Sys-
tems (RAS) 

The need for denitrification in RAS will depend on the farmed fish species tolerance for nitrate and the 

legislative demands.  Nitrate is a much less fish toxic N-compound than ammonia (Timmons et al. 

2002) and this is the reason why denitrification (DN) filters or reactors do not constitute a vital part of 

the RAS system compared to nitrification reactors (or biofilters) as fish survival is the chief objective. 

Without an integrated or in-line DN-unit in the RAS, the water exchange rate determines the nitrate 

concentrations in the fish tanks. In warm water species RAS (e.g. systems for eel, King fish, tilapia), 

the saved heating costs by integrating a DN-reactor that lowers the demand of water exchange is 

normally an economical advantage. An overview of aquacultural systems categorized by their water 

usage as suggested by Martins et al. (2010) is shown in the table below (Table 3). 

Table 3.  Classification of fish farming systems based on water exchange rates (Martins et al. 2010)  

      

 

Which type of N-removal unit used in a RAS system will depend on the type of system. If water intake 

is expensive due to e.g. water shortage, heavy fees or associated heating costs in warm water spe-

cies, the best solution could be a low water intake (which gives a high nitrate concentration) and an 

integrated or in-line denitrification reactor in the recirculation system to lower nitrate concentration to 

acceptable levels as found e.g. in conventional or indoor RAS for eel or tilapia farming. In systems 

operating at higher water use levels and thus low nitrate concentrations in the fish tanks, the N-

removal can be required due to environmental restrictions on total N-emission, and in such cases an 

end-of-pipe denitrification solution could do the job.  

An example of re-use systems is the Danish Model Trout Farms (MTF) using approximately 3900 

L water/kg feed (corresponding to 1/13 of traditional flow through systems (Jokumsen and Svendsen, 

2010)). The MTFs have bio-filters for nitrification and sludge cones and drumfilters for particle removal. 

Effluent water is treated in constructed wetlands prior to emission into the receiving water body. The 

constructed wetlands are a low cost end-of-pipe treatment with denitrification as the primary function. 

A comprehensive 2-years survey monitoring eight MTF in Denmark found an average removal percen-

tage of 50 % for N, 76 % for P, and 93 % for organic matter (BOD5) in the constrcted wetlands 

(Svendsen et al. 2008). The efficiency of nitrogen removal is limiting the MTF production from an envi-

 Water use (m3/ kg feed) 

Flow-through >50 
Re-use 1 – 50 
Conventional or indoor RAS 0.1 – 1 
Next generation / ‘zero-discharge’ RAS <0.1 
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ronmental sustainability point of view as well as in legislative terms. However, the costs for investing in 

further N-removal have to be balanced with the revenue earned by the fish farmer.   

An example of a next generation RAS system is the Dutch tilapia system (600 MT/year) operating 

at an exchange rate of 30 L/ kg feed (Martins et al. 2009) and integrating an up-flow sludge blanket 

denitrification reactor (USBR). The inlet to the USBR is the discharged waste stream from the drumfil-

ter and the outlet from the USBR goes back into the drumfilter inlet. The solid waste from the fish was 

the only carbon source used in this system, and an overall 10 % lower production cost per kg. fish was 

achieved due to reduced usage of water, heat, and bicarbonate
3
 and reduced costs for sewer fees.   

The estimated N removal was reported to be 81 % for the system (Martins et al, 2010). However, 

proper maintenance and management of such intensive RAS are crucial and not a trivial task. 

 

An alternative type of water treatment explored in recent years is aquaponics and algal ponds which 

strive at making use of the nutrients in the fish farm effluent by growing valued by-products in a sec-

ondary production unit. 

The different types of N-removal encountered in aquaculture are summarized in table 4.  

Table 4. N-removal in aquaculture systems.  

N-removal unit 

Denitrification reactors 
Constructed wetlands 
Algal ponds 
Aquaponics  
Passive denitrification in sediment layer of ponds  
or in other places with accumulated organic solids in RAS 

4.1. Denitrification (DN) reactors 

The DN-reactors traditionally used in RAS employs heterotrophic denitrification and an external easily 

biodegradable carbon source (as methanol, acetic acid, simple carbohydrates, etc.) is supplied to 

sustain a stable and high DN-rate. The stoichiometric relation of substrate used per nitrate-N removed 

is universal for all biodegradable substrates: 2.86 g COD / g NO3
- 
-
 
N. E.g. with acetate as substrate, 

the denitrification proceeds as: 
 
 5 CH3COO

-
 + 8 NO3

-
-N + 3 H

+
 → 10 HCO3

-
 + 4 N2 + 4 H2O + bacteria biomass 

 

The equation shows that besides nitrogen gas, alkalinity and some bacteria growth will be pro-

duced. The bacteria mass yield or amount of carbon source used for bacterial cell synthesis will de-

pend on the operating conditions. In practice a minor part of the biodegradable carbon source will also 

be used for ensuring anoxic conditions (aerobic respiration). 

Due to the anoxic requirements for denitrification only submerged reactor types are pertinent. Var-

ious types of reactors have been demonstrated in RAS; fixed bed reactors, moving bed reactors, flui-

dized bed reactors, and activated sludge type reactors and they have been applied in freshwater sys-

                                                 

 
3
 Denitrification produces alkalinity as shown in the next section. 
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tems as well as in marine RAS. An overview of various RAS DN-reactor studies from the literature is 

shown in Table 5. Due to different testing conditions (as substrate loadings, reactor management 

scheme, temperature, etc.) cross comparisons are difficult to make. However, general comparisons do 

not indicate any difference in N-removal efficiency between freshwater and marine systems. Acclimati-

zation of the DN-reactor to the operational conditions including the salinity is a prerequisite to proper 

assessment (Gutierrez-Wing, 2013). Additionally, using the endogenous carbon source (the fish solid 

waste) for driving the heterotrophic denitrification process seems feasible (table 5). Besides a passive 

carrier media for bacterial growth, biodegradable media types have also been tested with good results 

(table 5) but the prize of the media discourage commercial use so far. 

Table 5. Volumetric denitrification rates reported in aquaculture (modified from van Rijn et al. 2006). 

Denitrification reactor Medium C-source 
NO3 removal rate  

(g N/m
3

media/d) Reference 

Freshwater 

Fixed bed reactor Extruded plastic Methanol,acetic 
acid, molasses, 
Cerelose 

670 – 680 Hamlin et al., 2008 

Biodegradable 
polymer 

PHB 168 Boley et al., 2000 

Bio-blok Endogenous 360 Suhr and Pedersen, 2011 

Polyethylene Methanol 43 Suzuki et al., 2003 

Alginate beads Starch 624 Tal et al., 2003 

Fluidized bed Sand Endogenous 859 Arbiv and van Rijn, 1995 

Sand Endogenous 1330 Shnel et al., 2002 

Digestion basin Sludge Endogenous 142 Shnel et al., 2002 

Activated sludge Sludge Endogenous 25 – 590 Klas et al., 2006 

Upflow sludge bed Sludge Endogenous 125 Suhr et al., 2014 

Marine 

Bead bed reactor Biodegradable 
beads 

PHB-polymer 1000 – 2500 Gutierrez-Wing et al., 
2013 

Fixed bed reactor Plastic media Glucose 41 Honda et al., 1993 

Fixed bed reactor Brick granules Ethanol 2400 Sauthier et al., 1998 

Fixed bed reactor Plastic/ crushed 
oyster shells 

Ethanol/ 
methanol 

158 Menasveta et al., 2001 

Fixed bed reactor Alginate beads Starch 62 Tal et al., 2003 

Fluidized bed Sand Endogenous 1742 Gelfand et al., 2003 

Moving bed  Plastic media Endogenous 576 Tal and Schreier, 2004 

Moving bed  Plastic media Endogenous 142 Suhr, 2013 

Digestion basin Sludge Endogenous 60 Gelfand et al., 2003 

 

     

 Results from operating a RAS DN-reactor using the fish solid waste (endogenous carbon source) will 

be presented in the next section. 
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4.2. Single-sludge denitrification in RAS 

When only the endogenous carbon is applied for heterotrophic denitrification the process is termed 

„single-sludge‟ denitrification, contrary to „tertiary‟ denitrification using external carbon sources. In RAS 

the advantage of employing single-sludge denitrification is a simultaneous reduction of the organic 

matter load in the effluent, and the saved alkalinity if the water is recirculated back to the system from 

the DN-reactor. The disadvantages of single-sludge denitrification in RAS are more demanding sludge 

effluent treatment due to higher levels of dissolved organic matter (compared to more particulate or-

ganic matter from traditional RAS) and depending on the system higher phosphorus content in the 

effluent. From an environmental „holistic‟ perspective it makes sense to „close the nutrient loop‟ as 

much as possible regarding C and N before the discharge from the RAS facility, particularly for marine 

RAS where deposition of sludge on agricultural arable land can be difficult due to the high salt content.  

 

4.2.1. Pilot-scale RAS with end-of-pipe DN-reactor  

Freshwater pilot-scale RAS system 

At DTU Aqua in Hirtshals, Denmark, an experimental study of operating an up-flow single-sludge DN-

reactor (85 l) was performed. The measurements were conducted during two experimental periods: 

 

1. High sludge age in reactor (removal of 2 L reactor sludge/month) during approx. 60 days 

2. Low sludge age in reactor (removal of 1 L reactor sludge/week) during approx. 30 days 

The system 

Two identical 1700 L pilot-scale RAS were tested in parallel. The 500 L fish tank in the system was 

stocked with 25 kg rainbow trout and fed 300 g day
-1

 of Biomar Enviro 920 (43 % protein, 30 % fat, 2 

% crude fiber, 5 % ashes) throughout the experimental period. The water temperature was kept at 18 

°C by thermostatic heaters in the pump sump. Water renewal was manually regulated at 80 L day
-1

 

(4.7 % of the system); 60 L was drained from the bottom of the biofilter into a storage / equalization 

tank feeding the denitrification (DN) reactor, and subsequently the RAS system was filled up with 80 L 

tap water, discharging the excess 20 L by overflow in the pump sump. 

The solid wastes removed by a swirl separator were collected daily by a 2 L container and dis-

charged into a 10 L hydrolysis vessel. 

A cylindrical 85 L tank with conical bottom was operated as an up-flow sludge bed type of DN-

reactor. The 60 L wasted RAS water was continuously pumped into the bottom inlet of the DN-reactor 

at a rate of 2.5 L h
-1

, and the sludge was supplied in a fed-batch manner (6.1 mL min
-1

 in 6 hours day
-

1
). The reactors were closed with gasket fitted lids, and stirred mechanically at a low rate of approx-

imately 6 rotations min
-1

. The outlet of the DN-reactor passed by a 10 L bucket that served as sam-

pling point for the outlet samples. 

 

The whole experimental set-up is shown schematically in figure 6. The RAS + DN systems had been 

operated for over two months prior to restocking of fish and starting of experimental testing periods. 
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Figure 6. Flow chart of the RAS and end-of-pipe treatment system. The solid waste from the swirl separator was 

treated on average 5 days in the hydrolysis vessel before feeding the up-flow anaerobic sludge blanket type of 
DN-reactor. The points of sampling (composite and grab samples) are marked on the chart. Volume of rearing 
tank was 500 l; pump sump 290 l; biofilter 760 l (with BIO-BLOK 150 HD, Exponet, Denmark) and 0.17 m

3
 trickling 

filter (BIO-BLOK 200, Exponet, Denmark). From Suhr et al. (2014). 

 

 

Results 

 

The effect of lowering the sludge age in the DN-reactors was an increased specific DN-rate which 

increased from 17 to 23 mg NO3
-
-N/g TVS/d (Table 6). A 99 ± 1 % removal was achieved in DN-

reactor 1 with low sludge age. Despite the fact that operation was attempted to be identical, relatively 

high variation between the two DN-reactors occurred. This was mainly due to loss of sludge from reac-

tor 2 (and passive denitrification activity in RAS system 1), which produced the less efficient N-removal 

for reactor 2 compared to reactor 1 when only considering the % N-removal. The specific DN-rate is 

therefore a more correct (normalized) term for evaluatinon. 
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Table 6. Nitrate and total nitrogen (TN) (as TAN + NO2-N + NO3-N) concentrations measured in the 

high and low sludge age (θX) experimental periods for the two DN reactors. The calculated NO3-N 

removal and specific denitrification rate (S. DN-rate) are listed as well as C-parameters as COD reduc-

tion, sludge age and COD/NO3-N ratio (Suhr et al. 2014). 

  DN reactor 1  DN reactor 2 

 
 

   High θX      Low θX           High θX  Low θX 

N: 
 

   
 

   
 

   
 

   

NO3-N inlet (mg/l) 
 

110.4 ± 4.2 
 

105.7 ± 2.5 
 

119.7 ± 4.1 
 

128.6 ± 3.5 

NO3-N outlet (mg/l)  18.8 ± 7.9  1.0 ± 1.2  24.8 ± 9.4  35.3 ± 8.8 

% NO3-N reduction  83.0 ± 6.9  99.0 ± 1.1  79.3 ± 7.8  72.6 ± 6.9 

TNa inlet (mg/l) 
 

110.8 ± 4.1 
 

106.0 ± 2.9 
 

120.2 ± 4.2 
 

129.2 ± 3.3 

TNa outlet (mg/l)  23.4 ±  9.4  5.1 ± 1.7  32.0 ± 13.7  51.5 ± 22.4 

% TNa reduction  79.0 ± 8.2  95.1 ± 1.7  73.4 ± 11.1  60.3 ± 16.7 

NO3-N removalb (g/d) 
 

5.69 ± 0.43 
 

6.51 ± 0.18 
 

5.91 ± 0.64 
 

5.81 ± 0.61 

S.DN-rate (mg/g TVS/d) 
 

17.0 ± 1.9 
 

22.8 ± 3.4 
 

16.9 ± 1.1 
 

23.1 ± 6.0 

C:                 

% COD reductionc 
 

79.6 ± 8.2 
 

69.8 ± 7.1 
 

70.6 ± 7.2 
 

63.9 ± 6.2 

Mx-COD (g/reactor) 
 

456.41 ± 95.99 
 

386.16 ± 22.07 
 

489.21 ± 33.08 
 

339.20 ± 122.86 

Sludge Aged (d) 
 

  42 ± 11 
 

  23 ± 8 
 

 33 ± 9 
 

17 ± 6 

Δ COD / Δ NO3-N
e   7.6 ± 0.6  6.2 ± 0.2  6.3 ± 0.7  6.4 ± 0.7 

aTN = TAN + NO2-N + NO3-N 
bremoval = (inlet – outlet) * daily flow  
c % COD reduction = ((CODT inlet + hydrolysate) - CODT sludge discharge - CODT outlet) / (CODT inlet + hydrolysate) * 100%  
dSludge Age = Mx-COD / (CODT outlet + CODT sludge discharge); Mx: Sludge (COD) in reactor 
eΔ COD / Δ NO3-N = ((CODT inlet + hydrolysate) - CODT sludge discharge - CODT outlet) / (NO3-N inlet - NO3-N outlet) 

 

The pre-treatment of the solid waste in the hydrolysis vessel increased the biodegradable content 

by 74 – 76 % when quantified as volatile fatty acid COD content. During this process, however, total 

ammonia nitrogen (TAN) content increased as protein was degraded and this TAN constituted the 

difference between TN and NO3-N removal in table 6. Only 60 l of the 80 l discharged water from the 

RAS was treated in the DN-reactor. Thus, despite an almost complete nitrate removal of DN-reactor 1 

with low sludge age, the experiments demonstrated an approximately 75 % removal in the overall 

RAS nitrate balance. It is unknown whether higher removal rates were possible if more water was 

treated in the DN-reactor. COD-reductions in the DN-reactors of 64 – 70 % was measured (table 6) at 

the hydraulic retention time (32.8 h) and sludge ages (17 – 42 days) of the experimental DN-reactors. 

More details and results can be found in Suhr et al. 2014. Modifications of the reactor design and op-

eration would most likely improve the degree of control and possibilities for optimizing the DN-activity 

of the system. Based on these results using the sludge for denitrification purposes in RAS would be 

profitable from an N-reduction point of view. 
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Single-sludge denitrification experiment in large-scale marine RAS 

In a large-scale marine RAS system at DTU aqua, Hirtshals (2300 m
3
 fish tank, stocked with approx. 3 

ton rainbow trout, salinity: 15 - 16 ‰), the effluent waste streams was treated in duplicate moving bed 

(MB) DN-reactors (5.5 m
3
 tanks containing 2 m

3
 RK BioElements media (750 m

2
/m

3
, 1.20 g/cm

3
) with 

mechanical stirring. 

Solid waste produced by the fish was removed from the RAS by a drumfilter and this discharged 

sludge was collected in an equalization tank / hydrolysis tank before dosing into the MB-filters (0.5 m
3
 

sludge/h for 6 hours a day). Water inlet-flow was kept at 0.3 ± 0.2 m
3
/h (n= 21) in the initial testing 

period. Preliminary grab samples in this startup period (day 12 and day 14) showed NO3-N inlet value 

of 13.2 ± 0.4 mg NO3-N /l and outlet values of 0.7 ± 0.0 (MB-1) and 0.7 ± 0.1 (MB-2) mg NO3-N /l. 

Hydraulic retention time (HRT) in the filters at these samplings were 7 hours, and HRT in the sludge 

hydrolysis tank was 1.3 – 2.2 days.    

At day 20, the water exchange rate in the RAS was increased (from 1 to 2 m
3
/kg feed) and water 

inlet-flow was increased to the MB-filters to 0.7 m
3
/h. Grab samples at this setting (HRT 4.6 h in MB 

filters) showed NO3-N inlet value of 14.9 mg NO3-N /l and outlet values of 3.2 (MB-1) and 3.5 (MB-2) 

mg NO3-N /l. Thus, preliminary removal rates in the initial startup phase based on grab samples were 

estimated to 1.8 to 2.2 g N/m
3
reactor/h (or 4.8 to 5.9 g N/m

3
media/h) at the reactor temperature of 17 – 18 

⁰C. The higher flow rate had higher NO3-N outlet values but increased removal rate per time unit. 

Measurements of COD/TVS-ratio in the hydrolyzed sludge varied from 0.15 to 0.76 (from grab sam-

ples) and indicated that extended sampling periods were essential for providing sufficient representa-

tive data for this large scale facility. 

However, a toxic algae infection in the RAS had a detrimental effect on fish survival, and the 

sampling series programme had to be cancelled. 
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5. Nitrogen removal in RAS farms for Baltic Sea 
coastal farming – Discussion and Perspectives 

All animal husbandry discharges some surplus of nutrients, including fish farming. Similarly to the de-

velopment of wastewater treatment plants for human waste, the effluent from fish farms can also be 

„up-graded‟ to discharge significant less nutrients as revealed e.g. by the implementation of the Danish 

MTF systems (Svendsen et al. 2008) and experimental „zero-discharge‟-RAS (Tal et al. 2009). Con-

trary to wastewater treatment plants, however, the viability of an environmental sustainable fish farm is 

depending on the revenue earned on a global somewhat unpredictable market. 

From an environmental point of view there is significant advantages of RAS farming as the nu-

trient management can be confined and controlled, and the water intake and discharge can be de-

tached from natural watercourses. Furthermore, the confinement makes it possible to optimize the 

environmental conditions for fish growth and heath. Disadvantages of intensive RAS systems include 

the risk of accumulation of hard or non-degradable substances as minerals and metabolites in the 

water and thus the fish. In table 7, a comparison of RAS versus sea cage aquaculture is compiled. 

Table 7. Advantages and disadvantages of RAS versus sea cage aquaculture. 

RAS Sea Cage 

Controlled system Uncontrolled (natural variations) 
Waste management Emission of waste directly to sea 
Better disease management High risk of spreading diseases 
No escapees Risk of fauna contamination 
Accumulation effects @ high reuse High dilution - no accumulation 
High energy consumption Low energy consumption 
High capital investments Lower capital investments 
“Muddy” taste No off-flavour 
Animal welfare Animal welfare 

 

The continuous too high nutrient load into the Baltic Sea (Table 1) strongly suggests that in-

creased RAS farming should be implemented, if fish farming has to increase in volume without in-

creasing its environmental impact. The evidence from experimental studies moreover shows an un-

used potential of increasing the environmental sustainability by merging the C and N nutrient man-

agement in the RAS before discharge, e.g. 75 – 87 % N-reduction (Tal et al. 2002, Eding et al. 2009, 

Suhr et al. 2014). Exploiting the surplus RAS sludge further for biogas generation is another possible 

environmental sustainable C-waste treatment method. E.g. a more than 90 % reduction of sludge vo-

lume was found from biogas reactor studies with (marine) aquaculture sludge (Mirzoyan et al., 2010). 

In conclusion, the nutrient N-waste load from RAS can be significantly reduced by several different 

measures (table 4) but increased facility investments and workload in the daily operation have to be 

acknowledged and incorporated in the budget. 
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