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Heterotrophic denitrification reactors are typical treatment units used to remove nitrate from aquaculture effluent. 

However, they face with limitation due to practical and economic reasons as a result of their requirement for 

external readily available organic carbon sources. In this study, four clear acrylic vertical columns (10cm × 32cm)   

with upward flow direction were constructed and packed packed with wood chips (from birch tree), and mixture 

of woodchips with three different carbon sources (potato peels from industrial process; dried sphagnum moss and 

biochar coals). The purification performance of bioreactors were investigated in treatment of aquaculture effluent 

under design hydraulic retention time (HRT) of 48-h and temperature of 15.35± 0.31°C (mean± SD) for 55 days.  

The results of this study clearly showed the instant nitrate (NO3-N) reduction in all bioreactors and stable removal 

efficiency after one week. As much as 94% of the nitrate was removed from aquaculture effluent with 35.5 mg 

NO3-N L-1 concentration, in bioreactor with woodchips. This removal efficiency corresponded to 21.6 g N m-3d-

1 removal rate. Reported removal rate and removal efficiency for 35.5 mg NO3-N L-1 inflow concentration, 

averaged (21.4 g N m-3d-1, 92 %) for woodchips with potato peels, (20.7 g N m-3d-1, 91.3 %) for woodchips with 

biochar and (19.2 g N m-3d-1, 78.9 %) for woodchips with dried sphagnum moss (BR2). In addition, bioreactor 

with potato peels showed higher nitrate removal rate (29.2 g N m-3d-1) for the inflow water with high 

concentration of NO3-N (35th -55th day).  

Reported nitrate removal rate in this study were relatively greater than measured in previous studies due to the 

selected sufficient HRT (48-h) combined with relatively high NO3-N concentration of influent in the optimal 

temperature of 15.35± 0.31°C (mean± SD). Start-up leachate of organic carbon, ammonia and phosphorus for 

start-up period took place in all bioreactors, but with higher rate in bioreactor with potato peels. Rise in alkalinity 

took palace as an evidence of heterotrophic denitrification in all bioreactors expect bioreactor with potato peels.  

Phosphorus reductions were observed after two weeks in woodchips bioreactor with biochar, bioreactor with 

dried sphagnum moss and woodchip bioreactor at the highest removal efficiency of 23%, 38% and 35%, 

respectively. While, Phosphorus reduction started in bioreactor with potato peels after nearly one month at the 

rate of 20%. 

 
In summary, the master thesis demonstrated that woodchips bioreactors have potential of nitrate removal from 

aquaculture effluent even with low chemical oxygen demand (COD). Woodchips bioreactors can reach the stable 

performance within few weeks.  
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ABBREVIATIONS AND SYMBOLS 

 

°C Celsius 

µm micron  

BOD Biological oxygen demand  

BR Bioreactor  

C Organic carbon  

cm centimetre  

CO2 Carbon dioxide  

COD Chemical oxygen demand  

DNRN      Dissimilatory nitrate reduction to ammonia  

DO Dissolved oxygen  

DOC Dissolved organic carbon  

EU European union  

FBBR Fixed Bed Biofilm Reactors   

FTS Flow through system 

h Hour  

HRT Hydraulic retention time  

Kg Kilogram  

L Litre 

m3 Cubic meter   

MBBR Moving Bed Biofilm Reactors   

mg Milligram    

mm millimetre  

MSFD Marine strategy framework directive 

N Nitrogen  

N2 Nitrogen gas  

NH2OH hydroxylamine   

NH3 Ammonia  

NH4 Ammonium   

NO2 Nitrite  

NO3 Nitrate  

ORP   Oxidation-reduction potential   

ORP oxidation reduction potential   

P Phosphorus 

RAS Recirculating aquaculture System   

SD Standard deviation    

SO4 Sulphate  

SS Suspended solid  

T Temperature  

TAN Total ammonia nitrogen   



 

TOC Total organic carbon  

TSS Total Suspended solid  

USBR      Up-flow sludge blanket denitrification reactor 

VFA                  Volatile fatty acid  

WFD Water framework directive 
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1. INTRODUCTION 

 

Aquaculture industry has traditionally been and still remains as one of the important 

sources of income, employment and food in different countries (WHO 2017). 

Although, the world’s population has been growing at the rate of 1.8% per year since 

1961, the food fish consumption has grown at the double rate of 3.6% per year (WHO 

2017). According to the FAO (2002), the contribution of aquaculture industry to global 

production of fish has increased from 3.9% to 27.3% over the period 1970-2000. In 

fact, compare to the other animal food producing sectors, aquaculture growth is 

considerable. In order to meet this growth, beside the wild ocean resources, there is a 

market-based need for aquaculture industry to increase. Bioeconomy, a circular 

economy and cleantech are most important strategic programs of Finnish Government, 

which leads this country one of the pioneer in these sections. One of the Finnish 

Government’s objectives toward circular economy is comprised of sustainable 

economic growth. In order to reach sustainable economy, investments in innovation 

and new technologies for industries such as aquaculture is needed. Development in 

sustainable solutions will lead the country to create new job opportunities, improve 

climate condition and ecological status of Baltic Sea. (Finland, a land of solutions 

2015) 

 

Expansion of traditional technologies for aquaculture systems such as cage-based and 

flow-through faces have some key obstacles, e.g. limitation of land for new sites and 

expansion, lack of fresh water availabilities and population growth (Badiola et al. 

2012). Eutrophication of water bodies, biodiversity modification and changes in 

landscape can be named as results of insufficient addressing in current aquaculture 

technologies (Tovar et al. 2000). Producing food and having sustainable natural 

resources as two main objectives of sustainable aquaculture are achievable only by 

using the production system with the minimum environmental impacts (Martins et al. 

2010).  Public concern has been raised regarding sustainability of the aquaculture 

industry in recent decade.  The most raised controversial issue is discharging the waste 

into environment (Boyd et al. 2005, Buschmann et al. 2006). Hence, regulations 
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associated with water usage in terms of quality and quantity as well as waste discharge 

have been announced (Jokumesen and Svendsen 2010). 

 

Recirculating Aquaculture System (RAS) as an efficient method for fish production 

were mostly developed and used for intensive fish farming, where water is scare 

(Badiola et al. 2012). The RAS is highly productive due to providing opportunities to:  

i. minimal water usage, which helps intensive fish farming environmentally 

sustainable and makes them best solutions for the area with limitation in water 

resources or near large urban area with strict water quality criteria (Summerfelt 

and Vinci 2007, Timmons and Ebeling 2010, Wheaton and Singh 1999);  

ii. improve waste management; and  

iii. nutrient recycling, allowing produce more fish over the short periods.  

 

The effluent water is treated and re-used partially in RAS (Rosenthal et al. 1986). This 

reduces the water usage and leads the concentrate of wastes into (1) a solid waste and 

wastewater, with light rare of suspended solids and (2) an effluent stream. Such high 

concentration of suspended solids in RAS is associated with application of solids 

settling and dewatering. (Lepine et al. 2016). 

 

Carbon and nitrogen solids as the main sources of pollution in RAS system are often 

associated with fish feed (Yogev et al. 2017). Releasing fish protein has estimated to 

contain about 75% of nitrogen with the high portion of total ammonia nitrogen 

(Ebeling et al. 2006). The concentration of ammonia, even at the low rate (e.g. a few 

milligrams per litre), is toxic and can be harmful for many fish (Randall and Tsui 2002, 

Timmons and Ebeling 2007).  

 

Within the RAS treatment units, the aerobic nitrification (e.g., biofilter) is the most 

common process to convert organic N and ammonia to nitrate (NO3) (Guerdat et al. 

2010, van Rijn 1996) to avoid the accumulation of nitrite (NO2) and ammonia in the 

system. Within the typical RAS, the water exchange of 20-40% (system volume / day) 

is done in order to dilute the nitrate concentration (Hu et al. 2012). The NO3 

concentration is usually kept as high as possible, but under toxic levels, which might 
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pollute ground and surface water if released without treatment. Hence, to avoid such 

pollutions, denitrification unit (reduction of nitrate to nitrogen gas N2) is added to the 

RAS (intensive RAS) (Martins et al. 2010, van Rijn 2013).  Denitrification is the 

biological process which is mostly done by anoxic heterotrophic bacteria converting 

NO3 to N2 utilizing organic carbon (C). The requirement organic carbon can be added 

to the system by using external organic materials. The successful NO3 removal by 

wood-based denitrifying bioreactors from ground and surface water makes the system 

to be potentially used in the aquaculture effluent.  

 

The recent day studies, mostly focused on using woodchip denitrifying bioreactors as 

an end-of-pipe treatment for aquaculture effluents to dilute NO3 concentration (e.g. 

Von Ahnen et al. 2016a). The application and performance of wood-based denitrifying 

bioreactor as one of the passive treatment units in RAS effluent which leads recycling 

effluent-treated waters, back to the fish rank have not previously been demonstrated 

in Finland. Furthermore, one of the focus areas addressed by Finnish government is 

blue circular economy targeting the improvement of sustainable aquaculture industry. 

However, this requires innovative solutions for reducing environmental impacts of the 

industry.  

 

The objective of this study is to evaluate the performance of woodchips denitrifying 

bioreactor and its mixture with other carbon materials in treating the effluent from a 

RAS as a case study of LUKE fish farming located in Laukaa, Finland. Four pilot-

scale bioreactors packed with wood chips (from birch tree), mixture of woodchips with 

three different carbon sources (potato peels from industrial process; dried sphagnum 

moss and biochar coals) were operated using hydraulic retention time (HRT) of 48-hr 

at the temperature of 15.35± 0.31°C (mean ± SD) in order to answer the following 

scientific questions:  

1) Is it possible to use woodchips, potato residue, biochar and dried sphagnum 

moss as carbon sources for denitrification bioreactor in RAS?  If possible, what 

is purification efficiency? How much of filter material is needed for the 

system? 
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2) What is the effluent water quality after bioreactor? Can it reach the standards 

set forth by regulations for recirculating aquaculture systems (RAS), so that the 

intake of new water is not needed anymore? 

To address questions above, the inflow and outflow water from each columns should 

be evaluated for the following parameters: nitrate (NO3), nitrite (NO2), total 

ammonium (TAN), dissolved oxygen (DO), sulphate (SO4), phosphorus (P), BOD5, 

chemical oxygen demand (COD), dissolved organic carbon (DOC), total organic 

carbon (TOC), pH, and reduction oxidation potential (ORP).  
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2. RECIRCULATING AQUACULTURE SYSTEM  

Aquaculture industry is one of the fast-growing food supplying sector in the word that 

produces the half of total fish consumption (FAO 2014). According to the increase in 

world population, the fish protein production needs to increase five-fold to meet the 

consumption demands (FAO 2014). To reach the demands, the expanding production 

requires more attention to meet the regulation associated with sustainability of 

aquaculture industry. The negative environmental impacts related to expanding 

production are associated with quality and safety of products, water usage and 

wastewater discharge (Xie and Yu 2007).  In order to overcome the mentioned 

concerns and solve the capacity limits of traditional aquaculture facilities (e.g. open 

ponds and cage culture system), the industry have motivated to increase terrestrial 

recirculating aquaculture systems (RAS) (Chen et al. 2006, Martins et al. 2010).  

 

The wastewater in RAS from the fish tanks passed through the different units and treat, 

then recirculated and reused in the growth fish tank (Fig.1). This leads the system to 

provide better control over the water usage and quality parameters, biosecurity, waste 

management (Piedrahita  2003), energy consumption, and fish performance and safety 

(Ebeling 2000, Tal et al. 2009, Timmons and Ebeling 2007). According to Martins et 

al. (2010), RAS can be divided to the following classification based on water exchange 

rate associated with feed in the system:  

 Flow through system (FTS) (>50000 L/kg feed) 

 Re-use system (1000–50000 L/kg feed) 

 Conventional recirculation (100–1000 L/kg feed) 

 Intensive RAS (next generation)  (<100 L/kg feed)  

 

In fact, RAS overcomes the limits in traditional flow-through systems by water 

consumption reduction at the rate of 90-99 % (Badiola et al. 2012, Verdegem et 

al. 2006). However, the intensive controlled system of RAS has some limitations such 

as high cost of operation and also demanding management for disease control (e.g. 

Schneider et al. 2006). Hence, RASs can be complicated systems as they are 

interactions between technology and biology (Badiola et al. 2012). Oxygen 

concentration has been reported as one of the key parameters in the system that can 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B52
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B73
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cause rise in unwanted water quality parameters in RASs (Badiola et al. 2012).  The 

balance can be gained by enhance correlation between the used technology in 

designing and deep understanding of fish behaviour (Lekang 2007).    

Figure 1. A standard recirculation system from AKVA group consists of mechanical 

filter, UV filter, CO2 stripper, biofilter and micro particle filter (AKVAGROUP 2017) 

 

 

2.1. Recirculating aquaculture system and policy in Europe   

Most of the existing aquaculture systems in Europe are moving toward the RAS 

technology in order to meet the European Union (EU) legislation associated with 

aquaculture industry. According to the Science for Environment Policy (2015), the 

current most focused EU legislation associated with aquaculture include the following: 

 

 The Marine Strategy Framework Directive (MSFD) was adopted in 2008 

and revised in 2017 in order to encourage EU’s members to achieve 'Good 

Environmental Status' in marine industry by 2020. The Directive focused on 

strategies to minimize the negative environmental impacts and achieve 

sustainable use. According to the EUROPEAN COMMISSION  (2008, 2017), 

the aquaculture system needs to be controlled in terms of water and seafood 

pollution concentration, eutrophication, commercial or marine culture 

population and integrity of non-indigenous species.  
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 The main focus of Water Framework Directive (WFD) is to control 

biodiversity and contaminations in water bodies.  The WFD attempts to aim 

‘good ecological status’ and ‘good chemical status’ in transitional, coastal and 

inland water bodies. (EUROPEAN COMMISSION  2000) 

 

Among European countries, RAS technology is more recognized in Netherlands and 

Denmark (Martins et al. 2010). The RASs in Denmark are mostly semi-closed (indoor) 

system for producing African catfish and eel. Water exchange at the rate from 30 to 

300 L/kg feed/day is applied in the systems (Martins et al. 2009). However, the trout 

farms are outdoor nearly closed systems with 3900 L/kg feed water exchange rate 

(Jokumsen et al. 2009). Trout farm in France with the water exchange rate of 9000 

L/kg feed/day was designed after Danish RAS system (Roque d’Orbcastel et al. 2009).  

 

Beside the developments of RASs in European countries, due to the increasing tends 

of nutrients in the Baltic Sea, this region is in highest priory for EU’s legislation to 

reduce the threat of eutrophication (e.g. eastern and southern part of Scandinavia) 

(AGUABEST 2017). Severe eutrophication has partly resulted in slow growth of 

aquaculture industry in the Baltic Sea. Baltic Sea is a shallow, semi-closed sea with 

the low water transition resulted in high concentration of phosphorus and nitrogen as 

a result of large scale commercial aquaculture industry. Such problems make the 

Nordic area pioneer in this industry and more potential to develop in sustainable 

manner (Rosten et al. 2013).  

 

There is a need to develop current and new technologies associated with aquaculture 

industry in Nordic countries for utilizing entire potential of region. One of the strategy 

to achieve this goal is moving toward developed RASs technology in inland areas. The 

improvements of system need to be in terms of lower investment in line with lower 

energy cost, sufficient waste managements and decline nutrient and carbon discharge 

to soil and recipient water bodies. (Rosten et al. 2013) 

 

2.2. Aquaculture in Finland  

In Finland although the start point of aquaculture go back to 1800 century, modern 

aquaculture technology has been started in 1960’s. It was focused mainly on (i) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5276851/#B38
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production based on consumers and (ii) increase in natural fish stocks by juvenile 

production (Rosten et al. 2013).  Table 1 illustrates the latest statistics related to the 

production of fish juveniles based on their size in Finland in 2016 (LUKE 2017). The 

rainbow trout contained 90 % of total fish production in 2016, at the rate of 13.4 

million kilograms (LUKE 2017). 

 

Long-term distribution of food fish production over the period 1980-2016 based on 

inland and sea farms is shown in Fig. 2 (LUKE 2017). The aquaculture in Finland had 

dramatic growth in 70’s and 80’s (Fig 2). It reached its peak around 19.5 million 

kilograms in 1991. Since then aquaculture production had declining trend (Fig. 2). 

Although the production had increasing trend in recent year since 2010, the fish 

consumption in 2016 had decline about 0.5 million kilograms compared to 2015 

(LUKE 2017). 

 

The location of the different fish farms in Finland can be seen in Fig. 3. Off-shore 

farms as the main source of fish production for human consumption produced 2.4 

million kilograms 83 % of total fish productions in Finland. Fish farms located in 

Åland Islands produced annually 6.7 million kilos of fish. However, other islands in 

Southern Finland and costal area produced 4.1 million kilos. In addition to the human 

consumption purposes, fish is farmed in Finland for natural stocking. In 2016, the total 

number of fish farming enterprises reach 300. Totally 158 farms of those produced 

fish for human consumption and the rest 189 farms used natural food ponds. (LUKE 

2017) 
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Table 1. Production of fish juveniles in Finland based on Species/size (unit: 1 000 ind. 

(not including newly hatched larvae) in 2016 (LUKE 2017) 

Species/size  

Rainbow trout < 20 g 9221 

Rainbow trout 20-200 g 4928 

Rainbow trout > 200 g 2329 

Salmon < 20 g 219 

Salmon 20-200 g 1568 

Salmon > 200 g 19 

Brown trout < 50 g 1023 

Brown trout > 50 g 780 

Sea trout < 50 g 252 

Sea trout > 50 g 1060 

Char and brook trout < 50 g 135 

Char and brook trout > 50 g 34 

European whitefish < 20 g 17498 

European whitefish > 20 g 1348 

Pikeperch 8058 

Grayling 773 

Pike 58 

Cyprinids 3 

Other 20 

 

 

Figure 2. Development of food fish production and its value (deflation: cost-of-living 

index) in aquaculture industry in Finland over period 1980-2016. (LUKE 2017). 
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According to the mentioned potential above, Finland can be one of the most important 

players in the field of aquaculture, by moving toward RAS system. As the 85% of the 

fish consumptions in Finland is from imports (LUKE 2017). By adjusting the 

aquaculture technology to the RAS, this import rate can decline. In order to reach the 

goal, in Laukaa fish farm, one testing and learning RAS has been constructed by the 

Natural Resources Institute of Finland (Luke). The system in used to study technical 

solutions to gain sustainable system (LUKE 2017). 

Figure 3. Geographical distribution of fish culture units in Finland (Farms in Åland 

archipelago are not shown). (NLS 2017) 
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3. WATER QUALITY IN RECIRCULATING AQUACULTURE 

SYSTEM 

The main key of a successful commercial aquaculture is keeping balance between the 

environmental impacts and fast growth of the fish with the low cost of resources. The 

most important advantage of intensive RAS over the traditional aquaculture system is 

providing the optimal environment to manage important water quality parameters and 

aquatic environment in order to achieve optimal condition for fish health and growth.  

The critical water quality parameters in aquatic system are: water and air temperature 

(T), dissolved oxygen (DO), pH, ammonia (NH3) and nitrite (NO2), dissolved carbon 

dioxide (CO2), suspended solids and alkalinity. Each of these parameters is important 

individually; however, their interactions have more effect on health and fish growth. 

The effects of each water quality parameters concentration can be different in various 

situation. For instance, when the system has problems related to aeration and 

degassing, the concentration of carbon dioxide usually increases. However, at the same 

time, DO concentration declines. This situation results in less oxygen available for fish 

and also high concentration of carbon dioxide impacting the fish’s blood capacity to 

transport oxygen (Timmons and Ebeling 2010). 

 

The water needed in the system depends on different parameters on the RAS consist 

of species, management policy, risk management and technology used in the system. 

Beside the concerns regarding minimizing the water exchange in the system, the 

additional amount of water for diluting the existing water requires to be investigated. 

The amount of this water directly depends on the level of the reuse of the existing 

water in the system. The importance of water reuse in the aquaculture is mainly 

controlling economic factors by reducing the heating and cooling system used in 

process. In addition, reduction in water usage, will lead the system to produce less 

waste and wastewater. (Timmons and Ebeling 2010). However, the reduction in the 

wastewater in RAS can be 10-100 times lower and denser compare to the traditional 

aquaculture methods (Blancheton et al., 2007).   
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3.1. Treatment units in RAS  

The effluent from marine and freshwater farms can be treated through different 

combinations of wastewater treatment units. According to the Martins et al (2010), the 

main goals of wastewater treatment in aquaculture system can be explained as follows:  

1) Achieving sludge with 15 percent proportion of dry matter. The obtained 

sludge can be used directly or after composting as fertilizer.  

2) Converting the backwash water into the supernatant water. For more 

polishing, the supernatant water can be treated with a constructed wetlands 

in order to reduce either suspended solids or biological oxygen demand 

(BOD) (Roque d’Orbcastel 2008). 

3) Treated water for reuse in the culture fish tanks. 

 

 

3.1.1. Suspended Solid Capture  

Carbon and nitrogen are most important contaminants in the RAS produced by fish 

feed in the system (Yogev et al. 2017). The solids waste produced in the RAS estimated 

to 30 to 60% of the total weight of fish feed (Chen et al. 1994). Small proportion of 

the solid waste produced in fish tanks is uneaten feed in the system; however, it mainly 

consists of fish excretions (Yogev et al. 2017).  Moreover, 50-92 % of the total solid 

waste in RAS is organic components (Mirzoyan et al. 2008). Only 1.5 to 3% of the 

effluent contains solid components (Mirzoyan et al. 2008). Accumulation of the 

suspended solids can negatively affect the entire RAS system. Therefore, solid waste 

removal is the first unit in any recirculating system.  The size of solid particles can be 

small in micron (µm) and varied to centimeters (cm). The treatment methods for the 

solid particles typically are selected based on the size range to have the best function 

in removing solids. For instance, sedimentation and screening can be applied for 

particles with large size. Moreover, for removing fine particle, foam fractionation or 

ozone treatment can be used in the RAS (Timmons and Ebeling 2010).  

 

Sedimentation and mechanical filtration are the most common methods used in RAS 

for removing solids and sludge (Chen et al. 1994, Timmons and Ebeling 2007). The 

primary methods used in fish farming to remove suspended solids can be divided into 

following technologies:  
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Gravity separation:  The mechanism in the system is mostly based on the 

sedimentation process and settling velocities. The gravity separation is consist 

of settling tanks, tube settlers and hydrocyclones. The removal can happen in 

granular, porous media filters and screen. (Timmons and Ebeling 2010) 

Filtration removal:  The mechanism of system is based on maintaining the 

particles in one or more filter units.  Within the system, there are parts such as 

screen, granular or porous media filters applied in order to leads the system to 

sedimentation, straining and interception (Timmons and Ebeling 2010). 

Flotation removal:  Within the process, the particles separate from water by 

attaching into the air bubbles. Units in the flotation removal are the same as 

filtration except the straining (Timmons and Ebeling 2010). 

The most popular filter system used in aquaculture industry is Microscreen filters 

(Fig.4, 5 and 6) with advantages over the settling basins, such as minimal space 

requirements. Moreover, in this kind of filters, before any dissolution of particles or 

BOD leaching, the system backwash and remover the attached particles. Drum filters 

(Fig.4), disk filters (Fig.5) and inclined belt filters (Fig.6) are most comment 

Microscreen filters used in aquaculture industry (Timmons and Ebeling 2010). 

Figure 4. A process flow diagram for a microscreen drum filter (Summerfel and Vinci 

2007) 
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Figure 5. Disk filter (WMT 2017) 

 

Figure 6.  Inclined belt filter allows for solids dewatering and sludge collection 

(Sharrer et al. 2010) 

 

 

High efficiency removal of organic matter and SS was reported for RAS at the rate of 

85 and 98% (Martins et al. 2010). However, lower reduction of the total suspended 

solid (TSS) with drum filter and swirl separators at the rate of 40-50% and 22% were 

reported by Davidson and Summerfelt (2005) and Couturier et al. (2009) respectively.  
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3.1.2. Nitrifying Biofilters  

Fish feed in the aquaculture system consists of 25-65% protein (Lovell 1988). It is 

corresponded to the 4.1-10.7% of organic nitrogen (Yogev et al. 2017) which is used 

only at the rate of 20-30% by fish in the culture tank (Gross et al. 2000, Heinsbroek 

and Kamstra 1990, Islam 2005, Sandu and Hallerman 2013). Rest of the organic 

nitrogen released into the water (mostly in form of total ammonia nitrogen) (Ebeling 

et al. 2006). Ammonia can be formed as ionized (NH4
+) and unionized (NH3) in 

solution (Guerdat et al. 2010). The concentration of ammonia even in the low rate of 

few milligrams per liter can be toxic for different fish species (Randall and Tsui 2002, 

Timmons and Ebeling 2007). Aerobic nitrification is the most common method in RAS 

for removing and converting the total ammonium nitrogen (TAN) (Guerdat et al. 2010, 

Van Rijn 1996) into less toxic nitrate. Aerobic nitrification is a biological oxidation 

process, done in two stages with involving two groups of bacteria (Peng and Zhu 

2006). First stage in aerobic nitrification is oxidation of ammonia. The process is done 

by ammonia-oxidizing bacteria which oxidized ammonia into the nitrate over 

hydroxylamine (NH2OH). The second stage is oxidizing the nitrite into nitrate by 

nitrite-oxidizing bacteria.  

 

Biological filters are used in RAS to decline the total ammonia nitrogen (TAN) 

concentration through nitrification (Guerdat et al. 2010). The nitrifying biofilters 

(Fig.1) are considered as one of the most important units in the RAS that can affect the 

performance of the entire system (Bartelme et al. 2017). The nitrifying biofilters are 

reported by Badiola et al. (2012) as the main issue in the star-up of the RAS and 

challenge in terms of management.  

 

In aquaculture, there are different biofilters with variety media used. The theory behind 

them is providing enough biomass for growing nitrifying bacteria with considering the 

biofilm on a fixed medium (Kamstra et al. 2017). The media used in the biofilters can 

have wide variations in terms of type and size. The wide range of media is consist of 

plastic media (e.g. Greiner and Timmons 1998, Pfeiffer and Wills 2011, Timmons et 

al. 2006) and also sand used by Summerfelt (2006). 
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There are several biolfiter type used in aquaculture system. Trickling filter is one of 

the common methods used due to its simplicity and non-mechanical features (Greiner 

and Timmons 1998). However, the trickling filters have some limitation due to usage 

of the media with low surface area, which leads the system to require large volume 

and floor space (Greiner and Timmons 1998). The mentioned problem make the 

system more expansive in terms of needed media per unit surface area. To solve this 

problem, the fluidized bed reactors was introduced. The system is used smaller media 

provides higher surface area (Greiner and Timmons 1998). The fluidized bed reactors 

are used in aquaculture industry with floating and sinking media (e.g. sand) 

(Summerfelt and Cleasby 1996).  

 

Biofilters can be designed in different modes (up-flow, down-flow and submerged) 

(Eding et al. 2006, Malone and Pfeiffer 2006). The mostly used system can be 

explained as followed: 

 

Fixed bed biofilm reactors (FBBR): The FBBR is used in RASs where good water 

quality is not a priority objective of the industry (Malone and Pfeiffer 2006). The 

dissolved wastes are transporting through the filter media (e.g. sand, rock plastic and 

shells) by diffusion. The filter media provides bacterial habitat (Malone and Pfeiffer 

2006). These bacterial habitat processes the waste with large capacity of supporting 

various flow and quality (Wheaton 1977).  

 

FBBRs are divided into different categories based on the techniques used to provide 

oxygen and biofilm growth (Malone and Pfeiffer 2006). In “emergent” filters, water is 

cascaded directly over the media provides higher oxygen transferring. Moreover, in 

other category, the tricking filters (Fig.7) are designed to transfer oxygen by falling 

water over the media (Eding and Kamstra 2001, Greiner and Timmons 1998, Lekang 

and Kleppe 2000, Sandu et al. 2002, Shnel et al. 2002, Twarowska et al. 1997).  In 

addition, the same process in done in rotating biological contactors (DeLosReyes and 

Lawson 1996).  

http://www.sciencedirect.com/science/article/pii/S0144860998000302?via%3Dihub#BIB15


 

 

23 

 

Figure 7. Trickling fixed bed biofilm reactors (Tilley et al. 2014) 

 

 

The submerged filters as the other category of the biofilters provide sufficient oxygen 

by circulating water over the media used in biofilter (Malone and Pfeiffer 2006). High 

performance of the system is achieved by applying high recirculation rate and internal 

recycling. The mechanism of nitrification in the biofilter is relied on its biofilm used 

in the system. The mechanism can be explained by considering the layered structure 

(Malone and Pfeiffer 2006). In this layered structure, the inner layer formed over the 

surface of the media by passive biomass dominated with nitrifying bacteria and 

heterotrophs in outer layer (Ohashi et al. 1996, Zhang et al. 1995). Reproduction of 

heterotrophic bacteria in the biofilm is the main reason of layering mechanism (Malone 

and Pfeiffer 2006). The specific reproduction of heterotrophic in rate of 4.8 day-1 is 

reported by FdzPolanco et al. (2000). Hence, this growth rate makes the heterotrophs 

placed on top layers of biofilm (Mann and Rittmann 1992). 

 

Moving bed biofilm reactors (MBBR): MBBRs are new type of biofilter (Odegaard 

et al., 1994) (Fig.8). The system is developed in Norway and the usage is common in 

new RAS industry recently (Kamstra et al. 2017). The mechanism of this system is 

based on floating carrier in the bioreactor that is controlled by screens in the tank and 

the movements of carries are applied by air or a propeller (Kamstra et al. 2017). MBBR 

systems have advantages over other reactors such as low cost of pumping and constant 

biofilm thicknesses which help the system avoid from clogging of filters (Kamstra et 

al. 2017). The system is mostly used in large-scale wastewater treatment with the 

utilizing tanks with the volume more than 1000 m3 (Kamstra et al. 2017). Rusten et al. 
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(2006) revealed that the applied MBBRs in commercial and ornamental fish farms can 

have size over 600 m3. In the fish farms the MBBRs are applied in lower hydraulic 

retention time (HRT) at the rate of 5 minutes due to the high speed of turning over in 

the system (Kamstra et al. 2017). A ½-order/ 0-order kinetic model can be used for 

explaining the nitrification process in a biofilm (Bovendeur et al. 1987, Harremoës 

1978).  

 

Figure 8. Moving bed biofilm bioreactor (MIC 2017) 
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4. DENITRIFICATION IN RECIRCULATING AQUACULTURE 

SYSTEM  

In RASs the nitrifying biofilters are applied to remove ammonia. Such systems lead to 

high concentration of nitrate in effluent; e.g. 400-500 mg NO3-N/L reported by Honda 

et al. (1993) and Otte and Rosenthal (1979). Although the nitrate is less toxic compare 

to ammonia and nitrite for the aquatic organism, high nitrate concentration can 

negatively impact the commercially cultured aquatic organisms (Rijn et al. 2006). 

Moreover, according to the review done by Camargo and Alonso (2006) the main 

environmental impacts of inorganic nitrogen on the water bodies can be named as 

followed:  

1) Acidification due to rise in hydrogen ions concentration in water bodies with 

low acid neutralizing capacity 

2) Eutrophication in aquatic ecosystems  

3) Negative effects on aquatic animals life in terms of growing and 

reproducing  

4) Adverse impacts on human in terms of health and economy  

The different pathways of biological denitrification (e.g. assimilatory or dissimilatory) 

which are done with several organism, can be described in Eq. 1 to 3.  

 

i. Assimilatory nitrate reduction  

 

As it can be seen in Eq. 1, the assimilatory nitrate reduction pathway is a 

process, which occurs in the absence of ammonia and the reduction process is 

done by using nitrate as a biosynthetic nitrogen source compare to ammonia. 

The reduction process can occur either aerobic or anaerobic conditions with 

different organism (e.g. plants, fungi, algae and bacteria) (Rijn et al. 2006).   

 

                                     𝑁𝑂3 
− →  𝑁𝑂2 

−  →  𝑁𝐻4 
+                                            1 

 

 

ii. Dissimilatory nitrate reduction 

 

The dissimilatory is refer to the nitrate reduction into the inorganic nitrogen 

with releasing the energy done by two main group of prokaryotic organisms. 
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One group of prokaryotic organisms convert nitrate into both nitrite and 

ammonia (Eq. 2). However, the other group converts nitrate into the nitrogen 

(N2). This reduction happens via nitrite to gaseous nitrogen forms (Eq. 3) 

 

 

Dissimilatory nitrate reduction to ammonium: 

                                     𝑁𝑂3 
− →  𝑁𝑂2 

−  →  𝑁𝐻4 
+                                            2 

 

Denitrification: 

                                     𝑁𝑂3 
− →  𝑁𝑂2 

−  →  𝑁𝑂 →  𝑁2𝑂  →  𝑁2                   3 

 

 

The Eq. 2 is showing the dissimilatory nitrate reduction to ammonia (DNRA). 

The process is done by fermentative bacteria in a condition when the 

fermentation process is not possible due to the bioenergetics reasons. Hence, 

in this condition, the fermentative bacteria start using the nitrate (NO3) as a 

final electron accepter. (Tiedje 1990) 

 

Denitrification is the second group of dissimilatory nitrate reduction shown in 

Eq. 2. The process is done by wide range of prokaryotic organisms which are 

mostly comprise facultative anaerobe. In the process, the organisms use NO3 

as final electron accepter in an aerobic condition (Rijn et al. 2006). 

Heterotrophic denitrifiers can be named as the most comment denitrifiers in 

nature that use organic carbon in the system as a sources of electrons and 

biosynthetic carbon (Rijn et al. 2006). 

 

 

4.1. Denitrification reactors 

Denitrification is one of the used processes for removing high concentration of nitrate 

in RASs with different designs, reviewed by Rijn et al (2006). Up-flow sludge blanket 

denitrification reactor (USBR) is one of the successful methods for nitrate removal in 

RAS in the pilot scale (Martins et al. 2009). Moreover, using internal carbon sources 

in denitrification bioreactors has been added to the RAS since 2005 in the Netherlands 

(Martins et al. 2010). The application of denitrification bioreactor leads the system to 
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reached 99% recirculation of water, corresponding to highly low rate of water 

exchange (30 L/kg feed) (Martins et al. 2009). The advantages of new RAS generation 

(including denitrification bioreactor) over the conventional RAS are reduction in water 

usage as well as lower discharge of nitrate and organic matter (Martins et al. 2010). 

 

According to Eding et al. (2009), the new generation of the RAS with denitrification 

unit is more sustainable in terms of energy, water exchange and bicarbonate 

requirement. Furthermore, the actual production cost is 10% lower than the traditional 

RAS. Sustainability of aquaculture industry in the intensive RAS with denitrification 

unit is associated with  

(1) lower water exchange for diluting the NO3 concentration,  

(2) energy consumption reduction, and  

(3) increasing the alkalinity for the pH stabilization in fish culture.  

 

However, there are several limits to the new generation of RAS with denitrification 

associated with high investment requirement. Such issues are mainly related to 

accumulation of total dissolved solids and alternative use of an external carbon sources 

required for the denitrification process (Martins et al. 2010). 

 

As a solution for the mentioned problems the new approaches needed toward the 

integrated systems. Hence, the new methods such as constructed wetlands and algal 

ponds introduced to the system resulted in water re-use. Performance of such systems 

have been investigated by Kerepeczki et al. (2003). For example, the effluent from the 

intensive African catfish was treated trough the pond-wetland system. The system had 

high efficiency in TAN, Sulfate and organic suspended solids removal at the rate of 

90%. However, the NO3 removal rate was about 38%. It is concluded from the twenty 

years observation of constructed wetland applied in Denmark (Brix et al. 2007), that 

the system can have a high removal efficiency for BOD and organic matter. However, 

the weak performance in N and P removal (30-50 %) makes the system limited.  

 

The main reason for the low NO3 removal efficiency in RAS is referred to demanding 

of denitrification for the influent with high ratio of C:N (Van Rijn et al. 2006). The 

usage of the external carbon sources such as methanol, ethanol or glucose have been 
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reviewed by Van Rijn et al. (2006). First study on denitrification reactors was done by 

Meske (1976) in Germany. The system was applied in an experimental recirculating 

system for Cyprinus carpio type of fish, in addition to an activated sludge. Methanol 

as an external carbon source for denitrification was studied in packed bed columns 

treating fresh water fish effluent by Abeysinghe et al. (1996) and Suzuki et al. (2003). 

Endogenous carbon sources were also studied for tilapia fish in closed recirculating 

system with fresh water by Arbiv and van Rijn (1995) and Rijn and Barak (1998). 

 

 

4.1.1. Denitrifying bioreactors  

Denitrifying bioreactors are one of the simple and low-cost technologies applied for 

Nitrogen (N) removal from ground and surface water (Fig.9). Denitrifying bioreactors 

are new technologies which provide C and energy for denitrification process. The 

mechanism of the system is relied on added solid carbon substrates though the flow 

path of the target effluent. (Schipper et al. 2010) 

 

Denitrifying bioreactors are classified into three main categories: (1) denitrification 

walls used for the shallow groundwater discharge; (2) denitrification beds applied for 

effluent with high concentration; and (3) denitrification layers for soil leachate (Fig. 

9) (Schipper et al. 2010). 

 

In denitrifying bioreactors, the NO3 removal mostly happened due to heterotrophic 

denitrification using external C sources as an electron donator in anoxic condition 

(Rivett et al. 2008; Seitzinger et al. 2006).  According to Seitzinger et al. (2006), the 

heterotrophic denitrification performance is associated with the dissolved oxygen 

concentration, nitrate in the influent, and C availability in the system. Organic carbon 

in the denitrification bioreactors has two main roles. First, providing anoxic condition 

due to oxidation of the organic compounds by microorganisms, and second, 

performing as an electron donor (Schipper et al. 2010). This organic carbon can be 

found in effluent treated in the wastewater treatment system or added as liquid C 

sources such as methanol, ethanol or glucose (Henze et al. 2008, Oakley et al. 2010, 

Van Rijn et al. 2006). 
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Figure 9. Schematic of denitrifying walls with different designs and denitrifying 

bioreactor bed (Schipper et al. 2010) 

 

 

In RAS, denitrification process is limited due to low labile C in the effluent after 

nitrification units. Hence, the system needs external carbon sources to create anoxic 
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condition and provide sufficient energy for denitrification. Although, there are so 

many carbonaceous solids and liquids investigated as carbon sources for 

denitrification process with successful performance (Gibert et al. 2008, Hunter, 2005), 

but to date, wood based media has been used widely in denitrification bioreactors for 

wastewater treatment such as agriculture, groundwater with long-term (e.g. 5 to 20 

year) high NO3 removal efficiency (Fahrner 2002, Jaynes et al. 2008, Robertson et al. 

2000, 2008, 2009, Schipper and Vojvodic-Vukovic 2001, Schipper et al. 2005, 2010). 

  

Wide range of NO3 removal from wood-based denitrifying bioreactors reported due to 

variation in design parameters (e.g. HRT and inflow concentration) and environmental 

condition (Table 2). Approximately 50% removal efficiency of NO3 was reported for 

the influent with nitrate concentrations of 10 to 30 mg NO3–N L-1 designed for HRTs 

ranged from 6 to 30 h (Christianson et al. 2013, Moorman et al. 2015). The reported 

removal rate was associated with the groundwater with wide range of temperature 10-

15 °C. Moreover, within the same range of influent nitrate concentration, 33% removal 

efficiency at the filed scale is reported by Woli et al. (2010) for the groundwater. In 

treating the groundwater by woodchip bioreactors (field site) 100% nitrate removal 

reported by Chun et al. (2009) at low HRT of 19h. Investigation in lab scale 

experiments revealed the requirement of higher HRT for sufficient NO3 removal 

associated with higher influent concentration (Lepine et al. 2016).  For instant, only 

13% NO3 reduction was reported by Bock et al. (2015) for the influent concentration 

of 35 mg NO3–N L-1 treated through packed woodchip column at the room temperature 

(22 °C). However, for the lower temperature (10 °C) with high initial concentration of 

50 mg NO3–N L-1, 2.8 days of HRT was reported for 50% reduction (Greenan et al. 

2009).  

 

Successful nitrate removal reported by wood-based denitrifying bioreactors in ground 

and surface water, makes it interesting for treating recirculating aquaculture effluent. 

The recent studies associated with wood-based denitrifying bioreactors applied for 

groundwater and aquaculture effluent in different conditions are reviewed in Table 2. 

As it can be seen in Table 2, removal efficiency of the wood-based media with addition 

methanol as denitrification fuel was studied for treating aquaculture effluent by 

Saliling et al. (2007). The wastewater was simulated in this case with high COD at the 
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range of 232 to 800 mg COD L-1 and initial NO3 concentration of 50 to 200 mg NO3–

N L-1 leads the methanol-enhanced system to reach high removal efficiency more than 

95%. Pilot-scale woodchips bioreactor investigated by Lepine et al. (2016) (Table 2) 

revealed removal rate >39 g N m-3d-1 at relatively high temperature of 19°C. Moreover, 

the temporal performance of pilot-scale woodchip bioreactor as an end-of-pipe at a 

commercial RAS was studied by Ahnen et al. (2016) (Table 2).  

 

 



 

Table 2. Recent reported NO3 removal performance for wood-based denitrifying bioreactors designed in different HRT and temperature. 

Removal unit is gNm−3 d−1 where m−3 refers to volume of bioreactor. 

 

Influent 

concentration 

(mg NO3-N L-1) 

HRT 

(h) 

Reduction 

(%) 

Removal 

rate  

(gNm−3 d−1) 

T 

(°C ) 

Media Application Reference 

10 – 30 6-30 50 
 

10-15 Woodchip Groundwater Christianson et al. 2013, 

Moorman et al. 2015 

10-30 <3 33 
  

Woodchip Groundwater Woli et al. 2010 

10-30 19 100 
  

Woodchip Groundwater Chun et al. 2009 

33 18 & 72 13 & 75 
 

22 Woodchip Groundwater Bock et al. 2015 

33 18 & 72 86 & 97 
 

22 Woodchip + Biochar Groundwater Bock et al. 2015 

50 67 50 
 

10 woodchip Groundwater Greenan et al. 2009 

50-200 2.5 >95 333 - 1365 - Woodchip + Methanol RAS Saliling et al. 2007 

50-200 2.5 >96 328 - 1361 - Wheat straw + Methanol RAS Saliling et al. 2007 

71-78 12 - 55 45 - 99 > 32 19 Woodchip RAS Lepine et al. 2016 

5.6 3.25 27 ~ 7 8 Woodchip RAS Ahnen et al. 2016 

T = temperature; HRT = hydraulic retention time 



 

5. MATERIAL AND METHODS  

5.1.  Study site 

 The aquaculture wastewater at RAS facilities for Natural Resources institution 

Finland (LUKE) located in Laukaa, Finland were used in this thesis. The LUKE RAS 

was constructed in 2015 in order to serve as a research unite to study recirculating 

aquaculture technologies and related management developments. The system included 

10 individual RAS units with state-of-art technologies. The study considered the 

Rainbow trout fish in tanks with volume of 500 L. Each research units used the total 

water volume of 800 L. Schematic of RAS waste treatment units in Laukaa can be seen 

in Fig. 10. Solids removal from the wastewater is done in two steps. The big solid 

particles from fish tank are removed first with simple method of waste feed collectors, 

then the smaller particles are removed through the Hydrotech drum filter with mesh 

size of 60 μm (Fig. 10). The drum filter is followed by fixed bed biofilter, packed 

column aerator tower, oxygenation, and pH-control. Biofilter carrier media used in 

fixed and moving bed biofilters, consists of 80 L of RK Bioelements 1.0. The water 

intake for the column tests were obtained from FBBR with high rate of nitrate (Fig. 

10).  

 

Figure 10. Schematic of RAS waste treatment units in Natural Resources institution 

Finland and which effluent were used in this thesis (LUKE) 
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5.2. Experimental setup  

5.2.1. Bioreactors configuration  

Treated water passed through fixed bed biofilm reactor (FBBR) used as intake water 

for a total 4 clear acrylic vertical columns with upward flow direction (Fig. 11a and 

b). Application of the upward flow rate is due to avoid preferential flow pathways. The 

columns had inner dimeter of 10 cm and 32 cm height (Fig. 11a). The columns were 

packed with woodchips (from birch tree), mixture of woodchips-potato peels 

(industrial residue from POHJOLAN PERUNA Company) and woodchips-dried 

sphagnum moss and woodchips-biochar coals (Fig. 11a). The mixture percentage can 

be seen in Fig. 11a, used in order to increase carbon availability for denitrification 

activity. To increase packing density, intermittently tamping with a steel hammer was 

done for the woodchips layer in the lower layers.  

 

In order to ensure uniform water flow through the column, 2 cm quarts gravel was 

replaced with the filter materials at the bottom of the columns as it has been used also 

in previous column studies (Ronkanen et al. 2016). The quarts layer was derived from 

the filter material with plastic paper to prevent clogging of the used materials with 

organic matters. A perforated plastic plate with 97 mm diameter was fixed in the top 

part in order to divide the materials and water tanks to a height of 4.5 cm (Fig. 11b).  

The columns have one inlet at the centre in the bottom disk which the cylinder rests 

on. The outlet is located at the centre at the top disk. The columns were sealed at both 

ends. The influent tube was cleaned once every two weeks in order to reduce the effect 

of solid accumulation inside the tube. A multiport peristaltic pump was installed to 

pump flow rate of 0.57 (mL/min) to obtain a target hydraulic retention time of 48-h 

based on woodchips materials. All used solid materials (woodchips, biochar and dried 

sphagnum moss) saturated for 24-h with distilled water before running the test. The 

porosity of the solid materials were determined by considering added water for the 

saturation (Table 3). 

Table 3. Porosity of used solid material in packed columns  

Type of material Porosity (%) 

Woodchips  0.63 

Quarts gravel  0.44 

Biochar coal  0.46 
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b) 

 

Pore volume of the bioreactors based on bioreactors saturation volume were ~ 1261.7 

(Diameter: 10 cm, Height: 25.5 cm) ml, except bioreactor 4 (Fig. 11b). Low woodchips 

porosity is due to used hammer for obtaining more packing density at the rate of 347 

kg m-3. The packed woodchips of 0.7 kg used in Bioreactor 3. However, mixing 

percentage of the woodchips and biochar in bioreactor 1, leads the system to have 

woodchips and biochar at the rate of 0.6 and 0.3kg, respectively. Moreover, the used 

woodchips in bioreactor 4 was 0.5 kg placed at top and bottom layers of the column. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. (a) Schematic diagram of the laboratory set-up (b) Column test in Luke, 

Laukaa (photo by Kiani S. 2017) 

Bioreactor 1 Bioreactor 2 Bioreactor 3 Bioreactor 4 

a) 
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5.3. Sample collection and analysis  

The outflow from each bioreactors was collected with sealed containers (Fig. 11b). In 

order to minimize uncertainty of dissolved oxygen measurement in outflow form 

columns, the outflow container sealed and treated water entered to the container with 

sealed tube (Fig. 11b). The overflow in containers flow out through other sealed tube 

(Fig. 11b). The experiments were carried out in temperature of 15.35± 0.31°C (mean 

± SD).  

 

All collected samples from inflow and outflow of individual columns were analysed 

on-site for NO3-N, NO2-N, NH4-N, sulfate (SO4), alkalinity and BOD5. 

Spectrophotometer (Hach Lange DS 3900): Procedure 8038 Nessler was used for total 

ammonium nitrogen (TAN), diazotisation for nitrite (LCK341) and 2.6-

dimethylphenol for nitrite (LCK340). BOD5 and sulphate were measured with dilution 

method (LCK554) and Procedure 8051 turbidity respectively. Alkalinity was analyzed 

once a week by titration with the standard method (ISO 9963-1:1994) (Hach Lange 

TitraLab AT1000). Dissolved oxygen was manually recorded with YSI ProODO 

meter. Moreover, other parameters such as Oxidation reduction potential (PRO), pH, 

and temperature were measured from inflow and outflow of each columns with 

(Horiba Laqua act D-74 meter).The concentration of chemical oxygen demand (COD), 

phosphorus (P), dissolved organic carbon (COD), and total organic carbon (TOC) were 

analyzed in inflow and outflow using fallowing standard methods (SFS 3063:1981; 

ISO 15923-1:2013 modif.; SFS-EN 1484:1997; 0.45 𝜇𝑚 filtering; and SFS-EN 

1484:1997) respectively at the laboratory of Nablabs. In first 10 days of start-up, on-

site measurements were done daily, but later the sampling interval was raised into 

weekly.  

 

Volumetric nitrogen removal rate (g N removed m-3 bioreactor d-1) were calculated by 

considering the difference of NO3-N concentration removed between inflow and 

outflow, the flow rate and the volume of the saturated filter media. Removal efficiency 

of NO3 and P was calculated by dividing the different of influent and effluent 

concentration by influent concentration.     
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6. RESULTS AND DISCUSSION  

6.1. Nitrate removal  

Nitrate removal occurred in all bioreactors immediately upon start-up and over the 

experiment period with applied HRT of 48-h (Fig. 12a and Table 4). The initial influent 

mean nitrate concentration of 33.5 mg NO3 –N L-1 reduced to approximately lower 

than 1.8 mg NO3 –N L-1 in three first bioreactors (Bioreactor 1, 2 and 3) corresponded 

to the 95 % removal efficiency and ~21 g N m-3d-1 removal rate (Fig. 11a and Table 

4). However, bioreactor 4 (Woodchips and potato peels) responded lower removal rate 

of ~ 15.7 g N m-3d-1 for the same period (Fig. 11a and Table 4). The start-up mean 

removal rate was in line with a range of removal rate (2-22 g N m-3d-1) for woodchip 

beds treated variety of wastewater reported by Schipper et al. (2010). Such instant 

start-up NO3 –N removal by wood-based bioreactors in aquaculture effluent were 

reported also by Lepine et al. (2016) and Von Ahnen et al. (2016a). The immediate 

nitrate removal in all 4 bioreactors may have been associated with a flushing of 

degradable organic carbon during the first few days of the experiment evidenced by 

rise in TOC, DOC and COD (Fig. 14b-d).  

 

Initial high concentration of total organic carbon in Bioreactor 1-3 at the rate of (60, 

72 and 89 mg L-1) respectively (Fig. 14c) used as energy for initial heterotrophic 

denitrification activity, may have assisted in reaching anoxic condition of the 

mentioned bioreactors at the beginning of experiment. Although, Bioreactor with 

potato peels (Bioreactor 4) had relatively high initial organic carbon of 1400 mg L-1 in 

start-up compare to other bioreactors (Fig. 14c), lower removal rate of 15.7 g N m-3d-

1 indicates that the initial carbon availability is not the only factor controlling the nitrate 

removal rate in Bioreactor4 (woodchips and potato peels).  

 

Due to the change in the fish’s diet, there was no feeding during the first weekend ( 3rd 

and 4th days) which affected the initial influent concentration of dissolved oxygen 

(DO) and NO3 –N resulting in lower nitrate removal in the 5th day (Fig. 11a and d, 

Table 4). As the influent DO concentration increased form 7.4 mg L-1 to 11.5 (Fig.12d), 

NO3 –N removal declined in all bioreactors and did not continue to achieve complete 

NO3 removal (Table 4). However, for the same period, concertation of NO2 –N in 
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bioreactor1 (woodchip and biochar); bioreactor2 (woodchip and dried sphagnum 

moss) and bioreactor3 (woodchip) increased dramatically. Such rises may have been 

associated with assimilatory nitrate reduction happened mostly in the absence of more 

reduced inorganic nitrogen species, either aerobic or anaerobic conditions (Van Rijn 

et al. 2006). As it can be in seen in Fig. 12a due to high concentration of DO, it was 

not possible for the bioreactors to achieve anaerobic conditions. Moreover, high NO2-

N concentration may have been produced as intermediate products of dissimilatory 

nitrate removal by prokaryotic organisms (Van Rijn et al. 2006). However, higher 

TAN produced in bioreactor with potato peels (BR4) (Fig. 12c) can be as a result of 

assimilatory nitrate reduction to ammonia (DNRA) conducted by fermentative bacteria 

(Van Rijn et al. 2006) from potato peels. DNRA takes place when, due to bioenergetics 

reasons, fermentation (removal of organic matters) is not possible; hence, fermentative 

bacteria uses nitrate as a final electron acceptor (Tiedje 1990). Nitrate production was 

investigated in the 6th day at the rate of 20.8 mgL-1 for bioreactor 4. It can be assisted 

with aerobic condition with DO concentration of 4.3 mgL-1 and high TAN and NO2-

N concentration (13.1 and 15.1 mg L-1) respectively leads the system to nitrification 

process. 

 

In the 7th day of experiment, when DO of influent decreased to the 8.7 mg L-1, the 

bioreactor with biochar (BR1) reached the highest removal efficiency (95.8%) 

compare to other bioreactors (Table 1). The removal rate was 46.3 %, 72.5 % and 49.5 

% for bioreactor 2, 3 and 4 respectively. After fluctuation of influent DO and NO3-N 

concentration, bioreactor 1(woodchip and biochar) reached stable removal efficiency 

faster fallowed by bioreactor2 (woodchip and dried sphagnum moss); bioreactor3 

(woodchip) and bioreactor with potato peels (Table 4).  

 

By increasing the initial influent nitrate concentration and average DO (6.6 mg L-1) 

after 7th day in all bioreactors nitrate removal efficiency improved (Table 4). 

Moreover, due to the significant relationship between influent nitrate concentration 

and removal rate (Lepine et al. 2016), by increasing the initial influent nitrate 

concentration from 21.4 mg L-1 (9th day) to 51.5 mg L-1 (maximum concentration in 

35th day), the removal rate elevated from 13.4, 7.5, 13 and 11 g N m-3d-1 to 31, 32, 32.6 

and 32 g N m-3d-1 for bioreactor 1-4 respectively (Table 4). In fact, maximum removal 
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rate in all bioreactors happened for the influent with the highest nitrate concentration 

in 35th day (Table 4).  

 

For the period of 9th -55th day with rising trend in influent NO3-N concentration, it can 

be preliminary concluded bioreactor with woodchips (BR3) had the highest mean 

removal rate of 21.6 g N m-3d-1 corresponded to 94%. This high removal rate is 

followed by bioreactor with potato peels (BR4) (21.4 g N m-3d-1 and 91.9%), bioreactor 

1 (woodchips + biochar) (20.7 g N m-3d-1 and 91.3%) and bioreactor with dried 

sphagnum moss (19.2 g N m-3d-1 and 78.9%) (Table 4). However, Bioreactor 4 

indicated higher nitrate removal rate of 29.2 g N m-3d-1 between 35th -55th day with 

high NO3-N influent of 47.7 mg NO3-N L-1 (mean value), followed by Bioreactor 3 

(28.5 g N m-3d-1  ); Bioreactor 2 (26.9 g N m-3d-1  ) and Bioreactor 1 (26.4 g N m-3d-1  

). This rise may have been associated with the fermentative bacteria in potato peels. 

Although for certain conclusion microbiological tests are needed.  Due to lack of 

replicates the statistical differences cannot be tested. 

 

Reported nitrate removal rate in this study were relatively greater than measured in 

previous studies (David et al. 2015, Schipper et al. 2010, Von Ahnen et al. 2016a). 

Reasons for the high removal rate in this study can be due to the selected sufficient 

HRT (48-h) to obtain anoxic condition in bioreactors, combined with relatively high 

NO3-N concentration of influent in the optimal temperature of 15.35± 0.31°C (mean± 

SD). Lepine et al. (2016) reported a removal rate of higher than 39 g N m-3d-1 

associated with HRT of 6.6-55 h and  NO3-N influent concentration generally between 

20-80 mg NO3-N L-1. This high removal rate was associated with relatively high COD 

and high temperature of 19°C.  

 

 



 

 
 

Figure 12. Influent and effluent 𝑁𝑂3
−-N (a), 𝑁𝑂2

−-N (b), total ammonium nitrogen (c), Dissolved oxygen (d). Bioreactor 1: Woodchips and Bio 

coal); Bioreactor 2: Woodchips and dried sphagnum moss; Bioreactor 3: Woodchips; Bioreactor 4: Woodchips and potato peels. 
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Table 4. Nitrate-N concentration in inflow an outflow. BR 1(Bioreactor 1: Woodchips and Bio coal); BR2 (Bioreactor 2: Woodchips and dried 

sphagnum moss), BR3 (Bioreactor 3: Woodchips); BR4 (Bioreactor 4: Woodchips and potato peels). Nitrate-N removal efficiency and removal 

rate based on the bioreactor volume 

  NO3 - N (mg/L) NO3 - N Removal efficiency (%) Removal rate  

(g NO3 m-3 d-1) 

Days 

form 

starts 

Inflow BR1 BR2 BR3 BR4 BR1 BR2 BR3 BR4 BR1 BR2 BR3 BR4 

3 32.5 1.3 1.6 1.8 8.4 96 95.1 94.5 74.3 20.3 20.1 20 15.7 

4 34.6 1.8 1.8 2.2 10.4 94.8 94.9 93.5 69.9 21.4 21.3 21.1 15.7 

5 16.1 8.2 10 11.6 14.8 49.2 37.9 27.9 8.1 5.2 4 2.9 0.85 

6 15.1 3.4 0.3 11.7 20.8 77.2 98 22.5 -- 7.6 9.6 2.2 -- 

8 14.9 0.6 8 4.1 7.5 95.8 46.3 72.5 49.5 9.3 4.5 7 4.8 

9 21.4 0.78 10.1 1.4 4.4 96.4 52.8 93.3 79.2 13.4 7.3 13 11 

10 24.3 1 8.7 1.3 4.5 95.8 64.2 94.6 81.6 15.1 10.1 15 12.9 

13 16.3 0.6 7.7 0.8 1.1 96.5 52.9 94.9 93.4 10.2 5.6 10.1 9.9 

20 34 0.8 1.3 0.8 1.3 97.6 96.1 97.5 96.3 21.6 21.2 21.6 21.3 

27 33.1 1.5 0.8 0.6 1.7 95.5 97.5 98.2 94.7 20.6 21 21.1 20.4 

35 51.5 3.9 2.4 1.2 2.3 92.3 95.4 97.7 95.5 30.9 32 32.7 32 

41 43.7 6.3 4.4 3.9 3.4 85.6 89.8 91.1 92.3 24.3 25.5 25.9 26.2 

48 46.5 7.2 6.7 3.6 3 84.4 85.5 92.2 93.5 25.5 25.9 27.9 28.2 

55 49.2 11.2 11.8 6.7 2.4 77.2 76 86.3 95.2 24.7 24.3 27.6 30.5 

 

 



 

6.2. Other N species and water chemistry parameters  

Influent NO2-N concentrations ranged between 0.04 and 0.24 mg NO2-N L-1 for the 

period study of 55 days (Fig. 12b). Reduction of NO2-N concentrations for all 

bioreactors remained stable throughout the experiment period expect 5th-8th day for the 

bioreactor 1-3 (Fig. 12b). This nitrite production associated with incomplete NO3-N 

removal was reported also by Lepine et al. (2016). As it was explained in chapter 6.1, 

such nitrate production may have been an indication of assimilatory nitrate reduction 

associated with reduced inorganic nitrogen species limitation happened in aerobic or 

anaerobic conditions. In addition, this can be as a result of accumulation of 

intermediate productions in dissimilatory nitrate reduction, controlled by type and 

availability of organic carbon compounds among the denitrifies (Blaszczyk 1993, 

Nishimura et al. 1979, 1980, van Rijn and Sich 1992, van Rijn et al. 1996). Low DO 

concentrations for the mentioned period may have led to incomplete NO3-N reduction 

due to differential repression of oxygen on enzymes resulted in nitrite accumulation in 

used media (Betlach and Tiedje 1981, Van Rijn and Rivera 1990). The occurrence of 

dissimilatory nitrate reducers is controlled by different environmental factors such as 

types and quantity of organic carbon as well as oxidation-reduction potential (ORP) 

(Van Rijn et al. 2006).  

 

TAN concentration of influent were relatively stable for the experiment period similar 

to nitrite, ranged between 0.3 and 1 mg TAN L-1 (Fig. 12c). An initial flush of TAN 

occurred in all Bioreactors (Fig. 12c) immediately after start-up. Highest TAN outlet 

flushing were observed from bioreactor with potato peels (BR4) (5.2 mg TAN L-1; 3th 

day). However, for the same period TAN outlet from bioreactor 1-3 were at 2 mg TAN 

L-1 (Fig. 12c).Such start-up flushing has similarly been reported by Healy et al. (2015) 

and Lepine et al. (2016). Thereafter, TAN concentrations declined over the experiment 

period to reach the influent TAN concentration in bioreactor 1-3. However, higher 

TAN production in bioreactor 4 (5th -9th day) was observed coincident with incomplete 

nitrate removal (Table 4 and Fig. 12c) explained in chapter 6.1 as an evidence of 

DRNA. The availability of organic carbon in bioreactor with potato peels (BR4) (Fig. 

14) related to NO3-N reduction, remained high even for nearly NO3-N completely 

reduction. Such condition through to favour DRNA over denitrification (Tiedje 1994).   
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Influent concentration of BOD5 averaged 3.1 and 9 (mg BOD5 L
-1) showing increasing 

trend during first to 35th day (Fig. 14a). A high release of BOD5 was observed from 

woodchips bioreactor (BR3); bioreactor with biochar (BR1); and bioreactor with 

potato peels (BR4) in first two weeks of experiment (Fig. 14a). However, releasing 

BOD5 from bioreactor with moss (BR2) continued to reach inlet concentration at 35th 

day. Start-up BOD5 releasing was reported by Ahnen et al. (2016) for the first week of 

operation. BOD5 outlet concentrations from BR4 and BR1 and inlet concentration 

similarly varied; however, opposite pattern variations were observed for outlet from 

BR3. Despite different variation patterns in outlet BOD5 concentrations, all bioreactors 

reached inlet concentration (9 mg BOD5 L
-1; Day 35) expect bioreactor with biochar 

(15 mg BOD5 L
-1) (Fig. 14a).  

 

Inlet COD concentrations remained at constant value of 14 (mg COD L-1) during first 

month of operation  (Fig. 14b). There was extremely high released of COD from BR4 

(940 mg COD L-1) just after 6 days of operation (Fig. 14b). However, other wood-

based bioreactors (1-3) had lower initial release at the rate of 59, 60, and 77 mg COD 

L-1, respectively. High initial COD in bioreactor 4 declined dramatically to 290 mg 

COD L-1 between 6th -13th day. Its declining trend continued to the end day of sampling 

(27th day) but remain than inlet COD concentration (Fig. 14b). Based on difference 

between COD outlet concentrators of bioreactors 1-3 and bioreactor 4, it can be 

assumed that such high COD releasing may have been associated with high organic 

carbon from potato peels (Fig. 14c-d).   

 

The DO concentration in the effluent for BR1 to BR3 was less than 1 mg DO L-1, 

showing a considerable decline from the inlet value 7.4-11.8 mg DO L-1 for the early 

start-up period ( 2nd to 5th day, Fig.12d). However, BR4 have had less DO reduction in 

the system at the early start-up period (2nd day) (Fig. 12d). DO reduction happed in all 

bioreactors during study period (Fig. 12d); however, anoxic condition could not be 

achieved from 35th -55th day with high inlet NO3-N concentration for bioreactors 1-3. 

Hence, higher DO reduction was observed by bioreactor 4 associated with higher inlet 

NO3-N concentration (Fig. 12d).  
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The mean inlet oxidation reduction potential (ORP) measured 12 times over the 

experiment period was 148.3 mV (Fig. 13b). Bioreactor with biochar (BR1) reached 

the optimal denitrification range of ORP (i.e., +50 to -50) after 6th -20th day associated 

with high nitrate reduction (Fig. 13b). However, woodchip bioreactor (BR3) reached 

this range 13th -35th day (Fig. 13b) with relatively high nitrate reduction (Table 4). The 

applied HRT of 48-h indicated the least and most oxygenated condition (most positive 

ORP) which also was reported previously by Lepine et al. (2016) for high HRT applied 

for woodchip bioreactors.  

 

NO3-N reduction happened along bioreactor 1, 2, and 3 which was accompanied by 

alkalinity rise (Fig. 13c) may indicate the heterotrophic denitrification. Such results 

were also reported by other woodchip bioreactor studies (Gibert et al. 2008, Healy et 

al. 2015, Lepine et al. 2016 and Robertson et al. 2000). In addition, such rises in 

alkalinity may have been associated with sulphur-based autotrophic denitrification 

(von Ahnen 2016b). Sulphur-based autotrophic denitrification and sulphate reduction 

can lead the system to alkalinity production (Van Rijn 2007). The pick in effluent 

alkalinity concentrations for bioreactor 1-3 (35th day) coincided with highest inlet 

nitrate concentration and sulphate reduction (Fig. 13c-d and Table 4). The alkalinity 

reduction in first week of experiment is temporary effect that has been reported by 

Lepine et al. (2016) for start-up period and needs to be clarified further. The alkalinity 

reduction in bioreactor with potato peels (BR4) indicated that the nitrate reduction was 

not controlled only by denitrification bacteria but can be due to fermentative bacteria 

placed in potato peels.   

 

The influent pH was near the optimum denitrification pH range 7 to 9 (Lu et al. 2014) 

approximately 7. Bioreactor with potato peels (BR4) effluent pH with the average 

value of 4.3 (Fig. 13a) was highly lower than influent pH due to the high flushed 

organic carbon shown in Fig.14. However, as flushed organic carbons declined over 

the period study, pH started to rise for all bioreactors (Fig.13a and Fig.14). In addition, 

due to lower organic carbons in bioreactor 1 to 3, the effluent pH elevated influent 

value from week 3 (Fig. 13a). 



 

Figure 13. Influent and effluent pH (a), Oxidation Reduction potential (b), Alkalinity (c), sulphate concentration (d) from column-test scale 

bioreactors. Bioreactor 1: Woodchips and Bio coal; Bioreactor 2: Woodchips and dried sphagnum moss; Bioreactor 3: Woodchips; Bioreactor 

4: Woodchips and potato peels. 
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Figure 14. Influent and effluent biological oxygen demand (a), chemical oxygen demand (b), dissolved organic carbon (c) and total organic 

carbon (d) concentration. Bioreactor 1: Woodchips and Bio coal; Bioreactor 2: Woodchips and dried sphagnum moss; Bioreactor 3: Woodchips; 

Bioreactor 4: Woodchips and potato peels.



 

 

6.3. Phosphorus  

Total phosphorus (P) influent concentrations for the sampling period with increasing 

trend ranged 1300 to 3400 𝜇g L-1 (Fig. 15). A high initial flushing of phosphorus was 

observed immediately from all bioreactors after start-up (Fig. 15). However, similarly 

to results of COD, BOD5, TOC, DOC and TAN, phosphorus concentration declined 

dramatically within the few days. Phosphorus reductions were observed after two 

weeks in bioreactor 1 to 3 at the highest removal efficiency of 23%, 38% and 35%, 

respectively. Phosphorus reduction started in bioreactor with potato peels (BR4) after 

nearly one month at the rate of 20%. The high phosphorus removal in bioreactor with 

sphagnum moss (BR2) may associated with peat sorption used in bioreactor. Such P 

sorption capacity of peat was reported by Ronkanen et al. (2016).  

 

Figure 15. Influent and effluent phosphorus concentration. Bioreactor 1: Woodchips 

and Bio coal; Bioreactor 2: Woodchips and dried sphagnum moss; Bioreactor 3: 

Woodchips; Bioreactor 4: Woodchips and potato peels. 

 

 

6.4. Overall purification performance  

Strat-up NO3-N reduction was observed in all bioreactors (Fig. 12a and Table 4). Such 

lower start-up removal rate for bioreactor with potato peels (BR4) may has been 

associated with the lower temperature of potato peels used. Due to the risk of 

fermentation, the potato residue was frozen and transported to the fish farm and packed 

one day after other bioreactors. In addition, start-up leachate of organic carbon, 
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ammonia and phosphorus for start-up period occurred in all bioreactor (Fig 14 and 15). 

Such short releasing was extremely higher in bioreactor with potato peels (BR4). 

However, this bioreactor showed stable NO2-N concentration over period study, even 

in the star-up fluctuations of NO3 and DO (Fig. 12b). Moreover, the nitrite production 

in bioreactor with biochar (BR1), bioreactor with dried sphagnum moss (BR2) and 

woodchip bioreactor (BR3) was associated with incomplete NO3-N. In other hand, 

higher production of ammonia in BR4 was an evidence of dissimilatory reduction 

nitrate to ammonia (DRNA), which proved the different purification performance of 

this bioreactor. While, nitrate reduction in BR1, BR2 and BR3 went along with 

alkalinity production as an evidence of heterotrophic denitrification. 

 

In overall, it can be preliminary concluded bioreactor with woodchips (BR3) had the 

highest mean removal rate of 21.6 g N m-3d-1 corresponded to 94% removal efficiency 

for the whole study period. Such high and stable removal of nitrate and phosphorus 

made this bioreactor suitable for more investigation and future study. In addition, 

bioreactor with potato peels showed higher nitrate removal rate for the inflow water 

with high concentration of NO3-N (35th -55th day) (Fig. 12a and Table 4). Hence, more 

investigations are needed to evaluate long-term purification performance of potato 

peels as alternative carbon sources for denitrification process.  

 

6.5. Uncertainty of the experiment and recommendation for future work  

The purification performance of the materials used in this study was evaluated only 

for two months during this master thesis. Such evaluation can illustrate only the 

preliminary start-up performance of bioreactors. The most important advantages of 

wood-based bioreactors over other treatment units are simplicity with low 

maintenance and longevity performance. However, it is not completely clear that for 

how long the system can remove nitrate. Hence, long-term performance of media 

under different filed conditions still needs to be evaluated. In addition, denitrification 

bioreactors can be designed in order to meet hydrological site criteria. More study 

needed for considering different design structures for controlling HRT and other 

affected hydraulic parameters. Such studies are needed to provide design manual with 

construction details that integrates with local hydrological site criteria and different 

regions with various climate conditions.   
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The experiment was done in controlled and sealed pilot scale for small-scale research 

unit fish farm effluent with specific water quality. Such considerations cannot 

completely simulate the real condition of commercial RASs; hence, the performance 

of denitrification bioreactors needs to be evaluated in entire system. Evaluation of 

nutrient budget needs to be done before designing a denitrification bioreactor in RAS, 

such as studies by Thoman et al. (2001) and McCarthy and Gardner (2003). As it is 

mentioned by van Rijn et al. (2006), successful design of denitrification reactors for 

the selected RAS is based on understating the dynamic of all inorganic nutrients as 

well as nitrogen and carbon.  

 

Several factors, including temperature and HRT, have been controlled during sealed 

pilot scale in this study. Seasonal temperature variations, especially low temperature 

in cold climate region are expected on-site, which can affect the biological reactions 

inside of bioreactors. Considering different HRT as well as temperature can provide 

comprehensive understanding of denitrification performance in different conditions. It 

is important to emphasize that sealed columns used as bioreactor can affect the 

porosity of the system due to gas productions (e.g. N2 and CO2). In addition, due to 

lack of filter usage in this study for intake pipes, accumulation of suspended solids in 

intake pipes might cause clogging. Hence, such changes in porosity and clogging can 

affect the HRT resulted in different purification performance. Manually measurements 

of some quality parameters such as ORP, pH and DO could cause some errors in 

results. Some error could also be associated with on-site measurement of parameters.  

 

In this study, all columns were packed one day before transporting to the fish farm, 

except the column with potato peels. Moreover, due to the risk of fermentation in 

potato peel, potato peels were frozen before the test and packed one day after other 

columns (right before start-up). Low temperature of potato peel may has affected the 

start-up performance of this bioreactor (BR4). In addition, to understand the biological 

reactions inside of the bioreactors, a study on microbial ecology is needed. Such tests 

and also considering other quality parameters for treated water from bioreactors (e.g. 

toxicity) are needed to make sure that the water can be used as intake water for fish 

tanks. 
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In order to reach closed system and circular economy in fresh and marine recirculating 

systems, the volatile fatty acid (VFA) from sludge in the system can be used as external 

carbon source combined with wood-based biofilter media in denitrification bioreactor. 

Studies are needed to consider economic incentives of denitrification bioreactors 

application in commercial scale RAS.  
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7. SUMMERY AND CONCLUSION  

This study investigated the performance of wood-based denitrifying bioreactors in 

purification of effluent from aquaculture wastewater. RAS facilities for Natural 

Resources institution Finland (LUKE) located in Laukaa, Finland, were used as study 

case in this thesis. Four pilot-scale bioreactors packed with wood chips (from birch 

tree), and mixture of woodchips with three different carbon sources (potato peels from 

industrial process; dried sphagnum moss and biochar coals) were operated using 

hydraulic retention time (HRT) of 48-hr at the temperature of 15.35± 0.31°C (mean 

± SD). The instant nitrate removal observed in all bioreactors for start-up and reached 

stable performance after approximately 10th day. The NO3-N stable removal rate 

attained 21.6, 21.4, 20.7 and 19.2 g N m-3d-1 for the bioreactor with woodchips, potato 

peels, biochar coal and dried sphagnum moss, respectively. Such removal rates 

sequentially corresponded to 94%, 91.9%, 91.3% and 78.9% removal efficiency. 

 

Start-up reduction in inlet NO3 and rise of DO concentration leaded to producing of 

NO2 in all bioreactor, except bioreactor with potato peels (BR4). The short leachate of 

organic carbon, ammonia and phosphorus for start-up period took place in all 

bioreactor, but at extremely higher rate for bioreactor with potato peels. Such 

mentioned start-up issues should be taken into account for installing and stating the 

wood-based bioreactors. This study provides an evidence that the nitrate reduction in 

bioreactor with potato peels was not controlled just by denitrification. Beside of nitrate 

reduction in wood-based bioreactors, phosphorus reductions were observed after two 

weeks in bioreactor with woodchips, biochar and dried sphagnum moss at the rate of 

35%, 23% and 38%, respectively.  

 

The observed rise in alkalinity, as a result of heterotrophic denitrification and sulphate 

reduction, makes the wood-based denitrification bioreactor suitable nitrate reduction 

unit for farms already have nitrification biofilter installed.  

 

 

 



 

RFERENCES 

Abeysinghe, D.H., Shanableh, A. and Rigden, B., 1996. Biofilters for water reuse in 

aquaculture. Water Science and Technology, 34(11), pp.253-260. 

AGUABEST, 2017. Challenge in the Baltic Sea region. Baltic Sea region programme 

2007-2013 [online]. Available from:http://www.aquabestproject.eu/aquaculture-in-

the-baltic-sea-region/challenges-in-the-baltic-sea-region.aspx 

AKVAGROUP, 2017. Recirculation system, Land based aquaculture. Available from: 

http://www.akvagroup.com/products/land-based-aquaculture/recirculation-systems 

[Accessed 18.08.2017]. 

Arbiv, R. and van Rijn, J., 1995. Performance of a treatment system for inorganic 

nitrogen removal in intensive aquaculture systems. Aquacultural Engineering, 14(2), 

pp.189-203. 

Badiola, M., Mendiola, D. and Bostock, J., 2012. Recirculating Aquaculture Systems 

(RAS) analysis: Main issues on management and future challenges. Aquacultural 

Engineering, 51, pp.26-35.  

Bartelme, R.P., McLellan, S.L. and Newton, R.J., 2017. Freshwater Recirculating 

Aquaculture System Operations Drive Biofilter Bacterial Community Shifts around a 

Stable Nitrifying Consortium of Ammonia-Oxidizing Archaea and Comammox 

Nitrospira. Frontiers in microbiology, 8. 

Betlach, M.R. and Tiedje, J.M., 1981. Kinetic explanation for accumulation of nitrite, 

nitric oxide, and nitrous oxide during bacterial denitrification. Applied and 

Environmental Microbiology, 42(6), pp.1074-1084. 

Blancheton, J.P., Piedrahita, R., Eding, E.H., Roque d’Orbcastel, E., Lemarié, G., 

Bergheim, A., Fivelstad, S., 2007. Intensification of land based aquaculture pro- 

duction in single pass and reuse systems. In: Bergheim, A. (Ed.), Aquacultural 

Engineering and Environment. Research Signpost, Kerala, India, pp. 21–47. 

Blaszczyk, M., 1993. Effect of medium composition on the denitrification of nitrate 

by Paracoccus denitrificans. Applied and environmental microbiology, 59(11), 

pp.3951-3953. 

Bock, E., Smith, N., Rogers, M., Coleman, B., Reiter, M., Benham, B. and Easton, 

Z.M., 2015. Enhanced nitrate and phosphate removal in a denitrifying bioreactor with 

biochar. Journal of environmental quality, 44(2), pp.605-613. 

http://www.aquabestproject.eu/aquaculture-in-the-baltic-sea-region/challenges-in-the-baltic-sea-region.aspx
http://www.aquabestproject.eu/aquaculture-in-the-baltic-sea-region/challenges-in-the-baltic-sea-region.aspx
http://www.akvagroup.com/products/land-based-aquaculture/recirculation-systems


 

 

53 

Bovendeur, J., Eding, E.H. and Henken, A.M., 1987. Design and performance of a 

water recirculation system for high-density culture of the African catfish, Clarias 

gariepinus (Burchell 1822). Aquaculture, 63(1-4), pp.329-353. 

Boyd, C.E., McNevin, A.A., Clay, J., Johnson, H.M., 2005. Certification issues for 

some common aquaculture species. Rev. Fish. Sci. 13, 231–279. 

Brix, H., Schierup, H.H. and Arias, C.A., 2007. Twenty years experience with 

constructed wetland systems in Denmark–what did we learn?. Water science and 

technology, 56(3), pp.63-68. 

Camargo, J.A. and Alonso, Á., 2006. Ecological and toxicological effects of inorganic 

nitrogen pollution in aquatic ecosystems: a global assessment. Environment 

international, 32(6), pp.831-849. 

Chen, S., Ling, J. and Blancheton, J.P., 2006. Nitrification kinetics of biofilm as 

affected by water quality factors. Aquacultural engineering, 34(3), pp.179-197. 

Chen, S., Stechey, D., Malone, R., 1994. Suspended solids control in recirculating 

aquaculture systems. In: Timmons, M.B., Losordo, T.M. (Eds.), Aquaculture Water 

Reuse Systems: Engineering Design and Management. Elsevier, Amsterdam, pp. 61–

100. 

Christianson, L., Helmers, M., Bhandari, A. and Moorman, T., 2013. Internal 

hydraulics of an agricultural drainage denitrification bioreactor. Ecological 

Engineering, 52, pp.298-307. 

Chun, J.A., Cooke, R.A., Eheart, J.W. and Kang, M.S., 2009. Estimation of flow and 

transport parameters for woodchip-based bioreactors: I. laboratory-scale 

bioreactor. Biosystems engineering, 104(3), pp.384-395. 

Couturier, M., Trofimencoff, T., Buil, J.U. and Conroy, J., 2009. Solids removal at a 

recir-culating salmon-smolt farm. Aquacultural engineering, 41(2), pp.71-77. 

David, M.B., Flint, C.G., Gentry, L.E., Dolan, M.K., Czapar, G.F., Cooke, R.A. and 

Lavaire, T., 2015. Navigating the socio-bio-geo-chemistry and engineering of nitrogen 

management in two Illinois tile-drained watersheds. Journal of environmental 

quality, 44(2), pp.368-381. 

Davidson, J., Summerfelt, S., 2005. Solids removal from a coldwater recirculating 

system – comparison of a swirl separator and a radial-flow settler Aquacultural 

Engineering, 33(1), pp.47-61. 



 

 

54 

DeLosReyes Jr., A.A., Lawson, T.B., 1996. Combination of a bead filter and rotating 

biological contactor in a recirculating fish culture system. Aquacultural Engineering, 

15(1), pp.27-39. 

Ebeling, J.M., 2000. Engineering aspects of recirculating aquaculture systems. Marine 

Technology Society Journal, 34(1), pp.68-78. 

Ebeling, J.M., Timmons, M.B., Bisogni, J.J., 2006. Engineering analysis of the 

stoichiometry of photoautotrophic, autotrophic, and heterotrophic removal of 

ammonia–nitrogen in aquaculture systems. Aquaculture 257 (1–4), pp.346–358. 

Eding, E., Kamstra, A., 2001. Design and performance of recirculation systems for 

European eel Anguilla anguilla and African catfish Clarias gariepinus. In: 

Aquacultural Engineering Society Special Session: International Recirculating 

Systems, Aquaculture, Orlando, Florida, pp. 3–14.  

Eding, E., Verdegem, M.A.R.C., Martins, C.A.T.A.R.I.N.A., Schlaman, G., 

Heinsbroek, L., Laarhoven, B., Ende, S., Verreth, J., Aartsen, F. and Bierbooms, V., 

2009. Tilapia farming using recirculating aquaculture systems (RAS)–case study in 

the Netherlands. Handbook for Sustainable Aquaculture. Project no.: COLL-CT-2006-

030384. ]. Available 

from:http://www.haki.hu/sites/default/files/Sustainaqua/SustainAqua%20handbook_

EN.pdf 

Eding, E.H., Kamstra, A., Verreth, J.A.J., Huisman, E.A. and Klapwijk, A., 2006. 

Design and operation of nitrifying trickling filters in recirculating aquaculture: a 

review. Aquacultural engineering, 34(3), pp.234-260. 

EUROPEAN COMMISSION, 2000. Directive 2000/60/EC of the European 

Parliament and of the Council of 23 October 2000 establishing a framework for 

Community action in the field of water policy.  

EUROPEAN COMMISSION, 2008. Directive 2008/56/EC of the European 

Parliament and of the Council of 17 June 2008 on the establishing a framework for 

community action in the field of marine environmental policy (Marine Strategy 

Framework Directive) 

EUROPEAN COMMISSION, 2017. Commission decision (EU) 2017/848, laying 

down criteria and methodological standards on good environmental status of marine 

waters and specifications and standardised methods for monitoring and assessment, 

and repealing Decision 2010/477/EU.  

http://www.haki.hu/sites/default/files/Sustainaqua/SustainAqua%20handbook_EN.pdf
http://www.haki.hu/sites/default/files/Sustainaqua/SustainAqua%20handbook_EN.pdf


 

 

55 

Fahrner, S., 2002. Groundwater nitrate removal using a bioremediation 

trench. Honours Thesis, Department of Environmental Engineering, University of 

Western Australia, Perth. 

FAO. The State of World Fisheries and Aquaculture, 2002. Available from: 

http://www.fao.org/docrep/005/y7300e/y7300e00.htm [Accessed 05.07.2017]. 

FAO. The State of World Fisheries and Aquaculture, 2014. ISSN 1020-5489 

Fdz-Polanco, F., Mendez, E., Uruena, M.A., Villaverde, S. and Garcıa, P.A., 2000. 

Spatial distribution of heterotrophs and nitrifiers in a submerged biofilter for 

nitrification. Water Research, 34(16), pp.4081-4089. 

FFFA, 2017. Finnish Fish Framer’s association. Fish farming in Finland. Available 

from: http://www.kalankasvatus.fi/wp-content/uploads/2011/07/Fish_farming.pdf 

Finland, a land of solutions, 2015. Strategic Programme of Prime Minister Juha 

Sipilä’s Government. Finnish Government. Available from: 

http://valtioneuvosto.fi/documents/10184/1427398/Ratkaisujen+Suomi_EN_YHDIS

TETTY_netti.pdf/8d2e1a66-e24a-4073-8303-ee3127fbfcac [Accessed 18.08.2017]. 

Gibert, O., Pomierny, S., Rowe, I. and Kalin, R.M., 2008. Selection of organic 

substrates as potential reactive materials for use in a denitrification permeable reactive 

barrier (PRB). Bioresource Technology, 99(16), pp.7587-7596. 

Greenan, C.M., Moorman, T.B., Parkin, T.B., Kaspar, T.C. and Jaynes, D.B., 2009. 

Denitrification in wood chip bioreactors at different water flows. Journal of 

environmental quality, 38(4), pp.1664-1671. 

Greiner, A.D. and Timmons, M.B., 1998. Evaluation of the nitrification rates of 

microbead and trickling filters in an intensive recirculating tilapia production 

facility. Aquacultural Engineering, 18(3), pp.189-200. 

Gross, A., Boyd, C.E., Wood, C.W., 2000. Nitrogen transformations and balance in 

channel catfish ponds. Aquaculture engineering, 24 (1), pp.1–14. 

Guerdat, T.C., Losordo, T.M., Classen, J.J., Osborne, J.A., DeLong, D.P., 2010. An 

evaluation of commercially available biological filters for recirculating aquaculture 

systems. Aquac. Eng. 42, pp.38–49. 

http://www.fao.org/docrep/005/y7300e/y7300e00.htm
http://www.kalankasvatus.fi/wp-content/uploads/2011/07/Fish_farming.pdf
http://valtioneuvosto.fi/documents/10184/1427398/Ratkaisujen+Suomi_EN_YHDISTETTY_netti.pdf/8d2e1a66-e24a-4073-8303-ee3127fbfcac
http://valtioneuvosto.fi/documents/10184/1427398/Ratkaisujen+Suomi_EN_YHDISTETTY_netti.pdf/8d2e1a66-e24a-4073-8303-ee3127fbfcac


 

 

56 

Harremoës, P., 1978. Biofilm kinetics. In: Mitchell, R. (Ed.), Water Pollution 

Microbiology, Vol. 2. Wiley, New York, NY, pp. 71–109. 

Heinsbroek, L.T.N., Kamstra, A., 1990. Design and performance of water recirculation 

systems for eel culture. Aquaculture engineering, 9 (3), pp.187–207. 

Henze, M., van Loosdrecht, M.C.M., Ekama, G.A., 2008. Biological Wastewater 

Treatment: Principles, Modeling, and Design. Intl Water Assn Publishing, pp. 528. 

Honda, H., Watanaba, Y., Kikuchi, K., Iwata, N., Takeda, S.,Uemoto, H., Furata, T.,  

Kiyono, M., 1993. High density rearing of Japanese flounder, Paralichthys olivaceus 

with a closed seawater recirculation system equipped with a denitrification 

unit. Aquaculture Science, 41(1), pp.19-26. 

Hu, Z., Lee, J.W., Chandran, K., Kim, S. and Khanal, S.K., 2012. Nitrous oxide (N2O) 

emission from aquaculture: a review. Environmental science & technology, 46(12), 

pp.6470-6480. 

Hunter, W.J., 2005. Injection of innocuous oils to create reactive barriers for 

bioremediation: Laboratory studies. Journal of contaminant hydrology, 80(1), pp.31-

48. 

Islam, M.S., 2005. Nitrogen and phosphorus budget in coastal and marine cage 

aquaculture and impacts of effluent loading on ecosystem: review and analysis towards 

model development. Marine Pollution Bulletin, 50(1), pp.48-61. 

Jaynes, D.B., Thorp, K., 2008. Potential water quality impact of drainage water 

management in the Midwest cornbelt. In: ASABE Annual Meeting, Providence, RI. 

Paper No. 084566 

Jokumesen, A., Svendsen, L.M., 2010. Farming of freshwater rainbow trout in 

Denmark. DTU Aqua Report. DTU-Aqua, Institut for Akvatiske Ressourcer. 

Jokumsen, A., Pedersen, P.B., Dalsgaard, A.J.T., Lund, I., Paulsen, H., Rasmussen, 

R.S., Grethe Hyldig, G., Lisbeth, J., Plessner, L.J., Michelsen, K., Laursen, C., 2009. 

New methods in trout farming to reduce the farm effluents – case study in Denmark. 

A Handbook for Sustainable Aquaculture - Integrated Apporacch for a Susainable and 

Healthy Aquaculture, 2009, pp. 58-70. 



 

 

57 

Kamstra, A., Blom, E. and Terjesen, B.F., 2017. Mixing and scale affect moving bed 

biofilm reactor (MBBR) performance. Aquacultural Engineering [online]. Available 

from: http://www.sciencedirect.com/science/article/pii/S0144860917300651 

Kerepeczki, É., Gal, D., Szabó, P. and Pekár, F., 2003. Preliminary investigations on 

the nutrient removal efficiency of a wetland-type ecosystem.  

Hydrobiologia, 506(509), pp.665-670. 

Kiani, S., 2017. Column test in Luke, Laukaa. Unpublished photograph  

Lekang, O.I. and Kleppe, H., 2000. Efficiency of nitrification in trickling filters using 

different filter media. Aquacultural engineering, 21(3), pp.181-199. 

Lekang, O.I., 2007. Aquaculture Engineering, 3rd ed. Blackwell Publishing, Oxford.  

Lepine, C., Christianson, L., Sharrer, K. and Summerfelt, S., 2016. Optimizing 

hydraulic retention times in denitrifying woodchip bioreactors treating recirculating 

aquaculture system wastewater. Journal of environmental quality, 45(3), pp.813-821. 

Lovell, T., 1988. Nutrition and Feeding of Fish. Chapman and Hall, New York. 

Lu, H., Chandran, K. and Stensel, D. 2014. Microbial ecology of denitrification in 

biological wastewater treatment. Water research, 64, pp.237-254. 

LUKE, 2017. Natural Resources Institution Finland. Statistic database [online]. 

Available from:   

http://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE__06%20Kala%20ja%20riista__

02%20Rakenne%20ja%20tuotanto__10%20Vesiviljely/?tablelist=true&rxid=5211d3

44-451e-490d-8651-adb38df626e1 [Accessed 13.07.2017].  

Malone, R.F. and Pfeiffer, T.J., 2006. Rating fixed film nitrifying biofilters used in 

recirculating aquaculture systems. Aquacultural engineering, 34(3), pp.389-402. 

Manem, J.A. and Rittmann, B.E., 1992. Effects of fluctuations in biodegradable 

organic matter on nitrification filters. Journal/American Water Works 

Association, 84(4), pp.147-151. 

Martins, C.I., Ochola, D., Ende, S.S., Eding, E.H. and Verreth, J.A., 2009. Is growth 

retardation present in Nile tilapia Oreochromis niloticus cultured in low water 

exchange recirculating aquaculture systems?. Aquaculture, 298(1), pp.43-50. 

http://www.sciencedirect.com/science/article/pii/S0144860917300651
http://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE__06%20Kala%20ja%20riista__02%20Rakenne%20ja%20tuotanto__10%20Vesiviljely/?tablelist=true&rxid=5211d344-451e-490d-8651-adb38df626e1
http://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE__06%20Kala%20ja%20riista__02%20Rakenne%20ja%20tuotanto__10%20Vesiviljely/?tablelist=true&rxid=5211d344-451e-490d-8651-adb38df626e1
http://statdb.luke.fi/PXWeb/pxweb/en/LUKE/LUKE__06%20Kala%20ja%20riista__02%20Rakenne%20ja%20tuotanto__10%20Vesiviljely/?tablelist=true&rxid=5211d344-451e-490d-8651-adb38df626e1


 

 

58 

Martins, C. I. M., Eding, E. H., Verdegem, M. C., Heinsbroek, L. T., Schneider, O., 

Blancheton, J. P., d’Orbcastel, E. R. and Verreth, J. A. J., 2010. New developments in 

recirculating aquaculture systems in Europe: A perspective on environmental 

sustainability. Aquacultural Engineering, 43(3), pp.83-93. 

McCarthy, M.J. and Gardner, W.S., 2003. An application of membrane inlet mass 

spectrometry to measure denitrification in a recirculating mariculture 

system. Aquaculture, 218(1), pp.341-355. 

Meske, C., 1976. Fish culture in a recirculating system with water treatment by 

activated sludge. In: Pillay, T.V.R., Dill, W.A. (Eds.), Advances in Aquaculture. 

Fishing News Ltd, Farnham,U.K, pp. 527–531. 

MIC, 2017. Makes India clean. Moving bed biofilm reactor (MBBR) technology. 

Available from: http://www.makesindiaclean.com/mbbr/ [Accessed 20.08.2017]. 

Mirzoyan, N., Parnes, S., Singer, A., Tal, Y., Sowers, K., Gross, A., 2008. Quality of 

brackish aquaculture sludge and its suitability for anaerobic digestion and methane 

production in an upflow anaerobic sludge blanket (UASB) reactor. Aquaculture 279 

(1–4), pp.35–41. 

Moorman, T.B., Tomer, M.D., Smith, D.R. and Jaynes, D.B., 2015. Evaluating the 

potential role of denitrifying bioreactors in reducing watershed-scale nitrate loads: A 

case study comparing three Midwestern (USA) watersheds. Ecological 

engineering, 75, pp.441-448. 

Nishimura, Y., Kamihara, T. and Fukui, S., 1979. Nitrite reduction with formate in 

Pseudomonas denitrificans ATCC 13867. Biochemical and biophysical research 

communications, 87(1), pp.140-145. 

Nishimura, Y., Kamihara, T. and Fukui, S., 1980. Diverse effects of formate on the 

dissimilatory metabolism of nitrate in Pseudomonas denitrificans ATCC 13867: 

Growth, nitrite accumulation in culture, cellular activities of nitrate and nitrite 

reductases. Archives of Microbiology, 124(2), pp.191-195. 

NLS, 2017. National Land Survey of Finland [online]. Available from: 

https://asiointi.maanmittauslaitos.fi/karttapaikka/?lang=en. [Accessed 14.07.2017] 

Oakley, S.M., Gold, A.J. and Oczkowski, A.J., 2010. Nitrogen control through 

decentralized wastewater treatment: Process performance and alternative management 

strategies. Ecological Engineering, 36(11), pp.1520-1531. 

http://www.makesindiaclean.com/mbbr/
https://asiointi.maanmittauslaitos.fi/karttapaikka/?lang=en


 

 

59 

Ødegaard, H., Rusten, B. and Westrum, T., 1994. A new moving bed biofilm reactor-

applications and results. Water Science and Technology, 29(10-11), pp.157-165. 

Otte, G. and Rosenthal, H., 1979. Management of a closed brackish water system for 

high-density fish culture by biological and chemical water 

treatment. Aquaculture, 18(2), pp.169-181. 

Peng, Y. and Zhu, G., 2006. Biological nitrogen removal with nitrification and 

denitrification via nitrite pathway. Applied microbiology and biotechnology, 73(1), 

pp.15-26. 

Pfeiffer, T.J. and Wills, P.S., 2011. Evaluation of three types of structured floating 

plastic media in moving bed biofilters for total ammonia nitrogen removal in a low 

salinity hatchery recirculating aquaculture system. Aquacultural engineering, 45(2), 

pp.51-59. 

Piedrahita, R.H., 2003. Reducing the potential environmental impact of tank 

aquaculture effluents through intensification and recirculation. Aquaculture, 226(1), 

pp.35-44. 

Randall, D.J. and Tsui, T.K.N., 2002. Ammonia toxicity in fish. Marine pollution 

bulletin, 45(1), pp.17-23.  

Randall, D.J., Tsui, T.K.N., 2002. Ammonia toxicity in fish. Mar. Pollut. Bull. 45 

(1−12), pp.17–23. 

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W. and Bemment, C.D., 2008. Nitrate 

attenuation in groundwater: a review of biogeochemical controlling processes. Water 

research, 42(16), pp.4215-4232. 

Robertson, W.D., Blowes, D.W., Ptacek, C.J. and Cherry, J.A., 2000. Long‐ term 

performance of in situ reactive barriers for nitrate remediation. Groundwater, 38(5), 

pp.689-695. 

Robertson, W.D., Ptacek, C.J., Brown, S.J., 2009. Rates of nitrate and perchlorate 

removal in a 5-year-old wood particle reactor treating agricultural drainage. Ground 

Watr Monit. Remediat. 29 (2), 87–94. 

Robertson, W.D., Vogan, J.L., Lombardo, P.S., 2008. Nitrate removal rates in a 15-

year old permeable reactive barrier treating septic system nitrate. Ground Water Monit. 

Remediat. 28, 65–72. 



 

 

60 

Ronkanen, A.K., Marttila, H., Celebi, A. and Kløve, B., 2016. The role of aluminium 

and iron in phosphorus removal by treatment peatlands. Ecological Engineering, 86, 

pp.190-201. 

Roque d’Orbcastel, E., 2008. Optimisation de deux systèmes de production piscicole: 

biotransformation des nutriments et gestion des rejets. (Doctoral dissertation, Institut 

National Polytechnique de Toulouse). Université Paul Sabatier, Toulouse III, pp.144.  

Roque d’orbcastel, E., Blancheton, J.P. and Belaud, A., 2009. Water quality and 

rainbow trout performance in a Danish Model Farm recirculating system: Comparison 

with a flow through system. Aquacultural engineering, 40(3), pp.135-143. 

Rosenthal, H., Castell, J.D., Chiba, K., Forster, J.R.M., Hilge, V., Hogendoorn, H., 

Mayo, R.D., Muir, J.F., Murray, K.R., Petit, J., Wedemeyer, G.A., Wheaton, F., 

Wickins, J., 1986. Flow-through and recirculation systems. EIFAC, 100. 

Rosten, T. W., Paulsen, H., Alanära, A., Eskelinen, U., Bergsson, B. A., and Olafsen, 

T., 2013. Perspectives for sustainable development of Nordic aquaculture: The Paban-

Report. Nordic Council of Ministers. ISBN 978-92-893-2571-4. doi: 

10.6027/TN2013-546 2013 

Rusten, B., Eikebrokk, B., Ulgenes, Y. and Lygren, E., 2006. Design and operations 

of the Kaldnes moving bed biofilm reactors. Aquacultural engineering, 34(3), pp.322-

331. 

Saliling, W.J.B., Westerman, P.W. and Losordo, T.M., 2007. Wood chips and wheat 

straw as alternative biofilter media for denitrification reactors treating aquaculture and 

other wastewaters with high nitrate concentrations. Aquacultural Engineering, 37(3), 

pp.222-233. 

Sandu, S. and Hallerman, E., 2013. Biodegradation of nitrogen in a commercial 

recirculating aquaculture facility. In Biodegradation-Engineering and Technology. 

InTech, pp.341-364 

Schipper, L.A. and Vojvodić-Vuković, M., 2001. Five years of nitrate removal, 

denitrification and carbon dynamics in a denitrification wall. Water research, 35(14), 

pp.3473-3477. 

Schipper, L.A., Barkle, G.F. and Vojvodic-Vukovic, M., 2005. Maximum rates of 

nitrate removal in a denitrification wall. Journal of environmental quality, 34(4), 

pp.1270-1276. 



 

 

61 

Schipper, L.A., Robertson, W.D., Gold, A.J., Jaynes, D.B. and Cameron, S.C., 2010. 

Denitrifying bioreactors—an approach for reducing nitrate loads to receiving 

waters. Ecological engineering, 36(11), pp.1532-1543. 

Schneider, O., Blancheton, J.P., Varadi, L., Eding, E.H., Verreth, J.A.J., 2006. Cost 

Price and Production Strategies in European Recirculation Systems, Linking Tradition 

and Technology Highest Quality for the Consumer. WAS, Firenze, Italy. 

Science for Environment Policy, 2015. Sustainable Aquaculture. Future Brief (11). 

Brief produced for the European Commission DG Environment. Science 

Communication Unit, UWE, Bristol. Available from: 

http://ec.europa.eu/environment/integration/research/newsalert/pdf/sustainable_aqua

culture_FB11_en.pdf 

Seitzinger, S., Harrison, J.A., Böhlke, J.K., Bouwman, A.F., Lowrance, R., Peterson, 

B., Tobias, C. and Drecht, G.V., 2006. Denitrification across landscapes and 

waterscapes: a synthesis. Ecological Applications, 16(6), pp.2064-2090. 

Sharrer, M., Rishel, K., Taylor, A., Vinci, B.J. and Summerfelt, S.T., 2010. The cost 

and effectiveness of solids thickening technologies for treating backwash and 

recovering nutrients from intensive aquaculture systems. Bioresource 

technology, 101(17), pp.6630-6641. 

Summerfelt, S.T. and Cleasby, J.L., 1996. A review of hydraulics in fluidized-bed 

biological filters. Transactions of the ASAE, 39(3), pp.1161-1173. 

Summerfelt, S.T., 2006. Design and management of conventional fluidized-sand 

biofilters. Aquacultural Engineering, 34(3), pp.275-302. 

Summerfelt, S.T., and B.J. Vinci. 2007. Better management practices for recirculating 

aquaculture systems. In: C. Tucker and J. Hargreaves, editors, Environmental best 

management practices for aquaculture. Wiley-Blackwell, Oxford, UK. pp. 389–426. 

Suzuki, Y., Maruyama, T., Numata, H., Sato, H. and Asakawa, M., 2003. Performance 

of a closed recirculating system with foam separation, nitrification and denitrification 

units for intensive culture of eel: towards zero emission. Aquacultural 

Engineering, 29(3), pp.165-182. 

Tal, Y., Schreier, H.J., Sowers, K.R., Stubblefield, J.D., Place, A.R. and Zohar, Y., 

2009. Environmentally sustainable land-based marine aquaculture. 

Aquaculture, 286(1), pp.28-35. 

http://ec.europa.eu/environment/integration/research/newsalert/pdf/sustainable_aquaculture_FB11_en.pdf
http://ec.europa.eu/environment/integration/research/newsalert/pdf/sustainable_aquaculture_FB11_en.pdf


 

 

62 

Thoman, E.S., Ingall, E.D., Davis, D.A. and Arnold, C.R., 2001. A nitrogen budget for 

a closed, recirculating mariculture system. Aquacultural Engineering, 24(3), pp.195-

211. 

Tiedje, J. M., 1994. Denitrifiers. – In: Mickelson, S. H. (managing ed.), Methods of 

soil analysis. Part 2 Microbiological and biochemical properties. Soil Science Society 

of America, Madison, WI, pp. 245–267. 

Tiedje, J.M., 1990. Ecology of denitrification and dissimilatory nitrate reduction to 

ammonia. In: Zehnder, A.J.B. (Ed.), Biology of Anaerobic Microorganisms. Wiley, 

N.Y., pp. 179–244. 

Tilley, e., ulrich, l., luethi, c., reymond, p., zurbruegg, c., 2014. Compendium of 

sanitation systems and technologies. 2nd ed . Swiss Federal Institute of Aquatic 

Science and Technology. Switzerland. Duebendorf. Available from: 

http://www.sswm.info/sites/default/files/reference_attachments/TILLEY%20et%20al

%202014%20Compendium%20of%20Sanitation%20Systems%20and%20Technolog

ies%20-%202nd%20Revised%20Edition.pdf [Accessed 20.08.2017].  

Timmons, M.B., and Ebeling, J.M., 2010. Recirculating aquaculture, 2nd ed. Cayuga 

Aqua Ventures, Ithaca, NY. 

Timmons, M.B., Ebeling, J.M., 2007. Recirculating Aquaculture Systems. third ed. 

North-eastern Regional Aquaculture Center, New York. 

Timmons, M.B., Holder, J.L. and Ebeling, J.M., 2006. Application of microbead 

biological filters. Aquacultural engineering, 34(3), pp.332-343. 

Tovar, A., Moreno, C., Mánuel-Vez, M.P., Garcıa-Vargas, M., 2000.  Environmental 

impacts of intensive aquaculture in marine waters. Water Res. 34, 334–342. 

Twarowska, J.G., Westerman, P.W. and Losordo, T.M., 1997. Water treatment and 

waste characterization evaluation of an intensive recirculating fish production 

system. Aquacultural engineering, 16(3), pp.133-147. 

Van Rijn, J. 2007. Denitrification. In: Timmons, M.B., Ebeling, J.M. (Eds.), 

Recirculating Aquaculture. , 3rd edition. Cayuga Aqua Ventures, LLC. 

Van Rijn, J. and Rivera, G., 1990. Aerobic and anaerobic biofiltration in an 

aquaculture unit—nitrite accumulation as a result of nitrification and 

denitrification. Aquacultural Engineering, 9(4), pp.217-234. 

http://www.sswm.info/library/7934
http://www.sswm.info/library/7934
http://www.sswm.info/sites/default/files/reference_attachments/TILLEY%20et%20al%202014%20Compendium%20of%20Sanitation%20Systems%20and%20Technologies%20-%202nd%20Revised%20Edition.pdf
http://www.sswm.info/sites/default/files/reference_attachments/TILLEY%20et%20al%202014%20Compendium%20of%20Sanitation%20Systems%20and%20Technologies%20-%202nd%20Revised%20Edition.pdf
http://www.sswm.info/sites/default/files/reference_attachments/TILLEY%20et%20al%202014%20Compendium%20of%20Sanitation%20Systems%20and%20Technologies%20-%202nd%20Revised%20Edition.pdf


 

 

63 

Van Rijn, J., 1996. The potential for integrated biological treatment systems in 

recirculating fish culture—a review. Aquaculture 139, pp. 181–201. 

Van Rijn, J. and Barak, Y., 1998. Denitrification in recirculating aquaculture systems: 

from biochemistry to biofilter. In: The Second International Conference on 

Recirculating Aquaculture, Cooperative Extension/Sea Grant, Virginia Tech, 

Blacksburg, Virginia, pp. 179–187. 

Van Rijn, J., 2013. Waste treatment in recirculating aquaculture systems. Aquacultural 

Engineering, 53, pp.49-56. 

Van Rijn, J., Sich, H., 1992. Nitrite accumulation by denitrifying bacteria isolated from 

fluidized bed reactors operated in an aquaculture unit. In: Moav, B., Hilge, V., 

Rosenthal, H. (Eds.), Progress in Aquaculture Research. Special Publication (17). 

European Aquaculture Society, Bredene, Belgium, pp.39–54. 

Van Rijn, J., Tal, Y. and Schreier, H.J., 2006. Denitrification in recirculating systems: 

theory and applications. Aquacultural engineering, 34(3), pp.364-376. 

Verdegem, M.C.J., Bosma, R.H. and Verreth, J.A.J., 2006. Reducing water use for 

animal production through aquaculture. Water Resources Development, 22(1), 

pp.101-113. 

Von Ahnen, M., Pedersen, P.B. and Dalsgaard, J., 2016a. Start-up performance of a 

woodchip bioreactor operated end-of-pipe at a commercial fish farm—A case 

study. Aquacultural Engineering, 74, pp.96-104. 

Von Ahnen, M., Pedersen, P.B., Hoffmann, C.C. and Dalsgaard, J., 2016b. Optimizing 

nitrate removal in woodchip beds treating aquaculture effluents. Aquaculture, 458, 

pp.47-54. 

Wheaton, F.W., 1977. Aquacultural Engineering. Wiley–Inter-science, pp. 708.  

Wheaton, F.W., and S. Singh. 1999. Aquacultural systems. In: F. Wheaton, editor, 

CIGR handbook of agricultural engineering. Vol. II. ASAE, St. Joseph, MI. p. 211–

217. 

WHO, 2017. Global and regional food consumption patterns and trends: Availability 

and consumption of fish. Available from: 

http://www.who.int/nutrition/topics/3_foodconsumption/en/index5.html [Accessed 

05.07.2017]. 

http://www.who.int/nutrition/topics/3_foodconsumption/en/index5.html


 

 

64 

WMT, 2017.Water management technologies. WMT microscreen Drum and Disk 

filters. Available from: http://www.w-m-t.com/products/wmt-mechanical-

filtration/wmt-disc-filters/#! [Accessed 20.08.2017]. 

Woli, K.P., M.B. David, R.A. Cooke, G.F. McIsaac, and C.A. Mitchell. 2010. Nitrogen 

balance in and export from agricultural fields associated with controlled drainage 

systems and denitrifying bioreactors. Ecol. Eng. 36:1558–1566. 

doi:10.1016/j.ecoleng.2010.04.024 

Xie, B., Yu, K.-J., 2007. Shrimp farming in China: Operating characteristics, 

environmental impact and perspectives. Ocean & Coastal Management. 50 (7), 

pp.538–550. 

Yogev, U., Sowers, K.R., Mozes, N. and Gross, A., 2017. Nitrogen and carbon balance 

in a novel near-zero water exchange saline recirculating aquaculture 

system. Aquaculture, 467, pp.118-126. 

 

http://www.w-m-t.com/products/wmt-mechanical-filtration/wmt-disc-filters/
http://www.w-m-t.com/products/wmt-mechanical-filtration/wmt-disc-filters/

