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Abstract 
 

There is a growing interest in low-cost filtration media and reducing the environmental effects 

of aquaculture, by reducing the impact of effluents and reducing the use of plastic. This study 

evaluated woodchips as an alternative to plastic filtration media used for biological filtration 

processes. Four 2,24 L laboratory scale reactors were used to test two sizes of woodchip 

media, and mixes of RK BioElements Light and Mutag BioChips plastic filtration media. One of 

the reactors had new plastic media, while the other reactor was used for plastic media that 

already had biofilm established, taken from an operating moving bed bioreactor. The filtration 

reactors were used to filtrate water from smolt production at the Centre for Fish Research, at 

Norwegian University of Life Sciences. The average influent concentration of ammonium-

nitrogen was 0,279 ± 0,115 mg/L, the average influent concentration of nitrite-nitrogen was 

0,033 ± 0,015 mg/L and the average influent concentration of nitrate-nitrogen was 6,372 ± 

1,220 mg/L.  

 

The results from the experiment show that nitrification was occurring and that woodchips 

showed comparable results to plastic filtration media for nitrification. Both oxidations of 

ammonium and nitrite was occurring. The reactors were compared to a full-scale RAS, and 

comparable results were achieved for the oxidation of ammonium. Between the reactors, the 

nitrification rate was found to be higher for the woodchips than the plastic filtration media. 

No significant change was registered in total nitrogen or nitrate-nitrogen concentration, 

indicating that denitrification was not occurring at significant levels. This is likely to be due to 

the presence of dissolved oxygen in the water, known to inhibit denitrification. Visual 

inspections of the woodchips showed decomposing, indicating that woodchips likely can be 

used as a carbon source for bacteria. The smallest woodchips particles tested in the 

experiment were found to increase the levels of total oxygen demand (TOD) in the water, 

indicating the leaching of organic material.  

 

The filtration media showed comparable clogging and reduction in flowrate. Thus, woodchips 

cannot be stated to give a higher potential of clogging than plastic media for a bioreactor with 

static media. The reason for the rapid clogging is believed to be a combination of the reactor 

design, where access biofilm is not flushed away as in a moving bed filter, and because of high 

load due to the small volume and the high flowrate. This shows that the reactor design is 

crucial for the flow and clogging potential.   

 

 

 

Keywords: Recirculating aquaculture systems, microbiological filtration, nitrification, 

woodchips, clogging potential 
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Sammendrag 
 

Det er en økende interesse for kostnadsreduserende filtreringsmedier, men også for å 

redusere miljøeffektene av akvakultur, som rensing av avfallsvann og redusere bruk av 

plastikk. Dette prosjektet tar for seg treflis som et alternativ til filtreringsmedier av plast i 

biologisk rensing. Fire laboratorieskala filtreringsenheter med volum på 2,24L ble anvendt for 

å teste to størrelser av treflispartikler, og to mikser av plastmaterialer. Plastmiksen bestod av 

halvt om halvt med RK BioElements Light og Mutag BioChips filtreringsmedier. Den ene 

plastmiksen var ubrukt, mens den andre miksen ble tatt fra et opererende filtreringskammer. 

Filtreringsenhetene ble anvendt til å rense vann fra smoltproduksjon ved Senter for 

fiskeforsøk lokalisert ved Norges Miljø og Biovitenskapelige Universitet. Inntaksvannet hadde 

snittkonsentrasjoner på 0,279 ± 0,115 mg/L ammonium-nitrogen, 0,033 ± 0,015 mg/L nitritt -

nitrogen og 6,372 ± 1,220 mg/L nitrat-nitrogen.  

 

Resultatene fra forsøket viste at nitrifisering oppstod, og at treflis viste sammenlignbare 

nitrifiseringsresultater med filtreringsmediene av plast. Det forekom både oksidering av 

ammonium og nitritt. Filtreringsenhetene ble sammenlignet mot et av anleggene ved 

forskningssenteret, noe som viste sammenlignbare resultater for oksidering av ammonium. 

Sammenligning av filtreringsmediene mot nitrifikasjonsrate, viste at treflis hadde høyest 

nitrifiseringsrate. Ingen signifikante konsentrasjonsendringer ble registrert for 

gjennomsnittsmålingene av totalt nitrogen eller for nitrat-nitrogen. Noe som indikerer at det 

ikke har skjedd denitrifikasjon på merkbare nivåer. Årsaken til dette er trolig tilstedeværelsen 

av oppløst oksygen i vannet, noe som er kjent at forhindrer denitrifikasjon. Inspeksjon av 

treflisen etter forsøket viste klare tegn til nedbrytning, noe som indikerer at bakterier kan 

bruke treflis som karbonkilde. De minste treflispartiklene som ble testet viste en økning i TOD 

(Total Oxygen Demand), som indikerer at filteret tilfører organisk material til vannet. 

 

Filtreringsmediene viste lignende resultater når det kommer til fortetting og reduksjon i 

volumstrøm. Derfor er det ingen grunnlag til å si at treflis har høyere potensial for å tette seg 

enn for plastmedier, når en bruker et anlegg med statisk filtreringsmedium. Årsaken til at 

anleggene tettet seg så raskt, er trolig en kombinasjon av reaktorenes design, med tanke på 

at overflødig biofilm ikke blir vasket vekk, og høy belastning på anlegget på grunn av stor 

volumstrøm i forhold til volum. Noe som viser hvor viktig reaktorens design har for stabil 

volumstrøm og fortetting. 

 
Nøkkelord: Resirkulerende akvakultursystem, mikrobiologisk filtrering, nitrifikasjon, treflis, 

tettingspotensial  
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1. Introduction 

1.1 Background 

 

Plastics have been used worldwide since the 1930s and can be found in almost everything 

we surround ourselves with, from food packaging to clothes. The overall production in the 

world is around 300 million tons of plastic a year. Of this around half is used in disposable 

products, and globally only 5 % of plastic is recycled after use (Avset, 2017). The low recycling 

rate and bad handling of trash make plastic a global environmental problem. Increasing the 

problem is the fact that plastic is slowly broken down in nature (Nerland et al., 2014). Plastic 

finds its way into nature because of many reasons. Poorly secured garbage dumps close to 

the oceans drives plastic into the ocean by the wind. While storms, flooded rivers, and 

natural disasters can as well drive unsecured items into the ocean. Every year at least 8 

million tons of plastic waste ends up in the ocean, lakes, and rivers (Tyree & Morrison, 2017). 

 

Plastic has a direct effect on marine life, as species can eat plastic or get entangled in litter. 

This fact has been known for decades, and is seen in stomachs of seabird, who mistake 

pieces of plastic for food. Later studies show that this is the case for many other marine 

species, such as seahorses, fish and larger marine animals (Nerland et al., 2014). 

 

The last decade another issue regarding plastics have brought great concern. Plastic in 

particles less than 5 mm, called microplastic, pollutes much of the marine environment 

(Nerland et al., 2014). Microplastics can be found everywhere, even in our drinking water. 

These plastics come from the release of manufactured microplastics and from the 

breakdown of larger plastic litter (Tyree & Morrison, 2017).  An example of this is 

microplastics from artificial soccer turfs. These fields contain tons of microplastic and are 

frequently flushed into the drain by rain or spread into nature as the plastic pieces stick to 

clothes or shoes (Gulden, 2018).  

 

It has been proven that marine organisms ingest microplastics, and laboratory studies show 

that microplastics can have sub-lethal effects as reduced feeding and increased uptake of 

certain contaminants. Studies have shown that for fish there has been seen changes in gene 

regulation. The research field on the long term effects of microplastics is still quite new 

within marine research. Therefore it still remains a lot of research before the long-term 

effects are known (Nerland et al., 2014). 

 

Aquaculture is using a lot of plastic in the production of fish, from boxes of Styrofoam to 

filtration media. A study of aquaculture facilities in Norway estimates that 325-ton 

microplastics are being released into the sea from plastic pipes used for pumping feed 

pellets.  These are being torn down due to high shear. This is probably only one of many uses 
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of plastic that is causing the release of microplastics into the ocean from aquaculture 

(Christensen, 2017). 

 

In recirculating aquaculture systems plastic is also a frequently used material. Pipes bringing 

water around, fish chambers, filtration chambers, and filtration media are only some of the 

uses. All of these are potential sources to microplastics. Especially plastic filtration media in 

moving bed chambers are exposed to high shear forces and friction. 

 

As a way of reducing the use of plastic in filtration-systems, an approach can be to replace 

the plastic filtration media with a natural filtration media. A range of filtration media have 

been tested for its effect in biological chambers, woodchips are one of them. Earlier studies 

have been positive regarding its viability as a replacement. Woodchips are an environmental 

resource, if harvested sustainable (Svanæs, 2004), and the woodchips may serve other 

purposes after use in biofiltration, as a fertilizer can be one of them.     

 

1.2 Scope of Thesis 

 

The thesis focuses on the use of woodchips in aquaculture recirculating water systems. A 

practical study using lab-scale filtration reactors have been carried out at the Centre for fish 

research at Norwegian University of Life Sciences. The testing included the use of woodchips 

of two sizes and a mix of two types of plastic filtration media.  

 

The parameres measured in the testing of filtration media were flow rate, pH, NH4+-N 

(ammonium-nitrogen), NO2-N (nitrite-nitrogen), NO3-N (nitrate-nitrogen), Tot N (total 

nitrogen) , TOD (Total oxygen demand), porosity, density, and pressure drop.  

 

1.3 Objective of the thesis 
 
Research if woodchips can replace plastic filtration media in microbiological filtration and/or 

if there are other potential uses for woodchips in aquaculture water treatment. 

 

The specific aims of the thesis are to: 

 
- Perform an experiment on microbiological filtration where woodchips are compared 

against plastic filtration media. 
- As a part of the experiment, compare flowrate and clogging potential for the 

filtration media types. 
- Design and perform a test on pressure drop for the filtration media 
- Determine the physical properties of the filtration media  
- Evaluate potential uses of woodchips in aquaculture water filtration based on the 

studies carried out and an extensive literature review.   
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1.4 Limitations 

 

Parameters such as COD (chemical oxygen demand), DO (dissolved oxygen), TP (total 

phosphorus), TAN (total ammonium nitrogen (NH4
+-N and NH3-N)), and TSS (Total 

suspended solids) were excluded due to time and equipment limitations.     

 

The concentration of ammonium was low in the recirculated water at the Centre for Fish 

Research, this is known to affect nitrification effect. The wastewater from aquaculture is 

more complex compared to artificial wastewater used in many lab-scale tests of biological 

filtration. Thus it is more parameters that may affect the growth of bacteria than there 

would be in a more controlled laboratorium environment. No additional concentrations of 

ammonium were added to increase the concentration. This was due to the water used for 

the study was pumped back into the recirculating system after filtration. Thus the 

concentration of ammonium in the water is a limitation for the thesis, as the systems were 

only tested under low concentrations.   

 

Another limiting factor is the stability of the system. Where in a controlled laboratory 

environment with artificially made wastewater for lab-scale use, one will be able to deliver 

stable concentrations of ammonium, nitrite, and nitrate to the filtration systems, while with 

use of wastewater from fish chambers the levels of nutrients in the water increases as the 

fish grow. Thus, it is expected higher effects of nitrification with time.  
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2. Literature review  
 

In the literature review a more comprehensive presentation of important factors of water 

quality, how recirculation systems are built up, what processes that are included, but also 

knowledge about wood and earlier research on the use of woodchips in biological reactors 

will be presented.     

 

2.1 Fresh-water quality for aquaculture 

 

Water quality is an important factor to achieve optimal growth conditions for fish in 

aquaculture. Changes in only one or two quality parameters will give an impact on fish well-

being and growth (Lekang & Fjæra, 1997). Under the essential parameters for water quality 

will be presented. 

 

2.1.1 Temperature 

 

The water temperature is important when it comes to activity and comfort for the fish. In 

wild condition, the salmon uses 2-5 years to reach the fish size called smolt. After this age, 

the fish have gone through a physiological change that makes it able to live in saltwater. 

When using heated water, this process is reduced to one year (Gjedrem, 1979). 

 

For salmonids, the lower temperature limit is -0,5oC, and the top limit is 25oC. For rainbow 

trout, the optimum temperature is 18oC, and for salmon the optimum temperature is 16oC. 

At temperatures as low as 4-5oC the growth is close to none, while temperatures over 20oC 

give too little available oxygen for the fish. By maintaining stable optimate temperatures, 

the operation runs smoother and production time is also shortened significantly (Gjedrem, 

1979). 

 

2.1.2 Oxygen and nitrogen gas.  

 

The fish use oxygen in the water in its inhalation, plants use it at night, and it's used in the  

biological break down of organic material. Because the fish breathes, the oxygen levels in 

the water are vital for the fish. The oxygen amount decreases with increasing water 

temperature, which is one of the reasons why high temperatures create problems for the 

fish. Higher temperatures increase fish activity, thus also the oxygen and water use. It`s 

known that salmonids need at least 5 mg/l oxygen in the water over a longer period 

(Gjedrem, 1979). 
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In freshwater, most of the oxygen comes from the air and photosynthesis of plants, while in 

salt water most of the oxygen comes from freshwater, from the air or produced by 

photosynthesis by plankton (Gjedrem, 1979). Ideally, the oxygen saturation should be 

around 95-100 %, and the nitrogen content should not be oversaturated. 100 % oxygen 

saturation means that the content of oxygen is at the maximum level of what that the water 

can hold at atmospheric pressure (Lekang & Fjæra, 1997). In a recirculating aquaculture 

system, the water is not as exposed to oxygen sources as in nature. Therefore, oxygen must 

be added by adding air or pure oxygen gas.  

 

Nitrogen (N2) can be dangerous to the fish when oversaturated. Oversaturation can cause 

gall bladder disease, which will cause damage or death if levels are over 102-105 % (Lekang 

& Fjæra, 1997).  

 

2.1.3 Buffer ability and pH 

 

Buffer ability is the ability to maintain the pH value when adding acid or base to the water. 

The alkalinity and acidity in the water affect this ability. The alkalinity is the ability to 

neutralize acidic components, while the acidity is the ability to neutralize basic components 

(Lekang & Fjæra, 1997). 

 

We can define pH in water as the negative logarithm of the H+-ion concentration 

 

ὴὌ  ÌÏÇὌ                                                                                                                                    [1] 

 

The equation for pH is: 

ςὌὕ ὰ ᵶὌὕ ὥή ὕὌ ὥή                                 [2] 

Which can also be written: 

Ὄὕ ὰ ᵶὌ ὥή ὕὌ ὥή                           [3] 

 

The pH-scale is neutral at 7, where pH-values under 7 indicates acidic liquid, and pH-values 

over 7 indicates alkaline liquid. At 7 the equation is in equilibrium and the amount of OH- 

and H+ ions are equivalent. The logarithmic correlation means that with a pH of 8, then the 

concentration of OH- will be ten times the concentration of H+ ions. For lakes and waterways 

in Norway the pH lays around (4,5-7) (Lekang & Fjæra, 1997). pH in seawater lays around 8 

and is very stable due to the high content of salt which gives the water high buffer ability 

(Gjedrem, 1979). 

 

For salmonids, the optimum temperature is neutral water (pH = 7) or a little higher 

(Gjedrem, 1979). Low pH can cause damage to skin, eyes and gill, and give a reduction in 

growth. It can also increase the solubility of metal ions, that will occur in forms that are toxic. 

It is recommended that pH should never be lower than 5-6, and in aquaculture facilities the 
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level is usually set in the range 6,5-9. pH in acid water is adjusted by removing H+ ions. This 

can be done by adding a substrate that attracts and binds the free H+ ions, such as hydroxides 

(OH-) or carbonates (Lekang, 2007). The pH can also be raised by adding water with higher 

alkalinity, such as groundwater, or by using a calk filter.   

 

pH in water is affected by the concentration of dissolved carbon dioxide in water. When CO2 

is dissolved in water, it creates a week acid, carbonic acid, H2CO3. This acid can be separated 

into a hydrogen ion (H+), and a bicarbonate ion (HCO3
-) as seen in equation [4] (Patel & 

Majmundar, 2018). 

 

ὅὕ  Ὄὕ ᵶὌὅὕ ᵶὌ Ὄὅὕ                                                          [4] 

 

When the concentration of CO2 is high, there is a shift to the right in the reaction, producing 

more H+ ions. Thus, the pH decreases. While at low concentration of CO2 the reaction shifts 

to the left and the pH increases (Patel & Majmundar, 2018). 

 

2.1.4 Organic material 

 

Fish feed and excrements from the fish introduce organic material to the water. Organic 

materials in water give bacteria and fungus in water nutrients to grow on. The 

microorganisms use oxygen when they break down organic material, and lowered oxygen 

levels can harm fish and other organisms in the water. Increased organic material gives an 

increase of particles and nutrients like nitrogen and phosphorus. When it comes to nitrogen 

components particularly the concentration of ammonium increases (Gjedrem, 1979). 

 

Organic material is decomposed by aerobic bacteria, and there will be decomposing present 

as long there is material to degrade and enough oxygen. There are three essential activities 

that occur with organic material. (1) Some of the waste will be oxidized to an end-product; 

this is to create energy for the maintenance of cells and synthesis of new cell tissue. (2) Some 

waste will concurrently be converted into new cell tissue using the energy released from 

oxidation. (3) When the organic material is used up, new cells will start to consume their 

own cell tissue to create energy for cell maintenance, a process called endogenous 

respiration. These processes happen by the equations listed under, [5], [6] and [7].  Organic 

material is described as CHONS (Carbon, Hydrogen, Oxygen, Nitrogen, and Sulphur), and cell 

tissue as C5H7NO2 (Tehobanoglous et al., 2003). 

 

Oxidation: 

ὅὌὕὔὛ έὶὫὥὲὭὧ άὥὸὸὩὶὕ ὦὥὧὸὩὶὭὥ O ὅὕ Ὄὕ ὔὌ                                       [5] 

 

Synthesis: 

ὅὌὕὔὛὕ ὦὥὧὸὩὶὭὥὩὲὩὶὫώ O ὅὌὔὕὲὩύ ὧὩὰὰ ὸὭίίόὩ                                      [6] 
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Endogenous Respiration: 

ὅὌὔὕ υὕ O υὅὕ ὔὌ ςὌὕ                                                                                     [7] 

 

There are several methods used to determine the concentration of organic material in the 

water. These methods are built on measuring the oxygen demand, which is how much 

oxygen needed to oxidize all the organic material in a water sample. This gives an estimation 

of how much oxygen that will be used when the organic material is broken down by 

microorganisms.  

 

Biological oxygen demand, BOD, is a method where aerobic bacteria break down (oxidize) 

the organic matter in a sample to CO2 and H2O under controlled conditions. Then the 

amount of oxygen used in the process is measured (Ødegaard, 2014). The BOD method is 

time-consuming as it takes five days with BOD5 and seven days with BOD7. Another 

disadvantage is that bacteria need to be present in the sample. For wastewater, there is 

usually enough bacteria present, but for cleaner water bacteria must be added. It can be 

challenging to know what bacteria that is most dominant in the plant, therefore the bacteria 

added might not be the same, which will give a less trustworthy estimate (Ødegaard, 2014). 

 

Chemical oxygen demand, COD, is similar to BOD, but instead of bacteria, the oxidizing agent 

is used. In wastewater analysis, a mixture of sample water, the oxidizing agent potassium 

dichromate (K2Cr2O7) and sulfuric acid are boiled. The amount of potassium dichromate used 

is measured and converted into oxygen, which gives the oxygen demand. It differs from the 

BOD analysis where only the oxygen demand of biodegradable material is measured. For 

COD the total amount of organic material is measured, and not how much of it that is 

biodegradable (Ødegaard, 2014). 

 

TOD, Total oxygen demand, is a chemical-free way of determining the amount of organic 

material in water samples. This method is done by evaporating water samples at high 

temperatures (1200 oC). The oxidization is catalyst-free, and an oxygen detector determines 

the amount of oxygen used during the combustion. The analyzer measures the oxygen 

demand of all oxidizable substances in the water sample. The method is suitable for larger 

sample series as one sample analysis only takes a few minutes (LAR, 2019).  

 

2.1.5 Phosphorus 

 

In freshwater, phosphorus is often a limiting factor for the production rate. Even a small rise 

in the concentration can give increased algae and plant growth. Increased algae growth due 

to increased production can give problems as large day-variations in oxygen levels and pH. 

The oxygen level decreases at night cause to the algae and plant respiration. It is measured 

up to a 40 % decrease in oxygen at larger facilities during the night (Gjedrem, 1979). 
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2.1.6 Nitrogen 

 

Nitrogen can be found in wastewater as organically bound nitrogen and inorganic nitrogen. 

Organic nitrogen can be found in aquaculture wastewater as urea, which is made by fish 

when proteins are broken down in the body and is separated with the urine. Inorganic 

nitrogen is found as ammonium (NH4
+), nitrite (NO2

-) and nitrate (NO3-). The sum of the 

nitrogen in organic nitrogen and inorganic nitrogen makes the parameter total nitrogen (Tot 

N), which is often the parameter used for measuring and regulating purification wastewater 

before it is released in nature (Ødegaard, 2014). 

 

Ammonium and ammonia are produced by fish as it breaks down protein and releases 

organic nitrogen in the water through excrements, and due to fish feed. Microorganisms as 

bacteria and fungus convert organic nitrogen to ammonium and ammonia in a process called 

ammonification. Of these two, ammonia (NH3) is most toxic. For fish farming using a run-

through water system there will be no problem of metabolic ammonia, but for recirculating 

systems accumulation of ammonia will occur and can be a problem at high pH. Levels of 

ammonia at 25-300 µg/L is proven to give raised mortality for salmonids, but problems occur 

at much lower levels. Levels down to 10 µg/L is proven to impact on fish gills. In Norway, a 

conservative limit for ammonia 

concentration is set to 3-5 µg NH3-

N/L, dependent on operating 

temperature (Bjerknes, 2007).  

 

The relationship between 

ammonia and ammonium is 

described with the following 

formula:  

 

ὔὌ Ὄὕ ᵶὔὌ ὕὌ       [8] 

 

 

Ammonia can be described as a week base and ammonium as the conjugate acid. The 

amount of each component is dependent on pH, salinity and temperature, see figure 2.1. 

High pH drags the reaction to the right side and gives more ammonium than ammonia. Low 

pH drags the reaction to the left side and gives more ammonia. The pH in the water at the 

Centre for fish research is monitored to lay between 7,7 and 8, and the water temperature 

lays close to 12,8oC, which indicates close to 98,5-99 % NH4+ and 1-1,5 % NH3. 

 

After ammonification, there are two more microbiological processes, called nitrification and 

denitrification. These are presented under. 

 

Figure 2.1: The relationship between NH3/NH4+, pH and 
temperature (Hargreaves & Tucker, 2004)  



 
 

9 
 

Nitrification 

 

Nitrification is the two-step biological process where ammonium is oxidized to nitrite, and 

nitrite is oxidized to nitrate. This process is useful in water as the toxicity of ammonia, 

ammonium, and nitrite is higher than for nitrate. Systems designed for nitrification often 

have longer retention times than systems made for removal of organic material. Most of the 

organic material needs to be removed before a nitrification process effectively can occur as 

the heterotrophic bacteria have higher biomass yield and growth and therefore can 

dominate the surface area on the media in a reactor (Tehobanoglous et al., 2003). 

 

In active sludge and biofilm processes, aerobic autotrophic bacteria are responsible for the 

nitrification. These bacteria use dissolved oxygen and for their metabolism and growth 

(Haug & McCarty, 1972). The two steps in the nitrification process are done by two separate 

groups of bacteria. Both groups are autotrophic, meaning that they can build organic 

compounds based on simple substances present in the surroundings. The two most known 

bacteria in nitrification are Nitrosomonas, oxidizing ammonium to nitrite, and Nitrobacter 

oxidizing nitrite to nitrate (Tehobanoglous et al., 2003) other bacteria proved to oxidize 

ammonium to nitrite (prefix Nitroso) is Nitrosococcus, Nitrosospira, Nitrosolobus, and 

Nitrosobrio. Other bacteria proven to oxidize nitrite to nitrate (prefix Nitro) are Nitrocystis, 

Nitrococcus, Nitrospira, and Nitrospina (Painter, 1970; Tehobanoglous et al., 2003).  

 

When establishing a nitrification process, the bacteria use some time to colonize. This is 

dependent on the amount of ammonium in the water, temperature, and salinity. 

Colonization in freshwater takes a few to several days, while up to a month in saltwater. The 

Nitrosomonas will become active hours and up to days before the Nitrobacter. Therefore it 

is normal to experience spikes in nitrite concentration in the time before the biofilter 

becomes fully functional (Stickney, 2000). 

 

Stoichiometry 

 

ςὔὌ σὕ 
 

ựựựựựựựựựựựựựựựựựựự ςὔὕ τὌ ςὌὕ                                                                  [9] 

 

ςὔὕ ὕ 
 

ựựựựựựựựựựựựựựựựự ςὔὕ                                                                                                       [10] 

 

Total oxidation reaction: 

ὔὌ ςὕ O ὔὕ ςὌ Ὄὕ                                                                                                    [11] 

 

The first step with Nitrosomonas bacteria: 

υυὔὌ υὅὕ χφὕ ᴼὅὌὕὔ ὧὩὰὰυτὔὕ ρπωὌ υςὌὕ                           [12] 
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Second step with Nitrobacter bacteria: 

τππὔὕ υὅὕ ὔὌ  ρωυὕ ςὌὕ O ὅὌὕὔ ὧὩὰὰτππὔὕ Ὄ         [13] 

 

As seen in equation [11] based on equation [9] and [10] one mole ammonium can give one 

mole nitrate. The reactions also produce hydrogen ions which will affect the pH. The 

equations [12] and [13] show that the amount of ammonium and nitrite needed to produce 

one mole cell is high.  

 

Environmental factors 

 

The nitrifying bacteria are dependent on and can be regulated by several factors, as 

ammonium availability, pH, temperature, oxygen concentration, bacteria competition, and 

organic carbon availability. The most important of these factors are pH, temperature and 

dissolved oxygen concentration (Strauss & Lamberti, 2000).  

 

The higher the concentration of ammonium, the more effective the nitrification process will 

be (Lekang & Fjæra, 1997). The presence of dissolved oxygen is also a limiting factor, as the 

two bacteria are aerobic and will only live and perform nitrification when there is oxygen 

present. If the bacteria are derived from oxygen, even only for a short period, the bacteria 

will die, and the biofilter will start producing high levels of ammonia and nitrite (Stickney, 

2000). For low concentrations of dissolved oxygen (<0,50 mg/L) in systems where 

nitrification is inhibited, the Nitrobacter is shown to be more inhibited than Nitrosomonas. 

This gives an increased concentration of NO2-N in the effluent. (Tehobanoglous et al., 2003).  

 

Temperature is a limiting factor. The Nitrosomonas and Nitrobacter have an ideal 

temperature at about 30 oC, and temperatures below 10oC give low growth. (Lekang & 

Fjæra, 1997). pH is also a limiting parameter; the ideal pH-value for the nitrification process 

is 7,5-8,0, and the rate significantly decline at pH levels below 6,8 (Tehobanoglous et al., 

2003). During the nitrification process, the bacteria will produce hydrogen ions H+, which 

lowers the pH. In a system with a high load, it will be necessary to add chalk or water to 

compensate (Lekang & Fjæra, 1997).  

 

A different factor is the presence of organic material, which in a nitrification chamber lead 

to the growth of heterotrophic bacteria that uses the carbon in organic material to grow. 

These bacteria can outcompete the nitrification bacteria (Lekang & Fjæra, 1997). A study by 

(Strauss & Lamberti, 2000) researched the effect of organic material on nitrification rates in 

stream sediments. Their findings and conclusions are that organic carbon does inhibit 

nitrification and that the inhibition-effect increases with carbon quality. Their study also 

showed an increase in microbial respiration of 4-6 times, indicating the growth of other 

bacteria. They state that organic carbon is an important factor in the regulation of 

nitrification rates (Strauss & Lamberti, 2000). A different study showed increased 
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competition of aerobic denitrifying bacteria, and that the degradation rate of ammonium 

was reduced when the concentration of organic material was increased (Tang et al., 2010). 

 

The nitrification organisms can also be affected by toxicity. The aerobic heterotopic 

organisms are sensitive to a range of compounds both organic and inorganic. This will in 

many cases show as inhibition and not a complete elimination of nitrification. Compounds 

toxic to the nitrifying bacteria are solvent organic chemicals, proteins, amines, tannins, 

alcohols, phenolic compounds, cyanates, carbamates, ethers, and benzene. (Tehobanoglous 

et al., 2003) 

 

Metals are also capable of inhibiting nitrification. A study by (Skinner & Walker, 1961) on 

the effect of metallic ions on the growth of Nitrosomonas showed that nitrification could be 

completely inhibited for levels of 0,25 mg/L nickel, 0,25 mg/L of chromium, and 0,10 mg/L 

of copper. While metallic ions from iron, cobalt, manganese, and zinc had no effect on 

nitrification. 

 

Denitrification 

 

In denitrification, nitrate is reduced to nitrite then reduced to nitric oxide (NO) and nitrous 

oxide (N2O) and then reduced to dinitrogen (N2 (g)) (Knowles, 1982). In denitrification nitrate 

or nitrite are used as electron-acceptors for the oxidization of a range of organic or inorganic 

electron donors (Tehobanoglous et al., 2003). The nitrification process is enough to make 

the water safe for the fish; this is because the nitrate is less toxic for the fish than ammonia 

(Lekang, 2007). 

 

There is a wide range of bacteria that are capable of denitrification, both heterotrophic and 

autotrophic bacteria. Heterotrophic bacteria that have been believed to reduce nitrogen 

components are; Achromobacter, Acinetobacter, Agrobacterium, Alcaligenes, Arthrobacter, 

Azospirillium, Bacillus, Chromobacterium, Corynebacterium, Cytophaga, Flavobacterium, 

Halobacterium, Hypomicrobium, Methanomonas, Moraxella, Neisseria, Paracoccus, 

Propionibacterium, Pseudomonas, Rhizobium, Rhodopseudomonas, Spirillum, Thermothrix, 

Thiobacillus, Vibrio, and Xanthomonas. The most widely distributed of these species are 

Pseudomonas species (Gayle et al., 1989; Payne, 1981). Most of these bacteria are not strict 

anaerobes, but facultative anaerobic organisms; they can use oxygen as well as nitrate or 

nitrite as electron-acceptors. When there are cycles of aerobic and anaerobic conditions, 

there is a phase with lag, before denitrification occurs. In this phase, nitrate is reduced, but 

nitrite tends to accumulate (Gayle et al., 1989). Some of these can carry out fermentation in 

the absence of nitrate or oxygen (Tehobanoglous et al., 2003). 

 

Autotrophic bacteria that carry out denitrification use hydrogen and reduced sulfur 

components as electron donors. Under these conditions, no carbon source is required (Gayle 
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et al., 1989). Both heterotopic bacteria and autotrophic bacteria can grow heterotrophically 

if an organic carbon source is present (Tehobanoglous et al., 2003).  

 

Stoichiometry 

 

To make the denitrification process happen there must be a sufficient carbon source 

available (Brenner & Argaman, 1990). Usually, it is necessary to add organic carbon as 

nutrients to the bacteria, as there is not enough organic carbon present in wastewater from 

aquaculture (Lekang & Fjæra, 1997). Almost any compound that degrades with oxygen as 

the electron acceptor are also able to serve as an electron donor with nitrate. The electron 

donor in the biological denitrification process is usually one of three sources:  

(1) Biodegradable material in the water - equation [15]  

(2) Biodegradable material produced by microorganisms - equation [16] 

(3) External source as methanol or acetate - equation [17] 

 

Biodegradable organic material in wastewater is often represented as C10H19O3N. The 

stoichiometric equations for reduction of nitrate with three typical electron donors; 

(Tehobanoglous et al., 2003) 

  

All steps in denitrification:  

ὔὕ ᴼὔὕ ᴼὔὕO ὔὕᴼὔ                                                                                                       [14] 

 

Wastewater: 

ὅ Ὄ ὕὔ ρπὔὕᴼυὔ ρπὅὕ σὌὕ ὔὌ ρπὕὌ                                              [15] 

 

Methanol: 

υὅὌὕὌ φὔὕᴼσὔ υὅὕ χὌὕ φὕὌ                                                                        [16] 

 

Acetate: 

υὅὌὅὕὕὌψὔὕᴼτὔ ρπὅὕ φὌὕ ψὕὌ                                                              [17] 

 

 

Environmental factors 

 

The denitrification process is dependent on several factors to work optimally. This is; 

removal of oxygen for the bacteria to perform the reactions, presence of organic carbon, 

presence of nitrogen oxides, pH and temperature in the water. Optimum pH is 7-9 and 

temperature 20-30 oC. (Knowles, 1982) (Lu et al., 2014).  

 

For the nitrogen oxides to be reduced by the bacteria, the oxygen must be removed. This is 

because the denitrifying bacteria will only use the nitrogen oxides as electron acceptors if 
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there is an absence of oxygen (Lu et al., 2014). The concentration of dissolved oxygen at 0,2 

mg/L or above have been shown to inhibit the denitrification for a Pseudomonas culture 

(Tehobanoglous et al., 2003). The oxygen is efficiently removed by adding methanol (Lekang 

& Fjæra, 1997).  

 

The denitrification process affects the pH as it produces OH- ions, which increases the pH. 

The change of pH in the water has no significant effect on the denitrification rate for pH 

between 7 and 8, but the denitrification rate decreases at lower values (Tehobanoglous et 

al., 2003). 

 

2.2 Recirculating Aquaculture Systems 

 

aƻǎǘ ƻŦ ǘƻŘŀȅΩǎ ǎŀƭƳƻƴ ǎƳƻƭǘ ǇǊoduction in Europe of around 250 million per year (2009) is 

done in land-based facilities with flow-through water systems (Bergheim et al., 2009). There 

has been an increased interest in recirculating water systems, RAS, because of limited water 

supply during the growing season due to dry periods. This is not the only cause of increased 

interest. The use of RAS gives increased abilities when it comes to controlling water 

parameters such as temperature, carbon dioxide, dissolved oxygen, the nitrogen chain, pH, 

salinity and suspended solids. The water can also be disinfected by using UV irradiation and 

ozone treatment. RAS makes it possible to maintain optimal rearing conditions for the smolt 

throughout the entire year, which reduces the overall production time. This also has the 

potential to reduce problems with sea lice as larger fish are less vulnerable to sea lice 

(Kristensen et al., 2009), (Dalsgaard et al., 2013). 

 

The downsides with RAS are higher costs considering investment and operation compared 

to flow-through systems (Dalsgaard et al., 2013). The system has an increased technology 

demand due to hydraulics, oxygen supply, particle and effluent removal as nitrogen 

components and CO2. In a RAS the nitrogen components and CO2 are limiting for the 

operation, and this demands a good water treatment system. The complexity also increases 

as a RAS can be described as a living unit where a change of one parameter in the system 

will affect other parameters (Terjesen & Rosseland, 2009). 

 

2.2.1 Build up 

 

A recirculating system is typically built such a way that the water leaving the fish chambers 

goes to a settling chamber or a mechanical filter, such as the rotating drum, to remove solids 

from the water. The water then flows into a microbiological filter where bacteria detoxify 

ammonia/ammonium and nitrite. The next step is another settling chamber where loosened 

flakes of bacteria from the biofilter is removed. After this step, the water is disinfected by 

UV-light, ozonation, photozone or by heat treatment. Between these steps, there are 
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aeration chambers to bring the water to the correct saturation of oxygen and nitrogen 

(Lekang & Fjæra, 1997). In the following chapters, some of these principles are explained.  

 

2.2.2 Particle removal 

 

Removal of particles is used in several instances in a land-based aquaculture facility, in the 

intake water, in the RAS and removal of particles in the wastewater. The principle of particle 

removal is to lead water through a particle removal unit and by this get purified water in 

one drain and particles in the form of sludge in one other. Particles come in different forms, 

suspended (particles bigger than 10-3), completely dissolved or colloidal (small dispersed 

particles 10-6-10-3). Only suspended particles are removed in aquaculture due to cost 

matters (Lekang & Fjæra, 1997). There are different principles for removal of particles in 

water in aquaculture. Three common ones are mechanical filtration, depth filtration, and 

settling. 

 

Mechanical filters  

 

Mechanical filters are different forms of sieves 

that are placed in the water flow and have a 

mesh that only let through particles under a 

certain size. The most basic design is a sieve in 

the form of a plate. A configuration which will 

get clogged fast. Most mechanical filters are 

therefore more advanced and have automatic 

self-cleaning systems. It is common that the 

sieve rotates to reduce the clogging. The self-

cleaning of the sieves is often called 

backwashing. In an automatic system, the 

system will backwash with a set interval or by 

sensor registration. Here water is flushed through the filter in the opposite direction to 

loosen the particles and fat that have clogged the sieve. There are different forms of rotating 

sieve systems, among these; axial rotating screen, radial rotating screen (drum filters) as 

seen in figure 2.2, rotating belt and horizontally rotating disk (Lekang, 2007). 

 

Depth filtration 

 

In depth filtration, larger particles are used to clean the water. Between the particles, there 

are cavities where the impurities in the water get stuck or are held back (Lekang & Fjæra, 

1997). As the filter gets clogged the effect is reduced, and the pressure loss increases. A 

depth filter must be cleaned when the pressure loss reaches the value for the available 

pressure head (Bjerknes, 2007). Depth filters are separated in up-stream and down-stream 

Figure 2.2: Drumfilter with microscreen and self-cleaning  

(NP Innovation, 2019) 
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filters. For the up-stream filters, the water enters under the filter and flows up through the 

media. For the down-stream, the water enters over the filter and flows down through the 

media (Lekang & Fjæra, 1997). Depth filters can remove particles far smaller than the pore 

openings in the filter should indicate. If the pore openings in the filter media are around 35-

50 µm the smallest particles that can be removed can have a size down to 1 µm. (Bjerknes, 

2007) 

 

The most common filter media is quartz sand with grain size 0,4-0,8 mm (Bjerknes, 2007). 

The size of the media decides what particles are removed. The smaller media, the more 

particles are filtrated out, but the faster the media will get clogged (Lekang & Fjæra, 1997). 

 

Settling 

 

Settling uses the density difference between particles and water to separate them. The 

particles have a density of 1,005-1,2 kg/l, while water has a density of about 998 kg/l, 

therefore the particles will sink in still water. The bigger the density difference, the faster is 

the separation. Sedimentation and centrifugal filters both use this phenomenon (Lekang & 

Fjæra, 1997). 

 

For sedimentation, water flows slowly through a big surface tank; gravity will then separate 

the particles from the flow if the sinking velocity overcomes the horizontal flow of the water  

(Lekang & Fjæra, 1997). The system claims little energy but needs much space, and the 

removal of small particles (<100 µm) is poor (Bjerknes, 2007). 

 

In centrifugal filters, the centrifugal force is also introduced to separate the particles faster. 

The water enters a cyclone along one side, and the water makes a swirl where the particles 

are being forced to the edge of the cyclone because of the centrifugal force and exits 

through a drain at the bottom. Purified water is lighter and seeks the center of the cyclone 

and exits from an overflow (Lekang & Fjæra, 1997). The effect of removing small particles 

(<50 µm) is also poor for the centrifugal system (Bjerknes, 2007). 

 

2.2.3 Removing ammonia-ammonium 

 

The nitrogen compounds ammonia and ammonium are toxic for fish, and in recirculating 

water systems, these compounds will accumulate. It is therefore important to reduce total 

ammonium (TAN, the sum of NH4
+ and NH3). The two most used methods for removing TAN 

is biological or chemical filtration (Lekang & Fjæra, 1997). 
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Biological removal 

 

The biological removal of nitrogen happens in several steps from ammonium to nitrogen 

gas. The nitrification process stands for oxidizing ammonium to nitrite, and nitrite to nitrate, 

and both steps are aerobic, which means that oxygen must be present. The denitrification 

process stands for reducing nitrate to nitrogen gas with several intermediate steps. These 

steps are anaerobic and require abscess of air (Lekang & Fjæra, 1997). Which means that 

the processes need to happen in separate reactors. Under are some common biological 

filtration systems described; 

 

Flow-through systems  

 

There are two main types of from flow-through 

biological systems; trickling filters and submerged 

systems (Lekang & Fjæra, 1997). 

 

A trickling filter is an over-water system, and water flows 

(trickles) through a colon with filter media with biofilm, 

as illustrated in figure 2.3. This system gives good natural 

aeration and is simply built, but the capacity of 

nitrification is low compared to other systems (Lekang & 

Fjæra, 1997). In a trickling filter, the filter material is 

meant to break up the water flow and allow air to pass 

into the filter (Bjerknes, 2007).  

 

Submerged filters are chambers filled 

with filter medium, which can be static or 

moving. In chambers with static material, 

there will be an accumulation of organic 

material due to low water flow. This 

configuration must be cleaned 

frequently, to maintain good nitrification 

and prevent the formation of anaerobic 

zones. To enhance nitrification air is 

supplied at the bottom in the chamber in 

a turbulent stream (Bjerknes, 2007).  

 

! ŎƘŀƳōŜǊ ǿƛǘƘ ƳƻǾƛƴƎ ŦƛƭǘŜǊ ƳŀǘŜǊƛŀƭ ƛǎ ŎŀƭƭŜŘ άƳƻǾƛƴƎ ōŜŘέ ŀƴŘ ƛǎ ŎƻƳƳƻƴƭȅ ŦƛƭƭŜŘ нκо ǿƛǘƘ 

filter material. In moving bed reactors, the filter material is chosen after density so that they 

can move even at low flow rates. The media is kept in motion by the aeration and/or water 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Submerged biofilter (Lekang & Fjæra, 1997) 

Figure 2.3: Trickling biofilter 
(Lekang & Fjæra, 1997). 
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flow. By continuous flow and aeration, the biofilm is prevented from growing thick, because 

the excess biofilm is removed (Bjerknes, 2007) (Sterner BioTek AS, 2019).  

 

The system can be configured with either up-flowing water stream or down flowing water 

stream. Illustration of an up-flowing configuration is shown in figure 2.4. The distribution of 

water is higher in the up-flowing system, but the contact with the air is better in the down-

flowing system due to opposite flow directions for the water and the air. The submerged 

filter systems have high nitrification effect because of good contact between the biofilm on 

the filtration media and the water. The negative is that air needs to be added (Lekang & 

Fjæra, 1997). 

 

Rotating biofilter 

 

Follows the same principle as a submerged filter, 

but the entire filter rotates at a rate of 2-3 rpm. 

The filter is partially submerged and partially 

above the water as the system rotates. The 

oxygen necessary for the oxidation is provided 

when the media is above the water and reduction 

of CO2 is also achieved. There are two types, one 

where biofilm grow on plastic biofilter media, and 

one where biofilm grows on parallel discs. The 

system has a lower efficiency than submerged 

filters, but efficiency can be increased further by 

adding oxygen or air to the tank. (Lekang & Fjæra, 

1997). 

 

Effect of filtration media, and criteria to fulfill. 

 

Nitrification filters can be measured based on effectiveness, which is often described by the 

nitrification rate. It is defined as the amount NH4
+ oxidized per surface area of the filter 

media and time (mg NH4+/ (m2 min) (Lekang, 2007).  

 

A suitable filtration media for biofiltration can be anything that bacteria will colonize 

(Stickney, 2000), but the most effective biofilm systems are established on an artificial 

surface. There are several requirements for the selection of filtration media, to ensure 

optimal biofilm growth, some of these are; Large specific surface area and good contact 

between the water and the filtration media surface. The filtration medium must create a 

low head loss, and not clog too easily. The filter medium must ensure even distribution of 

water in the filter and the medium must be simple to clean or replace (Lekang & Fjæra, 

1997). 

 

 
Figure 2.5: Rotating biofilter (Lekang & Fjæra, 1997). 
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The most used media type today is plastic media in different types and forms, optimized to 

give the highest specific surface, and best flow distribution. The plastic media also have the 

advantage that does not clog as quickly (Lekang, 2007). 

 

There have been done tests with mechanical filters in place of biofilters. These static filters 

use sand and gravel with enormous surface areas, but serious water quality problems tend 

to occur, due to clogging and channeling. When the mechanical filter gets clogged, the 

organic material in the filter will start to decay, and the microorganisms that have colonized 

the media will die, as the filter becomes anaerobic. In addition to the stop of biological 

filtration, there is a risk that the filter will start to release ammonia, hydrogen sulfide, and 

other toxic substances. The water will also have low oxygen concentrations due to the 

breakdown of organic material (Stickney, 2000). 

 

Chemical removal 

 

For chemical removal of ammonia in aquaculture, the principle used is ion exchange. The 

principle of an ion exchanger is to use the fact that the different ions have different electrical 

charges. An anion exchanger is used to remove negatively charged ions, while cation 

exchangers are used for removing positively charged ions. Ammonium ions NH4+ are 

positive, and therefore cation exchangers are used for this process. An ion exchanger can be 

designed as a column filled with ion-exchange substrate, and the water flows through the 

column (Lekang, 2007). ¢ƘŜ ǎǳōǎǘǊŀǘŜ άŎƭƛƴƻǇǘƛƭƻƭƛǘŜΣέ is a clay material and a natural zeolite, 

and is used for the absorption of ammonia (Stickney, 2000). 

 

When all the ions have reacted, the exchanger can be regenerated by using a solution with 

a high concentration of sodium ions. Which will remove all the NH4
+ bound to the substrate 

ions (Lekang, 2007). 

 

Denitrification 
 

In some facilities with a very high degree of water re-use and high fish densities, a 

denitrification filter is used. In a denitrification filter, it is normal to add organic carbon 

(methanol, ethanol or liquid sugar) as there is not enough carbon for the biofilm to grow. It 

is also necessary to remove the oxygen from the water to get the denitrification to start. 

Methanol and ethanol can be used to remove oxygen. When added the free oxygen will be 

adsorbed (Lekang & Fjæra, 1997). 

 

For denitrification only submerged filter types are used, as oxygen is unwanted. The 

requirements for the bioreactors and filtration media are otherwise the same for 

denitrification (Lekang, 2007). 
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2.2.4 Aeration and oxygenation  

 

In a recirculating water system, oxygen is used by the fish, algae and in the breakdown of 

organic material by microorganisms. Freshwater can be added to compensate for oxygen 

use, or we can add oxygen by using aeration or oxygenation. Aeration and oxygenation are 

also used to reduce the build-up of nitrogen (over-saturation), which can cause gas bubble 

disease for fish and cause an increase in fish mortality (Lekang, 2007). While some oxygen is 

necessary for the fish to maintain good health, to high levels are dangerous as some by-

products of oxygen metabolism are highly toxic for fish (Stickney, 2000).  

 

In water, the concentration rate between nitrogen and oxygen is 60/40 %, and in air, the 

content is 79/20 %. Because of the difference, we will get oversaturation of nitrogen if the 

air is added to the water under pressure. For achieving saturation when the water is over- 

or undersaturated of gasses, aeration systems are designed to give highest possible contact 

surface between the air and the water, and with turbulent flow for effective gas exchange. 

If the retention time is long enough in the aeration system, the equilibrium will be reached 

(Lekang & Fjæra, 1997). 

 

2.2.5 Heating water 

 

To ensure optimal growth the water in a recirculating system is heated, this is done by either 

using immersion heaters, oil and gas burners or a heat pump. In larger facilities, it is most 

common to use heat pumps, while in smaller immersion heaters are more common (Lekang 

& Fjæra, 1997). 

 

2.2.6 Disinfection 

 

Disease control is difficult in closed water systems. To reduce the number of micro 

ƳƛŎǊƻƻǊƎŀƴƛǎƳǎ ǎǳŎƘ ŀǎ ōŀŎǘŜǊƛŀΩǎΣ ǾƛǊǳǎŜǎ ŀƴŘ ŦǳƴƎǳǎ, disinfection is used (Stickney, 2000). 

We want disinfection to inactivate fish pathogenic micro-organisms (which infect the fish 

and causes diseases) and to reduce the total number of micro-organisms. The wished 

reduction is the minimum of 99,9 percent of the outgoing concentration (Lekang & Fjæra, 

1997).  

 

UV-radiation and ozone are the two most common methods for disinfecting intake water 

and recirculated water in land-based aquaculture facilities (Bjerknes, 2007). UV-radiation 

uses electromagnetic radiation of wavelength 1-400 nm to inactivate and kill micro-

organisms (Lekang & Fjæra, 1997). Ozone (O3) is effective for disinfecting bacteria and 

viruses and is an unstable gas made by sending oxygen through an electrical field (Stickney, 

2000). Ozone is toxic for fish and has a half-life of 20 minutes. Aeration is often used to strip 

ozone from the water which reduces the half-life to 5 minutes (Bjerknes, 2007).  
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2.3 Use of wood in biofiltration 

2.3.1 General about wood  

 

Wood is a renewable raw material from nature. Use of wood from trees have little impact 

on the environment if harvested sustainably. 90% of the wood harvested in Norway are 

certified recording to international standards for sustainable forestry, and the forest in 

Norway is increasing. Which means that the use of wood from Norwegian forests will be a 

sustainable source for woodchips for filtration purposes (Svanæs, 2004). 

 

As seen in the figure 2.7, a cross-section 

of a tree trunk, a tree consists of several 

parts. Some are visible for the naked eye, 

and some only with a microscope. The 

tree consists of many types of single cells, 

and these are attached by a binding 

component called lignin (Moen et al., 

1998).  

 

The outer bark is the first layer and is 

protecting against chemical, 

microbiological and mechanical attacks. 

While the inner bark, also called the 

phloem transports water and nutrients. Further in is a layer called the cambium, this is 

where new wood is produced, by cells dividing. After the cambium are where the parts 

known as wood are located (Kucera, 

1998). The wood is divided into 

sapwood and heartwood, where 

sapwood contains sap and water, 

while hardwood only forms in older 

threes and only consists of dead cells. 

The hardwood is mostly preferred for 

woodwork, as sapwood must be 

carefully dried before use and is more 

exposed to fungus and decay 

(Heartwood Mills, 2019; Moen et al., 

1998). Further in is the pith of the 

three, which are also made of dead 

cells (Kucera, 1998). 

 

 

Figure 2.6: Cross section of a tree stem (Gislerud & Gulliksen, 1998). 

Figure 2.7: Cell structure in wood (Ullevålseter, 1998), 

(Moen et al., 1998). 
























































































































































