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Abstract 

Due to the strict national environmental legislation and as a mitigation measure for 

aquaculture nutrient emissions, the Finnish National Aquaculture Location Management 

Plan (NALMP) is pushing rainbow trout aquaculture production in offshore units. The coast, 

however, has only a limited smolt production capacity with hardly any growth prospects 

with traditional cultivation methods. The situation has created high demand for post-smolt 

that can eventually be cultivated to slaughter size during the short subarctic growth season. 

This study aims to determine how seasonality challenges and affect the feasibility of 

recirculating aquaculture systems (RAS) in rainbow trout (Oncorhynchus mykiss) post-smolt 

production in the northernmost coast of Finland. Through a comprehensive literature review 

and aquaculture expert interviews, challenges in RAS post-smolt production were identified. 

Based on the findings, different post-smolt production scenarios were created to combine 

RAS post-smolt production with offshore open net pen food fish production. The production 

planning was based on a unique growth model developed specifically for rainbow trout by 

the Author. Finally, a feasibility analysis was executed for different production scenarios.  

The results indicate that cultivating rainbow trout post-smolt in a recirculating aquaculture 

system can be economically feasible in Finland. Self-cultivated RAS post-smolt can not only 

decrease the post-smolt cost but can also provide better smolt delivery reliability and time 

savings for the offshore operator. Additionally, a RAS facility can lower the nutrient 

emissions from the post-smolt production and provide food fish for summer markets when 

there is scarcity of cultured fish. Further research is required to identify proper 

acclimatization methods before transferring post-smolt form RAS to sea. Additionally, 

further research endeavours should be focused on validating and verifying the growth model 

determined in this thesis as well as investigating how well RAS post-smolt from domestic 

or imported eyed-eggs grow in offshore sites compared with one another. Finally, this work 

should inspire readers on out-of-the-box thinking when it comes to RAS production 

planning. 
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1 Introduction 

Population growth and the increasing demand for animal protein, especially in the developing 

countries, is putting more and more pressure to the fishing industry and the wild fish stocks. 

World total capture of fisheries and aquaculture production has grown steadily for the past 70 

years. However, there has been a major shift of where the growth is coming from. The total 

capture of wild fish hit its peak value in the 1980s, and since then the industry has not been able 

to increase the landing of wild-caught fish. (FAO, 2018.)  

FAO (2018) states that the supply for the increasing fish demand comes from the growth of the 

aquaculture industry, which is growing annually by roughly 6% making it the fastest growing 

major food production sector in the world. In the next decades, the amount of farmed fish for 

consumption is predicted to increase by nearly 20%, reaching 201 million tons in 2030 (FAO, 

2018). The aquaculture industry is facing new challenges when it comes to growth. Since, most 

of the inshore sites are already cultivated with hardly any growth potential, the industry is 

seeking towards offshore and inland aquaculture. However, these new approaches in fish 

cultivation requires special equipment and methods.  

The EU is investing in Blue Growth and has set aquaculture as one of the top priorities for 

levelling the fishing industry trade balance within its member states. For example, the fishing 

industry trade balance in Finland is over 350 M€ in deficit. (Ministry of Agriculture and 

Forestry of Finland, 2014.) In 2014, due to political pressure from the EU towards its member 

states and as a measure to level off the trade balance, Finland launched its National Aquaculture 

Location Management Plan (NALMP) that aimed to identify the possible growth areas for 

aquaculture (Ministry of Agriculture and Forestry of Finland, n.d.; Ministry of Agriculture and 

Forestry of Finland & Ministry of the Environment, 2014). Possible aquaculture growth sectors 

are in exposed offshore aquaculture and in land-based recirculation aquaculture systems (RAS). 

The feasibility of RAS facilities has been an issue, but the fairly novel practice has great 

possibilities in Finland where strict environmental legislation forces aquaculture companies to 

come up with new methods on reducing their nutrient emissions. 

This thesis will seek answers on the feasibility and challenges of recirculating aquaculture 

systems in rainbow trout (Oncorhynchus mykiss) post-smolt production in the coastal subarctic 

Finland. The research is aimed towards the challenges and concerns associated with RAS 
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cultivated post-smolt and the effects seasonality has on production planning. One of the aims 

will be on understanding the special characteristics and boundary conditions the northernmost 

cost of Finland sets for the entire production of rainbow trout from eyed-egg to smolt and finally 

to slaughter when RAS production is combined with offshore production.  

With an in-depth literature review and aquaculture expert interviews this study will identify 

challenges in RAS post-smolt production. Additionally, this work will provide different 

production plans and a feasibility analysis for future decision-makers to determine suitable 

production schemes for their combined land-based RAS and offshore open net pen farming 

operations. 
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2 Background 

Since the landings from the wild caught fisheries can not be increased, the World Bank (2013) 

stated with confidence that “aquaculture will continue to fill the growing supply-demand gap 

of the rapidly expanding global fish demand and relatively stable capture fisheries”. The 

sustainable use of aquatic resources is fed by the global megatrend of Blue economy or Blue 

growth.  

Blue growth aims at maximizing the ecosystem goods and services (FAO, 2018) while also 

emphasizing on the renewable resources and sustainable development and use of marine and 

water resources (Ministry of Agriculture and Forestry of Finland, 2016). European Commission 

(2012) states in its report that “the EU’s blue economy represents 5.4 million jobs and a gross 

added value of just under 500 billion euro per year”. The EU acknowledges great potential in 

Blue Economy and one of its top priorities is to enhance aquaculture in its member states. One 

main reason is to level off the trade balance, which is heavily in deficit 

Due to both EU and national political pressure, Finland launched in 2014 its Aquaculture 

Strategy 2022. “The vision of the Aquaculture Strategy is that Finland offers a competitive 

operating environment, encouraging and supporting the growth and development of sustainable 

aquaculture and related industries. The objective of the strategy is to enhance the 

competitiveness of the sector, support its continuous renewal and ensure the ecological, 

economic and social sustainability of aquaculture.” (Ministry of Agriculture and Forestry of 

Finland, n.d.) In the Aquaculture Strategy 2022, RAS was pointed out of having substantial 

growth potential due to its low environmental impact and the possibility of growing fish in 

optimum conditions throughout the whole year. In addition to the environmental impacts and 

beneficial production methods, Pulkkinen et al. (2018) pointed out that in Finland there is a 

shortage of suitable locations for sea cage aquaculture, to which inland aquaculture would 

provide a suitable solution. 

Although RAS is one of the future technologies for filling the supply-demand gap, it has some 

major challenges and considerations it must overcome before it really makes a breakthrough.  

The main issue so far has been around the profitability of the industry. Even though the fish 

prices are higher than ever (Luke, 2020c), RAS facilities are still struggling with economically 

feasible practices. One main reason is that compared to open net aquaculture, RAS facilities 
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have very heavy initial investments and high operation costs. Furthermore, the entire process is 

much more technical, and an equipment malfunction can cause significant economic losses. 

Therefore, the Aquaculture Strategy 2022 points out that research and development is extremely 

important to manage the existing risks and lower the future risk levels of the RAS practice. 

2.1 History of rainbow trout production in Finland 

Finland is a norther European country with approximately 5.5 million inhabitants. Its distinctive 

characteristics are thousands of lakes, a long coastline in the Baltic Sea and a protective 

archipelago in the southwest region. In Finland, there is a strong tradition in Atlantic salmon 

(Salmon salar) fishing and consumption (Saarni et al., 2003). Even with the high landings of 

the early 1990s (Luke 2020a), the wild-caught salmon fishery could not supply the entire market 

own its own and aquaculture production has supplied salmonids for consumers for decades. 

Since the 1990s, the Atlantic salmon fisheries landings have declined (Luke 2020a), and farmed 

fish plays nowadays an even greater role. Historically in Finland, the reasons for the declined 

salmon stocks are man-made structures such as hydro plants impeding spawning migration, 

declined water quality, habitat contaminations and increased fishing pressure (Erkinaro et al., 

2003). Furthermore, the Atlantic salmon fishery landings have declined due to quotas 

implemented in the 1990s, strict dioxin limit values and low market price of salmon (Ympäristö, 

2014).  

Due to the cultivation conditions in the Finnish coastline: low salinity, high seasonal 

temperature variation, frozen cover in the winter and relatively short growth season, rainbow 

trout (Oncorhynchus mykiss) was more suitable than Atlantic salmon for cultivation (Saarni et 

al., 2003). As opposed to portion size rainbow trout (200-500 grams) commonly used in Central 

and Western Europe, the Finnish farmers grew their fish larger, up to 1-3 kilograms, which is 

commercially called salmon trout (Saarni et al., 2003; Virtanen et al., 2005).  

Rainbow trout aquaculture started in Finland in the beginning of the 1960s. Due to both 

promising outlooks in the domestic and foreign markets, restricted import quotas for foreign 

fish and undeveloped environmental policy, the salmon trout farming industry grew 

substantially. By 1990s, Finland was the world’s leading salmon trout farmer, with production 

volume of roughly 19 000 tons. (Saarni et al., 2003.) Several events however affected the 
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Finnish salmon trout industry during the 1980s, 1990s and early 2000s, which eventually led to 

the decline and stagnation of the industry.  

In 1986, in order to protect the European aquaculture producers, the customs union EEC 

(European Economic Communitys) raised its tariff of salmon trout from 2% to 12 %, which put 

an end to Finnish salmon trout export to the EEC (Virtanen et al., 2005). Moreover, stricter 

environmental legislation enforced in the 1980s, started to limit the annual production and feed 

consumption of production units, which lowered overall profitability. When Finland joined the 

EU in 1995, increase in the Atlantic salmon production led to substantial reduction in market 

price. Additionally, Norwegian salmon started to flow into the Finnish markets and replaced 

the domestic salmon trout (Saarni et al., 2003). Final blow to the salmon trout industry was the 

collapse of prices in 2001. The Norwegian salmon and salmon trout flood the Finnish market 

and the producer price of salmon trout in Finland dropped to a new all-time low (Saarni et al., 

2003). With these events, the Finnish salmon trout production had lost its competitive edge to 

compete in the international market. 

2.2 Current rainbow trout production in Finland 

Nowadays, depending of the year, rainbow trout production covers up to 95 % of the entire 

aquaculture production in Finland making it the most important species for the aquaculture 

sector. In 2018, the total Finnish production of rainbow trout was 13.2 million kilograms, of 

which over 11 million kilograms was cultivated in the Baltic Sea. Production in the provinces 

of Åland Islands and Southwest-Finland (also known as Finland Proper) accounts for more than 

90 % of the total sea production. (Luke, 2020b.)  

Rainbow trout production process consists of several production phases, such as: selective 

breeding and egg production with broodstock, hatching, fry and fingerling production, food fish 

production, slaughtering and processing. Even though most of the food fish production is 

executed in the southwest coast of Finland, the majority of the earlier stages including fingerling 

production are produced inland (Seppälä et al., 2001; Setälä et al., 2014) (Figure 2.1).  
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Figure 2.1 Aquaculture production sites in Finland (Setälä et al. 2014) 
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2.3 Farming process of open net aquaculture in Finland 

2.3.1 From egg to slaughter 

The farming process of rainbow trout starts from broodstock farms. The broodstock farms 

manage the broodstocks and practice selective breeding in order to enhance the desired 

production traits. In Finland, eggs and milt is stripped from the broodfish from December to 

June (Mustajärvi, 1999; Partanen, 1988) and the fertilized eggs are transferred to hatcheries. 

Some of the hatcheries have their own broodstocks and others purchase eyed eggs (e.g. “a fish 

egg containing an embryo that has developed enough so that the black spot of the eyes are 

visible through the egg membrane” (FishBase, n.d.).) directly from broodstock farms. 

Incubation requires freshwater and the eggs are incubated in incubation cones or trays and the 

hatchery is only in use during the incubation and sac fry period. Soon after the yolk sac fry 

develop into swim-up fry and start external feeding, they are transported to bigger tanks in fry 

rearing facilities (Evira, 2006). 

The incubation time from fertilization to hatching depends of the incubation temperature. 

Incubation time is measured in day degrees, which is defined as the sum of average daily 

incubation water temperature. According to Cowx (2005), hatching of fertilized rainbow trout 

eggs takes 390 day degrees at 3.9 °C and about 303 day degrees at 14.4 °C. From & Rasmussen 

(1991) found that there is also variation between the duration of different fry production stages 

depending of the egg size and the water temperature (Table 2.1).  

Table 2.1 Duration in days (50 % values) of different rainbow trout fry production stages 

according to water temperature and egg size. Recreated from From & Rasmussen (1991). 

    Duration in days 

  Size group* 5°C 10°C 15°C 

Fertilization to eyed ova 

Small 38 20 - 

Medium 34 19 - 

Large 33 21 - 

Eyed ova to hatching 

Small 15 9 6 

Medium 33 13 8 

Large 30 12 3 

Hatching to complete 

yolk absorption 

Small 55 23 16 

Medium 52 22 13 

Large 49 21 18 
*Egg wet weights at stripping in grams: 0.0447+0.0002 (Small); 0.0686+0.0002 (Medium); 0.1007+0.0007 (Large) 
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The salmon trout industry uses mainly all-female stocks in their production. Rainbow trout 

males mature earlier compared to females, which is an undesirable trait in food fish production. 

According to Evira (2016) the all-female stocks are produced by fertilizing eggs with milt taken 

from sex reversed males (also XX-males). Sex reversed males are produced by feeding swim-

up fry with feed containing testosterone. The hormone treatment causes the rainbow trout 

females to turn into sex reversed males, which produce milt instead of eggs. The sex reversed 

males have the same XX-chromosomes as females and the eggs fertilized with milt from XX-

males produces only female offspring. The sex reversed males do not have vas deferens and 

have to be killed in order to get the milt. The Finnish legislation prohibits the use of hormone 

treated fish for human consumption and they are required to be disposed.  

Typically, the incubation starts at the very beginning of the year. When the incubation starts 

with fertilized eggs in January or February, the hatching occurs around April. After the fry 

reach the average size of 10-20 grams, they are vaccinated against furunculosis and vibriosis 

before being transported to marine smolt facilities in either May or June (Evira, 2016; 

Mustajärvi, 1999; Lankinen, as cited in Seppälä et al., 2001). Because, majority of the fingerling 

production takes place inland, transportation to the smolt facilities in the southwest coast is 

several hundreds of kilometres (Seppälä et al, 2001). There is no specific size defined in 

literature for smolt or post-smolt. Sandvold et al. (2019) used smolt to define fish that had gone 

through smoltification and weighed less than 250 g, and post-smolt for fish that weight between 

250-1,000 g.  

The marine smolt facilities are placed in sheltered locations close to shore and some have a 

quay to provide easy access to the net cage from land. The fingerlings grow to approximately 

400 grams during the first growth season. The fish are graded either at the end of the first growth 

season in late fall or before the beginning of the second growth season in spring. Before winter 

comes the smolt facilities are towed (if the area is not suitable for overwintering) to specific 

overwintering locations (Kankainen et al., 2019).  

The overwintering locations have been selected from areas where it is known that the water 

quality is good throughout the entire winter. Additionally, the formation and melting of the ice 

cover must happen evenly in the overwintering location, so that moving ice will not cause a 

risk of damaging the net cages (Kankainen et al., 2019). Some areas might be prone to 

supercooled water (i.e. fluid water with the temperature below 0 °C). There can be small “ice-
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needles” in the supercooled water, which can get mixed in the water column and stick to the 

gills of the fish, causing high mortality (Rahkonen et al., 2012). Nowadays, most of the high-

risk areas prone to supercooled water are well known by the salmon trout farmers and those 

areas can be avoided. 

During the overwintering, the fish are fed only a minimal amount of feed, which is essential for 

maintaining intestinal functions. Therefore, the fish normally lose some weight during winter 

(Kankainen et al., 2019; Setälä et al., 2014). In the beginning of the second growth season the 

net cages are towed further out. Depending of the size of the smolt in the beginning of the 

second growth season and the cultivation conditions, the salmon trout reaches a weight of 1.5-

3 kg by the end of the season (Kankainen et al., 2019; Mustajärvi, 1999). After that, the net 

cages are towed to the slaughter facilities from where they are distributed to the markets. Due 

to high supply, the monthly producer price is lowest at the end of the year (Figure 2.2). 

Therefore, some producers try to postpone the slaughter by keeping their fish in the net cages 

for additional winter months. However, this practice can cause a significant economic risk, 

because the fish can be killed for example due to supercooled water. 

 

Figure 2.2 Monthly producer prices for gutted rainbow trout in Finland. Recreated from the 

data by Luke (2020c). 
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2.3.2 Special characteristics of the overwintering locations 

The environmental conditions at the Finnish coastline in the Baltic Sea differ significantly 

compared to many other countries that practice saltwater aquaculture. The sea freezes in the 

winter for several months, which affects the production cycles and overall site management. 

The net pens must be towed to overwintering locations in late fall, so that they would be 

sheltered against fall storms, ice movement and pack ice (Kankainen & Niukko, 2014; 

Kankainen et al., 2014b; Leppänen et al., 2018). If the net pens would be left to their summer 

locations the massive forces of moving ice in open water would destroy the cages beyond repair.  

Depending of the production phase, the net pens might have smolt inside them or they have 

been emptied from slaughter sized fish. If fish is left inside the cages for overwintering, 

monitoring must be enabled (Kankainen et al., 2014b). In the beginning and in the end of winter, 

there is an isolation period due to weak ice (Kankainen & Niukko, 2014; Kankainen et al., 

2014b; Leppänen et al., 2018). If the net pens are not easily accessible from shore, the farmer 

might need an all-weather supply ship that breaks the weak ice cover, in order to manage and 

monitor the overwintering fish. When the ice cover thickens monitoring can be done by 

snowmobiles, ATV or hydrocopters (Kankainen & Niukko, 2014; Kankainen et al., 2014b).  

All the factors described above, underline the necessity of finding a good overwintering 

location. Lack of a proper overwintering location easily creates a bottleneck for the food fish 

production in Finland. Because the fish is only fed a minimal amount of feed during the winter, 

the environmental impact of overwintering is typically very low.  

2.3.3 Seasonality of the production on the Finnish coast 

Due to high seasonal variation between cultivation conditions the salmon trout production in 

Finland is highly cyclical. The length of the growth season depends mainly of water 

temperature, wind conditions and ice conditions and it varies significantly depending of the 

geographical location of the aquaculture site. When taking into consideration surface water 

temperatures and increasing wind conditions in late autumn, the length of the growth season 

varies between 21 weeks in the Bay of Bothnia and 30 weeks in the Finnish Archipelago Sea 

(Kankainen et al., 2019). There is natural yearly variation between the lengths of the growth 

season. 
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The seasonal variation in the water temperature can be over 20 °C. Water temperature affects 

the appetite of the fish because fish are poikilothermic (i.e. cold-blooded) and therefore their 

body temperature and metabolic rates vary with water temperature. Compared to the optimum 

feeding temperature of about 16 °C, the appetite of rainbow trout decreases considerably in 

colder water temperatures and the feeding rate might only be about one tenth of the optimum 

temperature in 2 °C (Raisioaqua, 2018). Amount of light affects the feeding and it is known 

that rainbow trout feeds better in the same water temperature in spring than in autumn because 

the days are getting longer (Kankainen et al., 2019). When the temperature exceeds 20 °C the 

feeding rate should be drastically decreased or stopped entirely around to minimize oxygen 

demand (Rahkonen et al., 2012). 

The fish withstand transportation better in lower temperatures. Because the preferable 

transportation temperature from freshwater to saltwater is below 10 °C, the transportations can 

be done either before or after summer. During the winter months, ice cover and very low water 

temperatures prevent the transportation from freshwater to saltwater. 

2.4 Environmental permits for aquaculture in Finland 

In Finland, aquaculture is a licensed trade and each aquaculture site requires an environmental 

license if they use more than 2 tons of fish feed annually (Eskelinen et al., 2014). The 

environmental licenses are granted by the Regional State Administrative Agencies. Two central 

legislations affecting aquaculture are the Environmental Protection Act and the Water Act. The 

general aim of the Environmental Protection Act is to “prevent the pollution of the environment 

and any risk of this, prevent and reduce emissions, eliminate adverse impacts caused by 

pollution and prevent environmental damage” (Environmental Protection Act, 2019). Water 

Act states the laws for the permission and right of water usage and constructing structures in 

water.  

Each license application is heard individually. When the permitting process starts, stakeholders 

(such as local authorities, the local municipality, NGO’s, the fishery sector, neighbours and 

landowners) are informed and asked to provide a statement about the license application. The 

applicant must provide answers to each statement in a hearing before the application is assessed 

by the Regional State Administrative Agencies (Eskelinen et al., 2014). When the ruling from 

the Regional State Administrative Agency is released, stakeholders have the right to appeal to 
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Administrative courts if they are unsatisfied of the outcome (Ekroos et al., 2012). Depending 

of the region, the application process may take between one and two years. The variation 

between the different Regional State Administrative Agencies is significant.  

The permits are either non-fixed or fixed term permits. Inland flow through facilities have 

typically a non-fixed term permit, whereas net cages have mainly fixed term permits. Non-fixed 

term permits are reassessed every 5-10 years (Eskelinen et al., 2014). Fixed term permits need 

to be reapplied and the average validity of the fixed term permit is around 9 years (Ekroos et 

al, 2012). 

The Finnish aquaculture permit restricts the total nutrient loading of the sites. Nowadays, open 

net pen farms typically have an annual allowance that their feed can contain different nutrients, 

such as nitrogen or phosphorous. In the inland flow through farms, the nutrient loading can be 

measured, and their permit most often have a nutrient loading cap. The aquaculture permits can 

also contain additional restrictions regarding noise, dust, smell or daily water use. It might also 

set guidelines for the overall management of the site, bookkeeping, different reporting or 

monitoring obligations. (Eskelinen et al., 2014.) 

Environmental impact assessment (EIA) is not normally required. Since, the typical size of a 

salmon trout farm in Finland is around 60 tons (annual feed use of 60 tons) (Ekroos et al., 2012), 

they normally do not need an EIA. The Finnish Act on Environmental Impact Assessment 

Procedure states that the EIA is only required for farms with annual feed use of 1,000 tons or 

from aquaculture practices with similar environmental loadings (Act on Environmental Impact 

Assessment Procedure, 2017). In order to avoid the costly EIA process, offshore licences have 

been applied for slightly under 1,000 tons (for example 950 tons). Depending of the site 

locations and the estimations by the environmental authorities, an EIA can nevertheless be 

required. 

2.5 Current challenges in the Finnish aquaculture  

Several challenges can be identified from the current production environment. Currently in 

Finland, food fish production is pushed towards offshore locations where nutrient loading from 

aquaculture practices have larger water volumes to dilute the nutrient emissions. The offshore 

sites can have production capacities of about 1,000 ton or more, meaning they require a massive 

amount of post-smolt as seed material at the beginning of the growth season. Due to the strict 
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environmental legislation and lack of overwintering locations in some areas, there is only a 

limited smolt production capacity with hardly any growth prospects with traditional production 

methods near the coast. Therefore, a RAS system provides a method to cultivate post-smolt 

near the offshore sites with reduced nutrient loadings and shorter transportation distances 

compared with post-smolt produced in open net pens or in flow through systems inland.   

Due to Finland northern location it has high seasonal variation which needs to be taken into 

account when combining different production methods. Therefore, sophisticated production 

planning is required in Finland and other subarctic regions. Finally, since the sea freezes in 

Finland, typically at least one overwintering period in net pens is required for the post-smolt. 

The permits for the overwintering locations are hard to get and unexpected events increase the 

risk of fish mortality during the overwintering period. With a RAS it is possible to decrease 

risks associated with overwintering practices. 

2.6 Research aims and questions 

Aims: 

• To determine the special characteristics and challenges associated with the production 

of rainbow trout post-smolt in RAS on the northernmost coast of Finland; 

• To investigate the feasibility of RAS for rainbow trout post-smolt production in Finland; 

• To provide a production plan for combining RAS and offshore aquaculture for the 

production of large rainbow trout with only one marine growth season. 

Research questions: 

• What are the main challenges of RAS in Finland? 

• What are the main concerns with RAS grown rainbow trout post-smolt? 

• How does seasonality affect the entire rainbow trout production cycle in Finland? 

• Can combining RAS and offshore aquaculture be economically feasible for rainbow 

trout production in Finland?  
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3 Methods 

To achieve the aims and address the research questions, the research was divided into three 

separate phases.  

3.1 Phase 1 - Literature review 

The first phase of the study was a comprehensive literature analysis regarding RAS with special 

emphasis on the risks, challenges and economics. The literature analysis was narrowed down 

to include peer-reviewed articles, national reports and grey literature regarding salmonid 

cultivation in RAS. The main databases for finding key literature were: Scopus, ScienceDirect 

and Google Scholar. Specific emphasis was given to the reports and research done by the 

Natural Resources Institute Finland (Luke) and other Finnish research institutes to identify the 

processes and special features effecting the net pen and land-based aquaculture in Finland.  

Furthermore, a literature analysis was made to provide a holistic overview of a RAS system 

and its key variables. The gathered information was then used to construct a growth model for 

rainbow trout in RAS, which was utilized in the feasibility phase of this thesis.  

3.2 Phase 2 – Informal interviews 

In the second phase, Finnish aquaculture experts were interviewed to identify the major 

challenges and risk when combining net pen and land-based aquaculture. The Natural Research 

Institute of Finland (Luke) has a substantial network of aquaculture experts, farmers and other 

stakeholders. The sampling frame for the aquaculture expert interviews was drawn from this 

Luke-network. The interviews were informal with no pre-established questions.  

A total of 11 aquaculture experts working as researchers, consultants, RAS farmers or in 

educational institute, were interviewed. The interviews were conducted in 8 separate sessions, 

from which 7 had only one interviewee and one session had 4 interviewees.  

Each interviewee was asked to sign an informed consent form before the interview. The 

informed consent form provided information regarding the use and analysis of data gathered 

from the interviews, confidentiality and the voluntary nature of the study. The interviews were 

audiotaped with permission from the research participants. After the interview, each of the 
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recordings were transcribed and coded by the Author. The coding was done by first open coding 

the data into a large number of codes and then grouping these codes under larger categories to 

identify themes.  

The interviewees provided insight about the potential risks and main challenges, logistical and 

economic issues and possible production bottlenecks when combining open net pen and land-

based aquaculture. In addition, they identified current knowledge gaps and areas of further 

research.  

3.3 Phase 3 - Economic feasibility analysis 

Based on the information gathered in previous phases the requirements for the hatchery and the 

RAS facility were conceptualized. With these requirements, a production plan was made for 

combined land-based and offshore open net pen aquaculture production using Excel. The main 

goal of the production plan was to combine a new hatchery and post-smolt RAS facility with 

an existing offshore salmon trout facility. The feasibility of the production was determined by 

comparing the end-cost of head-on gutted rainbow trout produced in an offshore site using: 

• Purchased post-smolt as seed material; 

• Post-smolt, reared in self-owned RAS facility producing only post-smolt for the 

offshore site; and 

• Post-smolt, reared in self-owned RAS facility producing post-smolt for the offshore site 

and large food fish for sale. 

The feasibility analysis was done using the Excel spreadsheet Simplified profitability analysis 

model for fish farming by Kankainen (2014). Operating and capital expenses of the concept-

level post-smolt RAS facility were determined with the help of aquaculture expert Mr. Rami 

Salminen, who is the founder and former CEO of Sybimar Oy, the third largest RAS facility in 

Finland.  

Together, the information from the three research phases will provide a holistic view on the 

feasibility, challenges and risks associated with combined land- and marine-based aquaculture 

in subarctic regions. This study also provides possible mitigation measures and identifies 

further research areas associated to the combined land- and marine-based aquaculture.   
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4 Recirculating Aquaculture System  

4.1 Overview of RAS 

A recirculating aquaculture system or a RAS is essentially a technology for farming aquatic 

organisms by reusing water in the production system (Bregnballe, 2015). From the aquatic 

organisms, it is most commonly used in fish farming. RAS is normally defined as a system, 

which daily input of new water is less than 10 % of the total system volume (Badiola et al., 

2012; Ebeling et al., 1995; Ebeling & Timmons 2012; Timmons et al., 2018). New water is 

required to the system to dilute built-up waste products and to replace water lost to evaporation 

and from flushing concentrated biosolids (Summerfelt & Vinci, 2008). The reused water is 

continuously monitored and treated to remove waste products excreted by the fish. 

Additionally, water oxygen level, lighting and water temperature are adjusted for optimal 

conditions for fish culture (Bregnballe, 2015; Ebeling & Timmons, 2012).  

A recirculating system normally consists of fish tanks, pumps, mechanical filter, biofilter, a 

degasser/aerator, oxygen enricher and a disinfecting unit (UV- or ozone disinfecting unit) 

(Bregnballe, 2015; Ebeling & Timmons, 2012). Other devices such as automatic pH regulation, 

water retention tank, heat exchanger, denitrification unit, protein skimmers or automatic feeders 

can be added depending of the water quality and waste removal requirements. Water quality 

requirements are species specific. 

Recirculating aquaculture systems have several advantages compared to conventional net pen, 

flow through or pond aquaculture (Summerfelt et al., 2001): 

• Significantly smaller water use, allowing fish farming in regions where water is scarce; 

• Greater control of the cultivation conditions; 

• Easier implementation of biosecurity measures; 

• Reduced risk of pathogen introduction through the water supply; 

• Possibility to operate near the market areas;  

• Significant reduction of waste load discharge to the environment. 

As a summary, the main idea behind a RAS is to provide year-around optimal cultivation 

conditions to ensure fast growth, good feed conversion ratio (FCR) and high biosecurity. 

Furthermore, RAS enables the use of scarce water sources with significantly lower 

environmental loadings. Based on the environmental licence applications in Finland, the 

phosphorous and nitrogen reductions for RAS has been about 90 % and 60 %, respectively. 



18 

 

A RAS also has its disadvantages. Because a RAS requires a production facility/building and 

due to the technical nature of a RAS facility the capital costs are considerably higher than in 

conventional aquaculture. A RAS also requires energy and heat, added oxygen and some water 

treatment chemicals, which increase the operating expenses (Summerfelt & Vince, 2008; 

Timmons et al., 2019). Due to the heavy initial costs and higher operating costs, the cost of 

producing fish in a recirculating system has had difficulties competing against less costly 

traditional aquaculture methods (Summerfelt & Vince, 2008). More about the challenges of a 

RAS will be discussed in Chapter 5. 

Recirculating systems are normally named according to the degree of recirculation in the 

system. This can be expressed by the consumption of new water per kilogram of fish produced 

per year. In a net cage or a flow through system, good water quality is ensured by constant 

movement of new water flowing through the system. Depending of the degree of reuse, 

aquaculture farms can be divided into several categories (Table 4.1). The less new water the 

system uses, the more water treatment processes are required. More about the water quality 

parameters in Section 4.2. 

Table 4.1 Types of aquaculture farms according to water usage. Recreated after Heldbo (2014) 

and Vielma in Vehviläinen (2017). 

Type of farm 
Litre of new water 

per kg fish produced 

Restrictive 

parameter 
Water treatment 

Flow through 50,000 (oxygen) None 

Reuse 10,000-25,000 

oxygen 

+ carbon dioxide 

+ particulate matter 

+ aeration 

+ degassing of CO2 

+ mechanical filtration 

Danish model 

farm 
5,000-10,000 

+ ammonia 

+ pH 

+ nitrification 

+ pH control 

Moderate RAS 400-1,000 
+ pathogens 

+ temperature 

+ disinfection (UV, O3) 

+ temperature control 

Intensive RAS 50-400 

+ nitrate 

+ phosphor 

+ brownish colour 

+ denitrification 

+ sludge thickening 

+ protein skimming 

It shall be stated, that recirculating systems do not only contain fish. The water treatment 

processes depend upon a population of bacteria inside the system. These bacteria consume 

oxygen and produce waste, just as the fish, and their wellbeing and metabolism is vital to the 

success of the recirculating system (Badiola et al., 2012). 
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4.2 Water source 

A good water source is fundamental for any aquaculture operation and recirculating systems 

are no different. Without an adequate water supply of high quality, a recirculation system 

cannot operate, let alone expand. According to Timmons et al. (2018) a good ‘rule of thumb’ is 

that the water source should at least provide a 100 % water exchange of the total system volume 

per day. Even at a minimum, water is required to routinely fill the production tanks within a 

reasonable time, provide for flushing of tanks, filter backwashing and facility wash down and 

clean up.  

There are several different water sources for a recirculating system. These include municipal 

water and different types of raw water supplies, such as groundwater, bottom water or surface 

water. Surface waters are generally avoided because of quality issues caused by pollutants, fish 

eggs, insect larva, pathogens and seasonal variation in water quality and temperature (Timmons 

et al., 2018). In Finland, RAS facilities mainly use fresh bottom water or groundwater, which 

(depending of the location) normally have high quality, sufficient quantity and good reliability.  

Groundwater have typically low seasonal temperature variation. However, the chemistry 

depends directly on the geology of the surrounding area, which can cause the groundwater to 

be hard or soft, with high or low dissolved minerals and inorganic carbon (Lekang, 2007; 

Timmons et al. 2018). The chemistry of the water source has to be taken into account when 

designing the water treatment of the system. The major disadvantage with groundwater is that 

it has little or no dissolved oxygen and can have high concentrations of dissolved toxic gasses 

such as hydrogen sulphide (H2S), methane (CH4) and carbon dioxide (CO2) or dissolved iron 

(Timmons, et al., 2018). Moreover, once pumped to the surface, groundwater is often 

supersaturated with nitrogen gas, argon and CO2, and therefore must be aerated to get rid of the 

excess gases and add oxygen (Lekang, 2007; Timmons et al. 2018). 

Municipal water (i.e. drinking water) can be used as well, but it must be kept in mind that 

drinking water can contain chlorine, which is highly toxic for fish. If municipal water contains 

chlorine it must be de-chlorinated (i.e. neutralized), either chemically or by filtration (Lekang, 

2007; Timmons et al. 2018). In the end, suitable water source is chosen based on four factors: 

quality, quantity, reliability and economics. 
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4.3 Water quality parameters 

Fish are healthiest and grow fastest when the environmental conditions are within a certain 

range, specific to each particulate species (Boyd & Tucker, 2019). Since there is a minimal 

exchange of water in a recirculation system feed input, animal metabolites, uneaten feed and 

faeces production all impact upon water quality (Pirozzi et al., 2019). Although, an aquatic 

environment consists of multiple water quality variables, only a few of these parameters play 

decisive roles. These critical parameters are temperature, dissolved oxygen, ammonia, nitrite, 

CO2, pH, alkalinity and suspended solids (Espinal & Matulić, 2019; Summerfelt et al., 2001; 

Timmons et al., 2018). Each individual parameter is important, but since many of the 

parameters are interlinked with one another, it is the aggregate and interrelationship of all the 

parameters, that influence the fish (Timmons et al., 2018).   

4.3.1 Temperature 

Temperature is the most critical physical factor in a recirculating system whereas dissolved 

oxygen the single most important water quality parameter (Pattillo, 2014). Temperature affects 

the physiological processes of fish, such respiration and metabolism rate, feeding efficiency 

and assimilation, growth and behaviour (Timmons et al., 2018). Moreover, temperature impacts 

the physical and chemical properties of several water components. Increase in temperature 

decreases the amount of dissolved oxygen (DO) water can naturally hold (Timmons et al., 2018; 

Pattillo, 2014) (Table 4.2).  

Table 4.2 Dissolved oxygen (DO) consentration at saturation at various water temperature in 

760 mmHg pressure. Values were calculated with the ”Dissolved oxygen solubility tables 

software” by USGS (2018). 

Temp.  

(°C) 

DO  

(mg O2 per Litre) 

Temp.  

(°C) 

DO  

(mg O2 per Litre) 

0,0 14,62 16,0 9,87 

2,0 13,83 18,0 9,47 

4,0 13,11 20,0 9,09 

6,0 12,45 22,0 8,74 

8,0 11,84 24,0 8,42 

10,0 11,29 26,0 8,11 

12,0 10,78 28,0 7,83 

14,0 10,31 30,0 7,56 
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Additionally, temperature affects the percentage of total ammonia nitrogen (TAN) that is in 

toxic form (Ebeling & Timmons, 2012; Pattillo, 2014). Temperature also affects the ammonia 

removal, since the growth rate and activity of nitrifying bacteria is temperature dependent. It is 

difficult to say the exact relationship between nitrification rate in relation to temperature, due 

to acclimation of the bacteria to lower temperatures over time and various other factors 

affecting bacterial metabolism. Generally, however, bacterial activity increases with 

temperature, with the optimal around 30 °C (Lekang, 2007). 

4.3.2 Dissolved oxygen 

Dissolved oxygen is by far the most important water parameter, since fish cannot survive 

without oxygen. Low DO levels result in high stress in fish, which affect their growth and may 

cause the biofilter to malfunction since the bacteria inside it requires oxygen as well (Espinal 

& Matulić, 2019). Dissolve oxygen levels require constant monitoring (Timmons et al., 2018), 

since even a brief oxygen shortage can cause catastrophic losses extremely fast.  

Oxygen is mainly consumed by three organisms inside the recirculating system: fish, nitrifying 

bacteria and heterotrophic bacteria. Heterotrophic bacteria mineralize the organic matter from 

uneaten feeds, fish excreta and dead fish both on filter materials and in rearing water of a RAS 

(Sugita et al., 2005). Consumption is expressed with the term “Pi”, which represent the 

production (positive value) or consumption (negative value) of a particular parameter ‘i’. 

According to Ebeling & Timmons (2012) and Timmons et al. (2018), the oxygen consumption 

of fish, nitrifying bacteria and heterotrophic bacteria is proportionally related to the fish feeding 

rate, with the following values: 

Poxygen.fish = -0.25 kg O2 per kg feed consumed by fish  (4.1) 

Poxygen.nitrification = -0.12 kg O2 per kg feed consumed by fish (4.2) 

Poxygen.heterotrophic = -0.13 kg O2 per kg feed consumed by fish (4.3) 

Therefore, the total oxygen consumption is: 

Poxygen = -0.50 kg O2 per kg feed consumed by fish (4.4) 

One should note, that this is the minimum value of the oxygen consumption per fish feed. The 

oxygen consumption depends on several factors, for example on fish and bacterial activity and 

water temperature. Oxygen consumption term is much higher if solids management in a 

recirculating system is poor. If the solids removal is poor, the heterotrophic bacteria oxygen 
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consumption can be as much as 0.5 kg O2 per kg feed fed or even higher (Ebeling & Timmons, 

2012). A safe design value is 1.0 kg O2 per kg feed fed (Ebeling & Timmons, 2012; Timmons 

et al., 2018). 

The two main processes to add oxygen to a recirculating system are called aeration and 

oxygenation. In aeration, oxygen is dissolved into the water from the atmosphere (air has only 

~21 % oxygen) (Pirozzi et al., 2019). During aeration, air is brought to contact with water, 

either by trickling small droplets of water through air or by bubbling fine air bubbles through 

the water (Ebeling & Timmons, 2012). In each case, air is contacted with water, which increases 

the dissolved oxygen level and to some extent brings dissolved nitrogen and CO2 levels closer 

to equilibrium (Ebeling & Timmons, 2012; Summerfelt et al., 2001). Several types of aeration 

devices are used, such as non-pressurized packed columns, air diffusers and surface agitators 

(Losordo, 2014). Wrong aeration conditions, for example air injected into water under high 

pressure, can cause supersaturation of dissolved nitrogen in the water (Pattillo, 2014), which 

can cause gas bubble disease in fish (Lekang, 2007). 

In the oxygenation process, pure oxygen is transferred to water and it is used when oxygen 

consumption is greater than the capacity to transfer oxygen with aeration (Ebeling & Timmons, 

2012; Pirozzi et al., 2019). With pure oxygen, the water can be supersaturated with oxygen, 

meaning that the water contains more O2 than what the water can take up under normal 

atmospheric pressure (Lekang, 2007). Whereas nitrogen supersaturation levels as low as 102 

% can cause bubble disease in fish (Pattillo, 2014), “DO concentrations would have to approach 

300 % of air saturation concentrations to create gas bubble trauma” (Boyd and Watten, as cited 

in Summerfelt et al., 2001, p. 312). Therefore, supersaturation of DO is not that critical, and 

supersaturation (up to 180 %) can actually accelerate the growth rate of juvenile rainbow trout 

(Dabrowski et al., 2004). Devices for oxygenation include, down-flow bubble contactor (also 

known as oxygen cone), pressurized packed-column and low-head oxygenator. A properly 

designed oxygenator can have an oxygen transfer efficiency more than 90 %. Most applications 

use either liquid oxygen or an oxygen generator. (Losordo, 2014). 
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4.3.3 Nitrogenous compounds 

Nitrogen is an essential nutrient for all living organisms, and it is found for example in proteins 

and nucleic acids. “The fish create and expel various nitrogenous waste products through gill 

diffusion, gill cation exchange, urine and faeces excretion” (Timmons et al., 2018, p. 38). In 

addition, some nitrogenous wastes are accumulated from organic debris of dead and dying 

organisms, uneaten feed and from nitrogen gas from the atmosphere. The decomposition of the 

nitrogenous compounds is very important in a recirculating system because of the toxicity of 

ammonia, nitrite and to some extent nitrate, which are all highly soluble in water (Ebeling & 

Timmons, 2012; Timmons et al., 2018).  

Nitrogen occurs in water in several forms such as molecular nitrogen (N2), un-ionized ammonia 

(NH3 or NH3-N), ammonium ion (NH4
+ or NH4

+-N), nitrite (NO2
-), nitrate (NO3

-) and organic 

nitrogen, which can be both in dissolved and particulate form (Boyd & Tucker., 2019). The 

sum of un-ionized ammonia and ionized ammonium is called Total Ammonia Nitrogen (TAN) 

or simply ammonia (Timmons et al., 2018) (Equation 4.5) and the daily rate TAN is produced 

is affected by the protein content ‘PC’ of the feed and daily feeding level ‘F’ (Ebeling & 

Timmons, 2012) (Eq. 4.6): 

TAN = NH4+-N + NH3-N (4.5) 

PTAN = F x PC x 0.092  (4.6) 

Toxic levels of ammonia and nitrite can build up in a recirculating system. Un-ionized ammonia 

is the most toxic form of ammonia and there is an equilibrium between the concentration of 

toxic ammonia (NH3) and less toxic ammonium (NH4
+) (Timmons et al., 2018; Boyd & Tucker, 

2019; Pirozzi et al., 2019): 

NH3 + H+ ⇌ NH4+   (4.7) 

The relative concertation of the two forms of ammonia is primarily a function of pH, 

temperature and salinity. Increase in pH or temperature, causes an increase in proportion of un-

ionized ammonia (Table 4.3), whereas increase in salinity causes a decrease in proportion of 

un-ionized ammonia (Boyd & Tucker, 2019; Timmons et al., 2018).  
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Table 4.3 Decimal fractions of total ammonia‐nitrogen existing as un-ionized ammonia (NH3) 

at various pH values and water temperatures in TDS concentration of 0 mg/L. Values were 

calculated with the ”Ammonia Calculator (Freshwater)” by the AFS Fish Culture Section 

(n.d.). Adapted from Boyd & Tucker (2019). 

  Temperature (°C) 

pH 0 5 10 15 20 25 

6,0 0,000 0,000 0,000 0,000 0,000 0,001 

6,5 0,000 0,000 0,001 0,001 0,001 0,002 

7,0 0,001 0,001 0,002 0,003 0,004 0,006 

7,5 0,003 0,004 0,006 0,009 0,012 0,018 

8,0 0,008 0,012 0,018 0,027 0,038 0,054 

8,5 0,025 0,038 0,055 0,079 0,111 0,152 

9,0 0,076 0,111 0,157 0,214 0,284 0,362 

9,5 0,207 0,283 0,370 0,463 0,556 0,642 

10,0 0,452 0,555 0,650 0,732 0,798 0,850 

10,5 0,723 0,797 0,854 0,896 0,926 0,947 

11,0 0,892 0,926 0,949 0,965 0,975 0,983 

pH has the greatest effect on the proportions of the two forms of ammonia. The toxic ammonia 

(NH3) is nearly absent at pH below 7.0 but rises fast as pH increases (Figure 4.1).  

 
Figure 4.1 The equilibrium between the concentrations of un-ionized ammonia (NH3) and 

ammonium (NH4
+) at 15 °C with a TDS concentration of 0 mg/L. 

The level of un-ionized ammonia a fish can tolerate is species specific. As a rule of thumb, the 

total ammonia nitrogen concentration should be kept below 1 mg/L for salmonid species and 
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un-ionized ammonia concentration below 0.0125 mg/L (Timmons et al., 2018). In trout, 

elevated concentration of un-ionized ammonia (>0.0125 mg/L) can cause damage to gills, 

kidneys, liver, reduce growth rate and increase risk of infectious diseases (Pattillo, 2014). If 

untreated, ammonia will build up in the system and eventually kill the fish. Therefore, ammonia 

is oxidised to nitrite (𝑁𝑂2
−) and further into nitrate (𝑁𝑂3

−) by nitrifying bacteria (Nitrosomonas 

for un-ionized ammonia to nitrite and Nitrobacter for nitrite to nitrate) in a biofilter in a two-

step process (Boyd & Tucker, 2019; Timmons et al., 2018; Wetzel, 2001): 

Un-ionized ammonia to nitrite by Nitrosomonas: 

𝑁𝐻4
+ + 1.5 𝑂2 →   𝑁𝑂2

− + 2 𝐻+ + 𝐻2𝑂 (4.8) 

Nitrite to nitrate by Nitrobacter: 

𝑁𝑂2
− + 0.5 𝑂2 →   𝑁𝑂3

− (4.9) 

Overall nitrification: 

𝑁𝐻4
+ + 2 𝑂2 →   𝑁𝑂3

− + 2 𝐻+ + 𝐻2𝑂 (4.10) 

Nitrate is relatively nontoxic to freshwater fish and even high concentration of nitrate are not 

extremely adverse to RAS water quality (Ebeling & Timmons, 2012; Timmons et al., 2018). 

According to Timmons et al. (2018) nitrate concentration should be kept under 75 mg/L for 

trout or salmonid species. If the degree of reuse is very high (i.e. amount of new water per kg 

fish produced is very low) nitrate can build up in the system. Therefore, either more new water 

is required into the system to dilute the high nitrate concentration or a denitrification reactor 

has to be added, in order to convert nitrate into nitrogen gas (N2) through the denitrification 

process. If the biofilter is not functioning properly or the biofilm in the biofilter is not fully 

established, toxic nitrite can accumulate in the system. To suppress nitrite toxicity, sodium 

chloride can be added to the recirculating water (Summerfelt et al., 2001). Timmons et al. 

(2018) recommend a chloride concentration of >200 mg/L for trout and salmonid species.  

“Denitrification by bacteria is the biochemical reduction of oxidized nitrogen anions, NO3
--N 

and NO2
--N, with concomitant oxidation of organic matter” (Wetzel, 2001, p. 217). Under 

anoxic conditions, nitrate can be reduced to nitrogen gas, resulting in complete removal of 

nitrogen from the system (Ebeling & Timmons, 2012). The simplified sequence of the 

denitrification process is (Wetzel, 2001):  
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𝑁𝑂3
− → 𝑁𝑂2

− → 𝑁2𝑂 → 𝑁2  (4.11) 

Methanol is a common carbon source in a denitrification reactor. When using methanol as the 

carbon source in the denitrification process, the nitrate conversion to nitrogen gas can be written 

as (Boyd & Tucker, 2019):  

6 𝑁𝑂3
− + 5 𝐶𝐻3𝑂𝐻 → 5 𝐶𝑂2 + 3 𝑁2 + 7 𝐻2𝑂 + 6 𝑂𝐻− (4.12) 

Biological treatment processes take place in biofilters (also bioreactors) which are specifically 

design for either nitrification or denitrification. Some typical biofilters are for example trickling 

tower biofilter, rotating biological contractors (RBC), fluid sand filter and moving bed biofilm 

reactor (MBBR). In general, a bioreactor works as a unit for bacterial growth. The bioreactor 

has some sort of biomedia (also media), with a large surface area to volume ratio on which 

bacteria can grow. Regardless of the biofilter type, the efficiency of the biological treatment 

depends on the specific surface area (SSA) of the biomedia and the contact time of wastewater 

(Pirozzi et al., 2019).  

Finally, one should notice that both nitrification and denitrification causes changes in pH. 

Nitrification produces H+ and causes pH to decrease, whereas denitrification produces OH- and 

causes the pH to increase (Boyd & Tucker, 2019).  

4.3.4 pH 

The pH value expresses how acidic or basic a solution is on a scale from 0 to 14, with pH of 

7.0 corresponding to neutral point. Values below 7.0 are acidic and above 7.0 are basic/alkaline. 

The pH value equals the negative logarithm of the H+ ion concentration.  

The optimum pH for the growth and health of fish is in the range of 6.5-9.0 (Lekang, 2007; 

Timmons et al., 2018). Too acidic water can cause damage to the gills, skin and eyes, whereas 

too alkaline water can cause problems with osmoregulation (Lekang, 2007). Because, pH is 

defined on a logarithm scale, one-unit change represents a tenfold change in water acidity or 

alkalinity. To minimize stress on fish, changes in pH should happen slowly.  

pH controls a variety of solubility and toxicity of compounds and equilibria reactions and it is 

this interlink between pH and other water quality parameters that makes it important to manage. 

The most treacherous characteristics of pH is its relationship between un-ionized and ionized 
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ammonia and nitrite, because a change in pH can rapidly alter water quality toxic even if the 

amount of total ammonia nitrogen does not change within the system (Timmons et al., 2018). 

4.3.5 Alkalinity and hardness 

Alkalinity and hardness both are commonly defined in terms of mg/L CaCO3, but they describe 

different water characteristics. Alkalinity describes the pH-buffering capacity or the acid-

neutralizing capacity of water (Lekang, 2007; Timmons et al., 2018; Wedemeyer, 2000). In 

other words, alkalinity is the water's capacity to resist changes in pH. “Alkalinity provides a 

buffer against (the) wide fluctuations in water pH that would otherwise occur due to the daily 

cycle of CO2” (Wedemeyer, 2000, p. 25). Low alkalinity water is very sensitive to changes in 

pH, whereas higher alkalinity water can maintain a more stable pH value. 

Alkalinity concentrations are directly linked to required pH value and CO2 concentrations. 

Because, stocking densities and hydraulic retention time increase in a recirculating system, 

monitoring and adjustment of alkalinity and CO2 levels is required, to maintain optimum pH 

for the cultivated fish and the bacteria in the biofilter (Timmons et al., 2018). Alkalinity can be 

adjusted by adding for example sodium carbonate (Na2CO3), commonly known as baking soda, 

which will rapidly dissolve into the water and altering the alkalinity. 

Hardness, however, is primarily a measure of the sum of calcium (Ca+) and magnesium (Mg2+) 

in the water (Lekang, 2007; Timmons et al., 2018; Wedemeyer, 2000). Other minerals, such as 

manganese (Mn2+), iron (Fe2+), sodium (Na+) and potassium (K+) also impact hardness, but 

normally are not as important (Lekang, 2007; Timmons et al., 2018). Low hardness and low 

alkalinity water can cause problems, especially in the early development stages of fish. 

Therefore, water must be “hardened” by adding dissolved calcium to support egg development 

and the calcification of larval skeletal structure. Furthermore, Ca+ and Mg2+ decreases the 

toxicity of dissolved metals (Timmons et al., 2018). 

4.3.6 Carbon dioxide, bicarbonate and carbonate 

Carbon dioxide (CO2) is produced by fish and bacterial respiration and it is highly soluble in 

water. Groundwater, which is a common source of new water for a recirculating system, can 

have high levels of dissolved CO2, and must be properly managed (Ebeling & Timmons, 2012; 

Summerfelt, 2000; Timmons et al., 2018). Carbon dioxide differs from the water solubility of 
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oxygen and nitrogen. CO2 concentration in water is determined not only by a gas-liquid 

equilibrium relationship, but also by a series of acid-base reactions (Timmons et al., 2018).  

According to Boyd & Tucker (2019), depending of the pH, the inorganic carbon is present in 

water in carbon dioxide (CO2), bicarbonate (HCO3
-) or carbonate. Bicarbonate does not occur 

at pH less than 4.5, and only CO2 is present. At pH values 4.5-8.3, water contains both CO2 and 

HCO3
- and their proportion establish the pH. CO2 concentration is negligible at pH >8.3 and 

the equilibrium is formed between HCO3
- and CO3

2- (Figure 4.2). 

 

Figure 4.2 Mole fraction of dissolved inorganic carbon present as dissolved CO2, HCO3
- and 

CO3
2- at different pH values (Boyd & Tucker, 2019). 

CO2 production by both fish and bacteria is proportional to their oxygen consumption. The 

carbon dioxide production can be expressed by the following equation (Timmons et al., 2018): 

PCO2  = 1.375 grams produced for each gram O2 consumed (4.13) 

Elevated CO2 concentrations in rearing water reduce fish respiration efficiency and affect the 

fish by elevating their blood carbon dioxide level making the blood more acidic. This decreases 

the ability of haemoglobin to transport oxygen and can also decrease the maximum oxygen 

binding capacity of blood (Summerfelt, 2000; Timmons et al., 2018). If CO2 is not managed, it 

will build-up in the system affecting other parameters such as pH and alkalinity. This will then 

also affect the dissolved nitrogenous compounds and biofiltration. To avoid build-up, aeration 

units are installed to strip carbon dioxide. For salmonid species, maximum carbon dioxide 

concentration should be limited to 20 mg/L (Summerfelt, 2000; Summerfelt et al., 2001; 

Timmons et al., 2018). 
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4.3.7 Waste matter - solids and dissolved 

In RAS, waste solids (also biosolids) originate from uneaten feed and the feed fines, fish faeces 

and biofilm cell mass. According to Summerfelt (2018) and Timmons et al. (2018) fish produce 

250-300 grams of total suspended solids (TSS) for every 1 kilogram of feed fed. Therefore, a 

rough estimate of TSS production can be expressed as: 

PTSS  = 0.25 x feed fed (4.14) 

Solid control is perhaps the single most critical process in a RAS, since waste solids influence 

the efficiency of all other unit processes (Badiola et al, 2012; Summerfelt et al., 2001; 

Summerfelt & Vinci, 2008; Summerfelt, 2018; Timmons et al., 2018). Additionally, TSS’s are 

the major source of carbonaceous oxygen demand (COD) and nutrients, not forgetting their role 

in hosting pathogens and irritating fish gills (Timmons et al., 2018). Solids need to be removed 

from the fish tank as soon as possible, while keeping turbulence to minimum, since this reduces 

the removal efficiency (Ebeling & Timmons, 2012; Summerfelt, 2018; Timmons et al., 2018). 

Solid wastes are generally classified as settleable, suspended and fine or dissolved solids, 

depending on their characteristics. Settleable solids, settle out in the system, whereas suspended 

solids do not (Timmons et al., 2018). Particles can also be classified according to their size: 

dissolved (<0.001 µm), colloidal (0.001-1 µm), supra-colloidal (1-100 µm) and settleable (>100 

µm) (Lekang, 2007; Summerfelt, 2018). The smaller the particle size gets the harder the 

removal becomes. 

Suspended solids are removed by three primary methods: gravity separation, filtration and 

flotation. The largest particles, such as uneaten feed and fish faeces settle to the bottom of the 

fish tank, and if the tank is design properly, the flow in the fish tank creates a “tea-cup effect” 

and it function as a “swirl settler”. With this technique, settleable particles can be managed 

through a bottom-centre drain (Summerfelt et al., 2001). The most widely applied technology 

for capturing and removing solids is with microscreen filtration process (Summerfelt & Vince, 

2008). Microscreen filter sieve and strain solids from the water as it passes through its screen. 

The typical screen opening for a microscreen filter is 40-100 µm (Summerfelt, 2018). Other 

types of mechanical filters commonly used are granular media filters (e.g. bead or sand filters) 

and air flotation systems (Summerfelt & Vinci, 2008; Summerfelt, 2018). The extremely fine 

organic particles are removed with foam fraction (e.g. protein skimmer) and ozone. In the 

floatation process, small bubbles are formed for the solids to attach to. In the flotation process, 
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the solids attach to extremely fine bubbles, which float to the surface, where they are removed 

(Summerfelt et al., 2001). 

The sludge in the backwash water from the microscreen filter is nowadays often thickened in a 

Belt Filter System before the backwash water is discharged from the RAS facility. A 

coagulation aid is added to dewater sludge for easier transport, storage and disposal. Also, the 

sludge thickening is an efficient way in capturing phosphorous (Timmons et al., 2018). 

4.3.8 Target water quality parameters 

As seen from the previous section, water quality parameters affect one another and therefore, 

exact values are hard to define for different fish species. Timmons et al. (2018) have listed some 

target water quality parameter values for trout and salmonid species: 

Table 4.4 Target water quality parameters for trout and salmonid species in RAS. Adapted 

from Timmons et al. (2018). 

Parameter Target value 

Temperature, ⁰C 10-18 

Oxygen, mg/L 6-8 

CO2, mg/L 15-20 

TSS, mg/L 10-15 

TAN, mg/L <1 

NH3-N, mg/L <0.0125 

Nitrite-N, mg/L <0.1 

Nitrate-N, mg/L <75 

Chloride, mg/L >200 

4.4 Stocking density 

Stocking density represents the total weight of cultivated animals per water volume of the 

rearing tank. The unit is in kilograms of fish per cubic meter of water (kg/m3). Stocking 

densities differ between species and size of the fish.  

In Finland, the open net pens for rainbow have typically a stocking density of 10-15 kg/m3, and 

if water currents and environmental conditions are very good, the stocking density can reach 

up to 20-30 kg/m3 by the end of the season. Flow through systems have typically a stocking 
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density of 25 kg/m3 (Partanen, 1988). Because water parameters can be monitored and 

optimized in RAS, the stocking densities can be increased. North et al. (2006), Davidson et al. 

(2014a) and Crouse et al. (2018) have shown that rainbow trout can be cultivated in a RAS with 

high stocking densities of 80 kg/m3. Timmons et al. (2018) suggest that stocking density is a 

function of fish length and species: 

 𝐷𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 
𝐿

𝐶𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 ,  where: (4.15) 

 𝐷𝑑𝑒𝑛𝑠𝑖𝑡𝑦  is the stocking density in kg/m3 

  𝐿 is the length of the fish in cm 

  𝐶𝑑𝑒𝑛𝑠𝑖𝑡𝑦 is a species specific conversion factor, which is 0.32 for trout. 

Equation 4.15 was developed based upon experience with brook trout. There can be tendency 

to over-stock smaller fish and since the equation does not have any upper limit, the stocking 

density is over excessive for larger fish (Timmons et al., 2018). When the stocking density is 

too high there, possibility of fin erosion increases (North et al., 2006; Timmons et al., 2018). 

Other problems that may occur with higher stocking densities are slower growth, increased feed 

conversion ratio (FCR), higher cortisol levels (stress indicator), elevated CO2 concentrations 

and reduced overall water quality, higher risk of fish loss or mortality due to shorter response 

time in an emergency event, such as equipment failure (Badiola et al., 2012; Calabrese et al., 

2017; Ebeling & Timmons, 2012; Timmons et al., 2018). As stocking densities increase, the 

need for continuous monitoring and control of the water parameters becomes more essential to 

prevent catastrophic fish losses (Ebeling & Timmons, 2012). 

4.5 Feed management 

Water quality, mainly dissolved oxygen and water temperature, fish size and species all affect 

the type of feed and feeding practices (Goddard, 1996). In a RAS, temperature can be 

maintained at a preferable temperature range at which their metabolism, feeding and growth 

are optimal. Because feed represents the largest single variable cost in aquaculture, efficient 

use of feed is fundamental not only to minimize waste but to maximize profitability. Therefore, 

feeding should be optimized to balance maximum growth and maximum feed efficiency 

(Summerfelt & Vinci, 2008). In RAS, good feed efficiency is also important because uneaten 
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feed pellets place an additional load on waste solids removal, and poor efficiency will decrease 

water quality (Summerfelt et al., 1995).  

Good feed management requires, in addition to good cultivation condition, also constant 

monitoring of the feed utilization by observing feeding behaviour and the amount of collected 

uneaten feed pellets (Summerfelt et al., 1995; Summerfelt & Vinci, 2008). With good feed 

management the amount of uneaten feed is minimized and a good feed conversion ratio (FCR) 

is achieved. Feed conversion ratio represents the amount of feed that is required for fish weight 

gain. Typically, FCR is expressed as the amount of feed per one kilogram of fish weight gain 

(Summerfelt et al., 2018): 

𝐹𝐶𝑅  =   
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑓𝑒𝑑 (𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛 (𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
  (4.16) 

In aquaculture, FCR can be below 1.0, because the feed has very little water, whereas a large 

portion of fish weight is water weight (approximately 75-80 %) (Summerfelt et al., 2018). 

Nowadays, feed manufacturers provide feeding tables to help farmers with correct feeding 

rates. Normally, the values in the feeding tables are given as amount of feed as percent body 

weight, and the values vary between species, cultivation methods, preferred growth rate, fish 

size and water temperature.  

4.6 Fish health 

Because water is reused multiple times in a recirculating system and the stocking densities are 

very high, bacterial and viral disease outbreaks can cause high mortality and heavy production 

losses in a RAS facility (Summerfelt et al., 2018). Therefore, good biosecurity and well-

functioning water disinfection units are required. Pathogens can enter the recirculating system 

via biological (with roe and fish) or physical (with water source) vector (Lillehaug et al., 2019). 

Pathogens may also be introduced by neglecting biosecurity measures, for example not taking 

into account the human risk, i.e. possible pathogens spreading via shoes, hands or arms of 

personnel or visitor. A well manage RAS facility will have a biosecurity program to minimize 

the possibility of pathogen exposure (Yanong, 2012). 

Once introduced, the pathogens will recirculate with the water. Hence, pathogens may become 

established within biofilms or organic material in areas, which are very difficult to clean or 
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disinfect, without negatively affecting for example the biofilter (Lillehaug et al., 2019). 

Groundwater is normally free of any pathogens, but surface water may be contaminated by 

waterborne pathogens or micro-organisms, such as parasites or insects (Pattillo, 2014; 

Summerfelt et al., 2018). If surface waters are used or the influent water requires disinfection 

for some other reason, the water should be filtered through a 20 µm screen or with a sand filter 

followed by UV or ozone treatment (Bregnballe, 2015; Pattillo, 2014). 

The circulating water (or a side stream of the circulation) in a RAS is typically disinfected with 

UV or ozone (or both) to avoid build-up of pathogenic organisms in the water (Lekang, 2007; 

Pirozzi et al., 2019; Tidwell, 2012). In the UV-units, water is exposed to ultraviolet radiation, 

which kills micro-organisms in the water. The disinfection efficiency of a UV-unit depends of 

the UV-dose it emits and the pathogenic organisms within the water. A well-functioning UV-

unit can reduce the viable count of pathogens by 99.9 % or even more (Timmons et al., 2018). 

The main advantage of UV irradiation is the absence of toxic residuals and that it does not form 

by-products that pose risk to fish (Summerfelt et al., 2001; Timmons et al., 2018). Turbidity 

can be a problem when using UV irradiation, since particles in the water can block the UV-

light from reaching the micro-organisms (Lekang, 2007; Timmons et al., 2018).  

Ozone (O3) treatment is an effective way of destroying unwanted organisms because it is an 

extremely reactive oxidant and a very effective bactericide and virucide (Bregnballe, 2015; 

Timmons et al., 2018). In addition, ozone can be used to improve water quality by 

microflocculating fine particles (Timmons et al., 2018), which removes brown coloration of the 

water that otherwise builds up in very high degree reuse systems (Lekang, 2007). When 

designing ozonation units, one needs to keep in mind, that ozone is highly toxic for fish and 

humans. Therefore, any residual ozone must be removed before sending the disinfected water 

to the fish tank with an adequate retention time or additional ozone removal processes (e.g. 

aeration of the retention tank). Long enough retention time will ensure that most of the ozone 

has reacted and destroyed the micro-organisms in the water and most of the residual ozone is 

removed or turned into oxygen gas (O2) (Lekang, 2007; Timmons et al., 2018). Other 

considerations are that ozone is an extremely corrosive agent, and special attention is required 

when selecting materials coming in contact with ozone. Additionally, correct dosing together 

with water and air ozone level monitoring and good air ventilation in areas where ozone is 

produced and added is crucial to ensure safe working environment also for the employees 

(Bregnballe, 2015; Lekang, 2007; Timmons et al., 2018). 
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Perhaps the most important measures, however, to prevent fish diseases to enter a RAS facility 

is to only use fish ova or juvenile fish from certified disease-free suppliers. Moreover, the ova 

or fish should be sterilized before going into the system. Disinfection of ova does not eliminate 

all diseases, because some pathogens live inside the egg, such as IPN (Infectious Pancreas 

Necrosis) or BKD (Bacterial Kidney Disease) (Bregnballe, 2015; Rahkonen et al., 2012). 

The final consideration regarding RAS cultured fish, is that the fish can acquire an “earthy” or 

“muddy” off-flavour due to bioaccumulation of the compounds geosmin and 2-

methylisoborneol (MIB) in the lipid rich tissues of fish. These compounds are metabolic 

products of certain bacteria in the biosolids and microbial biofilms (Davidson et al., 2014b; 

Lindholm-Lehto & Vielma, 2019). Even though these compounds are non-toxic for humans or 

fish at concentrations that may occur in the recirculating water, the unpleasant off-flavour can 

lead to consumer dissatisfaction (Lindholm-Lehto & Vielma, 2019). Therefore, the off-flavours 

needs to be removed in a process called depuration. Typically, the slaughter ready fish are 

transferred from RAS to separate depuration tanks, where good quality fresh water flushes the 

tanks and purge the unpalatable flavours from the fish. Purging can last up to 15 days, 

depending on the species and the size of the fish, during which fish is normally not fed 

(Davidson et al., 2014b; Lindholm-Lehto & Vielma, 2019).  

Depuration is not required in RAS post-smolt production, because the fish is purged during the 

marine growth season. However, if edible fish is produced in a RAS, it is important to ensure 

that the facility has sufficient volume of good quality water for purging.  
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5 Post-smolt production and the challenges 
of RAS – Literature review 

5.1 Post-smolt production 

The idea of integrating RAS and open net pen aquaculture has been put into action during the 

past few years. In world’s leading salmon producer Norway, roughly 95 % of smolt facilities 

were flow through systems in 2012. Since then, Norway has invested heavily on new RAS 

facilities and the share of smolt facilities using RAS technology has increased to about 20-30 

% (DNB Markets, 2017; Iversen et al., 2018). In Norway, it has not just been about 

implementing new technology for smolt production but also about increasing the smolt size 

before sea delivery. 

In mid-1980s the average size of a salmonid smolt, when transferred to sea, was about 30-50 g, 

and by 2000 it had reached an average weight of 80-125 g (Bergheim & Brinker, 2003). In 2018 

the average salmon smolt was about 135 g before sea delivery (Figure 5.1).  

 

Figure 5.1 Average smolt weight at stocking in Norway in 2000-2018. Value for 2018 is an 

estimate. Modified from Iversen et al., 2018. 

Currently, a growing number of Norwegian salmon producers are using larger smolt with an 

extended land phase. This so called post-smolt is held in closed surroundings in the smolt 

facilities until they reach a weight of 250 g or more (Sandvold et al., 2019). When in 2016, the 

proportion of smolt exceeding 250 grams at the time of release was about 3-4%, it had risen to 

about 10% in 2018 (Iversen et al., 2018). One reason for the increase is that previously, the 
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maximum smolt size in smolt facilities was restricted to 250 g, but since 2012 farmers using 

closed land-based systems have been granted exceptions to extend the juvenile phase till the 

fish reaches a size of up to 1 kg (Sandvold et al., 2019).  

There are several benefits of using post-smolt as seed for the open net pens. First of all, the 

post-smolt are more robust and better endure transportation to sea, which in return improves 

the overall survival rate during sea phase (Moe, 2019). Secondly, using larger smolt reduces 

the sea phase before slaughter, which decreases biological risks, such as exposure to sea lice, 

diseases, harmful algae blooms or accidents in sea (Bjørndal & Tusvik, 2017; Meriac, 2019; 

Moe, 2019). The reduced sea phase allows farmers to use their aquaculture permit more 

efficiently, if it is based on a maximum allowed biomass (MAB) system. If the total sea phase 

is reduced from 21 months (19 months of growth + 2 months of fallowing) to 14 months (12 

months of growth + 2 months of fallowing) by using post-smolt instead of regular smolt, a 

farmer can increase the number of production cycles from four to six in a 7 year period. This 

corresponds to a 50 % increase in total production (Bjørndal & Tusvik, 2017). 

5.2 Literature review about the challenges in RAS  

Research around recirculating aquaculture systems has increased enormously during the 21st 

century (Figure 5.2). Main emphasis of the RAS research has been around water quality, fish 

welfare and cultivation practices of different species and improved feed efficiency.  
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Figure 5.2 Publications and citations from All Databases in the Web of Science under the 

Topic "recirculating aquaculture system" (search conducted on February 27th, 2020).  

During the last few years there has been an increase in the number of RAS facilities and 

moreover the size of the farms (DNB Markets, 2017; Espinal & Matulić, 2019; Iversen et al., 

2018). Operators have gained more knowledge through practice, but even with the increasing 

research and experience, recirculating systems are still in a developing stage and have struggled 

with economic feasibility on a commercial scale. Because RAS are technology-dependent 

operations requiring high initial capital, up-scaling reduces the capital cost per produced fish 

kilo, which leads to better profitability and larger RAS facilities.  

During the past few years, RAS facilities with thousands of tons worth of annual production 

capacities have been constructed (or are under construction). Larger scale in commercial 

operation leads to better profitability if everything goes as planned but also means heavier 

losses during system failure or disease outbreak (Espinal & Matulić, 2019). Even though 

commercial RAS farms have struggled with feasibility and various challenges, only little 

academic research has focused on the risks and challenges commercial RAS operators face. 

The aquaculture industry and media has listed numerous incidents regarding RAS, but the only 

peer-reviewed research (as far as the Author is aware of) regarding issues in RAS is an industry 

survey conducted by Badiola et al., (2012). 
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From academic literature, industry reports, media and grey literature the main issues can be 

categorized under four major topics: Economics, Human Capital, Design and Production 

(Table 5.1). 

Table 5.1 Main challenges regarding RAS identified from literature. 

Economics I Human Capital 

High initial capital and operating 

expenses1,2,3,4,5,7 
  

Lack of knowledge or  

information sharing1,2,3,4,5 

Too optimistic production predictions1,2,3,5,6   
Shortage of skilled labour1,2,3,4,5,6,7,8 

Securing financing3,5,7   

Long initial investment repayment period1,2   Inadequate education around RAS1,2,8 

Design I Production 

Difficulties perceiving the RAS facility as a 

whole1,3 
  

Lack of communication between customer 

and system or equipment supplier1,5,6,8 

Equipment failure and lack of backup 

systems1,4,5,7 
  Lack of equipment maintanence1,5,8 

High energy demand1,2,4,5,7   Poor customer support1,2 

Shortcomings in initial design1,2,5,7   Off-flavours of final product1,2,5 

Inflexibility of the system1,5   Up-scaling difficulties1,2,3,4,5 

Sources:  1Badiola et al., 2012; 2Bostock et al., 2018; 
3Bjørndal & Tusvik, 2017; 4Espinal & Matulić, 2019; 5Jeffery et al., 2011; 
6Murray et al., 2014; 7O’Shea et al., 2019; 8Summerfelt & Terjesen, 2019.  

The main challenges with RAS are primarily about the high production cost compared to 

conventional open net aquaculture. Higher costs come from heavy initial capital investments 

and higher operating expenses compared to conventional aquaculture. Higher production cost 

reflects on reduced profitability, which in return extends the repayment period of the initial 

investment. Low profitability, long repayment periods, risks associated with the practice and 

lack of investor knowledge around the developing industry all have an effect on securing 

financing for RAS operation. What also negatively affects the profitability is too optimistic 

production predictions, which lack to recognise the length of the production start-up phase or 

the growth rate of the produced fish. If the growth rate is over-optimistic, the production cycles 

will not work as initially intended. Moreover, actual production costs are still hard to predict, 

since the technology is relatively new and empirical data on the cost of production is basically 
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non-existent (Bjørndal & Tusvik, 2017). Additionally, comparison between different studies in 

the existing literature is difficult, since the context as well as the cost structure vary from study 

to study (Bjørndal & Tusvik, 2017 and practically every RAS facility is unique, using different 

system units, production methods etc. 

Together with economics, challenges regarding knowledge were the most frequently addressed 

issues. Lack of skilled labour is an issue most often recognised as a factor slowing down future 

growth. The novelty of the practice and inadequate education possibilities are the main reasons 

for labour shortage. Because of the complexity of commercial scale recirculating systems, there 

in only a very small group of experts (perhaps less than 100) worldwide with the necessary 

knowledge to design, build, maintain and operate a successful RAS project (Vinci, as cited in 

O’Shea et al., 2019). Overall, the education possibilities around RAS are very limited. In the 

Nordic countries for example, only Norway and Denmark offer any RAS master level courses 

annually (Ahonen & Pirhonen, 2018). Information sharing is also limited within the industry, 

which can be explained due to the novelty of the practice and farmers wanting to keep their 

competitive edge by withholding the most crucial information (that is maybe acquired through 

trial and error) to themselves. “While  institutional  knowledge  will  expand  as  the  commercial  

opportunity  becomes  more  attractive, the scarcity of human capital is a near-term constraint” 

(O’Shea et al., 2019, p. 95).  

Shortcomings in the initial design can be seen as one of the main challenges regarding RAS 

facilities. Typically, the people designing the RAS facilities will not be the same ones operating 

it. Badiola et al. (2012) found that farms design by the final operator were less prone to face 

difficulties during operation. Moreover, roughly 65 % of the companies surveyed by Badiola 

et al. (2012) had redesigned or rebuilt their RAS following the initial build to either expand 

production capacity or due to deficiencies in the original design. Design issues were mainly due 

to poor equipment selection or lack of emergency systems, inaccurate or too optimistic design 

calculations and lack of training to operate the system. The design of the recirculating system 

also affects the energy demand, which was identified as too high in many studies. High energy 

demand is directly linked to higher production costs. Jeffery et al. (2011) also listed the 

inflexibility of the initial design as an issue, because it prevents up-scaling or modification of 

production processes after the production starts. 



40 

 

The final main theme identified was around production. The lack of communication between 

customer and system supplier resulted in poor choices in the initial design or there was a lack 

of training how to operate the system. Maintenance was often neglected which resulted in 

equipment failure. Poor maintenance was sometimes also due to poor design that prevented 

some parts of the system to be properly cleaned or otherwise maintained (Jeffery et al., 2014). 

In many cases the production is more intensive with higher stocking densities than in the 

calculation. Therefore, water treatment equipment are undersized and water quality is 

jeopardized. Furthermore, some water treatment processes or equipment were only tested in 

pilot-scale projects and not in commercial scale with a lot higher flow rates and volumes. 

In addition to the issues mentioned above, some RAS operators producing salmon have had 

difficulties with high rates of early maturation, slower than expected growth and irregular and 

expensive smolt supply (Dinneen et al., 2016). Furthermore, large commercial salmon RAS 

farms have had difficulties reaching their production targets and have only produced between 

60-80 % of intended production (Kiuru, 2017).  

5.3 Reported problems in RAS 

In theory, recirculating aquaculture systems should provide better farming conditions a more 

secure farming environment against risks associated with environmental stressors such as high 

or low temperatures, predators, storms or algae blooms. Additionally, RAS should provide 

better biosecurity, resulting in reduced mortality (Bostock et al., 2018). Nevertheless, many fish 

mortalities associated to either disease outbreaks or water quality issues have occurred within 

the past few years (Table 5.2). It is likely that almost every new RAS has experienced a problem 

that has slowed or reduced production, but due to commercial sensitivity only a little 

documentation about the issues and failures has been published (Bostock et al., 2018). 
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Table 5.2 Examples of fish mortalities in RAS facilities. Adapted from Bostock et al. (2018). 

Company /  

Location 
Issue Source 

Unknown /  

Nova Scotia, 

Canada 

600,000 Atlantic salmon smolt had to be slaughtered, 

due to ISA (Infectious salmon anaemia), at two 

different RAS facilities. 

Woodbury, 

2018 

Marine Harvest /  

Glenmoriston, 

Scotland 

500,000 à 80 g Atlantic salmon smolt died due to 

anoxia caused by oxygen delivery system failure.  
Moore, 2018 

Marine Harvest /  

Steinsvik, 

Norway  

Acute mortality killed 734 499 Atlantic salmon smolt 

weighing 221-273 g. "Company considered that the 

incident was due to water quality problems, water 

poisoning, or acute gill inflammation triggered or 

caused by the aforementioned". 

Olsen, 2017a 

Marine Harvest /  

Nordheim, 

Norway 

Roughly 10,000 Atlantic salmon smolt died 

unexpectedly over a few days and as a result the 

remaining approx. 140,000 smolt à 230 g were decided 

to be put down and destroyed. It is uncertain what 

caused the initial mortality. 

Olsen, 2017b 

Langsand Laks 

A/S /  

Denmark 

In 2020, 227,000 fish die in the grow-out system due to 

higher than desired nitrogen levels. 

In 2017, 250 tons of fish died due to acute intoxication 

from hydrogen sulphide (H2S). “The incident was 

caused by faults in maintenance routines, as well as the 

use of inferior legacy biofiltration technology” 

(Atlantic Sapphire, 2018, p. 21). 

In 2012 and 2014 incidents regarding furunculosis 

resulted in mortalities and reduced growth. Decision to 

disinfecting the entire facility. “Furunculosis    is    

highly    suspected    to    have    entered    our    system    

through    the    intake    water” (Rohaan, 2014, p. 5). 

Mutter, 2020 

 

Atlantic 

Sapphire, 

2018; 

 

 

Rohaan, 2014 

 

 

  

Niri /  

Machrihanish, 

Scotland 

26,000 Atlantic salmon had to be slaughtered due to 

water contamination. Some chemicals got into the 

water supply, during the repair of the main water inlet, 

which had broken. 

Hjul, 2017 

FIFAX /  

Åland, Finland 

In 2017 problems with IT resulted in malfunction of the 

emergency systems and fish mortalities. Total amount 

of fish mortalities unclear. 

In 2016, 50 tons of rainbow trout died because of 

anoxia caused by a power shortage.  

Lundberg, 

2017; 

 

Bredenberg, 

2016 



42 

 

Two major factors have resulted in high mortalities in the reported RAS incidents: problems 

with influent water and equipment failure. When the influent water is tainted by pathogens or 

contaminants, high mortalities can occur extremely rapidly. If a RAS facility gets contaminated 

with a disease such as furunculosis or ISA, production is affected heavily for a long time, since 

the production has to be declined or stopped completely for disinfection. The other major factor, 

equipment failure, occurs unexpectedly but good maintenance routines lowers the risk of such 

event. Unreliable backup systems are a problem as well, since emergency systems have failed 

during an equipment failure in the reported events. Even though equipment failure can not be 

completely avoided with design or maintenance, the risk of catastrophic loss can be 

significantly reduced during such event. Supply of oxygen rich water into the cultivation tanks 

needs to be secured at any time during the operation. 

In addition to the incidents listed in Table 5.2, disease outbreaks have been a problem in 

Norway. Especially, Yersinia has caused repeated problems and high mortality in Northern and 

Mid-Norway (Lillehaug at al., 2019). A problem occurring with saltwater RAS, is the increased 

risk associated with formation of hydrogen sulphide (H2S). Because seawater contains a 

relatively high content of sulphates, H2S can form in anaerobic conditions in a RAS for example 

if water flow is no sufficient and sludge becomes stagnant (Attramadal, 2019; Warrer-Hansen, 

2015). Also, some RAS facilities have also struggled with off-flavours due to insufficient 

depuration processes. 

In Finland, the main issues with RAS have been about the feasibility, and a few facilities have 

closed business in the 2010s. The closed RAS facilities had issues with the influent water 

quality, costs of heat- and energy production and securing financing (Hyttinen, 2016; Ojala, 

2018; Rummukainen, 2015). Environmental licences have also challenged the RAS facilities, 

since even with high nutrient loading reductions it is not certain that a licence is granted. 

Additionally, in some regions RAS production “competes” on the same water sources as other 

industries or municipal water companies, which has led into disputes. From Luke (2020d) seven 

RAS farms were operating in Finland in 2017. At that time, the total income of all RAS farms 

was 4.9M€ and the net profitability was -9.7M€. Compared to the marine open net pen food 

fish producers, who had a total income of 51.1M€ and a net profit of 14.1M€ the RAS farmers 

have had major difficulties to even break even. It shall be mentioned, there are large differences 

in the profitability between companies, and that the poor results in net profitability are mainly 

due to heavy initial investment costs from three new RAS facilities, Fifax, Finnforel and 
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Sybimar. The three new facilities are also currently the largest. Their annual production 

capacities, when reaching full production, is 3,000 tons (Fifax), 1,000 tons (Finnforel) and 600 

tons (Sybimar). Currently there is a plan to build a new RAS facility in Heinola, with an annual 

production capacity of 3,000 tons of large size rainbow trout (Enlund & Niemi, 2019). 

5.4 Finland specific challenges for RAS reared post-
smolt 

To understand the challenges associated with rainbow trout post-smolt reared in a RAS facility 

we first need to understand the production process. The entire production starts from all female 

rainbow trout ova. In Finland, domestic eyed-egg can be purchased from December to June. 

From foreign sources eyed-eggs can be imported year around, which helps with production 

planning, but it is uncertain how efficient imported strains are in the cold Finnish environment. 

By June, enough post-smolt is required to be ready to stock the offshore open net pens where 

the grow-out from post-smolt to slaughter sized fish occurs. By the end of the growth season, 

somewhere around September or October, the fish are transported closer to shore and eventually 

to slaughter. Illustration of the entire production process is represented in Figure 5.3. The size 

of the arrow indicates the amount of biomass that is transported between each phase. 

In aquaculture as in livestock farming in general, stress factors should be kept to minimum. 

Stress consumes energy, increases susceptibility to diseases and lowers appetite, resulting in 

decreased growth. To ensure fast continuous growth, it is crucial to maintain good and steady 

cultivation conditions. When stocking fish from RAS to net pens many factor changes, 

including concentrations of dissolved gases, salinity, pH, temperature, the rate of change in 

temperature and turbidity. Also, the presence of predators (e.g. seals or grey heron), movement 

of water and lighting changes. 

Because fish are poikilothermic their body temperature and bodily functions respond to 

surrounding water temperature. The fish have an optimum temperature range over which 

feeding, and growth occurs as well as an upper and lower limit beyond which they cannot 

survive. Within this optimum temperature range there is a narrower range where growth is 

fastest (Boyd & Tucker, 2019; Timmons el al., 2018). Rainbow trout, as well as other 

salmonids, are cold-water species. According to Boyd and Tucker (2019) the range where 

rainbow trout feeds is between 5-20 ⁰C and the fastest growth occurs in 10-16 ⁰C. The lower 

critical range for rainbow trout is 0-4 ⁰C and upper critical range 22-26 ⁰C.  
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Figure 5.3 Illustration of the rainbow trout production process using RAS cultivated post-smolt 

and offshore sites.  
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Normally, the upper critical limit is not a problem in Finland especially at offshore sites, where 

water temperature does not warm as much as in shallow bay areas. However, the lower critical 

range is something to consider if overwintering is required. The lethal freezing temperature of 

fish depends on the temperature at which their blood plasma freezes (Fletcher et al., 1988; 

Scholander et al., 1957) and Scholander et al. (1957) found that fish can tolerate supercooled 

water by 1 ⁰C if ice is not present. If ice however is present, which can be the case during for 

example late autumn storms, the lethal freezing temperature for rainbow trout is -0.75 ⁰C 

(Fletcher et al., 1988). Therefore, special care and data is required from the overwintering sites, 

to ensure supercooled water does not pose a threat for fish welfare. 

With fish, rate of change regarding temperature is also extremely important, since sudden 

changes in temperatures are likely to be harmful to fish and can cause thermal shock (Timmons 

et al., 2018). For cold-water species thermal shock can occur if fish are put into new 

environment where temperature difference is 5.5-8 ⁰C compared to the original water 

temperature. Smaller fish are more susceptible to changes and problems may arise even when 

the difference is as low as 1.5-3 ⁰C (Svobodová et al, 1993; Timmons et al., 2018). During a 

thermal shock, the digestive processes will slow down or stop. If fish are fed prior to a thermal 

shock, the undigested feed will stay in the digestive tract and it starts to produce gases, causing 

the fish to become bloated, lose balance and finally die (Svobodová et al, 1993). 

The fish acclimation process is called tempering. Tempering should happen gradually to avoid 

thermal shock. There have been some studies regarding thermal shock resistance of rainbow 

trout. According to Bylund and Fagerholm (1986), rainbow trout can withstand a temperature 

change of 5-6 ⁰C compared to the original water temperature. Finstad et al. (1988) concluded 

that rainbow trout smolt (40-180 g) endured a freshwater-to-freshwater transport from +8 ⁰C to 

+1 ⁰C without any difficulties.  

No specific threshold temperatures have been given regarding the minimum and maximum 

water temperature at which rainbow trout smolt stocking to open net cages can occur. In general 

rainbow trout tolerate transportation and stocking better at lower temperatures than in high. For 

example, brown trout can be stocked at near +0 ⁰C temperature as far as water is not supercooled 

(Muhonen et al., 2003). Fish stockings should be avoided when water temperature exceeds +15 

⁰C, because the risk of injuring the fish increases significantly, and based on experience +18 ⁰C 

is considered as the absolute maximum handling temperature (Muhonen et al., 2003; Salminen 
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et al., 2002). When stocking fish in lower than +5 ⁰C water, one should know that rainbow trout 

can develop a swim bladder stress syndrome. During the syndrome, the fish has difficulties 

adjusting air inside its swim bladder, which causes the fish to swim on its side (Rahkonen et 

al., 2012). It is not completely known what causes the syndrome, but excessive fat generation 

has been linked to the disease.  

Even if rainbow trout hatcheries and post-smolt facilities are freshwater systems, the salinity 

difference does not cause an issue in net pen stockings, since the Baltic Sea has very low 

salinity. However, due to the seasonality of the production, annual temperature variations are 

high and the smolt needs to be properly tempered before net pen stockings. Low and high 

temperatures play also a considerable part, when designing possible production cycles. During 

winter and summer months, the sea conditions and water temperatures are normally far from 

optimum for smolt stocking. During winter the sea is frozen, and stockings can not be made 

before the ice melts. Furthermore, in summer the sea water temperatures exceed +15 ⁰C, 

increasing the risks of fish stocking or transports.  

The production cycles of RAS and open net pen aquaculture differ significantly. Whereas a 

RAS should produce fish continuously to avoid underutilization of the system, an open net pen 

aquaculture is extremely seasonal and relies on an “all-in and all-out” approach. Because in the 

combined land-based and offshore aquaculture, the RAS is continuously producing smolt for 

the offshore net pen site, where stocking happens only once a year, the stock-ready smolt is 

required to be stored somewhere before the stocking occurs in the beginning of the offshore 

growth season. Therefore, a storage unit that can be always accessed is required to act as a 

storage buffer for the smolt. These storage units should be close to shore and preferably close 

to a slaughter facility so that they can also work as a storage unit for slaughter ready fish during 

the end of the open net pen growth season. 

  



47 

 

6 Challenges of combined aquaculture – 
Interviews results 

To get a holistic view regarding the challenges associated with RAS cultivated post-smolt as 

seed material for rainbow trout offshore aquaculture in Finland, 11 aquaculture experts were 

interviewed. The main aim was to understand the general and Finland specific issues, possible 

production bottlenecks and areas of further research around RAS cultivated rainbow trout post-

smolt. Other objective was to determine how post-smolt could benefit offshore production and 

what would be the key factors to take into consideration to make RAS post-smolt feasible 

compared to traditional smolt, cultivated in flow through facilities further from the coast.  

Interviewees had similar perceptions about the main challenges when using RAS cultivated 

post-smolt as seed material for offshore sites, and the same issues arose in almost each 

individual interview. The challenges identified in the interviews can be categorized under four 

topics: RAS cultivation in general, production planning, economics and environmental licenses 

(Table 6.1). Even though the challenges were quite similar from one interview to another, some 

variation occurred with the areas of further research. 

Table 6.1 Main issues identified in the informal interviews.  

Recirculating unit I Production planning 

Education   Delivery reliability of eyed-egg or fingerling 

Skilled labour   Overwintering & storage of the fish biomass 

Influent water   Acclimatization of the post-smolt 

Biosecurity   Post-smolt transition from RAS to open net pen 

  Production phasing 

Economics I Environmental licenses 

Price and feasibility of the post-smolt   Permit granting and permanency of the permit 

Four major issues were mentioned in every interview. These were the all-season delivery 

reliability of eyed-egg or fingerlings, feasibility of the post-smolt, education and storing the 

fish biomass. In case the RAS unit produces post-smolt continuously throughout the year, the 

hatchery needs to ensure good delivery reliability of eyed-egg (or fingerling) every month of 

the year. Because in Finland, eyed-egg is available only from December to June, using solely 



48 

 

domestic rainbow trout ova affects the production planning significantly. However, eyed-eggs 

can be imported, making rainbow trout eyed-eggs available throughout the entire year. 

Moreover, interviewees emphasized the significance of only using eyed-eggs from disease 

certified egg producers to ensure minimal disease risk. It can be concluded, that the cornerstone 

of the entire production of post-smolt relies on the delivery reliability of disease free eyed-eggs, 

since delays and problems in the early phases heavily influence the following production 

phases. 

One of the leading concerns was the feasibility of the RAS cultivated post-smolt. The cost of 

the RAS post-smolt needs to be competitive compared to smolt traditionally stocked in the net 

pens. However, the competitiveness of the post-smolt cost needs to be evaluated through the 

end product, in this case the gutted rainbow trout. The feasibility of the RAS reared post-smolt 

in offshore production should therefore be evaluated against the production cost of 

conventionally produced rainbow trout. The interviewees also pondered what kind of benefits 

could be achieved when the fingerling was produced close to the coastline, rather than inlands 

as it currently is. When the logistical chain is short, the main benefits would come from time 

and cost savings because the offshore sites could quickly be stocked at the very beginning of 

the growth season. It was also mentioned that in the end, market economy determines what kind 

of seed material the offshore net pens will use, since their aim is to maximize profit like any 

other business.  

When it comes to RAS, the Finnish aquaculture sector is struggling with same issues as anyone 

else at the moment. The lack of education and skilled labour was identified as one of the 

bottlenecks for Finnish RAS production. The scarcity of human capital is not just a challenge 

in Finland but a worldwide issue as mentioned in section 5.2. It was mentioned that one of the 

problems is that currently, the students graduating from vocational school in the field of 

aquaculture do not have any possibilities to pursue a higher education or degree in the field of 

aquaculture. This is mainly due to the cancellation of the study program for a Bachelor of 

Natural Resources in ichthyology, in which a student could specialize on fisheries and fish 

industry. 

When discussing how education around RAS should be composed in Finland, the main message 

was the need for multidisciplinary studies. The studies should cover areas not only in fish 

biology, but also water- and process technology, civil engineering and economics. The studies 
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ought to be flexible and collaboration between existing educational establishments should be 

increased. On-the-job learning was also mentioned to be crucial, since none of the recirculating 

systems are the same, meaning that independent management of a RAS facility requires 

practical training. One interviewee mentioned the possibility in educational collaboration 

between the Nordic countries. It was mentioned that there is a reluctance in information sharing. 

Many of the RAS experts working in the private sector are self-taught and the experience have 

been gained through “trial and error”. It was remarked by one interviewee, that it would be 

beneficial to provide additional training for the current RAS experts and operator and increasing 

collaboration between people working around RAS would only be beneficial for the entire 

industry. 

Under production planning several individual challenges came up. The most frequently 

addressed issue was how the two very different production cycles of RAS and open net pen 

aquaculture can be put together and how biomasses are managed during production. The 

problem is that the different production methods have so different production rhythms. The 

RAS facility should maintain quite steady biomasses whereas the open net pen aquaculture is 

seasonal with “all-in and all-out” production cycles. Every interviewee agreed on the necessity 

of storing post-smolt biomasses from the RAS facility before stocking them into the offshore 

farms. The Finnish environmental conditions were seen as a challenge, since post-smolt can not 

be stored just in traditional overwintering sites. This is due to the fact that transporting post-

smolt into the overwintering cages during wintertime is extremely risky or even impossible. 

The outside or water temperature might be too cold for stocking or the cages might be out of 

reach due to weak sea ice cover. The biomasses can be stored outdoors in large onshore storage 

tanks that operate either on a flow through or partial water recycling principle. It was pointed 

out that there are some problems that can occur with the onshore storage tank.  

First of all, if using surface water as the main water source, the water quality varies significantly 

between season, and the water quality can be an issue especially during spring floods. 

Additionally, in summer the water temperatures can be undesirably warm or there can be too 

much sediment/solids in the water and in winter there might be a risk of supercooled water. 

Overall, storage and overwintering was seen as one of the major bottlenecks with large offshore 

aquaculture sites, because new overwintering sites are hard to get due to appeals during the 

permission granting process or sheltered overwintering locations simply does not exist in some 

regions.   
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Acclimatization of the post-smolt for sea transfer was also identified as a challenge. Previously, 

there has been some difficulties with RAS cultivated fish not growing as fast as expected in 

open net pens. Reduced growth in the offshore sites would have a significant negative impact 

on the entire profitability of the production. Slower than expected growth is thought to be 

caused by the RAS smolt been transferred to open net pens without any acclimatization period, 

during which the fish would gradually adopt to the new environment. None of the interviewees 

knew how to estimate the length of the acclimatization period or how temperature or lighting 

would affect the success of the acclimatization. Three of the interviewees mentioned that there 

is a possibility of an unexpected environmental signal during the acclimatization that could for 

example trigger early maturation. Acclimatization of the RAS smolt before sea transportation 

had the most questions regarding further research, indicating that a lot is still to know about the 

best practices of acclimatization. 

Apart from one interviewee, environmental licencing process was said to be a major challenge 

for the entire aquaculture industry. The licencing process is long with no guarantee of the result. 

The long licencing process and the uncertainty increases investment making it very difficult to 

get external funding. Some also mentioned, that there should be prerequisites for the licence 

that no cutbacks will be made if all licence conditions are met. Many underlined, that if new 

licenses are mainly granted for large offshore sites, as it might be the case in the future, onshore 

smolt production (i.e. production of smolt close to the offshore sites) is required to be increased. 

Even though RAS cultivated post-smolt would be one possible alternative to answer the 

demand, the existing inland hatcheries and fingerling producers will also be needed in the 

future. 

The last big theme that, apart from one interview was touched, was fish health, diseases and 

biosecurity. The start of the production, meaning the hatchery, needs to have very strict 

biosecurity measures because any disturbances in the beginning reflects on further production. 

It was estimated that eyed-eggs had slightly lower disease risk compared to fingerlings, even 

though they are not completely disease risk-free. Some of the diseases can come inside the fish 

egg, so disinfecting the eggs will not help against all diseases. Because earlier life stages (i.e. 

fish eggs and small fingerling) are the most vulnerable, good quality and quantity water source 

was said to be extremely important in the very beginning of the production. It was also reminded 

that brackish water has a significantly higher pathogen risk which should be considered if using 

that as a water source or if the facility is very close to shore. Lastly, during one interview, it 
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was mentioned that the property where all the production units are located are one epidemic 

unit. This means that even though there might be several different units with their own 

recirculating systems, people and even equipment move within the same property and therefore 

diseases can spread between units even if no water is seemingly exchanged.  

Several further research areas were also underlined by the interviewees. First of all, more 

information is required on how RAS cultivated post-smolt grows in open net pens during the 

growth season. Some expected that the growth is reduced compared to a post-smolt that has 

had a traditional overwintering in an open net pen. Therefore, it was pointed out that the fish 

most likely requires an acclimatization period, but none of the experts could say for how long 

and in what kind of conditions the acclimatization should be performed.  

A few of the interviewees pointed out that the fish can get an unexpected signal during the 

acclimatization, which could trigger for example early maturation. One aquaculture expert was 

pondering if the post-smolt acclimatization could be done already in the RAS facility, rather 

than in the onshore storage tanks, by alternating RAS water parameters to better imitate sea 

water characteristics. A proper experiment should be conducted in the near future to gain more 

knowledge around acclimatization. Also, an experiment regarding sea transfer temperature, 

especially in water temperatures near zero, was believed to be beneficial for future. There were 

also some open questions regarding how well post-smolt reared from imported eyed-eggs 

compete in offshore open net pens with the domestic rainbow trout strains and also what would 

be the best domestic strain for the RAS post-smolt production.  

One of the interviewees said that a production planning tool, which would help to visualize 

biomasses, fish tank requirements or even RAS system layouts would be extremely useful. 

Regarding production planning, another interviewee said that more research should be done to 

find alternative production cycles or consumer end products. The fish processing industry 

should be incorporated with this research, so that their capabilities would also be recognized. 

One of the interviewees would have wanted more research around RAS energy requirements 

formation, since not enough information is available around the subject. 

Finally, the last area that requires additional research according to the interviewed aquaculture 

experts was the use of semi-closed containment systems (S-CCS) as post-smolt or slaughter 

ready fish storage tanks or overwintering units. Even though overwintering or post-smolt 
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storage do not cause significant nutrient emissions, S-CCSs could reduce emissions and lower 

risks associated with overwintering.  
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7 Economics and feasibility of RAS 

There is a clear trend that the size of the RAS facilities are increasing not only in Finland but 

also worldwide. Larger production capacity decreases the relative proportion of initial 

investment per produced fish kilo. Depending of the source, it has been estimated that an 

economically feasible RAS facility producing large salmon should have at least 2,500-5,000 

tons or even over 10,000 tons annual production (Bostock et al., 2018; O’Shea et al., 2019). 

The feasibility depends on several different variables, such as the size of the nearby markets, 

selected species, prevailing legislation (affects for example the water use or nutrient discharge 

and therefore the degree of reuse and water treatment) and the cost of production inputs that are 

country specific. Therefore, investment or production costs of RAS built in North-America, 

Norway or other European countries, are not directly proportional to the costs they will be in 

Finland. 

7.1 Storage and RAS energy requirements 

The amount of energy required to produce cultivated fish is strongly related to the production 

method. Compared to RAS, traditional open net pen aquaculture does not require that much 

energy, since the energy consumption comes mainly from fuel, when net pens are towed to or 

from the production sites, feed is transported to the sites or the sites are being otherwise 

maintained (Leppänen et al., 2018).  

Besides fuel from towing the net pens, traditional overwintering practices do not require any 

energy. If fish are being stored or overwintered in onshore fish tanks, energy is required for 

continuous pumping and possible heating of the influent water (i.e. brackish sea water). 

Depending where the influent water is pumped from, heating of the water is required during 

those periods, when there is a risk of supercooled water. The supercooled water is not only a 

health risk for the fish, but it can also freeze into the pipes or pumps, causing a system failure 

(Leppänen et al., 2018). According to Leppänen et al. (2018), storing 300 tons of rainbow trout 

in onshore fish tanks in Oulu, Finland for 7 months, requires approximately 0.39 GWh of 

energy (pumping 0.03 GWh; heating 0.36 WGh). The energy consumption comes from a 6-kW 

pump (average pumping volume of 100 l/s) and the heating of water by 0.5 ⁰C for two months 

(December and January), to prevent risks associated with supercooled water. Therefore, energy 

requirement at an onshore (winter) storage fish tank is approximately 1.3 kWh/kg of stored fish. 
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A RAS requires energy, for example, to pump water, to add or strip dissolved gasses, for water 

treatment processes and for cooling or heating. According to the data gathered by the Natural 

Resources Institute Finland (Luke), RAS cultivated fish requires approximately 3-5 kWh/kg of 

fish produced (Leppänen et al., 2018). There is a limited number of sources regarding actual 

energy consumptions of RAS facilities. For producing large salmon in a RAS, Warrer-Hansen 

(2015) calculated a very optimistic energy requirement of 2 kWh/kg, whereas others have 

reported larger energy requirements between 4-8 kWh/kg (Table 7.1). Dinneen et al. (2016) 

reported that the average power use had stabilized at approximately 8 kWh/kg of production at 

the Kuterra RAS facility, which is producing large salmon in British Columbia, Canada. For 

rainbow trout the energy requirements have been slightly lower, between 2-3.4 kWh/kg. The 

values presented by Lasner et al. (2017) are based on actual energy use of three different RAS 

farms producing portion size rainbow trout in Germany and Denmark. The value presented by 

Arvonen (2017) is from the environmental licence application for the Finnforel RAS farm in 

Varkaus, Finland. The energy requirements presented by Lasner et al. (2017) are slightly lower 

than the ones presented by Arvonen (2017). The difference can be due to technical differences 

in the RAS facilities, but it might also be partly explained by higher water heating demand in 

the arctic environment.  

Table 7.1 Energy requirement for salmon and rainbow trout produced in RAS. 

Species 

Production 

volume,  

1,000 tons 

Final 

weight,  

kg 

Energy 

requirement,  

kWh/kg fish 

Source 

Salmon 1.6-5 0.41-5.0 4-6 Bjørndal & Tusvik, 2017 

Salmon 3.31 4-5 5.46 Liu et al., 2016 

Salmon 0.3 2.5 8 Dinneen et al., 2016 

Salmon 5 5.0 23 Warrer-Hansen, 2015 

Rainbow trout 0.1 0.2-0.38 1.952 Lasner et al., 2017 

Rainbow trout 0.27 0.2-0.38 3.152 Lasner et al., 2017 

Rainbow trout 0.7 0.2-0.38 2.552 Lasner et al., 2017 

Rainbow trout 1.3 0.6-3.2 2-3.43 Arvonen, 2017 

1Head-on gutted weight  2Evaluated from the source literature 3Calculated from the source  
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7.2 Operating expenses of RAS 

The operating expense (OPEX) of a RAS consists of multiple variables, such as feed, roe or 

fingerling (i.e. seed material), oxygen and other chemicals, labour and maintenance. Various 

factors influence the magnitude of the operating expenses. Available technology in the 

recirculating system, quantity and quality of new water and the level of water treatment, 

cultivated fish species and the final weight, farm location and the annual production volume all 

contribute to OPEX. Therefore, comparing operating expenses between different RAS farms 

only give an approximation about what operating a RAS could cost. There is some available 

literature about OPEX of RAS cultivated large Atlantic salmon trout (Table 7.2) and portion 

size rainbow trout (Table 7.3).  

Table 7.2 RAS operating expenses (€/kg) for Atlantic salmon in USA, Ireland and Norway. 

  
Summerfelt  

et al., 2013 

Warrer-Hansen,  

2015 

Liu et al.,  

2016 

Bjørndal &  

Tusvik, 2017 

Species Atl. salmon Atl. salmon Atl. salmon Atl. salmon 

Annual production,  

1,000 tons 
3.30 5.0 3.30 5.0 

Final weight, kg 4.6 5 4-5 5 

Production country USA Ireland USA Norway 

Feed 2.08 € / 59 % 1.52 € / 42 % 1.71 € / 34 % 1.58 € / 42 % 

Roe / fingerling 0.10 € / 3 % 0.26 € / 7 % 0.11 € / 2 % 0.03 € / 1 % 

Electricity 0.25 € / 7 % 0.24 € / 7 % 0.30 € / 6 % - 

Labour 0.28 € / 8 % 0.08 € / 2 % 0.47 € / 9 % 0.23 € / 6 % 

Oxygen 0.16 € / 5 % 0.08 € / 2 % 0.13 € / 3 % - 

Chemicals - 0.10 € / 3 % 0.08 € / 2 % - 

Fish health - 0.03 € / 1 % - 0.04 € / 1 % 

Insurance - 0.07 € / 2 % 0.16 € / 3 % 0.08 € / 2 % 

Maintenance - 0.02 € / 1 % 0.42 € / 8 % - 

Management 0.08 € / 2 % 0.05 € / 1 % - 0.08 € / 2 % 

Other - 0.01 € / 3 % 0.55 € / 11 % 1.11 € / 29 % 

Depreciation 0.57 € / 16 % 0.44 € / 12 % 0.52 € / 10 % 0.65 € / 17 % 

Interest - 0.62 € / 17 % 0.58 € / 12 % - 

Cost in €/kg 3.52 €/kg1 / 100% 3.61 €/kg / 100% 5.04 €/kg1 / 100% 3.79 €/kg2 / 100% 

1Currency conversion factor: $1 = 0.899195669 €. Currency conversion does not take inflation into account. 
2Currency conversion factor: 1 NOK = 0.0981778918 €. Currency conversion does not take inflation into account. 
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Table 7.3 RAS operating expenses for rainbow trout in Germany, Denmark and Finland. 

  
Lasner et al.,  

2017 

Lasner et al.,  

2017 

Lasner et al.,  

2017 

Kankainen et al., 

2014a 

Species Rainbow trout Rainbow trout Rainbow trout Rainbow trout 

Annual production,  

1,000 tons 
0.10 0.27 0.70 0.43 

Final weight, kg 0.2-0.38 0.2-0.38 0.2-0.38 0.5 

Production country Germany Denmark Denmark Finland 

Feed 1.32€ / 45% 1.03€ / 42% 1.03€ / 44% 1.41€ / 31% 

Roe / fingerling 0.33€ / 11% 0.41€ / 17% 0.41€ / 17% 0.74€ / 17% 

Electricity 0.35€ / 12% 0.31€ / 13% 0.24€ / 10% 0.2€ / 4% 

Labour 0.03€ / 1% 0.14€ / 6% 0.16€ / 7% 0.57€ / 13% 

Oxygen - - - 0.01€ / 0% 

Chemicals - - - 0.1€ / 2% 

Fish health 0.01€ / 0% 0.04€ / 2% 0.06€ / 3% 0.02€ / 0% 

Insurance - - - 0.2€ / 4% 

Maintenance 0.07€ / 2% 0.09€ / 4% 0.11€ / 5% - 

Management 0.04€ / 1% 0.04€ / 2% - - 

Other 0.09€ / 3% 0.16€ / 7% 0.07€ / 3% 0.28€ / 6% 

Depreciation 0.69€ / 23% 0.12€ / 5% 0.17€ / 7% 0.76€ / 17% 

Interest 0.02€ / 1% 0.1€ / 4% 0.11€ / 5% 0.19€ / 4% 

Cost in €/kg 2.95 €/kg1 / 100% 2.44 €/kg1 / 100% 2.36 €/kg1 / 100% 4.48 €/kg2 / 100% 

1Cost per live weight (€/kg LW) 2Cost per head-on gutted fish, with gutting yield of 90 % (= 4.03 €/kg LW) 

With large Atlantic salmon, the OPEX of RAS are approximately 3.5-5 €/kg, whereas it is only 

about 2.4-4.5 €/kg for portion size rainbow trout. The reason for large variations in OPEX 

between Atlantic salmon and rainbow trout RAS production is mainly due to different 

production schemes. Atlantic salmon is being cultivated in massive RAS facilities (annual 

production 3.3-5,000 tons) to a large size (4-5 kg), when rainbow trout is reared only to portion 

size (≤500 g) in relatively small recirculating systems. The largest difference comes from feed 

cost, which can be explained mainly by increased FCR as fish grow, which reflects directly to 

increase feed costs.  

Feed is the single largest expense in RAS farming, contributing roughly for 40 % of the 

operating expense. Especially with portion size trout, seed cost (roe or fingerling) is among 

electricity the sequential significant cost. After that, investment depreciations and labour costs 

increase the operating expenses.  
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As seen in Table 7.3, there are large differences between the operating expenses in Finland and 

in other European countries. Even though the operating expenses in Kankainen et al. (2014a) 

are presented for head-on gutted trout, there are significant differences in the expenses. In 

particular, the feed cost, fingerling price, labour and investment depreciation increase the 

operating expense in the evaluation made by Kankainen et al. (2014a). Kankainen et al. (2014a) 

used a purchased 20 g fingerling as seed material in their calculation, and they concluded that 

savings can be made by producing own fingerling from eyed-eggs. Also, in Finland the 

environmental conditions increase investment costs, since production facilities require thicker 

insulation, the structures need to be more robust to withstand snow load and frost protection 

increases the excavation work. Finally, the differences in feed expenses might be explained by 

variations in feed prices between the studied countries.  

Actions can be made to reduce RAS operating expense. Everything starts with a good RAS 

design that focuses on good rearing conditions and low energy requirements. When the rearing 

conditions are good, mortality is low, growth is fast and the FCR is reduced, which lead to 

reduced feed costs. Additionally, because water is continuously pumped, the systems lifting 

height system should be kept to minimum and pumps should be as energy efficient as possible 

in order to reduce electricity costs. Finally, considerations should be aimed on heat recovery.  

7.3 Capital expenses of RAS 

The capital expense or capital expenditure (CAPEX) of a RAS project is formed from multiple 

investment components. The main investment components are building, construction and 

project related works, RAS engineering and equipment and the investments in land, 

infrastructure and water source (Bjørndal & Tusvik, 2017). Other investments components can 

be fish management and laboratory equipment, forklifts, licence application fees, possible EIA, 

marketing, training and recruitment. Because each system is uniquely designed to a specific 

location and to be utilized with a specific production plan no specific estimations can be given 

on the magnitude of CAPEX in a RAS project.  

A limited number of literature is available about the capital costs of RAS systems. The most 

comprehensive one, is the report from Robinson & Wright (2013), where they share the 

development costs of ‘Namgis First Nation (Kuterra LP) and Taste of B.C. (ToBC), two 

Canadian RAS facilities. The total development cost of ‘Namgis First Nation, which has an 
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annual production capacity of 470 tons of Atlantic salmon, was 18.8 $/kg. For Taste of B.C., 

producing 100 tons of rainbow trout, the total development cost was around 15.2 $/kg 

(Robinson & Wright, 2013). Liu et al. (2016) estimated that for a RAS with 4,000 tons annual 

production capacity, the total capital expense would be 13.4 $/kg (Note: Robinson & Wright 

(2013) in Canadian dollar; Liu et al. (2016) in US dollar). Finally, Bjørndal & Tusvik (2017) 

reported based on the information provided by Billund Aquaculture Service A/S, that 

investments in a land-based farms in Norway annually producing 1,000-5,000 tonnes of 

Atlantic salmon, would cost around 16.1-12.4 €/kg respectively.  

Robinson & Wright (2013) listed significant factors affecting the development costs and related 

opportunities to lower capital expenses in a RAS project (Table 7.4). The factors and 

opportunities for cost savings were based on experience gained from the ‘Namgis First Nation 

and Taste of B.C. projects.  

Table 7.4 Key factors affecting RAS capital costs and opportunities for cost savings. Table 

constructed based on the information from Robinson & Wright (2013). 

Factor 

affecting cost 

Action or Issue Opportunity for cost saving 

Objective to 

achieve best fish 

performance 

Conservative water quality criteria 

increase facility and equipment costs. 

Optimize operating parameters and 

component sizes to match needs 

with minimal reserve capacity. 

Biosecurity Smolt are purchased from outside 

sources that was not certified disease-

free, and an independent quarantine 

RAS facility was constructed to 

ensure the new smolt are disease free 

before moving them in the actual 

grow-out facility. 

An on-site hatchery would 

eliminate the necessity of a 

quarantine facility and improve 

seed delivery reliability for the 

grow-out facility. 

Also using only certified disease-

free seed would eliminate the need 

for a separate quarantine facility. 

Objective to 

serve as a model 

and information 

source. 

The facility is ‘Namgis RAS is 

equipped with additional research-

related monitoring equipment to 

maximize data capture and storage. 

No special research-related 

monitoring equipment would lower 

the capital costs. 

Location Remoteness increases purchase, 

maintenance and transportation costs. 

Significant savings can be achieved 

if site is closer to large supply and 

service centres. 

Scale of 

operation 

Too small of an operation increases 

unit capital and operating costs as 

well as risks. 

Up-scaling facilities to "commercial 

scale", which is generally thought to 

be greater than 1,000 tons/year 

would increase cost efficiency. 
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Table 7.4 (continued). 

Risks Higher acceptable risk allows cost 

savings by minimizing redundancy, 

back-up systems or biosecurity 

measures.  

For example, using predominantly 

manual control over automation, 

reducing the amount of backup 

systems, not having heating/cooling 

systems and extensive use of used 

equipment all reduces capital and 

operating costs but simultaneously 

increases production risks.  

Consider the appropriate risk level 

versus capital and operating costs. 

Engineering and 

constructing 

Increase use of modular designs and 

components and off-the-shelf RAS 

treatment systems. Also consider 

component scale. 

Efficient design with respect to 

construction methods and costs. 

Utilize scaled-up components e.g. 

"Large" tanks (≥1,000m3). 

Better use of more modular, off-the-

shelf, third party components. 

CAPEX vs. 

OPEX 

More automated RAS systems 

increases capital costs but can pay 

itself back through reduced operating 

costs, particularly with increasing 

scale. 

Consider the amount of automation 

through the operating cost savings. 

An economic “sweet spot” for the capital costs is difficult to determine, but the costs can be 

minimized through sacrifices of risk, component longevity, operating costs or fish performance 

(Robinson & Wright, 2013). With key changes in some of the key variables, Robinson & 

Wright (2013) expected that the total unit development cost of the ‘Namgis First Nation RAS 

could have been lowered from 18.8 $/kg to approximately 10-13 $/kg.  
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8 Results 

Based on the information gathered through literature review and the interviews, a production 

plan was created. Key aspects that were considered were high utilization rate of the RAS facility 

throughout the entire year, biomass handling between different production phases and to ensure 

at least a short acclimatisation period before sea transport. The objective was to design a 

production plan which would enable a feasible utilization of RAS cultivated rainbow trout post-

smolt as seed material for an offshore open net pen site (offshore site annual production 

capacity: 1,000 tons). The fictitious offshore site will be located somewhere in the Gulf of 

Bothnia, because the offshore aquaculture licences in Finland have been either granted or 

applied for that part of the Baltic Sea.  

The concept-level post-smolt RAS facility has four subsystems: a hatchery, a fry rearing 

system, a smolt rearing system, and an on-shore fish storage tank system. Each of the 

subsystems are independent. The hatchery, fry rearing and smolt rearing subsystems are based 

on recirculating water (ground water) whereas the on-shore fish storage tank system is a flow 

through system (brackish sea water). If ground water is scarce, brackish water can be used in 

smolt rearing after the smolt is vaccinated and the brackish water is effectively disinfected. 

Brackish sea water poses a higher biosecurity risk than groundwater as well as an elevated risk 

associated with the formation of H2S. In Finland, the formation of H2S in well managed 

brackish water RAS should not be a major issue, since the salinity level and therefore sulphate 

levels are low in the brackish coastal waters. However, when using brackish inlet water in a 

RAS, these factors should be thoroughly considered. The following sections will introduce the 

design boundary conditions, assumptions, results and feasibility of the post-smolt production 

in detail.  

8.1 Growth model 

Rainbow trout growth had to be assessed individually for the offshore production and the RAS 

production. It is assumed that the concept-level RAS facility is owned by the offshore farmer 

and it is only producing smolt for the offshore facility. At first, the amount of post-smolt that is 

required for the 1,000 tons offshore site, had to be evaluated based on viable growth at the 

offshore site during one growth season. The assumed growth gives the number of post-smolt 
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that must be ready at the beginning of the marine growth season, and the RAS production could 

be determined based on this figure.  

8.1.1 Growth in offshore site 

In Finland, all of the offshore aquaculture licences have been applied to the Gulf of Bothnia. 

The Gulf of Bothnia is the northernmost arm of the Baltic Sea and it is divided into three 

regions: the Bothnian Sea, Kvarken and the Bothnian Bay. As far as the author is aware of, a 

total of seven offshore licenses have been applied: one licence to Bothnian Bay by Laitakarin 

Kala Oy; one licence to Kvarken by Ekofish Ab; four licences to Bothnian Sea by Offshore 

Fish Finland Oy (one licence), Lännenpuolen Lohi Oy (one licence), and Nordic Trout Ab (two 

licences). The only offshore site that has started production is the one by Laitakarin Kala Oy. 

Kankainen et al. (2019) modelled the growth of 500 g post-smolt in different regions of Finnish 

coast. The growth model was cross-checked with verified industry results, and the model gave 

in general slightly smaller growth estimations than verified industry results. The model takes 

into account different regional environmental conditions, such as average weekly water 

temperature and wind and ice conditions, all of which affect the length of the growth season 

and the growth of the fish. The start of the growth season was determined by the start of the 

week when sea surface water reaches +5 °C and the end of the growth season in autumn was 

determined by the time the surface water went below +5 °C or the amount of windy days 

increases the risk so significantly that production needs to be stopped. 

According to Kankainen et al. (2019), the final weight by the end of the growth season for a 

500 g rainbow trout post-smolt stocked in an offshore open net pen is: 

• the Bothnian Sea:  2,666 g; 

• Kvarken:  2,753 g;  

• the Bothnian Bay: 2,363 g. 

To use the precautionary approach, the growth at the offshore site will be based on the lowest 

value i.e. a 500 g post-smolt will reach a final weight of 2,363 g by the end of the offshore 

growth season. The fictitious offshore site is assumed to have a licence, which allows 1,100 

tons of feed usage during the growth season. With the expected growth, a feed conversion ratio 

of 1.10 and total mortality during the offshore growth season of 3 %, the required number of à 

500 g post-smolt will be approximately 540,000. The capacity of the RAS facility will be based 

on these figures. 
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8.1.2 Growth in RAS 

Several factors needed to be taken into account for the RAS growth model. The key variables 

include mortality and other losses in different life stages, duration of different life stages, 

recirculating water temperature, the feed conversion ratio in different fish sizes and the daily 

feeding rate as a function of fish size and the water temperature. It was assumed that RAS water 

quality parameters and environmental factors could be maintained on an optimum level for fish 

health and growth. Furthermore, it was assumed that the biosecurity at the RAS facility was 

high and no disease outbreaks will cause reduced growth or high mortality. No weight loss or 

mortality were assumed during post-smolt storage and no feeding breaks (e.g. due to 

vaccination) were modelled, since these were believed to be insignificant in the overall picture.  

The growth in the recirculating system was divided into four phases: hatching period, initial 

feeding period, fingerling period and smolt period (Table 8.1). According to From & 

Rasmussen (1991), the duration from eyed-egg to hatching is 13 days with medium sized eyed-

eggs at 10 °C (Table 2.1). For the growth model the hatching duration was set to be 2 weeks at 

10 °C. At the beginning of the initial feeding phase, the weight of the fry was set to equal 0.1182 

g, as presented by From & Rasmussen (1991). After that, the weight gain is modelled according 

to the feeding rates given in the feeding tables in Appendix B and FCRs given in (Table 8.2). 

The feeding rate is determined according to water temperature and the fish weight at the 

beginning of each week. The daily feeding rate is the average between the lowest possible feed 

conversion rate and the optimal feeding rate given in Appendix B.  

Table 8.1 Key variables for each of the RAS production phase. 

Production 

phase 
Weight Duration Mortality1 

Water 

temperature 
Feed FCR 

Hatching - 2 weeks 7.8 % 10 °C - - 

Initial feeding 0.1-2.1 g 11 weeks 13.0 % 10 °C INICIO plus 0.8 

Fingerling 2.1-50 g 11 weeks 2.6 % 14 °C INICIO plus 0.8 

Smolt 50-500 g 15 weeks 3.5 % 16 °C 
EFICO Enviro 

920 Advance 
0.84-1.0 

Entire 

production cycle 
0-500 g 39 weeks 24.6 % - - 0.902 

1Mortality takes into account both the fish died during operation and the intentional culls (unthrifty fish). Mortality 

during hatching and initial feeding according to Buric et al. (2014). Fingerling and smolt mortality is assumed to 

be in total 6 % after the initial feeding phase. 
2FCR of the entire production cycle takes into account the mortalities throughout the production cycle. 
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The FCRs are not given in the feeding tables in Appendix B. Therefore, FCRs were taken from 

Raisioaqua (2018) rainbow trout feeding table. Because the feeding rate for the model is the 

average between lowest possible FCR and large production, the FCRs given in the Raisioaqua 

(2018) table were increased by 5 % (Table 8.2) to reduce the risk of an over-optimistic 

approach. Furthermore, the FCR for the model (FCRmodel) was compared to the FCR determined 

by the former Finnish Game and Fisheries Research Institute (RKTL, FCRRKTL). When 

neglecting mortalities, the overall FCR of producing a 500 g post-smolt were 0.905 for FCRmodel 

and 0.886 for FCRRKTL. It can be concluded that the FCRmodel should not overestimate the feed 

conversion.  

Table 8.2 FCR according to fish weight for the growth model and by the Finnish Game and 

Fisheries Research Institute. Values for FCRRKTL from the Ministry of the Environment (2013). 

Size, g ≤50 50-100 100-300 300-450 450-800 800-1,000 g 1,000-1,400 ≥1,400 

FCRmodel 0.8 0.84 0.89 0.95 1.00 1.05 1.10 1.16 

Size, g ≤70 70-125 500-1,000 1,000-2,000 

FCRRKRL 0.8 0.9 1.05 1.15 

Based on the data presented in  

Table 8.1 and Table 8.2, the growth and the production survival rate were modelled with Excel 

for RAS cultivated rainbow trout (Figure 8.1). 
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Figure 8.1 Growth model and survival rates for RAS cultivated rainbow trout. 

8.2 Production plan 

The production plan was designed based on the following boundary conditions and 

assumptions: 

The offshore production: 

• Offshore production takes place at the Bothnian bay; 

• The offshore growth season starts at week 23 and ends at week 43; 

• The offshore permit allows the use of 1,100 tons of feed during the growth season; 

• 500 g post-smolt reaches 2,363 g by the end of the offshore season; 

• Mortality during offshore production is 3 %; 

• A total number of 540,000 à 500 g post-smolt is stocked at the beginning of week 23; 

• Approximately 1,249 tons of fish is brought to slaughter at the end of week 43;  

• With gutting yield of 85 % the total head-on gutted (HOG) sales volume is approx. 

1,062 tons. 

The recirculating system:  

• The post-smolt RAS is located at the coast and close to the offshore site; 

• It produces only fish for the offshore facility and the production capacity is design 

according to the offshore production; 
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• The RAS system has enough good quality water (preferably ground water) and high 

level of automation to maintain optimum growth conditions in all of the production 

phases. New water requirement is around 500 l/kg of feed; 

• Each production cycle (from eyed-egg to a 500 g post-smolt) takes 39 weeks; 

• Every RAS production stage is executed on the same piece of land; 

• Key variables for growth are presented in 

• Table 8.1 and Table 8.2; 

• The RAS has high biosecurity and the fish are vaccinated before stocking them into the 

onshore storage tanks; 

• Eyed-eggs are purchased only from certified disease-free sources and they can be 

purchased any week of the year, meaning imported eyed-eggs are also used; 

• The biomass in the RAS is kept as steady as possible; 

• RAS nutrient reduction levels are 90 % for phosphorous and 60 % for nitrogen. 

The onshore storage unit:  

• The post-smolt storage unit is at the same piece of land as the RAS system; 

• The fish storage tanks operate on flow through principle and uses sea water; 

• The post-smolt are acclimatized in the storage unit for minimum of 4 weeks before 

offshore stocking. 

The main emphasis on the RAS production plan, was to have the correct number of post-smolt 

ready by week 19 for the offshore stocking. Furthermore, an “all-in and all-out” kind of 

approach was rejected for the RAS system, since the aim was to efficiently utilization the entire 

recirculating system. With the “all-in and all-out” approach, a massive rearing volume would 

be required to maintain the entire post-smolt biomass at once. Additionally, the capital costs 

would be tremendously larger compared with a smaller facility that produces the same amount 

of fish with a steadier production plan. 

With the growth model, it was estimated that eyed-eggs should be taken in two-month intervals, 

to maintain the system biomass at quite a steady level. Large fluctuation in biomass, would 

jeopardize the performance of the biofilter and therefore compromise the overall water quality. 

Different production scenarios, with the same maximum system biomass were modelled to 

determine the most feasible approach (Figure 8.2). For the model, it was assumed that the post-

smolt are transferred to the storage unit during a five-week period. 15 % of the biomass is 

transferred 2 weeks before and 2 weeks after the average weight is 500 g. 18 % is transferred 
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week before and week after the average weight is 500 g and 34 % is transferred during the week 

when the average weight is 500 g. 

It was recognized that every single one of the different production scenarios, had some flaws 

or issues that would make them difficult to implement in Finland. At first glaze, the production 

scenario with 6 batches a year seems the most promising. The possibility there is that 4 batches 

are kept as offshore seed material, and two batches are sold as portion size trout for consumers. 

However, in Finland there is basically no market for portion size trout, which means that the 

RAS farmer would most likely not get a reasonable price, which would cover the production 

costs. It was assumed that the fish would have to be at least 1.5 kg if to be sold in the Finnish 

markets.  

In the production plan, the post-smolt that reaches the 500 g weight after week 19 will be 

stocked to the offshore site not until the following year. Therefore, to prevent long storage time 

at the onshore storage unit, it is not rational to produce smolt that reaches the 500 g weight 

during the offshore growth season. With this in mind, a production with 5 batches would require 

a relatively long storage time for one of the post-smolt batches. Furthermore, if eyed-eggs are 

taken only 4 or 5 times a year, the biomass at the facility drops basically to zero, which is 

undesirable.   
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Figure 8.2 Biomass in the recirculating post-smolt facility with 4, 5 or 6 eyed-egg batches a 

year in two month intervals. The maximum biomass is the same in each of the scenario.   

To address the issues, a new, and final, production plan was modelled. The aim of the final 

production plan was to minimize biomass fluctuation and post-smolt storage time. In the final 

production plan, eyed-eggs are purchased 4 times a year. The first two batches will only be for 

post-smolt production. The 3rd and 4th batch will have slightly more eyed-eggs in the beginning 

and some of the batch will be reared to larger size (>1.5 kg) that will be sold between June and 

September, when there is a market shortage of rainbow trout (Figure 8.3). 
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Figure 8.3 Final production plan that minimizes fluctuation and post-smolt storage time. 

The required inputs and outputs of the final production plan are presented in Table 8.3. The 

final production plan produces about 1.5 % more post-smolt than required. The slightly larger 

production should compensate for example the small weight loss during post-smolt storage or 

slightly higher than expected mortality during production or storage. 

Table 8.3 Key production metrics. 

Batch 
Start 

week 

No. of  

eyed-eggs 

No. of post-smolt 

produced 

Large fish 

produced, kg 

Feed used,  

kg 

1st 10 180,000 136,000 - 60,200 

2nd 18 180,000 136,000 - 60,200 

3rd 26 200,000 136,000 28,000 88,900 

4th 34 200,000 136,000 28,000 88,900 

Total:  760,000 544,000 56,000 298,200 

 

 

8.3 Feasibility of the production 

Because, RAS project tend to have a slow production start, it was assumed that for the 

feasibility analysis the production would be steady, and the RAS system would produce post-

smolt as planned. Therefore, the feasibility of the production was determined at the steady-state 

of the production. 
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The feasibility of two different RAS post-smolt production scenarios were analysed:  

• Scenario 1: Only the required post-smolt are produced with no large fish production in 

the RAS system; 

• Scenario 2: The required post-smolt are produced as well as some large fish (>1.5 kg) 

production to minimize fluctuation in RAS biomass. 

Even though there is a small variation between the maximum biomasses in the scenarios, it was 

estimated that both production scenarios can be executed in the same RAS system with the 

same initial investment costs.  

It was estimated that the production would require the following fish tanks:  

• 30 egg incubation units and 20 trays for initial feeding; 

• 10 pcs of 0.5 m deep, 2m*2m square glass fibre tanks (V = 2 m3, ρmax: 10 kg/m2); 

• 10 pcs of 1.2 m deep, circular tanks with diameter of 5 m (V = 23.5 m3, ρmax: 30 kg/m3); 

• 10 pcs of 1.8 m deep, circular tanks with diameter of 8 m (V = 90 m3, ρmax: 50 kg/m3); 

• 10 pcs of 2.8 m deep, circular tanks with diameter of 8 m (V = 140 m3, ρmax: 50 kg/m3); 

• 3 pcs of onshore fish tanks made with precast concrete elements (V = 2,400 m3, ρmax: 

50 kg/m3). 

The rearing volume is approximately 2,560 m3 and the total cost of the fish tanks (pluming 

included) was estimated to be 556,000 €.  

The RAS farm has five independent water treatment systems: one for the hatchery and four for 

the fingerling to post-smolt production phases. The onshore fish tanks operate on a flow through 

principle. Each of the water treatment systems in the fingerling to post-smolt phases have 

common water treatment units of a drum filter, biofilter, pumps, degasser, oxygenators, culture 

tank “air stone” diffusers (back-up oxygen), UV-treatment units, denitrification units and tank 

feeders. There are also two protein skimmers to remove the fine particles during the last post-

smolt production phase (from 50 to 500 g) and the entire facility has high level of automation. 

Overall, the RAS farming equipment were estimated to cost about 1,290,000 € (including all 

plumbing and electrical installation work). The facility will require an insulated, semi-heated 

production hall, with 3,000 m2 and a cost of 2,400,000 € (800 €/m2). Investments for a forklift, 

a delivery van and for pallet trucks were estimated to be about 46,000 €. Building service 

equipment, such as heat exchanger, cold compressor, emergency power plant and electricity 

network connection were estimated to be 140,000 €. The initial investment for the RAS 

production facility, farming and transportation equipment were about 4,432,000 €. 
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It was estimated that other fixed costs (unexpected costs) would be 8 % of the RAS production 

facility, farming and equipment cost and construction permit to be 30,000 €. Finally, 

consultancy and project supervision costs would increase the initial investment costs by 5 %. 

The total investment cost for the RAS project will be 5,057,000 €. For the 270 ton post-smolt 

RAS facility, the investment cost equals roughly 18,5 €/kg. The Finnish Operational Program 

for the European Maritime and Fisheries Fund (EMFF) grants investment subsidies for 

sustainable aquaculture projects. The subsidy for the RAS project was estimated to be 40 %. 

This is the same value as what has been granted for previous RAS projects in Finland. The 

investment cost after a 40 % subsidy is about 3,034,000 €. The capital interest was assumed to 

be 3.00 % and the weighted average depreciation time to be around 10 years.  

Other annual costs, such as rents and real estate tax, maintenance, production licences and 

monitoring, bookkeeping, insurance, electricity for post-smolt storage and water heating and 

cooling was estimated to be around 187,000 €/year. The facility will require 4 full-time 

employees with 3,000 €/month salary. With the salary overhead rate of 50 % (this covers 

insurance, pension, holiday pay-reserve, social security payment and taxes paid by employer), 

the personnel costs are 261,000 €/year (Appendix C, Table C.1).  

The variable costs of the production include: feed cost, eyed-egg cost, vaccination, medicines, 

and electricity costs, and water treatment chemical costs. The following values were assumed 

for the feasibility analysis (Table C.2):  

• Feed cost: 1.35 €/kg; 

• Eyed-egg cost: 0.05 €/pcs, which equals 50 € per 1,000 eyed-eggs; 

• Vaccination cost: 0.08 €/pcs (it is additionally assumed that 80 % of the eyed-eggs are 

eventually vaccinated); 

• Medicine costs: 0.02 €/kg of produced fish; 

• Energy cost: 0.46 €/kg of produced fish (3,8 kWh/kg fish produced, à 0.12 €/kWh); 

• Oxygen cost: 0.08 €/kg of produced fish (0.75 kg O2/kg feed and the energy requirement 

for oxygen production 0.8 kWh/kgO2; oxygen dissolving efficiency of 90 %; 0.12 

€/kWh); 

• Sludge treatment chemicals: 0.02 €/kg of feed;  

• Sludge disposal 0.18 €/kg of feed; 

• pH-control chemicals: 0.1 €/kg of fish produced; 

• Ozone cost: 0.026 €/kg of feed (10 g O3/kg feed; 22 kWh/kg O3; 0.12 €/kWh). 
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8.3.1 Production cost in Scenario 1 

The production factors, investment costs and variable costs for the 270 ton post-smolt RAS are 

summarized in Table C.3. With the assumed values, the total annual production cost is about 

1,404,000 €. This results to 5.13 €/kg for the RAS cultivated post-smolt (Table C.4), which is 

slightly higher than the assumed price of the purchased post-smolt (5.00 €/kg). 

Feed cost accounts for 1.22 €/kg or 23,7 % of the entire production cost. Other production 

related variable costs account for 19,7 % (1.01 €/kg). After feed and other variable costs, the 

largest expenses are investment depreciation (1.11 €/kg; 21.6 %) and personnel costs (0.79 

€/kg; 15.4 %). Eyed-egg cost is 0.13 €/kg (2.6 %), other fixed costs 0.68 €/kg (13.3 %) and 

capital interest 0.19 €/kg (3.7 %).  

8.3.2 Production cost in Scenario 2 

It was assumed that Scenario 2 does not require any additional capital investments compared 

to Scenario 1. Therefore, the feasibility in Scenario 2 can be estimated by allocating all capital 

costs and the profit from the large fish production for the post-smolt production. 

The profit from the large fish production (56,000 kg) will be estimated based on the production 

cost and the revenue of selling the large rainbow trout. The producer price for the head-on 

gutted (HOG) rainbow trout was estimated based on the average producer price of gutted 

rainbow trout between June-September in 2017-2019. The producer price of gutted rainbow 

trout is higher than average during summer months and the average price of head-on gutted 

rainbow trout during reference period was 5.94 €/kg (Luke, 2020c).  

Supplementary variable costs were added for the head-on gutted rainbow trout. Additional costs 

come from gutting the fish and disposing the gutting, treatment of the blood water, packing the 

fish in ice (electricity) and transporting it to the market (Table C.5). It is assumed that the 

slaughterhouse already exists and does not require additional capital investments. 

Because the production time of large rainbow trout is longer, the total mortality was estimated 

to be slightly higher in Scenario 2 than in Scenario 1. Also, because FCR increases as the fish 

grow it was estimated based on the growth model that the FCR is 1.03 in large fish production 

compared to 0.90 in post-smolt production. The gutting yield was estimated to be 85 % (Table 

C.6). Therefore, the sales volume is 47,600 kg/year (HOG) and the variable costs for the head-
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on gutted rainbow trout will be  about 142,000 €/year (2.97 €/kg). With the sales price of 5.94 

€/kg the sales revenue will be about 283,000 €/year. The profit that can be allocated for the 

post-smolt production is roughly 141,000 €/year. 

When the profit of 141,000 € is allocated for the post-smolt production, the total production 

cost of post-smolt falls to 4.61 €/kg (Table C.8). When producing large rainbow trout for 

summer markets and allocating that profit for the post-smolt production, an offshore farmer can 

save approximately 10.1 % in post-smolt costs. Since post-smolt cost is one of the largest 

expenses in offshore farming, this can be described as a substantial saving for the offshore 

farmer as seen in the following section.  

8.3.3 Feasibility of the offshore production 

Finally, the post-smolt feasibility will be determined by comparing how the post-smolt price 

affects the offshore cultivated head-on gutted fish. The feasibility was evaluated with three 

different post-smolt prices: purchased post-smolt (5.00 €/kg), self-cultivated post-smolt in 

Scenario 1 (5.13 €/kg); and self-cultivated post-smolt in Scenario 2 (4.61 €/kg). The following 

values were used for the offshore feasibility calculations:  

• The total investment costs for the 1,000 ton offshore sites are 2,305,200 € as described 

by Kankainen & Mikalsen (2014) with additional cost from EIA of 45,000 € and 

environmental license 15,000 €; 

• The investment depreciation time is 10 years with a 3.00 % interest rate; 

• Investment subsidy in 30 %; 

• Other fixed costs are 70,000 € (Maintenance 25,000 €; Licence and monitoring 30,000 

€; Equipment insurance 5,000 €; Bookkeeping 10,000 €); 

• The following variable costs are used: 

o Feed cost: 1.25 €/kg; 

o Additional personnel cost for gutting and packaging: 0.1 €/kg gutted fish; 

o Fuel cost: 0.01 €/kg gutted fish and transport to markets: 0.02 €/gutted fish; 

o Slaughter electricity 0,16 kWh/HOG (Leppänen et al., 2018); 

o Washing water and wastewater cost and pH chemicals: 0.015 €/kg gutted fish; 

• Sales price is: 4.64 €/kg gutted rainbow trout (Average October-January 2018-2019. 

Luke, 2020c); 

• Fish guts disposal 0.0125 €/gutted rainbow trout; 

• Productivity factors are presented in Table C.9. and variable costs in Table C.10. 

With the presented values, the total production costs for the offshore production with 5.00 €/kg, 

5.13 €/kg and 4.61 €/kg post-smolt are 3.15 €/kg, 3.18 €/kg and 3.05 €/kg, respectively (Table 
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8.4). Feed and post-smolt costs are the two largest cost factors, accounting for more than 80 % 

of the total cost. Therefore, by lowering the post-smolt cost to for example 4.61 €/kg, a farmer 

can increase annual profit by nearly 7 %. This means an extra annual profit of about 107,000 € 

(not including corporate tax) compared to purchased post-smolt. 

Table 8.4 Summary of the offshore production cost and profit with different post-smolt prices. 

 5.00 €/kg 

post-smolt 

5.13 €/kg 

post-smolt 

4.61 €/kg 

post-smolt 

Variable costs Cost per kg 

% of cost 

Cost per kg 

% of cost 

Cost per kg 

% of cost 

Feed cost 1.29 €  

40.9 % 

1.29 €  

40.5 % 

1.29 €  

42.3 % 

Post-smolt cost 1.28 € 

40.8 % 

1.32 € 

41.4 % 

1.18 € 

38.8 % 

Other variable costs 0.18 € 

5.6 % 

0.18 € 

5.6 % 

0.18 € 

5.8 % 

Fixed costs    

Fixed personnel 0.15 € 

4.8 % 

0.15 € 

4.8 % 

0.15 € 

5.0 % 

Investment depreciation 0.16 € 

4.9 % 

0.16 € 

4.9 % 

0.16 € 

5.1 % 

Other fixed costs 0.066 € 

2.1 % 

0.066 € 

2.1 % 

0.066 € 

2.2 % 

Capital costs 0.027 € 

0.8 % 

0.027 € 

0.8 % 

0.027 € 

0.9 % 

Total costs per kg 3.15 € 3.18 € 3.05 € 

Total annual cost, € 3,359,694 € 3,395,965 € 3,252,834 € 

Sales revenue per kg 

Total annual revenue 

4.64 € 

4,953,965 € 

4.64 € 

4,953,965 € 

4.64 € 

4,953,965 € 

Profit per kg 

Total annual profit, € 

Extra annual profit, € 

Extra annual profit, % 

1.49 € 

1,594,271 € 

- 

- 

1.46 € 

1,558,651 € 

-35,620 € 

-2.2 % 

1.59 € 

1,701,131 € 

106,860 € 

+6.7 % 
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9 Discussion 

The Finnish Aquaculture Strategy stated an ambitious vision for 2022: “Finland has a 

competitive and rewarding operational environment for the development and growth of 

sustainable aquaculture and other adjoining industries”. Additionally, the annual production of 

Mainland Finland will gradually exceed 20 million kilograms from the current 7.4 million 

kilograms, and the value will be over 100 million € (Ministry of Agriculture and Forestry of 

Finland, 2014; Luke, 2020b). To achieve the national aquaculture growth visions and to 

mitigate for the environmental impacts from the increased production, the open net pen 

production is pushed further out from the sheltered coastal areas. These, so called offshore 

production sites are larger and require a great number of post-smolt to produce enough 

slaughter-sized fish during the short growth season of the subarctic.  

However, the decision made under the National Aquaculture Location Management Plan 

(Setälä et al., 2014) to push food fish (large edible fish) production to offshore sites has created 

a new kind of demand for fingerling and smolt production. Currently, most of the fingerling 

and smolt production takes place inland, several hundred kilometres from the coastline and the 

offshore sites. Logistics is costly and time consuming with the current production structure of 

hauling fingerlings or post-smolt in fish transport trucks from inland, and post-smolt production 

at the coastline is required to be increased without significant nutrient emissions to fulfil the 

large smolt demand of the offshore farms. One alternative to solve the issue is to build coastal 

RAS facilities, which cultivate post-smolt for the needs of the offshore sites.   

This thesis sought answers to several questions regarding recirculating aquaculture systems in 

post-smolt rainbow trout (Oncorhynchus mykiss) production in the coastal subarctic Finland. 

The main research questions referred to the challenges and concerns associated with RAS 

cultivated post-smolt and the effects seasonality has on production planning. Furthermore, this 

thesis was examining how RAS cultivated post-smolt could be incorporated with offshore open 

net pen production. The main aims were to determine the special characteristics and risks 

associated with post-smolt RAS production and to provide a production plan for the post-smolt 

RAS facility and finally analyse the feasibility of the RAS cultivated post-smolt in Finland.  

It is clear, that seasonality plays a crucial role in the subarctic climate. The growth season is 

relatively short, water temperature variations between seasons are high, the sea freezes during 
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winter and there is an isolation period due to weak ice in the beginning and in the end of winter. 

This creates an unusual rainbow trout production cycle where sea cages are towed to the 

production sites in the beginning of summer and to slaughter or overwintering locations for 

winter. The use of post-smolt enables farmers to produce large, over 2-kilogram, rainbow trout 

during the short open net pen growth season. The seasonality creates a production environment, 

where fish can in principle be stocked to the open net pens only during the beginning of the 

growth season. During winter the ice cover or cold water temperatures complicate smolt sea 

transport, whereas during summer the water temperature can get too warm. The seasonality also 

complicates the incorporation of RAS and offshore production, since the RAS production 

should be kept quite steady year-around to maintain a high utilization degree. The difference in 

optimum production cycles is not the only issue associated with RAS as shown with the 

literature review. 

During the past few years the number and production capacity of RAS facilities have increased 

(DNB Markets, 2017; Espinal & Matulić, 2019; Iversen et al., 2018). More knowledge about 

recirculating aquaculture systems has been gained by the increased research effort from the 

Academia and the private sector has gained more practical knowledge through RAS operation. 

Even with the increased amount of knowledge, several incidents have caused high fish 

mortalities in RAS facilities during the past 10 years. Main causes have been with disease 

outbreaks (Rohaan, 2014; Woodbury, 2018), equipment failures (Bredenberg, 2016; Lundberg, 

2017; Moore, 2018) or unexpected water quality issues (Atlantic Sapphire, 2018; Hjul, 2017; 

Mutter, 2020; Ojala, 2018; Olsen, 2017a; Olsen, 2017b). Production setbacks have challenged 

the feasibility of commercial RAS facilities, but several other factors pose great challenges for 

RAS operation.  

Worldwide, the main issues with recirculating aquaculture systems relate to Economics, Human 

Capital, Design and Production. Recirculating systems have had difficulties competing against 

traditional production methods due to higher initial capital and operating costs. Moreover, long 

initial investment repayment periods and financing securing has challenged RAS operators. 

From the literature, lack of human capital was by far the most referred issue. The education is 

inadequate around RAS, which together with increased worker demand has led to shortage of 

skilled labour. With limited educational possibilities, the scarcity of human capital will remain 

as a near-term constraint for the expansion of the RAS industry and practice (O’Shea et al., 

2019). Several issues rely also in the design and production in recirculating systems that require 
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further actions. RAS project participant communication and supplier customer support is in 

many cases insufficient. Together with shortcomings in initial design, equipment failure or lack 

of backup systems, the risk of unexpected production setbacks gradually increases, which 

eventually leads to poor profitability.  

When it comes to RAS, the main challenges are very similar in Finland as they are with global 

operators. The scarcity of human capital as well as operational feasibility of RAS were 

mentioned in every single interview conducted for this thesis. Furthermore, interviewees 

identified high biosecurity and good influent water as key factors for successful operation, 

which was expectable, since disease outbreaks and unexpected water quality issues have been 

problematic with RAS in the past. Another expected issue was problems with environmental 

licenses. The strict Finnish environmental legislation has led to high uncertainty in permit 

granting and the permanency of the permit. Even with intensive RAS with high phosphorous 

and nitrogen reduction levels, it is not guaranteed that permit is eventually granted, which 

hinders the securing of external funding.  

The interviews gave good answers on how seasonality should be taken into account when 

incorporating post-smolt RAS production with offshore aquaculture. The main concerns were 

with fish storage and post-smolt sea transfer. Since, a large number of post-smolt is required 

for the offshore site the post-smolt requires onshore storage before marine growth season. 

Therefore, good production planning and biomass management before sea transport is essential 

for successful operation. A question regarding acclimatization of the post-smolt before sea 

transportation arose during several interviews. There is a possibility that the fish does not grow 

as expected in the offshore open net pens if the fish is not properly acclimatized before 

transport. It is however, a big unknown of how long and in what kind of conditions the post-

smolt acclimatization should be done and therefore it requires further research.  

The seasonality plays also a big role in production planning through the availability of domestic 

eyed-eggs from December to June. The delivery reliability is extremely important for post-

smolt production and year-around production cycles is hard to maintain with only domestic 

rainbow trout eggs. Therefore, eyed-eggs are required to be imported for at least half a year. 

However, uncertainties rely for example on how well the foreign bred rainbow trout strains 

grows in the subarctic climate. In Finland, there are special strains of rainbow trout that have 
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been bred through several decades of selective breeding by the Natural Resources Institute 

Finland to enhance genetic traits such as fast growth or late maturation (Luke, 2016). 

There is only a limited number of sources about the production cost of RAS cultivated post-

smolt. According to Lasner et al. (2017) the production cost of portion size rainbow trout (same 

size as post-smolt) in Denmark and Germany is around 2.36-2.95 €/kg. In Finland, the 

production cost of RAS cultivated rainbow trout post-smolt was estimated to be 4.48 €/kg 

(Kankainen et al., 2014a). Several factors, such as higher feed and fingerling price, labour and 

investment depreciation increase the production costs in Finland.  

It was estimated in the feasibility analysis that producing post-smolt for a 1,000 ton offshore 

site will cost 5.13 €/kg. When the RAS incorporates both post-smolt production and summer 

market food fish production, can profit from the food fish sales be allocated back to post-smolt 

to reduce its’ production costs. By doing so, the post-smolt production costs can be lowered to 

4.61 €/kg. With a sales revenue of 4.64 €/kg (HOG), the offshore farmer can get a profit of 1.49 

€/kg with a purchased (5.00 €/kg) post-smolt. Because, the post-smolt price is the second largest 

cost factor in offshore aquaculture production, significant savings can be obtained by lowering 

the post-smolt cost. When the post-smolt cost is decreased to 4.61 €/kg the profit from the 

offshore production increases to 1.59 €/kg. This means an extra profit of nearly 7 %, making it 

economically feasible.  

Because every RAS system and operation is unique, the presented values represent the best 

educated guess of post-smolt produced in Finland in a new recirculating system at the steady 

state of production. Several RAS equipment costs or variable costs can be subjected to change, 

which would either decrease or increase the post-smolt production cost. For example, one of 

the largest cost savings could be obtained from the production hall. Depending on the 

production site soil conditions and the required groundwork and foundation work for the 

building, the semi-heated production hall can cost anything between 500-1,000 €/m2 in outlying 

districts in Finland. To ensure a successful RAS project, there should be some existing 

resources that the RAS production can benefit from. These can be either an existing low-cost 

production hall, availability of inexpensive electricity, heat, good quality cold water or warm 

water. Also, symbiosis with existing industries to lower for example wastewater treatment can 

decrease capital costs and increase feasibility. Good quality water is the most essential factor 
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for recirculating systems and if inlet water must be heavily treated and purified before it enters 

the recirculating system this can heavily increase initial investments and production risks. 

As shown in this work, in well-performing operation, post-smolt RAS can be economically 

lucrative. Feasibility of the post-smolt production should be also considered through resource 

savings and delivery reliability of post-smolt for the offshore facility. Self-grown post-smolt 

can provide especially time savings in the beginning of the growth season, which allows the 

offshore farmer to fully utilize the short subarctic growth season. Additionally, it can increase 

the delivery reliability of post-smolt, since getting a large number of post-smolt can be difficult 

for the large offshore farms, especially if the number of offshore farms increase in the future. 

The profitability of the offshore farms comes with quantity. It is in the offshore farmers interest 

to ensure that he/she has enough seed material in the beginning of the growth season. In a 

scenario, where good seed material delivery reliability can be obtained only with self-cultivated 

post-smolt, then this could be the most feasible production method. 

Self-producing post-smolt has its drawbacks. If major production cutbacks in the post-smolt 

RAS production occur due to unexpected events, the entire offshore production is heavily 

influenced. The offshore production can lose all profitability and in worst case cause 

bankruptcy for the offshore farmer. Additionally, if growth in either the RAS production phase 

or the offshore phase is not as planned, the production cycles are required to be re-designed. 

Particularly in the first operating years production adjustments are most likely required. 

Overall, the RAS system and the production schedule should allow some flexibility in order to 

tweak production cycles when necessary. 

For this work, rainbow trout growth in the recirculating system was modelled differently than 

in usual approaches. Typically, fish growth estimations for production planning have relied on 

a thermal growth coefficient model (TGC model), which was initially proposed in 1981 by 

Iwama & Tautz (1981). The model has three basic assumptions: 

• “growth increases in a steady and predictable manner with increasing temperatures; 

• the length (L) to weight (W) relationship is L∝W3; and 

• growth in length for any temperature is constant over time (i.e. L increases linearly 

over time” (Jobling, 2003, p. 581). 
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Because the post-smolt is reared from eyed-eggs, meaning that the fish have several life stages 

during the production (i.e. egg development, yolk sack fry, swim-up fry, fry, fingerling, smolt 

and food fish) all of the above assumptions will be compromised. Therefore, it was seen best 

to model the growth based on actual feeding rates provided by some leading fish feed producers. 

The growth model used in this thesis takes into account, not only the feeding rate, which 

changes with the size of the fish, but also the differences in fish development stages (different 

RAS specific feed for fingerling (≤50 g) and smolt (>50 g)), water temperature and FCR. 

Therefore, the growth model should be the best possible prediction of how rainbow trout will 

grow in a recirculating system. The uncertainties with the RAS growth model were addressed 

by trying to take a precautionary approach with both the feeding rate and the feed conversion 

ratio. Also, the precautionary approach was applied when predicting the growth at the offshore 

site.  

In summary, even though slightly larger, the presented values for post-smolt are in line with 

the production costs presented by Kankainen et al. (2014a) and Lasner et al. (2017), which 

indicates that the presented values are plausible. Additionally, the capital cost of the RAS 

facility in Scenario 1 is about 17 €/kg, which is the same order of magnitude as the capital 

investment costs of roughly 10-18 €/kg presented in literature (Bjørndal & Tusvik, 2017; Liu 

et al., 2016; Robinson & Wright, 2013).  

Post-smolt RAS has its benefits and disadvantages. Biggest gain is the seed material delivery 

reliability for the offshore production and reduced nutrient loadings. Additionally, time savings 

due to shorter transportation routes enable full utilization of the short growth season, which is 

an extremely beneficial factor when considering overall production feasibility of the offshore 

unit. The subarctic climate in the northernmost coast of Finland makes the growth season very 

short and time saving of even one week is significant. Also, with RAS cultivated post-smolt 

overwintering in net pens can be avoided with onshore storage units, where water temperature 

and flow can be monitored and to some extent controlled. This can reduce the risk of fish mor-

talities during the overwintering period, which is a significant advantage. However, if major 

production set-backs occur, there is a genuine risk of losing the entire profitability of the off-

shore production, which can lead to large economic loses. Production set-backs can be miti-

gated with proper risk management, system design and precautionary measures, such as high 

biosecurity level and well-maintained backup system. If major production set-backs can be 

avoided, the production of RAS cultivated rainbow trout post-smolt can be feasible in Finland.  
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10  Conclusion 

This thesis illustrated that incorporating recirculating aquaculture systems for rainbow trout 

post-smolt production with offshore open net pen grow-out production can be economically 

feasible. RAS post-smolt production can provide solutions for various challenges the offshore 

production is phasing. Coastal RAS facilities can supply offshore sites with their high demand 

of post-smolt and enable the full utilization of the short marine growth season. Additionally, 

the environmental loading from the post-smolt RAS is much lower than in conventional smolt 

production methods, which in Finland can help getting an environmental licence near the coast. 

In theory, ten times more smolt can be produced with the same phosphorous loading and nearly 

three times more with the same nitrogen loading. If large denitrification units, such as wood 

chip bioreactors are incorporated with the RAS design, even larger quantities of post-smolt 

could be produced in RAS with the same nitrogen loading as in conventional open net pens. If 

Finland moves more and more towards offshore aquaculture in the future, RAS facilities can 

help to reduce the nutrient emissions of the post-smolt production. 

With a self-owned post-smolt RAS facility, the offshore farmer can save roughly 10 % in post-

smolt cost resulting in roughly 7 % higher profit from the head-on gutted rainbow trout. RAS 

cultivated post-smolt cause also significantly lower environmental nutrient emissions, which is 

extremely important in Finland, since aquaculture licenses are subjected to strict environmental 

legislation. With proper production planning, the post-smolt RAS facility can also provide large 

food fish for the Finnish summer markets, when there is scarcity of cultivated fish and therefore 

the prices are high. 

As far as the Author is aware of, no similar studies of combining post-smolt and food fish 

production in a recirculating system has been conducted in Finland or other subarctic countries, 

where seasonality plays a crucial part in production planning. Combining different production 

cycles in a RAS enables high utilization rate of the system year around. Allocating profit from 

RAS food fish production can significantly lower production costs of post-smolt and result in 

considerable savings. 

Several challenges regarding RAS cultivated post-smolt were identified from a comprehensive 

literature review and by aquaculture expert interviews. The scarcity of human capital is the 

number one RAS related issue, not only globally, but also in Finland. Limited educational 
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possibilities cause severe shortage in skilled labour in the industry. Economic feasibility has 

been a major concern with all new RAS projects, but if production set-backs can be avoided 

with proper management, system design and precautionary measures, a post-smolt RAS facility 

can economically compete with purchased post-smolt prices. Because in Finland, the subarctic 

climate creates high seasonal variations in water temperature and sea ice conditions, the fish 

acclimatization was highlighted in the interviews. In order to achieve good growth, it was 

believed to be important to acclimatize the post-smolt before sea transport, but how and for 

how long was still a question none of the interviewees could answer. 

Like any study, also this had some limitations. The research on how RAS cultivated rainbow 

trout post-smolt grows in open net pens is non-existent, which increases the uncertainties in the 

offshore growth estimation. Also, previously growth estimations have relied on TGC model, 

which has its uncertainties. This work provided an alternative method on growth prediction, 

which relies on actual feeding rates based on fish size and water temperature. Because no 

literature is available on such an approach, there is an uncertainty on how accurately the growth 

model predicts the actual growth. However, this could be easily examined with a growth 

experiment. Also, information of realized costs of actual RAS facilities are in practice non-

existent. The cost estimations provided in this work, were done with the help of a private 

aquaculture consultant and are the best educated assumption of what the facility and the 

operation could cost. Nevertheless, the capital investment of 18.5 €/kg for the 270 ton RAS 

facility and the total production costs for the post-smolt of around 4.6-5.1 €/kg presented in this 

work, are in line with values presented in literature and are plausible. 

Even with all the limitations, this thesis provides valuable information on how RAS cultivated 

rainbow trout post-smolt production could be implemented in subarctic regions. The obtained 

knowledge can be applied in future RAS projects and can help people designing, managing or 

operating RAS facilities to avoid certain pitfalls or to identify possible risks or potentials in 

their production plan or actual recirculating system.  

Post-smolt recirculating aquaculture systems are also in the very core of Blue Economy or Blue 

Growth, both the EU and Finland are promoting. In addition to economic feasibility, RAS can 

promote the growth of aquatic food production with reduced nutrient loadings into the 

environment. Therefore, post-smolt RAS can support the ecological, economic and social 

sustainability, which all are essential in Blue Growth. 
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This project rose several questions that require further research. First and foremost, research 

should be aimed on how RAS cultivated post-smolt should be acclimatized for the offshore 

production, so that good growth and low early maturation and mortality can be achieved. 

Several factors, such as duration of the acclimatization, water temperature and light periods 

during the acclimatization should be investigated. Secondly, a growth experiment should be 

conducted for validation and verification of the simulated growth model presented in this work. 

Third, offshore growth experiments should be conducted for post-smolt produced from 

domestic and imported eyed-eggs to see if there are any differences on growth rates. Fourth, 

semi-closed containment systems should be tested as alternatives for onshore storage tanks. 

Finally, the industry should not be locked to current production cycles and end-products (i.e. 

large rainbow trout). Out-of-the-box thinking should be applied to come up with alternative 

production cycles and schemes or totally different consumer end-products to diversify the 

current rainbow trout production and processing. 
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Table C.4 Profit account for the 270 ton rainbow trout post-smolt RAS. 
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