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Abstract 

Over the past 30 years, the formulation of salmon feeds has shifted from being based on marine 
ingredients like fishmeal and fish oil towards more plant-based ingredients. This shift was 
caused by limited supply of wild fish and general sustainability concerns related to using forage 
fish for feed, so they were mainly replaced with vegetable-protein. Previous studies of farmed 
Norwegian salmon have shown that feed use is the most important sustainability input factor of 
the whole industry, both economically and environmentally.  

Using Life Cycle Assessment (LCA), this study compares the resource use and emissions 
caused by conventional feeds to those caused by novel feed formulations in which a part of the 
marine inputs, and in some cases soy, were replaced by seaweed or blue mussel silage. Different 
feed formulations are compared per ton of feed and data from a fish trial done in Norway is 
then used to estimate emissions for a salmon production scenario using those novel feeds. The 
analysis of the feeds covers greenhouse gas emissions and agricultural land use. The estimation 
of the emissions caused by the salmon production covers greenhouse gas emissions and marine 
eutrophication. The results show that replacing fishmeal with 1-4% seaweed silage in the feed 
lowered the greenhouse gas emissions marginally by up to 5% compared to the conventional 
reference feed. The replacement of fishmeal and soy protein with blue mussel silage (up to 11% 
in the feed) reduced greenhouse gas emissions by up to 10%. Replacing soy protein also results 
in lower land use. However, applying these feeds in a salmon production scenario shows that 
the overall emissions increase when replacing common ingredients with novel ingredients, 
mainly due to an increased feed use. These findings should be considered when applying novel 
feed formulations in salmon farming for ecological benefit.  

Key words: LCA – Salmon aquaculture – novel feeds – seaweed – blue mussel 
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1. Introduction 
Salmon farming in Norway 

Farming Atlantic salmon (Salmo salar) in Norway roots back to the 1970’s, when first trials for 
the grow out of salmon in open net cages were carried out. Since then, the industry has 
developed at a rapid rate, from a production of only 50 tons in 1970 to approximately 1.2Mtons 
in 2020 (FAO, 2020). Today, the industry produces salmon worth almost 8 billion USD per 
year and has grown to become the second largest contributor to Norwegian exports, only 
surpassed by the oil and gas industry (Statistics Norway, 2021). Though the growth in 
production has been stagnant over the past couple of years, Norway aims at increasing the 
current production volume by 400% by 2050 (Directorate of Fisheries, 2019).  

The rapid growth of the industry has soon sparked scrutiny from the public about the ecological 
compatibility of the industry. Concerns regarding the impact on wild populations of Atlantic 
salmon are especially focussed on genetic interferences between wild salmon and escaped 
farmed salmon, transmission of diseases from farms to wild populations as well as 
eutrophication caused by salmon farms (Mente et al., 2006; Taranger et al., 2015). In addition 
to the discussion of the aquaculture operation itself, the impact of the industry including the 
whole value chain has received more and more attention. Supply chain impacts are commonly 
analysed using the Life Cycle Assessment methodology (LCA), which allows to estimate the 
resource use and environmental impacts of goods and processes by taking the whole value chain 
into account. As a tool, LCA is standardized by ISO (ISO, 2006a, b). Previous studies 
investigating salmon aquaculture using LCA have quantified the impact of farming on various 
impact categories. Results have shown that the production of salmon feed dominates the life 
cycle impacts of the industry through greenhouse gas emissions and land use. The feed can 
account for up to 80% of the total greenhouse-gas-emissions of farmed Norwegian salmon (Liu 
et al., 2016; Winther et al., 2020). One explanation of this is the high inclusion rate of soy-
protein concentrate (SPC), which has a particularly large environmental impact. But even with 
lower inclusion rates of soy, feed was the dominant driver of emissions (Berardy et al., 2015; 
Dalgaard et al., 2007; Pelletier et al., 2009).  

The importance of salmon feed 

Thus, feed is of major importance for the greenhouse gas emissions and other environmental 
impacts of salmon production and the environmental sustainability of the industry going 
forward. In addition to the relevance for the environmental footprint, feed is also a dominant 
economic factor in intensive salmon farming. The use of feed surpasses the production volume 
of salmon and contributes to more than half of the total production costs (Aas et al., 2019; Asche 
& Roll, 2013). Originally, these feeds were mainly based on marine ingredients, especially 
fishmeal and fish oil, which are produced from wild forage fish, often small pelagic species, 
but increasingly also from trimmings from fish processing, which today add up to around 25% 
- 35% of the fishmeal (FAO, 2020). These ingredients were rather cheap and provide the protein 
and fatty acids required by the fish in aquaculture (Cottrell et al., 2020). Atlantic salmon 
demands a balance of proteins, amino acids and lipids in its feed, where especially the long-
chain n-3 polyunsaturated fatty acids (LC n-3 PUFAs) are of major importance. These fatty 
acids are considered as healthy both for the fish and for the consumer (Peterson et al., 2019). 
Increasing expansion of the aquaculture industry cannot be based on the use of fishmeal and 
fish oil, because the availability of these resources is limited and production regressive (FAO, 
2020). The resulting increasing prices coupled with NGO campaigns against feeding farmed 
fish with wild fish have driven a major change in the composition of feed for Atlantic salmon 
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towards plant based protein sources, mainly soy (Aas et al., 2019; Naylor et al., 2021; Shepherd 
& Jackson, 2013).  

Novel feed ingredients need to fulfil several requirements in order be suitable as a feed 
ingredient for intensive salmon production. Firstly, the ingredients need to meet the nutritional 
requirements needed by the fish (Pelletier et al., 2018). Secondly, it should be possible to scale 
up in terms of production to meet the increasing demand, i.e. not be dependent on limited 
resources. Third, their production must be environmentally, economically and socially 
sustainable to be competitive. (Pelletier et al., 2018) 

Over the last two decades, SPC has become the main replacement for marine proteins since it 
is widely available and provides vital protein sufficiently. However, SPC cannot provide the 
important PUFAs and amino acids in a digestible form, which is why it does not substitute 
fishmeal and fish oil completely. Besides, the environmental costs of soy-protein concentrate 
are high when originating in countries with expanding agricultural land like Brazil. (Aas et al., 
2019; Berardy et al., 2015; Dalgaard et al., 2007) 

Motivated by these deficits, there is an urgent need for new feed ingredients and a lot of research 
is currently being done, evaluating the functionality and feasibility of feed ingredients that can 
provide the fish with all the needed nutrients while impacting the environment less. Four 
examples of these new ingredients are briefly described below. 

Novel feed inputs in salmon feed 

1. Microalgae  

Various microalgal species show amino acid profiles very similar to those that are found in fish 
meal, making these a potentially plausible alternative for fish-meal protein (Becker, 2007). 
Sørensen et al. (2016) used the microalgae Phaeodactylum tricornutum as a substitute for fish 
meal protein in trial feeds for Atlantic salmon. The inclusion of 3-6% microalgae had no 
negative effects on the growth performance, the nutrient digestibility, or the utilization of the 
feed. Kiron et al. (2012) also included products based on marine microalgae in trial feeds for 
Atlantic salmon, although in higher concentration (5% and 10%). Like Sørensen et al. (2016), 
they did not determine any significant differences in growth performance. Furthermore, Shah 
et al. (2017) find that the use of microalgae could reduce the environmental costs of aquafeeds 
drastically. However, small production volumes and high costs for production of microalgae 
make their use not yet economically feasible (Rosas et al., 2019; Shah et al., 2017).  

2. Insects 

Protein from insects form another promising group of alternative aquafeed ingredients. 
Especially black soldier fly larvae show a well-balanced amino acid profile which is very 
similar to the one in fishmeal, making this species potentially feasible for fish feeds (Barroso 
et al., 2013; Liland et al., 2017). Belghit et al. (2018) tested various feeds on Atlantic salmon, 
in which up to 100% of the protein from fishmeal and soy were replaced by meal from black 
soldier fly larvae. No significant differences were found in the feed conversion, feed intake and 
daily growth of fish fed with the trial feeds compared to control feeds. Similarly, Fisher et al. 
(2020) tested feeds based on black soldier fly larvae on Atlantic salmon for both, digestibility 
and growth. They find that salmon fed with feeds containing 20% insect meal show no 
significant difference in growth. However, higher inclusion rates affected the growth 
performance negatively.  
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3. Macroalgae 

Norambuena et al. (2015) show that some marine macroalgae contain all the necessary amino 
acids, even though the protein content may vary (8%-50% dry weight). Besides, they are found 
to be rich in LC n-3 PUFA, which is also demanded by the salmon. Thus, they are a possible 
alternative feed ingredient, especially for the replacement of fishmeal and fish oil (Aas et al., 
2019; Norambuena et al., 2015). Feeding trials have shown that low inclusion rates of a mix of 
macroalgae in salmon feed (2,5% - 10%) do not affect the feed utilization and disease resistance 
of the tested fish negatively, and keeping the growth rate at a level comparable to the 
conventional control feed (Norambuena et al., 2015). Kamunde et al. (2019) included brown 
kelp in salmon feed and tested it in 30-day feeding trials on smolt with inclusion levels ranging 
between 3-10%. The authors found that, depending on the inclusion rate, the added seaweed 
affects the growth performance, food consumption and the feed conversion ratio (FCR) 
positively.  Wilke et al. (2015) show that salmon fed with feeds that contained 15% of a seaweed 
blend have a notably higher concentration of LC n-3 PUFAs in their flesh.   

However, a lot is still unknown about the bioavailability of nutrients in seaweeds and the use is 
also limited by the high content of iodine and other undesired substances that might affect the 
fish negatively. 

4. Blue Mussel 

Blue mussels (Mytilus etulis) have a high protein content and contain amino acids which are 
similar to the ones found in fishmeal (Jönsson et al., 2009). Vidakovic et al. (2016) test blue 
mussel meal in feeding trials with Arctic Char (Salvelinus alpinus). They replaced 40% of the 
fishmeal content with blue mussel meal and did not find any significant differences between 
the growth rate or feed conversion ratios. Using the same feed formulations as Vidakovic et al. 
(2016), Langeland et al. (2016) found that Arctic char fed with blue mussel enriched feeds 
showed improved digestibility, compared to a conventional feed. 

Environmental assessments of novel feed inputs in salmon feeds 

Several studies have investigated the environmental footprints of alternative aquafeed 
ingredients in comparison to conventional ingredients. Philis et al. (2018)  conducted a material- 
and substance flow analysis to compare the environmental performance of soybean- and 
seaweed based aquafeed ingredients for the case of Norway. Both ingredients are in a dried 
form. They found that while the seaweed production only relies on phosphorous taken up from 
the surrounding environment, soy uses an additional 26 kg/ton as fertilizer. However, they also 
find that the drying of seaweed is still very energy-intensive due to the small scale. Seghetta et 
al. (2016) confirm in their LCA of seaweed that the seaweed farming lowers marine 
eutrophication, caused by the bio extraction of nitrogen during the growth-phase. On the other 
hand, the production of the equipment used in seaweed farming drives the greenhouse gas 
emissions up, since this production is usually quite energy-demanding. When delivered in a 
dried form, the drying process also shows a high energy demand which might result in high 
greenhouse gas emissions, depending on the source of the energy (van Oirschot et al., 2017).  

LCA studies on blue mussel faming also showed the positive ecosystem services that the 
cultivation provides for the marine environment. Using LCA, Henriksson et al. (2018) show 
that the blue mussel cultivation countereffects marine eutrophication, producing an uptake of 
18 kg of nitrogen-equivalent per ton of mussel. Thomas et al. (2021) find that blue mussel 
cultivation in Sweden takes up 5 kg of phosphorous-equivalent per ton of mussel (fresh weight). 
The carbon emissions are also negative, with an uptake 42.8 kg of CO2-equivalent per ton fresh 
weight on the west coast and 106 kg uptake per ton on the east coast. However, the actual uptake 
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of carbon, phosphorous and nitrogen is very location specific and thus should not be 
generalized.  

Following the future potential that low trophic marine species, such as the blue mussel and 
seaweeds like sugar kelp (Saccharina latissima), have as an additive to salmonid feeds, the 
Norwegian Institute for Marine Research (IMR) has started the “SIS Ocean to Oven” project. 
This thesis is part pf that project, which is carried out in cooperation with in cooperation with 
RISE Sweden, Lerøy Seafood ASA and Cargill Norway Inc. The project aims at investigating 
the applicability of low-trophic species for human consumption or in aquafeeds. The 
combination of beneficial nutritional composition and low environmental impacts in their 
cultivation make sugar kelp and blue mussels particularly interesting for the project. The project 
includes feeding trials in which juvenile salmon were fed feeds with different inclusion rates of 
seaweed silage or blue mussel silages. The processing form of silage was chosen over drying 
because of the lower production costs and an expected higher digestibility. This study uses the 
data gathered from the feeding trials for parts of the analysis. 

Aim of the study 

This study aims at assessing the environmental impact of novel feeds that include seaweed 
silage or blue mussel silage, compared to a conventional control feed. In a second step, the aim 
is to compare the potential environmental impact of salmon fed with these novel feeds to salmon 
fed with regular feeds. The thesis is targeted at professionals within the field of salmon 
aquaculture and especially aquafeed-industry. 

The specific research questions are: 

1. How does the inclusion of seaweed silage or blue mussel silage in salmon feeds affect 
the environmental impact as compared to conventional feed? 
 

2. How does the use of novel feeds for on- growth of farmed salmon affect the 
environmental impact as  compared to conventional feeds? 
 

2. Methodology 
This study uses Life Cycle Assessment methodology (LCA) to estimate the environmental 
impact that the different salmon feeds and farmed fish have on pre-defined impact categories. 
LCA is a method designed to map all the environmental impacts that a product has along the 
value chain. This includes the sourcing of the raw materials, their processing, the production of 
the final product and all the logistics in between the steps. LCA is deployed in four steps, which 
shape the further structure of this study. The first step is the definition of the goal and scope of 
the study. In this step, the study object, included and excluded processes, the target groups and 
other central method choices are made. The second step is the Life Cycle inventory, which 
includes the data-collection for the in- and outputs of all steps along the product’s value chain. 
These data are collected from primary sources and literature sources. Due to the iterative 
character of LCA, the data inventory is refined as the analysis proceeds. The third step is the 
Life Cycle Impact Assessment. Here, all the resource use and emissions resulting from the 
inventory that the different production- and transportation steps are sorted, and the previously 
defined impact categories get estimated and quantified. A sensitivity analysis identifies critical 
points in data sources or underlying assumptions and shows how changes influence the results 
of the assessment. The final step is the interpretation. Here, the results of the Life Cycle 
Assessment get evaluated with focus on the defined scope of the analysis. (Baumann & Tillman, 
2004; Hauschild et al., 2017) 
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3. LCA methodology applied in this study 
In this section, the LCA methodology applied in this study will be described. The assessment 
will be carried out in line with the four steps described above.  

 

3.1  Goal and Scope 
The first goal of this assessment is the evaluation of the environmental footprint of novel salmon 
feeds that include macroalgae or mussels. These footprints will be compared to a reference feed 
that is based on a standard feed used in the Norwegian salmon industry today. The second goal 
is the evaluation of farmed salmon fed the novel feeds. Again, the results are put in comparison 
to the environmental impact of salmon fed with the industry-standard reference feed. The study 
is directed at professionals working towards a more sustainable aquaculture industry in Norway, 
especially feed producers and salmon producers.  

System Boundaries 

The scope of the assessment is twofold. The fist scope covers the value chain of the feed 
production. The second one covers the value chain behind the salmon production, including the 
feeds as defined in the first scope. Figure 1 displays the system boundaries of the feed 
production, Figure 2 the system boundaries of the salmon grow-out. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: System boundaries for the feeds 

As displayed in Figure 1, the system boundaries of the feed LCA include the sourcing of all 
agricultural, marine (both conventional and novel) and nutritional feed additives (here referred 
to as micro ingredients) for the feed, their processing, and the pellet production. Furthermore, 
all transportation between the different production steps and the transportation from the feed 
mill to the salmon producer is included. Thus, the assessment follows the life cycle from cradle 
to-farm entry. The feed production-system that was modelled is situated in Norway, since this 
is where the feed used in the feeding trials was produced. The raw materials however, are 
coming from various regions inside and outside the EU. The seaweed farming and blue mussel 
farming as well as the silage production is only included in the system boundaries of the feeds 
that contain these ingredients. 
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Figure 2: System Boundaries for salmon farming 

Figure 2 shows the system boundaries of the salmon grow-out system that was modelled. The 
system covers the whole salmon production, from cradle-to-gate of slaughtering plant. This 
includes also the smolt production and -feeding, the grow-out of the salmon, including feeds 
used, production of the farming equipment used and the transportation between the different 
production steps including the harvest and the slaughtering. The feed inputs were modelled by 
using the environmental footprints of the different feeds as modelled in the previous step. The 
second assessment does not include any transportation, because the different sites are usually 
very close to each other. Logistics from the slaughtering plant to the retailer or consumer is 
excluded from the analysis because the distances and modes of transport used in these steps 
vary so widely that it is not possible to generalize emissions. 

Lifetime 

A lot of the equipment used in the production of the feeds and the salmon is used for many 
production cycles. Thus, it is necessary to define a maximum lifetime which limits the 
equipment to be relevant for the production of a ton of feed or salmon. In this study, the 
maximum lifetime is set at 10 years. This covers all of the “permanent” equipment used in the 
seaweed farming, but excludes emissions caused by the construction of longer-living equipment 
like the factory building used for slaughtering and processing or the boats used in the farming 
steps.  

Impact Categories 

The impact categories represent the different environmental factors that are being affected by 
the product. Since the environmental impact usually is manifold, this study attempts to narrow 
down on the most relevant ones for the given product, which are then respected in the LCA. 
The choice of impact categories was based on the relevance for the targeted audience and on 
the specific characteristics of the products, here aquafeeds and farmed salmon. The choice was 
limited by the availability of relevant data and calculation methods. The impact categories used 
in this research are shown in Table 1. 

Table 1: Impact categories included 

Impact Category Description Unit Source 
Global warming 
potential 
(for feeds & Salmon grow 
out) 

The contribution to the 
radioactive forcing in 
the earth’s atmosphere 

Kg CO2-equivalents 
(eq.) 

IPCC (2019) 
Joos et al. (2013) 

Marine eutrophication 
potential 
(for Salmon grow out) 

Contribution to 
biological oxygen 
consumption 

Kg N-eq. 
(Nixon, 1995) 

Land use 
(for feeds) 

Agricultural area used ha Curran et al. (2014 
de Baan et al. (2013) 

Literature data 

Primary data 

System Boundaries 

Feed 

Smolt 
production 

Feed  Farming 
(Open cage) 

Harvest & 
Slaughtering 

Export 

Equipment 
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The first chosen impact category is Global Warming Potential (GWP). GWP was chosen 
because the severity of the climate crisis is putting the climate impact of products at core of 
public awareness. Thus, the GWP of salmon feeds and salmon themselves is considered as of 
high interest for the target audience, policy makers and consumers and expressed in greenhouse 
gas emissions or CO2 eq. The marine eutrophication potential is regarded as a central impact 
category because of the debate about the role of salmon aquaculture in marine eutrophication. 
Organic effluents of the farm, mainly faeces and uneaten feed, can cause eutrophication in the 
benthic sphere underneath the farms and in the waters surrounding the open net-cage farms, by 
far the most used farm system in Norway (Bannister et al., 2014; Morrisey et al., 2000; Taranger 
et al., 2015). Besides, the use of agricultural products is generally associated with land- and 
water eutrophication (Boesch & Brinsfield, 2000; Ulén et al., 2007). 

Like eutrophication potential, land use naturally plays an important role in agricultural products. 
Thus, the role of agricultural land use became more important as the feed formulations evolved 
from being marine-based to more vegetable based. This is particularly important for the case of 
the Brazilian soy which is studied here. This soy is often associated with degradation of primary 
rainforest and thus enjoys significant public awareness, since it not only causes loss of 
biodiversity and social injustice (Weinhold et al., 2013). 

All impact categories were estimated with the with the ReCipe Midpoint method. This method 
was developed by several institutions and is one of the most widely used LCA-methods (Dekker 
et al., 2020; Huijbregts et al., 2017). 

Other potentially relevant, but not included impact categories are the impacts of the salmon-
feed and salmon production on biodiversity and social implications. However, a lack of data 
and, especially for the case of biodiversity, methodology made that inclusion impossible within 
the scope of this research. (Winter et al., 2017) 

Functional Unit 

For the comparison of the environmental impacts of the different feeds, the chosen functional 
unit is 1ton of feed pellets as they leave the feed mill. This study uses 1 ton over 1 kg since it 
is more commonly used in the industry.  

The functional unit for the second LCA, the assessments of the salmon fed with the different 
feeds, is 1ton of fresh, gutted salmon as it leaves the slaughtering plant because this is the way 
the product most often enters the market. Again, ton was chosen over kg since it represents the 
industrial scale better. This is of higher interest to the target group.  

Allocation 

The allocation addresses the problem that different production processes produce multiple 
products. Thus, environmental burdens need to be divided over all the products that result from 
the given process. The most common ways to do this are economic allocation and mass 
allocation. In the first method, the emissions get distributed to co-products according to their 
respective economic value. Mass-based allocation distributes the environmental burdens 
according to each co-product’s share of the output weight. This study follows the 
recommendation of ISO which is mass allocation over economic allocation. This allocation is 
more suitable since prices can vary over time and across different markets. (ISO, 2006a, 2006b). 

Sensitivity analysis 

In the sensitivity analysis, the study evaluates the importance of choices of data-sources, data-
points and assumptions that could have a large effect on the results of the LCA. The goal is to 
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highlights dependencies that the main results of the study have on choices the author has made 
regarding, data-sources, methods and other assumptions that were necessary to make due to 
imperfect data.  

 

3.2 Data inventory 
Feed formulation 

The study relies on data from different sources. The composition of the different feeds 
represents the exact compositions that were used in the feeding trials at IMR. The composition 
of the different feeds is shown in Table 2. 

Table 2: Compositions of the tested feeds 

 

Ref. 
Feed 

Seaweed Feeds Blue Mussel Feeds 

Name of the feed Ref SW1 SW2 SW3 SW4 BM3 BM7 BM11 

 Ingredient (in %)                 

Fish Oil 10.2 10.3 10.4 10.5 10.6 10.3 10.4 10.4 

Fishmeal 25.0 23.3 21.6 19.9 18.2 20.3 15.4 10.5 

Rapeseed Oil 13.9 13.6 13.4 13.2 12.9 13.3 12.4 11.6 

Soy Protein Concentrate 20.0 20.0 20.0 20.0 20.0 21.0 19.7 16.5 

Raw Wheat 11.0 11.0 10.9 10.5 10.0 11.0 10.4 10.5 

Other Plant Proteins* 16.8 17.5 18.3 19.4 20.6 17.8 21.2 24.9 

Micro Ingredients** 3.17 3.29 3.40 3.51 3.60 3.30 3.45 3.62 

Yttrium Oxide 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

Seaweed Silage -  1.00 2.00 3.00 4.00 -  -  -  

Blue Mussel Silage  - -  -  -  -  3.00 7.00 11.0 

Total  100 100 100 100 100 100 100 100 
* Other plant proteins modelled as 40% faba beans, 40% corn gluten and 20% pea protein concentrate  

**see Appendix A1 

Table 2 shows the composition of the tested feeds. The naming of the different feeds is based 
on the type and amount of the novel ingredient used in the respective feed. For example, SW3 
is the feed which contains 3% of seaweed silage und BM7 contains 7% blue mussel silage. The 
seaweed used in the feed formulations is sugar kelp (Saccharina latissima). The data originates 
from IMR and the producer of the trial feeds. The exact composition of “other plant proteins” 
(OPP) is considered as confidential and thus cannot be shared. In this study it is assumed that 
this ingredient consists of 40% faba beans, 40% corn gluten and 20% pea protein concentrate. 
This assumption is based on the most used feed ingredients in Norwegian aquaculture (Aas et 
al., 2019; Langeland, pers. comm.). The exact composition of the micro ingredients is also 
confidential. Based on Winther et al. (2020), this study assumes that the micro ingredients 
consist of a mixture of amino acids, phosphate, pigments and a premix of vitamins and minerals. 
This study assumes that the amounts of astaxanthin used in each feed are remain constant and 
only the amounts of phosphate and the vitamin-mineral mix change with the inclusion level of 
micro ingredients (Langeland, pers. comm.). The exact compositions of the micro-ingredients 
as used in the analysis can be found in Appendix A1.  
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Emission data for aquafeed 

For the LCA, the emissions of each raw material, the production processes and the 
transportation of the goods are needed. For agricultural feed ingredients, emission data from 
the Agrifootprint database (version 4.1) were used. Emissions of the micro-ingredients were 
partially drawn from the Ecoinvent database (version 3.7.1) and derived from literature. The 
two databases were chosen because they are widely used in comparable literature and the 
agricultural raw materials of the feeds are well represented in them. An overview of the 
inventory data and their sources for the agricultural and chemical ingredients can be found in 
Appendix A2 and Figure 1. The databases were accessed through the SimaPro-software 
(multiuser-version 9.2.0.2 and 9.3.0.3).  

The raw ingredients for the fishmeal and fish oil were assumed to be Atlantic herring (Clupea 
harengus), Blue Whiting (Micromesistius poutassou), Sandeel (Hyperoplus immaculatus) and 
Sprat (Sprattus sprattus). This assumption is based on personal communication with the 
producer of the trial feed and the most used fish species in Norwegian fishmeal and fish oil 
production (Winther et al., 2020). The calculated emissions of these two ingredients are 2.26kg 
CO2 eq./kg. The basis of that calculation can also be found in Appendix A3. 

The data for the emissions of the blue mussel silage were derived from literature. The blue 
mussel silage used in the feeding trials originated in Denmark, but due to the lack of Danish 
data this study uses emissions from blue mussel produced in Sweden (Thomas et al., 2021). 
The estimated emissions of blue mussel silage, including the fermentator are 0.13kg CO2 eq./kg. 
The emissions exclude the uptake of carbon of the mussel during it’s life cycle. This exclusion 
is made because the carbon taken up by the mussels is not stored away but transformed into 
aquafeeds which will eventually be released back to the sea within a short amount of time. The 
underlying literature data and further assumptions are described in Appendix A4. 

The emissions of the seaweed silage were modelled based on a seaweed farm in western 
Norway, operated by a project partner. This firm is also the origin of the silage used in the 
feeding trials. The estimated emissions for the seaweed silage are 0.46 ton CO2 eq./ton. The 
detailed calculations that led to this estimation as well as the underlying processes and raw 
materials are displayed in Appendix A5.  

The emissions of the micro ingredients are specific to each feed formulation since the 
composition differs slightly (see Appendix A1). They range between 39.9ton CO2 eq./ton and 
45.4ton CO2 eq./ton The main part of the emissions can be drawn back to the highly energy 
intensive production of astaxanthin and amino acids. The exact composition of the emissions, 
the underlying literature and assumptions are displayed in detail in Appendix A6. 

Following Winther et al. (2020), the emissions for the production processes of the aquafeed are 
based on the estimated energy consumption of the process, the fuel consumption and waste 
production. The estimated GHG emissions of the feed production process are 12.2kg CO2 
eq./ton. The underlying assumptions and specific emission data for the individual processes are 
displayed in Appendix A7.  

The emissions caused by the transport of the raw materials to the feed mill and of the pellets to 
the farming site are dependent on the place of origin of the raw materials, which on the other 
hand depends on the raw material itself. The production site is set to be in Norway. Furthermore, 
the mode of transport also influences emissions. An overview of the different modes of 
transport and the respective distances is shown in Appendix A9. 

  



10 
 

 

Figure 3 summarizes the greenhouse gas emissions of the different feed ingredients in a 
comparative graph. 

 

Figure 3: Overview of greenhouse gas emissions of feed ingredients 

Figure 3 displays the conventional marine ingredients in light blue and the novel marine 
ingredients in dark blue. Artificial feed additives are marked in orange and agricultural 
ingredients in green.  

Data inventory for the salmon aquaculture 

Following the system boundaries that identify the parts of the value chain that are included in 
this study, this section describes the inventory data used for the determination of the 
environmental performance of the salmon farming, including the feeds that were tested earlier. 
The inventory closely follows Winther et al. (2020) and only scarcely contains some additional 
primary data gathered as part of this research.  

Following Winther et al. (2020) and the industry standard, the smolt production was assumed 
to be a recirculating aquaculture system and it was assumed that the feed given to the smolt is 
the same feed as the one given to the fish in later stages. Thus, the analysis respects smolt fed 
with all eight variations of feed as described in Table 2. Depending on the feed used, the 
emissions caused by smolt production range between 3.8kg CO2 eq./kg and 5.7kg CO2 eq./kg. 
The detailed composition of these emission values is described in Appendix A8. 
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The farm operations and contributing boat services were drawn from Winther et al. (2020). The 
equipment used in salmon farming was assessed using the findings of Hognes & Skaar (2017). 
Combined, the emissions of all operations and the used equipment are estimated to be at 76.3kg 
CO2 eq./ton. These emissions are also derived in detail in Appendix A8. 

The emission data underlying the estimation of the marine eutrophication potential come from 
two sources. The nitrogen emissions from the agricultural ingredients are drawn from the 
Agrifootprint database (version 4.1). The estimated emissions of nitrogen from the effluents of 
the fish-farming in open net-pens are drawn from Grefsrud et al., 2021. They estimate that a 
total of around 52.100 tons of dissolved nitrogen are emitted by Norwegian aquaculture 
annually. Combined with the annual production of 1.25 Mtons (Aas et al., 2019), this results in 
estimated nitrogen emissions of 0.042ton N eq./ton from the fish farming operation. 

Feed conversion 

As briefly described in section 1 of this research, the main input factor that influences the 
emissions of salmon farming is the feed. The results from the LCA of the different feeds are 
the emission values that were used in the assessment of the salmon’s footprint. Besides the 
emissions that are produced in the value chain and the resources used of the feed itself, the 
amount of feed needed during the production of the salmon is of major importance. The amount 
of feed needed to grow out a salmon is usually expressed as the feed conversion ratio (FCR). 
(Pelletier et al., 2009; Winther et al., 2020)  

The FCR values of the feeds tested in this study were provided by the IMR. They ran a trial for 
each feed as described in Table 2. Each feed was tested in 3 different tanks for 76 days. Each 
tank contained 65 fish with a total biomass of 13kg per tank, thus approximately 200g per fish. 
After the test-period, the fish have grown to approximately 500g each, with a slight variation 
between the different test feeds. The FCRs resulting from the feeding trials are shown in Table 
3. 

The FCR as determined by the IMR is expressed in Equation (1). 

𝐹𝐶𝑅  
∑

  
    (1) 

The numerator describes the dry mass of the feed, here 𝑚 , consumed by the fish in the period 
𝑡 0 until 𝑡 as the difference between the sum of all the feed added and the feed that is left at 
the end of the observed period in 𝑡. Since the left feed is wet, the dry weight was estimated for 
comparability. The denominator describes the growth of the total biomass 𝑚  in the same 
period.  Thus, the FCR is the factor that determines how much feed has been used for biomass 
growth within a specific period of time. Since the total biomass has been measured rather than 
single fish, the FCR also takes mortalities into account.  

Since the aim of the study is a comparison of the environmental performance of the novel feeds 
with each other and with the reference feed, this study focusses on the relative change of the 
FCRs of the different feeds, compared to the reference feed. The FCR for the reference feed 
was used as a base. The FCRs that were observed for the feeds that include the novel feed 
ingredients were then compared to the FCR of the reference feed to determine the relative 
change that the application of seaweed silage and blue mussel silage caused on the FCR. These 
relative changes are then being applied to FCR values that the study received from our project 
partner, which represent a real-world scenario better because they cover all life-stages of the 
fish and not only the smolt stage. Though the values base on salmon fed with another feed, this 
study assumes that they are comparable because both feeds are composed as a standard feed 
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which’s formulation does not differ too much from the reference formulation used in the trials 
(see Table 2). The “real-world” FCR values for each growth stage are shown in Table 3. 

This study calculated a weighted FCR value out of the FCRs per growth stage. This average is 
1.18. This value represents the weighted average, whereby the different values were weighted 
according to amount of weight gained in the respective period. The calculation is presented in 
Equation 2.  

𝐹𝐶𝑅   ∗ . ∗ . ∗ . ∗ . 1.18    (2) 

As mentioned, the weighting is in accordance with the weight gain of each individual value. 
This mass gain is expressed in “growth steps” of 250g. Thus, the FCR value for 250g – 500g is 
weighted with 1, whereas the FCR value for the growth from 2500g – 5000g is weighted with 
10 ([5000 – 2500] / 250 = 10). There are 19 of these steps in total. The resulting value is the 
𝐹𝐶𝑅 .  

In the following course of the study, this 𝐹𝐶𝑅  replaces the reference FCR as observed in the 
feeding trials. The relative change of the observed FCRs in comparison to the reference feed 
are then applied to 𝐹𝐶𝑅  to determine the assumed FCRs for each tested feed. The values are 
displayed in Table 3.  

Table 3: FCR values as observed by IMR and per life cycle stage in common salmon farming 

 

Ref. 
Feed 

Seaweed Feeds Blue Mussel Feeds 

Name of the feed Ref SW1 SW2 SW3 SW4 BM3 BM7 BM11 

FCRs as observed in trial                 

FCR  
(Relative change to Ref) 

0.68 
(+/- 0) 

0.73 
(+7%) 

0.74 
(+9%) 

0.77 
(+13%)  

0.74 
(+9%) 

0.80 
(+18%) 

0.86 
(+26%) 

1.08 
(+49%) 

FCR reference 
(per life cycle phase) 

        

250g – 500g 0.9 

- 
500g – 1000g 0.95 

1000g – 2500g 1.1 

2500g – 5000g  1.3 

FCR based on 𝑭𝑪𝑹𝑹𝒆𝒇 Ref SW1 SW2 SW3 SW4 BM3 BM7 BM11 

FCR 1.18 1.27 1.28 1.33 1.28 1.38 1.49 1.88 
 

The calculated FCR which are displayed in the bottom row of Table 3 are the values that were 
applied to the Life Cycle Assessment model of this study. 

 

4. Results 
This section introduces the main results of the life cycle assessment. For the feeds, the results 
comprise the greenhouse gas emissions and the agricultural land use potential, which is only 
relevant for the feeds since it solely relies on the production of the agricultural ingredients. The 
salmon grow out-model uses the modelled feeds and applies them to a salmon grow-out 
scenario. As described in Table 1, the model in addition includes marine eutrophication 
potential, which might be affected by the feed itself but also by the farm operations in the open 
sea.  
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4.1 Feed 
Feeds including seaweed silage 

The results for the feeds show how the replacement of fishmeal with seaweed silage affects the 
greenhouse gas emissions caused by the feeds. These emissions are displayed in Figure 4. 

 

Figure 4: Estimated greenhouse gas emissions of reference feed and feeds with seaweed silage 

With 4tons CO2 eq./ton, the reference feed shows the highest environmental footprint of all the 
tested feeds. Furthermore, the results also show that the inclusion of seaweed silage and at the 
same time the reduction of the fishmeal content reduces the greenhouse gas emissions, which 
are at 3.9tons CO2 eq./ton of feed for the SW4 feed formulation. This represents a drop of GHG 
emissions of 5%. The feeds SW1, SW2 and SW3 lie between these values. The largest 
contributors to the overall greenhouse gas emissions are the micro ingredients (36%) and the 
SPC (28%). Wheat, rapeseed oil and other plant proteins add up to 0.55tons CO2 eq./ton of 
feed, which is a contribution rate of 14% to overall emissions.  
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To highlight the effects that the change of the feed formulations have on the GHG emissions of 
the feeds, Figure 5 shows the GHG output of the feeds excluding the emissions that remain 
constant over the different formulations. 

 

Figure 5: Estimated greenhouse gas emissions of reference feed and feeds with seaweed silage, excluding 
constants 

Figure 5 shows more clearly the effects of the change of feed formulations. The reduction of 
the overall GHG emissions can mainly be drawn back to the reduction of fishmeal, which is 
more intensive in GHG emissions than the replacing novel feed ingredients. Following Table 
2, the amount of fishmeal gets reduced by 27,2% when comparing the inclusion rates of the 
reference feed (25%) and the SW4 formulation (18%). The GHG emissions of the fishmeal 
share drop accordingly (from 0.57tons CO2 eq./ ton of feed to 0.41tons CO2 eq./ ton of feed).  
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Feeds including Blue Mussel Silage 

A more pronounced reduction of GHG-emissions can be seen for the feeds that contained blue 
mussel silage (Figure 6). 

 

Figure 6: Estimated greenhouse gas emissions of reference feed and feeds with blue mussel silage 

Like the feeds that include seaweed silage (Figure 4), Figure 6 shows lower GHG emissions 
with rising inclusion of blue mussel silage. Again, the lower inclusion of fishmeal is a 
contributor to the decreasing greenhouse gas emissions. However, the emissions of BM11 show 
that the reduction of soy protein concentrate has also had a reductive effect on the GHG 
emissions. Contrary to the seaweed silage formulations, the inclusion of soy protein concentrate 
has not remained constant (see Table 2). This lets the emissions from this ingredient drop from 
1.21tons CO2 eq. / ton of feed for the reference feed and BM3 drop to 1ton CO2 eq. / ton of feed 
in BM11. The slightly higher inclusion of other plant proteins that goes with the higher 
inclusion rates of blue mussel silage countereffect the decreasing emissions caused by the 
reduction of fishmeal and SPC slightly, because other plant proteins show much higher GHG 
emissions that blue mussel silage, which’s emissions are very low. They range from 0.004tons 
CO2 eq. / ton of feed (BM3) to 0.014tons CO2 eq./ton of feed (BM11). 
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Agricultural land use  

The agricultural land use is closely linked to the use of agricultural ingredients in the feed. 
Figure 7 shows the total land use of the different feed formulations and each ingredient’s 
contribution to overall land use. Ingredients with an agricultural land use of less than 0.001 
ha/ton were excluded from the analysis. 

 

Figure 7: Estimated land use of the tested feed formulations 

The agricultural land use remains quite stable at just over 0.15 ha/ton for all the feeds. At 0.154 
ha/ton, the reference feed and the BM11 feed both have the lowest agricultural land use 
potential. For the seaweed feeds, the estimated land use increases gradually from 0.155 ha/ton 
of feed in the case of SW1 to 0.158 ha/ton (SW4). This is an increase by 2.5% from the reference 
feed. For the blue mussel feeds, the land use potential decreases as the inclusion rate of blue 
mussel silage increases. While BM3 has a land use potential of 0.158 ha/ton, the land use goes 
down to 0.157 ha/ton (SW7) and 0.154 ha/ton (BM11). 

Figure 7 shows that soy protein concentrate is by far the largest contributor to the overall land 
use potential. For the reference feed and the seaweed-feeds, the soy protein concentrate 
contributes about 50% to the overall land use. The results indicate that the proportion of SPC 
to the overall land use potential is slightly decreasing with the inclusion of blue mussel silage, 
from 49% (BM3) to 41% (BM11). This decrease is counter effected by an almost equally 
increasing contribution of the other plant proteins. This is in line with the feed formulations 
displayed in Figure 2, which show a decrease of SPC for the blue mussel feeds and a 
simultaneous increase of the other plant proteins in the feed formulations. 
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4.2 Salmon 
Salmon fed with seaweed feeds 

Following the system boundaries defined in Figure 2, the emissions of the salmon include the 
whole production from the hatchery and smolt production to the slaughtering and gutting. The 
finished product is salmon, fresh, gutted with head on as it leaves the gates of the slaughtering 
plant. The results for the GHG emissions are displayed in Figure 8. 

 

Figure 8: Estimated greenhouse gas emissions of salmon fed with reference feed and seaweed feeds 

Figure 8 shows clearly how dominant the feed-production is in the overall GHG emissions of 
farmed salmon. Though the feed production emissions get lower with higher inclusion rates of 
seaweed silage (see Figures 3 & 4), the overall emissions when applied in a farming scenario 
rise by 10% from 4.9tons CO2 eq./ton of salmon (Ref) to 5.4tons CO2 eq./ton of salmon (SW3). 
SW4 shows lower emissions again (5.1tons CO2 eq./ton of salmon). The development of the 
overall emissions ca be directly linked to the respective values of the FCR, which determines 
how much feed is needed to grow a mass unit of life weight fish (see Table 3). The farm 
operations, the harvesting and processing as well as the smolt production are only of low 
importance, since they only contribute a very small share to the overall emissions. 
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Salmon fed with Blue Mussel Feeds 

Figure 9 shows the estimated GHG emissions of the salmon fed with the feeds that include blue 
mussel silage. 

Figure 9: Estimated greenhouse gas emissions of salmon fed with blue mussel feeds 

As described for the case of seaweed feeds, Figure 9 shows that the estimated GHG-emissions 
for the salmon fed with blue mussel feeds are also dominated by the emissions of the feed 
production. Thus, the estimated emissions for the salmon production are largely influenced by 
the FCR values for each feed. Overall emissions of salmon fed the blue mussel silage (and the 
reference feed) gradually rise by 14% from 4.9 ton CO2 eq./ton (Ref) to 5.9tons CO2 eq./ton 
(BM7). The BM11 feed then shows a much higher GHG output (6.9tons CO2 eq./ton).    
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Marine eutrophication potential 

Figure 10 describes the eutrophication potential of each of the tested salmon. 

Figure 10: Estimated marine eutrophication potential of salmon fed with the tested feeds  

Figure 10 shows that the marine eutrophication potential remains stable at 0.049 ton N eq./ton 
for all the tested feeds except for the BM7 feed, which shows a slightly lower estimated marine 
eutrophication potential of 0.047tons N eq./ton of salmon. Furthermore, the results clearly show 
that most of the N eq.  emissions result from the effluents caused by the fish farming in open 
net-cages, whereas the marine eutrophication potential caused by the agricultural ingredients 
only account for 15% of overall emissions (10% in the case of BM7).  

 

4.3 Sensitivity analysis 
This section analyses the dependency of the results on certain key data points and assumptions. 
The sensitivity analysis tests if the results from this study are robust.  To ensure comparability, 
each sensitivity analysis will be performed for the case of the reference feed. Thus, the scenarios 
will only be applied to the reference feed. 

Formulation of micro ingredients 

As seen in Figure 4, the micro ingredients give an important contribution to the feed GHG 
emissions (and thus also on salmon emissions). These high emissions result from a literature-
based estimation of the GHG emissions that the production of the micro-ingredients, especially 
the pigment astaxanthin, produce. This study assumed that the greenhouse-gas emissions for 
the astaxanthin production are 169 ton CO2 eq./ton. This estimation relies on a weighted average 
of the findings by Winther et al. (2020) and Onorato & Rösch, (2020) (see Appendix A6). 
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Winther et al. (2020) estimated the emissions caused by the astaxanthin production to be 89 ton 
CO2 eq./ton. Inserting this value to the model of the feed, lowers the overall emissions of the 
reference feed by 15% from 4tons CO2 eq./ton of feed to 3.4tons CO2 eq./ton of feed. For the 
salmon at farm gate, the overall GHG-emissions for the salmon fed with the reference feed drop 
by 15.5% from 4.9tons CO2 eq./ton of feed to 4.14tons CO2 eq./ton of feed. Thus, the 
assumptions underlying the greenhouse gas emissions of micro ingredients and astaxanthin in 
particular have a large effect on the overall CO2 eq. emissions of the products. However, the 
relative emissions of the feeds to one another do not change since the amount of astaxanthin 
remains constant over all feed formulations (see Appendix A1).  

Impact assessment methods 

This study uses the ReCipe Midpoint-method. However, other methods are also available, 
although they do not always include all used impact categories (esp. land use). They can differ 
in intrinsic differences of the models, which affects the results and thus the conclusions (Dekker 
et al., 2020). Running the model with the CML-1A-baseline method, developed by the 
University of Leiden, results in an output of 4.9tons CO2 eq./ton for the salmon fed with the 
reference feed. That is 1.3% less than the emissions that result from the calculation with the 
ReCipe midpoint method. Running the same model with the ILCD-method from the European 
Commission, results in a climate change potential of 4.2 ton CO2 eq./ton. This is a decrease of 
15% compared to the main results from the analysis with ReCipe. The difference between the 
outcome of the calculation with the ReCipe Midpoint-method and the CML1A-baseline method 
comes from a different weighting of the ingredients, especially the agricultural ingredients. 
Whereas the ReCipe-calculation values greenhouse gas emissions of the ingredients more in 
accordance to their inclusion rate in the different recipes, the CML-baseline method values 
agricultural ingredients, especially Rapeseed Oil higher and gives less weight to soy protein 
concentrate or micro ingredients. Thus, the choice of impact assessment method can have a 
significant effect on the results.  

FCR 

As can be seen in Figures 7 & 8, the global warming potential of salmon fed with different 
feeds is highly dependent on the FCR values used in the calculation. A generalization of FCRs 
for is very difficult, because they can vary widely between different site-specific characteristics 
of the fish farms or other external impacts like climatic features of certain years (Nordgarden 
et al., 2003). Thus, the sensitivity analysis will estimate emissions of salmon farms with other 
FCRs that were reported from fish farms to test for the representativeness of the assumptions 
made in section 3.2. 

Table 4 shows the estimated GHG emissions of salmon but calculated with different FCR 
values, each of which was reported by salmon producers to the Norwegian Directorate of 
Fisheries as part of their annual profitability study 2020 (Fiskedirektoratet, 2020). 
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Table 4: Sensitivity analysis: Variation of feed conversion ratios 

FCR  
(As reported to Fiskedirektoratet 

for 2019) 

Global Warming Potential of 
salmon fed with Ref. Feed 

Change compared to this 
study’s results 

FCR = 1.32 
 (avg. for 2019) 

5.45 ton CO2 eq./ton + 11% 

FCR = 0.89 
(Reported by 9 companies) 

3.65 ton CO2 eq./ton - 25% 

FCR = 1.15 
(Reported by 17 companies) 

4.77 ton CO2 eq./ton - 2.8% 

FCR = 1.35  
(Reported by 14 companies) 

5.57 ton CO2 eq./ton + 13% 

FCR = 1.61 
(Reported by 15 companies) 

6.61 ton CO2 eq./ton + 34% 

 

Table 4 shows how much FCR values can vary from farm to farm. Furthermore, the global 
warming potential of farmed salmon is highly sensitive to changes in the FCR. Coupled with 
the large variety of FCR values, this should always be kept in mind.  

Data sources 

This study uses core data from the Agrifootprint and the Ecoinvent databases. Especially the 
data source of the primary emissions of the agricultural ingredients are therefore highly relevant 
for the outcome, since they represent the majority of the emissions caused by the feed and thus 
also the salmon grow out. This study tests the sensitivity of the results on the data sources for 
agricultural goods by replacing the primary data with similar data from the World Food LCA 
Database, which focusses on agri-food data. The resulting greenhouse gas emissions of the 
reference feed are 3.72tons CO2 eq./ton. This is 24% less than the estimated emissions of the 
reference feed as calculated in the main results. Thus, the choice of databases can have a 
significant effect on the outcome.  

 

5. Discussion & Interpretation 
5.1  Interpretation of results for feeds 
Interpretation of the results for global warming potential 

The results of the Life Cycle Assessment presented above show the development of the 
emissions caused by the feeds in comparison to each other. Both, the seaweed feeds as well as 
the feeds that include blue mussel silage show that the replacement of fishmeal with one of the 
novel feed ingredients results in slightly lower greenhouse gas emissions. This can be traced to 
the low greenhouse gas emissions caused by the blue mussel silage and the seaweed silage. The 
farming and processing of both, mussel and seaweed silage only requires very little energy and 
material input, so the emissions caused by the production of these ingredients are very low. 
Thus, the savings on emissions are caused by the reduction of the inclusion rate of mainly 
fishmeal, but for the case of BM11 also of soy protein concentrate and are not compensated by 
the inclusion of blue mussel silage, which lets the overall emissions of the feeds that include 
the novel ingredients drop.  

For the case of the feeds that include seaweed silage, the inclusion of plant proteins and fish oil 
increases with the inclusion of the novel ingredient (see Table 2). This dampens the overall 
reduction of GHG emissions slightly since both ingredients emit more greenhouse gasses than 
the seaweed silage. This effect is also displayed in Figure 5, since the contribution of the 
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emissions caused by “other plant proteins” gets higher as the overall emissions get lower with 
the reduction of the fishmeal inclusion rate. The same goes for the feeds that include blue mussel 
silage. Here, the other plant proteins also increase in line with the inclusion of blue mussel 
silage, which dampens the overall reduction of GHG emissions (see Figure 6).  

The results show that the inclusion of seaweed silage or blue mussel silage as a replacement for 
fishmeal or protein sources like soy protein concentrate can lower the greenhouse gas emissions 
of the feeds. However, the reduction of greenhouse gas emissions is relatively ineffective if the 
novel ingredients replace ingredients which already contribute relatively little to the overall. 
This is the case for most feeds tested in this study. Here, the recipes focus on the replacement 
of fishmeal with novel feed ingredients. The fishmeal itself already produces relatively low 
greenhouse gas emissions. For the case of the reference feed, a 25% inclusion rate results in a 
14% contribution to the overall global warming potential. Thus, a 5% replacement of the 
fishmeal-content would only result in a 2.8% reduction if the overall emissions of CO2 

equivalent.  Therefore, although the estimations show a clear reduction of greenhouse gas 
emissions, the effect is rather limited when focussing on the fishmeal, even though the 
emissions of the replacing seaweed silage and blue mussel silage is even lower. 

The reduction of greenhouse gas emissions of feeds would be much more effective when 
concentrating on high-emission ingredients, such as the micro ingredients and the soy protein 
concentrate. As it can be seen in Figure 3, these two ingredients have notably higher greenhouse 
gas emissions than the other ingredients, whereas especially the micro ingredients stand out. 
For the feeds, they combined add up to more than 65% of the total emissions (see Figures 4 & 
6). The effectiveness of a replacement of soy protein concentrate can be observed for the case 
of the feeds that include blue mussel-silage. Here, the formulation of the BM11 feed has 3.4% 
less soy protein concentrate than the reference, which is replaced by parts of the added blue 
mussel silage (see Table 2). This decrease of SPC however leads to a 10% reduction of the 
overall greenhouse gas emissions (see Figure 6). An even larger effect would be achieved when 
lowering the inclusion rate of the micro ingredients only by a little bit. They contribute only 
between 3.17% and 3.62% to the overall feed but are responsible for 36% - 40% of the feed’s 
overall greenhouse gas emissions (see Figure 4 & Figure 6). Thus, only a 0.5% reduction of the 
inclusion of micro ingredients could lead to a 5% reduction of the feed’s overall greenhouse 
emissions. However, the tested feed formulations show a slight increase of micro ingredients 
when the fishmeal-content was decreased (see Table 2).  

Interpretation of the results for land use potential 

As can be seen in Figure 7, the land use is mainly driven by the soy protein concentrate. Since 
the inclusion rate of soy protein concentrate in the feeds that include seaweed silage remains 
stable at 20% (see Table 2), the agricultural land use remains somewhat stable at just over 0.15 
ha/ton of feed for these feeds as well. The slight differences between these feeds (a deviation 
of 0.004 ha/ton) can be explained with slight changes in the inclusion rate of the other plant 
proteins, which increase in line with the inclusion of seaweed silage (see Table 2).  

At 0.158 ha/ton of feed, the BM3 feed has a relatively high estimated land use. This can be 
linked to a relatively high inclusion rate of other plant proteins, while the inclusion rate of soy 
protein concentrate is as high as it is in the reference feed. The BM7 and BM11 feeds replace 
parts of the soy protein concentrate with blue mussel silage, which effects the agricultural land 
use potential. It drops from 0.158 ha/ton (BM3) to 0.157 (BM7). At 0.154 ha/ton, the BM11 
feed then has the same estimated land use as the reference feed, despite a lower SPC content.  

Like for the case of greenhouse emissions, the reduction of the agricultural land use is most 
effective by replacing agricultural ingredients, mainly soy protein concentrate, with novel feed 
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ingredients. The soy protein concentrate has an agricultural land use of 0.366 ha/ton. With an 
inclusion rate of 20% for the case of the reference feed, this means that 0.073 ha of agricultural 
land are used by the production of soy protein concentrate per ton of reference feed, or 48% of 
the total land use of the feed. The replacement of soy protein concentrate with other plant 
proteins has a reductive effect on the land use. For every percent of SPC excluded from the 
feed, the land use decreases by 2.3%. For every percent of OPP being withdrawn from the feed, 
the land use decreases by 1.3%. Thus a 1:1 replacement of SPC with OPP would lead to a 1% 
reduction of land use.  

 

5.2 Interpretation of the results for salmon grow-out 
Interpretation of GHG-emissions of the salmon production 

The greenhouse gas emissions of the salmon production are dominated by the feed. The feed 
contributes to more than 95% of the estimated overall emissions of the salmon farming (see 
Figure 8 & Figure 9). This is roughly in line with the findings from Pelletier et al. (2009). They 
estimate that about 93% of the overall global warming potential is due to the feed.  Other 
publications came to different results. Winther et al. (2020) find that the feed contributes to 
around 85% of the overall climate change potential of farmed salmon, when excluding transport 
of the product after slaughtering and processing. The difference to the findings of Winther et 
al. (2020) can be explained with the difference in the assumptions underlying the greenhouse 
gas emissions caused by the production of the micro ingredients, especially Astaxanthin (see 
section 4.3).  

The high contribution that feeds have on the estimated global warming potential of farmed 
salmon means that the amount of feed used in the grow out of salmon is the single most 
important factor that determines the industry’s overall carbon footprint. This can also be 
observed in Figure 8 & Figure 9. Figure 8 shows clearly that the estimated emissions of the 
salmon fed with feeds that include seaweed silage rise with the inclusion level of seaweed 
silage, before dropping again when the inclusion level reaches 4%. This is contrary to the 
findings of Figure 4, which show that the emissions caused by the feed itself drop with the 
inclusion of seaweed silage. These contradicting developments can be drawn back to the 
development of the estimated FCR values, which rise when including seaweed silage (see Table 
3). Thus, the impact that the rise of the FCR values has on the overall emissions of farmed 
salmon rules out the alleviating effect that the replacement of seaweed silage has on the 
emissions caused by the feed.  

This effect is more clearly visible in Figure 9. Here, the higher the inclusion level of blue mussel 
silage is, the higher estimated emissions caused by the production of the salmon get, even 
though the emissions of the feeds get notably lower (see Figure 6). Again, this can be linked to 
the strongly increasing FCR values for these feeds. Thus, the extra amount of feed needed to 
grow a salmon with feeds that include blue mussel silage is eradicating possible reductions of 
through the use of feeds which have a lower GHG emissions themselves.  

Norambuena et al. (2015) conclude in their study that the salmon fed with feeds that include 
algae products do not change the FCR rates significantly. They remain at a low level between 
0.77 and 0.86. However, this study does not consider changing FCRs in a grow-out scenario 
since their study is based on feeding trials of smolt only. Thus, a general conclusion cannot be 
seen as representative. But when comparing their results to those of the feeding trials that this 
study bases its estimation of FCRs on, the results are comparable. The feeding trials of seaweed  
feeds in Smolt stage have shown FCRs between 0.68 for the reference feed and 0.74 for the 
SW4 feed (see Table 3). Contrary to the observations done by this study’s project partners at 
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the Institute for Marine research, Norambuena et al. (2015) find that the observed FCR of fish 
fed with feed with a 5% inclusion rate of algae is slightly lower than the control feed. 

Figure 11 shows the percentual change of the FCR and the percentual change of the greenhouse 
gas emissions, both in relation to the reference feed. 

 

Figure 11: Development of greenhouse gas emissions and feed conversion ratio for all feeds, related to reference 
feed as baseline 

Figure 11 clearly shows that the FCR as observed for the novel feeds increases much stronger 
than the greenhouse gas emissions of the same feeds decrease. This leads to the results displayed 
in Figures 8 & 9, where the overall greenhouse gas emissions of the farming increase regardless 
of the lower greenhouse gas emissions of the feeds. If the overall emissions should be 
decreased, the increase of the FCR must not outbalance the decrease of GHG emissions. So, 
relative to the reference value, the FCR can only increase as much as the greenhouse gas 
emissions decrease. In Figure 11, this hypothetical FCR is marked as the target FCR. Since the 
growth of the observed FCR clearly surpasses the target FCR, the overall emissions of the 
application of the feeds also grow along with the increasing FCR, whereas the difference 
between the observed FCRs and the target FCRs describes the amount of which the overall 
emissions of salmon farming increase.  

Thus, this difference needs to be minimized to achieve lower greenhouse gas emissions in 
salmon farming. When applied to Figure 11, this would mean that the observed FCRs and the 
target FCRs need to be as close together as possible or, ideally, the observed FCR should be 
lower than the target FCR. 

Generally, the results of the salmon grow out are speculative. As described in section 3.2, the 
FCR values used in this study do not come from trials which represent a realistic grow-out 
scenario. They are an estimation based on the feeding trials which only covered 76 days of the 
smolt stage and average values reported from the trial feed producer. To receive more robust 
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results, data on growth rate and feed conversion would need to be gathered from trials 
representing the grow-out in under realistic external conditions. 

Interpretation of the results for eutrophication 

As can be seen in Figure 9, marine eutrophication potential is dominated by the effluents caused 
by the fish-farming operation. However, the data underlying the nitrogen emissions from 
salmon farms are solely based on the estimation of average nitrogen emissions in Norwegian 
salmon aquaculture by Grefsrud et al. (2021) and therefore is not representing potential changes 
of effluences caused by the different feed formulations. It could be that the inclusion of seaweed 
silage or blue mussel silage changes the digestion of the feed and thus also influences the 
amount of faeces excreted by the fish. Such a potential coherence needs further scientific 
investigation.  

The minor part of the marine eutrophication potential is linked to the agricultural feed 
ingredients used in the feeds. The eutrophication potential of these ingredients mainly results 
from the use of nitrogen fertilizer in agriculture (Hungria et al., 2011; Smaling et al., 2008). 
Figure 9 shows that the eutrophication potential caused by the production of the feed remains 
stable across all feed formulations, except for the BM7 feed. When comparing the results to the 
inclusion rates of the different feed ingredients in Table 2, one can see that the inclusion of 
rapeseed oil and other plant proteins in the BM7 feed is a bit lower compared to other feed 
formulations. This lower inclusion could lead to a lower use of fertilizer and ultimately lower 
marine eutrophication potential. However, these potential relations need further research. 

 

5.3 Upscaling Scenario 
In 2016, the Norwegian salmon industry has used more than 1.62 Mtons of feed (Aas et al., 
2019). Assuming that this feed is roughly the composition of the reference feed used in this 
study, the overall annual emissions caused by the feed use alone lie at around 6.5 Mtons CO2 
eq. Due to the large amounts of feed used in the industry, even small changes in the feed 
formulations can have a major effect on the total greenhouse gas emissions of the industry. 

Applying the amount of feed used in today’s Norwegian salmon aquaculture to the greenhouse 
gas emissions of the tested feeds can give an estimation of the potential savings in greenhouse 
gas emissions. Applying the emissions caused by the SW4-feed to the total amount of feed used 
in Norwegian salmon production results in estimated overall greenhouse gas emissions of 6.3 
Mtons CO2 eq., which is a reduction of 3.1% or about 200.000 tons in total. This equals roughly 
half of the greenhouse gas emissions caused by the heating of Norwegian households (Statistics 
Norway, 2022). For the case of the BM11-feed, the savings of greenhouse gas emissions in the 
same scenario results in estimated savings of about 800.000 ton CO2 eq. (or 12.4%).  

However, the observed development of the FCR values suggests that the total amount of feed 
used is also increasing in line with the inclusion rate of seaweed silage and blue mussel silage 
(see Table 3). Thus, the total emissions of the industry would also increase accordingly.  

Still, the upscaling scenario illustrates that even small changes in the feeds can have a large 
effect on the total emissions. This becomes increasingly important when considering the 
expected growth of the industry. Olafsen et al. (2012) estimated that the Norwegian aquaculture 
industry will produce around 5 Mton of salmon by 2050. When keeping all other variables 
constant, this would result in a feed use of 6.5 Mtons and greenhouse gas emissions of 26 Mton 
CO2 eq. for the feed production alone. Even though the estimation of the production volume in 
2050 is rather vague and the assumption that all other factors, including the FCR, remain 
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constant is very unlikely, this upscaling scenario highlights the importance of finding ways to 
decrease the environmental footprint of the industry, even if the cuts in emissions are only 
marginal.  

Resource availability in an upscaled scenario 

Whether or not the industry can grow on the basis or alternative feeds, is also highly dependent 
on the availability of the needed resources. The relevance that the stagnation of supply in 
fishmeal and fish oil had on the shift to soy-protein based feeds, serves as an example on how 
important the supply can be on the development of the industry (Aas et al., 2019; Naylor et al., 
2021; Pelletier et al., 2018; Shepherd & Jackson, 2013). Thus, scenarios on an upscaled 
production of alternative feeds cannot be discussed without consideration of the supply of the 
respective feed ingredients.  

Availability of seaweed 

Marine algae already contribute around 25% of the world’s overall aquaculture production. 
Thus, seaweeds are already one of the most abundant products on the global market for marine 
bioresources. However, the production of the seaweeds is highly concentrated to east Asian 
markets. China dominates the world’s production of algae with a yearly production of 18.5 
Mton. (FAO, 2020)  

In Europe, the industry is nowhere near the production volume abroad. The overall production 
of Europe (EU plus Norway and Iceland) lies only at 250.000 ton, of which almost all is wild 
harvest. Only 700 tons are being produced in aquaculture every year, of which about half comes 
from Norwegian producers (Araujo, 2019; Araújo et al., 2021; Fiskedirektoratet, 2021). If only 
a tenth of the whole feed used in Norwegian salmon aquaculture would contain 2% seaweed 
silage, the amount of seaweed needed would be around 3200 tons. This is already far more than 
the European seaweed aquaculture industry can supply. Of course, seaweed from wild harvest 
could be used as well, but since the occurrences of suitable kelp are limited, so is the resource 
as such and the production’s scalability is limited as well. Also, dependencies on wild harvest 
might make it more difficult to guarantee a steady quality and quantity due to external changes 
that impact wild seaweed-occurrences.  

Furthermore, import of seaweed from abroad, especially Asia, could be an option to provide 
the aquafeed industry with ingredients, but the long transportation routes would countereffect 
the savings of greenhouse gas emissions caused by the replacement of conventional feed 
ingredients with seaweed. Besides, the import of ingredients from abroad would increase 
dependencies Thus, the European seaweed production would need to increase drastically to 
supply enough for a feasible production of alternative salmon feeds.  

However, the development of a European seaweed industry is gaining in traction. The European 
Commission has defined the seaweed sector as a key point of the EU Blue Growth Strategy. 
Combined with the EU Green Deal, the sector can expect good growth opportunities over the 
next years (Araújo et al., 2021). It remains to be seen if this boost in production will result in a 
supply that is sufficient for a large-scale application in salmon feeds.  

 Availability of blue mussel 

Contrary to the seaweed aquaculture, the farming of blue mussel is far more established in 
Europe. In the late 1990’s, the European mussel production peaked at around 600.000tons 
annually. However, the production has declined to about 480.000tons in 2016. Reasons for this 
decline are low prices, limited space, and a very low level of atomization. (Avdelas et al., 2021) 
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Just like the seaweed feeds, feeds that include blue mussel silage are dependent on a steady 
supply of blue mussel silage in an upscaled scenario. For the case of the BM7-feed, the amount 
of mussel silage needed to provide 10% of the total Norwegian salmon feeds used would lie at 
more than 11.000 tons annually, given that all other variables, including the FCR, remain 
constant. Thus, the amounts that would be needed by the feed producers would be far more 
accessible than the seaweed. However, it must be considered that the mussel-harvest is 
calculated including the shell weight, whereas the mussel-silage is only the meat. Thus, the 
actual amount of farmed, usable mussel meat lies at around half at what is stated by Avdelas et 
al. (2021).  

Therefore, the blue mussel cultivation in Europe also is not at a stage where it could provide 
enough for salmon feed on a large scale. However, there are higher production capacities 
available, so there is potential to expand production volumes. If the buyers can pay competitive 
prices for the mussels, it could encourage the expansion of production. Then, the blue mussel 
silage could become an accessible feed ingredient in the future. 

 

5.4 Agricultural Land Use 
Since the start of the inclusion of soy protein concentrate to replace fishmeal in salmon feeds 
in the late 1990’s, soy has developed to be the main provider of protein in salmon feeds. As it 
can be seen in the feed formulations of this study, soy protein concentrate accounts for around 
20% of the overall feed. Including the other plant proteins, the initial plant proteins amount up 
to 35% - 40% of the overall feed, depending on the formulation. This is in line with findings 
from Aas et al. (2019), who analyse the feed resources used in the Norwegian aquaculture 
industry and find that 40.3% of all feed used in Norwegian aquaculture were plant protein 
sources, with nearly half of it being soy protein concentrate. 

The shift from marine protein sources towards plant protein sources was mainly triggered by 
the limited supply and thus rising prices of fishmeal and fish oil (Shepherd & Jackson, 2013). 
To some extent, this shift is widely considered as a decrease of pressure on the marine 
ecosystem, since biodiversity in the sea is threatened due to the fisheries of small pelagic fish 
used in the fishmeal and fish oil production. The fisheries could affect the fish stocks both 
directly through the extraction of biomass and indirectly through the effect that the extraction 
might have on predatory animals which feed on the small pelagic fish (Diana, 2009; Shannon 
& Waller, 2021).  

However, this study argues that the quota system which is widely used to manage fish stocks 
results in a situation in which the fish gets fished anyway, since quotas are usually maxed out. 
Thus, whether used in salmon feeds or somewhere else, the potential effect of pelagic fisheries 
on the ecosystem remains the same.  

Modern soybean production however also comes with a wide variety of environmental 
challenges, most of which can be linked to the large-scale deforestation happening to expand 
cultivable land for soy production (Barona et al., 2010; Gollnow et al., 2018). The deforestation 
is a direct cause of a severe loss of biodiversity in Brazilian cultivation areas, since the primal 
forest is habitat to an extremely high density of flora and fauna, which is severely affected by 
the habitat-loss through deforestation (Paiva et al., 2020; Vieira et al., 2008). Besides the effect 
on biodiversity, the deforestation can also be linked to global warming, since the intact forest 
has shown to be a relevant carbon sink (Hubau et al., 2020; Phillips et al., 2017).  

The SPC which is used in the feeds underlying the feeding trials and thus also in the LCA 
originates in Brazil. According to personal communication with our project partner, this is in 
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line with the origin of the vast majority of SPC used in Norwegian aquaculture. This is in line 
with Winther et al. (2020).  

According to the Observatory of Economic Complexity, Norway imported 113mio. USD worth 
of soy from Brazil in 2018. In the same year, the average world market price for soy was 342 
USD/ton. When applying the world market price to the trade volume of soy, the resulting total 
mass of soy that Norway imported from Brazil was approximately 330.000ton. According to 
Aas et al. (2019), the Norwegian salmon aquaculture feed industry processed 309.000ton of 
SPC in 2016. Thus, the amount of soy that Norwegian firms imported from Brazil roughly 
matches the amount that was used in salmon aquafeed production.  

Due to the major environmental issues that expansion of agriculture causes in Brazil especially, 
the aquafeed industry should be motivated to reduce the use of agricultural inputs from this 
region. Reducing the content of SPC in salmon feeds is the most efficient way of achieving this. 
Thus, novel ingredients for the replacement of SPC should be researched with increased 
emphasis.  

 

5.5 Ecosystem services of low trophic species 
Despite the nutritional advantages of blue mussel and seaweed that are briefly introduced in 
section 1 of this study, both bioresources are considered as underutilized in Europe, especially 
given the relatively low negative and potential positive impact their cultivation can have on the 
ecosystem (Visch et al., 2020). Seaweed farming can provide ecosystem services, benefitting 
the local benthos and mobile fauna. Besides, seaweed can also sequester nitrogen and 
phosphorous, both of which are major causes for eutrophication (Hasselström et al., 2018; Visch 
et al., 2020). Similarly positive ecosystem services can be provided by the cultivation of blue 
mussels. As filter-feeders, blue mussels can significantly improve the water quality by 
removing nitrogen and phosphorus from the water (Carlsson et al., 2012; Kraufvelin & Díaz, 
2015). Kotta et al. (2020) find that these characteristics of blue mussel-cultivation could even 
help to mitigate the Baltic sea’s severe eutrophication problem.  

Petersen & Loo, (2004) find that one ton of blue mussel takes up between 27,7kg and 44,7kg 
of Carbon and between 6,4kg and 10,2 kg of Nitrogen, most of which is stored in the meat. 
These values can put into perspective by looking at the amounts of Nitrogen produced by 
salmon. The uptake of C and N of blue mussel but also seaweeds have triggered an increasing 
interest on so called integrated multi trophic aquaculture systems (IMTA-systems). These 
systems try to sequester the Nitrogen and Carbon emissions caused by fish farms directly on 
site by farming mussels and seaweed on the same site. (Chopin, 2010) 

If the sequestered nitrogen and carbon that is stored in the mussel meat is being processed to 
silage and then into feed, it would eventually get back into the ecosystem and would not be 
extracted from it. This would not be target-orientated if the aim is the reduction of nitrogen and 
carbon levels in the water. In the best case, the IMTA-system could trap some of the nitrogen 
and carbon in a partially circular system, since parts of the emissions by the fish farm operations 
eventually gets reused as feed.  Besides, the effectiveness of such systems when upscaled can 
be questioned. As described in Figure 10, the Norwegian salmon production emits about 50kg 
of nitrogen per ton of salmon. Combined with the findings by Petersen & Loo, (2004), this 
would mean that for each ton of salmon, a minimum of 5 tons of mussels would need to be 
cultivated near the salmon farms when aiming at a sequestration of the emissions.   

Theuerkauf et al. (2022) highlight in their literature study that the aquaculture of seaweed and 
bivalves can also provide valuable ecosystem services through offering habitats for a variety of 
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fish and mobile invertebrates. They show that seaweed- and bivalve cultivation sites show a 
higher abundance in marine fauna than reference sites. Though the effect is dependent on a 
variety of site-specific characteristics, this effect is particularly high in the case of bivalve 
production, especially oysters and mussels. However, some seaweed farms also show a 
significant increase of fauna when being compared to reference sites nearby (Radulovich et al., 
2015; Theuerkauf et al., 2022). 

However, the cultivation of low trophic species could also have negative effects on the 
ecosystem. For instance, a seaweed farm absorbs parts the kinetic energy contained in waves 
and currents. This can affect the nutrient availability and native species which are used to 
stronger currents (Shi et al., 2011). Furthermore, the absorption of light caused by a seaweed 
farm can influence the benthic environment below the farm (Campbell et al., 2019). 

Despite some problems, the beneficial ecosystem services add to the reasons why an increasing 
use of low trophic species is widely considered as beneficial and in increased production in 
aquaculture systems is politically motivated (Araújo et al., 2021).  

 

5.6 Limitations 
The present study does come with a variety of limitation, some of which are due to the 
assumptions that were made and the chosen data. The most prominent of these limitations are 
already analysed in detail in the sensitivity analysis (see section 4.3). However, this section will 
briefly introduce further limitations, especially regarding the LCA methodology. 

Lifetime 

As described in section 3.1, the study has defined a maximum lifetime of the equipment to be 
included in this LCA. This naturally excludes some emissions which are also impacting the 
emissions of the observed product but are too difficult to break down to the functional unit. 
Examples for these emissions are the emissions caused by the construction of the boats used in 
fish-, seaweed- or mussel farming or the construction of the buildings used for the processing 
and / or management of the facilities. This ultimately leads to incomplete data, which distorts 
the results to some extent.  

Allocation 

Like the assumption of the lifetime, the allocation problem leads to the exclusion of some 
emissions that have influence the final product. This is the case when it becomes too complex 
to estimate the share that a certain part of the value chain has on the product at focus of the 
LCA. For the case of the present study, an example could be the emissions caused by the 
construction of the roads or ports used for the transport.  

Though both, the problem of lifespan and allocation problem distort the results and make them 
a bit lower than they actually are, the effect is very likely to so minor that it can be neglected.   

Limited feeding trials 

As stated in section 3.2 of this research, the relative changes of the FCR values that are 
associated with the different feeds rely on the data gathered during the feeding trials at the 
Institute for Marine Research in Bergen. These feeding trials were under controlled conditions 
and the sample group of fish was relatively small. Furthermore, the trials were only 76 days 
long and thus only spanned a short period of the salmon’s life cycle. This means that 
conclusions to the effects that the feeding of the different feed formulations have on the FCR 
in different life stages are very difficult and should be treated with caution. This limits the 
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findings on the estimated emissions of the salmon production. The alternative FCRs used in the 
sensitivity analysis highlight the importance that this’ study’s assumptions regarding the FCRs 
have with regard to the results. 

Besides, in a real-world-scenario, the FCR would also include the uneaten feed. This is then the 
so-called economic feed conversion ratio (eFCR). As described in equation (1), the feed 
conversion ratios that were observed in the feeding trials exclude the leftover feed, since it was 
removed from the tank and the amount was then subtracted from the feed input. This practice 
is usually chosen in feeding trials, because the fish get way more feed than they need to assure 
that every single fish has eaten enough. Therefore, the leftover feed in trials exceeds the leftover 
feeds in a real-world production notably which would make an eFCR incomparable. Even 
though it is assumed that the high feed costs motivate salmon producers to keep feed waste in 
a real salmon production at an absolute minimum, they are not zero as they are in equation (1). 
This distorts the observed FCR slightly. 

 

6. Conclusions & Outlook 
Conclusions 

The discussion of the results, the results themselves as well as limitations of this study allow 
for a set of conclusions that can be drawn from the present study. The main concluding remarks 
are listed below. 

 The application of novel feeds from low trophic species in salmon feeds did not lead to 
lower greenhouse gas emissions. The results of this study show that the emissions 
instead leads towards higher emissions than the application of the conventional 
reference feed. This development can be traced down to the FCRs, which increase as 
the inclusion rate of the novel feed ingredients increased. However, the importance of 
the FCR indicates that thorough conclusions on the environmental performance of 
salmon feeds can only be drawn when based on comprehensive data on FCRs for each 
feed when fed over the whole life cycle of the salmon. 
 

 As shown in this study, the replacement of common feed ingredients with ingredients 
from low trophic species can lower the emissions of the salmon feed production. 
However, the effect is only marginal. When aiming at the reduction of the emissions 
caused by the feed-production, it’s more effective to replace ingredients which have 
very high emissions as raw materials already. Figure 3 shows that the soy protein 
concentrate and especially the micro ingredients have very high greenhouse gas 
emissions. Thus, the focus should lie on the replacement of these two ingredients since 
only a slight reduction of their content lowers the overall emissions caused by the feed 
notably (see section 5.1). However, the change of feed formulations must be 
accompanied by a thorough test of their characteristics when fed to the fish. Otherwise, 
it could be that the replacement of certain ingredients with novel ingredients lets the 
FCR increase to an extent, where the reduction of emissions caused by the feed 
production itself are outbalanced. This effect can be clearly seen for the case of the 
BM11 feed (see Figure 6 & Figure 9). When aiming at the reduction of the agricultural 
land use potential, the focus should primarily be set on the replacement of soy protein 
concentrate, since this raw material has very high associated ecosystem costs (see 
section 5.4).  
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 Previous LCA-studies that discuss the environmental impact of farmed salmon have 
established that feed is the most important contributor to the overall emissions, 
especially when looking at greenhouse gases. This finding is supported by this study. 
Thus, the amount of feed used in the farming process is crucial for the overall emissions 
of the industry. When aiming at the reduction of the overall emissions while keeping 
production volumes stable, the focus should lie on the reduction of the feed use through 
lower Feed Conversion Ratios. As it can be seen in section 4.3, lower FCRs have a very 
high effect on the overall emissions. 

Outlook 

The development of salmon feeds does not stop and will continue to remain a main focus of 
research within the field of salmon aquaculture. Based on the findings of this study, the author 
specifically suggests that future research should pay specific attention to the following topics:  

 Since the FCRs are so crucial to the environmental performance of the salmon 
production, this study suggests that trials with promising feeds should be evaluated 
based on feeding trials that represent a more realistic scenario. Ideally, the feeding trials 
should include whole life cycle of the salmon. Thus, both the smolt stage in tanks and 
the grow out in open net-pens should be respected in the trials. This way, trials could 
determine FCR values for each of the tested feeds that represent a real grow out scenario. 
Such FCR values could be at the basis of a founded and robust estimation of the real 
environmental impact of novel salmon feeds compared to conventional feeds when 
applied in salmon farming. Furthermore, reliable data derived from such trials could 
make it easier for the industry to decide to fund further trials on their expenses, for 
example in different climatic conditions. This could well be the case if thorough data 
from large scale trials that represent the whole life cycle are promising. 
 

 Future research focussing on the reduction of emissions caused by the feed production 
should focus on the reduction of high-emitting feed ingredients. Here, already small 
changes in the feed formulations can have a large effect on the overall emissions caused 
by the feed production. Based in the findings of this study, especially the reduction of 
the SPC- and micro ingredients could have a large effect on the reduction of the 
emissions caused by the feed production. This is especially he case for agricultural land 
use and GHG-emissions. 
 

 When changing feed formulations for the sake of reduction of emissions, the 
development of the FCR should remain under close supervision. Even when reducing 
high-emission ingredients as encouraged above, the replacement could still cause higher 
emissions in salmon farming if the FCR rises. Thus, future research should closely 
monitor the effects of changed feed formulations on FCRs and then try finding an 
optimum in which reduced emissions caused by the feed and low FCR produce the 
lowest possible feed-related emissions of salmon farming. As described in section 5.2 
of this research, the growth of the FCR should never surpass the threshold set by the 
decrease of the greenhouse gas emissions or vice versa. However, such an optimum can 
only be found with a large set of reliable data regarding the emissions and especially the 
FCRs. This dependency on data again highlights the need for comprehensive feeding 
trials.  
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Appendix 
 

A1: Composition of micro ingredients 

 
Ref. 
Feed 

Seaweed Feeds Blue Mussel Feeds 

Code / 
Ingredient 

Ref. SW1% SW2% SW3% SW4% BM3% BM7% BM11% 

         

Phosphate 25 25.5 26 26.25 26.55 25.5 26.13 26.75 

Minerals & Vitamins 25 25.5 26 26.25 26.55 25.5 26.13 26.75 

Pigments 

(excl. Astaxanthin) 22.5 21.6 20.7 20.25 19.53 21.6 20.5 19.35 

Astaxanthin 2.5 2.4 2.3 2.25 2.17 2.4 2.28 2.15 

Amino Acids 25 25 25 25 25 25 25 25 

Total 100 100 100 100 100 100 100 100 

 

The composition of the micro-ingredients is based on and Winther et al. (2020) personal 
communication with the project partners and Markus Langeland. It was assumed that the 
absolute mass of astaxanthin in the micro-ingredient remains constant across all different feeds. 
This assumption is based in personal communication with Markus Langeland. Thus, the relative 
amount of astaxanthin in the micro-ingredient mix changes with the change of the inclusion 
rate of astaxanthin in the respective feed-formulation (see Table 1).  

A2: Inventory data for agricultural ingredients  

Ingredient / 
Input factor 

Process in Agribalyse / EcoInvent 
 

Amount 
(ton per ton of feed) 

Rapeseed Oil Rape oil, crude {Europe without Switzerland}| rape oil mill 
operation | Cut-off, S 

Depending on 
formulation, see 
Table 2 

Other Plant 
Protein 

Broad bean, at farm/DE Mass 
Maize gluten feed, dried, consumption mix, at feed compound 
plant/NL Mass 
Pea, protein-concentrate, at plant/RER Mass 

Depending on 
formulation, see 
Table 2 

Raw Wheat Wheat gluten feed, from wheat starch extraction, at plant/FR 
U 

Depending on 
formulation, see 
Table 2 

Soy Protein 
Concentrate 

Soybean protein concentrate, from crushing (solvent, for 
protein concentrate), at plant/BR Mass 

Depending on 
formulation, see 
Table 2 
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A3: Emission data for fishmeal and fish oil 

Ingredient Emission Source 
Amount (kg/kg finished 
product) 

Herring 2.8kg CO2 eq. / kg  Winther et al. (2020) 2/9kg  
Sandeel 2.0kg CO2 eq. / kg Winther et al. (2020) 2/9kg  
Sprat 1.9kg CO2 eq. / kg Winther et al. (2020) 2/9kg 
Blue Whiting 2.3kg CO2 eq. / kg Winther et al. (2020) 1/3kg 

 

As stated in the table above, the emission data for the fishmeal and fish oil production from the 
different fish species come from Winther et al. (2020). The composition of the fishmeal and 
fish oil is an estimation based on personal communication with Cargill Norway Inc. and the 
most commonly used species in the Norwegian fishmeal and -oil production. However, the 
composition does not represent the most common composition used in the market. They solely 
represent the mix used in the feeding trials. A more realistic composition of fishmeal and fish 
oil would include trimmings from the capture fisheries as well as foreign fish, such as Peruvian 
anchovies.  

A4: Emission data for blue mussel silage 

Ingredient / 
Input factor 

Process in EcoInvent 
(if applicable) 

Amount 
(per ton of feed) 

Production of 
Mussels 

Drawn from Thomas et al. (2021) 63,2kg CO2 eq. 
0.152kg P eq. 

Fermentation Fermentation activator, bacterial, at plant/RER U (ACYVIA) 0.01kg 

 

The emissions for the mussel production are drawn from the findings by Thomas et al. (2021). 
Primary data was not available. 
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A5: Inventory data for seaweed silage  

Group Equipment System process 
Amount  
(per ton of 
mussel) 

Permanent 
Infrastructure 

Anchor Steel, chromium steel 18/8 {GLO}| market for | 
APOS, U 
Metal working, average for chromium steel product 
manufacturing {RER}| processing | Cut-off, S 

0.0037ton 

Anchoring 
Chain 

Steel, chromium steel 18/8 {GLO}| market for | 
APOS, U 
Metal working, average for chromium steel product 
manufacturing {RER}| processing | Cut-off, S 

0.5kg 

Boys Polyvinylchloride, bulk polymerised {RER}| 
polyvinylchloride production, bulk polymerisation | 
Cut-off, S 
Blow moulding {RER}| blow moulding | Cut-off, U 

0.042kg 

Yarn Ring Polyethylene, high density, granulate {GLO}| market 
for | Cut-off, U 
Blow moulding {RER}| blow moulding | Cut-off, U 

0.018 piece 

Clips Chromium steel pipe {GLO}| market for | Cut-off, U 
Metal working, average for chromium steel product 
manufacturing {RER}| processing | Cut-off, S 

0.018 piece 

Boat Use Diesel {Europe without Switzerland}| market for | 
APOS, U 

0.98kg 

Ropes Fleece, polypropylene {RoW}| production | Cut-off, U 0.27 kg 

Spore 
Collecting / 
Hatchery 

Energy use in 
Hatchery 

Electricity, medium voltage {NO}| market for | APOS, 
S 

1030 kWh 

Boat use Diesel {Europe without Switzerland}| market for | 
APOS, U 

2.01kg 

Growout / 
Maintenance 

Ropes Fleece, polypropylene {RoW}| production | Cut-off, U 7.33kg 
Threads Yarn, cotton {GLO}| market for yarn, cotton | APOS, 

S 
0.04kg 

Boat use Diesel {Europe without Switzerland}| market for | 
APOS, U 

5.47kg 

Harvesting / 
Processing 

Boat Use Diesel {Europe without Switzerland}| market for | 
APOS, U 

39,4kg 

Generator Use Machine operation, diesel, >= 18.64 kW and < 74.57 
kW, generators {GLO}| machine operation, diesel, >= 
18.64 kW and < 74.57 kW, generators | APOS, S 

0,16hr 

Fermentation Fermentation activator, bacterial, at plant/RER U 
(ACYVIA) 

0.01kg 

IBC Container 
(1 piece per 
ton) 

Steel, chromium steel 18/8 {GLO}| market for | Cut-
off, U 
Metal working, average for metal product 
manufacturing {RER}| processing | Cut-off, U 
 
Polyethylene, high density, granulate {Europe without 
Switzerland}| polyethylene, high density, granulate, 
recycled to generic market for high density PE 
granulate | Cut-off, U 
Blow moulding {RER}| blow moulding | Cut-off, U 
 

57kg 
 
 
 
 
8.8kg 

 

The inventory data for the production of the seaweed silage was gathered from a seaweed farm 
on the Norwegian west coast. This farm also produced the seaweeds which was used in the 
feeding trials. The farm hat a yearly production of 150ton. All equipment used as permanent 
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infrastructure was assumed to have a lifetime of ten years. This life time is already incorporated 
in the amount per ton specification. 

A6: Emission data for micro-ingredients 

Ingredient 
Process in EcoInvent 
(if applicable) 

Emissions 

Amino Acids  10.2kg CO2 eq./kg 
28.6kg SO2 eq./kg 
10.7kg P eq./kg 

Minerals & Vitamins  1.33kg CO2 eq./kg 

Phosphate Triple superphosphate {ROW}, market for, 
Cut-Off, S 

See Appendix A1 

Pigments & 
Astaxanthin 

 169.4kg CO2 eq./kg 

 

The composition of the micro ingredients is based on the expertise of project partners. The 
emissions caused by the different ingredients are derived from different sources. The emissions 
of phosphate come from the EcoInvent database deposited in SimaPro. The greenhouse gas 
emissions from the Minerals & Vitamin come from Winther et al. (2020). The Sulphur Dioxide 
emissions and phosphorus emissions from the Amino Acids were drawn from Marinussen 
(2010). 

The greenhouse gas emissions of the Pigments are dominated by the Astaxanthin, which is very 
energy intensive in the production. Winther et al. (2020) estimate the greenhouse gas emissions 
caused by the production of Astaxanthin are 888kg CO2 eq./kg. Onorato & Rösch, (2020) find 
that the greenhouse gas emissions of Astaxanthin are somewhere between 1000kg CO2 eq./kg 
and 4000kg CO2 eq./kg, depending on the energy mix at the production site and other location-
specific characteristics. Thus, the mean value of the greenhouse gas emissions as estimated by 
Onorato & Rösch, (2020) is 2500kg CO2 eq./kg. 

To represent the underlying literature and the respective findings best, this study uses the mean 
value of the estimations from Onorato & Rösch, (2020) and Winther et al. (2020). This mean 
value is 1694kg CO2 eq./kg ((2500+888)/2 =1694).  

Following the approach by Winther et al., (2020), the greenhouse gas emission of the 
astaxanthin is then divided by ten, because the Astaxanthin usually is diluted in the ratio of 
1:10. Any potential emissions caused by the solution-liquid are not respected. The resulting 
greenhouse gas emissions for the Pigments & Astaxanthin then is 169.4kg CO2 eq./kg.  
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A7: Data for aquafeed-production 

Ingredient / 
Input factor 

Process in EcoInvent 
 

Amount 
(per ton of feed) 

Production of 
pellets 

Diesel, low-sulfur {Europe without Switzerland}| market for | 
Cut-off, U 
Liquefied petroleum gas {Europe without Switzerland}| 
market for liquefied petroleum gas | Cut-off, S 
Electricity, medium voltage {NO}| market for | Cut-off, S 
Heat, district or industrial, natural gas {NO}| heat and power 
co-generation, natural gas, combined cycle power plant, 
400MW electrical | Cut-off, S 

0.42kg 
 
2.76kg 
 
 
0.53GJ 
 
0.29GJ 
 
 

 

A8: Data for smolt production 

Ingredient / Input 
factor 

Process in EcoInvent 
 

Amount 
(per ton of smolt) 

Feed Depending on formulation  
(see Table 2) 

0,9ton 
 

Energy used in smolt 
production plant 

Electricity, medium voltage {NO}| market for | Cut-
off, S 
Diesel {Europe without Switzerland}| market for | 
Cut-off, S 

1000kWh 
 
26.4kg 
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A9: Transport 

Ingredient / Input 
factor 

Process in EcoInvent 
Distance 
(in ton km) 

Rapeseed Oil Transport, freight, lorry >32 metric ton, euro4 {RER}| market 
for transport, freight, lorry >32 metric ton, EURO4 | Cut-off, S 
Transport, freight, sea, ferry {GLO}| transport, freight, sea, 
ferry | Cut-off, U 

1440tkm 
 
135tkm 

Other Plant Protein Transport, freight, sea, ferry {GLO}| market for transport, 
freight, sea, ferry | Cut-off, S 
Transport, freight, lorry >32 metric ton, euro4 {RER}| market 
for transport, freight, lorry >32 metric ton, EURO4 | Cut-off, S 

350tkm 
 
1200tkm 

Raw Wheat Transport, freight, sea, bulk carrier for dry goods {GLO}| 
market for  
Transport, freight, lorry >32 metric ton, euro4 {RoW}| market 
for transport, freight, lorry >32 metric ton, EURO4 | Cut-off, S 

1617tkm 
 
500tkm 

Soy protein 
Concentrate 

Transport, freight, sea, bulk carrier for dry goods {GLO}| 
market for transport, freight, sea, bulk carrier for dry goods | 
Cut-off, U 
Transport, freight, lorry 16-32 metric ton, euro3 {RoW}| market 
for transport, freight, lorry 16-32 metric ton, EURO3 | Cut-off, 
S 

13200tkm 
 
 
500tkm 

Fishmeal  Transport, freight, lorry 16-32 metric ton, euro4 {RER}| market 
for transport, freight, lorry 16-32 metric ton, EURO4 | APOS, U 

650tkm 

Fish Oil Transport, freight, lorry 16-32 metric ton, euro4 {RER}| market 
for transport, freight, lorry 16-32 metric ton, EURO4 | APOS, U 

650tkm 

Seaweed Silage Transport, freight, lorry 16-32 metric ton, euro4 {RER}| market 
for transport, freight, lorry 16-32 metric ton, EURO4 | APOS, U 

650tkm 

Blue Mussel Silage Transport, freight, lorry 16-32 metric ton, euro4 {RER}| market 
for transport, freight, lorry 16-32 metric ton, EURO4 | APOS, U 

650tkm 

Feed Pellets to 
farming site 

transport, freight, sea, bulk carrier for dry goods | Cut-off, S 650tkm 

 

The estimation of distances for all agricultural ingredients were drawn from Winther et al. 
(2020). The estimation of distances the marine ingredients travelled is based on personal 
communication with Cargill Norway Inc. This has shown that there are three major feed 
production facilities in Norway. One in the south, one in the middle and one further up north. 
When taking the whole length of Norway into account, the production facilities are roughly 
1100km apart from each other, so the nearest factory is never further away than 1100/2=650km. 
The same goes for the transport of the feed to the farming site. 


