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A B S T R A C T   

To address global food demand and sustainability challenges, aquaculture has appeared as an essential element 
in food systems, and an increasing number of national aquaculture policies have emerged over the past decades. 
However, several of these policies have failed because of an often-argued inability to anticipate their far-reaching 
implications on environmental and socio-economic variables. To tackle this gap, we propose a step-wise 
framework to assess the national environmental impacts from aquaculture industries with a prospective and 
systemic approach. Starting from identifying policy-based national targets, the methodology relies on economic 
equilibrium modeling to develop realistic future-oriented scenarios of the aquaculture sector, and couples them 
with life cycle assessment principles. To evidence its operability, we apply the framework to two distinct case 
countries: Norway and Singapore. Beyond our key findings from the analyses of the policies in both countries, we 
observed that feed production and usage are important drivers of impacts, hence calling for new and more 
environmentally-friendly feed options. Our results additionally show that the development of aquaculture 
following existing governmental policies may not directly reduce greenhouse gases emissions and, hence, not 
support climate change mitigation objectives. These findings should however be cautioned as potential shifts of 
diets due to the increasing seafood availability might occur, leading to indirect environmental benefits. We 
therefore advocate the further expansion of our framework to cover the entire food system, so it can integrate 
such indirect effects. Meanwhile, we recommend its interim application to support policy-making and help move 
towards more environmentally sustainable aquaculture systems.   

1. Introduction 

World aquaculture production has increased from ca. 10 million tons 
of live-weight seafood in 1990 to more than 80 million tons in 2016 
(FAO, 2018). This escalation, which addressed the increase of global 
food demand due to a growing global population and an increasing 
average revenue per capita, is expected to continue, albeit at a lower 
growth rate (FAO, 2018). Aquaculture is therefore a key feature of food 
security and local economies, in addition to contributing to the avail-
ability of healthy diets resulting from the high content in seafood of 
healthy long-chain fatty acids, proteins, vitamins, and minerals (Larsen 
et al., 2011). It is therefore not surprising to find seafood as part of the 
sustainable diet established by the EAT-Lancet Commission (2019). This 

makes its production appealing for low- as well as high-income countries 
(FAO, 2011). However, major aquaculture growth has in general been 
limited to low- and middle-income countries, and despite multiple at-
tempts to implement policies aimed at boosting it, with a few exceptions, 
high-income countries have overall faced difficulties to trigger their 
aquaculture revolution (Abate et al., 2016; Anderson et al., 2019; Costa- 
Pierce, 2010; FAO, 2016; Garlock et al., 2020). 

Studies have shown that countries with strict environmental regu-
lations, like most high-income countries, often experienced delayed 
growth of their aquaculture sector because of a lack of technically viable 
solutions for more environmental-friendly aquaculture technologies and 
the lack of quantitative assessments providing proofs of the environ-
mental benefits of such technologies (Abate et al., 2018; Abate et al., 
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2016). Environmental regulations are necessary for preserving biodi-
versity because, despite its indisputable socio-economic advantages, 
aquaculture production has been found to have various negative impacts 
on the environment (see e.g. Gausen and Moen, 1991; Jayanthi et al., 
2018; Ottinger et al., 2016). It affects local ecosystems, for example due 
to nutrients emissions in surrounding waters or interactions with local 
environments, and contributes to global environmental problems such 
as climate change and fish stock depletion, through its usage of fishmeal 
and fish oil (FMFO) in the feed (Diana, 2009; Naylor et al., 2000). 
Environmental implications of new policies should therefore be assessed 
and put in perspective with existing environmental regulations before-
hand (Hall et al., 2011). Furthermore, as environmental impacts of 
aquaculture highly depend on the technologies used (Bohnes et al., 
2019), assessment of the environmental impacts of new policies should 
be based on potential future scenarios of aquaculture development that 
the said policies would imply in terms of technology change and 
implementation. 

Life cycle assessment (LCA) has been extensively used to quantify 
environmental sustainability of aquaculture systems through assess-
ments of a large set of environmental impact categories (Bohnes et al., 
2019). This ISO-standardized methodology can be used to compare 
different aquaculture systems and identify environmental hotspots of 
aquaculture technologies through their whole life cycle, i.e. from raw 
material extraction to end-of-life, including production, transport and 
consumption of seafood (ISO, 2006a, 2006b). LCAs of seafood products 
have become increasingly popular and necessary, as illustrated by the 
ongoing development of the product environmental footprint and 
category rules for marine fish at European level (Hognes, 2014). Mul-
tiple LCA studies can be found for individual farms, capturing existing 
commercial ones as well as pilot projects. However, sector-wide LCA 
studies have been rare for aquaculture until now, and they have typi-
cally been limited to specific species, e.g. assessment of the current 
impacts of the mussel production sector in Spain by Iribarren et al. 
(2010). Two noticeable exceptions are Henriksson et al. (2017), who 
adopted a sectorial perspective to assess the environmental impacts of 
the entire Indonesian aquaculture sector (i.e. a low-income country) 
until 2030; and Bohnes and Laurent (2021), who assessed the environ-
mental impacts of various farming techniques in Singapore for the years 
2016 and 2040. They were the only ones to take a prospective angle, but 
the latter limits its assessment to the farm level and the former is case- 
specific, with no framework developed to generalize the application of 
such approach. In addition to environmental sustainability, social and 
economic sustainability dimensions should also be addressed, and 
assessment frameworks and methods may be applied to assess them 
(albeit with a need for method development), e.g. the UN Sustainable 
Development Goals framework and its proposed indicator sets, social 
LCA, etc. In this study, the focus is however centered on addressing 
environmental sustainability, which is essential to sustain socio- 
economic systems (Griggs et al., 2013). In this paper, we aim to 
develop a framework for prospective and systemic assessment of envi-
ronmental impacts from aquaculture industries at national level based 
on the comparison of policy-based scenarios. As a proof-of-concept, the 
framework is applied to two case countries: Norway and Singapore. 
These countries were chosen because they are both high-income coun-
tries with ambitious aquaculture development policies, although with 
very different production landscapes in terms of species, environmental 
conditions and technologies, and because they represent the important 
difference between cold-water and warm-water aquaculture systems. 
The framework’s results, such as the recommendations to policy- 
makers, therefore cannot be directly compared between the two coun-
tries, but the feasibility of the framework can be illustrated and parallels 
can be drawn based on the types of conclusions that both case studies 
will generate. In following Section 2, the framework is introduced and 
its main features described, along with documentation of the two case 
studies of Norway and Singapore. The assessment results are discussed 
in detail for each country in Sections 3 and 4, eventually leading to a 

more general discussion of the framework, including its operability and 
its limitations in Section 5. 

2. Material and methods 

2.1. Overview of the framework 

The proposed framework builds on the general LCA framework, as 
defined by the ISO 14040:2006 and 14044:2006 standards, and offers a 
structure to harmonize large-scale, prospective LCAs of the aquaculture 
sector. It contains 4 main steps illustrated in Fig. 1. Prior to Step 1, the 
object of the assessment is defined as the country under study, the policy 
to be assessed and the period over which the assessment is conducted. 
The framework can also focus on other geographical scales than the 
country level, e.g. aquaculture sector at regional (European Union) or 
state (e.g. Mississippi, US) levels. In Step 1, the current aquaculture 
industry of the targeted country is described in detail, i.e. which species 
are produced and with which technologies. Indeed, aquaculture gathers 
a large variety of species, including different taxonomic groups (e.g. fish, 
mollusks, crustaceans, plants, algae), which require substantially 
different technologies to be farmed due to the different natural re-
quirements for their growth. As the environmental impacts of seafood 
production highly depend on the specific technologies used, these 
should be described as precisely as possible and classified by type to 
allow a meaningful assessment of the environmental impacts. To that 
purpose, production categories should be formed by associating species 
and technologies that have similar production processes, and therefore 
having the same type of inputs, outputs and emissions at the production 
level and are likely to be similar in terms of environmental impacts. 
Additionally, literature should be reviewed and experts consulted to 
identify potential new species and technologies that are likely to enter 
the countries’ aquaculture landscape within the assessed period. Then, 
we propose an optional Step O that consists of a micro-scale LCA, in 
which the impacts per ton of edible seafood of the production categories 
identified in Step 1 are compared. This step is recommended when the 
environmental impacts of aquaculture in the country or geographical 
area considered have rarely been assessed before, and that estimating 
them for the different production categories would therefore be unrea-
sonable or even biased (due to e.g. popular belief or comparison to 
technologies that seem similar but could potentially be associated to 
divergent impacts). Additionally, it would contribute to building a 
broader knowledge regarding the environmental impacts associated to 
aquaculture in different regions and climates, and for different species, 
which might help the understanding of the main environmental chal-
lenges linked to this industry. It is however not necessary in the case of 
countries that have been extensively assessed in past LCA studies on 
aquaculture (e.g. Norway). 

Step 2 aims to build scenarios of potential aquaculture development 
based on the specific socio-economic context of the country. These 
scenarios should describe the evolution of the production quantities of 
each category of species-technology identified previously through the 
identified period. We recommend for this step the use of equilibrium 
supply-demand economic models, such as Asiafish (developed by 
Worldfish - Dey et al., 2005), which enable to consider the consumption, 
factoring in imports and exports, as well as the production. Such models 
have been developed by Tran et al. (2017) and Bohnes et al. (2020), who 
extensively documented the modeling background. Their application of 
equilibrium economic models to the two cases of Singapore and Norway 
is detailed in Sections 2.2.1 and 2.2.2, respectively. So far, such models 
do not contain a comprehensive environmental impact assessment 
module. 

Therefore, Step 3 consists of generating the evolutions of the average 
environmental impacts of seafood production in the country per ton of 
edible product in the different scenarios. To that purpose, a life cycle 
assessment of the national aquaculture industry is conducted (i.e. large- 
scale). First, life cycle inventories (LCI) of the different production 
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categories need to be built, including the modeling of their evolution 
through the considered reference time period. All relevant production 
elements need to be included (i.e. production, feed, infrastructures, 
consumables and post-farming – see Fig. 1). Data should be compiled for 
the country-representative processes and also include time differentia-
tion features to reflect potential technology optimization and expected 
changes in farmers’ habits along the period, including feed selection 
(Fig. 1). An extensive set of environmental impact categories should be 
assessed, including toxicity impacts, resource use impacts and biomass 
extraction as recommended in Bohnes and Laurent (2019). Finally, in 
Step 4, the results of the LCA are interpreted considering the limitations 
and uncertainty of the study. 

All steps applied to the case studies are described in the following 

sections. Steps 1 and 2 are addressed in Section 2.2, Step 3 in Section 2.3, 
while the results and interpretation (Step 4) are the focus of Sections 3 
and 4 for Singapore and Norway, respectively. 

2.2. Introduction to the case studies 

In Sections 2.2.1 and 2.2.2, Steps 1 and 2 are applied to the two case 
studies: Singapore and Norway. 

2.2.1. Singapore in the quest for higher self-sufficiency 
Singapore currently has a modest food industry, with only 10% of its 

consumption covered by domestic production (SFA, 2019). The Singa-
porean government recently announced a new food policy named the 

Fig. 1. General methodological framework of the study. Grey boxes are processes that need to be aggregated to be representative of the country’s average processes.  
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“30-by-30”, which aims at increasing to 30% the proportion of its con-
sumption provided by domestic production by 2030. A case study is 
therefore defined to analyze the implications of this policy, assuming the 
same objectives to the seafood sector during and post-implementation, 
hence the choice of 2017–2040 as the reference period. 

Four species groups (marine fishes, freshwater fishes, crustaceans 
and mollusks) and two technology types (“low-tech” and “high-tech”) 
were identified in Singapore, and classified into 5 production categories 
(see definition in Section 2.1). Additionally, we identified two potential 
future technologies to be implemented in Singapore: recirculating 
aquaculture systems (RAS) and offshore aquaculture, that would be used 
for fishes essentially. All production categories are described in detail in 
Table 1. Additionally, we decided to assess two different Feed options 
that reflect two strategies: (1) an increased proportion of trimmings in 
FMFO manufacturing, and (2) an increased proportion of soybean meal 
accompanied with the introduction of insect-based meal and algal oil to 
replace FMFO. More details about the choice of the different technolo-
gies and feed options are available in Bohnes and Laurent (2021), which 
provide detailed LCIs and associated assessment at farm level of several 
farming techniques in Singapore for the years 2016 and 2040 (optional 
Step O in the framework). 

Reflecting the Singaporean government’s ambition to increase 
aquaculture production before 2030 through its new policy, we built 
three scenarios of aquaculture development in Singapore for 
2017–2040. The detailed method for the development and construction 
of the scenarios from an economic perspective is available in Bohnes 
et al. (2020). The first scenario is a “Business-as-usual” situation, where 
the different production categories follow historic trends to increase 
slowly (SG-BAU). With this scenario, the goal of the Singaporean gov-
ernment regarding 30% self-sufficiency is not reached in 2030. The two 
other scenarios developed are explorative ones, where the different 
categories undertake different growth rates to fulfill the objective of 
30% of seafood self-sufficiency by 2030. While all production categories 
increase in scenario 1 (SG-S1), scenario 2 (SG-S2) focuses on future 
technologies (Fig. 2). 

2.2.2. Norway in the reign of salmon 
Norway is a strong actor in seafood production globally, and the 

Norwegian government intends to maintain this status with a continu-
ally growing seafood sector. In that context, authorities are determined 
to keep their position as the world leader in salmon production, yet 
within a sustainable framework (Norwegian Minitries, 2019). Under 
these circumstances and since 2005, the Norwegian government has 
introduced licenses and a traffic light system with production thresh-
olds, aiming at maintaining salmon production to sustainable levels 
(Hersoug, 2021; Hersoug et al., 2021). However, the salmon industry 

currently faces several challenges and its growth is deemed compro-
mised if solutions are not implemented to address them (Lekang et al., 
2016). The control of diseases, in particular sea lice, and escapes from 
farms are currently the main issues (Lekang et al., 2016). To tackle them, 
the Norwegian government has drafted two complementary pathways: 
facilitating the sustainable development of new technologies that would 
solve these problems, and diversifying aquaculture production by 
introducing other species than salmon and trout (Norwegian Ministry of 
Fisheries and Coastal Affairs, 2009; Norwegian Minitries, 2019). The 
case study aims at assessing the environmental impacts of these two 
approaches of the Norwegian government. 

Norwegian aquaculture is limited to a few species and consists of 
almost 95% of Atlantic salmon, for which Norway is the production and 
export world leader (FAOSTAT, 2019). Norway has optimized its pro-
duction over decades, usually growing the juveniles in closed tanks on 
land equipped with recirculating water systems and fully controlled 
ambient parameters before transferring the fishes in sea cages for the 
grow-out phase (Lekang, 2007). In recent years, the production of white 
fishes such as cod began to develop using this same technology (Rose-
nlund and Halldórsson, 2007). Additionally, salmons and mollusks in 
integrated multi-trophic aquaculture (IMTA) is another innovative 
technology that is advocated by researchers to be developed in the 
future in Norway. It is an aquaculture technique where several species 
from different trophic levels are grown in close proximity in order to 
optimize the use of nutrients and therefore reduce the cost of production 
by reducing the feed need (Wang et al., 2012). An analysis of the liter-
ature revealed that full RAS and offshore aquaculture have a potential 
for development in the future for salmonids, similarly to marine fishes in 
Singapore (Dalsgaard et al., 2013; The Research Council of Norway, 
2005). All production categories are described in Table 2. 

The same two feed options as for Singapore will be assessed for 
Norway, i.e. (i) higher proportion of FMFO produced through trimmings 
and (ii) replacement of FMFO by insect-based meal and algal oil. 

Based on the incentive scheme of the Norwegian government, we 
developed three scenarios of aquaculture development for Norway over, 
2017–2040. Their construction and details about the obtained imports, 
exports, consumption and production of the different production cate-
gories are available in Supplementary Methods. The first scenario de-
scribes a business-as-usual situation (NO-BAU), with only a historical 
increase in salmonids production in sea cages. Scenario 1 (NO-S1) il-
lustrates an important increase in the production of salmonids due to a 
quick reduction of environmental issues and a diversification of tech-
nologies. Scenario 2 (NO-S2) portrays species diversification and limited 
increase of the production of salmonids in sea cages due to a slow 
reduction of environmental issues. However, none of the obtained sce-
narios allows a true diversification of the Norwegian aquaculture 

Table 1 
Description of the current and future aquaculture systems in Singapore with abbreviations, differentiation between juveniles and grow-out when needed, feed type, 
and whether it is a closed or open system. Future technologies are indicated with an “*” symbol.  

Species group Technology 
type 

Category 
abbreviation 

Juveniles growth Grow-out system Feed Open 
/closed 

Marine fishes “Low-tech” MF-LT Fiberglass tanks equipped with flow-through 
water system 

Sea nets attached to floating platforms 
made of wood and plastic. 

Dry pellets Open 

“High-tech” MF-HT Fiberglass tanks equipped with optimized 
water recirculating system (RAS). 

Large cages in the sea built close to the 
shore. 

Dry pellets Open 

RAS* MF-RAS* Fiberglass tanks equipped with highly optimized water recirculating system. Dry pellets Closed 
Offshore* MF-OF* Fiberglass tanks equipped with optimized 

water recirculating system (RAS). 
Large cages in the sea built far from the 
shore. 

Dry pellets Open 

Freshwater 
fishes 

“Low-tech” FF-LT Fiberglass tanks equipped with flow-through 
water system. 

Concrete ponds dig in the ground with 
flow-through water system. 

Industry by- 
products 

Closed 

RAS* FF-RAS* Fiberglass tanks equipped with highly optimized water recirculating system. Dry pellets Closed 
Mollusks “Low-tech” MO-LT Long lines and plastic barrels attached to floating platforms made of wood and plastic. Unfed Open 
Crustaceans “High-tech” CR-HT Individual plastic boxes equipped with highly optimized water recirculating system. Fresh seafood Closed  
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industry in the current economic situation of the country, as explained in 
Supplementary Methods. The obtained production of the different 
aquaculture categories is illustrated for the 3 scenarios in Fig. 3. 

2.3. Life cycle assessment study (Step 3) 

In the following sections, the scope definitions (Section 2.3.1), life 
cycle inventories (Section 2.3.2) and life cycle impact assessments 
(Section 2.3.3) of both case studies are described. 

2.3.1. Scope definition 
The functional unit (FU) of this LCA is defined as the average pro-

duction (over a year) of 1 ton of edible seafood in Singapore/Norway in 
the period, 2017–2040. In other words, the impacts from the different 
production categories are weighted according to the yearly production 
of each technology type and normalized by the total production of that 
year. The resulting “normalized impacts” reflect the eco-efficiency of 
aquaculture production in the country (but in an opposite way, as the 
eco-efficiency increases when the normalized impacts decrease). These 
are calculated for each year of the reference time period to obtain the 

Fig. 2. Evolution in aquaculture production for the 8 production categories under the 3 scenarios for Singapore during, 2017–2040 (SG = Singapore; BAU =
business-as-usual; S1 = scenario 1; S2 = scenario 2; MF = marine fishes; FF = freshwater fishes; MO = mollusks; CR = crustaceans; LT = low-tech; HT = high-tech; 
RAS = recirculating aquaculture system; OF = offshore). Note the different scale on y-axis between the graphs. 

Table 2 
Description of the current and future aquaculture systems in Norway with abbreviations, differentiation between juveniles and grow-out when needed, feed type, and 
whether it is a closed or open system. Future technologies are indicated with a “*” symbol.  

Species 
group 

Technology 
type 

Category 
abbreviation 

Juveniles growth Grow-out system Feed Open 
/closed 

Salmonids Sea cages SASC Fiberglass tanks equipped with highly 
optimized water recirculating system 
(RAS). 

Large cages in the sea built close from the shore, often in 
fjords. 

Dry 
pellets 

Open 

RAS* SARAS* Fiberglass tanks equipped with highly optimized water recirculating system. Dry 
pellets 

Closed 

Offshore* SAOF* Fiberglass tanks equipped with 
optimized water recirculating system 
(RAS). 

Large cages in the sea built far from the shore. Dry 
pellets 

Open 

IMTA* SAINT* Fiberglass tanks equipped with highly 
optimized water recirculating system 
(RAS). 

Large cages in the sea built close from the shore, often in 
fjords, with mussels long lines built strategically close to 
reduce nutrient emissions. 

Dry 
pellets 

Open 

Mollusks IMTA* MOINT* Long lines attached to wooden polls close to the shore, built strategically close to salmonids farmed in 
sea cages in order to feed on their nutrient emissions. 

Unfed Open 

White 
fishes 

Sea cages WFSC Fiberglass tanks equipped with highly 
optimized water recirculating system 
(RAS). 

Large cages in the sea built close from the shore, often in 
fjords. 

Dry 
pellets 

Open  

Fig. 3. Evolution in aquaculture production for the 6 production categories under the 3 scenarios for Norway during, 2017–2040 (NO=Norway; BAU = business-as- 
usual; S1 = scenario 1; S2 = scenario 2; SA = salmonids; WF = white fishes; MO = mollusks; SC = sea cages; RAS = recirculating aquaculture system; OF = offshore; 
INT = integrated multi-trophic aquaculture). Note the different scale on y-axis between the graphs and that SAOF, SAINT, WFSC and MOINT are not visible on the 
graphs due to their low proportions relative to SASC and SARAS. 
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evolution of the normalized impacts through time. A FU reflecting the 
average impacts of the aquaculture sector has been preferred over one 
accounting for the total impacts of the industry because of the large 
variation in terms of total annual production between the scenarios 
assessed for each country. Only looking at the total impacts per year 
would therefore induce a bias and could lead to misleading conclusions. 
However, the total impacts for climate change are disclosed in Supple-
mentary Results and discussed in the discussion section in parallel with 
the annual production quantities. 

The boundaries of the analyzed systems are described in Fig. 1 (Step 
3) and contain fingerling/smolt production, infrastructures, consum-
ables (e.g. oxygen and cleaning products), feed, farming (including 
water and energy consumption and nutrient emissions or avoided pro-
duction of fertilizer) and post-farming. Due to lack of data and because 
they are deemed negligible, the following elements are excluded from 
the analyzed system: harvesting (boats and fuel), cages/nets cleaning, 
boats manufacturing and materials, generators manufacturing and ma-
terials, infrastructures and transport of consumables to the farms, 
transport of the final product to the retailer and to the consumer, storing 
and cooking. Usage of drugs, medicine and vaccines are excluded too 
because of the non-systematic nature of their usage and the lack of 
knowledge about the impacts of these substances. Modeling of multi-
functional processes that deliver more than one product/by-productsis 
handled following the recommendations of the ISO standards (ISO, 
2006b). In general, the co-products of ingredients used in this study (i.e. 
co-products of wheat flour, white rice, rape oil, sunflower oil, soybean 
meal, fishmeal and fish oil production) are common animal feed or 
human food (Asbridge, 1995; Chapoutot et al., 2019; Dronne, 2019; 
Sharma, 2014). Therefore no alternative conventional ways of produc-
tion can be found, and allocation based on the gross energy content is 
applied. The use of fish residues (uneaten feed and feces) as natural 
fertilizers is modeled using system expansion with an avoided produc-
tion of synthetic fertilizers. Algal oil production leads to two co-products 
that can be used as animal feed and light fuel; therefore, system 
expansion could be used with the avoided production of conventional 
products fulfilling these functions. By-products from food industries are 
used as feed in the Singaporean case and as inputs for FMFO production; 
as typically done in LCA dealing with waste generation, these are 
modeled as by-products with zero burden, while avoided production of 
the quality fish it replaces is considered to be avoided at the level of the 
fileting industries. The modeling follows a consequential modeling 
framework as defined in the ILCD Handbook (EC, 2010). Simapro 
v9.0.0.49 was used for the modeling construction and assessment (PRé 
Consultants, 2018). 

2.3.2. Inventories building and system modeling 
A detailed overview of the modeling, data sources and assumptions is 

available in Supplementary Methods. Below, the key modeling aspects 
are summarized. 

For the Singapore case study, the LCI data originate from Bohnes and 
Laurent (2021), who collected onsite, primary data from several farms, 
covering 8 different production systems and 4 species groups (mollusks, 
crustaceans, marine and freshwater fishes). The future technologies’ 
inventories were based on literature, with Liu et al. (2016) for the RAS 
and García García et al. (2016) for the offshore system, adapted to fit the 
Singaporean context. For simplicity, all feed pellets and marine in-
gredients are modeled as originating from Vietnam, all plant-based in-
gredients from China and all fingerlings from Malaysia, as these are the 
most common origins of these goods in the farms where onsite data were 
collected. Transportation of feed is calculated based on average dis-
tances from these countries to Singapore, and is assumed to happen via a 
combination of road and maritime transportation means. To transform 
live-weight mass at farm gate to mass of edible seafood, an edible ratio 
that varies between different species groups is used, namely 0.5 for 
marine fishes, 0.4 for freshwater fishes, 0.48 for mollusks (green mussels 
as reference) and 0.2 for crustaceans (FAO, 2019a; Garduño-Lugo et al., 

2003; Jankowska et al., 2007; Rivonker et al., 1993; US.FOODS, 2018). 
Fileting and gutting are needed for marine fishes produced in”high-tech” 
and offshore systems as the average size of a produced fish is around 4 to 
5 kg, and is based on Winther et al. (2009). Other technologies usually 
produce small specimens (app. 0.5–1 kg) that are sold as entire fishes in 
supermarkets to accommodate local cooking habits. 

For the Norway case study, data were gathered from literature and 
governmental reports to build inventories representative of Norwegian 
aquaculture for the six production systems of the study. The sea cages 
systems and the RAS were based on Liu et al. (2016) and the offshore on 
García García et al. (2016), adapted to the Norwegian context. The 
mussel production of the IMTA was based on Lourguioui et al. (2017), 
the enhanced production factor, thanks to the presence of both species, 
relied on Reid et al. (2008), and the typical mussels/salmons ratio of 
such a production site built on Whitmarsh et al. (2006). All feed pellets 
and marine ingredients are modeled as originating from Norway, all 
plant-based ingredients from France except soybean from Brazil, and all 
fingerlingsfrom Norway, as these are the most common origins of these 
products (Winther et al., 2009). Transportation of feed is calculated 
based on average distances, and is assumed to occur via road. To 
transform live-weight mass at farm gate to mass of edible seafood, edible 
ratios that vary between different species groups are used, with values of 
0.62 for salmonids, 0.36 for white fishes and 0.25 for mollusks (blue 
mussels as reference) (FAO, 2019a, 2019b; Bestofsea, 2019). Fileting 
and gutting are needed for salmonids and white fishes as the average size 
of a produced fish is around 3 to 5 kg, and is based on Winther et al. 
(2009). 

In both cases, the ecoinvent v3.5 consequential database was used 
for modeling the background system, and some processes taken from the 
Agri-footprint v4.0 database were remodeled using ecoinvent processes 
for consistency (Durlinger et al., 2017; Wernet et al., 2016). The elec-
tricity supply for the entire aquaculture sector was modeled using na-
tional average grid mix data as they were assumed not to be impacted by 
large structural changes. 

The prospective nature of this study implies that the inventories are 
generated for the reference year 2017 and then require adaptation for 
the period 2017–2040. Therefore, our inventories are time- 
differentiated throughout the whole period, reflected by yearly 
changes of specific parameters, including feed production, water and 
energy requirements during farming, FCR and electricity grid mix 
composition; Table 3 reports the main changes and data sources behind 
the variations in 2017–2040. 

2.3.3. Life cycle impact assessment 
The newly developed impact assessment methodology IMPACT 

World+ (Bulle et al., 2019) is used at both midpoint and endpoint levels 
to assess the environmental impacts in the two case studies. Midpoint 
impact categories include non-toxicity impacts (e.g. climate change, 
acidification, particulate matter formation), toxicity impacts (such as 
freshwater ecotoxicity, human toxicity), resources related impacts (e.g. 
water scarcity, mineral resource use, fossil and nuclear energy use, land 
occupation and transformation), and endpoint areas of protection 
(AoPs) include Ecosystems quality and Human health (resources are 
disregarded at AoP level due to lack of method maturity). They are all 
listed with their corresponding units in Supplementary Information in 
Table A9. 

An additional midpoint impact category is assessed, the net primary 
production use (NPPU), which is specific to food production LCAs. 
Developed by Papatryphon et al. (2004), this impact category assesses 
the biotic resource that is occupied by the studied system and hence not 
available for other systems. Therefore, only feed has a contribution to 
this impact. NPPU of fishery-related ingredients is assessed using the 
formula from Pauly and Christensen (1995) which is: NPPU = (M/9) * 
10T-1, where M is the wet mass of the organism and T is its trophic level. 
The average trophic level of the FMFO production of this study was 
calculated based on the global average for the Singapore case study 
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(representative for Vietnamese production - SEAFISH, 2018) and based 
on an average over the three bigger Norwegian FMFO producers for the 
Norwegian case study (i.e. Biomar, 2018; Cargill, 2017; Skretting, 
2018). The plant-based ingredients NPPU impacts are based on the crop 
carbon content (Papatryphon et al., 2004). 

The interpretation in Step 4 has two levels of comparisons: the sce-
narios and the feed options. The impacts per yearly-averaged ton of 
edible seafood produced in either Singapore or Norway, i.e. impacts per 
functional unit, are hereafter called the “normalized impacts” for 
simplicity. 

3. Exploring the future of Singaporean aquaculture 

Fig. 4 presents the evolution over, 2017–2040 of the normalized 
impacts (i.e. per yearly-averaged ton of edible seafood produced) in 
Singapore. Detailed background data of Fig. 4 are available in Supple-
mentary Table B1 and detailed results for the total impacts under each 
scenario are reported as well in Supplementary Table B3. 

3.1. Scenario trends over 2017–2040 

Normalized impacts have a rather small overall temporal variation 
during the period 2017–2040 in scenario SG-BAU (varies by maximum 
±20% compared to 2017). Indeed, changes in the production mix are 
small in SG-BAU during 2017–2040, as marine fishes in “low-tech” 
systems add up to a minimum of 80% of the yearly production during 
the whole period (see Fig. 2), and are hence likely to drive the 
normalized impacts. This technology for marine fishes is between 
mature and obsolete, and the optimization potential is low, so the im-
pacts per ton of edible marine fish produced show little variations during 
the timeframe. In most impact categories, normalized impacts decrease 
within 2017–2040. The exceptions are due to the increasing proportion 
of crustaceans in “high-tech” systems in the production mix, which have 
a much higher score in these impact categories than marine fishes in 
“low-tech” systems because of higher electricity use (freshwater eco-
toxicity), higher infrastructures requirements (mineral resource use) 
and different feed composition (land transformation). 

Normalized impacts in SG-S1/S2 are not lower than in SG-BAU in all 
impact categories, which means that choosing SG-S1/S2 over SG-BAU 
would lead to environmental trade-offs per unit of edible seafood pro-
duced. Such a change would create an increase in climate change, 
ionizing radiation, ozone layer depletion, human toxicity cancer, 
freshwater ecotoxicity, and fossil and nuclear energy use, while 

freshwater acidification, both eutrophication, photochemical oxidant 
formation, land occupation and transformation, and NPPU would 
decrease per unit of edible seafood produced. This reflects the intro-
duction of more new technologies in the explorative scenarios’ pro-
duction mix, as impacts that are generally the burdens of innovative 
technologies (e.g. toxicity impacts and energy-related impacts) are 
higher for SG-S1/SG-S2, whereas impacts mainly associated with 
traditional technologies (i.e. eutrophication and NPPU) are higher for 
SG-BAU per averaged unit of seafood produced. Normalized impacts are 
generally lower with Feed option 1 than with Feed option 2 in all sce-
narios because the production of insect-based meal has higher scores in 
most impact categories than fishmeal. 

At endpoint level, the normalized results for ecosystem quality 
remain constant over 2017–2040 for SG-BAU and increase by 18–53/ 
21–64% for SG-S1/S2, respectively, depending on the feed option. The 
impact category “freshwater ecotoxicity long term” is dominant in all 
scenarios, and the larger increase in the explorative scenarios is due to 
the increasing proportion of RAS production and because of their 
considerable consumption of consumables and electricity. In particular, 
Feed option 2 is associated with high scores for this impact category 
because the production of algal oil requires an important amount of 
electricity. However, high uncertainty comes with all toxicity impacts 
due to a large number of substances potentially contributing to envi-
ronmental damages and their relatively limited coverage in current LCIA 
methods (UNEP SETAC, 2019). Human health normalized impacts 
decrease with Feed option 1 (by 12/23/26% for SG-BAU/S1/S2 
respectively) and remain constant or increase slightly with Feed op-
tion 2. Damages to human health are dominated by climate change long- 
term and water availability, which are driven by the feed impacts 
(marine- as well as plant-based). 

3.2. Analysis of selected impact categories 

3.2.1. Climate change 
Overall, climate change impacts have a limited variation, as they stay 

within a range of 11.3–13.7 t-CO2eq/ton-edible-seafood produced for all 
years and all scenarios. In their study on Indonesia, Henriksson et al. 
(2017) found a climate change impact of approximately 3 to 15 t-CO2eq 
per ton of live-weight seafood produced, corresponding roughly to 6–30 
t-CO2eq/ton-edible-seafood produced (with an edible fraction of marine 
fishes, the dominant species group, being 0.5), which is therefore 
consistent with the above result. Feed option 2 has higher impacts than 
Feed option 1 for all scenarios because insect-based feed has a higher 

Table 3 
Changes in the life cycle inventories between 2017 and 2040.  

Change type Parameter/process 
impacted 

Change within 2017–2040   

Singaporea Norway 

Feed ingredients Feed option 1 
Fishmeal and fish oil 
production 

Part of FMFO produced from by-products increases from 44% in 2017 
to 80% in 2040. 

Part of FM (FO) produced from by-products increases 
from 19.4% (28,1%) in 2017 to 70% (80%) in 2040. 

Feed option 2 
Feed pellets production  

- MFLT/FFLT/CRHT: no changes.  
- MFHT/MFRAS/MFOF: 50% of FO is replaced by algal oil; 37.5% of 

FM is replaced by insect-based meal; 12.5% of FM is replaced soy-
bean meal.  

- FFRAS: 100% of the FM is replaced by insect-based meal.  

- SA: 100% of FMFO replaced by insect-based meal and 
algal oil in 2030.  

- WF: 20% of FO replaced by algal oil in 2040, and FM 
decrease to 25% in 2040 replaced by insect-based 
meal. 

Farming 
optimization 

Water need Decrease by 10 to 20% depending on technology maturity. Decrease by 5 to 15% depending on technology 
maturity. 

Energy need Decrease by 10 to 20% depending on technology maturity. Decrease by 5 to 15% depending on technology 
maturity. 

Feed conversion ratio Decrease following historical trends of the period 2000–2015. Constant for SASC/WFSC as it is highly optimized 
already 
Decrease to 0.8 in 2030 for RAS and 1.1 in 2040 for 
offshore systems. 

Electricity grid 
mix 

Electricity production 
source and percentages 

Limited change (gas remains predominant). Hydropower remains predominant but introduction of 
wind power.  

a Extracted from Bohnes and Laurent (2021). 
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Fig. 4. Evolution between 2017 and 2040 of the impact scores for 1 yearly average ton of edible seafood produced in Singapore in the 3 scenarios with the 2 different 
feed options, covering 9 impact categories of IMPACT World+ midpoint and NPPU (net primary production use) (A to J) and the 2 areas of protection of IMPACT 
World+ endpoint (K and L). The other 9 impacts impact categories of IMPACT World+ midpoint (climate change long term, freshwater and terrestrial acidification, 
ionizing radiations, photochemical oxidant formation, particulate matter formation, human toxicity cancer and non-cancer, and ozone layer depletion) are available 
in Supplementary Information A, Fig. A7. 
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climate change impacts than fishmeal. 

3.2.2. Eutrophication 
A drastic decrease of both marine and freshwater eutrophication 

normalized impacts is observed in the explorative scenarios (− 60–90% 
depending on the Feed option and scenario). This is due to the lower 
proportion of marine fishes in “low-tech” systems (i.e. nets in the sea) in 
the production mix. “Low-tech” systems are open systems that have a 
high FCR, and therefore yield the highest eutrophication impacts of all 
production categories included in the study (Bohnes and Laurent, 2021). 
SG-S2’s impacts have approximately halved in 2040 compared to SG-S1, 
thanks to a higher proportion of RAS and other closed systems, which do 
not have direct nutrient emissions during grow-out. 

3.2.3. Resources 
NPPU is the only impact category that decreases across all scenarios 

and all feed options because reducing the use of marine resources is the 
main goal of both feed options (see Section 2). It varies within 9.2–87 
tons C per ton of edible seafood produced. Bohnes et al. (2019) found an 
average NPPU impact of 50 tons C/ton-live-weight-seafood over 65 
reviewed LCA studies, corresponding to 100 tons C/ton-edible-seafood if 
an edible fraction of 0.5 is considered. Therefore, NPPU impacts found in 
this study for Singapore are quite low compared to past studies. 

Land use impacts are especially important for Singapore, due to the 
scarcity of this resource in the city-state. Land occupation normalized 
impacts decrease drastically for SG-S1 and SG-S2 with Feed option 1, 
and stay relatively stable with Feed option 2 with little difference across 
the scenarios. Indeed, the proportion of marine fishes in “low-tech” 
decreases with time. This category has important land occupation im-
pacts, which for Feed option 2 is compensated by the increasing use of 
insect-based meal that has a higher land occupation than fishmeal. 
However, feed production is likely to happen outside the island, and if 
only land occupation in Singapore is accounted for, both Feed options 
engender the same decrease. 

3.3. Sensitivity and uncertainty analyses 

The different scenarios and options compared can be used as part of a 
sensitivity analysis. It appears that the results are highly sensitive to all 
parameters related to feed (feed composition and FCR). The changes 
within scenarios illustrate the influence of the technology and species on 
the results. In this study, the most important source of uncertainty re-
lates to the prospective LCIs. They are intrinsically uncertain due to their 
construction based on assumptions and extrapolations. Similarly, the 
scenarios are highly uncertain as they describe future evolutions of 
aquaculture production. Therefore, these uncertainties could not be 
avoided because the main value of the study is its prospective nature. 

3.4. Key messages of the Singaporean case study 

Overall, the scenario SG-BAU offers decreasing normalized scores 
over time for most impact categories, and has less extreme variations 
than the two explorative scenarios (i.e. no important increase of impacts 
occurs but no important decrease either). Therefore, this scenario could 
be an acceptable solution to limit the increase of impacts per unit of 
edible seafood produced in general. However, Bohnes et al. (2020) 
concluded that the scenario SG-BAU does not allow Singapore to reach 
30% of self-sufficiency by 2030 for seafood, which is the main objective 
of its new “30-by-30” policy. Therefore, SG-S1 and SG-S2 are more likely 
to become true if Singapore takes up this policy. In general, the two 
scenarios have the same tendency, but SG-S2 presents more extreme 
variations, hence SG-S2 strengthens gaps between impacts that decrease 
and those that increase per unit of edible seafood produced. However, 
except for ionizing radiation and ozone layer depletion, the difference is 
small (less than 7% difference in eco-efficiency over the whole period). 
Considering that ozone layer depletion scores are likely biased due to the 

use of outdated data (due to general abandonment of ozone-depleting 
substances since 2006), only ionizing radiation is substantially higher 
for SG-S2. Therefore, scenario SG-S2 may be preferred, and the Singa-
porean government should get inspired by the production mix obtained 
in this scenario to implement new incentives aimed at farmers willing to 
develop the different innovative technologies of SG-S2. Examples of 
such incentives include the implementation of financial aids for new 
farms willing to use these technologies and for existing ones willing to 
transition to them. It could also include facilitating the creation of new 
aquaculture companies using modern technologies, which could attract 
local as well as foreign investors. 

The results also suggest that replacing fresh fish with trimmings in 
FMFO production is a more environmental-friendly option than 
replacing FMFO with insect-based meal and algal oil. Singapore being a 
modest FMFO producer, encouraging the use of FMFO from trimmings 
can be done through new import regulations or taxes applied on FMFO 
that do not comply with a minimum amount of trimmings used in their 
manufacturing. 

4. Exploring the future of Norwegian aquaculture 

Fig. 5 presents the evolution over, 2017–2040 of the normalized 
impacts (i.e. per yearly-averaged ton of edible seafood produced) in 
Norway. Detailed background data of Fig. 5 are available in Supple-
mentary Table B2 and detailed results for the total impacts under each 
scenario are reported as well in Supplementary Table B4. 

4.1. Scenario trends over 2017–2040 

In general, the impacts per yearly-averaged ton of edible seafood 
show limited variations over time in NO-BAU with Feed option 1 
(maximum ±15% compared to 2017). With Feed option 2, normalized 
impacts change more drastically during 2020–2030 in NO-BAU, and 
follow the flat and linear trend of Feed option 1 afterwards. This cor-
responds to the progressive introduction of insect-based meal and algal 
oil in the salmonids’ diet that occurs during this specific decade. The 
most drastic increase is seen with freshwater ecotoxicity, for which 
normalized impacts increase by more than 3-fold within 2017–2040. 
This is due to the combination of higher use of electricity needed for the 
production of the novel ingredients and the fact that the electricity mix 
evolves towards a higher proportion of wind energy replacing hydro-
power. As wind power has higher toxicity impacts than hydropower, it 
contributes to increasing the impacts per functional unit. The only 
decreasing impacts are marine and freshwater eutrophication, NPPU, 
land transformation and ozone layer depletion, because the novel in-
gredients have lower environmental impacts per kg produced in these 
categories than FMFO that they replace. 

The two other scenarios show similar tendencies as NO-BAU, and it 
appears that for this case study, the feed option is much more influential 
than the scenario. This was expected, as the difference between sce-
narios is small, with the salmonids in sea cages largely dominating the 
whole period in the three scenarios. In general, NO-S1 and NO-S2 pre-
sent lower impacts than NO-BAU, by 0–7%, except for marine and 
freshwater eutrophication and NPPU that are lower by around 20%. On 
the contrary, freshwater ecotoxicity and ionizing radiation are higher in 
2040 for the two explorative scenarios compared to NO-BAU, by 3–10% 
for SG-S2 and 12–45% in SG-S1. The largest difference is seen for NO-S1, 
because the proportion of salmonids in RAS is the largest of all scenarios 
(21%) and this production system presents the highest impacts for these 
categories. In general, the difference between scenarios is lower with 
Feed option 2 because the impacts of feed dwarf the differences in im-
pacts between technologies. 

Similar trends are observed at endpoint, with the feed option again 
being more important than the type of scenarios. Normalized impacts for 
both Ecosystems quality and Human health increase much more over 
time with Feed option 2 than with Feed option 1. Ecosystem quality is 

F.A. Bohnes et al.                                                                                                                                                                                                                               



Aquaculture 549 (2022) 737717

10

Fig. 5. Evolution between 2017 and 2040 of the impact for 1 yearly average ton of edible seafood produced in Norway in the 3 scenarios and the 2 different feed 
options, covering 9 impact categories of IMPACT World+ midpoint and NPPU (net primary production use) (A to J) and the 2 areas of protection of IMPACT World+
endpoint (K and L). The other 9 impacts impact categories of IMPACT World+ midpoint (climate change long term, freshwater and terrestrial acidification, ionizing 
radiation, photochemical oxidant formation, particulate matter formation, human toxicity cancer and non-cancer, and ozone layer depletion) are available in 
Supplementary Information A, Fig. A8. 
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dominated by freshwater ecotoxicity while Human health is dominated 
by climate change long-term impacts, but the difference between feed 
options is mainly due to water scarcity. 

4.2. Analysis of selected impact categories 

4.2.1. Climate change 
Climate change normalized impacts show minor changes throughout 

the period in all scenarios. In 2040, climate change impacts are almost 
equal across all scenarios and all feed options. Climate change short 
term scores between 5 and 6 tons CO2-eq per ton of edible seafood 
produced through 2017–2040, which is comparable to the 4–7 tons CO2- 
eq per ton of edible salmon found by Liu et al. (2016) but a bit higher 
than the 2.5–4 tons CO2-eq per ton of edible salmon from Winther et al. 
(2009). 

4.2.2. Eutrophication 
Eutrophication normalized impacts are around 20% lower in NO-S1 

per ton of edible seafood produced in 2040 compared to NO-BAU in the 
same year. The difference is smaller for NO-S2, with only 5% lower 
normalized impacts than NO-BAU on average. This is due to the decrease 
of salmonids in sea cages in the production mix, replaced in NO-S1 by 
salmonids in RAS, which have no emissions of N/P in open waters 
during production. The feed option strongly influences the results. For 
example, with Feed option 2, freshwater eutrophication decreases 4-fold 
between 2017 and 2040 and marine eutrophication by 15%, while it 
stays approximately constant with Feed option 1. With this latter feed 
option, the composition of feed, which determines the N/P emission 
during production, does not change, while in Feed option 2 it is replaced 
by novel ingredients that present much lower N/P content, causing 
lower nutrient emissions due to uneaten feed and feces. 

4.2.3. Resources 
Regarding the resource impact categories, the difference between the 

scenarios is almost nonexistent making the feed option the only source 
of variation. Any difference in impacts is then due to a difference in the 
production of insect-based meal and algal oil compared to FMFO, and 
generally these ingredients have higher impacts. Indeed, their raw in-
puts (i.e. insects and algae) are cultured, whereas the raw materials of 
FMFO (i.e. fish) are captured, and the only impact categories that are 
higher for FMFO would be the ones linked to the energy use of the boats 
and the use of natural resources. Thus, Feed option 2 has higher impacts 
for land occupation, water scarcity, mineral resource use and fossil and 
nuclear energy use, but lower impacts for NPPU and land trans-
formation. The decrease in land transformation is due to the co- 
production of animal feed, which is modeled as an avoided production 
of soybean meal. 

4.3. Sensitivity and uncertainty analysis 

The variation of the feed composition and the electricity mix through 
the time-scope engendered substantial changes in the impact indicator 
scores of the production categories. They can therefore be considered as 
important sources of sensitivity of the Norwegian model. Similarly to the 
Singaporean case study, the main source of uncertainties of this study is 
related to its prospective nature, and could therefore not be avoided. 

4.4. Key messages of the Norwegian case study 

The results of this case study suggest no clear preference for a specific 
scenario, as they all present similar scores over the period 2017–2040. 
Altogether, Feed option 1 seems to be more environmental friendly than 
Feed option 2 for this case study as well. Therefore, based on these 
findings and thanks to being a major FMFO producer, Norway could 
implement new regulations to impose FMFO factories to include a 
minimum proportion of trimmings among their raw material. 

The true diversification of the Norwegian aquaculture via the 
implementation of new technologies or new species could not be 
reached in these scenarios (Supplementary Methods in Appendix A). 
This reflects that the economic conditions of Norway as implemented in 
the model do not allow such drastic transformation of the aquaculture 
landscape. Therefore, additional economic studies are needed to identify 
the factors that could be influenced to allow such change, e.g. exports/ 
imports related parameters or expenditure behavior. 

Finally, looking at the environmental impacts per ton of edible sea-
food produced for the different production categories, it appears that 
from an environmental perspective, the new technology types and spe-
cies are not all interesting strategies to transition from salmonids in sea 
cages (see Supplementary Results in Appendix A). For instance, white 
fishes in sea cages have the highest environmental impacts in most 
impact categories, while the mollusks in IMTA have the lowest impacts 
of all options, in particular in marine eutrophication where it has a 
negative score. Negative scores here reflect an intake of nutrients from 
the surrounding environment, and therefore a positive effect on eutro-
phication (assuming over-eutrophied environment). RAS also seem to 
have interesting environmental characteristics compared to sea cages 
for salmonids, as they have lower impacts on climate change. Thus, the 
implementation of additional IMTA mollusks modules to existing sal-
monids farms or new full RAS could be encouraged by the Norwegian 
government through the introduction of incentives, e.g. taxes 
reductions. 

5. Discussion 

5.1. The importance of feed 

The feed option was found to be very important both in Norway and 
in Singapore as feed dominates most impact categories for a majority of 
the production categories (see Table B5 in Supplementary Results and 
Bohnes and Laurent, 2021). Cultivation and manufacturing phases were 
found to contribute to the majority of the impacts, while feed trans-
portation was found to be negligible. Increasing the proportion of 
trimmings in FMFO manufacturing was found to have overall the lowest 
environmental impacts in the two countries. However, important limi-
tations come with the choice of this feed option. 

The first is that the use of trimmings for FMFO reduction might not 
provide the same quality of the final product as when based on fresh fish. 
Indeed, using trimmings implies having little influence on the type of 
fish and the parts of the fish that are reduced; therefore, the feed might 
not contain the nutrients and fats needed for high-quality FMFO. 
Additionally, even though many impact categories decrease through 
time with the introduction of that Feed option, it has no mitigation effect 
on eutrophication. This impact is often considered one of the most 
important when it comes to aquaculture systems (Diana, 2009). The 
most efficient way to reduce eutrophication is to reduce the FCR, hence 
reducing at the origin the emissions of uneaten feed and feces. This can 
be done by changes in technologies or in the feed composition, like in 
Feed option 2. However, the ingredients assessed in Feed option 2 are 
not the only ones possible to replace FMFO in fishes’ diets. For example, 
the use of microalgae is also very promising to replace fishmeal and 
reduce environmental impacts, as suggested by Shah et al. (2017) and 
confirmed in an LCA study by Seghetta et al. (2017). In our study, the 
algal oil introduced to replace fish oil has low environmental impacts 
compared to other ingredients for many impact categories, but also has 
drawbacks such as high electricity consumption, which in the case of 
both Singapore and Norway meant high human health impact at damage 
level. This could be overturned if the algae production improves by 
reducing its energy needs, or in Singapore if the electricity mix becomes 
more environmentally friendly. Another way to reduce eutrophication 
would be to improve disease prevention and hereby decreasing 
mortality. 

Other potential candidates to replace fishmeal are leftovers from the 
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food industry, such as chicken leftovers. These are already used in some 
farms in Singapore in order to reduce the costs of feed. However, some 
major drawbacks of this solution are (i) the low digestibility of these 
ingredients, which increases the FCR drastically, and (ii) their low 
nutrient content (Bandara, 2018). The novel understanding of the gut 
microbiome can help define which ingredients to prioritize in the 
elaboration of diets that will engender lower eutrophication impacts. 
Finally, plant-based ingredients have been a largely solicited solution in 
recent years to replace FMFO (Chakraborty et al., 2019). Nonetheless, 
not all vegetal ingredients are equivalent in terms of environmental 
impacts. For example, soybean meal is one of the most popular choices 
to replace fishmeal thanks to its high protein content, but its climate 
change impacts are among the highest of all ingredients, as found in the 
current study. Therefore, a diet that is nutritious for the fishes and at the 
same time carries the lowest environmental impacts still remains to be 
determined. 

5.2. Climate change mitigation potential 

Both countries have set climate change related targets for 2030 as a 
follow-up to the Paris Agreement of the COP 21 and have submitted 
Nationally Determined Contributions (NDCs) to the UNFCCC (UNFCCC, 

2021). Singapore set two goals: (1) to reduce its emissions intensity (i.e. 
emissions per unit produced) by 36% below 2005 levels in 2030 and (2) 
to stabilize its total emissions by the same year at 65 Mt-CO2eq (MEWR, 
2018; UNFCCC, 2021). When it comes to the first goal, out of all pos-
sibilities assessed in this study, the maximum decrease of climate change 
normalized impacts (i.e. emissions intensity) in 2030 is obtained with 
SG-BAU and Feed Option 1, and is 7%. This is much lower than the 
target of Singapore, even when considering a potential decrease prior to 
2017. However, this number is calculated applying a consumption 
perspective (i.e. including emissions occurring outside Singapore as a 
result of the consumption taking place in Singapore, e.g. Vietnamese 
emissions for the feed production), while the target adopts a production 
perspective (i.e. covering only emissions on Singapore territory). If 
looking only at impacts of the production stage, which could be mostly 
attributed to Singapore, they remain stable for SG-BAU and increase by 
20% and 40% for SG-S1 and SG-S2, respectively. In this perspective, 
aquaculture production will not contribute to the desired reduction of 
emission intensity of the Singaporean government. When considering 
the second goal of the Singaporean government regarding climate 
change mitigation, the results of this study suggest that if the “30-by-30” 
policy is to be implemented, the aquaculture sector is likely to increase 
its total climate change impacts until 2040, with no stabilization in 

Fig. 6. Yearly total climate change impacts from 2017 to 2040 for the 3 scenarios and the two Feed options in Singapore (a) and Norway (b), with the total 
production of edible seafood on the secondary axis in tons per year. 
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2030, as illustrated in Fig. 6a. Indeed, the total production increases 
manifold until 2030 to fulfill the government’s goal in terms of self- 
sufficiency, which will also contribute to increasing the total climate 
change impacts of that specific sector. However, Singapore’s Fourth 
National Communication and Third Biennial Update Report emphasizes 
the impacts climate change can have on the country’s food security, due 
to the low local production and high dependence on imports (National 
Environmental Agency, 2018). The food production sector is therefore 
not considered as a potential mitigation lever to decrease GHG emis-
sions, but rather like an industry that needs development to support 
adaptation to climate change. 

With regard to Norway, goals have been set to reduce its greenhouse 
gas emissions by at least 50% and towards 55% before 2030 compared to 
the 1990 levels (The Mission, 2019; UNFCCC, 2021). In this study, there 
is no decrease in the normalized impacts of aquaculture along the time 
period, meaning that there is no increase in eco-efficiency when it comes 
to climate change impacts between 2017 and 2040. With a total pro-
duction that increases in all scenarios, the total climate change impacts 
of the aquaculture sector is anticipated to also increase (with a different 
increasing rate) until 2040, as illustrated in Fig. 6b. In Norway’s Seventh 
National Communication and Third Biennial Update Report, the key role 
of Norway’s aquaculture and fishery sectors for food security in the 130 
countries Norway exports to is emphasized, together with the significant 
decrease in impacts that these sectors have already experienced in the 
last decade (Norwegian Ministry of Climate and Environment, 2018). 

Therefore, it seems that neither Singapore nor Norway can rely on 
the aquaculture sector to reach their NDCs, or greenhouse gas (GHG) 
reduction goals as defined in the Paris Agreement, if they pursue the 
implementation of their new aquaculture policies and the resulting in-
creases in production. However, neither Singapore nor Norway 
emphasized aquaculture as a strategic lever to decrease GHG emissions 
in their last National Communications under the UNFCCC, which sug-
gests that the synergies between the aquaculture policies considered in 
this study and their climate strategies have been acknowledged in both 
countries (National Environmental Agency, 2018; Norwegian Ministry 
of Climate and Environment, 2018). They will both need to decrease 
more drastically the GHG emissions from other sectors to offset that 
increase from aquaculture. 

5.3. Eco-efficiency vs. eco-effectiveness 

The increase in domestic production of seafood might contribute to 
change Singaporean and Norwegian food habits, and increase the con-
sumption of seafood while reducing the need for other animal proteins 
(Bohnes et al., 2020 and Supplementary Methods in Appendix A). 
Despite not being environmentally neutral, aquaculture production has 
been found to carry lower environmental impacts than many other 
livestock productions per produced food product. For example, Ogino 
et al. (2016) assessed different beef production systems in Thailand with 
LCA and obtained a climate change impact of 27 to 34 tons CO2eq per 
ton of edible beef produced (considering an edible fraction of 41% - 
University of Tennessee Institute of Agriculture, 2019), which is at least 
the double of our highest results. Salmon in particular has been found to 
be associated with the lowest GHG emissions per energy content (Hil-
born et al., 2018). Therefore, taking into account a substitution of meat 
with seafood, while aquaculture production might not participate in 
reducing national climate change eco-efficiency, it may increase the eco- 
effectiveness of the global food system by encouraging consumers to 
choose protein sources with lower environmental impacts than before 
and hence help meet the dietary needs of large population groups at a 
lower climate impact. This illustrates the relevance of the consumption- 
based perspective when defining climate change or other environmental 
targets. Indeed, the globalization of food supply chains prevents from 
considering countries as independent elements except in very specific 
cases, like those presented in this study. Norway indeed exports the vast 
majority of its production and Singapore imports a large majority of its 

consumption. Consumption-based targets allow considering the re-
percussions of decisions in a more comprehensive way, hence leading to 
higher eco-effectiveness of the global food systems, rather than only its 
eco-efficiency. 

5.4. Lessons learned and relevance of the proposed framework for policy- 
making 

Recommendations to decision-makers can be made on various as-
pects associated with aquaculture development. For example, according 
to the Norwegian study, the industry forecasts for the production of non- 
salmonids species were found to be much higher than the maximum 
production viable in the scenarios of this study. Therefore, a diversifi-
cation of the aquaculture sector in terms of species or technologies 
seems to require incentives from the government. These can either occur 
through regulations that make the currently applied technologies more 
expensive than the new ones, which potentially may reduce the envi-
ronmental impact, e.g. by limiting or taxing the discharges and emis-
sions leading to important environmental impacts. The incentives can 
also be achieved by subsidizing cleaner technologies in the coming 
years. 

Integrated multi-trophic aquaculture in the form of added mollusks 
production to existing salmonid production infrastructures appeared as 
a promising technique to decrease environmental impacts of existing 
salmonid production systems in the past literature, but was not strongly 
highlighted by the current study as the amount of mollusks produced 
was low in all our scenarios. However, looking at the impacts per edible 
mass produced for each species, the eutrophication reduction of the 
mollusks production could undeniably improve the local ecosystems 
quality for production in closed fjords. Based on the Singapore case 
study, decision-makers can get inspired regarding which species and 
which technologies to prioritize, as well as which consequences on the 
environment these choices would have. Examples are the potential 
environmental trade-offs that a transition from traditional technologies 
(i.e. platforms with nets in the sea and concrete ponds onshore) to 
innovative technologies (such as RAS or offshore aquaculture) would 
create. Additionally, the study offers the first environmental impacts 
baseline for Singaporean aquaculture that can be used as a benchmark 
for new systems and scenarios when assessing them with LCA. 

5.5. Uncertainties and limitations of the proposed framework 

Despite being a useful source of information for policy-makers, the 
proposed framework carries a number of uncertainties and limitations. 
In its implementation, it requires multi-disciplinary knowledge, which 
may be challenging to obtain. Each step of the framework thus requires 
specific expertise: the distribution of the aquaculture sector by species 
groups and technologies in Step 1 requires deep understanding in 
aquaculture practices and in the sectorial dynamics; Step 2 demands an 
advanced and practical knowledge of economics and associated 
modeling; and Step 3 requires mastering the application of the LCA 
methodology. Each step is associated with some uncertainties that are 
mostly case-dependent, e.g. stemming from input parameters to the 
models, which are dependent on data availability and data quality. The 
economic modeling is thus based on a simplified representation of real 
market mechanisms due to limited parameters and simplified assump-
tions (see Bohnes et al., 2020 for more details on the limitations of the 
economic model). Likewise, the LCA modeling embodies several un-
certainties, among which the impact assessment is an important source, 
e.g. high uncertainty in toxicity-related impact assessment, gaps in 
impact categories specific to aquaculture issues (see e.g. Bohnes and 
Laurent, 2019 for more details on this topic). The combination of these 
uncertainties over all three steps of the framework is difficult to assess. 
Techniques to quantify them should be further investigated, while 
practitioners could still rely on qualitative evaluation until reliable ap-
proaches are developed. This may be facilitated if a common umbrella 
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modeling structure is developed, in which all three steps, accompanied 
with their modeling, are consistently embedded. Further research to 
arrive at such modeling structure is still needed. 

6. Conclusions and recommendations 

The framework presented in this paper has been successfully applied 
to two countries with very different aquaculture sectors, which supports 
its adaptability and possible transfer to other countries. In the Singapore 
case study, a scenario that could allow the local government to reach its 
production targets has been developed, and it suggests that the devel-
opment of highly innovative technologies is key. In the Norway case 
study, in contrast, it has been found that the objectives of the local 
government could not be reached in the current economic situation, and 
that more important incentives from the authorities are required. Both 
case studies suggest that the replacement of fresh fish by trimmings in 
the manufacturing of FMFO would reduce impacts on the environment. 
In both case studies, the evolution of the aquaculture sector as described 
by the developed scenarios also implies an increase of the total sectorial 
emissions of greenhouse gases between 2016 and 2040, which might 
appear problematic when considering that both countries have en-
gagements for greenhouse gas emissions reduction in the Paris Agree-
ment. However, such increases in aquaculture production may be 
associated with a change in consumer’s habits, switching from other 
protein sources such as beef or lamb to seafood, which could ultimately 
engender a reduction of the total greenhouse gas emissions at the level of 
the food sector. The application of our proposed framework to the entire 
food sector is thus recommended when addressing such policy context 
beyond the sole scope of the aquaculture sector. 

Although we demonstrated the operability and relevance of our 
proposed framework in a policy context, we acknowledge that a number 
of current uncertainties and limitations should be addressed to improve 
its reliability and accessibility to future practitioners. These research 
needs and associated recommendations are briefly described below for 
future uptake by scientists and stakeholders in the aquaculture sector:  

• Accessibility to representative data. In the Singaporean case study, 
economic data with adapted species differentiation, such as trade 
quantities, prices or elasticities, were not available, which compelled 
us to adapt other data to the needs of the study based on assumptions, 
hence decreasing accuracy. There is therefore a research need for 
more economic studies on aquaculture related topics, such as elas-
ticities of aquaculture products in various countries, and for a better 
accessibility to economic data in seafood production from govern-
ment organizations.  

• Development of a more user-friendly economic model. To conduct a 
trustworthy study, the practitioner of this framework needs to have 
appropriate knowledge of both LCA and economic models, when 
commonly they would be either LCA practitioners or economists. 
Therefore, we call for the development of economic models that are 
more user-friendly, and would not require a modeler’s expertise to 
apply.  

• Development of impact categories specific to aquaculture issues. Some 
environmental impacts are not included in common LCIA methods 
yet. For example, there is no method today to assess the impacts on 
local ecosystems of escapes of farmed fishes (Bohnes and Laurent, 
2019). The development of impact categories that cover all envi-
ronmental issues of aquaculture are therefore crucial for true sus-
tainability of the sector, and research should focus on developing 
these missing impact pathways.  

• Integration of an absolute environmental sustainability module in supply- 
demand economic models. As it is today, the framework needs two 
main and separate steps to be conducted. If the environmental im-
pacts were directly implemented in the economic model, the impact 
assessment could be enhanced to reflect absolute sustainability in 
terms of the ability of the different production systems to avoid 

exceeding the locally determined carrying capacities of the exposed 
marine ecosystems. This would allow building scenarios of aqua-
culture development that are environmentally sustainable in abso-
lute terms (Bjørn et al., 2016; Bjørn et al., 2015). Therefore, the 
integration of an absolute sustainability module in economic models 
such as Asiafish would allow a more comprehensive coverage of the 
implications of aquaculture policies’ implementation, ease their 
interpretation and eventually produce more reliable recommenda-
tions to policy-makers.  

• Development of a framework that combines LCA and food safety risk 
assessment. Only environmental impacts are assessed here. Food 
production systems have risks for damage to human health that are 
not assessed through a normal LCA. Different technologies of pro-
duction are associated with different risks linked to the presence and 
spreading of diseases and the use of antimicrobials to treat them. It 
has been proven that antimicrobial use in aquaculture leads to 
antimicrobial resistance, which is considered by the World Health 
Organization as one of the most serious threats to global health 
currently (Santos and Ramos, 2018; WHO, 2018). In addition, the 
use of antimicrobials in fish feed for growth promotion (which is still 
rampant in most of Asia, but banned in the EU) will most likely be 
banned globally over the next decade, resulting in regulatory pres-
sure on aquaculture systems for management optimization (Wu, 
2019). To provide integrated, science-based decision support, food 
safety risk assessment could be combined with LCA and used to 
assess optimized solutions for selected issues such as antimicrobial 
resistance. Methods to ensure such combination are yet to be 
developed.  

• Implementation of a life cycle sustainability assessment (LCSA). Only the 
environmental dimension of sustainability is assessed in the current 
framework, despite the importance of the economic and social di-
mensions to achieve comprehensive sustainability. The imple-
mentation of a social life cycle assessment would allow the 
quantification of social impacts such as fair salaries, hours worked 
per day or health and safety in the workplace, while the imple-
mentation of an “economic life cycle assessment” could account for 
economic impacts such as profitability, productivity or business di-
versity (Kühnen and Hahn, 2018; Neugebauer et al., 2016). These 
impacts are particularly relevant to assess in large-scale studies like 
in the current study, due to the extent of the economic and social 
changes it can engender. Method developments are however 
required for developing scientifically robust and broadly-accepted 
frameworks for social and economic LCA that truly capture social 
and economic sustainability, respectively. 
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Shyamsundar, P., Steffen, W., Glaser, G., Kanie, N., Noble, I., 2013. Sustainable 
development goals for people and planet. Nature 495. 

Hall, S., Delaporte, A., Phillips, M.J., Beveridge, M., O’Keefe, M., 2011. BLUE 
FRONTIERS Managing the Environmental Costs of Aquaculture. Penang, Malaysia. 

Henriksson, P.J.G., Tran, N., Mohan, C.V., Yee, C., Rodriguez, U., Suri, S., Dominguez, L., 
Bambang, N., Utomo, P., Hall, S., Phillips, M.J., 2017. Indonesian aquaculture 
futures - evaluating environmental and socioeconomic potentials and limitations. 
J. Clean. Prod. 162, 1482–1490. https://doi.org/10.1016/j.jclepro.2017.06.133. 

Hersoug, B., 2021. Why and how to regulate Norwegian salmon production? – the history 
of maximum allowable biomass (MAB). Aquaculture 545. https://doi.org/10.1016/ 
j.aquaculture.2021.737144. 

Hersoug, B., Olsen, M.S., Gauteplass, A.Å., Osmundsen, T.C., Asche, F., 2021. Serving the 
industry or undermining the regulatory system? The use of special purpose licenses 
in Norwegian salmon aquaculture. Aquaculture 543. https://doi.org/10.1016/j. 
aquaculture.2021.736918. 

Hilborn, R., Banobi, J., Hall, S.J., Pucylowski, T., Walsworth, T.E., 2018. The 
environmental cost of animal source foods. Front. Ecol. Environ. 16, 329–335. 
https://doi.org/10.1002/fee.1822. 

Hognes, E.S., 2014. Marine Fish PEFCR: Screening and Recommendations. Available at. 
https://sjomatnorge.no/wp-content/uploads/2019/04/Marine-Fish-PE 
FCR-Screening-and-recommendations-report-22-11-2016-end.pdf. 

Iribarren, D., Moreira, M.T., Feijoo, G., 2010. Revisiting the life cycle assessment of 
mussels from a sectorial perspective. J. Clean. Prod. 18, 101–111. https://doi.org/ 
10.1016/j.jclepro.2009.10.009. 

ISO, 2006a. ISO 14040:2006 - Environmental management - Life cycle assessment - 
Principles and framework. Geneva, Switzerland. https://doi.org/10.1136/ 
bmj.332.7550.1107. 

ISO, 2006b. ISO 14044:2006 - Environmental Management – Life Cycle Assessment – 
Requirements and Guidelines. Geneva, Switzerland. 
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