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a b s t r a c t
Fish oil has been used in conventional aquaculture for decades, despite the known links between increasing global demand for ﬁsh and depletion of natural resources and vital ecosystems (FAO, 2020, 2019).
Alternative feed ingredients, including algae oil rich in docosahexaenoic acid (DHA), has therefore been
increasingly used to substitute traditional ﬁsh oil. Heterotrophic algae cultivation in bioreactors can be
supported by a primary carbon feedstock recovered from food waste, a solution that could reduce environmental impacts and support the transition towards circular food systems. This study used life cycle
assessment to quantify environmental impact of DHA produced by the heterotrophic algae Crypthecodinium cohnii, using short-chain carboxylic acids derived from dark fermentation of food waste. The future potential of DHA from algae was evaluated by comparing the environmental impact to that of DHA
from Peruvian anchovy oil. With respect to global warming, terrestrial acidiﬁcation, freshwater eutrophication and land use, algae oil inferred -52 ton CO2 eq, 3.5 ton SO2 eq, -94 kg Peq, 2700 m2 eq, respectively
per ton DHA. In comparison, the impact per ton DHA from ﬁsh oil was -15 ton CO2 eq, 3.9 ton SO2 eq,
-97 kg Peq and 3200 m2 eq. Furthermore, algae oil showed lower climate impact compared to canola
and linseed oil. By including Ecosystem damage as indicator for ecosystem quality at endpoint level, the
important aspect of biodiversity impact was accounted for. Although the method primarily accounts for
indirect effects on biodiversity, DHA from algae oil showed lower Ecosystem damage compared to ﬁsh oil
even when future energy development, optimized production, increased energy demand and effects on
biotic resources were considered via sensitivity analyses. As the results suggest, algae oil holds a promising potential for increased sustainability within aquaculture, provided that continued development and
optimization of this emerging technology is enabled through active decision-making and purposeful investments.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Today, aquaculture is the fastest growing food-producing sector, originally developed to support an increasing global population
with nutritious food and essential Omega-3 fatty acids (FAO, 2018).
Fish oil has been one of the most important ingredients in conventionally produced aquaculture feed for decades, primarily since
it contains bioavailable polyunsaturated fatty acids, including the
6-fold unsaturated fatty acid docosahexaenoic acid (DHA). The original aim in farming high-value ﬁsh was to preserve marine biodiversity while supporting an increased global demand for food ﬁsh
(European Commission, 2019). However, current ﬁsh oil supply is
∗
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highly dependent on fossil energy and marine raw materials, and
research has shown that natural resources and ecosystems are being depleted as the global demand for ﬁsh increases (FAO, 2020,
2019).
In aquatic ecosystems, DHA is naturally produced by planktonic microalgae and is accumulated in ﬁsh via the food web
(Colombo et al., 2020; Sprague et al., 2017). As DHA cannot be synthesised by animals, a suﬃcient intake must be obtained through
the diet. Therefore, ﬁsh oil rich in DHA is often added in food
and feed production to enhance nutrition levels in dairy, meat and
ﬁsh consumed by humans (Silva et al., 2018; Toppe, 2013). Each
year, around 1 million tons of ﬁsh oil is used to produce aquafeed
(Beal et al., 2018), where Peruvian anchovy oil contains one of
the highest concentrations of DHA (IFFO, 2017). Conventional ﬁsh
oil production depends on marine raw materials, primarily for-
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age ﬁsh such as anchovy, and ﬁnite resources such as fossil energy to power the conversion processes (Rodríguez et al., 2019;
Tyedmers et al., 2006). Fish oil production has also been shown
to contribute to two of the most urgent threats to life on Earth:
global warming and loss of biodiversity (Center for Biological Diversity, 2020; Ghamkhar and Hicks, 2020; United Nations, 2019).
Moreover, due to global warming the natural DHA synthesis by
marine microalgae is predicted to decrease by 58% until 2100
(Colombo et al., 2020), which would reduce the natural DHA content in ﬁsh oil. In addition, long-term monitoring of marine ﬁsh
stocks by FAO (2020) showed that 34% of ﬁsh stocks were overﬁshed in 2017. Thus, the dependency on ﬁsh oil for aquafeed must
be reduced to ensure future food security (Cottrell et al., 2020) and
to achieve sustainable market growth of aquaculture (Hardy, 2010).
New production methods with lower environmental impact are
needed to maintain vital ecosystems, increase resource eﬃciency
and support future sustainability within food supply chains. A potential solution to the impact associated with conventional ﬁsh oil
production could be to gain DHA directly from the marine primary producers, namely microalgae. Using microalgae as a novel
aquafeed could decrease the demand for forage ﬁsh in aquaculture, while still maintaining the required DHA proﬁle for highvalue aquaculture ﬁsh feed (Beal et al., 2018; Sprague et al., 2017,
2015). Previous research has established that heterotrophic microalgae can be cultivated in bioreactors using carbon sources derived from food waste as primary feedstock (Chalima et al., 2020,
2019, 2017), thus enabling an alternative resource recovery solution
within food waste management.
Today, about 1.3 billion ton food is wasted globally each year,
of which over 900 million ton origin from households, retail establishments and the food service sector (UNEP, 2021). Food waste
accounts for a considerable proportion of environmental burden
for the current food supply chain, especially since current practice are often based on a linear production process (Laso et al.,
2018). Increased resource recovery and nutrient recycling are considered key actions to achieve long-term sustainability, especially
within the future food system and food waste management. Life
cycle assessment (LCA) is a method commonly used to systematically assess and quantify the environmental impact for a process or
product. By considering resource use and emissions related to the
whole production chain, LCA is a valuable tool for evaluating if a
suggested solution can reduce the environmental impact compared
with a reference scenario. The aim of this study was to evaluate
the future potential of DHA produced from algae with substrate
originating from DF using food waste, by assessing and comparing the environmental impact to that of DHA produced from Peruvian anchovy oil. A quantitative assessment of the environmental impact and the potential effects on biodiversity was included
to provide a vital dimension of aquaculture and food waste valorisation to policymakers, the research community and the industry.
The long-term goal with this study was to support sustainable development, by assessing innovative solutions for food waste valorisation within a circular economy approach.

genetically modiﬁed crops has been shown to increase DHA potential in plants to levels comparable with ﬁsh oil (Petrie et al., 2020;
West et al., 2021; Zhou et al., 2019). An alternative source that provide bioavailable DHA are yeast oil and algae oil (Parsons et al.,
2019; Porcelli et al., 2020; Yarnold et al., 2019). Research suggest
that microbial oils from heterotrophic algae and yeast will likely
be common within future food systems (Parsons et al., 2018), but
microalgae oils are considered one of the most promising future
ﬁsh oil substitutes (Cottrell et al., 2020; Oliver et al., 2020). Both
total and partial replacement of ﬁsh oil in aquafeed is currently
possible, but the nutritional composition of the substituting oil
must be considered to maintain the required nutritional value in
food ﬁsh (Sarker et al., 2016; Schade et al., 2020; Sissener, 2018).
Ghamkhar and Hicks (2020) concluded that sole ﬁsh oil replacement can infer reduced stress on biotic resources, but they also
highlighted that technologies for producing substituting oils needs
further improvement to achieve more effective energy use and
mitigate potential burden shifts. Commercial algae derived products, including DHA for feed and food, are well established on the
market and will likely be further developed to improve effectiveness and reduce production costs (Patel et al., 2020a; Yarnold et al.,
2019).
Thraustochytriaceae and the dinoﬂagellate Cryptecodinium sp. are
eukaryotic, planktonic heterotrophic marine microalgae that are
known to accumulate DHA to beyond 10% (w/w) of their cell
weight (Kumar et al., 2021; Mendes et al., 2009). The intensively examined strain Cryptecodinium cohnii (C. cohnii) is cultivated aerobically in bioreactors supported by a carbon source as
primary feedstock. Different feedstock has been frequently used,
including glucose (Deprá et al., 2020), lignocellulosic biomass
(Karnaouri et al., 2020) and olive pomace (Paz et al., 2020). Acetic
acids and other short-chain fatty acids has been shown to greatly
beneﬁt microalgae DHA accumulation (Hillig, 2014; Sijtsma et al.,
2010), especially waste derived volatile fatty acids (Oliver et al.,
2020). Volatile fatty acids (VFA) are obtainable from anaerobic digestion (AD), in particular dark fermentation (DF) (Chalima et al.,
2019; Fei et al., 2015; Patel et al., 2020a). DF is a common food
waste (FW) valorisation process where the ﬁrst two steps, hydrolysis and acidogenesis of the typical AD, yield short-chain carboxylic acids (mostly VFAs). VFAs extracted from AD or DF primarily consist of acetic acid (C2 H4 O2 ) and smaller amounts of propionic acid (C3 H6 O2 ) and butyric acid (C4 H8 O2 ), while the remaining biomass can still be used to produce biogas (Kim et al., 2019;
Tampio et al., 2019). Previous studies by Paritosh et al. (2017) and
Wainaina et al. (2019) suggest that up to 20 g VFA/L FW can
be produced in the hydrolytic/ acidogenesis stage of conventional
two-step AD, while up to 25 g VFA/L FW was suggested by
Herrero Garcia et al. (2018) during optimised DF. Multiple studies have emphasised the prosperous potential for using VFA recovered from fermented FW as a sustainable alternative to conventional carbon sources for bioproduction of DHA from microalgae.
The synthesis of valuable by-products like squalene can increase
the worth of heterotrophic algae biomass (Patel et al., 2020b).
Chalima et al., (2017) reviewed how VFA could be reused in a
microalgae fermentation process, and a later study also included
the VFA separation from DF and their use for the bioproduction
to high added-value DHA by C. cohnii (Chalima et al., 2020, 2019).
Patel et al. (2021) and Fei et al. (2015) both studied the effects on
fatty acid accumulation when using VFA as primary carbon feedstock in heterotrophic algae cultivation. They found that a similar fatty acid accumulation could be obtained with VFA as when
using traditional glucose, but the effect was largely affected by
the amount and ratio of VFAs. Combining bioconversion of VFA
to DHA through microalgae in combination with energy generation from FW, can infer increased sustainability within aquaculture (Oliver et al., 2020) and energy production (Chalima et al.,

2. Literature review
The environmental impact of conventional ﬁsh oil production has been thoroughly studied by previous research (Avadí
and Fréon, 2013; Fréon et al., 2017; Silva et al., 2018). To increase sustainability within aquaculture and reduce dependency
on traditionally used marine raw material, alternative DHA sources
in aquafeed has gained a lot of scientiﬁc attention (BélangerLamonde et al., 2018; Glencross et al., 2020). Vegetable sources,
such as canola or linseed oil, require conversion of alpha lipoic
acid (ALA) via digestion to provide bioavailable DHA (Kannan et al.,
2021; Russo et al., 2021). Although often considered controversial,
2003
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2019; Paritosh et al., 2017). This approach also enables a novel solution for FW resource recovery, which has been widely recognised
as an important component in sustainable development within
the food system (Brancoli et al., 2020; Scherhaufer et al., 2020;
Teigiserova et al., 2020). As suggested by Woodhouse et al. (2018),
primary production (including aquaculture and ﬁshing) are generally main environmental hotspots in the food supply chain. Using a
more circular ﬂow of resources might reduce the burden from primary production, especially when considering ﬁsh oil substitutes.
Current research suggest that microalgae will likely play an important role in maintained global food security by bridging a future gap between supply and demand for DHA (Jovanovic et al.,
2021; Russo et al., 2021; Tocher et al., 2019). To ensure global food
security and maintain natures ability to provide resources in the
future, substantial efforts are required to develop new production
methods with lower environmental impact that also comply with
the global Agenda 2030 and sustainable development goals (SDG)
(Herrero et al., 2020; United Nations, 2020, 2019).
Identifying and understanding the environmental implications
of new technologies is thus crucial to ensure that suggested
new solutions also support future sustainability. Multiple studies have assessed the environmental impact of algae oil intended
for the food supply chain (Beal et al., 2018; Porcelli et al., 2020;
Schade et al., 2020). To date, previous LCA studies have mostly
focused on phototrophic algae processes (Barr and Landis, 2018;
Keller et al., 2017), where required inputs and outputs differ substantially from those in heterotrophic cultivation (Smetana et al.,
2017). Similarly, assessments of algae oil used for biofuel production is more common than algae oil intended for food or feed
(Hosseinzadeh-Bandbafha et al., 2020; Shi et al., 2019). However,
Rösch et al. (2019) suggests that the inputs required for algae cultivation and harvest are often similar regardless of how the end
product is used. In a recent study, Deprá et al. (2020) assessed environmental impacts with respect to commercial microalgae-based
products, including DHA produced from C. cohnii. They concluded
that microalgae as a source for DHA owns a high sustainable potential. Although commercialized in recent years, to our knowledge, no LCA study has yet assessed environmental impact of
large-scale heterotrophic algae oil production intended to substitute ﬁsh oil.
Some of the most frequently included impact categories for
seafood LCA are global warming, acidiﬁcation and eutrophication (Ruiz-Salmón et al., 2021). Scherer et al. (2020) further suggest to also include land and sea use impact when addressing food security and biodiversity conservation, an aspect that
alongside removal of ﬁsh stocks also has been highlighted by
Langlois et al. (2015) and Hélias et al. (2018). Climate change, nutrient pollution, change in habitat, overexploitation and invasive
species are so-called drivers of biodiversity loss that provide a
measurable link between human actions and ecosystem damage
(Watson et al., 2005). Even though frequently identiﬁed as especially important for LCA with a marine food focus, few previous
studies have accounted for the impacts related to biotic resource
use due to its complexity (Marques et al., 2021; Scherer et al.,
2020; Winter et al., 2017). Following the cause-effect-chain in LCA,
impact at midpoint infer damage to an area of protection at endpoint level. Impact at midpoint level causing loss of biodiversity
infer damage to ecosystem quality, which in turn lead to Ecosystem damage. Biotic impact indicators are still under development
and are therefore currently not included in commercial LCA methods (Crenna et al., 2020; Marques et al., 2021; Ruiz-Salmón et al.,
2021). As suggested by Asselin et al. (2020), standardised LCA
methods currently only cover three of the ﬁve identiﬁed drivers
for biodiversity loss, while overexploitation and invasive species
still need to be further developed. However, climate change, pollution and change in habitat at midpoint level can all be linked

to ecosystem quality and expressed in a common endpoint unit
(Crenna et al., 2020; Huijbregts et al., 2016; Woods et al., 2016).
Moreover, there is an urgent need improved life cycle inventory
(LCI) data to fully evaluate the sustainability of microalgae cultivation (Avadí et al., 2020; Lopes da Silva et al., 2019).

3. Material and method
3.1. Goal and scope
The LCA method (ISO, 20 06a, 20 06b) was used to assess environmental impact of ﬁsh oil substitute produced by microalgae
using VFA derived from food waste as primary feedstock. By using
an attributional (ALCA) approach, the aim was to identify resourcedemanding ﬂows and provide results via life cycle impact assessment (LCIA) that could support innovations within future DHA production and food waste management. The technology for large
scale algae oil production using VFA from dark fermentation of
food waste is currently in the development phase. To assess the
system, laboratory and full-scale input and output data from previous studies was compiled and used to model a large scale DHA
production. A physical functional unit (1 ton DHA) was selected
to also reﬂect the nutritional function of the product, as proposed
by McAuliffe et al. (2020). Data from Ecoinvent 3.5 were used for
the background system (see Table A.1 in Appendix A), while substitution via system expansion was used in the foreground system
to allocate the environmental burden between the two main byproducts electricity and heat. System expansion was favoured to
avoid economic or mass allocation, as suggested by the ISO 14040
-series (ISO, 2006a).

3.2. Description of scenarios
The studied systems were modelled as two parallel scenarios
to assess large-scale production of DHA: a conceptual Algae scenario, where DHA was produced from C. cohnii microalgae using
VFA from DF with food waste, and a conventional Fish scenario,
where DHA was derived from Peruvian anchovy (Fig. 1). Included
in the system boundary were production and end-of-life for required inputs, as well as construction of buildings and energy used
for processing. Construction and maintenance of additional infrastructure were outside the scope of this study. Transport was included for inputs and outputs, while intermediate transport at the
production site was excluded. NTMCalc Basic 4.0 was used to estimate transport distances for inputs, where a freight lorry of Euro
class VI was assumed for most road transport.
The site location for algae oil and energy production was assumed to be Berlin, Germany, while ﬁsh oil production was assumed to be located in Lima, Peru. Site-speciﬁc data were primarily used, so the results are site dependent. The available food waste
was considered a free resource and thereby did not contribute to
the environmental impact, since production belongs to the preceding food system. The digestate was assumed to have a negligible
market value in comparison with biogas and biohydrogen, therefore only transport from the AD plant was included, and not the
end-of-life for digestate. Since the energy source strongly affects
LCA results, a customised dataset for electricity and heat input and
output was created using data from 2020 for the German electricity and heat production mix (see Table B.1 in Appendix B). Heat
produced in EnergyDF and EnergyAD was assumed to be re-used
during algae oil production, DF and AD. Avoided electricity due to
biogas production was assumed to replace equal parts of the fossil
energy sources lignite, natural gas and coal, while residual avoided
heat was assumed to replace natural gas.
2004
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Fig. 1. Illustration of the model set-up for (left) the Algae scenario and (right) the Fish scenario. The dashed line represents the system boundary and the dotted line illustrates
by-products included via system expansion. AD: anaerobic digestion, DF: dark fermentation, VFA: volatile fatty acids.

Fig. 2. Illustration of the model set-up for the Algae scenario. The dashed line represents the system boundary and the dotted line illustrates electricity and heat produced
from biohydrogen and biogas, included via system expansion. Additional electricity, heat and transports are not included in this illustration.

3.2.1. Algae scenario
The Algae scenario (Fig. 2) process comprised production of algae oil via heterotrophic cultivation of C. cohnii, using VFA extracted from DF as the primary feedstock, and EnergyDF that represent energy production using the remaining food waste and algae
biomass to produce biohydrogen and biogas.
C. cohnii are grown in a pre-cultivation process that requires an
algae biomass stock, nutrient substrate, water and electricity as inputs. The substrate required in heterotrophic cultivation of C. cohnii
mainly consist of a carbon source, a nitrogen source for the ﬁrst
production phase, and salts (Mendes et al., 2009). The production
process is usually divided into an initial phase of cell growth and a
subsequent phase of nitrogen limitation, during which DHA is accumulated inside the cell. Adding VFA can increase the DHA yield,
especially if fed to the second cultivation phase. 4.2 ton of VFA
was required to produce 1 ton of DHA during cultivation, which
was considered the limiting factor in this study. Input data for pre-

cultivation were assumed to be similar as heterotrophic cultivation
in closed fermenters suggested by Smetana et al. (2017), with a
ﬁshing dataset representing wild C. cohnii biomass from the ocean.
All nutrient inputs were assumed to be transported by road to the
bioreactor facility.
The substrate input for the pre-culture, including yeast and salt,
to heterotrophic cultivation was used according to data from previous research (Deprá et al., 2020; Patel et al., 2021; Smetana et al.,
2017). Less than 1% of initial C. cohnii biomass was used in the
pre-culture, which after harvest and dewatering was assumed to
make up 20% of the algae culture (200g/L DCW), which is considered the upper limit of reachable values. Since the carbon feedstock was primarily used for biomass growth, the amount of CO2
emitted from heterotrophic algae cultivation was accounted for by
assuming 0.1 kg CO2 emissions to air per kg algae (Lopes da Silva
et al., 2019). As stated by Keller et al. (2017) and Beal et al. (2018),
a considerable fraction of water and residues are re-usable. There2005
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Table 1
Process data for algae oil production, expressed per 1 ton DHA.
Amount
Pre-cultivation
Input

Output
Pre-culture
Input

Output
Cultivation & Harvest
Input

Output

Oil separation
Input

Output
Transport to Norway
Input
Output
E

Wild C. cohnii
N fertiliser
P fertiliser
Glucose
Water
Natural gas
Steam
Electricity
Processing facility
Transport (substrate)
C. cohnii
CO2 to air

3.8
7.5
3.8
1.3
3.8
7.5
1.9
6.8
4.7
4.0
3.8
3.8

×
×
×
×
×
×
×
×
×
×
×
×

10−1
10−2
10−2
101
10−1
10−2
101
100
10−7
10−1
101
100
−2

Unit

Ecoinvent dataset

kg
kg
kg
kg
m3
kWh
kg
kWh
unit
tkm
kg
kg

1
2
3
4
5
6
7
(1)
8
9

C. cohnii
VFA from DF
Yeast
Reef salt
Molasses
Water
Processing facility
Transport (substrate)
Algae culture

3.8
4.2
7.5
9.4
3.4
2.4
9.3
5.6
5.4

×
×
×
×
×
×
×
×
×

10
100
10−2
10−1
10−1
101
10−4
103
101

ton
ton
ton
ton
ton
m3
unit
tkm
ton

Algae culture
Electricity
Heat (re-used)
Processing facility
CO2 to air
Algae suspension
Wastewater

5.4
6.6
8.2
9.3
1.1
1.1
1.8

×
×
×
×
×
×
×

101
100
10−1
10−4
100
101
101

ton
MWh
MWh
unit
ton
ton
m3

Algae suspension
Electricity
Heat (re-used)
Processing facility
Algae oil
Algae solids

1.1
5.5
9.6
2.2
2.5
8.0

×
×
×
×
×
×

101
100
10−3
10−6
100
100

ton
MWh
MWh
unit
ton
ton

Transport (algae oil)
DHA (algae oil)

4.7 × 103
1.0 × 100

tkm
ton

E

10

11
12
13
5
8
14

(1)
8
10
15

(1)
16

14

Ecoinvent datasets used in SimaPro, see Appendix A and B.

fore, a 50% recirculation of wastewater from cultivation and harvest
was assumed in this study. Inputs for electricity and heat used for
cultivation, harvest, dewatering and oil separation were based on
previous studies (Hosseinzadeh-Bandbafha et al., 2020; Shi et al.,
2019; Smetana et al., 2017). The oil separation process involves
cell disruption using an oil mill, while additional electricity is used
for mechanical pressing and heat was used for pre-treatment, extraction and drying of biomass (Passell et al., 2013). Mechanical
pressing was favoured over chemical means to extract the DHAcontaining oleaginous fraction from the biomass since the algae
oil was intended for food (Lopes da Silva et al., 2019). To calculate
the amount of algae required per functional unit, a 40% DHA content in algae oil were assumed alongside a biomass-speciﬁc DHA
content of 10% in C. cohnii (Hillig et al., 2014; Swaaf et al., 2001).
The lipid content in C. cohnii was set to a maximum of 24% (w/w),
as suggested in previous studies (John, 2009; Mendes et al., 2009;
Passell et al., 2013). The remaining solid algae biomass was re-used
in AD to produce biogas. All inputs and outputs are presented in
Table 1.
EnergyDF represents the energy production process via DF with
VFA extraction and anaerobic digestion (Fig. 2), during which biogas with 60% CH4 content and biohydrogen was assumed to be
produced. The amount of extractable VFA from DF was set to
18 g VFA/kg FW, which is similar to the AD output suggested
by Paritosh et al. (2017). Assuming 97% biodegradable content in

collected food waste, 240 ton were needed to produce 4.2 ton
VFA. The 3% of non-biodegradable material was sorted out at pretreatment and assumed to be equal parts of plastic that was reused in municipal waste incineration and aluminium for recycling.
The values applied for total solids (TS) and volatile solids (VS)
in pre-treated food waste were 26% TS and 24% VS, as suggested
by Yi et al. (2014) and Slorach et al. (2019). Electricity requirement in pre-treatment was set to 150 kWh/ton TS (Carlsson, 2015;
Pöschl et al., 2010). Construction of the waste preparation facility
was included. The total amount of electricity and heat required to
produce biogas was similar to that in Opatokun et al. (2017), but it
was assumed that 90% of total energy consumption was used during DF (mixing and pumping) and the remaining 10% in AD. Biohydrogen production potential of 45 m3 /t VS during DF was assumed,
which is an average value based on previous studies (Hou et al.,
2020; Pu et al., 2019; Wainaina et al., 2020). The processing unit
used for DF and AD was assumed to be an AD plant with methane
recovery. Data from a vegetable oil reﬁnery were used to assess
the VFA separation process, where 0.21 kWh electricity per kg extracted VFA was assumed (Hosseinzadeh-Bandbafha et al., 2020).
Solids from algae production were re-used in AD and assumed to
have equivalent CH4 potential to the food waste eﬄuent from DF,
although the true value might be higher. The energy production
process included energy and processing facilities for 40% electricity
and 50% heat (Hakawati et al., 2017) from biogas, when assuming

2006
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Table 2
Process data for EnergyDF production, expressed per 1 ton DHA.
Amount

Unit

Ecoinvent dataset

Food waste (FW)
Electricity
Waste prep. facility
Transport (FW)
Transport (reject)
Pre-treated FW
Metal reject
Plastic reject

2.4
9.4
4.8
7.2
2.2
2.3
3.6
3.6

×
×
×
×
×
×
×
×

102
100
10−4
103
102
102
100
100

ton
MWh
unit
tkm
tkm
ton
ton
ton

Pre-treated FW
Water
Heat (re-used)
Electricity
Processing facility
Slurry from DF
Hydrogen (H2 )

2.3
1.2
6.6
2.1
1.9
4.7
2.5

×
×
×
×
×
×
×

102
102
100
103
10−3
102
103

ton
m3
MWh
MWh
unit
ton
m3

Slurry from DF
Electricity
Oil processing facility
VFA
Eﬄuent from DF

4.7
8.8
4.6
4.2
3.4

×
×
×
×
×

102
10−1
10−7
100
102

ton
MWh
unit
ton
ton

Eﬄuent from DF
Algae solids
Heat (re-used)
Electricity
Processing facility
Transport (algae solids)
Transport (digestate)
Methane (CH4 )
Digestate

3.4
8.0
3.5
2.4
1.0
8.0
6.1
2.2
3.1

×
×
×
×
×
×
×
×
×

102
100
100
10−1
10−2
101
103
104
102

ton
ton
MWh
MWh
unit
tkm
tkm
m3
ton

Hydrogen (H2 )
Methane (CH4 )
CHP facility
Electricity
Heat
Heat (internal use)

2.5
2.2
1.0
1.0
1.2
1.1

×
×
×
×
×
×

103
104
102
102
102
101

m3
m3
unit
MWh
MWh
MWh

Avoided electricity
Avoided heat

1.0 × 102
1.2 × 102

MWh
MWh

E

Pre-treatment
Input

Output

Dark fermentation
Input

Output
VFA extraction
Input

Output
Anaerobic digestion
Input

Output
Energy production
Input

Output

(1)
17
18
14
19
20

5
(1)
21

(1)
22

(1)
21
9
14

23

System expansion

E

(2)
24

Ecoinvent datasets used in SimaPro, see Appendix A and B.

a 90% overall eﬃciency rate in combined heat and power (CHP)
production. The input was calculated based on the amount of electricity generated. Standard values for the energy content in H2
and CH4 were used (2.99 and 9.97 kWh/m3 , respectively). Digestate production was calculated assuming 50% water re-circulation
in AD. The main output was 1 ton DHA from algae oil, while the
by-products electricity and heat from biohydrogen and biogas were
included via system expansion as avoided energy. Inputs and outputs are presented in Table 2.

nario was 1 ton DHA from ﬁsh oil, while the by-product biogas
(subsequently used for electricity and heat) was included via system expansion.
3.3. Life cycle impact assessment
Life cycle impact assessment translates emissions and resource
use to environmental impact at either midpoint or endpoint level
for selected impact categories. The midpoint and endpoint approaches are complementary, but the midpoint approach has lower
modelling uncertainty and a stronger relation to the environmental impact, while the endpoint approach provides a better indication of the environmental relevance (Huijbregts et al., 2016). In
general, characterisation at midpoint has lower uncertainty and a
stronger relation to the elementary ﬂows than endpoint characterization, but characterization at endpoint can provide a better indication of the environmental relevance of the ﬂows. The ReCiPe
2016 method includes 18 midpoint categories that can be directly
translated into endpoint impact, using a constant characterisation
factor (CF) for each impact category. This is done by assuming that
all stressors are identical after midpoint impact. The endpoint indicators can be aggregated into a common unit to describe the impact for an area of protection, e.g., Ecosystem damage that consists of 13 endpoint indicators expressed in the unit species per

3.2.2. Fish scenario
The process for the Fish scenario (Fig. 3) comprised production
of ﬁsh oil in reduction ﬁsheries using wild Peruvian anchovy, and
EnergyAD describing energy production using the same amount of
food waste as was available in the Algae scenario to produce biogas in Germany. A 10% DHA content was assumed for Peruvian anchovy oil (Sissener, 2018). The amount of wild anchovy required to
produce 10 ton ﬁsh oil was based on data in Silva et al. (2018).
Transport from Lima to Norway via the harbour in Venezuela was
included. Inputs and outputs are presented in Table 3.
Production of EnergyAD assumed the same inputs and processing calculations as described for EnergyDF , but without DF, VFA extraction and addition of algae solids. Table 4 illustrate the process
data used for EnergyAD production. The main output from this sce2007
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Fig. 3. Illustration of the model set-up for the Fish scenario. The dashed line represents the system boundary and the dotted line illustrates the electricity and heat produced
from biogas, included via system expansion. Additional electricity, heat and transport are not included. AD: anaerobic digestion, DHA: docosahexaenoic acid.
Table 3
Process data for ﬁsh oil production, expressed per 1 ton DHA.

Fishing
Input
Output
Reduction ﬁshery
Input
Output
Transport to Norway
Input

Output
E

Amount

Unit

×
×
×
×

Wild anchovy
Fishing process
Landed anchovy
Discarded ﬁsh

2.2
2.1
2.1
8.7

102
102
102
100

ton
ton
ton
ton

Landed anchovy
Processing facility
Fish oil

2.1 × 102
1.0 × 101
1.0 × 101

ton
ton
ton

Transport (ﬁsh oil)

4.3
8.1
2.3
1.0

×
×
×
×

tkm
tkm
tkm
ton

DHA (ﬁsh oil)

104
104
103
100

Ecoinvent dataset

E

25

26

27
28
14

Ecoinvent datasets used in SimaPro, see Appendix A.

Table 4
Process data for EnergyAD production, expressed per 1 ton DHA.
Amount
Pre-treatment
Input

Output

Anaerobic digestion
Input

Output
Energy production
Input
Output

Unit

Food waste (FW)
Electricity
Waste prep. facility
Transport (FW)
Transport (reject)
Pre-treated FW
Metal reject
Plastic reject

2.4
9.4
4.8
7.2
2.2
2.3
3.6
3.6

×
×
×
×
×
×
×
×

102
100
10−4
103
102
102
100
100

ton
MWh
unit
tkm
tkm
ton
ton
ton

Pre-treated FW
Water
Heat (re-used)
Electricity
Processing facility
Transport (digestate)
Methane (CH4 )
Digestate

2.3
1.2
3.7
2.3
1.1
6.2
2.3
3.1

×
×
×
×
×
×
×
×

102
102
101
100
10−2
103
104
102

ton
m3
MWh
MWh
unit
tkm
m3
ton

Methane (CH4 )
CHP processing facility
Electricity
Heat
Heat (internal use)

2.3
1.0
1.0
9.0
3.7

×
×
×
×
×

104
102
102
101
101

m3
unit
MWh
MWh
MWh

Avoided electricity
Avoided heat

1.0 × 102
9.0 × 101

MWh
MWh

Ecoinvent dataset

(1)
17
18
14
19
20

5
(1)
21
14

23

System expansion

E

Ecoinvent datasets used in SimaPro, see Appendix A and B.

2008

(2)
24

E
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year (species.yr). This unit can be interpreted as the potential disappeared fraction of species each year. Species in this method include plants and microorganisms that support higher terrestrial
and aquatic tropic levels of the food chain (Crenna et al., 2020).
Loss of these species will affect the food chain, but the direct
disappearance of higher organisms or the impact on endangered
species are not included in the ReCiPe method. As concluded in a
review by Ruiz-Salmón et al. (2021), the most frequently assessed
impact categories for seafood at midpoint are global warming,
acidiﬁcation and eutrophication, while Scherer et al. (2020) also
emphasise the importance of including land use and sea use impact when addressing food security and biodiversity conservation.
These indicators (climate change, pollution and change in habitat)
has also been identiﬁed as key contributors to biodiversity loss and
damage to ecosystem quality at endpoint level (Díaz et al., 2019;
Marques et al., 2021; Scherer et al., 2020). Therefore, this study assesses global warming, terrestrial acidiﬁcation, freshwater eutrophication and land use at midpoint level. To enable a more holistic
assessment, which is especially important for systems dependent
on inputs from the biosphere, this study also consider damage to
ecosystem quality as an complementary assessment at endpoint
level (Huijbregts et al., 2016). SimaPro 9 was used to model the
system and ReCiPe 2016 was used to assess impact at midpoint
and endpoint, which ensured compatibility with established LCIA
methods.

study on sea use impact, Langlois et al. (2015) developed CF for impact on life support functions considering the amount of removed
biomass of a certain species. A life support function scenario was
simulated using the suggested CF for life support function, where
the mass of wild algae removed from ocean in Table 1 was multiplied by 1.4 and the mass of wild anchovy removed from ocean in
Table 3 by 13.4.
3.5. Product LCA
Scenario analysis is a valuable tool for evaluating commercial
and conceptual system set-ups, while also enabling comparison
between the scenarios. However, to increase the applicability of
the assessed results outside the modelled scenarios, a product LCA
perspective can be applied. Product LCA considers an impact related to a speciﬁc product, which facilitates comparison with similar products and in turn can increase the benchmarking properties
of the result. The product LCA approach used in this study was
conducted by subtracting the environmental impact for EnergyAD
in both scenarios. Thereby, only the net environmental impact for
producing VFA and algae oil instead of ﬁsh oil and energy was assessed. The product LCA assessed the climate impact (kg CO2 eq)
per ton DHA and per kg oil, to enable comparison with similar
commercial products. In recent studies, the potential to replace
DHA in ﬁsh feed with DHA from different vegetable sources has
been investigated. The climate impact of DHA from the Algae scenario and the Fish scenario can be compared with similar products, such as Canola or linseed oil. The assessed impact can then
be evaluated in comparison with Canola oil and linseed oil, two
vegetable oils with high DHA potential that could be used to replace DHA in ﬁsh feed (Bélanger-Lamonde et al., 2018; Petrie et al.,
2020; Zhou et al., 2019). A 13% bioavailable DHA content was assumed for Canola oil (Petrie et al., 2020), while an ALA content
of 56% was assumed for linseed oil (Burns-Whitmore et al., 2019;
Karapanagiotidis et al., 2007). Assuming 1% conversion of ALA to
DHA in ﬁsh, the potential DHA in linseed oil was calculated to be
0.6%. A maximum climate impact for canola rapeseed oil was set to
2.5 kg CO2 eq per L oil (Röös, 2012). Assuming 0.75 kg CO2 eq per
kg linseed (Nemecek et al., 2012) and 40% oil content, the maximum climate impact for linseed oil was calculated to be 1.9 kg
CO2 eq per kg oil.

3.4. Sensitivity analysis
Four sensitivity analyses were performed to identify the inﬂuence of uncertainties on the results, focusing on future energy development, optimised VFA production, increased energy demand
and biotic resources. By changing one parameter at a time, the uncertainty related to data and assumption could be quantiﬁed. The
ﬁst sensitivity analysis reﬂected the estimated future energy development, aiming to reduce the dependency on fossil fuels and
reach the long-term goal of 100% renewable energy (Bosell et al.,
2017). Renewables including wind and solar power are projected to
dominate future power generation (Newell et al., 2020). If electricity and heat produced from biomass primarily replaced renewable
energy, some beneﬁts attributed to biogas might shift. Therefore,
future energy development was simulated by substituting the energy included via system expansion with a potential future German
energy mix (Table B.1 in Appendix B). According to the United Nations (2019), an optimised production process can promote sustainable use of resources and enhance energy eﬃciency. The second sensitivity analysis was based on the VFA eﬃciency assumptions during DF of food waste. Previous research suggests that DF
can be optimised to produce up to 25 g VFA/L household food
waste, equalling about 5% VFA per unit food waste (Herrero Garcia et al., 2018; Strazzera et al., 2018). Optimised VFA production
was simulated by recalculating input and output data in EnergyDF
assuming that 5 g VFA/kg FW could be extracted. The increased efﬁciency meant that 84 ton pre-treated food waste was required to
produce 4.2 ton VFA, which was also accounted for in EnergyAD .
Another important aspect to consider is the energy inputs in
the Algae scenario, especially for algae oil production. This technique is still under development, thus making assumptions regarding the actual energy demand in a large-scale production uncertain. To quantify this uncertainty, all electricity and heat inputs in
Table 1, alongside electricity required for VFA separation in Table 2,
was increased with 20% to simulate a more energy intensive algae
process. The ﬁnal sensitivity analysis considered the uncertainty of
biotic resource depletion in LCA. One aspect of the biodiversity impact is biomass removal from aquatic ecosystems, which affects
ecosystems both in terms of resource impact due to the altered
stock level of the species and impacts on life support functions. In a

4. Results
4.1. Environmental impact
The results showed that for every ton DHA produced in the Algae scenario, 14 of 18 midpoint impacts assessed had lower environmental impact compared to the Fish scenario, including global
warming, terrestrial acidiﬁcation, and land use (see Table C.1 in
Appendix C). As illustrated in Table 5, both scenarios had negative
values for global warming and freshwater eutrophication, which
means that for every ton DHA produced, the environmental impact
was mitigated.
Inclusion of by-products via system expansion was the main
reason for the mitigated environmental impact in both the Algae
scenario (Fig. 4) and the Fish scenario (Fig. 5). For global warming
and freshwater eutrophication, the highest environmental impact
in both scenarios occurred during the pre-treatment of food waste,
while the most contributing process for terrestrial acidiﬁcation and
land use was energy production and anaerobic digestion, respectively. Algae oil processing caused only about 5% of the total global
warming impact for the Algae scenario, 10% of land use impact, 4%
of terrestrial acidiﬁcation and 6% of freshwater eutrophication impact. The ﬁsh oil process caused about 22% of the global warming
and land use impact, while about 12% of terrestrial acidiﬁcation
2009
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Table 5
Environmental impact per 1 ton DHA.

Algae scenario
Fish scenario

Global warming kg CO2 eq

Terrestrial acidiﬁcation kg SO2 eq

Freshwater eutrophication kg Peq

Land use m2 a crop eq

-5.2 × 104
-1.5 × 104

3.5 × 103
3.9 × 103

-9.4 × 101
-9.7 × 101

2.7 × 103
3.2 × 103

Fig. 4. Environmental impact of the Algae scenario, illustrating the percentage of total impact for each production process

Fig. 5. Environmental impact of the Fish scenario, illustraing the percentage of total impact for each production process.

and 5% of freshwater eutrophication originated from it. The ﬁshing
process contributed less than 1% of the total land use impact in
the Fish scenario (Fig. 5).

4.3. Sensitivity analysis and product LCA
The results from the sensitivity analysis at midpoint level
showed that the Algae scenario inferred lower terrestrial acidiﬁcation impact in comparison to Fish scenario even when future energy development, optimised VFA production, increased energy demand and impact on life support function was simulated (Table 6).
The Algae scenario inferred lower global warming potential for future energy and life support function, but higher global warming
potential than the Fish scenario for optimised VFA and increased
energy. Land use at midpoint was also higher for Algae scenario
when life support function was simulated.
Even though the global warming potential and land use impact
respectively increased for the Algae scenario when increased energy and life support function was simulated, the Fish scenario still
inferred a higher damage to ecosystem quality for all sensitivity
analyses preformed (Fig. 8). Ecosystem damage for the Algae and
Fish scenarios increased when future energy production was simulated and decreased when optimised VFA content was assumed.
When effects on biotic resources were included via life support
functions, the impact for the Fish scenario increased markedly,
while the Ecosystem damage for the Algae scenario remained similar to that in the base case.
The product LCA results showed that the climate impact per ton
oil was higher for algae oil than for Canola and linseed oil, but
lower than for ﬁsh oil (Table 7). Algae oil had the lowest impact

4.2. Ecosystem damage
The results showed a lower impact for the Algae scenario than
the Fish scenario for nine of 12 endpoint categories assessed, including global warming, terrestrial acidiﬁcation and land use (see
Table C.2 in Appendix C). Total Ecosystem damage per ton DHA
produced in the Algae scenario was 5.5 × 10−4 species.yr, the Fish
scenario inferred 8.1 × 10−4 species.yr. The results also showed
that algae oil and ﬁsh oil caused Ecosystem damage of 5.1 × 10−5
and 3.1 × 10−4 species.yr, respectively, while the value for both
EnergyDF and EnergyAD was 5.0 × 10−4 species.yr. Similar to the
results at midpoint level, algae oil processing caused about 10%
of the Ecosystem damage, while ﬁsh oil process caused about 18%
(Fig. 6). This suggests that inclusion of by-products had a considerable effect on the total impact on ecosystem quality and effect on
biodiversity. As the results illustrated in Fig. 7 illustrate, the largest
impact at endpoint level for both scenarios was terrestrial acidiﬁcation, global warming, freshwater eutrophication and land use. A
negative value for Ecosystem damage indicates mitigation of disappeared species per year, whereas a higher positive value can be
interpreted as less favourable for biodiversity.
2010
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Fig. 6. Ecosystem damage for the Algae scenario and Fish scenario, illustrating the percentage of total impact for each process.

Fig. 7. Ecosystem damage in (left) the Algae scenario and (right) the Fish scenario, illustrating the contribution from each endpoint indicator.
Table 6
Sensitivity analysis result at midpoint level, expressed per 1 ton DHA.
Algae scenario

Global warming kg CO2 eq

Future energy
Optimised VFA
Increased energy
Life support func.

2.9 × 10
-1.0 × 104
3.0 × 104
-5.2 × 104

3.1
1.3
3.1
3.5

Fish scenario

Global warming kg CO2 eq

Terrestrial acidiﬁcation kg SO2 eq

Future energy
Optimised VFA
Increased energy
Life support func.

6.7 × 10
-1.5 × 104
-1.5 × 104
2.3 × 105

4

4

Terrestrial acidiﬁcation kg SO2 eq

3.6
1.7
3.9
7.2

×
×
×
×

×
×
×
×

3

10
103
103
103

Freshwater eutrophication kg Peq
-2.0
-3.0
-9.8
-9.4

3

10
103
103
103

×
×
×
×

−5

10
101
101
101

Freshwater eutrophication kg Peq
-2.1
-3.1
-9.7
-7.2

×
×
×
×

−5

10
101
101
101

Land use m2 a crop eq
-6.3 × 10−5
1.4 × 103
1.2 × 103
2.7 × 103
Land use m2 a crop eq
-4.8 × 10−5
1.8 × 103
3.2 × 103
1.8 × 103

Fig. 8. Results of sensitivity analysis for Ecosystem damage with respect to the Algae scenario and the Fish scenario.
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Table 7
Climate impact (product perspective), expressed per ton
DHA and per kg oil.

Algae oil1
Fish oil1
Canola oil2
Linseed oil2
1
2

ton CO2 eq/ton DHA

kg CO2 eq/kg oil

7.6
44
23
330

3.0
4.4
2.3
1.9

from avoided electricity and heat in the Algae scenario (Table C.1 in
Appendix C), the values for global warming, acidiﬁcation, eutrophication and land use correspond to 60 ton CO2 eq, 3.6 ton SO2 eq,
0.02 ton PO4 eq and 30 0 0 m2 per ton DHA. The main difference
between the results presented by Deprá et al. (2020) and the results in this study is primarily with respect to global warming and
land use. The higher value for global warming is likely caused by
the different inputs, such as glucose as primary carbon feedstock
and global average instead of the current German electricity mix,
while the higher land use is likely a consequence of inclusion of
buildings in this study. Even though the numerical results are not
perfectly comparable due to different assumptions, the method and
overall results can be considered supportive of each other.
Similarly, Schade et al. (2020) conducted a comparative LCA
study on fatty acids and protein from microalgae and ﬁsh, also
including the same midpoint indicators as this study. Several algae species were studied for their potential to accumulate DHA
and EPA, including the algae Phaeodactylum tricornutum. By calculating an average impact value from their published supplementary material, result shows an impact of about 2.4 kg CO2 eq, 7.2 g
SO2 eq, 8.8 g PO4 eq and 0.17 m2 per kg dry algae biomass. If assuming a 4% DHA content in the dry biomass from Phaeodactylum
tricornutum, the resulting midpoint impact with respect to climate
impact, acidiﬁcation, eutrophication and land use was roughly 60
ton CO2 eq, 0.18 ton SO2 eq, 0.22 ton PO4 eq and 4300 m2 per ton
DHA respectively. The result suggested by Schade et al. (2020) are
very close to the environmental impact assessed at midpoint level
in this study, when excluding the contribution from the avoided
electricity and heat in the Algae scenario, even though a different
microalgae species and thereby cultivation method was used. To
our knowledge, no previous study on algae cultivation has included
endpoint indicators for ecosystem quality. Therefore, a comparison
with previous studies was not possible even though this aspect is
highly requested. The results from this study can thus serve as a
basis for future comparisons and enable an improved availability in
the emerging ﬁeld of industrial DHA and EPA production with microalgae. By inclusion of biotic resources, this study also provides a
basis for a more holistic future development analysis, where both
midpoint and endpoint indications are included in the LCA assessment.

Bioavailable DHA
ALA converted to DHA

per ton of DHA produced, while linseed oil and ﬁsh oil had the
highest impact in this regard.
5. Discussion
5.1. Environmental impact of DHA from algae oil and ﬁsh oil
One of the most important ﬁndings in this study was that
the environmental impact per ton DHA produced was lower in
the Algae scenario than in the Fish scenario with respect to global
warming, terrestrial acidiﬁcation, land use and Ecosystem damage
(Table 5 and Fig. 7). In addition, 20 MWh more electricity and
heat was produced in the Algae scenario. This, together with overall lower emissions from algae oil production compared with ﬁsh
oil production, was the main reason for the lower environmental
impact. Algae oil production was also less dependent on fossil fuels and electricity, which could explain the lower impact for global
warming, terrestrial acidiﬁcation and eutrophication. Use of a constant CF from midpoint to endpoint likely explains why the climate
impact, terrestrial acidiﬁcation and freshwater eutrophication also
contributed most to the impact at endpoint level. As illustrated in
Table 5, the impact on water consumption and terrestrial ozone
formation was more than 5-fold and 20-fold higher, respectively, in
the Fish scenario. However, since water consumption and terrestrial
ozone formation made a low contribution to the endpoint level,
their impact was low when comparing products. The climate impact for ﬁsh oil was about twice that reported by Silva et al. (2018),
owing to a higher contribution from ﬁshing and reduction ﬁshery
processing in this study. The difference in climate impact might be
explained by different electricity inputs or the updated Ecoinvent
datasets, where buildings and machinery are included, which were
used to assess impacts in this study. Moreover, most transport in
this study was assumed to be of Euro class IV, which reduced the
climate impact from transport. The dependency on fossil fuels used
for ﬁshing and reduction ﬁshery processing has previously been
identiﬁed as a contributing factor for the environmental impact of
ﬁsh oil (Avadí and Fréon, 2013; Cashion et al., 2017; Pelletier and
Tyedmers, 2007). Therefore, the impact determined for ﬁsh oil can
be considered consistent with previous ﬁndings.
When evaluating the result from this study with previous research it is important to emphasise that all LCA results are highly
dependent on given assumptions and methodological choices.
Comparing numerical results should thus be done with this in
mind, especially regarding impact for the Algae scenario since less
data and previous LCA research has covered this topic. However,
some previous studies have included similar processes as assessed
in this study. In a study by Deprá et al. (2020), the environmental impact of multiple algae species, including C. cohnii cultivation using glucose as primary carbon feedstock, was assessed. They
used a similar method and process for algae cultivation and oil
separation as assumed in this study, while also including the impact categories global warming, acidiﬁcation potential, eutrophication potential and land use. Their result showed an environmental impact of about 178 ton CO2 eq, 0.9 ton SO2 eq, 0.3 ton PO4 eq
and 900 m2 per ton DHA produced. If excluding the contribution

5.2. Environmental impact of energy production and product LCA
Energy production, and the corresponding avoided environmental burden from using the biohydrogen and biogas produced to
substitute the German electricity mix, had a considerably high inﬂuence on both midpoint and endpoint indicators for the Algae
and Fish scenario (Figs. 4–6). A strong inﬂuence of including byproducts was also identiﬁed in a study by Elginoz et al. (2020),
who saw a similar trend when assessing innovative food waste
management systems where VFA and methanol were produced.
Our results suggested that energy processing was the main contributing factor to terrestrial acidiﬁcation, while avoided use of
lignite for electricity production was the main cause of mitigated freshwater eutrophication, at both midpoint and endpoint
level. The main cause of terrestrial acidiﬁcation during energy
production was likely emissions of NOx, NH3 or SO2 to air
(Huijbregts et al., 2016; Whiting and Azapagic, 2014), caused by
the dataset used to describe CHP process of biogas. The avoided
use of lignite as an electricity source likely mitigated freshwater
eutrophication by reducing phosphorus and nitrogen emissions to
soil, air and water (Wang et al., 2015). This is likely the cause for
the negative freshwater eutrophication (Table 5). Even though the
high inﬂuence of terrestrial acidiﬁcation and freshwater eutrophication on the outcome was unexpected, the same dataset was used
2012

L. Bartek, I. Strid, K. Henryson et al.

Sustainable Production and Consumption 27 (2021) 2002–2021

in both EnergyDF and EnergyAD , and thereby the same uncertainty
applied to both scenarios.
The results for product LCA, where only the net environmental burden of avoided energy was assigned to the Algae scenario,
showed that algae oil had a lower climate impact per ton DHA produced in comparison to ﬁsh oil, canola oil and linseed oil (Table 7).
It is important to note, however, that both algae oil and ﬁsh oil
contain bioavailable DHA, while Canola and linseed oil require conversion of ALA to provide DHA. Conversion rate of ALA to DHA can
vary greatly, so the actual DHA per ton oil for canola oil and linseed oil shows a large range, meaning that direct comparisons with
algae oil and ﬁsh oil should be performed with caution. However,
both canola oil and algae oil have established potential to replace
ﬁsh oil in ﬁsh feed (Bélanger-Lamonde et al., 2018; Cottrell et al.,
2020; Petrie et al., 2020).

related to the inputs and outputs for this process. As the sensitivity result for optimised VFA production and increased energy show
(Table 6), the global warming potential increase for Algae scenario,
while the land use impact increase when life support function was
accounted for. The result indicates that depending on the required
energy input the result is uncertain. This highlights the importance
of further research and development within algae cultivation for oil
accumulation to further increase the knowledge and data availability.
The Fish scenario resulted in over 3-fold higher Ecosystem damage in comparison with the base case when the life support function was included. Since more biomass of Peruvian anchovy than
wild-type C. cohnii was required per ton DHA and since anchovy
had a higher trophic level, the CF was higher for anchovy. Direct impact translation to species.yr is not yet possible using available LCIA methods, but this result provides a crucial indication of
the magnitude of sensitivity related to Ecosystem damage and effects on biodiversity within LCA. The impact of biotic resources
have been identiﬁed in previous studies (Avadí and Fréon, 2013;
Winter et al., 2017; Woods et al., 2016), where the main conclusion
was the importance of developing methods that include multiple
aspects of biotic resources in LCA. The results from the present
study conﬁrm this conclusion. Another important ﬁnding in this
study was that even though the Algae scenario inferred higher impact at midpoint for multiple sensitivity scenarios, the result for
Ecosystem damage at endpoint level was consistently lower in
comparison to the Fish scenario (Fig. 8). Even though a higher uncertainty is related to impact at endpoint level, alongside the relative uncertainty related to impact on biotic resources in LCA, the
results provide an important indication of the environmental relevance which is vital for a more holistic assessment in the future.

5.3. Uncertainties
According to Hetherington et al. (2014), the parameter uncertainties are often higher for processes using emerging technologies and early-stage LCAs, where production, inputs and outputs
have not yet been fully established. The Algae scenario can be considered an emerging technology, for which the accessibility of inventory data was the main source of uncertainty. For instance,
Ecoinvent 3.5 contains data on ﬁshing activities and Peruvian site
locations (Avadí et al., 2020), but datasets for algae aquaculture,
DF and VFA separation are currently not available. Similar uncertainty was associated with the results for Ecosystem damage and
potential loss of biodiversity, where the numerical results, especially for the Fish scenario, were likely strongly underestimated. Although, the removal of primary producers could cause damage to
higher tropic levels, which should be considered in future assessments. Moreover, the LCI for Peruvian anchovy represents sustainable ﬁshing, even though unsustainable ﬁshing is an established
problem (Fréon et al., 2017). If the anchovy used for ﬁsh oil were
sourced from unsustainable ﬁshing, the Ecosystem damage for the
Fish scenario would be higher than reported in this study. A ﬁnal uncertainty aspect was the representation of species.yr in the
ReCiPe endpoint approach, where the same weight is assigned to
all species of plants and lower organisms, thus not accounting for
endangered or overexploited species. Due to the uncertainty, the
impact on biodiversity at endpoint level should primarily be used
to identify hotspots for actions to reduce environmental burden.
The results from the sensitivity analysis suggested that AD of
food waste to produce biogas for electricity and heat can be less
favourable as a valorisation method including the material use in
the future (Fig. 8), since the energy can no longer replace fossil energy sources. This is an important ﬁnding for future developments
within food waste management, especially since the method for
re-use should be consistent with the most eﬃcient option to optimise resource recovery (Teigiserova et al., 2020). Another important consideration is that the results show the impact primarily
using German energy mix and Euro IV road transport, which provide a site-speciﬁc result and limited transport emissions. The decreased environmental impact when less food waste was required
to produce VFA was likely mainly due to the reduced amount of
energy and building required for processing. Based on previous research (Barr and Landis, 2018; Keller et al., 2017; Taelman et al.,
2013), the Algae scenario could be improved by nutrient recycling
(e.g. recycled algae culture medium or re-using additional nutrients from VFA), by eﬃcient energy use (e.g. using methane as fuel
for transportation) or by upscaling the production process. In comparison, the ﬁshing and reduction ﬁshery process has been optimised and streamlined for decades, and therefore does not offer the same development potential. Since algae cultivation can be
sensitive to trace components, there is a considerable uncertainty

5.4. Future outlook
An important aspect of sustainable development is to ensure
that an increasing global population has access to nutritiously
valuable food (FAO, 2020, 2019). Threats to food security due to increased temperatures and changes in natural ecosystem functions
are likely to emerge as tangible consequences of climate change
and loss of biodiversity. According to Avadí et al. (2020) and
FAO (2018), the aquaculture sector will likely continue to grow,
while natural DHA synthesis by marine microalgae is estimated to
decrease due to global warming (Colombo et al., 2020). Therefore,
developing new production methods within the food supply chain,
preferably with increased resource recovery to reduce the environmental impact and damage to ecosystem quality, can be considered
the most urgent global challenge of today. In the near future, it will
also become increasingly important to develop alternative ways to
produce DHA (Beal et al., 2018; Cottrell et al., 2020; Russo et al.,
2021).
Algae oil production has the potential to expand and meet
multiple demands of the growing aquaculture sector, while
also lowering the burden on wild-caught ﬁsheries and decreasing the use of biotic resources (Barr and Landis, 2018;
Ghamkhar and Hicks, 2020) in comparison with traditional ﬁsh
feed (Taelman et al., 2013). Given the globality of the current supply chain, using bioreactors for algae cultivation enables a local primary production of DHA which likely will require a shorter transport distance and opportunities for an increased degree of selfsuﬃciency. In a global context, this is especially relevant with respect to global food security and energy production. As suggested
by Chalima et al. (2019), the development of microalgae cultivation processes for oil accumulation has so far been slow, primarily
due to the relatively high economic costs related to the emerging
technology for algae cultivation and harvest. At present, algae oil
would therefore likely result in higher economic costs than ﬁsh oil
2013
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(Sprague et al., 2017; Yarnold et al., 2019), since it requires further
development to be implemented in large-scale production. However, since sustainable development requires a shift from a linear
to a circular bioeconomy, utilising available resources from other
production systems will become increasingly important to meet
the needs of future generations. DHA, as produced in the Algae scenario, can bridge a future gap between supply and demand, while
short-chain carboxylic acids produced alongside biohydrogen and
biogas could be integrated into existing infrastructure for common food waste valorisation methods quite rapidly. To promote
the evolution of future technologies with lower environmental impact that also require fewer natural resources to produce products
with maintained quality and nutrient composition, companies and
policy makers must overcome the hurdle of uncertainty related to
new innovations. This is also concluded by Deprá et al. (2020), who
also stress the importance of abandon current technology to enable
a transition to more sustainable solutions. Previous studies indicate
that promoting circular resource use will become increasingly important in the future (Jovanovic et al., 2021; Oliver et al., 2020;
Russo et al., 2021). One could therefore argue that ﬁsh oil in ﬁsh
feed should be replaced with algae oil. Important to consider however, is that alternative production methods should be carefully assessed to prevent ﬁsh oil being replaced with another potentially
unsustainable DHA source. The results in this study indicate that
algae are a more sustainable source of DHA than ﬁsh, but other
sources of DHA should also be evaluated, for instance single cell
oils derived from yeast or genetically modiﬁed vegetable sources.
This is especially important given the uncertainty related to LCA
for technologies and solutions that are still under development.
Given that quantities required in the Algae scenario are 1:1 scalable, only about 2.7% of the globally available food waste generated at households, retail or service sector is required to produce
enough VFA via DF to substitute the yearly demand of about 100
0 0 0 tons of DHA from ﬁsh oil in aquafeed. Even though enough
food waste is already available, it is important to consider potential burden shifts when replacing ﬁsh oil with algae oil, such as an
increased eutrophication potential (Table 6). However, this also illustrate the importance of investing in further development of this
technology since it has a large potential to increase resource eﬃciency and promote both sustainable aquaculture and improved resource recovery within food waste management. Technologies that
favour circular ﬂows, with resource recovery and nutrient recycling, could also contribute to several SDGs (Herrero et al., 2020;
Teigiserova et al., 2020). To fully assess the impact on SDG fulﬁlment, new LCA frameworks are currently being developed (Life Cycle Initiative, 2021; Weidema et al., 2020). Although, the results
in this study indicate that, compared with ﬁsh oil, DHA from the
Algae scenario could contribute to multiple SDGs. For instance climate action by reduced greenhouse gas emissions (SDG 13), responsible consumption and production by increased resource eﬃciency
and reduced waste (SDG 12), zero hunger by supporting sustainable
food production systems (SDG 2), affordable and clean energy by increasing the share of renewable energy in the global energy mix
(SDG 7), and ultimately mitigate loss of biodiversity and damage
to ecosystem quality by reducing acidiﬁcation, eutrophication and
habitat degradation (SDGs 14 and 15). Given the estimated expansion of aquaculture and increased global demand for food rich in
DHA, algae-based aquafeeds thus represent an alternative production method using a carbon source derived from already available
resources.

aquaculture technologies, including microalgae cultivation (Avadí
et al., 2020; Lopes da Silva et al., 2019). In order to mimic the
composition of ﬁsh oil better in biotechnologically derived cell suspensions, algae species, e.g. Schizochytrium sp., that produce EPA
and DHA in a ratio similar to that in ﬁsh oil, could be considered
(Hart et al., 2021; Sprague et al., 2015). Alternatively, DHA from C.
cohnii could potentially replace ﬁsh oil supplements in human diets. Some hurdles need to be overcome, however. First, bioproduction needs to be further optimised and made robust, e.g. through
integration of suitable online monitoring that allows variable utilisation of feedstock while maintaining cell viability and production capacity, e.g. through technologies that capture the single cells
(Delvigne et al., 2018). Under current EU animal by-product legislation, DHA from the Algae scenario can only be implemented if
exclusively vegetable waste is used to produce VFA, which might
have an impact on the yield of DF (Strazzera et al., 2018). This
requires further investigation and optimisation of such processes
based on cell physiology, as only cells with a certain metabolic
turnover excrete VFAs (Bockisch et al., 2018). The best option for
food waste valorisation should also be examined in more detail, including both small- and large-scale case studies. This is especially
important since we are still a long way from a harmonized assessment of food waste management, which makes it diﬃcult to fully
assess the future potential for suggested solutions.
When comparing certain production scenarios, direct effects
on biodiversity cannot be assessed with established LCIA methods, so future studies would beneﬁt from including this aspect.
Since resource depletion, overﬁshing and invasive species are some
of the main threats to loss of marine biodiversity (Woods et al.,
2016), these aspects should be included in studies with a marine biodiversity focus. This could potentially be accomplished
by implementing CFs for biotic resource depletion (Hélias et al.,
2018), overﬁshing (Emanuelsson et al., 2014) or invasive species
(Hanaﬁah et al., 2013). To support sustainable development and
maintain a rich biodiversity, there is an urgent need for robust and
extensive impact assessment methods to account for the full impact on biotic resources (Avadí et al., 2020; Asselin et al. 2020;
Winter et al., 2017). One could therefore argue that the most important future research needs are to reduce knowledge gaps and
to develop LCA methods that cover all ﬁve drivers of biodiversity
loss.
6. Conclusions
This study assessed the environmental impact of a conceptual
Algae scenario with DHA produced via the microalgae C. cohnii
grown in a bioreactor cultivation process using VFA extracted from
food waste as its main carbon feedstock. The utilization of VFA
from dark fermentation enables a combination of bioconversion
for a high added-value DHA product via microalgae with renewable energy production. The impact was compared with that of
a conventional Fish scenario with DHA derived from Peruvian anchovy. Alongside the environmental impact at midpoint level, the
important aspect of ecosystem quality at endpoint level was also
assessed using Ecosystem damage as indicator for biodiversity loss.
The main by-product in both scenarios was electricity and heat, included via system expansion. The global warming, terrestrial acidiﬁcation, freshwater eutrophication and land use per ton DHA produced in the Algae scenario was found to be -52 ton CO2 eq, 3.5 ton
SO2 eq, -94 kg Peq, 2700 m2 eq, respectively. In comparison, the
impact per ton DHA in the Fish scenario was -15 ton CO2 eq, 3.9
ton SO2 eq, -97 kg Peq and 3200 m2 eq. The Ecosystem damage for
Algae scenario and Fish scenario was 5.5 × 10−4 and 8.1 × 10−4
species per year respectively. Even though established LCIA methods only assess indirect effects on biodiversity, the Algae scenario
resulted in lower Ecosystem damage than the Fish scenario even

5.5. Recommendations for future studies
As established by previous studies, these is an urgent need
for life cycle assessments and more data to enable environmental assessments and sustainability evaluation of emerging food and
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when a future energy development, optimized VFA production, increased energy demand and effects on biotic resources were considered via sensitivity analyses. This study also showed that included by-products and energy production had a high inﬂuence on
the total environmental burden for both scenarios. From a product
LCA perspective, algae oil had the lowest climate impact per ton
DHA for all evaluated oils.
At present, coupling DF and subsequent monocultivation for
DHA and EPA production is still under development and thus require higher economic investments to enable a large-scale production similar to traditional ﬁsh oil processing. However, the production of valuable DHA with lower environmental impact arguably
justiﬁes a higher production cost especially since it also provides
an improved food waste valorisation solution and a source of renewable energy. The environmental aspect must be considered a
key component in both political decision making and company development to fully achieve a sustainable development, as well as
enabling a shift from a linear to a circular bioeconomy where available resources are recovered and used in the most eﬃcient way
possible. The result from this study emphasise that Algae oil holds
a promising potential to increase sustainability within aquaculture, provided that continued development and optimization of the
technology and process is enabled through active decision-making,
purposeful investments, and further research.
This study showed that DHA produced by microalgae using VFA
from DF of food waste can reduce loss of biodiversity and support
sustainable production while satisfying increased future demand
for DHA within the food supply chain. This could support sustainable development by meeting current needs for DHA without
compromising nature’s ability to produce this essential fatty acid
in the future. The Algae scenario approach also enabled increased
resource eﬃciency by recovering nutrients and resources in food
waste for value addition. By using agricultural and food industry
by-products to produce DHA, overﬁshing, for example of Peruvian
anchovy, could be counteracted and thereby increasing the overall
sustainability of aquaculture while maintaining essential ecosystem
quality.

Table A.1
Ecoinvent datasets used in SimaPro, using the allocation cut-off by classiﬁcation
setting.
Dataset
number Data generator
1

Symeonidis, A.

2

System

3

System

4

System

5

System

6

Faist E., M.

7

System

8

Dux, D.

9

Valsasina, L.

10

PRé Consultants

11

System

12

System

13

System

Declaration of Competing Interest

14

Valsasina, L.
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15

System

16

Gnansounou, E.

17

Kägi, T.

18

Doka, G.

19

PRé Consultants

20

Treyer, K.

21

Schleiss, K.
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Appendix A
Ecoinvent datasets used in SimaPro 9 (PhD licence) to model
impact for the Algae scenario and the Fish scenario. Original data
generator, dataset name, geographical location and process modelled using the dataset are shown. All datasets were taken from
Ecoinvent 3.5 with the allocation cut-off by classiﬁcation setting.

Dataset name

Location

Used to model:

Market for
marine ﬁsh
Market for
nitrogen
fertiliser, as N
Market for
phosphate
fertiliser, as
P2O5
Market for
glucose
Market group
for tap water
Market for
natural gas,
high pressure
Market for
steam, in
chemical
industry
Liquid manure
storage and
processing
facility
construction
Market for
transport,
freight, lorry
3.5-7.5 metric
ton, EURO4
Carbon dioxide,
unspeciﬁed
Market for
fodder yeast
Market for
sodium
chloride, brine
solution
Market for
molasses, from
sugar beet
Market for
transport,
freight, lorry
7.5-16 metric
ton, EURO4
Market for
wastewater,
average
Oil mill
construction
Waste
preparation
facility
construction
Market for
municipal
waste collection
service, by 21
metric ton lorry
Recycling of
aluminium
Treatment of
municipal solid
waste,
incineration
Anaerobic
digestion plant
construction,
agriculture,
with methane
recovery

GLO

Wild C. cohnii

GLO

N fertiliser

GLO

P fertiliser

GLO

Glucose

RER

Water

DE

Natural gas

GLO

Steam

CH

Algae
processing

RER

Transport

n.a.

CO2 to air

GLO

Yeast

GLO

Reef salt

GLO

Molasses

RER

Transport

Europe
without
Switzerland
CH

Wastewater

CH

FW processing

CH

Transport

GLO

Metal reject

DE

Plastic reject

CH

Oil separation

DF and AD

(continued on next page)
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Table B.1
Datasets representing the share of energy source used to produce current, fossil, and future energy mix. Net electricity distribution was sourced from EnergyCharts (2020) on 18 December 2020.

Table A.1 (continued)
Dataset Data generator
number

Dataset name

Location

Used to model:

22

Market for
vegetable oil
reﬁnery
Heat and power
co-generation,
biogas, gas
engine
Excluding
contribution
from: market
for biogas
Heat and power
co-generation,
natural gas,
combined cycle
power plant,
400MWelectrical
Anchovy,
capture by steel
purse seiner
and landing
whole, fresh
Fishmeal and
ﬁsh oil
production,
63-65% protein
Transport,
freight, lorry
7.5-16 metric
ton, EURO4
Market for
transport,
freight, sea,
transoceanic
ship with reefer,
cooling

GLO

VFA processing

23

24

25

26

27

28

System.

Treyer, K.
Ruiz, EM.

Treyer, K.

Avadi, A.

Avadi, A.

Simons, A.

System

DE
RoW

DE

PE

PE

RoW

GLO

Data
generator

Dataset name

Location

%

Used to model

16.9

Electricity mix

12.4

Electricity mix

12.1

Electricity mix

26.6

Electricity mix

10.7

Electricity mix

9.4

Electricity mix

7.3

Electricity mix

3.9

Electricity mix

0.7

Electricity mix

33

Electricity mix

33

Electricity mix

33

Electricity mix

45

Electricity mix

45

Electricity mix

10

Electricity mix

CHP plant
(1) Current electricity mix
Treyer, K. Electricity
DE
production, lignite
Treyer, K. Electricity
DE
production, nuclear,
pressure water
reactor
System
Electricity
DE
production, natural
gas, 10MW
Treyer, K. Electricity
DE
production, wind,
>3MW turbine,
onshore
DE
Treyer, K. Electricity
production,
photovoltaic,
570kWp open
ground installation,
multi-Si
Treyer, K. Heat and power
DE
co-generation,
biogas, gas engine
Treyer, K. Electricity
DE
production, hard
coal
Treyer, K. Electricity
DE
production, hydro,
pumped storage
DE
System
Electricity, high
voltage, production
mix

Heat (fossil)

Fishing
anchovy

Reduction
ﬁshery

Transport

Transport

(1) Fossil electricity mix

Appendix B

Treyer, K. Electricity
DE
production, lignite
System
Electricity
DE
production, natural
gas, 10MW
Treyer, K. Electricity
DE
production, hard
coal

In 2020, about 50% of German electricity was generated from
renewable sources (Energy-Charts, 2020), while energy use for heat
was dominated by fossil fuels (Euroheat & Power, 2019; IEA, 2020).
To accurately represent the use of electricity, a custom energy mix
was created in SimaPro 9 using Ecoinvent 3.5 datasets. Current
electricity mix represent the 2020 production mix, while the future electricity mix consist of entirely renewable energy. The fossil
energy dataset is used to assess the avoided energy in Algae scenario and Fish scenario, that is replaced with electricity and heat
from EnergyDF and EnergyAD respectively.
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(1) Future electricity mix
DE
Treyer, K. Electricity
production, wind,
>3MW turbine,
onshore
Treyer, K. Electricity
DE
production,
photovoltaic,
570kWp open
ground installation,
multi-Si
Treyer, K. Heat and power
DE
co-generation,
biogas, gas engine
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2016

GWP

2017

SOD

IR

OFHH

FPMF

OFTE

TA

FE

ME

TETox

FETox

METox

HCTox

1.5 × 10−4 2.1 × 100 8.1 × 10−2 5.4 × 10−2 8.2 × 10−2 1.8 × 10−1 1.4 × 10−2 4.1 × 10−2 1.1 × 102 1.0 × 100 1.5 × 100 1.1 × 100

HNCTox

LU

MRS

FRS

WC

3.9 × 101 2.0 × 101 1.0 × 10−1 7.7 × 100 9.8 × 10−1

2.2 × 10−3 4.7 × 101 5.7 × 100

2.2 × 100

5.8 × 100

5.7 × 100

3.0 × 10−1 3.2 × 10−1 1.5 × 104 4.4 × 101 6.7 × 101 5.0 × 101 1.4 × 103 2.2 × 102 5.5 × 100

2.8 × 10−3 5.9 × 102 4.0 × 100

4.4 × 100

4.0 × 100

2.7 × 101

4.1 × 100

3.7 × 10−1 4.1 × 103 2.1 × 102 2.7 × 102 2.1 × 102 3.5 × 103 4.4 × 101 4.4 × 100

8.0 × 102 -4.4 × 100

2.3 × 10−3 4.9 × 102 3.3 × 100

3.7 × 100

3.3 × 100

2.2 × 101

3.4 × 100

2.2 × 10−1 3.5 × 103 1.7 × 102 2.3 × 102 1.8 × 102 2.9 × 103 3.8 × 101 3.8 × 100

6.7 × 102 9.9 × 100

4.3 × 10−4 1.9 × 101 4.1 × 100

1.2 × 100

4.2 × 100

2.9 × 100

9.1 × 10−2 6.9 × 10−3 1.1 × 104 1.8 × 101 3.0 × 101 2.4 × 101 6.7 × 102 3.5 × 101 2.3 × 100

3.4 × 102 2.8 × 100

1.2 × 10−2 9.8 × 102 7.3 × 101

2.3 × 101

7.7 × 101

7.5 × 101

7.5 × 100

5.0 × 10−1 4.5 × 104 1.5 × 103 2.0 × 103 7.7 × 102 3.1 × 104 9.1 × 102 4.8 × 101

4.1 × 103 4.5 × 101

1.0 × 10−3 2.1 × 102 1.9 × 100

1.9 × 100

1.9 × 100

9.4 × 100

1.4 × 100

9.1 × 10−2 3.1 × 103 8.1 × 101 1.1 × 102

3.0 × 102 1.3 × 102

1.1 × 102

1.6 × 103 2.2 × 102 5.7 × 100

4.7 × 102 3.3 × 101

3.7 × 10−4 7.8 × 101 5.4 × 10−1 6.1 × 10−1 5.4 × 10−1 3.6 × 100

5.5 × 10−1 3.5 × 10−2 6.3 × 102 2.8 × 101 3.7 × 101 2.8 × 101 4.8 × 102 6.6 × 100 7.3 × 10−1 1.1 × 102

1.2 × 10−3 1.0 × 102 8.6 × 100

3.8 × 100

8.8 × 100

8.5 × 100

7.7 × 10−1 4.8 × 10−2 2.4 × 104 1.0 × 102 1.5 × 102 1.8 × 102 3.2 × 103 1.1 × 103

2.6 × 10−1 2.6 × 102 2.4 × 101

4.4 × 102

2.4 × 101

3.5 × 103

3.2 × 100

1.6 × 100

2.4 × 101

7.0 × 102 1.6 × 101

2.0 × 10−1 1.5 × 104 2.1 × 102 2.9 × 102 3.2 × 102 5.6 × 103 5.2 × 102 2.7 × 101

1.6 × 103 2.2 × 101

-4.2 × 10−2 -5.2 × 102 -1.5 × 102 -5.1 × 101 -1.5 × 102 -1.5 × 102 -1.2 × 102 -7.1 × 100 -1.8 × 104 -2.9 × 103 -4.0 × 103 -5.6 × 103 -8.3 × 104 -3.8 × 102 -2.7 × 101 -3.2 × 104 -2.0 × 102

3.2 × 10−3 1.5 × 102 2.8 × 102
4.0 × 10−3 1.7 × 102 1.2 × 102

9.1 × 101
5.9 × 101

2.8 × 102
1.2 × 102

2.9 × 102
1.7 × 102

2.3 × 10−1 3.0 × 10−2 7.7 × 103 1.8 × 101 1.2 × 103 5.7 × 101 7.0 × 102 2.3 × 101 3.4 × 100
4.8 × 100 3.3 × 10−1 1.8 × 104 2.4 × 102 7.6 × 102 3.9 × 102 7.6 × 103 5.6 × 102 1.0 × 101

4.3 × 103 2.1 × 101
4.4 × 103 1.6 × 102

5.5 × 10−3 2.2 × 102 6.6 × 101

2.0 × 101

6.7 × 101

5.0 × 101

1.1 × 100

8.5 × 10−2 1.1 × 105 2.0 × 102 3.3 × 102 2.8 × 102 6.9 × 103 3.4 × 102 2.5 × 101

3.9 × 103 3.1 × 101

1.2 × 10−2 9.8 × 102 7.3 × 101

2.3 × 101

7.7 × 101

7.5 × 101

7.5 × 100

5.0 × 10−1 4.5 × 104 1.5 × 103 2.0 × 103 7.7 × 102 3.1 × 104 9.1 × 102 4.8 × 101

4.1 × 103 4.5 × 101

2.2 × 10−3 3.0 × 102 1.0 × 101

5.4 × 100

1.0 × 101

1.7 × 101

2.1 × 100

1.3 × 10−1 2.6 × 104 1.8 × 102 2.5 × 102 2.7 × 102 4.5 × 103 1.2 × 103 2.7 × 101

9.7 × 102 1.4 × 102

2.6 × 10−1 2.6 × 102 2.4 × 101

4.4 × 102

2.4 × 101

3.5 × 103

3.2 × 100

2.0 × 10−1 1.5 × 104 2.1 × 102 2.9 × 102 3.2 × 102 5.6 × 103 5.2 × 102 2.7 × 101

1.6 × 103 2.2 × 101

-4.2 × 10−2 -5.1 × 102 -1.5 × 102 -5.0 × 101 -1.5 × 102 -1.5 × 102 -1.2 × 102 -7.1 × 100 -1.7 × 104 -2.9 × 103 -4.0 × 103 -5.6 × 103 -8.3 × 104 -3.8 × 102 -2.6 × 101 -3.1 × 104 -2.0 × 102
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Algae oil
Pre3.4 × 101
cultivation
Pre1.6 × 103
culture
4.2 × 103
Cultivation
& harvest
Oil
2.6 × 103
separation
Transport 9.9 × 102
to Norway
EnergyDF
Pre1.6 × 104
treatment
Dark fer- 1.2 × 103
mentation
VFA
4.2 × 102
separation
Anaerobic 2.3 × 103
digestion
Energy
3.0 × 104
production
Avoided
-1.1 × 105
energy
Fish oil
Fishing
1.3 × 104
Reduction 2.0 × 104
ﬁshery
Transport 1.1 × 104
to Norway
EnergyAD
Pre1.6 × 104
treatment
Anaerobic 3.4 × 103
digestion
Energy
3.0 × 104
production
Avoided
-1.1 × 105
energy
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Table C.1
Environmental impact for each process in the Algae scenario and the Fish scenario, expressed per 1 ton DHA. GWP = Global warming [kg CO2 eq], SOD = Stratospheric ozone depletion [kg CFC11 eq], IR = Ionizing
radiation [kBq Co-60 eq], OFHH = Ozone formation Human health [kg NOx eq], FPMF = Fine particulate matter formation [kg PM2.5 eq], OFTE = Ozone formation - Terrestrial ecosystems [kg NOx eq], TA = Terrestrial acidiﬁcation [kg SO2 eq], FE = Freshwater eutrophication [kg Peq], ME = Marine eutrophication [kg N eq], TETox = Terrestrial ecotoxicity [kg 1,4-DCB], FETox = Freshwater ecotoxicity [kg 1,4-DCB],
METox = Marine ecotoxicity [kg 1,4-DCB], HCTox = Human carcinogenic toxicity [kg 1,4-DCB], HNCTox = Human non-carcinogenic toxicity [kg 1,4-DCB], LU = Land use [m2a crop eq], MRS = Mineral resource
scarcity [kg Cu eq], FRS = Fossil resource scarcity [kg oil eq], WC = Water consumption [m3].

OFTE

2018

Algae oil
Precultivation
Starting
culture
Cultivation
& harvest
Oil
separation
Transport
to Norway
EnergyDF
Pretreatment
Dark fermentation
VFA
separation
Anaerobic
digestion
Energy
production
Avoided
energy

FE

ME

TETox

FETox

METox

LU

WCTE

WCAE

1.1 × 10−8

3.8 × 10−8

9.2 × 10−9

7.0 × 10−11

1.3 × 10−9

7.1 × 10−10

1.5 × 10−10

1.8 × 10−7

9.7 × 10−9

4.5 × 10−13

1.2 × 10−10

7.5 × 10−7

1.2 × 10−6

2.0 × 10−7

5.5 × 10−10

1.7 × 10−7

3.0 × 10−8

7.0 × 10−9

2.0 × 10−6

4.0 × 10−7

2.9 × 10−11

1.2 × 10−5

3.2 × 10−10

5.2 × 10−7

5.7 × 10−6

2.7 × 10−6

6.2 × 10−10

4.7 × 10−8

1.4 × 10−7

2.9 × 10−8

3.9 × 10−7

-9.0 × 10−8

7.3 × 10−6

2.0 × 10−10

4.3 × 10−7

4.7 × 10−6

2.3 × 10−6

3.7 × 10−10

4.0 × 10−8

1.2 × 10−7

2.4 × 10−8

3.4 × 10−7

1.1 × 10−7

3.9 × 10−12
4.9 × 10−12

2.8 × 10−6

7.5 × 10−11

5.4 × 10−7

6.1 × 10−7

6.1 × 10−8

1.2 × 10−11

1.2 × 10−7

1.3 × 10−8

3.2 × 10−9

3.1 × 10−7

3.2 × 10−8

1.6 × 10−12

4.5 × 10−5

1.2 × 10−9

9.9 × 10−6

1.6 × 10−5

5.0 × 10−6

8.5 × 10−10

5.1 × 10−7

1.0 × 10−6

2.1 × 10−7

8.1 × 10−6

3.8 × 10−7

1.8 × 10−11

3.3 × 10−6

9.1 × 10−11

2.5 × 10−7

2.0 × 10−6

9.5 × 10−7

1.6 × 10−10

3.6 × 10−8

5.6 × 10−8

1.1 × 10−8

1.9 × 10−6

1.7 × 10−6

7.5 × 10−11

1.2 × 10−6

3.2 × 10−11

7.0 × 10−8

7.7 × 10−7

3.7 × 10−7

6.0 × 10−11

7.2 × 10−9

2.0 × 10−8

3.9 × 10−9

5.9 × 10−8

1.7 × 10−8

8.0 × 10−13

6.5 × 10−6

1.8 × 10−10

1.1 × 10−6

1.8 × 10−6

5.1 × 10−7

8.1 × 10−11

2.7 × 10−7

7.1 × 10−8

1.6 × 10−8

9.8 × 10−6

1.5 × 10−7

7.6 × 10−12

8.5 × 10−5

2.3 × 10−9

3.1 × 10−6

7.4 × 10−4

2.1 × 10−6

3.4 × 10−10

1.7 × 10−7

1.5 × 10−7

3.1 × 10−8

4.6 × 10−6

1.9 × 10−7

1.8 × 10−11

-3.1 × 10−4

-8.5 × 10−9

-1.9 × 10−5

-3.2 × 10−5

-7.7 × 10−5

-1.2 × 10−8

-2.0 × 10−7

-2.0 × 10−6

-4.2 × 10−7

-3.4 × 10−6

-2.5 × 10−6

1.1 × 10−10

3.6 × 10−5
5.5 × 10−5

9.9 × 10−10
1.5 × 10−9

3.7 × 10−5
1.5 × 10−5

6.1 × 10−5
3.6 × 10−5

1.6 × 10−7
3.2 × 10−6

5.1 × 10−11
5.6 × 10−10

8.8 × 10−8
2.0 × 10−7

1.3 × 10−8
1.7 × 10−7

1.3 × 10−7
8.0 × 10−8

2.0 × 10−7
5.0 × 10−6

2.7 × 10−7
1.9 × 10−6

1.3 × 10−11
1.4 × 10−10

3.2 × 10−5

8.8 × 10−10

8.6 × 10−6

1.1 × 10−5

7.2 × 10−7

1.4 × 10−10

1.2 × 10−6

1.4 × 10−7

3.5 × 10−8

3.1 × 10−6

3.6 × 10−7

1.9 × 10−11

4.5 × 10−5

1.2 × 10−9

9.9 × 10−6

1.6 × 10−5

5.0 × 10−6

8.5 × 10−10

5.1 × 10−7

1.0 × 10−6

2.1 × 10−7

8.1 × 10−6

3.8 × 10−7

1.8 × 10−11

9.5 × 10−6

2.6 × 10−10

1.3 × 10−6

3.7 × 10−6

1.4 × 10−6

2.3 × 10−10

2.9 × 10−7

1.2 × 10−7

2.6 × 10−8

1.1 × 10−5

1.8 × 10−6

8.3 × 10−11

8.5 × 10−5

2.3 × 10−9

3.1 × 10−6

7.4 × 10−4

2.1 × 10−6

3.4 × 10−10

1.7 × 10−7

1.5 × 10−7

3.1 × 10−8

4.6 × 10−6

1.9 × 10−7

1.8 × 10−11

-3.1 × 10−4

-8.4 × 10−9

-1.9 × 10−5

-3.2 × 10−5

-7.7 × 10−5

-1.2 × 10−8

-2.0 × 10−7

-2.0 × 10−6

-4.2 × 10−7

-3.4 × 10−6

-2.4 × 10−6

1.1 × 10−10

GWPFE

9.5 × 10−8

2.6 × 10−12

4.5 × 10−6
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Fish oil
Fishing
Reduction
ﬁshery
Transport
to Norway
EnergyAD
Pretreatment
Anaerobic
digestion
Energy
production
Avoided
energy

TA

GWPTE
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Table C.2
Ecosystem damage [species.yr] for each process in the Algae scenario and the Fish scenario, expressed per 1 ton DHA. GWPTE = Global warming - Terrestrial ecosystems, GWPFE = Global warming - Freshwater
ecosystems, OFTE = Ozone formation - Terrestrial ecosystems, TA = Terrestrial acidiﬁcation, FE = Freshwater eutrophication, ME = Marine eutrophication, TETox = Terrestrial ecotoxicity, FETox = Freshwater
ecotoxicity, METox = Marine ecotoxicity, LU = Land use, WCTE = Water consumption - Terrestrial ecosystems, WCAE = Water consumption - Aquatic ecosystems.

L. Bartek, I. Strid, K. Henryson et al.

Sustainable Production and Consumption 27 (2021) 2002–2021

References

FAO, 2019. The State of the World’s Biodiversity for Food and Agriculture, Commission on Genetic Resources for Food and Agriculture Assessments. FAO, , Rome.
FAO, 2018. Meeting the Sustainable Development Goals, The State of World Fisheries
and Aquaculture Rome.
Fei, Q., Fu, R., Shang, L., Brigham, C.J., Chang, H.N., 2015. Lipid production by microalgae Chlorella protothecoides with volatile fatty acids (VFAs) as carbon
sources in heterotrophic cultivation and its economic assessment. Bioprocess
Biosyst. Eng. 38, 691–700. doi:10.1007/s00449- 014- 1308- 0.
Fréon, P., Durand, H., Avadí, A., Huaranca, S., Orozco Moreyra, R., 2017. Life cycle
assessment of three Peruvian ﬁshmeal plants: toward a cleaner production. J.
Cleaner Prod. 145, 50–63. doi:10.1016/j.jclepro.2017.01.036.
Ghamkhar, R., Hicks, A., 2020. Comparative environmental impact assessment of
aquafeed production: sustainability implications of forage ﬁsh meal and oil free
diets. Resour. Conserv. Recycl. 161, 104849. doi:10.1016/j.resconrec.2020.104849.
Glencross, B., Huyben, D., Schrama, J., 2020. The application of single-cell ingredients in aquaculture feeds—a review. Fishes 5, 22. doi:10.3390/ﬁshes5030022.
Hakawati, R., Smyth, B.M., McCullough, G., De Rosa, F., Rooney, D., 2017. What is the
most energy eﬃcient route for biogas utilization: Heat, electricity or transport?
Appl. Energy 206, 1076–1087. doi:10.1016/j.apenergy.2017.08.068.
Hanaﬁah, M.M., Leuven, R.S.E.W., Sommerwerk, N., Tockner, K., Huijbregts, M.A.J.,
2013. Including the introduction of exotic species in life cycle impact assessment: the case of inland shipping. Environ. Sci. Technol. 47, 13934–13940.
doi:10.1021/es403870z.
Hardy, R.W., 2010. Utilization of plant proteins in ﬁsh diets: effects of global
demand and supplies of ﬁshmeal. Aquac. Res. 41, 770–776. doi:10.1111/j.
1365-2109.2009.02349.x.
Hart, B., Schurr, R., Narendranath, N., Kuehnle, A., Colombo, S.M., 2021. Digestibility of Schizochytrium sp. whole cell biomass by Atlantic salmon (Salmo salar).
Aquaculture 533, 736156. doi:10.1016/j.aquaculture.2020.736156.
Hélias, A., Langlois, J., Fréon, P., 2018. Fisheries in life cycle assessment: operational factors for biotic resources depletion. Fish Fish. 19, 951–963. doi:10.1111/
faf.12299.
Herrero Garcia, N., Strazzera, G., Frison, N., Bolzonella, D., 2018. Volatile fatty acids
production via acidogenic fermentation of household food waste. Chem. Eng.
Trans. 64, 103–108. doi:10.3303/CET1864018.
Herrero, M., Thornton, P.K., Mason-D’Croz, D., Palmer, J., Bodirsky, B.L., Pradhan, P., Barrett, C.B., Benton, T.G., Hall, A., Pikaar, I., Bogard, J.R., Bonnett, G.D.,
Bryan, B.A., Campbell, B.M., Christensen, S., Clark, M., Fanzo, J., Godde, C.M.,
Jarvis, A., Loboguerrero, A.M., Mathys, A., McIntyre, C.L., Naylor, R.L., Nelson, R.,
Obersteiner, M., Parodi, A., Popp, A., Ricketts, K., Smith, P., Valin, H., Vermeulen, S.J., Vervoort, J., van Wijk, M., van Zanten, H.H., West, P.C., Wood, S.A.,
Rockström, J., 2020. Articulating the Effect of Food Systems Innovation on
the Sustainable Development Goals. The Lancet Planetary Health doi:10.1016/
S2542- 5196(20)30277- 1.
Hetherington, A.C., Borrion, A.L., Griﬃths, O.G., McManus, M.C., 2014. Use of LCA as
a development tool within early research: challenges and issues across different
sectors. Int. J. Life Cycle Assess. 19, 130–143. doi:10.1007/s11367- 013- 0627- 8.
Hillig, F., 2014. Impact of cultivation conditions and bioreactor design on
docosahexaenoic acid production by a heterotrophic marine microalga.
https://doi.org/10.14279/depositonce-4002
Hillig, F., Pilarek, M., Junne, S., Neubauer, P., 2014. Cultivation of Marine Microorganisms in Single-Use Systems. In: Eibl, D., Eibl, R. (Eds.), Disposable Bioreactors
II, Advances in Biochemical Engineering/Biotechnology. Springer, Berlin, Heidelberg, pp. 179–206. doi:10.1007/10_2013_219.
Hosseinzadeh-Bandbafha, H., Tabatabaei, M., Aghbashlo, M., Sulaiman, A., Ghassemi, A., 2020. Life-cycle assessment (LCA) analysis of algal fuels. In: Spilling, K.
(Ed.), Biofuels from Algae: Methods and Protocols, Methods in Molecular Biology. Springer, New York, NY, pp. 121–151. doi:10.1007/7651_2018_204.
Hou, T., Zhao, J., Lei, Z., Shimizu, K., Zhang, Z., 2020. Enhanced energy recovery via
separate hydrogen and methane production from two-stage anaerobic digestion of food waste with nanobubble water supplementation. Sci. Total Environ.,
143234 doi:10.1016/j.scitotenv.2020.143234.
Huijbregts, Steinmann, Elshout, Stam, Verones, F., Vieira, Hollander, Zijp, van Zelm,
2016. A harmonized life cycle impact assessment method at midpoint and endpoint level report I: characterization 201.
IFFO, 2017. Case study: Peruvian Anchovy - Why feed, not food? | IFFO - The Marine Ingredients Organisation [WWW Document]. URL https://www.iffo.com/
case- study- peruvian- anchovy- why- feed- not- food (accessed 10.5.20).
ISO, 20 06. ISO 14040:20 06 Environmental management — Life cycle assessment
— Principles and framework [WWW Document]. ISO. URL https://www.iso.
org/cms/render/live/en/sites/isoorg/contents/data/standard/03/74/37456.html
(accessed 10.5.20).
ISO, 2006. ISO 14044:2006 Environmental management — Life cycle assessment
— Requirements and guidelines [WWW Document]. ISO. URL https://www.iso.
org/cms/render/live/en/sites/isoorg/contents/data/standard/03/84/38498.html
(accessed 10.5.20).
John, D., 2009. Use of docosahexaenoic acid for the manufacture of a medicament
for the treatment of senile dementia and Alzheimer’s disease. EP 1 419 780 B1.
Jovanovic, S., Dietrich, D., Becker, J., Kohlstedt, M., Wittmann, C., 2021. Microbial production of polyunsaturated fatty acids high-value ingredients for aquafeed, superfoods, and pharmaceuticals. Curr. Opin. Biotechnol. 69, 199–211. doi:10.1016/
j.copbio.2021.01.009.
Kannan, N., Rao, A.S., Nair, A., 2021. Microbial production of omega-3 fatty acids: an
overview. J. Appl. Microbiol. doi:10.1111/jam.15034.

Asselin, A., Rabaud, S., Catalan, C., Leveque, B., L’Haridon, J., Martz, P., Neveux, G.,
2020. Product biodiversity footprint – a novel approach to compare the impact of products on biodiversity combining life cycle assessment and ecology.
J. Cleaner Prod. 248, 119262. doi:10.1016/j.jclepro.2019.119262.
Avadí, A., Fréon, P., 2013. Life cycle assessment of ﬁsheries: a review for ﬁsheries
scientists and managers. Fish. Res. 143, 21–38. doi:10.1016/j.ﬁshres.2013.01.006.
Avadí, A., Vázquez-Rowe, I., Symeonidis, A., Moreno-Ruiz, E., 2020. First series of
seafood datasets in ecoinvent: setting the pace for future development. Int. J.
Life Cycle Assess. 25, 1333–1342. doi:10.1007/s11367- 019- 01659- x.
Barr, W.J., Landis, A.E., 2018. Comparative life cycle assessment of a commercial algal
multiproduct bioreﬁnery and wild caught ﬁshery for small pelagic ﬁsh. Int. J.
Life Cycle Assess. 23, 1141–1150. doi:10.1007/s11367- 017- 1395- 7.
Beal, C.M., Gerber, L.N., Thongrod, S., Phromkunthong, W., Kiron, V., Granados, J.,
Archibald, I., Greene, C.H., Huntley, M.E., 2018. Marine microalgae commercial
production improves sustainability of global ﬁsheries and aquaculture. Sci. Rep.
8, 15064. doi:10.1038/s41598- 018- 33504-w.
Bélanger-Lamonde, A., Sarker, P.K., Ayotte, P., Bailey, J.L., Bureau, D.P., Chouinard, P.Y.,
Dewailly, É., Leblanc, A., Weber, J.-P., Vandenberg, G.W., 2018. Algal and vegetable oils as sustainable ﬁsh oil substitutes in rainbow trout diets: an approach to reduce contaminant exposure. J. Food Qual., e7949782 doi:10.1155/
2018/7949782, 2018.
Bockisch, A., Kielhorn, E., Neubauer, P., Junne, S., 2018. Process analytical technologies to monitor the liquid phase of anaerobic cultures. Process Biochem. 76.
doi:10.1016/j.procbio.2018.10.005.
Bosell, F., Leidreiter, A., Fünfgelt, J., 2017. 0% Renewable Energy for Sustainable Development. 10World Future Council /Brot für die Welt, Germany.
Brancoli, P., Bolton, K., Eriksson, M., 2020. Environmental impacts of waste management and valorisation pathways for surplus bread in Sweden. Waste Manage.
(Oxford) 117, 136–145. doi:10.1016/j.wasman.2020.07.043.
Burns-Whitmore, B., Froyen, E., Heskey, C., Parker, T., San Pablo, G., 2019. Alphalinolenic and linoleic fatty acids in the vegan diet: do they require dietary reference intake/adequate intake special consideration? Nutrients 11. doi:10.3390/
nu11102365.
Carlsson, M., 2015. When and Why is Pre-Treatment of Substrates for Anaerobic Digestion Useful?. Luleå University of Technology, Luleå.
Cashion, T., Tyedmers, P., Parker, R.W.R., 2017. Global reduction ﬁsheries and their
products in the context of sustainable limits. Fish Fish. 18, 1026–1037. doi:10.
1111/faf.12222.
Center for Biological Diversity, 2020. Saving Life on Earth January 2020 32.
Chalima, A., Hatzidaki, A., Karnaouri, A., Topakas, E., 2019. Integration of a dark
fermentation eﬄuent in a microalgal-based bioreﬁnery for the production of
high-added value omega-3 fatty acids. Appl. Energy 241, 130–138. doi:10.1016/j.
apenergy.2019.03.058.
Chalima, A., Oliver, L., Fernández de Castro, L., Karnaouri, A., Dietrich, T.,
Topakas, E., 2017. Utilization of volatile fatty acids from microalgae for the
production of high added value compounds. Fermentation 3, 54. doi:10.3390/
fermentation3040054.
Chalima, A., Taxeidis, G., Topakas, E., 2020. Optimization of the production of
docosahexaenoic fatty acid by the heterotrophic microalga Crypthecodinium
cohnii utilizing a dark fermentation eﬄuent. Renewable Energy 152, 102–109.
doi:10.1016/j.renene.2020.01.041.
Colombo, S.M., Rodgers, T.F.M., Diamond, M.L., Bazinet, R.P., Arts, M.T., 2020. Projected declines in global DHA availability for human consumption as a result of
global warming. Ambio 49, 865–880. doi:10.1007/s13280- 019- 01234- 6.
Cottrell, R., Blanchard, J., Halpern, B., Metian, M., Froehlich, H., 2020. Global adoption
of novel aquaculture feeds could substantially reduce forage ﬁsh demand by
2030. Nature Food 1, 301–308. doi:10.1038/s43016- 020- 0078- x.
Crenna, E., Marques, A., La Notte, A., Sala, S., 2020. Biodiversity assessment of value
chains: state of the art and emerging challenges. Environ. Sci. Technol. 54, 9715–
9728. doi:10.1021/acs.est.9b05153.
Delvigne, F., Zacchetti, B., Fickers, P., Fifani, B., Roulling, F., Lefebvre, C., Neubauer, P.,
Junne, S., 2018. Improving control in microbial cell factories: from single-cell to
large-scale bioproduction. FEMS Microbiol. Lett. 365. doi:10.1093/femsle/fny236.
Deprá, M.C., Severo, I.A., dos Santos, A.M., Zepka, L.Q., Jacob-Lopes, E., 2020. Environmental impacts on commercial microalgae-based products: Sustainability
metrics and indicators. Algal Res. 51, 102056. doi:10.1016/j.algal.2020.102056.
Díaz, S., Settele, J., Brondízio, E.S., Ngo, H.T., Agard, J., Arneth, A., Balvanera, P., Brauman, K.A., Butchart, S.H.M., Chan, K.M.A., Garibaldi, L.A., Ichii, K., Liu, J., Subramanian, S.M., Midgley, G.F., Miloslavich, P., Molnár, Z., Obura, D., Pfaff, A., Polasky, S., Purvis, A., Razzaque, J., Reyers, B., Chowdhury, R.R., Shin, Y.-J., VisserenHamakers, I., Willis, K.J., Zayas, C.N., 2019. Pervasive human-driven decline
of life on Earth points to the need for transformative change. Science 366.
doi:10.1126/science.aax3100.
Elginoz, N., Khatami, K., Owusu-Agyeman, I., Cetecioglu, Z., 2020. Life cycle assessment of an innovative food waste management system. Front. Sustain. Food
Syst. 4. doi:10.3389/fsufs.2020.0 0 023.
Emanuelsson, A., Ziegler, F., Pihl, L., Sköld, M., Sonesson, U., 2014. Accounting for
overﬁshing in life cycle assessment: new impact categories for biotic resource
use. Int. J. Life Cycle Assess. 19, 1156–1168. doi:10.1007/s11367-013-0684-z.
European Commission, 2019. The EU Fish Market: 2019 Edition. European Union
ﬁsheries and aquaculture sector, LU 2019 edition.
FAO, 2020. The State of World Fisheries and Aquaculture 2020: Sustainability in action, The State of World Fisheries and Aquaculture (SOFIA). FAO, Rome, Italy
doi:10.4060/ca9229en.
2019

L. Bartek, I. Strid, K. Henryson et al.

Sustainable Production and Consumption 27 (2021) 2002–2021

Karapanagiotidis, I.T., Bell, M.V., Little, D.C., Yakupitiyage, A., 2007. Replacement of
dietary ﬁsh oils by alpha-linolenic acid-rich oils lowers omega 3 content in
tilapia ﬂesh. Lipids 42, 547–559. doi:10.10 07/s11745-0 07- 3057- 1.
Karnaouri, A., Chalima, A., Kalogiannis, K.G., Varamogianni-Mamatsi, D., Lappas, A.,
Topakas, E., 2020. Utilization of lignocellulosic biomass towards the production
of omega-3 fatty acids by the heterotrophic marine microalga Crypthecodinium
cohnii. Bioresour. Technol. 303, 122899. doi:10.1016/j.biortech.2020.122899.
Keller, H., Reinhardt, G., Rettenmaier, N., Schorb, A., Dittrich, M., 2017. Environmental
assessment of algae-based polyunsaturated fatty acid production 94.
Kim, D., Kim, S., Han, J.-I., Yang, J.-W., Chang, Y.K., Ryu, B.-G., 2019. Carbon balance of
major volatile fatty acids (VFAs) in recycling algal residue via a VFA-platform for
reproduction of algal biomass. J. Environ. Manage. 237, 228–234. doi:10.1016/j.
jenvman.2019.02.040.
Kumar, B.R., Mathimani, T., Sudhakar, M.P., Rajendran, K., Nizami, A.-S., Brindhadevi, K., Pugazhendhi, A., 2021. A state of the art review on the cultivation of
algae for energy and other valuable products: application, challenges, and opportunities. Renewable Sustainable Energy Rev. 138, 110649. doi:10.1016/j.rser.
2020.110649.
Langlois, J., Fréon, P., Steyer, J.-P., Delgenès, J.-P., Hélias, A., 2015. Sea use impact category in life cycle assessment: characterization factors for life support functions.
Int. J. Life Cycle Asses. doi:10.1007/s11367-015-0886-7, accepted.
Laso, J., Margallo, M., García-Herrero, I., Fullana, P., Bala, A., Gazulla, C., Polettini, A.,
Kahhat, R., Vázquez-Rowe, I., Irabien, A., Aldaco, R., 2018. Combined application
of life cycle assessment and linear programming to evaluate food waste-to-food
strategies: seeking for answers in the nexus approach. Waste Manage. (Oxford)
80, 186–197. doi:10.1016/j.wasman.2018.09.009.
Life Cycle Initiative, 2021. Life Cycle Initiative Progress Report 2020.
Lopes da Silva, T., Moniz, P., Silva, C., Reis, A., 2019. The dark side of microalgae
biotechnology: a heterotrophic bioreﬁnery platform directed to ω-3 rich lipid
production. Microorganisms 7, 670. doi:10.3390/microorganisms7120670.
Marques, A., Robuchon, M., Hellweg, S., Newbold, T., Beher, J., Bekker, S., Essl, F.,
Ehrlich, D., Hill, S., Jung, M., Marquardt, S., Rosa, F., Rugani, B., SuárezCastro, A.F., Silva, A.P., Williams, D.R., Dubois, G., Sala, S., 2021. A research perspective towards a more complete biodiversity footprint: a report from the
World Biodiversity Forum. Int. J. Life Cycle Assess. 26, 238–243. doi:10.1007/
s11367- 020- 01846- 1.
McAuliffe, G., Takahashi, T., Lee, M., 2020. Applications of nutritional functional
units in commodity-level life cycle assessment (LCA) of agri-food systems. Int.
J. Life Cycle Assess. 25. doi:10.1007/s11367- 019- 01679- 7.
Mendes, A., Reis, A., Vasconcelos, R., Guerra, P., Lopes da Silva, T., 2009. Crypthecodinium cohnii with emphasis on DHA production: a review. J. Appl. Phycol. 21,
199–214. doi:10.1007/s10811- 008- 9351- 3.
Nemecek, T., Weiler, K., Plassmann, K., Schnetzer, J., Gaillard, G., Jefferies, D., Garcia, T., King, H., Milà i Canals, L., 2012. Estimation of the variability in global
warming potential of worldwide crop production using a modular extrapolation
approach. J. Cleaner Prod. 31, 106–117. doi:10.1016/j.jclepro.2012.03.005.
Newell, R.G., Raimi, D., Villanueva, S., Prest, B., 2020. Global Energy Outlook 2020:
Energy Transition or Energy Addition? 58.
Oliver, L., Dietrich, T., Marañón, I., Villarán, M.C., Barrio, R.J., 2020. Producing Omega3 polyunsaturated fatty acids: a review of sustainable sources and future trends
for the EPA and DHA market. Resources 9, 148. doi:10.3390/resources9120148.
Opatokun, S.A., Lopez-Sabiron, A., Ferreira, G., Strezov, V., 2017. Life cycle analysis of
energy production from food waste through anaerobic digestion, pyrolysis and
integrated energy system. Sustainability 9. doi:10.3390/su9101804.
Paritosh, K., Kushwaha, S.K., Yadav, M., Pareek, N., Chawade, A., Vivekanand, V., 2017.
Food Waste to Energy: An Overview of Sustainable Approaches for Food Waste
Management and Nutrient Recycling [WWW Document]. BioMed Research International doi:10.1155/2017/2370927.
Parsons, S., Allen, M.J., Abeln, F., McManus, M., Chuck, C.J., 2019. Sustainability and
life cycle assessment (LCA) of macroalgae-derived single cell oils. J. Cleaner
Prod. 232, 1272–1281. doi:10.1016/j.jclepro.2019.05.315.
Parsons, S., Chuck, C.J., McManus, M.C., 2018. Microbial lipids: Progress in life cycle
assessment (LCA) and future outlook of heterotrophic algae and yeast-derived
oils. J. Cleaner Prod. 172, 661–672. doi:10.1016/j.jclepro.2017.10.014.
Passell, H., Dhaliwal, H., Reno, M., Wu, B., Ben-Amotz, A., Ivry, E., Gay, M.,
Czartoski, T., Laurin, L., Ayer, N., 2013. Algae biodiesel life cycle assessment using commercial data. J. Environ. Manage. 129C, 103–111. doi:10.1016/j.jenvman.
2013.06.055.
Patel, A., Mahboubi, A., Horváth, I.S., Taherzadeh, M.J., Rova, U., Christakopoulos, P., Matsakas, L., 2021. Volatile fatty acids (VFAs) generated by anaerobic digestion serve as feedstock for freshwater and marine oleaginous microorganisms to produce biodiesel and added-value compounds. Front. Microbiol. 12.
doi:10.3389/fmicb.2021.614612.
Patel, A., Rova, U., Christakopoulos, P., Matsakas, L., 2020a. Assessment of fatty acids
proﬁle and Omega-3 polyunsaturated fatty acid production by the oleaginous
marine Thraustochytrid Aurantiochytrium sp. T66 cultivated on volatile fatty
acids. Biomolecules 10, 694. doi:10.3390/biom10050694.
Patel, A., Rova, U., Christakopoulos, P., Matsakas, L., 2020b. Mining of squalene as
a value-added byproduct from DHA producing marine thraustochytrid cultivated on food waste hydrolysate. Sci. Total Environ. 736, 139691. doi:10.1016/
j.scitotenv.2020.139691.
Paz, A., Karnaouri, A., Templis, C.C., Papayannakos, N., Topakas, E., 2020. Valorization of exhausted olive pomace for the production of omega-3 fatty acids by
Crypthecodinium cohnii. Waste Manage. (Oxford) 118, 435–444. doi:10.1016/j.
wasman.2020.09.011.

Pelletier, N., Tyedmers, P., 2007. Feeding farmed salmon: is organic better? Aquaculture 272, 399–416. doi:10.1016/j.aquaculture.2007.06.024.
Petrie, J.R., Zhou, X.-R., Leonforte, A., McAllister, J., Shrestha, P., Kennedy, Y., Belide, S., Buzza, G., Gororo, N., Gao, W., Lester, G., Mansour, M.P., Mulder, R.J.,
Liu, Q., Tian, L., Silva, C., Cogan, N.O.I., Nichols, P.D., Green, A.G., de Feyter, R.,
Devine, M.D., Singh, S.P., 2020. Development of a Brassica napus (Canola) crop
containing ﬁsh oil-like levels of DHA in the seed oil. Front. Plant Sci. 11.
doi:10.3389/fpls.2020.00727.
Porcelli, R., Dotto, F., Pezzolesi, L., Marazza, D., Greggio, N., Righi, S., 2020. Comparative life cycle assessment of microalgae cultivation for non-energy purposes using different carbon dioxide sources. Sci. Total Environ. 721, 137714.
doi:10.1016/j.scitotenv.2020.137714.
Pöschl, M., Ward, S., Owende, P., 2010. Evaluation of energy eﬃciency of various
biogas production and utilization pathways. Appl. Energy 87, 3305–3321. doi:10.
1016/j.apenergy.2010.05.011.
Pu, Y., Tang, J., Wang, X.C., Hu, Y., Huang, J., Zeng, Y., Ngo, H.H., Li, Y., 2019. Hydrogen production from acidogenic food waste fermentation using untreated inoculum: Effect of substrate concentrations. Int. J. Hydrogen Energy 44, 27272–
27284. doi:10.1016/j.ijhydene.2019.08.230.
Rodríguez, P.D., Arce Bastias, F., Arena, A.P., 2019. Modeling and environmental evaluation of a system linking a ﬁshmeal facility with a microalgae plant within a
circular economy context. Sustain. Prod. Consump. 20, 356–364. doi:10.1016/j.
spc.2019.08.007.
Röös, E., 2012. Mat-klimat-listan (No. Version 01). Swedish University of Agricultural
Sciences Department of Energy and Technology, Uppsala.
Rösch, C., Roßmann, M., Weickert, S., 2019. Microalgae for integrated food and fuel
production. GCB Bioenergy 11, 326–334. doi:10.1111/gcbb.12579.
Ruiz-Salmón, I., Laso, J., Margallo, M., Villanueva-Rey, P., Rodríguez, E., Quinteiro, P.,
Dias, A.C., Almeida, C., Nunes, M.L., Marques, A., Cortés, A., Moreira, M.T.,
Feijoo, G., Loubet, P., Sonnemann, G., Morse, A.P., Cooney, R., Clifford, E.,
Regueiro, L., Méndez, D., Anglada, C., Noirot, C., Rowan, N., Vázquez-Rowe, I.,
Aldaco, R., 2021. Life cycle assessment of ﬁsh and seafood processed products –
a review of methodologies and new challenges. Sci. Total Environ. 761, 144094.
doi:10.1016/j.scitotenv.2020.144094.
Russo, G.L., Langellotti, A.L., Oliviero, M., Sacchi, R., Masi, P., 2021. Sustainable production of food grade omega-3 oil using aquatic protists: reliability and future
horizons | Elsevier Enhanced Reader. New Biotechnol. 62, 32–39. doi:10.1016/j.
nbt.2021.01.006.
Sarker, P.K., Kapuscinski, A.R., Lanois, A.J., Livesey, E.D., Bernhard, K.P., Coley, M.L.,
2016. Towards sustainable aquafeeds: complete substitution of ﬁsh oil with
marine Microalga Schizochytrium sp. improves growth and fatty acid deposition in Juvenile Nile Tilapia (Oreochromis niloticus). PLoS One 11, e0156684.
doi:10.1371/journal.pone.0156684.
Schade, S., Stangl, G.I., Meier, T., 2020. Distinct microalgae species for food—part 2:
comparative life cycle assessment of microalgae and ﬁsh for eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), and protein. J. Appl. Phycol. 32, 2997–
3013. doi:10.1007/s10811- 020- 02181- 6.
Scherer, L., Svenning, J.-C., Huang, J., Seymour, C.L., Sandel, B., Mueller, N.,
Kummu, M., Bekunda, M., Bruelheide, H., Hochman, Z., Siebert, S., Rueda, O., van
Bodegom, P.M., 2020. Global priorities of environmental issues to combat food
insecurity and biodiversity loss. Sci. Total Environ. 730, 139096. doi:10.1016/j.
scitotenv.2020.139096.
Scherhaufer, S., Davis, J., Metcalfe, P., Gollnow, S., Colin, F., De Menna, F., Vittuari, M.,
Östergren, K., 2020. Environmental assessment of the valorisation and recycling
of selected food production side ﬂows. Resour. Conserv. Recycl. 161, 104921.
doi:10.1016/j.resconrec.2020.104921.
Shi, R., Handler, R.M., Shonnard, D.R., 2019. Life cycle assessment of novel technologies for algae harvesting and oil extraction in the renewable diesel pathway.
Algal Res. 37, 248–259. doi:10.1016/j.algal.2018.12.005.
Sijtsma, L., Anderson, A.J., Ratledge, C., 2010. 7 - Alternative carbon sources for heterotrophic production of docosahexaenoic acid by the marine alga Crypthecodinium cohnii. In: Cohen, Z., Ratledge, C. (Eds.), Single Cell Oils. AOCS Press,
pp. 131–149. doi:10.1016/B978- 1- 893997- 73- 8.50011- 6.
Silva, C.B., Valente, L.M.P., Matos, E., Brandão, M., Neto, B., 2018. Life cycle assessment of aquafeed ingredients. Int. J. Life Cycle Assess. 23, 995–1017. doi:10.
1007/s11367- 017- 1414-8.
Sissener, N.H., 2018. Are we what we eat? Changes to the feed fatty acid composition of farmed salmon and its effects through the food chain. J. Exp. Biol. 221.
doi:10.1242/jeb.161521.
Slorach, P.C., Jeswani, H.K., Cuéllar-Franca, R., Azapagic, A., 2019. Environmental sustainability of anaerobic digestion of household food waste. J. Environ. Manage.
236, 798–814. doi:10.1016/j.jenvman.2019.02.001.
Smetana, S., Sandmann, M., Rohn, S., Pleissner, D., Heinz, V., 2017. Autotrophic and
heterotrophic microalgae and cyanobacteria cultivation for food and feed_ life
cycle assessment. Bioresour. Technol. 245, 162–170. doi:10.1016/j.biortech.2017.
08.113, Part A.
Sprague, M., Betancor, M.B., Tocher, D.R., 2017. Microbial and genetically engineered
oils as replacements for ﬁsh oil in aquaculture feeds. Biotechnol. Lett. 39, 1599–
1609. doi:10.1007/s10529- 017- 2402- 6.
Sprague, M., Walton, J., Campbell, P., Strachan, F., Dick, J., Bell, J., 2015. Replacement
of ﬁsh oil with a DHA-rich algal meal derived from Schizochytrium sp. on the
fatty acid and persistent organic pollutant levels in diets and ﬂesh of Atlantic
salmon (Salmo salar, L.) post-smolts. Food Chem. 185, 413–421. doi:10.1016/j.
foodchem.2015.03.150.

2020

L. Bartek, I. Strid, K. Henryson et al.

Sustainable Production and Consumption 27 (2021) 2002–2021

Strazzera, G., Battista, F., Herrero Garcia, N., Frison, N., Bolzonella, D., 2018. Volatile
fatty acids production from food wastes for bioreﬁnery platforms_ a review |
Elsevier Enhanced Reader (No. Volume 226). J. Environ. Manage. doi:10.1016/j.
jenvman.2018.08.039.
Swaaf, M.E., Grobben, G.J., Eggink, G., Rijk, T., Meer, P., Sijtsma, L., 2001. Characterisation of extracellular polysaccharides produced by Crypthecodinium cohnii. Appl.
Microbiol. Biotechnol. 57, 395–400. doi:10.1007/s002530100788.
Taelman, S.E., De Meester, S., Roef, L., Michiels, M., Dewulf, J., 2013. The environmental sustainability of microalgae as feed for aquaculture: a life cycle perspective.
Bioresour. Technol. 150. doi:10.1016/j.biortech.2013.08.044.
Tampio, E.A., Blasco, L., Vainio, M.M., Kahala, M.M., Rasi, S.E., 2019. Volatile fatty
acids (VFAs) and methane from food waste and cow slurry: comparison of biogas and VFA fermentation processes. GCB Bioenergy 11, 72–84. doi:10.1111/gcbb.
12556.
Teigiserova, D.A., Hamelin, L., Thomsen, M., 2020. Towards transparent valorization
of food surplus, waste and loss: clarifying deﬁnitions, food waste hierarchy,
and role in the circular economy. Sci. Total Environ. 706, 136033. doi:10.1016/j.
scitotenv.2019.136033.
Tocher, D.R., Betancor, M.B., Sprague, M., Olsen, R.E., Napier, J.A., 2019. Omega-3
long-chain polyunsaturated fatty acids, EPA and DHA: bridging the gap between
supply and demand. Nutrients 11, 89. doi:10.3390/nu11010089.
Toppe, J., 2013. Farmed ﬁsh: a major provider or a major consumer of omega-3 oils?
Inform 24, 477–479.
Tyedmers, P., Watson, R., Pauly, D., 2006. Fueling global ﬁshing ﬂeets. Ambio 34,
635–638. doi:10.1639/0044-7447, (2005)034[0635:FGFF]2.0.CO;2.
UNEP, 2021. UNEP Food Waste Index Report 2021 [WWW Document]. UNEP
- UN Environment Programme. URL http://www.unep.org/resources/report/
unep- food- waste- index- report- 2021 (accessed 4.4.21).
United Nations, 2020. The Sustainable Development Goals Report (No. ISBN 978-921-101425-9).
United Nations, 2019. The Sustainable Development Goals Report (No. 2019). UN,
New York.
Wainaina, S., Awasthi, M.K., Horváth, I.S., Taherzadeh, M.J., 2020. Anaerobic digestion of food waste to volatile fatty acids and hydrogen at high organic loading
rates in immersed membrane bioreactors. Renewable Energy 152, 1140–1148.
doi:10.1016/j.renene.2020.01.138.
Wainaina, S., Lukitawesa, Awasthi, M.K., Taherzadeh, M.J., 2019. Bioengineering of
anaerobic digestion for volatile fatty acids, hydrogen or methane production: a
critical review. Bioengineered 10, 437–458. doi:10.1080/21655979.2019.1673937.

Wang, R., Balkanski, Y., Boucher, O., Ciais, P., Peñuelas, J., Tao, S., 2015. Signiﬁcant
contribution of combustion-related emissions to the atmospheric phosphorus
budget. Nat. Geosci. 8, 48–54. doi:10.1038/ngeo2324.
Watson, R.T., Zakri, A.H., Arico, S., Bridgewater, P., Mooney, H.A., Cropper, A., 2005.
Millennium Ecosystem Assessment Panel. World Resources Institute, Washington, DC.
Weidema, B., Goedkoop, M., Meijer, E., Harmens, R., 2020. LCA-based assessment of
the Sustainable Development Goals. PRé Sustainability & 2.-0 LCA consultants.
West, A.L., Miles, E.A., Lillycrop, K.A., Napier, J.A., Calder, P.C., Burdge, G.C., 2021. Genetically modiﬁed plants are an alternative to oily ﬁsh for providing n-3 polyunsaturated fatty acids in the human diet: a summary of the ﬁndings of a Biotechnology and Biological Sciences Research Council funded project. Nutr. Bull. 46,
60–68. doi:10.1111/nbu.12478.
Whiting, A., Azapagic, A., 2014. Life cycle environmental impacts of generating electricity and heat from biogas produced by anaerobic digestion. Energy 70, 181–
193. doi:10.1016/j.energy.2014.03.103.
Winter, L., Lehmann, A., Mikosch, N., Finkbeiner, M., 2017. Including biodiversity in
life cycle assessment – state of the art, gaps and research needs. Environ. Impact
Assess. Rev. 67, 88–100. doi:10.1016/j.eiar.2017.08.006.
Woodhouse, A., Davis, J., Pénicaud, C., Östergren, K., 2018. Sustainability checklist in
support of the design of food processing. Sustain. Prod. Consump. 16, 110–120.
doi:10.1016/j.spc.2018.06.008.
Woods, John.S., Veltman, K., Huijbregts, M.A.J., Verones, F., Hertwich, E.G., 2016. Towards a meaningful assessment of marine ecological impacts in life cycle assessment (LCA). Environ. Int. 48–61. doi:10.1016/j.envint.2015.12.033, April–May
2016.
Yarnold, J., Karan, H., Oey, M., Hankamer, B., 2019. Microalgal aquafeeds as part of
a circular bioeconomy. Trends Plant Sci. 24, 959–970. doi:10.1016/j.tplants.2019.
06.005.
Yi, J., Dong, B., Jin, J., Dai, X., 2014. Effect of increasing total solids contents on anaerobic digestion of food waste under mesophilic conditions: performance and microbial characteristics analysis. PLoS One 9. doi:10.1371/journal.pone.0102548.
Zhou, X.-R., Li, J., Wan, X., Hua, W., Singh, S., 2019. Harnessing biotechnology for the
development of new seed lipid traits in Brassica. Plant Cell Physiol. 60, 1197–
1204. doi:10.1093/pcp/pcz070.

2021

