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a b s t r a c t

Offshore cultivation of seaweed provides an innovative feedstock for biobased products supporting blue
growth in northern Europe. This paper analyzes two alternative exploitation pathways: energy and
protein production. The first pathway is based on anaerobic digestion of seaweed which is converted into
biogas, for production of electricity and heat, and digestate, used as fertilizer; the second pathway uses
seaweed hydrolysate as a substrate for cultivation of heterotrophic microalgae. As a result the seaweed
sugars are consumed while new proteins are produced enhancing the total output. We performed a
comparative Life Cycle Assessment of five scenarios identifying the critical features affecting resource
efficiency and environmental performance of the systems with the aim of providing decision support for
the design of future industrial scale production processes. The results show that all scenarios provide
environmental benefits in terms of mitigation of climate change, with biogas production from dried
Laminaria digitata being the most favorable scenario, quantified as �18.7*102 kg CO2 eq./ha. This scenario
presents also the lowest consumption of total cumulative energy demand, 1.7*104 MJ/ha, and even
resulting in a net reduction of the fossil energy fraction, �1.9*104 MJ/ha compared to a situation without
seaweed cultivation. All scenarios provide mitigation of marine eutrophication thanks to bioextraction of
nitrogen and phosphorus during seaweed growth. The material consumption for seeded lines has 2e20
times higher impact on human toxicity (cancer) than the reduction achieved by energy and protein
substitution. However, minor changes in cultivation design, i.e. use of stones instead of iron as ballast to
weight the seeded lines, dramatically reduces human toxicity (cancer). Externalities from the use of
digestate as fertilizer affect human toxicity (non-cancer) due to transfer of arsenic from aquatic envi-
ronment to agricultural soil. However concentration of heavy metals in digestate does not exceed the
limit established by Danish regulation. The assessment identifies seaweed productivity as the key
parameter to further improve the performance of the production systems which are a promising service
provider of environmental restoration and climate change mitigation.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Offshore cultivation of seaweed, also known asmacroalgae, is an
innovative business in northern Europe and constitutes a
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promising technology to support blue growth and biobased econ-
omy (EC, 2012; EC, 2015). The development of a biobased economy
is encouraged by the European Commission as a means for
achieving a sustainable society (EC, 2015). Seaweed contains a va-
riety of valuable commercial substances such as sugars (glucose
and mannitol), proteins, alginate and fucoidans. The development
of seaweed cultivation in Europe would be beneficial for several
industrial sectors: agriculture, pharmaceutical, food, aquaculture
and energy (Draget et al., 2005; Adams et al., 2011; Horn et al.,
2000; Van Hal et al., 2014).
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Brown algae cultivation in northern Europe, i.e. Saccharina lat-
issima and Laminaria digitata, is demonstrated to be feasible and the
market for sea vegetables is expected to increase 7e10% per year
(BIM, 2014). The high sugar content, i.e. 51e55% of dry weight
(Manns et al., 2014; Adams et al., 2009), makes seaweed a suitable
feedstock for bioethanol production (Seghetta et al., 2016a; Aitken
et al., 2014) and biogas production (Alvarado-Morales et al., 2013;
Kaspersen et al., 2016) as a form of renewable energy that could
support society in reaching the carbon reduction goals and in
mitigating climate change (DG, 2013). A breakthrough in the pro-
vision of biomass as feedstock for industrial scale processes is
represented by the innovative offshore cultivation of seaweed
(Nielsen et al., 2016). This technique avoids the competition for land
occupation typical of first generation biofuels based on land energy
crops which generate problems in terms of land-use change and
deforestation (Pimentel, 2003; Havlík et al., 2011). Moreover, when
combined with aquaculture, it can reabsorb the excess emissions of
nitrogen and phosphorus providing mitigation of eutrophication
service (Marinho et al., 2015).

Several studies have been performed at lab scale (Jard et al.,
2013; Bruhn et al., 2011) but still only a limited number of large
scale seaweed-based biogas plants have been developed. In
Denmark a new biogas plant is co-digesting beach-cast seaweed,
manure and residues from a pectine production industry
(Kaspersen et al., 2016).

Extraction of proteins from seaweed is a second promising
business scenario which can tackle the problem of feed shortage.
Proteins can be marketed as optimal ingredient for fish feed, a
sector that conventionally uses proteins sourced from fish, i.e. fish
oil and fish meal (ground bones and offal from processed fish)
(Tacon et al., 2006). The increased demand for fish meal coupled
with depletion of wild fish has raised the price of protein, leading
feed producers to use plant as feedstock (Tacon et al., 2006; FAO,
2010). Use of vegetable proteins as a total or partial replacement
of fishmeal has been studied with positive results for marine and
freshwater fish species (Kaushik et al., 1995, 2004). Soybean and
pea-derived proteins are already marketed in significant amounts
in the feed and food sectors. The world production trend for soy-
bean is predicted to increase 2.2% annually by 2030 leading to a
restriction of the cultivated area due to competition for arable land
with other marketed crops (Masuda and Goldsmith, 2009).

Products for carnivorous fish feed, e.g. Oncorhynchus mykiss,
requires high protein supply with concentration higher than fresh
seaweed (Aller aqua A/S personal communication). Maximization
of protein production can be performed by genetic improvement of
seaweed species (Robinson et al., 2013) or by conversion of organic
compounds, such as sugars into proteins enhancing the total pro-
duction. Heterotrophic microalgae are able to support the latter
process using the sugars as a source of energy and structural ma-
terial to support biomass growth. Autotrophic microalgae have
been widely studied for production of energy and proteins (Becker,
2007; Lam and Lee, 2012; Reis et al., 2014) while heterotrophic
microalgae represent a relatively unexplored field. The latter has
the advantage of being able to grow in the absence of light,
reducing the production costs dramatically (Chen et al., 2011).

Energy and protein production from seaweed is still in its in-
fancy, therefore the sustainability assessment performed so far on
offshore cultivation of seaweed and conversion is affected by un-
certainty (Alvarado-Morales et al., 2013; Aitken et al., 2014;
Cappelli et al., 2015). This study moves a step forward the sus-
tainability assessment of industrial production of energy and pro-
teins using the most recent studies obtained in the MacroAlgae
Biorefinery 3 project (www.mab3.dk). This is also the first sus-
tainability assessment on protein production based on combined
exploitation of seaweed and microalgal biomass. The analysis
focuses on environmental impacts, such as climate change miti-
gation and bioremediation, and impacts on human health and
energy demand. This preliminary evaluation can highlight positive
and critical aspects of these innovative productions and therefore
provide information for future research and development on this
topic.

2. Materials and methods

2.1. Goal and scope definition

The goal of the analysis is to assess the environmental perfor-
mance of offshore seaweed production and two alternative
exploitation pathways: energy and protein production. Critical
features influencing resource efficiency and environmental per-
formance of the systems are evaluated with the aim of providing
decision support for future industrial scale production processes.

2.1.1. System description
We designed two alternative systems using offshore cultivated

seaweed as feedstock for energy or protein production. The first
pathway for energy production is based on offshore cultivation of
macroalgae in 208 km2 of marine water surface, harvest and
transport to the closest harbour. The 208 km2 of Danish marine
water occupied by offshore seaweed cultivation is a short term
estimation based on a 20-year trend in offshore wind farming
development (Seghetta et al., 2016b) (Supplementary material,
Fig. S1). Seaweed is then partially dried and transported to the
biogas plant where anaerobic digestion converts organic matter
into biogas and digestate. Biogas is combusted in a cogeneration
engine producing electricity and heat. Digestate is transported and
applied to fields. We model three scenarios combining two
different brown algae species, i.e. Saccharina latissima and Lami-
naria digitata and two seaweed storage methods, i.e. drying and
ensilage:

- BioS1: biogas production from the species Saccharina latissima
dried;

- BioS2: biogas production from the species Saccharina latissima
ensilage;

- BioL1: biogas production from the species Laminaria digitata
dried.

The second pathway, protein production, as displayed in Fig. 1, is
based as well on the offshore cultivation of macroalgae in 208 km2

of marine water surface (Fig. 1). Seaweed is harvested and trans-
ported to the closest harbourwhere it is partially dried to guarantee
conservation of the biomass. The biomass is transported to the
protein production plant where it is chopped; the carbohydrates
are hydrolyzed and used as substrate for growth of microalgae.
After 7 days, the microalgae are dewatered and the biomass is
recovered constituting a protein-rich ingredient which is distrib-
uted to fish feed production industries. Two scenarios are modeled
based on two seaweed species, i.e. Saccharina latissima and Lami-
naria digitata, and one storage method, i.e. drying:

- ProS1: protein production from Saccharina latissima dried;
- ProL1: protein production from Laminaria digitata dried.

We considered a functional unit of 1 ha of offshore cultivation
area. This means that the impacts or benefits generated by the
systems analyzed are referred to the biomass produced and con-
verted from 1 ha of cultivation area. LCA is performed according to
international standard ISO 14040-44 (ISO, 2006) using system
expansion to include multiple products according to a

http://www.mab3.dk


Fig. 1. Scheme of the system analyzed starting from seaweed cultivation composed of seed line production, deployment of lines, maintenance during the growth phase and harvest;
water transport of seaweed biomass from cultivation sites to harbor; partial drying of biomass; ensilage of seaweed only for scenario BioS2; road transport from harbor to biogas/
protein production plant. Two alternative pathways are modeled after the transport: energy production and protein production. The energy production pathway is composed of
biogas production through anaerobic digestion, biogas use in a cogeneration engine producing electricity and heat, digestate storage, transport and application on soil. The protein
production pathway is composed of chopping, hydrolysis of sugars contained in seaweed, microalgae growth and dewatering producing a protein-rich fish feed ingredient. The
dashed line encloses substituted products, i.e. electricity, heat and NPK fertilizers for the first pathway and proteins for the second.
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consequential approach (Ekvall and Weidema, 2004). The system
expansion includes the substitution of products generated by the
modeled systems, i.e. electricity, heat, fertilizers and proteins. The
calculation was performed using SimaPro 8.0.4 software (PR�e
Consultants, 2008) and the integrated inventory Ecoinvent v3.1
(Weidema et al., 2013). Analysis is based on the latest available
literature and information from the MAB3 project (www.mab3.dk).
2.2. Life cycle inventory

The Life Cycle Inventory (LCI) for the two systems includes the
phases described in Fig. 1. Seaweed cultivation is common to all the
modeled scenarios therefore data are presented in Table 1.
2.2.1. Seaweed cultivation
The first phase of both pathways is a bioengineered cultivation

system as visualized in Fig. 2. The main feature of the cultivation
system is an artificial growth substrate, i.e. the seeded lines,
allowing seaweed to grow and be harvested isolated from the
natural habitats of the marine ecosystem. The cultivation technol-
ogy can be applied to Laminaria digitata or Saccharina latissima and
is similar to the one currently used for cultivating Palmaria palmata
(Watson and Dring, 2011).

The cultivation starts with the seed line production (Fig. 1)
where kuralon twines are seeded with seaweed spores and incu-
bated in a cold room where nutrients and sterile water support
their growth (Tørring and Nielsen, 2014). Afterwards the seeded
kuralon twines are coiled around 8 mm diameter ropes that act as
support and provide the necessary surface for the seaweed to
attach to during its growth phase. In order to prevent the lines from
floating, weights are tied to the support rope, i.e. small iron bars
(0.3 kg each) every 3.2 m (Tørring and Nielsen, 2014). The combi-
nation of seeded kuralon twines, support ropes and weights con-
stitutes the seeded lines (SL) (Fig. 2).

The seeded lines are deployed (Fig. 1) in the sea in September
and harvested either in spring, scenarios BioS1, BioS2 and ProS1, or
in summer, scenario BioL1 and ProL1. The data necessary to model
the engineered cultivation were obtained from a pilot cultivation
site at Limfjorden, Denmark, during the growth season 2012e2013.
Table 1 shows the quantities of input-output flows of matter and
energy in the seaweed production phase.
Since the model considers the cultivation of seaweed in 10

different locations (Supplementary materials, Fig. S1), we use an
average productivity of 10 Mg ww/ha based on pilot scale cultiva-
tion in Limfjorden (Denmark) and industrial scale cultivation in
Horsens Fjord (Denmark) (Seghetta et al., 2016b) (Table 2). The
composition of seaweed biomass is based on literature studies of
Saccharina latissima and Laminaria digitata harvested in Denmark
(see supplementary materials, Table S1). Composition is used to
quantify the amount of macro- and micro-elements bioextracted
from seawater.

According to the IPCC guidelines (IPCC, 2006), 0.5% of nitrogen
emissions in freshwater are naturally converted into N2O. As the
yearly harvest of nitrogen in macroalgal biomass does not exceed
the yearly land-based emission, we considered 0.5% of the nitrogen
bioextracted from the seawater during seaweed growth as avoided
N2O emissions (Seghetta et al., 2016a).
2.2.2. Transport by boat
Harvest and transport for the offshore cultivationwere assumed

operated by boat, i.e. barge. We considered the distance from the
cultivation sites to the closest industrial harbour. The distances and
amount of seaweed transported from each cultivation site are
shown in the supplementary material (Table S2 and Fig. S1) while
the sum is provided in Tables 3 and 4. The most productive sites
(cultivated area greater than 2100 ha) are located at a distance
between 13 km and 117 km from the harbour (Table S2) and be-
tween 9 and 32 km from shore. The smallest sites (less than
2100 ha) are located at a distance between 68 km and 3 km from
the closest industrial harbour (Table S2) and between 5 km and
40 km from shore.
2.2.3. Partial drying
The partial drying phase reduces the water content in the

seaweed in order to avoid degradation of biomass. A moisture
content of 20% is achieved in scenarios BioS1, BioL1, ProS1 and
ProL1 which is the standard for commercial dried seaweed (CP
Kelco personal communication). For BioS2 75% of moisture is
required to ensilage the biomass. Energy consumption is modeled
based on grass drying; a process included in the Ecoinvent v3

http://www.mab3.dk


Table 1
LCI of the offshore seaweed cultivation phase showing input of energy and material necessary to cultivate 208 km2 of sea. All values in column 2 are already divided by their
lifetime. Column 5 indicates the composition of the material or type of energy used in the inventory.

Phases Amount U.M./208 km2 Life time Material

Seed line production
Collection of fertile material
Fuel for car 833 L 1 Diesel
Tank for seawater 10 kg 10 PET
Spore release
Plastic jug 21 kg 5 PET
Autoclave 3125 kWh 1 Electricity mix DK
Refrigerator 975 kWh 1 Electricity mix DK
Preparation of collectors
Block of collectors 833 kg 5 PEHD
Kuralon twine 2240 kg 1 Polyvinyl alcohol
Gas 198 kg 1 Natural gas
Seeding of lines
Spray bottle 8 kg 5 PET
Nursery phase
Electricity - Air pump 306 kWh 1 Electricity mix DK
Sand 463 kg 1 Sand
Mechanical filter (1e5 mm) 108 kg 1 Polypropylene
UV filter (Bulb) 0.2 Piece 1 Light emitting diode
Electricity - Water pump 76 kWh 1 Electricity mix DK
Electricity - Sand filter 46 kWh 1 Electricity mix DK
Electricity - UV filter 344 kWh 1 Electricity mix DK
F2 medium 500 L 1 Mix of substances

Deployment of lines
Screw anchor 562 kg 20 Iron
Black buoys 8906 kg 8 Polyethylene
Thin rope 4812 kg 1 Nylon
Concrete block 83,332 kg 20 Concrete
Iron bars 18,750 kg 5 Iron
Cable ties 562 kg 1 Polyamide
Ropes for buoys 1875 kg 1 Polypropylene
Headline rope (HL) 2027 kg 13 Polypropylene
8 mm rope 6875 kg 5 Polypropylene
Concrete block rope 3125 kg 1 Concrete
Boat use 1458 tkm

Maintenance
Boat use 1458 tkm

Harvest
Industrial bags 223 kg 1 Polypropylene

Fig. 2. Offshore seaweed cultivation system. Each cultivation line consists of a seeded line (SL) festooned in U-shaped loops on a horizontal head line (HL).
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database (Weidema et al., 2013). A chopper is used to chop up the
biomass prior ensilage.
2.2.4. The ensilage process
Ensilage is a process for storage of biomass based on the creation



Table 2
Summary of cultivation productivity of Laminaria digitata and Saccharina latissima in
Denmark.

Species Unit

Laminaria
digitata

Saccharina
latissima

Productivity wet weight
Referred to Head Line 9.1 9.1 kg WW/m

HL
Referred to Seeded Line 2.0 2.0 kg WW/m SL
Referred to one cultivation

line
2.0 2.0 Mg WW/line

Referred to hectares 10 10 Mg WW/ha

Productivity dry weight
Referred to Head Line 2.6 1.3 kg DW/m HL
Referred to Seeded Line 0.6 0.3 kg DW/m SL
Referred to one cultivation

line
0.6 0.3 Mg DW/line

Referred to hectares 2.9 1.5 Mg DW/ha
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of an anaerobic condition. In this way, the microorganisms natu-
rally present in the biomass use the water-soluble carbohydrates to
create lactic acid. Accumulation of acids results in a pH reduction to
4e5, which inhibits the growth of spoilage microorganisms. Ensi-
lage is proved to enhance the methane yield of the biomass
(Alvarado-Morales and Angelidaki, 2016; Herrmann et al., 2015).

2.2.5. Transport by truck
Road transport considers the distance from the harbours to

three hypothetical biogas/protein production plants located in
Kalundborg, Blåvand and Maribo. Transport routes are shown in
supplementary materials (Table S2 and Fig. S1). The locations were
selected based on the nearest townwith sufficient infrastructure to
integrate a biogas/protein production plant with the local facilities.
Kalundborg has an interconnected exchange network of energy and
materials from different industrial processes, i.e. the symbiosis
concept (Chertow, 2007). Maribo already has a biogas plant, Nysted
Bioenergy LLC, which could potentially increase the process ca-
pacity to utilize seaweed as feedstock.

2.2.6. Biogas production and use
Biogas production is based on anaerobic fermentation of the

biomass which is converted into a gas fraction (containing 60%
methane, 38% carbon dioxide 0.5% ammonia, 1.2% hydrogen sulfide
and 0.3% water (supplementary materials, Table S4) and a digestate
comprised by unconverted slurry material. Biogas yields are based
on lab analysis of Saccharina latissima dried, ensilage and Laminaria
digitata dried (Table 5) (Alvarado-Morales and Angelidaki, 2016).
The total production of biogas and digestate is shown in Table 6.
Detailed calculations for reactor dimensioning and biogas produc-
tion are presented in the supplementary material (Tables S3 and
S4).

Energy and material consumption for the biogas process is
based on literature data of full scale biogas plants (Naegele et al.,
2012; Langlois et al., 2012). Combustion of biogas takes place at
the biogas plants, in a cogeneration engine with 38% electricity
production efficiency, 42% heat production efficiency and 20% lost
as heat (Thomas and Wyndorps, 2012; Reichhalter et al., 2011).
Electricity and heat are delivered to the grid substituting produc-
tion of Danish electricity mix and district heating according
Ecoinvent v3 database (Weidema et al., 2013).

2.2.7. Digestate
The digestate is temporarily stored at the biogas plant for later

transportation to fields (Table 6). The distance from the three
biogas plants to the fields is based on the area necessary for
digestate application according to the Nitrate Directive (91/676/
EEC), which establishes a limit of 170 kg N/ha. The average dis-
tance varies from 3 to 6 km (supplementary material, Table S5).
Ammonia emissions during storage and application phase are
accounted considering an emission factor of 0.013 during storage
and 0.006 during spreading (DCE, 2014). The use of digestate as soil
fertilizer substitutes the production and use of mineral fertilizers
NPK in a ratio equal to bioavailable NPK in digestate. Only 9.2% of N
and 2.5% of P applied to soil is transferred tomarinewater (Seghetta
et al., 2016b). Of the carbon contained in digestate 10% is considered
undegraded, i.e. conserved after 100 years, increasing the carbon
stored in soil (Morgensen et al., 2014; Petersen et al., 2013)
(Table 3).

2.2.8. Chopping
In the protein production pathways the dried seaweeds are

temporarily stored. At the plant a chopper is used to chop up the
biomass so that it can be conveyed through pipelines with water.
Electricity consumption for the chopper is based on Ecoinvent v3
database (Weidema et al., 2013) (Table 4).

2.2.9. Hydrolysis and microalgae growth
The first step in the processing plant is the hydrolyzation of

seaweed biomass; this process breaks the carbohydrates into sugar
monomers used by microalgae as growth substrate. Enzymatic
hydrolysis releases all available glucose without high temperature
acid pre-treatment (Adams et al., 2009) or milling (Manns et al.,
2016) with 80% conversion efficiency (Hou et al., 2015). The hy-
drolysis occurs in a heated tank where water and enzymes (cellu-
lase and alginate lyase) are added to seaweed and stirred for 24 h
(Supplementary materials, Table S6). It was not possible to retrieve
specific information about production of alginate lyase and cellu-
lase, therefore the impact of their production is excluded from the
analysis. The hydrolysate is transferred to a reactor where the
heterotrophic microalga Chlorella protothecoides grows. Mannitol
and glucose are converted to proteins with a conversion factor of
0.18 g of proteins/g of sugar (D'Este et al., 2016). Protein mass bal-
ance is visualized in Fig. 3 exemplified considering 1000 kg
seaweed DW and composition based on scenario BioS1.

2.2.10. Dewatering
After 7 days, microalgae and unconverted compounds in the

growth reactor are dewatered through a sequence of processes
based on the best available technology (O'Connel et al., 2013).
Firstly a spiral plate centrifuge concentrates the dry matter to
31.5%; secondly a heat assisted rotary pressure filter increases dry
matter concentration to 56% and finally a heat integrated dryer
allows a 95% concentration to be reached (O'Connel et al., 2013).
The final product is a mixture of proteins and unconverted com-
pounds that can be used as a fish feed ingredient (Table 6).

2.2.11. Protein distribution
The end user of the protein-rich ingredient is assumed the fish

feed production facility Aller Aqua A/S located in Christiansfeld,
Denmark (supplementary material, Fig. S1).

Only the protein contained in the fish feed ingredient is
considered substituting soy-based proteins. We do not take into
consideration the different amino acid composition of the proteins
due to lack of information both in seaweed proteins and in Ecoin-
vent Database.

2.3. Selected impact categories and methodologies

We selected a series of impact categories in order to analyze



Table 3
LCI of the three scenarios modeled for the energy production pathway showing inputs and outputs of one cultivation cycle in 208 km2 of sea cultivated with seaweed.

Scenario BioS1 BioS2 BioL1

Item Amount U.M.

Seaweed cultivation
Cultivated area 20,833 20,833 20,833 ha
Transport by boat
Transport 12,672,201 12,672,201 12,672,201 tkm
Partial drying
Water reduction 169,421 84,815 134,342 m3

Ensilage
Electricity consumption 2,461,285 kWh
Storage 123,064 m3

Transport by truck
Transport 259,905 831,695 496,980 tkm
Biogas production
Water to be added 171,812 87,205 462,790 Mg
Lubricant oil 3 3 5 Mg
Agitators - Electricity 403,225 403,225 1,028,493 kWh
Feeding system - Electricity 82,012 82,012 209,185 kWh
Pump - Electricity 11,391 11,391 29,053 kWh
Heat 1,921,725 1,921,725 4,901,681 kWh
Biogas production - Emissions to air
CH4 loss 50,939 62,478 154,712 kg
NH3 loss 439 538 1333 kg
H2S loss 2040 2502 6197 kg
H2O loss 264 324 802 kg
Biogas use (cogeneration)
CHP control unit þ aux power 41,917 41,917 106,917 kWh
CHP compartment fan 20,959 20,959 53,458 kWh
Heating circuit pump 39,297 39,297 100,235 kWh
Emergency cooler fan 23,578 23,578 60,141 kWh
Emergency cooler pump 41,917 41,917 106,917 kWh
Biogas mixture cooler fan 23,578 23,578 60,141 kWh
Biogas mixture cooler pump 36,678 36,678 93,552 kWh
Gas compressor 26,198 26,198 66,823 kWh
Gas cooler 7859 7859 20,047 kWh
Biogas use - Emissions to air
NOx 43,529 53,390 132,208 kg
UHC 71,759 88,014 217,947 kg
NMVOC 2155 2643 6545 kg
CH4 93,524 114,709 284,050 kg
CO 66,803 81,935 202,893 kg
N2O 345 423 1047 kg
Digestate storage and transport
NH3 emissions 12 12 3 Mg
Transport 1,108,005 1,090,379 1,458,398 tkm
Digestate application
Application 199,788 197,416 504,521 Mg
Digestate application - Emissions to air
NH3 5.4 5.4 1.5 Mg
NO2 12.0 11.9 3.3 Mg
Digestate application - Emissions to soil
K 785 785 516 Mg
Zn 1.37 1.37 1.72 Mg
As 0.66 0.66 1.93 Mg
Pb 0.05 0.05 0.02 Mg
Cd 0.04 0.04 0.01 Mg
Cu 0.07 0.07 0.09 Mg
Cr 0.18 0.18 0.04 Mg
Digestate application - Transfer to marine water
N 69.3 68.8 18.8 Mg
P 3.2 3.2 0.7 Mg
Substituted products
Electricity 22,196,499 27,224,630 67,415,385 kWh
Heat 24,532,973 30,090,381 74,511,741 kWh
Fertilizer N 472 469 128 Mg
Fertilizer P2O5-P 130 130 27 Mg
Fertilizer K2O-K 785 785 516 Mg
Avoided emissions
Avoided CO2 carbon sequestration 1253 869 2832 Mg CO2 eq.
Avoided emissions from mineral fertilizer application
To soil
As 0.011 0.011 0.002 Mg
Cd 0.019 0.019 0.004 Mg
Cr 0.162 0.162 0.034 Mg
Cu 0.032 0.032 0.007 Mg
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Table 3 (continued )

Scenario BioS1 BioS2 BioL1

Item Amount U.M.

Pb 0.005 0.005 0.001 Mg
Zn 0.284 0.284 0.060 Mg
K 785 785 516 Mg
To marine water
N 69.3 68.8 18.8 Mg
P 3.2 3.2 0.7 Mg
Seaweed bioextraction
P 137 137 29 Mg
N 796 796 293 Mg
K 785 785 516 Mg
Zn 1.37 1.37 1.72 Mg
As 0.66 0.66 1.93 Mg
Pb 0.05 0.05 0.02 Mg
Cd 0.04 0.04 0.01 Mg
Cu 0.07 0.07 0.09 Mg
Cr 0.18 0.18 0.04 Mg
Avoided N2O 6.28 6.28 2.31 Mg
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different aspects with a view to a circular regenerative economy:

- Climate Change (CC), midpoint category calculated by the
ReCiPe methodology v.1.06 (Goedkoop et al., 2013); impacts
quantified in kg CO2 eq.

- Cumulative Energy Demand, total (CED-T) and fossil (CED-F)
(Frischknecht et al., 2007) expressed in MJ.

- Marine eutrophication (ME), midpoint category calculated by
ReCiPe v.1.06 (Goedkoop et al., 2013), impacts quantified in kg N
eq.

- Phosphorus-limited marine eutrophication (ME-PLim),
midpoint category based on freshwater eutrophication
(Seghetta et al., 2016b), impacts quantified in kg P eq.

- Human toxicity, cancer (HT-C) and non-cancer (HT-NC), calcu-
lated by the USEtox methodology v1.01 (Rosenbaum et al.,
2008). Impacts quantified in comparative toxic units (CTUh),
namely the estimated increase in morbidity in the total human
population per unit mass of chemical emitted, assuming equal
weighting between cancer and non-cancer (Rosenbaum et al.,
2008).

The impact category Climate Change was selected to address the
possibility of the system becoming CO2 neutral or negative, thus
providing climate change mitigation as a service. Bioextraction of
carbon during seaweed growth reduces atmospheric CO2 through a
high exchange rate at the water surface. However, part of the bio-
extracted carbon is released during the conversion processes for
biogas or protein production. In the energy pathway, digestate
application results in an accumulation of carbon in soil lastingmore
than 100 years and therefore causing a net reduction in atmo-
spheric CO2 (Seghetta et al., 2016c).

Cumulative Energy Demand was selected to evaluate the energy
efficiency of the biobased production system. CED-T is direct and
indirect energy used throughout the life cycle and sums the six
energy categories: 1) non-renewable, fossil, 2) non-renewable,
nuclear, 3) non-renewable, biomass (i.e. primary forests), 4)
renewable, biomass, 5) renewable, wind, solar, geothermal, 6)
renewable, water. CED-T is the sum of the six categories, and CED-F
is the fossil fraction of CED-T.

N- and P-limitedMarine Eutrophicationwas selected to evaluate
seaweed production with a view to circular nutrient management
(Seghetta et al., 2016b).

Human toxicity was selected to identify critical flows of micro-
pollutants in order to underpin the need of upcycling technologies
as a risk management tool to avoid externalities in a circular
economy.

3. Life cycle impact assessment

The results for the five scenarios are shown in Table 7.
A scenario showing a value greater than zero indicates an in-

crease of the environmental/health impacts compared to a situa-
tion where no seaweed is cultivated and processed. A scenario
showing a value lower than zero indicates environmental/health
improvement compared to a situation without seaweed cultivation
and processing. In case of cumulative energy demand, a positive
value corresponds to energy consumption while negative value is
avoided energy consumption. The five scenarios present a net
impact reduction on CC, ME and ME-PLim. All scenarios have a net
consumption of energy showed by CED-T while BioL1 is the only
scenario that has a net negative CED-F (Table 7). All scenarios in-
crease the impact on human health for both HT-C and HT-NC except
scenario ProL1 which reduces HT-NC (Table 7).

3.1. Climate change - Fig. 4a

Biogas production from Laminaria digitata dried (BioL1) is the
best performing scenario, scoring �18.7*102 kg CO2 eq./ha, fol-
lowed by ProL1 scenario, �12.3*102 kg CO2 eq./ha (Table 7 and
Fig. 4a). However all scenarios present an impact reduction on
climate change.

In the energy production pathway the most relevant contribu-
tion is substitution of energy corresponding to 67e92% of avoided
impacts, with electricity more relevant than heat (71% of the
avoided impact) due to the fraction of the electricity mix in
Denmark produced by coal combustion. The second most relevant
is the substituted NPK fertilizer due to digestate application on
fields, 3e24% of avoided impacts. Among the impacts, the most
relevant is the cultivation phase which is mainly affected by the
plastic material composing the cultivation lines (Fig. 4a). The
impact of cultivation is the same for the five scenarios since the
material and energy required is independent of the selected spe-
cies. Laminaria digitata achieves a higher impact reduction than
Saccharina latissima mainly due to two reasons: 1) almost double
the content of dry matter, i.e. 28.3% vs 14.8% and 2) higher methane
yield (Table 5) (Alvarado-Morales and Angelidaki, 2016). Higher
production of biogas in BioL1 leads also to higher emissions in the
production and use phase of biogas compared to BioS1 and BioS2,



Table 4
LCI of the two scenarios modeled for the protein production pathway showing inputs and outputs of one cultivation cycle in 208 km2 of sea cultivated with seaweed.

Scenario ProS1 ProL1 U.M.

Item Amount

Seaweed cultivation
Cultivated area 20,833 20,833 ha
Transport by boat
Transport 12,672,201 12,672,201 tkm
Partial drying
Water reduction 169,421 134,342 m3

Transport by truck
Transport 259,905 496,980 tkm
Chopping
Chopping machine 3 3 p
Electricity consumption 769,152 1,470,743 kWh
Storage 38,458 73,537 m3

Hydrolysis
Agitators consumption - Electricity 28,591 54,671 kWh/yr
Feeding system consumption - Electricity 5815 11,120 kWh/yr
Slurry pump consumption - Electricity 808 1544 kWh/yr
Heat consumption 136,264 260,558 kWh/yr
Microalgae growth
CaCl2 0.8 1.6 Mg
Ca(NO3)2 1.7 3.2 Mg
MgSO4 4.2 0.4 Mg
EDTAFeNa 0.2 0.4 Mg
H3BO3 0.2 0.4 Mg
NaNO3 6.6 12.7 Mg
Na2HPO4 3.0 5.7 Mg
Agitators consumption - Electricity 223,046 426,500 kWh/yr
Feeding system consumption - Electricity 45,365 86,746 kWh/yr
Slurry pump consumption - Electricity 6301 12,048 kWh/yr
Net water consumption 61,870 118,305 Mg
Dewatering
Spiral plate centrifuge - Electricity 315,703 603,675 kWh/Mg DW
Rotary pressure filter - Electricity 1,934,504 3,699,085 kWh/yr
Heat dryer - Electricity 13,094,263 25,038,353 kWh/yr
Protein distribution
Transport - truck 6,658,279 12,731,710 tkm
Substituted producs
Protein - soy 4535 8259 Mg
Services
CO2 sequestration 25,720 48,762 Mg CO2 eq.
Seaweed Bioextraction
P 137 29 Mg
N 796 293 Mg
K 785 516 Mg
Zn 1.37 1.72 Mg
As 0.66 1.93 Mg
Pb 0.05 0.02 Mg
Cd 0.04 0.01 Mg
Cu 0.07 0.09 Mg
Cr 0.18 0.04 Mg
Avoided N2O emissions 6.28 2.31 Mg

Table 5
Parameters utilized for calculation of methane yield in the three scenarios.

Scenario Species Storage method Methane yield Total solid Volatile solid

mL CH4/g VS % of FW % of TS

BioS1 S. latissima Dry 258.82 14.8% 62%
BioS2 S. latissima Silage 317.45 14.8% 70%
BioL2 L. digitata Dry 308.19 28.3% 91%
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mainly due to the emissions of uncombusted methane in the
cogeneration process. The ensilage process in scenario BioS2 results
in a better performance of scenario BioS1 due to a higher methane
yield (þ23%, Table 7) showing a promising application of this
technology for biogas production.

In the protein production pathway the most relevant contribu-
tion is the temporary sequestration of carbon in the protein-rich
fish ingredient. Here the balance between CO2 uptake during
seaweed growth and CO2 released during heterotrophic growth of
microalgae is accounted for, plus organic compounds accumulated
in microalgae biomass (e.g. proteins). Not all compounds present in
the microalgae biomass have been quantified by the laboratory
analysis so this value has to be considered conservative. The carbon
sequestration in scenarios BioS1, BioS2 and BioL1 is much lower



Table 6
Total production of seaweed in dry weight (DW) and wet weight (WW), biogas, methane content, digestate, fish feed ingredient (5% moisture content) and protein content for
208 km2 of sea cultivated with seaweed.

Seaweed Seaweed Biogas Methane Digestate Fish feed ingredient Proteins

Mg FW Mg DW Eþ3 m3 Eþ3 m3 Mg WW Mg WW Mg DW

BioS1 207,879 30,766 9070 5442 199,798 e e

BioS2 207,879 30,766 11,125 6675 197,426 e e

BioL1 207,879 58,830 27,548 16,529 504,524 e e

ProS1 207,879 30,766 e e e 33,939 4535
ProL1 207,879 58,830 e e e 64,896 8259

Fig. 3. Mass balance for protein and sugars within the protein production plant based on lab scale analysis (D'Este et al., 2016). Sol. Glucose and Sol. Mannitol represent the sugar
fraction in solution after the hydrolysis process.
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than ProS1 and ProL1 since in the first case the microbial degra-
dation of the organic matter during 100 year after the application of
digestate on fields is considered. The second most relevant
contribution in ProS1 and ProL1 scenarios is the substitution of soy
protein accounting for 27% of the total negative values. Among the
impacts, dewatering of microalgae is themost significant (35e50%).
The significant energy consumption in this phase is a known
constraint for microalgae industry (O'Connel et al., 2013) which
limits the sector development.

Biogas production is a better exploitation strategy than protein
production for Laminaria digitata dried (BioL1) due to higher
avoided impacts related to energy compared to protein. For Sac-
charina latissima there is not a significant difference between the
energy and protein production pathways, however BioS2 is the best
performing scenario.
3.2. Total cumulative energy demand - Fig. 4b

The total cumulative energy demand shows that all scenarios
are net energy consumers with the best energy balance achieved by
scenario BioL1,1.7*104MJ/ha, followed by BioS2, 2.5*104MJ/ha, and
ProL1, 4.3*104 MJ/ha (Table 7). All scenarios show the significant
impact of seaweed drying contributing for 56e73% of energy con-
sumption (Fig. 4b). Scenarios BioS1 and ProS1 are the highest
consumer due to lower organic matter content compared to BioL1
and ProL1. Ensilage (BioS2) represents an alternative storage
method able to reduce energy consumption for drying of 50% due to
higher moisture content in ensilage than in dried seaweed, i.e. 75%
vs 20%. The avoided energy consumption in ProS1 is comparable to
BioS1 and BioS2, but the dewatering of microalgae increases the
total energy consumption creating a significant disadvantage for
the protein production pathway.

3.3. Cumulative fossil energy demand - Fig. 4c

The fossil energy fraction is 26e41% of total energy consump-
tion. BioL1 has the best balance (�1.9*104 MJ/ha) between fossil
energy consumed (�3.8*104 MJ/ha) and fossil energy saved
(1.9*104 MJ/ha). In BioS1 and BioS2 the gap between energy used
and energy substituted is reduced because the drying process
consumesmainly energy from biomass combustion (Fig. 4c). Also in
ProS1 and ProS2 the fossil energy consumption from drying is
negligible, but they result as net energy consumers because avoi-
ded soy protein production is mostly based on renewable sources.
The cultivation phase is the most energy intensive process in all
scenarios (58e89%), due to production of materials of which the
cultivation lines are made. In the protein production pathway, the
dewatering phase has a significant contribution since it consumes
electricity form the Danish mix. Our results are based on ecoinvent
v3 (Weidema et al., 2013) which considers the Danish electricity
production and supply mix referred to 2011, i.e. about 70% of
electricity is based on fossil fuels (Itten et al., 2014). The fossil share
increases to 84% when considering the total cumulative demand.
The development of wind energy in Denmark is expected to
improve the results in scenarios ProS1 and ProS2.

3.4. Marine eutrophication - Fig. 4d

The major contribution to reduction in ME, 57e92% of avoided
impacts, is bioextraction of nitrogen during seaweed growth



Fig. 4. Results of life cycle impact assessment of the biogas production from Saccharina latissima dried (BioS1) and ensilage (BioS2), biogas production from Laminaria digitata dried
(BioL1), protein production from Saccharina latissima dried (ProS1) and Laminaria digitata dried (ProL1). The functional unit considered is 1 ha of sea cultivated with seaweed.

Table 7
Results of Life Cycle Impact Assessment for seven impact categories: climate change (CC), Cumulative Energy Demand - total (CED), Cumulative Energy Demande fossil energy
(CED-F), Marine eutrophication (ME), P-limited Marine eutrophication (ME-PLim), Human toxicity e cancer (HT-C), Human toxicity e non cancer (HT-NC). The results concern
a functional unit of 1 ha of sea cultivated with seaweed.

FU 1ha CC CED-T CED-F ME ME-PLim HT-C HT-NC

Eþ2 kg CO2 eq. Eþ4 MJ Eþ4 MJ kg N eq. kg P eq. E-4 CTUh E-4 CTUh

BioS1 �2.6 5.2 0.3 �37.7 �6.7 2.0 37.1
BioS2 �4.0 2.5 0.1 �37.8 �6.7 1.9 31.1
BioL1 �18.7 1.7 �1.9 �13.6 �2.1 1.5 45.0
ProS1 �3.0 5.9 2.2 �43.4 �6.5 2.3 23.8
ProL1 �12.3 4.3 2.6 �24.0 �1.5 2.2 20.6
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(Fig. 4d). BioS1, BioS2 and ProS1 perform significantly better than
BioL1 and ProL1 due to the higher content of nitrogen in Saccharina
latissima compared to Laminaria digitata, i.e. 2.6% of DWand 0.5% of
DW respectively (Manns et al., 2014). In the energy pathway the
avoided production of electricity and heat is negligible while in the
protein pathway the avoided production of soy proteins has a sig-
nificant contribution, i.e. 13% in ProS1 and 43% in ProL1. The
contribution of the avoided production of soy proteins results in the
best performance of scenario ProS1 scoring �43.4 kg N eq./ha. In
scenarios BioS1, BioS2 and BioL1 the avoided production and use of
NPK fertilizers is counterbalanced by the transfer of N from agri-
cultural fields, where digestate is applied, to marine waters.

3.5. Phosphorus-limited marine eutrophication - Fig. 4e

All scenarios present a mitigation of eutrophication of phos-
phorus limited marine waters, BioS1 and BioS2 were determined to
be best scenarios scoring �6.7 kg P/ha. The major contribution to
the avoided impacts is the bioextraction phase during seaweed
growth. Higher content of phosphorus in Saccharina latissima
compared to Laminaria digitata (0.44% and 0.05% of DW respec-
tively (Supplementary Material Table S1)) makes scenarios BioS1,
BioS2 and ProS1 two times better than scenarios BioL1 and ProL1.
Substitution of electricity and heat is particularly relevant for sce-
nario BioL1 (38%) due to the substituted share of coal-based elec-
tricity. In scenarios ProS1 and ProS2 the avoided production of soy
proteins is offset by the electricity consumption for dewatering
microalgae.

3.6. Human toxicity e cancer e Fig. 4f

In the human toxicity e cancer category, the best performing
scenario is BioL1 which scores 1.5*10�4 CTUh/ha. All scenarios are
equally affected by the impacts of cultivation phase, mainly due to
iron bars that keep the lines submerged. According to Ecoinvent v3
database (Weidema et al., 2013) iron production emits chromium
VI to the water compartment, increasing human toxicity e cancer
as calculated by USEtox. The secondmost significant contribution is
digestate application, 0.1e0.3*10�4 CTUh/ha, which increases hu-
man toxicity due to spreading of heavy metals on fields. Arsenic is
more relevant in BioL1 than BioS1 and BioS2, since Laminaria dig-
itata has a higher As content than Saccharina latissima, i.e.
3.3*10�5 kg/kg DW and 2.2*10�5 kg/kg DW seaweed (Manns et al.,
2014).

Bioextraction during seaweed growth reduces the impacts for
all scenarios, ranging from �0.1*10�4 to �0.3*10�4 CTUh/ha.
Arsenic is the heavy metal with the highest impact on human
toxicity cancer.

The protein production pathway is affected mainly by seaweed
cultivation and microalgae dewatering, while substitution of pro-
teins has a negligible effect on the final result. Among the two
scenarios for protein production, ProL1 provided the best results.
However in this assessment we do not quantify the effect of fish
feed consumption. We qualitatively discuss the concentration of
heavy metals in fish feed in Section 4.1.

It should be mentioned that when considering 208 km2 of
cultivation in Denmark, an increase in risk of cancer of 3e5 CTUh,
i.e. 3e5 more cases of cancer in the total world human population,
is obtained.

3.7. Human toxicity e non cancer e Fig. 4g

Human toxicity e non cancer shows that the best scenarios are
from protein production pathway: ProL1 20.6*10�4 CTUh and ProS1
23.8*10�4 CTUh/ha. Cultivation of 208 km2 of Danish water results
in 43e50 more morbidities in the human population than a sce-
nario without seaweed.

In the energy production pathway digestate application is the
most relevant contribution (75e85% of the impacts) due to arsenic
and zinc release on agricultural soil. The amount of metals bio-
extracted from seawater and released on soil is the same; however
an emission of arsenic on agricultural soil has a higher impact on
human toxicity since the population is more exposed through
different pathways (Rosenbaum et al., 2008). As a result the
digestate application has a higher impact than what bioextraction
can avoid (Fig. 4g).

The substitution of soy proteins has an impact on human
toxicity explained by the fact that the soy plant extracts zinc from
soil during the cultivation, similarly to the bioextraction process of
seaweed in seawater. Avoiding this process turns the protein sub-
stitution in a contribution to the total impact. As mentioned before,
the impact of heavy metal through fish feed ingestion is not
quantified in the analysis. However we discuss it qualitatively in
Section 4.2.

In all scenarios the second most significant process is partial
drying (12e35% of impact): the combustion of wood to produce
heat releases zinc to soil and air according to the Ecoinvent v3
database (Weidema et al., 2013).

4. Discussion

4.1. Limitations regarding the heavy metals content in fish feed
ingredient

Maximum concentration of heavy metals in animal feed is
regulated by Directive 2002/32/EC: lead 10 mg/kg, cadmium 1 mg/
kg and arsenic 40 mg/kg. We compared estimated concentrations
in protein-rich fish feed for scenarios ProS1 and ProS2 (Supple-
mentary material, Table S7). In the case of lead, all the scenarios are
below the threshold: 1.4 mg/kg for ProS1 and 0.3 mg/kg for ProL1.
For cadmium, ProS1 is just above the threshold (1.1 mg/kg) while
ProL1 is below (0.1 mg/kg). For arsenic, both scenarios are below
the threshold: 19.6 mg/kg for ProS1 and 29.8 for ProL1. The com-
parison show that both scenarios produce a fish feed ingredient
that can be used without endangering human health according to
directive 2002/32/EC.

4.2. Limitations regarding the heavy metal content in digestate

The Danish Statutory Order no. 1650 (86/278/EEC) sets thresh-
olds for concentration of heavy metals in sewage sludge when used
in agriculture. We utilize these as an indication about the feasibility
of applying seaweed digestate on Danish agricultural soil. Among
the regulated heavy metals in the Danish statutory order (Pb, Cd,
Zn, Cu and Cr) only Cd is over the thresholds (0.8 mg/kg DW) in
scenario BioS1 (1.9 mg/kg DW) and BioS2 (2.2 mg/kg DW)
(Supplementary material, Table S8). However, when considering
the directive 86/278/EEC the cadmium is below the threshold,
40 mg/kg DW. A method to reduce the heavy metals concentration
(in particular Cd) in the digestate is the technology Bionorden
(Thomsen and Johansen, 2012). Through oxidation and sedimen-
tation processes, this technology separates the digestate into a
liquid humic fertilizer and a silicate fraction containing between 79
and 96% of the heavy metals of the digestate. This technology
dramatically reduces impact on human toxicity non cancer of sce-
nario BioS1 (�74%), BioS2 (�89%) and BioL1 (�71%). However the
increased energy consumption is a drawback that increases the
impacts in all the other categories analyzed (Supplementary
Material Table S9). For example the scenario BioS1 would in-
crease the impact on climate change from �2.6*102 kg CO2 eq. to
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4.1*102 kg CO2 eq (Supplementary Material Table S9) losing the
mitigating service provided.

4.3. Cultivation technology improvements

The systems analyzed are still in the developmental stage
therefore major improvements are expected also in the cultivation
phase. A critical parameter highlighted in the analysis is the dry
matter produced in 1 ha. An increase in productivity would reduce
the relative impacts of the cultivation phase due to increased
output of energy or proteins (Seghetta et al., 2016a). Values re-
ported in literature estimate a production varying from 16.7 Mg
WW/(ha*yr) (Hansen, 2013) to 40 Mg WW/(ha*yr) (Peteiro and
Freire, 2013) for Saccharina latissima cultivation in Denmark and
Spain which means from 2 to 4 times higher than the one consid-
ered in this analysis. Genetic improvement of seaweed biomass is
another available method to enhance the characteristics with
market demand (Robinson et al., 2013) for example the concen-
tration of sugars or proteins.

The design of seeded lines can be further improved substituting
the 8 mm ropes and iron weight with a stone-filled rope tested in
Limfjorden, Denmark. This results in a significantly lower impact on
human toxicity cancer thanks to avoided emissions of chromium
from the iron production: BioS1 0.1*10�4CTUh, BioS2
0.002*10�4CTUh, BioL1 -0.4*10�4CTUh, ProS1 0.4*10�4CTUh, ProL1
0.3*10�4CTUh (Supplementary Material Table S10).

4.4. Protein concentration

The protein concentration in the fish feed ingredient is
approximately 14e15% of the total biomass input. Other studies
have shown that microalgae can achieve higher protein yield than
the present study (Reis et al., 2014). This can be seen as a drawback
of the modeled system unless we put the results in perspective. The
aim of the lab scale experiment is to demonstrate the feasibility of
increasing the protein production from seaweed biomass. This
result was achieved successfully. The second aim was to produce a
protein rich fish feed ingredient. This can be further optimized by
adding a series of separation steps to concentrate the protein in the
final product. At the moment there are no available data to model
such scenario. Moreover, tests should be performed on fish in order
to evaluate whether the seaweed compounds can act as health
enhancer. Therefore, given the innovative nature of the analysis, the
results of this paper show that protein production from seaweed
can be enhanced and the environmental performance of the pro-
cess is comparable with other vegetable sources.

4.5. Land use change

A peculiar feature of offshore seaweed cultivation is the avoided
occupation of productive land. This is a significant advantage
compared to first and second generation biofuels. However, in this
paper we did not integrate the land use change in the LCA analysis.
Such integration is expected to improve the performance of sce-
narios ProS1 and ProL1, which consider the substitution of soy-
based proteins. Given the innovative nature of the present paper,
we decided not to include the analysis to avoid introducing a
further element of uncertainty affected both by lack of data and by
lack of standard methodology to quantify the impact on marine
areas occupation (Taelman et al., 2014).

4.6. Sensitivity analysis

A sensitivity analysis was performed in order to evaluate the
variation of the impact scores when applying a perturbation on key
parameters. The selected parameters were: seaweed productivity,
sugar-to-protein conversion factor (PCF) and methane yield (CH4
yield). A perturbation of ±25% on the three parameters was applied.
The results are shown in Fig. 5.

The performances of all scenarios in the climate change impact
category are improved when considering a increase of the key
parameters. Increase of methane yield or seaweed productivity
provide the same result in scenarios BioS1, BioS2 and BioL1; the
latter showing a more marked improvement due to the higher
amount of seaweed dry weight produced per hectare compared to
BioS1 and BioS2. Increase in PCF does not produce significant re-
sults variation in scenario ProS1. In ProL1 instead, since the amount
of organic matter per hectare is higher than ProS1, the perturbation
is more marked. As expected, an increase in PCF results in an
improved performance of scenario ProL1.

The score of the cumulative energy demand e total increases
with higher seaweed productivity. This is related to increased en-
ergy used in the drying phase that offsets the higher methane
production. Only in scenario BioL1 a balance between increased
energy consumption and increased energy saving is obtained,
resulting in a negligible difference with the base case score. When
increasing the methane yield, more energy can be substituted,
therefore an improved performance of scenarios BioS1, BioS2 and
BioL1 is observed. The variation in PCF does not produce significant
variations in scenarios ProS1 and ProL1.

The cumulative energy demande fossil is less dependent on the
drying phase, which is based on renewable sources, therefore the
increase of methane yield and seaweed productivity produces
similar variations on the final score. Regarding scenarios ProS1 and
ProS2, a variation of seaweed productivity and PCF does not pro-
duce significant perturbation in the final score.

In the marine eutrophication impact category an increase in
seaweed productivity improves the performance of all scenarios
since more nitrogen is bioextracted during the seaweed growth.
Methane yield does not affect significantly the scores. Increased
PCF generated more proteins resulting in a better performance of
scenarios ProS1 and ProL1 compared to the base case. Identical
pattern is observed for the marine eutrophication e PLim impact
category.

The human toxicity e cancer impact category is not affected
significantly by any perturbation of key parameters. This is due to
the dependence on the material requirements in the cultivation
phase, as explained in Section 3.1.6.

In the human toxicity e non cancer impact category, an
increased seaweed productivity generates more digestate produc-
tion which is spread on soil. As explained in Section 3.1.7, the
increased heavy metals spreading results in a worsening of the
performance for all scenarios. Methane yield variation does not
provide significant perturbation in the score. PCF variation is sig-
nificant in scenario ProL1, where an increased substitution of soy
proteins decrease the performance of the scenario.

5. Conclusions

We analyzed two pathways for production of energy or proteins
consisting of five scenarios based on exploitation of offshore
cultivated seaweed. The energy pathway, i.e. scenario BioL1,
showed better performance in climate change, total and fossil cu-
mulative energy demand. However, all scenarios provided services
in terms of mitigation of climate change. There is not a significant
difference among the five scenarios regarding marine eutrophica-
tion and marine eutrophication phosphorus limited, and they all
provide services in terms of mitigation of eutrophication. Human
toxicity cancer identifies BioL1 as the best scenario but all scenarios
can further reduce their impact (84e128%) by technical



Fig. 5. Results of life cycle impact assessment of the biogas production from Saccharina latissima dried (BioS1) and ensilage (BioS2), biogas production from Laminaria digitata dried
(BioL1), protein production from Saccharina latissima dried (ProS1) and Laminaria digitata dried (ProL1) when applying a variation of ±25% on methane yield (CH4 yield), sugar-to-
protein conversion factor (PCF) and seaweed productivity per hectare. The functional unit considered is 1 ha of sea cultivated with seaweed.
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improvement in seeded line design. Human toxicity non cancer
shows advantage in protein production pathway, scenarios ProL1
and ProS1. Even if human toxicity cancer and non-cancer categories
show a net impact, the heavy metals concentration in digestate and
protein-rich fish feed ingredient are below the thresholds of Danish
regulations, therefore should not represent a significant threat to
human health. Further research is needed to quantify the impact on
human toxicity when fish is fed with the seaweed based ingredient,
identifying the assimilated fraction of the heavy metals and the
bioaccumulation. Special focus should be dedicated to arsenic
speciation analyses.

At a scenario level, ensilage of seaweed (BioS2) performs better
than drying (BioS1) in all impact categories due to higher methane
yield and lower electricity consumption in drying phase, suggesting
use of ensilage also for Laminaria digitata in order to improve
performance of scenario BioL1. Seaweed drying and microalgae
dewatering are two processes that need further optimization in
order to reduce impacts in all categories analyzed. Upon
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improvement of the dewatering phase, the innovative protein
production from microalgae can compete with conventional pro-
duction of soy protein and reduce pressure on wild fish catches for
production of fish meal. It has to be mentioned that we did not
analyze the lipid content in the microalgae biomass, which could
represent a valuable co-product of protein production in a similar
fashion to soy protein industries.
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