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A B S T R A C T

The growing demand of food and energy requires innovative and sustainable so-
lutions. Macroalgae are an unexploited resource with multiple uses that could be
part of these solutions in Denmark; however, there is a lack of knowledge about
the sustainability of large scale utilization of this biomass.

For this reason, this thesis evaluated and compared the environmental impacts
of two macroalgae based products, biogas and protein-rich fish feed, through a
Life Cycle assessment.

A combination of two species of macroalgae,i.e. Laminaria digitata and Saccharina
latissima, and two alternative pretreatments,i.e. drying and ensiling, have been
chosen to model five scenarios: B1, B2, B3 for the production of biogas and P1 and
P2 for the production of the protein-rich fish feed ingredient.

Our results showed that the production of biogas from dried Laminaria digitata
(scenario B1) had the best performance in Climate Change (−37.4 · 106 kg CO2

eq.),Freshwater eutrophication (−2.41 · 105 kg P eq.), Total energy requirement
(5.62 ·108 MJ), Non renewable energy requirement (−2.04 ·108 MJ), Human toxicity
cancer (3.51 CTUh) ranked second in Marine eutrophication category and last in
Non cancer human toxicity.

Overall, the performance of Laminaria digitata scenarios (B1 and P1) was better
than the correspondent Saccharina latissima scenarios, thanks to the higher dry
matter content of the first species.

The optimization of the cultivation phase, which resulted as the main energy
consumer and the main responsible of the impact on carcinogenic human toxicity,
and the reduction of heavy metal content through implementation of innovative
technologies,i.e. Bionorden technology, could further reduce the impact on non
cancer human toxicity in scenarios B1, B2 and B3.
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L E M A C R O A L G H E C O M E N U O VA F O N T E D I E N E R G I A E
M A N G I M I I N D A N I M A R C A : VA L U TA Z I O N E D E G L I I M PAT T I
A M B I E N TA L I U T I L I Z Z A N D O L A M E T O D O L O G I A L C A

Le macroalghe sono una risorsa utilizzata da secoli e che ultimamente ha genera-
to molto interesse in settori diversi, dall’alimentazione alla farmaceutica, fino al
settore energetico. Due delle possibili applicazioni sono la produzione di biogas e
di un ingrediente proteico da utilizzarsi in acquacoltura. Considerando il trend di
crescita della popolazione globale e del consumo pro capite di energia, utilizzare
le macroalghe come fonte di energia e mangimi in sostituzione delle risorse attual-
mente sfruttate a questo proposito, ovvero combustibili fossili e soia, sembra poter
essere una soluzione più sostenibile e meno impattante sull’ambiente.

A questo proposito, la metodologia LCA -Life Cycle Assessment- è stata scelta
per la valutazione dei principali effetti sull’ambiente, sulla salute umana e del-
l’efficienza energetica della produzione di energia da macroalghe oppure di un
ingrediente proteico per l’acquacoltura. Si è deciso di valutare gli impatti sul cam-
biamento climatico, sull’eutrofizzazione marina e di acqua dolce, sugli effetti can-
cerogeni e non cancerogeni sulla salute umana, il consumo di energia totale e il
consumo di energia non rinnovabile.

Abbiamo perciò definito cinque possibili scenari da valutare e confrontare, che
differiscono per la specie di alga utilizzata (Laminaria digitata o Saccharina latissima),
il pretrattamento dell’alga (essiccamento o insilaggio) e il prodotto finale (energia
da biogas o ingrediente proteico).

Siccome le produzioni che abbiamo considerato non sono attualmente imple-
mentate a livello industriale, abbiamo utilizzato una combinazione di dati reali,
dati di letteratura e di laboratorio quanto più locali per la progettazione della ca-
tena produttiva. La produzione di energia da biogas consiste nella coltivazione in
mare delle macroalghe, la loro raccolta, pretrattamento e trasporto all’impianto do-
ve sono convertite in biogas tramite un processo di digestione anaerobica. Il biogas
prodotto viene utilizzato in un impianto di cogenerazione per produrre energia
elettrica e energia termica, mentre il digestato (ovvero la parte non trasformata in
biogas) viene utilizzato come fertilizzante.

La produzione dell’ingrediente proteico per l’acquacoltura ha in comune con la
produzione di biogas le fasi di coltivazione, trasporto e pretrattamento; successiva-
mente, le alghe vengono trasportate all’impianto di processamento dove vengono
idrolizzate. L’idrolizzato di macroalghe viene utilizzato in un secondo bioreattore
come substrato per la crescita eterotrofica delle microalghe. La microalga Chlorella
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prototecoides utilizza gli zuccheri della macroalga per crescere e produce in questo
modo ulteriori proteine. Quando la microalga termina la fase di crescita esponen-
ziale il mix di micro e macroalghe viene seccato fino a un contenuto di umidità
del 5%, coerentemente con gli ingredienti per la produzione di mangimi per pesci.

I risultati della valutazione dei cinque scenari mostrano che il modo più effi-
ciente e meno impattante di utilizzare le macroalghe è la produzione di energia
utilizzando la specie Laminaria digitata. La stessa specie in generale ha una perfor-
mance migliore rispetto a Saccharina latissima in tutti gli scenari. Tutti gli scenari
considerati, in ogni caso, risultano una migliore alternativa rispetto alle produ-
zioni convenzionali basate su combustibili fossili e estrazione di proteine da soia.
Oltre agli aspetti valutati nell’LCA, le coltivazioni di macroalghe hanno il vantag-
gio di essere una risorsa ancora poco sfruttata e non in competizione con il settore
alimentare.

Mentre combustibili fossili e soia presentano un problema di sovrasfruttamento
delle risorse, le macroalghe possono offrire una nuova fonte rinnovabile di energia
e proteine.

In ogni caso, essendo l’uso delle macroalghe un settore in via di sviluppo, ci
sono ampi margini di miglioramento che dovranno essere studiati e valutati.
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1
I N T R O D U C T I O N

The human population has been increasing every year and is expected to reach 9.6
billion by 2050 (UN United Nations and Social Affairs, 2013); this has led and will
lead to an increasing food demand, together with an increasing energy require-
ment.
Their production has followed the same pattern (World Bank Group, 2015), gener-
ating environmental issues which have to be solved.

The solutions to these two rising demands should assure their sustainability on
the long term, and avoid or at least mitigate the global and local environmental
issues.

For these reasons, new sources and pathways to answer these challenges are
studied all around the world.

In Denmark, the possibility of using algae as feedstock for energy and food
production (the biorefinery concept) and having at the same time a mitigation
effect on two major environmental problems (i.e. climate change and nitrogen
and phosphorus cycle perturbation), has gained increasing attention (Bjerre et al.,
2013).

The production of biogas and high-protein fish feed ingredient are two of the
possible uses of algal biomass, which are analyzed in this research project.

Algae have the potential to be part of the solution to both the problems of en-
ergy and food; however, would its use really be environmentally sustainable?

1.1 the planetary boundaries framework

The planetary boundaries concept has been presented as a “framework for achiev-
ing global sustainability and for avoiding irreparable damage to planetary systems
and the societies that they support” (Hughes et al., 2013).

They consider the planet’s biophysical subsystems and processes that, due to
human pressure, could determine a shift in the stable environmental state of
the Earth, called also “the safe operating space for humanity” (Rockström et al.,
2009a).

Nine Earth-system processes have been characterized, and for seven of them a
threshold has been defined (see Figure 1): climate change, rate of biodiversity loss,
nitrogen and phosphorus cycle, ocean acidification, stratospheric ozone depletion,
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2 introduction

global freshwater use, change in land use and, yet not quantified, chemical pollu-
tion and atmospheric aerosol loading (Rockström et al., 2009a).

Figure 1: The nine planetary boundaries: the green shade represents the safe operating
space, whereas the red shade shows the estimate current position for every
boundary. Figure from (Rockström et al., 2009a).

The burdens on two of these boundaries, i.e. climate change and nitrogen and
phosphorus cycles, can be reduced by the use of the macroalgae, through a re-
cycling of carbon dioxide, nitrogen and phosphorus.

Climate change is one of the most famous and addressed boundary; whereas
the carbon cycle is heavily altered by the emissions of CO2 that was previously
stored in the underground as fossil fuels (Falkowski et al., 2000), macroalgae col-
lect the carbon through the photosynthesis process without affecting the buried
reserves of carbon.

The alteration of the nitrogen cycle is linked to the huge amount of unreactive
nitrogen N2 that is fixed and therefore converted to biologically available nitrogen
forms by the human activities (e.g. industry and agriculture) (Vitousek et al., 1997;
Rockström et al., 2009b); locally, the modification of the N cycle is responsible for
the eutrophication of lakes, rivers and coastal seawaters (Rockström et al., 2009b).

The phosphorus cycle has its main reserve pool in the finite P-rich mineral de-
posits, many of which are currently the target of an intense mining activity; the
final ecological fate of phosphorus is the aquatic environment, where in geologi-
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cal times the sediments will reform the mineral deposits of phosphorus (Childers
et al., 2011).

The macroalgae bioextraction of nitrogen and phosphorus from the seawater
reduces the amount of nutrients in the sea and creates at the same time a flow
to other environmental compartments, i.e. soil and biosphere, where they can be
used in place of the nitrogen and phosphorus extracted from the atmosphere and
the rocks. In this way macroalgae can be seen as a valuable instrument for the
creation of circular flow and sustainable use of resources.

1.2 the energy challenge

The growth of the worldwide population, together with the increasing electric
power consumption per capita and energy use per capita (World Bank Group,
2015), represents a challenge for the energy sector.

Currently, around 80% of the worldwide energy consumptions are covered by
fossil fuels (World Bank Group, 2015), but, as underlined by IPCC (Pachauri et
al., 2014), the fossil fuels are responsible for around 78% of the total emissions of
CO2, and are therefore extremely likely to be one of the principal causes of global
warming.

The acknowledgement of climate change and its potential irreversible and seri-
ous effects on the natural and anthropic environment (Pachauri et al., 2014); and
previous reports) has led to international agreements (e.g. the Kyoto protocol) and
national policies that aim to reduce the emissions of greenhouse gases (GHGs)
and support non-fossil sources of energy.

In this direction, in the 2020 Energy Strategy (EC DG ENER, 2011) the European
Union has defined the goals that the member states have to achieve by 2020 in
terms of reduction of GHGs emissions, energy efficiency and development of re-
newable energy sources. In the EU, at least a 20% increase has to be reached in
both energy savings and share of renewables, and at least a 20% reduction has to
occur in GHGs emissions; moreover, all the EU countries intend to reach a 10%
share of renewable energy in the transport sector.

More ambitious goals are further developed for 2030, aiming for 40%, 27% and
27% of GHGs reduction, energy savings and renewables share, respectively (EC,
2014).

The purpose of the 2030 climate and energy framework is to drive continued
progress towards a low-carbon economy and keep the European Union on the
right path to its objective of reducing the GHGs emissions of 80% by 2050 (EC,
2011).
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Denmark, which has one of the most ambitious reduction goals of the world, has
set a 40% reduction target by 2020, and aims to have all the energy supply based
on renewable energy by 2050, including the transport sector; for this purpose, by
2030 the national heating demand will be completely covered by renewable en-
ergies, and by 2035 the electricity sector will be included as well (The Danish
Government, 2013).

To achieve the targets, the Danish sectors of energy, transport, agriculture and
environment have integrated climate change mitigation in their policies.
The Energy Agreement (Danish ministry of climate, energy and building, 2012)
states how the energy sector will contribute to the shift to a low-carbon economy
and which initiatives will be developed by 2020. One of them is the implementa-
tion of an ambitious plan for biogas expansion through an increase in subsidies
and funding; thanks to this advantageous framework, the biogas production is
expected to double by 2020 (Biogas Taskforce, 2013).

However, to boost this expansion it is necessary to overcome the barriers that are
currently preventing this source from becoming a large-scale sustainable substitute
of fossil fuels (Ministry of Climate, Energy and Building, 2013).

First, the use of biogas for heat production has to reach a lower price in order to
be competitive with other solutions such as heat pumps or solar heating. Second,
the financial uncertainty of the biogas plants, due to fluctuating price of natural
gas and indirect subsidies, has to be solved (Biogas Taskforce, 2013). Last, an in-
crease of biogas production will require to find a suitable biomass to supplement
slurry (Biogas Taskforce, 2013), but the feedstocks currently available are either
unsustainable or cost-inefficient (Carriquiry et al., 2011; Naik et al., 2010).

1.2.1 Biofuel generations

The production of biofuels, including biogas, can be obtained by different types of
biomasses.

The “first-generation” biofuels are produced from food crops such as corn, rape-
seed, wheat, palm oil (UNEP, 2009). The main issue of this feedstock is the com-
petition between energy and food use of the crops, which causes an increase in
the food price and therefore negatively impacts food security (Petrou and Pappis,
2009; Mohr and Raman, 2013; Havlík et al., 2011).

Moreover, land-use change is a concerning consequence of “first generation” bio-
fuels expansion, due to the deforestation of vast areas to leave space to the energy
crops (Havlík et al., 2011).
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The feedstocks of “second-generation” biofuels are cellulosic energy crops such
as miscanthus and willow, agricultural forestry residues or co-products such as
wheat straw and woody biomass (Mohr and Raman, 2013).

These feedstocks do not undermine food security if they are collected in lands
not suitable for food production and if they cannot be used as feed for animals
(e.g. straw) (Mohr and Raman, 2013); however, the high cost of feedstock conver-
sion can be a significant barrier to their diffusion (Carriquiry et al., 2011).

The “third-generation” of biofuels uses algae and microorganisms such as fungi
and yeasts as feedstock for the production of fuels (Singh et al., 2011). The use of
algae seems to overcome both the food-competition issue and the land occupation
problem affecting the first generation, since they can be cultivated in lakes or in
the ocean, and their food use is restricted to some species of algae whereas others
are currently unexploited.

Third-generation biofuels could represent a more sustainable energy source and
the potential and challenges of these productions are currently studied.

1.3 the food challenge

The Millennium Goals (2000-2015), and the Proposed Sustainable Development
Goals (2016-2030), aims to “end hunger and achieve food security, appropriate
nutrition, and zero child stunting” (SDSN, 2015); considering that the population
is growing, this will be a great challenge for the next years.

The competition between human nutrition, livestock feeding and non-food in-
dustry is a considerable issue in agriculture; but this problem affects also the fish
sector.

In fact, even if the declining of wild fish population due to intensive fishing
methods has been balanced by an increase in aquaculture, the carnivorous bred
fishes need a constant feed supply. Coherently with their diet, the principal food
sources used in aquaculture are capture fisheries (Tacon et al., 2011). As a conse-
quence, the global competition between food, feed and non-food use of fish catches
is growing (Tacon and Metian, 2009).

For this reason, among others, the use of vegetable proteins as a total or par-
tial replacement of fishmeal has been studied and has so far presented positive
results for both marine and freshwater fish species (Kaushik et al., 2004; Kissil and
Lupatsch, 2004; Kaushik et al., 1995; Shiau et al., 1988).

However, the production of plant-based proteins for fish feeding would only
transfer the competition issue from wild fish populations to croplands, where
land use competition is already concerning, therefore a careful evaluation of the
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effects of this choice has to be performed.

Algae as a source of proteins can be a valuable alternative, since there is cur-
rently no competition with the food market. The Food and Agriculture Organi-
zation (FAO) has acknowledged the feasibility of the use of algae in aquaculture,
with particular focus on small-scale plants (Hasan and Chakrabarti, 2009).

1.4 thesis statement

To contribute solving the food and energy challenges, two new productions are
being studied in Denmark: biogas and a protein-rich fish feed ingredient. The
first one is obtained from locally cultivated macroalgae, whereas for the second
the macroalgae conversion process is integrated with microalgae cultivation to
increase the protein output of the production chain. Comparing the environmental
impacts and the performance of these potential new solutions is a fundamental
step to assess which is the best way to exploit the new resource represented by the
macroalgae biomass.



2
M AT E R I A L S & M E T H O D S

2.1 lca methodology

Life Cycle Assessment (LCA) was created in the 1960’s in response to increasing
concern for the limitations of energy sources and raw materials, and is now an
acknowledged valuable tool for the evaluation of the environmental performance
of processes and products.

The approach of LCA is a “cradle-to-grave” evaluation of industrial systems,
which means that all phases of a product/process production are considered as
interdependent and therefore all of them contribute to the environmental impacts
of the final output.

For this reason this methodology avoids shifting the environmental issues from
one process to another, and permits to compare alternative options with an overall
knowledge of the systems and their weaknesses.

The LCA is a systematic, iterative process and consists of four phases (SAIC,
2006):

• Goal Definition and Scoping: the basic decisions that will guide the entire
process are defined in this phase: the goals of the project,the functional unit,
the type and specificity of the needed information, the organization of data
and how to display the results, the scope of the study and the ground rules
for performing the work;

• Inventory Analysis: energy, water and materials requirements, emissions and
wastes of the entire life cycle of a product are identified and quantified;

• Impact Assessment: the potential environmental impacts (human and ecolog-
ical effects) of all the factors identified in the Inventory Analysis are assessed;

• Interpretation: the results of the previous phases are analyzed and commu-
nicated effectively.

2.2 algae

2.2.1 Kelps

Laminaria species, commonly known as Kelps, are a wide group of brown algae
that grow in the inter- and subtidal zone of the temperate regions seas all around
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the world. Kelps have been commonly cultivated in Asian countries as food since
1950’s (Lobban and Harrison, 1994), but more recently further uses have been con-
sidered and applied: the high content of ash makes the seaweeds a good fertilizer,
some compounds such as alginates, carrageenan and colorants can be extracted
and used in the food industry and in the pharmaceutical industry (Draget et al.,
2005), and production of bioethanol and biogas is also tested (Adams et al., 2011;
Horn et al., 2000); furthermore, their cultivation near aquaculture plants has been
tested for mitigation of the emissions of fecal matter (Hal et al., 2014).

The life cycle of these macroalgae consists of two stages: the diploid phase and
haploid phase. The diploid phase is also called sporophyte and is the macro form
(the one with a commercial value). The sporophyte releases haploid spores that
germinate into the small gametophyte, which in turn will produce gametes. After
fertilization, the gametes will form the zygote, the new sporophyte.

Figure 2: The life cycle of Laminaria species. Image from http://www.78stepshealth.us/
green-algae/reproduction-in-brown-algae.html.

http://www.78stepshealth.us/green-algae/reproduction-in-brown-algae.html
http://www.78stepshealth.us/green-algae/reproduction-in-brown-algae.html
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The life cycle of the sporophyte lasts about five years; after 18 months it be-
comes mature, while the maximum fertility and maximum biomass production
are reached in 3 years; during the following two years the degradation of the
lamina is faster than its growth, until year 5 when the blade is completely lost.
However, an annual renovation also occurs: Saccharina latissima, for example, loses
its blade after sporulation and it regrows afterwards; Laminaria digitata can regen-
erate its blade in 5 to 10 months if it is cut 5 cm above the stipe (Kelly, 2005).

In the offshore cultivation process of brown algae, the sporophytes are forced
to release spores after 24h in the dark, the spores adhere to an artificial substrate
within 24h and develop into the gametophytes; these will develop and reproduce,
and after 45-60 days the new sporophytes will have a length of 4-6 cm. Gameto-
genesis can be delayed avoiding the exposure of the gametophytes to blue light
(Lobban and Harrison, 1994); if the new sporophytes develop in autumn, they
will behave like a second year plant and therefore anticipating the sporulation
(Hasegawa, 1976).

After the nursery and seedling phase, the small rope where the sporophytes are
attached is tied to a 16mm rope and then deployed into the sea, where they will
grow until harvesting time.

The annual productivity of Laminaria cultivation can vary from 6 up to 200 tons
of wet weight per hectare if no fertilization occurs (Lobban and Harrison, 1994;
Reith et al., 2005; Hughes et al., 2012); with the addition of nutrients up to 750

tons of wet weight per hectare can be produced (Reith et al., 2005).
The composition of Laminaria digitata (Table 1) is variable during the year; in

spring mannitol and laminarin are almost absent, while alginic acid and ash levels
are high; mannitol reaches his maximum concentration in June and laminarin in
July, while ash and alginic acid have their minimum (Adams et al., 2011).

Also Saccharina latissima presents a seasonal variation in composition; from Novem-
ber to March nitrogen is accumulated and then used for the rapid growth occur-
ring in March-July (Table2) (Nielsen et al., 2014a).

2.2.2 Microalgae: Chlorella genus

The term microalgae refers to two groups of phototrophic organisms: the micro-
scopic algae and the photosynthetic bacteria called cyanobacteria; microalgae can
be found all over the world, mainly in the water but also on the soil, and even if
most of them live as free organisms, some of them build symbiotic associations
with other organisms (Becker, 2004).

Microalgae have been used as food for centuries, but their cultivation on a com-
mercial scale has begun only in the 1960’s in Japan with Chlorella species (Tsukada
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Table 1: The biochemical composition of Laminaria digitata in terms of moisture and dry
matter content (Montingelli et al., 2015), laminarin, mannitol, alginic acid, proteins
and fibres (Adams et al., 2011) and ashes (Vanegas and Bartlett, 2013).

composition amount

Moisture 78-90%
Dry matter 10-22%

% of dry matter

Laminarin 0-30%
Mannitol 4-25%
Alginic Acid 17-34%
Proteins 4-14%
Fibres 10-11%
Ash 18-24%

Table 2: The biochemical composition of Saccharina latissima.(Manns et al., 2014; Schiener
et al., 2015)

Composition Amount

Moisture 84.9%
Dry matter 15.1%

% of dry matter

Laminarin 8.2%
Mannitol 18.6%
Proteins 10.1%
Fats 0.5%
Ash 34.6%
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and Kawahara, 1977) and has then been developed in several countries, generating
a turnover of ca. 1.25 · 109 U.S.$ per year (Pulz and Gross, 2004).

Chlorella is a cosmopolitan genus of the phylum Chlorophyta; the eukaryotic,
nonmotile unicellular alga has a diameter of 5-10µm and an ovoid shape.

Chlorella reproduces asexually, through the formation of daughter cells or au-
tospores of the same shape as the parent cell. It can grow both autotrophically,
heterotrophically and mixotrophically (Becker, 2004).

Chlorella is cultivated by more than 70 companies all around the world and has
a wide range of uses; it is sold as human food/supplement/additive because of
its health-promoting effects and its flavour-adjusting action (Yamaguchi, 1996), as
feed for aquaculture and as cosmetic ingredient (Becker, 2004); its use as biomass
for the production of biodiesel is being studied by many research groups (Xu et al.,
2006; Miao and Wu, 2006; Li et al., 2007; Brennan and Owende, 2010).

2.2.2.1 Microalgae cultivation

Microalgae are grown autotrophically in open culture systems or in closed sys-
tems.

Open ponds can be either natural (e.g. lakes, lagoons or ponds) or artificial
(e.g. ponds, tanks) and one of their major advantages is the ease in building and
operating; however, several disadvantages make this cultivation method inefficient
for an industrial production (Perez-Garcia et al., 2011; Ugwu et al., 2008; Chen et
al., 2011).

Photobioreactors are closed systems with different shapes (tubular, flat-plates,
vertical columns. . . ) and illuminated by natural or artificial light; even if they
assure controlled conditions and lower contamination from other organisms, an
initial investment for the construction of the reactors is necessary, together with
continuous maintenance (Perez-Garcia et al., 2011; Ugwu et al., 2008; Chen et al.,
2011).

Heterotrophic cultivation is possible for some microalgae species, which are able
to switch from a phototrophic to heterotrophic growth based on utilization of or-
ganic carbon under dark conditions. The carbon sources can be glucose, glycerol,
acetate, fructose, sucrose (Perez-Garcia et al., 2011; Wang et al., 2010); industri-
ally both agro-industrial wastes and wastewaters have been used: animal slurry,
anaerobic digested dairy wastes, waste molasses, rice straw, waste activated sludge
(Garrett et al., 1978; Markou and Georgakakis, 2011; Fallowfield and Garrett, 1985;
Wen et al., 2013; Liang et al., 2009).

This type of cultivation avoids the problem of light exposure of the microalgae,
and so allows a higher cell density and an easy scaling-up of the reactors, which
can reach large volumes (e.g. 10,000 L); a higher efficiency can be reached and the
costs of infrastructures and maintenance are lower compared to photobioreactors.
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However, heterotrophic cultivation has some limits that have to be considered:
first of all, this type of metabolism is possible only for some species of microalgae;
as said before, an organic substrate is necessary for the microalgae to grow, but
inhibitory effects have to be avoided (e.g. when using wastewater as substrate)
and costs have to be considered; other microorganisms can compete with the mi-
croalgae and reduce the productivity of the cultivation; last but not least, the het-
erotrophic cultivation is not suitable when the production target are light-induced
metabolites (Perez-Garcia et al., 2011).

2.2.2.2 Chlorella biochemical composition

The biochemical composition of Chlorella microalgae varies according to the type
of metabolism induced to the organisms (i.e. autotrophic or heterotrophic).

Since Chlorella species have been widely studied for the production of biodiesel,
specific attention has been paid to the optimization of the composition for this
purpose, i.e. lipid maximization; this is linked not only to the metabolism of the
microalga, but also to the amount of nitrogen and therefore the C/N ratio of the
substrate the microalgae are grown on.

Considering the autotrophic growth of Chlorella vulgaris, 51-58% of dry matter is
made of proteins, the carbohydrates are 12-17% and lipids 14-22% (Becker, 2007).

An increasing amount of nitrogen in the nutrient medium leads to an increase
in the protein content and a reduction in the lipids; a scarcity of nitrogen, on the
other hand, leads to a higher amount of lipids (Piorreck et al., 1984; Xu et al., 2006;
Heredia-Arroyo et al., 2010; Hoz Siegler et al., 2011).

As for Chlorella vulgaris, the biochemical composition of Chlorella protothecoides
depends on the environmental conditions in which it is grown, as can be seen in
Table 3.

Table 3: The biochemical composition of Chlorella protothecoides under different environ-
mental conditions.

Autotrophic

(Brown and

Jeffrey, 1992)

Heterotrophic

low C/N ratio

(Xiong et al.,
2010)

Heterotrophic

high C/N ratio

(Xiong et al.,
2010)

Proteins 25.6% 25.8% 53.8%
Lipids 12.8% 25.2% 10.5%
Carbohydrates 10.8% 23.5% 12.8%
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2.3 case of study

2.3.1 Goal and Scope

The goal of this project is to evaluate and compare two new potential uses of
macroalgae in Denmark, the production of biogas and the production of a protein-
rich fish feed ingredient.

This preliminary evaluation can highlight positive and critical aspects of these
new potential productions and therefore provide information for the future re-
search and development on this topic.

2.3.1.1 Functional unit

The functional unit is chosen to allow an easy comparison of the different scenarios
that have been evaluated. In this case we chose to consider the yearly potential
production of macroalgae in Denmark. The estimation of a feasible production
in a short term (10-20 years) is based on the current marine surface occupied by
offshore wind farms, i.e. 20,833 ha. Therefore, we consider a functional unit of
207,879 Mg of macroalgae wet weight to be processed.

2.3.1.2 Scenarios

Five scenarios were evaluated:

• B1: Biogas production from dried Laminaria digitata

• B2: Biogas production from dried Saccharina latissima

• B3: Biogas production from silage of Saccharina latissima

• P1: Proteins production from dried Laminaria digitata

• P2: Proteins production from dried Saccharina latissima

2.3.1.3 Impact categories

Seven impact categories were considered (Goedkoop et al., 2008):

• Mid point categories of ReCiPe method (Goedkoop et al., 2009):

– Climate Change: this category represents the amount of GHGs emitted
or avoided during the life cycle of the product, expressed as kg of CO2

equivalents;

– Freshwater Eutrophication: the contribution to eutrophication is associ-
ated to the amount and persistence of phosphorus containing nutrients
to the freshwaters, and is expressed as kg of P equivalents;
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– Marine Eutrophication: the contribution to eutrophication is associated
to the amount and persistence of nitrogen containing nutrients to the
marine waters, and is expressed as kg of N equivalents.

• Cumulative Energy Demand (Frischknecht et al., 2007): this method rep-
resents the amount of energy that is utilized and produced/saved by the
system. Six impact categories are presented: non renewable, fossil; non re-
newable, nuclear; non renewable, biomass; renewable, biomass; renewable,
wind, solar, geothermal; renewable, water. Two aggregated categories have
been considered, using a weighting factor 1.

– Total Energy Requirement;

– Non Renewable Energy Requirement: as the sum of the three non re-
newable impact categories.

• USEtox method (Huijbregts et al., 2010): this method is designed to describe
the fate, exposure and effects of chemicals on ecosystems and human health
and express the results in Comparative Toxic Units CTUs. For human tox-
icity the CTUh unit indicates the increase in morbidity in the total human
population per kg of emitted substance.

– Human toxicity, cancer;

– Human toxicity, non cancer.

2.3.1.4 The system

In Figure 3 the system is presented; the macroalgae cultivation phase and relative
transport (which are common in all the scenarios) are followed by the two main
pathways: the production of biogas and the production of a protein-rich fish feed
ingredient.

2.3.2 Macroalgae cultivation

2.3.2.1 Cultivation set-up

The cultivation of the macroalgae is divided into two principal phases:
The first phase takes place on-shore and consists of the cultivation of micro-

scopic gametophytes which in turn will produce gametes that will develop into
the macroscopic form of the macroalgae, the sporophyte. The young sporophyte
grows on the surface of a small plastic rope and is kept in controlled environmen-
tal conditions until it has grown enough to be moved to the sea.

In the second phase, the small sporophytes are moved to the sea and fastened
to bigger and more resistant plastic ropes; there they will grow from October to
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May, when the abundant biomass is harvested. The spring harvest prevents the
decrease in biomass quality which occur during the summer season due to the
fouling.

From the existing macroalgae cultivation site in Limfjorden and Horsens fjord
the data about low, average and high productivity of the cultivation (see Table 4),
together with all the inputs of materials and energy required, were collected.

Table 4: The data about the cultivation of the macroalgae.

Low

productivity

Average

productivity

High

productivity

Head line lenght 220 m 220 m 220 m
Lines/ha 5 5 5

kg WW/m head line 6.1 9.1 12.0
kg WW/line 1351.4 1995.7 2640.0
kg WW/ha 6,800 10,000 13,200

2.3.2.2 Off-shore cultivation sites

An estimation of the potential yearly production of macroalgae in Denmark in a
short term period, i.e. 10-20 years, has been done. This is based on the current
marine water surface occupied by offshore wind farms. Literature show that it is
possible to couple macroalgae cultivation with wind farming optimizing the space
occupation (Roberts and Upham, 2012; Reith et al., 2005; Reith et al., 2012).

For this purpose, data about the location of the offshore wind farms (GPS coor-
dinates) and their size in terms of occupied area were collected (www.4coffshore.
com) (see Figure 4); when the area was not defined, the distance between the tur-
bines was considered to evaluate the hectares available for the cultivation.

Three offshore wind farms were excluded: Avedore Holme and Frederikshavn
for their for their size resulting in a negligible macroalgae production, while Ron-
land I was unsuitable for the cultivation because of the shallow water in which it
is located.

The yearly production of macroalgae by every offshore wind farm was evaluated
considering the low, average and high productivity of a hectare of sea (Seghetta
et al., 2016) and the area available for cultivation (Table 5).

2.3.2.3 Macroalgae element uptake and composition

During their growth in the sea, the macroalgae take up nutrients, heavy metals
and photosynthetic carbon from the sea; this uptake has been evaluated consider-

www.4coffshore.com
www.4coffshore.com


16 materials&methods

Macroalgae  
cultivation

Transport by boat

Drying

Transport by truck

Ensiling Chopping

Biogas 
production

Digestate 
spreading Cogeneration 

Grid
District 
heating

Hydrolysis

Microalgae 
growth

Two-stage 
drying 

process

Fertilization

Digestate Biogas

Electricity Heat

BIOGAS
 PATHWAY

PROTEINS 
PATHWAY

Fish feed ingredient

Figure 3: The system is characterised by a phase in common for all the scenarios -the cul-
tivation and transport- and two different pathways for the production of biogas
and fish feed ingredient.
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Table 5: The off-shore wind farms considered for the cultivation, their size and algal pro-
duction considering three different productivities.

Off-shore

wind farm

Cultivation

surface (ha)
Low

productivity

(tonnes

WW)

Average

productivity

(tonnes

WW)

High

productivity

(tonnes

WW)

Anholt 8,800 59,460 87,810 116,160

Horns Rev II 3,500 23,649 34,924 46,200

Rodsand II 3,500 23,649 34,924 46,200

Nysted (Rod-
sand I)

2,600 17,568 25,944 34,320

Horns Rev I 2,100 14,189 20,954 27,720

Middelgrunden 0.3 2.3 3.4 4.5
Samso 0.3 2.1 3.1 4.2
Tuno Knob 32 216 319 422

Vindeby 300 2,027 2,994 3,960

ing the elemental composition of the macroalgae (see Table 6) (Bruhn et al., 2015;
Gevaert et al., 2008; Ross et al., 2008).

The nitrogen was considered to be absorbed as NH+
4 , whereas carbon was eval-

uated as CO2, since the amount of CO2 and HCO−
3 dissolved in the sea is in

equilibrium with the amount of atmospheric CO2, according to the following re-
actions:

CO2(atmosphere) ⇐⇒CO2(dissolved)

CO2(dissolved) +H2O⇐⇒H2CO3

H2CO3 ⇐⇒H+ +HCO−
3

HCO−
3 ⇐⇒H

+ +CO2−
3

2.3.3 From the sea to the processing plant

2.3.3.1 Transport by boat

The macroalgae cultivated offshore are harvested once a year, in May, and trans-
ported to the mainland; the length of the route from the offshore wind farms to the
nearest harbours have been determined on Google Earth. The tkm are evaluated
for every wind farm and aggregated for every biogas plant, resulting in 12,672,201

tkm per year. The same routes were covered six times a year by a fishing boat for
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Table 6: The element composition of Saccharina latissima (Bruhn et al., 2015) and Laminaria
digitata (C and N from (Gevaert et al., 2008), Cu, Pb, As and Pb from (Ross et al.,
2008), P, K, Na, Ca, Mg, Fe, Zn and Cr from (Manns et al., 2014), expressed as %
of dry weight (DW).

Element Saccharina latissima
(% of DW)

Laminaria digitata
(% of DW)

C 31.13 29.1
N 3.89 2.48

P 0.12 0.41

K 2.24 2.36

Na 4.86 1.13

Ca 1.64 0.15

Mg 0.73 0.79

Fe 0.88 0.02

Zn 0.0076 0.0050

As 0.0022 0.0078

Pb 0.0006 0.0007

Cd 0.0001 0.0001

Cu 0.0009 0.0018

Cr 0.0013 0.0006

the maintenance of the cultivation, with a consumption per km of 0.76 L of diesel
and a total annual consumption of 1,414 L.

2.3.3.2 Drying the macroalgae

In the scenarios B1, B2, P1 and P2 a drying phase prior road transport is con-
sidered. It reduces the water content down to 20%, allowing their storage and
consequently assuring a continuous supply during the year. Moreover, the drying
process reduces the weight of the raw material to transport to the processing plant.

In the scenario B3 (i.e. biogas from silage of Saccharina latissima) the macroalgae
are chopped and dried to a moisture content of 75%, which is an ideal condition for
the subsequent process of ensiling (EBLEX, 2011) that will take place in dedicated
silos at the biogas plant. Energy consumption for both the processes of chopping
and drying were quantified using the Ecoinvent 3 database (Industrial residual
wood chopping, stationary electric chopper, at plant; Drying of grass).

2.3.3.3 Transport by truck

Once the macroalgae have been dried they are transported by truck to the three
locations chosen for the processing plants: From the wind farms located at Middel-
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Table 7: The transport by truck is expressed as tkm; the process considered is Transport,
freight, lorry >32 metric ton, EURO5 from the Ecoinvent 3 database.

Scenario B1 Scenario B2 Scenario B3

Maribo 496,791 tkm 259,806 tkm 831,379 tkm
Kalundborg 188 tkm 99 tkm 315 tkm
Blåvand 0 tkm 0 tkm 0 tkm

grunden, Sprogø, Samsø, Tunø Knob and Anholt to Kalundborg symbiosis area;
from the wind farms Vindeby, Rødsand and Nysted to Maribo and from the wind
farms Horns Rev I and II to Blåvand (Figure 4).

Figure 4: The locations of the off-shore wind
farms and the processing plants.

The location were selected based on
the nearest town with necessary in-
frastructure to integrate a biogas plant
with the local facilities. The transport
routes have been mapped on Google
Earth considering the shortest option
available and the tonnes per kilometer
(tkm) were calculated multiplying the
distance to be covered and the amount
of macroalgae to be transported (see
Table 7).

2.3.4 Biogas scenarios B1, B2 and B3

The following processes are involved
in the production of biogas from
macroalgae (scenarios B1, B2 and B3)
and its conversion to electricity and
heat (Figure 5). Once the macroalgae have been transported to the processing
plants, they are stored and used as feedstock for the bioreactors. There, the anaer-
obic digestion process takes place. Part of the macroalgae are converted to biogas
whereas the remaining fraction is called digestate. The biogas is burnt in a CHP en-
gine to produce heat and electricity. The digestate is used as fertilizer and spread
onto the fields.
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2.3.4.1 Anaerobic digester design

The anaerobic digesters for the production of biogas from the macroalgae were
designed considering the two different species and the different pretreatments, i.e.
drying or ensiling.

For every scenario the average productivity (see Table 5) of the cultivation sites
was considered dimensioning. This choice avoids the undersizing of the reactor.
In case of high productivity years, the macroalgae can be stored and utilized sub-
sequently.

The following parameters have been utilized for the digester design:

• Thermophilic conditions 55°C (Alvarado-Morales and Angelidaki, 2015)

• Hydraulic Retention Time HRT 20 days (Alvarado-Morales and Angelidaki,
2015)

• Organic Loading Rate OLR 5 kgVS/m3d (Zupančič and Grilc, 2012)

The daily input of Volatile Solids VS was calculated, considering the yearly
production of macroalgae and their VS content (Alvarado-Morales and Angelidaki,
2015).

The size of the digesters was evaluated considering that

OLR =
VS/day

Digester Volume

After that, the total amount of wet weight WW to feed to the digester every day
was evaluated, given that

HRT =
Digester Volume

WW/day

Once the total input to the digester is known, the amount of water to add to the
macroalgae is calculated:

WW/day = daily input of macroalgae+water to add

The results can be seen in Table 8.
The density of the macroalgae and water mixture is assumed to be 1000 kg/m3,

according to Aitken et al. (2014).
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Figure 5: The processes for the production of biogas (Scenarios B1, B2, B3).
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Table 8: Size and inputs to the digesters.

Scenario Volume

digester

(m3)

Total daily

input

(tonnes)

Daily

input of

pretreated

macroal-
gae

(tonnes)

Daily

input of

water

(tonnes)

Daily

input of

VS
(tonnes)

B1 Maribo 9,028 451 62 390 45

B1 Kalund-
borg

12,460 623 85 538 62

B1 Blavand 7,900 395 54 341 40

B2 Maribo 3,540 177 32 145 17

B2 Kalund-
borg

4,885 244 45 200 24

B2 Blavand 3,097 155 28 127 15

B3 Maribo 3,540 177 104 73 18

B3 Kalund-
borg

4,885 244 143 101 24

B3 Blavand 3,097 155 91 64 15

2.3.4.2 Biogas and CHP plant working requirement

The input of macroalgae and water is pumped into the anaerobic digester, where
an agitator avoids the sedimentation of the feedstock and allows the bacteria to
convert the organic compounds into methane and carbon dioxide. The digester is
heated at 50°C and the temperature is maintained constant. The biogas is collected
and burned in a cogeneration plant to produce electricity and heat; the control unit,
the gas cooler and the emergency coolers are some of the electric equipment of the
plant.

Both Frey et al. (2013) and Naegele et al. (2012) have been used as reference
to estimate the energy consumptions of the plants; the latter has been chosen as
the most coherent reference, since his lower daily energy requirement per m3 of
digester (kWh/m3d) reduces the overrating of the consumptions obtained with
the scale-up of the digesters.

Langlois et al. (2012) has been considered to evaluate the amount of lubricant
oil necessary to the plants.

As for the anaerobic digesters, the cogeneration plants of scenarios B2 and B3

have the same size and therefore the same consumptions.
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2.3.4.3 Biogas production and conversion to electricity and heat

The methane yields of the dried Laminaria digitata, dried Saccharina latissima and
Saccharina latissima silage are given by (Alvarado-Morales and Angelidaki, 2015);
the composition of the biogas in terms of percentage of methane, carbon dioxide,
ammonia, hydrogen sulfide and water is presented in Figure 6 (Alvarado-Morales
et al., 2013).

Figure 6: The % composition of biogas
(Alvarado-Morales et al., 2013).

During the processes of anaerobic di-
gestion, biogas collection and transport
1,3% of gas is lost and emitted into
the atmosphere (Nielsen et al., 2014b);
the remaining biogas is burned in the
cogeneration plant and converted into
electricity and heat with efficiency of
38% for electric energy and of 42% for
thermal energy and 20% is lost as heat
(Table 9) (Thomas and Wyndorps, 2012;
Reichhalter et al., 2011).

To evaluate the direct emissions
from the combustion of the biogas in
the chp engine the emission factors
from Nielsen et al. (2010) have been used.

Table 9: Production and losses of biogas and energy.

Output Scenario

B1

Scenario

B2

Scenario

B3

Biogas production (m3) 27,548,453 9,070,322 11,125,004

Biogas losses (m3) 358,130 117,914 144,625

Electric energy production (kWh) 67,415,385 22,746,563 27,899,299

Thermal energy production (kWh) 74,511,741 25,140,938 30,836,067

Energy losses (kWh) 35,481,781 11,971,875 14,683,842

2.3.4.4 Digestate management

The amount and composition of digestate corresponds to the difference between
the mixture of macroalgae and water (input to the anaerobic digester), and the
biogas produced during the anaerobic digestion.

While the digestate is stored, before being spread, 1.3% of the nitrogen is re-
leased as ammonia into the atmosphere (Nielsen et al., 2014b); the mass and nitro-
gen content of the digestate is reduced.
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The hectares necessary for the spreading of the digestate were calculated accord-
ing to Nitrate Directive (91/676/EEC), which establishes a limit of 170 kg N/ha;
to calculate the transportation costs the following considerations were made:

• Two of the biogas plants are located on the coast;

• The agricultural land (% of land area) of Denmark in the period 2010-2014

was of 61.8%, according to World Bank data (UN United Nations and Social
Affairs, 2013).

Given this, the transport distances is estimated as the diagonal of the square of
area equal to the minimum hectares requested by the Nitrate Directive; if we
consider the semicircle circumscribed to the square (the semicircle with a radius
equal to the diagonal of the square), we can calculate the semicircle area and com-
pare it to the square one: the square area is approximately 30% of the semicircle
area. So, if we consider the agricultural land as 60% of total land, we can then
assume that the chosen transportation distance can theoretically assure enough
agricultural land to spread all the digestate without exceeding the law levels.

• D is the position of the plant;

• ABCD is the square with area equal to the minimum requested by Nitrate
Directive;

• the semicircle has radius DB;

• DB is the km considered for transportation and calculated from the square
area;

• the % of semi-circle area covered by the square is (AABCD · 100)/(Π ·DB2/2),

which is around 30% for all the plants.

The spreading process on Ecoinvent database was considered for the scattering
machine.

Figure 7: The model for the evaluation of
the area for spreading the diges-
tate and its distance from the bio-
gas plant.

During the spreading 0.6% of the ni-
trogen is released into the atmosphere
as ammonia NH3 and 1% as nitrous ox-
ide N2O (Nielsen et al., 2014b; Klein
et al., 2006), while the remaining ele-
ments go into the soil.

Part of the carbon in the soil is im-
mobilized for 100 years (Mogensen et
al., 2014; Petersen et al., 2013); this frac-
tion is expressed as avoided emission
of CO2 in the atmosphere.
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2.3.4.5 Digestate fertilizing value

Once the amount of digestate that has to be spread is known, it is necessary to eval-
uate which is its fertilizing value to be able to compare fertilization by digestate
and by usual inorganic fertilizers and therefore have an estimation of the avoided
production of inorganic fertilizers that are substituted by the digestate and their
avoided emissions of heavy metals (Petersen et al., 2009).

Regarding nitrogen, Tambone et al. (2010) assessed that 69% of total nitrogen in
the digestate is in the form of ammonia NH3, which is actually the inorganic form
available for the plants; this percentage is also coherent with the range presented
by Möller and Müller (2012).

According to Jensen et al. (2015), 95% of the phosphorus biologically extracted
is water soluble and then bioavailable, the corresponding amount of P2O5 was
calculated.

Concerning potassium, its availability depends on several factors, such as the
pH and the salinity of the soil, so the availability of K in the digestate is considered
equal to the one of inorganic fertilizers, i.e. 100% (Wen et al., 1996).

2.3.5 Fish feed ingredient scenarios P1 and P2

The following process are involved in the production of the protein-rich fish feed
ingredient (see Figure 8). First, the macroalgae are cultivated and the next spring
they are collected and transported to the nearest harbour; the drying process
takes place right after collection to allow the storage of the macroalgae. The dried
macroalgae are moved to the processing plants where they are first hydrolyzed
and then used as substrate for the heterotrophic growth of the microalgae. After
15 days the product is dried through a two step process to reach its final moisture
content.

2.3.5.1 Mechanical pretreatment

After being harvested, the macroalgae are dried to a moisture content of 20% to
allow their storage (see chapter 2.3.3.2); then the dried macroalgae are transported
to the three processing plants of Maribo, Kalundborg and Blåvand.

At the processing plants, two different storage facilities are provided for the
conservation of the macroalgae before and after the mechanical pretreatment.

The macroalgae are mechanically chopped to facilitate their hydrolyzation in
the next phase of the fish feed production process.
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2.3.5.2 Hydrolyzation of the macroalgae

The first step in the processing plant is the hydrolyzation of the macroalgae; this
process breaks the carbohydrates in simple sugars so that in the next phase they
can be used as growth substrate for the microalgae.

The hydrolysis occurs in a heated tank in which water and two enzymes, cellu-
lase and alginate lyase, are added to the macroalgae; the components are mixed
by an agitator during the 24 h necessary to the process (See Table 10).

Table 10: The size and daily inputs of the hydrolyzation reactor for the two scenarios.

Scenario Hydrolysis

reactors

size [m3]

Macroalgae

input

[ton/d]

Water

input

[ton/d]

Algynate

lyase input

[ton/d]

Cellulase

input

[ton/d]

P1 1,532 201 939 154 12

P2 840 105 491 81 6

2.3.5.3 Microalgae cultivation

The cultivation of the microalgae is performed to enhance the final protein content
of the fish feed ingredient.

The macroalgae hydrolyzate is used as substrate for the heterotrophic growth of
the microalga Chlorella protothecoides; mannitol and glucose are converted to pro-
teins with a conversion factor of 1.12 g proteins/g sugars. After 15 days the sugars
are almost completely consumed by the microalgae and the maximum amount of
proteins has been reached.

2.3.5.4 Fish feed ingredient production

Once the process of microalgae growth is terminated, we have a mixture with
about 75% of water content; most of this water should be removed to have a
final product with a 95% of dry weight, coherently with the moisture content of
commercially sold fish feed.

The dried product is obtained by a two stage process chosen for its low environ-
mental impact compared to other different technologies and processes (O’Connell
et al., 2013).

In the first stage humidity is reduced from 75% to 44% thanks to a heat assisted
rotary pressure filter, with an energy consumption of 60 kWh per ton of dry algae
(Mahmood et al., 1998).

The second stage consists in a heat integrated dryer (Van Gemert, 2009) that
decreases the water content to a 5%; the energy consumption is 0.554 kWh per kg
of water to evaporate.
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Figure 8: The processes for the production of the protein-rich fish feed ingredient.
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The final product contains both the proteins of macroalgae and the new proteins
synthesized by the microalgae; by evaluating the percentage of proteins in this fish
feed ingredient it is possible to compare it with other protein sources, such as soy
and peas, which are currently one of the principal sources of protein of fish meals.
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R E S U LT S & D I S C U S S I O N

3.1 lci : life cycle inventories

In order to perform a LCA, it is necessary to create a life cycle inventory which
contains the material and energy inputs and outputs (See chapter 2.1). The data
collected for the different scenarios are presented in Table 11, Table 12 and Table
13. Since the cultivation phase has a common structure to all scenarios, the data
are displayed in a single table (Table 11). The inventory of the biogas production
system, i.e. scenarios B1, B2, and B3, is presented in Table 12; the inventory for the
protein rich fish feed ingredient production, i.e. scenarios P1 and P2, is shown in
Table 13.

All the inputs and outputs are grouped by process.

3.2 lcia : life cycle impact assessment

The results of the Life Cycle Impact Assessment are presented in Table 14; positive
values represent a negative impact on the environment/health, or a worsening of
the current environmental condition.

Negative values, on the other hand, represent a mitigation of the impacts. Over-
all, the scenario B1 performs better than the other scenarios in all the categories
except for marine eutrophication, where it ranks second, and non cancer human
toxicity, where it is the worst scenario.

Scenario P1 is the best performer in marine eutrophication and human toxic-
ity non-cancer categories and it proves to be better than scenario P2 in all the
categories except for non-renewable energy requirement.

Scenarios P1 and P2 differ for the species of macroalgae: Laminaria digitata is
used in scenario P1 and Saccharina latissima in scenario P2. The higher dry matter
content of Laminaria digitata and therefore higher amount of elements that have
been extracted from the seawater is one of the reasons for the greater performance
of scenario P1 than scenario P2.

The scenarios B2 and B3, even though performing worse than B1 in six cate-
gories, show the same trend with different magnitude in all the categories except
for non-renewable energy requirement, where the scenario B1 is negative and sce-
narios B2 and B3 have positive values.

29
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Table 11: LCI of the cultivation phase; the inputs indicated are the same for all the scenar-
ios.

Input Specifications U/M Amount

Cultivation

Fuel for car Diesel L 83,332

UV filter Electricity mix DK kWh 34,374

Tank Polyethylene terephtha-
late PET

kg 1,042

F2 medium L 49,999

Plastic jug PET kg 2,083

Screw anchor iron kg 2,812

Autoclave Electricity mix DK kWh 312,494

Black buoys Polyethylene kg 659,709

Refrigeration Electricity mix DK kWh 97,482

White small rope Polyester/nylon kg 481,241

Block of collectors kg 83,332

Concrete block Concrete kg 416,659

Kuralone Polyvinyl alcohol kg 223,954

Weight Iron Iron kg 374,993

Natural gas kg 19,791

Cable ties Polyamide kg 56,249

Spray bottle PET bottle 833

Blue ropes for bouys Polypropylene PP kg 624,988

Air pump Electricity mix DK kWh 30,624

Big anchor rope PP kg 15,594

Sand kg 46,295

Blue rope for spores PP kg 137,497

Mechanic filter kg 10,800

Concrete block rope Concrete kg 312,494

UV filter Bulb piece 19

Industrial bags kg 22,321

Water pump Electricity mix DK kWh 7,650

Sand filter Electricity mix DK kWh 4,612
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Table 12: LCI of the scenarios B1, B2 and B3

Input Specifications U/M Amount B1 Amount B2 Amount B3

Macroalgae element uptake

CO2 From
atmosphere

kg 62,777,571 35,119,311 35,119,311

NH4 From
seawater

kg 1,878,914 1,539,577 1,539,577

P From
seawater

kg 238,849 43,756 43,756

K From
seawater

kg 1,386,616 687,785 687,785

Na From
seawater

kg 663,011 1,495,028 1,495,028

Ca From
seawater

kg 86,480 504,863 504,863

Mg From
seawater

kg 462,401 223,390 223,390

Fe From
seawater

kg 9,413 269,361 269,361

Zn From
seawater

kg 2,941 2,347 2,347

As From
seawater

kg 4,559 664 664

Pb From
seawater

kg 412 188 188

Cd From
seawater

kg 65 39 39

Cu From
seawater

kg 1,030 272 272

Cr From
seawater

kg 350 399 399

Transport

Transport by
boat

tkm 12,672,201 12,672,201 12,672,201

Maintainance
with fishing
vessel

Diesel L 1,414 1,414 1,414

Transport by
truck

tkm 496,980 259,905 831,695

Drying

Drying
machine

H2O to
evaporate

L 134,341,680 169,421,229 84,814,554
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Input Specifications U/M Amount B1 Amount B2 Amount B3

Ensiling

Chopping
machine

Piece 0.00 0.00 52

Chopping
machine

Electricity
mix DK

kWh 0.00 0.00 2,461,285

Silos m3
0.00 0.00 123,064

Biogas production

Digesters Size 500 m3 Piece 59 23 23

Water Tonne 462,790 171,812 87,205

Lubricant oil Tonne 5.28 2.76 2.76

Feeding
system

Electricity
mix DK

kWh 209,185 82,012 82,012

Pump Electricity
mix DK

kWh 29,053 11,391 11,391

Agitators Electricity
mix DK

kWh 1,028,493 403,225 403,225

Heat kWh 4,901,681 1,921,725 1,921,725

CH4 losses kg 154,712 50,939 62,478

CO2 losses kg 250,404 82,446 101,122

H2S losses kg 6,197 2,040 2,502

H2O losses kg 802 264 324

Energy production from biogas (CHP plant)

CHP control
unit and aux
power

Electricity
mix DK

kWh 106,917 41,917 41,917

CHP com-
partment
fan

Electricity
mix DK

kWh 53,458 26,592 26,592

Heating
circuit pump

Electricity
mix DK

kWh 100,235 34,368 34,368

Emergency
cooler pump

Electricity
mix DK

kWh 106,917 36,988 36,988

Biogas
mixture
cooler fan

Electricity
mix DK

kWh 60,141 28,508 28,508
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Input Specifications U/M Amount B1 Amount B2 Amount B3

Biogas
mixture
cooler pump

Electricity
mix DK

kWh 93,552 33,156 33,156

Gas
compressor

Electricity
mix DK

kWh 66,823 29,015 29,015

Gas cooler Electricity
mix DK

kWh 20,047 12,789 12,789

CO2 emissions to
atmosphere

kg 50,588,873 16,656,374 20,429,511

NOX emissions to
atmosphere

kg 132,208 43,529 53,390

UHC emissions to
atmosphere

kg 217,947 71,759 88,014

NMVOC emissions to
atmosphere

kg 6,545 2,155 2,643

CH4 emissions to
atmosphere

kg 284,050 93,524 114,709

CO emissions to
atmosphere

kg 202,893 66,803 81,935

N2O emissions to
atmosphere

kg 1,047 345 423

Energy substitution

Electric
energy

kWh 67,415,385 22,746,563 27,899,299

Thermal
energy

kWh 74,511,741 25,140,938 30,836,067

Digestate management

NH3 emissions
during
storage

kg 21,804 18,523 18,423

Transport of
the digestate

tkm 3,733,183 1,362,539 1,342,729

Spreading of
the digestate

m3
504,506 199,783 197,411

NH3 emissions
during

spreading

kg 9,630 8,185 8,079
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Input Specifications U/M Amount B1 Amount B2 Amount B3

N2O emit-
ted during
spreading

To
atmosphere

kg 21,314 18,116 17,880

Mobile C
expressed as
CO2

To
atmosphere
in 100 years

kg 10,099,141 1,134,206 1,128,093

C stored
in the soil
expressed as
CO2

To soil kg 1,122,127 1,814,441 1,429,912

N To soil kg 1,353,109 1,134,206 1,128,093

P To soil kg 238,849 43,756 43,756

K To soil kg 1,386,616 687,785 687,785

Na To soil kg 663,011 1,495,028 1,495,028

Ca To soil kg 86,480 504,863 504,863

Mg To soil kg 462,401 223,390 223,390

Fe To soil kg 9,413 269,361 269,361

Zn To soil kg 2,941 2,347 2,347

As To soil kg 4,559 664 664

Pb To soil kg 412 188 188

Cd To soil kg 65 39 39

Cu To soil kg 1,030 272 272

Cr To soil kg 350 399 399

Fertilizers substitution

NH3-N Production
of fertilizer

kg 852,458 782,602 710,699

P2O5 Production
of fertilizer

kg 519,926 95,249 95,249

K2O Production
of fertilizer

kg 2,593,709 828,507 828,507

As Emissions to
soil

mg 4,424,670 810,583 810,583

Cr Emissions to
soil

mg 129,336,513 23,693,971 23,693,971

Pb Emissions to
soil

mg 3,063,233 561,173 561,173



3.2 lcia : life cycle impact assessment 35

Input Specifications U/M Amount B1 Amount B2 Amount B3

Hg Emissions to
soil

mg 68,072 12,471 12,471

Ni Emissions to
soil

mg 95,300,589 17,458,716 17,458,716

Cd Emissions to
soil

mg 4,991,936 914,504 914,504

N Emissions to
soil

kg 852,458 782,602 710,699

P Emissions to
soil

kg 226,906 41,568 41,568

K Emissions to
soil

kg 2,153,167 687,785 687,785
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Table 13: LCI of the scenarios P1 and P2.

Input Specifications U/M Amount P1 Amount P2

Element uptake

CO2 From
atmosphere

kg 62,792,864 35,127,866

NH4 From seawater kg 1,878,914 1,539,952

P From seawater kg 238,849 43,756

K From seawater kg 1,386,616 687,952

Na From seawater kg 663,011 1,495,392

Ca From seawater kg 86,480 504,986

Mg From seawater kg 462,401 223,444

Fe From seawater kg 9,413 269,426

Zn From seawater kg 2,941 2,348

As From seawater kg 4,559 664

Pb From seawater kg 412 188

Cd From seawater kg 65 39

Cu From seawater kg 1,030 272

Cr From seawater kg 350 399

Transport

Transport
by boat

tkm 12,672,201 12,672,201

Maintainance
with fishing
vessel

Diesel L 1,414 1,414

Transport
by truck

tkm 496,980 259,905

Drying

Drying machine H2O to
evaporate

L 134,341,680 169,421,229
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Input Specifications U/M Amount P1 Amount P2

Chopping

Storage before
chopping

m3
73,537 38,458

Chopper
machine

Piece 31 16

Chopper
machine

Electricity mix
DK

kWh 1,470,743 769,152

Storage after
chopping

m3
73,537 38,458

Hydrolyzation

Bioreactors Tank Piece 3 2

Water m3
342,893 179,322

Agitators Electricity mix
DK

kWh 53,604 29,389

Solid feeding
system

Electricity mix
DK

kWh 10,902 5,977

Slurry pump Electricity mix
DK

kWh 1,514 830

Heating Electricity mix
DK

kWh 255,469 140,063

Microalgae growth

Bioreactors Tank Piece 43 24

Agitators Electricity mix
DK

kWh 759,801 416,567

Solid feeding
system

Electricity mix
DK

kWh 154,536 84,726

Slurry pump Electricity mix
DK

kWh 18,857 11,767

Water removal

Heat assisted
rotary pressure
filter

Electricity mix
DK

kWh 6,886,229 4,088,819

Heat integrated
dryer

Electricity mix
DK

kWh 46,611,486 27,676,388

Protein substitution

Soy-beans
proteins

Protein from
macroalgae

tonne 5,910 3,356

Soy-beans
proteins

Protein from
microalgae

tonne 9,520 4,979
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Table 14: The results of the LCIA of the five scenarios in the seven chosen impact cate-
gories.

Impact

Category

U/M Scenario

B1

Scenario

B2

Scenario

B3

Scenario

P1

Scenario

P2

Climate change kg CO2

eq.
−3.74 · 107 −8.72 · 105 −3.34 · 106 −1.83 · 107 3.57 · 106

Freshwater

eutrophication kg P eq. −2.41 · 105 −4.28 · 104 −4.43 · 104 −2.35 · 105 −3.81 · 104

Marine

eutrophication kg N eq. −1.45 · 106 −1.19 · 106 −1.19 · 106 −1.70 · 106 −1.32 · 106

Total energy

requirement MJ 5.62 · 108 1.33 · 109 7.66 · 108 1.26 · 109 1.60 · 109

Non-renewable
energy require-
ment

MJ −2.04 · 108 2.69 · 108 2.58 · 108 9.32 · 108 8.02 · 108

Human toxicity,
cancer

CTUh 3.51 4.43 4.26 4.57 5.46

Human toxicity,
non cancer

CTUh 171 138 126 −17.05 54.16

The differences between the biogas scenarios are mainly attributable to the dif-
ferent composition of the two species of macroalgae. The composition determines
the amount of nutrients moved among the environmental compartments and the
characteristics of the production chain in terms of size, inputs and outputs.

Laminaria digitata has a higher amount of dry matter than Saccharina latissima,
which is reflected in the higher amount of elements absorbed from the seawater,
the higher amount of biogas produced and the higher amount of digestate avail-
able as fertilizer in scenario B1.

Scenarios B2 and B3 diverge only for the pretreatment type of Saccharina latis-
sima; in scenario B1 the macroalgae are dried, whereas in scenario B3 they are
slightly dried and ensiled; the ensiling of the macroalgae in scenario B3 results in
an improved performance in every category.

A more detailed analysis of every impact category and the contribution of the
processes is shown in the next sections; to correctly compare every scenario it is
fundamental to consider some correspondences among them, which are reflected
in all the results of our life cycle assessment:

• The cultivation phase is the same for all the scenarios (See chapter 2.3.2.2);

• Scenarios B1 and P1 use the same species of macroalgae, i.e. Laminaria dig-
itata, which means that the element uptake, the transport and the drying
phases are the same for both the scenarios;
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• Scenarios B2 and P2 use the same species of macroalgae, i.e. Saccharina latis-
sima, which means that the element uptake, the transport and the drying
phases are the same for both the scenarios;

• Scenario B3 has the same element uptake and transport by boat as scenar-
ios B2 and P2, but has a diverse drying phase as requested by the ensiling
process that characterizes this scenario.

3.2.1 Climate change

The results from the impact category climate change show that the biogas pro-
duction from Laminaria digitata, i.e. scenario B1, represents the maximum climate
mitigating performance among the scenarios with a net negative impact quanti-
fied as −37.4 · 106 kg CO2 eq. (Figure 9). The second best is the protein production
from Laminaria digitata, i.e. scenario P1, with a net negative impact quantified as
−18.3 · 106 kg CO2 equivalents. The Saccharina latissima species performs better
in the biogas production from silage (scenario B3) compared to the protein pro-
duction alternative (scenario P2). In scenario B3, a net negative value, i.e. climate
mitigation, of −3.3 · 106 kg CO2 eq. is obtained, while a climate change impact of
3.6 · 106 kg CO2 eq. is observed from protein production in scenario P2.

The carbon flow is the the most significant feature of the systems analyzed.
It affects the distribution of CO2 during the assimilation and emissions along the
system. This is visible in the element uptake, cogeneration and digestate spreading
processes.

The element uptake phase represents the macroalgae uptake of carbon from the
seawater in the climate change impact category; since the HCO−

3 in the water is
in equilibrium with atmospheric CO2, we consider this uptake as bioextraction
of CO2 from the air (See section 2.3.2.3). During the anaerobic digestion (biogas
production phase, Figure 9), part of the carbon in the macroalgae is converted to
methane; except for the small losses of biogas during its production, the carbon is
released as CO2, CH4 and CO during the combustion of the biogas (cogeneration
phase, Figure 9).

The inert carbon not converted to biogas remains in the digestate. When the
digestate is spread, the carbon is partially immobilized in the soil and partially
emitted to the atmosphere as CO2. Since there is a mass balance between these
phases, the amount of carbon bioextracted by the macroalgae is equal to the sum
of the carbon released by biogas combustion, the losses and the carbon in the di-
gestate.
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Figure 9: The impacts of the processes of every scenario on climate change.

The element uptake and the biogas yield affect the impact value of all the phases
of the biogas production. The higher dry matter content and the higher biogas
yield of Laminaria digitata result in a higher amount of biogas that will be burnt
(emissions in cogeneration) compared to Saccharina latissima. In turn, more en-
ergy will be produced and will decrease the consumption of national energy mix
(avoided electricity and heat production). At the same time, the higher uptake
of carbon results in higher production of digestate together with the emissions
during the digestate spreading phase.

The amount of nitrogen, phosphorus and potassium bioextracted from the sea-
water, correlated with the dry matter content of the macroalgae, determines the
amount of mineral fertilizers substituted by the digestate and the correspondent
avoided emissions. Laminaria digitata used as ingestate in scenario B1 has a higher
dry matter content and a higher percentage of P and K than Saccharina latissima
used in scenarios B2 and B3. Even if Saccharina latissima has more nitrogen, the net
amount of substituted mineral fertilizers in scenario B1 exceeds the one in scenar-
ios B2 and B3, and so do the correspondent avoided emissions.

In the protein pathway, i.e. scenarios P1 and P2, the carbon bioextracted during
the element uptake phase is not released to other environmental compartments
but is temporarily stored in the final product, i.e. the fish feed ingredient.

The other process that reduces the negative impact on climate change is the
avoided protein production, which corresponds to the emissions of the production
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of soy proteins. The contribution to climate change from the microalgae water re-
moval phase is correlated to the amount of macro/microalgae mixture that has to
be dried; this is why microalgae water removal is the prevalent process contribut-
ing to climate change in scenario P1, whereas in scenario P2 it ranks secondary to
the cultivation phase.

Scenario P2 results in a net positive value with negative impact on climate
change because of the lower dry matter content of Saccharina latissima, and i.e.
seemingly lower productivity of the cultivation phase in this scenario. The indi-
rect CO2 emissions originating from the material consumption for the macroal-
gae cultivation structure phase is not balanced by the protein yield (measured as
”avoided protein production”); therefore the performance of scenario P2 results in
a net positive value contributing to climate change. However, this scenario could
be improved by increasing the production yield of macroalgae as illustrated in
scenario P1.

Since the design of the cultivation structure does not depend on the macroalgae
species, its contribution to the impact on climate change, quantified as 23,400 kg
CO2 eq., is set equal for all scenarios. An optimisation of the design of the artificial
growth substrate may result in a reduction in the indirect CO2 emissions from this
phase of the macroalgae production and biorefinery system.

When comparing the biogas production (B1, B2, B3) with the protein production
(P1, P2), we can see that the first substitutes fossil products that have a higher
impact on climate change. Therefore, even though the positive emissions for B1,
B2 and B3 are higher than P1 and P3, the net mitigation of climate change is the
highest for the B1 scenario followed by the P1, B2 and B3 scenarios. The ensiling
of Saccharina latissima in scenario B3 enhances its biogas yield so that the biogas
production is greater in B3 compared to B2, and resulting in a higher substitution
of the Danish fossil energy mix in the B3 scenario.

The performance of all biobased production systems results in net negative val-
ues, i.e. contributing to climate change mitigation; except for the P2 scenario.

In conclusion, the selection of macroalgae of high dry matter content is im-
portant for obtaining climate mitigation performance of the protein production
scenarios. Furthermore, selecting the high dry matter content macroalgae is more
efficient compared to ensilage pretreatment in respect to obtaining a net negative
CO2 balance for the biogas production system. Ensiling of Laminaria digitata prior
to biogasification may increase the climate mitigation impact of the biogas produc-
tion system.
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3.2.2 Freshwater eutrophication

The impact of the five scenarios on freshwater eutrophication is shown in Figure
10.

The highest mitigation of freshwater eutrophication is obtained in scenario B1,
with a net reduction of −2.41 · 105 kg P eq., followed closely behind by scenario
P1, which has a net impact reduction of −2.35 · 105 kg P equivalents. Scenario
B3 has a net reduction of the impact on freshwater eutrophication of −4.43 · 104

kg P equivalents, followed by scenario B2 with −4.28 · 104 kg P eq. and scenario
P2 with 3.81 · 104 kg P eq.; the three results are very similar ,thus the difference
among these scenarios is not significant.

Figure 10: The impacts of the processes of every scenario on fershwater eutrophication.

The main phases that impact freshwater eutrophication are: Element uptake,
Digestate spreading, Avoided mineral fertilizers and, to a lesser extent, Avoided
electricity and heat production, Avoided protein production and Microalgae water
removal.

In the biogas scenarios, i.e. B1, B2 and B3, the amount of P equivalents that is
biosorbed from the sea water by the macroalgae, i.e. element uptake, is released
to soil during the spreading of the digestate; moreover, the substitution of mineral
fertilizers with the digestate avoids the emission of P-eq. caused by the produc-
tion and spreading of mineral fertilizers. Since the element uptake that accounts
for 47-49% of the negative values, is precisely balanced by the positive impact of
the digestate spreading, the mitigation of freshwater eutrophication is due princi-
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pally to the avoided mineral fertilizers phase. This phase ranges between 45 and
47% of the impact reduction. However, this mitigation is due to the avoided indi-
rect emissions from mining of raw phosphorus used for the production of mineral
fertilizers; therefore it does not occur in Denmark but where the P is extracted,
i.e. North Africa, Middle East and United States (Vaccari, 2009). The avoided emis-
sions of energy production mix accounts from 3.8% to 8.2% of the negative impacts
due to the reduction due to the fact that part of the energy mix in Denmark comes
from coal combustion.

In the protein scenarios, i.e. P1 and P2, the phosphorus bioextracted from the
seawater is not re-emitted to the soil as in the biogas scenarios, but remains in
the final product, i.e. the protein fish feed ingredient. Overall, the element uptake
phase is the most important process in mitigating freshwater eutrophication.The
impact is also supported by the avoided production of mineral P fertilizer used
for the production of soy proteins, which are substituted with the algae proteins.
The microalgae water removal process contributes with a positive impact due to
indirect phosphorous emissions from coal production used for energy production.

At a global level, all the scenarios contribute to a reduction of the freshwa-
ter eutrophication level. Scenario B1 outperforms the others thanks to its higher
biosorption of P using Laminaria digitata, resulting in a higher amount of P eq.
returned from the sea to agricultural soil in place of P mineral fertilizers.

3.2.3 Marine eutrophication

The results of the impact category marine eutrophication show net negative values
for all the scenarios, implying that all scenarios results in reduction of marine
eutrophication.

Scenario P1 outperforms the others with a mitigation of −1.70 · 106 kg N equiv-
alents. Scenario B1 is the second best with an impact reduction of −1.45 · 106 kg N
eq., followed by scenario P2 with a result of −1.32 · 106 kg N equivalents.

The other two biogas scenarios (B2 and B3) have the same result and rank last
with an impact reduction of 1.19 · 106 kg N equivalents.

As shown in Fig. 11, the uptake of nitrogen during the macroalgae growth is the
most significant process for mitigation effect on marine eutrophication; the impact
on marine eutrophication of the nitrogen spread on agricultural soil is negligible,
since it is used by the plants, remains into the soil or leaches to the freshwaters,
thus having no significant impact on marine waters (Olson, 1980).
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Figure 11: The impacts of the processes of every scenario on marine eutrophication.

In scenarios P1 and P2 the marine eutrophication is reduced also by the avoided
protein production; in particular, the avoided N emissions from the production of
mineral N fertilizer for soybean production is the main reason for the mitigation
of marine eutrophication.

The reason why scenario P1 shows the best mitigation result, followed by sce-
nario B1, is that Laminaria digitata, used both in P1 and B1, has a higher uptake
of nitrogen compared to Saccharina latissima. This is the result of the higher dry
matter content of Laminaria digitata (28.3% of WW) with respect to Saccharina latis-
sima (14.8% of WW), that more than compensate the higher N concentration in
Saccharina than in Laminaria (see Table6).

3.2.4 Energy requirement

The Cumulative Energy Demand (Frischknecht et al., 2007) has been utilized to
estimate the total consumption of energy for the five scenarios (Figure 12). The
total energy is calculated as the sum of fossil, nuclear, wind, solar, geothermal,
water and biomass energy utilized in the different processes. The Danish energy
production mix is composed by 78% fossil fuels, 19% renewable energies and 2%
non-renewable wastes (EC, 2015).

Figure 12 visualises the total energy balance of the five scenarios including both
non renewable and renewable energy, whereas Figure 13 visualises the patterns
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in non renewable energy consumed and produced/saved in each phase across the
five scenarios.

3.2.4.1 Total energy requirement

The scenario with the lowest total energy requirement is scenario B1, which con-
sumes 5.62 · 108 MJ (156 GWh). Scenario B3 has the second best result, since it
needs 7.66 · 108 MJ (213 GWh), whereas the other three scenarios need more than
twice the consumption of scenario B1: 1.26 109 MJ in scenario B2, 1.33 109 MJ in
scenario P1 and 1.60 109 MJ in scenario P3.

Figure 12: The impacts of the processes of every scenario on total energy requirement.

The most energy intensive processes in all the scenarios are the cultivation phase
and the drying Whereas the cultivation phase is the same for all the five scenarios
(accounting for 612 TJ, i.e. 170 GWh), the energy used for the drying process
depends on the species and the pretreatment of the macroalgae.

In scenarios B1, B2, P1 and P2 the macroalgae are dried to reduce the water
content to 20%. Different energy consumption in drying phase is due to specie
specific initial water content: raw Laminaria digitata has a water content of 71.7% of
the wet weight, whereas Saccharina latissima moisture content is 85.2%. It is clear
that less water has to be evaporated in scenarios B1 and P1 and therefore less
energy is needed with respect to scenarios B2 and P2. In scenario B3, Saccharina
latissima is dried to a moisture content of 75%, as required for the subsequent
ensiling process; the water to evaporate is only 10.2% of the wet weight, thus the
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energy required by the drying phase is less significant compared to the other four
scenarios.

The microalgae water removal phase, which is the final stage of the proteic ingre-
dient production, accounts for the 22% and 13% of the energy demand of scenarios
P1 and P2, respectively. The amount of energy required to dry the macro/microal-
gae mixture is proportional to the amount of mixture produced; Laminaria digitata
(scenario P1) has a higher amount of dry matter, and therefore a higher final
macro/microalgae mixture.

Three phases contribute to the energy savings (negative part of the graph): the
energy produced from the biogas (avoided electricity and heat production) and
the energy saved by avoiding the production of mineral fertilizers (avoided min-
eral fertilizers), in scenarios B1, B2 and B3. The avoided energy consumption of
the production of terrestrial vegetable proteins, in particular the avoided drying
process of soy-beans (avoided protein production), in scenarios P1 and P2.

Scenario B1 performs better than the others because the bioenergy production
(Avoided electricity and heat production) exceeds the energy used during the culti-
vation phase, and partially compensate for the energy used by the drying process.
Due to the lower dry matter content of Saccharina latissima compared to Laminaria
digitata, the biogas production in scenarios B2 and B3 is not enough to balance
the energy used by the cultivation phase. In scenario B3, in spite of the lowered
energy consumption for drying to a water content of 75% and of the increased ef-
ficiency in the biogas conversion factor, the net positive value remains higher than
the B1 scenario. The latter underlines again that macroalgae specie of high dry
matter content outweigh the increased efficiency in biogas production by ensilage
pretreatment.

In scenario P1 the energy saved by the avoided soybean production compensates
the energy used during the cultivation of Laminaria digitata, while this is not the
case in scenario P2 due to a lower substitution of soybean protein.

The energy requirement of the two drying phases (drying and microalgae water
removal) increases the total energy consumption. In scenario P1 the higher dry
matter content reduces the water to dry from the macroalgae compared to scenario
P2. However, scenario P1 results in a higher production of proteins, which requires
more energy to be dried (microalgae water removal phase)than in scenario P2,
where the protein production is lower.

All the scenarios have a positive total energy requirement, which means that the
output of bioenergy produced and the energy saved is not enough to balance the
energy demand of the macroalgae production and biorefinery of the scenarios B1

to P2.
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3.2.4.2 Non-renewable energy requirement

Among the different types of energy input to the system is possible to identify
the non-renewable energy requirement (Figure 13). Figure 13 visualises the part
of total energy (Figure 12) that is obtained from fossil fuels, nuclear and non-
renewable biomass (wood and biomass from primary forests).

As for the total energy requirement 12, the scenarios that perform best is sce-
nario B1. In scenario B1, the consumption of non-renewable energy requirement is
less than the amount substituted, resulting in a net impact of −2.04 · 108 MJ (−57
GWh).

The remaining scenarios substitute less non renewable energy than they con-
sume, the performance decreasing in the direction B3, B2, P1 and P2.

Figure 13: The impacts of the processes of every scenario on non renewable energy re-
quirement.

The drying process, which accounted from 45 to 62% of the total energy con-
sumption (Figure 12), is negligible in the non renewable energy consumption
(Figure 13), since only renewable energy is used in this specific process (in this
case wood chip). The choice of using wood chip for the drying process is based
on the most common fuel utilized for industrial drying processes, as described
in the Ecoinvent v3 database utilized for this LCA (http://www.ecoinvent.org/
database/database.html).

Almost all the energy used for the cultivation phase is produced from non-
renewable energy sources (602 TJ, or 167 GWh), i.e. the production of plastic ropes,

http://www.ecoinvent.org/database/database.html
http://www.ecoinvent.org/database/database.html
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which are part of the cultivation substrate, is the main consumer of non-renewable
energy.

In scenarios P1 and P2, the microalgae water removal phase consumes as 362 TJ
and 215 TJ, which correspond to respectively 26% and 37% of the non-renewable
energy requirement.

The non renewable energy saved by the avoided protein production, i.e. −5.62 ·
107 MJ and −2.94 · 107 MJ in P1 and P2, respectively, represent only 6% and 4%of
the total non renewable energy requirement of scenarios P1 and P2. This amount
of energy saved is far less than the energy consumed by the cultivation and the
microalgae water removal phase, thus the net impact of scenarios P1 and P2 on
the non renewable energy requirement is positive, i.e. the non-renewable energy
used by the scenarios is more than the energy saved.

In the biogas scenarios B1, B2 and B3 there are no other relevant energy con-
suming processes besides the cultivation. Moreover, more than 90% of the avoided
electricity and heat production derives from non-renewable sources, which means
that 772 TJ are saved in scenario B1, 260 TJ are saved in scenario B2 and 319 TJ are
saved in scenario B3.

The avoided mineral fertilizers phase is a further reduction of the impact of bio-
gas scenarios on non renewable energy requirement: it contributes with -84 TJ in
scenario B1, -67 TJ in scenario B2 and -62 TJ in scenario B3.

Comparing the biogas scenarios (B1, B2 and B3) and the protein scenarios (P1

and P2) we can see that the non renewable energy consumption of the first group
is totally or partially compensated by the energy produced and saved, whereas
the latter group shows a higher net non renewable energy requirement. This is not
surprising since the two products (i.e. energy and fertilizers) that we substitute in
the biogas scenarios have a higher non renewable energy requirement compared
with the soy protein production which requires mainly renewable energy.

3.2.5 Human toxicity

The impacts of our scenarios on carcinogenic and non carcinogenic human toxicity
are expressed in Comparative Toxic Units (CTUh); as described in section 2.3.1.3,
this unit indicates the increase of morbidity in the total human population due to
the release of toxic substances.
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3.2.5.1 Human toxicity, cancer

The results of the impact assessment of the five scenarios on human toxicity, cancer,
show that the best performer is scenario B1, with a total impact of 3.51 CTUh,
followed by scenarios B3 and B2, with an impact of 4.26 CTUh and 4.43 CTUh,
respectively. The protein scenario P2 is the worst performer, with an impact of
5.46 CTUh.

This means that the production of biogas or fish feed ingredient increases cancer
morbidity of 1.6 · 10−5 cases in scenario B1 (best result) and 2.6 · 10−5 cases in
scenario P2 (worst result) for every tonne of WW of macroalgae processed.

Figure 14: The impacts of the processes of every scenario on human toxicity, cancer.

In all the scenarios the major contributor to carcinogenic toxicity is the mate-
rial inputs for the cultivation phase, responsible for 4.65 CTUh in every scenario.
The toxicity is due to the Chromium VI released during the production of iron
weights used in the construction of the cultivation substrate for the deployment of
the ropes in the sea. The discharge of CrVI occurs during the treatment of produc-
tion slag in landfills.

In the biogas scenarios (B1, B2 and B3) the release of arsenic with the digestate in
the agricultural soils is the second contributor to carcinogenic toxicity, accounting
for 6% to 27% of the positive impacts. However, human carcinogenic toxicity is
significantly balanced by the avoided toxicity caused by human exposure through
the marine food web due to the bioextraction of arsenic from the seawater (Borak
and Hosgood, 2007).
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The carcinogenic toxicity is reduced also by the avoided production of energy
from coal (avoided electricity and heat production); proportionally to the amount
of energy substituted in every scenario, we obtain a 1.55 CTUh reduction in sce-
nario B1, 0.52 CTUh in scenario B2 and 0.64 CTUh in scenario B3.

Emission of carcinogenic compounds from coal based energy consumption in
P1 and P2 for drying the macro/microalgae mixture contributes to an increase in
the human toxicity impact category; the toxicological impact is increased by 1.24

CTUh in scenario P1 and 0.76 in scenario P2. Still, the main contributing factor to
carcinogenic human toxicity in all scenarios is the production of iron weights.

The uptake of arsenic from the seawater is determined by the species of macroal-
gae, and is therefore the same between scenarios B1 and P1, and scenarios B2,B3

and P2; however in the protein scenarios this arsenic remains in the final product
and is not released to the soil. For this reason in scenarios P1 and P2 this is an
effective toxicity reduction, accounting for −1.68 CTUh and −1.25 CTUh, respec-
tively.

The lower impact on carcinogenic toxicity of the biogas scenarios,i.e. B1, B2 and
B3, with respect to protein scenarios,P1 and P2, can be ascribed to the fact that the
Danish energy mix that we substitute with the energy from the macroalgae has a
higher carcinogenic toxicity than the soy protein that we substitute in the protein
scenarios.

3.2.5.2 Human toxicity, non cancer

The impacts on non-cancer human toxicity are shown in Figure 15: scenario P1

is the best performer, with a net impact on non cancer toxicity of −17 CTUh,
followed by scenario P2 with a net impact of 54 CTUh. The biogas scenarios show
an impact of 126 CTUh in scenario B3, 138 CTUh in scenario B2 and last scenario
B3 with an impact on non cancer toxicity of 171 CTUh.

Therefore, the increase of morbidity for non cancer diseases ranges from −0.8 ·
10−4 cases (scenario P1) to 8.2 · 10−4 cases (scenario B1) for every tonne of WW of
macroalgae processed.

The non cancer toxicity impacts are principally related to the uptake and emis-
sion of heavy metals in the different environmental compartments, the avoided
production of soy proteins and to a lesser extent to the drying process.

The drying process contributes with a positive value (i.e. increase of toxicity)
on non-cancer toxicity proportional to the water to evaporate in every scenario: 20

CTUh in scenarios B1 and P1, 25 CTUh in scenarios B2 and P2, and 13 CTUh in
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Figure 15: The impacts of the processes of every scenario on human toxicity, non cancer.

scenario B3.

In the biogas scenarios the main positive impacts are due to the spreading of
the digestate onto the agricultural soils and in particular to the release of zinc and
arsenic; in scenario B1 the arsenic spread is 50% more than zinc (4,559 kg As vs
2,941 kg Zn), but since the toxicity of zinc in the soil is 50% higher than arsenic
one, the two elements contribution is very similar.

Scenarios B2 and B3 use the same macroalga, i.e. Saccharina latissima, thus the
release of heavy metals to the soil is the same in scenarios B2 and B3. In both the
scenarios the amount of zinc that is released to the soil is three and a half times
higher than arsenic. Since the toxicity of zinc is higher than arsenic one, the main
contribution to non cancer toxicity of scenarios B2 and B3 is the release of zinc
into the agricultural soils.

For all the biogas scenarios there is a mass balance between the heavy metals
extracted from the seawater (element uptake) and the heavy metals released onto
the soil (digestate spreading). For this reason, the different toxicity of the two
phases is not ascribable to a higher amount of zinc and arsenic released into the
environment, but to the different toxicity of these elements depending on their
fate.

Most of the impact of arsenic spreading is counterbalanced by the its bioextrac-
tion from the seawater. This is related to arsenic toxicity in the two environmental
compartments, i.e. water and agricultural soil, which is quite similar, as expressed
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by their characterization factors: 0.029 CTUh/kg As in the agricultural soil, and
0.027 CTUh/kg As in the seawater.

The uptake of zinc from the seawater has a small reduction effect with respect
to its release on the soil, since the health risks associated to this element are higher
in the agricultural soil than in the seawater: the characterization factor in the soil
is 0.044 CTUh/kgZn, whereas in the seawater the characterization factor is 0.001

CTUh/kgZn.

In the protein scenarios, the zinc and arsenic bioextracted from the seawater is
not transferred to the agricultural soils, but remains in the final product, i.e. the
fish feed ingredient.Therefore the element uptake is the most important phase in
mitigating non cancer toxicity, contributing with −138 CTUh in scenario P1 and
−21 CTUh in scenario P2. The avoided protein production phase has a positive
impact on non cancer toxicity, respectively 82 CTUh in scenario P1 and 43 CTUh
in scenario P2. The cultivation of soy to produce proteins, in fact, reduces the
non cancer toxicity by bioextracting heavy metals from the soil during the plant
growth. When we substitute algae proteins to the soy proteins, we lose the impact
reduction that soy cultivation has on non cancer toxicity.

The release of heavy metals on the fields is regulated to avoid the contamination
of the soils and permit the agricultural activities; the Statutory Order no. 1650

(Sludge Order), 2006 is the Danish reference for the spreading of sludge, food
wastes and animal by-products on cultivated fields.

The use of the digestate as fertilizer is therefore compared with the use of
sewage sludge (Niero et al., 2014; Thomsen et al., 2016) and referenced to the
Danish Statutory Order no. 1650 (Sludge Order) (EPA, 2006), 2006 and to the EU
Sludge Directive 86/278/EEC (EU, 1986) (see Table 15).

The heavy metal content in the macroalgae digestate is below the Danish regu-
latory standards for all metals excepts for the Cadmium. However the cadmium
concentration is comparable with the concentration in sludge from Danish wastew-
ater treatment, and below the European threshold (Thomsen et al., 2016).

The level of arsenic results particularly high in the digestate from Laminaria
digitata (scenario B1). However, the data about the concentration of As, Pb, Cd and
Cu in Laminaria digitata are referred to seaweed litter collected on the south coast
of England (Ross et al., 2008); the analysis of one year-old samples from Danish
seas would offer a more reliable result, since the location of the macroalgae and
their age are two crucial variables that affect the concentration of heavy metals
(Rai et al., 1981). In any case, the uptake of arsenic from the soil to plants is
reported to be generally low, and therefore high arsenic concentrations are usually
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Table 15: The content of heavy metals and arsenic in the digestate of scenarios B1, B2 and
B3, compared with sludge used as fertilizer in Denmark (Niero et al., 2014), the
Statutory Order no. 1650 (Sludge Order) (EPA, 2006), 2006 and the European
Sludge Directive 86/278/EEC (EU, 1986). All the values are expressed as mg/kg
of dry matter.

Zn As Pb Cd Cu Cr

Scenario
B1

88 137 12.34 1.94 31 11

Scenario
B2

105 30 8 2 12 18

Scenario
B3

85 24 6.82 1.42 10 14

DK
Sludge

823 - 49.7 1.82 375 -

Sludge
Order DK

4000 - 120 0.8 1000 100

Sludge
Directive
EU

2500-4000 - 750-1200 20-40 1000-1750

not found in the crops (Smith et al., 1998), while Cadmium is the metal with the
highest bioaccumation potential in crops (Pizzol et al., 2014). For this reason it is
a significant results that the B1 scenario stays climate neutral even with inclusion
of the upcycling technology.

3.2.6 Perspectives for the future

3.2.6.1 System optimization

As we have seen in section 3.2.4, the drying phase and the cultivation phase are
the most energy intensive in all the scenarios. Thus reducing the energy require-
ment of these processes would be the most effective action to have a considerable
decrease of the energy consumption of the algae-based production systems.

The thermal energy lost during the cogeneration process could be exploited in
the drying process of the macroalgae; however, this would account only for 23%
, 3% and 7% of the total energy requirement of scenario B1, B2 and B3, respec-
tively. Moreover the drying process utilized in this analysis is not optimized for
macroalgae. To our knowledge there is no existing drying process designed for
this particular biomass. Currently, the small scale production sites in Denmark are
utilizing small greenhouses taking advantage of the natural ventilation created by
temperature gradients.

In this study we utilized the state of the art technology for grass drying, de-
scribed in the Ecoinvent V3 database (http://www.ecoinvent.org/database.html).

http://www.ecoinvent.org/database.html
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A significant reduction in energy consumption for the drying of macroalgae
biomass may be obtained upon technology maturation; for example through cali-
bration of the ventilation rate and temperature according to water reduction rates
during the drying process in greenhouses.

The energy costs of the cultivation phase can be reduced with three main strate-
gies:

• extending the lifetime of the material used,

• reducing the material consumption modifying the cultivation structure,

• increasing the productivity of macroalgae per hectare.

The first two strategies can be classified as optimization of the cultivation tech-
nology. Since macroalgae cultivation in Northern Europe is at an early stage and
therefore rather immature, the optimization in material consumption is expected.

The third solution would not reduce the energy consumption in the cultivation
phase but would decrease the relative cost compared to the other phases. A greater
productivity would lead to a greater production of biogas and in turn energy,
increasing total energy saving of the system.

However, at the same time, a greater production of biomass would increase the
energy demand for the drying process.When considering Laminaria digitata, i.e.
scenario B1, a marginal increase of 1 Mg WW of macroalgae, would lead to a
marginal increase in total energy saving: +1.1 · 103 kWh consumed for the drying
phase and +1.3 · 103 kWh energy saved for biogas and fertilizer production.

This means that for every tonne of Laminaria production increase, we would save
0.1 · 103 kWh of energy. The net balance would be the opposite when considering
Saccharina latissima, since the energy consumption for drying is much higher than
the energy saving.

3.2.6.2 Reduction of the carcinogenic human toxicity

The most efficient way to reduce the impact on cancer toxicity of all the scenarios
is to modify the cultivation phase and in particular the iron weights. It is possible
to avoid the iron consumption substituting the conventional ropes, where the iron
weights are manually attached, with stone ropes, which are hollow ropes filled
with stones. The change of design eliminates the use of iron but increases the
use of plastic necessary to create a stone rope. The alternative design reduces the
cancer toxicity impact by 3.76 CTUh, but increases the impact on climate change,
quantified as 5,500,000 CO2 eq.; this would correspond to an increase of the impact
on climate change ranging from 14% to 630% of the five scenarios.

The implementation of cultivation structure using the stone ropes has three
consequences: in scenario B1 the cancerogenic toxicity is reduced down to −0.25
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CTUh, and the impact on climate change is increased from −3.74 ·107 to −3.19 ·107

kg CO2 eq.; in this case we have a net reduction of cancerogenic toxicity and a net
reduction of climate change.

In scenario P1 the utilization of the stone ropes reduces the cancerogenic toxic-
ity to 0.90 CTUh and the impact on climate change increases from −1.83 · 107 to
−1.28 · 107 kg CO2 eq.; in this scenario the toxicity would be reduced but the net
impact would still be positive, whereas for climate change we would still have a
net negative result.

In the other three scenarios,B2, B3 and P2, the utilization of the stone ropes
reduces the toxicity to a value ranging from 0.59 to 1.79 CTUh, and the net impact
on climate change would range from 2.16 · 106 to 9.07 · 106 kg CO2 eq.; in this case
the use of stone ropes would partially reduce the toxicity of the scenarios, but the
cost of this reduction would be a net positive impact on climate change.

3.2.6.3 Reduction of the non cancer human toxicity

The results of the impact on non cancer toxicity of the biogas scenarios point to-
wards spreading of digestate as the major source of increased non cancer human
toxicity, thus we evaluated an upcycling of the natural fertilizer product as a solu-
tion to reduce the heavy metals in the digestate. Bionorden technology is a process
that decreases the content of heavy metals in a slurry, e.g. digestate or waste water
sludge.

Through oxidation and sedimentation processes, this technology separates the
digestate into a liquid humic substance fertilizer product and a silicate fraction
containing between 70-90% of the heavy metals of the digestate.

In scenario B1 this implementation would reduce the non cancer toxicity to
38 CTUh. However the impact on energy consumption would increase of 367 TJ,
correspondent to 65% of the energy requirement of the base scenario, i.e. without
Bionorden technology. Moreover, it would produce an increase in the biogenic CO2

emission of 3.21 · 107 kg, which means that the net mitigation of climate change
would decrease from −3.74 · 107 to −9.43 · 106 kg CO2 equivalents.

In scenario B2 the Bionorden technology would reduce the non cancer toxicity
from 138 CTUh (base scenario) to 38 CTUh. This process would require 3.21 · 108

MJ of energy (+24% energy requirement) meaning an increase of 2.81 · 107 kg CO2

eq. emitted. The impact on climate change would turn from net negative value of
−8.72 · 105 kg CO2 eq, i.e. climate mitigation, to net positive value of 2.54 · 107 kg
CO2 eq., i.e. net emission of Co2 equivalents.

The implementation of Bionorden technology in Scenario B3 could reduce its
impact on non cancer toxicity from 126 CTUh to 25 CTUh. The energy cost would
be 3.17 · 108 MJ of energy (+41% with respect to the base scenario) and 2.77 · 107

kg CO2 equivalents. This would results in an increase of the impact on climate
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change from being climate mitigating −3.34 · 106 kg CO2 eq. to being net emitting
2.14 · 107 kg CO2 equivalents.



4
C O N C L U S I O N S

This study is focused on the evaluation and comparison of the environmental
impacts and performance of two potential exploitment of macroalgae biomass in
Denmark: biogas and a protein-rich fish feed ingredient. The increasing demand
of energy and food and the correlated climate and environmental challenges calls
for integrated assessment modelling tools to secure the development of new sus-
tainable production systems.

Therefore, we modeled two different production systems resulting in five sce-
narios using emissions as a resource for macroalgae biomass production and uti-
lization. The scenarios differ for the species of macroalga used, Laminaria digitata
or Saccharina latissima, and for their pretreatment, drying or ensiling.

The biogas pathway tried to maximize the energy production from the macroal-
gae, whereas the protein pathway tried to increase the final protein output through
the inclusion of microalgae in the process. We have evaluated the three overall
impact categories applying the LCA methodology for system level sustainabil-
ity assessment. More specifically we have assessed whether the biobased produc-
tion system may contribute to a development towards increased environmental
sustainability by reducing climate change, freshwater eutrophication and marine
eutrophication. Furthermore, the, total energy requirement and non renewable en-
ergy requirement were assessed with the aim of addressing the energy efficiency
indicators at system level. Lastly, human toxicity cancer and non cancer impact
categories were included to address the level of externalities associated to the
biobased production systems, with and without system expansion to include an
upcycling technology delivering a non-product service in terms of avoided health
impacts.

Based on the results of our analysis, the production of energy from the macroalga
Laminaria digitata has the best total performance in terms of environmental impacts,
energy requirement and impacts on human health.

The scenarios with Laminaria digitata as macroalgae biomass showed a higher
biogas or protein yield than Saccharina latissima scenarios, thanks to the higher dry
matter content of the first species. For this reason we can conclude that, no matter
which production is chosen, the use of Laminaria digitata is to prefer over Saccharina
latissima.

When we compare the biogas pathway and the protein pathway we can see that
the former has generally better results in the considered categories.

57
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Our results have highlighted the importance of the geographical origin of macroal-
gae: since the characteristics of this resource are highly dependent on its location,
it is fundamental to have the most coherent data to have accurate results.

Through the choice of the impact categories we tried to consider an inclusive
range of sectors on which our productions could have repercussions, from the
effects on the environment to the effects on health and the energy efficiency. How-
ever, some aspects have to be taken into account and evaluated even if not directly
represented in our results. One of the main aspects to consider is the whether our
biobased product would be substituting an existing fossil production or whether
the biobased production would be addition to the existing fossil production sys-
tems. When we consider our products as an expansion, i.e. addition, to the existing
production of energy and feed, the use of macroalgae as a source of energy has to
be preferred for its lower impacts and higher efficiency.

But if we consider a no growth scenario in which the existing fossil-based pro-
duction of energy and fish feed is substituted by biobased production systems due
to scarcity of raw materials, such as fossil fuels, terrestrial biofuels, fish meal and
soy proteins, then both the biogas and the protein pathways are a valuable way
to use the currently unexploited macroalgae biomass and our assessment results
holds true; i.e. it is possible to create more sustainable ways of production which
mitigate climate change and contributes to the restoration of freshwater and ma-
rine water quality. Lastly, for the system of highest energy efficiency it is possible
to include upcycling technologies to avoid human health impacts while still being
climate neutral.

Regarding the health impacts from spreading of digestate, it should be men-
tioned that the functional unit selected influenced the results in a way that the
health impacts are less significant for Saccharina latissima. However, at a local scale,
the spreading depends on the N and P content and the heavy metal to N and P
ratio. This is the reason why the impacts on human health at a local scale should
be assessed using a more suitable functional unit; e.g. 1 kg of N or P (Pizzol et al.,
2014; Thomsen et al., 2016).

Moreover, more accurate information about the speciation of the heavy metals
released onto the fields and the characteristics of the fertilized cultivations is re-
quired to have a precise evaluation of the impacts on human health. A dedicated
study should focus on this aspect.

This study has highlighted the major pros and cons of implementing the pro-
duction of biogas or a fish feed ingredient in terms of environmental, energetic
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and health impacts; a further step in the assessment of these productions would
be the economic evaluation of the systems and their products.

Another relevant aspect to investigate is the quality of the final product and its
best destination.
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