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Abstract 

 

As a result of increasing environmental burdens from anthropogenic activities and 

resource scarcity, interest for the development of solutions utilizing photosynthetic 

marine biomass has also been increasing in both academia and industries.  Medium to 

large scale production and harvest of photosynthetic marine biomass have been 

practiced to achieve numerous services, including improving tourism industries, 

production of biofuels, and production of food/feed. However, few studies have 

evaluated the potential for nutrient recovery as an added benefit to the aforementioned 

services and the potential environmental burdens of such solutions from a holistic 

systems perspective. This thesis, therefore, sought to determine the nutrient recovery 

potential of harvesting photosynthetic marine biomass at industrial scales while 

assessing the environmental burdens from a holistic systems perspective. Techniques 

involving life cycle inventory and analysis, input-output analysis, growth modelling 

and experimentation, energy analysis, and assessment of greenhouse gas emissions 

from a life cycle perspective were used to assess the potential environmental burdens 

of large scale harvest of photosynthetic marine biomass.  

 

This study employed five real world case studies of five different photosynthetic marine 

biomass species at various geographical locations across the globe. Each case was 

assessed to determine the potential to recover nutrients while evaluating the potential 

environmental burdens from an energy and greenhouse gas perspective. Each case 

contains unique specific details and therefore methods applied were case specific. 

Results showed that nutrient recovery potential existed in most cases with the exception 

of one case. Cases evaluated for their potential environmental burdens showed that 

large scale harvest of photosynthetic marine biomass is resource intensive regardless of 

species but showed mixed results from an energy perspective. The key findings of this 

thesis were that a) the potential for nutrient recovery was estimated in both large scale 

cultivation and large scale wild harvest of photosynthetic marine biomass, b) from an 

energy and biomass harvesting perspective, the viability of industrial harvests of 

photosynthetic marine biomass were found for both large scale cultivations and wild 

harvesting of biomass blooms, and c) scale of operations is an important factor towards 

evaluating the environmental performance of photosynthetic marine biomass 

production systems. 
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Sammanfattning 

 

Som ett resultat av en ökande miljöbelastning från antropogen 

aktivitet och knapphet på resurser, så har intresset för utveckling av lösningar med 

fotosyntetisk marin biomassa också ökat i både akademi och industri. Produktion och 

skörd av fotosyntetisk marin biomassa i medelstor till stor skala har praktiserats för att 

uppnå många tjänster, inklusive förbättring av turistnäringar, produktion av 

biodrivmedel och livsmedels- och foderproduktion. Men få studier har utvärderat 

potentialen för näringsåtervinning som en extra fördel för de nämnda tjänsterna och den 

potentiella miljöbelastningen för sådana lösningar ur ett holistiskt systemperspektiv. 

Denna avhandling försökte därför fastställa näringsåtervinningspotentialen för skörd av 

fotosyntetisk marin biomassa på industriell skala, samtidigt som miljöbelastningen 

bedömdes ur ett systemperspektiv. Tekniker som involverar livscykelinventering och 

analys, input-output-analys, tillväxtmodellering och experiment, energianalys och 

utvärdering av växthusgasutsläpp ur ett livscykelperspektiv användes för att bedöma 

den potentiella miljöbelastningen för storskalig skörd av fotosyntetisk marin biomassa.  

  

I denna studie användes fem verkliga fallstudier av fem olika fotosyntetiska marina 

arter som kan producerar biomassa på olika geografiska platser över hela världen. Varje 

fall bedömdes för att bestämma potentialen för att återvinna näringsämnen samtidigt 

som den potentiella miljöbelastningen utvärderades ur ett energi- och 

växthusgasperspektiv. Varje fall innehåller unika specifika detaljer och därför användes 

metoder som var specifika för varje fallstudie. Resultaten visade att potentialen för 

återhämtning av näringsämnen fanns i de flesta fall med undantag för ett fall. Fall som 

utvärderades för deras potentiella miljöbelastningar visade att storskalig skörd av 

fotosyntetisk marin biomassa är resurskrävande oavsett art men visade blandade 

resultat ur energiperspektiv. De viktigaste resultaten från denna avhandling var att a) 

potentialen för näringsåtervinning uppskattades i både storskalig odling och storskalig 

vild skörd av fotosyntetisk marin biomassa, b) möjligheten för industriell skörd av 

fotosyntetisk marin biomassa hittades för både storskalig odling och vild skörd av 

biomassa, och c) skalan är en viktig faktor för att utvärdera miljöprestanda för 

fotosyntetiska marina system för biomassaproduktion. 
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1. Introduction 

 
1.1 Background: A Review of Literature, Approaches, and Research Gaps 

1.1.1 Photosynthetic Biomass 

Photosynthesis is a process in which energy from the sun is fixed and organic 

compounds are produced (Smith, 1980). Photosynthetic biomass synthesizes organic 

substances from rudimentary inorganic substances using energy obtained from the 

photosynthesis process (Lindeman, 1942; Thienemann, 1926). Smith (1980) estimated 

that the efficiency of the photosynthesis process is approximately 38% when 

considering the energy demand of the process (320 kcal) and the energy fixed (120 

kcal) upon the release of 1 mole of oxygen or upon the fixing of 1 mole of CO2.  Other 

studies have found such efficiencies for a multitude of biomass, marine and terrestrial, 

to be between 21% and 33% (Kok, 1965; Wassink, 1968; Yocum and Blinks, 1954). 

The surplus energy (unused by the catabolic processes in the photosynthetic biomass), 

along with other organic substances, are accumulated and then appropriated by 

consumers of the photosynthetic biomass (Lindeman, 1942; Smith, 1980), including 

animals and humans. 

 

From a planetary perspective, the anthropogenic consumption of photosynthetic 

biomass remains a major influence on the biosphere (Haberl et al., 2014; Krausmann et 

al., 2013; Rojstaczer et al., 2001; Vitousek et al., 1986). In the past, food and feed 

production processes (e.g. land cultivation) accounted for the majority of the utilized 

photosynthetic biomass. Despite the improvements in biomass to product conversion 

efficiencies, recent studies have shown that the anthropogenic appropriation of 

photosynthesis products, or the human appropriation of net primary production, has 

been on the increase since 1910 (e.g. Haberl et al., 2014; Krausmann et al., 2013). This 

increase has not only contributed to the increase in human population and vice versa 

(Rojstaczer et al., 2001), but also to the use of biomass for other products (Krausmann 

et al., 2013), e.g. bioenergy. This has also led to indirect ecological consequences, such 

as alterations to the bio-geochemical cycles and biodiversity (Haberl et al., 2014). 

Therefore, caution is advised on future economic emphasis on land-based biomass 

resources (Krausmann et al., 2013). Such concerns on the use of land-based 

photosynthetic biomass were further emphasized in biofuel research where first 

generation agro-biofuels were described to be in competition for arable land and fresh 

water with food production (Giampietro and Mayumi, 2009).  The combination of these 

pressures has led to an increase in commercial and academic interests in the utilization 

of photosynthetic aquatic biomass.   

 

Resource constraints and planetary boundaries are not the only drivers of interest in 

photosynthetic aquatic biomass. Photosynthesis in aquatic environments (in particular 

marine environments) account for approximately half of the world’s total net primary 

productivity (Field et al., 1998). Moreover, the overall photosynthetic efficiency for 

photosynthetic aquatic biomass (approximately 6%) is often considered to be higher 

than the photosynthetic terrestrial biomass (approximately 2%) when considering the 

total energy fixed relative to the total energy available for photosynthesis (Aresta et al., 

2005; Ovington and Lawrence, 1967; Smith, 1980).  

 

In addition to the high photosynthesis potential, the photosynthetic aquatic biomass is 

also a major raw material in many of today’s consumer products (Graham and Wilcox, 

2000), including food (e.g. Kent et al., 2015), biofuels (e.g. Benemann, 2013), 
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pharmaceutical products (e.g. Pulz and Gross, 2004), chemicals (e.g. Ceurstemont, 

2014), among others. Therefore interest from an economical perspective is also high. 

This fact is exemplified through the production of seaweed in East Asia, where 5 billion 

USD worth of cultivated seaweed is harvested each year (Ceurstemont, 2014). 

However, the high nutrient uptake capacity of photosynthetic aquatic biomass (e.g. 

Borges et al., 2005; Craggs et al., 1994) coupled with the need to reduce demand for 

land-based resources (Krausmann et al., 2013), the increasing concerns of 

eutrophication (e.g. Ansari et al., 2011) and concerns over phosphorus peaks (e.g. 

Cordell and White, 2011) has promoted academic and industrial interest in achieving 

nutrient recovery as an additional benefit to the harvest of photosynthetic aquatic 

biomass in recent years, which is the main focus of this study. 

 

Successful growth of photosynthetic aquatic biomass requires a variety of nutrients 

especially, but not limited to, N, P, and Fe (Graham and Wilcox, 2000). Nutrient 

removal through the growth of photosynthetic aquatic biomass is often regarded as 

highly effective (e.g. Olguı́, 2003; Perez‐Garcia et al., 2010).  For example, Perez‐

Garcia et al. (2010) proposed the growth of immobilized (using 3 mm beads) 

microalgae, Chlorella vulgaris, in synthetic wastewater (NH4 and PO4 adjusted to 

concentrations found in municipal wastewater in Mexico), which achieved a 3-day NH4 

and PO4 removal of approximately 16% and 20%, respectively.  Kidgell et al. (2014) 

proposed using freshwater macroalgae, Oedogonium sp. (Genbank KF606974), as a 

biosorption agent for complex industrial effluents while Cole et al. (2014) demonstrated 

the use of Oedogonium sp. to uptake N (75% removal) and P (22% removal) from 

Barramundi aquaculture effluent. Olguı́ (2003) used the growth of cyanobacteria, 

Spirulina platensis, to achieve the NH4-N and PO4-P removal of approximately 94% 

and 72%, respectively from anaerobic pig waste effluent.  Lim et al. (2010) proposed 

using the growth of microalgae, Chlorella vulgaris, as a phycoremediating agent for 

textile wastewater where a removal of approximately 44% and 33% was achieved for 

NH4-N and PO4-P, respectively. However, although some literature such as these works 

mentioned involve the use of wastewater, the majority of these studies are conducted 

in freshwater systems. Motivated by the need to avoid competition with agricultural 

systems for arable land and fresh water supplies, this study will focus mainly on 

photosynthetic marine biomass harvest in either marine or saline-based systems where 

the associated nutrient recovery is an added benefit. The photosynthetic marine biomass 

considered for this study will include cyanobacteria (Paper I), red filamentous algae 

(Paper 2), marine microalgae (Paper 3 & 4), and marine kelp (Paper 5). 

 

The consideration of nutrient removal through the growth of photosynthetic marine 

biomass has been studied for many species in the past. One of these types of biomass, 

macroalgae, had been proposed in much of the literature (e.g. Abreu et al., 2011; 

Goldman et al., 1974; Hernández et al., 2002; Subandar et al., 1993) for nutrient 

removal in marine or saline-based systems. For example, Abreu et al. (2011) showed 

the potential N removal from saline effluent in a commercial intensive aquaculture farm 

through the growth of marine red macroalgae, Gracilaria vermiculophylla.  Subandar 

et al. (1993) studied Laminaria saccharina receiving continuous input flow of saline 

effluent from Salmon aquaculture and achieved a dissolved inorganic N removal 

potential of 40%. Goldman et al. (1974) proposed using macroalgae, Chondrus crispus, 

as part of a combined tertiary treatment (along with oyster, Crassostrea virginica, and 

diatoms) of 1:4-seawater-diluted wastewater from a military base and achieved 

approximately 95% and 50% combined removal for inorganic N, and P, respectively. 
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Martínez-Aragón et al. (2002) and Hernández et al. (2002) proposed utilizing the 

growth of macroalgae (Ulva rotundata, Enteromorpa intestinalis and Gracilaria 

gracilis) to remove PO4 and NH4 from seabass effluent. Depending on nutrient 

starvation and growth conditions, Martínez-Aragón et al. (2002) achieved 

approximately 60-99% removal of PO4, while Hernández et al. (2002) achieved 

approximately 61-99% removal of NH4. These studies suggested macroalgae as an 

important candidate for nutrient recovery in marine systems.  Therefore, this study 

considers the cases of macroalgae harvest where nutrient removal is considered as an 

added benefit, e.g. the cultivation of a local macroalgae, Saccharina latissima 

(henceforth S. latissima), and its associated potential nutrient recovery as an additional 

benefit to the production of biomass (Paper 5).  

 

In addition to macroalgae, other species of photosynthetic marine biomass also have 

the potential for nutrient removal in saline systems, but the study of them is currently 

limited in literature (e.g. Borges et al., 2005; Craggs et al., 1994). Craggs et al. (1994) 

demonstrated that approximately 90% of N removal and 70% of P removal from sterile-

seawater-diluted sewage was achievable in two days using microalgae. Among several 

species studied in Craggs et al. (1994), coupled with its known tolerance for a wide 

salinity range (Fabregas et al., 1984), Tetraselmis sp. was found to be an interesting 

candidate for nutrient removal from saline wastewater. This was further supported by  

Borges et al. (2005) and Heo et al. (2015).  Heo et al. (2015) observed the successful 

removal of nitrates and phosphates by Tetraselmis sp. from diluted saline wastewater 

from food waste recycling. Borges et al. (2005) demonstrated that the growth of a local 

Tetraselmis sp. in saline Turbot aquaculture effluent achieved approximately 85% 

removal for NO3-N and NH4-N while approximately 50% removal was achieved for 

PO4-P. Therefore, growth experiments of Tetraselmis tetrathele were conducted in this 

study using saline wastewater obtained from a local shrimp aquaculture to investigate 

the potential for biomass growth and nutrient removal (Paper 3). In addition to the 

experimental case of Tetraselmis tetrathele growth, this study will also consider one of 

the first Chinese cases of the large scale cultivation of Nannochloropsis oculata fed 

with fluegas (Paper 4). 

 

Although numerous studies have been conducted on the potential for nutrient removal 

from marine or saline systems using cultivated photosynthetic marine biomass, as 

discussed above, there is a clear lack of studies in the potential for the harvest of wild 

photosynthetic marine biomass. Regardless of attempts to minimize nutrient loading  

on a regional scale, such as the Baltic Sea (e.g. Wulff et al., 2001), surplus loading of 

nutrients to the water recipient remains in the Baltic Sea region (e.g. Larsson and 

Granstedt, 2010), which is partially responsible for regular blooms of photosynthetic 

marine biomass, such as cyanobacteria (Wasmund and Uhlig, 2003). Other readily-

available wild photosynthetic marine biomass also exists for harvest, e.g. beachcast 

biomass deposits (e.g. Gröndahl, 2010), which is also influenced by the eutrophication  

(Isæus et al., 2004). The cyanobacteria blooms and deposition of beachcast biomass 

often lead to reduced recreational value for the tourism industry (Bucholc et al., 2014; 

Hasselström et al., 2008) which motivates the harvest of blooms and beachcast biomass.  

Therefore, this study will attempt to assess nutrient recovery as an additional benefit 

for the harvest of wild photosynthetic marine biomass in both cases (Papers 1 & 2). 

 

One of the main research gaps in the attempt to remove or recover nutrients as an 

additional environmental benefit to the production of photosynthetic marine biomass is 
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the lack of study that investigate such systems from a holistic perspective, where the 

potential system outputs and environmental demands are considered. Most studies, as 

discussed above, are either laboratory in nature or conducted on a pilot scale. Research 

conducted from a system perspective are mainly limited to product-oriented studies, 

e.g. biofuels (e.g. Razon and Tan, 2011), where little discussion is made from a nutrient 

recovery standpoint. A holistic system perspective for the potential of nutrient recovery 

through the harvest of photosynthetic marine biomass is the emphasis of this study, 

where both the environmental burdens and benefits are considered (Papers 1, 2, 4,and 

5). 

 

1.1.2 Systems Approach 

Holistic consideration for the harvest of photosynthetic aquatic biomass has been 

promoted recently (e.g. Cole et al., 2014; Manninen et al., 2015; Petrell and Alie, 1996; 

Rösch et al., 2012; Sturm and Lamer, 2011) but has remained limited in literature 

especially when considering the recycling of nutrients from marine and/or saline 

systems (e.g. Manninen et al., 2015).  In order to investigate these systems from a 

holistic view and to obtain a deeper understanding of the potential and limitations of 

harvesting photosynthetic marine biomass, a systems approach is applied in this study 

in an industrial ecology context.  

 

Industrial Ecology has been described as the multidisciplinary study of holistic 

industrial systems and associated components with an emphasis on reducing waste and 

the overall material and energy demand of the system as a whole (Gallopoulos, 

2006).  The study of Industrial Ecology began with the view of industrial processes as 

components of a larger industrial ecosystem by Frosch and Gallopoulos (1989), where 

a simplified material flow analysis concept (e.g. Bukbidge, 1982) and organizing 

principles from fundamental ecological studies (e.g. Lindeman, 1942) are applied to 

identify potential waste reductions and recycling.  Later applications of Industrial 

Ecology are not limited to techno-economic industrial systems (Ehrenfeld, 2004; 

Graedel and Allenby, 2010) but have also been broadened to include larger systems 

consisting of complex human-environment interactions (e.g. Ehrenfeld and Gertler, 

1997; Hoffman, 2003) while maintaining a biological-based ecological perspective in 

their analysis. In the light of the need to provide a holistic evaluation of the harvesting 

of photosynthetic marine biomass, this study will perform analysis of photosynthetic 

marine biomass harvest from an industrial ecology context. 

 

A system from an ecological perspective consists of relationships between 

interconnected components, or subsystems, enclosed in a defined boundary, where the 

functions of the components/subsystems processes the systems inputs and leading 

towards the production of systems outputs (Smith, 1980) while often achieving a 

progressive ecological efficiency (Kozlovsky, 1968; Lindeman, 1942; Patten et al., 

1990). In the light of a systems perspective in an industrial ecology context, as 

discussed above, the potential benefits and the associated environmental impacts of 

harvesting photosynthetic marine biomass can be considered.  When compared to 

studies on environmental impacts of human activities in general, studies on the impacts 

of environmental solutions, especially in regard to nutrient recovery, from a holistic 

view have remained limited (e.g. Spångberg et al., 2014). In response to rising 

environmental awareness and concerns on human activities and technologies (e.g. 

Assessment, 2005), environmental burdens such as resource demands (e.g. energy) and 

greenhouse gases emissions are further observed in this study. Recent studies on 
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systems perspectives for the harvest of photosynthetic marine biomass have largely 

been motivated by the need for a deeper understanding of the resource demands and 

greenhouse gasses emitted from the production of biomass and their products, e.g. 

biofuels (e.g. Razon and Tan, 2011).  Furthermore, few systems analysis studies have 

considered the potential from the perspective of nutrient recovery as an additional 

environmental benefit to the production of photosynthetic marine biomass.  

 

Petrell and Alie (1996) was among the few early studies to consider a holistic view for 

the harvest of photosynthetic marine biomass where kelp cultivation was considered as 

part of salmonid culture.  The study achieved substantial NH4-N removal while 

producing kelp at a marketable price of 20 USD per kg in addition to the establishment 

of a 24-sea-cage salmon farm (Petrell and Alie, 1996). Multi-role considerations 

resulting from a systems perspective in an industrial ecology context were also applied 

in Cole et al. (2014) where the growth of macroalgae, Oedogonium sp., was utilized to 

uptake nutrients from Barramundi effluent and the produced macroalgae biomass was 

proposed as a protein resource supply.   However, in order to perceive the 

environmental demands either from an impact or resource demand perspective, energy 

and material flow analyses have been previously proposed (e.g. Manninen et al., 2015; 

Murphy and Hall, 2010; Rösch et al., 2012).  

 

Energy analysis (like those proposed in e.g. Murphy and Hall, 2010; Odum, 1972) often 

considers an inventory of systems inputs and outputs based on the material flow concept 

and is evaluated using cumulative energy demand (e.g. Tyedmers, 2004) and the energy 

return on investment (e.g. Murphy and Hall, 2010), both of which resemble ecological 

efficiency evaluation for ecological systems.  The evaluation of energy performance 

through the Life Cycle Assessment approach performed by Sturm and Lamer (2011) 

on the cultivation of microalgae in wastewater for nutrient uptake and biofuel 

production have demonstrated that, although there are high energy intensities 

throughout the system, the potential for energy output was considered to be favorable 

in comparison to existing energy recovery systems at wastewater treatment plants. 

Energy performance evaluation in similar systems has also been performed by 

Manninen et al. (2015).  

 

The material flow analysis of biodiesel production from microalgae in Rösch et al. 

(2012) further demonstrated that potential exists in the internal recycling of nutrients 

within the system. Rösch et al. (2012) demonstrated a system where the post-lipid 

extraction of microalgae biomass residue can be considered as nutrient inputs to 

anaerobic digestion, hydrothermal gasification, or animal feed and that the subsequent 

output can be re-circulated for uptake in the microalgae cultivation. While these studies 

focused on the cultivation systems of photosynthetic aquatic biomass and the potential 

for integrating input waste streams as environmental solutions, the harvest of 

photosynthetic marine biomass (cultivated and/or wild), the consideration of additional 

incentives for biomass harvest as nutrient recovery from water recipients and waste-

streams, and the potential environmental implications (from a resource demand and 

greenhouse gasses emissions) of harvesting photosynthetic marine biomass from a 

holistic perspective have been limited, but will be focused in this study. 

 

1.1.3 Research Gaps Addressed and the Main Contributions of this Study 

The research gaps being addressed and the attempts to contribute to each gap are 

summarized in Fig. 1-1.  
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           Fig 1-1. Summary of research gaps and the contribution of this study 

As discussed in previous sections, the main research gaps being addressed include: A) 

the potential nutrient recovery/removal as an incentive in the harvest of photosynthetic 

marine biomass at a systems level, B) the previously unexplored potential to harvest 

wild photosynthetic marine biomass and the associated additional benefit, and C) to 

understand the potential environmental implications from a holistic systems perspective 

of harvesting wild and/or cultivated photosynthetic marine biomass (e.g. energy and 

greenhouse gases). In order to conduct research into these gaps, 5 non-hypothetical 

harvest cases of photosynthetic marine biomass are studied. Each case is studied 

independently with the results represented in individual manuscripts (see attached 

Papers 1 to 5).  The cases of harvesting photosynthetic marine biomass are evaluated 

from an industrial ecology context where nutrient recovery as an added benefit is 

achieved through the harvest of biomass while the system’s main product output is case 

dependent.  All cases excluding “wild harvest” cases (Papers 1 and 2) apply existing 

conventional methods of biomass cultivation that are common to the industry. In order 

to grasp the harvesting potential of photosynthetic marine biomass, the potential 

additional environmental benefit of nutrient recovery/removal, and the environmental 

implications of the system from the energy demand and greenhouse gas (GHG) 

emission perspective, a series of environmental system analysis tools are employed 

using case specific data (see Fig. 1-1).  

 

The findings from each case will contribute towards several research gaps (see Fig. 1-

1). The combination of these findings will provide an enhanced understanding of the 
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overall environmental burdens of the multi-role uses of photosynthetic marine biomass 

where nutrient recovery is considered as an additional benefit.  

 

1.2 Aims and Objectives 

 

The aim of this study is to assess the potential for nutrient recovery as an added benefit 

and the associated energy and GHG emissions performances of harvesting 

photosynthetic marine biomass, where conventional cultivation and the proposed wild 

harvesting techniques have been considered. The objectives are as follows: 

1. To assess the potential for biomass harvest and nutrient recovery in cases of the 

proposed wild biomass harvest and conventional cultivation of biomass are 

considered (Papers 1-5) 

2. To identify the potential systems inputs and outputs from a holistic energy 

performance perspective for each applicable case, using the cumulative energy 

demand and energy return on investment as evaluative indicators. (Papers 1, 4, 5) 

3. To identify the potential direct and indirect GHG emissions for each applicable 

case from a cradle to gate perspective (Papers 4-5) 
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2. Case Study Descriptions 
Five different cases were investigated and are summarized in Table 2-1.These cases 

were chosen for their fit of research interest with regards to harvest of either cultivated 

or wild photosynthetic marine biomass and their recent interest in nutrient recovery as 

an additional benefit.  In each case, the multirole uses of the biomass were achieved. 

The system boundary is cradle-to-gate concept while excluding infrastructure. 

Table 2-1. Summary of Case Studies and Methods Used  
 Wild 

Cyanobacteria 

Wild  

Red Algae  

Lab 

Microalgae 

Cultivated 

Microalgae  

Cultivated 

Macroalgae  

 Paper 1 Paper 2 Paper 3 Paper 4 Paper 5 

Species 
Nodularia 

spumigena 

Polysiphonia sp. 

& Ceramium sp. 

Tetraselmis 

tetrathele 

Nannochlo-

ropsis sp. 

Saccharina 

latissima 

Location 
Baltic 

Sea 

Trelleborg, 

Sweden 

Indiana,  

USA 

Shandong, 

China 

Skagerrak 

Sea 

Means of 

Biomass 

Accumulation 

Surface Algae 

Blooms 

Beachcast 

Biomass 

Deposits 

Flask and 

Bioreactor 

Cultures 

Open Raceway 

Ponds 

Coastal 

Offshore 

Cultivation 

Medium of 

Growth 

Seawater 

(Baltic) 

Seawater 

(Baltic) 

Shrimp 

Effluent 

Seawater 

(Bohai) 

Seawater 

(Skagerrak) 

Means of 

Harvest 

Attached 

Modified 

Boomsa 

Shoreline 

Harvest 

Machineryb 

Centrifuge 
Centrifuge and  

Spray Dry 

Tugboat  

and  

Barge 

Considered 

Biomass Use 

and Benefits 

Biogas, 

Fertilizer, 

tourism, 

Prevent Expo-

sure to toxins, 

nutrient 

removal/recov

ery  

Biogas, 

Fertilizer, 

tourism, nutrient 

removal 

/recovery 

Shrimp feed, 

Recycling Sa-

line water, 

nutrient 

removal 

/recovery 

Food/Feed, 

fluegas 

treatment, 

nutrient 

removal 

/recovery  

Biogas, 

Fertilizer, 

nutrient 

removal 

/recovery 

Method of 

Biomass 

Determination 

Monitored 

biomass conc. 

& surface area 

of bloom 

(2003-2009) 

Modelled 

standing stocks 

of biomass 

using regional 

monitoring data 

7 days of flask 

culture and 4 

days of 

bioreactor 

culture 

Known from 

visit to the 

cultivation 

facility 

Results from 

8-months 

cultivation at 

sea 

Method of 

Nutrient 

Recovery 

Determination 

Intracellular 

content of  

N & P for 

Nodularia sp.c 

Modelled 

biomass stock & 

N and P content 

of dry biomassd 

4500 P-Ee,  

4500 NO3-Be, 

ICP-AESf   

ICP-AESf, EN 

15104:2011f 

ICP-AESf 

and Kjedahl 

Method  

a harvesting method considered follows previous attempts conducted in the Stockholm  Archipelago 

(Gröndahl, 2009) where limitations to the harvesting method follow practical limitations of utilizing 

oil booms during oil spills (USEPA, 1999). 
b harvesting method considered follows previous harvesting attempts by the Trelleborg Municipality 

(Trelleborg, 2011) 
c intracellular concentration of Nodularia sp. and their variations throughout the year (Walve and 

Larsson, 2010) 
d N and P content of dried biomass (Gröndahl et al., 2009)  
e Nutrient removal during growth observed through measurements using 4500 P-E Ascorbic Acid 

Method for determining PO4, 4500 NO3-B NO3 Analysis (Lenore et al., 1998) 
f Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine total-P 

in dried biomass, EN 15104:2011 Standard for total-N determination in biomass 
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2.1 Wild Cyanobacteria Case (Paper 1) 

The Baltic Sea is an inland sea of brackish water with a total surface area of greater 

than 300000 km2 (Björck, 1995) and is surrounded by 9 different countries including 

Sweden, Denmark, Germany, Poland, Russia, Estonia, Lithuania, Latvia, and Finland. 

The Baltic Sea has a consistent historical record for eutrophication and algal blooms 

(Kahru et al., 2007; Wasmund and Uhlig, 2003; Wasmund et al., 2001). Among the 

many cyanobacteria species that bloom in the Baltic Sea Nodularia spumigena 

(henceforth Nodularia sp.) are among the most competitive due to their physiological 

abilities, e.g. nitrogen fixation (Bergman et al., 1997; Ferber et al., 2004), coupled with 

the low concentration of dissolved inorganic Nitrogen in the Baltic Sea at the end of 

the spring phytoplankton bloom (Larsson et al., 2001; Walve and Larsson, 2007, 2010).  

Additional attributes that lead to persistent annual bloom developments of Nodularia 

sp. include constant nutrient enrichment in the Baltic Sea, suitable temperature, weather 

conditions, vertical stratification (Kanoshina et al., 2003), and the loss of buoyancy 

regulation (Graham and Wilcox, 2000). However, due to the toxic nature of Nodularia 

sp. (Sivonen et al., 1989) coupled with the persistent annual Nodularia sp. blooms 

(Wasmund and Uhlig, 2003), socio-economic (Hasselström et al., 2008) and health risk 

(Pilotto et al., 1997) concerns are often raised. 

 

The cyanobacteria Nodularia sp. produces the toxin Nodularin (Sivonen et al., 1989). 

Exposure to Nodularia sp. can lead to health risks and livestock mortality in coastal 

areas (Codd et al., 1999; Pilotto et al., 1997). In addition to known toxicity regarding 

the presence of Nodularia sp., socio-economic concerns for Nodularia sp. bloom in the 

Baltic Sea have been raised in the past (Hasselström et al., 2008) as exemplified by 

reduced Swedish property values and losses in tourism (Hasselström et al., 2008). The 

harvesting of wild cyanobacteria during blooms, as proposed in this study, would 

therefore be beneficial in both reducing health risks and improving the tourism industry 

on the Baltic Sea coasts. Additional benefits may include nutrient removal/recovery 

from the Baltic Sea and hence are assessed in this study. 

 

The study conducted in Paper 1 considers the method for the harvest of Nodularia sp.  

blooms to follow the pilot study made by Gröndahl (2009) which involves towing a 

50m long modified oil boom that is effective to a maximum depth of 1m during calm 

seas.  Monitoring data were obtained from the SMHI’s and HELCOMM’s Baltic Sea 

monitoring stations. SMHI also provided satellite images for the Baltic Sea summers.  

Both the satellite and hydrological data obtained from the monitoring stations were 

used to investigate the potential quantity of biomass harvest and the associated resource 

demands from an energy perspective. 

 

2.2 Wild Red Algae Case (Paper 2) 

Eutrophication as in the Baltic Sea is a known issue and has been a well-researched 

(e.g. Elmgren, 1989) with winter nutrient concentrations that have at least doubled since 

the 1950s (Larsson et al., 1985; Rosenberg et al., 1990).  Eutrophication is often a major 

contributor to the abundance of filamentous algae (e.g. Isæus et al., 2004) as well as 

other surface forming macrophyta mats that accumulate on beaches (Biber, 2007; 

Kersen and Martin, 2007; Lauringson and Kotta, 2006). Such phenomenon often result 

in large scale beaching of algal biomass in coastal areas which affects local economies, 

e.g. preventing tourism, disrupting aquaculture operations, and complicating traditional 

fishery practices (Smetacek and Zingone, 2013). Moreover, the decay of the beachcast 

deposits of filamentous algae releases toxins which affect the local littoral organisms 
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(Eklund et al., 2005). The combination of these issues coupled with potential economic 

gains (Rebours et al., 2014) have led to initiatives to harvest the accumulated biomass 

on beaches in coastal areas (e.g. Fredenslund et al., 2012) 

 

Recently, harvests of beachcast red filamentous algae deposits have been initiated in 

Trelleborg (Risén et al., 2014).  Trelleborg is situated on the Southern tip of Sweden 

and has a long shallow coastline.  The shallow littoral zone in Trelleborg has a usual 

photic depth of 14m during the summer (Lundgren et al., 2009). The salinity of the 

Trelleborg coastline is approximately 6.5 – 9.5 PSU (Lundgren et al., 2009). The local 

oceanographic and climate conditions have made the area favourable for the growth of 

filamentous algae (Isæus et al., 2004; Schramm and Nienhuis, 1996).  

 

Red filamentous algae are often found as drifting macrophyta mats at 0-3 m depth with 

rapidly decreasing quantities at depths greater than 10 m (Gröndahl, 2010). Therefore 

red filamentous algae existing at depths greater than 10 m are not considered in this 

study.  Polysiphonia fucoides and Ceramium tenuicorne are the two dominating red 

filamentous algae found on the Trelleborg coastline (Lundgren et al., 2009).  The main 

purpose of harvesting biomass is to avoid the negative consequences of decaying 

accumulated red filamentous algae beachcast deposits that affect coastal services and 

industries as discussed above (Eklund et al., 2005; Smetacek and Zingone, 2013) while 

achieving biogas production and nutrient recovery as added benefits (Risén et al., 

2014). 

 

2.3 Lab Microalgae Case (Paper 3) 

The global aquaculture industry has played a major role in providing the world with 

food supply (Bostock et al., 2010; Goldburg et al., 2001). As of 2008, the global 

aquaculture industry was worth approximately USD 100 billion and provided 50% of 

the world’s fish food supply (Bostock et al., 2010).  The rearing of shrimp accounts for 

nearly 60% of overall brackish water aquaculture. As the production of marine 

aquaculture increases in intensity to meet consumer demands, nursery and pond based 

systems will increasingly move inland to avoid land costs, storm threats, and 

biosecurity threats (Gutierrez-Wing and Malone, 2006). Although marine aquaculture 

is known to provide many economic benefits, they are highly resource demanding 

(Bostock et al., 2010) with a multitude of direct environmental concerns, including 

eutrophication (Goldburg et al., 2001).  As marine and coastal aquaculture has 

increasingly moved inland, their access and release of salt water has become restricted 

(Gutierrez-Wing and Malone, 2006) and has resulted in an increased need to apply often 

costly re-circulated aquaculture systems (Badiola et al., 2012). In order to confront the 

need to lessen the environmental burden of marine aquaculture and to meet the need 

for a potentially economic viable solution, the use of microalgae is considered. 

 

The use of microalgae cultivation in the aquaculture industry has existed primarily to 

supplement aquaculture feed, in particular for nursery systems (e.g. Richmond and Hu, 

2013; Ronquillo et al., 1997). However, the use of microalgae to treat either saline 

marine aquaculture effluent or other saline wastewater remains limited in the literature 

(e.g. Borges et al., 2005; Heo et al., 2015).  The microalgae, Tetraselmis tetrathele, was 

proposed as a candidate for this study following its reputation for a wide range of 

salinity tolerance  (Fabregas et al., 1984). Recent studies have also demonstrated the 

potential for nutrient removal from saline aquaculture effluent through the growth of  

Tetraselmis sp. (Borges et al., 2005). Moreover, the growth of Tetraselmis sp. can be 
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further enhanced by promoting mixotrophic growth regimes with the addition of 

glucose (Sakamoto et al., 1998). 

 

This study, therefore, observe the growth potential of Tetraselmis tetrathele (henceforth 

Tetraselmis sp.) in saline aquaculture effluent. The saline aquaculture effluent is 

obtained from a grow-out pond based aquaculture farm in Indiana, United States, where 

the rearing of Litopenaeus vannamei (commonly known as the Pacific White Shrimp) 

is carried out. Apart from the sterilization preparations for the growth experiment, the 

obtained saline aquaculture effluent remains largely unaltered to limit the use of 

additional chemicals and allow the re-use of microalgae-treated saline aquaculture 

effluent at the aquaculture farm.  The use of microalgae is considered to allow the 

recovery/removal of some nutrients in the water while supplementing some aquaculture 

feed use at aquaculture farms.  

 

 
Fig 2-1. Images taken during the laboratory study on the growth of Tetraselmis sp. 

for the treatment of saline wastewater. The saline wastewater was obtained from the 

L.vannamei aquaculture facility that grows juvenile L.vannamei. Tetraselmis sp. was 

cultured in flasks (a) and bioreactors (b) under mixotrophic conditions with a 16:8 

light to darkness regime.  

 

Microalgae were cultured phototrophically and mixotrophically in both flasks (Figure 

2-1a) and bioreactors (Figure 2-1b). Both culture regimes were achieved with specific 

lighting, temperature, and agitation configurations. Mixotrophic culture regimes were 

achieved with the addition of glucose. All growth experiments were conducted in a 

laboratory at the University of Illinois, which is within driving distance from the 

aquaculture farm. 

 

2.4 Cultivated Microalgae Case (Paper 4) 

Recently, there has been increasing interest in the cultivation of microalgae in both 

industry and academia. Several species of microalgae have been known to accumulate 

lipids suitable for the production of a variety of commercial products, e.g. biodiesel 

(e.g. Yoo et al., 2010) and Omega-3 acids (e.g. Porphy and Farid, 2012), while the 

suitability of microalgae to be used as aquaculture feed has also been discussed (e.g. 

Richmond and Hu, 2013; Ronquillo et al., 1997).  Many species of microalgae exhibit 

nutritional quantities and qualities, e.g. protein (Moal et al., 1987), suitable for human 

a) 

b) 
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and animal consumption (Jackson, 1964; Soeder, 1980). In addition to the production 

of consumer products,  microalgae is also highly reputed for treatment of wastewater, 

(Craggs et al., 1994; Perez‐Garcia et al., 2010) and fluegas (Sawayama et al., 1999). 

However, a method of systems analysis for non-hypothetical large scale multi-role 

microalgae cultivation is currently lacking in the literature. 

 

In the past, the systems analysis of microalgae cultivation has focused on the production 

of microalgae based biofuels with particular emphasis on greenhouse gases (GHGs) 

and energy (Batan et al., 2010; Beal et al., 2015). However, the production of 

microalgae biomass as food/feed makes up 30% of the world's total algal production 

(Becker, 2007), yet there is a major lack of systems analysis for the production of 

microalgae biomass as food/feed, especially when waste-streams, e.g. fluegas and 

wastewater, are used during microalgae growth. Recently, there is increasing interest 

in the literature (e.g. Manninen et al., 2015) to recycle waste-streams by using 

microalgae growth while producing a multitude of products including the production 

of microalgae biomass as food/feed (e.g. Rösch et al., 2012).  Although emerging 

theoretical analyses of such systems in the literature (e.g. Rösch et al., 2012) have 

shown large recycling potential for N and P by using microalgae biomass as feed, there 

is a clear lack of consideration of the overall environmental performance of the system, 

which will be covered in this study. 

 

      This study therefore considers the non-hypothetical large scale (100 000 m2 or c.a. 

10ha) open raceway cultivation of Nannochloropsis oculata (hencefourth 

Nannochloropsis sp.) in Eastern China as a case study. The cultivation facility is located 

next to a coal-fired power plant  where a pipe was installed to pump fluegas into the 

cultivation facility and fed into microalgae raceway ponds during the cultivation period.  

Previous pilot tests have found achievable growth and have established the time period 

needed for the successful cultivation of Nannochloropsis sp (Cheng et al., 2015).  The 

cultivation facility is situated on the coast of Bohai Sea, which has been subjected to 

eutrophication in the past (Wang et al., 2009). The seawater from the Bohai Sea is used 

as a growth medium for the cultivation of Nannochloropsis sp. The produced biomass 

is currently being sold as aquaculture feed. The processes coupled with the systems 

inputs/outputs are presented in Fig 2-2. 

 

       The case uses raceway ponds (Cheng et al., 2015) equipped with two paddlewheels 

and a flue gas distribution system. Limited amounts of nutrient were added in the initial 

stages of the cultivation. Upon reaching the required biomass concentration of 0.2 g 

dwt/L, half of the cultivation pond is harvested using a Disc Stack centrifuge and is 

followed by spray drying. Steam is bought from the coal fired power to be used during 

the spray drying stage. The product is then stored for exports upon demand. Electricity 

that was consumed by each process in Fig 3b is bought from the neighboring coal fired 

power plant. All site specific information is provided by the cultivation facility.  
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Fig 2-2. Overview of a Nannochloropsis sp. production system situated on the Bohai 

Sea coasts in Eastern China where a Coal Power Plant provides input Fluegas. The 

fluegas is used to cultivate the microalgae in raceway ponds, which was then 

harvested, dried, and packaged before the biomass is exported as product. 

 

2.5 Cultivated Macroalgae Case (Paper 5) 

The utilization of macroalgae has existed since ancient times, but the development of 

large scale commercialized cultivation and use has existed only for the past 50-60 years  

(Tseng and Fei, 1987).  Macroalgae is utilized for a wide range of products for example, 

in food  (Graham and Wilcox, 2000), chemicals (e.g. Tseng and Fei, 1987), and biofuels 

(e.g. Nkemka and Murto, 2010) as modern examples.  Interest also exists for the use of 

macroalgae to reduce nutrient loading from mariculture practices (e.g Petrell and Alie, 

1996). However, holistic systems analysis of non-hypothetical macroalgae cultivation 

and use, where nutrient recovery is achieved as an additional benefit, remain few in 

number (e.g. Petrell and Alie, 1996; Seghetta et al., 2014). Furthermore, the influence 

of the economies of scale on the holistic system’s performance has not been covered in 

literature. 

 

This study therefore conducts a systems analysis of an ongoing 0.5ha cultivation of 

Saccharina latissima (hencefourth S. latissima) situated in the Skaggerak on the 

Swedish West coast.  The location is biodiverse and is an ecotone between the nutrient 

rich North Sea and the shallower brackish Baltic Sea (Garpe, 2008). In 1996, 

S.latissima made up approximately 10% of the macroalgae on the Swedish West coast 

(Karlsson, 2007).  The cultivation of S.latissima was part of an ongoing project to 

develop bio-refinery strategies for the Swedish cultivation of macroalgae and was 

funded by the Swedish Research Council as a response to the European Union’s call 

for the development of European bio-economy strategies (EC, 2012) and was a 

recognition of the viability of blue growth strategies  (EC, 2014). The European 

Union’s agenda coupled with the successful harvest of biomass may bring about an 
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increase in industrial interest. This study therefore considers a potential 10ha scale up 

of the 0.5ha case (Fig 2-3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2-3. An overview of the S.latissima to biogas and fertilizer biorefinery 

process/supply chain with the arrows demonstrating the flow of the biomass within 

the system. Shaded boxes represent processes that are modified from the 0.5 ha to 

the10 ha scale-up system. 

 

The cultivation began during the fall season with a nursery system located at the Sven 

Loven Centre for Marine Sciences where the spore preparation, inoculation, and 

juvenile maturation take place (Fig 2-3 Step A). The adult grow-out phase occurs at the 

longline cultivation site located 10 km offshore, near the Koster archipelago (Fig 2-3 

Step B). Harvest occurs during early summer where the biomass is taken ashore, 

packaged, and delivered to a biogas production facility (Fig 2-3 Steps C and D).  During 

the systems analysis performed on the cultivation, the biomass harvest is used to 

produce biogas where the obtained digestate is used as fertilizer and achieves nutrient 

recovery as an added benefit. 

 

Although macroalgae cultivation practices are well-established and commercialized 

(Tseng and Fei, 1987), the analysis of a holistic system, especially to identify potential 

environmental burdens of the system, are limited to a few publications in  recent years 

(e.g. Aitken et al., 2014; Seghetta et al., 2014) which often lacked both actual case 

specific and industrial data while ignoring the potential effect of system scale-ups. The 

environmental performance of the system will be evaluated from an energy and 

greenhouse gas emissions perspective in this case study (Paper 5). The influence of 

system scale-up will be observed by performing the analysis at both the 0.5ha case and 

the estimated 10ha system scale-up. 
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3. Methodology 

 
3.1 The Determination of Biomass Harvest and Nutrient Removal/Recovery  

In order to achieve a systems analysis of the cultivation of photosynthetic marine 

biomass from an energy and GHG emissions perspective, where nutrient recovery is 

achieved as an added benefit, the amount of nutrient recovered must be estimated. In 

this study, the nutrients are considered as removed from the environment and recovered 

for further use upon the harvest of the photosynthetic marine biomass. However, the 

dynamics of the nutrient physiology of photosynthetic marine biomass is often regarded 

to be highly complex and intracellularly fluctuates depending on various internal and 

external factors of the biomass (e.g. Harrison and Hurd, 2001; Laws and Chalup, 1990; 

Perez-Garcia and Bashan, 2015; Perez-Garcia et al., 2011). Therefore, in this study 

(with the exception of the laboratory study conducted in paper 3) the nutrient recovered 

by harvesting the biomass is estimated to correspond to the internal Nitrogen and 

Phosphorus content of the biomass, where the recovered nutrients could be re-used as 

fertilizer (Papers 1, 2, and 5) or food/feed (Papers 3 and 4). The consideration of 

seasonal variation have been vastly restricted in most cases either due to the lack of 

data availability (e.g. Papers 3 and 4) or has harvest limitations (e.g. Papers 1, and 5).  

However, when data is present, seasonal variation has been taken into account (Paper 

2). Therefore, the quantification of the biomass available for harvest is required. 

 

The determination of the biomass quantity available for harvest in this study varies for 

each case and remains a challenge due to a number of case specific factors, e.g. the 

species of photosynthetic marine biomass, the location of cultivation, biomass use (e.g. 

aquaculture feed in Papers 3 - 4, and biofuels in Papers 1, 2, and 5), and case specific 

data availability. Also the main motivation for the harvest of photosynthetic marine 

biomass varies from case to case (as discussed in Section 2.0), but all cases have 

nutrient recovery as an added benefit (See Table 2-1 for summary of cases). In the light 

of these case specific differences, this study employs different approaches for the 

quantification of biomass at harvest for each case, which is explained below. 

 

3.1.1 Wild Cyanobacteria Case (Paper 1) 

In the Wild Cyanobacteria case (Paper 1), first hand quantification of the potential 

harvest of biomass was determined from the biomass concentration during blooms and 

the characteristics of Nodularia sp. blooms. Biomass concentrations during blooms 

were estimated following the observed biomass concentrations from the monitoring 

stations that coincided with observed algae blooms from satellite images provided by 

SMHI in the years 2003-2009. Other bloom characteristics, such as surface area and 

duration, were also observed. 

Blooms evident from satellite imagery between June and September were 

assumed to be cyanobacteria blooms following annual observations in the literature 

(e.g. Wasmund and Uhlig, 2003) where the summer blooms (June-September) are 

consistently dominated by cyanobacteria, Nodularia sp., Aphanizomenon sp., and 

Anabaena sp. (e.g. Hajdu et al., 2007; Håkanson et al., 2007; Larsson et al., 2001; 

Lignell et al., 2003; Walve and Larsson, 2010; Wasmund and Uhlig, 2003). Nodularia 

sp. often concentrates between 1m and 5m depth (Hajdu et al., 2007) and surfaces upon 

the loss of buoyancy regulation (Graham and Wilcox, 2000). The surfacing and 

accumulation of cyanobacteria biomass in the upper water column enables the harvest 

of cyanobacteria to be achievable following the technique in Gröndahl (2009).  

However, since the Nodularia sp. concentrations were monitored by SMHI using a 10-



   

18 
 

meter tube (Helena Hoglander, personal communication) and following that Nodularia 

sp. tend to accumulate at 1m and 5m depth (Hajdu et al., 2007), Nodularia sp. 

concentration values obtained from the monitoring stations were multiplied by a factor 

of 2 and 10. Due to the variety of Nodularia sp. concentrations observed in the Baltic 

Sea, only the minimum and maximum concentrations were considered. The 

determination of bloom concentrations, coupled with the intracellular N and P 

concentrations in the literature (Walve and Larsson, 2010),  allowed a retrospective 

quantification of the biomass available for harvest and the associated nutrient recovery 

potential from harvesting Nodularia sp. in the Baltic Sea. 

 

3.1.2 Wild Red Algae Case (Paper 2) 

The quantification for the beachcast deposited red filamentous algae biomass 

(Polysiphonia fucoides and Ceramium tenuicorne) was determined in order to estimate 

the potential nutrient recovery from the harvest of such biomass,  However, unlike the 

cyanobacteria bloom in the Baltic Sea, data on the occurrence of the biomass is often 

limited. Therefore a growth model was compiled to provide a theoretical macroalgae 

biomass estimate based on known benthic substrate, photic depth distribution, and 

transect distribution of the macroalgae biomass in the spring and summer.  

 

The growth model is both dynamic and parsimonious, requiring only site-specific data 

obtained from publicly published information (e.g. Lundgren et al., 2009).  Moreover, 

the growth model only considers the external nutrient concentrations following the 

findings of Pato et al. (2011) which showed that opportunistic algae use the nutrients 

directly for growth under limited nutrient availability regimes while Lundgren et al. 

(2009) found that the macroalgae growth in the Trelleborg coastline was considered to 

be Nitrogen limited. The results of the growth model were validated by comparing the 

modeled biomass concentration estimates for the years 2005-2009 with field biomass 

concentrations monitored on the Trelleborg coastline. The nutrient recovery potential 

was considered from the known theoretical N and P content of the biomass (Gröndahl 

et al., 2009) coupled with the determined biomass quantity estimates. 

 

3.1.3 Lab Microalgae Case (Paper 3) 

The growth of Tetraselmis tetrathele (hencefourth Tetraselmis sp.) in the shrimp farm’s 

effluent were tested under phototrophic and mixotrophic regimes. Axenic strains of 

Tetraselmis sp. were cultured and acclimatized to the shrimp farm’s effluent for 10 

generations both phototrophically and mixotrophically. The growth experiment was 

undertaken in cultured flasks for 7 days and monitored by performing optical density 

measurements (Arbones et al., 1996; Fabregas et al., 1984; Lee et al., 2013; Myers et 

al., 2013).  Due to the lack of sample availability, the overall biomass dry weight 

accumulated at the end of the Tetraselmis sp. culture was determined by the calibration 

of optical density measurements and dry cell weight (Lee et al., 2013).   

 

Nutrient removal levels by Tetraselmis sp. are considered by monitoring the 

orthophosphate levels in the medium throughout the duration of the Tetraselmis sp. 

culture using the 4500 P-E Ascorbic Acid Method for orthophosphate determination in 

wastewater (Lenore et al., 1998). Nitrate concentration were also measured throughout 

the duration of Tetraselmis sp. culture using the 4500 NO3-B spectrophotometric 

screening method (Lenore et al., 1998). 
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In addition to flask cultures of Tetraselmis sp. biomass, bioreactor cultures were also 

achieved under a mixotrophic growth regime for 9 days. The bioreactor attempt was 

conducted to demonstrate the potential benefits of using a bioreactor on site in the 

shrimp farm. Previous studies (e.g. Borges et al., 2005; Heredia-Arroyo et al., 2010) 

showed that bioreactors often have favorable growth conditions for microalgae and 

allowed achievable enhanced growth. The premise behind the use of a bioreactor was 

that in addition to the achieved nutrient removal resulting from the growth of 

Tetraselmis sp., the accumulated microalgae biomass can be used to supplement shrimp 

feed, hence recirculating the nutrients back into the system while reducing the reliance 

on external feed supply for the system. However, the suitability of the biomass for feed 

is subject to future research and is beyond the scope of this study. 

 

3.1.4 Cultivated Microalgae Case (Paper 4) 

In this study, a non-hypothetical large scale (10ha) cultivation of Nannochloropsis sp. 

in Eastern China is considered as a case to provide the case-specific information needed 

to perform a holistic system analysis for the cultivation of microalgae in saline 

environments.  The quantity of biomass harvest has been both previously investigated 

by the co-author in paper 4 (Cheng et al., 2015) and also provided by the facility as 

case-specific data. Both the known internal nutrient content of the biomass at harvest 

and the amount of artificial nutrients added at the beginning of the growth phase were 

used in the determination of the nutrient recovery potential achieved as an additional 

benefit to biomass harvest (see Paper 4).  

 

3.1.5 Cultivated Macroalgae Case (Paper 5) 

The quantity of biomass at harvest is provided from the 0.5ha case after an 8-month 

cultivation period, and used as the basis for estimating the biomass harvested at the 

10ha cultivation scale (see Paper 5). The nutrient recovery potential is considered to be 

equivalent to the nutrient content of the biomass at harvest, where laboratory analysis 

(ICP-AES and Kjedahl method) of the biomass sample taken from the harvest have 

been conducted. 

 

3.2 Energy Analysis (Papers 1, 4, and 5) 

This study attempts to view the harvest of photosynthetic marine biomass within an 

industrial ecology context where the inputs and outputs of energy and materials for 

harvesting photosynthetic marine biomass process are viewed as interconnected 

components within the industrial ecosystem. Odum (1971) stated that system 

complexity (not limited to ecological or physical systems) can be reduced using energy 

(Brown, 2004). In the light of the standard for primary energy evaluation (IFIAS, 1978), 

which includes direct energy (direct energy inputs such as fuel to power processes) and 

indirect energy (all required energy to produce energy and material inputs to the 

processes), and the need to consider socio-economic energy and material inputs when 

performing energy assessments (Odum, 1973), energy analysis was therefore applied 

to the cases in this study.   

 

The energy analysis conducted in this study follows the energy evaluation standards 

initially laid out in IFIAS (1978) and later in Murphy and Hall (2010).  Cumulative 

energy demand (CED), energy return on investment (EROI), and edible protein energy 

return on investment (ep-EROI) were used as evaluative indicators for the energy 

performance of the compatible case studies, where the choice of energy indicators is 

dependent upon the system configuration and system outputs of each compatible case.  
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All three evaluative indicators are a part of the energy analysis standard methodology 

as described in Murphy and Hall (2010), IFIAS (1978), Tyedmers (2004), and Atlason 

and Unnthorsson (2014). 

 

Cumulative energy demand (CED) is defined as the total energy input (Röhrlich et al., 

2000; VDI-Richtlinie, 1997) where, in adherence to the standard for energy analysis 

laid out in IFIAS (1978), direct and indirect energy is considered.  It is noted here that 

this study does not consider systems infrastructure (e.g. buildings) because of the lack 

of access to reliable data on infrastructure for each case, and therefore only the inputs 

and outputs for the process functions (e.g. factory operations) in the systems are 

considered.  Nonetheless, in order to evaluate the performance of the studied system 

where a systems product is present, the systems output needs to be retrospectively 

perceived in relation to the systems inputs.  

 

In ecology, ecological efficiency was used as a measure of the internal and external 

energy transfers throughout the trophic levels in an ecological system (Kozlovsky, 

1968; Lindeman, 1942; Patten et al., 1990). In the light of known and proven ecological 

efficiency as an evaluative method in ecology, coupled with the industrial ecology 

perspective applied in this study, the energy return on investment is used as the 

evaluative indicator for energy performance.  The energy return on investment (EROI), 

also known as the Net Energy Ratio (NER), strongly resembles Kozlovsky (1968)’s 

evaluative measure of ecological efficiency and has been widely used to evaluate the 

production of biofuels (e.g. Razon and Tan, 2011). However, as discussed by Risén et 

al. (2013) and Mulder and Hagens (2008) the lack of a standard measure for EROI has 

led to difficulties in comparing studies, which is evident in EROI studies of biodiesel 

production from microalgae (e.g. Batan et al., 2010; Jorquera et al., 2010; Razon and 

Tan, 2011).  Therefore, the standard EROI presented in Murphy and Hall (2010) is 

used, which is defined as follows: 

 

𝐸𝑅𝑂𝐼 = Total Energy Output/Total Energy Input    (1) 

 

where the total energy output considers the energy content of the energy-product (e.g. 

biogas) output and the avoided energy required by the society to manufacture non-

energy byproducts (e.g. fertilizer).  However, because of how the energy output was 

considered for non-energy byproducts, systems expansion has been utilized for each 

by-product following Börjesson and Berglund (2006) for example, in the Cultivated 

Macroalgae Case (paper 5), where the transportation and spreading on farmland was 

considered for the fertilizer by-product.  

 

The benchmark for EROI varies from EROI > 1 to EROI > 14 (Hall, 2011; Hall et al., 

2009; Hu et al., 2013) where the often preferred benchmark for EROI is either EROI > 

1 (e.g. Razon and Tan, 2011) or EROI > 3 (e.g. Aitken et al., 2014).  EROI  > 1 reflects 

a higher total energy output than the input while EROI > 3 reflects an energy-product 

that is useful for society (Hall, 2011; Hall et al., 2009). The EROI benchmark of 3 is 

used in the Cultivated Macroalgae Case (paper 5). 

 

However, such benchmarks and method cannot be directly applied to a non-

conventional energy-product (such as food/feed in the case of paper 4) and therefore a 

modified EROI is used as the evaluative indicator for systems’ energy performance.  

Early EROI studies considered edible food energy as the energy output (Tyedmers, 
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2004). For example, Folke (1988) compared salmon harvests from wild catches at sea 

and coastal ranching of caged salmon from an energy perspective using the energy 

content of food as the product energy output.  However, Tyedmers (2004) discussed 

that food which provides high quantities of protein, where protein can be perceived as 

being of nutritional importance to be anthropogenically ingested, the energy obtained 

through ingesting the edible protein fraction of the biomass should be considered as the 

energy output in eq. 1. Therefore, the edible protein energy return on investment (ep-

EROI) has been commonly used in energy performance evaluations for food production 

systems in literature where resource scarcity is concerned and/or protein is considered 

as the main nutritional value of the product (e.g. Mitchell and Cleveland, 1993; 

Vázquez-Rowe et al., 2014).  In the light of the known reputation for high protein 

content for Nannochloropsis sp. (Gerde et al., 2013; Kent et al., 2015), the ep-EROI is 

therefore used as an energy performance indicator for the Cultivated Microalgae Case 

(paper 4). 

 

In order to evaluate the ep-EROI, the protein content of the biomass harvest 

from the Cultivated Microalgae Case needs to be determined. Following the established 

standard method for estimating the protein content of biomass (Nielsen, 2010), the 

protein content of the biomass harvest from the case is estimated by multiplying the 

determined Kjedahl Nitrogen content of the biomass by 6.25.  However,  similar to 

other protein sources, e.g. beef (Heinz and Hautzinger, 2009), the fraction of edible 

protein needs to be determined. Although whole Nannochloropsis sp. can be considered 

consumable (Babuskin et al., 2014) and contains high quality proteins for human 

consumption (Kent et al., 2015), this study assumes that only 80% of the total protein 

estimate is edible. This assumption follows the study on the digestibility of 

Nannochloropsis sp. for monogastric organisms in Skrede et al. (2011), where a 

maximum of 87% digestibility was observed for Nannochloropsis sp. The 

determination of the energy output when the ep-EROI indicator is used can be 

considered by coupling the estimated edible protein content of the biomass with the 

energy attainable for humans upon the consumption of the proteins found in the 

literature (UN, 2004).  

 

In order to account for the variations in different cases with regards to cultivation and 

harvesting time differences (e.g. cultivation time difference between microalgae and 

macroalgae), the minimum and maximum biomass yields, and different requirements 

for the harvesting process of each case, the functional unit considered during the 

systems modeling process is per 1 cultivation, and the associated processes required to 

produce products from the harvested biomass.  In order to simplify the results for the 

cumulative energy demand in different cases, the functional unit presented in this study 

is per tonne biomass dwt harvested. 

 

3.3 Greenhouse Gases Emissions Estimation (Papers 4 and 5) 

The emission of greenhouse gases (GHG) has been considered in the Cultivated 

Microalgae Case (Paper 4) and the Cultivated Macroalgae Case (Paper 5) from a cradle-

to-gate perspective. Other cases did not have sufficient data and systems modelling to 

perform GHG emissions estimates. Estimating the total cradle-to-gate GHG emissions 

was achieved by the consideration of the GWP index (Stocker et al., 2013) coupled 

with the material and energy inputs inventory achieved from the energy analysis in 

Section 3.2.  
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4. Summary of Results 

 
4.1 Wild Cyanobacteria Case (Paper 1) 

In Paper 1, the potential for harvesting wild cyanobacteria, Nodularia sp., in the Baltic 

Sea has been used as a case study where the biomass harvest was meant to promote 

tourism and reduce health risks for coastal settlements. The harvested biomass was 

considered to be used for biogas production where the digestate could be used directly 

as fertilizer, hence recovering nutrients as an added benefit. 

 

The estimated potential for Nodularia sp. harvest is between 0.03 – 9 tonne dwt per 

harvest.  The difference between the determined minimum and maximum estimates for 

biomass harvest potential is largely due to the sporadic nature of Nodularia sp. blooms 

in the Baltic Sea. The sporadic nature of the bloom is evident from the bloom size, 

duration (figure 4-1), and the Nodularia sp. concentrations during those  

 

 
Figure 4-1 Duration of intensive blooms (days) in different basins of the Baltic Sea. 

Blank bars means that the blooms were either not indicated as intensive or not 

detected from the satellite images. 

 

blooms (0.00003-0.007 g dwt/l).  Furthermore, the nature of cyanobacteria blooms in 

the Baltic Sea also varies in the location of occurrence (Figure 4-1). 

 

Following the determined estimate for the potential quantity of biomass harvest during 

a cyanobacteria bloom, the potential recovery of Nitrogen and Phosphorus as an added 

benefit to harvesting Nodularia sp. biomass is estimated to be 42 kg N per tonne dwt 

and 3 kg P per tonne dwt, respectively. This means that if the Nodularia sp. biomass 

was harvested in the Gotland Basin during 2008, the estimated potential harvest of 

biomass would have been between 0.7 – 200 tonnes dwt which corresponds to a 
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Nitrogen recovery of up to 8500 kg N (equivalent to the annual Nitrogen release of 

2700 persons to the hydrosphere). 

 

The harvesting of the Nodularia sp. biomass will not only promote local tourism and 

prevent local health risks from Nodularia sp. blooms, but will also provide additional 

benefits such as nutrient recovery (as discussed above) and biogas supply. This study 

estimates that a total of 0.5 GJ of biogas energy is produced per tonne dwt of biomass 

harvest while requiring a minimum cumulative energy demand (CED) at a harvest of 

approximately 0.3 GJ per tonne dwt of biomass harvested. Although case specific data 

was insufficient to conduct an EROI evaluation, the CED is considered to be high when 

compared to the overall energy output. 

 

4.2 Wild Red Algae Case (Paper 2) 

The harvesting of wild beachcast red filamentous macroalgae was an initiative of the 

Trelleborg municipality (Gröndahl et al., 2009) to promote local recreational and 

tourism activities while achieving biogas production and nutrient recovery as additional 

benefits (Risén et al., 2014). In Paper 2, the potential quantity of biomass and the 

associated nutrient recovery potential is determined. 

 

In order to estimate the quantity of the beachcast deposits of red filamentous 

macroalgae available for harvesting, the standing stock of wild red filamentous 

macroalgae on the Trelleborg coastline was first determined. Using local field 

observations such as light, temperature, and nutrient availability in the water column, 

the total red filamentous macroalgae biomass summer standing stock on the Trelleborg 

coastline was estimated to be approximately 19000 tonnes dwt.  The majority of the 

standing stock (17000 ± 7000 tonnes dwt) was situated between 3 – 10 m depth.  

 

Following observations on drifting algae mats and beachcast deposits during the 2009 

bloom (Gröndahl, 2010), this study assumed that 10-30% of the of the biomass standing 

stock on the Trelleborg coast was available for harvest as beachcast deposits. Therefore 

the potential annual quantity of beachcast red filamentous macroalgae summer deposits 

available for harvesting is estimated to be 2000-6000 tonnes dwt.  

 

Moreover, following the estimated quantity of biomass available for harvest and the 

known elemental composition of the biomass (Gröndahl et al., 2009), the estimated 

beachcast biomass deposits correspond to a nutrient recovery potential of up to 150 

tonne N and 13 tonne P.  However, due to limited case-specific data availability at the 

time of study, a holistic systems analysis was not conducted.  Nonetheless, it was 

estimated that anaerobic digestion of the estimated biomass harvest has the potential to 

provide sufficient biogas to heat up to 500 households per year.  

 

4.3 Lab Microalgae Case (Paper 3) 

As a response to the resource constraints faced by the shrimp farm in Indiana, USA, the 

microalgae, T.tetrathele, was examined to treat saline wastewater. The use of 

microalgae to treat saline effluent is very limited in the literature (e.g. Borges et al., 

2005; Heo et al., 2015) and often involves effluent adjustments, e.g. nutrients (e.g. 

Borges et al., 2005), to promote growth.  Therefore, this study examined the growth 

potential of T. tetrathele in an unadjusted aquaculture effluent where the potential for 

mixotrophic growth and nutrient removal were also evaluated. 
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The phototrophic and mixotrophic growth experiments of T.tetrathele cultured in saline 

wastewater collected from a shrimp farm were found to be successful.  Both the 

phototrophic and mixotrophic cultures achieved similar maximum growth rates of 0.21 

± 0.03 and 0.19 ± 0.002 per day, respectively.  When compared to the literature, both 

growth rates are considerably low where Tetraselmis sp. achieved growth rates of 0.65 

(Borges et al., 2005) and 1.42 (Sakamoto et al., 1998) per day for phototrophic and 

mixotrophic growth conditions, respectively.  Furthermore, despite witnessing 

successful growth, attempts at mixotrophic growth in bioreactors did not achieve 

improvements in the growth rate. The maximum yield was also almost identical for 

phototrophic and mixotrophic growth conditions at 0.41 ± 0.03 g dwt/l. However, the 

achievable yields in this study were similar to the literature value of 0.39 g dwt/l for 

Tetraselmis sp. (Borges et al., 2005). 

 

Additional evaluations were made on the nutrient removal potential for the mixotrophic 

cultures. The 7 day culture of T.tetrathele grown in mixotrophic conditions achieved a 

near-total removal of PO4-P. In contrast to the PO4-P removal, the removal of NO3-N 

remains similar throughout the 7 day culturing period.   It was assumed that this was 

due to the N:P ratio of the collected saline wastewater of approximately 50:1. Given 

the N:P Redfield ratio of 16:1 or the cellular N:P ratio of 26:1 for Tetraselmis sp. (Ho 

et al., 2003), the growth of algae can be assumed to be strongly phosphorous limited in 

our case, thereby leaving a large excess of nitrate in the solution throughout the 

culturing duration.  Nevertheless, the growth of microalgae was achieved with the 

collected saline effluent from a shrimp farm, and the suitability of the produced biomass 

as feed for the shrimp at the farm is a possible subject for further study. 

 

4.4 Cultivated Microalgae case (Paper 4) 

Large scale microalgae cultivation has been a subject of academic and industrial interest 

due to the combination of the potential for treatment of waste streams (e.g. Craggs et 

al., 1994) and the potential to produce a wide range of products (Graham and Wilcox, 

2000).  Moreover, recent studies have identify ways to utilize fluegas to promote 

microalgae growth (Cheng et al., 2015). The combination of these interests is the main 

driving force for the large scale cultivation of microalgae in China, which was used as 

a case.  The case study involves a large scale Nannochloropsis sp. cultivation facility 

in China, fed with fluegas from a coal power plant and cultivated in seawater from the 

Bohai sea. The main focus of the facility is to produce biomass which is sold as 

aquaculture feed, where the use of carbon and the recovery of nutrients from input 

streams are considered as additional benefits. This study therefore investigates the 

potential environmental burdens that exist in the system.  Therefore, as discussed in 

Section 3.2 and 3.3, energy analysis has been applied to the production system (Figure 

2-2) and evaluated for each production step using CED, ep-EROI, and GHG emissions 

as indicators of environmental performance.   

 

One cultivation pond at the facility is able to produce 0.05 tonnes dwt biomass over a 

4 day cultivation period. The facility has approximately 80 ponds with a large biomass 

production capacity.  Energy analyses conducted on the Nannochloropsis sp. 

production system have shown a CED of 96 GJ per tonne of harvested biomass with an 

achieved ep-EROI of 0.1.  The GHG emissions performance was found to be 22 tonnes 

CO2eq per tonne of biomass. 
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Energy analysis of the system has shown that Step A is both the main energy consumer 

and GHG emitter when compared to other process steps in the system. Air pump, 

paddlewheel, and centrifugation are the top three in both energy consumption and GHG 

emissions.  Nevertheless, the study shows a positive nutrient recovery potential. Based 

on the elemental composition of the biomass produced from the facility, with the 

consideration of the initial introduced nutrients, the nutrient recovery potential 

corresponds to 91 kg N and 5.3 kg P per tonne of harvested biomass.   

 

4.5 Cultivated Macroalgae Case (Paper 5) 

As a response to the European Union’s call for the development of European 

bioeconomy strategies (EC, 2012), the recognition of the viability of blue growth 

strategies  (EC, 2014), and the potential increase in industrial interest in the production  

of macroalgae biomass, a holistic systems analysis of a macroalgae cultivation case has 

been conducted.  The 0.5ha S.latissima cultivation system on the Swedish west coast 

has been chosen as a case and is used as a basis to estimate a potential 10ha industrial 

scale-up with the biomass being used to produce biogas and to achieve nutrient 

recovery as an additional benefit. 

 

The 0.5ha system is able to produce approximately 2.5 tonnes dwt of biomass after 8 

months of cultivation with a potential recovery of 21.3 kg N and 7.9 kg P per tonne dwt 

of biomass. The study shows a 0.5 ha system was able to achieve an EROI and GHG 

savings of 0.76, and -20% respectively, while a 10ha estimated system achieved 1.48, 

and 37% respectively.  Drastic improvements in EROI, and GHG savings between the 

0.5 ha case and the 10 ha estimated system suggest a potential for economies of scale 

from an increase in cultivation size. Although a commercial EROI > 3 benchmark (Hall 

et al., 2009) was not met by either system, the CED (per tonne dwt of harvested 

biomass) and GHG emissions (tonne CO2eq per tonne dwt of harvested biomass) were 

halved from a 20 fold increase in cultivation size.   

 

The cause for achievable economies of scale from a system scale-up can be perceived 

from evaluating the CED and GHG emissions for each sub process.  One major 

difference was the reduction of share in CED and GHG emissions during adult 

macroalgae growth, harvesting and transport processes. The reduction of share in CED 

and GHG emissions for these processes meant a shift in the share of CED and GHG 

emissions to be more pronounced for packaging and anaerobic digestion processes 

while achieving improved EROI and GHG savings. 
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5. Discussion 

 
5.1 Difficulties and Limitations 

This study attempts to assess the potential for nutrient recovery as an added benefit to 

harvesting photosynthetic marine biomass and evaluate the environmental performance 

of such activity from an energy and GHG emissions perspective (see Section 1.2). In 

order to perform such investigation, five real world cases of photosynthetic marine 

biomass harvest have been considered.  However, as a result of limited medium to large 

scale implementation of photosynthetic marine biomass harvest (with the exception of 

macroalgae cultivation), each case is unique in species, primary benefits to harvest, 

location, input wastestreams involved, harvesting system employed, among others (see 

Table 2-1). In despite of that all five cases achieved nutrient recovery as an added 

benefit (Table 5-1), their uniqueness made comparisons either among cases or with 

literature difficult. The uniqueness of each case is not only limited to the case 

description but also the data availability and knowledge of the harvesting potential for 

each species/case. This difficulty is further exemplified in Paper 5 (Table 5 in Paper 5) 

 

Table 5-1. Potentials for Harvest of Biomass and Nutrient Recovery for Each Case 

 Wild 

Cyanobac-

teria Case 

(Paper 1) 

Wild  

Red Algae  

Case 

(Paper 2) 

Lab 

Microalgae 

Case 

(Paper 3) 

Cultivated 

Microalgae  

Case 

(Paper 4) 

Cultivated 

Macroalgae 

Case 

(Paper 5) 

Species 
Nodularia 

spumigena 

Polysiphonia sp. 

& Ceramium sp. 

Tetraselmis 

tetrathele 

Nannochlo-

ropsis sp. 

Saccharina 

latissima 

Biomass 

accumulation time 

Summer  

months 

Summer  

months 
7 days 3 – 5 days 9 months 

B
io

m
as

s 
H

ar
v
es

t 

Conc. at 

harvest 

(g dwt/l) 

0.00003 - 

0.007 
- 0.4 0.35 - 

tonne dwt per 

harvest 
0.03 – 9a 2000 - 6000 - 0.05 2.5 – 3 

tonne dwt per 

ha and year 

0.0006 – 

1.7a 
14 – 42b - 14 - 24 5 – 6 

tonne dwt per 

year 
0.12 - 380 2000 - 6000 - 2 - 3 2.5 – 3 

N
 (

k
g
) per tonne dwt 

biomass 
42 25 - 91c 21c 

per ha and year 0.03 - 71a 350 - 1100b - 1300 - 2200 105 – 130 

per year 5 - 16000 50000 - 150000 - 180 - 280 53 – 63 

P
 (

k
g

) 

per tonne dwt 

biomass 
3 2 3 5c 8c 

per ha and year 0.002 - 5a 28 - 84b - 70 – 120 40 - 48 

per year 0.4 - 1200 4000 - 12000 - 10 - 15 20 - 24 
a Each harvest assumes 12 hours operation. Per ha and year based on conc. and amount of days. 
b based on the total area modelled for the standing stock (10-30% of stock comes ashore) 
c potential of nutrient recovery = nutrient in biomass – initial nutrient input for cultivation 

where slight variations in the various systems for cultivation of macroalgae led to a 

wide range of resulted evaluation for environmental performance from an energy 

perspective. 
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The range of the estimated nutrient recovery potential is not only due the range of 

biomass availability for harvest in each case, but, in some cases, is also effected by the 

uncertainties in data.  This is especially demonstrated for the Wild Cyanobacteria Case. 

In the Wild Cyanobacteria Case (see Paper 1) the estimates for the potential harvest of 

wild Nodularia sp. in the Baltic Sea was based on sparse and irregular monitoring of 

cyanobacteria in the Baltic Sea.  Moreover, the resulted estimates for the harvesting 

potential of Nodularia sp. biomass was corrected for depth distribution of the biomass 

following the method of biomass concentration determination (Hajdu et al., 2007) used 

at each monitoring station. Although the estimates for the biomass concentration during 

an intensive bloom bracket the estimates observed in in the literature (e.g. Kanoshina 

et al., 2003), the needed corrections to the estimates for biomass concentration made 

for (uncertain) depth distribution, temporal, and spatial variation in data (see Table 2 of 

Paper 1) led to large differences between the minimum and maximum estimates of the 

potential for biomass harvest and nutrient recovery for the Wild Cyanobacteria Case 

(see Tables 3 and 4 in Paper 1).   

 

Data availability also contributed to the varying achievable evaluation for 

environmental performance for each case. For the Cyanobacteria Case (Paper 1) where 

detailed harvesting method have been previously investigated in Gröndahl (2009), a 

preliminary assessment for the energy demand for harvesting is achievable (see Table 

4 in Paper 1) but the lack of known large scale processes for biogas production from 

Nodularia sp. meant that EROI and GHG emissions cannot be fully achieved for Paper 

1. Similarly for the Wild Macroalgae Case (Paper 2) and the Lab Microalgae Case 

(Paper 3), the evaluation of environmental performance for harvesting the 

photosynthetic marine biomass remains highly limited. Upon the availability for the 

detailed processes in Paper 2, evaluation for environmental performance was later 

possible (Risén et al., 2014). Such was also the case for the Cultivated Microalgae 

(paper 4) and Macroalgae case (Paper 5).  However, the lack of known data for medium 

to large industrial scales of energy production also effect the certainty of the resulted 

evaluation of environmental performance. For example, the wide range of minimum 

and maximum potential biogas yields at industrial scales relative to laboratorial scales 

(Carlsson and Schnürer, 2011) was observed in Paper 5 (see Fig. 5 in Paper 5) to vary 

EROI and GHG emissions/savings at a wide range of degrees in magnitude.  

 

In addition to variations between cases and data availability (as discussed above), 

methodological issues for the evaluation of environmental performance at a holistic 

level remains a major challenge throughout the study, in particularly when evaluating 

from an energy perspective.  Energy balance methods, e.g. EROI, reflect environmental 

performances based on known energy outputs relative to the total primary energy inputs 

for the studied system (Murphy and Hall, 2010), which are found to be highly effective 

in the literature (e.g. Hall et al., 2014; Razon and Tan, 2011) when investigating 

systems that prioritize on the production of energy products (e.g. the Cultivated 

Macroalgae case in Paper 5). However, when confronted with systems where the main 

products are not energy (e.g. food in the Cultivated Microalgae Case, Paper 4) and 

where data availability is limited, the effectiveness of EROI evaluation remains a 

challenge. In the past indicators for energy performance, e.g. CED, have been used 

instead when confronted with non-energy producing system (Tyedmers, 2004).  

However, the case specific nature of CED coupled with the lack standardized 

benchmarks made CED a difficult form of evaluation for environmental performance 

to utilize. The challenges faced through the evaluation of each case in this study from 
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an energy perspective reflect a need for further study on evaluating energy 

performances for non-energy producing systems.  

 

One of the main limitations for the cases chosen in this study is that the cases chosen 

are all linear and have not considered parallel and cyclic systems. The importance of 

temporal delays in stocks, potential parallel system pathways, and cybernetics or 

consideration of returning cycles in ecological systems have been thoroughly discussed 

in Patten et al. (1990).  Often temporal delays in the nutrient recovery through harvest 

of photosynthetic marine biomass exist mainly during cultivation stages but are given 

limited attention in the literature (e.g. Aitken et al., 2014). Moreover, the duration of 

the cultivation stage does not always depend on biomass growth but may result from 

operational, economical, and labour limitations (e.g. Posten and Walter, 2013). The 

effect of parallel and cyclic systems pathways remain a subject for further studies. 

 

 
5.2 Nutrient Recovery Potential and the Associated Environmental Implications 

Each case was found to have nutrient recovery as an added benefit to the harvest of 

photosynthetic marine biomass (Table 5-1). The nutrient recovery results varies greatly 

by case and is mainly dependent on the potential biomass harvest for each particular 

case. Moreover, this study finds that potential to harvest wild biomass and recovery 

nutrients are not limited to cultivated systems (Papers 3-5) but also exist for wild 

biomass harvesting systems (Papers 1-2).  

In this study, the potential for nutrient recovery as an additional benefit was found to 

be substantial for both the Wild Cyanobacteria case (Paper 1) and the Wild Red Algae 

case (Paper 2). In the Wild Cyanobacteria Case, it was estimated that if Nodularia sp. 

were harvested during its bloom in 2006, approximately 42000 tonnes N would be 

recovered, which is the equivalent of approximately 40-50% of the Swedish 

anthropogenic N discharge into the Baltic Sea (SEPA, 2009). Meanwhile, in the Wild 

Red Algae case, it was estimated that up to 150 tonne N can be recovered from 

harvesting of beachcast biomass deposits (see Table 6.4 in Paper 2), which is the 

equivalent of 15% of the overall Nitrogen input to the environment from surface runoff 

in Trelleborg (Muller et al., 2007).  

 

In addition to harvesting of wild photosynthetic marine biomass, nutrient recovery 

through the cultivation of photosynthetic marine biomass was also found to be 

achievable (Cultivated Microalgae and Macroalgae cases, Table 5-2).  However, the 

use of the biomass and how the recovered nutrients are re-used in the anthroposphere 

are different on a case-by-case basis. Similarly to the literature (e.g. Manninen et al., 

2016), many cases in this study (Papers 1, 2, and 5) opt for the production of biogas 

where the resulted digestate is used as fertilizers. However, the recovered nutrients may 

also be reintroduced to the anthroposphere as food or feed, as demonstrated in the 

Cultivated Microalgae case where the biomass produced are being sold as aquaculture 

feed.  

 

In the past, many holistic environmental evaluation studies for the harvesting of 

photosynthetic marine biomass (e.g. Aitken et al., 2014; Seghetta et al., 2014), 

especially with microalgae (Manninen et al., 2016; Razon and Tan, 2011), involves the 

use of the biomass as energy products and, therefore, have utilized CED and EROI to 

evaluate the environmental performance from an energy perspective.  The variation in 

cases of this study have demonstrated how the use of CED as an overall environmental 
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performance indicator can be a challenge as the results are often case specific, but can 

provide detailed perspectives of energy demanding processes. Due to the case specific 

nature of each biomass harvesting and production system, comparing EROI can also be 

difficult and needs to be interpreted following the EROI benchmark (Hall et al., 2009).  

However, such challenge remains for the use of EROI in cases where the harvesting 

biomass is not used as energy products as demonstrated in the Cultivated Microalgae 

case where ep-EROI was used. 

 

In despite of the challenges in the interpretation of EROI and CED, this study have 

identified several specific factors that play a major contribution to the resulted energy 

performance. Both the Wild Cyanobacteria (Paper 1) and Wild Red Algae (Paper 2) 

case utilizes the eutrophication phenomenon and the resulted summer blooming of 

photosynthetic marine biomass in the Baltic Sea.  The cases in Papers 1 and 2 avoid the 

high energy demands for biomass production processes that exist for the cultivation 

systems for photosynthetic marine biomass as depicted in the Cultivated Microalgae 

(Paper 4) and Macroalgae (Paper 5) cases. However, avoiding such processes does not 

guarantee a positive energy performance.  Although a further energy analyses 

conducted on the Wild Red Algae case by the lead author Risén et al. (2014) concluded 

a potential EROI of 2.7-3.8, which can be considered to be a positive energy 

performance, the high energy demands in the harvesting process for the Wild 

Cyanobacteria case coupled with the sporadic nature of Nodularia sp. blooms and low 

energy content (see table 5-2) lead to the potential of a lower energy performance (see 

Table 4 in Paper 1). This depicts the influence for energy demands of biomass 

harvesting technology, which is also a concern for both the Cultivated Microalgae and 

Macroalgae cases.  

 
Table 5-2. Summary of Energy Performances in Different Case 

 Wild 

Cyanobacteria 

Case 

(Paper 1) 

Wild Red 

Algae 

Case 

(Paper 2) 

Cultivated 

Microalgae  

Case 

(Paper 4) 

Cultivated Macroalgae 

Case 

(Paper 5) 

Scale of Operations 

considered from 

different cases 

Basin of 

Gotland 

Coastline  

of 

Trelleborg  

1191 m2 

raceway pond 

(80 ponds in 

total, 10ha) 

Outdoor cultivation 

0.5ha 10ha 

Total Energy Output 

(GJ per tonne dwt 

biomass) 

0.5a 6 10b 5 - 6 5 - 6 

CED at harvestc 

(GJ per tonne dwt 

biomass) 

approx.0.3a - 96 4 1 

CED Total  

(GJ per tonne dwt 

biomass) 

- - 96 7 4 

EROI - 2.7-3.8d - 0.7 1.4 

ep-EROI -  0.1b - - 
a based on the maximum harvest potential (considering max bloom size and concentration) 
b energy obtained from consuming the protein fraction of the biomass 
c only processes to attain biomass yield is considered (e.g. cultivation and harvesting) 
d (Risén et al., 2014) 
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In addition to the energy demands of specific processes, this study also finds the 

economies of scale to effect the energy performance.  The effect for the economies of 

scale on the energy performance is depicted in the cultivated macroalgae case (see 

Table 5-2), where an increase of cultivation scale by 20 fold have achieved an 

approximately 50% reduction in both energy demand and GHG emissions per tonne 

biomass harvested. In the literature, the effect of scale for biomass production and 

harvesting system on the overall energy performance also identified for harvesting of 

wild filamentous algae in the literature (Risén et al., 2014). 

 

The evaluation of energy performance also paved way for the evaluation of GHG 

emissions for each system.  As a part of the photosynthesis process, it is often perceived 

in the literature that the cultivation of photosynthetic marine biomass would often 

absorb CO2 from anthropogenic emissions (e.g. Cheng et al., 2015). However, the Wild 

Cyanobacteria case (Paper 1), the Cultivated Microalgae case (Paper 4), and the 

Cultivated Macroalgae case (Paper 5) have shown that GHG emissions exist for the 

support systems required to achieve the production and harvest of the photosynthetic 

marine biomass.  For example, in Paper 4 where the cultivated Nannochloropsis sp. 

sold as aquaculture feed was perceived to provide an alternative protein source while 

achieving nutrient and CO2 recovery through the use of fluegas, led to the emission of 

22 ton CO2eq/ ton dwt biomass and is considered substantially high (see Table 2 in 

Paper 4). When considering an energy product from the biomass harvest, e.g. biogas in 

Paper 5, GHG savings can be considered. Similar to the EROI evaluation, this study 

finds the GHG emissions and savings performances to be effected by the economies of 

scale. The findings in Papers 1, 4, and 5 also demonstrates the case specific nature of 

GHG related performance evaluations for the production and harvest of photosynthetic 

marine biomass. 

 

In addition to the holistic environmental performance evaluations made for the 

production of photosynthetic marine biomass grown in the phototrophic dominant 

regimes, this study also explores the potential for mixotrophic growth for microalgae 

(Paper 3).  However, in order to avoid on the reliance of artificial fertilizer, this study 

conducted a laboratory growth experiment of microalgae in a un-nutrient-altered saline 

wastewater collected from a shrimp farm.  Successful growth of microalgae was found 

for both the phototrophic and the mixotrophic conditions, but the achieved growth rates 

for both conditions are considerably low when compared with literature (e.g. Borges et 

al., 2005; Sakamoto et al., 1998).  The resulted low growth rates were suspected to be 

due to low salinity conditions when compared with literature (Fabregas et al., 1984) 

and a saline wastewater N:P ratio of 50:1 as opposed to the  Redfield ratio of 16:1 

(Hillebrand and Sommer, 1999). The disproportionate N:P ratio perspective was further 

supported by the depletion of P but not N during the growth experiment. Moreover, 

other essential micro and macronutrients were not controlled. The lack Fe, for example, 

has shown to negatively effect growth of Tetraselmis sp. in the literature (Hartnett, 

2012).   Further analysis is required to understand the potentiality of mixotrophic 

growth for industrial scale of photosynthetic marine biomass cultivation. 
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6. Conclusion 
This study seeks to assess the potential for nutrient recovery as an added benefit to 

harvesting photosynthetic marine biomass and evaluate the environmental performance 

of such activity from an energy and GHG emissions perspective (see Section 1.2). In 

order to achieve this aim, the potential for biomass harvest and nutrient recovery were 

assessed, and evaluation of energy and GHG emission performances were conducted.     

 

For the first objective, this study finds that there is potential amount of biomass 

available for harvest throughout the 5 observed cases. Although sporadic in location 

and quantity, the potential for harvesting of wild photosynthetic marine biomass during 

blooms in the Baltic Sea region, which was the case for Papers 1 and 2, exist (Table 5-

1).  The issue of nutrient recovery is tied to the potential biomass quantity at harvest 

and is therefore very case specific.  Nutrient recovery from mixotrophic growth of 

Tetraselmis sp.  (Paper 3) cultured in saline effluent remains inconclusive while the 

potential for nutrient recovery in cases of harvesting wild photosynthetic marine 

biomass (Papers 1 and 2) found that the potential for nutrient recovery exist but with 

quantities dependent upon the amount of biomass available for harvest. Nonetheless, as 

an additional incentive to harvesting photobiomass, the study has observed 4 cases of 

harvesting photosynthetic marine biomass (Papers 1, 2, 4, and 5) where nutrient 

recovery was achieved (Table 5-1).  

 

For the second objective, regardless of the limited data availability for all cases, 

evaluating the energy performance of each case was achieved where the energy 

performance results was observed to be very case specific and range from low to high 

(Table 5-2). Putting all cases (Papers 1 to 5) together was a challenging task as they 

have a variety of differentiating context where the energy output differs from case to 

case. Regardless of these challenges, this study finds that each case of harvesting wild 

and cultivated photosynthetic marine biomass to be very energy demanding (Table 5-

2) where the cultivation and/or harvesting processes in the system was found to be a 

large contributing factor towards the large overall energy demand of the system, even 

when economies of scale was achieved. 

 

For the third objective, this study finds that GHG emissions were found to exist as a 

result of the supporting systems required for the processing of the biomass for all cases 

but vary in performance. As seen in papers 4 and 5, processes that require large energy 

demands was often found to also have large GHG emissions from a cradle to gate 

perspective. This study also found that, as demonstrated in Paper 4, the importance for 

economies of scale for environmental performance results and that studies on small 

scale cases do not reflect the potential results of larger scale cases.   

 

In despite of the challenges faced in investigating the cases throughout, this study 

attempts to provide a first-hand perspective on the potential environmental concerns 

that needs to be raised when approaching a multi-purpose environmental solution like 

harvesting of photosynthetic marine biomass.  It is not the numerical specifics that the 

study sought after but rather to appraise issues that need to be raised when confronting 

with such environmental solutions through conducting holistic based systems 

evaluation of environmental performance. From the 5 cases that was observed, this 

study finds that while nutrient recovery can be achieved from harvesting photosynthetic 

marine biomass, cumulative energy demands and GHG emissions remain an issue of 

concern. The findings in Paper 5 however indicate that more studies at larger scales are 
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needed to be conducted in the future as economies of scale has a major influence on the 

resulted overall energy and GHG emission performances. 
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