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Abstract 

Coastal areas around the world are experiencing environmental problems such as 

climate change and eutrophication. These, in turn, lead to emerging challenges 

with excessive amounts of biomass that impact coastal communities. Developing 

utilisation strategies for marine biomass is therefore highly relevant and forms part 

of the blue growth research field. In response to environmental concerns, as a 

waste management strategy and as part of blue growth research initiatives, several 

Baltic Sea coastal projects have been initiated in recent years to study utilisation of 

maritime biomass. However, the sustainability of these utilisation strategies has 

not been critically appraised. Therefore, the work presented in this thesis explored 

some key sustainability aspects of two Baltic Sea case studies utilising common 

reed (Kalmar, Sweden) and mass-occurring filamentous macroalgae (Trelleborg, 

Sweden) for biogas and biofertiliser recovery.       

 Energy analyses suggested that both case studies could provide a positive 

energy balance and have the potential to achieve nutrient recovery. Moreover, a 

contingent valuation study in Trelleborg demonstrated considerable welfare 

benefits of biomass utilisation. These findings indicate that marine biomass 

utilisation strategies highlight potential to contribute to environmental and welfare 

benefits of these coastal communities. 
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Sammanfattning 

Klimatförändringar, eutrofiering och andra miljöproblem är idag globala hot mot 

kustområden. Dessa miljöproblem har lett till att merparten av världens kustländer 

står inför utmaningar med ökade mängder marin biomassa. Att utveckla strategier 

för att nyttja denna biomassa är därför relevant och är en del av forskningsområdet 

blå tillväxt. Ett flertal Östersjöprojekt har initierats med syfte att skapa 

miljöförbättring genom att samla in och använda marin biomassa för bland annat 

energiutvinning. Hållbarheten av dessa strategier har dock inte klargjorts i den 

vetenskapliga litteraturen. Denna avhandling behandlar därför några 

nyckelaspekter kring hållbarheten för två svenska fallstudieprojekt i Östersjön. 

Fallstudieprojekten fokuserar på nyttjandet av naturliga bestånd av makroalger 

(Trelleborg) och vassar (Kalmar) för produktion av biogas och biogödsel.   

 Energisystemanalyser visade att fallstudierna har potential att skapa lokal 

eller regional näringsåtercirkulation och kan ge en positiv energibalans. En 

enkätundersökning rörande betalningsvilja för utökad alginsamling i Trelleborg 

indikerade dessutom att det kan finnas betydande icke-marknadssatta nyttor med 

att samla in makroalger från stränder. Dessa resultat indikerar att de granskade 

fallstudierna har potential att bidra till miljö- och välfärdsnyttor.  
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1. Introduction 

Coastal areas around the world are experiencing environmental problems such as 

persistent organic pollution, littering, climate change1 and eutrophication (Vitousek 

et al., 1997, Conley et al., 2009). Diaz and Rosenberg (2008) concluded that 

hypoxia and anoxia arising from increased primary production (due to 

eutrophication) are among the most universal and severe threats to estuarine and 

marine environments, along with habitat loss, overfishing and harmful algae 

blooms.  

 

These changes in coastal systems have led to challenges with excessive amounts of 

marine biomass2 in almost all coastal nations. As an example, the frequency and 

extent of microalgae or macroalgae blooms have increased in recent decades 

(Anderson et al., 2002, Anderson et al., 2010). Reports from China describe a 

situation where blooms occur repeatedly in eutrophied lakes, threatening drinking 

water supply, harming the ecosystem and weakening the possibility of developing 

the tourism industry (Dębowski et al., 2013). In addition to financial consequences, 

the ecological consequences of algae blooms, such as loss of key species, loss of 

biodiversity and formation of anoxic conditions, are severe. Furthermore, some 

macroalgae produce toxins that can affect human and animal health during mass 

occurrences (Eklund et al., 2005).  

 

In addition to algae, Phragmites australis (hereafter referred to as common reed) 

has increased in abundance from a historical perspective due to increased nitrogen 

loads (Huhta, 2007). Common reed is one of the most widespread vascular plants 

globally (Huhta, 2007) and simulations of future climate change scenarios indicate 

that common reed may become even more abundant (Kuhlman et al., 2013). The 

biomass is considered a nuisance and is removed in many coastal communities. In 

                                                           
1
Leading to increased sea temperatures, increased precipitation in some areas and increased stratification. 

2
 This thesis focuses on macroalgae and common reed as marine biomasses and does not consider other 

marine biomasses such as fish. 
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North America Phragmites australis (subsp. australis)3 is  considered an invasive 

species, threatening wetland ecosystems (Jodoin et al., 2008).  

Strategies to utilise marine biomass are part of the research field dealing with what 

is commonly denoted blue growth and are included in the concept of a biobased 

economy. This research area recognises the great potential of available marine 

resources in coastal and ocean waters to help create new economic opportunities 

and simultaneously bring about environmental improvements. The research field 

has received massive attention during recent years and the European Commission 

has included a policy initiative on a future biobased economy in its Europe 2020 

strategy. The concept of blue growth has also been linked to the EU Marine 

Strategy Framework Directive, with the sectors aquaculture, coastal tourism, 

marine biotechnology, ocean energy and seabed mining being highlighted as 

important for the future (European Comission, 2014).  

 

One of the main focus areas of ongoing research is the concept of biorefinery, 

where multiple products are recovered from cultivated biomass in linked processes 

(e.g. Wijffels et al., 2010, Jung et al., 2013). Biorefinery research related to marine 

biomass is mainly focusing on cultivating microalgae to produce either multiple 

bulk products, such as bulk chemicals, in combination with biodiesel or high-value 

products such as novel biochemical products (Wijffels et al., 2010). Bioenergy 

production from marine biomass is attractive in comparison to some first-

generation bioenergy systems, for example Brazilian sugarcane ethanol. The 

sustainability of that system has been questioned due to the destruction of native 

ecosystems, land use change and to some extent the social consequences of 

sugarcane cultivation expansion (Banse et al., 2008, Scharlemann and Laurance, 

2008). 

In addition to biorefineries, process systems for bioethanol or biogas production 

from macroalgae have received increasing attention in recent years (Nkemka and 

Murto, 2010, Ge et al., 2011, Hughes et al., 2012b, Khambhaty et al., 2012, 

Dębowski et al., 2013). Production of bioenergy from macroalgae was first 

                                                           
3
Phragmites australis subsp. australis is considered an invasive species. However,  there is also a subspecies 

native to North America, Phragmites australis subsp. americanus 
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addressed during the 1970s by the US Ocean Food and Energy Farm project as a 

response to the ongoing oil crisis (Bird and Benson, 1987). The project encountered 

difficulties with the technical aspects of offshore cultivation. Since then, the topic 

has been revisited several times (e.g. John et al., 2011, Hughes et al., 2012b, 

Dębowski et al., 2013). Due to technological developments and accumulated 

experience of bioenergy from macroalgae in combination with increased political 

attention to blue growth, the preconditions for successful implementation of the 

concept have considerably improved.  

Commercial and research projects dealing with blue growth are being initiated all 

over the world. However, the work presented in thesis is limited to the Baltic Sea as 

a case study area. The Baltic Sea is a brackish water body and considered to be one 

of the most polluted waters in the world (Nilsson, 2005). The sea is heavily affected 

by eutrophication and there has been a rapid increase in dead bottom zones due to 

anoxic conditions (Rosenberg et al., 1990, Nilsson, 2005, Diaz and Rosenberg, 

2008). Large amounts of reed and algae biomass are creating a nuisance in many 

Baltic Sea coastal areas and beach cast removal is considered an important 

prerequisite for tourism. Macroalgae biomass is often retrieved from beaches at 

high cost to facilitate recreational use, only to be dumped back into the sea at the 

end of summer (Mossbauer et al., 2012).  

In response to environmental concerns, as a waste management strategy and as 

part of research initiatives on blue growth, several Baltic Sea coastal projects have 

been initiated in recent years in which natural and cultivated populations of 

maritime biomass are utilised. These projects have focused on utilising macroalgae 

(Filipkowska et al., 2008, Blidberg and Gröndahl, 2012), blue mussels (Lindahl et 

al., 2005), common reed (Isaksson, 2011) and cyanobacteria (Gröndahl, 2009, 

Pechsiri et al., 2014) with the intention of producing useful products and 

simultaneously achieving environmental improvements (Lindahl et al., 2005, 

Gröndahl, 2009).  

This thesis examined retrieval of natural populations of common reed and 

macroalgae for biogas and biofertiliser recovery (Figure 1). The work concentrated 

on two Swedish Baltic Sea case study systems (Kalmar and Trelleborg). Each 
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system has the potential to contribute to nutrient recovery, whereby nutrients are 

removed from eutrophied waters and utilised as biofertiliser on farmland. Such a 

system is attractive since it has the potential to provide numerous societal benefits, 

in addition to energy and nutrient recovery. For example, it can contribute to 

achieving local environmental goals, reducing greenhouse gas (GHG) emissions 

when replacing a fossil system and creating new work opportunities. In addition, 

the system avoids the GHG and nutrient emissions associated with land use change 

to support terrestrial bioenergy systems and can contribute to increased energy 

security. Moreover, in comparison with terrestrial energy crops, the use of 

fertilisers, fresh water and large land areas are avoided. Moreover, macroalgae 

retrieval from beaches has the potential to create local improvements in water 

quality, locally reduce the smell from decomposing algae and improve the 

recreational value of beaches. 

In summary, projects which focus on retrieval of maritime biomass for energy and 

nutrient recovery have numerous potential benefits. However, the social, economic 

and environmental sustainability of the projects was not thoroughly investigated 

before the case study projects were initiated. Projects are often run by local 

authorities and there is a clear discrepancy in interactivity and knowledge transfer 

between different regions. In addition, there is no standard methodology or 

structured data compilation for evaluation of sustainability in local and regional 

marine environmental project initiatives in Sweden. Thus, the competence of local 

authorities and the budgetary constraints of projects limit the ambitions to address 

the sustainability of projects. Some of the key issues indicated in Figure 1 have been 

investigated in pilot projects and the results are presented in the form of project 

reports, for example placement and technological process design, disturbance of 

bird life and erosion protection (Müller, 2010, Aldentun, 2011). However, there is 

still a lack of data and critical assessments regarding numerous sustainability 

aspects of these Swedish Baltic Sea projects (for a review of previous scientific 

literature, see Chapter 2). Some of the aspects that need to be addressed include 

total impact on ecosystem services, biomass potential, energy balance of the system 

and quantification of the combined welfare benefits of the system (Figure 1). 
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Figure 1 System descriptions of Baltic Sea macroalgae and common reed retrieval 

and processing. The cog wheels indicate main areas that are essential to address as 

part of a sustainability assessment and the bullet points are examples of specific 

aspects within each area. Adopted from Gröndahl and Saarkoppel (unpublished).  

The work presented in this thesis was initiated as a response to the lack of critical 

assessment of the sustainability of recent maritime biomass projects. The overall 

aim was therefore to investigate some key aspects not previously addressed in case 

studies utilising natural populations of Baltic Sea macroalgae and common reed. 

The work mainly had a techno-environmental focus, so social sustainability aspects 

were not addressed in detail.  

In order to address key aspects of biomass retrieval-utilisation systems, the work 

presented in this thesis had to span several conventional academic disciplines, 

including engineering, natural sciences and environmental economics, making the 

scope rather broad.  
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The work can be summarised in three fundamental questions:  

i) Is there a positive energy, GHG and nutrient balance in the biomass retrieval-

utilisation system in question?  

ii) How much macroalgae is available for retrieval in the case study area?  

iii) How large are the non-market benefits?  

The formulation of research questions was based on knowledge gaps identified in 

the case study projects and in the literature. However, factors such as data 

availability and relevance were also important in the selection of focus areas.  

The question Is there a positive energy, GHG and nutrient balance in the 

retrieval-utilisation system in question? was addressed in Papers I-II. This issue is 

critical since previous studies have shown that the energy balance is essential for 

the overall performance (economic and environmental) of bioenergy systems 

(Berglund, 2006, Berglund and Börjesson, 2006, Pöschl et al., 2010). Moreover, 

there is a knowledge gap in the scientific literature regarding the energy balance of 

retrieving natural populations of macroalgae and reed from the Baltic Sea coastal 

zone. 

The question How much macroalgae is available for retrieval? was addressed in 

Paper III by quantifying the theoretical natural resource potential in a case study 

area. With increased utilisation of marine biomass and the emerging blue growth 

research field, the theoretical potential for algae biomass is an increasingly 

important aspect. Today, scientific studies on macroalgae quantification in the 

Baltic Sea are scarce (as detailed in section 2.2). In addition, a parsimonious algae 

growth model was tested in the study area, since this can be a useful coastal 

management tool for providing predictions of biomass when costly field data are 

lacking. 

The question How large are the non-market benefits? was addressed in Paper IV. 

The environmental and welfare benefits of the system are the main driving force 

behind marine biomass retrieval projects and it is therefore of interest to quantify 

these non-market benefits. The Contingent Valuation (CV) method was used in the 
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analysis, since it is able to capture the combined economic value of a multi-

beneficial environmental good.  

Based on these three research questions, the specific objectives of Papers I-IV were 

to:  

 Assess biomethane and biofertiliser production from common reed from a 

nutrient, GHG and energy perspective (Paper I) 

 Assess the energy performance of biogas and biofertiliser recovery from 

macroalgae (Paper II)  

 Determine the natural resource potential for macroalgae retrieval in a study 

area (Paper III) 

 Estimate Willingness-To-Pay for macroalgae retrieval in a case study area 

and assess the associated valuation uncertainty (Paper IV).  
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2. Background and review of research area 

2.1 Systems analysis of biogas from marine biomass 

Expansion of anaerobic digestion (AD) is a high priority within the European 

Union and it has been estimated that total biogas production in Sweden has the 

potential to replace about a quarter of today’s consumption of petrol and diesel by 

2030 under favourable conditions 4  (74 TWh) (marine biomass not included) 

(Dahlgren et al., 2013). However, the Swedish Energy Agency (2010) estimates that 

potential biogas production based on substrates (mostly waste and agriculture) 

available today is only 16 TWh. Regardless of the potential estimate considered, 

biogas is a promising renewable energy system. However, the overall profitability 

of biomethane production is low in Sweden today (Gissén et al., 2014). Biogas 

production is thus dependent on political incentives and subsidies today and a 

long-term national strategy to support the biogas industry is currently lacking 

(Gyrulf, 2014).  

 

This thesis considered a first-generation technology to produce biogas, namely 

anaerobic digestion, since it is the technology used in the case study projects 

assessed. Second-generation (gasification) and third-generation (catalytic 

reduction, not based  on biomass) technologies have been developed, but are not 

yet available for commercial use (Alvfors et al., 2010).  

 

Biogas is considered a suitable biofuel from an GHG emission reduction 

perspective (Lantz et al., 2007, Lantz, 2013). However, it is important to note that 

there is not a uniform set of environmental benefits across all biogas systems. 

Instead, the environmental performance of biogas systems is closely linked to 

feedstock type and system design, and varies between systems and substrates 

(Tufvesson et al., 2013). In addition studies have shown that emissions linked to 

eutrophication and acidification from bio-based systems can exceed those from 

fossil fuel based systems (Scharlemann and Laurance, 2008, Tufvesson et al., 

2013). In general, biogas production from waste and residues is considered to have 

                                                           
4
 Today there is an annual production in Sweden of about 1.4 TWh spread out on about 240 facilities 

(WWTP, landfills, farm-scale, co-digestion and industry facilities) Biogasportalen. 2014. Biogasportalen [In 
Swedish] [Online]. Available: www.biogasportalen.se [Accessed 2014-09-17]. 
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high environmental performance (Biogasportalen, 2014). However, Tufvesson et al. 

(2013) concludes that it is more efficient to use industrial residues as animal feed 

than for biogas production and instead grow biogas crops for energy recovery, if 

there is a demand for animal feed. Tufvesson et al. (2013) furthermore calls for a 

broad systems perspective when assessing competing uses of biomass and conclude 

that calculation methods used in EU Renewable Energy Directive (RED) should be 

widened so that alternative uses of the addressed biomass is included through 

system expansion in order to identify indirect land use competition. 

 

During the end-use phase, biogas generates environmental benefits when replacing 

petrol and diesel with respect to emission reductions in GHG, particles and gaseous 

pollution (Lantz et al., 2007). The potential to achieve such reductions in gaseous 

emissions and particle emissions makes the environmental benefits large when 

biogas is used to drive heavy vehicles in urban areas. Kågesson and Jonsson (2012) 

concluded that the environmental advantage of replacing diesel in heavy vehicles or 

in ships is the most favourable utilisation route for biogas from a GHG emissions 

reduction perspective. This is an interesting finding as regards to marine biogas 

systems, since the collection of maritime biomass is performed in coastal 

communities which provide a linkage to shipping activities. Another intriguing 

result was presented by Hughes et al. (2012a) who suggest that biogas from 

macroalgae is not carbon neutral but may in fact provide a carbon negative system. 

 
Previous system studies of primary energy performance on biogas production 

based on terrestrial substrates in northern European conditions indicate positive 

energy balances (Berglund and Börjesson, 2006, Börjesson and Berglund, 2006, 

Pöschl et al., 2010, Seppälä, 2013). According to those studies, heat and electricity 

are usually the largest energy inputs into biogas plant operations (Berglund and 

Börjesson, 2006, Pöschl et al., 2010). This makes the heat and electricity demand 

of the biogas plant operations important for the overall energy and environmental 

performance of the system. Important efficiency-improving measures for a large-

scale co-digestion plant include collecting methane from digestate storage tanks 

and preventing methane leakage during upgrading (Petersson and Wellinger, 
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2009). Other practices that can improve plant design efficiency include heat 

recovery from storage and upgrading units. 

Previous studies have also found that it is important for the energy and 

environmental performance of biogas systems that the digestion residues are used 

as a fertiliser on farm land, forming a closed loop for nutrients (Gissén et al., 2014). 

This closed loop can replace the use of mineral fertilisers (manufactured in energy-

demanding processes and often imported). Today, almost all digestion residues 

from co-digestion and farm-scale plants are used as biofertiliser in Sweden, but 

merely about 24% of sludge residues from WWTP (Swedish Energy Agency, 2012). 

In addition to the environmental benefits of forming a closed loop for nutrients, 

reducing the need for phosphorus imports may be a highly important factor in 

future, in view of phosphorus security and an anticipated future lack of high quality 

phosphate rock at a reasonable price (Neset and Cordell, 2012, SEPA, 2013). Biogas 

systems have the potential to help limit import dependence, with SEPA (2013) 

concluding that utilising all the phosphorus in the sewage sludge from wastewater 

treatment plants (after AD) is an important national phosphorus supply strategy. 

Other potential national sources of phosphorus that could reduce import 

dependence are mining waste, waste from the paper pulp industry, residuals from 

bioenergy production and, in theory, bottom sediments from the Baltic Sea (SEPA, 

2013).  

Methane yield is another essential parameter for the overall energy performance of 

a biomass-based system. Since the composition of common reed and beach cast 

macroalgae varies over time (depending on the freshness for the beach cast and 

seasonal variations for the reed), the timing of the retrieval is critical for the 

methane yield potential of marine biomass. The methane yield potential of various 

macroalgae has been the subject of numerous studies (see for example Matsui et 

al., 2006, Vargas, 2007, Nkemka and Murto, 2010, Bruhn et al., 2011) These 

studies conclude that some macroalgae (e.g. Ulva lactuca, Laminaria sp.) may very 

well be suitable as a biogas substrate, with methane yield potential comparable to 

that of conventional terrestrial biomasses. However there are large variations 

between species and the high C/N ratio indicates that co-digestion may be more 

favourable (Hughes et al., 2012b). McKendry (2002) also points out that criteria 
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such as high yield, low energy requirements during cultivation, low cost of 

cultivation, biochemical composition, low levels of contaminants and suitable 

nutrient requirements are important aspects during species selection for 

cultivation of macroalgae for energy production. Many of these criteria are also 

relevant for energy production from natural populations of macroalgae for multiple 

purposes.  

 

The possibility to produce biogas from various types of reed has been examined in a 

number of studies in recent years and these have concluded that various types of 

reed may constitute a promising substrate for biogas production (Hansson and 

Fredriksson, 2004, Komulainen et al., 2008, Kuhlman et al., 2013, Seppälä, 2013). 

They have also identified some potential problems, e.g. it is reported that co-

digestion with a high reed ratio requires pre-cutting of the reed in order to avoid 

entanglement in equipment (Seppälä, 2013). It is also reported that reed biomass 

has a tendency for flocculation in a wet AD process and may therefore require extra 

stirring (Seppälä, 2013).  

 

In addition, Kuhlman et al. (2013) investigated cultivation of common reed as a 

substrate for biogas production and as a water buffering method in the Netherlands 

and concluded that the strategy is not economically viable today. However, in 

future scenarios, considering any or all factors such as: increasing energy prices, 

water rise due to climate change and additional policies to stimulate bioenergy 

production and water buffering, the strategy may very well be viable. This is an 

important finding, indicating that reed biomass utilisation is promising and may 

generate multiple benefits. 

Energy indicators 

An important aspect of any energy analysis of bioenergy systems is the energy 

indicator used. The systems analysis method is not standardised in the same 

manner as the LCA and LCI methods through ISO standards. This lack of 

standardisation makes the method flexible, but also raises challenges when the 

results of different studies are compared. Typically, the main indicator used to 

represent the energy balance in systems studies of renewable energy recovery is the 
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input-output ratio (IOR) (defined in Table 1, page 25) or the net energy ratio (NER) 

(Batan et al., 2010, Jorquera et al., 2010). These indicators are mathematically the 

inverse of one another and provide the same information about the energy 

efficiency of the system. Other indicators used in energy analysis include energy 

renewability efficiency and exergy efficiency (Dewulf et al., 2005, Malca and Freire, 

2006).  

 

There are several frameworks of indicators commonly used for sustainability 

assessment of bioenergy systems, including indicators relating to social, 

environmental and economic aspects. For example, the Global Bioenergy 

Partnership lists 24 indicators for measuring the sustainability of bioenergy 

production (GBEP, 2011). The energy indicators included are the net energy value, 

energy diversity and flexibility of use of the bioenergy produced. Furthermore, 

Buchholz et al. (2009) listed 34 sustainability criteria for bioenergy and asked a 

large group of experts to rank the criteria regarding relevance, practicality, 

reliability and importance. Interestingly, the energy balance and the GHG balance 

were the highest ranked criteria overall. In Buchholz et al. (2009), the energy 

balance was represented by the following indicators: conversion efficiency, energy 

return on investment and energy return per hectare.  

 

In addition to the two frameworks already mentioned, the European Commission 

has approved 19 different voluntary life-cycle sustainability schemes for certifying 

bioenergy production as sustainable and making it count towards national 

renewable energy targets for member states in compliance with the overarching EU 

RED directive (Comission, 2011). These schemes focus on the energy indicator 

NER. The European Commission has suggested an alteration of the RED directive 

through including the effects of indirect land use change (iLUC) and to limit to 

amount of food-crop biofuels that can be accounted in national targets (European 

Commission, 2012), both these changes would render an increased attention 

toward non-food biofuels such as marine biomass. In addition, as mentioned, 

Tufvesson et al. (2013) suggest that the calculations methods in RED and 

associated sustainability schemes should be widened to include current alternative 

uses of the biomass, this inclusion would benefit biomasses without current 
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alternative utilisation strategies. In short, several factors point towards an 

increased focus and use of on non-food and non-feed bioenergy systems in future.  

 

The frameworks and schemes mentioned above focus on assessment of bioenergy 

systems, but these systems are also included in the total national energy portfolio. 

At the national level, energy indicators included in sustainability assessments focus 

on aspects such as energy use per GDP, net energy import dependence, share of 

households without electricity, rate of deforestation attributed to energy use etc. 

(IAEA, 2005). These indicators are perhaps not directly applicable on a technical 

systems level, but nevertheless indicate aspects important to keep in mind when 

addressing bioenergy systems. 

2.2 Macroalgae biomass potential 

Macroalgae (seaweed) are macroscopic, multicellular plants that usually grow 

attached to hard substrates. They are typically divided into three groups; red, green 

and brown macroalgae, and are abundant all over the world in a diverse set of 

aquatic environments, such as coral reefs, rocky shores, mangrove forests, lakes 

and streams (Graham et al., 2009). The global demand for macroalgae biomass has 

grown and it is utilised both on a small scale locally for food and in large-scale 

commercial systems. Today (2008), about 94% of the total production and use of 

macroalgae comes from cultivation (FAO, 2010). In 2008, the global cultivation of 

the five most common species was estimated to amount to 13.2 million t (FAO, 

2010). The main utilisation strategy globally for macroalgae biomass is currently 

for human consumption (Rao et al., 2007, Dhargalkar and Verlecar, 2009, Graham 

et al., 2009). Other important industries based on marine biomass are extraction of 

gelling substances (used in dairy products, leather, textiles etc.) as well as 

extraction of other substances for use in the biochemical industry, as animal feed 

and as fertiliser on farmland (Zubia et al., 2007, Graham et al., 2009, Rathore et 

al., 2009, Troell et al., 2009).  

Even though the main global use of marine macroalgae today is based on 

cultivation, this is not the case for Baltic Sea macroalgae. The Baltic Sea is a 

brackish sea and does not provide the same conditions as a marine system with 

respect to growth rate, yield and species distribution (Seppälä et al., 2013). 
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Therefore, very little cultivation of macroalgae in the Baltic Sea takes place today. 

Seppälä et al. (2013) performed pilot trials with macroalgae cultivation in the 

northern Baltic Sea and concluded that yields (150 g per m2 of surface area) where 

so low that cultivation for bulk biomass production do not seem feasible for 

northern Baltic Sea conditions5. In addition, Seppälä (2013) point out that some 

species accumulate heavy metals and other contaminants and this may affect the 

possibility to utilize the biomass. Only one commercial company, Coastal Research 

and Management (CRM) in Germany, is currently operating in the Baltic Sea 

(Blidberg and Gröndahl, 2012). This company cultivates Saccharina latissima to 

extract compounds for cosmetics, food and medical research (Blidberg and 

Gröndahl, 2012).  

Despite the lack of ongoing cultivation activities, the concept was investigated 

already by Edler et al. (1980), who addressed algae cultivation in the Baltic Sea for 

biogas production in a national energy project. The project was initiated as a 

response to initiatives in the US at that time. Among other things, the project 

estimated the Baltic Sea area of 5 m depth to be a total of 19 000 km2. The 

production potential for cultivated algae was estimated to be 115 t dwt year-1 ha-1 

(based on a theoretical optimised succession system) and the concept of marine 

bioenergy was deemed promising for the future (Edler et al., 1980). Since the 

1980s, the Baltic Sea has undergone a massive transformation due to 

eutrophication. For example, there has been an increase in filamentous biomass 

along the south coast of Sweden and seasonal problems with anoxic conditions 

have emerged (Rosenberg et al., 1990, Rönnberg and Bonsdorff, 2004, Ahtiainen 

and Vanhatalo, 2012). It can thus be anticipated that conditions for algae 

cultivation in the Baltic Sea have changed over time.  

The use of macroalgae biomass from the Baltic Sea is based on retrieval of natural 

populations and Kautsky and Kautsky (1994) estimated the coastal standing stock 

of the Swedish Baltic Proper coast (10 640 km coastline) to somewhere around 

100 0006 tonnes dwt. Bruhn et al. (2011) estimated the biomass potential for green 

                                                           
5
 The southern parts of Baltic Sea have a higher average salinity than the northern part of the Sea. 

6
 Assuming an average carbon content of 24% based on Atkinson, M. J. & Smith, V. S. 1983. C:N:P ratios of 

benthic marine plants. Limnolog. Oceanogr. 28, 568-574. 
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tides in Denmark  to be 100 t dwt per year. Furthermore, in Kassari Bay, Estonia, 

approximately 200 t dwt of natural populations (Furcellaria lumbricalis) are 

currently commercially harvested annually, but this is only a fraction of the total 

potential (Kersen and Martin, 2007). Furcellaria lumbricalis are furthermore 

harvested in Denmark for carrageen production (Seppälä et al., 2013). In addition, 

about 13 000-24 000 t dwt of beach cast seaweed (for example Ulva lactuca and 

Saccharina latissima) are retrieved annually in Solrød municipality in Denmark 

for biogas production (Møller et al., 2012). 

 

There are several different ways of estimating biomass potential. Chum et al. (2012) 

divides the concept of terrestrial biomass potential into three different levels, and 

in this thesis the same definitions were applied to maritime biomass. These three 

levels are: theoretical potential, technical potential and market or implementation 

potential. The theoretical potential can also be seen as the total potential, only 

limited by abundance and growth rate. The technical potential, on the other hand, 

is also limited with respect to e.g. nature conservation programmes. The market or 

implementation potential is the fraction of the technical potential that can be 

utilised in a cost-efficient or cost-competitive manner.  

2.3 Non-market values of environmental improvements of the Baltic 

Sea  

There are several methods available today to assess non-market benefits, including 

revealed preference and stated preference methods. The CV method used in Paper 

IV is a revealed preference method. This survey-based economic method was first 

suggested by Robert K. Davis in the 1960s (Bateman et al., 2002). An early 

application of the CV method was after the oil spill from the tanker Exxon Valdez in 

1989, where the loss of non-use values was estimated. As a response to the 

controversy surrounding this study, the National Oceanic and Atmospheric 

Administration (NOAA) in the United States presented valuable guidelines and 

state-of-the-art recommendations for the CV method (Arrow et al., 1993). 

There has been great interest in research related to non-market values of reduced 

eutrophication and the values of the Baltic Sea. Söderqvist and Scharin (2000) 

investigated willingness-to-pay (WTP) for an increase in Secci depth of 1 m in the 
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Baltic Sea at Stockholm and found a substantial regional WTP among residents. 

The Swedish Agency for Marine and Water Management investigated attitudes and 

WTP for considerably reduced eutrophication of the Baltic Sea among citizens in all 

nine countries surrounding the sea and reported an aggregated WTP that exceeded 

the costs of eutrophication mitigation (Swedish Agency for Marine and Water 

Management, 2013). In addition, Stybel and Schernewski (2013) investigated 

attitudes towards water quality improvements and beach cleaning among Polish 

and German Baltic Sea tourists and reported potential for increased visitor 

frequency through beach cleaning.  

Kosenius et al. (2010) performed a choice experiment which included the 

attributes: water clarity, abundance of non-attractive fish, status of the key species 

bladder wrack and mass occurrences of macroalgae. The results indicated that 

water clarity was most important, followed by absence of mass-occurring 

macroalgae.  

Valuation uncertainty 

Studies have shown that individuals in general have limited experience of valuing 

nonmarket goods (Banerjee and Shogren, 2014). Moreover, individuals in Sweden 

can be expected to have very little experience of valuing environmental goods (for 

example access to national parks), since these are often offered for free in Sweden. 

Respondents can therefore be expected to have considerable uncertainty regarding 

their preference statement, making valuation uncertainty an important aspect to 

address. However, how to account for preference uncertainty in WTP estimates 

(adjust for hypothetical bias embodied in the method) is currently a hot topic and 

there is no consensus in the scientific community on what method to use (Akter et 

al., 2008, Logar and Bergh, 2012).  

There are several methods available that adjust WTP based on explicitly or 

implicitly gathered preference uncertainty data (Shaikh et al., 2007, Akter et al., 

2008, Logar and Bergh, 2012, Voltaire et al., 2013). One of the most widespread 

methods is to include a follow-up question after the WTP question where the 

respondent is asked to state their certainty about their WTP on a categorical scale 

or numerical scale, or as a percentage (Champ and Bishop, 2001, Alberini et al., 
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2003, Shaikh et al., 2007, Blumenschein et al., 2008). From a model efficiency 

point of view, it is favourable to obtain the reply on a numerical scale with seven or 

more response categories (James Sallis, pers. comm. 2014). These categories can 

later be combined during analysis to obtain suitable subsample sizes. In order to 

help the respondents, it is often appropriate to provide some explanatory text for 

the lowest and highest category. The individuals’ responses to the uncertainty 

question are then used to select respondents who are confident in their answer and 

who are likely to pay the stated amount if asked to do so. One challenge with these 

methods is to find an appropriate cut-off point. Should only respondents who 

stated they were absolutely certain be included in the analysis? This would of 

course be a conservative approach, but there is often a trade-off between sample 

size and cut-off point and there is also a risk of selection effects. Today, a number of 

different cut-off points are used, and there is no consensus on which of these is 

most appropriate (Logar and Bergh, 2012, Martínez-Espiñeira and Lyssenko, 

2012). An additional drawback of the method is that one has to assume that all 

respondents have the same interpretation of concepts such as certain and very 

certain (Hanley et al., 2009).  

There are other methods for addressing valuation uncertainty. One method is to 

ask respondents to state their uncertainty for each amount given on a payment 

card. The ‘value gap’, the range of value between the highest amount the 

respondent is certain about paying and the lowest amount the respondent is certain 

about not paying, is thus interpreted as a measure of valuation uncertainty (Hanley 

et al., 2009, Mahieu et al., 2012). This method complies with the idea of coherent 

arbitrariness, which proposes that individuals are more likely to have a range of 

accepted values instead of a point estimate (one ‘true’ value) regarding their WTP 

for a specific good (Ariely et al., 2003). 
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3. Case study descriptions 

3.1 Common reed harvest in Kalmar 

Kalmar is a small municipality situated on the south-east coast of Sweden. This 

Baltic Sea coastal community annually removes excessive common reed 

(Phragmites australis) during spring or summer to improve the view and to 

facilitate recreational use of the coastal areas. Previously, the cut biomass was 

simply left at the site. However, in 2009-2012 the municipality ran a pilot project 

to investigate whether this biomass can be used for biomethane production 

(Aldentun, 2011).  

The project in Kalmar was established as a renewable energy recovery project and 

the common reed was planned to be retrieved from the coastal zone and co-

digested within an existing AD facility. Secondary benefits such as reduction of 

nutrients to the Baltic Sea and creation of new work opportunities were other 

incentives for initiating the project. The pilot project in Kalmar covered a number 

of marine substrates, such as blue mussels, common reed, macroalgae and waste 

from a local fish industry (Gregeby and Welander, 2012). However, the work 

presented in this thesis concerns biomethane production from common reed. The 

case study area was chosen since the pilot project provided data enabling 

assessment of biomethane production from coastal common reed (Aldentun, 2011). 

In the utilisation system (Figure 2), common reed is ensiled, pre-treated and 

subjected to AD, and the end products biofertiliser and biomethane are obtained. 

As shown in Figure 2, data were compiled from the literature, from the case study 

and from laboratory experiments.  
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Figure 2 The Kalmar case study system. The dotted line indicates system 

boundaries. 

3.1 Macroalgae retrieval in Trelleborg 

Trelleborg is a small municipality in southern Sweden situated in a transition zone 

between the Brackish Baltic Proper and the saline Kattegat area. As an effect of 

eutrophication, the municipality has huge problems with mass occurrences of 

opportunistic filamentous macroalgae every summer, creating massive amounts of 

beach cast and anoxic conditions in shallow waters (Figure 3). The filamentous red 

species Polysiphonia fucoides, which grows on hard bottoms at approximately 0.5-

17 m depth, dominates the macroalgae community (Kristiansen and Svedberg, 

2001, Swedish EPA, 2007). Polysiphonia fucoides and Ceramium tenuicorne occur 

in both attached and unattached forms within the study area (Gröndahl, 2010).  

Trelleborg was chosen as a case study since it has initiated several environmental 

projects during recent years aimed at utilising marine biomass and it is considered 

to be a forerunner among Swedish municipalities regarding environmental 
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projects. Projects entail biogas production from macroalgae and wetland biomass, 

using algae in wastewater treatment processes and construction of new wetlands 

(Gröndahl and Müller, 2008). Trelleborg has the highest amount of high quality 

agricultural land of any municipality in Sweden and a large fraction of the coastline 

is farmland, with cropland extending all the way out to the coastline, making 

nutrient run-off a large problem.  

 

Figure 3 Photos of macroalgae in Trelleborg during summer. 

In order to enable recreation, biomass is retrieved from popular beaches and 

transported to a customised biogas plant. The project was initiated as a response to 

the waste management problem with the retrieved biomass; formerly the biomass 

was simply gathered in heaps and dumped back into the sea at the end of summer. 

Two different retrieval scenarios were assessed (detailed in Paper II). The first 

scenario is based on regional harvesting (referred to as large-scale) and the second 

on municipal retrieval (referred to as small-scale) (Figure 4). Ongoing retrieval in 

Trelleborg is on pilot scale, so some data on energy inputs were taken from the 

literature (Figure 4). As shown in Figure 4, the macroalgae is harvested, ensiled, 



22 
 

pre-treated and finally utilised for bioenergy and biofertiliser recovery. The 

digestate is planned to be spread as fertiliser on local farmland or in forest areas.  

 

Figure 4 The Trelleborg case study systems addressed in Paper II. A describes a 

large scale vehicle fuel system and B describes large and small-scale heat and 

electricity production. The dotted lines indicate system boundaries. 
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4. Methods 

4.1 Energy analysis (Papers I and II) 

In this thesis, the energy balance of AD of macroalgae and reed was addressed 

through energy analysis. Berglund (2006) discussed the methodology of energy 

analysis from a systems analytical perspective and concluded that allocation 

method and input data used have a large impact on the results. Berglund (2006) 

also stressed that local conditions are essential for the system design. An essential 

step in addressing the energy performance of a system is to define system 

boundaries and clearly state the allocation methods and input data used, in order 

to increase the transparency of the results (Berglund, 2006, Finnveden et al., 2009, 

Tufvesson et al., 2013). Berglund (2006) also recommended the use of site-specific 

data, since the results are heavily dependent on specific system design. 

 

System boundaries can be set from a number of different perspectives; as borders 

between significant and insignificant processes, between the part of the technical 

system studied and other technical systems, or as borders between the technical 

system and the environment (Finnveden et al., 2009). In general, narrow 

boundaries may omit important information and miss the bigger picture. On the 

other hand, wider system boundaries require additional assumptions, producing 

results with larger uncertainties. There are thus advantages and disadvantages with 

both approaches. 

 

In this thesis, system boundaries and system design were set to reflect the case 

study systems as much as possible and site-specific data were used when available. 

The functional unit was primary energy in MJ per metric tonne wet weight of 

biomass. In both cases, the chemical energy embodied in the biomass was not 

considered an energy input into the system and the biomass was viewed as a freely 

available resource. The system boundaries are shown in Figures 2 and 4. It can be 

seen that it is foremost the technical processing system that is addressed, including 

digestate handling. We chose not to use a well-to-wheel approach (MacLean and 

Lave, 2003) when setting system boundaries. Instead, we drew the system 

boundaries at production of the end product (heat, electricity or biomethane). We 
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made this exclusion since these steps focus on the conversion efficiency in vehicle 

engines or transmission losses, as well as air emissions during final use. These 

steps are relevant for analysing biogas systems and distribution system efficiency in 

general, but are not specific for maritime biomass and thus not relevant for the 

objectives of this thesis. Instead, we chose system boundaries similar to a well-to-

tank (WTT) approach. However, within the WTT boundaries, we omitted the 

following process steps: transportation to tank station, final pressurisation and 

filling the tank.  

 

In Papers I and II, the primary energy analysis was based on compiled data on 

primary energy flows through the system. In Paper I we also performed laboratory 

experiments of methane yield associated with reed co-digestion by using two 

anaerobic laboratory-scale continuously stirred tank reactors (CSTR). We also 

quantified the GHG savings potential when replacing a fossil reference system 

based on energy flows through the system and performed a rough estimate of the 

nutrient recovery potential of the system based on literature data. 

 

A number of commonly used energy indicators were compiled in order to assess the 

primary energy performance of both systems (Papers I and II). Several energy 

indicators were used (Table I), since they reflect different aspects of the energy 

performance of the system and, when combined, gave a fuller picture than a single 

indicator. In Paper II, a simplified exergy efficiency indicator was added to the set 

of indicators used in Paper I. The exergy concept is useful since it considers not 

only the quantity of energy used, but also the usefulness (quality) of the energy. The 

concept is based on the first and second law of thermodynamics and, unlike energy, 

exergy can be destroyed (see for example Dincer, 2000, Dincer et al., 2004, Çengel 

and Boles, 2006). The addition of an exergy efficiency indicator was made since 

heat is considered to be the end product and it is therefore important to emphasise 

that the energy carriers have different quality and provide different end services. 

The exergy efficiency was not as important for the common reed system, since it 

primarily uses high quality energy as input (electricity and petrol) and provides a 

high quality output (biomethane).  
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In Paper I, the total input energy was not allocated between the two end products 

(biomethane and biofertiliser), as previous studies have concluded that allocation 

between end products should be avoided when possible (Khatiwada and Silveira, 

2009; Börjesson and Tufvesson, 2011). Instead, system expansion was used and the 

energy saved when mineral fertiliser production and use is replaced with the 

digestate was included in the energy balance, indicated by a dotted square in Figure 

4. This is an important aspect to keep in mind when comparing the results to those 

of other studies. 

 

Table 1 Description of energy indicators used (see Paper I for Equations) 
 
Indicator Acronym Criteria measured 
Input-output ratio IOR Energy efficiency 
Net energy value NEV Net energy output 
Net renewable energy 
value 

NREV Amount of avoided non-
renewable energy usage  

Non-renewable input 
ratio 

NRIR Percentage of total  input 
of non-renewable origin 

Energy renewability 
efficiency ratio 

ERenEF Renewability efficiency 

Exergy efficiency  ɳex Exergy efficiency 
(simplified)(Paper II) 

 

4.2 Macroalgae potential estimate and growth modelling (Paper III) 

As mentioned in section 2.2, there are several different types of potential that can 

be assessed. In this thesis, the theoretical potential of macroalgae in Trelleborg was 

determined (Paper III). The theoretical macroalgae biomass potential was 

estimated on the basis of existing inventories of macroalgae, photic zone 

distribution and bottom substrate (Equations 6.1-6.3 in Paper III).  

In addition to estimating the theoretical potential, we tested a parsimonious algae 

growth model in Trelleborg. This dynamic model considered independent, site-

specific input data. The results were assessed through comparison with field data 

from two monitoring stations in the area.  

There are numerous models for quantifying algae biomass as mass per square 

metre, for example those by Bowie et al. (1985), Kiirikki et al. (1998), Biber et al. 

(2004), Trancoso et al. (2005), and Öberg (2006). In Paper III we applied a 
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modified version of the algae growth model presented by Kiirikki et al. (1998). This 

model was first designed to predict growth of filamentous spring and summer algae 

(for example Pilayella and Ceramium) in the northern Baltic Sea. It is based on 

maximum gross growth rate controlled by three restriction functions representing 

the growth-limiting factors nutrients, temperature and light and, in addition, 

considers losses through grazing and death (Equations 6.4-6.11 in Paper III). 

In addition to these restriction functions we added a density restriction function to 

the model, since Kotta et al. (2008) showed that growth of some red algae in the 

Baltic Sea is density-dependent, with very low net growth at high densities, which is 

especially important during the peak growing season. A density restriction 

parameter may therefore be appropriate when modelling red opportunistic mass-

occurring macroalgae in the Baltic Sea.  

In addition, we modified the nutrient limiting function, since Pato et al. (2011) 

showed that opportunistic algae under low nutrient levels do not store nutrients 

during nutrient pulses, but use the pulses directly for growth and reproduction. 

This indicates that the effect of internal nutrient concentrations may be 

disregarded when modelling opportunistic species during summer. This is an 

important finding, since several models found in the literature (e.g. Martins and 

Marques, 2001; Öberg, 2006) are based on internal nutrient concentrations instead 

of nitrate concentrations in the water body. It is perhaps appropriate to modify the 

nutrient limiting functions in these models when applying them to opportunistic 

summer species.  

Based on comparison of dissolved inorganic nitrogen and phosphorus (DIN/DIP) 

ratios reported in the literature (Lundgren et al., 1999), the Trelleborg area was 

assumed to be nitrogen-limited rather than phosphorus-limited. Therefore, DIP 

concentrations were not taken into account in the limiting function for Trelleborg. 

This assumption is a simplification, and for other study areas a second limiting 

function for phosphorus could be added to the model if necessary. 

Data on temperature and DIN concentration at 5 m depth were taken from the 

Swedish regional monitoring programme (Lundgren et al., 2009). Mean monthly 

values were used for temperature and nutrients in the model, together with daily 
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average surface irradiance data obtained from the Swedish Meteorological and 

Hydrological Institute (SMHI).  

4.3 WTP estimate and associated preference uncertainty (Paper IV) 

In Paper IV, the non-market values of retrieving and utilising macroalgae in 

Trelleborg were assessed using the Contingent Valuation method. A postal 

questionnaire was sent to randomly chosen residents aged 18 years or older in 

Trelleborg (for details of response rate etc., see Table 2 in Paper IV). The 

questionnaire design followed Bateman et al. (2002) and was developed in an 

iterative process including several focus group sessions (FGS). Respondents were 

asked to state their maximum WTP to increased algae retrieval from beaches and 

shallow waters in Trelleborg municipality. It was explained that the retrieved 

biomass would be used for biogas production and biofertiliser, generating several 

environmental and societal benefits (Table 2). Respondents were also shown 

pictures of beaches in the municipality before and after algae retrieval (Figure 5).  

There are several elicitation formats available for WTP estimates. A split sample 

was used in Paper IV. Respondents were asked to state their maximum WTP either 

through an interval open-ended (IOE) question or through using a payment card, 

which was developed in accordance with Rowe et al. (1996). However, the 

resolution was lowered (as detailed in section 2.2.1 in Paper IV) since FGS revealed 

that respondents had difficulties choosing between similar numbers. The IOE 

format was first devised by Håkansson (2008) and asks the respondent to give 

their WTP in an open-ended interval. Open-ended formats in general are not 

recommended by NOAA, commonly mentioned criticisms being a risk of strategic 

overstatement and a risk of high non-response rates (Arrow et al., 1993). However, 

the IOE format is promising since it may produce additional information regarding 

valuation uncertainty (Håkansson, 2008, Voltaire et al., 2013). The elicitation 

format also complies with the principle of coherent arbitrariness mentioned 

earlier. 
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Table 2 Information shown to participants in connection with the WTP question. 

Programmes A and B represent two different scenarios of increased retrieval, 

t=tonnes (see Paper IV for a more detailed presentation).  

Benefit Present Programme A Programme B  
(large scale) 

Nutrient mitigation 1 t Nitrogen 14 t Nitrogen 108 t Nitrogen 

Energy production per 
year in number of heated 
houses 

 10 houses 100 houses 800 houses 

Reduction of GHG 
emissions 

Annual 
emissions from 
6 people 

Annual emissions 
from 63 people 

Annual emissions from 
504 people  

Local water quality Same Small 
improvement 

Great improvement 

Local odour Same Small 
improvement 

Great improvement 

Amount of retrieved 
algae (t) 

500 t 5 000 t 40 000 t 

 

 

Figure 5 A beach in Trelleborg before and after algae retrieval. 
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Preference uncertainty  

In Paper IV, a method recently suggested by Voltaire et al. (2013) was used for 

incorporating preference uncertainty in WTP estimates from the IOE format 

through gathering valuation uncertainty data with two different methods and 

comparing the results. 

First, we asked the respondent to state their uncertainty on a scale ranging from 1 = 

very uncertain to 5 = very certain (method discussed in section 2.3) and adjusted 

the WTP estimates by eliminating respondents who stated the highest uncertainty 

(very uncertain) regarding their WTP statement. 

Second, we followed Voltaire et al. (2013), who suggest that the interval width of 

the stated WTP indicates preference uncertainty. The method suggests that the 

respondent is completely certain regarding the stated lower bound of the WTP 

interval and interprets the interval width as a measure of the uncertainty regarding 

the stated upper bound. The interval width is divided by the upper bound and the 

ratio is interpreted as an uncertainty between 0-100% (Equations 1 and 2 in Paper 

IV). Thus, a ratio of 0% indicates that a respondent is completely certain of the 

upper bound and it is set to represent the maximum WTP. Conversely, a ratio of 

100% is interpreted as 100% uncertainty regarding the upper bound and the lower 

bound is set to represent the maximum WTP.  
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5. Summary and discussion of main results 

5.1 Energy analysis (Papers I and II) 

To create a sustainable bioenergy system, several components relating to social, 

ecological and economic sustainability aspects are important, as shown in Figure 1. 

One of these components is the energy balance, which was addressed in Papers I 

and II. Mapping of energy inputs for the case study systems indicated that 

upgrading of the biogas and AD plant are process steps that require large energy 

inputs for the systems studied (Figure 6). In contrast, the energy requirements for 

transportation, ensiling and digestate handling were minor fractions of the total 

input. This confirms previous findings for other biogas production systems based 

on conventional substrates (section 2.1).  

 

 

Figure 6 Energy input into the process steps as ratio of the total energy input for 

the Kalmar case study (Paper I). 

 

As mentioned in section 2.1, the methane yield potential is essential for the overall 

energy balance of the system. Laboratory experiments on methane yield potential 

for the summer-harvested common reed indicated a satisfactory increase in 

methane yield when ensiled reed (19% of the total substrate mixture) was added to 
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the substrate mixture (Table 5 in Paper I). Experiments7 indicated that a longer 

hydraulic retention time (HRT) gave higher methane yields. The long optimal HRT 

for the substrate indicates that the post-methanation potential of the reed may be 

large, and that sealed storage of the digestate may be of additional importance for 

these types of lignocellulostic substrates. For the macroalgae system (Paper II), it 

can be concluded that the methane yield for the red filamentous algae in question is 

low in comparison with the methane yield potential of other types of macroalgae 

(Table 5 in Paper II). This indicates that macroalgae systems at other locations 

based on high methane yielding species could produce higher net energy outputs. 

 

The energy indicators showed a positive energy balance for all systems assessed; 

the energy requirements corresponding to 30-40% of the energy content of end 

products (Paper I and II). In addition, the renewability efficiency was high, 

indicating that most of the energy carriers are obtained from renewable resources. 

A main contributing factor to the high renewability efficiency is that Swedish 

electricity generation is mainly based on renewable resources and, in addition, the 

heat is provided by fractions of the biogas produced. Consequently the net 

renewable energy value (NREV), which only accounts for non-renewable energy 

input, indicated that both systems have the potential to replace fossil energy usage. 

Thus, biogas and biofertiliser production may be a feasible handling strategy for 

the case studies from an energy performance viewpoint.  

 

The energy indicators used in this thesis reflect different energy inputs of the 

system. The exergy indicator is valuable e.g. when there are multiple end products 

from the biogas produced (heat and electricity) and in paper II the exergy efficiency 

differed from the energy efficiency, emphasizing the importance of considering 

energy quality when evaluating energy performance. Moreover, the net renewable 

energy value visualises how flows of fossil energy can be replaced with flows of 

renewable energy. The renewability efficiency indicator is also valuable, since it can 

distinguish a system dependent on fossil energy input from a system with input 

from renewable resources. However, Paper I suggested that process design of 

                                                           
7
 Laboratory experiments performed by Erik Gregeby. HRT in the experimental set-up used in Paper I was set 

to mimic the large-scale plant operations. 
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energy systems should not be assessed based solely on non-renewable energy use, 

but also on total energy input, since the amount of non-renewable input is 

primarily dependent on regional or local supply of renewable energy sources of 

energy carriers and is not process-specific.  

 

In addition to the energy performance, GHG emissions were mapped based on 

primary energy inputs and outputs for the common reed in Paper I. The results 

indicated substantial potential to achieve GHG savings when biomethane produced 

from reed replaces a fossil reference system (about 90%). The savings potential was 

similar to the GHG emission savings potential of other biomethane producing 

systems for Northern European conditions (Börjesson et al., 2010). As a reference 

value, the European Parliament (2009) has decided that GHG savings must be at 

least 60% in comparison with a fossil reference system for biofuels produced from 

2018 onwards.  

The GHG savings potential is dependent on selection of the reference system. For 

the assessment of common reed, a fossil vehicle fuel was used as the reference 

system, since the biomethane can replace fossil vehicle fuel use (Paper I). However 

when heat and electricity are produced, reference systems will differ between 

countries. A large fraction of the heat and electricity production in Sweden is of 

renewable origin. It is therefore most favourable to use the biomethane to replace 

fossil vehicle fuel from a GHG savings point of view in a Swedish perspective. 

However, in some other countries, for example Poland, large fractions of heat and 

electricity are coal-based at the moment. In this context, there may be large GHG 

savings with heat and electricity generation from the biogas produced in a short 

time perspective.  

The nutrient recovery potential of using the reed biomass on farmland was also 

assessed in Paper I (parameters considered and data used shown in Table 8 in 

Paper I). The results showed that roughly 60% of nitrogen and almost all 

phosphorus retrieved with the biomass can be recirculated from the coastal zone 

onto farmland. Even though this is a rough estimate8 based on literature data, the 

                                                           
8
 Increased leakage from farm land when residues replace mineral fertiliser is for example not included 

Tufvesson, L. M., Lantz, M. & Börjesson, P. 2013. Environmental performance of biogas produced from 
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results are promising, indicating that it may be possible to form a closed cycle 

whereby nutrients are taken from eutrophied coastal areas and utilised on 

farmland.  

5.2 Theoretical potential of macroalgae in Trelleborg (Paper III) 

The theoretical biomass potential is a key component of the retrieval-utilisation 

system, since it determines the maximum limit of the system. Results based on 

existing algae field inventories and data on photic zone and bottom substrate 

distribution indicate substantial theoretical biomass potential of macroalgae during 

summer on a local/regional scale. As a purely theoretical comparison (it is not 

suggested that the entire summer stock is to be retrieved), the estimated summer 

stock in the Trelleborg region has a nitrogen content corresponding to roughly 50% 

of annual nitrogen in freshwater runoff from farmland in the area9, setting a high 

upper limit on the nutrient recovery potential (Paper III). Thus, macroalgae 

retrieval has the potential to contribute towards achieving nutrient mitigation or 

nutrient recovery in the area.  

Model predictions 

In addition to the theoretical potential estimate, an algae growth model for 

potential estimates was tested in Paper III. Algae growth models have several 

advantages, e.g. they can provide first hand-estimates when costly field data on 

algae abundance are lacking and can predict stock responses to environmental 

changes. The model tested in Paper III considered input data from growth factors 

such as nutrient, light and temperature and assumed density-dependent growth. 

The parsimonious model applied to the case study area is shown in Figure 7. As 

shown, the variation in field data used for testing of model predictions was large, 

making evaluation of results difficult. However, model predictions based on 

independent physico-chemical field data agreed with the field observations on 

biomass at 4 m depth, varying within a factor of five for all years studied except 

2004 and 2006. Deviations between observations and independent model 

                                                                                                                                                                                 
industrial residues including competition with animal feed -life-cycle calculations according to different 
mathodologies and standards. Journal of Cleaner Production 53, 214-223. 
9
 Estimated to 1 000 t N annually Müller, M. 2008. Fallstudie Trelleborg – Integrerad kustzonsförvaltning på 

lokal nivå i Östersjön genom geografisk kartläggning och scenarioanalys, Trelleborg Municipality, Trelleborg, 
Sweden. 
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predictions were similar to the variation in available field data. As the applied 

model is intended to provide preliminary estimates of stocks, the simulation results 

represent adequate, independent, rough predictions of biomass for most years 

without calibration. The model may therefore be worthy of further development, 

testing and validation.  

 

Figure 7 Total macroalgae biomass in Trelleborg (g dwt per m2 at 4 m depth) over 

time. Field data from monitoring stations with standard deviation shown as error 

bars are presented as triangles (Abbekås) and squares (Kämpinge) and the 

continuous curve indicates independent model predictions. The standard deviation 

shown for each sampling occasion is based on five replicates. Field data from 

Lundgren et al. (2009). 

5.3 Valuing beach cast retrieval in Trelleborg (Paper IV) 

The retrieval and use of macroalgae from the eutrophied Baltic Sea coastal zone has 

several potential environmental benefits and the retrieval can also lead to increased 

recreational values of the beaches. In Paper IV, WTP among residents in Trelleborg 

for extended retrieval-utilisation was examined using a questionnaire. A majority 

of respondents (87%) responded “agree” or “partly agree” to the statement: 

“Macroalgae are a major problem in Trelleborg during summer” and 83% 

responded “agree” or “partly agree” to the statement “The smell of decomposing 

algae is a major problem in Trelleborg during summer”.  These results show that 

0

200

400

600

800

1000

1200

ja
n

-0
2

ju
l-

0
2

ja
n

-0
3

ju
l-

0
3

ja
n

-0
4

ju
l-

0
4

ja
n

-0
5

ju
l-

0
5

ja
n

-0
6

ju
l-

0
6

ja
n

-0
7

ju
l-

0
7

ja
n

-0
8

ju
l-

0
8

ja
n

-0
9

ju
l-

0
9

B
io

m
as

s 
[g

 p
er

 m
2
] 

Month-Year 

Modelled Kämpinge Abbekås



36 
 

the respondents recognised mass-occurring macroalgae as a large problem 10 , 

demonstrating that the removal of the algae is of some value for the residents.  

Interestingly, there was a significant11 increase in the number of respondents who 

stated that they would visit the beach several times a week if it could be kept free of 

algae biomass. A total of 75% stated that they would visit the beach once or several 

times a week in summer if given an algae-free beach (57% did so at present). This 

further emphasises that the respondents valued algae retrieval. As indicated 

through the increased visiting frequency, respondents displayed a positive mean 

WTP. The mean valuation of the hypothetical large-scale retrieval-utilisation 

system (Table 2) was about 500 SEK per person and year (Figure 8). However, 

about 17-29% of respondents were not willing to pay for extended retrieval.  

 

Figure 8 Mean WTP for the large-scale retrieval-utilisation programme 

(Programme B in Table 2) using the payment card and interval open ended format. 

Explanatory variables for WTP 

Ordered probit models were used to investigate whether there were any differences 

in WTP among individuals with different socio-demographic attributes (Paper IV). 

It was found that individuals with high levels of income and education stated a 

                                                           
10

 These results (answer to questions on algae as a problem and perceived smell) were omitted from Paper 
IV due to space limitations and are thus presented for the first time here. 
11

 A paired t-test indicates a significant increase in visiting frequency at 5% significance level when 
respondents consider an algae-free beach (p=0.00, n=300). 
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higher WTP in comparison with individuals with lower levels of income and 

education. Interestingly, respondents who viewed the smell of decomposing algae 

as a major problem also displayed a higher WTP. In contrast, age and gender had 

no significant effect on WTP statements. This is an interesting finding indicating 

that there is no specific group in society that would receive an unfairly large or 

small part of the benefits with macroalgae retrieval. It is also interesting that smell 

perception was important for WTP statements, as this indicates that the 

recreational values of sites not affected directly, but adjacent to sites suffering from 

algae accumulation, may gain increased recreational values through macroalgae 

removal. It was also found that the distance from the individual’s home to the sea 

was correlated with higher visiting frequency12, as could be expected. The finding 

that income and educational level were explanatory factors for individual WTP 

supports results presented by Dorsch (2013), who investigated environmental 

concern for both global and local environmental issues among respondents in 40 

countries and concluded that respondent income and educational level relative to 

their countrymen were explanatory variables of environmental concern. 

Aggregated WTP 

The aggregated mean WTP for the hypothetical large-scale system (Programme B 

in Table 2) showed considerable non-market values (9-12 million SEK annually). 

These welfare benefits could compensate for the costs of the retrieval-utilisation 

programme studied. The costs of expanding macroalgae retrieval were not 

estimated, but at present the cost of removing about 1% of the amount considered 

for the hypothetical large-scale programme amounts to roughly about 1 million 

SEK annually (for designing, building, maintaining and running the algae retrieval 

facility). The costs of expanding macroalgae collection are not linear,  however, as 

there will be savings due to scale effects. The programmes (A,B)  presented to the 

respondents were of a hypothetical nature and there were also logistical limits 

(theoretical potential does not equal technical and implementation potentials) on 

how much algae can be gathered in an efficient manner. Moreover, it is worth 

nothing that if algae retrieval were to be scaled up, it is essential to find suitable, 

long-term utilisation strategies for the biofertiliser produced and the energy 

                                                           
12

Spearman's Rho =│0.38│, n=305, at 1% significance level 
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recovered in order to reap the environmental and financial benefits and income 

with the programme.  

In addition to WTP among residents in Trelleborg for the large-scale programme 

presented in Paper IV (Programme B in Table 2), other benefits such as sales 

income of the biomethane produced (corresponding to a final sales value of roughly 

10 million SEK, as detailed in Paper IV) and income from non-resident tourists 

(conservatively estimated to roughly 13 million SEK annually; Paper IV) have the 

potential to contribute substantially to funding the system.  

Comparison of elicitation formats 

In Paper IV, the results from two different elicitation formats were compared as an 

evaluation of the IOE format. As shown in Figure 8, the formats produced similar 

mean WTP estimates, indicating that both formats can produce credible WTP 

estimates.  

However, the results also suggested that respondents found the IOE format more 

challenging than the conventional payment card format. The IOE format produced 

an elevated zero response rate and elevated uncertainty levels in comparison to the 

payment card format (Table 3 in Paper IV). In contrast, previous studies have 

suggested that the IOE format can produce credible results, without elevated zero 

or non-response rates (Håkansson, 2008, Östberg et al., 2012). Comparisons of 

how the IOE format performs with other elicitation formats should therefore be the 

subject of further studies. A possible explanation for the results found in Paper IV 

is that the format is more demanding and respondents are less familiar with stating 

values than with reacting to them (Shaikh et al., 2007).  

Valuation uncertainty 

One of the main concerns with using the CV method for estimating non-market 

values is that the estimate is based on a hypothetical market. Individuals have thus 

limited experience in valuing the good in question. This is especially true for 

environmental goods (for example access to national parks) that are generally 

provided for free in Sweden. In addition, the hypothetical nature of the question 

makes it challenging to find scenarios and a payment vehicle that is perceived as 

credible by respondents. Respondents’ valuation or preference uncertainty 
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regarding their WTP answer is therefore essential to estimate the robustness of the 

WTP estimate. As mentioned, there are several ways to address the hypothetical 

bias embodied in a CV study.  

Paper IV compared results obtained using two methods for addressing preference 

uncertainty. As mentioned, respondents were asked to state their uncertainty on a 

scale ranging from 1 to 5. In addition, the interval width of the stated WTP from the 

IOE format was interpreted as a measure of valuation uncertainty (detailed in 

section 4.3). 

A comparison of data obtained through the two valuation uncertainty methods is 

provided in Table 3 in the form of an ordinary least-squares (OLS) regression. The 

size of the WTP interval is set as the dependent variable and each uncertainty level 

is represented with a dummy variable in the OLS regression. The point estimates 

show the mean interval size (%) for the respective dummy variable. As can be seen, 

the results show a pattern for uncertainty categories 2-5 for WTP for the large-scale 

scenario (Programme B in Table 2), with the interval width increasing with 

increasing certainty (Table 3). These results are unexpected and an intuitive 

interpretation is that respondents giving a preference statement with a larger 

interval width also stated a higher valuation certainty level (were more certain that 

their true value was somewhere in the interval). This is an intriguing finding, to 

some extent contradicting Voltaire et al. (2013), who suggest that a larger interval 

width indicates larger preference uncertainty. Overall, this indicates that the 

linkage between interval width of the stated WTP interval and preference 

uncertainty needs further study. 
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Table 3 OLS regression for WTP for the large-scale programme with size of the 

WTP interval (%) as dependent variable. Explanatory variables are dummy 

variables representing different levels of stated uncertainty. 

Dummy variable  Large- scale  
 (Programme B in Table 2) 

 Coefficient Standard 
error 

1. Very uncertain 75.0 18.39 
2. 43.8 5.10 
3.  45.0 15.01 
4. 55.2 8.22 
5. Very certain 58.1 7.51 
Note: Large scale: mean size of the WTP interval = 50.4%, 
Standard deviation = 26.2, n = 53 
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6. Summarising discussion 

In section 6.1, the case studies are summarised and discussed. In section 6.2, some 

reflections regarding limitations and uncertainties of the results are discussed and 

a few suggestions for future research are given. 

6.1 Summarising discussion of case studies 

6.1.1 Kalmar (Paper I) 

A positive energy balance was found for the Kalmar reed utilisation system, 

indicating that this system provides an opportunity to replace fossil energy flows 

with flows of renewable energy. The Kalmar system also provides a considerable 

GHG emissions reduction in comparison with a fossil reference system and the 

results indicated that recovery of nutrients from the coastal zone onto farmland can 

be achieved. In addition, the reed utilisation system in Kalmar is incorporated into 

an existing co-digestion facility, which infers that there is existing infrastructure for 

utilising the end products and local acceptance for using biofertilisers on farmland, 

factors that facilitate implementation of the system. Key obstacles to the Kalmar 

system are the limited technical potential due to restrictions in harvesting period in 

order to protect nesting birds and difficulties in harvesting due to stony areas and 

wet areas with limited bearing capacity (Bladh et al., 2011). These factors, together 

with economic aspects, have resulted in the pilot project not being extended and 

there is thus currently no common reed retrieval in Kalmar. 

 

Many biogas systems struggle with profitability today (Komulainen et al., 2008), 

but the results presented in this thesis indicate that co-digestion of common reed 

may be a promising handling strategy for excessive amounts of common reed 

biomass in coastal areas and may provide added value to coastal communities. The 

system may be applicable to other communities with extensive reed stands around 

the globe and has the potential to provide multiple benefits. However, the size of 

these environmental benefits will depend on the site-specific context of the system. 
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6.1.2 Trelleborg (Papers II,III,IV) 

It was found that from an energy balance perspective, biogas and biofertiliser 

recovery may be a suitable handling strategy for retrieved natural populations of 

macroalgae in Trelleborg (section 5.1). In addition, biomass quantification showed 

substantial natural resource potential in Trelleborg during summer. This indicates 

that the theoretical potential is not the main limiting factor for scaling up 

macroalgae retrieval in Trelleborg and there is a potential to recirculate nutrients 

from the coastal zone onto farmland. Interestingly, the WTP estimate indicated 

that residents in the coastal community of Trelleborg had a considerable average 

WTP per person and year (section 5.3). The aggregated WTP indicated potentially 

substantial non-market benefits of a future large-scale retrieval system. In 

summary, the results indicate that this retrieval system is promising. However, 

factors such as effect on ecosystem services during repeated retrieval and 

utilisation of the products generated need to be addressed before any permanent 

large-scale programme is implemented. 

In addition, an issue to address in future studies is how these environmental 

projects are best funded. WTP from citizens alone will probably not be sufficient to 

support future large-scale systems (section 5.3) and there is a complex situation 

where several different actors (the municipality, citizens, local farmers, the region 

at large and so on) can benefit from the system. However, no single actor receives 

all benefits with the system and therefore no-one is willing to bear the whole cost 

for the retrieval-utilisation system. Retrieval-utilisation also spans several different 

policy areas (e.g. agriculture, waste, renewable energy and eutrophication 

mitigation policies). It is therefore difficult to coordinate funding for permanent 

coastal zone projects.    
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6.2 Summarising discussion of methodological issues 

6.2.1 Energy analysis (Papers I and II) 

The reliability of results from energy analysis is dependent on the quality of the 

input data used. In this thesis, a mixture of literature data, data from pilot-scale 

and laboratory experiments and specific data for some biogas plants was used 

(Figures 2 and 4). All these types of data may be associated with uncertainties. 

A problem with using data from pilot trials is the often limited sample size and the 

fact that the system is under development and rapidly changing. Data from 

laboratory experiments may in turn not reflect conditions in a full-scale process 

and literature data do not consider site-specific conditions. However, site-specific 

data are often scarce and sometimes based on single point measurements. In 

addition, data on biomass composition, such as volatile solids and dry matter 

content of algae, are important for the overall results. Such data are heavily 

dependent on the age and freshness of the retrieved algae and biomass composition 

varies between retrieval occasions for natural populations. Biomass composition is 

important for methane yield, moreover during co-digestion the composition of the 

mixture of substrates is a key factor. Evaluation of a specific substrate considered 

for co-digestion is therefore a difficult task, since it is the composition of the 

mixture that determines the energy demand during processing and, to some extent, 

the increase in methane yield from addition of the specific substrate. The 

performance of the co-digestion substrate is therefore site-specific and sensitive to 

alterations in substrate mixture.  

 

The parametric uncertainty of the results presented here is briefly discussed in 

Paper II, where the propagated parametric uncertainty in overall input-output 

results was estimated to be 25-40% (not assuming independent errors in the 

different process steps). In addition to the parametric uncertainty, there is 

sensitivity in the results obtained for energy indicators to changes in systems 

design. This sensitivity has a large impact on the results for energy balances in 

general. For example, the IOR increased by about 50% when the heating of the AD 

chamber changed from an internal to an external source, all other factors being 

constant. These factors combined, the parametric uncertainty and the sensitivity to 
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change in systems design, mean that the results from energy analysis are in general 

approximations, as previously reported, (Scharlemann and Laurance, 2008). 

Allocation methods used will in addition have a large impact on results (Tufvesson 

et al., 2013). As reported in paper II, the indicated positive energy balance is robust 

against the parametric uncertainty for the presented result, assuming the given 

system design.  

An aspect that makes common reed and macroalgae attractive biomass sources is 

their world-wide abundance. The potential to increase the use of these biomass 

sources is therefore high. An interesting aspect for future work would be to 

combine biomethane and biofertiliser recovery with other uses, for example 

bioethanol production in a biorefinery concept to produce even more added value 

(Alvarado-Morales et al., 2013, Aitken et al., 2014). In addition, there are other 

potential uses for common reed biomass, for example as animal feed, thatch for 

roofs etc. (Komulainen et al., 2008) and chemical components or bio-plastics could 

be produced from macroalgae biomass. Comparisons of environmental 

performance of different utilisation strategies are therefore an interesting topic for 

future studies.  

 

Another interesting aspect for future work is to address the impact on ecosystems 

in the coastal zone through the removal of the reed biomass. Reed beds are in many 

areas considered important habitats that contribute to biodiversity. Reed beds also 

function as a catchment area for nutrients, can provide a habitat for denitrifying 

bacteria, are important for fish reproduction, function as nesting grounds for birds 

and can function as flood prevention structures. Previous studies indicate that 

poorly managed reed harvesting can affect re-growth of the stand (Huhta, 2007). 

This could lead to increased nutrient leakage in a short time perspective (in a 

longer time perspective there will most likely be re-growth of reed or re-vegetation 

by other plants; (Findlay et al., 2003). It is therefore of interest to study suitable 

harvesting management strategies to avoid negative environmental consequences 

and to ensure efficient nutrient recovery. 
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Moreover, in future work, the results presented in this thesis could form part of a 

larger sustainability assessment of maritime biomass utilisation for biogas and 

biofertiliser recovery. This question then arises: How can we tell if a technical 

system is sustainable or not? Sustainability assessments are complex and different 

individuals frame the concept of sustainability in different ways depending on 

background and context. Mulder et al. (2011) pose an interesting comparison, 

namely there is no such thing as a ‘healthy food’ per se, but ‘healthy food habits’ do 

exist. We can view technological systems in the same way; we have to consider the 

local ecosystem resilience and the socio-political context. A suitable natural 

resource management strategy in one situation may be unsuitable in a different 

context. By using common sense, we can conclude that a mixture of various 

systems to support our demand for energy, food and materials makes sense 

through spreading risks and avoiding severe technological lock-ins. Similarly, 

Buchholz et al. (2009) suggest that the sustainability of bioenergy systems could be 

based on a set of ‘basic’ criteria included in all assessments, with an additional set 

of criteria chosen by stakeholders in the site-specific context from a gathered ‘pool’ 

of available criteria. 

6.2.2 Macroalgae growth modelling (Paper III) 

In Paper III, a parsimonious algae growth model was applied. The propagated 

parametric uncertainty of model predictions was estimated to be 47% during the 

main growing season (assuming uncorrelated uncertainties), indicating that 

parameterisation is important for the robustness of the results. A potential 

drawback of the work presented here is that the temporal resolution of some of the 

input data was low. Despite the limitations of the model it showed some ability to 

roughly predict field data and may therefore be worthy of further development.  

In general, algae growth models are useful coastal management tools and can be 

used e.g. for predicting stock response to harvesting events or to environmental 

changes such as increased sea temperatures. Models could also be useful in algae 

cultivation, where they could help to optimise resource use and yields. Due to the 

great interest in the topic of blue growth, there may be an increased need for 

environmental models. An interesting topic for future studies is to investigate how 
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modelling can facilitate decision making and help make the transition towards 

creating a future biobased economy.  

6.2.3 WTP and associated preference uncertainty (Paper IV) 

The estimated aggregated WTP by residents in Trelleborg for the utilisation 

retrieval system was substantial. As briefly discussed in Paper IV, there are several 

methods for performing such aggregation. The aggregation presented here was 

made over individuals, while previous studies indicate that aggregation over 

households renders lower WTP estimates (Lindhjem and Navrud, 2009). The 

choice of aggregation method may thus affect the results. Furthermore, aspects 

such as how to view non-responses in an aggregation based on mean WTP can also 

have an impact on the results (Söderqvist and Scharin, 2000). The aggregation 

presented here assumed that non-respondents were no different to respondents 

regarding their WTP. However, previous studies suggest that non-response can 

indicate a lack of interest in the good in question (Whitehead et al., 1993) and mean 

WTP of this group may therefore be lower than that of respondents. In short, 

aggregated WTP estimates should be seen as an approximation. To emphasise this, 

the results are presented as a range (9-12 million SEK) instead of a point estimate. 

Some key aspects for addressing the robustness of results from CV studies are 

sample size, response rate and incorporation of valuation uncertainty in estimates. 

The largest drawback of the questionnaire results presented in Paper IV is the high 

non-completion rate (Table 2 in Paper IV). This may very well be a result of the fact 

that respondents have limited experience of pricing these types of non-market 

values and therefore found the WTP question challenging, or found the effects of 

increased algae retrieval challenging to imagine. Previous studies suggest that high 

uncertainty, low response rates or high non-completion rates could be the result of 

e.g. inadequate questionnaire design, unfamiliarity with the good in question, 

uncertainty about the benefits of the programme or lack of previous non-market 

valuation experience (Smith, 2000, Logar and Bergh, 2012). As noted in Paper IV, 

a very small follow-up study (13 respondents) did not indicate that respondents 

found the information about the programmes in question difficult to comprehend.  
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It is also important to mention that the CV method in general has some 

methodological limitations in the context of sustainability assessment, e.g. that the 

method does not consider the preferences of future generations and does not 

include intrinsic values (Carson et al., 2000). Despite these drawbacks, the method 

is highly useful and can provide valuable information regarding the combined 

welfare benefits of environmental goods.  

Preference uncertainty 

In this thesis, the preference uncertainty method suggested by Voltaire et al. (2013) 

was evaluated (section 5.3). This method interprets interval width from the IOE 

format as a measure of valuation uncertainty. The results indicate that this implicit 

method needs further work. The results also confirmed previous findings of 

inconsistent results when addressing valuation uncertainty and lack of 

methodological rationale for the methods used today (Shaikh et al., 2007, Brouwer, 

2011). One explanation for these inconsistencies may be that we know too little of 

the valuation uncertainty embodied in the valuation formation process (Banerjee 

and Shogren, 2014). One can assume that the valuation process is highly 

individual, so the use of implicitly gathered information needed to make 

assumptions about this process may prove challenging.  

Perhaps future studies should focus on finding a conceptual definition of the 

concept valuation uncertainty and on identifying indicators that when combined 

can form a summated scale (see for example Hair et al., 2009, Bearden et al., 2011) 

to capture the complex, multi-dimensional concept of valuation uncertainty. This 

conceptual definition and understanding would provide a solid, theoretical 

foundation for validating an existing method or for designing a novel summated 

scale. A summated scale consisting of several indicators that combined form a 

measure of the latent variable valuation uncertainty that displays construct and 

convergent validity would reduce error and ultimately strengthen the CV method 

and help reduce the hypothetical bias embodied in the method.   
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7. Conclusions 

As a response to environmental concerns, as a waste management strategy and as 

part of research initiatives concerning blue growth, several Baltic Sea coastal 

projects have been initiated in recent years in which natural populations of 

maritime biomass are utilised. However, the sustainability of these utilisation 

strategies has not been thoroughly assessed. Therefore, this thesis explored some 

key sustainability aspects of two Baltic Sea Swedish case studies that utilise 

common reed (Kalmar) and mass-occurring, filamentous macroalgae (Trelleborg) 

for biogas and biofertiliser recovery.  

Using results based on primary energy analysis, it was found that the case study 

systems display a positive energy balance and have the potential to create local or 

regional nutrient recovery (Papers I and II). Results indicate a considerable GHG 

emission reduction potential of biomethane and biofertiliser recovery from 

common reed. These findings suggest that the marine biomass utilisation strategies 

highlight good potential to contribute to environmental benefits of these coastal 

communities. 

The theoretical biomass potential of the retrieval systems for macroalgae in 

Trelleborg was determined from field data, since this is a key aspect in future 

expansion of the system. A considerable theoretical potential was estimated, 

indicating that this potential is not the limiting factor for increased retrieval (Paper 

III). However, biomass potential estimates require costly field data and a 

parsimonious algae growth model for rough first-hand estimates of stock size when 

field data is lacking was therefore tested. In the future, an algae growth model may 

be a useful coastal management tool for first-hand potential estimates. 

A contingent valuation study to assess the non-market values of macroalgae 

utilisation revealed that residents in the coastal community of Trelleborg had 

considerable mean willingness-to-pay (WTP) for increased algae utilisation (Paper 

IV). Thus, results suggest welfare benefits (in amounts determined by the site-

specific context) of macroalgae retrieval-utilisation in eutrophied coastal areas. The 

valuation uncertainty associated with the WTP estimate was also assessed and 

results revealed discrepancies between the two applied methods for incorporating 
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uncertainty information into WTP estimates. These results indicate that the 

valuation uncertainty method designed for the interval open ended format should 

be subjected to further studies.   
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