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ABSTRACT 

Excessive algae growth/ bloom has become a commonly observed phenomenon in many water bodies 
globally due to eutrophication. This phenomenon has also been observed in the Baltic Sea which create 
nuisance in many Baltic coastal communities when the macro algae of different species is washed ashore 
by wind and wave, which is known as “beach cast algae”. In recent years various Baltic projects has 
been commenced in order to utilize “beach cast algae” for energy production via anaerobic digestion 
technology. Harvesting beach cast macro algae for energy production not only give a renewable energy 
but also improve tourism and recreation, as well as largely contribute towards the marine ecosystem by 
reducing nutrient load. 

However, high concentration of heavy metal especially of cadmium in macro algae has limited the 
potential of anaerobic digestion since cadmium would limit the bio-fertilizer potential of the 
fermentation residue/digestate. Different heavy metal removal technique has been suggested so far but 
their potential on large scale application as well as the economic and environmental aspects of the 
removal techniques are unknown. The present thesis focuses on the west coast of Sweden and evaluate 
the possibility of combustion of beach cast macro algae in an already existing waste incineration plant. 
Furthermore, three different scenarios for energy extraction from beach cast macro algae are compared 
from energy balance perspective. The study was based on a case study, literature review and energy 
balance analysis. The result showed combustion of both raw and digested macro algae in an already 
existing waste incineration plant would give a solution for coastal algae problem regardless of high 
cadmium content, moisture and ash content of macro algae. Energy extraction via combustion of raw as 
well as digested macro algae gave a positive energy balance. Anaerobic digestion of macro algae for 
instance with sewage sludge followed by combustion of the fermentation residue would give more 
benefit from energy point of view and could be used for cases of beach cast macro algae with high 
concentration of cadmium.  

  

 

 

Keywords: eutrophication, beach cast macro algae, cadmium, cadmium removal, energy extraction, 
anaerobic digestion, combustion, incineration, energy balance analysis 

 

 

  



 

ii 

  

FOREWORD 

This report is a master thesis work which corresponds to 15 credits. The thesis was carried out in partial 
fulfilment of the requirements for the degree of Master of Science (M.Sc.) for the program Renewable 
Energy Systems at the Department of Business, Engineering and Science, Halmstad University, 
Halmstad, Sweden. Docent Jonny Hylander, Professor in Energy Technique and Marie Mattsson, PhD, 
Research leader BLESS from the Department of Business, Engineering and Science, Halmstad 
University were examiner and supervisor respectively. 
 

ACKNOWLEDGEMENT 

First and for most, I am very thankful to God for His amazing grace and second chances in my life. My 
second and huge appreciation goes to my supervisor Marie Mattsson who relentlessly supported me for 
the fulfilment of this thesis through her advice, guidance, comment, and recommendations. The third 
big thankful and appreciation goes to my examiner Docent Jonny Hylander who was always been 
supportive and encouraging from the begging of the master program until the end. I am also deeply 
indebted to Lars Ohlsson (Teknik och fritidsförvaltningen, Halmstad Municipality) for his time, advice 
and support and for providing LOVA project report which served as a background data for the present 
thesis. My gratitude also goes to Lars-Gunnar Johansson (Environment and Process Engineering at 
Laholmsbuktens VA) for his contribution for the success of this thesis by providing data and information 
regarding the Västra Strandens Sewage Treatment Plant. I would also like to thank Suzan Dilsiz and 
Angelika from Kristinehed waste incineration plant in Halmstad who kindly provided useful data and 
information.  Last but not least, I am very grateful to all my class mates for their friendly approach and 
good times during the whole master program.   

 

 

 

For what will it profit a man, if he gains the whole world, and lose his own soul? Mark 8:36 

 

 

 

  



 

iii 

  

Table of Contents 

ABSTRACT ................................................................................................................................................. i 

FOREWORD ..............................................................................................................................................ii 

ACKNOWLEDGEMENT ..............................................................................................................................ii 

LIST OF TABLES ......................................................................................................................................... v 

LIST OF FIGURES ...................................................................................................................................... vi 

ABBREVIATION ....................................................................................................................................... vii 

INTRODUCTION ....................................................................................................................................... 1 

Aim ...................................................................................................................................................... 4 

METHODOLOGY ....................................................................................................................................... 5 

BACKGROUND ......................................................................................................................................... 5 

Region Halland .................................................................................................................................... 5 

Harvest potential of macro-algae in the west coast ............................................................................. 9 

Concentration of cadmium in beach cast macro algae ........................................................................ 9 

Energy extraction from marine macro algae ..................................................................................... 10 

Incineration ........................................................................................................................................ 10 

Combustion behaviour of macro algae .............................................................................................. 12 

ENERGY BALANCE ANALYSIS ................................................................................................................. 14 

Assumption, boundary and description of scenarios ......................................................................... 14 

Life-cycle stages of Scenarios ........................................................................................................... 14 

Harvesting ..................................................................................................................................... 14 

Transportation ............................................................................................................................... 16 

Storage ........................................................................................................................................... 17 

Pre-treatment ................................................................................................................................. 17 

Plant operation ............................................................................................................................... 17 

RESULT AND DISCUSSION ...................................................................................................................... 23 

Combustion potential of macro algae ................................................................................................ 23 

Comparison between sewage sludge and macro algae .................................................................. 23 

Energy balance analysis .................................................................................................................... 24 

Scenario 1. Combustion of raw macro algae ................................................................................ 24 

Scenario 2 Co-digestion of macro algae with sewage sludge + combustion of the digestate ...... 25 

Scenario 3. Co-digestion of macro algae with wheat straw + application of digestate on farmland
 ....................................................................................................................................................... 26 



 

iv 

  

CONCLUSION ......................................................................................................................................... 27 

Combustion potential of macro algae ................................................................................................ 27 

Energy balance analysis .................................................................................................................... 27 

REFERENCE ............................................................................................................................................ 29 

APPENDIX A. Macro algae harvest potential in the west coast. ........................................................... 34 

APPENDIX B. Taxonomy of macro algae collected from the west coast ............................................... 35 

APPENDIX C. Energy input flow in different life cycle stages under scenario 1 .................................... 36 

APPENDIX D. Energy input flow in different life cycle stages under scenario 2.................................... 37 

APPENDIX E. Energy input flow in different life cycle stages under scenario 3 .................................... 39 

APPENDIX F. Transportation distance to different destinations under all scenarios ............................ 41 

 

 

  



 

v 

  

LIST OF TABLES 

Table 1. Heavy metals in sewage sludge based on regulation suggested by the Swedish Environmental 

Protection Agency ................................................................................................................................... 3 

Table 2. Nutrient and cadmium content in beach cast macro-algae collected from the west coast ...... 10 

Table 3. Parameters for the incoming waste/feedstock required by Kristinehed waste incineration 

plant ....................................................................................................................................................... 11 

Table 4. Characteristics of digested sewage sludge received by Kristinehed incineration plant ......... 12 

Table 5. Characteristics of macro algae collected from beaches in the west coast .............................. 13 

 

 

 

 

  



 

vi 

  

LIST OF FIGURES 

Figure 1. The County of Halland shares, Skåne, Västergötland & Småland .......................................... 6 

Figure 2. Names of municipality in the region of Halland (Kungsbacka, Varberg, Falkenberg, 

Halmstad, Laholm and Hylte) ................................................................................................................. 6 

Figure 3. Vilshärad beach in Halmstad july 2012. Foto, Lars Ohlsson ................................................. 6 

Figure 4. Ringenäs beach in Halmstad in July 2012. Foto, Lars Ohlsson.............................................. 7 

Figure 5. Östrastranden in Halmstad Foto, Lars Ohlsson...................................................................... 7 

Figure 6 Beach Östrastrand in Halmstad invaded by red and brown macro algae in August 2012. 

Foto, Lars Ohlsson .................................................................................................................................. 7 

Figure 7. Beach Vilshärad in Halmstad is invaded by red and brown macro algae in August 2012. 

Foto, Lars Ohlsson .................................................................................................................................. 8 

Figure 8. Beach Ringenäs in Halmstad is invaded by red and brown macro-algae in August 2013. 

Foto, Lars Ohlsson .................................................................................................................................. 8 

Figure 9. Selected municipality under the project LOVA ....................................................................... 9 

Figure 10. Wheel loader and tractor to clean beach in the studied municipality. Foto, Lars Ohlsson 14 

Figure 11.  Beach cleaner in Denmark. Foto, Lars Ohlsson ................................................................ 15 

Figure 12. Monster machine collecting algae in shallow water. Foto, Lars Ohlsson .......................... 15 

Figure 13. Grip claw machine to collect algae from land .................................................................... 16 

Figure 14 . Pitch fork for collecting algae from water ......................................................................... 16 

Figure 15. Scenario 1. Life cycle stages of energy production from combustion of beach cast macro 

algae ...................................................................................................................................................... 18 

Figure 16. Flow diagram for scenario 2, co digestion+ combustion of the digestate .......................... 20 

Figure 17.  Life cycle stages of biogas production from of co-digestion of beach cast algae with wheat 

straw (Cd-removal included) ................................................................................................................. 22 

Figure 18. Energy flow at different life cycle stages under scenario 1 ................................................. 25 

Figure 19. Energy flow at different life cycle stages under scenario 2 ................................................. 26 

Figure 20. Energy flow at different life cycle stages under scenario 3 ................................................. 26 

 

  



 

vii 

  

ABBREVIATION 

KIP – Kristinehed Incineration Plant 

GHG- Greenhouse Gas 

TS- Total Solid 

VS- Volatile Solid 

AD- Anaerobic Digestion 

Cd- Cadmium 

SD- Standard Deviation 

P- Potassium 

PT – Pre-Treatment 

AH- Ash Handling 

DH- Digestate Handling 

PO- Plant Operation 

SH- Straw Handling 

DB- Dry Basis 

 

 

 

 

 

 



 

1 

  

INTRODUCTION 

Supplying the worlds accelerating energy demand with a clean energy source is nowadays both a priority 
and a challenge. Large scale development and implementation of energy from land-based biomass has 
been commonly seen as one of the main clean and renewable sources of energy. However, the irrational 
utilization and management of arable land for growing energy dedicated crops could contribute to more 
atmospheric GHG emissions than fossil-based sources through indirect land use impact, as well as may 
produce a negative impact on the global food price and supply (Demoski et al., 2013; EC, 2015). 
Consequently, there is an urgent need emerging for an alternative sources of biomass that would be both 
cost effective, less competing with agriculture for land, water and fertilizer as well as give less GHG 
emissions. The potential and advantage of algae (micro and macro) in meeting the growing global energy 
demand has been widely discussed and received attention worldwide (Demoski et al., 2013).  

Today, excessive growth of algae of different type and species has become an increasing observed 
phenomenon in many water bodies globally (Debowski et al., 2013; EPA, 2015). Algae bloom can be a 
natural phenomenon, but eutrophication caused by human activities is the major cause for the bloom 
(Anderson et al., 2002; EPA, 2015). Some of the driving force for the enrichment of inorganic nutrient 
like nitrogen and phosphorus in to water bodies which ultimately result in eutrophication include sewage 
discharge, agricultural runoff, atmospheric deposition, groundwater flow (Anderson et al., 2002; 
HELCOM, 2009). Global warming and climate change might also favour excess algae growth in water 
bodies since sunlight is one of the key element algae need to grow. The growth of algae escalates during 
warm seasons (EPA, 2015) 

Algae are key organisms in the marine ecosystem since they are at the very bottom of the food chain 
providing food, oxygen and habitat for thousands of aquatic inhabitants. However, excessive growth of 
algae can be problematic to the marine ecosystem but also can be negative to the recreation and tourism 
values of coastal areas, reduce beach accesses, cause difficulty in conditioning drinking water, and in 
extreme cases anoxia and hypoxia of sea bottoms (HELCOM, 2009; EPA, 2015; Debowski et al., 2013; 
Risen, 2014; Leppäranta and Myrberg, 2009). The incidents in lake Tailhu, the third largest lake in 
China (drinking water source for over 2 million people) and lake Erie in North America (drinking water 
source for over 11 million people) are examples of excess algae growth where the blooming of blue-
green algae posed technical problem in conditioning drinking water (Debowski et al., 2013; Ohio EPA, 
2015).  

Eutrophication in the Baltic Sea has also created favourable conditions for excess growth of macro algae 
of different species with agriculture run off, wastewater discharge from industry and factory being the 
main reason for enrichment of nutrient into the Baltic Sea (TED case studies, 1997). Baltic Sea is one 
of the largest brackish and low salinity water in the world, positioned in the Northern Europe, shared by 
nine European countries including: Estonia, Lativia, Lithuania, Poland, Germany, Denmark, Sweden, 
Finland, and Russia (HELCOM, 2009). Excess growth of different species of macro algae has become 
a commonly observed phenomenon in most Baltic coastal communities resulting in environmental, 
economic and social challenges when the mass of macro algae is washed ashore by wind and wave 
which is also known as “beach/sea cast algae” (HELCOM, 2009; Rönnbäck et al., 2007).  

A cooperative work from all Baltic countries is therefore needed to combat the problem. Numerous 
Baltic projects has in recent years been commenced mainly to retrieve these naturally occurring macro 
algae for biogas production through anaerobic digestion (Gröndal et al., 2009; Risen et al., 2010). Macro 
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algae as a source of bioenergy is not a new concept, it first begun in the 1970s during the oil crisis 
(Sheehan et al., 1998; Hughes et al., 2012). Production of liquid and gaseous biofuel from algae is still 
a highly interesting subject and believed to be a promising source of renewable energy to supply the 
future global escalating energy demand. Comparing to terrestrial crops for example, algae offers endless 
benefits for biofuel production such as high productivity, less competition with agriculture for water, 
fertilizer, and land (Debowski, 2014; Milledge et al., 2014). Although most research focused on biofuel 
production from microalgae, there is no successful economically viable commercial system producing 
biofuel from algae and the problem lies in the low values calculated for energy return on investment for 
biofuel from microalgae (Milledge et al., 2014). This problem is addressed with a research concept of 
“bio refinery” which aims at co-producing multiple value added products (food, feed, pharmaceutical, 
chemical) from marine biomass in addition to biofuel so as to make the whole process economically 
viable (Milledge et al., 2014; Taylor, 2008; Olguin, 2012; Gonzalez-Delgado, 2011).   

Regarding biofuel from macro algae very few research projects has been conducted (Milledge et al., 
2014; Aresta et al., 2005; Zhou et al., 2010).  On the other hand macro algae is 100 times greater than 
that of microalgae when it come to the non-fuel use (Milledge et al., 2014). Today the global utilisation 
of non-fuel products attained from macro algae is a multi-billion dollar industry with the leading market 
being in Asia (Milledge et al., 2014; FAO, 2010,). Human food, animal feed, fertilizer, cosmetics 
ingredients, and phycocolloids for production of alginates, agars, and carrageenans are the current use 
of macro algae/seaweed (Kraan, 2013; Risen, 2014). Worldwide 221 species of macro algae are known 
to be exploited by humankind with 66% of the species used as food (Milledge et al., 2014). According 
to FAO 2010 report, about 94% of the total production and use of macro algae comes from cultivation 
(FAO, 2010). This thesis however focuses on naturally occurring macro algae.  

Harvesting naturally occurring macro algae from the Baltic coastlines for biofuel generation has multiple 
benefits. First and foremost it tackles eutrophication which positively affects the marine ecosystem, and 
improve water quality for tourism and recreation. Secondly, it appears to be a promising process to 
supplement and secure energy supply, reduce the dependence on fossil fuels in coherence with the target 
of the EU (EU binding target of 20% renewable energy from final energy consumption for its member 
countries by 2020), as well as create new job opportunity (EC, 2015; Risen, 2014; Ohlsson, 2013; RES 
Directive, 2009).  Utilization of naturally occurring algae for biofuel production makes part of the blue 
growth research initiative (Risen, 2014; Gröndal, 2009). In the southern coast of Sweden for example, 
the municipality of Trelleborg has built a pilot biogas plant where red filamentous macro algae, the 
dominant algae of the area is harvested for biogas production (Risen, 2014; Nkemka, 2010; Bergström, 
2012). An estimation of 70,000 m3 or 24,720 ton algae biomass/ year can be retrieved from Trelleborg 
municipality within 24 km coastline. This is estimated to produce 50 GWh energy/year, and remove 500 
ton of nitrogen and 40 ton of phosphorus from the Baltic Sea (Trelleborg municipality; Gröndal, 2009; 
Nkemka, 2010). Another example is Solröd municipality in Denmark where yearly around 13 000-24 
000 ton dwt of beach cast macro algae such as Ulva lactuca and Saccharina latissima are retrieved for 
biogas production (Møller et al., 2012). The present study focuses on Halland region, west coast of 
Sweden.  

Anaerobic digestion is a well-developed technology widely used globally to produce biogas (carbon 
neutral fuel) and digestate (nutrient rich fertilizer) from organic matter in an oxygen free environment 
(Schnürer & Jarvis, 2007). Biogas can be used to generate both electricity and heat, and it can be 
upgraded to generate a vehicle fuel (Schnürer & Jarvis, 2007; Berglund & Börjesson, 2006; Wilfert & 
Schattauer, 2004). Macro algae contains high carbohydrate, little cellulose and no lignin and therefore 
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undergo a more complete hydrolysis in anaerobic digestion (Bergström, 2012; Milledge et al, 2014).  
Anaerobic digestion of macro algae would give a methane potential which ranges from 125-450 N m3 
CH4/ton VS (Ohlsson, 2013; Dahl, 2009; Briand and Morand, 1997).  Methane yield from macro algae 
collected from the west coast of Sweden was between 200-300 N m3 CH4/ton VS (Ohlsson, 2013). 
Methane production from beach cast macro algae is comparable to that of methane production from 
cattle manure and land based energy crops such as grass-clover (Bruhn et al., 2011; Milledge et al., 
2014). Furthermore, the sustainability and energy analysis studies made by Risen (2014) and 
Tatarchenko (2011) respectively shows a positive energy balance for production of biogas based on 
beach cast macro algae in Trelleborg municipality on the south coast of Sweden.  

However, biogas production from beach cast macro algae is not a straightforward process (Ohlsson, 
2013; Jobbart, 2011; Bergström, 2012). Marine macro algae contains high concentration of heavy metal 
particularly of cadmium. Algae are naturally hyper accumulator of heavy metals and metals in the water 
and sediments are accumulated and incorporated in their plant structures (Bergström, 2012; Mustafic et 
al., 2009; Davidsson, 2007). Cadmium becomes a concern when digestate, the by-product from 
anaerobic digestion is used as a fertilizer. During application on arable land cadmium dissolves in soil 
and is taken by crops which eventually become exposed to human and animal through consumption of 
food and feed respectively. Cadmium is very toxic and can potentially harm human and animal life even 
at low concentration (Naturvårdsverket, 2013; Godt et al 2006). Biogas production is not inhibited by 
the level of heavy metal in macro algae, however, the concentration of heavy metal in the digestate 
increases since most of the organic compound in macro algae is utilized during the fermentation process 
(Bergström, 2012). This in turn significantly limit the bio-fertilizer potential of the digestate originated 
from macro algae fermentation. Countries in Europe has different heavy metal limit when bio-solid is 
applied on farmland, however, Sweden has the most restricted limit. In Sweden, concerning cadmium 
the standard for fertilizer has so far been based on the guideline value of 2 mg Cd/kg TS or 100 mg 
Cd/kg P (Naturvårdsverket, 2013). The new regulation limit for cadmium is further restricted down to 
1 mg Cd/kg TS or 40 mg Cd/ kg P for year 2015, and 0.8 mg Cd/kg TS or 30 mg Cd/kg P for year 2030 
(Naturvårdsverket, 2013) Table 1.  

Table 1. Heavy metals in sewage sludge based on regulation suggested by the Swedish Environmental Protection Agency  

 Year 2015 Year 2023 

mg/kg TS      mg/kg 

p 

Year 2030 

mg/kg TS        mg/kg 
p 

mg/kg TS mg/kg 

      p 
Lead 35 1 600 30 1 400 25  900 
Cadmium 1  40 0,9  35 0,8  30 
Copper 600 21 400 550 19 600 475 17 000 
Chromium 60 2 100 45 1 600 35 1 200 
Mercury 1  40 0,8  30 0,6  20 
Nickel 40 1 400 35 1 200 30 1 000 
Silver 5  180 4  150 3  100 
Zink 800 28 600 750 26 800 700 25 000 

 

Therefore, in order to use the digestate from macro algae fermentation as a bio fertilizer, some kind of 
heavy metal cleansing step is necessary. Previously suggested method to remove heavy metal from 
macro algae include chemical removal, ion exchanger and adsorption method (Bergström, 2012; 
Nkemka, 2010). These methods can be applied before, during and after anaerobic digestion. Although 
these heavy metal removal methods can successfully remove heavy metal from macro algae, there are 



 

4 

  

drawback accompanied with each methods.  The limitations include reducing the final biogas yield, 
leaving heavy metal rich residue which needs further care, and that applicability of these methods is 
unknown (Nkemka, 2010; Bergström, 2012). Furthermore environmental and financial aspects of heavy 
metal removal methods on a large scale is unknown.  

Additional previously suggested heavy metal remedies are co-digestion and or application of digestate 
on non-food crops such as willow farm (Bergström, 2012). Co-digestion of different substrate offer 
stable fermentation process and high biogas yield (Schnürer and Jarvis, 2007). Co-digestion of macro 
algae with substrate of  low heavy metal content not only help dilute heavy metals in macro algae but 
also help solving other limitation macro algae has such as low C/N ratio, high sulphur and high moisture 
content (Bergström, 2012). However, co-digestion of beach cast macro algae with other substrate require 
large digester capacity (Bergström, 2012) and there is no currently operating plant based on co-digestion 
and therefore the feasibility in such case is unknown.  Application of heavy metal rich digestate on non-
food crop farms such as willow farm also demand large land for plantation (Bergström, 2012).  

Although the above mentioned heavy metal remedies seems to be promising for future utilization of 
beach cast macro algae for biofuel production, more research need to be done prior to large scale 
implementation despite the fact that coastal beach cast algae problem require urgent alternative solution.  

Aim 
Since the uncertainty about the possibility to use beach cast macro algae for energy production is large 
due to lack of reliable data it is important to try to evaluate the possible scenarios that could be used for 
this purpose. The first goal of the present study is to evaluate the possibility of combustion of beach cast 
macro algae in an already existing waste incineration plant based on case study. The case study was 
assumed to be in Halmstad waste incineration plant (Kristinehed). The second goal of the present work 
is to evaluate the potential of three different scenarios of extracting energy from beach cast macro-algae 
from an energy balance perspective. 

Scenario 1. Incineration of raw macro algae 

Beach cast macro algae is presumed to be co-combusted with other waste in an already existing waste 
incineration plant. Process ash and slag are assumed to follow the same handling route as in the existing 
incineration plant. Heat is produced in the process.   

Scenario 2. Co-digestion of macro algae with sewage sludge + incineration of fermentation 
residue/digestate.  

Beach cast macro algae is presumed to be co-digested with sewage sludge in an already existing sewage 
treatment plant and the fermentation residue is again co-combusted in an already existing waste 
incineration plant. Biogas is produce in the first process and heat in the second process 

Scenario 3. Co-digestion of macro algae with wheat straw (incorporated cadmium removal step) + 
utilization of digestate as fertilizer.       

Beach cast macro algae is assumed to undergo though cadmium removal step prior to co-digesting with 
wheat straw for biogas production and the fermentation residue/digestate is assume to be recycled on 
arable land.  
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The study focuses on Halland County, west coast of Sweden. This is because ten different beaches have 
previously been studied for their beach cast macro-algae potential under a project called LOVA (2011-
2012) which gives a background data for the present study.  

Questions: 

1. Can beach cast macro algae be used as feedstock for combustion/co-combustion? 
2. Can the digestate from macro algae fermentation be used as feedstock for combustion? 
3. Which scenario give a positive energy balance among the three different scenarios compared in 

the present studies for extracting energy from beach cast macro algae in the west coast of 
Sweden? 

The result of the thesis can be used to support the municipalities’ decision in choosing the right treatment 
option for beach cast macro algae.  The result can further be extrapolated for other part of the country 
where beach cast macro algae is a common problem.  

METHODOLOGY 

The present study is a combination of a case study, literature review and an energy balance analysis. 
The case study was done at Kristinehed incineration plant and Västra Strandens sewage treatment plant 
in Halmstad. Personal visit, and contact through telephone and emails were used to collect information 
and data. Scientific literatures are fetched mostly from Halmstad university library search engine. Three 
scenarios for energy extraction from beach cast macro algae are compared from energy balance 
perspective. The energy balance calculation is based on primary energy input to output ratios, following 
the same approach used by Berglund and Börjesson (2006). Primary energy is when all energy flows in 
each stages of the process life-cycle are calculated as unconverted and untransformed natural resources 
(Berglund and Börjesson 2006). Thus, the calculations include the energy required in the production of 
energy carriers, vehicles, etc., as well as the energy embodied in these products (Berglund and 
Börjesson, 2006). Whereas the energy output from each scenario; for example biogas yield/digestate 
from anaerobic digestion of macro-algae/sewage sludge as well as heat and electricity from combustion 
of macro-algae and other waste. For the energy balance, the sum of all energy input in to the process 
life cycle is compared to the output energy from the process. The energy requirement at each stage of 
the life-cycle of bioenergy production in each scenario is based on treating one ton of beach cast macro 
algae. The energy balance calculation is based on data from the case study and scientific literature.  

BACKGROUND 

Region Halland 
Halland is the Swedish coastal County located in Götaland or Southern Sweden. Halland is known as 
the Swedish west coast camping paradise. The major part of the landscape of Halland shares parts of 
Västergötland and Småland (Fig 1). The northern part of Halland which include the municipality of 
Kungsbacka and some part of the municipality of Varberg serves as suburb area to Gothenburg, 
Sweden’s second largest city.  Municipalities that are included in the County of Halland are Kungsbacka, 
Varberg, Falkenberg, Halmstad, Laholm and Hylte (Fig 2). Halmstad municipality serves as residence 
city of the county. The coastal part of Halland is mostly farmland and majority of the population lives 
in the coastal area, while the inland area is dominated by forest. Agriculture run off from the coastal 
farmland is the major contributor for eutrophication of the water bodies around the coast which resulted 
in excess growth of different species and type of macro-algae.  
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Figure 1. The County of Halland shares, Skåne, Västergötland & Småland 

 

Figure 2. Names of municipality in the region of Halland (Kungsbacka, Varberg, Falkenberg, Halmstad, Laholm and Hylte) 

The coastal areas in Halland County have attractive and well-known beaches such as Vilshärad, 
Ringenäs and Östrastranden in Halmstad fig 3, 4 and 5 respectively. Such beaches have high tourism 
and recreational value for local residence and foreign tourist during summer season. On a warm summer 
day for example around 10, 000 people can visit the beaches in the county to enjoy the salty water.  
 

 
Figure 3. Vilshärad beach in Halmstad July 2012. Foto, Lars Ohlsson 
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Figure 4. Ringenäs beach in Halmstad in July 2012. Foto, Lars Ohlsson 

 

Figure 5. Östrastranden in Halmstad Foto, Lars Ohlsson 

However when macro algae grow excessively it creates a huge nuisance and largely affect tourism and 
recreational value of coastal beaches. Fig 6, 7 and 8 show when beach Vilshärad, Ringenäs and 
Östrastrand in Halmstad respectively were invaded by red and brown algae in summer 2012. The 
municipalities have high responsibility to keep the beaches clean and well-functioning in terms of 
service and parking.  

 

Figure 6 Beach Östrastrand in Halmstad invaded by red and brown macro algae in August 2012. Foto, 

Lars Ohlsson 
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Figure 7. Beach Vilshärad in Halmstad is invaded by red and brown macro algae in August 2012. Foto, Lars Ohlsson 

 

Figure 8. Beach Ringenäs in Halmstad is invaded by red and brown macro-algae in August 2013. Foto, Lars Ohlsson 

Every summer, municipalities carry out beach cleaning in order to promote tourism and recreation.  
Although the cleaning entails a large sum of money for municipalities, it has a positive contribution into 
the marine ecosystem thorough removing excess nutrient on top of promoting tourism and recreation.  
However, the current trend in the municipalities along the coastline of Halland is that the algae biomass 
gathered in heaps during summer and dumped back into the sea at the end of summer for lack of other 
proper utilization alternative for macro algae across the coastline. This handling strategy is obviously 
unsustainable with regard to environment, energy and economy, and therefore a huge need exist among 
the municipalities for developing a sustainable utilization strategy for beach cast macro algae. 
Traditionally algae has been used by coastal farmers as fertilizer or soil-conditioner after desalination 
of algae in small scale.  

There is a huge resistance to receive beach cast macro algae as a substrate for the existing biogas plants 
for fear of heavy metal especially of cadmium in macro algae. So far there is no biogas plant functioning 
on beach cast macro algae and there is no plan in the county to build a new biogas plant where beach 
cast macro algae would be digested as in the one in Trelleborg municipality (South Coast). This highlight 
the problem of beach cast macro algae which will remain for some time before it is addressed in a 
sustainable way. A huge need therefore exist among municipalities in the county for an alternative 
utilization solution for beach cast macro algae.  
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Harvest potential of macro-algae in the west coast 
Utilization of beach cast macro algae for bio-energy rests on obtaining a stable and sufficient supply of 
biomass. Although it is difficult to estimate the amount of macro algae available on yearly bases due to 
the dynamic deposition of algae that could change with time, estimation of biomass potential can still 
be possible to perform (Risen, 2014; Ohlsson, 2013; Bergström, 2012). Biomass inventory analysis is 
therefore the first important step for the whole concept of bio-energy from macro algae. For this purpose 
eight beaches were selected from three municipalities in Halland county (Varberg, Halmstad and 
Laholm), and two beaches from Båstad municipality (Skåne county fig 9) under a project called LOVA 
in order to evaluate the macro algae biomass potential in the area. Selection of beaches were according 
to their importance for tourism and recreation for local people and foreign tourist (Ohlsson, 2013). The 
name of beaches were Björkäng, Apelviken, and Träslövsläge from the municipality of Varberg; Östra 
stranden, Tylösand-Ringenäs and Vilshärad from the municipality of Halmstad; Mellbystrand and 
Skummeslöv from the municipality of Laholm; and Båstad Skans and Torekov from the municipality of 
Båstad. In addition to biomass inventory analysis LOVA project was aimed at assessing the composition 
of macro-algae species/types and testing the biogas potential of different macro-algae species. The 
project was run for a period of two years (2010-2012).  

 

Figure 9. Selected municipality under the project LOVA 

The result of LOVA project showed macro algae growth and availability was location and season 
dependent (Ohlsson, 2013). A mixture of red, brown and green macro algae of different species was 
identified in almost all selected beaches. Red macro algae of different species was found to be the 
dominant species. The inventory showed a rough estimation of 24,235 m3 or 9088 ton of macro algae 
potential yearly from 25 km coastline in four municipalities studied under LOVA project. The amount 
of harvestable macro algae from each municipality is given in Appendix A. The taxonomy and species 
of macro algae in each beach is given in (Appendix B).   

Concentration of cadmium in beach cast macro algae  
The cadmium content in macro algae collected from the west coast ranges from 0. 3- 3 mg Cd/ kg TS 
(Ohlsson, 2013; Jobbart, 2011) Table 2. A cadmium content with in this range is also reported from 
beach cast macro algae collected from Trelleborg on the south coast of Sweden (Nkemka 2012; 
Bergström, 2012). The phosphorus content of macro algae was low and ranged from 1.2-2.3 kg/ ton TS 
(Table 2). The cadmium to phosphorus ration in beach cast macro algae was high and ranged from 393-
1278 mg/kg TS (Table 2) which is significantly higher than the limit for arable land application (Table 
1).   
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Table 2. Nutrient and cadmium content in beach cast macro-algae collected from the west coast 

 

 

Beach 

 

 

Year 

Total-N 

Kg/ton 

TS 

average 

 

 

SD 

Total-P 

kg/ton 

TS 

average 

SD Cadmium 

kg/ton TS 

average 

 

 

SD 

Cd/P 

Kg/ton 

TS 

average 

Varberg 2011-
2012 

3,5 0,7 1,2 0,4 0,7 0,4 605 

Tylösand-
Vilshärad 

2011-
2012 

5,6 1,2 2,3 0,7 1,2 0,4 606 

Östra 
stranden 

2010 11,1 1,3 1,9 0,1 0,8 0,3 1278 

Östra 
stranden 

2011-
2012 

6,4 1,7 2,0 0,1 2,4 0,6 393 

Laholm 2010 7,6 1,1 2,3 0,5 1,9 0,9 839 

Båstad 2011-
2012 

5,2 2,1 1,4 0,7 0,6 0,2 475 

 

Energy extraction from marine macro algae 
Energy can be extracted from macro algae in different ways. One way of categorising the different 
methods of energy extraction from macro algae can be according to whether or not an initial drying of 
the biomass is necessary. This can be divided into two groups of processes including those method 
which require drying such as direct combustion, pyrolysis, gasification, trans-esterification to biodiesel; 
and those method that do not demand drying such as anaerobic digestion, fermentation to bioethanol or 
biobutanol and hydrothermal treatments (Milledge et al., 2014; Bruhn et al., 2011; Rose, 2008). The 
current study however focuses on evaluating the potential of extracting energy from beach cast macro 
algae through incineration and anaerobic digestion. 

Incineration 
Incineration is a thermal process for treating waste which enables the destruction of the organic matter 
in the waste/biomass to produce heat for use to generate electricity from high temperature steam turbine, 
and heat through district heating network (William, 2005). Other emissions such as flue gas, ash, water 
vapour, carbon dioxide are also formed in the combustion process. In addition to these, more emission 
may be formed during incineration of waste depending on the composition and type of the biomass, 
emission such as carbon monoxide, hydrogen chloride, hydrogen fluoride, nitrogen oxides, sulphur 
dioxide, volatile carbon, dioxins and furans. Modern incinerators are however equipped with pollution 
control systems, which play their part in cleaning up the flue gas and such toxicants (William, 2005). 
There are different parameters/factors that should be fulfilled before the biomass is accepted for 
combustion in the incineration plants.  Important parameters include moisture content, heat value, ash 
content, metal content (such as cadmium) and content of other elements such as carbon, hydrogen, 
nitrogen, sulphur, chlorine (William, 2005). 
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The moisture content of feedstock for incineration is in general largely dependent on the size of 
incineration installation. Low installation (<250 KW) requires moisture content of less than 30%; 
medium installation (250-500 KW requires moisture content between 30-40%, and large installation (>1 
MW) require moisture content between 30-55 % (Kofman, 2006).   

Ash is what is left after a complete combustion of biomass/waste in a combustion process which is the 
inorganic component of the waste/biomass. The ash content is critical in the process of combustion. 
High ash content in a combustion process often leads to fouling of the boilers, which has a detrimental 
impact on the overall process efficiency (Bruhn et al., 2011; Milledge et al., 2014). Thus, direct 
combustion processes are restricted to using biomass streams that have a low ash content.  In this paper 
Kristinehed incineration plant in Halmstad is considered as a case study.  

Case study 1 

Kristinehed waste incineration plant 

Kristinehed incineration plant is located in Halmstad. The plant has a total capacity of 200, 000 tonnes 
with up to 20 000 ton possibility of hazardous waste intake (HEM, 2015). The plant has 3 boilers totally 
producing 67 % of heat demand in Halmstad. Common feedstock for the plant are household and 
industrial waste. The majority of these wastes are imported from Ireland and United Kingdom. The plant 
is based on grate incineration incorporated with a sophisticated flue gas cleaning method.  No bottom 
ash and fly ash treatment is carried out in the plant. The bottom and fly ash is exported to Norway for 
the production of gypsum. The Slag is sent to Falkenberg recycling plant for metal recycling. The 
incoming waste material should full fill a certain criteria for the waste to be received for combustion in 
the plant (HEM, 2015).  The summary of different parameters and required values for the incoming 
waste is given in Table 3.  

Table 3. Parameters for the incoming waste/feedstock required by Kristinehed waste incineration plant 

 

Parameters 

 

Values 

Moisture content 30-45 % 

Ash content Max 15 % 

Heat value  11-15 MJ/kg 

Nitrogen  0.7 % (max 1 %) 

Chlorine 0,5 % (max 1 %) 

Sulphur 0,3 % (max 1 %) 

Cadmium 2 mg/kg TS (max 3 mg/kg TS) 

Sand, concrete, glass, tile 4 kg/ton waste 

 

However, there are cases where the plant receives digested sewage sludge for incineration. The digested 
sewage sludge comes from Västra Strandens sewage treatment plant in Halmstad.  
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Case study 2 

Västra Strandens wastewater treatment plant  

Västra Strandens wastewater treatment plant is located in Halmstad. The plant treats wastewater from 
Halmstad urban and smaller nearby resorts. Around 70, 000 people are connected to the wastewater 
plant. The plant produces a sewage sludge of 2000 ton TS/year. All the sludge is digested at the plant 
for biogas production. The digested sewage sludge is then transported to its storage area before it is 
spread on arable land. However, there are cases when the digested sewage sludge is sent to Kristinehed 
incineration plant for combustion when the heavy metal content in the sludge exceeds the limit for 
application on arable land (Personal contact). The characteristics of digested sewage sludge is given in 
table 4.  

Table 4. Characteristics of digested sewage sludge received by Kristinehed incineration plant 

 

Parameter 

 

Amount 

 

Unit 

 

Reference 

Dry matter 
content 

28 % Personal contact 

Moisture 
content 

72 % Personal contact 

Organic 
content 

65 % Personal contact 

Ash content 35 % Personal contact 

Cadmium 0.99 mg/kg d.b Personal contact 

Sulphur  1.77 (1.77E-4) Mg/kg d.b (%) Personal contact 

Chlorine 30 (0.003) Mg/kg d.b (%) Personal contact 

Sodium 2440 (0.244) Mg/kg d.b (%) Personal contact 

Nitrogen* 40-50 (0.0045) Kg/ton d.b (%) (Ogada & Werthera 1999) 

Heat value 10.5 MJ/kg d b (Ogada & Werthera 1999) 

 

Combustion behaviour of macro algae  
For direct combustion, low moisture content of the feedstock is required which is normally less than 
50% (Ross et al., 2008; Demirbas, 2011). The moisture content in macro algae ranges from 72-90 % 
which is too high and de-watering/drying is necessary prior to direct combustion  (Tetarchenko, 2011; 
Ohlsson, 2013, Nkemka, 2010, Bruton et al., 2009; Milledge et al., 2014; Risen, 2014; Bergström, 2012). 
De-watering/drying of macro algae prior to combustion requires additional energy input into the energy 
balance of the incineration process. 

In a combustion process low ash content is recommended. This is because high ash content in a 
combustion process often leads to fouling of the boilers, which has a negative impact on the total process 
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efficiency (Bruhn et al., 2011; Milledge et al., 2014). Thus, biomass with low ash content are 
recommended for direct combustion processes. The ash content in macro algae can be ranging from 3.6-
79% (Milledge et al., 2014; Ohlsson, 2013; Lamare & Stephen 2015). This is significantly higher than 
for example comparing to wood whose typical ash content ranges from 0.2- 2 % (Milledge et al.,2014; 
Francescato et al., 2008). Nitrogen and sulphur content in macro algae is another problem during 
combustion. Sulphur content in macro algae ranges from 1%–2.5% and nitrogen content from 1%–5% 
which is high comparing to other types of biomass used for combustion (Milledge et al., 2014). During 
incineration, nitrogen and sulphur in the biomass take part in the formation of nitrogen oxide and sulphur 
dioxide (acid rain gases). Moreover, the ash composition in macro algae contains for a large part of 
chlorine and sulphur salts as well as high amount of alkali (Na, K, and CaCo3). These cause problem in 
the combustion process by lowering the melting temperature of the ash and lead to slagging, fouling and 
other ash-related problems during thermochemical conversion (Bruhn et al., 2011; Milledge et al., 2014; 
Ruperez, 2002).  

Calorific/heat value of fuel is the amount of energy released during complete combustion of a mass unit 
of fuel (Francescato et al., 2008).  The calorific value of macro algae after drying ranges from 14–16 
MJ/kg. This is low comparing to the calorific content of terrestrial biomass prior to drying (17-20 
MJ/kg), industrial & hazardous waste (22-40 MJ/kg)1 (Rose et al 2008; Lamare & Stephen 2015; 
William, 2005).  

Table 5. Characteristics of macro algae collected from beaches in the west coast 

 

Parameter 

 

Amount 

 

Unit 

 

mean 

 

Reference 

Moisture 61-81  % 71 Ohlsson, 2013 

Dry matter 19-39   % 29 Ohlsson, 2013 

Organic 
matter 

48-63   % 55 Ohlsson, 2013 

Ash content 37-52  (3.6-79) % 44  Ohlsson, 2013; Lamare & 
Stephen 2015 

Cadmium 0.3-3 mg/kg TS 1.5  Ohlsson, 2013 

Nitrogen 0.22-1.32* (1-5)  (%) 0.77 (3) Adams et al., 2011; Milledge et 
al., 2014; Salter et al., 2008 

Chlorine/hal
ogen 

(0.5-11) % (5.75) Rose et al., 2008 

Sodium (14000-27000) mg Na/kg TS  (Zbikowski et al., 2006; 
Davidsson, 2007; Davidsson et 
al., 2008; Mustafic et al., 2009) 

Sulphur (1- 3) % 2 (Rose et al., 2008; Davidsson et 
al., 2008; Mustafic et al., 2009; 
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Adams et al., 2011; Milledge et 
al., 2014; Salter et al., 2008)  

Heat value (14-17 MJ/kg) (14-17 MJ/kg) (14-17 MJ/kg) Rose et al, 2008 

• Nitrogen content in macro algae from west coast ranges from 2-12 kg N/ton db. The 
conversion to percent is based on 1 Kg/ton= 0. 11 %.  

ENERGY BALANCE ANALYSIS  
Assumption, boundary and description of scenarios  
Three different scenarios for extracting energy from beach cast macro algae in the west coast of Sweden 
are evaluated from an energy balance perspective. Scenarios include Combustion of raw macro algae, 
co-digestion of macro algae with sewage sludge + combustion of the digestate and co-digestion of macro 
algae with wheat straw + application of digestate on farmland.  

Life-cycle stages of Scenarios 
Harvesting 

One of the greatest challenge associated with further utilization of beach cast macro algae lies with 
mechanism of harvesting. With the technology we have today it is mainly possible to collect macro 
algae from the dry land. On the other hand algae inside water commonly are left behind. In most cases 
in the studied municipalities, seized equipped tractors and wheel loaders are used to clean beaches in 
order to improve water quality, beach access and promote tourism (fig 10).  A normal beach cleaner can 
also be used as in beach cleaning in Denmark (fig 11) (Ohlsson, 2013).  

 

Figure 10. Wheel loader and tractor to clean beach in the studied municipality. Foto, Lars Ohlsson 
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Figure 11.  Beach cleaner in Denmark. Foto, Lars Ohlsson 

With algae collection methods mentioned above (fig 10 & 11), the collected macro algae normally 
contains 80-90 % of sand (Ohlsson, 2013). This significantly limit further algae utilization such as 
anaerobic digestion and combustion. Furthermore, the sand increases the cost for transportation. To 
solve problems related with sand and water content of harvested macro algae, different type of machines 
have been developed so far and tried in Trelleborg and Denmark (Ohlsson, 2013; Trelleborg 
municipality). For example, a machine called “monster” (fig 12) has been developed by private initiative 
in 2013 in collaboration with the municipality of Trelleborg and Sea Program (Ohlsson, 2010).  Monster 
was equipped with dewatering material and was specially designed to harvest algae without sand from 
shallow water. The initial test with monster have shown a collection capacity of 25-100 m3 wet tons / 
hour. The experiments have mostly been performed on filamentous algae (fedtmög) in relatively poor 
condition in heavily degraded state. With a better structured material assessed the capacity of absorption 
could be significantly larger (Ohlsson, 2013). Monster was also tried in the municipality of Solröd in 
Denmark and it has been a great achievement so far to collect algae with less sand and water. The 
downside with monster is that the trailer fills up quickly and long-time is required to empty the algae 
and it is now under development with expected better achievement (Ohlsson, 2013). 

 

Figure 12. Monster machine collecting algae in shallow water. Foto, Lars Ohlsson 

Other machines that have been tried in the municipality of Trelleborg including: grip Claw (fig 13) and 
pitch fork (fig 14). With grip claw it is possible to collect macro algae from the beach with less sand. 
Grip claw is low technology machine and easily available. The negative side with grip claw is that there 
is a need for another machine to do the fine cleaning afterwards since grip claw doesn’t clean for 
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recreational purpose. Another machine, pitch fork is an amphibian machine and can be used also in 
wetlands and harbours. With pitch fork it is possible to collect algae with less sand from the water bodies 
and it has low impact because of its less sparse fork. The problem with it is that it is fairly slow and 
noisy if used during summer. Among the machine mentioned above, grip claw is the best alternative to 
collect large amount of macro-algae from the beach with less sand, however, another machine like a 
barber is required to do the fine cleaning. In the present study, collection of algae is supposed to be 
carried out with grip claw. This machine collects about 45 m3 of algae/hour with a dumper. The 
collection is assumed to be only performed on the beaches along the water line and not in the water.  

 

 

 

 

 

 

 

 

 

Figure 14 . Pitch fork for collecting algae from water 

 

Transportation  
The macro algae is assumed to be transported from the beaches to the treatment facilities (biogas, sewage 
and incineration plant) as well as the residue from the process (ash, slag and digestate) are assumed to 
be transported to their respective destiny. Four distances for macro algae are taken into consideration. 
The first (10 km) is when the collection of macro algae is performed only from beaches in Halmstad 
(small scale) and transported to the waste incineration plant, sewage treatment plant and the hypothetical 
biogas plant.  The second (50 km) distance is when macro algae is collected from far beaches from other 
municipalities such as Varberg, Laholm and Båstad (large scale) and transported to the treatment plants. 
Long transportation distances (100 & 200 km) are also assumed to see whether or not the energy balance 

Figure 13. Grip claw machine to collect algae from land 
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is affected by long distances. At Kristinehed incineration plant the ash is normally transported to Norway 
for production of gypsum whereas the slag is transported to Falkenberg recycling plant for metal 
recovery (HEM, 2015). The same ash management method at Kristinehed was taken into consideration 
in the present work.  The distance from the incineration plant to the gypsum factor in Holmestrand in 
Norway is assumed to be 475 km and to Falkenberg recycling plant is assumed to be 45 km. The distance 
from the sewage treatment plant to the waste incineration plant is assumed to be 6 km and from the 
hypothetical biogas plant to the arable land is assumed to be 2 km (Appendix F). The transportation is 
thought to be performed by truck.  

Storage 
The growth of macro algae is seasonal with high growth rate during summer (may-august) (Ohlsson, 
2013). The collected biomass might not be used directly that results in a need for storage until its further 
utilization.  The way how the macro algae is stored is also a very important factor to consider since poor 
storage may result in loss of organic matter in the biomass which ultimately affect the final content of 
recovered energy. Ensiling is the most common method used in agriculture today to keep the nutrient 
content in crops. In the present study it is assumed that macro algae is ensiled in rounded bale and stored 
next to the respective energy generation plant.  

Pre-treatment  
Depending on the energy conversion route (in this study incineration and anaerobic digestion), some 
kind of pre-treatment of the feedstock is demanding. For production of biogas via anaerobic digestion 
for example, the pre-treatment may involve mechanical treatment of the substrate or removal of other 
unnecessary material (Schnürer and Jarvis, 2007).  In the present study the pre-treatment of macro algae 
prior to anaerobic digestion include mechanical breakdown of the macro algae and removal of sand from 
macro algae. Prior to combustion of raw macro algae the pre-treatment include removal of sand, 
dewatering and drying. For the fermentation residue/digestate pre-treatment include dewatering and 
drying.  

Plant operation  

Scenario 1. Combustion of raw macro algae 

In this scenario, beach cast macro algae is supposed to be co-combusted with other waste at Kristinehed 
waste incineration plant.  The incineration plant at Kristinehed is based on grate incineration 
incorporated with a sophisticated flue gas cleaning method. Flue gas cleaning is the most expensive and 
energy intensive step in waste incineration facility (Williams, 2005). The cleaning process involves a 
number of different steps. The flue gas mixture is collected by means of particle filtration. The particle 
filtration is then conducted to electrostatic precipitators and filter bag followed by cleaning of flue gas 
by water scrubbing, which is critical for the removal of hydrochloric acid, nitric acid, mercury, 
hydrofluoric acid, lead and residuary heavy metals. With the reaction of lime, sulphur is converted in to 
gypsum. The wastewater, which comes out of scrubbers, is then passed through wastewater treatment 
plant2

. Sulphur dioxide gas is removed from the flue gas by using limestone slurry. Nitrogen containing 
gases are removed from the flue gas by application of ammonia in the flue gas and finally heavy metals 
are removed by using active carbon2. The recovered heat in the combustion process is used for 
generating high temperature steam, which is used for driving a turbine in order to produce electricity.   

Energy input in this scenario is the sum of energy demand for harvesting, transport, ensile, pre-treatment, 
ash and slag handling. Whereas the energy output is the energy generated from the recovered heat during 
the combustion process (Appendix C). The amount of energy gained during macro algae combustion is 
assumed to be the average heat value of macro algae after drying reported in Rose et al (2008). Energy 
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embodied during manufacturing and maintenance of wheel loader and truck which are intended for 
harvesting macro algae and transport (macro algae/digestate/ash/slag) respectively are the same as in 
Berglund and Börjesson (2006); Using 1 l of diesel for transportation by truck or tractor corresponds to 
46 and 50MJ of primary energy respectively (Berglund and Börjesson, 2006). Whereas the energy 
embodied in equipment’s such as for ensiling, pre-treatment, plant operations are assumed to be 
insignificant. Life cycle steps of energy production through combustion of macro algae is given in fig 
15.  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
Scenario 2. Co-digestion of macro algae with sewage sludge + combustion of the digestate 

Macro algae is supposed to be co-digested with sewage sludge for biogas production at Västra Strandens 
sewage treatment plant. AD has been recognized as the best energy extraction way from macro algae in 
comparison to all other possible energy extraction methods including combustion and composting 
(Milledge et al., 2014). This is because AD is suitable for wet biomass as well as it has an advantage of 
utilizing more of the algae potential through production of biogas and nutrient rich digestate which can 

Macro algae 

Harvesting 

Transport 

Ensiling 

Pre-treatment 

Combustion 

Formation of 

gypsum 

Heat 

Bottom ash Slag Transport 

Metal recycling 

Transport 

Figure 15. Scenario 1. Life cycle stages of energy production from combustion of beach cast macro algae 



 

19 

  

be recycled back to farmland (Ohlsson, 2013; Davidsson, 2007; Nkemka and Murto,  2010). Due to high 
heavy metal content in marine macro algae which affects the bio-fertilizer potential of the fermentation 
digestate, however, in this scenario the digestate is presumed to be co-combusted in a waste incineration 
plant as in scenario 1.  The digestor at the Västra Strandens sewage treatment plant is based on continues 
single stage mixed tank reactor that operates at thermophilic temperature (55 oC). Heat and electricity 
requirement for biogas plant operation is assumed to be the same as in Berglund (2006), in this scenario 
however it is adjusted for thermophilic temperature (55 oC). Energy input into this scenario is the sum 
of energy demand for macro algae harvesting, transport, ensiling, pre-treatment, biogas plant operation, 
and digestate handling (pre-treatment, transport, co-combustion, ash and slag handling). The energy 
output is the sum of biogas produced and energy generated from co-combustion. Energy embodied 
during manufacturing and maintenance of wheel loader and truck which are intended for harvesting 
macro algae and transport (macro algae/digestate/ash/slag) respectively are the same as in Berglund and 
Börjesson (2006); Using 1 l of diesel for transportation by truck or tractor corresponds to 46 and 50 MJ 
of primary energy respectively (Berglund and Börjesson, 2006). The energy embodied in equipment’s 
such as for ensiling, pre-treatment are assumed to be negligible.  

Due to lack of currently operating co-digestion plant based on a mixture of sewage sludge and macro 
algae, in this scenario the methane yield from the co-digestion is assumed to be the same as the methane 
yield from sewage sludge and micro algae co-digestion studied by Caporgno et al (2015) which is 392 
Nm3/t VS for a mixture of 50 % sewage sludge and micro algae each. Methane yield from co-digestion 
of sewage sludge and macro algae from Venice Lagoon is reported to be comparable to that of sewage 
sludge alone (Cecchi et al., 1996). There is not energy input considered for sewage sludge 
handling/recovery since the co-digestion with algae is assumed to be performed in an already existing 
sewage treatment plant (in this case at Västra Strandens sewage treatment plant). The heat value of the 
digestate from co-digestion of sewage sludge and macro algae is assumed to be the same as the heat 
value of digested sewage sludge from Västra Strandens wastewater treatment plant (10 MJ/kg). One 
tonne of mixture substrate (sewage sludge and macro algae) in the co-digestion is assumed to give one 
tonne of digestate as in used in Berglund (2006). Life cycle steps of the process in this scenario is given 
in fig 16.  
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Scenario 3. Co-digestion of macro algae with wheat straw + application of digestate on farmland 

Macro algae is supposed to be co-digested with straw at hypothetical biogas plant in Halmstad.  In this 
scenario, the digestate is assumed to be recycled on arable land and therefore there is a need for cadmium 
removal from macro algae prior to fermentation. Since there is no cadmium removal method that has 
been commercialized at large scale so far, in this study it is assumed that the same heavy metal removal 
method which is applied on waste water treatment plant is considered. The removal of cadmium is 
supposed to be performed by macro-filtration and reverse osmosis that consumes least and maximum 
energy respectively which is used in Persson (2011). Prior to farm spreading, digestate has to be dried. 
In this case screw press is supposed to be used for drying the digestate which is based on Pöschl, et al 
(2010). Energy input into this scenario is the sum of energy demand for macro algae harvesting, 
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Figure 16. Flow diagram for scenario 2, co digestion+ combustion of the digestate 
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transport, ensiling, pre-treatment, Cd- removal, biogas plant operation, and digestate handling (storage, 
load and spreading on arable land).  

The energy output is the sum of biogas produced, and saved energy when digestate replaces chemical 
fertilizer. Energy embodied during manufacturing and maintenance of wheel loader and truck which are 
intended for harvesting macro algae and transport (raw algae/digestate) respectively are the same as in 
Berglund and Börjesson (2006); Using 1 l of diesel for transportation by truck or tractor corresponds to 
46 and 50MJ of primary energy respectively (Berglund and Börjesson, 2006). The energy embodied in 
equipment’s such as for ensiling, pre-treatment are assumed to be negligible.  

Energy demand for digestate handling (loading, transporting and spreading on arable land) is similar to 
that of Berglund & Börjesson (2006) and the distance from digestate storage to farm is assumed to be 2 
km. The removal of cadmium from macro algae is assumed to reduce the methane yield by 10 % in this 
report, however according to Nkemka (2012) 15 % methane yield reduction is observed as a result of 
IDA Cryogel removal of cadmium from macro algae leachate. The maximum methane yield from macro 
algae collected from the west coast is used in the calculation which is 350 Nm3/ton VS. Methane yield 
from straw is the same as in Berglund (2006), which is 204 Nm3/ton VS or 7.1 GJ/ton VS. Since straw 
is considered as agriculture waste, there is no energy demand for cultivation or harvesting. However, 
there is a need for energy during straw recovery which include transportation. In this report the energy 
demand for straw recovery is Berglund (2006) best estimate.  One tonne of mixture substrate (wheat 
straw and macro algae) in the co-digestion is assumed to give one tonne of digestate as in used in 
Berglund (2006) regardless of the dry matter content of each substrate. Life cycle steps of the process 
in this scenario is given in fig 17.  
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Figure 17.  Life cycle stages of biogas production from of co-digestion of beach cast algae with wheat straw (Cd-removal included) 
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RESULT AND DISCUSSION 

According to previous research, energy extraction from macro algae through direct combustion seems 
an inappropriate option. Factors that curb the potential of macro algae for direct combustion include ash 
chemistry, moisture content and heat value (Lamare and Stephen, 2015; Bruhn et al., 2011; Ross et al., 
2008; Milledge et al., 2014).  Moreover, the ash composition of macro algae contains chlorine and 
sulphur salts as well as high amount of alkali (Na, K, and CaCo3) which reduced the efficiency of boilers 
by creating slagging, fouling and other ash-related problems during thermochemical conversion 
(Lamare and Stephen, 2015; Bruhn et al, 2011; Ross et al, 2008; Milledge et al, 2014).  

Combustion potential of macro algae 
Comparison between sewage sludge and macro algae 

Moisture content 

Anaerobically digested sewage sludge has a moisture content of around 98 %.  At Västra strandens 
sewage treatment plant for example, the moisture content of sludge is decreased from 98 % down to 72 
% before it is sent to Kristinehed incineration plant for combustion. The de-watering process is 
performed by decanter centrifuge which consumes around 40 KWh electricity/ton of sewage sludge 
including pumping. The moisture content of beach cast macro algae collected from the west coast of 
Sweden ranges 72-78 % (Table 6) which is almost comparable to the moisture content of digested 
sewage sludge.  The same de-watering process can be employed for beach cast macro algae to minimize 
the moisture content prior to co-combustion with other waste in a waste incineration plant.  

Ash content 

The organic component of biomass decreases after anaerobic fermentation since part of the organic 
substance is released as CH4 and CO2 (Schnürer and Jarvis, 2007). This implies the inorganic content 
(ash content) increases after anaerobic digestion of sewage sludge. The average ash content of digested 
sewage sludge from Västra Strandens sewage treatment plant is 35 % (Table 3). The maximum limit for 
ash content for the incoming waste at Kristinehed is 15 % (HEM, 2015). However, digested sewage 
sludge from VSSTP is co-combusted at KIP regardless of the high ash content. Comparing to sewage 
sludge, the average ash content of beach cast macro algae collected from west coast of Sweden is 44 %, 
Table 6 (Ohlsson, 2013). Studies show that high ash content in macro algae can be tackled by simply 
employing steps such as removal of sand, washing algae with water and apply a better harvesting 
mechanism which gives less sand during harvesting. Harvesting machines that are tried in Trelleborg 
municipality on the south coast such as grip claw and monster are proved to effectively collect macro 
algae with less sand from land and water respectively (Grandin, 2014, Trelleborg municipality; Ohlsson, 
2013).   

Calorific value 

Previous research showed that calorific value and ash content are negatively correlated (Lamare and 
Stephen, 2015).  High ash content of sewage sludge means low in calorific value. Raw sewage sludge 
has high calorific value than digested sludge. This implies calorific value of sewage sludge decreases 
after anaerobic digestion.  According to Werther and Ogada (1999) the heat value of sewage sludge 
reduces to about 10.5 MJ/ kg d.m after anaerobic digestion from the heat value of around 17.5 MJ/kg 
d.m in raw sewage sludge. Heating value of 10.5 MJ/kg is lower than what is required at Kristinehed 
(Table 5). The limit for calorific value of incoming waste at Kristinehed incineration plant is between 
11-15 MJ/kg db. However, digested sewage sludge is still co-combusted with other waste (household 
and industrial waste) at KIP regardless of low heat value of the digested sewage sludge (10.5 MJ/kg). 
Dried macro algae has a better heat value (14-16 MJ/kg db) table 5 in comparison to digested sewage 
sludge (Rose et al., 2008; Lamare and Stephen 2015; William, 2005). However, extra energy is required 
to dry macro algae before combustion. The energy demand for drying beach cast macro algae however 
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can be minimized by air and sun drying or using waste heat (Aresta et al., 2005; Valderrama et al., 2014; 
Fudholi et al., 2014).  

Heavy metal and other element 

The maximum limit for cadmium in the incoming waste at Kristinehed incineration plant is 3 mg/kg TS. 
Macro algae collected from the west coast has a maximum cadmium content of 3 mg/kg TS. Digested 
sewage sludge has an average cadmium content of less than 1mg/kg TS. 

Other element that are very critical in combustion process include nitrogen, sulphur, alkali metal such 
as sodium and potassium, halogen such as chlorine. Nitrogen, chlorine, sulphur present in sludge for 
example would be released as gaseous pollutants in various forms during combustion, this necessitates 
extensive flue gas cleaning to meet very strict emission limits normally imposed on waste incineration.  
Experiment also showed that the presence of chlorine and sulphur in sewage sludge play part in the 
formation of dioxin and other toxic pollutant during the combustion process (Werther and Ogada, 1999).   

The maximum amount of nitrogen, sulphur and chlorine in the incoming waste material at KIP is 1% 
each (Table 3). The digested sewage sludge from Västra Stranden waste water treatment plant has 
nitrogen and sulphur concentration below the limit required at Kristinehed which makes it suitable for 
incineration. The nitrogen content in beach cast macro algae from the west coast ranges from 0, 22-1,32 
% ; mean=0,77,  Table 6 (Ohlsson, 2013). Sulphur and chlorine measurements have not been performed 
for macro algae collected from the coast under the LOVA project.  However, studies from Trelleborg 
on the south coast shows an average sulphur content of 30 000 mg sulphur/kg TS (Davidsson et al., 
2008; Mustafic et al., 2009). This corresponds to 3 % of sulphur (conversion based on mg/kg*0, 0001%). 
Another study by Rose (2008) showed a sulphur content between 1.3-2.44 % (mean=1,57 %) for six 
macro algae species (Fucus vesiculosus, Chorda filum, Laminaria digitata, Fucus serratus, Laminaria 
hyperborea from the British Isles; and Macrocystis pyrifera from South America). Macro algae are also 
reported to have high chlorine/halogens (0.5-11%), on average 5.75 %.  

However, studies show that washing the biomass with water majority of the chlorine and sodium in 
macro algae can be removed and this eventually reduce slagging and fouling problem in the boiler during 
combustion. Washing can be done using out flow water from wastewater treatment plant in order to 
reduce the need for fresh water. The residue water from the washing can be recycle back to the sewage 
treatment plant (Bruhn et al, 2011).  Problem related with nitrogen and sulphur in beach cast macro 
algae would not be that of big problem since modern incineration plants are equipped with sophisticated 
flue gas cleaning system (William, 2005).   

Studies also show that season of harvest, place of harvest and species of macro algae play a big role in 
the concentration of metal, heat value, and carbohydrate content, content of nitrogen, sulphur and 
chlorine in macro algae. For example, Adams et al (2011) reported July month as being the period when 
metal concentration is low, carbohydrate concentration is high and the highest heat value for species 
L.digitala whereas samples harvested in March contained the lowest proportion of carbohydrate and the 
highest ash and alkali metal content. The ash and heavy metal content of macro algae collected from the 
west coast of Sweden has also showed seasonal and location trend (Ohlsson, 2013).  

Energy balance analysis 
Energy balance analysis of three scenarios for extracting energy from beach cast macro algae was 
evaluated in the present work.  

Scenario 1. Combustion of raw macro algae 

The energy input flow at different stages of life cycle of energy generation through combustion of macro 
algae is given in Appendix C. The energy analysis under different macro algae collection distance gave 
a positive energy balance. Input energy increases with increase transportation distance but still gave a 
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positive energy balance even at longer transportation distance for macro algae. The total energy input at 
10 and 200 km macro algae transportation distances become 7 and 9 % of the total output energy 
respectively (Appendix C). In this study energy required during the combustion process such as heat 
and electricity as well as energy embodied in additional materials used during combustion process such 
as activated carbon, calcium oxide, calcium hydroxide and polymers are not considered which definitely 
change the energy balance. Generally no additional fuel is used in incineration plant other than the waste 
itself. However, it would still give a positive energy balance even if it is assumed that the energy demand 
for the plant operation is the same as the total energy input. Under this scenario, the most energy 
demanding steps are pre-treatment, ash handling and ensiling (Fig 18 & Appendix C). Large energy 
demand for ash handling is due to the long transportation distance for the ash destination.  

 
 

Figure 18. Energy flow at different life cycle stages under scenario 1 

Scenario 2 Co-digestion of macro algae with sewage sludge + combustion of the digestate 
The energy input flow at different stages of life cycle process for generating energy in the second 
scenario is given in Appendix D. The energy analysis under this scenario also gave a positive energy 
balance during different macro algae transportation distance. In addition positive energy balance was 
found for both at farm-scale and large scale biogas plant operation. Like the first scenario, input energy 
of the system increases with increase transportation distance. The total energy input at 10 and 200 km 
macro algae transportation distances is 6 & 7 % of the total output energy respectively. Energy intensive 
steps under this scenario are ash handling, biogas plant operation and digestate handling (Appendix D 
& fig 19). Large energy demand for ash handling is due to the long transportation distance for the ash 
destination whereas high energy demand for small-scale biogas plant operation is due to poor insulation 
of small-scale biogas plant (Appendix D).  High energy demand for digestate handling is due to the need 
of high energy for de-watering the digestate prior to combustion.  
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Figure 19. Energy flow at different life cycle stages under scenario 2 

Scenario 3. Co-digestion of macro algae with wheat straw + application of digestate on farmland  
The flow of energy input at different stages of the process life cycle for generating energy under the 
third scenario is given in Appendix E. The energy balance for extraction of energy through co-digestion 
wheat straw and macro algae which incorporated Cd removal step is also turned to be positive. Different 
macro algae collection distances has not a significant effect on the total energy balance although energy 
input increases with transportation distance (Fig 20). The total energy input at 10 and 200 km macro 
algae transportation distances is 12 & 16 % of the total output energy respectively, which is higher 
comparing to the first two scenarios. Energy demanding steps under this scenario include pre-treatment, 
plant operation and straw recovery (Fig 20 & Appendix E). 

 
 

Figure 20. Energy flow at different life cycle stages under scenario 3 
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CONCLUSION 

Combustion potential of macro algae 
In the present study, the combustion /co-combustion potential of beach cast macro algae in an already 
existed waste incineration plant was evaluated based on a case study. According to previous research, 
high moisture content, high ash content and ash chemistry as well as low heat value are the factors that 
curb the bioenergy potential of macro algae for direct combustion.  

According to the present work, however, high moisture content in macro algae can be addressed the 
same way the digested sewage sludge is addressed at Västra Stranden sewage treatment plant which is 
by employing de-watering step in the process using decanter centrifuge method. A sun or air drying 
technique as well as using waste heat for drying can also be applied to be more economical.   

Simple steps such as sand removal, better harvesting mechanism which gives less sand during 
harvesting, and washing of algae with water would solve problems related to high ash content and low 
heat value of macro algae. Harvesting machines that have been tried in Trelleborg municipality on the 
south coast such as grip claw and monster are proved to be effective to collect macro algae with less 
sand from land and water respectively.  Reduction of sand in macro algae can also increases the heat 
value of the biomass since ash content and heat value are inversely correlated. 

By washing the biomass with water majority of the chlorine and sodium in macro algae can also be 
removed and this eventually reduce slagging and fouling problem in the boiler during combustion. 
Washing can be done using out flow water from wastewater treatment plant in order to reduce the need 
for fresh water. The residue water from the washing can be recycle back to the sewage treatment plant. 
Since the concentration of heavy metal, heat value, carbohydrate content and other element such as 
nitrogen, sulphur and chlorine are dependent on season of harvest, place of harvest and species of macro 
algae, bioenergy production from macro algae can be maximized by harvesting the right macro algae 
species at the right season and location. Furthermore, the fact that modern waste incineration plants are 
equipped with sophisticated flue gas cleaning techniques would make the problems related to nitrogen 
and sulphur in beach cast macro algae less than what is assumed.   

The content of cadmium in beach cast macro algae would not result in any problem during combustion 
since the maximum allowed level of cadmium for example at Kristinehed incineration plant and the 
maximum cadmium content in macro algae collected from the west coast are the same (3 mg/kg TS 
each).  However this value of cadmium is too high if the fermentation residue is to be used as bio 
fertilizer and therefore heavy metal removal step is necessary. Since cadmium concentration is season 
and location dependent, macro algae can still be collected when the concentration of cadmium is at its 
lowest and the biomass can safely be co-digested in a common biogas plant which enable the digestate 
to be safely used as fertilizer. On the other hand, during seasons and location when and where the 
cadmium content is high biomass respectively can be co-combusted in a waste incineration plant or co-
digested with sewage sludge and the digestate from this process can be co-combusted. 

Energy balance analysis 
Eutrophication has resulted in a mass growth of macro algae of different species in the Baltic Sea. In the 
present study the cast in the west coast of Sweden has been investigated and the generation of energy 
from beach cast macro algae under three different energy extracting scenarios was evaluated from 
energy balance perspective. The scenarios included co-combustion of raw macro algae, co-digestion of 
macro algae with sewage sludge + combustion of the digestate and co-digestion of macro algae + 
application of digestate on arable land as a fertilizer (cadmium removal step incorporated). 
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The result showed each scenario would give a positive energy balance even at a longer transportation 
distance for macro algae. In the first scenario, energy intensive steps of the process life-cycle include 
pre-treatment of macro algae (de-watering, drying and sand removal) and ash handling. For the second 
scenario, the most energy consuming steps of the process life-cycle include biogas plant operation, pre-
treatment of the digestate prior to combustion and ash handling. In both first and second scenarios, large 
energy demand for ash handling is due to long transportation distance.  In the third scenario; most energy 
demanding steps include pre-treatment (Sand removal+ mechanical breakdown of algae and Cd-
removal), biogas plant operation, and recovery of straw.  

Co-digesting beach cast macro algae with other organic matter such as wheat straw which incorporate a 
heavy metal removal step prior to digestion would give a safe fertilizer potential for the digestate. 
However, this demands building new digester and there is also a need of additional energy input for 
cadmium removal. The residue from cadmium removal process require further care which could give 
another extra need of energy input and it may also have environmental concern. In addition, the 
applicability cadmium removal from macro algae at a large scale is not yet known.  

Co-combustion of beach cast macro algae in an already existing waste incineration plant would give a 
solution for coastal algae problem regardless of high cadmium content and moisture content of the algae. 
Steps such as washing macro algae with water and collecting macro algae with proper harvesting 
mechanism that give less sand would increase the heat value of macro algae for combustion since these 
steps would significantly reduce the ash content which is inversely correlated with heat value. Co-
digesting beach cast macro algae with sewage sludge in an already existing sewage treatment plant + 
combustion of the digestate in an already existing waste incineration plant would also be another 
alternative for cases of beach cast macro algae with high cadmium content. These two scenarios could 
give a solution for disposal of beach cast macro algae regardless of cadmium and moisture content, 
while generating bioenergy as well as reduce eutrophication in water bodies. With these two scenarios 
the cadmium problem is insignificant since cadmium is not recycled on the arable land rather the ash 
which contained cadmium from the combustion is safely used for production of gypsum.  

Lastly, since studies show that heavy metal content, ash content, heat value, and alkali content in macro 
algae vary with season and location, the bioenergy potential of naturally occurring macro algae can be 
optimized by harvesting during right season and location. For cases when the cadmium content is less, 
the biomass can still be safely co-digested in an ordinary biogas plant, however for cases with high 
cadmium content combustion in an already existing waste incineration plant could give a solution for 
coastal algae problem. 

Future studies should focus on evaluating the effects of harvesting seasons and harvest locations on the 
concentration of heavy metal, heat value, ash content, and alkali content in beach cast macro algae.  
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APPENDIX A. Macro algae harvest potential in the west coast.  

Municipality, length of beach and possible amount of collectable macro algae per year.  Conversion 
from m3 to ton TS is 0.35 ton TS/m3 (Johnson and Ohlson 2010) 

Municipality Name of  the 
beach  

Length of 
the beach 

Amount of collectable biomass 
potential in m3 (beacha+ shallow 
waterb) 

Amount of 
biomass in ton 

Varberg Apelviken 1 km 7500a +1500b   

Träslövsläge 500 m 150a+180b  

Björkäng 1,5 km 10000a+360b  

Total  3 km 19690 7383.75 

Halmstad Vilshärad 1 km 780a+525b  

Tylösand    

Ringenäs  900a+479b  

Östra stranden 4 km 515a+200b  

Total  5 km 3398.5 1274.43 

Laholm Mellbystrand 6 km 101b  

 Skummeslöv 6 km 103b  

Total  12 km 204.5 76.68 

Båstad Torekov 450 m 3a  

 Båstad skans 400 m 940a  

Total  850 m 943 353.47 

Total  21 km 24236 m3 9088 ton 
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APPENDIX B. Taxonomy of macro algae collected from the west coast  

Summary of beaches, algae type and species composition, quantity of algae in 10 selected beaches. 

The measurement was done when macro algae at its pick growth period and small amount of sea-grass 
was also a common phenomenon in all beaches although it is not included in the present thesis. Taken 
from LOVA project (Ohlsson, 2013). 

 

Municipality 

 

Name of the 

Beach 

Number of 

Macro alage 

Species 

taxonomy 

Number of taxa in 

different type of 

macroalgae 

Red Brown Green 

Varberg (3 

beaches) 

Apelviken 68 
km 19 12 6 1 

 Träslövsläge 
64 km 17 11 4 2 

 Björkäng 57 
km 19 11 6 2 

Halmstad (4 

beaches) 

Vilshärad 18 
km 24 17 4 3 

  

Tylösand 14 
km 28 17 7 4 

  

Ringenäs 17 
km 23 15 4 4 

  

Östra stranden 
8 km 22 16 2 4 

Laholm (2 

beaches) 

Mellbystrand 
23 km - - - - 

  

Skummeslöv 
29 km 19 13 3 3 

Båstad (2 

beaches) Torekov 16 10 4 2 

  Båstad skans 20 13 4 3 

Total      
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APPENDIX C. Energy input flow in different life cycle stages under scenario 1 

Energy input in 

different stages of 

process life cycle 

(MJ/ton algae)  

Different transportation distances from beach to treatment facilities  

Reference 

10 km 50 km 100 km 200 km 

Harvest (4.1-5.1%) 52,78MJ 

 

52,78MJ 52,78MJ 52,78MJ Assumed based on 
Berglund& Börjesson, 
2006; Ohlsson, 2013 

Transport (1.3-21%) 

 

13,29 MJ 66.45MJ 132,9 MJ 265,8 MJ Assumed based on 
Berglund 2006 

Ensile (12-14%) 150 MJ 150 MJ 150 MJ 150 MJ Pöschl, et al, 2010 

Pre-treatment (32-
40%) 

De-watering 

Sand removal  

Drying 

 

288 MJ 

50,4 MJ 

74,3 MJ 

412,7 MJ 

 

 

288 MJ 

50,4 MJ 

74,3 MJ 

412,7 MJ 

 

 

288 MJ 

50,4 MJ 

74,3 MJ 

412,7 MJ 

 

 

288 MJ 

50,4 MJ 

74,3 MJ 

412,7 MJ 

 

 

VVWWTP 

Assumed based on Pöschl 
et al, 2010 

Pöschl et al, 2010 

Ash handling (27-34 %) 

 

353 MJ 353 MJ 353 MJ 353 MJ Assumed based on 
Berglund 2006 

Slag handling (4.3-
5.4%) 

 

56.05 MJ 56.05 MJ 56.05 MJ 56.05 MJ Assumed based on 
Berglund 2006 

Total input energy (7-
9%) 

1038 MJ 1091 MJ 1157 MJ 1290 MJ  

Output energy (MJ/ton 

macro aglae) 

Heat value of macro 
algae  

 

15,000 MJ 

 

15,000 MJ 

 

15,000 MJ 

 

15,000 MJ 

Rose et al 2008 

Net energy balance 
(ouput-input) 

13962 MJ 13909 MJ 13843 MJ 13710 MJ  
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APPENDIX D. Energy input flow in different life cycle stages under scenario 2 

Energy input in 

different stages of 

process life cycle 

(MJ/ton algae) 

Different transportation distances Reference 

10 km 50 km 100 km 200 km  

Harvest (3.1-3.6%) 52,78 MJ 52,84 MJ 52,84 MJ 52,84 MJ Assumed based on 
Berglund & 
Börjesson 2006; 
Ohlsson, 2013; 
Tetarchenko, 2011 

Transport (0.9-16%) 13,29 MJ 66,45 MJ 132,8 MJ 265,6 MJ Assumed based on 
Berglund & 
Börjesson 2006 

Ensile (8.8-10%) 150 MJ 150 MJ 150 MJ 150 MJ Pöschl, et al, 2010 

Pre-treatment  

Sand removal+ 
mechanical 
breakdown of algae 
(6.3-7.5 %) 

 

 

108 MJ 

  

 

108 MJ 

  

 

108 MJ  

 

 

108 MJ 

 

 

 

Biogas plant 

operation 

Heat & electricity 

(29% at 10 km 25% at 
200 km for small-scale 
and 20% at 10 km, 17 
% at 200 km for large  
scale) of the  total 
input energy 

 

420 MJ 

 

 

261 MJ 

 

  

261 MJ 

 

420 MJ 

 

420 MJ 

 

 

261 MJ 

Berglund & 
Börjesson 2006 

Pre-

treatment/Digestate 

handling 

(17-20%) 

 

 

296 MJ 

 

 

 

296 MJ 

 

 

 

296 MJ 

 

 

 

296 MJ 
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Ash handling (21-
24%) 

353 MJ 353 MJ 353 MJ 353 MJ  

Slag handling (3.3–3.9 
%) 

56.05 MJ 56.05  MJ 56.05  MJ 56.05  MJ  

Total input Energy (6-
7%) 

1449/1290 
MJ 

1343 MJ 1569 MJ 1702/1543 
MJ 

 

Output energy 

(MJ/ton macro 

algae) 

Biogas from co-
digestion 

Heat from co-
combustion 

 

13 646 MJ 

10 000 MJ 

 

23 646 MJ 

 

13 646 MJ 

10 000 MJ 

 

23 646 MJ 

 

13 646 MJ 

10 000 MJ 

 

23 646 MJ 

 

13 646 MJ 

10 000 MJ 

 

23 646 MJ 

 

Net energy balance 

(Output – input) 

22197/22356 
MJ 

22303 MJ 22077 MJ 21944/22103 
MJ 
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APPENDIX E. Energy input flow in different life cycle stages under scenario 3 

Energy input in 

different stages of 

process life cycle 

(MJ/ton algae) 

Different transportation distances Reference 

10 km 50 km 100 km 200 km 

Harvest (3-4 %) 52,78 MJ 52,78 MJ 52,78 MJ 52,78 MJ Assumed based 
on Berglund & 
Börjesson 2006; 
Ohlsson, 2013; 
Tetarchenko, 
2011 

Transport (1-17%) 13.29 MJ 66.45 MJ 132.9 MJ 265,8 MJ Tetarchenko, 
2011 

Ensile (10-13%) 150 MJ 150 MJ 150 MJ 150 MJ Pöschl, et al, 2010 

Pre-treatment (26-
34%) of the total 
input energy 

Sand removal+ 
mechanical 
breakdown of algae 

Cd-removal 

Reverse Osmosis 

 

 
 
 
 
108 MJ 
 
 
 
292 MJ 
400 MJ 

 
 
 
 
108 MJ 
 
 
 
292 MJ 
400 MJ 

 
 
 
 
108 MJ 
 
 
 
292 MJ 
400 MJ 

 
 
 
 
108 MJ 
 
 
 
292 MJ 
400 MJ 

 

 

Persson, 2011; 
2011 

Biogas plant 
operation (el + heat) 
(23% at 10 km 
18%at 200 km for 
small-scale and 16% 
at 10 km, 12 % at 200 
km for large  scale) 
of the  total input 
energy 

283 MJ 

 

 

176 MJ 

176 MJ 283 MJ 283 MJ 

 

 

176 MJ 

Berglund & 
Börjesson 2006 

Straw recovery (19-
24%) of total input 
energy 

280 MJ 280 MJ 280 MJ 280 MJ Berglund & 
Börjesson 2006 
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Digestate handling 

(3-11%) of total 
input energy 

Drying 

Load, transport and 
spread on arable 
land) 

 

 

 

4.3 MJ 

25 MJ 

6.9 MJ 

36.2 MJ 

 

4.3 MJ 

25 MJ 

34.5 MJ 

63.8 MJ 

 

4.3 MJ 

25 MJ 

69 MJ 

98.3 MJ 

 

4.3 MJ 

25 MJ 

138 MJ 

167.3 MJ 

Berglund & 
Börjesson 2006;  

Total energy input 
(11-14%) of output 

1215/ 1108 
MJ 

1189 MJ  1290 MJ 1599/1492 
MJ  

 

Output energy 

(MJ/ton macro 

aglae) 

Biogas  

Fertilizer  

 

 

9033 MJ 

970 MJ  

10003 MJ 

 

 

9033 MJ 

970 MJ  

10003 MJ 

 

 

9033 MJ 

970 MJ  

10003 MJ 

 

 

9033 MJ 

970 MJ  

10003 MJ 

Ohlsson, 2013; 
Berglund & 
Börjesson, 2006 

Net energy balance 

(Output – input) 

8788/8895 
MJ 

8812 MJ 8713 MJ 8510/ 8404 
MJ 
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