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Abstract 
 
With global warming, rising environmental issues, and increased beach-cast production, climate change 
mitigation efforts are important for the future of the planet. Carbon dioxide removal technologies are now 
deemed essential to reach the Sustainable development goals and keep the temperature rise under 1.5 or 2 
degrees °C. Biochar produced from beach-cast seaweed has great potential as a fuel or as a means of carbon 
sequestration, while also proposing a way of dealing with unwanted beach-cast at public beaches.   
This study compares the alternative methodologies for performing carbon- and energy balances of the 
production of biochar from beach-cast seaweed. The methodologies differ in the accounting of emissions 
and energy consumption, either only accounting for consumed energy, including energy embodied in 
materials, or including avoided emissions. The viability of producing biochar from beach-cast seaweed is 
assessed while trying to answer if the biochar is best used as a fuel or as a means of carbon sequestration. 
Furthermore, the effect of pyrolysis peak temperature on the pyrolysis products is assessed.  
 
The study provides evidence that waste products such as beach-cast seaweed can be a valuable resource 
both in the field of power production and for climate mitigation. Beach-cast has the potential to mitigate 
climate change by offsetting 0.5 kg CO₂e per kg of dry beach-cast. Using the full potential of Gotland, this 
would mean a carbon capture potential of 1 600 tonnes CO₂e per year. Furthermore, the energy balance 
suggests a best-case scenario of 4.5 proving that biochar production from beach-cast is viable as a fuel. 
However, the results vary depending on the methodology used for the assessment. If energy bound in 
materials is included, the carbon balance is not good enough for carbon sequestration while including 
avoided emissions leads to a more optimistic result. The study shows that a peak temperature of 500°C is 
optimal for producing biochar with a high energy content and that natural drying should be included in the 
drying process to reduce CO₂e emissions and energy consumption in the production process.     
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Sammanfattning 
 
Med den pågående globala uppvärmningen, miljöproblem och en ökad mängd alger längs stränder, är 
åtgärder för att minska klimatpåverkan av största vikt för planetens framtid. Tekniker för att minska 
mängden koldioxid i atmosfären bedöms nu vara nödvändiga för att nå målen för hållbar utveckling och 
hålla temperaturökningen under 1,5 eller 2 grader °C. Biokol producerad från alger har en stor potential 
som bränsle eller som en kolsänka, samtidigt som det är ett sätt att hantera oönskade alger som samlas längs 
stränder. I denna studie jämförs tre alternativa metoder för att utföra kol- och energibalanser för produktion 
av biokol från alger. Metoderna skiljer sig åt i vad som tas med i beräkningarna för utsläpp och 
energiförbrukning. Antingen redovisas endast konsumerad energi eller så inkluderas energi bundet i material 
eller utsläpp som undvikits vid produktion av biokol. Möjligheten att producera biokol från alger utvärderas 
i denna studie som även undersöker om biokolet bäst används som bränsle eller som en kolsänka. Vidare 
bedöms effekten av olika maxtemperaturer vid pyrolysis på de resulterande produkterna.  
 
Studien visar på att avfallsprodukter såsom döda alger kan vara en värdefull resurs både inom 
kraftproduktion och för att handskas med klimatförändringar. Alger har potential att binda 
0,5 kg CO₂e per kg torra alger. Genom att utnyttja alla de alger som skulle kunna skördas på Gotland, skulle 

detta innebära en upptagningspotential på 1 600 ton CO₂e per år. Vidare antyder energibalansen ett scenario 

som i bästa fall skulle hamna på 4,5 och därmed bevisar att biokol producerat av alger kan användas som 

ett bränsle. Resultaten varierar dock beroende på vilken metod som används för bedömningen. Om energi 

bundet i använda material ingår i binds inte lika mycket ton CO₂e som släpps ut i produktionen, medan 

inkluderandet av undvikna utsläpp leder till ett mer optimistiskt resultat. Studien visar att en maxtemperatur 

på 500°C är optimal för produktion av biokol med ett högt energiinnehåll samt att naturlig torkning bör 

inkluderas i torkprocessen för att minska CO₂-utsläpp och energiförbrukning i produktionsprocessen.   

  



 4

Dedication and Acknowledgements 
 
The author would like to thank the supervisor, Jean-Baptiste Thomas, without whom this project would 
not have been possible. I would also like to thank Elias Azzi, Ph.D Student at SEED, KTH, for the expert 
help and guidance through the project and Weihong Yang, Yuming Wen, and Shule Wang who conducted 
the experiments that this study is based on. Also, thanks to the defense opponent Amelie Gustafsson for 
the feedback on this study. Special thanks to Daniel Franzén and Hanna Nathaniel for collecting the beach-
cast samples used in the experiments, and to Fredrik Gröndahl for the funding this study Finally, I would 
also like to thank my examiner Jeevan Jayasuriya for the help in finalizing this project.   



 5

Table of Contents 
 
Abstract 2 

Sammanfattning 3 

Dedication and Acknowledgements 4 

Table of Contents 5 

List of Figures 7 

List of Tables 8 

List of Equations 9 

List of Abbreviations 10 

1. Introduction 1 

1.1 Algae of the Baltic Sea 1 

1.2 Beach-cast harvesting 2 

1.3 Biochar utilization 4 

1.4 Biochar Production Process 6 

1.5 Ecological impacts of harvesting wild biomass 7 

1.6 Aim and objective 8 

2. Description of the Study 9 

2.1 Literature Review 9 

2.2 Bench-scale pyrolysis experiment 9 

2.3 LCA model 10 

2.4 Study Site 11 

2.5 Functional Unit 11 

2.6 System boundaries 12 

2.7 Limitations 13 

3. Results 14 

3.1 Life Cycle Inventory 14 

3.1.1 Transport of Equipment to Beach 14 

3.1.2 Beach-cast Harvesting 14 

3.1.3 Transport of beach-cast to Biochar Facilities 14 

3.1.4 Natural drying 15 

3.1.5 Drying and pyrolysis 15 

3.2 Pyrolysis experimental results 16 

3.3 Results of modeling 18 

3.3.1 Carbon performance 18 



 6

3.3.2 Hotspot analysis 21 

3.3.3 Energy performance 23 

3.3.4 Hotspot analysis 25 

3.4 Sensitivity and uncertainty analysis 27 

4. Discussion 32 

5. Conclusion 35 

 

 
  



 7

List of Figures 
 
Figure 1. Accumulating beach-cast seaweed along the shore at Gotland.      3 
Figure 2. Harvested beach-cast seaweed being piled up at a beach at Gotland.      4 
Figure 3. Biochar produced in the lab at KTH.         5 
Figure 4. Pyrolysis furnace setup at the KTH lab.       7 
Figure 5. Experimental setup for the pyrolysis process at KTH.       10 
Figure 6. Map of Gotland.           11 
Figure 7. Flow chart from cradle-to-gate.         13 
Figure 8. Carbon balance per methodology, scenario and peak temperature      19 
Figure 9. Net carbon emissions (kg CO₂e per kg of dry beach-cast) and per methodology, scenario and peak   

temperature.           20 
Figure 10. Emissions (kg CO₂e per kg of dry beach-cast) and per production step, methodology and scenario.   21 
Figure 11. Energy balance per methodology, scenario and peak temperature.       24 
Figure 12. Net energy output (MJ per kg of dry beach-cast) and per methodology, scenario and peak temperature.  24 
Figure 13. Energy consumption (MJ per kg of dry beach-cast) per production step.      25 
Figure 14. Uncertainty in carbon balance per methodology, scenario and peak temperature.     29 
Figure 15.  Uncertainty in emissions (kg CO₂e per kg of dry beach-cast) per peak temperature, scenario and  

methodology.            29 
Figure 16. Uncertainty in avoided emissions (kg CO₂e per kg of dry beach-cast).     30 
Figure 17. Uncertainty in energy balance per methodology, scenario and peak temperature.    31 
Figure 18. Uncertainty in energy consumption (MJ per kg of dry beach-cast) per peak temperature, scenario and 
  methodology.           31 
  



 8

List of Tables 
 
Table 1.  Product distribution after pyrolysis process per temperature.      16 
Table 2. Energy (MJ) bound in dry beach-cast and products per kg of dry beach-cast and per kg of produced biochar. 16 
Table 3. Elemental analysis of algae and biochar, ash free per kg of biochar.     17 
Table 4. Summary of net emissions (kg CO₂e per kg of dry beach-cast) per temperature, methodology and scenario.   18 
Table 5. Summary of carbon balances per temperature, methodology and scenario.     18 
Table 6. Greenhouse gas emissions (kg CO₂e per kg of dry beach-cast) from production of biochar by temperature,  
  methodology and scenario.           22 
Table 7. Summary of net energy output (MJ per kg of dry beach-cast) per temperature, methodology and scenario.   23 
Table 8. Summary of energy balance per temperature, methodology and scenario.      23 
Table 9. Energy consumption (MJ per kg of dry beach-cast) from production of biochar by temperature, methodology  
 and scenario.            26 
Table 10. Sensitivity and uncertainty factors.        27 
           

  



 9

List of Equations 
 
Equation 1. Net carbon emissions          11 
Equation 2. Carbon balance         11 
Equation 3. Net energy output          11 
Equation 4. Energy balance          11 

  



 10

List of Abbreviations 
 
CDR - Carbon dioxide removal technologies 
CH4 - Methane 
CO₂ - Carbon dioxide  
CO₂e - Carbon dioxide emission equivalent 
EROI - Energy return on investment ratio  
GHG-emissions - Greenhouse gas emissions 
HHV - High heating value 
HTC - Hydrothermal carbonization 
LCA - Life Cycle Analysis  
wt% - Weight percentage  



 1

1. Introduction 
 
The Baltic Sea is under severe stress as a result of the environmental effects following anthropogenic 
activities (Nekoro, 2013). The past 100 years have seen a rise in environmental problems such as 
eutrophication, microalgae mass blooms, and accumulating seaweed along shorelines (Franzén et al., 2019). 
The accumulation of macroalgae along beaches (hereafter beach-cast seaweed) is a growing issue for 
tourism and communities in coastal areas. The utilization of beach-cast for biogas has been assessed in 
previous studies, where it was found that the high moisture content and sand made digestion costly in terms 
of energy inputs. Furthermore, the accumulation of sand in reactors, even when biomass is cleaned, was a 
problem and the low value of the biogas does not cover the cost of the transport of the biomass to digestion 
facilities (J.-B. E. Thomas, personal communication, 2020). However, beach-cast seaweed is a promising 
resource for the production of biochar and has caught the interest of the scientific community (Yu et al., 
2017). Biochar has many appealing properties in the fields of waste management, energy production, soil 
management, and climate mitigation. Furthermore, biochar is one of the most affordable carbon 
sequestration methods available and could be valuable as a means of climate mitigation (Tisserant and 
Cherubini, 2019). Another option is to use biochar for power production in the industry. It also proposes 
a way of dealing with unwanted beach-cast.  
 
A study performed by Risén et al. (2017) in Trelleborg, Sweden shows a high willingness to pay for an 
environmental program to regularly remove and utilize beach-cast to produce bioenergy or biofertilizer 
(Risén et al., 2017). But even though there is great potential in using algae for biofuel, there is no 
commercial-scale production of fuel from either micro or macroalgae to date (Milledge et al., 2019). By 
conducting an energy and carbon balance of beach-cast seaweed, the viability of using it to produce biochar 
can be assessed. It can also conclude the most suitable use for biochar produced from beach-cast seaweed 
and what production pathways are most suitable for biomass with high moisture content such as beach-
cast seaweed.  
 

1.1 Algae of the Baltic Sea 
The Baltic Sea is the youngest sea on the planet, located in the northern hemisphere bordering Sweden, 
Finland, Denmark, Poland, Lithuania, Latvia, and Estonia. It is home to a unique and sensitive ecosystem 
due to its composition of Atlantic saltwater mixed with freshwater from surrounding rivers. While the 
average depth is only 53 meters, the total sea area is 404 354 km² making it one of the largest areas of 
brackish water in the world. However, the unique hydrographical and climatic conditions of the Baltic Sea 
also makes it vulnerable to climate change and decades of human interference (“About the Baltic,” 2020). 
The past 100 years have seen a rise in eutrophication, leading to the growth of algae, algae blooms, and 
oxygen depletion (“Reduce Eutrophication - Baltic WWF,” 2020). 
 
The Baltic Sea is home to several species of algae. Algae is a term for a diverse group of aquatic organisms 
using photosynthesis. Separating them from many land-based plants is the vascular system used to circulate 
water and nutrients through the algae, and a lack of roots, stems, and leaves. There is a great diversity in 
the family of algae with species ranging from single microscopic cells to large organisms such as kelp 
(Vidyasagar, 2016). Algae are commonly divided into microalgae and macroalgae depending on their size. 
Microalgae are divided into subgroups of Cyanobacteria and Coralline Algae, while macroalgae include 
subgroups of Green Algae (Chlorophyta), Brown Algae (Phaeophyta) and Red Algae (Rhodophyta) 
(iQuatics LTD, 2012). Over 1100 species of algae have been observed in Sweden, however, the most 
common species of macroalgae in the Baltic Sea are the keystone species bladderwrack (Fucus 
Vesiculosusand) and the filamentous algae Cladophora Glomerata  (Nekoro, 2013;Christina Halling, 2018). 
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1.2 Beach-cast harvesting  
As a result of climate change and the eutrophic conditions of the Baltic sea, the production of filamentous 
macroalgae is increasing (Risén et al., 2014). The accumulation and retention of drifting seaweed at beaches 
due to coastal development such as groynes, structures extending from the shore into the sea, that keep the 
drifting seaweed at the beach, cause environmental degradation of coastal environments and reduce the 
recreational value of beaches (Dessle, 2017). Tourism and reduced recreational value work as driving forces 
for coastal communities around the world to implement programs to deal with beach-cast (Risén et al., 
2017). There are also projects around the world to harvest the drifting filamentous macroalgae in an attempt 
to mitigate eutrophication (Risén et al., 2014). A common practice for dealing with unwanted beach-cast is 
to leave the decomposing beach-cast in piles at the beach, to be released back into the sea in the off-season. 
This strategy does not necessarily reduce odors from decomposing algae and leads to substantial methane 
leakage from piled beach-cast (Risén et al., 2017). Another way to deal with the beach-cast is to move it to 
a landfill, a practice that does not avoid the methane emissions. In Scotland, many island communities 
harvest beach-cast for use as fertilizer or as a soil conditioner (Scottish Government, 2016). The biomass 
has a high nutrient content and is capable of improving crop yields and soil quality while reducing soil 
greenhouse gas emissions (Tisserant and Cherubini, 2019).  
 
Furthermore, algae has the potential of being an aquatic energy crop with a higher energy content than land 
based biomass and municipal solid waste (Milledge et al., 2019). But even though there is great potential in 
using algae for biofuel, there is no commercial-scale production of fuel from either micro or macroalgae 
(Milledge et al., 2019). In Sweden, beach-cast is being researched for its potential to produce biogas or to 
be used as a biofertilizer. It was however found that the high moisture content and sand made digestion 
costly in terms of energy inputs. Furthermore, the accumulation of sand in reactors even when biomass is 
cleaned was a problem and the low value of the biogas does not cover the cost of the transport of the 
biomass to digestion facilities (J.-B. E. Thomas, personal communication, 2020) There is also a 
collaboration project called CONTRA with partners from Germany, Poland, Denmark, Sweden, Russia, 
and Estonia that is working on turning beach-cast into a resource instead of a nuisance (“About – contra,” 
n.d.).   
 
The beach-cast has advantages as a waste product to other sources of biomass in the form of land-use 
efficiency. There is no certain knowledge about the amount of beach-cast available at Gotland, a Swedish 
island in the Baltic Sea, but it is estimated that between 5000-12000 tonnes of beach-cast are removed from 
beaches around Gotland every year (Weber-Qvarfort, n.d.; Smedberg, U, 2018, personal communication, 
2020)). The harvesting is financed by the Gotland county administrative board together with beach 
organizations in order to improve the quality of Gotland’s beaches (Dessle, 2017; Weber-Qvarfort, n.d.). 
There is currently no biochar production at Gotland, but the beach-cast is regularly removed from popular 
swimming beaches around the island. Gotland has a long history of using harvested beach-cast as a 
biofertilizer in agriculture, but the method was replaced by industrial fertilizing systems at the end of World 
War II (Dessle, 2017). Today the beach-cast is moved to a landfill or, depending on the cadmium levels of 
the beach-cast, still utilized as fertilizer or for soil improvement by local farmers (Weber-Qvarfort, 2016). 
Figure 1 shows the beach-cast seaweed on a beach at Gotland.   
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Figure 1. Accumulating beach-cast seaweed along the shore at Gotland (“Smedbergs gård AB - Foton,” n.d.). 

 
The most common species of algae harvested at Gotland are Bladderwrack (Fucus vesiculosus), and 
Toothed wrack (Fucus serratus). Although the harvesting potential at Gotland is uncertain, studies by 
Berglund (2010) suggest that 10% of the 973 km long coastal line of Gotland has sand and gravel properties 
that make the beach suitable for beach-cast harvest (Dessle, 2017). This is a potential harvesting distance 
of about 100 km, compared to the current harvesting distance of 15 km of beaches (Dessle, 2017; Weber-
Qvarfort, 2016). Figure 2 shows harvested beach-cast seaweed on a beach at Gotland. 
 
A recent study by Risén et al. (2017) looked into the willingness of residents in Trelleborg, Sweden to pay 
for an environmental program to regularly remove and utilize beach-cast to produce bioenergy or 
biofertilizer. The study found that the willingness to pay for an environmental program was high, suggesting 
this might be the case for other areas of Sweden as well (Risén et al., 2017).  Removal of beach-cast seaweed 
would not only increase the well-being of locals but could also have a positive effect on tourism and 
generate income for the region (Malm et al., 2004). 
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Figure 2. Harvested beach-cast seaweed being piled up at a beach at Gotland (“Smedbergs gård AB - Foton,” n.d.). 
 

1.3 Biochar utilization 
Biochar is the solid product of pyrolysis, the combustion of biomass resulting in biochar, occurring under 
restricted oxygen conditions at a certain heating rate (Mandal et al., 2016). The technique has been around 
for over 2000 years and was originally used for improving soil quality. In recent years, biochar has been 
recognized for its carbon sequestration prospects and its use in mitigating climate change (Macreadie et al., 
2017). Algal biomass is a promising resource due to its wide distribution, rapid growth, and high CO₂ 
fixation efficiency (Yu et al., 2017). Biochar is one of the most affordable carbon dioxide removal 
technologies (CDR) available, a solution that could be deemed essential for mitigating climate change 
(Tisserant and Cherubini, 2019). In 2008, The International Biochar Initiative estimated that 12% of 
anthropogenic greenhouse gasses could be sequestered by biochar produced from waste products (Yu et 
al., 2017). Biochar is also frequently researched for its soil amendment properties because of its high value 
of nutrients with the possibility to improve soil quality and crop yield (Tisserant and Cherubini, 2019). By 
converting beach-cast into biochar, greenhouse gas emissions (GHG emissions) from deteriorating beach-
cast could be avoided and the beach-cast could potentially be used as a source of carbon sequestration 
(Macreadie et al., 2017). Additionally, biochar could be used as a renewable energy resource, replacing fossil 
fuels.  
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Figure 3. Biochar produced in the lab at KTH (Yang et.al., 2020). 

 
 
Biochar can be produced by a range of organic biomasses and binds 30-50 % of the carbon from the original 
biomass into the resulting stable biochar. Biochar may consist of as much as 80% carbon and has the 
possibility of decreasing greenhouse gas emissions (Mandal et al., 2016). Biochar has many appealing 
properties in the fields of waste management, energy conversion for power generation, soil management, 
and climate mitigation. It can be produced from otherwise unutilized waste products such as beach-cast, 
and the energy released in the pyrolysis process can be utilized for district heating purposes (Sustainable 
development, environmental science, and engineering (SEED), 2018). Figure 3 shows the biochar produced 
in the lab at KTH. 
 
Depending on the type of feedstock used in the production process, the composition of the biochar differs. 
The structure of algal biochar varies from other lignocellulosic biomass. The large aggregates and irregular 
porosity result in biochar with high ash content, lower carbon content, and lower surface area. This makes 
macroalgal biochar volumetrically less able to provide the carbon sequestration benefits. However, the high 
pH properties and nutrient contents of algal biochar make it suitable as a soil amendment especially in 
acidic soil and thereby as a tool for long-term carbon sequestration (Bird et al., 2011; Yu et al., 2017). A life 
cycle assessment (LCA) of slow pyrolysis biochar systems in the UK, assessing the carbon abatement 
properties of ten feedstocks was performed by Hammond et al. (2011). The study found that carbon 
abatement of 0.7 to 1.3 tonnes CO₂e per tonne of dry feedstock could be achieved, depending on the 
feedstock and the scale of the pyrolysis biochar system. The study assumed a carbon stability factor of 68% 
on a 100-year timeframe. For the pyrolysis of forestry residue, the study accounted for avoided methane 
emissions from decomposition and resulted in a carbon abatement of 1.1 to 1.3 tonnes CO₂e per tonne of 
dry feedstock. The highest carbon abatement was achieved from sawmill and forestry residues while the 
lowest results came from different types of straw (Hammond et al., 2011). 
 
Biomass in the form of agricultural or plant residues are rich in lignocellulosic content and have a high 
energy content. The utilization of raw biomass has several disadvantages such as low higher heating value 
(HHV), smoke during combustion, large volume, and low energy density. By converting the biomass into 
biochar, a product with high energy density and promising thermochemical properties is produced. Waqas 
et al. (2018) found that biochar from a mix of agricultural waste using pyrolysis temperatures of 250, 350 
and 450 °C could be used as an energy source due to its HHV of 23.08 to 24.0 MJ/kg (Waqas et al., 2018). 
Previous studies of mallee wood by Abdullah and Wu (2009) have reported an energy-mass density of 22, 
28, and 32 MJ/kg at temperatures of 300, 330, and 500 °C and with a moisture content of 45%. As a 
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reference, collie coal (coal from the western region of Australia) has an energy-mass density of 26 MJ/kg, 
indicating that biochar can reach HHVs competitive to the one of coal (Abdullah and Wu, 2009). The mass-
energy density of biochar is shown to increase with pyrolysis temperature due to more intensive pyrolysis 
reactions. The study also shows the biochar yield as decreasing from 56% to 27% with an increase in 
pyrolysis temperature from 300 to 450 °C. Studies on the energy content in algae are not as common as of 
other feedstocks. A study by Yu et al. (2017) reports HHV ranging from 5.2 to 21.2 MJ/kg for macroalgae, 
depending on species of algae, peak temperature, duration, and method. The yield of biochar derived from 
macroalgae ranged from 8.1 to 62.4% on a dry basis (Yu et al., 2017). Ronsse et al. (2013) report that the 
yield of biochar is lower for algae biomass than for lignocellulosic biomass such as pinewood, wheat straw, 
and green waste (Ronsse et al., 2013).    
   

1.4 Biochar Production Process 
The production process of biochar starts with the drying of the biomass before the pyrolysis of the dry 
biomass to biochar. Depending on the moisture content of the biomass the drying time varies. Algae, being 
an aquatic organism with high moisture content, requires more drying than many other sources of biomass. 
However, the moisture content might differ greatly depending on how long the seaweed has been ashore 
and had time to dry. In order to decrease mechanical drying costs, natural pre-drying might be favorable. 
The wet beach-cast is then spread thinly on racks or wooden platforms to be dried naturally by the sun. In 
sunny and preferably windy conditions the moisture content can be reduced by 18% to 20% in one or two 
days, thus reducing the need for further mechanical drying (FAO, n.d.). 
 
Pyrolysis is the combustion of biomass resulting in biochar, bio-oil, and syngas. Pyrolysis generally occurs 
under restricted oxygen conditions and in laboratory settings under the presence of nitrogen. The biomass 
yield is dependent on the heating rate in the pyrolysis process. Fast pyrolysis gives the highest yield of bio-
oil while slow pyrolysis is favorable for higher yields of biochar (Yu et al., 2017). Figure 4 shows the pyrolysis 
furnace setup at KTH.  
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Figure 4. Pyrolysis furnace setup at the KTH lab. 

 
In order to enhance the feasibility of biochar production, it is important to stay updated on the 
thermochemical processes involved in biochar production. Pyrolysis is the conventional method of 
converting biomass into biochar and the one used for the experiment in this report. There are, however, 
two other promising methods for producing biochar: Hydrothermal carbonization (HTC) and Torrefaction. 
HTC is a more recent method known for its cost-effectiveness and for having a lower environmental 
impact. HTC takes place in water at lower temperatures (180 to 260 °C) under self-generated pressures with 
water as a solvent. Unlike conventional pyrolysis, HTC does not require any drying prior to pyrolysis and 
could, therefore, be more suitable to wet biomass. HTC produces more products in a shorter period of 
time and require less energy than conventional pyrolysis. Torrefaction is a method used mainly for the 
production of biochar. The process works in atmospheric pressure at a temperature ranging from 200 and 
300 °C under inert conditions in the absence of oxygen in a method that partly decomposes the biomass 
(Yu et al., 2017). 
 

1.5 Ecological impacts of harvesting wild biomass 
Beach-cast seaweed does have an important ecological value for coastal areas in terms of habitats and 
coastal protection. But due to coastal developments such as groynes, an abnormal amount of beach-cast is 
retained at beaches (Macreadie et al., 2017). Algae left to deteriorate at beaches create banks of foul-smelling 
detritus, limiting recreational and economic use of the beaches and the sea (Malm et al., 2004). It can also 
reduce habitat amenity for beach infauna and be a source of substantial methane emissions (Macreadie et 
al., 2017). The removal of this beach-cast has positive impacts for local communities while also contributing 
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to nutrient reduction in the Baltic Sea. A study conducted by Malm et.al (2004) compared the impacts of 
beaches cleaned from beach-cast seaweed and unclean in Sweden. The study showed that cleaned beaches 
resulted in cleaner water and a decrease in leakage of nitrogenous compounds and organic matter in sand 
composition but showed no significant difference in biodiversity (Malm et al., 2004). 
 
Studies conducted in Scotland and Ireland, however, show that beach-cast harvesting might create a 
disturbance to wildlife and ecosystems if not conducted sustainably (Orr, 2013; “Wild seaweed harvesting: 
strategic environmental assessment - environmental report - gov.scot,” n.d.). By harvesting dead beach-cast 
instead of living algae and seaweed, many destructive effects on wildlife can be avoided. However, before 
the dead algae and seaweed drift ashore, it provides shelter for many organisms such as crustaceans and 
juvenile fish. When the rotting algae reach the beaches it instead provides shelter for species of 
invertebrates. The dead algae and seaweed in the shallow areas and on the beach maintain relatively stable 
micro-climatic conditions and protect macroinvertebrates and fauna from extreme temperatures and the 
rapidly moving water (Kelly, 2005;Orr, 2013). In addition, studies show that beach-cast seaweed provides 
an important habitat for some species of bird and provides foraging areas for the birds praying on the 
invertebrates (Kelly, 2005). Beach-cast also provides nutrients to dune habitats which in turn stabilize local 
sediments and contribute to coastal protection (Scottish Government, 2016). It is important to note that 
these studies have taken place in Scotland and Ireland mainly focusing on kelp, meaning that the specific 
conditions of Gotland need to be taken into consideration.  
 
The Scottish Government has identified areas where harvesting of wild seaweed should not be allowed, 
including but not limited to historic marine protected areas, seal haul sites, and coastal areas prone to 
erosion (“Wild seaweed harvesting: strategic environmental assessment - environmental report - gov.scot,” 
n.d.). To allow harvesting at an industrial level, guidelines for sustainable harvesting need to be determined 
and tailored to the specific conditions of Gotland. Therefore, a study of the unique conditions of the Baltic 
Sea is necessary to determine the environmental effects of beach-cast harvesting. 
 

1.6 Aim and objective   
This study aims to conduct a cradle-to-gate Life Cycle Analysis (LCA) of energy and carbon balances to 
assess the viability of using beach-cast seaweed collected at the island of Gotland, Sweden to produce 
biochar. The research question that has been investigated is: 
 
“Is beach-cast seaweed harvested at Gotland a viable and sustainable resource for biochar production?“ 
 
Furthermore, the study aims to investigate the following sub-questions:  
  

I. Determine the most suitable application for biochar produced from beach-cast seaweed.  
II. Discuss the effects of peak temperature on the products of the pyrolysis process. 
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2. Description of the Study 
 
This study centers around a pyrolysis experiment conducted at KTH using biomass collected from beaches 
around Gotland. The research is based on literature reviews of previous research on algae for biochar 
production and applications. Based on the literature review and pyrolysis experiments an LCA model of 
energy and carbon balances of biochar from beach-cast seaweed has been conducted using the software 
Microsoft Excel and the database EcoInvent and following the guidelines of ISO 14040-14044.  

 
2.1 Literature Review  
This section reviews previous studies on the uses and properties of algal biochar. Since the knowledge on 
algal biochar at Gotland is limited, this section will review global research and discuss several types of 
biomass. The literary review has been conducted to cover relevant scientific literature on the subject. The 
material has been used to compare and analyze the results found in this study. Keywords used for searching 
for scientific papers are “beach-cast”, “biochar”, and “pyrolysis”. The reviewed material contains a 
collection of scientific papers from researchers at KTH along with international researchers. Study site-
specific data and information about the harvesting of biomass have been obtained through previous reports 
of the site and an interview with Ulf Smedberg, owner of Smedbergs Gård AB that among other things 
work with the harvest of beach-cast at Gotland, conducted by Jean-Baptiste Thomas and Linus Hasselström 
in December of 2018. Due to the similarities in the study site and research, a main source of information 
for input data has been “beach-cast seaweed as bio-fertilizer - Life Cycle Assessment of a case study on 
Gotland, Sweden” by Klara Berggren, David Lundberg, Eva O’Kelly, Charlotte Rasche and Charles Sawyer 
for a course at KTH, and the KTH dissertation “Harvesting and utilizing beach-cast on Gotland - A study 
of the benefits, challenges, and opportunities of turning a waste into a resource” by  Filip Dessle.  

 
2.2 Bench-scale pyrolysis experiment 
A bench-scale pyrolysis experiment was conducted in order to retrieve input data for the LCA model and 
to determine the effect of peak temperature on the pyrolysis products. The beach-cast was initially dried 
for 24h at 110°C before being ground to pieces of 1mm in diameter and dried once more at the same 
temperature and time to remove moisture captured from surrounding air during the grinding procedure. 
Eight samples of 50g each of dry biomass was put in a vessel and heated to the peak temperature of 400°C, 
500°C, 600°C and 700°C with a residence time of t = (peak temperature - 25)/15 + 60 minutes under the 
presence of 15 ml/min of nitrogen. The resulting products were biochar, pyrogas, and bio-oil. The products 
were sent to Eurofins Biofuel & Energy Testing Sweden AB for elemental analysis, for obtained data see 
Table 3. Due to the presence of sand in the beach-cast, the results contained an unnatural amount of ash. 
To resolve this issue, the experiments will be conducted once more after this thesis is done, including an 
extra step where the beach-cast seaweed is washed and separated from sand and ash. 700g of beach-cast 
seaweed will be mixed with 1.5 liters of deionized water and left to separate from ash and sand. The beach-
cast will then be dried once more before being ready for the pyrolysis process. For the sake of this study, 
the results of the first experiment were used to calculate new results on an ash-free basis that have been 
used as input data for the LCA model. Figure 5 shows the experimental setup for the pyrolysis process at 
KTH. 
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Figure 5. Experimental setup for the pyrolysis process at KTH (Yang et.al., 2020). 

 

2.3 LCA model  
To model the energy and carbon balances an LCA approach was taken. For guidance in the LCA approach, 
the “Life Cycle Assessment Student Handbook” by Mary Ann Curran has been consulted. The LCA follows 
the guidelines of ISO 14040-14044. Step one of the LCA approach is to define the goal and scope, followed 
by inventory collection, model building, impact assessment, and sensitivity analysis. The inventory has been 
collected through literature reviews of previous studies, personal communication provided by Jean-Baptiste 
Thomas, and information provided by a research group working on beach-cast seaweed at the KTH, for 
whom this thesis is written. The pyrolysis experiment results were provided by Weihong Yang, Yuming 
Wen, and Shule Wang. Some model input data differ from the factors received from the lab-scale 
experiments. The moisture content in the beach-cast seaweed was not measured and has been assumed 
using previous literature. Emission factors and energy inputs for specific processes have been gathered 
from the database EcoInvent. Once a complete inventory was achieved the LCA was modeled using 
Microsoft Excel resulting in an energy and a carbon balance from cradle-to-gate. Due to the relatively high 
amount of uncertainty and yearly variance in several input factors, a sensitivity and uncertainty analysis has 
been developed.    
 
The results are presented in two main scenarios with alternative methodologies presented for the carbon- 
and energy balances under each scenario. The two scenarios developed for this study are Scenario 1: 
Mechanical drying, and Scenario 2: Natural pre-drying. The Natural pre-drying scenario includes an extra 
step where the beach-cast is dried in the sun before being dried in a drying oven. The results are presented 
as a carbon balance and an energy balance taking emissions and energy consumption from secondary energy 
sources into account and disregarding material inputs. As a second approach, an LCA of the process from 
transport of equipment to beach for harvesting to biochar production (cradle-to-gate) is presented. The 
LCA method takes all energy inputs and emissions into account, including the production of materials. The 
third approach is based on the carbon balance from secondary energy sources but accounts for avoided 
emissions from the piling of beach-cast if it is not used for biochar production (which is the common status 
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quo in Gotland). Formulas for net carbon emissions, net energy output, carbon, and energy balance are 
presented below: 
 
Net carbon emissions = CO₂e emissions - (CO₂e biochar + CO₂e bio-oil + CO₂e pyrogas)    (1) 
 
Carbon balance: (CO₂e biochar + CO₂e bio-oil + CO₂e pyrogas) / CO₂e emissions    (2) 
 
Net energy output = Energy consumption (MJ) - (energy biochar (MJ) + energy bio-oil (MJ) + energy pyrogas (MJ)) (3) 
 
Energy balance (EROI): (energy biochar (MJ) + energy bio-oil (MJ) + energy pyrogas (MJ)) /energy consumption (MJ) (4) 
 

2.4 Study Site 
The biomass analyzed in this study originates from the island of Gotland, Sweden (57° 29' 59.99" N, 18° 
32' 59.99" E), see Figure 6. Species of algae included in this study are the red algae Furcellaria Lumbracilis 
and Polysiphonia-Ceramium, the brown algae Fucus Vesiculosis along with assorted species of seagrass 
such as Zostera Marina. 
 

  
Figure 6. Map of Gotland (Commons.wikimedia.org, 2020).  

 

2.5 Functional Unit 
The functional unit considered in this project is 1 kg of dry beach-cast seaweed. The functional unit refers 
to the amount of algae that is the calculation basis of the excel model. The impact of the LCA impact 
categories selected for this study represent carbon- and energy perspectives and are expressed in kg of CO₂ 
per kg of beach-cast and MJ of energy per kg of beach-cast. 
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2.6 System boundaries  
This LCA is a cradle-to-gate study, starting at the transport of harvesting equipment to the beach and ending 
when biochar is produced through pyrolysis at the biochar facility. The study has been limited to energy 
flows, the energy embodied in materials, and carbon dioxide equivalent emissions. For simplicity and time 
constraints, exergy is not considered in this study. For future research, an analysis of exergy could be of 
interest in order to evaluate the effectiveness of the pyrolysis process and to point out ineffectiveness in 
the production system (Tiara et al., 2019). 
 
Furthermore, only CO₂e emissions are considered while other emissions and toxics are excluded from this 
study. See Figure 7 for a flow chart and system boundaries of the study area. Char and biomass handling 
losses are not considered. The energy consumption of washing of the beach-cast is deemed negligible and 
has been excluded from the model. Energy and emissions from the production of grinding machinery are 
not considered in this study due to a lack of available data. For future research, an assessment of the 
economic, social, environmental, and ecosystem effects would provide valuable additional sustainability-
related perspectives.   
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Figure 7. Flow chart from cradle-to-gate.  

 
2.7 Limitations 
Due to COVID-19 related challenges occurring during the experimental phase of this thesis in early 2020, 
a large part of the resulting raw data obtained from pyrolysis experiments is incomplete. The high sand and 
gravel content in the biomass meant that characterization results showed abnormally high ash content. 
These results had to be recalculated into an ash-free basis as a new experiment was not possible within the 
time constraints.       
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3. Results 
This section presents the results of the carbon- and energy balances, along with data received from the lab 
experiments at KTH. The results of the inventory collection are presented as a background to the final 
results.  
 

3.1 Life Cycle Inventory 
The life cycle inventory is compiled based on a pilot research project at KTH and information on beach-
cast harvesting provided by personal communication between Jean-Baptiste Thomas, and Ulf Smedberg at 
Smedbergs Gård AB at Gotland. Smedbergs Gård AB is a company working with beach-cast removal from 
beaches at Gotland. Specific input data can be found in Appendix 1. Two main scenarios have been 
developed for this study: Scenario 1: Mechanical drying, and Scenario 2: Natural pre-drying. The Natural 
pre-drying scenario includes an extra step where the beach-cast is dried in the sun before being dried in a 
drying oven. The differences in the modeling approach are presented below. For a full list of input, factors 
see Appendix 1.  

3.1.1 Transport of Equipment to Beach  
The equipment needed for beach-cast harvesting is a tractor with a specially produced tractor fork for 
collecting the beach-cast. The materials needed to produce the tractor fork is steel and acrylic varnish. The 
tractor is assumed to start its trip from Smedbergs Gård AB in the middle of Gotland and travel to the 
coast and back again. It is estimated that the transport of equipment to the beach requires 8 to 22 liter of 
diesel and the same amount for transport back from the beach. The transport of equipment to the beach 
has been modeled in tonkm, assuming one tractor fork weighs 1 tonne. The data available in EcoInvent 
only allows for transport with goods one way and empty return back. Therefore, the return trip is calculated 
without the weight of the 1-tonne tractor fork. Due to the low impact of this in the model, it was deemed 
unnecessary to improve this factor.  

3.1.2 Beach-cast Harvesting 
The harvest work time at beaches for a tractor is on average 10 to 15 hours. This requires the consumption 
of 80-150 liters of diesel. The amount of diesel has been divided by the amount of beach-cast collected to 
give the amount of diesel required for the functional unit of 1 kg of dry beach-cast. The tractor is assumed 
to carry 1 tonne of forklift and 1 tonne of beach-cast while working at beaches. The data available in 
EcoInvent only allows for transport with goods one way and empty return back, therefore, the empty return 
is assumed to be the driving between different beaches and without the 1-tonne tractor fork. An average 
of 10 000 tonnes to 12 000 tonnes of beach-cast seaweed is collected by Smedbergs Gård AB annually. The 
beach-cast seaweed is harvested and transported to the biochar facility at Gotland.  

3.1.3 Transport of beach-cast to Biochar Facilities 
The beach-cast seaweed is transported by tractor to the biochar facility at Gotland. Since no such facility 
currently exists the transport is assumed to require the same amount of diesel as transport from Smedbergs 
Gård AB to the beaches. The emissions and energy required for the transport are calculated on the 
functional unit of one kg of dry beach-cast.  
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3.1.4 Natural drying 
To reduce the energy required for drying, the wet beach-cast is spread thinly on racks or wooden platforms 
to be dried naturally by the sun. In sunny and preferably windy conditions the moisture content can be 
reduced by 18% to 20% in one or two days, thus reducing the need for mechanical drying (FAO, n.d.). The 
beach-cast is spread by the tractor and the diesel consumption is assumed to be on average 15 liters per 
day.   

3.1.5 Drying and pyrolysis 

The energy required for the drying and pyrolysis process is calculated in a mass and energy balance and 
then used in the excel model to retrieve the emissions associated with the processes. The pyrolysis model 
takes into account energy to heat the biomass to 400°C, heat the water to 400°C and phase changes, 
enthalpy of pyrolysis, dissipation of energy through reactor walls and heat exchange between in and 
outgoing air. By utilizing the outcoming airflow to heat ingoing air, energy requirements for heating of air 
can be reduced. The emission factor required for the pyrolysis process is assumed to be from the Swedish 
energy mix, and emission factors for materials are gathered from the database EcoInvent. The inventory 
for materials used in the process is based on the materials used at the lab-scale experiments conducted at 
the KTH.  
 

3.1.6 Avoided emissions from piling of beach-cast  
Harvested beach-cast that is left to decompose in larger piles are a source of methane emissions. When 
biomass decomposes with a limited supply of oxygen, anaerobic decomposition takes place and methane is 
emitted from the biomass (Risén et al., 2017). The amount of methane emissions from piled beach-cast is 
yet to be determined in literature. In order to quantify the emissions in the present study, literature studies 
on methane yield from anaerobic digestion of macroalgae for biogas production have been consulted. 
Sutherland and Varela (2014), show that methane yields vary depending on the type of algae and that 
methane yields from brown algae often are higher than those from green algae (Sutherland and Varela, 
2014). A study on beach-cast seagrass wrack by Liu et al. (2019) suggest that the beach-cast wrack can be a 
significant source of GHG-emissions and point out that the relocation of the beach-cast wrack from wet 
conditions to dryer conditions can reduce the CO₂ emissions substantially (Liu et al., 2019).   
Methane yield from anaerobic digestion of macroalgae is found to range from 0.14 to 0.40 m3/kg, with an 
average of  0.2 m3 CH4 /kg (John Milledge and Patricia Harvey, 2018). However, these yields are obtained 
in optimized lab conditions, and it is extremely unlikely that pilled beach-cast would achieve this sort of 
methane yield in the field where the conditions would be both aerobic and anaerobic. As such it is assumed 
that only 10% of these yields could be achieved in practice. For methane emissions from piled beach-cast, 
therefore, the average value of 10% of 0.2 m3 CH4 /kg has been used for calculations.  
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3.2 Pyrolysis experimental results  
The pyrolysis experiment resulted in a maximum biochar yield of 42.54% with a gas yield of 24.4% and a 
32.75% liquid yield, see Table 1. The distribution of products varies greatly with the peak temperature. For 
biochar production the lower peak temperatures result in the highest biochar yield, indicating that 400°C is 
the most suitable peak temperature for the purpose of producing the most biochar.  
 
Table 1. Product distribution after pyrolysis process per temperature.  

Parameter 400 500 600 700 Unit 

Biochar yield 42.54 40.88 29.57 28.18 wt% ash free 

Gas yield 24.42 34.27 43.20 39.06 wt% ash free 

Light organic  4.18 2.80 3.86 4.69 wt% ash free 

Heavy organic 13.03 9.75 9.27 9.91 wt% ash free 

Reaction water 15.44 11.12 12.80 17.68 wt% ash free 

 

The energy in the dry beach-cast going into the pyrolysis process is 15.196 MJ/ kg dry beach-cast. This 
energy is divided between the products. Table 2 indicates that a peak temperature of 500 °C results in the 
highest energy content per kg of dry beach-cast. The highest energy content per kg of biochar is achieved 
at 700 °C, followed by 500 °C, 600 °C, and 400 °C.   
 
Table 2. Energy (MJ) bound in dry beach-cast and products per kg of dry beach-cast and per kg of produced biochar.   

   

Energy 

Parameter Unit 400 °C 500 °C 600 °C 700 °C 

Beach-cast  MJ/kg dry beach-cast  15.196 15.196 15.196 15.196 

Biochar MJ/kg dry beach-cast  10.592 13.360 8.179 10.911 

Liquid  MJ/kg dry beach-cast  3.394 5.391 7.076 5.851 

Gas MJ/kg dry beach-cast  3.043 1.448 2.113 2.879 

Biochar MJ/kg biochar  24.900 32.680 27.660 38.720 

Liquid  MJ/kg biochar  10.395 6.119 8.127 8.919 

Gas MJ/kg biochar  12.460 15.730 16.380 14.980 
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The carbon content in the biochar is the highest at a peak temperature of 700°C, followed by 500°C, see 
Table 3. Calculating the carbon bound per kg of dry beach-cast shows that a peak temperature of 500 °C is 
the most profitable, followed by 400 °C, 700 °C and last 600°C, since more carbon is bound in the biochar 
at 500 °C even though it does not have the highest biochar yield per kg.  
 
Table 3. Elemental analysis of algae and biochar, ash free per kg of biochar.  

Parameter Algae Biochar Unit 

  400°C 500°C 600°C 700°C  

Carbon 40.82 66.95 80.99 75.26 97.59 % wt 

Hydrogen 5.01 3.39 4.13 6.45 2.97 % wt 

Nitrogen 3.44 10.34 6.45 3.81 4.34 % wt 

Sulfur 1.65 3.01 2.97 3.40 4.89 % wt 

Oxygen 49.05 16.31 5.46 14.43 0 % wt 
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3.3 Results of modeling 
 
The results are presented as net carbon emissions and net energy output and analyzed as carbon- and energy 
balances. The indicators are broken down into emissions and energy consumption per production step. 
The emissions are represented as kg CO₂e per kg of dry beach-cast and the energy as MJ per kg of dry 
beach-cast. The study is conducted from cradle-to-gate. For the Main scenario, only secondary energy is 
considered while the LCA methodology considers all emissions and energy in the production process. The 
avoided emissions methodology is based on the Main scenario methodology but accounts for avoided 
emissions in the form of methane from the piling of beach-cast.  

3.3.1 Carbon performance 
 
Table 4. Summary of net emissions (kg CO₂e per kg of dry beach-cast) per temperature, methodology and scenario. Negative 
net emissions mean there is a carbon uptake and positive means that there is CO₂e emissions.  

  

Mechanical drying 

  

Natural pre-drying 

Temperature 
(°C) 

Net carbon 
emissions - 

Main 
scenario (kg 

CO₂e) 

Net carbon 
emissions - 

LCA (kg CO₂e) 

Net 
emissions 
accounting 
for avoided 

emissions (kg 
CO₂e) 

 Net carbon 
emissions - 

Main 
scenario (kg 

CO₂e) 

Net carbon 
emissions - 

LCA (kg CO₂e) 

Net 
emissions 
accounting 
for avoided 

emissions (kg 
CO₂e 

400 -0.059 0.58 -1.5  -0.13 0.51 -1.6 

500 -0.13 0.50 -1.5  -0.20 0.43 -1.6 

600 0.081 0.72 -1.5  0.011 0.65 -1.5 

700 -0.0024 0.63 -1.5  -0.072 0.56 -1.5 

 

 
Table 5. Summary of carbon balances per temperature, methodology and scenario. 1 represents the break-even point. Above 
1, there is more carbon uptake than emissions. 

  

Mechanical drying 

  

Natural pre-drying 

Temperature (°C) Carbon balance - 
Main scenario (kg 

CO₂e) 

Carbon balance - 
LCA (kg CO₂e) 

 Carbon balance - 
Main scenario (kg 

CO₂e) 

Carbon balance - 
LCA (kg CO₂e) 

400 1.1 0.48  1.3 0.51 

500 1.3 0.55  1.5 0.58 

600 0.84 0.36  0.97 0.39 

700 1005 0.44  1.2 0.47 
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The carbon balance compares emissions released during the life cycle of the biochar to the carbon bound 
in the pyrolysis products: biochar, liquids, and gas. The carbon balance for the Mechanical drying main 
scenario ranges between 0.84 to 1.3, meaning that the ratio of CO₂e output to CO₂e bound in the product 
is about the same, see Figure 8 and Table 5. The best ratio is achieved at a peak temperature of 500°C where 
30% more CO₂e is bound in the products than is released during the production. By comparing the carbon 
balance to the net carbon emissions for the scenario, it is clear that the net carbon emissions are positive 
for all peak temperatures except for 600°C, see Figure 9 and Table 4. 
 
The Natural pre-drying main scenario achieves a higher carbon balance rate than the Mechanical drying 
scenarios. Due to the natural pre-drying of the beach-cast, 18% to 20% of the moisture content can be 
reduced. This reduces the energy required in the mechanical drying and thus reduces the emissions in the 
Natural pre-drying scenario. As for the Mechanical drying scenario, the carbon balance results in values 
below 1 for the cradle-to-gate LCA approach. This means that more CO₂e is emitted during the production 
process than is bound in the products, see Table 5. Taking these results into account, production biochar 
to use as a CDR technology is not an option. However, this approach is not always considered in the 
decision-making process and the carbon balance from a secondary energy emission approach might be 
considered in its place. Below is a comparison of the carbon balance for the three different methodologies, 
see Figure 8.    
 
The carbon balances show that the most profitable scenario in terms of emissions bound to output 
emissions is the Natural pre-drying Main scenario at 500°C, binding 50% more CO₂e than is emitted and 
achieving a carbon balance of 1.5. If the full harvesting potential of Gotland was utilized, 1 600 tonne CO₂e 
could potentially be removed from the atmosphere per year.   
 

 
Figure 8. Carbon balance per methodology, scenario and peak temperature. The dotted line represents the break-even point. 

Above 1, there is more carbon uptake than emissions. 
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Figure 9. Net carbon emissions (kg CO₂e per kg of dry beach-cast) and per methodology, scenario and peak temperature. 
The bars above 0 represent emissions and the bars below 0 represent carbon uptake and avoided emissions. The black lines 

represent the net carbon emissions. Beneath 0, there is more carbon uptake than emissions. 
 

By taking avoided emissions into account, a third net carbon emission value has been calculated, see Figure 
9. This does not only account for carbon bound in pyrolysis products, but also the methane emissions that 
would have been emitted if the beach-cast had been left to decompose in heaps at the beach (which is the 
common status quo in Gotland) or in a landfill. The emissions from piled beach-cast are assumed to be 
about 5% to 30% of the methane yield in a reactor where an average of 0.2 m3/kg wet beach-cast has been 
selected for this study (Milledge and Harvey, 2018). By moving the beach-cast to the biochar production 
facilities after harvesting and producing biochar, the beach-cast does not have time to start producing 
methane and the emissions are avoided. Since methane is a very potent greenhouse gas and the possible 
methane emissions from decomposing piled beach-cast are larger than any other emission factor in the 
production process, this has a huge impact on the net carbon emissions. By accounting for avoided 
emissions, a net carbon emission value of -1.5 kg CO₂e per kg of dry beach-cast is achieved for the 
Mechanical drying scenario, and -1.6 kg CO₂e per kg of dry beach-cast for the Natural pre-drying scenario.  
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3.3.2 Hotspot analysis  
 

 

Figure 10. Emissions (kg CO₂e per kg of dry beach-cast) and per production step, methodology and scenario.  

 
The hotspot analysis of the production phases shows the impact of each step of the supply chain. The 
emissions are by far the greatest from the pyrolysis process, followed by the drying process, see Figure 10 
and Table 6. The only change in emissions for the different temperatures is at the pyrolysis process due to 
the difference in energy required to heat the biomass to the four peak temperatures. The results indicate 
that higher pyrolysis temperatures result in higher emissions. The emissions from the Natural pre-drying 
scenario are noticeably lower at the drying process than the emissions in the Mechanical drying scenario. 
The difference is mainly a result of lower mechanical drying cost when the beach-cast is partially dried in 
the sun.    
 
Due to the inclusion of primary energy and energy bound in materials, a much larger amount of emissions 
is presented for the LCA methodology. The greatest difference is seen in the drying and pyrolysis processes, 
where emissions from the construction of a drier and a furnace are included, along with other materials 
used for the pyrolysis process. However, in the LCA methodology, only about 20% of the emissions are 
from electricity consumption while the rest is mainly from acetone production. Acetone is used to dissolve 
and collect the liquid product from the pyrolysis process and the acetone production accounts for nearly 
80% of all emissions from the pyrolysis process.  
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Table 6. Greenhouse gas emissions (kg CO₂e per kg of dry beach-cast) from production of biochar by temperature, 
methodology and scenario.   

    

Mechanical drying 

 

Natural pre-drying 

Parameter Unit Temperature 
(°C) 

Emissions - 
Main scenario 

(kg CO₂e) 
 

Emissions - LCA 
(kg CO₂e) 

Emissions - 
Main scenario 

(kg CO₂e) 
 

Emissions - LCA 
(kg CO₂e) 

Transport of 
equipment to beach  

Tonnes CO₂e/kg 
dry beach-cast  

400-700 0.0047 0.0047 0.0047 0.0047 

beach-cast 
harvesting 

Tonnes CO₂e/kg 
dry beach-cast  

400-700 0.072 0.072 0.072 0.072 

Transport of beach-
cast to biochar 
facility 

Tonnes CO₂e/kg 
dry beach-cast  

400-700 0.036 0.036 0.036 0.036 

Spreading of beach-
cast for pre-drying 

Tonnes CO₂e/kg 
dry beach-cast  

400-700 - - 0.0047 0.0047 

Drying Tonnes CO₂e/kg 
dry beach-cast  

400-700 0.13 0.13 0.054 0.054 

Grinding Tonnes CO₂e/kg 
dry beach-cast  

400-700 0.0092 0.0092 0.0092 0.0092 

Pyrolysis Tonnes CO₂e/kg 
dry beach-cast  

400 0.22 0.85 0.22 0.85 

Pyrolysis Tonnes CO₂e/kg 
dry beach-cast  

500 0.23 0.86 0.23 0.86 

Pyrolysis Tonnes CO₂e/kg 
dry beach-cast  

600 0.24 0.87 0.24 0.87 

Pyrolysis Tonnes CO₂e/kg 
dry beach-cast  

700 0.25 0.88 0.25 0.89 

 

Total Tonnes 
CO₂e/kg dry 
beach-cast  

400 0.46 1.1 0.39 1.03 

Total Tonnes 
CO₂e/kg dry 
beach-cast  

500 0.48 1.1 0.41 1.04 

Total Tonnes 
CO₂e/kg dry 
beach-cast  

600 0.49 1.1 0.42 1.05 

Total Tonnes 
CO₂e/kg dry 
beach-cast  

700 0.50 1.1 0.43 1.07 
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3.3.3 Energy performance 
 
Table 7. Summary of net energy output (MJ per kg of dry beach-cast) per temperature, methodology and scenario. Negative 
net outputs mean there is more energy bound in the products than consumed during the production process. 

  

Mechanical drying 

  

Natural pre-drying 

Temperature (°C) Net energy output 
- Main scenario 

(MJ) 

Net energy output 
- LCA (MJ) 

 Net energy output 
- Main scenario 

(MJ) 

Net energy output 
- LCA (MJ) 

400 -12 -11  -13 -12 

500 -15 -14  -16 15 

600 -12 -11  -13 -12 

700 -14 -13  -15 -14 

 

Table 8. Summary of energy balance per temperature, methodology and scenario. 1 represents the break-even point. Above 1, 
there is more energy bound in the products than consumed during the production process. The law of minimum EROI 
suggested by Hall et al. (2009) that states that biofuels should achieve a minimum EROI of 3:1 to be considered as 
commercially viable and contributing to fossil fuel substitution, and thus to merit further pursuit (Charles Hall et al., 2009).  

  

Mechanical drying 

  

Natural pre-drying 

Temperature (°C) Energy balance - 
Main scenario 

(MJ) 

Energy balance - 
LCA (MJ) 

 Energy balance - 
Main scenario 

(MJ) 

Energy balance - 
LCA (MJ) 

400 3.2 2.7  4 3.2 

500 3.6 3.1  4.5 3.7 

600 3 2.6  3.7 3.1 

700 3.3 2.9  4 3.4 

 

The energy balance compares energy consumed during the cradle-to-gate life cycle of the biochar to the 
energy bound in the pyrolysis products: biochar, liquids, and gas. The results show values ranging from 3 
to 3.6 for the Mechanical drying main scenario and 3.7 to 4.5 for the Natural pre-drying scenario, see Figure 
11. This indicates that 3 to 4 times more energy is bound in the products than is released during the 
production process, something that is validated by the net energy output results in Table 8 and Figure 12. 
The energy balance or energy return on investment ratio (EROI) is a ratio that represents the amount of 
usable energy obtained from a certain amount of invested energy. The law of minimum EROI by Hall et 
al. (2009) suggests that biofuels should achieve a minimum EROI of 3:1 to be considered commercially 
viable and contributing to fossil fuel substitution, and thus to merit further pursuit (Charles Hall et al., 
2009). Both of the scenarios achieve values over the acceptable ratio for all the peak temperatures.  
 
A second scenario was performed using the LCA methodology where all the energy consumption from the 
product's life cycle (cradle-to-gate) is included, taking primary energy and energy bound in products into 
account as well as secondary energy. The cradle-to-gate LCA approach gives a more complete picture of 
the energy required to produce the biochar across the life cycle of the inputs required for production. The 
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energy balance derived from the LCA approach show results below 3 for all peak temperatures in the 
Mechanical drying scenario except for 500°C where the EROI is 3.1. The Natural pre-drying scenario 
achieves values above 3, although lower than the results in the Main scenario. The reason the Natural pre-
drying scenario performs better is, just as in the case of the carbon balance, due to the reduced energy 
required for the drying process. Below is a comparison of the energy balance for the two different 
methodologies, see Figure 11. 
 

 
Figure 11. Energy balance per methodology, scenario and peak temperature. The dotted line at 1 represents the break-even 

point. Above 1, there is more energy bound in the product than consumed during the production process. The dotted line at 3 
represent the law of minimum EROI suggested by Hall et al. (2009) that states that biofuels should achieve a minimum 
EROI of 3:1 to be considered as commercially viable and contributing to fossil fuel substitution, and thus to merit further 

pursuit (Hall et al., 2009).   
 
 

 

 
Figure 12. Net energy output (MJ per kg of dry beach-cast) and per methodology, scenario and peak temperature. The bars 
above 0 represent energy bound in products and the bars below 0 represent consumed energy. The black lines represent the 
energy output or consumption. Above 0, there is more energy in the products than consumed during the production process.  
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3.3.4 Hotspot analysis 
 

 
Figure 13. Energy consumption (MJ per kg of dry beach-cast) per production step.  

 

The most energy is consumed at the pyrolysis process, followed by the drying process, reflecting the same 
pattern as for carbon emissions. Figure 13 shows the energy consumption rising with a rising peak 
temperature since more energy is needed to heat up the biomass to a higher temperature. There is no 
difference in energy consumption at the pyrolysis process between the scenarios, but due to the beach-cast 
being pre-dried in the sun with minimal energy output and entering the mechanical drying step with less 
moisture content, the energy required to dry the beach-cast in the Natural pre-drying scenario is less than 
half the energy required in the Mechanical drying scenario. This results in the total energy consumption of 
5.369 to 5.930 MJ for the Mechanical drying scenario and 4.210 to 4.971 MJ for the Natural pre-drying 
scenario.   
 
The LCA approach considers the production of materials and thus show results with more energy required 
per kg of dry beach-cast. The increase is the greatest at the drying and pyrolysis processes where many 
materials are utilized. For the pyrolysis process, materials such as zipper bags, glass bottles, rubber tubes, 
gasbags, nitrogen gas, acetone, etc. are included, see Appendix 1. The electricity necessary to produce the 
zipper bags together with the acetone production are some of the greatest contributors to the material 
energy consumption. Since the inventory of materials used for the pyrolysis process is retrieved from the 
lab-scale experiments at KTH, these factors might vary at an industrial scale. The production of a furnace 
and a drying oven are also included in the LCA approach and contribute to a large part of the energy 
requirements. See Table 9 for energy consumption per production step and Appendix 1 for a full inventory 
of input data.  
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Table 9. Energy consumption (MJ per kg of dry beach-cast) from production of biochar by temperature, methodology and 
scenario.   

    

Mechanical drying 

 

Natural pre-drying 

Parameter Unit Temperature 
°C 

Energy 
consumption - 
Main scenario   

(MJ) 

Energy 
consumption  - 

LCA (MJ) 

Energy 
consumption - 
Main scenario   

(MJ) 

Energy 
consumption  - 

LCA (MJ) 

Transport of 
equipment to beach  

MJ/kg dry beach-
cast  

400-700 0.014 0.015 0.014 0.15 

beach-cast 
harvesting 

MJ/kg dry beach-
cast  

400-700 0.22 0.22 0.22 0.22 

Transport of beach-
cast to biochar 

facility 

MJ/kg dry beach-
cast  

400-700 0.11 0.11 0.11 0.11 

Spreading of beach-
cast for pre-drying 

MJ/kg dry beach-
cast  

400-700 - - 0.014 0.015 

Drying MJ/kg dry beach-
cast  

400-700 1.8 1.99 0.74 0.91 

Grinding MJ/kg dry beach-
cast  

400-700 0.13 0.13 0.13 0.13 

Pyrolysis MJ/kg dry beach-
cast  

400 3.1 3.9 3.08 3.9 

Pyrolysis MJ/kg dry beach-
cast  

500 3.3 4.04 3.3 4.04 

Pyrolysis MJ/kg dry beach-
cast  

600 3.5 4.2 3.5 4.2 

Pyrolysis MJ/kg dry beach-
cast  

700 3.6 4.4 3.6 4.4 

Total Tonnes 
CO₂e/kg dry 

beach-cast  

400 5.4 6.3 4.2 5.3 

Total Tonnes 
CO₂e/kg dry 

beach-cast  

500 5.6 6.5 4.5 5.4 

Total Tonnes 
CO₂e/kg dry 

beach-cast  

600 5.7 6.7 4.7 5.6 

Total Tonnes 
CO₂e/kg dry 

beach-cast  

700 5.9 6.9 4.0 5.8 
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3.4 Sensitivity and uncertainty analysis 
 
For the results to be considered reliable as a tool for decision-making, the robustness of the results needs 
to be evaluated.  For this study, a combined sensitivity and uncertainty analysis were conducted to highlight 
the fluctuations in data and show the variation in final results due to these factors. The factors chosen for 
analysis are presented in Table 10.  
  
Table 10. Sensitivity and uncertainty factors. The table contains plausible ranges for key parameters considered to be 
uncertain in the model. “Negative - lowest impact” represents a best-case scenario for the input factors that would minimize 
emissions and energy consumption while “Positive - highest impact” represents the worst-case scenario for the input factors 
that would maximize emissions and energy consumption.   

Parameter  Unit Negative - 
lowest impact 

Main Positive - 
highest 
impact 

Comment on reliability 
of factor 

Transport of 
equipment to 
beach  

Tractor - fuel 
consumption 

liters per day 7.5 15 22.5 Indata for transport was given 
as a range depending on 
distance to beach and might 
vary accordingly. If the full 
harvest potential was utilised, 
this value might be higher.   

 Tractor - life 
expectancy 

hours 700 1000 1300  

 Load fork - life 
expectancy 

hours 4900 7000 9100  

Beach-cast 
harvesting 

Tractor - fuel 
consumption 

liters per day, 
harvesting an 
average of 1500 
tonnes of beach-
cast 

80 115 150 Indata for transport was given 
as a range depending on 
distance to beach and might 
vary accordingly. If the full 
harvest potential was utilised, 
this value might be higher.   

 Storage Methane 
emissions 

m3/kg beach-cast  0.01 0.02 0.06 The value is highly uncertain 
but only used as an extra 
scenario because of the situation 
at Gotland. 

Transport of 
beach-cast to 
biochar facility 

Tractor - fuel 
consumption 

liters per day 40 57.5 75 Indata for transport was given 
as a range depending on 
distance to beach and might 
vary accordingly. If the full 
harvest potential was utilised, 
this value might be higher.   

Drying Glass beaker - 
life expectancy  

nr of uses 1500 1000 500  

 Gas bag - life 
expectancy  

nr of uses 150 100 50  

 Condenser - life 
expectancy 

nr of uses 1500 1000 500  

 Gas washing 
bottle - life 
expectancy 

nr of uses 1500 1000 500  

Pyrolysis - 
Mechanical 
drying scenario 

Moisture content  % 55 74 93 Moisture content is a highly 
uncertain factor that varies 
depending on how long the 
beach-cast has been ashore. The 
value has a high impact on the 
results.  
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  Specific drying 
coefficient  

MJ/kg water 0.45 0.665 0.88  

 Carbon stability 
rate 

% 80 50 25 The value has a high impact on 
the results. The data is assumed 
from literature and has not been 
measured for this case.   

Spreading of 
beach-cast for 
natural drying - 
Natural pre-
drying scenario 

Tractor - fuel 
consumption 

liters per day, 
spreading an 
average of 1500 
tonnes of beach-
cast 

7.5 15 22.5 This value is assumed to be 
similar to the value for 
transport of equipment at 
beaches but might vary. It does 
however not affect the results 
greatly.   

Pyrolysis - 
Natural pre-
drying scenario 

Natural drying  % 18 19 20  

 Moisture content  % 37 55 73 Moisture content is a highly 
uncertain factor that varies 
depending on how long the 
beach-cast has been ashore. The 
value has a high impact on the 
results.  

 
 
The carbon balance shows a high fluctuation in results within the sensitivity and uncertainty analysis. The 
Mechanical drying scenario has an uncertainty of 134% to 144% positive direction and 84% to 85% negative 
direction with the methodology accounting for consumed energy and 86% to 87% positive direction and 
74% to 75% negative direction with the LCA methodology, see Figure 14. The Natural pre-drying scenario 
has an uncertainty of 113% to 120% positive direction and 78% to 79% negative direction with the 
methodology accounting for consumed energy and 78% to 79% positive direction and 67% negative 
direction with the LCA methodology. The difference in results is mainly due to moisture content, specific 
drying coefficient, and carbon stability rate. The moisture content of beach-cast is highly uncertain and can 
vary from 55 to 93%, and the carbon balance is sensitive to changes in this factor as it affects the energy 
required for drying to a great extent.  
 
For the Natural pre-dying scenario, the results are still very sensitive to a change in moisture content but 
because of the natural drying, the moisture content will be lower. The carbon stability rate affects how 
much carbon will be still bound in the biochar in 100 years. Changing the stability rate between 25% to 
80% greatly affects the results of the model and is one of the factors most sensitive to the model. Figure 
15 shows the uncertainty in emissions per production phase. Due to variations in harvesting distance and 
therefore diesel consumption, the emissions at beach-cast harvesting are one of the greater uncertainties. 
As mentioned, the greatest drying is one of the most uncertain factors in the model, see Figure 15.  
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Figure 14. Uncertainty in carbon balance per methodology, scenario and peak temperature. The dotted line represents the 

break-even point. Above 1, there is more carbon uptake than emissions. The vertical lines represent the plausible range of the 
carbon balance based on the range of key input factors in Table 10.  

  
 

 
Figure 15. Uncertainty in emissions (kg CO₂e per kg of dry beach-cast) per peak temperature, scenario and methodology. 

The vertical lines represent the plausible range of emissions for each production step based on the range of key input factors in 
Table 10.  

 
Furthermore, the avoided emissions presented in Figure 16 shows avoided emissions from decomposing 
beach-cast. Beach-cast decomposes when it is piled up on beaches, producing methane emissions under 
anaerobic conditions inside the piles. Several methodological approaches were available to represent these 
emissions, and in the present study, the avoided production of methane emissions was selected because the 
present value chain proposes to utilize the biomass immediately after harvest, thus avoiding emissions from 
piling. The amount of CO₂e emissions produced from piles, however, has not been studied, and highly 
uncertain assumptions had to be made. According to Milledge and Harvey (2018), the methane production 
potential varies between 0.14 to 0.4 m3/kg wet beach-cast with an average of 0.2 m3/kg wet beach-cast. 
However, these yields are obtained in optimized lab conditions, and it is extremely unlikely that pilled beach-
cast would achieve this sort of methane yield in the field where the conditions would be both aerobic and 
anaerobic. As such it is assumed that only 10% of these yields could be achieved in practice. For methane 
emissions from piled beach-cast, therefore, the average value of 10% of 0.2 m3 CH4 /kg has been used for 
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calculations with a variance between 5% to 30%. Figure 16 shows the possible range of avoided emissions 
calculated in this study. If avoided emissions are taken into consideration for the carbon balance, the impact 
is huge. Up to 15 kg of CO₂e emissions could be avoided which is 7 times the emissions emitted in the 
worst-case scenario presented in this study (maximum total emissions from the Main mechanical drying 
scenario at 700°C).    
 

 
 

Figure 16. Uncertainty in avoided emissions (kg CO₂e per kg of dry beach-cast). The vertical line represents the plausible 
range of avoided emissions based on the range of key input factors in Table 10.  

 
For the energy balance, the sensitivity and uncertainty analysis show fluctuations of 34% to 39%positive 
and 64% to 67% negative for the Mechanical drying scenario with the methodology accounting for 
consumed energy and 28% to 32% positive direction and 61% to 63% negative direction with the LCA 
methodology, see Figure 17. This indicates that there is a possibility of slightly improved energy balance or 
a substantially worse energy balance meaning that more energy would be required for the production 
process. The uncertainty in the energy balance is a direct effect of uncertainty in energy consumption, see 
Figure 18. The factor with the most uncertainty and that is the most sensitive to change is the drying of 
beach-cast. The amount of energy required and thus the amount of emissions vary greatly depending on 
changes in moisture content and specific drying coefficient. Since the moisture content might differ 
between 55 to 93% depending on how long the seaweed has been ashore and had time to dry, this is a very 
uncertain factor that also is hard to control unless the beach-cast is intentionally dried naturally by the sun 
before being mechanically dried, and affects the energy required for drying (FAO, n.d.). The specific drying 
coefficient for an industrial superheat steam dryers’ range between 0.45 to 0.88 MJ/kg of water, which also 
impacts the resulting energy required for drying and the emissions from the process.  
 
The Natural pre-drying scenario is less sensitive to changes in moisture content with an energy balance that 
show fluctuations of 18% to 21% positive direction and 37% to 40% negative direction with the 
methodology accounting for consumed energy and 15% to 16% positive direction and 33% to 35% negative 
direction with the LCA methodology. The higher uncertainty in the Mechanical drying scenario is mainly 
due to the moisture content and the presence of natural drying in the Natural pre-drying scenario that 
affects the energy consumption for drying the beach-cast.  
 
The beach-cast harvesting and the transport of beach-cast to biochar facilities are also points of uncertainty 
in the results, see Figure 18. The amount of diesel for harvesting and transport of beach-cast varies 
depending on the distance to different beaches. In this model, the uncertainty is set to ± 30% based on the 
variance in data from Smedberg, U. (2018). The lifetime of the equipment is also considered, and data is 
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taken from EcoInvent. However, the lifetime estimation of a tractor might be underestimated compared 
to information given by from Smedberg, U. (2018).     
 
 

 
Figure 17. Uncertainty in energy balance per methodology, scenario and peak temperature. The dotted line at 1 represents 

the break-even point. Above 1, there is more energy bound in the product than consumed during the production process. The 
dotted line at 3 represent the law of minimum EROI suggested by Hall et al. (2009) that states that biofuels should achieve 

a minimum EROI of 3:1 to be considered as commercially viable and contributing to fossil fuel substitution, and thus to 
merit further pursuit (Charles Hall et al., 2009). The vertical lines represent the plausible range of the energy balance based 

on the range of key input factors in Table 10.  
 

 
Figure 18. Uncertainty in energy consumption (MJ per kg of dry beach-cast) per peak temperature, scenario and 

methodology. The vertical lines represents the plausible range of energy consumption for each production step based on the 
range of key input factors in Table 10.  
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4. Discussion 
 
A key take-away message from this study is that there are many ways of calculating energy- and carbon 
balances, and the results can be quite different depending on the chosen methodology.  If an LCA approach 
is considered, the energy consumption and CO₂e emissions are much greater than if only emissions and 
energy consumption from secondary energy sources such as electricity are considered.  However, this 
approach is not always considered in the decision-making process but can shed light on the differences in 
results depending on modeling methodology. In certain cases, it might make sense to take avoided 
emissions into account as well. A study on beach-cast seagrass wrack by Liu et al. (2019) suggest that the 
beach-cast wrack can be a significant source of GHG-emissions and points out that the relocation of the 
beach-cast wrack from wet conditions to dryer conditions can reduce the CO₂ emissions substantially (Liu 
et al., 2019). The emission from piled beach-cast is an extreme source of uncertainty in this study that needs 
to be further researched through field studies to shed light on the emissions from piling. What is clear is 
that beach-cast should be moved from the shoreline to dryer conditions and piling should be avoided in 
order to minimize GHG-emissions. Since common practice at Gotland is to pile the beach-cast when 
removing it from popular beaches around the island, utilizing the beach-cast could reduce emissions 
substantially. The biochar would also be a local product that could be utilized or exported. Further 
economic analysis is needed to explore the viability of businesses developing around this opportunity. One 
potential local use that has been identified is for the biochar to be used at the cement factory north of Visby 
as a replacement for coal. If the biochar is used as a fuel, avoided emissions from the replacement of fossil 
fuels could also be accounted for in the study. It is, however, important to point out that if the biochar is 
used as a fuel, the carbon that is bound in the product will be released into the atmosphere in the form of 
CO₂e and will not be used for carbon sequestration. To utilize it as a carbon capture technology, the biochar 
could either be buried underground or used in agriculture.   
 
Although the harvesting potential at Gotland is uncertain, studies by Berglund (2010) suggest that 10% of 
the 973 km long coastal line of Gotland has sand and gravel properties suitable to be harvested (Dessle, 
2017). This is a potential harvesting area of about 100 km, compared to the current harvesting area of 15 
km of beaches (Dessle, 2017; Weber-Qvarfort, 2016). This scenario could potentially result in a carbon 
sequestration opportunity of 1 600 tonnes CO₂e on Gotland alone, utilizing the full harvesting potential of 
the island. These calculations are based on a Natural pre-drying scenario using the methodology accounting 
for consumed secondary energy.  It is reasonable to believe that the scaling of production to reach a 
commercial level would not impact the results substantially. According to Hammond et al. (2011), the 
results would change linearly and there would thus be no economy of scale for emissions or energy 
consumption. In previous literature, the carbon stability rate has been assumed to 68% or in some cases 
even 80% if calculated for a 100-year timeframe (Hammond et al., 2011). Assuming a higher carbon stability 
rate (80%) along with more optimistic values in the model, the carbon sequestration rate would rise to 77 
440 tonnes CO₂e per year for a Natural pre-drying scenario for Gotland alone.  
 
A life cycle assessment by Hammond et al. (2011) of slow pyrolysis biochar systems in the UK, assessed 
the carbon abatement properties of ten feedstocks. The study found that carbon abatement of 0.7 to 1.3 
tonnes CO₂e per tonne of dry feedstock could be achieved, depending on the feedstock and the scale of 
the pyrolysis biochar system. The study assumed a carbon stability factor of 68% on a 100-year timeframe. 
For the pyrolysis of forestry residue, the study accounted for avoided methane emissions from 
decomposition and resulted in a carbon abatement of 1.1 to 1.3 tonnes CO₂e per tonne of dry feedstock. 
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According to the study conducted in this paper, beach-cast seaweed has a possible carbon abatement of 1.5 
tonnes CO₂e per tonne of dry feedstock when avoided emissions are taken into account, making it a better 
source of carbon abatement than the biomass studied by Hammond et al. (2011). It is however hard to 
compare the results of Hammond et al. (2011) with the study conducted in this paper since differences in 
methodology can make a huge difference in the results. If the carbon abatement of beach-cast seaweed is 
assessed in a cradle-to-gate LCA methodology the results instead show that more CO₂e is emitted than 
bound in the products and that there is no carbon abatement.     
 
Regardless of the methodology chosen, the introduction of natural drying as a step prior to mechanical 
drying shows reductions in energy consumption and CO₂e emissions. By using natural drying in the sun 
the moisture content of the beach-cast can decrease by 18% to 20% with minimal emissions and energy 
consumption, reducing drying cost for the mechanical drying oven (FAO, n.d.). The carbon balance for the 
Natural pre-drying scenario reached values between 0.97 to 1.5 if only secondary energy was accounted for 
and 0.39 to 0.58 if the LCA methodology including primary energy and embodied energy was used. 
Compared to a scenario using only mechanical drying, where the results of the carbon balance were 1.005 
to 1.3 and 0.36 to 0.55 for the secondary energy and LCA methodology respectively, the results are more 
promising when natural drying is introduced. The break-even point for the carbon balance is at 1, where 
the same amount of CO₂e is emitted in the production process as is bound in the products, biochar, liquid, 
and gas. All scenarios reaching a value above 1 are binding more CO₂e than is emitted and could in theory 
be used for carbon sequestration. This is the case for all peak temperatures for the scenarios accounting for 
secondary energy, but never the case for the LCA methodology. This is mainly due to the emissions from 
producing materials that are needed, mainly for the drying and pyrolysis processes but also for the beach-
cast harvesting and transportation.  
 
In common for all the methodologies and scenarios is that a peak temperature of 500°C yielded the highest 
carbon balances, followed by 400°C, 700°C and last 600°C. The difference in emissions depends mainly on 
the pyrolysis process. As concluded in previous studies, a lower peak temperature resulted in a higher yield 
of biochar. But when it comes to energy content, 500°C is the pyrolysis peak temperature that achieved the 
highest energy content per kg of dry beach-cast. The results of the energy balance indicate that a peak 
temperature of 500°C is the most suitable for producing biochar with a high energy content out of the peak 
temperatures tested in this experiment. The energy balance with the best result was achieved in the Natural 
pre-drying scenario at a peak temperature of 500°C, at a value of 4.5 (meaning that for each unit of energy 
consumed, 4.5 units of energy are bound in the product). If an LCA approach is taken, the best result is 
still achieved for the same scenario and peak temperature, but at a value of 3.7. As opposed to the carbon 
balance results, however, both the methodologies used for the energy balance manage to achieve values 
above the 3:1 ratio that is required for the product to be viable for commercial fuel production and worth 
pursuing.  
   
Some studies have shown, however, that cadmium content of beach-cast could be problematic for some 
end-uses of beach-cast, though Franzén et al. (2019) points out that the beach-cast from their study was 
suitable for use as a biofertilizer. However, cadmium is known to volatilize during pyrolysis at higher 
temperatures, so depending on the intended use of the biochar and cadmium content in the biomass and 
final product, higher temperatures should also be explored in further research.   
 
The analysis of the products shows that the majority of the energy is bound in char and liquid, while only 
a smaller part is bound in the gas. The main energy consumer is the energy required to drive the pyrolysis 
process. Since beach-cast typically has a high moisture content, the energy required to dry the wet beach-
cast and to evaporate excess water is another great energy consumer. The value used for moisture content 
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in this LCA is 73.9% for the Mechanical drying scenario and 55% for the Natural pre-drying scenario. The 
sensitivity analysis, however, shows a great variation in the energy required since the moisture content of 
harvested beach-cast may vary between 54.9% to 92.8% (Franzén et al., 2019). The potentially high moisture 
content of beach-cast is a disadvantage compared to other feedstock since the energy required for drying is 
much higher. By using natural drying in the sun the moisture content can decrease by 18% to 20%, making 
beach-cast more competitive as a source for biochar production (FAO, n.d.).  
 
The results of the hotspot analysis show that the pyrolysis process, followed by the drying process, is the 
most energy-consuming and the part with the most emissions, indicating that optimization efforts should 
be focused on these areas. Since beach-cast is a feedstock with high moisture content, producing it using 
hydrothermal carbonization (HTC) instead of pyrolysis might be more productive. HTC takes place in 
water at lower temperatures (180 to 260 °C) and, unlike conventional pyrolysis, HTC does not require any 
drying prior to pyrolysis and could, therefore, be more suitable to wet biomass (Yu et al., 2017). 
Unfortunately, KTH lacks the equipment necessary to conduct these experiments using HTC, and the 
biochar had to be produced through pyrolysis. For future research, a study on algal biochar produced from 
HTC would shed more light on the possibilities of using beach-cast seaweed for biochar production.    
 
The results from the experiments show that the pyrolysis process of beach-cast at 500°C results in 40.88% 
biochar, 22.67% liquids, and 34.27% gas. Comparing the results of the biochar production with previous 
studies confirms the results. Yu et al. (2017) present the resulting biochar yield from macroalgae to be in 
the range of 8.1 to 62.4%, while the results of this experiment showed a biochar yield between 28.18% to 
42.54%. The HHV of macroalgae in this study was determined to be 15.196 MJ/kg, in the higher part of 
the range reported by Yu et al. (2017) as 5.2–21.2 MJ/kg. The HHV of algal biochar, due to its lower carbon 
content and higher ash content, is generally lower than that of lignocellulosic biochar that may exceed 30 
MJ/kg (Yu et al., 2017). While this is likely to contribute to the lower carbon content and higher ash content 
in algal biomass, the high nutrient content makes it suitable for agricultural use, see Table 3. To optimize 
for biochar production, lower pyrolysis temperatures, increased treatment time, and a low heating rate is 
preferable. In this study, liquid and gas products made up 57.1% to 71.34% of the products. Due to the 
difficulty in storing or compressing gas, it will likely be burnt on-site to produce heat. The liquid has the 
potential to be refined and used in other applications. It could for example be used in conventional internal 
combustion engines instead of fossil fuel (Hossain and Davies, 2013).  
 
A problem in the production of biochar from beach-cast macroalgae is that sand sticks to wet beach-cast 
and is collected with the algae when harvesting occurs at beaches. If the sand content is high it will lead to 
inefficiencies in the pyrolysis process and require more energy to heat the biomass than necessary. It also 
includes extra transport costs of material that will not be useful for the production of biochar (Yohannes, 
2015). To avoid this, an extra washing step in the process is necessary to remove unwanted sand and dirt 
from the biomass. Another option could be to collect the algae with boats and nets before it reaches the 
shore, and thus avoid washing costs. This would need to be studied further to determine the most optimal 
solution.  
 
The use of feedstock that might otherwise be considered a waste product is a step towards a circular 
economy and part of reaching several of the sustainable development goals (SDGs). By making use of waste 
products instead of e.g. wood for biochar production, deforestation could also be reduced. Using beach-
cast for biochar production also has an advantage to other forms of biomass since it is extremely land-use 
efficient and does not require any land for production (Hammond et al., 2011). If used in agriculture or as 
a method for carbon sequestration it directly impacts SGD 13: Climate Action. 
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5. Conclusion  
 
This study provided support to the potential of utilizing beach-cast biochar as a source for carbon 
sequestration. In a time when climate change increases global seaweed production, the production of 
biochar could be a viable option to remove unwanted beach-cast while also offsetting carbon emissions. 
By using natural drying as the first step in the drying procedure and producing biochar at a peak temperature 
of 500°C, Gotland alone has the potential to offset 1600 tonnes of CO₂e annually. Additionally, with EROI 
values up to 4.5 algae biochar has the potential to be used as a fuel for the local industry or to possibly be 
exported. For the pyrolysis process, it is clear that a peak temperature of 500°C is to be preferred. The 
results of the hotspot analysis show that the pyrolysis process, followed by the drying process, are the most 
energy-consuming and the process with the most emissions, indicating that optimization efforts should be 
focused on these areas.    
 
However, it is important to bear in mind that the results differ greatly with the methodology and project 
boundaries chosen. Depending on if energy embodied in materials is accounted for, or if avoided emissions 
are included in the study, the results and the conclusion differ greatly. This is a “cradle-to-gate” study and 
additional value would be added by extending the LCA to cover “cradle to grave” and include the utilization 
of pyrolysis products and waste management. Furthermore, the production of biochar by HTC might be 
better suited to beach-cast seaweed as aquatic biomass and the method would be interesting for future 
studies.   
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Appendix 
 

Appendix 1. The table contains all input parameters used in the excel model.    

Parameter  Life 
expectancy 

Amount per 
kg of dry 
beach-cast  

Emission 
Factor 

Total tonnes 
of emissions 
(Tonnes 
CO₂e)  

Secondary 
energy (MJ) 

Total energy 
(MJ) 

Mechanical drying scenario 

Transport of 
equipment to 

beach  

Tractor - fuel 
consumption, 

diesel  
- 0,00032 kg 

14,735 kg 
CO₂e/kg 

0,0000047 0,014 0,014 

 

 
Tractor - 

production 2 years  
0,000061 kg 

 

0,000007 kg 
CO₂e/kg 

 

0,0000000000004
3 0,00043 0,0011 

 Load fork - 
steel 15 years 0,000024 kg 

0,079 kg 
CO₂e/kg 

 
0,0000000019 0,0000019 0,0000019 

 
Load fork - 

Acrylic 
varnish 

15 years 
0,00000012 

 kg 

14,735 kg 
CO₂e/kg 

 
0,0000000000094 0,00000013 0,00000013 

beach-cast 
harvesting 

Tractor - fuel 
consumption, 

diesel  
- 0,00489 kg 

14,734789 kg 
CO₂e/kg 

0,000072 0,22 0,22 

 Tractor - 
production 2 years  0,000061 kg 

0,000000 kg 
CO₂e/kg 

0,0000000000004
3 0,00043 0,0011 

 Storage Methane 
emissions - 3,8 kg 

2,770000 kg 
CO₂e/kg 

0,0014     

Transport of 
beach-cast to 

biochar 
facility 

Tractor - fuel 
consumption, 

diesel  
- 0,00244 kg 

14,734789 kg 
CO₂e/kg 

0,000036 0,11 0,11 

 Tractor - 
production 2 years  0,00006 kg 

0,000007 kg 
CO₂e/kg 

0,0000000000004
3 0,00043 0,0011 

Drying Drying oven 
production 403 200 hours 0,0063 kwh 

0,25076 kg 
CO₂e/kwh 0,0000073 0,045 0,10 

 Zipper bag - 0,05 kg 0,09830205 kg 
CO₂e/kg 0,0000016 0,0059 0,0059 

 Glass beaker  17 600 000 
000 uses 0,00000000033 kg 

0,5411 kg 
CO₂e/kg 0,0000014 0,0086 0,17 

 Energy - 0,50 kwh 0,25076 kg 
CO₂e/kwh 

0,0000000000003
8 0,00000000029 0,0000000080 

Grinding Energy - 0,037 kwh 
0,25076 kg 
CO₂e/kwh 0,0000014 0,17 0,17 

Pyrolysis Furnace 
production 4200 hours 0,029 kwh 

0,25076 kg 
CO₂e/kwh 0 0 0 
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 Zipper bag - 0,05 kg 0,02022604 kg 
CO₂e/kg 0,00062 0 0,49 

 Nitrogen gas - 582 kg 0 kg CO₂e/kg 0,0000000000000
042 0,0000000000032 0,000000000081 

  Acetone - 0,17 kg 
1,8144663 kg 

CO₂e/kg 
0,0000000000000

033 0,000000000024 0,000000000054 

 Liquid sample 
bottle - glass 

17 600 000 
000 uses 

0,0000000000036 
kg 

0,5411 kg 
CO₂e/kg 

0,0000000000000
016 0,0000000000019 0,0000000000019 

 Rubber tube 17 600 000 
000 uses 

0,000000000023 
kg 

0,09846105 kg 
CO₂e/kg 

0,0000000000000
26 0,000000000020 0,00000000055 

 Gas bag 4 400 000 000 
uses 

0,0000000000005
7 kg 

2,756078132 kg 
CO₂e/kg 

0,0000000000000
17 0,000000000012 0,00000000035 

 Condenser 17 600 000 
000 uses 

0,000000000023 
kg 

0,5411 kg 
CO₂e/kg 0,00013 1,8 1,8 

 Washing 
bottle - glass 

17 600 000 
000 uses 

0,000000000014 
kg 

0,5411 kg 
CO₂e/kg 0,00021 3,1 3,1 

 Energy 400°C - 0,86 kwh 
0,25076 kg 
CO₂e/kwh 0,00023 3,3 3,3 

 Energy 500°C - 0,91kwh 
0,25076 kg 
CO₂e/kwh 0,00024 3,5 3,5 

 Energy 600°C - 0,96 kwh 
0,25076 kg 
CO₂e/kwh 0,00025 3,6 3,6 

 Energy 700°C - 1,01 kwh 
0,25076 kg 
CO₂e/kwh 0,0000092 0,13 0,13 

Natural pre-drying scenario 

Transport of 
equipment to 

beach  

Tractor - fuel 
consumption, 

diesel  
- 0,00032 kg 

14,735 kg 
CO₂e/kg 0,0000047 0,014 0,014 

 

 
Tractor - 

production 2 years  0,000046 kg 
 

0,000007 kg 
CO₂e/kg 

 

0,0000000000003
2 0,00043 0,0011 

 Load fork - 
steel 15 years 0,000024 kg 

0,079 kg 
CO₂e/kg 

 
0,0000000019 0,0000019 0,0000019 

 
Load fork - 

Acrylic 
varnish 

15 years 0,00000012 
 kg 

14,735 kg 
CO₂e/kg 

 
0,0000000000094 0,00000013 0,00000013 

beach-cast 
harvesting 

Tractor - fuel 
consumption, 

diesel  
- 0,0049 kg 

14,734789 kg 
CO₂e/kg 0,000072 0,22 0,22 

 Tractor - 
production 2 years  0,000046 kg 

0,000000 kg 
CO₂e/kg 

0,0000000000003
2 0,00043 0,0011 
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 Storage Methane 
emissions - 3,8 kg 

2,770000 kg 
CO₂e/kg 0,0014     

Transport of 
beach-cast to 

biochar 
facility 

Tractor - fuel 
consumption, 

diesel  
- 0,0024 kg 

14,734789 kg 
CO₂e/kg 0,000036 0,11 0,11 

 Tractor - 
production 2 years  0,000046 kg 

0,000007 kg 
CO₂e/kg 

0,0000000000003
2 0,00032 0,00086 

Spreading of 
beach-cast 
for natural 

drying 

Tractor - fuel 
consumption, 

diesel  
- 0,00032 kg 

14,734789 kg 
CO₂e/kg 0,0000047 0,014 0,014 

 Tractor - 
production 2 years  0,000046 kg 0 kg CO₂e/kg 0,0000000000003

2 0,00032 0,00086 

Drying Drying oven 
production 403 200 hours 0,0036 kwh 

0,25076 kg 
CO₂e/kwh 0,0000073 0,045 0,10 

 Zipper bag - 0,05 kg 
0,09830205 kg 

CO₂e/kg 0,00000091 0,0059 0,0059 

 Glass beaker  17 600 000 
000 uses 0,00000000019 kg 

0,5411 kg 
CO₂e/kg 0,0000014 0,0086 0,17 

 Energy - 0,2 kwh 
0,25076 kg 
CO₂e/kwh 

0,0000000000002
2 0,00000000017 0,0000000046 

Grinding Energy - 0,037 kwh 
0,25076 kg 
CO₂e/kwh 0,0000014 0,17 0,17 

Pyrolysis Furnace 
production 4200 hours 0,029 kwh 

0,25076 kg 
CO₂e/kwh 0 0 0 

 Zipper bag - 0,05 kg 
0,02022604 kg 

CO₂e/kg 0,00062 0 0,49 

 Nitrogen gas - 582 kg 0 kg CO₂e/kg 0,0000000000000
042 0,0000000000032 0,000000000081 

  Acetone - 0,17 kg 
1,8144663 kg 

CO₂e/kg 
0,0000000000000

033 0,000000000024 0,000000000054 

 Liquid sample 
bottle - glass 

17 600 000 
000 uses 

0,0000000000036 
kg 

0,5411 kg 
CO₂e/kg 

0,0000000000000
016 0,0000000000019 0,0000000000019 

 Rubber tube 17 600 000 
000 uses 

0,000000000023 
kg 

0,09846105 kg 
CO₂e/kg 

0,0000000000000
26 0,000000000020 0,00000000055 

 Gas bag 4 400 000 000 
uses 

0,0000000000005
7 kg 

2,756078132 kg 
CO₂e/kg 

0,0000000000000
17 0,000000000012 0,00000000035 

 Condenser 17 600 000 
000 uses 

0,000000000023 
kg 

0,5411 kg 
CO₂e/kg 0,000051 0,74 0,74 

 Washing 
bottle - glass 

17 600 000 
000 uses 

0,000000000014 
kg 

0,5411 kg 
CO₂e/kg 0,00021 3,1 3,1 
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 Energy 400°C - 0,86 kwh 
0,25076 kg 
CO₂e/kwh 0,00023 3,3 3,3 

 Energy 500°C - 0,91kwh 
0,25076 kg 
CO₂e/kwh 0,00024 3,5 3,5 

 Energy 600°C - 0,96 kwh 
0,25076 kg 
CO₂e/kwh 0,00025 3,6 3,6 

 Energy 700°C - 1,01 kwh 
0,25076 kg 
CO₂e/kwh 0,0000092 0,13 0,13 

* Total energy includes embodied energy and energy from primary sources.  
 
 
 

Appendix 2. The table contains all formulas, input values and results of parameters in the drying and pyrolysis excel model.     

   Scenario 1: Mechanical drying Scenario 2: Natural pre-drying 

Param
eter 

Variab
le 

Form
ula 400°C 500°C 600°C 700°C  400°C 500°C 600°C 700°C Unit 

Mass balance and drying of biomass 

Max 
tempe
rature 

T_max  673 773 873 973   673 773 873 973 K 

Room 
Temp
eratur

e 

T_roo
m  298 298 298 298   298 298 298 298 K 

Boilin
g 

tempe
rature  

T_boil  373 373 373 373   373 373 373 373 K 

Temp
eratur
e of 

airflo
w out 

T_airfl
ow_ou

t 
 473 473 473 473   473 473 473 473 K 

Mass 
of 

beach
-cast, 
wet 

m_bea
ch-

cast_w
et 

m_bea
ch-

cast_dr
y/(1-

moistu
re) 

3,83 3,83 3,83 3,83   2,2 2,2 2,2 2,2 kg 

Moist
ure 

conte
nt 

moistu
re  73,9 73,9 73,9 73,9   55 55% 55 55% % 

Mass 
of 

beach
-cast, 
dry 

m_bea
ch-

cast_dr
y 

 1 1 1 1   1 1,0 1 1,0 kg 

Energ
y in 

beach
-cast 

e_beac
h-cast  15,196 15,196 15,196 15,196   15,196 15,196 15,196 15,196 MJ/kg dry 

beach-cast 
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Energy 
input e_in 

e_beac
h-

cast*m
_beach-
cast_dr

y 

15,196 15,196 15,196 15,196   15,196 15,196 15,196 15,196 MJ 

Target 
moist
ure 

target_
moistu

re 
 10 10 10 10   10 10% 10% 10% % 

Water 
to dry 

kg_wat
er_to_

dry 

m_bea
ch-

cast_w
et*mos
iture-

m_bea
ch-

cast_dr
y/(1-

target_
moistu
re)*tar
get_m
oisture 

2,721 2,720 2,720 2,720   1,106 1,106 1,106 1,106 kg 

Specif
ic 

drying 
coeffic

ient  

specifi
c_dryi
ng_coe

ff 

 0,665 0,665 0,665 0,665   0,665 0,665 0,665 0,665 MJ/kg 
water 

Energ
y for 

drying 

drying
_energ

y 

kg_wat
er_to_
dry*sp
ecific_
drying
_coeff 

1,809 1,809 1,809 1,809   0,736 0,736 0,736 0,736 MJ 

Bioch
ar 

yield 

y_bioc
har  0,4254 0,4088 0,2957 0,2818   0,4254 0,4088 0,2957 0,4254 kg/kg dry 

beach-cast 

Liqui
d yield 

y_liqui
d  0,3265 0,2367 0,2593 0,3228   0,3265 0,2367 0,2593 0,3265 kg/kg dry 

beach-cast 

Gas 
yield y_gas  0,2442 0,3427 0,432 0,3906  0,2442 0,3427 43,2 0,2442 kg/kg dry 

beach-cast 

Energ
y in 

bioch
ar 

e_bioc
har  24,900 32,680 27,660 38,720  24,900 32,680 27,660 38,720 

MJ/ kg 
dry beach-

cast 

Energ
y in 

liquid 

e_liqui
d  10,395 6,119 8,147 8,919  10,395 6,119 8,147 8,919 

MJ/ kg 
dry beach-

cast 

Energ
y in 
gas 

e_gas  12,460 15,730 16,380 14,980  12,460 15,730 16,380 14,980 
MJ/ kg 

dry beach-
cast 

Mass 
of 

bioch
ar 

m_bio
char 

y_bioc
har*m
_beach

-
cast_dr

y 

0,4254 0,4088 0,2957 0,2818  0,4254 0,4088 0,2957 0,4254 
MJ/ kg 

dry beach-
cast 

Mass 
of 

liquid 

m_liqu
id 

y_liqui
d*m_b
each-

cast_dr
y 

0,3265 0,2367 0,2593 0,3228  0,3265 0,2367 0,2593 0,3265 
MJ/ kg 

dry beach-
cast 
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Mass 
of gas m_gas 

y_bgas
*m_be
ach-

cast_dr
y 

0,2442 0,3427 0,432 0,3906  0,2442 0,3427 0,432 0,2442 
MJ/ kg 

dry beach-
cast 

Energ
y in 

bioch
ar 

e_bioc
har 

m_bio
char*e
_bioch

ar 

10,592 13,360 8,179 10,911  10,592 13,360 8,179 16,472 MJ 

Energ
y in 
gas 

e_liqui
d 

m_liqu
id*e_li
quid 

3,043 5,391 7,076 5,851   3,0427 5,391 7,076 3,658 MJ 

Energ
y in 

liquid
s 

e_gas m_gas
*e_gas 3,394 1,448 2,113 2,879  3,394 1,448 2,113 2,912 MJ 

Entha
lpy 

pyroly
sis 

h_pyro
lysis  2,16 2,16 2,16 

2,16 
 

 
 

2,16  
2,16 

 
2,16 

 
2,16 

 

MJ/ kg 
dry beach-

cast 

Heating of biomass to peak temperature 

Temp
eratur
ediffer
ence 

dT 
T_max

-T-
room 

375 475 575 675   375 475 575 675 K 

Cp 
bioma

ss 
cp_bio  1,57 1,57 1,57 1,57   1,57 1,57 1,57 1,57 kJ/kg/K 

Energ
y for 

heatin
g of 

bioma
ss 

e_bio 

cp_bio
*dt*m
_beach

-
cast_dr

y 

588,75 745,75 902,75 1059,7
5   588,75 745,75 902,75 1059,7

5 kJ 

Evaporation of moisture left in biomass 

Mass 
water 

m_wat
er  0,1 0,10 0,10 0,10   0,1 0,1 0,1 0,1 kg 

Cp of 
water 

at 
25°C 

water_
cp_25  4,182 4,182 4,182 4,182   4,182 4,182 4,182 4,182 kJ/kg/K 

Water 
tempe
rature 
differe

nce 

dT_wa
ter_25  75 75 75 75   75 75 75 75 K 

Mean 
tempe
rature 

(T_ma
x+T_b
oil)/2 

 523 573 623 673   523 
573 

 
623 673 K 

Cp of 
vapou

r 

Cp_va
pour  1,978 2,007 2,036 2,065   1,978 2,007 2,036 2,065 kJ/kg/K 

Water 
tempe
rature 

dT_wa
ter 

T_max
+T_bo

il 
300 400 500 600   300 400 500 600 K 



 44

differe
nce 

Entha
lpy of 
water 

at 
1000°

C 

H_wat
er  2264 2264 2264 2264   2264 2264 2264 2264 kJ/kg 

Heati
ng of 
water 

25-
10°C 

e_wate
r_25-
100 

m_wat
er*wat
er_cp_
25*dT
_water

_25 

31,365 31,365 31,365 31,365   31,365 31,365 31,365 31,365 kJ 

Energ
y for 

evapor
ation 

of 
water 

e_wate
r_evap
oration 

m_wat
er*H_
water 

226,4 226,4 226,4 226,4   226,4 226,4 226,4 226,4 kJ 

Heati
ng of 
water 
100-
40°C 

e_wate
r_100-

400 

m_wat
er*Cp_
vapour
*dT_w

ater 

59,334 80,275 101,79
6 

123,89
9   59,334 80,275 101,79

6 
123,89

9 kJ 

Pyrolysis reaction 

Entha
lpy of 
pyroly

sis 

enthal
py_pyr
olysis 

 2160 2160 2160 2160  2160 2160 2160 2160 kJ 

Heat exchange between in and outgoing air 

Massfl
ow of 
N2 

mflow
_N2  0,048 0,048 0,048 0,048   0,048 0,048 0,048 0,048 kg/h 

Recid
ence 
time 

of 
bioma
ss in 

reacto
r 

t_resid
ence 

(T_ma
x-

T_roo
m)/15
+60 

1,417 1,417 1,4167 1,4167   1,417 1,417 1,417 1,417 h 

Mass 
of N2 m_N2 14,006

7*2 28,013 28,013 28,013 28,013   28,013 28,013 28,013 28,013 g/mol 

Cp of 
N2 cp_N2  1,04 1,04 1,04 1,04   1,04 1,04 1,04 1,04 kJ/kg/K 

Temp
eratur

e 
differe

nce 
reacto

r to 
airflo
w in 

dT 

T_max
-

T_airfl
ow_ou

t 

200 300 400 500   200 
 

300 
 

400 500 K 

Energ
y 

requir
ed to 

e_airfl
ow 

mflow
_N2*t
_reside
nce*cp

14,144 
 

21,216 
 

 
28,288 

 

 
35,36 

 
  14,144 

 
21,216 

 

 
28,288 

 

 
35,36 

 
kJ 
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heat 
ingoin
g air 

_N2*d
T 

Dissipating energy from through walls 

Dissip
ating 

energy 
throug

h 
reacto
r walls 

e_react
or_wal

l 

t_resid
ence*0
,005*e
_bio 

 

4,171 
 

5,282 

 
 

6,394 
 

 
 

7,507 
 

 
 

4,171 

 

5,282 

 
 

6,394 
 

 
 

7,507 
 

kJ 

Energy required for pyrolysis 

Energ
y 

requir
ed for 
pyroly

sis 

e_pyro
lysis 

(e_bio
+e_wa
ter_25-
100+e
_water
_evapo
ration
+e_wa
ter_10

0-
400+e
nthalp
y_pyro
lysis+e
_airflo
w+e-

reactor
_wal)/
1000 

3,084 
 

3,270 
 

 
3,457 

 

 
3,644 

 
 3,084 

 
3,270 

 

 
3,457 

 

 
3,644 

 
MJ 

Total energy required and energy balance 

Total 
energy 
requir
ed for 
drying 

and 
pyroly

sis 

e_total 

drying
_energ
y+e_p
yrolysi

s 

4,893 
 

5,079 
 

 
3,457 

 

 
5,453 

 
  3,820 

 
4,006 

 

 
4,193 

 

 
4,380 

 
MJ 

 Net 
energy 
output 

 

(e_bio
char+e
_liquid
+e_gas

)-
e_total 

12,136 
 

15,119 
 

 
12,101 

 

 
14,188 

 
  13,209 

 
16,192 

 

 
13,175 

 

 
18,661 

 
MJ 

 


