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Abstract  

 
In recent years pelagic Sargassum has invaded the coastlines of the Caribbean region, Gulf of 

Mexico, Florida and West Africa. With intense expansion since 2011 due to environmental and 

oceanic anthropogenic changes, these brown seaweeds have negatively impacted aquaculture 

and the overall productivity of several major sectors in the Caribbean region. Sargassaceae are 

nutrient-dense and currently utilized as bio-fertiliser and food, while extracts of their 

phytochemicals exhibit unique biosorption and medicinal properties. This macroalgae has also 

been studied as potential feedstock for biofuel production and a favourable alternative for 

conventional fossil fuels, given its low lignin and high polysaccharide content. However, the 

restricted bioavailability of structurally complex carbohydrates for microbial bioconversion, 

carbon to nitrogen ratio below 20:1 and the presence of recalcitrant compounds such high 

insoluble fibre, salt, polyphenol and sulfur content result in a low biomethane potential. 

 

Hydrothermal pre-treatment and co-digestion are viable processes which can be applied to these 

brown seaweeds for biogas enhancement. Hydrothermal pretreatment is green technology 

which utilizes pressurised liquid “hot water” to enhance biomass hydrolysis and solubilisation, 

thereby increasing the surface area for microbial attack and improving the efficiency of 

bioconversion downstream. Consequently, the energy yield from hydrothermally pretreated 

feedstock is superior to that achieved from the unprocessed substrate. Contrariwise, co-

digestion of two organic substrates can amend the carbon to nitrogen ratio, optimise the micro- 

and macronutrient balance and dilute the effect of anaerobic digestion inhibitory constituents, 

for higher biomethanation. Of added value, the effluent of biogas production, a solid-liquid 

digestate, is nutrient-dense and pathogen free, exhibiting application in agricultural practice as 

an organic bio-fertiliser or soil conditioner. Presently, research on the hydrothermal 

pretreatment of pelagic Sargassum and its co-digestion with food waste is outstanding in 

literature.   

 

This research project aims to fill the knowledge gap by investigating the effect of hydrothermal 

pre-treatment on the mono-digestion of pelagic Sargassum. Different pretreatment operation 

conditions of temperature and processing time were tested to validate the hypothesis. The 

physicochemical properties of the raw and hydrothermally pre-treated substrates were analysed 

using a variety of established elementary and spectroscopic techniques. Post fermentation, the 

biogas composition was evaluated and the optimum processing condition for biogas production 



iii 
 

identified. Pelagic Sargassum is unsustainable feedstock for energy extraction owing to its low 

bioconversion and unpredictable influx volume. As such, the next phase of this study explored 

the co-digestion performance of hydrothermally pretreated Sargassum (optimum processing 

condition) and food waste. Food waste is viable feedstock for microbial degradation given its 

rich organic content which promotes higher energy production. This biomass is also 

sustainable, annually increasing in volume with population growth. In small and industry-scale 

operations, food waste would be suitable co-substrate for Sargassum to enhance anaerobic 

digestion efficiency and process performance. Additionally, given the unpredictability of 

Sargassum influx, food waste can be utilised as the primary substrate for biogas production, 

with Sargassum incorporated into the input feed during periods of massive beaching. The 

agronomic potential of the digestate from biogas production was assessed utilising 

physicochemical and spectroscopic analytical techniques. Following the success of the lab-

scale study, a comprehensive techno-economic assessment was performed to evaluate the 

economic feasibility of technology optimisation and process upscale in Barbados. 

 

The findings of this research show that the application of hydrothermal pre-treatment to pelagic 

Sargassum at 140 ºC for 30 min or severity factor 2.65 accelerated the hydrolysis of organic 

matter, thereby increasing biomethanation by 237 % when compared to that of the unpretreated 

feedstock. Moreover, this technology proved advantageous in diminishing the hydrogen sulfide 

content in the biogas generated from 3 % to 1 %. Co-digestion of hydrothermally pretreated 

pelagic Sargassum and food waste redistributed metal elements and raised the buffering 

capacity of the digester, facilitating high organic loadings without pH control. Food waste also 

supplied lipids to the seaweed feed which augmented the digestion performance. Using a blend 

of co-pretreated pelagic Sargassum and food waste at the dry weight ratio 25:75, methane 

production increased by approximately 1.5- and 2.5-fold, when compared to that yielded from 

mono-digestion of hydrothermally pretreated food waste and hydrothermally pretreated 

Sargassum, respectively. Screening of the solid-liquid digestate recovered from both mono- 

and co-digestion studies indicate bio-fertiliser potential. However, the solid fraction of this 

effluent necessitates remediation of the toxic heavy metals arsenic and mercury to satisfy 

international soil standard guidelines for utilisation in agricultural practice. From the techno-

economic assessment conducted, the implementation of an integrated Sargassum-based 

biorefinery equipped with hydrothermal pretreatment and anaerobic digestion technologies 

would offer many socio-economic and environmental advantages to Barbados through the 
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supply of electricity to the national energy grid and production of a bio-fertiliser for local and 

international utilisation. Details of these results are presented within this thesis. 

 

The Caribbean region is primarily impacted by drifting Sargassum blooms and the information 

disseminated in this thesis would prove crucial in providing regional governments with a viable 

management approach of repurposing of these brown invasive seaweeds from typical landfill 

disposal to a feedstock for energy production and bio-fertiliser recovery.  

 

Keywords: Anaerobic digestion; Barbados; biogas; brown macroalgae; Caribbean; 

environmental impact analysis; bio-fertiliser; food waste; hydrothermal pretreatment; pelagic 

Sargassum seaweed; techno-economic assessment. 
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1.1 Background 

The past eight years saw the coastlines of the Caribbean region inundated with the pelagic 

Sargassum (PS) seaweed, which enters regional waters annually and accumulates, before 

washing ashore. Present in large quantities and emitting noxious hydrogen sulfide (H2S) upon 

decomposition, Sargassum influx has impeded the growth of regional tourism and fisheries 

sectors. Moreover, its frequent and abundant reoccurrence has devastated and rendered 

vulnerable Caribbean economies which depend on these sectors for survival [1]. Sir Hilary 

Beckles, Vice Chancellor of the University of the West Indies, was therefore apt in his 

description of Sargassum in 2015, as “the greatest single threat” to the Caribbean. While several 

forums, including the “Sargassum Symposium” have been created to examine Sargassum-

impact mitigation strategies across the Caribbean region, an urgent transition from proposal to 

technology implementation is now required to ensure coastal and economic sustainability [2]. 

 

Sargassum, named after the Sargasso Sea in the North Atlantic Ocean, is a genus of brown 

macroalgae. This aquatic biomass sits on the surface of the ocean where it amalgamates into 

long algal mats and drifts with ocean currents. Annually, the Sargasso Sea accommodates 

approximately 4 to 10 megatonnes of over 100 species (spp.) of Sargassum seaweed [3]. 

However, the Sargassum composition of the Sargasso Sea is dominated by the two species S. 

natans and S. fluitans which collectively represent 90 % of the macro-algal population [4]. 

Differing solely in pod and leaf morphology, these two species contain gas-filled bladders 

which render them holopelagic, thus facilitating growth that is entirely independent of ocean 

floor attachment and reproduction via fragmentation [5].  

 

In nature, Sargassum blooms provide a habitat to over 127 species of fish and 145 invertebrates, 

several of which are threatened and endangered. These seaweeds also contribute significantly 

to environmental stability, enabling the Sargasso Sea to sequester approximately 7 % of the 

global net carbon emissions annually [3, 6].  

 

Across the North Atlantic Ocean, Sargassum growth has been exponential for the past three 

decades. However, uncertainty remains surrounding the origin and circulatory patterns of this 

marine biomass in the Atlantic Ocean. Satellite images taken from the Medium Resolution 

Imaging Spectrometer (MERIS) for the period 2002 to 2008 reveal the annual growth of 1 

megatonne of Sargassum in the north western Gulf of Mexico [7]. This seaweed translocates 

along the Florida Straits into the Sargasso Sea where it proliferates during the spring and 
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summer months [7, 8], doubling in mass in these oceanic waters every 50 days (d) [9, 10]. The 

North Equatorial Recirculation Region (NERR), which is northeast of Brazil is also identified 

as a secondary growth site of Atlantic Sargassum blooms [11]. 

 

While the primary cause of increased Sargassum spawning is undetermined, this phenomenon 

has been linked to climate change and eutrophication. The steady upsurge in global carbon-

dioxide levels effected by climate change has promoted ocean acidification and sea temperature 

increase [5, 12]. These conditions enhance both macro-algal photosynthetic efficiency and the 

uptake of essential nutrients from the excretions of the fish inhabiting these algal blooms [10]. 

African dust emanating from the Sahara Desert has also been linked to Sargassum growth in 

the tropical North Atlantic [11]. 

 

In the NERR, Sargassum proliferation is further accelerated by the nutrient-dense discharges 

of the Orinoco, Congo and Amazon rivers, the latter being the primary nutrient source, 

considering the strong linkage between peak emissions and years of Atlantic Ocean algal 

bloom. The Amazon river is enriched with nitrates and phosphates supplied by the continental 

run-off of deforestation, agro-industrial and urban sources [11]. This variable renders the 

NERR more fertile than the Sargasso Sea, doubling Sargassum growth in the neritic zone every 

11-d [9, 10].  

 

Distribution mapping of drifting Sargassum blooms over the last 15 years reveal increased algal 

spread across the Central West Atlantic commencing in 2011 [13]. Comparison of Sargassum 

sampled from the Sargasso Sea and the Caribbean region in 2014/2015 reflect differences in its 

morphology at the two locations [14]. Therefore, the NERR is considered responsible for the 

unprecedented level of algal inundation experienced in the Caribbean and West Africa within 

recent years [9, 11].  

 

Globally, the response to Sargassum inundation events has been measured due to the absence 

of robust detection and monitoring systems [15]. In 2015, the Caribbean recorded a peak daily 

influx of 10,000 tonnes (t) of Sargassum [1] which represents a 20-fold increase in mass relative 

to the years preceding 2010 [13]. During the same period, the Mexican Caribbean coast 

received on average 2,360 m3 of Sargassum per km of coastline [15]. Beach-cast Sargassum is 

generally removed and disposed of through landfilling [14]. 
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The Sargassaceae family exhibits application as a horticultural stimulant [16], food supplement 

[16, 17], heavy metal biosorber [18] and medical phytochemical source [19, 20]. Researchers 

have also explored the valorisation of this family into biofuels [3, 21]. However, a compilation 

of past and present studies on this topic has highlighted a critical knowledge gap in the 

methanation of PS blooms. To date, a single report exists on the potential use of these seaweeds 

for energy production in Grenada and St. Lucia [22].  

 

The purpose of this research project was to investigate the effect of hydrothermal pre-treatment 

(HTP) and co-digestion on the valorisation of PS to biogas and a bio-fertiliser. Given the under 

exploitation of marine biomass in the Caribbean region, this novel waste management approach 

would provide authorities in Sargassum-impacted territories with an eco-friendly and 

economically viable solution to its recurring influx. It would also create new opportunity for 

repurposing these brown invasive seaweeds from landfill disposal to a feedstock for value-

added resource recovery. 

 

1.2 Hypothesis 

The microbial degradation of PS into biogas and bio-fertiliser production can be enhanced 

through HTP and co-digestion with food waste (FW). 

 

1.3 Research Objectives and Scope 

To investigate the hypothesis of this study, the following objectives were developed: 

 

• The characterisation of Caribbean PS (S. natans and S. fluitans). 

Many species of Sargassaceae have been reported in the literature. However, little research 

exists on the characterisation and biomethanation of PS blooms inundating the Caribbean 

region. This research project will seek to improve the knowledge-base in this area by 

analysing PS sampled from Barbados. 

 

• To perform a comprehensive literature review on brown macroalgae pretreatment 

technologies. 

Various pre-treatment technologies (physical, biological, chemical, thermal and a 

combination of methods) have been applied to brown macroalgae at lab-scale to enhance 

the biomethane potential (BMP). Of the methods documented in literature, hydrothermal 
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pre-treatment (HTP) proves the most promising technique for brown macroalgae 

application, since it improves methane production from waterlogged feedstock without the 

perquisite of a dewatering phase. This technology is also green and carries a net positive 

energy balance. 

 

• To evaluate the effect of HTP at various operating conditions on PS bioconversion and 

biogas productivity. 

Presently, no research exists on the application of HTP to PS for biogas enhancement and 

bio-fertiliser recovery. In this phase of study, Sargassum seaweed will be exposed to HTP 

at various operation conditions prior to fermentation to determine the optimum processing 

condition for biogas production.  

 

• To investigate the co-digestion performance of hydrothermally pre-treated PS and FW. 

Sargassum influx to the Caribbean region is seasonal and unsustainable for continuous 

bioprocessing in industry, given its low BMP (< 50% of the theoretical value). Co-

digestion of these brown seaweeds and other organic waste streams may be utilised to 

optimise the bioconversion efficiency and methane production. This phase of study 

evaluated the synergistic performance of HTP on PS and its co-digestion with FW at 

various substrate blends.  

 

• The agronomic potential of the solid-liquid digestate derived from AD and co-digestion. 

Historically, agriculture has played a major role in Caribbean economies through the 

production and exportation of sugar, bananas, coffee, rice and cotton to external markets. 

However, during the last century, economic and climatic uncertainties have challenged the 

sector severely, resulting in a drastic decline in productivity. To satisfy the growing 

demand for food products for local consumption, many countries now rely on importation, 

a practice which incurs a high food import bill. Moreover, local farmers utilise imported 

chemical bio-fertiliser products in agriculture to increase crop yields. The exploitation of 

the digestate from AD in farming would aid the Caribbean region in its transition to food 

security. 

 

• The techno-economic and environmental impact assessment of implementing an 

integrated Sargassum-based biogas plant in Barbados.  
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Annual Sargassum inundation of the Caribbean has reached crisis proportions and there is 

urgent need for the implementation of technology to address this recurring problem. This 

chapter of the thesis presents a comprehensive techno-economic assessment on the 

viability of deploying a biorefinery, equipped with HTP and AD technologies in Barbados 

as a Sargassum waste management strategy. Information from this phase of the study may 

be utilised by other countries which are negatively impacted by these seaweeds. 

 

1.4 Thesis Structure 

This thesis is comprised of seven (7) chapters and includes a series of scientific papers that 

have been either published or submitted for publication in International Scientific Indexing 

(ISI) journals. The contents of the chapters may overlap marginally, mainly in the Introduction 

and Experimental sections, due largely to the research topic. Nevertheless, the findings reported 

in each chapter differ and collectively, support the achievement of the project objectives. An 

overview of the thesis chapters is presented below. 

 

Chapter 1: Introduction 

This chapter presents background information on PS and defines the hypothesis and objectives 

of this research project. The scope and explanation of each phase of study is also discussed, 

with emphasis placed on the knowledge gap to be addressed.  

 

Chapter 2: Pelagic Sargassum for energy and bio-fertiliser production in the Caribbean 

This chapter details the challenges associated with the annual influx of PS into coastlines across 

the tropical North Atlantic Ocean. A comprehensive literature review is conducted on the 

chemical composition and, current and potential applications of this marine biomass. Priority 

is given to energy production (biogas) and bio-fertiliser recovery via AD as a method of 

Sargassum utilisation to support regional energy security. Parameters that negatively influence 

Sargassum bioconversion are discussed, and two technologies (pretreatment and anaerobic co-

digestion) presented as viable solutions for biogas enhancement. The chapter concludes with a 

case study on the potential utilisation of PS in Barbados for energy production and bio-fertiliser 

recovery. 

 

The contents of Chapters 1 and 2 have been published in the following articles: 
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Thompson TM, Young BR, Baroutian S. (2020). Pelagic Sargassum for energy and bio-

fertiliser production in the Caribbean: A case study on Barbados. Renewable & Sustainable 

Energy Reviews, 118, 109564. https://doi.org/10.1016/j.rser.2019.109564. 

Thompson TM, Young BR, Baroutian S. (2019). Advances in the pretreatment of brown 

macroalgae for biogas production. Fuel Processing Technology, 195, 106151. 

https://doi.org/10.1016/j.fuproc.2019.106151. 

 

Chapter 3: Advances in the pretreatment of brown macroalgae for biogas production 

This chapter presents a comprehensive literature review on varied pretreatment technologies 

utilised to optimise biogas production from brown macroalgae. The economic feasibility, 

process efficiency and environmental impact of each technology is evaluated to determine the 

technology most viability for brown macroalgae application. HTP proves the most suitable 

pretreatment technology for this marine biomass and as such, the chapter concludes with a case 

study on the CambiTM Thermal Hydrolysis Process (THP). 

 

The contents of Chapters 3 have been published in the following article: 

Thompson TM, Young BR, Baroutian S. (2019). Advances in the pretreatment of brown 

macroalgae for biogas production. Fuel Processing Technology, 195, 106151. 

https://doi.org/10.1016/j.fuproc.2019.106151. 

 

Chapter 4: Influence of hydrothermal pretreatment on pelagic Sargassum mono-digestion 

This chapter assesses the physicochemical properties of PS and evaluates the performance of 

HTP at different operation conditions on seaweed solubilisation and biogas productivity. From 

this experimental work, the optimum HTP process condition for energy production was 

determined. Digestate characterisation for bio-fertiliser potential was also conducted. 

 

The contents of Chapters 4 have been published in the following article: 

Thompson TM, Young BR, Baroutian S. (2020). Efficiency of hydrothermal pretreatment on 

the anaerobic digestion of pelagic Sargassum for biogas and bio-fertiliser recovery. Fuel,  279, 

118527. https://doi.org/10.1016/j.fuel.2020.118527.  

 

  

https://doi.org/10.1016/j.rser.2019.109564
https://doi.org/10.1016/j.fuproc.2019.106151
https://doi.org/10.1016/j.fuproc.2019.106151
https://doi.org/10.1016/j.fuel.2020.118527
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Chapter 5: Anaerobic co-digestion of pelagic Sargassum with food waste 

This chapter investigates the integrated approach of HTP of PS at optimum process condition 

of 140 ºC for 30 min or severity factor (SF) of 2.65 (reported in Chapter 4) and its co-digestion 

with FW on biogas enhancement and digestate qualification.  

The contents of Chapters 5 have been published in the following article: 

Thompson TM, Young BR, Baroutian S. (2021). Enhancing biogas production from Caribbean 

pelagic Sargassum utilising hydrothermal pretreatment and anaerobic co-digestion with food 

waste. Chemosphere, 275, 130035. https://doi.org/10.1016/j.chemosphere.2021.130035. 

 

Chapter 6: Techno-economic and environmental impact assessment of an integrated 

Sargassum-based biogas plant 

This chapter evaluates the process design, economic and environmental impact of deploying a 

Sargassum-based biogas plant, integrated with HTP, in Barbados. It simplifies the economic 

feasibility and environmental impact of project up-scale from laboratory-scale to industry level. 

 

The contents of Chapters 6 have been submitted for publication as a journal article. 

Thompson TM, Ramin P, Udugama I, Young BR, Gernaey KV, Baroutian S. (2021). Techno-

economic and environmental assessment of biogas production and bio-fertiliser recovery from 

pelagic Sargassum: A biorefinery concept in Barbados. Energy Conversion and Management, 

245, 114605. https://doi.org/10.1016/j.enconman.2021.114605. 

 

Chapter 7: Conclusions and Recommendations for Future Work 

This chapter presents the main findings from this research project and offers recommendations 

for future work. 

 

https://doi.org/10.1016/j.chemosphere.2021.130035
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macroalgae for biogas production. Fuel Processing Technology, 195, 106151. 

https://doi.org/10.1016/j.fuproc.2019.106151. 
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2.1 Chapter Preface 

The annual migration of small quantities of Sargassum into coastlines of the Caribbean region 

is a natural process. These small deposits are beneficial as the fortification and stabilisation of 

sandbanks against wave and hurricane-force winds [23]. In addition, this biomass provides 

nutrients and a habitat to foraging invertebrates [3]. However, over the last decade, the massive 

influx, consolidation and subsequent decay of PS in the neritic zone and along Caribbean 

shorelines have devastated coastal ecosystems and regional economies. This chapter discusses 

the challenges associated with, and potential solutions for, PS inundation. Special emphasis is 

placed on its valorisation to biogas and a bio-fertiliser via fermentation. As the Caribbean 

region is primarily impacted by these drifting Sargassum blooms, the chapter concludes with a 

case study on Barbados and investigates the feasibility of repurposing these brown invasive 

seaweeds from landfill disposal to a feedstock in commercial energy and bio-fertiliser 

production. 

 

2.2     Issues with Sargassum influx 

2.2.1 Marine ecosystem  

Coral reefs located on the ocean floor in tropical waters maintain oceanic biodiversity by 

hosting hundreds of marine organisms [24]. However, within the past two decades, 

modifications to oceanic conditions effected by higher anthropogenic levels have triggered an 

ecological phase shift away from coral formation towards copious macroalgae spread [25]. 

Coral and macroalgae exhibit a parasitic relationship and exposure between the two entities 

promotes coral bleaching and reef mortality [26]. Hitherto, 20 % of the global coral reef 

population has been lost and approximately 30% of that remaining is endangered [24]. In the 

Caribbean, 80 % of coral reefs have been destroyed over the last 50 years [27]. Restoration of 

this fragile ecosystem is maintained by herbivorous fish which forage on seaweeds [28, 29]. 

 
 
Sea turtles are macro-herbivores hosted in and protected by Sargassum from the Sargasso Sea. 

These reptiles find nourishment in algal blooms and use them to translocate across the waters 

of the North Atlantic Ocean for nesting and breeding [30] as evident when tracked by satellite 

[31]. However, once ashore, nesting is impaired by the new phenomenon of mass Sargassum 

accumulation on beaches and along shallow coastlines [32]. While some turtles may 

competently traverse the macro-algal build-up pre and post nesting, this is inconsistent as in 
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2015, entrapment led to the death of 42 Hawksbill turtles on Long Beach, Barbados [33]. Sea 

turtles generally return to their hatching site to nest and any obstructions experienced during 

this process, result in the abortion of that nesting season and ultimately reduce future 

generations [32].   

 

2.2.2 Fishing industry 

The Caribbean region depends heavily on the annual migration of shoals of fish with Sargassum 

across the North Atlantic Ocean into its waters. For example, in the island of Barbados, fisheries 

generate U.S. dollar (USD)14.6 million annually, a contribution of 0.3 % to the gross domestic 

product (GDP) [34]. However, the new phenomena of Sargassum influx into the Caribbean has 

triggered a state of emergency in the fisheries sector of several islands. During periods of 

inundation, fisher-folk reported reduced visibility, higher occurrences of fishing net 

entanglement, widespread boat damage and lower fish capture [16, 35]. Several Caribbean 

islands have also observed the surfacing of hundreds of dead fish along their inundated 

coastlines, a problem attributed to the de-oxygenation of littoral waters by decomposing 

Sargassum and the oceanic release of toxic chemicals by floating Sargassum [36].  

 

2.2.3 Tourism industry 

Tourism is the major sector in most countries in the Caribbean region, accounting for more than 

80% of the annual GDP [3]. In 2017, direct contributions from this industry to Caribbean 

economies were USD 57.1 billion, with a projected increase to USD 83.3 billion by 2027 [37]. 

The growth of this sector depends heavily on beach-front beauty and friendliness. It is therefore 

understandable that in 2015, the pungent smells and grotesque nature of decomposing beach-

cast Sargassum, coupled with the attracted flies, drew extensive, negative international media 

coverage and contributed to increased tourist cancellations and reduced arrivals to the 

Caribbean region [38, 39]. Human health and infrastructural integrity have also been 

compromised by the hydrogen sulfide emitted during Sargassum decomposition [16, 39]. 

Regrettably, the cost of coastal restoration is exorbitant, estimated at USD 120 million in the 

Caribbean region alone [2]. In Mexico, the restoration of the beaches on the Quintana Roo coast 

totalled USD 9.1 million and utilized 5000 labourers [14, 38, 39]. Alternative collection 

mechanisms include the deployment of an ocean surface rig in the Dominican Republic [40] 

and the installation of Green Brigades in Guadeloupe [41]. 
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2.3 Composition of brown macroalgae 

Brown macroalgae contain 70–90 % moisture [9] and 10-15 % ash [3]. When water is removed 

from these seaweeds, polysaccharides represent 40-60 % [17, 29], proteins 8-23% and lipids 

0.3-6 % of the dry weight (dw) content [21, 32]. Microbial degradation of the proteins in this 

biomass is inhibited by cellular localization, while the low lipid content has little impact on 

biofuel production [5, 16]. Consequently, the BMP of brown macroalgae is dependent on the 

breakdown of carbohydrates [3,42]. The four sugars most abundant in brown macroalgae are 

alginate, laminarin, mannitol and fucoidan [12]. However, the distribution of these sugars in 

seaweeds is uneven and varies with species, seasonality and the growth site conditions [3, 16]. 

 

Alginate or alginic acid is the most abundant carbohydrate in the brown macroalgae, 

representing approximately 40 % dw of intracellular cell contents [3, 42]. Present in the cell 

wall of macroalgae where it supports mechanical strength [1, 12], this linear sugar is composed 

of β-1,4-D-mannuronate and α-1,4-L-guluronate residues covalently bonded together [42]. 

Annually, the alginate levels in macroalgae peak during the summer months when light 

irradiance and saturation are at their highest, as an adaptation to prevent dehydration. High 

alginate levels in summer also promote algal spawning by improving nitrate uptake and 

photosynthetic efficiency. While alginate metabolism is necessary for the effective 

bioconversion of macroalgae into biofuels, currently, industrial microbes are unable to 

assimilate this sugar. This challenge limits the energy potential of seaweeds for AD [12, 13]. 

 

Laminarin is the major food storage polysaccharide which represents approximately one-third 

(35 %) of the dw content of brown macroalgae. This water-soluble polymer is composed of a 

linear β-1,3-D-glucose chain with interspersed branches of β-1,6-D-glucose. Structurally, 

laminarin contains weak glycosidic bonds which are easily broken during hydrolysis. This 

characteristic optimises the release of monomeric glucose units for AD. Laminarin is a product 

of photosynthesis and is greatest in quantity during spring and summer. Brown macroalgae 

proliferating in shallow coastal waters and inundated with solar radiation will therefore exhibit 

higher laminarin content than those inhabiting deeper waters [43, 44]. 

 

Mannitol, an alcohol polymer of the sugar mannose, constitutes 20-30 % dw of brown 

macroalgae. This polysaccharide is the primary product of photosynthesis and can be easily 

hydrolysed by the enzyme mannitol dehydrogenase into fructose for subsequent conversion to 

bioethanol [43, 45]. Similar to laminarin, the mannitol content of macroalgae also reaches a 
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peak level during their photosynthetic growth phase. High mannitol levels are undesirable for 

AD as most microorganisms are unable to strictly anaerobically metabolise this sugar. During 

fermentation, mannitol is oxidised to fructose and NADH. However, to regenerate NAD+ and 

convert NADH to NADPH, a supply of oxygen or transhydrogenase is necessary [46]. 

Prokaryotes contain transhydrogenase and can metabolise mannitol anaerobically [43]. 

 

Fucoidan is a water-soluble sulphated polysaccharide in brown macroalgae [47]. This 

heterogeneous sugar is approximately one-fifth of the dw content of brown seaweed and 

composed of the carbohydrate fucose and sulfate, a nutrient fundamental for algal growth [48]. 

In addition to these two components, fucoidan contains the monosaccharides mannose, 

galactose, xylose, uronic and glucuronic acid [12, 16]. Unlike laminarin and mannitol, fucoidan 

is prevalent during the autumn season, varying in quantity across species from 6–22 % dw [47, 

49]. Macroalgae with low fucoidan content are preferred for AD as some fucans are resistant 

to anaerobic cleavage and inhibit fermentation [50, 51]. 

 

2.4 Current and potential applications of Sargassum 

2.4.1   Bio-fertiliser 

Sargassum is widely regarded as a bio-fertiliser in agriculture [16]. This nutrient-dense 

macroalgae is rich in minerals, water soluble polysaccharides and phenolic compounds which 

collectively enhance soil health, quality, productivity and enzymatic activities [52]. 

Consequently, the growth rates and yields of crops exposed to this natural bio-fertiliser are 

higher than those achieved with traditional chemical bio-fertilisers [16, 53].  

 

The application of S. johnstonii to soil increased the organic composition and essential minerals 

levels (Na, Mg, K, Ca and Zn) of the soil by more than 100-fold. Water retention and soil 

structure were also improved. These amended soil conditions promoted the overall growth and 

early flowering and fruiting of tomato plants compared to unfertilised crops [54, 55]. Similarly, 

Indian Vigna mungo seedling growth rose by 4 % following incubation in 10 % liquefied S. 

myriocystum extract for 24 h. Relative to the control, addition of this macro-algal extract to the 

growth medium increased the shoot and root length from 15.4 to 21.1 cm and 6.8 to 12.2 cm 

per seedling, respectively [56].  
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Williams and Feagin [23] also reported the positive growth response of dune plants to 

Sargassum-enriched soil. In this study, unwashed Sargassum proved most effective at 

increasing overall plant growth and development. Application of the biomass in its raw state 

promoted maximum absorption of essential soluble macro-algal nutrients, which were 

otherwise leached from the seaweed when washed. Chemical analysis of rinsed Sargassum 

samples confirmed the depletion of N, Na and P, while elevated levels of these essential growth 

nutrients were measured in the rinse water. The reduced demand for a processing or washing 

phase therefore renders the direct application of Sargassum to soil an economical bio-fertiliser 

[23]. Noteworthy, the salinity of unwashed Sargassum must be monitored as it can create 

osmotic stress which obstructs seedling water uptake and crop productivity [57].    

 

2.4.2 Food products 

Human consumption of seaweeds has increased over the last decade. In 2014, this market was 

valued at USD 5.5 billion, rising 2-fold to USD 11 billion in 2016 [22]. Brown macroalgae are 

edible and consumed across Asia and Europe as a natural and healthy alternative to traditional 

foods. These nutrient-dense seaweeds can be consumed raw or added to food products to 

improve their nutritional composition, shelf-life and health properties [58, 59]. 

 

In Japan, 10 % of the daily dietary needs are meet by Sargassum. These seaweeds are rich in 

dietary fibre and are ingested in their raw form or added to soups [16, 17]. Dietary fibre aids 

digestion and colonic health while mitigating coronary disease. The daily fibre requirement in 

the human diet is 24 g. Sargassum spp. possess more fibre than traditional whole foods such as 

brown rice (3.8 g/100 g weight) and lentil peas (8.9 g/100 g weight). The consumption of 8g of 

this macroalgae would therefore satisfy one-eighth (12.5 %) of the daily fibre demand [59].  

 

The lipid content of Sargassum spp. is low with a fatty acid profile consisting of saturated, 

monounsaturated and polyunsaturated fatty acids, the latter of which is most abundant [60]. 

The polyunsaturated fatty acid fraction varies in ratio from 0.5:1 to 3:1 of omega-6 to omega-

3 lipids [55]. These ratios are within the stipulated maximum of 10:1 and justify the use of these 

seaweeds in dietary supplements which support cardio-vascular health [61]. 

 

Sargassum spp. are enriched with protein and a polysaccharide fraction composed mainly of 

laminarin, mannitol, fucoidan and alginate [62]. Seaweeds enriched with carbohydrates exhibit 

potential application in bread making. The incorporation of this marine biomass into flour 
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enhances the structural dynamics and water retention capacity of the dough. Moreover, the 

nutritional content and firmness of the resulting bread products are improved [63]. Alginates 

are also extractable and can be added to food as gelling, thickening, encapsulating and coating 

agents [64]. 

 

The high ash levels of Sargassum spp. reflect the presence of large quantities of essential 

macro-minerals and vitamins, all important components of a balanced human diet [65]. Table 

2.1 shows the nutritional composition of several Sargassum sp. sampled from various locations 

world-wide.
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Table 2.1: Proximate composition of various Sargassum spp. 

Species Harvesting point Sample season Drying conditions Carbohydrates* Protein* Lipids* 
Total 

Fibre* 
Ash* Ref. 

S. vulgare Brazil - oven-dried at 50 °C 67.8 15.8 0.5 7.7 14.2 [66] 

S. hemiphyllum Hong Kong Winter sun-dried for 4 d - 10.1 3.0 62.9 19.6 [67] 

oven-dried at 60 °C - 9.8 3.4 56.8 21.5 

freeze-dried at -70 °C - 10.0 4.4 60.2 21.1 

S. polycystum North Borneo - freeze-dried at -20 °C 33.5 5.4 0.3 39.7 42.4 [68] 

S. platycarpum Puerto Rico and U.S. 

Virgin Islands 

Spring oven-dried at  ̴ 75 °C 48.7 6.9 0.4 8.0 36.8 [69] 

S. rigidulum 44.8 5.9 0.4 8.2 40.7 

S. lendigerum 41.6 6.4 0.5 7.9 43.7 

S. mangarevense Tahiti Summer oven-dried at 60 °C - 13.2 3.4 42.8 30.6 

 

[70] 

 

S. muticum Portugal 
 

Spring 
oven-dried at 60 °C 49.3 16.9 1.5 - 22.9 [71] 

S. polyschides 45.6 14.4 1.1 - 28.2 

 
* Values are expressed as percentage (%) dw
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2.4.3 Biosorption 

 
Biomass biosorption of heavy metals is being explored as a cost-effective alternative to 

conventional biosorption technologies. Heavy metals are industrially-produced, high density 

elements, which are detrimental to human and environmental health when emitted into the 

environment. The swift removal of these toxic particulates is therefore paramount to mitigate 

their harmful effect [72].  

 

Brown seaweeds show great potential as economic and environmentally-friendly biosorption 

media, because of their high cell wall alginate content. Compared to other genera, Sargassum 

exhibit a higher metal-binding capacity effected by the presence of sulfonate groups and a 

unique composition of alginates [18, 72]. These properties contributed to the successful 

removal of Pb, Cu, Zn and Mn from multi-solute solutions and real urban storm water run-off 

[73]. The Sargassum genus exhibits a high affinity for Pb with 90% total metal ion recovery 

achieved from aqueous solutions. In this work, the maximum uptake capacities recorded were 

1.16, 0.99, 0.76, 0.61 and 0.50 mmol/g dw for Pb, Cu, Cd, Zn and Ni, respectively, over 60 

min [74]. Cd binding is also important as this heavy metal ranks in the top three of the most 

harmfully produced emittances in industry [18]. 

 

Heavy metal removal can however be impaired by the high salinity of Sargassum spp. Patrón-

Prado et al. [75] observed reduced wastewater heavy metal binding by S. sinicola as the salt 

concentration increased from 0-5.8 practical salinity units. This change in the salt concentration 

diminished the Cu and Cd binding capacity from 89 to 80 % and 81.8 to 5.8 %, respectively 

[75]. As such, the salt content of Sargassum must be monitored and maintained to support its 

function as biosorbent material. Table 2.2 shows the adsorption capacities of various 

Sargassum spp. 
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Table 2.2: Heavy metal ion recovery by different Sargassum spp. 

Biosorbent Heavy metal source Metal ions removed Reference 

Sargassum sp. Aqueous solutions Pb2+, Cu2+, Cd2+ [74] 

Sargassum sp. Synthetic multi-metal 

solutions and urban 

storm water 

Ni2+, Zn2+, Cu2+, Pb2+, 

Mn2+ 

[73] 

S. bevanom Industrial wastewater Cr6+ [76] 

S. natans Industrial solutions Au+ [77] 

S. fluitans, S. filipendula I, 

S. vulgare 

Metal mining and 

processing materials 

Cu2+, Cd2+ [18] 

S. filipendula Binary systems Zn2+, Cd2+ [78] 

S. Sinicola Saline wastewater Cu2+, Cd2+ [75] 

 

2.4.4 Pharmaceuticals 

 
Sargassaceae are rich in phytochemicals which gives them unique therapeutic and medical 

properties [79, 80]. Mehdinezhad et al. [81] reported that the high levels of the metabolites 

tannins, saponins, sterols and triterpenes in S. angustifolium, S. oligocystum and S. boveanum 

suppressed the growth of the cancerous MCF-7 cell line by IC50 = 67.3, 56.9, 60.4, respectively. 

These results support the application of these seaweeds in anti-tumor drug development. 

 

The Sargassum genus also exhibits high polyphenolic content [79, 81]. These bioactive 

compounds are important as they scavenge for cytotoxic free radicals, thereby enhancing the 

natural antioxidant potential [20, 82]. Dichloromethane and ethyl acetate extracts of S. wightii 

display antihypertensive and antidiabetic properties in different vitro systems due to increased 

Fe2+ chelating activity [20]. Butanolic S. wightii extract contains steroids, flavonoids and 

sterols. When dosed at 100 mg/kg, Dar et al. [19] observed a 86.7 % reduction in carrageenan-

induced edema in rats. This inhibitory effect was superior to that of the traditional and non-

steroidal drugs aspirin and ibuprofen, 79.4 % and 57.3 %, respectively [19]. Malini et al. [79] 

proved the potential of S. longifolium for anti-microbial and anti-inflammatory activities. 

Fourier-transform infrared spectroscopic analysis of the dimethyl sulfoxide extract revealed 

the formation of secondary metabolites which inhibited the growth of five different strains of 

bacteria and fungi [79].  
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S. fusiforme has been studied for application in traditional Chinese medicine as a potential 

antiviral drug. Guo et al. [83] observed that S. fusiforme extracts diminished CD4 (HIV 

receptors) and T-cell HIV infection by 80 % after 3-d, with more than 90 % suppression 

achieved after 5-d. The high efficiency of S. fusiforme at preventing HIV replication supports 

its clinical testing in China and prospective utilisation in drug development [83]. Studies by 

Chen et al. [84] have also shown that S. fusiforme naturally lowers cholesterol levels. This 

reaction is triggered by the phytosterol constituents in Sargassum which promote cholesterol 

excretion in bile. Table 2.3 highlights the pharmaceutical properties of some Sargassum spp. 

 

Table 2.3: Pharmaceutical potential of various Sargassum spp. 

Species Bioactive Properties Cytotoxic Activity Reference 

S. angustifolium, 

S. oligocystum,  

S. boveanum 

Anti-oxidant, anti-cancer HT-29*, HeLa** and MCF-

7*** human cell lines 

[81] 

S. wightii Anti-inflammatory, anti-

hypertensive 

Cycloxygenase enzymes and 

inflammatory prostaglandins 

[19, 20] 

S. longifolium Anti-microbial Bacterial and fungal pathogens [79] 

S. fusiforme Anti-virus CD4 and T-cell HIV infection [83] 

S. oligocystum Anti-cancer, anti-tumor Daudi (lymphoma) and K562 

(leukaemia) human cell lines 

[85] 

   
  Cancer cell lines: * colon; ** cervical; *** breast. 

 

2.4.5 Biogas 

Brown macroalgae are rich in water, carbohydrates and proteins but possess cell walls of low 

cellulose and negligible lignin content. This structural composition and nutritional content 

support microbial growth and degradation, thereby rendering these seaweeds viable feedstock 

for biofuel production [86, 87]. AD is a cost-effective and economically feasible bioconversion 

method. During this four-stage biological process, micro-organisms degrade organic matter in 

an oxygen-depleted environment into biogas and a digestate. The AD process can be 

subdivided into the following phases: hydrolysis, acidogenesis, acetogenesis and 

methanogenesis [88]. Hydrolysis is the rate-limiting step of AD as it determines the 

bioconversion efficiency, volatile fatty acid (VFA) formation, fermentation process time and 

BMP [89]. 
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Biogas is a renewable energy source composed primarily of methane (50-70 %) and carbon-

dioxide (30-50 %). Trace elements and water vapour are also present in this gaseous fraction. 

While the high methane content of biogas is desirable, the presence of constituents such as 

carbon-dioxide, hydrogen sulfide and ammonia, reduce its calorific value. Upgrading biogas 

removes these impurities and yields bio-methane, an eco-friendly and energy-dense gas which 

can replace compressed natural gas for application in cooking, heating and electricity 

production. The digestate derived from AD is enriched with recycled nitrogen and phosphorus 

containing compounds and has bio-fertiliser potential [87]. 

 

AD has been proven successful at converting a wide array of brown algal spp. into bio-methane 

[86, 90]. Presently, sparse literature exists on the application of this bioconversion method to 

PS. While no technological barriers exist to the use of this marine biomass in AD, the presence 

multiple recalcitrant components and seasonality of nutritional content must be considered and 

managed, for optimal methane productivity and to mitigate digester failure [86]. Presently, 

methanation of macroalgae achieves < 50% of the theoretical biomethane potential (TBMP) 

[91]. 

 

2.5 Challenges of Sargassum anaerobic digestion 
 

2.5.1 Harvesting and seasonal variation 

 
Sargassum blooms transport juvenile sea turtles, fish and entrap any plastic waste in their 

passage across the Atlantic Ocean into the neritic zone of Caribbean coastlines. When washed 

ashore, the marine biomass gathers sand, while hosting benthic organisms. Harvesting of 

Sargassum for AD therefore necessitates the successful removal of these particulates and as 

such, should not be done offshore. Sand and plastic waste effect fouling and increase technical 

issues in the digester while marine organisms should be removed and returned to their habitats 

[3]. Manual collection of shored Sargassum with rakes or by hand is simple and facilitates the 

careful separation of this marine biomass from aquatic life and unwanted pollutants. However, 

this process is very slow and tedious, incurring costs proportional to the size of the work-force 

employed [40]. Mechanical harvesting with cane loaders is a more efficient and effective. 

While the latter method increases the daily volume retrieved and diminishes the demand for a 

large work-force, a secondary facility is required to sort and clean the biomass prior to AD 

[92]. 
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Further consideration must be given to the seasonality and unpredictability of Sargassum influx 

[92]. Inundation of the Caribbean region generally occurs between March and September 

annually. While satellite imaging technology has been deployed to monitor drifting Sargassum 

blooms [7, 11], this biomass cannot be considered sustainable feedstock. Sargassum 

preservation techniques must be explored to ensure its continuous supply during intervals of 

scarcity [3]. Low-cost methods such as ensiling and sun-drying may be used to preserve 

seaweeds for yearlong supply to a digester, with minimal loss to the BMP [3, 91]. 

 

2.5.2   Nutritional composition 

 
Brown macroalgae contain 70–90 % water [62] and 10-15 % dry weight (dw) matter [93]. 

When dehydrated, carbohydrates dominate the composition, representing between 40-60% of 

the cell contents [94, 95]. Proteins and lipids constituent 8-23 % and 0.3-6 % dw, respectively 

[3, 96]. Bioenergy production from brown macroalgae is dependent on the degradation of these 

nutritional components. However, microbial access to the proteins in these seaweeds is 

hindered by cellular localisation while the lipid fraction is very low and inconsequential on 

methane productivity [88]. Brown macroalgae conversion to biofuels is therefore reliant on the 

degradation of its rich carbohydrate content. Nevertheless, the sugars in seaweeds are not 

readily available for digestion and vary with seasonality, thus lowering the BMP [3, 16, 94].  

 

Alginate, the most abundant polysaccharide in brown macroalgae, peaks in quantity during 

summer months when ocean temperature and light irradiance are high. This property is an 

adaptation which supports cell vitality by preventing dehydration [97]. Laminarin and 

mannitol, products of photosynthesis exhibit maxima values during spring and summer, while 

fucoidans or sulfated sugars are prevalent in autumn [88]. Summer is therefore the preferred 

season to harvest brown macroalgae for optimum energy extraction [98].  

 

In studies conducted by Adams et al. [97], the polysaccharide composition of L. digitata varied 

throughout the year with the lowest and highest yields recovered in March and July, 

respectively. Consequently, the methane productivity of this biomass improved from 196 mL/g 

of volatile solids (VS) in March to 254 mL/g VS in July. Similarly, Jard et al. [86] reported 

that the BMP of S. latissima harvested from May to August increased from 204-256 mL/g VS 

[86]. On the contrary, seasonality had little effect on the biomethanation of S. muticum with 

the low yields of 166–208 mL/g VS recovered from three different seasonal samples [99]. 

These findings suggest that while the polysaccharide content of Sargassum improves with 
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seasonality, the biodigestibility of this fraction is restricted by the presence of recalcitrant 

components such as insoluble fibre [100]. 

 

2.5.3 Fibre  

 
The absence of lignin in the cell walls of macroalgae facilitates the microbial breakdown of 

carbohydrates, proteins and lipids during AD. However, Sargassum spp. are enriched with 

insoluble fibre fractions which reduce the concentration of VS available to these microbes for 

decomposition [100, 101]. Consequently, the genus exhibits a lower BMP, 120-190 mL/g VS, 

when compared to other species such as Gracilaria sp. (280-400 mL/g VS) [100], P. palmata 

(279 mL/g VS) and S. latissimi (204-256 mL/g VS) [86]. In a study comparing ten different 

macroalgal species, Jard et al. [86] reported that S. muticum contained 531 g/kg total solids 

(TS) of fibre. The presence of this rich insoluble fraction reduced the concentration of 

polysaccharides and proteins available for digestion and contributed to a BMP of 130 mL/g 

VS. This energy output was the lowest of the ten genera studied [86]. The low methanation of 

S. muticum was also documented by Milledge and Harvey [91] who recovered the maximum 

methane yield of 110 mL/g VS or 25 % of the TMP.  

 

2.5.4 Polyphenols 

 
Sargassaceae are rich in polyphenols and therefore exhibit superior antioxidant and 

antimicrobial potential. However in AD, polyphenols poison and impair the function of 

methanogens, thereby effecting digester instability and mitigating methane generation [86]. 

García-Casal et al. [102] reported that Sargassum contains measured 80.39 gallic acid 

equivalent (GAE)/g of polyphenolic content. These levels are significantly higher than the 

10.84 and 18.43 GAE/g extracted from Ulva sp. and Porphyra sp., respectively. Jard et al. [86] 

suggest that the high polyphenols content of S. muticum (19.8 g/kg TS) contributed to the low 

BMP of this macroalgae.    

 

2.5.5 Sulfur 

 
Brown seaweeds contain a higher concentration of sulfur than terrestrial energy crops [103]. 

While sulfates are necessary for methanogenic bacterial growth, elevated levels of these 

compounds promote salt accumulation and inhibit microbial digestion [104]. In a sulfur-rich 

medium, Marquez et al. [101] observed the growth of sulfur-reducing bacteria which compete 
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with methanogens and lower the BMP. During fermentation, elemental sulfur is also converted 

to hydrogen sulfide. This corrosive gas increased bioreactor instability and reduced the quantity 

and quality of biogas generated from U. lactuca [105] but had no effect on the BMP of S. 

muticum [99]. Ensiling has shown promise at reducing the organic sulfur levels of biomass 

prior to AD [91]. 

 

2.5.6 Cations 

 
The high metal ion content of Sargassum can lead to salt accumulation and reduced AD 

performance. Cationic elements such as Mg, Ca, Fe, Na, K and Al are not biodegradable and 

accumulate to toxic levels, consequently poisoning the microbial cultures and effecting reactor 

fouling [106]. The low K and Na cation levels of P. palmata and S. latissima promoted the 

digestion of VS and yielded 312 and 266 mL/g VS of methane, respectively. However, when 

the specific organic loading rate (OLR) and cation concentration were both increased, the 

methane productivity of these seaweeds diminished by approximately 50 % [107]. Careful 

consideration should be given to this parameter for optimum biomethanation of Sargassum to 

be achieved [65]. 

 

2.5.7 Carbon to nitrogen ratio  

 
Microbial growth and AD optimisation are dependent on a feedstock carbon to nitrogen (C:N) 

ratio ranging from 20-30:1 [108]. At C:N ratios below 20:1, carbon is quickly consumed 

resulting in VFA accumulation in the digester. The presence of excess nitrogen in the substrate 

also promotes ammonia formation and toxicity. In high concentrations, ammonia and VFAs 

poison methanogenic bacteria and reduce the substrate methane potential [109]. Studies by 

Marquez et al. [101] found that the C:N ratio of Sargassum spp. varies from 12-22, due to the 

rich elemental composition of 12-40 % carbon and 0.6-2.0 % nitrogen. S. muticum sampled 

from England and France exhibited C:N ratios of 8:1 [81] and 20:1 [86], respectively. Analysis 

of floating Sargassum blooms taken from the coast of Nigeria revealed a C:N ratio of 23:1 [16]. 

S. tenerrimum also displayed C:N ratio variation of 18:1 [108] and 23:1 [110] when collected 

from two different sites in India. PS has a C:N ratio of 47:1 in oceanic waters and 27:1 in neritic 

waters. The afore-mentioned deviations in the C:N ratio of Sargassum spp. are indicative of 

changes in the nutritional composition at each growth site and during the study sample season 
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[10]. To amend the C:N ratio to 20-30:1 for optimum bioconversion efficiency and biogas 

output, co-digestion of Sargassum with another feedstock has been explored [108]. 

 

2.5.8    Salinity 

Brown seaweeds contains approximately 15 % dw of salt content due to its oceanic growth 

conditions [91]. This saline composition is greater than that of terrestrial plants and has a 

negative effect on methanogenesis [111]. At salt concentrations below 10 g/L, methanogenic 

bacterial growth is promoted. On the contrary, beyond the salinity of 10 g/L, an increase in 

osmotic pressure results in diminished microbial activity [103]. Zhang et al. [112] reported that 

at a salinity of 4.42 g/L, Sargassum sp. generated 501.85 mL/g VS of biogas enriched with 

58.5 % methane content. However, a rise in the salt concentration from 4.42-18.70 g/L reduces 

microbial activity by 10-90 %, consequently reducing biogas and methane productivity by 

223.91 mL/g VS and 168.26 mL/g VS, respectively.  

 

The negative correlation between salinity and methane production was also observed by Yi et 

al. [113]. In this simulation study which utilized sea salt crystals to achieve the desired salt 

concentration, the authors measured optimum methane generation of 275.78 mL/g VS from 

marine macroalgae at a salinity of 15 g/L. Increasing the salt concentration from beyond this 

point to 85 g/L reduced the biogas yield and impeded the function of methanogens. Of note, 

the quantity of biogas and methane recovered at 35 g/L was identical to that achieved from the 

control sample (natural sea water) due to effective inoculum acclimatisation. This result 

suggests that seaweeds removed from the ocean can be applied directly as feedstock for AD  

[113]. Nevertheless, in instances where the feedstock salt content is excessive and detrimental 

to AD, it can be amended with ensiling [91].  

 

2.6     Solutions to Sargassum anaerobic digestion 
 

2.6.1 Pre-treatment 

 
Pre-treatment technologies have been introduced prior to AD to enhance biomass hydrolytic 

cleavage and optimise the concentration of carbohydrates accessible for microbial digestion 

[87, 114]. Methods including physical, thermal, chemical and biological pre-treatment have 

been applied to brown macroalgae to improve their BMP. Maceration accelerated the 

biomethanation of unwashed U. lactuca by reducing the particle size of biomass, thereby 
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improving microbial access to organic matter for digestion [104, 115]. Like Sargassum, the 

green seaweed U. lactuca has a C:N ratio below 20:1 and is enriched with sulfur, salt and 

insoluble dietary fibre. This chemical composition inhibits the growth of methanogenic 

bacteria and lowers the corresponding methane potential [104]. Bruhn et al. [115] reported that 

maceration promoted the degradation of fibrous components in U. lactuca and enhanced 

methane productivity by 56 % [115]. This pre-treatment method also had a positive effect on 

the digestibility of G. vermiculophylla and C. linum but diminished the BMP of S. latissima 

relative to the untreated samples [104].  

 

Laminaria sp. pre-treated in a Hollander beater for 10 min, generated 651 mL/g VS of biogas 

with 53 % methane content. The biogas fraction collected from beaten seaweed samples was 

comparable to the yield predicted by Design-Expert v.8, a statistical software tool used to 

model reactor operating conditions for optimum biogas production [90, 116]. Beating is more 

effective than ball milling and microwave pre-treatments. While the ball milling of Laminaria 

sp. to particle size 1-2 mm increased solubilisation, the process inhibited enzymatic hydrolysis 

and acidogenesis, consequently diminishing methane production by 21-27 % relative to the 

raw seaweed. For optimum biomethanation to be achieved from ball milling, feedstock with 

minimal water content are necessary [117]. 

 

Microwave pre-treatment alters the structural composition of biomass by disrupting hydrogen 

bonds. This technology enhances the microbial hydrolysis of fermentable sugars but has a 

minor effect on solubilisation [118]. Montingelli et al. [117] reported that microwave 

irradiation had a negative effect on the bioconversion of Laminaria spp., decreasing the 

methane potential by 26 %. From this result, the authors surmised that the conditions of 

microwave pre-treatment are too harsh for macroalgae application but favour lignocellulose 

rich biomass. Notably, Vivekanand et al. [119] observed higher methane productivity from S. 

latissima pre-treated with steam explosion. Optimum methane recovery of 268 mL/g VS was 

achieved at 130 ºC and represents an improvement of 20 % relative to the raw sample.  

 

Autoclaving Sargassum sp. at 121 ºC for 15 min increased the soluble chemical oxygen demand 

(COD) by 10-fold. At the concentration ratio of 0.09 g/L inoculum and 2.5 g/L Sargassum sp. 

optimum methane recovery of 541 mL/g VS was achieved. This yield was 60 % higher than 

the untreated sample. However, at higher Sargassum sp. concentrations, methane formation 

was suppressed by the accumulation of soluble inhibitory metabolites [120]. Washing and 
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drying biomass prior to thermal pre-treatment reduces the concentration of recalcitrant 

compounds (salt and heavy metals) produced and improves the BMP [115]. 

 

Fungal pre-treatment has been proven to be more effective than enzymatic pre-treatment at 

improving seaweed biomethane production. Tapia-Tussell et al. [121] revealed that application 

of the fungi Bm-2 strain (Trametes hirsuta) enhanced lignocellulosic and hemicellulosic 

biodegradability in macroalgae consortia sampled from Mexico. After incubation for 29-d, the 

methane collected from this biological process was 104 mL/g VS or 28 % higher than the 

untreated sample. Most importantly, fungal pre-treatment exhibited superior tolerance to the 

35.5 % ash, 19 % phenolic and 78 g/L alkali metal content of this marine biomass. On the 

contrary, enzymatic pre-treatment achieved only 86 mL/g VS methane content. Table 2.4 

highlights the effect of seaweed pre-treatment on methane productivity.
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Table 2.4: Effect of pre-treatment technologies on macroalgal methane production.

Pre-treatment  

Method 

Technique Macroalage Treatment conditions CH4 yield of the 

raw seaweed 

CH4 yield of  

treated sample 

Effect on 

BMP (%) 

References 

Physical Maceration U. lactuca Homogenized paste 174 mL/g VS 271 mL/g VS  + 56 [115] 

Maceration U. lactuca Hand blended to 

homogenized paste 

152 mL/g VS 255 mL/g VS  + 68 [104] 

G. vermiculophylla 132 mL/g VS 147 mL/g VS  + 11  

C. linum 166 mL/g VS 195 mL/g VS  + 18  

S. latissima 340 mL/g VS 333 mL/g VS  - 2  

Beating Laminaria sp. 10 min 277 mL/g VS 425 mL/g VS + 53 [116] 

Beating Laminaria sp. 10 min 328 NmL/g VS 335 NmL/g VS  + 2 [117] 

Ball milling 18 h, biomass size (1mm) 241 NmL/g VS  - 27 

Ball milling 18 h, biomass size (2mm) 260 NmL/g VS  - 21 

 Microwave  560 W, 110 ºC, 30s 328 NmL/g VS 244 NmL/g VS  - 26  

Thermal Autoclaving Sargassum sp. 121 ºC, 1 bar, 15 min 541 mL/g VS 339 mL/g VS + 60 [120] 

 Hydrothermal U. lactuca 110 ºC, 20 min 174 mL/g VS 157 mL/g VS  - 10 [115] 

130 ºC, 20 min 187 mL/g VS  + 8  

Steam explosion 

 

S. latissima 130 ºC, 10 min 223 mL/g VS 268 mL/g VS  + 20 [119] 

 160 ºC, 10 min 260 mL/g VS   + 17  

Thermochemical Alkali P. palmata NaOH, 20/70 ºC, 24 h 308 mL/g VS 365 mL/g VS + 19 [122] 

NaOH, 160 ºC, 30 min 282 mL/g VS - 8 

Acid HCl, 160 ºC, 30 min 268 mL/g VS - 13 

Biological Fungal Mexican Caribbean 

Macroalgae Consortiums 

35 ºC, 6 d 81 mL/g VS 104 mL/g VS  + 28 [121] 

 Enzymatic 40 ºC, 24 h 86 mL/g VS   + 6  
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2.6.2 Co-digestion 

 
The high C:N ratio of some brown macroalgal species such as S. latissima and L. digitata 

supports their mono-digestion for biogas production [123]. However, the low C:N ratio and 

high saline, phenol and cellulosic fibre content in species like Sargassum pose a challenge to 

AD, as these properties inhibit microbial degradation and mitigate biogas formation [100]. 

Moreover, the rich nitrogen fraction of this substrate promotes the formation of ammonia which 

causes digester instability and ensuing reactor failure [109]. To dilute the high salt 

concentration, lower the digester toxicity and augment the C:N nutrient balance for optimum 

biomethanation, seaweeds can be co-digested with other types of biomass [114].  

 

Glycerol and waste frying oil improved the C:N ratio of Sargassum, enhancing substrate 

bioconversion to methane by 56 and 46 %, respectively [124]. Yen and Brune [125] reported 

that the incorporation of 50 % waste paper into algal sludge optimized the C:N ratio for co-

digestion to 20-25:1. Moreover, paper increased cellulase activity in the digester and the 

concentration of nutrients necessary for the growth of methanogens. As such, a daily optimum 

methane yield of 1607 mL/L was recovered with a feedstock mix of 60% waste paper to 40% 

algal sludge at an OLR 5 g VS/L d. Latex serum [126] and wheat straw [119] are also good co-

substrates for macroalgae. 

 

On the contrary, sugar industry wastewater had a negative effect on biogas production from U. 

rigida. Co-digestion of these substrates at a ratio of 1:1 exhibited maximum biogas production 

of 114 mL/g VS, enriched with 76 mL/g VS of methane [127]. Dairy slurry also lowered the 

C:N ratio of S. latissima and L. digitata and promoted VFAs accumulation in the digester. For 

feasible continuous co-digestion of these substrates, Tabassum et al. [123] employed a 

feedstock mix of 2:1 seaweed to dairy slurry. Using this ratio, L. digitata and dairy slurry 

achieved a SMY of 232 mL/kg VS at OLR 5 kg VS/m3d. At a lower OLR of 4 kg VS/m3d, the 

SMY was 252 mL/kg VS [123]. These results oppose the work of Akunna and Hierholtzer 

[109] who observed increased reactor instability directly proportional to the concentration of 

L. digitata added to the feedstock. In this experimental setup, green peas were initially 

incubated for 15-d. Subsequently, seaweeds (2 % dw) were introduced into the digester over a 

15-d duration to replace green peas of equal weight and facilitate microbial acclimatisation. 

This change to the feedstock mix promoted the release of recalcitrant constituents and VFA 

accumulation in the reactor, thus diminishing methane productivity. Table 2.5 summarises the 

results of several co-digestion studies.
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Table 2.5: Co-digestion of macroalgae and various substrates. 

Macroalgae Co-substrate C:N ratio CH4 yield Summary References 

Sargassum sp. Glycerol/ waste 

frying oil 

- 157-283 mL/gCOD • Mono-digestion of Sargassum sp. achieved 181 mL/gCOD, 

representing 52 % of the TMP. 

• The high carbohydrate content of glycerol and waste frying oil 

optimized the C:N ratio and microbial fermentation of 

Sargassum, generating methane 283 mL/gCOD (56%) and 265 

mL/gCOD (46 %) methane when respectively co-digested. 

[124] 

S. latissimi Wheat straw 21.6-81.6 214-270 mL/g VS • S. latissima and Wheat straw have BMPs of 223 and 98 mL/g VS 

respectively. 

• A feedstock mixture of 75 % macroalgae to 25 % wheat straw 

exhibited optimum C:N ratio of 30.2, yielding 270 mL/g VS 

methane. 

• Inclusion of wheat straw into the substrate beyond this ratio 

effected C:N ratios exceeding 30:1 which inhibited 

methanogenesis. 

[119] 

U. rigida Sugar industry 

wastewater 

11.5 76 mL/g VS • Continuous co-digestion of 1:1 decomposed U. rigida and diluted 

sugar industry wastewater in an anaerobic up-flow reactor for 75d 

produced maximum biogas yields of 114 mL/g VS with 67 % 

methane.  

[127] 

Chaetomorpha 

sp. / U. 

intestinalis 

Latex serum 

waste (natural 

rubber) 

15 196 mL/g VS • Latex serum contains a rich VS fraction which facilitates the 

production of 398 mL/g VS biogas when digested.  

• Co-digestion of ≥50 % latex serum with Chaetomorpha sp. and 

U. intestinalis produced 422-460 mL/g VS biogas with 25-42 % 

methane. 
 

[126] 
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Table 2.5: Continued. 

 

S. latissima/  

L. digitata  

Dairy slurry 15.70-23.40 232-252 mL/g VS • Mono-digestion of L. digitata and S. latissima achieved a SMY of 

330-338 mL/g VS, while dairy slurry achieved 138 mL/g VS. 

• When co-digested, dairy slurry reduced the C:N ratio of 

macroalgae and promoted VFA accumulation in the digester.  

• Feedstock ratio of 66:33 macroalgae to dairy slurry exhibited the 

highest methane yield.  

• Continuous co-digestion of dairy slurry with natural L. digitata 

achieved SMY of 232 mL/g VS at OLR 5 kg VS/m3d. This was 

lower than the SMY of 252 mL/g VS effected by cultivated S. 

latissima and dairy slurry at OLR 4 kg VS/m3d. 

[123] 

L. digitata Green peas - 275-375 mL/g VS • Green pea mono-digestion produced 5500 mL/d of methane at 

OLR of 2.67 kg VS/m3d. Substitution of 2 % green peas with L. 

digitata promoted VFAs formation which inhibited 

methanogenesis and rendered the digester instable. Removal of 

the seaweed from the feedstock restored digester functionality. 

• At lower OLR (0.77 kg VS/m3d), microbe activity and reactor 

stability improved, supporting the incorporation of 2-10 % 

seaweed into the feedstock. Reactor stability was also established 

at OLR 1.25 kg VS/m3d and feedstock ratio of 35 % seaweed, 

generating 500 mL/g VS biogas of 55-65 % methane content. 

[109] 

U. lactuca Cattle manure - 206-259 mL/g VS • The total methane yield of cattle manure reduced inversely 

proportionally to the concentration of dried U. lactuca added to 

the feedstock. Optimum total methane yield of 259 mL/g VS was 

realised at feedstock ratio of 80 % manure to 20 % macroalgae.  

• On the contrary, incorporation of 40 % U. lactuca into the 

substrate boosted the weight SMY by 48 %. 
 

[104] 
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2.7   Case study: Barbados 

2.7.1 Energy demand 

Barbados is a 431 sq. km island nation located to the east of the Lesser Antilles island chain in 

the Caribbean Sea. This small island is a developing state of approximately 285,000 inhabitants 

(2016) and is heavily reliant on fossil fuel importation for energy production [128, 129]. These 

imports are predominated by heavy fuel oil and diesel [130], and account for 8 % of the island’s 

annual GDP. Between 1993 and 1999, imports of petroleum-based products represented 8.5% 

of Barbados’ merchandise imports bill. However, the increased demand for fossil fuels in 

subsequent years necessitated increased budgetary allocations to 17 % and 19 % in 2005 and 

2006, respectively [131]. This unsustainable practice has hindered the growth of the Barbadian 

economy, rendering it vulnerable to the high volatility of international oil prices. For example, 

in 2017, the Government of Barbados (GOB) estimated the cost of oil-derived products at 

Barbados dollar (BBD) 354 million, varying considerably from BBD 452 million and BBD 

367 million in 2015 and 2016, respectively [128, 129].  

   

2.7.2 Electricity production 

The primary electricity generator/supplier in Barbados is the Barbados Light and Power 

Company (BLPC). This privately-owned utility company controls the operation of three oil 

and diesel power stations island-wide with a combined installed capacity of 239.1 MW and a 

small-scale 10 MW solar photovoltaic farm. A modest volume of natural gas is produced 

onshore but its consumption is limited to cooking [128, 129]. 

 

Annually, electricity generation in Barbados increases by 1.2 % in line with the growing 

domestic sector which consumes approximately 33 % of the supply [131]. Analysis of 

electricity sales between 2015 and 2016 reflect an expanding energy demand, from 933 to 944 

GWh, respectively [132]. However, the sale price of electricity derived from fossil fuels is not 

fixed and fluctuates with global oil costs [133, 134]. Fossil fuel combustion for electricity 

generation is 37 % efficient [130] and incurs heat and waste losses of 40 % during production, 

distribution and transmission [132]. This process is also unsustainable and environmentally 

harmful, emitting 837,000 tonnes of carbon-dioxide in 2009 [131].  
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In an attempt to reduce energy costs, improve energy security and maintain environmental 

integrity, the GOB has developed a National Sustainable Energy Policy. This framework sets 

the target of 29 % green electricity generation by 2029 [135] and the replacement of 75 % 

imported heavy fossil fuels with renewable energy sources by 2037 [130]. This transition 

would diversify the national energy matrix and mitigate the island’s carbon footprint [131]. 

Annually, Barbados could achieve energy savings of approximately BBD 720 million and 

reduce its total expenditure by BBD 2.2 billion [130]. 

 

2.7.3 Waste recovery 

Solid waste management in Barbados is the shared responsibility of four government agencies, 

led by the Ministry of Health. Of the four agencies, the Sanitation Service Authority holds the 

primary mandate of waste collection, treatment and disposal [136]. During the first quarter of 

2015, Barbados generated approximately 26 kilotonnes of waste per month [136]. This 

represented the daily production of approximately 1,000 tonnes of waste and a fivefold 

increase, when compared to the daily recovery of 200 tonnes of waste in 1994 [137]. According 

to the World Bank, in 2012, Barbados collected 4.75 kg/capita/d of urban organic municipal 

solid waste (OMSW), almost double and triple that of the United States (2.58 kg/capita/d) and 

United Kingdom (1.79 kg/capita/d), respectively [138]. The steady increase in per-capita waste 

in Barbados reflects a growing, developing and industrialized population [131, 136]. 

 

The Mangrove Pond Landfill is the main waste disposal site in Barbados. This facility houses 

the Sustainable Barbados Recycling Centre (SBRC) where incoming waste streams are sorted 

to salvage organic and recyclable materials, thereby mitigating landfill waste disposal by 70 % 

[131]. Barbados’ waste stream is dominated by organic material as shown in Figure 2.1. At the 

SBRC, 150 tonnes of green waste is collected daily for composting. Recyclables such as metals, 

plastics, paper, e-waste and batteries are exported to foreign markets, given their high 

commercial value [136]. Hazardous chemical waste from hospitals and chemical laboratories 

are shipped to Canada for disposal. Glass, construction and demolition (C&D) materials are 

landfilled [131].  
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Figure 2.1: The composition of Barbados’ 2015 waste stream. 

 

Source: PMCU [136] 

 

2.7.4 Anaerobic digestion of Sargassum 

In the absence of holopelagic Sargassum for chemical analysis, this work will rely on the 

chemical composition available in literature. According to the single study conducted by the 

CPI [22], Sargassum sampled from the Caribbean island of St. Lucia generated biomethane 

with an energy value of 11.77 MJ/kg and electricity potential of 2 MWh per tonne of biomass 

[22]. Estimating Sargassum influx into Barbados as 10,000 tonnes per annum based on the 

statistics from the 2015 inundation event [1], the mono-digestion of this biomass would 

potentially yield 20 GWh/yr or 2.11 % of the 944 GWh of electrical power demanded in 2016.  

 

Alternatively, the co-digestion of Sargassum with OMSW is more feasible and should be 

explored. In 2015, Barbados generated 361 kilotonnes of waste [139], 41 % of which was 

organic (Figure 2.1). This waste stream is sustainable and increases in volume annually in 

direct proportion to the population growth. As such, OMSW can be consumed as the primary 

0

5

10

15

20

25

30

35

40

45

P
er

ce
n
ta

g
e 

(%
)

Waste composition



Chapter 2: Pelagic Sargassum for energy and bio-fertiliser production in the Caribbean 

34 
 

substrate for AD and Sargassum incorporated into the feedstock mix during periods of massive 

beaching. Assuming the composition of the 2015 organic waste stream collected to be 100 % 

food waste (FW) with an energy output of 0.618 MWh per tonne [22], its mono-digestion could 

achieve 91.4 GWh electricity. Bio-energy production could potentially be enhanced to 111.4 

GWh by the co-digestion of Sargassum and FW, thereby satisfying 11.80 % of the country’s 

2016 energy demand. Moreover, paper waste can be repurposed from exportation and 

integrated into the AD feedstock, increasing the energy output to 112.4 GWh.  

 

These findings provide meaningful insight into the energy that can be derived from the co-

digestion of the organic substrates in a bio-digester, functioning at optimum (100 %) process 

efficiency. However, the figures presented are an optimistic scenario, based on the assumption 

of complete feedstock degradation and maximum substrate biomethanation. As such, the 

theoretical yield is an ambitious estimation of the actual gas yield that can be obtained.  

 

Noteworthy, prior to the utilisation of biogas for energy generation, the H2S content must be 

assessed given the rich sulfur content of brown macroalgae. In high concentrations, H2S is 

highly toxic and corrosive to pipelines and machinery. Moreover, H2S diminishes biogas 

quality and prohibits consumption in co-generation engines as its combustion promotes the 

production of sulfur dioxide. The maximum acceptable H2S level for cogeneration engines is 

150 mg/m3 or 100 ppm. Treatment of unprocessed Sargassum seaweeds and the biogas 

recovered from AD are suggested to reduce H2S production and toxicity [105]. 

 

2.7.5 Bio-fertiliser production 

In addition to biogas, AD produces a nutrient-dense solid-liquid digestate with bio-fertiliser 

properties. Prior to use, the solid-liquid interfaces must be separated, consuming approximately 

20 % of the total energy generated from AD [140-142]. The solid fraction recovered can be 

applied directly in agriculture. Conversely, the high ammonia content of the liquid fraction 

impairs its utilisation and warrants reduction via one of four treatment methods: ammonia 

stripping, evaporation, reverse osmosis and struvite precipitation [143]. Liquid digestate 

treatment demands up to 10 % additional energy and is therefore only economically viable 

when converting feedstock of high energy value [140, 144]. 

 

The heavy metals in seaweeds also remain in the digestate after AD, contaminating and 

restricting its use as an organic soil conditioner. These cations accumulate in agricultural soils 
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with repeated bio-fertiliser application, inducing soil acidification and toxicity which stunts 

plant growth and diminishes crop productivity. Moreover, heavy metals are hazardous to 

human health and ecosystems through direct ingestion and physical contact. To capture heavy 

metal contaminants and mitigate the associated risk of soil poisoning, remediation techniques 

such as soil washing, phytoremediation and immobilisation can be incorporated. Presently, the 

aforementioned technologies are inexpensive, eco-friendly and exist globally in several 

developed countries [145, 146].  

 

Barbados has a rich agricultural heritage, founded on the production of sugar for supply to 

foreign markets. However, over the last decade, food and sugar production has drastically 

declined rendering the island food-scarce and dependent on importation. Local application of 

AD bio-fertiliser products would revive and support food and sugar production, thereby 

reducing expenditure on food imports. Moreover, potential is created for Barbados to generate 

capital and boost economic growth through the exportation of bio-fertiliser products, given the 

global shift away from chemical bio-fertilisers to eco-friendly organic bio-fertilisers. 

 

2.7.6 Implementation and industrial scale-up 

AD refineries have been commissioned worldwide for the conversion of biogenic waste 

streams such as sewage sludge, FW and lignocellulosic biomass into energy. To date, seaweeds 

have not been commercially introduced as feedstock for this treatment process. While the 

utilisation of macroalgae in AD is advancing, further research is required to address the 

challenges of high transport cost and seasonality. Large-scale seaweed cultivation has been 

explored in the US, Japan and across Europe as a method of providing a steady-state supply of 

this biomass for digestion. However, this process is costly and demands a 75 % reduction in 

the current cost of the raw material for viable implementation [103]. Ensiling has also been 

proven effective at preserving seaweeds for up to 90-d for biofuel production downstream. 

Optimisation of this process is therefore necessary to support the development of a viable 

seaweed biofuel industry [147].  

 

AD plants are less expensive than thermal waste treatment technologies and can be easily 

scaled-up to meet the energy demand. The capital cost to deploy a large centralised digester of 

30,000 tonnes per annum is estimated at USD 4 million [22], approximately one-tenth of the 

value of an incineration plant of equal capacity [148]. While the operation and maintenance 

costs of running an AD facility are low, a waste sorting facility is required to aid bioconversion 
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[22]. Presently, there is a facility in Barbados, the SBRC [131]. The incorporation of a digestate 

treatment facility would enhance the process profitability but contribute to higher investment 

and operational costs [144]. Returns on the financial investment for a large scale plant can be 

achieved within five years of operation [22]. The lifespan of a well-maintained digester is 

approximately 20 years [144].  

 

2.8 Summary of chapter and conclusions 

Sargassum inundation of Caribbean beaches has reached crisis proportion, negatively 

impacting the fisheries, tourism and ultimately, financial sectors. It is paramount that this issue 

be addressed to restore the region’s coastal beauty, viability and competitiveness. While many 

studies have explored the valorisation on brown macroalgae, literature on the biomethanation 

of PS is sparse. This work therefore investigated the economic feasibility of utilising these 

seaweeds for biogas and bio-fertiliser production in Barbados. 

 

The results of this study suggest major benefits to Barbados’ economy in general, and its 

renewable energy sector, in particular. The removal of Sargassum from the island’s beaches 

for bioenergy production would restore the natural coastal aesthetics and contribute to 

economic growth in both the tourism and fisheries sectors. However, Sargassum spp. are poor 

feedstock for mono-digestion and sustainable energy production given their unpredictable 

influx volume and low methane productivity. Seaweed and organic waste co-digestion is more 

advantageous, yielding biomethane with the potential of supplying approximately 12 % of the 

electricity demand in 2016. This gaseous fraction also has application in cooking as a substitute 

for fossil fuel-derived natural gas. The energy generated from AD would mitigate the GOB’s 

expenditure on imported petroleum-based products and better advance the island to its target 

of 29 % electricity generation from renewable energy sources by the year 2029 [135]. The daily 

generation of large volumes of organic waste is an asset which would sustain the AD process 

in the absence of seaweed inundation events. Utilisation of this waste stream in AD would 

reduce the demand for its landfill disposal, thereby diminishing greenhouse gas emissions and 

solidifying the country’s commitment to combat climate change as agreed through the 

ratification of the Paris Agreement [149]. Additionally, the complimentary bio-fertiliser 

generated from AD would support the local agricultural sector and improve food security. 

There is also potential for Barbados to gain revenue from the supply of organic bio-fertiliser 

products internationally.  



Chapter 2: Pelagic Sargassum for energy and bio-fertiliser production in the Caribbean 

37 
 

 

While Barbados’ land mass is small, its socio-economic and energy profiles are representative 

of other islands in the Caribbean community. As such, the opportunities derived from the co-

digestion of Sargassum and OMSW in Barbados could also be achieved in other small island 

nations region-wide. Moreover, there is potential for seaweed energy extraction further afield 

in larger territories such as Mexico, Florida and West Africa where Sargassum inundation has 

become problematic.  

 

Presently, AD technology is not exploited in the Caribbean. For the commercialisation of this 

waste-to-energy process to be realised at all scales region-wide, government and stakeholder 

approval, coupled with the removal of all financial and political barriers, are necessary. Energy 

policies must also be developed to create a climate conducive to investment by, and 

partnerships with, the private sector and international agencies. Public education and 

engagement campaigns involving the use of social media and commercial marketing strategies 

would be required to promote AD reliability and efficiency. 

 

Prior to the utilisation of PS as feedstock for AD, a deeper understanding of this marine biomass 

is necessary. Future research on Sargassum blooms should investigate the seasonal fluctuations 

in the chemical composition and seek to develop early warning systems which can predict and 

quantify inundation events. Preservation techniques are also necessary to ensure the continuous 

supply of seaweeds for fermentation. The success of a seaweed biofuel industry depends on 

the energy balance and as such, a comprehensive techno-economic assessment must be 

conducted to evaluate the feasibility of implementation and commercialisation.  

 

In industry, optimisation of energy production from PS seaweeds warrant a better 

understanding of the physicochemical composition of this marine biomass, in addition to the 

utilisation of pretreatment prior to fermentation. The subsequent chapter presents a 

comprehensive literature review and techno-economic assessment on the various pretreatment 

technologies which may be applied to brown macroalgae for biogas production enhancement. 

This phase of the study substantiates identification of the pretreatment technology most suitable 

for application to this marine biomass. 
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3.1     Chapter Preface 

Pelagic Sargassum are an attractive, untapped resource and a favourable alternative for 

conventional fossil fuels, given their low lignin and high polysaccharide content. However, the 

restricted bioavailability of structurally complex carbohydrates for digestion, results in a low 

biomethane potential (BMP). This chapter presents a critical literature review of the various 

pretreatment technologies applied to brown seaweeds to optimise saccharification, prior to 

fermentation. The studied technologies are categorised as: physical, biological, chemical, 

thermal and a combination of methods. From the techno-economic assessment of varied 

pretreatment technologies, hydrothermal pretreatment (HTP) proved most suitable for brown 

macroalgae application. The chapter concludes with a case study on the CambiTM Thermal 

Hydrolysis Process (THP) as it exemplifies the successful utilisation of HTP for sewage sludge 

biogas production. 

 

3.2     Introduction 

Fossil fuels are the primary feedstock for global energy production, supplying 88 % of the 

world’s energy demand in 2008 [150]. However, the rising demand for this non-renewable 

resource, coupled with the volatility of oil prices, have rendered dependence on this commodity 

an unsustainable and unviable practice. Moreover, fossil fuel combustion negatively impacts 

environmental stability and promotes global warming through the emission of large volumes 

of the greenhouse gas (GHG), carbon-dioxide (CO2) [151]. Between the 1970s and 2015, 

global CO2 emissions rose by 3-fold from 11.75 to 35.72 gigatonnes (Gt), in direct proportion 

to fossil fuel consumption. Given the present CO2 production rate of 630 million tonnes per 

annum, it has been postulated that by the year 2035, CO2 emissions could reach 75 Gt [152]. It 

is therefore of paramount importance that alternative energy sources be found to abate fossil 

fuel utilisation, thereby supporting environmental conservation and sustainability [150, 153].    

 

Macroalgae or seaweeds have shown great promise as feedstock for bio-energy production 

because of their rich polysaccharide and negligible lignin content [119, 154]. These large, 

multicellular marine organisms are abundant in nature and constitute approximately half of the 

world’s biomass population [155, 156]. Seaweeds fix atmospheric CO2 for photosynthesis and 

propagate rapidly, due to a 4-fold greater photosynthetic efficiency than terrestrial biomass 

[62]. In 2000, 11.4 million wet tonnes of seaweed were harvested globally [147]. One decade 

later, the population of this marine biomass increased by nearly 200 % to 19 million wet tonnes 
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[157]. The accelerated growth rate of macroalgae in recent years has been attributed to 

eutrophication and anthropogenic changes to environmental and oceanic conditions, as effected 

by elevated global atmospheric CO2 levels [158].  

 

Macroalgae cultivation can occur independently of arable land, a freshwater supply and bio-

fertiliser application. These properties increase the appeal of utilising this natural resource for 

bio-energy production, since they offer little to no competition for the land space that would 

otherwise be occupied by traditional edible and energy crops [119, 159].  

 

While there is great uncertainty surrounding the number of macroalgal species in existence, 

approximately 10,000 to 12,500 species have been taxonomically classified [147, 160]. 

Macroalgae can be sub-divided into three groups based on algal pigmentation and thallus 

colour: red, green and brown macroalgae (see Figure 3.1 below) [62, 86].  
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Figure 3.1: Examples of different types of macroalgae. 
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Red macroalgae (Rhodophyceae) are the most abundant type of macroalgae with 

approximately 6000 named species. Situated in the littoral and neritic zones of the ocean, these 

seaweeds acquire their characteristic red colour from the photosynthetic pigments 

phycoerythrin and phycocyanin. Chlorophyll A is also present within the cell structure and acts 

as an adaptation that facilitates maximum blue light absorption for photosynthetic growth, in 

waters ranging in depth from 40–250 m. Green macroalgae (Chlorophyta) are a small group of 

4500 species, present predominantly in freshwater habitats. These seaweeds contain 

chlorophyll A and B in a ratio equal to land plants and sit in the shallow region of the ocean 

for maximum light absorption. Brown macroalgae (Phaeophyceae) are the largest and most 

complex algal organisms, with approximately 2000 species in existence [62, 158]. These 

seaweeds which grow in coastal waters of 30-50 m [161], acquire their characteristic dark-

brown colour from elevated levels of the yellow-brown pigment fucoxanthin within their cell 

structure [95]. Brown macroalgae also possess a unique mechanism that promotes higher 

photon absorption during photosynthesis than in red and green algal species. Consequently, a 

larger number of brown seaweeds are present in marine environments [161].  

 

One such brown macroalgal genus abundant in the world’s ocean is Sargassum. This seaweed 

emanates in the Gulf of Mexico annually, then migrates along oceanic currents into the 

Sargasso Sea where it accumulates [7, 8]. Satellite imaging has also revealed growth of this 

marine biomass in the North Equatorial Recirculation Region (NERR), a nutrient-dense zone 

situated between Brazil and the Equator [11]. In open water, PS is the habitat to over 200 

marine organisms [3]. However, within the last decade, the neritic waters and shorelines of the 

Caribbean, West Africa and Gulf of Mexico have experienced a deluge of drifting Sargassum 

blooms which threaten the survival of the Tourism and Fisheries sectors. Beach-cast Sargassum 

is unsightly and restricts ocean access by locals and visitors alike. Moreover, the anaerobic 

decomposition of shored Sargassum produces the pungent and toxic gas, hydrogen sulphide 

(H2S), which carries a noticeable and characteristic “rotten egg smell” [1, 3]. This offensive 

odour was identified as the primary cause of reduced tourist arrivals to the Caribbean region in 

2015 [38, 39]. Sargassum influx is also responsible for mass fish kills across Belize and Mexico 

[36], and the death of dozens of endangered sea turtles in Barbados [33].  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Brown macroalgae possess high levels of carbohydrates and proteins but exhibit a low lipid 

content [154]. This rich nutritional composition has contributed to their human consumption, 

inclusion into animal feed products and application as agricultural bio-fertilisers [158, 159]. 
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Moreover, researchers have identified and extracted multiple bioactive compounds with 

potential in biosorption, pharmaceuticals and therapeutics [72, 162]. Biofuel production from 

brown macroalgae using AD technology has also been explored, as these seaweeds possess 

significantly less recalcitrant lignin than terrestrial crops [87, 94]. Hitherto, the low specific 

methane yield (SMY) of brown macroalgae makes it an unattractive feedstock for commercial 

biogas production downstream [161]. 

 

To enhance biomass solubilisation and the release of fermentable sugars for microbial 

digestion, pretreatment technologies have been investigated [154]. While these processes 

reveal great lab-scale potential, on-going research is necessary to determine their viability in 

the upsurging macroalgae-based biorefinery concept. This review paper details the progress 

made in brown macroalgae pretreatment and provides a comprehensive techno-economic 

assessment of each technique, based on the following industry process drivers: capital 

investment, net energy balance, process efficiency (PE) and environmental impact factor (EIF). 

From the methods studied, HTP using thermal hydrolysis is most advantageous for brown 

macroalgae application and should be fully explored to evaluate scalability. Thermal hydrolysis 

is successfully exploited world-wide in several wastewater treatment facilities to improve the 

bioconversion of sewage sludge. The final section of this paper presents a case study on 

CambiTM, the world’s leading thermal hydrolysis process (THP) and highlights the benefits 

derived from its implementation at Blue Plains in Washington DC. 

 

3.3     Anaerobic digestion of brown macroalgae 
 

Anaerobic digestion (AD) is a cost-effective waste-to-energy technology. This multistep 

biological process takes place in an environment of little to no oxygen and involves the 

microbial decomposition of organic feedstock into biogas and a digestate. AD occurs in four 

stages: hydrolysis, acidogenesis, acetogenesis and methanogenesis [163]. Hydrolysis is the 

rate-limiting step of AD as during this phase: (i) structurally complex components such as 

lignin and cellulose are cleaved into their monomeric units, and (ii) recalcitrant particulates are 

generated. This step of AD determines the cumulative methane (CH4) yield [89, 117]. 

 

Biogas is a renewable energy source composed primarily of CH4 (55-65 %) and CO2 (35-45 

%). CO2 diminishes the energy value of biogas and can be removed through scrubbing. This 

purification process yields biomethane, a sustainable, eco-friendly substitute to conventional 
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natural gas for application in electricity production, cooking and heating [117, 163]. Capturing 

AD-derived CH4 for energy recovery reduces its negative EIF. CH4 is a GHG with a half-life 

of approximately one decade and global warming potential 20-fold greater than CO2. In 

addition to biogas, a complementary nutrient-dense digestate is generated with application in 

agriculture as a soil conditioner [89, 164]. 

 

Brown macroalgae are good feedstock for CH4 fermentation given their rich carbohydrate 

composition and low lignin content. The high moisture level of this biomass also facilitates 

mass transfer between the substrate and micro-organisms, accelerating microbial growth and 

bioconversion [87, 165]. The BMP of brown macroalgae ranges from 204-380 mL/g VS. While 

this energy output is superior to the CH4 yields achieved from sugar crops (241 mL/g VS), rice 

straw (281 mL/g VS), lignocellulosic biomass (101-258 mL/g VS), animal waste and sewage 

sludge (247-293 mL/g VS), it represents less than 50% of the theoretical CH4 potential [161]. 

The low bioconversion of brown seaweeds is attributed to the presence of complex 

polysaccharides which are not easily fermented, a mass carbon-to-nitrogen ratio below 20:1 

and high levels of sulfur, polyphenols and salinity [154, 166]. 

 

To address the challenge of low CH4 productivity, pretreatment methods have been explored. 

These technologies increase the bioavailability of organic matter for microbial hydrolysis, 

thereby shortening the hydraulic retention time (HRT) and improving biogas formation [151, 

163]. Pretreatment techniques including physical, thermal, chemical, biological and a 

combination of methods have been applied to brown macroalgae with varying success.  

 

3.4       Physical pretreatment methods 
 

3.4.1 Mechanical pretreatment 

 

Mechanical pretreatment is a popular technique which involves the use of blades, knives and 

hammers to chip, grind, mill and shred biomass into small particles prior to AD. This process 

increases the reaction surface to volume ratio and liberates complex sugars for enzyme 

saccharification, thereby optimising bio-energy production [116, 167] as shown in Table 3.1.  

Ball milling is the primary treatment method applied to brown macroalgae [168]. When P. 

canaliculata was pretreated for 60 min in a modified Hollander beater made of an elliptic 

channel, with a bladed drum rotating at 580 rpm, CH4 recovery was 74% higher than the 

untreated sample [169]. Beating Laminariaceae spp. for 10 min also increased the 
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concentration of volatile solids (VS) accessible for microbial degradation. Fermentation of the 

pretreated slurry for 21-d generated a total solids (TS) biogas production rate of 685 mL/g TS 

or 53 % more biogas than that achieved from the raw feedstock [90, 116]. Conversely, 

maceration had a negative impact on the biomethanation of S. latissima, diminishing the energy 

gains by 2 % relative to the control [104]. 

 

3.4.2 Microwave pretreatment 

 

Growing attention has been given by researchers to microwave irradiation as a replacement to 

conventional heating. Microwave pretreatment involves the use of short electromagnetic waves 

of frequencies ranging 0.3 to 300 GHz to rapidly heat up water molecules inside the cells of 

biomass to a boiling state, thereby creating pressure within the cells which breaks hydrogen 

bonds [118, 164]. This method increases the concentration of the intracellular contents 

available for fermentation and improves the SMY. Microwave pretreatment has a marginal 

effect on biomass solubilisation [170, 171]. 

 

To the authors’ knowledge, only a single study exists on microwave-assisted extraction for 

brown macroalgae biogas production. In this work by Montingelli et al. [117], Laminaria sp. 

was exposed to conventional microwave irradiation at 560 W for 30 s. These reaction 

conditions accelerated cellular disintegration and the concentration of organic matter released 

for microbial digestion. However, the bioconversion of this solubilised fraction was limited 

due to the presence of recalcitrant insoluble fibrous components. After 25-d of AD, the 

normalised CH4 yield was 244 NmL/g VS. Compared to the untreated sample, microwave 

pretreatment decreased CH4 production by 26 % (see Table 3.1). 

 

3.4.3 Ultrasound pretreatment 

 

Ultrasound pretreatment or sonication involves the steady-state supply of rapid compression 

and depression cycles of sonic waves to biomass. During this treatment process, cell wall air 

cavities or microbubbles are formed and subsequently collapse, rupturing the cell envelope 

[118, 172]. This change in the substrate morphology improves microbial access to fermentable 

sugars and promotes their bioconversion to CH4 [173, 174]. The composition and quantity of 

the organic matter released for AD varies with the sonication energy applied [175]. Optimum 

algal cell wall lysis occurs at high energy intensities and low frequencies (<100 kHz) [176]. 

The exposure time also impacts the efficiency of the sonication process. Long reaction times 
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are favoured as they maximise cell destruction and the soluble chemical oxygen demand (COD) 

[177]. 

 

Ultrasonication has been applied to brown macroalgae to improve the extraction of constituents 

such as laminarin, fucoidan and phytochemicals [178, 179]. To date, no study has explored the 

effect of this pretreatment method on brown macroalgae methanation. However, from the 

literature available, sonication is suitable for wet biomass as the contained water facilitates the 

transmission of sound waves between the liquid and solid interfaces [180]. 
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Table 3.1: Physical pretreatment of brown macroalgae for biogas production. 

Technique Feedstock Pretreatment conditions AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results Change in energy 

potential (%) 

Reference 

Mechanical Laminariaceae spp. beating; 580 rpm; 10 min Batch 21 50 430 mL CH4/g TS + 53 [116] 

 P. canaliculate beating; 580 rpm; 60 min Batch 21 37 340 mL CH4/g VS + 74 [169] 

 P. canaliculate beating; 580 rpm; 10 min Batch 21 37 444 mL biogas/g TS   + 179 [181] 

 F. serratus     181 mL biogas/g TS   + 183  

 F. vesiculosus     231 mL biogas/g TS   + 220  

 L. digitata     157 mL biogas/g TS + 52  

 F. vesiculosus washed; chopped (5 mm) Batch 25 37 134 mL CH4/g VS + 95 [182] 

  unwashed; chopped (5 mm)    120 mL CH4/g VS + 75  

 F. vesiculosus pressure chamber (1000 bar)  Batch 52 37 92 NmL CH4/g VS + 37 [183] 

 Laminaria sp. beating; 580 rpm; 10 min Batch 38 25 335 NmL CH4/g VS            + 1 [117] 

  ball milling (1 mm); 18 h    241 NmL CH4/g VS            - 27  

  ball milling (2 mm); 18 h    260 NmL CH4/g VS            - 21  

 S. latissimi washed; maceration Batch 34 53 333 mL CH4/g VS            - 2 [104] 

Microwave Laminaria sp. 50 Hz; 560 W; 30 s Batch 38 25 244 NmL CH4/g VS            - 26 [117] 
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3.5     Biological pretreatment 
 

Biological pretreatment is the process of applying wood-degrading micro-organisms (fungi and 

bacteria) or enzymes to biomass to degrade lignin and hemicellulose. This treatment process 

can occur either aerobically or anaerobically and improves both hydrolysis and biomethanation 

[184]. White rot fungi extracted from decaying wood are the most prominent microbes used in 

biological pretreatment. These fungi produce the enzymes lignin peroxidase, manganese 

peroxidase and laccase, which effectively fractionate lignin into CO2 and water [185, 186]. 

 

Few studies exist on optimising brown macroalgae biogas production using biological 

pretreatment (Table 3.2). The application of the Bm-2 strain white rot fungi, Trametes hirsuta, 

to Mexican Caribbean macroalgae consortia for 6 d improved the degradation of lignocellulosic 

fibres and promoted the formation of grooves along the surface of this biomass. These physical 

modifications to the feedstock accelerated algal bioavailability and gave rise to the formation 

of 20% more biomethane than the raw sample after 29-d of retention time. Alternatively, 

enzyme pretreatment diminished CH4 productivity by 6 % [121]. Vanegas et al. [187] 

confirmed the negative performance of enzymes at improving the biogas productivity of L. 

digitata. The pretreatment of this macroalgae with cellulase and alginate lyase for 24 h reduced 

bioconversion by 1 and 2 %, respectively when compared to the untreated sample. Similarly, 

the application of celluclast 1.5 L to this seaweed lowered saccharification and the release of 

reducing sugars, thus diminishing biogas formation by 317 %.    
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Table 3.2: Biological pretreatment of brown macroalgae for biogas production. 

Micro-organisms Feedstock Pretreatment 

conditions 

AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results Change in energy 

potential (%) 

Reference 

Bm-2 strain white rot 

fungi, Trametes hirsuta, 

Mexican Caribbean 

macroalgae consortia 

35 oC; 6-d Batch 29 35 104 mL CH4/g VS  + 20 [121] 

Enzymatic broth  40 oC; 24 h    86 mL CH4/g VS             - 6  

Cellulase L. digitata 37 oC; 24 h Batch 32 35 225 mL biogas/g VS            - 1 [187] 

Alginate lyase  37 oC; 24 h    232 mL biogas/g VS            - 2  

Celluclast 1.5 L  40 oC; 24 h    72 mL biogas/g VS  - 317  

1 % enzyme mix of 

cellulase, hemicellulase, 

pectinase and protease 

F. vesiculosus 50 oC; 5 h Batch 52 37 49 NmL CH4/g VS             - 27 [183] 
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3.6 Chemical pretreatment 
 

Strong and weak chemical reagents have been applied to biomass to improve cell wall 

disintegration, COD solubilisation and CH4 production [164]. In alkali pretreatment, biomass 

simultaneously undergoes solvation and saponification. These reactions cleave the lignin and 

cellulose components, thereby increasing the concentration of sugars accessible for microbial 

digestion downstream. Comparatively, acidic reagents are more effective than alkalis at 

accelerating hemicellulose depolymerisation and delignifying biomass. The use of chemical 

reagents produces toxic organic acids which contaminate downstream products and alter the 

reactor pH, subsequently, inhibiting methanogenesis and inducing digester failure. To improve 

microbial proliferation and AD efficiency, alkaline compounds are added to the pretreated 

slurry prior to fermentation to neutralise the acidic environment [89]. 

 

Literature on the chemical pretreatment of brown macroalgae is sparse (Table 3.3). Vanegas et 

al. [187] reported the production of 237 mL/g VS of biogas when L. digitata was pretreated 

with 2.5 % citric acid for 1 h. This biogas yield was 4% higher than that generated from the 

untreated sample. Augmentation of the concentration to 6% citric acid enhanced the recovery 

of reducing sugars. However, this condition also promoted the formation of inhibitory 

compounds such as furfural and phenols which suppress microbial hydrolysis and biogas 

productivity. Consequently, at 6 % citric acid, the biogas yield decreased by 330 % to 69 mL/g 

VS. 
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Table 3.3: Chemical pretreatment of brown macroalgae for biogas production. 

Technique Feedstock Medium Pretreatment 

conditions 

AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results                   

(mL biogas/g VS) 

Change in energy 

potential (%) 

Reference 

Acid  L. digitata 2.5 % citric acid 120 oC; 1 h; 1 atm Batch 32 35 237 + 4 [187] 

  1 % lactic acid     161  - 42  

  6 % lactic acid     101    - 226  

  6 % oxalic acid     83    - 275  

  6 % citric acid     69    - 330  
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3.7     Thermal pretreatment 
 

In thermal pretreatment, temperatures ranging from 50–250 oC are applied directly to the 

surface of biomass via heat exchange to break the hydrogen bonds that maintain mechanical 

strength, effecting cell wall disintegration. This structural change to the substrate improves the 

enzymatic hydrolysis of organic matter and results in higher biogas yields [164, 168]. Thermal 

pretreatment can be sub-divided into low temperature (< 110 oC) and high temperature (> 110 

oC) reactions. High temperature reactions are favoured as they optimise biomass solubilisation 

and energy extraction. However, temperatures beyond 180 oC promote the formation of 

inhibitory compounds such as furfural, hydroxymethylfurfural and phenols which reduce the 

efficiency of bioconversion [177, 188].  

 

Autoclaving Sargassum sp. at 121 oC and 1 bar for 15 min increased the soluble VS content by 

10-fold. The SMY obtained after pretreatment increased by 60 % compared to the unpretreated 

macroalgae [120]. 

 

Hydrothermal or pressurised hot water pretreatment is an alternative to conventional thermal 

processing. In this method, biomass is cooked in water or steam at temperatures and pressures 

ranging from 110-180 oC and 6-25 bar, respectively [189, 190] without the addition of 

chemicals or enzymes [191]. Under these subcritical conditions, the hydrogen bonds in water 

are broken, consequently improving its solvation, biochemical and reactivity properties [192, 

193]. Hydrothermal processing increases polysaccharide solubilisation and CH4 productivity 

but shortens the fermentation time [189, 194]. 

 

In literature, HTP has been applied to brown macroalgae with great success. S. latissima was 

exposed to steam explosion at 130 and 160 oC, for 10 min, respectively. Using a steam 

explosion facility designed by Cambi AS, the treatment process enhanced biomass 

disintegration and enzymatic hydrolysis. After a retention time of 119-d, biomethane recovery 

increased by 17-20 % relative to the raw sample [119]. Hot water pretreatment of Nizimuddinia 

zanardini at 121 oC for 30 min accelerated organic matter solubilisation and enhanced the 

release of monomeric glucose units for AD. This treatment process was also advantageous, 

improving the quantity and purity of the CH4 fraction generated by 22 and 2%, respectively, 

compared to untreated seaweeds [195].  
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Lower temperature water pretreatment has also been explored. However, reaction temperatures 

< 80 oC are ineffective and diminish the BMP [196] . In a study conducted by Barbot et al. 

[197], F. vesiculosus was pretreated with water heated to three different temperatures for 24 h. 

At the reaction temperatures of 20 and 50 oC, the authors reported decreases of 19 and 21 % in 

the SMY, respectively. On the contrary, the application of hot water (80 oC) improved 

microbial digestion and yielded 51 % more CH4 than the raw macroalgae. Table 3.4 

summarises the effect of thermal pretreatment methods on the bioconversion of brown 

seaweeds. 
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Table 3.4: Thermal pretreatment of brown macroalgae for biogas production. 

Technique Feedstock Pretreatment conditions AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results                 

(mL CH4/g VS) 

Change in energy 

potential (%) 

Reference 

Autoclaving Sargassum sp. 121 oC; 1 bar; 30 min Batch 42 37 541  + 60 [120] 

Hydrothermal F. vesiculosus 20 oC; 24 h Batch 20 37 38  - 19 [197] 

  50 oC; 24 h    37            - 21  

  80 oC; 24 h    71  + 51  

 F. vesiculosus 80 oC; 2 h Batch 22 37 80             - 9 [196] 

 Nizimuddinia zanardini 121 oC; 30 min Batch 40 37 143   + 22 [195] 

Steam explosion S. latissima 130 oC; 10 min Batch 119 37 268   + 20 [119] 

  160 oC; 10 min    260   + 17  
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3.8 Combined pretreatment methods  
 

To improve biomass enzymatic hydrolysis and the corresponding BMP, multiple pretreatment 

combinations have been explored (see Table 3.5). While combined pretreatments are highly 

complex, they are more effective than the standard treatment procedures [164].  

 

Thermo-chemical pretreatment is the primary combination studied. Pretreatment of F. 

vesiculosus with 0.2 M industry-grade HCl at 80 oC for 90 min improved enzymatic hydrolysis 

and promoted the recovery of 121 mL CH4/g VS after 22-d of retention time. This CH4 yield 

was 39% higher than that achieved from the untreated sample. Substituting HCl with less acidic 

flue gas condensate (FGC) exhibited a poorer pretreatment performance, increasing 

biomethanation by 24 %. Conversely, the application of acidic media of concentrations below 

0.1 M had a negative effect on biodegradation and CH4 productivity [196]. In a secondary 

study, the pretreatment of F. vesiculosus with 0.2 M HCl at 80 oC for 2 h generated 108 mL/g 

VS of CH4. Augmenting the treatment time from 2 to 24 h marginally enhanced CH4 recovery 

to 113 mL/g VS [197]. For optimum bioconversion of this biomass to be achieved, the correct 

balance of acidity and exposure temperature must be established [196]. 

 

Mechano-biological pretreatment increased the concentration of soluble COD released from F. 

vesiculosus by 3.5-fold relative to the untreated macroalgae. In this work, the feedstock was 

pretreated mechanically in a TK Energi AS prototype machine pressurized to 1000 bar and 

subsequently incubated at 50 oC with a 1 % mix of the four enzymes: cellulase, hemicellulase, 

pectinase and protease. After fermentation for 52-d, the volume of CH4 extracted was 96 % 

higher than the untreated biomass [183]. 

 

The effect of enzyme-acid pretreatment on reducing sugar and biogas production has been 

studied by Vanegas et al. [187]. In this work, the brown seaweed L. digitata was pretreated 

with various organic acids and enzymes. The authors observed a linear increase in biomass 

hydrolysis and reducing sugar release with the concentration of acid used. However, at high 

acid concentrations, inhibitory compounds such as furfural and phenols were formed. These 

compounds altered the pH of the digester and inhibit microbe proliferation, subsequently 

reducing biogas production. Optimum biogas recovery of 243 mL/g VS was achieved after 

combined pretreatment with cellulase and 2.5 % citric acid. 
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In a recent study, L. japonica was exposed to combined microwave-acid pretreatment. At all 

the treatment acid conditions studied, biomass disintegration and saccharification improved. 

However, the degree of COD solubilisation increased in direct proportion to the acid 

concentration. Maximum hydrogen production of 28 mL/g TS was achieved with microwave 

pretreatment (2450 MHz, 140 oC) and 1 % sulfuric acid for 15 min [198]. This combined 

pretreatment process exhibits great promise and should be explored further as a potential 

pretreatment method for improving brown macroalgae CH4 production. 
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Table 3.5: Combined pretreatments of brown macroalgae for biogas production. 

Technique Feedstock Reagent Pretreatment 

conditions 

AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results Change in energy 

potential (%) 

Reference 

Thermal + 

chemical 

F. vesiculosus 0.05 M HCl 80 oC; 2 h Batch 22 37 66 mL CH4/g VS  - 32 [196] 

  0.1 M HCl 80 oC; 2 h    95 mL CH4/g VS  + 9  

  0.2 M HCl 80 oC; 30 min    90 mL CH4/g VS  + 4  

   80 oC; 60 min    94 mL CH4/g VS + 8  

   80 oC; 90 min    121 mL CH4/g VS   + 39  

   80 oC; 2 h    98 mL CH4/g VS   + 13  

   100 oC; 2 h    103 mL CH4 /g VS   + 24  

  HCl pH 1.2 80 oC; 2 h    103 mL CH4/g VS   + 18  

  FGC pH 1.2 80 oC; 2 h    108 mL CH4/g VS  + 24  

 F. vesiculosus 0.2 M HCl 20 oC; 24 h Batch 20 37 52 mL CH4/g VS   + 11 [197] 

   50 oC; 24 h    86 mL CH4/g VS   + 83  

   80 oC; 2 h    108 mL CH4/g VS     + 130  

   80 oC; 4 h    107 mL CH4/g VS     + 128  

   80 oC; 6 h    101 mL CH4/g VS     + 115  

   80 oC; 12 h    116 mL CH4/g VS    + 147  

   80 oC; 24 h    113 mL CH4/g VS     + 140  
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Table 3.5: Continued. 

Technique Feedstock Reagent Pretreatment 

conditions 

AD 

process 

HRT 

(d) 

Incubation 

temp. (oC) 

Results Change in energy 

potential (%) 

Reference 

Thermal + 

chemical 

F. vesiculosus FGC 20 oC; 24 h Batch 20 37 37 mL CH4/g VS  - 21 [197] 

   50 oC; 24 h    41 mL CH4/g VS  - 13  

   80 oC; 24 h    65 mL CH4/g VS   + 38  

Mechanical 

+ biological 

F. vesiculosus pressure chamber, 1% 

enzyme mix of cellulase, 

hemicellulase, pectinase 

and protease 

1000 bar; 50 oC  Batch 52 37 131 NmL CH4/g VS  + 96 [183] 

Biological + 

chemical 

L. digitata cellulase, 2.5 % citric acid 120 oC; 1 h Batch 32 35 243 mL biogas/g VS             + 6 [187] 

  cellulase, 1% lactic acid     219 mL biogas/g VS             - 4  

  cellulase, 1% oxalic acid     176 mL biogas/g VS  - 30  

  cellulase, 6% lactic acid     99 mL biogas/g VS    - 230  

  cellulase, 6% oxalic acid     76 mL biogas/g VS    - 300  
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3.9 Techno-economic assessment and energy balance 
 

Biomass pretreatment methods have proven to be effective at improving cell wall 

disintegration, COD solubilisation and CH4 production. However, the transition of these 

technologies from laboratory scale study to industry is hindered by several technical, economic 

and environmental challenges [161, 199]. 

 

Mechanical pretreatment methods are energy-intensive processes with low EIF. While these 

technologies function independently of chemical and enzyme additives, the purchase price of 

specialized equipment and high electricity consumption rates inflate the capital and operational 

expenditures [89]. Microwave pretreatment is advantageous as electrical power is quickly 

converted to heat and uniformly distributed to the feedstock. However, this technology 

demands large energy input given the high irradiation power and extended exposure time 

necessary [164]. Similarly, ultrasonication requires a high specific energy input of 205-900 

kJ/L and lengthy treatment time [200]. Physical pretreatment methods are energy inefficient 

and carry net negative energy balances. Collectively, these variables reduce the economic 

feasibility of commercialisation [164, 183]. 

 

Physical pretreatments are most effective with feedstock of > 14 % VS and > 6% TS [164]. 

Brown macroalgae exhibit low VS content due to high moisture levels. Water also increases 

the shear strength of this feedstock, thereby reducing cell wall disruption and polysaccharide 

solubilisation [163]. To improve biomass degradation and VS content, a dewatering phase 

should be incorporated prior to pretreatment. While the inclusion of this step would achieve a 

positive energy balance, the additional energy demanded would incur operational and 

maintenance (O&M) costs [201]. 

 

By comparison, biological pretreatment requires a lower capital investment and energy input 

than physical and thermo-chemical pretreatment methods [202, 203]. This process is safe and 

eco-friendly, generating no inhibitors and emitting no harmful compounds into the atmosphere 

[184, 204]. The deployment of this technology is primarily affected by the high cost of enzymes 

[164]. The enzymes used for hydrolysis can either be cultured on-site or sourced externally. 

On-site enzyme production is financially advantageous as it eliminates the need for stabilisers 

to extend the shelf life of enzymes, reduces transportation costs, nullifies the impact of 

fluctuating enzyme market prices and supports the development of substrate specific microbial 

consortia [203, 205]. Additional drawbacks to the industrialisation of this method include a 
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slow hydrolytic rate, large reactor device and negligible enhancements on biomass 

solubilisation and biogas productivity. While brown macroalgae are suitable feedstock for 

biological pretreatment, the stated challenges reduce the economic feasibility of full-scale 

implementation [164, 204]. 

 

Chemical pretreatment is the costliest method studied. While the energy consumed during 

operation is low, great investment is required to purchase the reactor and chemical additives 

[205]. Chemical reagents are expensive, varying in price by supplier and with market value. 

These compounds are also corrosive and promote digester erosion. Consequently, high-grade 

corrosion resistant materials are used in reactor construction [164, 206]. At high chemical 

concentrations, biomass solubilisation is optimised. However, these harsh reaction conditions 

have a minor effect on biogas production and accelerate digester attrition, thereby 

compounding O&M costs [89, 207]. Acid/alkaline pretreatment also produces a slurry infused 

with AD inhibitory organic acids [205]. Neutralisation of these acidic compounds prior to 

fermentation incurs additional operation charges [191]. Chemical pretreatment is too harsh for 

macroalgae application and should be limited to lignocellulose-dense biomass [89, 168].   

 

Thermal pretreatment is a simple process with an implementation cost that varies according to 

the reaction temperature and the exposure time [206]. This technology is advantageous, 

demanding lower energy input than physical pretreatment methods and eliminating the need 

for expensive chemicals and enzymes [202, 207]. At reaction temperatures > 110 oC, thermal 

hydrolysis can be corrosive. To reduce the effect, high-grade corrosion resistant materials are 

used in reactor construction, increasing the capital and maintenance costs [203]. The energy 

balance of thermal pretreatment varies with the feedstock TS content. When this process is 

applied to macroalgae, the net energy balance is negative due to its high-water content which 

restricts the transfer of heat from the reactor to the substrate [117, 188]. As with physical 

pretreatments, dewatering prior to pretreatment is imperative to improve the bioconversion 

efficiency and achieve a net positive energy balance [164]. 

 

Hydrothermal pretreatment (HTP) consumes more energy than conventional thermal 

pretreatment due to the reaction configuration of elevated temperature and pressure, coupled 

with the steady state supply of water into the reactor device [199, 205]. However, this process 

is thermodynamically viable as the energy generated from the biogas produced is superior to 

the energy consumed during operation [89, 191]. The technology also sanitizes, dewaters and 

reduces the viscosity of biomass, thereby improving the nutritional quality of the digestate 
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generated during AD [164]. HTP can successfully accommodate feedstock of high-water 

content and is most suitable for commercial brown macroalgae biogas production.  

 

Several combined pretreatment methods have been explored but the high cost of energy, 

chemicals reagents and enzymes is the major factor hindering their full-scale application [164]. 

Thermo-chemical pretreatment is the only combination currently exploited for sewage sludge 

wastewater treatment [89]. While this technology effectively enhances organic matter 

solubilisation and anaerobic digestibility, the operating conditions employed are not suitable 

for brown macroalgae application. Moreover, the process carries a negative energy balance and 

is detrimental to environment stability [196]. Table 3.6 summaries the techno-economic study 

of various brown macroalgae pretreatment technologies.  
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Table 3.6: Comparison of brown macroalgae pretreatment technologies. 

Technology  Physical   Biological   Chemical Thermal  Combined 

Parameters  Mechanical Microwave Ultrasound   Acid Base  (<110 oC) (>110 oC) Hydrothermal  Thermochemical 

Capital investment  +++ +++ +++  ++  +++ +++  + +++ +++  +++ 

O&M costs  ++ ++ ++  ++  ++/+++ ++  + ++ +/++  +++ 

Energy demand  +++ +++ +++  +  + +  + ++ +++  +++ 

Algal solubilisation  NA + +  +  +++ ++  + ++ +++  +++ 

PE  ++ + NS  -/+  - NS  - +/++ ++/+++  ++/+++ 

EIF  + + +  +  +++ ++  +++ ++ +  ++/+++ 

Odour generation  + + +  +++  +++ +++  ++ ++ +  +++ 

Pathogen removal  + + +  +++  + +  ++ +++ +++  +/++ 

Application to 

brown macroalgae  

 +++ + NS  +  + NS  + + ++ 

 

 ++ 

 
NA: Not applicable; NS: Not studied; -: negative; +: low; ++: moderate; +++: high. 
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In summary, the economic feasibility of full-scale pretreatment implementation relies primarily 

on the process energy balance. While most of the methods explored enhance anaerobic 

biodegradability and biogas productivity, they demand high energy inputs and exhibit net 

negative energy balances when applied to algal biomass. To date, HTP is the single energy-

efficient technology studied. However, prior to the industrial establishment of this technology 

for resource recovery purposes, consideration must also be given to variables such as the 

technology readiness level and net present value, which are critical for the development, 

sustainability and economic performance of bio-based production processes [208, 209]. Pilot 

scale research should therefore be conducted to evaluate the commercial viability of 

introducing this technology, for commercial brown seaweed biogas production. Several HTP 

technologies such as CambiTM, BiothelysTM and ExelysTM are globally available in wastewater 

treatment plants (WWTPs) to improve the bioconversion of sewage sludge [210]. The 

following section presents a case study on Cambi, the world’s leading THP.    

 

3.10      Case study: The CambiTM process 

3.10.1     Technology 

 

Cambi AS is a Norwegian-based company that develops and implements green, reliable and 

cost-effective technologies for biowaste treatment and disposal. Established in 1989 by the 

forest owners’ association Glommen Skogeierforening, this company is presently the global 

leader in the deployment of a patented eco-friendly and sustainable THP which treats and 

improves the conversion of sewage sludge and organic waste into bio-energy [211, 212]. Cambi 

THP occurs in a reactor and involves the direct injection of saturated steam into dewatered 

biomass at 16-18 % dry solids (DS), for 20-30 min at 165 oC and 5-6 bar. Thereafter, the system 

is suddenly depressurised to 4 bar, triggering a “steam explosion” [211]. This pretreatment 

process increases the breakdown of the cellular structure and fibrous components in sewage 

sludge, thereby accelerating microbe accessibility to biodegradable contents for fermentation. 

The incorporation of Cambi THP prior to fermentation achieves < 60 % cell disintegration and 

yields a biogas fraction approximately 50 % greater than that recovered from conventional AD 

[212, 213]. 

 

The biogas derived from AD is cleaned and transferred to a combined heat and power facility 

for the co-generation of electricity and steam. The electricity produced is externally supplied 
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for consumption while the steam is recycled into the treatment facility to power the thermal 

hydrolysis of influent sludge. Utilisation of steam in THP is advantageous as it mitigates the 

demand for fossil fuels, the carbon footprint and the total operation cost. Cambi THP also 

improves dewatering and lowers biosolid production by 50-70 %, thus supporting public health 

and environmental sustainability, by reducing landfill disposal and the corresponding GHG 

emissions. The biosolids formed are low odour, nutrient-rich and pathogen-free with 

application in agriculture to promote crop productivity and amend soil health [211, 212]. 

Collectively, these properties contribute to the global appeal of Cambi THP implementation 

[204]. The schematic diagram below (Figure 3.2) details the CambiTM THP. 
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Figure 3.2: CambiTM THP 

configuration. 
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In 1995, the first full-scale Cambi THP facility was commissioned in Hias, Norway. However, 

by 2012, the number of WWTPs equipped with Cambi units had risen to 26 world-wide. 

Collectively, annually, these systems have the treatment capacity of 530,000 tonnes of DS of 

sewage sludge and can co-generate 1,900 GWh of thermal energy and 760 GWh of electrical 

power, for supply to 26 million residents. At optimum PE and capacity, Cambi plants could 

accommodate 768,000 tonnes DS of sewage sludge per annum. The incorporation of this 

green technology into AD plants as a pretreatment step is environmentally advantageous, 

mitigating the formation of 760,000 tonnes of fossil fuel- derived CO2 emissions and reducing 

total CH4 emissions by 2.5 million tonnes of CO2 equivalent [215]. Effective December 2018, 

Cambi THP provides electricity to approximately 75 million households, through the 

installation of 65 biogas plants in 22 countries, across 5 continents. Cambi THP plant sizes 

range from 10-450 tonnes DS/d and carry a combined treatment capacity of 7,050 tonnes 

DS/d. Noteworthy, the present installed capacity of Cambi THP adopted in the United 

Kingdom can treat 56 % of the country’s sewage sludge waste stream [214].  

 

3.10.2    Blue Plains advanced wastewater treatment facility 

 

Blue Plains located in Washington DC, USA, is the world’s largest advanced WWTP and the 

first facility in North America to adopt the Cambi THP into its operation. Managed and 

operated by the District of Columbia Water and Sewer Authority (DC Water) and occupying 

approximately 160 acres, this plant was deployed in 1938, as the primary sewage treatment 

facility servicing the states of Washington DC, Maryland and Virginia. The effluent 

emanating from DC Water Blue Plains is discharged into the adjacent Potomac River [206].  

In 1959, the treatment capacity of Blue Plains was 240 million gallons of sewage per day. 

Structural modifications were subsequently made to the facility in 1983, augmenting the 

digestion capacity to 300 million gallons in response to the growing energy demand and waste 

production rate. Most recently, in 2014, the existing WWTP was retrofitted with a USD 407 

million CambiTM AS pretreatment system. The new facility hosts four large anaerobic 

digesters, each of volume 3.8 million gallons and combined holding capacity 58,100 m3. Daily 

this plant treats 370-390 million gallons of water at a rate of 15 m3/s. At peak operation 

capacity and during periods of heavy rainfall or large storms, these units can receive in excess 

of 1 billion gallons per day [211, 212].  
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3.10.3   Economic and environmental viability 

 

Cambi THP systems give a positive energy balance and are 35 % less costly than conventional 

AD digesters, accruing capital savings of USD 200 million due to higher net biogas 

production. At the DC Water facility, the use of recycled steam to power the operation 

mitigates fossil fuel dependency by 33 % and energy costs by USD 10 million annually [210, 

212]. In 2016, this plant supplied 13 MW of electricity to approximately 2.2 million customers 

at a lower rate than conventional petroleum-based energy companies. By 2020, the projected 

power output from this plant is predicted to be 20 MW [210, 217]. Thermal hydrolysis 

produces a small volume of class A biosolids (> 50 %) downstream, mitigating expenditure 

on lime stabilisers, hauling and landfill disposal by USD 10 million annually [211]. The 

biosolids generated are packaged and consumed both locally and internationally as a bio-

fertiliser, thus gaining foreign exchange. The incorporation of Cambi THP into Blue Plains 

also improves air quality, eliminating GHG emissions by 40 % or the equivalent of 47,000–

73,000 tonnes of CO2 annually [210, 212].   

 
 

3.11   Summary of chapter and conclusions 
 

Brown macroalgae are viable feedstock for bio-energy production given their unique 

physicochemical properties. However, the bioconversion of these seaweeds is limited by the 

inaccessibility of complex sugars for microbial degradation. Pretreatment technologies 

improve the efficiency of saccharification and fermentation but require high capital 

investment and significant energy inputs. From the techno-economic assessment conducted, 

HTP is the most feasible and attractive technology for this marine biomass. Hitherto, HTP has 

been successfully exploited in WWTPs to optimise biogas production from sewage sludge.  

 

The following chapter evaluates the effect of hydrothermal processing on PS solubilisation 

and inhibitory compound formation. The relationship between seaweed solubilisation and 

biogas productivity was established based on experimentation. Characterisation of the biogas 

and digestate derived from fermentation was examined to determine their potential 

exploitation in electricity generation and agricultural practice, respectively. 
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4.1   Chapter Preface  

The literature review presented in Chapter 3 revealed hydrothermal pretreatment (HTP) as the 

most suitable pretreatment technology for brown macroalgae application. This chapter 

evaluates the physicochemical properties of pelagic Sargassum (PS) and the novel approach 

of HTP at various operation conditions on seaweed solubilisation and AD inhibitory 

compound formation. Composition of the biogas generated in mono-digestion was compared 

for the untreated and pretreated substrates. The optimum operation condition for the HTP of 

PS was established based on the experimental results. The agronomic potential of the digestate 

as an organic bio-fertiliser or soil conditioner was determined by comparison to international 

soil standard guidelines.  

 

4.2   Introduction 

There is heightened interest in the research and development of non-food source competitive 

biofuels as a means of counteracting the negative impact of fossil fuel-based economies. 

According to statistics reported by BP, the years 2007 to 2017 saw growth in global primary 

energy consumption of an average of 1.5 % per annum. However, in 2018, consumption 

demand doubled that of the previous decade, representing 13,865 million tonnes of oil 

equivalent, derived from 85% fossil fuels [218]. While there exists a linear relationship 

between the energy demand and urbanisation, the over utilisation of petroleum-based products 

for energy generation has increased greenhouse gas emissions and triggered environmental 

instability. The identification of viable, eco-friendly alternatives to fossil fuels is therefore 

imperative to circumvent these major global challenges.  

 

Biogas is a green, cost-effective bioenergy source with application in electricity generation, 

cooking, heating and transport. This energy-dense fuel is the main product of AD, the four-

step biological process in which organic material is broken down by microorganisms in the 

absence of oxygen. Methane (CH4) and carbon dioxide (CO2) dominate the composition of 

biogas, representing approximately 60-70 % and 30-40 %, respectively. Nitrogen, hydrogen 

sulphide (H2S) and water vapour are also present in this gaseous fraction (< 1 %) [163]. In 

addition to biogas, a digestate with bio-fertiliser or soil amendment properties is generated 

from this waste-to-energy process. Utilisation of this anaerobic effluent in horticulture is 

sustainable since it recycles essential nutrients and organic matter from the feedstock back 

into soil, thereby eliminating the growing demand for synthetic chemical soil enhancers and 
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their associated negative environmental impact [219, 220]. AD technology is well-established 

technology and has been globally commissioned for the management, treatment and disposal 

of bio-waste streams including FW, agricultural residues and sewage sludge [89, 164].  

 

Research has also explored the utilisation of macroalgae or seaweeds as opportunity for biogas 

and bio-fertiliser production. These aquatic plants, taxonomically classified as either green 

macroalgae (Chlorophyta), brown macroalgae (Phaeophyta) or red macroalgae (Rhodophyta) 

based on their natural pigmentation and chlorophylls [62], are enriched with carbohydrates 

(laminarin, alginate, cellulose, fucoidan and mannitol) and possess cell walls with negligible 

lignin and cellulose content [119]. While this unique chemical composition varies with genera 

and phyla [161], the structure of the algal cell wall matrix supports saccharification and 

microbial digestion [221]. Ergo, the theoretical biomethane potential (TBMP) of macroalgae 

is superior to that derived from terrestrial biomass. Seaweeds also present vast quantities of 

nutrients which support their application in agriculture as an organic bio-fertiliser [154, 222]. 

 

Mass-cultivation of seaweeds for biorefinery utilisation is a sustainable practice given their 

high photosynthetic activity and CO2 bioremediation capacity, the avoidance of competition 

with food crops and their growth, independent of arable land use and a water supply [119]. 

Hitherto, researchers have shown preference to brown and red macroalgae over green 

macroalgae, due to the current market demand and available farming strategies [62].  

 

Notwithstanding the knowledge gained, macroalgae remain an under-exploited feedstock for 

large-scale bioenergy and bio-fertiliser production, due to high production costs and 

harvesting challenges [223]. Several constituents contained within this marine biomass can 

also restrict these potential applications. Seaweeds possess structurally complex 

carbohydrates (alginate) and recalcitrant compounds such as insoluble fibre, salt, sulfur, 

heavy metals and phenolics which may impede microbial degradation and diminish the 

corresponding methane yield [154, 166, 224]. The rich heavy metal content (20-40 % dw) of 

these aquatic plants may also hinder utilisation of the AD-derived digestate in agro-industry. 

Heavy metals are toxic and accumulate in soils, negatively impacting crop productivity and 

posing serious risk to public health and the environment [3]. 

 

Hydrothermal pretreatment (HTP) of macroalgae has been identified as the most promising 

technique to improve the bioavailability of organic matter for microbial hydrolysis, thereby 

increasing biogas production in the downstream process of AD [225]. This technology, which 
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utilises liquid water heated at moderate temperature (120-200 ºC) and pressure (30-150 bar) 

in the presence of nitrogen, is eco-friendly, net energy positive [189, 194, 226] and 

accommodates water-logged feedstock such as seaweeds (70-90 wt. % moisture) [62, 154, 

225] without the pre-requisite of a dewatering step prior to treatment [189]. Studies also 

suggest that incorporating HTP prior to AD can enhance the digestate nutrient quality, 

sterilisation and phytosanitary properties by reducing undesirable odour emissions whilst 

suppressing the transmission of soil-borne diseases and weed seed germination [219, 220]. 

 

Despite the ubiquity of brown macroalgae research, little work has been done on PS. To date, 

studies on these invasive seaweeds have focused on methane productivity through direct AD 

[3, 22, 224] while a single study examines biological pretreatment [121]. No research has 

investigated thermal hydrolysis prior to AD for energy optimisation and bio-fertiliser 

recovery. Thus, this study aims to fill the gap by evaluating biogas and bio-fertiliser co-

production from PS seaweeds (S. fluitans and S. natans) through integrated HTP and AD 

technologies, a topic extensively discussed in previous work [227]. The present research 

output is of global significance, offering a viable management and disposal solution to the 

challenge of mass Sargassum influx into shorelines of the Caribbean, West Africa, Gulf of 

Mexico and North America [8, 11]. Over the last decade, global anthropogenic changes have 

effected increased Sargassum blooming and deposition, consequently endangering marine 

ecosystems and rendering vulnerable economies which depend on tourism and fisheries [3]. 

While the clean-up and disposal of this marine biomass is necessary, the current strategies 

employed are costly and environmentally harmful. The valorisation of these seaweeds into 

high value-added products such as energy and bio-fertiliser would therefore be a positive and 

promising development [227]. 

 

The key objectives of this study are to: (i) assess the physicochemical properties of PS; (ii) 

investigate the effect of varied HTP operating conditions on seaweed solubilisation and 

microbial methane fermentation; and (iii) explore the viability of utilising the resulting 

digestate in agriculture as bio-fertiliser by comparing its chemical composition with examples 

of established international standards. 
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4.3 Materials and methods 

4.3.1 Raw substrate and inoculum  

Pelagic Sargassum (PS) seaweed was collected from the neritic waters of Conset Bay, 

Barbados in June 2018 and the species identified as S. natans and S. fluitans, based on pod 

and leaf morphology differences. The fresh biomass was washed with distilled water to 

remove sea water, sand, dirt and debris. Next, the cleaned seaweeds were sun-dried for two 

weeks to ensure moisture content reduction, as stipulated by the Import Health Standard for 

dried and preserved plant material, and fresh plant material for testing, analysis or research 

outlined by the Ministry of Primary Industries, New Zealand. The sun-dried biomass (2 kg) 

was then vacuum-packed and exported to New Zealand for chemical analysis and 

experimentation. Upon receipt in New Zealand, the consignment was heat-treated at 80 ºC for 

15 h to eliminate contaminants and excess moisture from the feedstock. This treatment 

process was a secondary requirement for biosecurity clearance. The dried seaweeds were 

manually shredded and then pulverised in a commercial food grade high-speed multifunction 

grinder to a particle size of approximately 0.5-1.0 mm as measure using sieves. Zip lock bags 

were used to store the fine particles which were subsequently preserved at -4 ºC until further 

use. Figure 4.1 shows the physical changes made to the substrate during preparation. 

 

Figure 4.1: Pelagic Sargassum seaweed (a) fresh from the ocean, (b) sun-dried for 2 weeks 

and heat treated, and (c) processed and homogenised prior to analysis. 

 
The inoculum used for biogas production was sourced from the anaerobic digestate of the 

Rosedale Watercare wastewater treatment plant located on the North Shore of Auckland, New 

Zealand, which runs large-scale continuous AD of municipal waste at mesophilic temperature. 

(c) 

(a) (b) (c) 
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The inoculum was filtered through a 1 mm sieve to remove large particulates and 

subsequently stored at -4 ºC, until required in BMP assay testing. The total solid (TS) and 

volatile solid (VS) contents of the seed inoculum were 2.16 ± 0.02 wt. % and 0.65 ± 0.06 wt. 

%, respectively.   

 
4.3.2 Hydrothermal pretreatment 

Hydrothermal pretreatment (HTP) was conducted in a 1 L high-pressure batch reactor (Amar 

Company Ltd, India) equipped with an impeller, thermocouple and pressure gauge (see Figure 

4.2). In each run, a mixture of dried Sargassum seaweed and deionised water (solid to liquid 

ratio of 1:6 w/w) was loaded in the reactor and the device subsequently pressurised with 30 

bar N2 gas and stirred at a speed of 300 rpm to lower energy consumption and minimise the 

operational costs. Pretreatment at four temperatures (120, 140, 160, 180 ºC) was evaluated at 

retention times ranging from 10 min to 30 min. The pretreatment time commenced when the 

desired internal reactor temperature was reached. At the completion of each run, the reactor 

was cooled to ambient temperature and the resulting solid-liquid slurry collected for 

characterisation and microbial bioconversion.  

 

 

Figure 4.2: Experimental setup for (a) hydrothermal pretreatment and (b) anaerobic digestion. 
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To evaluate and compare the impact of different conditions during HTP, reaction time and 

temperature have been combined into a single parameter called the “reaction ordinate”, Ro. 

This combination is able (i) to unify data on complex reaction systems; (ii) to provide an easy 

way for comparing results where processing has been conducted under different conditions 

and using different reactor/equipment scales, and (iii) to facilitate process control by adjusting 

the operation cycle when operational difficulties dictate changes from standard temperature-

time processing profiles [228-232]. The reaction ordinate is defined by Overend and Chornet 

[230] as 

𝑅o = 𝑡 exp (
𝑇r−𝑇b

14.75
)                                                    (1) 

where, t is the time of reaction, Tr is the temperature of reaction and Tb is the base temperature 

chosen at which there is essentially little or no reaction. In this study as is consistent with 

prior works [228, 230], the base temperature selected was 100 °C. The “severity factor” which 

represents the severity of the HTP process is defined as 

𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑆𝐹) = 𝑙𝑜𝑔10𝑅o                                          (2)  

The severity factor has been used previously for modelling the HTP of biomass and 

lignocellulosic materials [228-233] and is closely related to other parameters used for similar 

approaches in oil and gas or in pulp and paper processes [231, 232]. Table 4.1 shows the SF 

of the different pretreatment conditions assessed in this study. 

 

Table 4.1: Severity factors (log Ro) of different pretreatment conditions. 

Temperature (°C) Time (min) SF (log Ro) 

120 

10 1.59 

20 1.89 

30 2.07 
   

140 

10 2.18 

20 2.48 

30 2.65 
   

160 

10 2.77 

20 3.07 

30 3.24 
   

180 

10 3.36 

20 3.66 

30 3.83 
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The influence of HTP on seaweed solubilisation was determined by calculating the chemical 

oxygen demand (COD) solubilisation yield using Eq. 3 below [234]: 

COD solubilisation (%) =  
𝑠𝐶𝑂𝐷Pretreated − 𝑠𝐶𝑂𝐷Untreated 

𝑡𝐶𝑂𝐷Untreated
 × 100                   (3)   

where, sCOD is the soluble chemical oxygen demand (mg/L) and tCOD is the total chemical 

oxygen demand (mg/L). 

4.3.3 Anaerobic digestion 

The batch lab-scale digester set-up employed in this study was adopted from the work of 

Raspoor et al. [235] and consisted of three sub-units: (1) 100 mL digestion bottle, (2) 1 L 

water displacement/storage bottle and (3) 1 L water collection bottle (Figure 4.2). Silicone 

rubber tubing was used to connect the units. Pretreated Sargassum was added to the 100 mL 

digestion bottle and the pH adjusted when necessary to 6.5 ± 0.5 with 5 M NaOH or 5 M HCl 

solutions to improve the bioconversion efficiency. Inoculum (5%) was introduced to the 

feedstock and the slurry flushed with N2 (99.9 % purity) for 1 min to create an environment 

conducive to anaerobe community proliferation. Thereafter, each digestion bottle was sealed 

with a metal cap to ensure gas-tight conditions. The total working volume was 80 mL. The 

samples were incubated for 21-d under mesophilic conditions (35 ± 1 °C). During AD, the 

biogas generated in the digestion bottle creates pressure which effects water displacement 

from bottle 2 into bottle 3. Daily biogas production was measured by recording the weight of 

the water displaced. All experiments were performed in triplicate and the results expressed as 

mean value ± standard deviation (SD). 

 

At the end of the fermentation process, the net methane yield achieved under each condition 

was compared to the feedstock’s TBMP which was estimated with low error, applying 

Buswell and Boyle’s formula based on the elemental composition (Eq. 4) [236]. This equation 

accounts for contributions from C, H, N, O and S, and considers the production of CO2, CH4, 

NH3 and H2S during fermentation. Additionally, it assumes complete (100 %) material 

breakdown during AD [236, 237]: 

 

C𝑥H𝑦O𝑧N𝑎S𝑏 + (𝑥 −
𝑦

4
−

𝑧

2
+

3𝑎
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+

𝑏

2
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𝑥

2
−  
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 +
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+
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(
𝑥

2
+  

𝑦

8
 −

𝑧

4
−

3𝑎

8
−

𝑏

4
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The theoretical methane yield (TMY) can be predicted by Eq. 5 [228]: 

 

TMY (mL CH4/g VS) =  
22.4 ×1000 × (

𝑥

2
+ 

𝑦

8
 −

𝑧

4
−

3𝑎

8
−

𝑏

4
) 

12𝑥+𝑦+16𝑧+14𝑎+32𝑏
                               (5) 

where, 22.4 (L) is the volume of 1 mol of gas at standard temperature and pressure, and 1000 

is the conversion factor from litres to millilitres. 

The efficiency of the AD process at removing sCOD content from the digestate is evaluated 

using Eq. 6: 

COD removal efficiency (%) = (
𝑠𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙 − 𝑠𝐶𝑂𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑠𝐶𝑂𝐷𝑖𝑛𝑖𝑡𝑢𝑎𝑙
) × 100                  (6)      

where, 𝑠𝐶𝑂𝐷initial and 𝑠𝐶𝑂𝐷final are respectively the soluble COD (mg/L) before and after 

digestion.  

4.3.4 Analytical methods 

The TS and VS content were determined according to the EPA Standard Methods 2540B and 

2540E, respectively. The pH value was measured using a Hanna edge pH meter. An elemental 

analyser (Thermo Flash 2000) was employed to measure elements (carbon, nitrogen, oxygen, 

hydrogen and sulfur) in the feedstock and the values used to calculate the carbon to nitrogen 

(C:N) ratio. The ash content was determined using an Induced Coupled Plasma Mass 

Spectrometer (ICP-MS) (Agilent 7700, USA). Chemical oxygen demand (COD) was 

measured with spectrophotometer (DR3900, HACH) using COD HR test kit 20 to 1500 mg/L. 

Ammoniacal nitrogen (NH3-N) content was assessed with a Hach NH3-N reagent set, TNT, 

AmVer (Salicylate), Low Range coupled with Hach DR3900 spectrophotometry. Fourier-

transform infrared spectroscopy (FTIR) was performed using a PerkinElmer® Spectrum 100 

FTIR spectrophotometer (USA) at resolution 4 cm−1 to highlight structural changes to PS 

induced by hydrothermal pretreatment. Volatile fatty acid (VFA) content was analysed with 

Shimadzu QP2010 Plus gas chromatography (GC) configured with a non-polar 5 ms column 

and equipped with flame ionisation detection (FID). The injection port and FID were set to 

250 °C. Initially the column was heated to 100 °C and the temperature held for 1 min. 

Thereafter, the column temperature was increased to 200 °C at a rate of 10 °C/min and the 

temperature maintained for 2.5 min at 200 °C. The VFAs evaluated were acetic acid, propionic 

acid, iso-butyric acid and butyric acid. Biogas composition (CH4, CO2 and H2S) was assessed 

using an OPTIMA7 portable biogas analyser. 
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4.4 Results and discussion 

4.4.1 Characterisation of pelagic Sargassum (PS) 

4.4.1.1   Elemental composition 

The chemical composition of PS used in this study is presented in Table 4.2. This marine 

biomass has a C:N ratio of 21.67 ± 0.21 which lies within the ideal C:N range of 20-30:1 for 

optimum microbial digestion and fermentation [11]. The pH of the feedstock (7.33 ± 0.16) is 

also within the acceptable range of 6.5-8.0 for stable anaerobic digester function. 

Contrariwise, C content of 27.50 ± 0.65 % TS suggests low carbohydrate levels in Sargassum 

and indicates the limited bioavailability of fermentable organic monomers for AD and 

resulted in the VS/TS ratio of 47.72 ± 0.07. The feedstock moisture level of 20.70 ± 0.93 wt. 

% is also unfavourable for microbial community growth and may reduce substrate 

methanation [239]. Previous studies have reported optimum conditions for biogas production 

as VS/TS ratio and water level of 0.70 and 80 %, respectively [238]. 

 

Table 4.2: Physicochemical characteristics of dried Sargassum. 

Parameters Sargassum Unit 

Proximate analysis:   

Moisture   20.63 ± 0.93 wt. % 

TS  79.30 ± 0.93 wt. % 

VS 37.84 ± 5.51 wt. % 

VS/TS ratio 47.72 ± 0.07 % 

Ash  31.82 ± 1.34 wt. % 

Fixed C 9.71 ± 0.59 wt. % 

Ultimate analysis:   

C 27.50 ± 0.65 % TS 

N 1.21 ± 0.06 % TS 

H 4.16 ± 0.30 % TS 

S 0.82 ± 0.22 % TS 

O 34.49 ± 0.18 % TS 

C:N ratio 21.67 ± 0.21 - 

TMP 142.84 L/kg VS 

Gross calorific value 15.66 ± 0.68 MJ/kg VS 
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Ultimate analysis of PS presents a rich O fraction (34.49 ± 0.18 % TS) which contributes to 

the energy value of 15.66 ± 0.68 MJ/kg VS, equivalent to the monosaccharide glucose [240]. 

By contrast, the elemental N and S levels in this marine biomass are low and support microbial 

bioconversion. Of importance, the N and S content of the feedstock must be monitored during 

AD as high concentrations can promote NH3 accumulation and the formation of H2S, thereby 

poisoning anaerobic flora and triggering digester failure [241]. The aforementioned 

challenges can be overcome by feedstock water dilution prior to digestion [154] or extension 

of the digestion time for inoculum acclimatisation promotion and increased toxicity tolerance 

[238, 242]. 

 

Based on the stoichiometric composition of PS, the empirical formula could be expressed as 

C27.50H4.16O34.49N1.21S0.82. The TBMP of this marine biomass was determined to be 142.84 

L CH4/kg VS, suggesting PS as poor feedstock for mono-digestion and biomethane 

production. In literature, the TBMP of Sargassum genus ranges from 119 to 380 L CH4/kg 

VS [100, 124]. All values shown in Table 4.2 are expressed as the mean and standard 

deviation (SD) of three measurements. 

4.4.1.2   Mineral content 

Table 4.3 outlines the metal profile of PS. Ash content of this marine biomass was high, 

measuring 31.82 ± 1.34 wt. % (Table 4.2). The rich mineral and trace element composition of 

these seaweeds may be attributed to exogenous factors such as phylum, seasonality, light 

intensity and anthropogenic changes in the nutritional composition of the growth and sample 

site (seawater) [243]. Potassium was the major macronutrient in PS, then Ca, Na, S, Al, Mg 

and P. This result substantiates previous studies on species of the Sargassum genus [3, 224, 

244, 245]. For the purpose of AD, the macro-nutrients (Na, K, Mg, Ca and P) are essential for 

anaerobe growth, metabolic activity and biodigester stability. Essentially, the high Na content 

of this influent (resultant of oceanic growth in conditions predominantly by Na and their salts) 

may be advantageous for digester stability since it reduces the potential of NH3-N toxicity 

through antagonism between these two variables [242]. On the other hand, excessively high 

Na levels can inhibit methanogen proliferation and function by dehydrating the cells via 

osmotic pressure [246, 247]. In any case, several researchers suggest that the presence of Ca, 

K and Mg within the feedstock may synergise or compound the antagonistic effect of Na-

induced digester toxicity [241, 242].  
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Table 4.3: Metal profile of pelagic Sargassum. 

Elements Mean ± SD (mg/kg DM) 

Macro-nutrient:  

Na 14891 ± 289 

Mg 8234 ± 170 

Al 2300 ± 58 

P 855 ± 12 

K 49973 ± 1179 

Ca 48895 ± 1232 

Micro-nutrient:  

V 25.76 ± 0.64 

Cr 12.96 ± 0.39 

Mn 338 ± 8 

Fe 2398 ± 53 

Co 6.51 ± 0.15 

Ni 34.90 ± 0.90 

Cu 25.08 ± 0.59 

Zn 106 ± 2 

Trace elements:  

As 35.22 ± 0.61  

Cd 0.79 ± 0.01 

Hg 1.36 ± 0.04 

Pb 0.40 ± 0.01 

 

The Sargassum genus have high capacity to bioaccumulate metals and metalloids from the 

environment [3, 224, 225, 245]. In this work, PS contained a large amount of heavy metals in 

the decreasing sequence Fe > Mn > Zn > As > Ni > V > Cu > Cr > Co > Hg > Cd > Pb (Table 

4.3). During anaerobic fermentation, these non-biodegradable constituents are released from 

the feedstock, subsequently impacting the biochemical reactions of AD. While some micro-

nutrients, namely Fe, Ni, Zn, Cu are required by micro-organisms in trace quantities for 

methanogen proliferation and methane formation, the accumulation of Pb, Hg, Cd, As and Cr 

can be toxic and disrupt digester function [248]. The heavy metal concentrations presented in 
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Table 4.3 are all within the range documented in literature for optimal microbial 

bioconversion efficiency [249, 250].  

4.4.2  Hydrothermal pretreatment of PS 

4.4.2.1   Solubilisation of Sargassum 

Figure 4.3 shows the pH, TS, VS and COD solubilisation of Sargassum as a function of the 

SF (Log Ro). In general, increasing the severity of the HTP condition applied promoted the 

hydrolysis of large water-insoluble polymeric components such as carbohydrates, proteins 

and fibre into low weight water-soluble organic monomers. Consequently, the hydrolysate 

presented high levels of amino acids and monosaccharides derived from structurally complex 

sugars, such as alginates. Chemical analysis of the extracts measured greater sCOD (Figure 

4.3a) and VS (Figure 4.3c) content in the liquid phase of the pretreated slurry assayed than 

the untreated sample. Maximum sCOD recovery of 27,250 ± 75 mg/L and COD solubilisation 

of 96.12 ± 0.42 % were achieved under the harshest pretreatment condition studied of SF 

3.83. This yield of solubilised COD is equivalent to an increase of 237.62 % compared to the 

unpretreated Sargassum, thus confirming the efficiency of HTP at enhancing seaweed 

degradation and bioavailability for assimilation by microorganisms in AD. Noteworthy, while 

integrating temperature and exposure time had a positive effect on the solubilisation of 

organic compounds in Sargassum (Figure 4.3b), the results suggest that temperature is the 

most statistically significant variable (p = 0.05) at enhancing HTP process performance. As 

the pretreatment temperature increased, this resulted in heightened concentration of 

fermentable sugars and degradable compounds present in the liquid phase. Similar results 

have been reported in studies on the HTP of FW [234], municipal solid waste [226, 251], 

sewage sludge [194] and the brown seaweed, S. latissima [240]. 
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Figure 4.3: The influence of pretreatment severity factor (Log Ro) on: (a) sCOD content in 

the liquid phase, (b) COD solubilisation, (c) VS formation and (d) the pH value of 

Sargassum. 

 

An inversely proportional relationship also exists between the pretreatment SF and the pH of 

the liquid phase (R2 = 0.8564). As seen in Figure 4.3d, raw Sargassum exhibits a pH of 7.33 

which subsequently decreased to the range of 6.52-6.98 after pretreatment. The lowest pH 

(6.52) was measured at the harshest pretreatment condition evaluated of SF 3.83. During HTP, 

water acts as an acid, generating hydrogen ions which reduce the pH value of the resulting 

solid-liquid slurry to the acidic range [226]. Moreover, reactor heating promotes the formation 

of NH3-N, organic acids and release of sulfated compounds from the polysaccharide fucoidan 

into the pretreated hydrolysate [240]. Notably, curve fitting the data points in Fig 4.3 with 

linear regression plots instead of exponential plots would improve accuracy and provide better 

indication of data point correlation around the best fit line.  

4.4.2.2   Spectroscopic analysis of untreated and pretreated Sargassum 

Fourier-transform infrared (FT-IR) spectroscopy was performed to show the deconstruction 

in Sargassum effected by HTP. The absorption spectra shown in Figure 4.4 is within the range 
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of 450-3500 cm-1 and reveals peak similarities between the hydrothermally pretreated 

seaweeds at SF 3.83 and the raw biomass. The strong broad absorption band at 3406 cm-1 and 

the medium peak at 1408 cm-1 correspond to O-H stretching vibrations, characteristic of the 

presence of hydroxyl groups [52, 53] in compounds such as cellulose, hemicellulose and 

lignin [54].  

 
 

Figure 4.4:  FT-IR spectra of pelagic Sargassum pre- and post- hydrothermal pretreatment. 

The peak observed at 2923 cm-1 shows the CH3 and CH2 stretching in polysaccharides, N-H 

stretching vibrations in aliphatic compounds and chlorophyll groups [53]. The two high band 

intensities at 1630 cm-1 and 1410 cm-1 represent C=C stretching and suggests the presence of 

lignin and aromatic compounds. The weak peak at 1250 cm-1 may be attributed to S=O 

stretching in sulfate esters and C-O stretching in phenols. The sharp band at 1055 cm-1 is 

indicative of the C-O-C stretching of xylans in hemicellulose [54] and the C-N stretching 

vibration of aliphatic amines in protein [23]. The peak at 873 cm-1 shows aromatic C-H 

bending which is out of the plane and suggests the existence of aromatic ring compounds. The 

weak peak observed at 668 cm-1 represents C-S stretching in sulfates while the band at 452 

cm-1 corresponds to S-S stretching of disulfide bonds [252]. The FT-IR spectra of PS is similar 
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C-H 

C=C 
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to Sargassum wightii [253], Mexican Caribbean macroalgae consortia [121] and Saccharina 

latissima [23]. 

 

In the FTIR spectra presented above, the hydrothermally pretreated seaweed exhibited 

absorption peaks similar to the unprocessed biomass but with lower intensities. The peaks of 

interest which correspond to O-H (3406 cm-1), N-H (2923 cm-1), C=C (1630 cm-1 and 1410 

cm-1) and C-H (873 cm-1) groups, confirm that HTP accelerated the hydrolysis of 

carbohydrates and proteins in Sargassum biomass. This finding supports the observation of 

higher VS and sCOD content in the liquid phase of the pretreated samples than the control as 

reported in Fig 4.3. 

 

4.4.2.3   Formation of anaerobic digestion inhibitory compounds 

The concentrations of the various AD inhibitory compounds generated at each SF is shown 

in Figure 4.5. Typically, protein degradation releases inorganic ammonia nitrogen into the 

liquid phase as either ammonium ions (NH4
+) or free ammonia (NH3). The latter form is the 

primary cause of AD inhibition since it is freely membrane-permeable [242] and toxic to 

methanogenic bacteria [254]. In this study, a positive correlation was observed between the 

SF of pretreatment and NH3-N accumulation in the supernatant. Higher temperatures (≥ 160 

°C) and longer retention times (≥ 20 min) were most effective at degrading the proteins in 

Sargassum. The maximum NH3-N content of 35 ± 2 mg/L was obtained at the SF of 3.83. 

Notwithstanding, this NH3-N yield was deemed safe for microorganism activity since it is 

below 80 mg/L, the minimum value reported in literature for NH3-N inhibition and stable 

biodigester function [242]. The authors attribute this result to the low N content (1.21 ± 0.06 

% TS) of feedstock and the high dilution factor employed during HTP. Montingelli et al. [154] 

reported the efficacy of high feedstock water dilution at impairing ammonia production while 

Costa et al. [254] assert that for ammonia inhibition of methane generation to be achieved, 

the feedstock N content should range from 3.5 to 8.7 %. 
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Figure 4.5: Recalcitrant compound production profile after hydrothermal solubilisation. 

 

During HTP, soluble sugars can be further degraded into short-chain VFAs. These carbon-

rich compounds are highly desirable for methanogenesis given their small and easy 

degradation. However, organic acid accumulation can alter the bio-digester pH to the acidic 

range, triggering unstable digester performance and mitigating methane productivity. In 

literature, the VFA inhibitory level for a controlled AD process is > 6000 mg/L [154]. 

Analysis of the pretreated samples (Figure 4.5) reveals a directly proportional increase in VFA 

production with the SF of the operation condition applied. Acetic acid was the dominant VFA 

in pretreated samples assayed, increasing in concentration from 15 mg/L in the control to a 

maximum of 2357 ± 155 mg/L at SF 3.83. This stable organic acid is an important 

intermediate compound in methanogen metabolism and its increased formation indicates the 

favourable potential of HTP at improving anaerobic biogas production. Overall, the 

cumulative VFA yield of the pretreated samples was below the AD inhibitory level. Nkemka 

and Murto [239] attribute this result to the buffering capacity of water dilution which prevents 

VFA production and accumulation to toxic concentrations in the bioreactor.  

 

The S content of Sargassum may present a challenge to microbial bioconversion as it can 

promote the synthesis of sulfate-reducing bacteria, thus leading to H2S production during AD. 

Hydrogen sulfide is a toxic, corrosive gas which diminishes the quality and limits the 
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economic value of biogas in industry. As such, this parameter must be monitored to optimise 

the BMP of these seaweeds. In literature, the inhibitory sulfide level is 100 to 800 mg/L for 

dissolved sulfide and approximately 50-400 mg/L for undissociated H2S acclimatisation 

[154]. Digestion studies on Laminaria digitata inoculated with bovine slurry report biogas 

generation with H2S content of > 200 mg/L [255]. Similar H2S levels (> 200 mg/L) were 

quantified in biogas derived from five macroalgal species native to Ireland [256]. 

Nevertheless, these high H2S concentrations had no inhibitory effect on methanogenic activity 

due to swift inoculum acclimatisation [154]. In the present study, the authors anticipate 

diminished potential for H2S inhibition of methane production due to the low S content (0.82 

± 0.22 % TS) of the feedstock and the high dilution factor of pretreatment. 

  

4.5 Biogas yield and production rate 

After 21-d fermentation time, pretreated Sargassum exhibited higher biogas yields than the 

virgin feedstock, a strong indication that HTP improved the microbial biodegradation of 

solubilised compounds during AD. Under all conditions assayed, maximum biogas recovery 

was achieved within the first 5-d of digestion due to absence of lag-phase time for methane 

production. The final methane content in the biogas produced ranged from 45-50 % in all the 

digested samples. Figure 4.6 presents the methane potential of the raw and pretreated samples 

at the low (≤ 2.65) and high (≥ 2.77) severity factors evaluated. The highest BMP of 117 ± 2 

mL/g VS was achieved at SF 2.65 and represents 81.7 % of the TBMP. This energy yield was 

a significant improvement to the 42 ± 3 mL/g VS of methane recovered from the raw, 

untreated biomass. Microbial bioconversion of raw Sargassum was low at 29 % of the TBMP 

and lies within the range of 27-46 % degradability published in literature for this genus [100]. 

It must be stated that at pretreatment conditions of high intensity (SF ≥ 2.77), the experimental 

BMP decreased due to Maillard reactions between solubilised sugars and proteins as 

evidenced by the browning or caramelisation of the liquid phase [240]. These chemical 

reactions create Amadori products or melanoidins which are not easily digested by microbes 

[257]. Moreover, high pretreatment temperatures (≥ 160 °C) promote the formation of AD 

inhibitory compounds (such as NH3-N, VFAs and phenolics) which substantially reduce the 

bioavailability of organic matter for methane fermentation [234, 240]. Consequently, the 

authors observed a significant reduction in methane production of 104 ± 2 mL/g VS to 62 ± 

2 mL/g VS as the severity of the pretreatment condition rose from 2.77 to 3.83. Figure 4.7 

compares the cumulative methane yields of the samples assayed. 
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Figure 4.6: Daily methane production from Sargassum hydrothermally pretreated at (a) low 

and (b) high severity factors.  
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Figure 4.7: Cumulative methane yield from Sargassum hydrothermally pretreated at (a) low 

and (b) high severity factors. 

 

In addition to AD inhibitory compound formation as reported in Figure 4.5, the use of silicone 

rubber tubing in the digester setup (Figure 4.2b) to facilitate gas transfer may have contributed 

to the low biogas yields achieved (Figure 4.6). Silicone tubing is highly flexibility with free 

volume that increases gas permeability at ambient temperature. As such, oxygen diffusion 

through the tubing into the digester would reduce methanogenic bacteria proliferation and 

performance. Equal opportunity exists for the escape of methane generated during Sargassum 

mono-digestion from the system prior to quantification. 

 

Lin et al. [240] employed the modified Gompertz model to predict bioenergy production from 

hydrothermally pretreated S. latissima biomass. This technique measured the influence of 

various pretreatment conditions on micro-organism growth and inactivation on bio-methane 

productivity. The authors reported increased potential for seaweed methanation as the SF of 

HTP increased from 1.48 to 3.24, with peak microbial biodegradation and methane recovery 

of 345 mL/g VS achieved at SF 2.65. However, at the highest SF evaluated of 3.83, the 

formation of recalcitrant compounds during hydrothermal solubilisation inhibited microbial 

biodegradation and diminished the corresponding biomethane yield to 279 mL/g VS. These 

results corroborate the experimental data reported in Figures 4.6 and 4.7 of the present study.  
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Of importance, HTP at SF 1.48 to 3.24 reduced the H2S emissions in biogas from 3 to 1 %, 

relative to the unprocessed biomass. This finding is significant as it suggests that during AD, 

most sulfates and organic sulfur were transferred to the digestate rather than H2S formation 

[258]. Proteins are the primary source of sulfur in Sargassum and the main contributor to H2S 

production, which typically peaks during the initial stages of fermentation due to digester 

acidification and rapid biogas formation. Hydrothermal pretreatment (HTP) helps to maintain 

the digester pH range at 6.8 to 7.8, thereby supporting long-term stable methanogenesis and 

mitigating the conversion of sulfide to H2S which occurs at pH values below 6.8 [248] 

 

From the perspective of industrialisation, the energy balance of HTP is crucial for full-scale 

implementation. To support process viability, the energy output from biogas production must 

outweigh the heat and electricity required to maintain the pretreatment conditions. In this 

study, the energy balance could not be assessed but based on previous studies, a positive 

correlation exists between the pretreatment SF and the energy conversion efficiency [234, 

240]. Despite the absence of energy analysis, it must be emphasized that the optimum 

pretreatment condition reached in this study is not fixed. As the SF is a function of temperature 

and time, similar pretreatment conditions may be achieved at lower temperatures with longer 

exposure times.  

 

In future industrial applications, HTP systems equipped with waste heat recovery are 

recommended to reduce the high investment costs and energy input [234]. The CambiTM 

process exemplifies the successful commercialisation of HTP for sewage sludge biogas 

production [14]. 

4.6 Analysis of bio-fertiliser properties 

The market value of digestate intended for land-use depends on compliance with quality 

assurance standards and guidelines since chemical pollutants and heavy metals can withstand 

the AD process [219, 259]. Analysis of the effluents of Sargassum biogas production reveal 

higher sCOD removal efficiency rates in the hydrothermally pretreated samples than the 

control sample (Figure 4.8). Removal of sCOD from the unpretreated biomass was 72.9 ± 

1.0 % but subsequently increased when HTP was introduced prior to digestion, in a trend 

similar to that observed for methane production. The maximum sCOD removal efficiency of 

93.7 ± 5.3 % attained at SF 2.07 was a marginal improvement to the sCOD removal efficiency 

of 93.5 ± 1.3 % achieved at SF 2.65, the optimum condition for biogas generation. 
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Nevertheless, it must be emphasized that even though complete (100 %) sCOD removal was 

not achieved during AD, these results are significant suggesting that most of the organic 

matter generated during hydrothermal solubilisation can be consumed by micro-organisms in 

methanogenesis. In literature, high COD removal efficiency rates of 86.7 and 86.1 % have 

also been reported for S. latissima pretreated at SF 2.65 and 3.83, respectively, following AD 

for 11-d [240]. COD removal from the digestate is necessary to prevent soluble organic matter 

run-off and leaching into ground and surface waters which can cause contamination and 

trigger major health concerns [219, 259]. 

 

 

Figure 4.8: Effect of anaerobic digestion on COD removal efficiency and NH3-N formation. 

After 21-d incubation period, all the pretreated samples exhibited higher ammoniacal-N levels 

in the liquid phase than the unpretreated feedstock. The authors observed a positive 

correlation between biogas production (Figure 4.7) and the digestate NH3-N content (Figure 

4.8), suggesting that HTP enhanced the microbial biodegradation of volatile solids during 

AD. Maximum NH3-N recovery of 248 ±7 mg/L was achieved at 2.65. Thereafter (SF ≥ 2.77), 

the NH3-N concentration decreased incrementally due to a high organic loading rate which 

restricts microbe proliferation and function in batch digester systems [6, 13, 56, 59].  
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Ammonia is the foundation of bio-fertilisers as it supplies growing crops with readily 

available N for utilisation. However, high concentrations of NH3-N (1000 mg/L) prohibit the 

use of the digestate as bio-fertiliser due to the associated negative environmental impact. In 

such cases, supernatant treatment methods such as ammonia stripping, struvite precipitation 

and membrane filtration are recommended to reduce the NH3 content to industrial emission 

standards but these technologies are expensive and energy-intensive [220, 259]. In this study, 

the ammoniacal-N in the digested samples was below the industry limit mainly due to high 

feedstock water dilution, thus eliminating the need for ammonia scrubbing and rendering use 

of the whole digestate economically viable.  

 

Given that Sargassum subjected to HTP at SF 2.65 generated the highest methane yield, the 

nutrient content of the resulting digestate was evaluated to determine bio-fertiliser potential 

(Table 4.4). The pH values of the solid-liquid fractions of the digested slurry (7.53-7.84) were 

higher than that of the raw biomass due to the biochemistry of the AD process [259]. This 

neutral pH renders the digestate suitable for application to a variety of crops and soil types. 

Further characterisation of the respective digestate fractions reveal that HTP promoted the 

extraction of N from the substrate into the supernatant. While nitrogen is beneficial to plants 

for nitrate production during photosynthesis, the low macronutrient content can limit bio-

fertiliser potential. Nutrient loading the liquid fraction with P and K would produce high-

quality liquid seaweed bio-fertiliser or soil conditioner, thus expanding its marketability for 

greater opportunities. On the other hand, the solid fraction of the digestate retained most of 

the essential macronutrients from the original feedstock and can be applied to farmland as 

bio-fertiliser.
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Table 4.4: Macro-nutrient distribution in the digestate (mean ± SD). 

Property/ 

Element 

Control (untreated)  Pretreated (SF 2.65) 

Liquid fraction 

(mg/L) 

Recovery 

(%) 

Solid fraction 

(mg/kg) 

Recovery 

(%) 

 Liquid fraction 

(mg/L) 

Recovery 

(%) 

Solid fraction 

(mg/kg) 

Recovery 

(%) 

pH 7.67 ± 0.05 - 7.53 ± 0.02 -  7.78 ± 0.02 - 7.84 ± 0.03 - 

Total- N 2697 ± 63  51.8 ± 1.3 2507 ± 79 48.2 ± 1.  3282 ± 27 63.1 ± 1.4 1922 ± 63 36.9 ± 2.6 

P 25.9 ± 0.4 3.0 ± 0.8 829 ± 18 97.0 ± 0.2  32.9 ± 0.4 3.9 ± 0.2 822 ± 10 96.2 ± 4.5 

K 6040 ± 46 12.1 ± 1.1 43933 ± 756 87.9 ± 2.0  6807 ± 69 13.6 ± 2.1 43166 ± 484 86.4 ± 3.2 

S 517 ± 10 4.9 ± 1.1 10032 ± 215 95.1 ± 1.3  921 ± 14 8.7 ± 1.7 9628 ± 152 91.3 ± 2.0 

Na 1929 ± 17 13.0 ± 1.3 12962 ± 284  87.1 ± 2.6  2117 ± 25 14.2 ± 2.1 12773 ± 235 85.8 ± 2.3 

Mg 487 ± 2 5.9 ± 0.3 7747 ± 128 94.1 ± 1.5  508 ± 8 6.2 ± 1.3 7726 ± 63 93.8 ± 0.8 

Ca 361 ± 3 0.7 ± 0.1 48534 ± 956  99.7 ± 3.9  447 ± 6 0.9 ± 0.2 48449 ± 644 99.1 ± 2.3 
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Raw PS exhibits high mineralisation (Table 4.4) which is also preserved in the digestate 

after the AD process. Management of the heavy metal levels in organic bio-fertilisers is 

imperative to prevent arable land pollution and eco-toxicity. World-wide, the afore-

mentioned goal has been achieved through the establishment and implementation of 

environmental limit standards for biosolid heavy metals content in organic bio-fertilisers. 

Compliance with these standards ensure that bio-fertiliser products marketed for 

consumption are of a consistent high quality, safe for commercial land-use and pose zero 

threat to human health and biodiversity [219, 220].  

 

Hitherto, no uniform international standard exists for the maximum acceptable levels of Cr, 

Ni, Cu, Zn, As, Cd and Pb in organic bio-fertilisers [259]. Accordingly, some countries have 

developed and imposed individualised policies to stringently regulate the concentration of 

heavy metals in the digestate used in national farming practices [219]. To the best of the 

authors’ knowledge, the Caribbean region lacks soil protection legislation and framework 

addressing digestate quality, classification and land utilisation. Rather, these developing 

countries rely heavily on the importation of internationally certified bio-fertiliser products 

and inevitably adopt the quality control standards imposed in the territories of the supplier. 

Table 4.5 presents country-wise examples of the acceptable heavy metal limit values set for 

biosolids intended as organic bio-fertiliser.  
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Table 4.5: Comparison of heavy metals in the digestate to various international compost standards. 

Digestate 
Concentration of heavy metals (mean ± SD)  

Ni Cr Cd Cu Zn Pb Hg As Units 

Untreated          

Liquid fraction 0.08 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.06 ± 0.04 0.12 ± 0.03 0.01 ± 0.01 0.01 ± 0.01 4.00 ± 0.28 mg/L 

Solid fraction 34.8 ± 0.5 13.0 ± 0.2 0.77 ± 0.05 25.0 ± 0.6 106 ± 2 40.0 ± 0.6 1.36 ± 0.10 31.2 ± 0.3 mg/kg DM 
          
Pretreated (SF 2.65)          

Liquid fraction 0.14 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.13 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 5.33 ± 0.04 mg/L 

Solid fraction 34.8 ± 0.6 13.0 ± 0.2 0.78 ± 0.05 25.1 ± 0.8 106 ± 3 40.0 ± 0.8 1.35 ± 0.04 29.9 ± 0.5 mg/kg DM 
          
 Maximum permissible concentration in soils 

Canada 1 62 210 3 100 500 150 0.8 13 mg/kg DM 

European Union 2 25 70 0.7 70 200 45 0.4 - mg/kg DM 

Hong Kong 3 50 100 1 300 600 100 1 10 mg/kg DM 

New Zealand 4 10 50 0.7 25 75 65 0.2 5 mg/kg DM 

United Kingdom 5 50 100 1.5 200 400 200 1 - mg/kg DM 

USA 6 420 1200 39 1500 2800 300 17 41 mg/kg DM 

1 Ontario Regulation 394/07 [250] 
2 Saveyn H and Eder P [251] 
3 Hong Kong ORC [252] 
4 New Zealand Standard - NZS 4454 [253] 
5 BSI PAS 110 [254] 
6 USEPA Regulation CFR40/503 [255] 
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From the data shown in Table 4.5, HTP has a negligible effect on heavy metals extraction from 

the feedstock into the liquid phase. Analysis of the solid fractions of the digestate recovered 

from the untreated and treated seaweeds reveal rich heavy metal content, abundant in Zn, Pb, 

Ni, Cu and As. Notably, the value of these biosolids as organic bio-fertiliser is limited since 

the concentrations of several of the afore-mentioned elements exceed the maximum acceptable 

levels stipulated in some countries. Based on the heavy metal content, the effluent from the 

digestion of Sargassum would be acceptable for utilisation solely in the USA. However, the 

increasingly stringent environmental legislation and policies of Canada, Hong Kong, New 

Zealand and the United Kingdom would prohibit use in these countries. To improve the 

international appeal and marketability of Sargassum-derived digestate as bio-fertiliser, the Hg 

and As content must be reduced to acceptable levels. Remediation techniques such as 

immobilisation, phytoremediation and soil washing are inexpensive, eco-friendly and exist in 

several developed countries [146].   

 

4.7 Summary of chapter and conclusions 

This study investigated the influence of HTP of PS on biogas recovery and digestate quality. 

Batch testing confirmed that incorporating HTP at SF 1.59 to 3.83 prior to AD increased the 

degradation and solubilisation of organic components (carbohydrates and proteins) in 

Sargassum for effective and accelerated methane fermentation downstream. However, no 

linear relationship exists between increased solubilisation and biogas productivity. Peak 

methane recovery of 117 ± 2 mL/g VS was achieved at SF 2.65 (temperature: 140 ºC; retention 

time: 30 min) with the decrease thereafter attributed to the formation of Maillard reaction 

products and inhibitory compounds during HTP. The hydrogen sulfide content in the biogas 

generated also diminished from 3% to 1 %, thus mitigating challenges associated with 

biodigester performance and harmful odorous emissions. Nevertheless, desulfurisation of 

Sargassum-derived biogas is recommended for the safe and sustainable utilisation of this 

energy fuel in industry.  

 

The effluent of Sargassum biogas production is pathogen-free and nutrient-dense but high Hg 

and As content would limit its marketability without further treatment. Heavy metal 

remediation can remove these phytotoxic impurities, thereby improving the digestate quality 

and satisfying the increasingly stringent environmental and soil protection regulations as 

enforced by most countries for organic bio-fertilisers. The results of the present work offer 
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great promise for the industrial exploitation of Sargassum as feedstock in the seaweed-based 

biorefinery concept.  

 

The following chapter investigates the novel integrated approach of HTP of PS and its co-

digestion with FW on inhibitory compound formation, process stability and biogas production. 

The digestate was also evaluated for bio-fertiliser potential.  



  

 

 

 

Chapter 5 

 

Anaerobic co-digestion of pelagic Sargassum 

with food waste 

 

 

 

 

 

The contents of this chapter have been published as follows: 

 

Thompson TM, Young BR, Baroutian S. (2021). Enhancing biogas production from Caribbean 

pelagic Sargassum utilising hydrothermal pretreatment and anaerobic co-digestion with food 

waste. Chemosphere, 275, 130035. https://doi.org/10.1016/j.chemosphere.2021.130035. 
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5.1   Chapter Preface 

The influence of hydrothermal pretreatment (HTP) on the mono-digestion of PS was 

investigated in Chapter 4. From this experimental study, the optimum processing condition was 

determined. This present chapter builds on the knowledge gained from lab-scale study to 

evaluate the synergistic interactions of HTP (operating at optimum process condition) of 

Caribbean PS and its co-digestion with FW at different mixture ratios, on biogas production 

and anaerobic digestion (AD) process stability. The digestates derived from the mono-digested 

and co-digested samples were assessed agronomic potential.  

 

5.2   Introduction 

The last decade has evidenced increased PS blooming across the tropical North Atlantic Ocean 

resulting from rising ocean temperatures, Amazon River eutrophication and massive dust 

plumes emanating from the Sahara Desert [1, 8, 11, 266, 267]. These floating brown algal 

masses are composed of the two species, S. natans (90 %) and S. fluitans (10 %) [224, 268] 

and cover an area of approximately 3000 km2 which extends latitude 8º-23º N and longitude 

89º-58 ºW [266]. From June 2018, this ever-expanding region of the tropical North Atlantic 

Ocean named the “Great Atlantic Sargassum Belt” contained > 20 million metric tonnes of 

Sargassum biomass [266, 269]. Annually, large PS mats wash ashore in the Caribbean, Gulf 

of Mexico and West Africa, collecting into piles along coastlines [1, 3, 270]. These massive 

inundation events have adversely impacted and rendered vulnerable the socio-ecological and 

economic productivity of the tourism-dependent Caribbean region [227, 245, 271, 272]. Beach-

cast Sargassum is highly problematic, restricting ocean access for recreation purposes and 

fisheries. Moreover, the decay of this biomass produces hydrogen sulfide (H2S), a toxic and 

corrosive gas with the characteristic odour of rotten eggs [224, 227, 267]. Prolonged exposure 

to this foul emission, even at low concentrations (> 20 ppm), impinges upon environmental 

stability when released into the atmosphere, through the formation of sulfur dioxide and 

sulfuric acid [273]. Equally important is the fact that H2S can trigger a wide range of human 

health effects such as nausea, headaches, ocular and respiratory tract irritation [274]. 

 

Currently, there is sparse commercial exploitation of these brown invasive seaweeds 

worldwide [224, 227, 272]. In the Caribbean, governments are faced with the high-cost removal 

of PS strandings from the beaches and its disposal through landfilling [3, 275]. Unfortunately, 

this practice is unsustainable and poses a serious threat to human health through air, soil and 
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ground water contamination [39, 276]. Therefore, the diversion of this marine biomass from 

landfill disposal to feedstock for high value-added resource recovery, such as energy and bio-

fertiliser production, would offer a more alluring and sustainable waste management option [3, 

224, 227].  

 

Brown seaweeds or macroalgae are waterlogged (80-90 % moisture) and carbohydrate-rich 

(40-60 % dry weight) feedstock, structurally configured with cell walls of negligible lignin and 

low cellulose content [161, 243]. This unique composition supports the microbial conversion 

of organic matter to biogas, a renewable energy fuel composed primarily of methane (CH4) and 

carbon-dioxide (CO2) [154, 225]. Consequently, brown seaweeds present a superior energy 

potential when compared to terrestrial biomass or municipal solid waste and are favourable 

non-food renewable alternatives to fossil fuels [161]. Nevertheless, in lab-scale study, the 

mono-digestion of these aquatic plants is unstable, achieving < 50 % of the TBMP. The low 

methanation of this biomass has been attributed to AD inhibitory factors such as a low carbon 

to nitrogen (C:N) ratio (14:1 to 30:1) and high indigestible fibre, ammonia (NH3), sulfide, salt, 

ash and polyphenol content [3, 154, 161, 224, 272, 277].  

 

To overcome the deficiencies of brown seaweed mono-digestion, pretreatment and co-

digestion with various substrates may be utilised [87, 154]. Hydrothermal pretreatment (HTP) 

is eco-friendly technology which proves most compatible for this marine biomass, given its 

ability to process wet feedstock without the need for preliminary drying [225]. This technique 

employs subcritical water processing at low to moderate temperature (120-200 ºC) and pressure 

(30-150 bar) to improve water reactivity [189, 226], thus accelerating saccharification and fibre 

degradation for higher biogas recovery in AD relative to mono-substrate digestion [225, 240, 

278]. Additionally, hydrothermal processing mitigates the H2S content of biogas [21] and 

enhances the properties of the digestate, yielding high-quality bio-fertiliser or soil conditioner 

with agricultural application [220, 277]. Notwithstanding the benefits derived from the HTP of 

biomass, the commercial viability of this technology may be jeopardised by the requirements 

of elevated temperature and pressure which increase the overall process economics [189, 226]. 

Thompson et al. [225] conducted a comprehensive techno-economic assessment of various 

brown macroalgae pretreatment technologies reported in literature. The authors determined 

hydrothermal processing as the most promising pretreatment technique for brown macroalgae 

application due to a higher process efficiency and net positive energy balance, when compared 
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to the other pretreatment methods studied. The CambiTM thermal hydrolysis process is a well-

established example of the utilisation of HTP for optimal sewage sludge management [225]. 

 

Alternatively, blending brown seaweeds with various organic materials can supplement the 

digester nutrient imbalance, amend the C:N ratio to the recommended optimum of 20:1-30:1 

and increase the buffer capacity of high NH3 and sulfide concentrations, for better microbial 

degradation and more stable biogas production [279, 280]. Published studies highlight wheat 

straw [119], sewage sludge [181, 281], glycerol, waste cooking oil [91, 124], cattle manure 

[282, 283], dairy slurry [123], waste paper [169] and FW [22, 281] as viable co-substrates for 

brown macroalgae. 

 

To the best of the authors’s knowledge, no study has investigated the valorisation of PS into 

biogas and bio-fertiliser utilising the integrated approach of HTP and anaerobic co-digestion 

with FW. The present study seeks to fill the research gap by evaluating the co-digestion 

performance of hydrothermally pretreated Caribbean PS and pre-consumer FW on: (i) biogas 

production and its methane content; (ii) stability of the co-digestion process; and (iii) the 

quality of the digestate recovered. Given the under exploitation of PS in the Caribbean region, 

this work would present new opportunity for full-scale value-added resource recovery from 

these brown invasive seaweeds, especially during periods of influx.  

 

5.3    Materials and Methods 

5.3.1   Substrate collection and preparation 

In June 2018, samples of PS seaweeds were harvested from the coastal waters of Conset Bay, 

Barbados. Based on the pod and leaf morphology differences, they were identified as the 

species, S. natans and S. fluitans. The fresh biomass was cleansed with distilled water for 

removal of sea water, sand and pollutants. In compliance with the Ministry of Primary 

Industries, New Zealand’s Import Health Standard for fresh plant material for testing, analysis 

or research and dried and preserved plant material, the cleaned seaweed was sun-dried for two 

weeks for the reduction of moisture content. Thereafter, it was vacuum-packed and air-

freighted to New Zealand for chemical analysis and experimentation. The delivery, upon 

receipt in New Zealand, was heat-treated at 80 ºC for 15 h for the elimination of pollutants and 

excess moisture from the feedstock. Biosecurity clearance demanded this treatment process of 

the seaweeds as a secondary requirement. Upon receipt the dried seaweeds were manually 
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shredded before pulverisation in a commercial food grade high-speed grinder to a particle size 

of 0.5-1.0 mm. 

 

Raw food materials were purchased locally and a standard FW mixture prepared following the 

recipe outlined by Baroutian et al. [284] (Refer to Table 5.1 below). This FW recipe represents 

New Zealand’s annual dietary habits and is analogous to the global composition of FW [285]. 

In this study the standard FW mixture contained noodles, bread and rice (8.2 %), vegetables 

(53.6 %), meat (4.9 %), coffee and tea (8.0 %), fruits (24.8 %), egg shells and NaCl (0.5 %) 

[284]. The food materials were finely shredded to a particle size of 1-2 mm with an electrical 

blender. 

 

The homogenised slurries were transferred to separate zip-locked bags and stored frozen at -

21 ºC for experimentation.  
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Table 5.1: Food waste composition. 

Group Food material Composition (%) Dry weight (g/kg) 

Protein Chicken 4.9 27.0 

 Pork mince  22.1 

Carbohydrates Noodle 8.2 32.8 

 Bread  41.8 

 Rice  7.4 

Fruits Orange 24.8 99.2 

 Apple  74.2 

 Kiwi fruit  37.2 

 Banana  37.2 

Vegetable Cabbage 53.6 80.4 

 Onion  64.3 

 Potato  182.2 

 Lettuce  107.2 

 Tomato  48.2 

 Carrot  53.6 

Coffee & Tea Coffee 8.0 40.0 

 Tea leaves  40.0 

Minerals Egg shell 0.8 2.5 

 NaCl (salt)  2.5 

 

 

5.3.2   Inoculum 

The inoculum for biogas production was procured from the anaerobic digestate of the Rosedale 

wastewater treatment plant located on the North Shore of Auckland, New Zealand, which runs 

full-scale continuous AD of municipal wastewater at mesophilic temperature. The inoculum 

was filtered through a 1 mm sieve to remove large particulates and preserved at -4 ºC in a 

refrigerator, until required in AD. The initial pH of the inoculum was 6.52 ± 0.02. The contents 

of total solid (TS), volatile solid (VS) and total chemical oxygen demand (tCOD) of the 

inoculum were 2.16 ± 0.02 %, 0.65 ± 0.06 % and 370 ± 21 mg/L, respectively.  
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5.3.3   Hydrothermal pretreatment 

Hydrothermal pretreatment (HTP) was conducted in a 1 L high-pressure batch reactor (Amar 

Equipment Ltd, India) equipped with an impeller, thermocouple and pressure gauge. A 

schematic diagram of the reactor vessel was presented by Thompson et al. [277]. In each run, 

dried PS and/or FW was diluted with deionised water to achieve TS content below 15 % for 

wet digestion downstream. The slurry was loaded into the reactor, which was then pressurised 

with 30 bar N2 gas and stirred at a speed of 300 rpm to maintain the liquid state of water and 

provide a sufficient mass-transfer rate to sustain biomass solubilisation. These reactor 

conditions would also prove advantageous in energy consumption reduction and minimising 

of operational costs in prospective industry upscale.  

 

Hydrothermal processing was conducted at temperature 140 ºC and 30 min retention time or 

severity factor (SF) of 2.65, the optimum operating condition reported in literature for 

maximum biogas recovery from PS and FW downstream [234, 277, 278]. The SF is a single 

parameter which combines the reaction temperature and time for: (i) unification of data on 

complex reaction systems; (ii) simplification of comparative results of varied conditions of 

processing and reactor/equipment scales, and (iii) facilitation of process control by adjustment 

to the operation cycle when operational malfunctioning necessitates shifting from standard 

from standard temperature–time processing profiles [228-232]. The pretreatment time 

commenced at the desired internal reactor temperature. After each run, the reactor was cooled 

to ambient temperature and the resulting solid-liquid slurry collected for characterisation and 

further experimentation.  

 

The effect of HTP on biomass degradation and COD (chemical oxygen demand) solubilisation 

was determined by Eq. 7: 

COD solubilisation (%) = (
𝑠𝐶𝑂𝐷

𝑡𝐶𝑂𝐷
) × 100                                                       (7) 

 

where, sCOD and tCOD represent the soluble chemical oxygen demand and total chemical 

oxygen demand, respectively.  

 

5.3.4   Anaerobic digestion 

The batch digestion set-up adopted was reported by Raspoor et al. [235] and consists of three 

sub-units: (1) 100 mL digestion bottle; (2) 1 L water displacement/storage bottle; and (3) 1 L 
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water collection bottle. Silicon rubber tubing served to connect the units. In the first phase of 

fermentation testing, untreated PS, pretreated PS, untreated FW and pretreated FW were mono-

digested as the control group to establish baseline values for biogas production. Thereafter, 

combinations of all these substrates were fully blended at the three different weight ratios 

(75:25, 50:50, 25:75) as shown in Table 5.2 and the resulting slurries digested to evaluate 

methane potential. The substrate-to-inoculum (S/I) ratio was adjusted to 0.25 (VS basis) 

according to Haider et al. [286] who investigated the impact of the S/I ratio on biogas 

production from FW and risk husk co-digestion. The working volume in each digestion bottle 

was 80 mL. 

 

Table 5.2: Composition of the PS/FW blends examined in this study. 

Blend Substrate (wt. %) Co-substrate (wt. %) 

 Untreated PS Untreated FW 

A1 75 25 

A2 50 50 

A3 25 75 

   
 Pretreated PS Untreated FW 

B1 75 25 

B2 50 50 

B3 25 75 

   
 Pretreated PS Pretreated FW 

C1 75 25 

C2 50 50 

C3 25 75 

 

Prior to fermentation, the threads at the top of each bottle were bound with plumber’s tape to 

prevent gas leakages. Anaerobic conditions were established by flushing the digestion bottles 

with nitrogen gas for 5 minutes to remove most of the endogenous methane potential of the 

inoculum. Thereafter, the bottles were immediately sealed with a metal cap and plastic screw 

cover. All samples were incubated for 21-d under mesophilic conditions (35 ± 1 °C). Triplicate 

experiments were performed and the results expressed as the mean value ± standard deviation 

(SD). 
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Daily biogas production was measured using the water displacement method. The methane 

generated in mono-substrate digestion was compared to the substrate’s TBMP which was 

estimated using Buswell and Boyle’s formula (Eq. 8) [236]. This equation accounts for the 

molecular contributions of carbon (C), hydrogen (H), nitrogen (N), oxygen (O), sulfur (S) in 

the input waste and considers the production of CO2, CH4, NH3 and H2S during fermentation. 

Additionally, it assumes constant digester temperature, perfect mixing of the substrate and 

inoculum, and full (100%) biomass degradation during AD [236, 237]: 
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The TBMP can be calculated by Eq. 9 [238]: 

TBMP (mL CH4/g VS) =  
22.4 ×1000 × (
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−

𝑏
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) 

12𝑥+𝑦+16𝑧+14𝑎+32𝑏
                                    (9) 

where, 22.4 (L) is the volume of 1 mol of gas at standard temperature and pressure (0 ºC, 1 

atm), and 1000 is the conversion factor from litres to millilitres. 

 

Co-digestion performance was evaluated by comparing the biogas amount and methane yield 

from the different co-digested blends with the equivalent from mono-substrate digestion.   

 

The efficiency of the AD process at removing sCOD content from the digestate was evaluated 

using Eq. 10: 

 

COD removal efficiency rate (%) = (
𝑠𝐶𝑂𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑠𝐶𝑂𝐷𝑓𝑖𝑛𝑎𝑙

𝑠𝐶𝑂𝐷𝑖𝑛𝑖𝑡𝑢𝑎𝑙
) × 100                   (10)      

 

where, 𝑠𝐶𝑂𝐷initial and 𝑠𝐶𝑂𝐷final represent the soluble COD (mg/L) pre- and post-digestion, 

respectively. 

 

5.3.5   Analytical methods 

The moisture, TS, VS and ash content were analysed using the APHA standard methods of 

oven drying the samples for 24 h at 105 °C and subsequent ignition for 2 h at 550 °C [287]. The 

pH was read using a pH meter (HANNA edge®, HANNA Instruments USA). Elementary 
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analysis (C, N, H, S and O) of the raw materials was conducted by a Thermo Scientific™ 

Combustion (Flash 2000 CHNS/O Elemental Analyser). This process entailed the samples 

being placed in a tin capsule, which was lowered into a quartz tube containing tungsten oxide 

and copper as a catalyst, then heated at 1020 °C. The carrier gas, helium, was temporarily 

enriched with pure oxygen as the samples were dropped into the tube. Elemental 

characterisation of the ash content was determined using Induced Coupled Plasma Mass 

Spectrometry (ICP-MS) (Agilent 7700, USA) in helium mode. The liquid and solid samples 

were prepared by dilution in 2 % HNO3 solution and 69 % Tracepur HNO3 (Merck), 

respectively, then digested in an Ethos-Up Microwave reaction system (Milestone SRL, Italy) 

at 180 °C for 20 min. 

 

A dichromate digestion method was used to measure the chemical oxygen demand (COD) of 

the samples by employing a HACH COD HR test kit 20-1500 mg/L and HACH DR3900 

spectrophotometer (method 8000). Similarly, the total-N and free ammoniacal nitrogen (FAN) 

content was determined by a persulfate digestion method with a HACH Nitrogen TNT Reagent 

Set, 0-150mg/L (method 10072) and HACH NH3-N reagent set, TNT, AmVer (Salicylate), 

Low Range (method 10023), respectively, and both were evaluated with a HACH DR3900 

spectrophotometer. Fourier-transform infrared spectroscopy (FTIR) was performed on the 

untreated and hydrothermally pretreated substrates with a PerkinElmer® Spectrum 100 FTIR 

spectrophotometer (USA) at the resolution of 4 cm−1 to highlight changes in the chemical 

composition and functional groups of the samples. 

 

The concentration of volatile fatty acids (VFAs) in the samples was analysed using a Shimadzu 

QP2010 Plus gas chromatograph (GC; Shimadzu, Japan) configured with a non-polar 5 ms 

column and a flame ionisation detector. The temperature of both the injection port and flame 

ionisation detector were set to 250 °C. Initially, the column was heated to 100 °C and the 

temperature held for 1 min. The temperature was then increased to 200 °C at a heating rate of 

10 °C/min for 2.5 min. Prior to injection into the GC, the liquid samples were centrifuged at 

5000 rpm for 5 min and the sample pH adjusted with hydrochloric acid to an acidic pH. The 

VFAs assessed were acetic acid, propionic acid, iso-butyric acid and butyric acid, and their 

respective quantities were determined by comparison with VFA standard solutions. 

 

Biogas composition was evaluated with an OPTIMA7 portable biogas analyser (MRU 

Instrument, US). The gas analyser facilitated examination of gas quality and quantification of 

the CH4 and CO2 in the biogas produced during AD. 
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5.4     Results and discussion 

5.4.1   Characterisation of Caribbean pelagic Sargassum (PS) and food waste (FW) 

The compositions of the two feedstock components are shown in Table 5.3. Raw PS contained 

79.30 ± 0.93 wt. % TS and 37.84 ± 5.51 wt. % VS, yields approximately three-fold greater than 

those of FW (24.09 ± 0.55 wt. % TS and 22.76 ± 0.91 wt. % VS). The VS/TS ratios of PS and 

FW represent 0.48 and 0.95, respectively. These results are comparable to the literature values 

also presented in Table 5.3 and indicate that FW contains more readily digestible organic 

material than PS. Consequently, the TBMP of FW (229 mL/g VS) is superior to that of PS (143 

mL/g VS). Milledge et al. [224] attributed the low methane potential of mixed PS to its rich 

total indigestible fibre content (33.31 ± 0.90 %) which reduces the efficiency of anaerobic bio-

degradation. On the other hand, the lipid-rich (fats and oils) composition of FW (typically 20-

25 %) improves biogas productivity due to a superior biodegradability index and TBMP, when 

compared to carbohydrates and proteins [186]. However, it must be pellucidly stated that the 

methane potential of FW varies by type and organic composition [288]. This variable could 

explain the low TMBP of the studied FW stream relative to the literature values shown in Table 

5.3. 
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Table 5.3: Physicochemical properties of Caribbean PS and FW relative to literature data. 

 Caribbean PS  FW 

Parameter Milledge et al. 

[224] 1 

This study a, 2  Han and Shin 

[289] 

Zhang et al. 

[186] 

Zhang et al. 

[250] 

Park et al. 

[278] 

Saqib et al. 

[290] 

This study 

Collection point/ 

source 

Turks and 

Caicos (2019) 

Barbados 

(2018) 

 A dining hall Mixed 

municipal 

sources 

University’s 

restaurant 

Mixed 

municipal 

sources 

Pre-cooked Pre-consumer  

          

Moisture (wt. %) 81.98 ± 0.89 20.70 ± 0.93  79.5 - - - 76.45 ± 0.27 75.91 ± 0.55 

TS (wt. %)  18.00 79.30 ± 0.93  20.5 30.90 ± 0.07 18.1± 0.6 150.0 ± 3.5 - 24.09 ± 0.55 

VS (wt. %) 9.56 37.84 ± 5.51  19.5 26.35 ± 0.14 17.1± 0.6 125.0 ± 2.1 - 22.76 ± 0.91 

VS/TS ratio 0.53 0.48  0.95 0.85 0.94 0.83 0.79 0.95 

Ash (wt. %) 46.94 31.82 ± 1.34  - - - - 6.41 ± 0.54 < 0.30 

C (% TS) 27.41 27.50 ± 0.65  51.4 46.78 ± 1.15 46.67 42.1 39 ± 1.36 44.93 ± 0.04 

N (% TS) 1.71 1.21 ± 0.06  3.5 3.16 ± 0.22 3.54 7.5 5.7 ± 0.77 3.08 ± 0.09 

H (% TS) 3.13 4.16 ± 0.30  6.1 - 6.39 6.2 7.32 ± 0.27 6.50 ± 0.01 

S (% TS) 0.21 0.82 ± 0.22  0.1 0.81 ± 0.03 0.33 0.4 < 0.30 < 0.30 

O (% TS) 20.62 34.49 ± 0.18  38.9 - 36.39 26.7 47.68 ± 0.65 38.98 ± 0.09 

C:N ratio 16.08 21.67 ± 0.21  14.7 14.6 13.2 ± 0.2 5.6 6.84 14.59 ± 0.07 

TBMP (mL/g VS) 496 143  - 435 480 - - 229 

a Data adopted from Thompson et al. [277]. 

1 Wet weight  

2 Dry weight 
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The C:N ratios of untreated PS and untreated FW were 21.67 ± 0.21 and 14.59 ± 0.07, 

respectively. While the C:N ratios of PS is within the suggested optimal range of 20:1 to 30:1 

for stable bio-digester performance [154], FW contains a higher concentration of N from its 

rich protein fraction which contributes to a lower C:N ratio than PS. Notably, the C:N ratio of 

PS varies with season and by the nutritional composition of the growth and harvest site [277]. 

In this study, the C:N ratio of Caribbean PS was within the documented range of 14:1 to 30:1 

for brown macroalgal species [154, 161]. 

 

The ash content of PS was 31.82 ± 1.34 wt. % (Table 5.3) and lies within the literature range 

of 15-44 wt. % for the Sargassaceae family [245, 291]. The high ash content of these brown 

seaweeds is due to their high affinity for, and ability to, bioaccumulate minerals (e.g. Na, Ca, 

K, Mg) and trace elements (e.g. Fe, Zn, Ni, Cu) from the surrounding seawater. 

Notwithstanding, it must be emphasised that the percentage ash of PS varies by collection 

season, geographical habitat and ambient conditions [224, 227]. For example, PS sampled from 

Shark Bay, Turks and Caicos in June 2019 revealed ash content of 46.94 wt. % [224], while 

the ash level in a mixture of S. natans and S. fluitans from Ajegunle-Erun-Ama beach in July 

2012, Ondo State, Nigeria was very low, measuring 8.65 ± 0.07 wt. % [16]. Despite the 

differences outlined between the PS sampled from various collection points, the concentration 

of trace elements in PS was significantly greater than that of FW (< 0.30 wt. %). An overview 

of the ash compositions of Caribbean PS and FW in different studies is presented in Table 5.4. 
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Table 5.4: Comparison of the elemental profiles of Caribbean PS and FW to literature values. 

 Caribbean PS  FW 

Elements Fernández et al. 

[292]  

Tapia-Tussell et al. 

[121] 

Milledge et al. 

[224] 

Rodríguez-Martínez 

et al. [245] 

This study a  Zhang et al.    

[186] 

Zhu et al.   

[293] 

This study 

Collection point/ 

source 

Dominican 

Republic (2015) 

Mexico-Caribbean 

coast (2017) 

Turks and 

Caicos (2019) 

Mexico-Caribbean 

coast (2018-2019) 

Barbados 

(2018) 

 Mixed municipal 

sources 

Cafeteria  Pre-

consumer  

 All values below are expressed in mg/kg dry weight (dw). 

Sodium (Na) 3802-21,068 45,210 - - 14,891  - 143 3293 

Magnesium (Mg) 10,211-18,241 4806 12,053 < 2915-13,662 8234  -  13 1664 

Aluminium (Al) 303-4188 - 38 < 140-517 2300   1202 - 441 

Phosphorus (P) 761-1145 - 501 228-401 855  - - 1484 

Potassium (K) 2208-33,602 28,500  69,356 1990-46,002 49,973  -  160 20,911 

Calcium (Ca) 96,901-133,400 - 70,306 23,723-136,146 48,895  -  38 4257 

Chromium (Cr)  2-56 - < 0.30 < 8 13   3 - 0.77 

Manganese (Mn) 16-32 13 30 40-139 338   60  0.12 296 

Iron (Fe) 2-655 585 3811.37 < 3-11 2398   766  1 79 

Cobalt (Co) - - - < 11 7  - - 0.12 

Nickel (Ni) - - - < 10 35   2 - 2 

Copper (Cu) 2-12 8 3 < 6-540 25   31  0.17 8 

Zinc (Zn) 13-21 60 6 < 5-17 26  76 0.36 26 

Arsenic (As) 14-42 - 124 24-172 35   - - BDL 

Cadmium (Cd) 0.1-0.3 < 0.10 0.13 < 2 0.79   < 1 - 0.06 

Mercury (Hg) - - 0.01 - 1.36   - - 0.07 

Lead (Pb) 1-2 - 0.26 < 2-3 0.40   4 - 0.34 

a Data adopted from Thompson et al. [277]. 

BDL – below detectable limit. 
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From Table 5.4, PS retrieved from Barbados is enriched with the macronutrients K, Ca, Mg 

and Na, the latter due to the high salinity of its growth location (ocean/seawater) [119, 224]. 

These results are mostly situated within the range outlined by Rodríguez-Martínez et al. [245] 

for PS seaweeds sampled from eight different locations along the Mexico-Caribbean coastline. 

However, there were noticeable differences in the P, K and Fe levels of the seaweeds at the 

collection points which may be due to natural sample variability. By contrast, FW is enriched 

with K (20,911 mg/kg) at a concentration approximately 5-fold greater than Ca (4257 mg/kg) 

and 6-fold higher than Na (3293 mg/kg). The authors of this study attribute this result to the 

high fruits and vegetables composition of the FW mixture [288]. In AD systems, organic 

substrates with high Na and K content can be toxic and strongly impair the performance of 

methanogenesis [294, 295].  

 

 

5.4.2     Hydrothermal pretreatment of PS and FW 

5.4.2.1   Physicochemical changes in PS and FW 

Hydrothermal pretreatment (HTP) at SF 2.65 (T = 140 ºC; t = 30 min) promoted modifications 

to the physical structure of the substrates by accelerating the deconstruction and solubilisation 

of indigestible fibre and large organic constituents such as polysaccharides, proteins and lipids 

into small fermentable fractions for microbe assimilation in AD. Consequently, the sCOD 

concentration in the liquid phase of the pretreated substrates was higher than that of the raw 

biomass (Figure 5.1a). Overall, hydrothermal processing increased the COD solubilisation of 

PS by 72.71 % and FW by 35.79 % (Figure 5.1b). Similarly, FAN content in the hydrosylate 

of PS and FW rose after pretreatment by 73.18 % and 74.94 %, respectively, due to enhanced 

depolymerisation of proteins to amino acids during thermal hydrolysis (Figure 5.1c) [296, 297]. 

Notably, the concentration of FAN in untreated FW was 2-fold greater than that of untreated 

PS, given the presence of more proteins in this bio-waste stream. FAN is the toxic form of NH3 

which inhibits the AD process at high concentrations due to its free permeability of methanogen 

cell membranes [154, 295]. In this study, the FAN concentrations of the substrates were below 

80 mg/L, the critical threshold concentration quoted in literature for low biogas production and 

digestion failure [242]. This positive result clearly illustrates the efficiency of HTP at diluting 

the feedstock FAN level for optimum reactor performance and biogas production in AD [277].  
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Figure 5.1: Influence of hydrothermal pretreatment on: (a) sCOD content in the liquid phase 

of the hydrolysate, (b) COD solubilisation, (c) the pH and (d) FAN production of PS and FW. 

 

Hydrothermal pretreatment (HTP) also decreased the pH of PS from 7.36 ± 0.11 to 6.81 ± 0.03 

and FW from 4.32 ± 0.01 to 4.15 ± 0.02 (Figure 5.1d) due to the increased VFAs production 

(Figure 5.2). The substrate pH is an important parameter in bio-digester operation as 

fermentative bacteria require the pH range of 4.0-8.5 for proliferation. On the other hand, 

methanogens are highly sensitive to system pH fluctuations and function at optimum capacity 

within the limited pH range of 6.5-7.2 [295]. Volatile fatty acids (VFAs) which mainly include 

acetic acid, propionic acid, iso-butyric acid and butyric acid are important precursors of 

methane generation in AD. During the HTP of PS and FW, high temperatures (> 120 ºC) 

promote the degradation of solubilised carbohydrates such as starch, cellulose and 

hemicellulose into acetic acid [119, 154]. Consequently, all the hydrothermally pretreated 

samples exhibited higher concentrations of acetic acid compared to the raw biomass (Figure 

5.2). This short chain VFA is the critical intermediate in acetoclastic methanogenesis, 

supporting micro-organism metabolism and stable digester performance [294, 298].  
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Figure 5.2: Changes to the VFAs profile of PS and FW as effected by hydrothermal 

pretreatment. 

 

Literature suggests that the cumulative VFA concentration of the feedstock could serve as an 

indicator of AD imbalance [154, 242, 295]. In this study, the total VFA concentration of the 

individual substrates was below 6000 mg/L, the threshold for VFA induced inhibition of 

methane production in AD [154]. On the contrary, some researchers contend that AD failure 

can be triggered by propionic acid to acetic acid ratios exceeding 1.4 or acetic acid 

concentrations above 0.8 g/L [295]. Propionic acid to acetic acid ratios exceeding 1.4 were 

solely measured in untreated PS and FW, suggesting potential for VFA inhibition at the start 

of the AD process. The high VFA concentration of FW could explain the low pH value of this 

feedstock [234, 278]. 

 

Post HTP, the C:N ratio of PS increased from 21.67 ± 0.21 to 23.03 ± 0.46, when compared to 

that of FW which decreased from 14.59 ± 0.07 to 13.36 ± 0.57. These respective changes to the 

C:N ratio of the substrates confirm that hydrolysis promoted the depolymerisation of large 

structural constituents such as carbohydrates and proteins into their monomeric units. With 

relation to PS, hydrothermal processing had greater influence on the deconstruction of 

carbohydrates, thus increasing the availability of elemental C which amended the C:N ratio in 

support of improved microbial conversion in AD. Contrariwise, this technology promoted the 

degradation of proteins to amino acids in FW for higher N content in the hydrolysate. 
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Consequently, hydrothermally pretreated FW revealed a lower C:N ratio than the untreated 

biomass which may reduce the efficiency of methane fermentation.  

 

Of interest, the liquid phase of the hydrothermally pretreated substrates turned a darker shade 

of brown and emitted a “burnt sugar” smell. This observation indicates the occurrence of 

Maillard reactions, which are chemical reactions between soluble carbohydrates and proteins 

[296]. These chemical reactions lead to the formation of new compounds such as Amadori 

compounds and melanoidins which inhibit AD [189, 226] by increasing the lag phases and 

decreasing the growth rates of micro-organisms [299]. Collectively, the above-listed results 

confirm studies by Thompson et al. [277] and Lin et al. [240] on the HTP of brown macroalgae, 

and Ding et al. [234] and Yin et al. [298] on the HTP of FW. 

 

5.4.2.2   Spectroscopic analysis of the raw and pretreated substrates 

Fourier-transform infrared (FT-IR) spectroscopy was conducted to highlight changes to the 

chemical structure of PS and FW as effected by thermal hydrolysis. The FT-IR spectra 

presented in Figure 5.3 are within the range of 450-4000 cm-1 and reveal peak similarities 

between the raw and hydrothermally pretreated substrates. However, the peak intensities of the 

pretreated samples were significantly lower than those of the raw feedstock, indicating a 

reduction in the presence of functional groups and confirming the efficiency of HTP at 

promoting cell wall destruction, thereby enhancing the bioavailability of organic matter for 

microbial fermentation. 
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Figure 5.3: FT-IR spectra showing the effect of hydrothermal solubilisation on: (a) PS and 

(b) FW. 



Chapter 5: Anaerobic co-digestion of pelagic Sargassum with food waste 

115 
 

In the FTIR spectra (Figure 5.3a), a broad absorption band was observed in the range 3000-

3700 cm-1 which is characteristic of O-H stretching vibrations of the hydroxyl and carboxyl 

group [121, 124]. Transmittance from this band appears less intense in the spectra of PS (Figure 

5.3a) than that of FW (Figure 5.3b), suggesting that FW may contain higher hemicellulose, 

cellulose and lignin content than PS. The weak peak at 2922 cm-1 in PS may be assigned to C-

H stretching of methyl and methylene groups of lipids [300]. Food waste (FW) also shows 

absorption bands at 2922 cm-1 and 2852 cm-1 but with greater intensity, a result ascribed to 

components such as banana and apple peel and coffee waste in the FW mixture [301]. The band 

at 1743 cm-1 in FW corresponds to C=O stretching of carbonyl functional groups. Of note, this 

peak was absent in the PS spectra. Both PS and FW present high-intensity absorption bands in 

the range of 1400-1600 cm-1 indicating C=C stretching vibrations of lipids, fatty acids and 

lignin moieties, coupled with C-C stretching vibrations in aromatic compounds [300, 301]. The 

region of 900-1400 cm-1 corresponds to many vibrations modes for C-H, C-O-C, C-N in 

polysaccharides and proteins [121, 302]. The transmittance of the peaks in this region was 

stronger in FW than PS and supports the elemental results presented in Table 5.3. Overall, the 

changes to the chemical composition and functional groups of the samples after pretreatment 

(Figure 5.3) correlate with the modified C:N ratios of each substrate reported in section 3.2.1. 

 

5.4.3   Mono-digestion of untreated and pretreated PS and FW 

After 21-d incubation period, total methane recovery from untreated PS and untreated FW was 

48 ± 5 mL/g VS and 201 ± 2 mL/g VS, respectively, whereas both pretreated fractions exhibited 

higher methane productivity (Figure 5.4). This result was attributed to the increased 

bioavailability of soluble organic matter to micro-organisms for digestion as previously 

discussed in section 3.2.1. Hydrothermally pretreated PS generated 103 ± 3 mL/g VS of 

methane which is equivalent to a 213 % increase in the energy output, relative to the same 

derived from the untreated biomass (Figure 5.4a). Similarly, pretreatment improved the 

methane potential of FW by 10 % (Figure 5.4b) but promoted the accumulation of AD 

recalcitrant compounds such as NH3 and VFAs in the digester. These organic contaminants 

increased the organic loading rate in the batch digester, triggering reactor system failure [234, 

279]. Nevertheless, the marginal improvement in FW methanation achieved was insufficient to 

justify the deployment of this energy-intensive pretreatment technology on FW. Such harsh 

pretreatment conditions may be more plausible for application to lignocellulose-rich biomass 

materials [226]. Ergo, co-digestion studies in section 5.4 focused on untreated FW as the co-
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substrate for PS. Thereafter, the anaerobic co-digestion of co-pretreated PS and FW was 

assessed to determine the process commercial viability. Noteworthy, HTP enhanced the 

methane content in biogas derived from the mono-digestion of PS from 33 ± 5 to 49 ± 1 % and 

FW from 65 ± 1 to 71 ± 2 %. 

 

               

Figure 5.4: Daily methane generation from the AD of untreated and pretreated: (a) PS and 

(b) FW. 

 

There is also evidence suggesting synergism between the digester pH and FAN production 

(Figure 5.5). In AD, the degradation of amino acids during acidogenesis produces NH3 which 

neutralises the VFAs formed, thereby increasing the reactor alkalinity. This change to the 

digester pH value can be toxic to methanogens at elevated concentrations, negatively impacting 

specific methane production and digester stability [242, 295]. In this study, methane 

fermentation increased the pH of untreated and pretreated PS from 7.36 ± 0.11 to 7.62 ± 0.03 

and 6.81 ± 0.03 to 7.85 ± 0.01, respectively. Similarly, FW exhibited alkalinity post digestion, 

as indicated by the pH rise of the untreated sample from 4.32 ± 0.01 to 4.55 ± 0.01 and the 

pretreated sample from 4.15 ± 0.02 to 4.76 ± 0.04. These pH fluctuations strongly correlate to 

increased FAN production during AD (Figure 5.5). Notably, the pretreated substrates present 

higher FAN content than the untreated biomass, due to the enhanced microbial bioavailability 

of amino acids following HTP. Nevertheless, since FAN concentrations of all the mono-

digested samples surpass the FAN inhibitory threshold, the occurrence of FAN-induced 

inhibition of methanogenesis can be concluded.  
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Figure 5.5: Effect of PS and FW mono-digestion on the pH and FAN production. 

 

5.4.4   Co-digestion performance of PS/FW substrate blends 

Table 5.5 shows the effect of PS/FW co-digestion on biogas production and process stability. 

In this study, all co-digested blends of PS/FW assayed achieved higher total methane recovery 

than untreated PS mono-digestion (Figure 5.4). Methane productivity increased sharply within 

the first 2-d of digestion, with 90 % of the final methane yield obtained after 5-d. It is also 

important to note that methane generation increased incrementally with the proportion of FW 

in the feedstock, peaking in volume at the PS/FW substrate ratio of 25:75. At this favoured 

proportion, substrate blend C3 achieved the highest biogas production of 421 ± 16 mL/g VS 

enriched with 69.40 % methane content. This methane yield, equivalent to 292 ± 9 mL/g VS, 

exceeded the TBMP of each substrate (Table 5.3). Overall, the positive results of PS/FW co-

digestion can be attributed to the chemical properties of the feedstock components. Pelagic 

Sargassum (PS) has higher concentrations of micro- and macro-nutrients than FW (Table 5.4) 

which proves advantageous in providing the combined feed with the minimal amount of certain 

trace elements required by most enzymes and co-enzymes for their activation and proper 

function in AD [154, 295]. The role of trace elements was identified as the main reason for 

enhanced and stable methanogenic activity during the anaerobic co-digestion of piggery 

wastewater with FW [250], cattle manure with FW [279] and the brown seaweed, Saccharina 

latissima with wheat straw [119]. 
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Table 5.5: Experimental results of PS/FW co-digestion. 

Substrate 

blend 

Initial pH Final pH C:N ratio Methane yield 

(mL/g VS) 

Methane content 

in biogas (%) 

FAN (mg/L) 

A1 6.72 ± 0.02 6.53 ± 0.02 23.07 ± 0.29 97 ± 1 61.3 ± 1.1 158.8 ± 0.5 

A2 5.68 ± 0.02 5.61 ± 0.01 17.11 ± 0.02 182 ± 2 65.9 ± 1.5 172.5 ± 0.1 

A3 4.83 ± 0.03 4.74 ± 0.01 18.81 ± 0.94  202 ± 6 65.2 ± 0.4 194.7 ± 0.3 

       
B1 6.38 ± 0.03 6.35 ± 0.04 21.67 ± 2.05 149 ± 8 63.1 ± 0.4 174.7 ± 0.3 

B2 6.18 ± 0.01 6.13 ± 0.01 15.40 ± 0.37 205 ± 14 65.0 ± 0.4 182.5 ± 1.4 

B3 5.82 ± 0.01 5.64 ± 0.01 16.37 ± 1.50 255 ± 6 68.8 ± 1.8 196.5 ± 0.6 

       
C1 6.45 ± 0.03 6.39 ± 0.03 22.48 ± 0.94 189 ± 17 66.2 ± 0.5  151.6 ± 1.2 

C2 6.22 ± 0.03 6.11 ± 0.01 18.67 ± 1.73 238 ± 32 67.7 ± 1.3 179.8 ± 0.2 

C3 5.94 ± 0.02 5.91 ± 0.02 17.07 ± 0.28 292 ± 9 69.4 ± 0.1 223.0 ± 2.8 

 

The addition of FW to the PS feed boosted the buffering capacity of the bio-digester, enabling 

high organic loadings with pH control. This parameter facilitated easy microbial community 

adaptation to the substrate for stable anaerobic system performance downstream [280] and may 

also explain the negative correlation between substrate pH and methanation as shown above in 

Table 5.5. Analysis of the liquid phase of the co-digested blends reveal FAN content which 

increased linearly with the proportion of FW in the feedstock blend. Generally, the digesters 

presented FAN concentrations significantly higher than the AD inhibitory level of 80 mg/L 

(Table 5.5). Nevertheless, there was no evidence of FAN inhibition on methane production as 

the initial and final pH values of the bio-digester showed negligible decrease, indicating process 

stability [297].  

 

Food waste (FW) also supplied the seaweed feed with essential nitrogen which optimised the 

C:N balance and improved kinetic reactions for maximum microbial bioconversion efficiency 

and stable biogas production downstream [119, 154]. In this study, the co-digested blends of 

PS/FW typically exhibited higher C:N ratios than the individual substrates (Table 5.5). While 

the improved C:N ratios are beneficial for biogas production in AD, the experimental results 

reveal no correlation (p > 0.05) between the C:N ratio and enhanced methane generation. This 

finding supports the conclusion of Milledge et al. [224] who reported that the C:N ratio of PS 

may not be a major inhibitory factor in its bioconversion to methane.  
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Lipids in FW augment the VS content and biodegradability of the feedstock, thereby 

contributing to increased biogas production in co-digestion [186, 303]. The total lipid content 

of Caribbean PS is typically low [3], ranging from 0.27-3.88 % dry weight in experimental 

studies [16, 272]. These values fall within those reported for the individual species [224, 268]. 

Addition of the FW stream (lipid content of 8.09 ± 2.71 % dry weight) to the seaweed feed 

proved advantageous in the promotion of micro-organism proliferation and optimisation of 

methane production (Table 5.5), when compared to mono-substrate digestion (Figure 5.4). 

However, of significance, is the fact that the methane yield achieved will vary in accordance 

with changes to the chemical composition of the feedstock, as effected by seasonality and 

sample locality [3, 227, 288]. Generally, as reported in literature, the results highlight the 

relevance of feedstock lipid content in enhancing biogas production. Zhang et al. [279] 

investigated the anaerobic co-digestion performance of FW and cattle manure and attributed 

the enhanced biogas production to the high-fat content of FW (22.8 %). Similarly, Nayono et 

al. [280] traced the improvement in biogas generation from FW and bio-waste co-digestion to 

the rich lipid content of the FW stream. 

 

Noteworthy, PS/FW substrate blends enriched with 75 % PS (A1, B1, C1) exhibited the lowest 

methane potential in the co-digested batches studied. The observation may be attributed to VS 

reduction in the digester which lowered the efficiency of organic matter conversion to methane 

as the organic loading rate increased [304]. Shah et al. [305] reported that total biogas 

production from maize and poultry substrate decreased from 193 mL/g VS to 121 mL/g VS 

when the proportion of maize in the feedstock doubled from 40 % to 80 %. Callaghan et al. 

[304] also measured diminished methanation from fruit and vegetable wastes co-digested with 

chicken manure when the input feed contained 50 % or more chicken manure. Additionally, 

the AD of Sargassum-dominant substrates may lead to heavy metal accumulation which 

inhibits methanogenesis [154, 224, 227, 277]. Combining PS with FW diluted the feed, thereby 

mitigating the potential for heavy metal induced toxicity of the digester and promoting optimal 

biogas productivity downstream [280]. 

 

The present study shows that FW can serve as co-substrate for Caribbean PS to improve biogas 

production and its methane content. From the perspective of process commercial viability, the 

high investment cost of, and energy demand for, HTP must be considered. To achieve the 

operation configuration employed in this study for liquid hot water extraction, moderate 

temperature and low pressure are required. Ergo, comprehensive techno-economic and energy 
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balance studies are necessary to evaluate whether the energy recovered from co-digestion 

exceeds that expended to maintain the pretreatment condition.  

 

5.4.5   Agronomic properties of the digestate 

Utilisation of the whole digestate from PS/FW co-digestion in agricultural practice depends on 

compliance of the chemical and nutrient properties with international soil quality standards 

[219, 220]. During digestion, sCOD content in the anaerobic digester decreases as bacteria 

convert soluble organic compounds to biogas [119, 154]. The removal of these soluble 

contaminants from the liquid fraction of the effluent mitigates the negative environmental 

impact associated with leaching and contamination of ground and surface water [301]. 

Digestates with COD removal efficiency rates ≥ 95 % are considered safe for land-based 

discharge or use in agricultural practice as bio-fertiliser or soil conditioner [219, 220].  

 

Figure 5.6 shows that co-digestion significantly improved the efficiency of COD removal from 

the bio-digesters, in comparison to the PS mono-digestion. Notably, COD removal from the 

liquid fraction of the digestate increased in a trend identical to biogas production (Table 5.5). 

The highest COD removal percentage of 97.4 ± 0.3 was achieved in the digester containing 

substrate blend C3. It can therefore be concluded that the addition of FW to the PS seaweed 

feed provided a high concentration of readily available organics which enhanced the 

biodegradability of the feedstock. 

 

 

Figure 5.6: Comparison of the COD removal efficiency rates of mono- and co-digestion. 
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Additionally, co-digestion enhanced the concentrations of total-N, P, K, S, Mg and Ca in the 

solid and liquid fractions of the digestate relative to the mono-digested substrates (Table 5.6 

and Table 5.7). These macronutrients are essential for healthy plant growth and productivity 

[219, 220]. By contrast, Na concentrations in the mixed PS/FW digestates were diluted 

compared to the original PS component, thus suggesting the mitigated potential for soil salinity 

and improved efficiency of nutrient uptake by plant roots [281]. Collectively, the afore-

mentioned properties, coupled with FAN levels > 1000 mg/L (Table 5.5) render both fractions 

of the digestate suitable for exploitation as agricultural bio-fertiliser, plant bio-stimulants or 

soil conditioner to improve soil structure and increase soil organic content in the Caribbean 

[219, 220]. Notwithstanding, the international viability of Sargassum-based bio-fertiliser 

products is restricted by the heavy metal content due to the increasingly stringent soil 

environmental quality standards imposed by most countries worldwide [3, 224, 277]. Elevated 

concentrations of heavy metals in organic bio-fertilisers present phytotoxicity, environmental 

and human health risks [146, 306]. 
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Table 5.6: Essential plant macronutrient and heavy metal content in the solid fraction of the digestate. 

Sample Macronutrients  Heavy metals (E-02) 

Total-N Na P K Ca Mg S  Cr Ni Cu Zn As Cd Hg Pb 

All values below are expressed in mg/kg dry weight (dw). 

                

Mono-digestion 

Untreated PS 14,800 13,893 564 50,828 5800 9173 6847  199 530 402 3005 4278 86 0.1 30 

Pretreated PS 14,600 20,233 649 77,236 6372 10,760 7148  316 932 795 2635 6392 119 1.2 65 

Untreated FW 35,700 3774 1668 21,661 6199 2000 2107  207 263 1161 3085 13 10 1.0 46 

Pretreated FW 38,300 6020 1923 38,117 7534 2371 2763  560 2367 1487 4118 20 19 1.1 113 

                 

Co-digestion 

A1 29,300 9659 1508 43,073 37,343 6268 3245  220 433 852 3596 2335 61 0.8 53 

A2 23,400 19,380 1192 76,652 43,406 9161 4160  261 541 762 3265 4411 96 1.1 60 

A3 14,100 12,422 623 50,797 58,437 8565 6059  146 591 410 2789 3122 50 0.5 20 

                 

B1 29,600 10,457 1472 41,016 42,580 6574 2715  284 575 1188 3152 2287 67 1.2 62 

B2 25,400 11,645 1633 47,610 48,703 7425 3057  301 631 1041 3373 2735 60 1.1 65 

B3 17,600 27,086 1287 92,890 68,259 13,722 7317  458 963 858 2709 6929 105 0.5 58 

                 

C1 20,100 24,776 1776 99,567 78543 13,222 9951  996 3092 1133 6008 6615 163 1.6 153 

C2 20,700 18,438 1301 81,499 50,708 9481 8467  931 2839 933 4649 4886 105 1.1 95 

C3 22,200 6414 999 27,119 22,509 3670 3939  397 1608 845 3423 1486 47 0.9 77 
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Table 5.7: Essential plant macronutrient and heavy metal content in the liquid fraction of the digestate. 

Sample  Macronutrients    Heavy metals (E-02) 

 Total-N Na P K Ca  Mg  S  Cr Ni Cu Zn As Cd Hg Pb 

All values below are expressed in mg/kg dry weight (dw). 
 
Mono-digestion 

Untreated PS 210 1196 8 4788 988 386 124  0.7 51 1.1 37 298 2.6 BDL 0.9 

Pretreated PS 370 2147 22 8031 1456 655 328  0.4 12 2.2 8 502 0.3 BDL 0.7 

Untreated FW 750 233 60 1368 112 82 71  0.6 56 7 101 0.7 0.2 BDL 0.8 

Pretreated FW 690 338 99 1843 144 127 95  1.1 102 8 147 1.0 0.5 BDL 0.4 

                 

Co-digestion                 

A1 480 718 89 3107 799 365 138  0.5 4.1 7.7 72 164 1.7 BDL 2.6 

A2 420 1030 48 4387 915 410 176  4.7 13 12 76 223 2.5 BDL 0.6 

A3 590 1480 59 5887 1066 548 171  2.5 6.5 2.4 83 220 2.6 BDL 1.9 

                 

B1 540 837 82 3908 1822 501 231  0.5 15 8.9 59 166 0.7 BDL 0.2 

B2 470 1478 54 5274 1977 677 302  0.9 16 7.2 41 375 0.6 BDL 0.8 

B3 350 1905 37 7602 2015 787 384  1.6 18 3.0 30  409 0.4 BDL 1.3 

                 

C1 480 1702 38 6678 1001 546 299  0.8 61 5.9 110 329 3.1 BDL 2.6 

C2 430 1070 88 4413 723 416 195  5.0 38 3.7 30 206 0.8 BDL 0.7 

C3 420 727 88 3023 458 289 203  0.5 70 1.9 47 115 0.3 BDL 0.1 

BDL – below detectable limit. 
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In this study, the concentrations of Cr, Ni, Cu, Zn, Cd, Pb and Hg in both fractions of the digestate 

derived from co-digestion subceeded the maximum permissible levels of most countries 

worldwide, and thus, present no danger to human health. A detailed comparative summary of the 

maximum tolerable heavy metal limits of most countries worldwide was presented in the work 

of Thompson et al. [277]. However, Arsenic (As) content in the solid fractions (Table 5.6) 

exceeded the standard limit values and could accumulate in agricultural land, resulting in 

potential hazards to soil, water, livestock and humans [3, 224, 277]. In nature, As combines with 

other elements to form organic or inorganic compounds, the latter being highly toxic [146, 306]. 

While this work did not assess the speciation of As in the digestate, the results highlight the 

positive effect of PS/FW co-digestion at diluting the total As levels of the digestate. Nonetheless, 

As remediation is recommended to improve the digestate quality for maximum international 

marketability. 

 

5.5   Summary of chapter and conclusions 

Biogas production from Caribbean PS can be improved by integrating HTP and anaerobic co-

digestion with FW. Hydrothermal pretreatment (HTP) of PS and FW promoted COD 

solubilisation and acetic acid formation for higher methane recovery in AD. Co-digestion of PS 

and FW redistributed metal elements while increasing the VS content and buffering capacity of 

the digester. These properties improved methane production with no inhibition as indicated by 

the stable pH throughout co-digestion. Ergo, all PS/FW blends yielded more methane than 

untreated PS mono-digestion, with maximum methanation of 292 ± 9 mL/g VS obtained from 

substrate blend C3. Of added value, the whole digestate from co-digestion is sterile and nutrient-

dense but high As levels in solid fraction require reduction to support its international 

exploitation in agriculture.  

 

Chapters 4 and 5 of this thesis prove that HTP of Sargassum and subsequent co-digestion with 

FW can enhance biogas production and bio-fertiliser recovery. As such, the subsequent chapter 

(Chapter 6) presents a comprehensive techno-economic assessment of deploying a biorefinery, 

equipped with HTP technology in Barbados, as a Sargassum management strategy. This study 

was conducted to clarify the design, optimisation and economic viability of the process at an 

industrial scale. 
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6.1   Chapter Preface 

Previous chapters investigated the effect of hydrothermal pretreatment (HTP) on PS and its co-

digestion with FW. This chapter evaluates the techno-economic feasibility and environmental 

impact of implementing a Sargassum-based biorefinery in Barbados, for energy production and 

bio-fertiliser recovery. The biorefinery concept was designed with HTP and anaerobic digestion 

(AD) technologies. Four varied feedstock and process scenarios (S1-S4) were assessed for 

economic profitability, technology readiness level (TRL), societal readiness level and 

environmental impact assessment. Sensitivity and uncertainty analyses were also conducted 

primarily due to the seasonality and variability of Sargassum seaweed for continuous 

bioprocessing. The findings of this chapter provide a roadmap to the commercialisation of HTP 

and AD for Sargassum bioconversion in negatively impacted countries, highlighting the current 

bottlenecks that must be addressed. 

 

6.2   Introduction  

The recurring deluge of beaches in the North Atlantic Ocean with large, floating mats of 

Sargassum (90 % of S. natans and 10 % of S. fluitans) has reached crisis proportions, dating 

back to 2011 [3, 4]. These massive inundation events, also termed golden tides, are deemed “the 

single greatest threat” to the Caribbean [2] considering their adverse effect on the socio-

economic and environmental stability of this fragile, tropical region [1, 22]. Tourism is the main 

sector in the Caribbean, generating over 80 % of the gross domestic product (GDP) [3]. In 2017, 

this industry amassed 57.1 billion U.S. dollar (USD) in onshore spending [37]. However, over 

the last decade, inundation events have led to reduced visitor arrivals caused by restricted ocean 

access for leisure activities, namely swimming, snorkeling and surfing. Beach-cast Sargassum is 

also an eyesore and has a very pungent odour [224, 227, 245]. The decay of these brown 

seaweeds produces hydrogen sulfide (H2S), a corrosive and toxic gas with a rotten egg smell. 

Prolonged exposure to this pungent emission at low concentrations (< 20 ppm) can result in 

upper airways irritation, nausea, headaches and confusion in humans [224, 227, 267]. In extreme 

cases, hypoxic pulmonary, neurological, and cardiovascular disease have been reported [274]. 

Moreover, H2S dissipates in the atmosphere to form sulfur dioxide and sulfuric acid, two 

precursors of acid rain [307]. Departments of Fisheries have been equally challenged by the 

influx of this biomass through extensive boat damage, net entanglements and mass fish and sea 

turtle kills [7-10]. 
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Pelagic Sargassum (PS) originates in the Great Atlantic Sargassum Belt, a region of the tropical 

North Atlantic Ocean (8º-23º N and 89º-58 ºW) with aerial coverage of approximately 3,000 

square kilometres (km) [266, 269]. At this growth location, the recent phenomena of mass 

Sargassum proliferation has been inextricably linked to global anthropogenic changes such as 

global warming, rising ocean temperatures, eutrophication from the Amazon, Orinoco and 

Congo rivers, and Sahara African dust emissions [7, 8, 11]. Annually, large quantities of PS wash 

ashore in the Caribbean, Gulf of Mexico and West Africa. Peak deposition to the Caribbean of 

approximately 10,000 wet tonnes per day (t/d) was reported in 2015 [1, 13].  

 

The clean-up of beach-cast Sargassum is necessary to restore the integrity of this invaluable 

ecosystem. In Mexico, Barbados and St. Lucia, Sargassum seaweeds have been repurposed as 

organic bio-fertiliser in agricultural practice. More recently, scientists in Barbados began 

exploring bioactive compound extraction with a focus on application in cosmetic and skincare 

products [308]. However, it must be noted that these operations are small-scale, and thus exhibit 

negligible influence on annual inundation events. Human consumption of pelagic Sargassum as 

a food product is restricted by heavy metal accumulation and pollution in these seaweed [3, 224, 

227]. Overall, landfilling remains the primary approach to managing Sargassum seaweed influx 

across the Caribbean region. Nevertheless, this practice is expensive due to the large work-force 

demand for harvesting and high cost associated with the transportation of these wet seaweeds 

from beaches to the disposal site [3, 275]. In 2019, hoteliers in Cancún, Mexico, spent 

approximately USD 36.7 million to rid the beach of Sargassum seaweed, to accommodate 

tourists [309]. Similarly, the annual cost to rehabilitate beaches of Miami Dade County, USA 

was estimated at USD 35 million [310]. In the Caribbean alone, the cost of removing PS from 

beaches is estimated at USD 120 million/year (a) [2]. Additionally, landfills are unsustainable 

and eco-unfriendly, posing a serious risk to human health through air, ground and water 

contamination [39, 276]. As a result, there is an urgent need to identify and implement alternative 

methods for the exploitation of these brown invasive seaweeds, preferably as feedstock for value-

added resource recovery [3, 224, 227]. 

 

Anaerobic digestion (AD) is waste-to-energy technology which uses methanogenesis to convert 

organic matter in the absence of oxygen into biogas, a renewable fuel composed of methane (60-

70 %) and carbon dioxide (CO2) (30-40 %) [154, 164]. Biogas can be combusted for combined 

heat and power (CHP) generation, thus mitigating the demand for conventional fossil fuels in 

energy production [163]. The digestate recovered from biogas production is pathogen-free and 
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nutrient-dense, revealing application in agricultural practice as an organic bio-fertiliser or in soil 

amendment [219, 220]. Anaerobic digestion (AD) is mature and eco-friendly technology adopted 

worldwide for the treatment of biowaste streams such as municipal wastewater, FW and sewage 

sludge [89, 164]. 

 

Brown seaweeds are promising feedstock for valorisation to biogas, given the rich 

polysaccharide content (40-60 % dry weight) and cell wall construction of negligible lignin and 

low cellulose [3, 22, 154, 225, 227]. Alginate and laminarin are the most abundant 

polysaccharides in brown macroalgae, representing approximately 40 % and 35 % dry weight of 

intracellular cell contents, respectively [3, 225]. However, in experimental study, the AD of 

mixed PS mats yields biogas with negligible methane content. Thompson et al. [277] studied the 

AD of PS from Barbados and achieved 29 % of the theoretical biomethane potential (TBMP). 

Contrariwise, Milledge et al. [224] reported zero methanation from Sargassum seaweeds 

sampled from the Turks and Caicos Islands. The low biodegradation of this marine biomass was 

attributed to the high concentration of complex structural carbohydrates, salt, ammonia, sulfur, 

polyphenols and low carbon to nitrogen (C:N) ratio (< 20:1) [3, 154, 161, 224, 227, 277].   

 

Hydrothermal pretreatment (HTP) and co-digestion with various organic substrates may be used 

to combat several challenges of PS single digestion. HTP is a green process that requires 

pressurised liquid hot water (120-200 ˚C) as the reaction medium. This technology accelerates 

biomass decomposition and the solubilisation of fermentable organic matter [189, 225, 226], thus 

enhancing methane production relative to the raw biomass [240, 277]. Additionally, HTP carries 

a net positive energy balance [225] and can reduce the H2S content of Sargassum-derived biogas 

from 3 % to 1 % [277]. This compositional change to the biogas product enhances its quality and 

marketability [277]. Compared to other pretreatment technologies, HTP proves most suitable for 

brown macroalgae application [225].  

 

Alternatively, the anaerobic co-digestion of PS with waste streams such as glycerol, frying oil 

and FW can be utilised as a practical solution for achieving higher methane fermentation 

downstream [124, 311]. This approach improves digester performance by amending the C:N 

ratio to the suggested optimum range for AD (20-30:1), diluting salinity and increasing the 

tolerance to inhibitory compound accumulation [311, 312].  

 

Although still limited, particularly in terms of scale and conversion to value-added products, 

there is recent upsurge in research investigating the exploitation of pelagic Sargassum as 
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biorefinery feedstock, primarily for biogas production [3, 22, 121, 124, 224]. To the best of the 

authors’ knowledge, two studies have investigated HTP utilisation on AD process performance 

and energy production enhancement from this invasive marine biomass. Thompson et al. [277] 

evaluated the effectiveness of HTP as a pretreatment method for pelagic Sargassum prior to AD 

at lab-scale. Subsequently, potential improvement of biogas yields via co-digestion of 

hydrothermally pretreated Sargassum with food waste was assessed [311]. The present study 

aims to build on the afore-mentioned studies by assessings the economic feasibility and 

environmental impact of deploying, in Barbados, a Sargassum-based biogas plant, equipped with 

HTP for energy generation and bio-fertiliser recovery. This study was sectionalised accordingly: 

(i) techno-economic analyses of four proposed scenarios, with various revenue streams; (ii) 

assessment of socio-technical readiness level to gauge societal project acceptance and technical 

feasibility; (iii) environmental sustainability analysis to determine potential environmental 

impacts (PEIs) for the proposed scenarios; and (iv) sensitivity (SA) and uncertainty analysis 

(UA) to identify the most influential factors and their impact on the cash flow. The novel 

integrated biorefinery concept evaluated in this work was proposed by Thompson et al. [227] as 

a practical Sargassum management strategy, mainly during inundation events.  

 

6.3   Methodology 

This study evaluated the material and energy requirements, capital expenditure (CAPEX) and 

annual operating cost (OPEX), in addition to potential environmental impacts and revenue 

generation from the commission of a Sargassum-based biorefinery in Barbados. The calculations 

were performed on spreadsheets (Microsoft Excel® software) and applying the Waste Reduction 

(WAR) Algorithm [313, 314]. The findings of experimentation by Thompson et al. [277, 311] 

provided the ultimate and proximate characterisations of the feedstock and inoculum inputs, 

process parameters, operation conditions and yields assumed in this study. Also refer to Chapter 

4 and 5 in this document. The proposed biogas plant was assumed to operate for 330 d/yr, over 

a lifespan of 10 yr. Seaweed availability was assumed at 180 d/yr. The system boundaries 

evaluated were set from raw material collection to final product use (electricity and digestate). 

 

6.3.1   Process description 

This study evaluated four different feedstock scenarios for commercial biogas production and 

bio-fertiliser recovery in Barbados. The first scenario, S1, examines the single digestion of raw 
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PS, while the second, S2 explores the utilisation of hydrothermally pretreated Sargassum as the 

substrate for biogas production [277]. However, taking into account the seasonality and 

unpredictable availability of these brown invasive seaweeds for continuous energy production, 

scenario S3 investigates the co-digestion of hydrothermally pretreated Sargassum and raw FW 

at the weight ratio of 25:75. The final scenario studied, S4, examines a mixture of co-pretreated 

PS and FW (25:75 by mass) [311]. In both S3 and S4, FW is utilised as steady-state feedstock, 

and Sargassum added to the plant input depending upon availability [227]. In all scenarios, the 

total input of biomass slurry to the processing plant was 15,750 t/yr, representing the mass of 

dried feedstock and fresh water utilised in HTP processing and AD. All equipment listed in the 

subsequent sections was chosen to achieve the desired plant processing capacity. Table 6.1 

characterises the input materials and water ratios of the scenarios assessed [277, 311]. Figure 6.1 

presents process block diagrams to highlight the flow from feedstock to product. The process 

block diagrams shown in Figure 6.1 consist of five broad processing areas: feedstock harvesting 

and processing, HTP, AD, power and heat generation, and digestate separation and treatment.  

 

Table 6.1: Feedstock description. 

Feedstock composition  
Scenario 

Unit 
S1 S2 S3 S4 

Wet Sargassum* 9,000 9,000 1,800 1,800 t/yr 

Dried Sargassum 2,250 2,250 450 450 t/yr 

Food waste 0 0 4,200 4,200 t/yr 

Treated liquid digestate (recycled) 12,150 12,150 9,900 9,900 t/yr 

Fresh water 1,350 1,350 1,110 1,110 t/yr 

Total plant input 15,750 15,750 15,750 15,750 t/yr 

*Mass harvested prior to processing  
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Figure 6.1: Process block diagrams of the four scenarios (S1-S4) evaluated and their defined system boundaries. 

(AD – anaerobic digestion; AS – ammonia stripping, DSF – desulfurisation; HTP – hydrothermal pretreatment; CHP – combined heat and 

power. Solid lines indicate flow from feedstock to product, while dashed lines represent recycled components).
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6.3.1.1   Seaweed harvesting and preparation 

In this study, Sargassum seaweed was sourced from beaches (manually and mechanically via 

ocean harvester) and transported to the biorefinery for cleaning and pre-processing. A sifter of 

loading 25 t/h and power 6.5 kilowatts (kW) was used to remove sand and other undesirable 

particulates. The seaweeds were then sun-dried on locally designed stackable drying racks for 

7-14 d to 20 % moisture content [277]. Sargassum volume reduction through drying is assumed 

at 75 % (Table 6.1) [277, 311]. The dried seaweeds were conveyed to a shredder (loading 1 t/h; 

power 75 kW) for particle size reduction prior to hydrothermal processing, to increase the 

microbial bioconversion efficiency downstream. Thereafter, fresh water was mixed with the 

substrate to prepare a slurry. The biomass-to-water mass ratio varied with the feedstock (1:6 

for Sargassum and 1:2 for FW) to achieve a total solid content < 15 % for wet digestion. A 

fixed slurry throughput of 15,750 t/yr. was assumed for HTP. Notably, in S3 and S4, the ratio 

of Sargassum to FW in the feedstock mixture was adjusted to maintain the input flow rate to 

AD. Hydrothermal pretreatment (HTP) was designed to operate in batch mode based on the 

work of Thompson et al. [277, 311]. Excess dried Sargassum was stored in a silo (capacity 

1,500 t) until required for bioprocessing. 

 

6.3.1.2   Hydrothermal pretreatment 

To advance HTP from laboratory to commercial-scale three scenarios (S2-S4) assumed the 

operational conditions and performances (temperature, pressure, retention time, product yield 

and composition) consistent with the literature values (Fig. 1) [277, 311]. Optimal process 

conditions were utilised to reduce the annual operating cost, while optimising system efficiency 

in full-scale applications. The proposed HTP reactor was a 1,000 litre (L) stirred batch pressure 

vessel, scaled-up from lab-level. Operating conditions were 140 ˚C temperature, 30 bar 

atmospheric pressure and 30 min reaction time [277, 311]. 

 

6.3.1.3   Anaerobic digestion 

The digester considered was a batch stirred tank reactor (BSTR) of total volume 10,000 m3 and 

85 % working volume to facilitate expansion due to overhead pressure changes from biogas 

production. The digester volume was calculated based on feedstock and the annual number of 

batches (see below). The digester’s design comprises a digester chamber, circulating pump, 

piping- and fittings. It was designed to operate in batch mode with an annual feed input of 
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15,750 t. Anaerobic digestion (AD) was conducted under mesophilic temperatures at 

approximately 35 ˚C. Barbados is a tropical island with an average ambient temperature of 28 

°C, therefore the energy input required to achieve AD temperature was assumed to be 

negligible. The hydraulic retention time (HRT) of each batch was 21-d, and equipment cleaning 

and new batch preparation was assumed to be 9-d. Eleven (11) digestion cycles were 

anticipated annually, with the remaining 35-d allocated to equipment maintenance and plant 

downtime. The inoculum was sourced from the wastewater treatment plant and assumed to 

present no endogenous methane potential. In this study, biogas production from each scenario 

was deemed consistent with literature values at 147, 208, 371 and 421 millilitre per gram 

volatile solids (mL/g VS) for S1, S2, S3 and S4, respectively, as reported by Thompson et al. 

[277, 311].  

  

6.3.1.4   Biogas desulfurisation and co-generation 

Water scrubbing was used to remove CO2 and H2S from biogas since these gases as more 

soluble in water than CH4. This inexpensive and low maintenance desulfurisation (DSF) 

technology consists of an absorption column unit equipped with a diffuser, pump, compressor, 

blower, cooler and dryer unit. The process mechanism involves the continuous flow of 

pressurised biogas from the bottom of the absorption column through the diffuser which 

produces bubbles. On the other hand, water is circulated through the top the column and the 

flow rate maintained using a pump. Inside the absorption column, interactions of the biogas 

bubbles and water increase gas absorption and impurity removal. Subsequently, the purified 

biogas was air dried and cooled in a dryer unit. The water scrubbing DSF unit operates at 90 

kW power with biogas flow rate of 4,500 L/h. The scrubbed biogas was be forwarded to a CHP 

system, comprising two separate engines (internal combustion engine and steam turbine) of 

300 kW cumulative power, for the concurrent production of electricity and heat. Biogas 

combustion releases heat which is used to boil water. This process generated stream which 

powers a turbine producing electricity. The electricity is sold to the national energy grid, while 

the heat is recycled to the HTP process via a heat exchanger to increase the input feed 

temperature from 40 ˚C to 100 ˚C. The thermal and electric efficiencies of biogas conversion 

assumed for the CHP system are 60 % and 40 %, respectively. The calorific value of biogas 

was assumed at 6 kilowatt hours per normal cubic meter (kWh/Nm3) and 4 kWh/Nm3, for heat 

and electricity production, respectively [315].  
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6.3.1.5   Digestate treatment and utilisation 

The solid-liquid digestate undergoes phase separation and dewatering in a screw press 

separator of loading 180 cubic metres per hour (m3/h) and power 7.1 kW. Solid digestate (3,150 

t/yr) and liquid digestate (12,600 t/yr) are produced by this process. The solid fraction is stored 

for direct utilisation as a bio-fertiliser, soil conditioner and livestock beddings. On the other 

hand, the liquid fraction was treated with aerated bubble ammonia stripping technology at intial 

pH 12 for 24-h (loading 80 m3/h; power 100 kW) to ensure: (i) the prevention of ammonia 

accumulation and subsequent AD inhibition when reintroduced into the process flow for HTP 

and AD; (ii) the safe environmental disposal of this liquid effluent through the sewer system 

[316]. Treated wastewater (90%) was recirculated to dilute the input feed to the desired total 

solids content, thereby reducing water costs. The remaining 10 % was pumped to the 

wastewater treatment plant for release into the sewer system. An equal quantity of fresh water 

(10 %) was added to the slurry to replace the volume disposed of, thereby restoring the process 

mass and energy balance. 

 

6.3.2   Technology readiness level 

The technology readiness level (TRL) is a 9-point metric system designed by NASA to evaluate 

the maturity of a given technology based on research, state of development and industrial 

deployment. This TRL matrix is a good indicator of a given technology's compatibility and 

market viability when compared to other technologies. The lowest score, TRL 1, is assigned 

when the technology is in its infancy with the basic principle observed and reported. On the 

other hand, the highest score, TRL 9, corresponds to highly developed successfully 

implemented technology in full-scale operation [317, 318]. 

 

The present work employed the modified TRL assessment framework outlined by Li et al. 

[319] to assign a TRL score to the studied technologies based on the following factors: process 

awareness (detailed understanding of the process phenomena), technical “knowhow” (ability 

to design and implement) and the number of occurrences in literature.  

 

6.3.3   Economic assessment  

The input data used in the economic analysis is shown in Table 6.2. The values were obtained 

from literature, industry stakeholders and government officials in Barbados. In this study, the 

economic performance of each scenario was assessed, accounting for the cost of raw materials, 
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utilities, CAPEX, OPEX, as well as product revenue streams [320, 321]. The costs of the raw 

materials included the cost of harvesting seaweed and its transportation from beaches to the 

biorefinery. Annual seaweed availability was assumed at 180-d. Manual harvesting of this 

biomass was priced at 40 USD/d/person, while mechanically harvesting via an ocean harvester 

was slightly higher at 50 USD/d/person. These salary rates are for an 8-h work day and are 

above the country’s minimum wage of 4.25 USD/h [322]. The distance from the collection site 

to the processing plant was an estimated 10 km at the unit transportation cost of 1.22 USD/L 

[323]. Fuel consumption per truck was approximated at 0.64 USD/km. Noteworthy, FW was 

assumed to be available at no additional cost since the management of this waste stream is the 

primary responsibility of the Government of Barbados [136]. Vehicle insurance was not 

considered in the calculations. Utilities include the cost of fresh water for biomass pretreatment, 

biogas DSF and liquid digestate ammonia stripping, as well as the electricity required to raise 

and maintain the HTP reactor temperature at 140 ̊ C. Commercial water rates in Barbados vary, 

as outlined in Table 6.2 and incur a 50 % sewage tariff [324]. Electricity was priced at 19.50 

cents/kWh [325].  
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Table 6.2: Assumptions for the techno-economic assessment. 

Parameter Property Value Unit   Ref. 

General Analysis year 2021 - - 

 Construction year 2021 - - 

 Project lifespan 10 yr - 

 Plant design + construction  1 yr - 

 Operating time 330 d/yr - 

 Pricing - USD - 

 Corporation tax rate 5.5 %/yr [326] 

 Inflation rate 1.9 %/yr [327] 

 Discount rate 10 %/yr  

 Depreciation (Straight-line method) - - [328] 

 Depreciation rate (machinery) 10 %/yr  

 Depreciation rate (building) 4 %/yr  

Raw materials Seaweed availability 180 d/yr - 

 Seaweed harvesting (manual) 40 USD/d/person - 

 Seaweed harvesting (mechanical) 50 USD/d/person - 

Utilities Commercial water rates 2.33 + sewage tariff USD/m3 (first 40 m3) [324] 

  3.89 + sewage tariff USD/m3 (40-12000 m3)  

  2.33 + sewage tariff USD/m3 (over 12000 m3)  

 Sewage tariff 50 %  

 Electricity (input) 19.50 cents/kWh [325] 

 Fuel (diesel) 1.22 USD/L [323] 

CAPEX Equipment* - - - 

OPEX Manufacturing + labour 90,882 USD/yr [329] 

 Administration + management 73,392 USD/yr  

 Plant maintenance 3 % of CAPEX/yr - 

Revenue  Electricity (sales) 22.125 cents/kWh [330] 

 Solid bio-fertiliser (international) 581.40 USD/t [331] 

 Solid bio-fertiliser (Barbados) 200.00 USD/t - 

 Liquid bio-fertiliser* 2.30 USD/L - 

 Value-added tax (VAT) – Barbados 17.50 % [332] 

Waste disposal Landfilling (tipping fee) 27.50 USD/t [330] 

*Average price based on quotations from international suppliers. 
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The CAPEX included plant construction, equipment purchase and installation (calculated for 

individual scenarios), whereas OPEX was sub-divided into labour, manufacturing, 

administration, management and maintenance costs. Land cost was assumed negligible and 

excluded from the economic assessment since GOB policies offer several concessions 

including free land access or space to industrial companies interested in local investment and 

deployment of renewable energy technologies in Barbados [130, 135]. Total estimated revenue 

was calculated from the sale of electricity and distribution of the digestate locally and 

internationally. The assumption was that the electricity generated would be sold to the national 

energy grid at a cost of 22.125 cents/kWh through the feed-in-tariff (FIT) programme [330, 

333]. In Barbados, the credits of electricity derived from biogas systems are regulated by the 

Barbados Fair Trading Commission and carries a higher rate than that supplied by the local 

power company, The Barbados Light & Power Company Limited. This incentivised FIT 

scheme was established to promote more decentralised forms of energy, thereby supporting the 

island’s transition to 100 % renewable energy generation by 2030 as outlined in the Barbados 

National Energy Policy (BNEP) [334]. Alternatively, the heat generated from the CHP system 

would be recycled for the HTP process, thus mitigating the energy demand of this pretreatment 

technology. The solid fraction of the digestate was assumed to be potassium-rich [277, 311] 

and thus, generate international credits of 581.40 USD/t [331]. However, to encourage the 

consumption of this product as an organic bio-fertiliser in local farming practice and maintain 

market competitiveness, the suggested sales price was reduced by approximately one-third to 

200 USD/t. The scenarios presented in Figure 6.1 assume that after ammonia stripping, the 

liquid effluent (10 %) was disposed of via the wastewater treatment plant. However, 

consideration was given to the redirection of this waste stream from disposal to utilisation as 

liquid bio-fertiliser for an additional income of 2.30 USD/L. All revenue generated from the 

sale of electricity and bio-fertiliser in Barbados is subjected to a value-added tax of 17.5 %, 

payable to the Government of Barbados [332]. Finally, comparison of the cumulative cash flow 

of each scenario was made against the current operation employed on island of seaweed landfill 

disposal to justify process feasibility. 

 

6.3.4   Financial indexes calculation  

The input values reported in Table 6.2 were used to determine the viability of each process 

scenario based on the following financial feasibility indicators: operating profit margin (OPM), 

net present value (NPV), internal rate of return (IRR), payback period (PBP) and return of 
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investment (ROI) [335, 336]. These performance measures were calculated for the proposed 

10 years lifespan of the biogas plant, which accounts for the macro-economic influences such 

as corporation tax, inflation, depreciation and the discount rates. The financial indicators were 

calculated using the formula in Table 6.3 below. 

 

Table 6.3: Description and formula of the techno-economic parameters assessed in this 

study. 

Financial indicators Description Formula 

Operation profit margin 

 

The operation profit margin 

(OPM) is the profit a company 

generates from the sale of its 

products after operating expense 

deductions. 

OPM (%) =  
Operating income

Total sales revenue
 

Net present value 

 

Net present value (NPV) 

determines the discounted present 

value of future cash flows of an 

investment. In the formula, T 

represents the project lifespan (10 

yr.); t represents the periods; 𝑃𝑡 

represents the positive annual 

cash flow; d represents the 

assumed discount rate (10 %). 

NPV = ∑
Pt

(1 + d)t
− CAPEX

T

t=1

 

Internal rate of return 

 

Internal rate of return (IRR) is a 

calculation of the discount rate 

that equates the NPV of a project 

to zero. It assumes the 

intermediate cash flows are 

reinvested at the prevailing return 

rate as the revenue generated. 

IRR (%) =  
Annual net profit

Total capital investment
 

Payback period 

 

Payback period (PBP) is defined 

as the duration (year) a project 

takes to recover the total 

investment. 

PBP (year) =  
Total capital investment

Annual net profit
 

Return on investment 

 

Return on investment (ROI) 

measures the financial gain or 

loss generated by an investment 

over a set period against the 

capital investment cost. 

ROI (%) =  
Net profit − Total capital investment

Total capital investment
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The cost of equipment was obtained from a conceptual equipment cost database [337] and 

adjusted to the plant construction year (2021). The size of the equipment was scaled up to 

meet the 15,750 m3/yr specification using Eq. 11 and 12, respectively.  

                                           Cost in 2021 = Base Cost (
CEPCI2021

CEPCIBase
)                                         (11)                                                                        

                                  Scaled up cost = Original cost (
Scaled capacity

Original capacity
)

n
                                  (12) 

 

where, n is the scaling factor (0.6), and CEPCI is the chemical engineering plant cost index 

[338]. 

 

6.3.5   Sensitivity analysis  

Sensitivity analysis (SA) is a quantitative method of ascertaining the association between every 

input variable and the robustness of process outcomes in mathematical financial models. This 

tool explores the sensitivity of system behaviour, efficiency, sustainability and output to 

changes in a single parameter within the specified process boundaries. Therefore, SA can be 

useful to improve model predictions and identify the variables with the most significant impact 

on the NPV. In this study, a SA was necessary to examine the effect of bioprocessing 

parameters, including the plant investment, feedstock supply and HTP energy costs.  

 

The standardised regression coefficients (SRC) method was used for a global sensitivity 

analysis (SA) [339]. This method is based on Monte Carlo simulation, where a simple linear 

model is built from the original data. The model has the form:  

𝑠𝑦𝑖𝑘 = 𝑏0𝑘 + ∑ 𝑏𝑗𝑘𝜃𝑖𝑗 + 𝜀𝑘

𝑀

𝑗=1

 

Where 𝑠𝑦𝑖𝑘 is single value of the output y for the ith Monte Carlo simulation, 𝑏𝑗𝑘 is the linear 

regression coefficient for the parameter j and model output k, 𝜃𝑖𝑗 is the input parameter, and 𝜀𝑘 

is the error of the regression model. By transforming this equation to its standardised form, the 

following equation can be obtained:  

𝑠𝑦𝑖𝑘 − 𝜇𝑠𝑦𝑘

𝜎𝑠𝑦𝑘

= ∑ 𝛽𝑗𝑘

𝑀

𝑗=1

𝜃𝑖𝑗 − 𝜇𝜃𝑗

𝜎𝜃𝑗
+ 𝜀𝑖𝑘 

(13) 

(14) 
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Where 𝜇 is the mean and 𝜎 is the standard deviation, 𝛽𝑗𝑘 is the SRC of parameter j on output 

k. A parameter with a higher 𝛽 value means that the parameter has a relatively higher 

contribution to altering the output. Positive and negative values of 𝛽 indicate positive and 

negative correlations, respectively.  

 

In this study, the SRC was calculated for the NPV, including CAPEX for each scenario. 

Parameters and their ranges considered for the SA are reported in Table 6.4.  

 

Table 6.4: Parameters considered for sensitivity and uncertainty analysis with default values 

and the ranges for the analysis. The min/max ranges (± 20%) were selected based on the 

process operational constraints. 

No. Parameter Unit Default Min Max 

1 Seaweed availability D 180 -20% +20% 

2 Biogas to power kWh/Nm3 4 -20% +20% 

3 Recycling liquid digestate % 90 50 100 

4 Temperature output °C 100 -20% +20% 

5 Chemical bio-fertiliser K (export) USD/t 581.4 -20% +20% 

6 Chemical bio-fertiliser (domestic) USD/t 200 -20% +20% 

7 CAPEX % 100 -50% +100% 

 

 

6.3.6   Uncertainty analysis 

Uncertainty analysis (UA) was performed to assess the accuracy of the process model 

calculations. The UA considers a range of possible outputs depending on variations in the 

inputs for management purposes. In this work, the Monte Carlo method was applied. This 

methodology relies on computation to estimate uncertainty in a calculation and provides greater 

accuracy than first-order analysis of budgets. The parameters and ranges considered for the UA 

are shown in Table 6.4.  
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6.3.7   Environmental impact assessment 

The potential environmental impacts (PEI) of producing biogas and bio-fertiliser from PS via 

HTP and AD were analysed and compared by the WAR Algorithm [313, 314]. This algorithm 

is a tool designed by the United States Environmental Protection Agency (USEPA) for the 

calculation of possible threats posed by a chemical process to the environment, utilising the 

mass and energy balances derived in Section 2.1. The WAR algorithm evaluates the four local 

toxicological impacts: human toxicity potential by ingestion (HTPI), human toxicity potential 

by exposure (HTPE), aquatic toxicity potential (ATP), terrestrial toxicity potential (TTP), and 

four global atmospheric impacts: global warming potential (GWP), ozone depletion potential 

(ODP), photochemical oxidation potential (PCOP), and acidification potential (AP). The eight 

PEI categories listed above were summed into a single PEI index expressed per hour (PEI/h) 

[313, 340]. Processes designed with low PEI index values are considered environmentally 

desirable. In this study, natural gas was assumed to be the energy source for HTP, while fresh 

water was chosen for the pretreatment process. The greenhouse gas (GHG) emissions were 

calculated using the default CO2 emissions conversion factor of 56,100 kg CO2 equivalent per 

terajoule (CO2 eq./TJ) for natural gas combustion, in accordance with the 2006 

Intergovernmental Panel on Climate Change (IPCC) guidelines for National GHG inventories 

[341]. 

 

6.4   Results and discussion 

6.4.1   Process economic comparisons 

Figure 6.2 compares the four studied scenarios based on the following parameters: (a) estimated 

CAPEX and OPEX; (b) CHP product yield. Figure 6.2a highlights a marginal differential of 

approximately USD 25,000 between the scenario CAPEX values, due solely to the 

incorporation of biomass pretreatment into the process design. On the contrary, the OPEX 

exhibited greater fluctuation resulting from the costly Sargassum harvesting and substrate 

pretreatment. In both S1 and S2, the removal of 9,000 tonnes of wet Sargassum for 

bioprocessing was priced at USD 317,730/yr. This valuation represents 55 % and 42 % of the 

annual total operating costs of the respective scenarios. Reducing the volume of wet Sargassum 

gathered from 9,000 to 1,080 t/yr. and adding FW to the input feed as proposed in S3 and S4, 

resulting in savings of 244,579 USD/yr (Figure 6.2) since the Government of Barbados holds 

the portfolio for FW collection [136]. One other consideration of interest is the utilisation of 

HTP for biomass pretreatment. This technology is energy-intensive and requires considerable 
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water input for feedstock dilution prior to operation, primarily due to the physicochemical 

properties of PS [277, 311]. In this study, the incorporation of HTP in the process design 

(Figure 6.2) increased the annual operating costs of the plant by USD 30,292 - 144,461 in direct 

proportion to the volume of substrate pretreated. Substrate mix S2 which involved the 

harvesting of 9000 tonnes of wet PS and included HTP and AD technologies in the process, 

presented the highest OPEX of USD 753,039/yr.   

 

 

 

 

 

 

 

 

 

  

Figure 6.2: Scenario comparison (S1-S4) of the (a) CAPEX and OPEX; (b) CHP products 

(electricity and heat). 

 

Figure 6.2b shows the annual production rate of up-scaled AD products, from lab to industry-

scale, according to literature data. Based on the proposed plant design (Table 6.1), electricity 

generation increased linearly from 0.39 gigawatt hours per year (GWh/yr) in S1 to 0.79 GWh/yr 

in S4. Similarly, heat production doubled from 0.60 GWh/yr in S1 to 1.18 GWh/yr in S4. 

Enhancement of power generation was attributed to the high efficiency of HTP at accelerating 

Sargassum solubilisation for microbial bioconversion downstream [277]. Additionally, FW 

supplied the seaweed feed with a rich source of organic matter which improved biogas 

productivity [311]. In all the scenarios evaluated, digestate recovery was assumed to be 

constant at 15,750 t/yr, with a solid-to-liquid ratio of 20:80. 

 

6.4.2   Profitability assessment 

Total income generation from the AD plant is given in Figure 6.3, assuming different product 

sale streams. In all the scenarios evaluated, the revenue derived from the sale of electricity was 

insufficient to cover the breakeven costs of the processes. Interestingly, these negative cash 
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flows exceed current Government expenditure to landfill dispose of beach-cast Sargassum 

seaweeds (9000 wet tonnes). Therefore, the operation of the AD plant for the sole purpose of 

electricity production would not be an economically viable approach.  

 

 

Figure 6.3: Income accumulated over the lifespan (10 a) of the AD plant from different 

revenue streams. NB. The cash flow includes corporation tax, inflation, depreciation and 

discount rates. 

 

The sale of the solid digestate as a potassium-rich bio-fertiliser can improve the economic 

feasibility of the process (Figure 6.3). Annual financial profit of approximately USD 1.83 

million can be achieved through 100 % export to foreign markets, based on high pricing of the 

organic bio-fertiliser products on the international market (Table 6.2). However, this practice 

would be ill-advised for Barbados as it offers no support to the sustainability of the local 

agricultural sector. From the economic assessment conducted (Figure 6.3), the preferred option 

would involve the split (50/50) utilisation of the solid bio-fertiliser domestically (Barbados) 

and internationally. While this process design would reduce financial earnings by 

approximately USD 590,705/yr, it would prove beneficial for crop improvement, thereby 

contributing to the enhancement of food security in the country. Repurposing the treated liquid 

effluent (10 %) from disposal to utilisation as a liquid bio-fertiliser could create equal 

opportunity and an estimated USD 2.90 million/yr additional income.  
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Recirculation of heat produced by the CHP unit to hydrothermal processing via a heat 

exchanger proved advantageous at reducing the overall process energy demand and operation 

costs. In Barbados, the average ambient temperature is 28 °C. Based on our calculations, the 

heat derived from CHP would sufficiently raise the temperature of the input slurry from 28 °C 

to 100 °C, resulting in reduced expenditure cost on electricity required to achieve the desired 

HTP temperature of 140 °C. 

 

Table 6.5 summarises the profitability ratios of the project proposals achieved over the plant 

10-year lifespan. In all scenarios assessed, the OPM increased linearly with revenue generation, 

primarily due to the sale of the solid digestate on the global market. The NPV calculations 

indicate that investors can only achieve net positive value and gain surplus on their investment 

through diversification of the revenue stream. Notably, the highest NPV was obtained at total 

supply (100 %) of solid digestate on the international market. The trend of the NPV is 

comparable to that observed for the IRR. Overall, projects with net positive NPV and high IRR 

values (20 %) can be undertaken. The maximum PBP for projects with a positive cash flow 

was estimated to be 2.03 years. The ROI is a key performance indicator for investors as projects 

with ROI values greater than 15 % show financial benefit and are deemed acceptable for 

implementation. From Table 6.5, it should be noted that all scenarios exhibited ROI > 15 % 

and are significantly profitable when at least 50 % of the bio-fertiliser produced is exported. 

Even with a 100 % local sale approach, S3 and S4 show a positive operating income. 

Nevertheless, it must be stressed that the ROI takes an investment view of the expected cash 

flow stream but does not measure uncertainty or risk. 
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Table 6.5: Profitability indicators of the process proposals for the 10-year lifespan of the biogas plant. 

Scenario 

Financial indicator 

OPM 

(%) 

NPV        

(USD million) 

IRR 

(%) 

PBP  

(yr) 

ROI       

(%) 

S1      

A Electricity only - 703.33 - 3.37 N/A N/A - 1,671.72 

B Electricity + solid bio-fertiliser (100 % local) 1.63 - 0.29 N/A N/A - 70.29 

C Electricity + solid bio-fertiliser (50 % local + 50 % exported) 46.44 2.98 144.58 0.70 1,456.67 

D Electricity + solid bio-fertiliser (100 % exported) 63.20 6.25 284.81 0.35 2,983.64 

       

S2       

A Electricity only - 623.29 - 4.21 N/A N/A - 1,914.57 

B Electricity + solid bio-fertiliser (100 % local) - 19.01 - 0.78 N/A N/A - 436.41 

C Electricity + solid bio-fertiliser (50 % local + 50 % exported) 33.76 2.49 99.76 1.02 973.02 

D Electricity + solid bio-fertiliser (100% exported) 54.11 5.76 229.65 0.44 2,382.45 

       

S3       

A Electricity only - 227.17 - 1.90 N/A N/A - 7.38 

B Electricity + solid bio-fertiliser (100 % local) 35.95 1.53 60.01 1.65 560.79 

C Electricity + solid bio-fertiliser (50 % local + 50 % exported) 63.75 4.80 191.80 0.53 1,970.22 

D Electricity + solid bio-fertiliser (100% exported) 74.72 8.08 321.14 0.31 3,379.65 

       

S4       

A Electricity only - 264.97 - 2.51 N/A N/A - 1,182.81 

B Electricity + solid bio-fertiliser (100 % local) 20.95 0.92 36.18 2.72 295.36 

C Electricity + solid bio-fertiliser (50 % local + 50 % exported) 54.75 4.19 167.41 0.6 1,704.79 

D Electricity + solid bio-fertiliser (100% exported) 68.31 7.5 296.79 0.34 3,114.22 

N/A – not applicable 
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Overall, S3 reveals the best performance and profitability across all financial conditions (Table 

6.5) and is therefore the favoured option for implementation. 

 

6.4.3   Technology readiness level 

The combination of hydrothermal processing and anaerobic digestion for the purpose of 

manufacturing biogas and bio-fertiliser from Sargassum/food-based feedstock introduces a 

novel process. However, when analysing the key components that make up the overall 

production process, the following observations can be made: 

 

1. Hydrothermal processes are currently implemented at a commercial scale for treatment 

of similar types of organic waste, mainly, wastewater treatment sludge. 

2. Anaerobic digestion (AD) units are commercially utilised in wastewater treatment 

plants for waste that is similar in characterisation to Sargassum and FW. 

3. For Sargassum, laboratory-scale experiments have been performed at simulated 

Sargassum-based waste conditions where the proposed combined HTP and AD process 

has successfully yielded both biogas and bio-fertiliser products.  

 

Taking these outcomes into consideration, it can be concluded that the TRL of the proposed 

production process ranges from 7-9. Therefore, an initial commercial-scale production process 

can be introduced to further fine-tune the processes. The knowledge gained during this process 

will guide technology maturity to a TRL of 9.  

 

6.4.4   Environmental analysis 

The annual landfill disposal of Sargassum (9,000 wet tonnes) has the potential to generate 0.33 

kg CO2 eq./kg Sargassum [342]. This is due to high atmospheric GHG emissions, which 

negatively influence environmental stability by increasing the GWP. Waste degradation in 

landfills also produces leachate, which poses a potential risk to public health through 

contamination of soils and ground water [343]. By comparison to landfilling, the carbon 

footprint of the proposed projects was significantly lower at 0.005, 0.023, 0.022 and 0.042 kg 

CO2 eq./kg Sargassum/FW for S1, S2, S3 and S4, respectively. 

The WAR algorithm was applied to the project proposals to evaluate their environmental 

impact (Figure 6.4). Across all cases, the PEI of feedstock harvesting was assumed to be 

constant, and hence, the system boundaries were redefined for stand-alone technology 
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comparison. For HTP, the use of water as a solvent had zero effect on the PEI. Similarly, AD 

exhibited negligible influence on the process PEI as: (i) the biogas produced is directly utilised 

for CHP generation; (ii) zero energy input is required to achieve the desired AD mesophilic 

condition given the tropical climate of Barbados. In turn, these variables reduce individual 

impacts by HTPE, ODP and PCOP. The main environmental effect came from extensive power 

usage for machinery operation as fossil fuel combustion increases the AP through production 

of acid rain precursory compounds [334]. In this study, S1 had the lowest PEI of 905 PEI/h 

(Figure 6.4) due to the absence of hydrothermal processing in the process design. In scenarios 

employing HTP, PEI reductions were achieved through heat recovery from CHP and its 

recirculation to hydrothermal processing. Nevertheless, future consideration may be given to 

the installation of solar panels to satisfy the project’s energy needs and surplus injected into the 

national energy grid for added income. Wastewater from the wastewater treatment facility may 

also be redirected from ocean disposal to the biorefinery for seaweed cleaning and HTP, 

thereby reducing seaweed corrosion of equipment and compounding savings on fresh water 

utilisation. 

 

   

     

Figure 6.4: The potential environmental impacts (PEIs) in the biogas plant (technology 

comparison only). 

0

1000

2000

3000

4000

5000

6000

S1 S2 S3 S4

P
E
I/

h

AP

TOTAL

0.0000

0.0003

0.0006

0.0009

0.0012

0.0015

0.0018

S1 S2 S3 S4

P
E
I/

h

ODP

0

100

200

300

400

500

S1 S2 S3 S4

P
E
I/

h

ATP

GWP

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

S1 S2 S3 S4

P
E
I/

h

HTPI
HTPE
TTP
PCOP



Chapter 6: Techno-economic and environmental impact assessment of an integrated Sargassum-based biogas plant 

 

148 

 

6.4.5   Sensitivity analysis 

Following 10,000 Monte Carlos simulations with Latin Hypercube Sampling (LHS), a 

linearised model could be achieved for each scenario (R2 > 0.98), as shown in Figure 6.5. From 

the parameter settings (Table 6.4), the sale price of the solid chemical bio-fertiliser (USD/t) 

(parameter 5 for export and parameter 6 for domestic bio-fertiliser sale) and seaweed 

availability (d) (parameter 1) are ranked as the most sensitive parameters in all scenarios. Other 

parameters showed lower sensitivities.  Moreover, most parameters showed a positive 

correlation with the NPV. 
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Figure 6.5: Parameter importance ranking based on the sensitivity indices for predicting NPV for each scenario. The numbers on the y axis indicate 

the parameter number defined in Table 6.3.
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6.4.6   Uncertainty analysis 

Monte Carlo simulation (10,000) with LHS sampling was used to calculate the values of NPV, 

including CAPEX for each scenario. The distribution (histogram) of these NPV values for each 

scenario with different revenue streams (Table 6.5) is shown in Figure 6.6. The wider distribution, 

the higher is the uncertainty. Moreover, the skewing/shifting of the distribution to the right is an 

indication of higher viability. Higher viability and higher uncertainty are apparent for the situation 

where the revenue is generated by selling electricity and 100 % export of the solid bio-fertiliser.  
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Figure 6.6: Distribution of NPV for different scenarios following uncertainty analysis. Red vertical lines indicate average values as reported in 

Table 6.3.
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6.4.7   Societal readiness level 

6.4.7.1   Sargassum removal 

Tourism is a key contributor to the overall GDP in Barbados, with 88.7 % coming from the 

supply of goods and services [3, 345]. Beach-cast Sargassum directly impacts this industry, 

particularly considering its natural bio-degradation process that makes inundated beaches 

unpleasant. The fisheries sector also suffers during inundation events from increased fish kills 

and equipment failure [39, 227]. As such, if the proposed project takes Sargassum from beaches 

and uses it as a raw material for resource recovery, there are definite positive societal benefits 

to all of Barbados, such as: (i) restoration of the natural coastal aesthetics of beaches; (ii) 

industry and infrastructural development; (iii) job creation; (iv) waste management; (v) 

economic growth; (vi) sustainability of the tourism and fisheries sectors. Importantly, FW 

utilisation in the input feed mitigates sole dependence on this seasonal marine biomass for 

continuous energy generation and supports process viability. Figure 6.7 below summarises the 

advantages and disadvantages of scenarios S1-S4. 

 

 

 

Figure 6.7: Comparative analysis of scenarios S1-S4 for process feasibility. 
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6.4.7.2   Energy and bio-fertiliser independence 

Currently, Barbados is heavily reliant on imports for both its bio-fertiliser and power generation 

needs [334]. In all scenarios listed, the implementation of such a project will allow Barbados 

to reduce its energy related imports and become either self-sufficient or a net exporter in terms 

of bio-fertiliser production [227]. Collectively, the aforementioned would contribute to the 

development of a sustainable green economy as detailed in the BNEP [334] and promote food 

security through increased crop production in agriculture [227].  

 

6.4.7.3   Environmental sustainability 

Fossil fuel combustion for electricity generation is an environmentally harmful practice 

emitting vast quantities of GHGs into the atmosphere. Redirection of Sargassum from landfill 

disposal to feedstock in bioprocessing would reduce GHG emissions and the island’s carbon 

footprint (Fig 6.7) [131], thus reaffirming its pledge to fight climate change through ratification 

of the Paris Agreement [149]. 

 

6.4.7.4   Economic diversification and upscaling 

Presently, less than 10 % of the Barbados economy is driven by industry [345]. While the 

proposed project will not significantly impact these statistics at a regional level, many other 

islands in the Caribbean face similar Sargassum and energy issues [227]. Consequently, the 

engineering knowhow and operational experience gathered from this project can be leveraged 

to develop hydrothermal and biological processing technical services in Barbados.  

 

6.5   Summary of chapter and conclusions 

The introduction of a Sargassum-based biorefinery equipped with hydrothermal pretreatment 

(HTP) and anaerobic digestion (AD) technologies would offer many socio-economic and 

environmental advantages to Barbados. Presently, the Government of Barbados spends an 

estimated USD 62.80/t Sargassum for landfill disposal. Redirection of these invasive seaweeds 

from landfill disposal to feedstock in a biogas plant would diversify the national energy matrix and 

positively contribute to local food security through the production of a potassium-rich organic bio-

fertiliser.  
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Annually, the feed input of 15,750 t of hydrothermally pretreated Sargassum/raw food waste 

(mass ratio of 25:75) can yield 0.69 GWh of electricity, 1.04 GWh of heat and 15,750 t solid-

liquid digestate. Maximum potential income of USD 12.76 million can be amassed through the 

supply of electricity to the national energy grid and 100 % exportation of the bio-fertiliser to 

foreign markets. However, this option offers little to no support to local food security. 

Preference should be given to the 50/50 split utilisation of the solid digestate in local and 

international farming practices (S3C). While this scenario reduces revenue generation by 

approximately 40 %, environmental sustainability stands to benefit through a lower PEI of 

0.022 kg CO2 eq./kg Sargassum, compared to the current practice of landfill disposal (0.33 kg 

CO2 eq./kg Sargassum). The NPV, OPM and ROI of project proposal S3C are USD 4.80 million, 

63.75%, 1970.22 %, respectively, further indicating the operation’s financial health and long-

term viability. The system breakeven period is 0.53 yr. Addition of the liquid digestate to the 

product revenue stream would increase the gross profit margin and shorten the project PBP.  

 

Overall, the findings of this study suggest potential economic benefit to countries negatively 

impacted by the annual influx of pelagic Sargassum. There is also great opportunity for process 

scale-up given the maturity and wide-spread commercialisation of HTP and AD technologies 

globally for various organic substrates. Notwithstanding this, the primary bottleneck to full-

scale application of the above-mentioned technologies for pelagic Sargassum bioprocessing 

remains the seasonal availability of this feedstock. Future work should therefore focus on 

Sargassum storage techniques and the development of regulatory policies and frameworks for 

pilot-scale studies.  
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7.1   Conclusions 

The identification and subsequent implementation of PS management strategies is necessary for 

the coastal rehabilitation, public health and economic sustainability of the Tourism and Fisheries 

sectors in the Caribbean region, Gulf of Mexico, Florida and West Africa. These invasive brown 

seaweeds are nutrient-dense and currently utilized as bio-fertiliser and food, while extracts of 

their phytochemicals exhibit unique biosorption and medicinal properties. Moreover, the cell 

wall configuration facilitates microbial attack and bioconversion of organic matter to biofuels. 

Hitherto, the methane potential of this biomass is low, owing to the presence of several AD 

inhibitory compounds as outlined in Section 2.5. A comprehensive review of literature revealed 

that resource recovery from PS can be enhanced through HTP and co-digestion with other 

organic substrates. The primary purpose of this research project was to evaluate the effect of 

HTP of PS and its co-digestion with FW on biogas production and bio-fertiliser recovery. 

Additionally, the redirection of these seaweeds from landfill disposal to feedstock for value-

added resource recovery would present new opportunity for GHG emission mitigation and 

environmental sustainability. Specific tasks were designed to test the hypothesis which was 

designed with the objective of up-scale from laboratory to industry level. The conclusions drawn 

from each task are summarised below and recommendations for future work outlined. 

 

• Few studies have explored the utilisation of PS for energy production, especially during 

periods of influx. A case study on the exploitation of this biomass in Barbados, suggests the 

removal of Sargassum from the island’s beaches for bioenergy production would benefit the 

economy in general, and its renewable energy sector, in particular. The energy generated 

from AD would mitigate the GOB’s expenditure on imported petroleum-based products and 

better advance the island to its target of 29 % electricity generation from renewable energy 

sources by the year 2029. Additional income can also be derived through the agricultural 

application of the digestate generated both locally and externally, following ammonia 

treatment and heavy metal stripping.   

 

• To optimise biogas production from brown macroalgae, various pretreatment technologies 

were assessed. Hydrothermal pretreatment (HTP) proves the most attractive technology for 

this marine biomass given its process parameters, operation conditions and low carbon 

footprint. This pretreatment method is also well established at the commercial scale for 

improved biogas enhancement from other organic waste streams. 



Chapter 7: Conclusions and recommendations for future work 

157 

 

• The experimental results demonstrated that HTP of PS can improve biogas production and 

the quality of the resulting digestate. Batch experiments show that biogas recovery from raw 

PS is low, yielding 42 ± 3 mL/g VS of methane over 21-d incubation time. Incorporating 

HTP at SF 1.59 to 3.83 prior to AD considerably increased organic compound solubilisation 

and the efficiency of microbial methane fermentation in the subsequent downstream process. 

Under the optimum condition of SF 2.65, methanation was 117 ± 2 mL/g VS. Hydrothermal 

pretreatment (HTP) also diminished the H2S content in biogas from 3 to 1 %. Nevertheless, 

desulfurisation of Sargassum-derived biogas is required for its safe and sustainable utilisation 

in industry. The digested effluent of Sargassum AD is pathogen-free and nutrient-dense but 

exhibits high Hg and As levels which limit the bio-fertiliser potential. Digestate processing 

can remove these phytotoxic impurities, thereby improving the quality and satisfying the 

increasingly stringent environmental and soil protection regulations of most countries. 

 

• The synergistic interactions of HTP of Caribbean PS and its co-digestion with FW at different 

mixture ratios enhanced biogas production and bio-fertiliser recovery. The recommended 

process operating conditions for the HTP of PS were 160 ºC (temperature) and 30 min 

(processing time). Batch testing revealed that HTP promoted the hydrolysis of organics in 

PS and FW, thus increasing methane recovery from mono-substrate digestion by 

approximately 213 % and 10 %, respectively, in comparison to the untreated samples. Co-

digestion of PS and FW redistributed metal elements and raised the buffering capacity of the 

digester, facilitating high organic loadings without pH control. Food waste (FW) also 

provided lipids to the seaweed feed which augmented the digestion performance. The 

maximum cumulative methane yield of 292 ± 9 mL/g VS was obtained from a blend of co-

pretreated PS and FW at the weight ratio 25:75. Screening of the whole digestate from co-

digestion indicated bio-fertiliser potential. However, the solid fraction necessitates arsenic 

remediation to meet international soil standard guidelines.  

 

• The techno-economic assessment of biorefinery with integrated HTP and AD technologies 

has shown that laboratory scale-up to industry-level is economically feasible. Financial 

analyses of four varied feedstock and process scenarios (S1-S4) established a linear 

relationship between profitability and the sale of products (electricity and bio-fertiliser). In 

all cases, simple sale of power generated to the national grid resulted in a negative cash flow 

and required the introduction of bio-fertiliser sales to achieve positive cash flows. Moreover, 

the net loss in the electricity-only scenarios exceeded that of the landfill disposal, which is 
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the island’s current strategy for Sargassum management. The addition of the solid digestate 

to the revenue stream increased the profit margin and financial attractiveness of the process. 

Maximum income generation could be attained through 100 % supply of the digestate to 

international markets. However, this approach provides zero support to local food security. 

The preferred option involves the 50/50 split utilisation of the solid digestate in local and 

international agricultural practice. While HTP is energy-intensive technology, the 

recirculation of waste heat generated by a combined heat and power unit for HTP, reduced 

the input energy demand and lowered the potential environmental impact by more than 10-

fold, relative to landfill disposal. Recycling of the liquid digestate also reduced the fresh 

water demand and its associated costs.  

 

The conclusions drawn from this thesis have proven the hypothesis that HTP of PS and its co-

digestion with FW can improve biogas production and bio-fertiliser recovery. Overall, the 

findings of this study suggest potential economic and environmental benefit to countries 

negatively impacted by the annual influx of PS, through the redirection of these invasive 

seaweeds from landfill disposal to feedstock, for power generation and biofertilizer recovery. 

With respect to Barbados, utilisation of the afore-mentioned products would promote energy and 

food security, thereby advancing the island’s development of, and transition to, a sustainable 

green economy by 2030, as mandated in the BNEP. There is also great opportunity for process 

scale-up given the maturity and wide-spread commercialisation of HTP and AD technologies 

globally for various organic substrates. Notwithstanding the positive results achieved in this 

research, possible bottlenecks to commercialisation of the above-mentioned technologies for PS 

bioprocessing include the unsustainable supply of raw material, inadequate Sargassum 

harvesting and storage techniques, and inappropriate regulatory policies and frameworks.  
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7.2   Recommendations for future work 

This novel study on the HTP of PS and its co-digestion with FW presents new opportunities for 

energy enhancement and bio-fertiliser production. Based on the techno-economic and 

environmental analysis conducted in Chapter 6 of this work, process profitability is feasible but 

varies with the feedstock composition and sale of products. Nevertheless, a better understanding 

of PS is crucial, prior to its utilisation as feedstock in full-scale bioprocessing. Recommendations 

for future work include the following: 

 

• Comprehensive PS bloom characterisation, with focus on seasonal changes in the nutrient 

content, in order to identify the best season for seaweed harvesting, for optimal energy 

production.  

• Advancement in early warning and detection systems to predict and quantify inundation 

events for the development of a Sargassum-based biofuel industry.  

• Extensive research on storage and preservation techniques to ensure the steady-state 

supply of this feedstock, in a prospective seaweed-driven biofuel industry. Seasonality 

of PS would warrant such. 

• Analysis of HTP process energy consumption for commercialisation as a PS pretreatment 

technology. 

• Exploration of the effect of anaerobic co-digestion of PS with other organic waste streams 

on biogas production. 

• Design of mechanistic models to represent the process system and monitor process 

kinetics for industrial application.  
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