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A B S T R A C T

Brown macroalgae 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. This paper reviews the various
pretreatment technologies explored to optimise saccharification prior to fermentation, categorised as: physical,
biological, chemical, thermal and a combination of methods. A techno-economic assessment was conducted to
evaluate the commercial viability of each process. Hydrothermal pretreatment proves the most promising
technique for brown algae application, since it improves methane productivity, carries a net positive energy
balance and generates a bio-fertilizer, while mitigating greenhouse gas emissions. Pilot scale research is ne-
cessary to evaluate the feasibility of full-scale implementation for brown algae bioconversion. A case study of the
Cambi™ process concludes the paper as it exemplifies the successful utilisation of hydrothermal pretreatment for
sewage sludge biogas production.

1. Introduction

Fossil fuels are the primary feedstock for global energy production,
supplying 88% of the world's energy demand in 2008 [1]. However, the
rising demand for this non-renewable resource, coupled with the vo-
latility 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) [2]. 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 [3]. It is
therefore of paramount importance that alternative energy sources be
found to abate fossil fuel utilisation, thereby supporting environmental
conservation and sustainability [1,4].

Macroalgae or seaweeds have shown great promise as feedstock for
bio-energy production because of their rich polysaccharide and negli-
gible lignin content [5,6]. These large, multicellular marine organisms
are abundant in nature and constitute approximately half of the world's
biomass population [7,8]. Seaweeds fix atmospheric CO2 for photo-
synthesis and propagate rapidly, due to a 4-fold greater photosynthetic
efficiency than terrestrial biomass [9]. In 2000, 11.4 million wet tonnes
of seaweed were harvested globally [10]. One decade later, the

population of this marine biomass increased by nearly 200% to 19
million wet tonnes [11]. The accelerated growth rate of algae in recent
years has been attributed to eutrophication and anthropogenic changes
to environmental and oceanic conditions, as effected by elevated global
atmospheric CO2 levels [12].

Algae cultivation can occur independently of arable land, a fresh-
water supply and fertilizer 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 [6,13].

While there is great uncertainty surrounding the number of mac-
roalgal species in existence, approximately 10,000 to 12,500 species
have been taxonomically classified [10,14]. Macroalgae can be sub-
divided into three groups based on algal pigmentation and thallus
colour: red, green and brown algae (Fig. 1) [9,15].

Red algae (Rhodophyceae) are the most abundant type of macro-
algae with approximately 6000 named species. Situated in the littoral
and neritic zones of the ocean, these seaweeds acquire their char-
acteristic 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 absorp-
tion for photosynthetic growth, in waters ranging in depth from 40 to
250m. Green algae (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
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region of the ocean for maximum light absorption.
Brown algae (Phaeophyceae) are the largest and most complex algal

organisms, with approximately 2000 species in existence [9,12]. These
seaweeds which grow in coastal waters of 30–50m [16], acquire their
characteristic dark-brown colour from elevated levels of the yellow-
brown pigment fucoxanthin within their cell structure [17]. 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 [16].

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 accu-
mulates [18,19]. Satellite imaging has also revealed growth of this
marine biomass in the North Equatorial Recirculation Region, a nu-
trient-dense zone situated between Brazil and the Equator [20]. In open
water, pelagic Sargassum is the habitat to over 200 marine organisms
[21]. 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 anae-
robic decomposition of shored Sargassum produces the pungent and
toxic gas, hydrogen sulphide, which carries a noticeable and char-
acteristic “rotten egg smell” [21,22]. This offensive odour was identi-
fied as the primary cause of reduced tourist arrivals to the Caribbean
region in 2015 [23,24]. Sargassum influx is also responsible for mass
fish kills across Belize and Mexico [25], and the death of dozens of
endangered sea turtles in Barbados [26].

Brown macroalgae possess high levels of carbohydrates and proteins
but exhibit a low lipid content [5]. This rich nutritional composition
has contributed to their human consumption, inclusion into animal feed
products and application as agricultural fertilisers [12,13]. Moreover,
researchers have identified and extracted multiple bioactive com-
pounds with potential in biosorption, pharmaceuticals and therapeutics
[27,28]. Biofuel production from brown algae using anaerobic diges-
tion (AD) technology has also been explored, as these seaweeds possess
significantly less recalcitrant lignin than terrestrial crops [29,30]. Hi-
therto, the low specific methane yield (SMY) of brown algae makes it an
unattractive feedstock for commercial biogas production downstream

[16].
To enhance biomass solubilisation and the release of fermentable

sugars for microbial digestion, pretreatment technologies have been
investigated [5]. While these processes reveal great lab-scale potential,
on-going research is necessary to determine their viability in the up-
surging macroalgae-based biorefinery concept. This review paper de-
tails 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 en-
ergy balance, process efficiency (PE) and environmental impact factor
(EIF). From the methods studied, hydrothermal pretreatment using
thermal hydrolysis is most advantageous for brown algae 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 Cambi™, the world's
leading thermal hydrolysis process (THP) and highlights the benefits
derived from its implementation at Blue Plains in Washington DC.

2. Composition of brown macroalgae

Brown algae contain 70–90% moisture [9] and 10–15% ash [31].
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 localisation [16], while the low lipid
content has little impact on biofuel production [5,16]. Consequently,
the biomethane potential (BMP) of brown macroalgae is dependent on
the breakdown of carbohydrates [33]. The four sugars most abundant
in brown algae are alginate, laminarin, mannitol and fucoidan [12].
However, the distribution of these sugars in seaweeds is dispropor-
tionate and varies with species, seasonality and the growth site condi-
tions [16].

Alginate or alginic acid is the most abundant carbohydrate in the
brown algae, representing approximately 40% dw of intracellular cell
contents [33]. Present in the cell wall of algae where it supports me-
chanical strength [12], this linear sugar is composed of β-1,4-D-man-
nuronate and α-1,4-L-guluronate residues covalently bonded together
[34]. Annually, the alginate levels in macroalgae peak during the
summer months when light irradiance and saturation are at their

Fig. 1. Examples of different types of macroalgae.
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highest, as an adaptation to prevent dehydrate. 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, in-
dustrial 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 re-
presents approximately one-third (35%) of the dw content of brown
algae. This water-soluble polymer is composed of a linear β-1,3-D-glu-
cose 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 mono-
meric glucose units for AD. Laminarin is a product of photosynthesis
and is greatest in quantity during spring and summer. Brown macro-
algae proliferating in shallow coastal waters and inundated with solar
radiation will therefore exhibit higher laminarin content than those
inhabiting deeper waters [35,36].

Mannitol, an alcohol polymer of the sugar mannose, constitutes
20–30% dw of brown algae. 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
[35,37]. Similar to laminarin, the mannitol content of macroalgae also
reaches a 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 fermen-
tation, mannitol is oxidised to fructose and NADH. However, to re-
generate NAD+ and convert NADH to NADPH, a supply of oxygen or
transhydrogenase is necessary [38]. Procaryotes contain transhy-
drogenase and can metabolise mannitol anaerobically [35].

Fucoidan is a water-soluble sulphated polysaccharide in brown
algae [39]. 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 [40]. In addition to
these two components, fucoidan contains the monosaccharides man-
nose, galactose, xylose, uronic and glucuronic acid [12,16]. Unlike la-
minarin and mannitol, fucoidan is prevalent during the autumn season,
varying in quantity across species from 6 to 22% dw [39,41]. Macro-
algae with low fucoidan content are preferred for AD as some fucans are
resistant to anaerobic cleavage and inhibit fermentation [42].

3. Anaerobic digestion of brown macroalgae

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, acidogen-
esis, acetogenesis and methanogenesis [43]. Hydrolysis is the rate-
limiting step of AD as during this phase, structurally complex compo-
nents such as lignin and cellulose are cleaved into their monomeric
units, recalcitrant particulates are generated and the cumulative me-
thane (CH4) yield determined [44,45].

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 conven-
tional natural gas for application in electricity production, cooking and
heating [43,44]. 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 ad-
dition to biogas, a complementary nutrient-dense digestate is generated
with application in agriculture as a soil conditioner [45,46].

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 [30,47]. The BMP of brown algae ranges from 204 to

380mL/g VS. While this energy output is superior to the CH4 yields
achieved from sugar crops (241mL/g VS), rice straw (281mL/g VS),
lignocellulosic biomass (101–258mL/g VS), animal waste and sewage
sludge (247–293mL/g VS), it represents< 50% of the theoretical CH4

potential [16]. The low bioconversion of brown seaweeds is attributed
to the presence of complex polysaccharides which are not easily fer-
mented, a mass carbon-to‑nitrogen ratio below 20:1 and high levels of
sulfur, polyphenols and salinity [5,48].

To address the challenge of low CH4 productivity, pretreatment
methods have been explored. These technologies increase the bioa-
vailability of organic matter for microbial hydrolysis, thereby short-
ening the hydraulic retention time (HRT) and improving biogas for-
mation [43,49]. Pretreatment techniques including physical, thermal,
chemical, biological and a combination of methods have been applied
to brown algae with varying success.

4. Physical pretreatment methods

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 bio-
mass into small particles prior to AD. This process increases the reaction
surface to volume ratio and liberates complex sugars for enzyme sac-
charification, thereby optimising bio-energy production [50,51] as
shown in Table 1.

Ball milling is the primary treatment method applied to brown algae
[52]. When P. canaliculata was pretreated for 60min in a modified
Hollander beater made of an elliptic channel, with a bladed drum ro-
tating at 580 rpm, CH4 recovery was 74% higher than the untreated
sample [53]. Beating Laminariaceae spp. for 10min also increased the
concentration of volatile solids (VS) accessible for microbial degrada-
tion. Fermentation of the pretreated slurry for 21 d generated a total
solids (TS) biogas production rate of 685mL/g TS or 53% more biogas
than that achieved from the raw feedstock [50]. Conversely, maceration
had a negative impact on the biomethanation of S. latissima, dimin-
ishing the energy gains by 2% relative to the control [54].

4.2. Microwave pretreatment

Growing attention has been given by researchers to microwave ir-
radiation as a replacement to conventional heating. Microwave pre-
treatment involves the use of short electromagnetic waves of fre-
quencies ranging 0.3 to 300 GHz to rapidly heat the water in biomass to
a boiling state, thereby creating pressure within the cells which breaks
hydrogen bonds [46,55]. This method increases the concentration of
the intracellular contents available for fermentation and improves the
SMY. Microwave pretreatment has a marginal effect on biomass solu-
bilisation [56,57].

To the authors' knowledge, only a single study exists on microwave-
assisted extraction for brown algae biogas production. In this work by
Montingelli et al. [44], Laminaria sp. was exposed to conventional mi-
crowave irradiation at 50 Hz and 560W for 30s. These reaction con-
ditions accelerated cellular disintegration and the concentration of or-
ganic matter released for microbial digestion. However, the
bioconversion of this solubilised fraction was limited due to the pre-
sence 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 1).

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
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microbubbles are formed and subsequently collapse, rupturing the cell
envelope [55,58]. This change in the substrate morphology improves
microbial access to fermentable sugars and promotes their bioconver-
sion to CH4 [59,60]. The composition and quantity of the organic
matter released for AD varies with the sonication energy applied [61].
Optimum algal cell wall lysis occurs at high energy intensities and low
frequencies (< 100 kHz) [62]. The exposure time also impacts the ef-
ficiency of the sonication process. Long reaction times are favoured as
they maximize cell destruction and the soluble chemical oxygen de-
mand (COD) [63].

Ultrasonication has been applied to brown algae to improve the
extraction of constituents such as laminarin, fucoidan and phyto-
chemicals [64,65]. 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 be-
tween the liquid and solid interfaces [66].

5. Biological pretreatment

Biological pretreatment is the process of applying micro-organisms
(fungi, bacteria and enzymes) to biomass to degrade lignin and hemi-
cellulose. This treatment process can occur either aerobically or anae-
robically and improves both hydrolysis and biomethanation [70].
White rot fungi extracted from decaying wood are the most prominent
microbes used in biological pretreatment. This fungus produces the
enzymes lignin peroxidase, manganese peroxidase and laccase, which
effectively fractionate lignin into CO2 and water [71,72].

Few studies exist on optimising brown algae biogas production
using biological pretreatment (Table 2). The application of the Bm-2
strain white rot fungi, Trametes hirsuta, to Mexican Caribbean macro-
algae consortia for 6 d improved the degradation of lignocellulosic fi-
bres 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% [73]. Vanegas et al.
[74] confirmed the negative performance of enzymes at improving the
biogas productivity of L. digitata. The pretreatment of this algae 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%.

6. Chemical pretreatment

Strong and weak chemical reagents have been applied to biomass to
improve cell wall disintegration, COD solubilisation and CH4 produc-
tion [46]. 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 re-
agents produces toxic organic acids which contaminate downstream
products and alter the reactor pH, subsequently, inhibiting methano-
genesis and inducing digester failure. To improve microbial prolifera-
tion and AD efficiency, alkaline compounds are added to the pretreated
slurry prior to fermentation to neutralise the acidic environment [45].

Literature on the chemical pretreatment of brown algae is sparse
(Table 3). Vanegas et al. [74] reported the production of 237mL/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 promotedTa
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the formation of inhibitory compounds such as furfural and phenols
which suppress microbial hydrolysis and biogas productivity. Conse-
quently, at 6% citric acid, the biogas yield decreased by 330% to
69mL/g VS.

7. Thermal pretreatment

In thermal pretreatment, temperatures ranging from 50 to 250 °C
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 [46,52]. Thermal pretreatment can be sub-divided into low
temperature (< 110 °C) and high temperature (> 110 °C) reactions.
High temperature reactions are favoured as they optimise biomass so-
lubilisation and energy extraction. However, temperatures beyond
180 °C promote the formation of inhibitory compounds such as furfural,
hydroxymethylfurfural and phenols which reduce the efficiency of
bioconversion [63,75].

Autoclaving Sargassum sp. at 121 °C and 1 bar for 15min increased
the soluble VS content by 10-fold. The SMY obtained after pretreatment
increased by 60% compared to the unpretreated algae [76].

Hydrothermal or pressurized hot water pretreatment is an alter-
native to conventional thermal processing. In this method, biomass is
cooked in water or steam at temperatures and pressures ranging from
110 to 180 °C and 6–25 bar, respectively [77,78] without the addition
of chemicals or enzymes [79]. Under these subcritical conditions, the
hydrogen bonds in water are broken, consequently improving its sol-
vation, biochemical and reactivity properties [80,81]. Hydrothermal
processing increases polysaccharide solubilisation and CH4 productivity
but shortens the fermentation time [77,82].

In literature, hydrothermal pretreatment has been applied to brown
algae with great success. S. latissima was exposed to steam explosion at
130 and 160 °C, for 10min, respectively. Using a steam explosion fa-
cility 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 [6]. Hot water pretreatment of Nizimuddinia zanardini at 121 °C
for 30min 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 [83].

Lower temperature water pretreatment has also been explored.
However, reaction temperatures< 80 °C are ineffective and diminish
the BMP [84]. In a study conducted by Barbot et al. [85], F. vesiculosus
was pretreated with water heated to three different temperatures for
24 h. At the reaction temperatures of 20 and 50 °C, the authors reported
decreases of 19 and 21% in the SMY, respectively. On the contrary, the
application of hot water (80 °C) improved microbial digestion and
yielded 51% more CH4 than the raw algae. Table 4 summarises the
effect of thermal pretreatment methods on the bioconversion of brown
seaweeds.

8. Combined pretreatment methods

To improve biomass enzymatic hydrolysis and the corresponding
BMP, multiple pretreatment combinations have been explored (see
Table 5). While combined pretreatments are highly complex, they are
more effective than the standard treatment procedures [46].

Thermo-chemical pretreatment is the primary combination studied.
Pretreatment of F. vesiculosus with 0.2 M industry-grade HCl at 80 °C for
90min improved enzymatic hydrolysis and promoted the recovery of
121mL 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 poorerTa
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pretreatment performance, increasing biomethanation by 24%.
Conversely, the application of acidic media of concentrations below
0.1M have a negative effect on biodegradation and CH4 productivity
[84]. In a secondary study, the pretreatment of F. vesiculosus with 0.2 M
HCl at 80 °C for 2 h generated 108mL/g VS of CH4. Augmenting the
treatment time from 2 to 24 h marginally enhanced CH4 recovery to
113mL/g VS [85]. For optimum bioconversion of this biomass to be
achieved, the correct balance of acidity and exposure temperature must
be established [84].

Mechano-biological pretreatment increased the concentration of
soluble COD released from F. vesiculosus by 3.5-fold relative to the
untreated algae. In this work, the feedstock was pretreated mechani-
cally in a TK Energi AS prototype machine pressurized to 1000 bar and
subsequently incubated at 50 °C 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 [69].

The effect of enzyme-acid pretreatment on reducing sugar and
biogas production has been studied by Vanegas et al. [74]. In this work,
the brown seaweed L. digitata was pretreated with various organic acids
and enzymes. The authors observed a linear increase in biomass hy-
drolysis 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 243mL/g VS was
achieved after combined pretreatment with cellulase and 2.5% citric
acid.

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 con-
centration. Maximum hydrogen production of 28mL/g TS was achieved
with microwave pretreatment (2450MHz, 140 °C) and 1% sulfuric acid
for 15min [86]. This combined pretreatment process exhibits great
promise and should be explored further as a potential pretreatment
method for improving brown algae CH4 production.

9. Techno-economic assessment and energy balance

Biomass pretreatment methods have proven to be effective at im-
proving cell wall disintegration, COD solubilisation and CH4 produc-
tion. However, the transition of these technologies from laboratory
scale study to industry is hindered by several technical, economic and
environmental challenges [16,87].

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 [45]. Microwave pretreatment is ad-
vantageous as electrical power is quickly converted to heat and uni-
formly distributed to the feedstock. However, this technology demands
large energy input given the high irradiation power and extended ex-
posure time necessary [46]. Similarly, ultrasonication requires a high
specific energy input of 205–900 kJ/L and lengthy treatment time [88].
Physical pretreatment methods are energy inefficient and carry net
negative energy balances. Collectively, these variables reduce the eco-
nomic feasibility of commercialisation [46,69].

Physical pretreatments are most effective with feedstock of> 14%
VS and> 6% TS [46]. Brown algae exhibit low VS content due to high
moisture levels. Water also increases the shear strength of this feed-
stock, thereby reducing cell wall disruption and polysaccharide solu-
bilisation [43]. 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 [89].

By comparison, biological pretreatment requires a lower capital
investment and energy input than physical and thermo-chemical pre-
treatment methods [90,91]. This process is safe and eco-friendly, gen-
erating no inhibitors and emitting no harmful compounds into the at-
mosphere [70,92]. The deployment of this technology is primarily
affected by the high cost of enzymes [46]. The enzymes used for hy-
drolysis can either be cultured on-site or sourced externally. On-site
enzyme production is financially advantageous as it eliminates the need
for stabilizers 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

Table 3
Chemical pretreatment of brown algae for biogas production.

Technique Feedstock Medium Pretreatment
conditions

AD process HRT (d) Incubation temp.
(°C)

Results (mL biogas/g
VS)

Change in energy potential
(%)

Reference

Acid L. digitata 2.5% citric
acid

120 °C; 1 h; 1 atm Batch 32 35 237 +4 [74]

1% lactic acid 161 −42
6% lactic acid 101 −226
6% oxalic acid 83 −275
6% citric acid 69 −330

Table 4
Thermal pretreatment of brown algae for biogas production.

Technique Feedstock Pretreatment
conditions

AD process HRT (d) Incubation temp.
(°C)

Results (mL CH4/g
VS)

Change in energy potential
(%)

Reference

Autoclaving Sargassum sp. 121 °C; 1 bar; 30min Batch 42 37 541 +60 [76]
Hydrothermal F. vesiculosus 20 °C; 24 h Batch 20 37 38 −19 [85]

50 °C; 24 h 37 −21
80 °C; 24 h 71 +51

F. vesiculosus 80 °C; 2 h Batch 22 37 80 −9 [84]
Nizimuddinia
zanardini

121 °C; 30min Batch 40 37 143 +22 [83]

Steam explosion S. latissima 130 °C; 10min Batch 119 37 268 +20 [6]
160 °C; 10min 260 +17
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[91,93]. Additional drawbacks to the industrialization of this method
include a slow hydrolytic rate, large reactor device and negligible en-
hancements on biomass solubilisation and biogas productivity. While
brown algae are suitable feedstock for biological pretreatment, the
stated challenges reduce the economic feasibility of full-scale im-
plementation [46,92].

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 [93]. Chemicals re-
agents are expensive, varying in price by supplier and with market
value. These compounds are also corrosive and promote digester ero-
sion. Consequently, high-grade corrosion resistant materials are used in
reactor construction [46,94]. At high chemical concentrations, biomass
solubilisation is optimised. However, these harsh reaction conditions
have a minor effect on biogas production and accelerate digester at-
trition, thereby compounding O&M costs [45,95]. Acid/alkaline pre-
treatment also produces a slurry infused with AD inhibitory organic
acids [93]. Neutralisation of these acidic compounds prior to fermen-
tation incurs additional operation charges [79]. Chemical pretreatment
is too harsh for macroalgae application and should be limited to lig-
nocellulose-dense biomass [45,52].

Thermal pretreatment is a simple process with an implementation
cost that varies according to the reaction temperature and the exposure
time [94]. This technology is advantageous, demanding lower energy
input than physical pretreatment methods and eliminating the need for
expensive chemicals and enzymes [90,95]. At reaction tempera-
tures> 110 °C, thermal hydrolysis can be corrosive. To reduce the ef-
fect, high-grade corrosion resistant materials are used in reactor con-
struction, increasing the capital and maintenance costs [91]. 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 [44,75]. As with
physical pretreatments, dewatering prior to pretreatment is imperative
to improve the bioconversion efficiency and achieve a net positive
energy balance [46].

Hydrothermal pretreatment consumes more energy than conven-
tional thermal pretreatment due to the reaction configuration of ele-
vated temperature and pressure, coupled with the steady state supply of
water into the reactor device [87,93]. However, this process is ther-
modynamically viable as the energy generated from the biogas pro-
duced is superior to the energy consumed during operation [45,79].
The technology also sanitizes, dewaters and reduces the viscosity of
biomass, thereby improving the nutritional quality of the digestate
generated during AD [46]. Hydrothermal pretreatment can successfully
accommodate feedstock of high water content and is most suitable for
commercial brown algae 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 [46]. Thermo-chemical pretreat-
ment is the only combination currently exploited for sewage sludge
wastewater treatment [45]. While this technology effectively enhances
organic matter solubilisation and anaerobic digestibility, the operating
conditions employed are not suitable for brown macroalgae applica-
tion. Moreover, the process carries a negative energy balance and is
detrimental to environment stability [84]. Table 6 summaries the
techno-economic study.

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, hy-
drothermal pretreatment is the single energy-efficient technology stu-
died. 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 [96,97]. Pilot scale re-
search should therefore be conducted to evaluate the commercial via-
bility of introducing this technology, for commercial brown seaweed
biogas production. Several hydrothermal pretreatment technologies
such as Cambi™, Biothelys™ and Exelys™ are globally available in
wastewater treatment plants (WWTPs) to improve the bioconversion of
sewage sludge [98]. The following section presents a case study on
Cambi, the world's leading THP.

9.1. Case study: the Cambi™ process

9.1.1. Technology
Cambi AS is a Norwegian-based company that develops and im-

plements green, reliable and cost-effective technologies for biowaste
treatment and disposal. Established in 1989 by the forest owners' as-
sociation Glommen Skogeierforening, this company is presently the
global leader in the deployment of a patented eco-friendly and sus-
tainable THP which treats and improves the conversion of sewage
sludge and organic waste into bio-energy [99,100]. Cambi THP occurs
in a reactor and involves the direct injection of saturated steam into
dewatered biomass at 16–18% dry solids (DS), for 20–30min at 165 °C
and 5–6 bar. Thereafter, the system is suddenly depressurised to 4 bar,
triggering a “steam explosion” [99]. This pretreatment process in-
creases the breakdown of the cellular structure and fibrous components
in sewage sludge, thereby accelerating microbe accessibility to biode-
gradable 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 [100,101].

The biogas derived from AD is cleaned and transferred to a com-
bined heat and power facility for the co-generation of electricity and
steam. The electricity produced is externally supplied 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 de-
watering 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
[99,100]. Collectively, these properties contribute to the global appeal
of Cambi THP implementation [102]. The schematic diagram below
(Fig. 2) details the Cambi™ THP.

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 t of DS of sewage
sludge and can co-generate 1900 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 t DS of sewage
sludge per annum. The incorporation of this green technology into AD
plants as a pretreatment step is environmentally advantageous, miti-
gating the formation of 760,000 t of fossil fuel- derived CO2 emissions
and reducing total CH4 emissions by 2.5 million tonnes of CO2

equivalent [103]. Effective December 2018, Cambi THP provides
electricity to approximately 75 million households, through the in-
stallation of 65 biogas plants in 22 countries, across 5 continents. Cambi
THP plant sizes range from 10 to 450 t DS/d and carry a combined
treatment capacity of 7050 t 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 [102].

9.1.2. Blue Plains advanced wastewater treatment facility
Blue Plains located in Washington DC, USA, is the world's largest

T.M. Thompson, et al. Fuel Processing Technology 195 (2019) 106151

8



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 ap-
proximately 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 [104].

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 ret-
rofitted with a US $407 million Cambi™ AS pretreatment system. The
new facility hosts four large anaerobic digesters, each of volume 3.8
million gallons and combined capacity 58,100m3. 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 [99,100].

9.1.3. 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 US
$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 US $10 million
annually [98,100]. In 2016, this plant supplied 13MW 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 20MW [98,105]. Thermal
hydrolysis produces a small volume of class A biosolids (> 50%)
downstream, mitigating expenditure on lime stabilizers, hauling and
landfill disposal by US $10 million annually [99]. The biosolids gen-
erated are packaged and consumed both locally and internationally as a
biofertiliser, 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 t of CO2 annually
[98,100].

10. Conclusions and recommendations

Brown macroalgae are viable feedstock for bio-energy production
given their unique physicochemical properties. However, the

Table 6
Comparison of brown algae pretreatment technologies.

Technology Physical Biological Chemical Thermal Combined

Parameters Mechanical Microwave Ultrasound Acid Base (< 110 °C) (> 110 °C) 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.

Fig. 2. Cambi™ THP configuration.
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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, hydrothermal pretreatment is the
most feasible and attractive technology for this marine biomass.
Hitherto, hydrothermal pretreatment has been exploited in WWTPs to
optimise biogas production from sewage sludge. Future research efforts
should focus on the pilot-scale studies to validate the utilisation of this
technology in industry and investigate its scalability for the commercial
valorization of brown algae into biogas.
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