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A B S T R A C T   

The increasing amount of seaweed accumulated in the coasts calls for a proper disposal or treatment in order to 
reduce secondary pollution effects. Anaerobic digestion of seaweed is a treatment technology that simultaneously 
produces biogas, supporting the further expansion of the renewable energy production through sustainable 
bioresources. In this study, three pretreatments (alkaline, hydrothermal and thermo-acidic) were applied on 
beach-cast seaweed of the Baltic Sea in order to improve the methane yield. The thermo-acidic pretreatment 
resulted to the highest increase of the methane yield (78% higher than the raw seaweed), while the alkaline 
pretreatment resulted to a 36% increase of the methane yield and to the highest reduction of the methane 
production cost compared to raw seaweed based on a preliminary economic assessment. Determination of the 
different sugars and sugar acids of the seaweed before and after the pretreatments assisted in understanding the 
effects of each pretreatment on the seaweed matrix.   

1. Introduction 

Eutrophication of coastal waters is a well-known problem in many 
countries worldwide. The Baltic Sea has been suffering from eutrophi-
cation for decades and recent research indicates that the problem is still 
growing (Fleming-Lehtinen et al., 2015; Murray et al., 2019). The main 
reasons for the increase of nutrient loads are the intensification of 
anthropogenic activities in the surrounding countries and the low 
ventilation of the deep waters (Andersen et al., 2017). As a result, huge 
piles of rotting macroalgae (also called seaweed) are accumulated on the 
coast causing a series of problems, such as odor and greenhouse gas 
emissions and disturbance of the coastal ecosystem. The amount of 
seaweed, that could be collected from the Baltic Sea and needs to be 
disposed or treated properly for avoiding secondary pollution effects, 
has been estimated to correspond to 20–6000 tons per km of shoreline 
depending on the season (Chubarenko et al., 2021). 

Anaerobic digestion (AD) is a mature technology suitable for treat-
ment of organic residues that simultaneously produces biogas, a 
renewable energy carrier. The possibility of using macroalgae for biogas 
production through AD first emerged in the 1970s, when several studies 
indicated its high potential (Hughes et al., 2012; Wise et al., 1979). 
Recently, a strong debate on the competition of energy (energy crops for 
biofuels production) and food sectors for arable land use has arisen. 
Therefore, seaweed exploitation for fuels and chemicals came in the 
forefront and research on methane production from seaweed is 

expanding significantly. Seaweed is rich in carbohydrates while it comes 
with a low protein and lipid content and a very low to zero content of 
lignin. These characteristics make it highly suitable for bioconversion 
processes such as biogas production in contrast to land biomasses that 
are rich in lignin, which is the most recalcitrant component to biological 
conversion processes. Macroalgae are categorized in three groups based 
on their pigmentation, namely brown, green and red macroalgae. 
Depending on the group, the main polysaccharides found in seaweeds 
vary and include alginate, fucoidan, laminarin, mannitol, carrageenan, 
mannan and ulvan (Ghadiryanfar et al., 2016). Studies in literature have 
focused on the CH4 potential of different species and results generally 
vary from 100 to 340 L CH4/kg VS resulting to a biodegradability extent 
of 19%–81% (Allen et al., 2015; Milledge et al., 2019). The CH4 yield is 
dependent on the specific composition of the macroalgae, which is 
highly variable during their life cycle and thus harvesting time is 
considered to be crucial (Ometto et al., 2018; Tedesco and Daniels, 
2018). Nevertheless, the main limitation in the biodegradability of 
macroalgae is the slow or incomplete hydrolysis of the polysaccharides, 
rendering the application of pretreatment technologies necessary for 
making the use of macroalgae industrially relevant (Milledge et al., 
2019). 

During the last decades, different biomass pretreatments, mainly 
originating from research on lignocellulosic biomasses destined for 
conversion to biofuels, have been designed and investigated. These can 
be categorized to mechanical, chemical, thermal, biological and 
combinatorial pretreatments. The type of pretreatment to apply on a 
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biomass depends on the specific characteristics of the latter (Carrère 
et al., 2016) as well as on the bioconversion process that follows. Pre-
vious studies have investigated methods for the efficient release of 
polysaccharides from marine macroalgae and a few studies have 
measured the CH4 potential of seaweed after different pretreatments 
(Chen et al., 2015; Maneein et al., 2018; Montingelli et al., 2016; 
Thompson et al., 2019). Mechanical pre-treatment alone or in combi-
nation with other pretreatments has been investigated for Baltic and 
Irelandic macroalgae species for enhancing biogas production with 
promising results (Tedesco et al., 2014, 2013; Wu et al., 2019). Never-
theless, most studies deal with the efficiency of biogas production of 
selected macroalgae species that can be cultivated at large scale in 
different locations. Macroalgae cultivation and harvest may result to 
adverse effects on the ecosystem stability, thus an environmental impact 
assessment is required in each case (Milledge et al., 2019). On the other 
hand, macroalgal waste accumulated on the beach requires remediation 
for reducing secondary environmental pollution. Usually, beach-cast 
seaweed is a mixture of different species together with impurities such 
as sand and shells washed off from the tide. Consequently, its valoriza-
tion can be more challenging than that of single macroalgal species. 

In this study, beach-cast seaweed originating from the Baltic Sea was 
subjected to three different pretreatments: an alkaline, a hydrothermal 
and a thermo-acidic pretreatment. As an alkaline pretreatment, aqueous 
ammonia soaking (AAS) at ambient temperature was chosen, which has 
not been tested on any macroalgal species so far to the best of our 
knowledge, due to the high efficiency it has shown on enhancing the CH4 
yield of other biomasses (Jurado et al., 2013a, 2013b, 2013a) and the 
cost effective applicability anticipated as reported in earlier studies 
(Lymperatou et al., 2021). The hydrothermal and thermo-acidic pre-
treatment were chosen based on the promising results obtained on 
improving the CH4 yield of other macroalgae species in previous studies 
(Barbot et al., 2015b; Thompson et al., 2019). The efficiency of the 
pretreatments was assessed by conducting biochemical methane po-
tential (BMP) tests for determining the CH4 yield and the kinetics of CH4 
production. Analytical tools permitted to investigate the degree of sol-
ubilization of individual carbohydrates. Finally, techno-economic as-
pects of the pretreatments are discussed for providing an estimation of 
their industrial relevance. 

2. Materials and methods 

2.1. Seaweed 

The seaweed used in the study was collected in September from the 
Solrød Biogas plant and originated from the Solrød Strand beach (Sjæ-
land, Denmark). The biogas plant receives beach-cast seaweed after 
following a 3-step collection process. First, the seaweed is collected from 
the beach with a front-shovel machine and then it is thrown back to the 

sea in order to reduce the sand content; subsequently, the seaweed is 
collected from the sea and placed in a truck, which transports the 
biomass to the biogas plant (Kjær, 2020). The seaweed washed out at 
Solrød beach is a mixture of brown seaweed of the order Ectocarpales 
(Pilaiella littoralis and Ectocarpus siliculosus) and eelgrass (Zostera marina) 
(Gimžauskaitė et al., 2020), together with impurities such as sand and 
shells. Once collected from the biogas plant, the biomass was stored in 5 
L sealed bags and frozen at − 20 ◦C until used for the experiments. 
Preliminary experiments showed that freezing did not affect the CH4 
yield of seaweed as evidenced by BMP tests. 

2.2. Pretreatments 

The collected seaweed was cut with scissors to a length of approxi-
mately 1 cm for facilitating handling and representative sampling for 
lab-scale experiments. Subsequently, it was subjected to three pre-
treatment processes without any prior washing step; an alkaline, a hy-
drothermal and a thermo-acidic pretreatment. The solid-to-liquid ratio 
in all pretreatments corresponded to 83 g TS (Total Solids) seaweed per 
L. The alkaline pretreatment of the seaweed was carried out at room 
temperature and a solution of 15% w/w aqueous NH3 was used. The 
seaweed was left to soak in aqueous NH3 for 4 days. After the end of the 
pretreatment duration, the pretreated seaweed was subjected to vacuum 
evaporation to a final NH4

+-N concentration of 0.64 ± 0.00 g/L as 
described previously (Lymperatou et al., 2017). The hydrothermal 
pretreatment took place at 80 ◦C for 24 h in a SANOclav laboratory 
autoclave (Adolf Wolf SANOclav, Germany). The seaweed was placed in 
a 2 L blue-cap bottle with the respective amount of tap water. The 
thermo-acidic pretreatment was carried out at the same conditions as 
the hydrothermal pretreatment, but with HCl 0.15 M instead of tap 
water. After the end of the thermo-acidic pretreatment, the pH was 
adjusted at 7 by using KOH 3 M. Once the pretreatments were finalized, 
part of the pretreated seaweed from each batch was used for BMP tests 
and the rest was used for determination of soluble carbohydrates, TS, 
Volatile Solids (VS), ash and soluble chemical oxygen demand (COD). 

2.3. BMP tests and kinetics 

The BMP tests were carried out in 320 mL infusion bottles with 
rubber stoppers and aluminum crimps. The inoculum used for the ex-
periments was a mixture of 50% inoculum originating from a lab-scale 
manure-based continuous AD process and 50% inoculum obtained 
from Solrød biogas plant that digests seaweed, manure and industrial 
waste residues. Two control experiments were performed, one with raw 
seaweed (without any pretreatment) and one only with inoculum for 
estimating the residual biogas production of the inoculum. The 
inoculum-to-substrate ratio was 3:1 on a TS basis (except for the control 
tests with only inoculum). The main characteristics of the inoculum 

Nomenclature 

AD anaerobic digestion 
VS volatile solids 
AAS aqueous ammonia soaking 
BMP biochemical methane potential 
TS total solids 
COD chemical oxygen demand 
STP standard temperature and pressure (0 ◦C, 1 atm) 
k hydrolysis rate 
HRT hydraulic retention time 
HT hydrothermal 
TA thermo-acidic 
SW seaweed 

B0 ultimate methane yield 
B methane yield 
OLR organic loading rate 
Q heat requirements 
ρ density 
V volume of vessel 
c specific heat capacity 
T0 initial temperature 
Tf final temperature 
C cost of methane production 
CC cost of chemicals 
CQp cost of heat during pretreatment 
CQad cost of heat for initiating anaerobic digestion  
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were 2.34% TS, 1.59% VS, 3.67 g soluble COD/L, 2.83 g NH4
+-N/L and 

pH 8.1. All BMP experiments were set in triplicates. After flushing the 
headspace with N2 for ensuring anaerobic conditions, all vials were 
sealed and placed in an incubator under mesophilic conditions (37 ◦C) 
and the CH4 production was monitored over time. All gas volumes re-
ported are expressed at STP conditions (1 atm, 0 ◦C). 

The kinetics of the CH4 production from the differently pretreated 
seaweed was compared by fitting the data to a 1st order kinetic model 
following the assumption that hydrolysis is the limitation step of 
seaweed AD (Lymperatou et al., 2020): 

B(t)=B0⋅(1 − exp( − kt) ) (eq.1)  

where B(t) is the CH4 yield in mL/gVS after t days of digestion, B0 is the 
ultimate CH4 yield in mL/gVS, k is the hydrolysis rate in d− 1 and t is the 
time in d. The predicted CH4 production curves from the 1st order 
models were plotted against the experimentally produced CH4 produc-
tion curves. Based on the k calculated from the fit of the 1st order kinetic 
models to the CH4 curves of the BMP tests, the following equation was 
used for calculating the CH4 yield of differently pretreated seaweed in 
continuous AD operation at different hydraulic retention times (HRTs) 
(Lymperatou et al., 2021): 

B(τ)=B0⋅(1 − 1 / (1+ kτ)) (eq.2)  

where B(τ) is the CH4 yield in mL/gVS after τ days of digestion, B0 is the 
ultimate CH4 yield in mL/gVS, k is the hydrolysis rate in d− 1 and τ is the 
HRT in d. 

The theoretical methane potential of the biomass was calculated 
based on its elemental composition by using Buswell’s formula (Symons 
and Buswell, 1933):   

2.4. Compositional and elemental analyses 

The raw seaweed was oven-dried at 40 ◦C and milled to 1 mm by 
means of a laboratory grinder (IKA, MF 10.1, IKA®-Werke GmbH, 
Germany). Subsequently, it was subjected to elemental and composi-
tional analysis for determining its composition in C,N,H,O,S and car-
bohydrates, lipids, proteins and lignin, respectively. 

The elemental analysis was carried out by an Elemental Analyzer 
(EA3000, EuroVector, Italy) with He as a carrier gas, and sulphanila-
mide as a standard. The compositional analysis of the raw seaweed was 
performed by following a two-step extraction process followed by a two- 
step acid hydrolysis process based on NREL’s protocols (Sluiter et al., 
2008, 2011), with a modification on the duration of the 2nd step of acid 
hydrolysis as suggested by (Manns et al., 2014). Briefly, the milled 
biomass was initially extracted with Millipore grade water for 6 h and 
subsequently with pure ethanol for 24 h. In the sequel, acid hydrolysis 
was performed on the extractives-free samples with 72% v/v H2SO4 for 
60 min at 30 ◦C and then at 121 ◦C for 40 min after dilution to reach a 
4% v/v H2SO4 concentration. The hydrolysate was collected for deter-
mination of glucose, xylose, rhamnose, galactose, fucose, mannose, 
arabinose, mannitol, galacturonic acid, guluronic acid, glucuronic acid 
and mannuronic acid through High Performance Liquid Chromatog-
raphy (HPLC). 

After the pretreatments, a dilute acid hydrolysis of the pretreated 
seaweed liquors was performed for determining the concentration of 

soluble sugars and sugar acids. The protocol proposed by Bjerre et al. 
(1996) was followed. Soluble compounds of raw seaweed were deter-
mined after soaking raw seaweed in Millipore grade water at the same 
solid-to-liquid ratio as the pretreatments. 

2.5. Analytical methods 

TS, VS and ash content were determined according to standard 
methods (APHA, 2005). NH4

+-N and soluble COD were determined by 
Hach Lange kits LCK 305 and 514 (Hach Lange ApS, Denmark) respec-
tively. Determination of sugars, sugar alcohol and sugar acids was car-
ried out by a DIONEX ICS-6000 HPLC instrument (Thermo Fischer 
Scientific, USA) equipped a CarboPac PA20 column and an electro-
chemical detector for pulsed amperometric detection. Four eluents were 
used: (A) Millipore grade water (B) 10 mM NaOH (C) 200 mM NaOH, 
and (D) 1 M NaOAc in 200 mM NaOH. The elution method was as fol-
lows: from 0 to 20 min 20% B and 80% A, from 20 to 35 min with 5% C, 
5% D and 90% A, from 35.0 to 35.1 with 50% C, 20% D and 30% A, from 
35.1 to 38 min with 60% C and 40% D, from 38.1 to 44.1 with 100% C, 
and from 44.1 to 60 min with 20% B and 80% A. The flow rate was set at 
0.4 mL/min. CH4 determination was carried out by Gas Chromatog-
raphy (GC) with a Thermal Conductivity Detector (GC8222, Mikrolab 
Aarhus, Denmark). The GC was equipped with a Porapak Q packed 
column (6 ft. and I.D. 3 mm) and N2 was used as a carrier gas. Injection, 
oven and detector temperature was set at 70 ◦C. 

2.6. Preliminary techno-economic assessment 

A preliminary techno-economic assessment was performed for 
comparing the operating costs of the most promising pretreatments for 

seaweed based on the experimental results obtained. The assessment 
was based on the pretreatment and AD process of 50 tons TS of seaweed 
for all scenarios. For this purpose, the price of the chemicals, the heating 
required for the pretreatment (where applicable) and the heat required 
for initiating and running the AD process were taken into account. The 
heating requirements were calculated based on the following equation 
as suggested by (Fu et al., 2018): 

Q= ρ⋅V⋅c⋅
(
Tf − T0

)
(eq.4)  

Where Q is the heat required in kJ, ρ is the density of the system in kg/ 
m3, V is the volume of the vessel in m3, c is the specific heat capacity of 
the system in kJ/(Kg•◦C) and Tf and T0 are the temperature levels in ◦C 
at the end of the process and at start up respectively. The values of ρ and 
c were 1000 kg/m3 and 4.18 KJ/(Kg•◦C) based on water properties. 
Mesophilic conditions were chosen for AD (37 ◦C) similar to the BMP 
tests run experimentally. The outcome of the assessment was based on 
the cost C for producing 1 m3 of CH4, according to the equation: 

C=
(
CC + CQp + CQad

)/
B (eq.5)  

Where C is the total cost for CH4 production in USD/m3 CH4, Cc is the 
cost of chemicals in USD/d, CQp is the cost for heating during the pre-
treatment in USD/d, CQad is the cost for heating of the AD process in 
USD/d, and B is the CH4 yield of the seaweed in m3/d. Heating losses 
and energy requirement for pumping and mixing in AD were not taken 
into account. The characteristics of the seaweed and the data from the 
BMP tests presented in this study were used for mass and CH4 production 
calculations. 

CaHbOcNdSe+(n − a/4 − b/2+7c/4+d/2)H2O→(n/2 − a/8+b/4 − 5c/8+d/4)CO2 +(n/2+a/8 − b/4 − 3c/8 − d/4)CH4 +cNH4HCO3 +dH2S
(eq.3)   
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3. Results and discussion 

3.1. Seaweed characterization 

The seaweed used in this study was analyzed for its elemental 
composition (Table 1) and its composition in carbohydrates, uronic 
acids, lipids, proteins, lignin and ash (Table 2). The TS content and C/N 
ratio of the seaweed were 18.24% and 18.4 respectively, which are 
similar to values reported in literature (Barbot et al., 2015a; Bucholc 
et al., 2014; Membere and Sallis, 2018). Seaweeds are generally rich in N 
compared to terrestrial biomasses (Manns et al., 2014). Nevertheless, 
the N content (similarly as the C content) of beach-cast seaweed is 
susceptible to loss to the environment during microbial degradation 
prior to collection. Both the total C and total N content were found to be 
low as compared to values for other seaweed species reported in liter-
ature (Choi et al., 2014; Ghadiryanfar et al., 2016). However, they were 
similar to total C and N values previously reported of Ectocarpus sp. and 
Pilaiella sp. collected from the Baltic Sea (Bucholc et al., 2014). The S 
content of the seaweed was found to be lower (Table 1) than expected 
based on previous studies (Membere and Sallis, 2018; Ohlsson et al., 
2020; Ometto et al., 2018). This could be a result of S loss to the envi-
ronment during decay before collection or a result of a low sensitivity of 
the detection methods employed. 

The proximate analysis showed that the seaweed presented a high 
ash content (approximately 40%) which can be attributed both to 
minerals in which seaweeds are rich, as well as to a high sand content. 
Generally, the practice followed in Solrød Strand beach, where the 
seaweed was collected from, involves a washing step in the sea in order 
to reduce the sand content. However, no further washing was performed 
in the laboratory. Several studies on seaweed biodegradability have 
implemented a washing step prior to its use, aiming to reduce the 
salinity and the sand content (Maneein et al., 2018). Freshwater washing 
would be undesirable in an industrial setting though, as this would be 
translated to an increased cost for seaweed processing. Moreover, 

contradictory results of CH4 production from washed seaweed have 
been reported in previous studies, including also negative effects (Bruhn 
et al., 2011; Maneein et al., 2018; Milledge et al., 2019). 

The organic fraction of the seaweed comprised of a larger share of 
carbohydrates, followed by a lower content in proteins, lipids and lignin- 
like components (Table 2). The carbohydrate profile as resulted from the 
compositional analysis showed that the most abundant sugars were 
glucose, xylose and galactose, and the most abundant uronic acid was 
galacturonic acid followed by mannuronic acid. The total sugar, protein 
and lipid contents corresponded to approximately 16%, 7% and 3% of 
the dry matter respectively, which are similar to values reported in other 
studies (Chen et al., 2015; Gao et al., 2015; Ghadiryanfar et al., 2016; 
Karray et al., 2015; Suutari et al., 2015). Surprisingly, a high lignin 
content was found (12.5%). This can be attributed to polyphenolic 
compounds of seaweed that during acid hydrolysis present a lignin-like 
behavior, as also reported by Yazdani et al. (Yazdani and Gonzalez, 
2007). Moreover, the macroalgal mix collected from the beach con-
tained also eelgrass. Previous research has shown that seagrasses, in 
contrast to macroalgae, have retained lignin as a component during 
evolution when returned to the sea (Klap et al., 2000). 

3.2. Effects of pretreatments on solubilization of seaweed 

After the application of the pretreatments (alkaline, hydrothermal 
and thermo-acidic), the liquor fractions were analyzed for their soluble 
COD content and their composition in monomeric sugars, sugar alcohol 
and uronic acids. The results are presented in comparison to the soluble 
components of raw seaweed soaked in water (Fig. 1 and Table 3). 

The different pretreatments resulted in a variable effect on the sol-
ubilization of seaweed. The thermo-acidic was the harshest pretreat-
ment as also evidenced by the increased solubilization of COD. The 
alkaline and hydrothermal pretreatments had a milder effect on the 
biomass solubilization and to a similar extent (Fig. 1). A closer look into 
the specific monomeric sugars detected in the liquid fractions shows 
that, interestingly, all raw, alkali treated and hydrothermally treated 
seaweed samples presented a higher concentration of galactose than 
glucose and xylose (Table 3). Furthermore, it seems that even though 
glucose and xylose had a higher share than galactose in the initial 
composition of seaweed (Table 2), galactose was solubilized to a greater 
extent (Table 3). Conversely, in the thermo-acidic pretreatment liquor, 
the glucose content was higher than the rest of sugars. Overall, the 

Table 1 
Elemental composition of beach-cast seaweed.  

Element % of dry matter 

C 21.58 ± 0.66 
H 2.37 ± 0.11 
O 26.92 ± 0.83 
N 1.17 ± 0.06 
S 0.02 ± 0.01  

Table 2 
Main composition of raw seaweed.  

Component % of TS 

VS 61.16 ± 2.40 
Ash 38.84 ± 2.40 
Lignin 12.58 ± 0.54 
Lipids 2.88 ± 0.21 
Proteins 7.32 ± 0.53 
Total carbohydratesa 15.90 ± 0.26 

Glucose 10.59 ± 0.12 
Xylose 2.93 ± 0.12 
Galactose 1.35 ± 0.09 
Mannose 0.47 ± 0.07 
Rhamnose 0.41 ± 0.01 
Fucose 0.11 ± 0.01 
Mannitol 0.04 ± 0.00 

Total uronic acidsb 3.19 ± 0.17 
Galacturonic acid 2.80 ± 0.17 
Guluronic acid 0.08 ± 0.00 
Glucuronic acid 0.13 ± 0.00 
Mannuronic acid 0.18 ± 0.00  

a Sum of individual sugars detected by HPLC. 
b Sum of individual sugar acids detected by HPLC. 

Fig. 1. Percentage of soluble COD of raw and pretreated seaweed. RAW SW, 
AAS SW, HT SW and TA SW stand for raw seaweed, alkaline-treated, hydro-
thermally treated and the thermo-acidically treated seaweed respectively. 
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thermo-acidic pretreatment resulted in the highest release of sugars and 
sugar acids, as also expected from the highest COD solubilization, with 
the exception of fucose. The fucose content in the thermo-acidically 
treated seaweed was higher than in the raw seaweed, but, in contrast 
to the rest of the sugars, it was lower than in the other pretreatment 
liquors. This indicates that the conditions of the thermo-acidic pre-
treatment might have resulted into the partial degradation of fucose, 
which has been observed in several studies under variable thermo-acidic 
conditions (Flórez-Fernández et al., 2018). 

3.3. CH4 production, yield and kinetics 

The seaweed was subjected to BMP tests for evaluating both the total 
biodegradability and the kinetics of conversion, before and after the 
different pretreatments. Fig. 2 shows the curves of the cumulative CH4 
yield over time as resulted from the BMP tests. The ultimate CH4 yield of 
the raw seaweed reached 106 mL/g VS on average after 35 days of 
digestion, corresponding to 33% of the theoretical yield. The thermo- 
acidic pretreatment resulted into the highest increase of the CH4 yield 
(78%) (Table 4), followed by the alkaline pretreatment (36%). On the 
contrary, the hydrothermal pretreatment had the lowest impact on the 
CH4 yield, finally resulting to a lower ultimate CH4 yield compared to 

the yield of raw seaweed. This indicates that the hydrothermal pre-
treatment affected negatively or did not affect significantly the biode-
gradability of seaweed for improving total bioconversion. While soluble 
organics after pretreatment may be readily available for conversion to 
CH4, AD is a slow process and thus, the share of CH4 originating from the 
hydrolysis of the particulate matter can be decisive on the ultimate CH4 
yield. Thus, it could be hypothesized that the alkaline pretreatment, 
even though resulted into a lower release of sugars than the hydro-
thermal pretreatment (Table 3), it affected the biomass in such a way 
that promoted an improved disintegration and hydrolysis of the par-
ticulate matter. Overall, the maximum CH4 yield obtained experimen-
tally (originating from the thermo-acidically pretreated seaweed) 
resulted to 59% of the theoretical CH4 yield. 

The 1st order kinetic model simulated satisfactorily the CH4 pro-
duction curves of all the seaweed BMP tests as shown in Fig. 3. Even 
though the thermo-acidic pretreatment performed better on increasing 
the final biodegradability of the seaweed, the CH4 production rate of the 
alkali treated seaweed, as reflected on the 1st order kinetic constant, was 
higher (Table 4). This could be relevant in applications where the HRT of 
the AD process is short. However, the cumulative CH4 yield of both 
became even after only 8 days of digestion (Fig. 2). Usually the HRT in 
AD applications is longer than 20 days. Thus, the thermo-acidic pre-
treatment would still be preferred over the alkaline pretreatment from 
an energetic outcome point of view. 

Mild pretreatments have been suggested to be sufficient for 
improving significantly the CH4 yield of seaweeds due to their low lignin 
content (Hughes et al., 2012; Suutari et al., 2015). In fact, hydrothermal 
pretreatment has been pointed out to be the most promising pretreat-
ment for seaweed valorization, mainly because of the anticipated 
improved economic feasibility due to the absence of chemical aids 
(Thompson et al., 2019). Nevertheless, the efficiency of hydrothermal 
pretreatments has been largely variable in different studies examining 
its effect on different seaweed species. Thompson et al. reported a nearly 
180% increase of biodegradability of Sargassum after hydrothermal 
pretreatment application (140 ◦C, 30 min) (Thompson et al., 2020). 
Yazdani et al. pretreated Nizzimudinia zanardini hydrothermally at 
121 ◦C and reported a 17.6% increase of the CH4 yield compared to the 
raw seaweed (Yazdani et al., 2015). Lin et al. reported a 22.6% increase 
of CH4 yield after hydrothermal pretreatment of Saccharina latissima at 
140 ◦C in a 2-stage dark fermentation and AD process (Lin et al., 2019). 
On a similar process setup, Ding et al. reported a better performance 
from hydrothermal pretreatment for processing Laminaria digitata 
compared to thermo-acidic pretreatment, besides the highest release of 
sugars from the latter and hypothesized the cause to be the production of 
inhibitors (Ding et al., 2020). In this study, the hydrothermal pretreat-
ment even though improved the hydrolysis rate, showed no positive 
effect on the final biodegradability of seaweed, while the harshest pre-
treatment performed the best. This might be explained by the increased 
lignin content in the seaweed used in this study, as previously 

Table 3 
Soluble sugars and sugar acids of raw seaweed and differently pretreated 
seaweed.  

Component Raw 
SW 
(mg/g 
VS) 

AAS 
treated SW 
(mg/g VS) 

Hydrothermally 
treated SW (mg/g 
VS) 

Thermo- 
acidically 
treated SW 
(mg/g VS) 

Glucose 27 ± 1 164 ± 9 340 ± 4 2838 ± 120 
Xylose 13 ± 1 102 ± 1 204 ± 3 929 ± 35 
Fucose 6 ± 1 88 ± 0 127 ± 0 69 ± 98 
Galactose 45 ± 2 420 ± 14 764 ± 12 1269 ± 62 
Mannose 8 ± 1 76 ± 2 72 ± 1 284 ± 15 
Rhamnose 10 ± 0 72 ± 1 99 ± 0 515 ± 55 
Mannitol 1 ± 0 n.d.a n.d. n.d. 
Galacturonic 

Acid 
n.d. n.d. n.d. n.d. 

Guluronic 
Acid 

n.d. 13 ± 4 13 ± 3 42 ± 3 

Glucuronic 
Acid 

n.d. 7 ± 1 1 ± 1 24 ± 7 

Mannuronic 
Acid 

6 ± 0 n.d. n.d. 10 ± 18  

a n.d. Stands for not detected. 

Fig. 2. Cumulative CH4 yield curves of raw seaweed and differently pretreated 
seaweed. AAS SW, HT SW and TA SW stand for the alkaline, the hydrothermal 
and the thermo-acidic pretreatment of seaweed respectively. 

Table 4 
Experimental and theoretical CH4 yields of raw and differently pretreated 
seaweed.  

Experimental results Kinetic 
parametersa 

Substrate B0
b (mL CH4/g 

VS) 
% increase of CH4 

yield 
% theoretical CH4 

yield 
k (d− 1) R2 

Raw 
seaweed 

106 ± 1 – 33.1 0.1118 0.99 

AAS 
seaweed 

143 ± 2 36 45.0 0.1631 0.98 

HT seaweed 88 ± 3 − 17 27.5 0.1666 0.98 
TA seaweed 187 ± 6 78 58.8 0.1492 0.98  

a Values as resulted from the 1st order model fit (eq. (1)). 
b Values correspond to average ultimate CH4 yield recorded from last mea-

surements ± standard deviation. 
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commented in section 3.1, or might be the result of the production of 
inhibitory by-products. High temperature pretreatments have often 
been associated in previous studies to the formation of inhibitory 
by-products such as furans and phenolics (Carrère et al., 2016). 

Generally, acids are considered great catalysts for seaweed poly-
saccharide hydrolysis (Hong and Wu, 2020). The results presented in 
this study are in agreement with the findings of Barbot et al. who 
evaluated the CH4 yield of Fucus vesiculosus after thermo-acidic pre-
treatment (HCl 0.2 M, 50 and 80 ◦C, 24 h), pretreatment with flue gas 
condensate (80 ◦C, 24h) and hydrothermal pretreatment (80 ◦C, 24 h) 
(Barbot et al., 2015a). The authors reported the highest increase to 
correspond to 140% of CH4 yield under the harshest thermo-acidic 
conditions (HCl 0.2 M, 80 ◦C, 24 h), which are similar to the condi-
tions applied in this study. Nevertheless, acid pretreatments can result to 
sugar losses and formation of inhibitors. Thus, prior to industrial 
application, investigation of the optimal conditions of thermo-acidic 
pretreatments is necessary. 

Alkaline pretreatments at ambient temperature, even though they 
are milder than acidic pretreatments that are usually applied at high 
temperatures (Elalami et al., 2020), have attracted less interest in 
seaweed bioconversion research. In a study where Palmaria palmata was 
subjected to thermal, thermo-acidic, thermo-alkaline and alkaline pre-
treatment, Jard et al. reported an 18.5% increase of the CH4 yield after 
NaOH pretreatment at room temperature while the rest of the pre-
treatments presented no improvement or even negative effects (Jard 
et al., 2013). Elalami et al. tested a thermal, an acidic and an alkaline 

pretreatment to macroalgal waste and reported the alkaline pretreat-
ment (KOH, 5%, 2 d, 25 ◦C) to be the most efficient for increasing the 
CH4 yield (Elalami et al., 2020). In this study, AAS at ambient temper-
ature was chosen as an alkaline pretreatment due to the efficiency it has 
presented so far on improving the AD of different biomasses (Antono-
poulou et al., 2015; Jurado et al., 2016; Lymperatou et al., 2017, 2020), 
and due to the possibility of integrating an NH3 recycling step for a more 
financially and environmentally sustainable process. 

Overall, combinatorial pretreatments (e.g. thermochemical and 
mechanical-chemical) seem to be the most efficient on both sugar re-
covery and CH4 production. Nevertheless, it is only with reservation that 
different studies from literature should be compared, as the specific 
composition of the seaweed biomass is usually distinct and has to be 
taken into account for pretreatment selection. In this study, the seaweed 
was collected from the beach which is translated to a more degraded and 
heterogeneous biomass in comparison to cultivated seaweed. Thus, the 
milder pretreatments might not have been that efficient as the thermo- 
acidic pretreatment due to the increased fraction of remaining poly-
saccharides that were not easily hydrolysable. However, harsher con-
ditions of these pretreatments could have resulted into an improved 
efficiency. Industrial biogas plants usually co-digest diverse waste 
streams and biomasses though, and the selection of a global pretreat-
ment for diverse feedstock would be of interest. In this sense, the most 
promising pretreatment technologies are such that can ensure a positive 
and significant effect on most biomasses received in a specific industrial 
plant, by taking also into account the operating conditions of the biogas 

Fig. 3. Cumulative CH4 yield of raw and differently pretreated seaweed. AAS SW, HT SW and TA SW stand for the alkaline, the hydrothermal and the thermo-acidic 
pretreatment of seaweed respectively. Dots correspond to experimental data and lines correspond to the fit to a 1st order model for each seaweed batch. 
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plant, e.g. the HRT. Fig. 4 shows an estimation of the CH4 yield of the 
seaweed after the different pretreatments in a continuous AD process 
when different HRTs are selected based on eq. (2). Finally, the economy 
and environmental footprint of the process should be taken into account 
for selecting a pretreatment process. 

3.4. Techno-economic assessment of seaweed pretreatment 

Based on the results obtained from the BMP tests of the pretreated 
seaweed, two pretreatments were considered potentially applicable to 
seaweed, the alkaline and the thermo-acidic pretreatment, and were 
assessed for their techno-economic viability. An assessment for the hy-
drothermal pretreatment was not performed, given the low efficiency it 
presented in improving the CH4 yield of the seaweed tested (section 3.3). 
The aim of the preliminary assessment was to present the comparative 
benefit that could result from the application of each pretreatment as 
compared to the AD of raw seaweed. 

The assessment included three scenarios (Table 6) taking as basis the 
AD process of 50 tons of beach-cast seaweed. In order to meet the daily 
biomass input demand for AD, a 964 m3 and 3857 m3 vessel would be 
required for the thermo-acidic and the alkaline pretreatment respec-
tively. The different size of the vessels is a result of the different duration 
of the pretreatments (section 2.2). Table 5 presents the basic assump-
tions made for the completion of the assessment. 

The cost of CH4 production based on the different scenarios is pre-
sented in Table 6. The alkaline pretreatment resulted into a more than 3- 
fold lower cost compared to the thermo-acidic pretreatment. The 
chemical requirements for the alkaline pretreatment are significantly 
less than for the thermo-acidic pretreatment for producing the same 
amount of treated seaweed per day, due to the higher duration of the 

former. Additionally, the price of NH3 is much lower than the price of 
HCl (Table 5); however, the resulting cost for CH4 production was not 
sensitive to the price of the chemicals. The large difference between the 
costs of the pretreatments is a result of the heating requirements for the 
implementation of the thermo-acidic pretreatment. The limitation 
derived from the high cost of heating during pretreatment is also 
mentioned in techno-economic assessments of hydrothermal pre-
treatments where no chemical reagents are involved (Passos and Ferrer, 
2015). 

Interestingly, the implementation of the alkaline pretreatment 
resulted to the estimation of a lower cost for CH4 production than the 
cost from raw seaweed. Usually chemically treated biomasses are fol-
lowed by the adjustment of pH. The cost of additional chemicals for pH 
correction has not been taken into account though, as chemical recovery 
steps could also be applied, e.g. NH3 recycling (Lymperatou et al., 2015). 
Nevertheless, chemical recovery from pretreatment applications is a 
sector still at its infancy and its inclusion was not considered for this 
preliminary assessment. However, a recent study shows that AAS pre-
treatment coupled to NH3 recovery can be economically feasible when 
applied to poor substrates with high N content as manure fibers based on 
preliminary estimations (Lymperatou et al., 2021). 

Overall, the alkaline pretreatment was found to be the most efficient 
on decreasing the cost of CH4 production from the seaweed used in this 
study. An HRT of 20 days was used for the calculations; it should be 
mentioned though that different HRT values were also assessed (ranging 
from 8d to 60d) and the resulting cost for CH4 production in the different 
scenarios presented the same trends (Table 7); that is, the thermo-acidic 
pretreatment was the most expensive, and the alkaline pretreatment was 
less costly even from the raw seaweed AD process. AD installations are 
often located in countries with a cold climate such as Nordic countries, 
USA, Russia, China or at locations with a high altitude (Yao et al., 2020). 
In such cases, pretreatment technologies requiring heating would be 
highly prohibitive, given the AD process itself suffers from temperature 
fluctuations due to high heating costs and lack of effective temperature 
control (Patinvoh and Taherzadeh, 2019). As a result, usually high HRTs 
and thus low organic loading rates (OLRs) are applied permitting the 
microbes, especially the methanogens, to grow besides their slower 
metabolism (Dev et al., 2019). Pretreatment technologies such as the 
alkaline would thus be preferable for cold-climate AD processes, as be-
sides not involving heat application it has a mild effect on the initial 
solubilization of the substrate allowing at the same time an improved 
microbial access to polysaccharides over time. The presented assessment 
provides only an indication of the potential of each pretreatment to 
improve the economy of seaweed-based AD, and further considerations 
should be taken into account. Among them, the most critical would be 
the inclusion of chemical recovery technologies. The need to focus on 
the development of such technologies is a well acknowledged topic in 
the field of chemical pretreatments for bioconversion processes. More-
over, the variable availability of seaweed along with its compositional 
characteristics, make it a good substrate for co-digestion with other AD 
substrates (Akunna and Hierholtzer, 2016; Ganesh Saratale et al., 2018). 
Synergies with different biomass resources should be taken into account 
along with the global applicability of the pretreatment to be applied. 
Finally, additional costs to be evaluated should be the capital costs 
(material type and size of reactors) as well as the cost for specialized 
personnel for the pretreatment processes. 

4. Conclusions 

Thermo-acidic, hydrothermal and alkaline pretreatments were 
evaluated for improving the CH4 production of beach-cast seaweed 
(mixture of Pilaiella littoralis, Ectocarpus siliculosus and Zostera marina) 
through anaerobic digestion. The thermo-acidic pretreatment resulted 
into the highest release of sugars and the highest increase of CH4 yield 
(78% compared to raw seaweed). The alkaline and hydrothermal pre-
treatment resulted into a lower but similar solubilization of the seaweed 

Fig. 4. CH4 yield of raw seaweed and seaweed pretreated by the alkaline 
(AAS), the hydrothermal (HT) and thermo-acidic (TA) pretreatments in 
continuous AD at different HRTs, based on eq. (2). 

Table 5 
Assumptions and values set for the techno-economic assessment.  

Parameter Value and unit 

HRT 20 d 
Amount of seaweed treated daily 50 tons TS 
Temperature AD 37 ◦C 
Headspace of pretreatment vessel 10% 
Price of electricity 0.225 USD/kWh (GlobalPetrolPrices, 2021) 
Price of HCl 725.93 USD/ton (Fu et al., 2018) 
Price of NH3 180.00 USD/ton (Chemanalyst.com, 2021)  
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matrix, but only the former had a positive effect on the CH4 yield of 
seaweed (36% increase). A preliminary techno-economic assessment 
indicated that the alkaline pretreatment permits more space for 
improvement on the cost of CH4 production of seaweed compared to the 
thermo-acidic pretreatment. 
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