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Introduction

Biofuels, which are new, renewable and from biological origin 
alternative fuels, have been receiving much attention all over the 
world owing to energy needs and environmental consciousness 
(Rawat et al., 2013). These energy sources are referred to liquid, 
gas and solid fuels produced mainly from organic matter, and 
they are considered one of the most strategically important sus-
tainable energy sources nowadays. A variety of fuels, such as 
ethanol, biodiesel, hydrogen and methane, can be produced from 
different biomass (Gouveia and Oliveira, 2009).

Among this range of possibilities, the biodiesel produced from 
microalgae is considered one of the more interesting alternatives 
(Fuentes-Grünewald et al., 2009). Considering the low land 
requirements, this biodiesel is a renewable resource of energy that 
could be supplied instead of classical chemical energy and can be 
used in existing engines and transport infrastructures. Moreover, it 
is better than diesel fuel in terms of flash point and biodegradabil-
ity. The biofuel from microalgae (the so-called third generation 
biodiesel) avoids land crop competition for food, it is more  
efficient when the lipid/dry weight ratio is compared and, in the 
case of marine organisms, it also avoids the use of freshwater 
(Gouveia and Oliveira, 2009; Rawat et al., 2013). This is why the 
researchers are seeking lipid-rich biological materials to produce 
biodiesel effectively, especially from microalgae during the last 

two decades (Fuentes-Grünewald et al., 2012; Graham et al., 
2012). Furthermore, the use of microalgae as a renewable biologi-
cal resource also contributes to the removal of wastewater pollut-
ants and generating value-added products in the form of proteins, 
pigments, biopolymers, carbohydrates and carotenoids (Kaštánek 
et al., 2010).

Autotrophic microalgae use carbon dioxide as a carbon source 
and sun as energy for oil accumulation under specific conditions 
(Graham et al., 2012). The lipid concentration may vary from 
15%–80% of the dry weight depending on several factors 
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(Fuentes-Grünewald et al., 2009; Gouveia and Oliveira, 2009). 
Certain microalgae species show high theoretical productivities 
and oil accumulation under cellular stress conditions (Fuentes-
Grünewald et al., 2011), this being the main reason that makes 
biodiesel production from algal oil transesterification a logical 
choice for research and development (Gouveia and Oliveira, 
2009). The produced lipids are mostly neutral lipids and have a 
high level of saturation (Rawat et al., 2013). Another potential 
advantage is that microalgae possess a very short harvesting 
cycle, allowing multiple or continuous harvesting even in out-
door conditions (Fuentes-Grünewald et al., 2012; Kaštánek et al., 
2010). Also, the lipid high productivity of microalgae imparts the 
potential for a high theoretical production with the proximately 
yield of 58,700 to 136,900 L ha-1, reaching a potential biodiesel 
production of 15 to 300 times more than traditional crops on an 
area basis (Gouveia and Oliveira, 2009; Rawat et al. 2013).

It is important to highlight, however, that microalgal biodiesel 
has not yet reached a clear-cut economic feasibility; the biggest 
challenge being the relatively high costs of production of microal-
gal biomass and extraction/separation of lipids for biodiesel, 
besides the transformation of microalgae oil to biodiesel is consid-
ered an energy-consuming process (Rawat et al., 2013). In order to 
make biodiesel an economically suitable fuel and increase its mar-
ketability, its costs must be lowered (Sevigné-Itoiz et al., 2012). 
Regarding this, one of the principal concerns of the commercial 
production of biodiesel from microalgae is the fate of microalgae 
residues obtained after the extraction and transesterification pro-
cess. The overall economic analysis indicates that the feasibility of 
microalgal biofuel development depends on the possibility of 
obtaining co-products with a high market value, as proposed in the 

so-called biorefineries, which implies the simultaneous production 
of biodiesel, animal feed, biogas and electrical power (Rawat et al., 
2013; Schneider et al., 2014).

The microalgae biodiesel production process (Figure 1) results 
in the generation of large amounts of solid microalgae biomass 
residues (SMBRs) produced after the lipid extraction and/or fuel 
conversion processes, which accounts for approximately 65% of 
the original harvested biomass. This SMBR consists mainly of 
protein and carbohydrate, which makes possible its anaerobic 
digestion to obtain energy in the form of biogas, mainly methane 
(Park and Li, 2012). Glycerol is the main by-product formed dur-
ing the transesterification process (Ehimen et al., 2011) represent-
ing up to 10% of the total weight (Kolesárová et al., 2011). 
Glycerol is one of the main economic problems of biodiesel pro-
duction from microalgae (as other SMBRs) if is not adequately 
recovered (Ehimen et al., 2009). The use of this by-product to 
generate biogas is a clear target in the most recent studies on this 
topic (Ehimen et al., 2009; Kolesárová et al., 2011). In fact, the 
protein–carbohydrate waste product, together with the glycerol as 
a co-substrate for anaerobic digestion, could serve as an alterna-
tive source of energy for the production and processing of the 
SMBR (Sialve et al., 2009).

The technology for anaerobic digestion is well developed. The 
parameters to optimise the fermentation conditions, such as biore-
actor materials, biophysical parameters and the inoculum and sub-
strate concentrations, have been largely studied (Chen et al., 2008; 
Ferrer et al., 2008). Although the use of microalgal biomass 
directly to produce methane by anaerobic digestion has been stud-
ied during the last decades and it is technically feasible (Gonzáles-
Fernández et al., 2012; Ras et al., 2011; Ward et al., 2014; Zamalloa 

Figure 1. Schematic process of biodiesel production from microalgae biomass.
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et al., 2012), the biogas production from them cannot compete 
with other low-cost organic substrates that are widely available for 
anaerobic digestion.

The anaerobic digestion of the SMBR has been theoretically 
examined to improve the energy balance of the microalgae bio-
diesel production process; it is well known that the results are not 
always similar among microalgae species due to their variable 
lipid, carbohydrate and protein composition (Sialve et al., 2009); 
Zhu (2014) calculated the theoretical methane and energy pro-
duction using the SMBR biochemical composition for some spe-
cies of marine and freshwater microalgae obtaining values 
between 30–360 mL CH4 g-1 volatile solids added, representing 
calorific values of 1.4–8.3 MJ kg-1 volatile solids added. The 
author recommends that cost-effectiveness and the energy life 
cycle analysis should be determined for the species with the best 
potential to obtain the best option for the production of methane 
from microalgae.

Otherwise, there are few experimental investigations on meth-
ane production using SMBRs. Ehimen et al. (2009) investigated 
the batch anaerobic digestion of Chlorella residues, with average 
methane yields within 222–267.5 mL g-1 volatile solids of the 
microalgae residue digested. Co-digesting the SMBR with the 
glycerol as co-product was observed to increase the methane yields 
when compared with those of digestion of the residues alone, and 
using semi-continuous cultures of SMBR (Chlorella sp.), develop-
ing an optimisation of hydraulic loading rate, retention time and 
C:N ratio (co-digesting the SMBR with glycerol), biogas produc-
tion increments higher than 50% were obtained (Ehimen et al., 
2011). Zhao et al. (2014) analysed the biogas and methane produc-
tion from whole microalgae and lipid-extracted biomass for 
Chlorella vulgaris, Phaeodactylum tricornutum, Nannochloropsis 
sp., Nannochloropsis salina and Nanofrustulum sp. obtaining val-
ues between 3.04–3.99 L CH4 L liquid-1 and CH4 content ranged 
from 60%–75%; besides they observed that the effluent total 
ammonia nitrogen and volatile fatty acids (VFA) levels were low, 
indicating effective digestion despite the C:N ratios well below 
that ideally recommended. Some authors (Alzate et al., 2014; 
Chandra et al., 2014) observed an improvement in the CH4 produc-
tion for the SMBR compared with the whole microalgae biomass, 
which suggested that lipid-extraction constituted itself a pretreat-
ment to increase the biochemical CH4 potential for some species as 
Nannochloropsis sp. and Scenedesmus dimorphus.

The aim of the present study was to evaluate the methane pro-
duction from SMBRs resulting from biodiesel production in the 
marine microalgae Tetraselmis suecica, a marine green flagellate 
that has been widely used in industrial aquaculture as feed for 
shrimps larvae, molluscs and rotifers (Zittelli et al., 2006). 
According to Zittelli et al. (2006), it is one of the most suitable 
green microalgae candidates for biodiesel production: although its 
lipid content per unit biomass is around 7%–23% and is not inside 
the highest values reported for microalgae (Fuentes-Grünewald 
et al., 2009), this strain is very resistant and shows a very high 
specific growth rate (0.23–0.69 d-1), even in outdoor conditions, 
resulting in a fast, robust and suitable oil source (Zittelli et al., 

2006). Different inocula in batch anaerobic digestion experiments 
were tested. The co-digestion of the microalgae residues with 
glycerol is also reported.

Materials and methods
Microalgae biomass production

Local strains of the microalgae species T. suecica obtained from 
the algal collection of the Facultad de Ciencias del Mar of the 
Universidad Autónoma de Sinaloa (Mexico) were used. The 
microalgae was cultivated using the medium reported by Guillard 
and Ryther (1962), consisting of natural seawater enriched with a 
solution that has a final composition per litre of: 75 mg KNO3, 
5.65 mg NaH2PO4•2H2O, 4360 mg EDTA, 3150 mg FeCl3•6H2O, 
0.010 mg CuSO4•5H2O, 0.022 mg ZnSO4·7H2O, 0.010 mg 
CoCl2·6H2O, 0.180 mg MnCl2·4H2O, 0.006 mg Na2MoO4·2H2O, 
2 g crystalline cyanocobalamin (B12), 0.100 mg thiamine hydro-
chloride (B1) and 0.001 mg crystalline biotin. The cultures were 
grown at 25 °C (±1 °C) in 19 L plastic containers using an experi-
mental capacity volume of 16 L. Microalgae cultures were sub-
jected to a 12:12 h light/dark (L/D) conditions. Illumination was 
provided by four lamps with an intensity of 6000–6500 lux, gen-
erating an active radiation of 120–130 µmol photons m-2 s-1. 
Filtered air was supplied continuously through a 1 µm cut-off car-
tridge and using a blower (2.5 hp). The aeration gas exchange 
facilitated and enabled the cells to keep in suspension, which also 
favoured the exposure of all the cells to the same amount of light.

Biomass samples were harvested by flocculation with chi-
tosan and dried to a constant weight in a forced draft oven at 
80 °C. Dried microalgae biomass was ground in a mortar and its 
oil content was obtained using the extraction method described 
by Folch et al. (1957). The final SMBRs were separated from the 
lipid solvent solution by filtration and then it was dried at 80 °C 
during 12 h, for elemental characterisation.

Anaerobic potential biogas production 
tests

Anaerobic batch tests for methane production evaluation and 
measurement as described by Ferrer et al. (2008) were adapted 
and used in this study as commented here.

Inoculum and substrate characteristics

The biomass samples obtained after the extraction and transes-
terification (biodiesel production) processes were collected and 
used in the anaerobic biogas test as a substrate. The inoculum 
was composed of digested sludge from three different anaerobic 
reactors (Table 1). One inoculum was collected from the meso-
philic anaerobic digester of a municipal wastewater treatment 
plant, located in Sabadell, Barcelona (SAB). The second inocu-
lum was obtained from a mesophilic anaerobic digester that pro-
cesses the organic fraction of municipal solid wastes located in 
Montcada i Reixach, Barcelona (ECO). The third inoculum came 
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from a dry thermophilic anaerobic digester which treats the 
organic fraction of municipal solid wastes located in Terrassa, 
Barcelona (TER) at 55 °C. Prior to the experiments, the meso-
philic and thermophilic inocula were starved for 14 days in 37 °C 
and 55 °C incubators, respectively, until the biogas production 
was not detectable to start the biochemical methane potential 
assays (Ferrer et al., 2008).

Digester configuration and experimental 
conditions

The biogas production experiments were carried out in triplicate 
using sealed aluminium bottles (1 L) equipped with gas valves for 
biogas sampling and gas volume measurement. As the total solids 
(TS) content of the three inocula clearly differed (Table 1), dis-
tilled water was added to the TER and ECO inocula to homoge-
nise the TS content of the mixtures to similar levels. Blank assays 
(containing only inoculum) were performed for monitoring the 
biogas production of the inocula from endogenous activity (Ferrer 
et al., 2008). The results of the blank probes were used to correct 
for the residual methane production. Control assays were run for 
each inoculum, using 1.7 g of cellulose substrate and 600 mL inoc-
ulum in each case. SMBRs were weighed (1.7 ± 0.2 g) and placed 
into the reactor bottles. The prepared inoculum was then intro-
duced to reach a target test volume of 600 mL. Residual oxygen 
was then removed from the headspace of the vessels by flushing 
with pure nitrogen gas. The filled bottles were incubated for 
30 days at 37 ± 1 °C (55 ± 1 °C for the thermophilic experiments) 
(Table 2). Reaction vessels were homogenised by shaking the bot-
tles once a day to ensure the complete resuspension of the sedi-
ments and scum layers (Ehimen et al., 2009). Biogas volume and 
concentration measurements were performed on a daily basis.

Glycerol co-digestion

Glycerol solution (86%–89% purity, Sigma Aldrich) was used for 
the experiments of co-digestion. Crude glycerol is the major by-
product of the biodiesel industry. In general, an average of about 

10–20 L crude glycerol is produced for every 80 L of biodiesel 
(Kolesárová et al., 2011). Crude glycerol generated by homoge-
neous base-catalysed transesterification contains approximately 
81% to 85% of glycerol, and the rest is formed by alkalis, methyl 
esters, methanol and water, so the used glycerol can be consid-
ered acceptable in its composition for the purposes of the experi-
ment (Ehimen et al., 2009, 2011).

The anaerobic digestion was performed simulating the co-
digestion of proportional amounts obtained of SMBRs and resid-
ual glycerol from the extraction and transesterification processes 
of oil from the T. suecica biomass. The contribution of endoge-
nous methane production by the inoculum, SMBR or glycerol, 
was deducted from the entire cumulative yield of methane. 
Equation (1) was used to calculate the quantity of glycerol for 
co-digestion:

                  
  Equivalent Glycerol Production
(g / g dry biomass transesterrified)

=
αM
M

Glycerol

Oil

  (1)

where α is the oil fraction of microalgae biomass, Mglycerol is the 
molecular weight of glycerol and Moil is the molecular weight of 
the oil from microalgae. For T. suecica the average lipid content 
is 23% and the average molecular weight of the obtained oil is 
896 g mol-1 (Fuentes-Grünewald et al., 2009), obtaining a relation 
of 0.024 g glycerol produced per 0.77 g of dry SMBR. The anaer-
obic experimental set-up was carried out using these theoretical 
proportions in the reactor bottles.

Analytical methods

For its use for the anaerobic digestion trials, the inoculum was char-
acterised on the basis of the TS and volatile solids (VS) content. 
These parameters were determined according to Standard methods 
(APHA, 1999). The pH was measured manually using a model 
Delta 320 pH Meter (Mettler-Toledo, Germany). pH, TS and vola-
tile solids were determined directly from sludge samples and the 
SMBRs. The protein content was determined based on the total 
Kjeldahl nitrogen (TKN) (Ferrer et al., 2008), meanwhile total 

Table 1. Characteristics of the substrate and inocula.

Parameter SMBR SAB ECO TER

TS (%) 83.37 ± 0.07 2.44 ± 0.01 11.88 ± 0.06 18.4 ± 0.2
VS (% of TS) 57.4 ± 0.7 67.4 ± 0.2 58.0 ± 0.4 52 ± 1
pH N/A  7.47 8.26 8.54

Data are the means of three measurements with standard deviations.
SMBR: solid microalgae biomass residues; SAB: Sabadell; ECO: Ecoparc; TER: Terrasa; TS: total solids; VS: volatile solids; N/A: no analysis.

Table 2. Characterisation of the SMBR.

Lipids (% TS) TOC (% TS) NTK (% TS) C:N

SMBR 1.05 ± 0.03 26.6 ± 0.9 8.6 ± 0.5 3.1

Data are the means of three measurements with standard deviations.
SMBR: solid microalgae biomass residues; TS: total solids; TOC: total organic carbon; NTK: total Kjeldahl nitrogen; C:N: carbon:nitrogen ratio.
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organic carbon (TOC) was determined by standard methods (EPA, 
1999). Total lipid content was extracted with n-hexane (95% purity, 
Sigma Aldrich) in a Soxhlet E-812/816 extraction unit (Büchi, 
Germany) (EPA, 1996). TKN, TOC and total lipid content were 
determined from SMBR samples. The volume of the produced 
biogas was determined by pressure measurements using an ISE30A 
type pressure gauge (SMC Corporation, Japan). The cumulative 
volumetric biogas production, in millilitres, at normal conditions 
was calculated from the pressure increased in the headspace vol-
ume. Biogas samples were taken periodically for the analysis of 
methane content by gas chromatography. After each pressure deter-
mination, the reactor was returned to atmospheric pressure by 
releasing the formed biogas. At the end of the experiment the aver-
age biogas produced by the SMBR was calculated subtracting the 
volumes of the blank samples. The generated biogas and methane 
volumes where then reported at normal conditions (1 atm, 273 K). 
Biogas composition was determined using a gas chromatograph 
(Hewlett Packard 5890A) equipped with thermal conductivity 
detector. The column type was Porapack Q 3 mts × 1/8” × 2.1 mm 
D.I. (Teknokroma, Barcelona, Spain). Helium was used as a carrier 
gas in splitless mode with a back pressure of 338 kPa. The oven was 
maintained at a constant temperature of 70 °C for 3 min. The injec-
tor and detector temperatures were at 150 °C and 180 °C, respec-
tively. The system was calibrated with analytical methane and CO2.

Results and discussion
Characterisation of the SMBRs and 
anaerobic inocula

The results of the characterisation of different inocula are sum-
marised in Table 1. The TS content of the three inocula were 
clearly different, according to their origin. The highest value was 
registered on the TER inoculum, with 18.43% TS, and the lowest 
was the SAB inoculum with only 2.44% TS. The VS percentage 
also differs, from 51.72% (TER) to 67.36% (SAB). In general, 
the three inocula presented a relatively high organic content, typ-
ical from fresh non-stabilised materials. Values above neutral pH 
were registered for each inoculum; the highest pH was observed 
in the TER inoculum, probably because of the high ammonia 
content, typical of wastes digested under thermophilic conditions 
(Chen et al., 2008).

The characteristics of the substrate (Table 2) are comparable 
with values reported on biomass and SMBRs of other species of 
microalgae. For the C:N ratio, the SMBR had a low ratio of 3.1, 
which was lower than the obtained from Taihu blue algae (5.9) 
and Chlorella (8.60) biomass, and even lower than SMBRs 
obtained from Chlorella (5.4) (Ehimen et al., 2009; Zhong et al., 
2012). The C:N ratio of the sample was found below the range of 
15–30, which was recommended to be the most suitable for the 
optimal operation of the anaerobic digestion and the highest 
methane production (Yen and Brune, 2007). Although this low 
C:N ratio could form ammonia and provoke an increase of pH, 
thus generating a toxic inhibition of the bacterial population in 
the digester (Chen et al., 2008), this was clearly not present in 
this experiment.

Lipid content was also determined in SMBRs (Table 2). 
Results showed that T. suecica SMBR had a lipid composition of 
1.05% TS, which could indicate a successfully lipid extraction 
from the biomass, corroborating the efficiency of the extraction 
method used. Moreover, this value is comparable with those 
reported from residual biomass obtained in the oil extraction 
from other species (lipids contents within 0.19%–1.96%) 
(Gonzáles-Fernández et al., 2012).

Biogas production rates, methane content and the operative 
conditions for the digestion of T. suecica SMBRs using different 
mesophilic and thermophilic inocula are shown in Table 3. The 
cumulative biogas production after 30 days of incubation was 
309.77 ± 20.59 mL biogas gVS-1 for SAB, 173.43 ± 8.76 mL 
biogas gVS-1 for ECO and 133.00 ± 17.53 mL biogas gVS-1 for 
TER. Cumulative values were higher for the mesophilic inocula 
than the thermophilic inoculums. On the other hand, methane 
concentrations of the produced biogas were registered between 
59.64% and 73.18%, being the SAB and ECO, the lowest and 
the highest, respectively. Methane content is one of the main 
issues in anaerobic digestions, where high levels of CH4 in 
biogas indicate an efficient digestion process, leading to mini-
mum purification steps. Moreover, high methane content in an 
anaerobic digester implies a steady balance of methane and car-
bon dioxide formation. On the contrary, low methane content 
implies some form of inhibition that diminishes the methano-
genic activity within the microbial consortium (Chen et al., 
2008; Kolesárová et al., 2011).

Table 3. Operative conditions and summary of the result obtained in the anaerobic batch digestion of SMBR.

Parameter SABa ECOa TERb

Operating temperature (oC) 37 ± 1 37 ± 1 55 ± 1
pH 7.47 8.26 8.54
Hydraulic retention time (HRT) (days) 30 30 30
Biogas production yield (mL biogas gVS-1) 310 ± 21 173 ± 9 133 ± 17
Content of methane in biogas (%) 59.6 73.2 68.1
Methane production yield (mL CH4 gVS-1) 174 ± 9 127 ± 6 91 ± 12

SAB: Sabadell; ECO: Ecoparc; TER: Terrasa; VS: volatile solids.
aMesophilic conditions.
bThermophilic conditions.
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Specific CH4 yield of batch experiments 
with different inocula

The cumulative methane yield of T. suecica SMBR, inoculated 
with different mesophilic (SAB, ECO) and thermophilic (TER) 
inocula, was assessed by means of anaerobic batch tests by trip-
licate. Figure 2 shows the evolution of the net cumulative yields 
during 30 days of anaerobic digestion. During the first 12 days of 
digestion, methane production rates were higher for all the inoc-
ula used for digestion of SMBR and afterwards, methane produc-
tion rates started to decrease for all samples. Specifically, the 
mesophilic inocula exhibited higher methane production during 
the first days of digestion than that of thermophilic inoculum, and 
this behaviour was maintained during the whole experiment. The 
highest methane yield was achieved by anaerobic digestion of 
SMBRs with the SAB inoculum, with a value of 173.78 ± 
9.57 mL CH4 gVS-1, while the lowest yield was for the TER inoc-
ulums with 90.69 ± 11.95 mL CH4 gVS-1.

The results of the methane yield in this study were similar to 
previous reports: the cumulative CH4 production was higher than 
the 100–140 mL CH4 gVS-1 obtained for SMBRs from a mixture of 
Scenedesmus and Chlorella (Yen and Brune, 2007), the 
101 mL CH4 gVS-1 produced by S. dimorphus SMBR (Chandra 
et al., 2014) and the value reported by Park and Li (2012) for  
N. salina SMBR (133 mL CH4 gVS-1). However, the cumulative 
production obtained in the present work was lower than that of 
Chlorella SMBR, which registered 267.5 mL CH4 gVS-1 (Ehimen 
et al., 2009); also for Nannochloropsis sp. SMBR, which produced 
271–284 mL CH4 gVS-1 (Zhao et al., 2014), and for SMBR from 
Scenedesmus, which shows 290.3 mL CH4 gVS-1 (Yang et al., 2011).

Is worthwhile mentioning that the methane yield for an anaer-
obic process depends on different parameters, such as type of 

digestion, temperature, anaerobic retention time and the charac-
teristics of the inoculum and substrate; thus, the results reported 
here can be considered close, although it is clear that the source 
of SMBR, the efficiency of oil extraction and the operational 
conditions can be also very important in the variation observed 
for the different works (Chen et al., 2008, Zhu, 2014).

Otherwise, thermophilic experiments produced nearly half of 
the methane with respect to the other inocula. The reasons for this 
difference in gas productivity are not yet clear, but this behaviour 
has been previously reported for this kind of substrates (Gonzáles-
Fernández et al., 2012); these authors obtained double methane 
production when comparing mesophilic and thermophilic anaer-
obic digestion of Scenedesmus and Chlorella biomass. This could 
be explained because microbial growth rates and VFA concentra-
tion are affected by temperature change; usually an increase in 
the process temperature has a positive effect on the metabolic 
rate of the micro-organisms, but it also results in a higher concen-
tration of VFA (Chen et al. 2008). Some authors have found that 
the anaerobic fermentation of compounds with a high concentra-
tion of nitrogen was more easily inhibited and less stable at ther-
mophilic temperatures than at mesophilic temperatures (Zamalloa 
et al., 2012).

SMBRs and glycerol co-digestion 
performance

The results of cumulative methane yield for the co-digestion of T. 
suecica SMBR and glycerol, using the inoculum SAB (which 
shows the best performance in the first experiment), are shown in 
Figure 3. The co-digestion of the theoretical amounts of residual 
material obtained from oil extraction and transformation to bio-
diesel, starting from T. suecica biomass, shows a significant 

Figure 2. Average cumulative methane production during batch anaerobic digestion of T. suecica SMBR using mesophilic (SAB 
and ECO) and thermophilic (TER) inocula.
Data represent the mean ± standard deviation (N = 3).
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increase in the methane production rate (from 173.78 ± 9.57 to 
438.46 ± 40.50 mL CH4 gVS-1); this value represents an increase of 
152.30% over that observed in SMBR digestion alone (Figure 3). 
The content of methane for the biogas produced in the co-digestion 
was improved to 67.03%, compared with the 59.64% of methane 
obtained for the digestion of SMBRs with SAB inoculum. 
Although there are only a few reports that perform co-digestion of 
microalgae residues, the present results are comparable with other 
reports, where they reached improvements of between 18% and 
204.54% using different co-substrates with a high C:N ratio such 
as waste paper, corn straw, lipid waste and glycerol (the latter 
being the best option for the integral use of the biodiesel by-prod-
ucts, and where the average increase varies from 100% to 200%) 
(Ehimen et al., 2009; Kolesárová et al., 2011; Park and Li, 2012; 
Yen and Brune, 2007; Zhong et al., 2012). Although the introduc-
tion of co-substrates may cause unstable digestion processes 
(Kolesárová et al., 2011), this was not the case in the present exper-
imental set up.

The difference in biogas and methane yields after co-digestion 
may be mainly attributable to an increase in the organic matter 
available, added in the form of glycerol, which is a liquid phase 
easier to degrade (Ehimen et al., 2009). Moreover, the difference 
can also be caused by a synergistic effect, probably related to the 
C:N ratio. It is well known that balancing the C:N ratio is one of 
the main issues for the co-digestion process. In fact, ideal co-
substrates for substrates with high nitrogen contents and high 
alkalinity are wastes that have a high C:N ratio, like crude glyc-
erol (Ehimen et al., 2011; Kolesárová et al., 2011). This study 
involved the co-digestion of the proportional quantities produced 
for the production of biodiesel from T. suecica, searching the val-
orisation for the by-products of the process. Several authors pro-
pose the residual glycerol as the ideal co-substrate to improve the 

energy and economic efficiency for microalgae biodiesel produc-
tion, providing an alternative route for glycerol use where an 
excess volume exists (Gouveia and Oliveira, 2009; Rawat et al., 
2013). This step is essential mainly for three reasons: (1) glycerol 
is one of the main by-products of biodiesel production, and it is 
necessary to incorporate it into the same system of production of 
the fuel plant (Kolesárová et al., 2011); (2) it is necessary to 
understand how to use part of the by-products as the protein–
carbohydrate waste coming from the biodiesel transesterification 
process, and the biogas production seems to be a good option to 
use it; and (3) the end cost of biodiesel depends, among other 
things, on the price of the feedstock (Alzate et al., 2014; Ward 
et al., 2014), and this kind of optimisations seems to be one of the 
ways to improve the productivity generating part of the energy 
needed for the biodiesel production.

Conclusions

The results of this study confirm that the inoculum type has a 
substantial impact on the methanogenic potential of the T. suecica 
SMBR. Differences as high as 190% in specific methane yields 
were observed for the different inocula used in the methane pro-
duction assays. The highest specific methane yield was observed 
in the mesophilic inoculum obtained from an anaerobic digester 
of a municipal wastewater treatment plant, which shows values 
close to similar reports. Moreover, the co-digestion using the 
microalgae biodiesel by-products increases the production of 
biogas and the methane content of it, reaching a methane produc-
tion rate near to two-fold higher than observed in the SMBR 
digestion alone. This demonstrates that biodiesel production can 
be improved, a basic step in the economical and energy balance 
of the microalgae biofuel generation in a near future.

Figure 3. Average cumulative methane production during batch anaerobic digestion of SMBR and co-digestion with glycerol, 
using the inocula SAB.
Data represent the mean ± standard deviation (N = 3).
SMBR: solid microalgae biomass residues.
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