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Abstract
In this work, the anaerobic digestion of three microalgae (Chlorella sp., Nannochloropsis sp., and Scenedesmus sp.) and 
their residues, resulting from the oil extraction process and the in situ transesterification reaction for biodiesel production, 
using two inoculums (sewage sludge and poultry manure) for biogas production was investigated. It was found that the 
biogas production from digestion of oil-extracted microalgae residue with sewage sludge reached values   similar to those 
obtained with raw microalgae (around 500 NL  kg−1 VS). Both the volume of biogas generated from the microalgae residue 
from the extraction process of its oil and the quality of the biogas produced reflect the value of this residue to be valorized 
by anaerobic digestion. This approach based on a biorefinery concept and focusing on the anaerobic digestion process could 
be a key technology for energy production from biomass.
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1 Introduction

In the production of biodiesel from microalgae, both the 
process of obtaining biodiesel in two stages (extraction reac-
tion) and the one-stage process (direct or in situ) generate 
solid residues of microalgae that are susceptible of being 
valued by other conversion processes for energy recovery 
or for the generation of raw materials for other processes. 
Specifically, biodiesel production from the lipid fraction of 
high lipid containing microalgae species results roughly 65% 
residues of total biomass that are rich in proteins and carbo-
hydrates [1]. The residues produced after biofuel production 
from microalgae could be used for biogas production. This 
integrated approach minimizes costs and energy required for 
cultivation and harvesting of microalgae.

Biogas production through anaerobic digestion is a simple 
and low-cost method to convert biomass feedstocks into a 
renewable source of energy. However, anaerobic digestion 

of microalgal biomass often suffers from low methane yields 
due to their rigid cell walls, but also to their composition 
(low C/N ratio) and to their high protein content that causes 
a release of ammonia that inhibits the digestion process 
[2–6]. Specifically, the high protein content of the algal bio-
mass usually leads to a low C/N ratio, which is imbalanced 
for anaerobic digestion. A C/N ratio of 25 to 32 was reported 
to have a positive effect on the methane yield [7]. At lower 
C/N ratios, the risk of excess in nitrogen becomes inhibitory. 
Therefore, digestion of microalgal biomass can be overcome 
through digestion with a carbon-rich waste as co-substrate, 
increasing their methane yield [8–10]. The favorable effect 
of anaerobic digestion of microalgae was recently reported 
by Solé-Bundó et al. [11].

Besides, several authors have studied sewage sludge as 
inoculum in anaerobic digestion processes with different 
types of substrates, including microalgae. Sewage sludge 
is the most researched inoculum for microalgae [12–17]. 
Animal manure and microalgae anaerobic digestion have 
received less attention than microalgae digestion with sew-
age sludge [16]; however, in the large volume of manure pro-
duced in poultry farms, its high polluting power and its high 
degree of biodegradability make the digestion of microalgae 
with poultry manure worth investigating.
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Although numerous studies have paid attention to the 
anaerobic digestion of raw microalgae for biogas produc-
tion, limited amount of study investigated the utilization of 
microalgae residue resulted from oil extraction process or 
in situ transesterification reaction for biodiesel production 
[8, 9, 18–26]. This work is focused on the study of anaerobic 
digestion of three microalgae and their residues resulting 
from microalgae utilization processes (oil extraction process 
and in situ transesterification reaction for biodiesel produc-
tion) using two inoculums, sewage sludge (SS) and poultry 
manure (PM), for biogas production. Firstly, the production 
and composition of biogas obtained in the digestion of the 
two types of inoculums with three different raw microalgae 
species (RM) were studied. Subsequently, the digestion of 
different microalgae solid residues obtained from the oil 
extraction processes (ER) and from the in situ transesterifi-
cation reactions (TR) was carried out with the inoculum that 
generated the highest methane production.

2  Materials and methods

2.1  Substrates for anaerobic digestion

Three raw microalgae, Chlorella sp. (C), Nannochloropsis 
sp. (N), and Scenedesmus sp. (S), their residues from the oil 
extraction processes (ER-C, ER-N, and ER-S, respectively), 
and the in situ transesterification reactions for biodiesel pro-
duction (TR-C, TR-N, and TR-S, respectively) were studied 
as substrates in anaerobic digestion for biogas production.

The species Chlorella sp., Nannochloropsis sp., and 
Scenedesmus sp. were grown during summertime in a race-
way pond, pilot-scale plant located in the facilities of the 
Department of Biotechnology of the Technological Insti-
tute of the Canary Islands (ITC) in the southeast of Gran 
Canaria. These strains belong to the ITC microalgae culture 
collection. The species were cultured in f/2 medium [27], 
Chlorella sp. and Scenedesmus sp. in fresh water and Nan-
nochloropsis sp. in saline water.

Cultures reaching the stationary growth phase, charac-
terized by insignificant variations in cell density, were har-
vested and centrifuged to eliminate the culture medium. 
Then, they were dried, by means of a spray drier device, 
to become a microalgal powder with no more than 5% of 
humidity. Finally, they were vacuum-packed and stored at 
6 °C, protected from light and humidity. Once the containers 
were opened, it was necessary to keep them cold (4 °C) and 
protect from light to avoid oxidation.

Microalgae residues were obtained from previous research 
carried out by the authors, corresponding to two processes: 
extraction of microalgae oil via solvent extraction, which 
is part of the first stage of the biodiesel production process 
when it is carried out in two stages (extraction-reaction), and 

in situ transesterification reaction for biodiesel production 
in one stage. Oil extraction process was carried out using a 
Soxhlet extractor and methanol as organic solvent. From this 
process, a liquid phase is obtained (oil) for the second stage 
of the biodiesel production process and a solid residue (ER). 
In situ transesterification reactions were carried directly on 
the biomass using methanol as reagent and sulfuric acid as 
acid catalyst. From this process, a liquid phase that contains 
the products, reaction by-products, excess reagents, and the 
catalyst used is obtained. A solid phase is also obtained 
(TR), which constitutes the main residue of the process. 
Both residues, ER and TR, were dried at 40 °C for 24 h to 
evaporate the residual solvent impregnated in them and kept 
at 4 °C in sterilized containers, protected from light.

2.2  Inoculums for anaerobic digestion

Two inoculums were employed for anaerobic digestion: 
sewage sludge and poultry manure. Sewage sludge was 
obtained from a pilot-scale anaerobic membrane biorre-
actor (AnMBR) located in the wastewater treatment plant 
(WWTP) of Valle Guerra (Tenerife, Canary Islands, Spain). 
Poultry manure was hand-collected from a local poultry 
farm located in La Esperanza (Tenerife, Canary Islands, 
Spain) and was stored in sterilized containers. The manure 
presented remnants of shavings, dry grass, husks, food 
residues, and feathers, among others. After collections, the 
inoculums were then kept in closed containers, under shade 
at room temperature for subsequent use.

2.3  Anaerobic digestion tests

Batch anaerobic digestion tests for biogas production 
were carried out using the procedure described by García 
et al. [28]. A 500-mL volume amber glass flask was used 
as digester. In each digester, 6 ± 0.05 g of substrate was 
introduced to which 6 mL of 1.5 M  NH4Cl solution (purity 
99.5%, Panreac) was subsequently added to provide the 
medium with a nitrogen source, 1.5 mL of buffer solution 
(pH = 7.00 (20 °C), Scharlau) and 50 mg of  CaCO3 (purity 
99.0%, Panreac) that acted as a buffer. Anaerobic digestion 
tests were carried out with inoculum and in the absence 
of this. When the inoculum (SS or PM) was introduced, a 
50:50 inoculum:substrate ratio (based on the volatile solid 
(VS) content) was used. When the poultry manure was used 
as inoculum, 250 mL of distilled water was added to the 
digester due to its solid nature (not for the sewage sludge 
due to its semisolid nature) to promote the homogenization 
of the mixture and to have the necessary aqueous medium 
for the anaerobic digestion process. Table 1 shows the list of 
experiments carried out. The substrate and inoculum used 
are indicated for each experiment.
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The content of the digester was mixed, and, before start-
ing the digestion process, pH was measured and adjusted to 
values around 7.0–8.0 with a NaOH solution (purity 99.0%, 
Scharlau). Conductivity was also measured. Then, the bio-
digesters were hermetically sealed with a silicone septum 
equipped with a gas sampler system, for the control of the 
gas quality, and an outlet tubing with an on/off valve con-
nected to a volumetric flask. The volumetric flasks allow to 
monitor the volume of gas produced by liquid displacement. 
Once each digester was sealed, nitrogen was bubbled to dis-
place the oxygen contained in the digester. The volumetric 
flasks were filled with distilled water acidified (HCl, purity 
37%, Merck) with pH = 2 to shift the  CO2 ↔  HCO3

− equi-
librium to the left. Each volumetric flask was also previously 
bubbled with nitrogen to displace the oxygen contained in 
the gas chamber. Additionally, reactors with only inoculum 
(and distilled water added for PM) were used as control sys-
tem (SS-blank and PM-blank).

The systems were incubated in mesophilic conditions 
(31.5  °C) until biogas production ceased. Each system 
was manually mixed once per day, just before the volume 

readings of displaced liquid to determine gas production and 
the gas sampling to determine its composition. In addition, 
ambient pressure and temperature measurements were taken 
to normalize the gas volume data.

The effect of the type of inoculum was studied using the 
raw microalgae as a substrate. Once the best inoculum was 
selected, digestions were carried out with the raw microalgae 
and its residues. These tests were performed in duplicate.

Biogas production (NL  kg−1 VS) was calculated by nor-
malizing the produced biogas volume (0 °C and 1 atm) 
per kg of volatile solids of the substrate introduced in the 
digester. Moreover, the biogas composition was determined 
by a gas chromatography. At the end of the digestion tests, 
the conductivity and pH values were measured.

2.4  Analytical methods

Total solid (TS) and volatile solid content were determined 
according to the standard methods 2540 G (for solid and 
semisolid samples) and 2540 B (for the determination of 
total solids in sewage sludge) [29]. TS and VS content of 

Table 1  Experimental plan for 
anaerobic digestion

C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.
RM raw microalgae, ER residues from the oil extraction, TR residues from transesterification reaction
SS sewage sludge, PM poultry manure
* Without inoculum

Experiment ID Substrate Inoculum Experiment ID Substrate Inoculum

SS-C RM-C SS PM-C RM-C PM
SS-N RM-N SS PM-N RM-N PM
SS-S RM-S SS PM-S RM-S PM
SS-blank - SS PM-blank - PM
RM-C1* RM-C1 - RM-C1 RM-C1 SS
RM-C2* RM-C2 - RM-C2 RM-C2 SS
RM-N1* RM-N1 - RM-N1 RM-N1 SS
RM-N2* RM-N2 - RM-N2 RM-N2 SS
RM-S1* RM-S1 - RM-S1 RM-S1 SS
RM-S2* RM-S2 - RM-S2 RM-S2 SS
ER-C1* ER-C1 - ER-C1 ER-C1 SS
ER-C2* ER-C2 - ER-C2 ER-C2 SS
ER-N1* ER-N1 - ER-N1 ER-N1 SS
ER-N2* ER-N2 - ER-N2 ER-N2 SS
ER-S1* ER-S1 - ER-S1 ER-S1 SS
ER-S2* ER-S2 - ER-S2 ER-S2 SS
TR-C1* TR-C1 - TR-C1 TR-C1 SS
TR-C2* TR-C2 - TR-C2 TR-C2 SS
TR-N1* TR-N1 - TR-N1 TR-N1 SS
TR-N2* TR-N2 - TR-N2 TR-N2 SS
TR-S1* TR-S1 - TR-S1 TR-S1 SS
TR-S2* TR-S2 - TR-S2 TR-S2 SS

SS-blank1 - SS
SS-blank2 - SS
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the nine substrates and the two inoculums are depicted in 
Table 2. Besides, the elemental composition of each sub-
strate (CHNS) was analyzed by a Thermo Scientific™ Ele-
mental Analyzers (Flash EA 1112), and the C/N ratios were 
determined (Table 3).

Conductivity and pH measurements were performed with 
a Crison GLP31 conductimeter (Crison Instrument, Barce-
lona, Spain) with automatic compensation of the readings 
to 25 °C standard temperature and Crison pH meter basic 20 
(Crison Instrument, Barcelona, Spain), respectively.

Biogas composition was analyzed by gas chromatogra-
phy (GC) (Agilent 7820A GC System) with a thermal con-
ductivity detector (TCD), a split/splitless injector and two 
capillary columns working in parallel, CP-molsieve 5 Å 
(30 m, 0,53 mm DI, 0,53 μm) and CP-PoraBond Q (packed 

column), to enable the measurement to  CH4,  CO2, CO,  O2, 
and  N2. The gas chromatography operating conditions were 
as follows: (a) oven temperature isothermal at 40 °C; (b) 
injector temperature 175 °C; (c) TCD temperature 180 °C; 
and (d) helium was used as carrier gas at 9 psi pressure, a 
flow rate of 36 mL  min−1. The sample injection was per-
formed in split mode (5:1 split ratio) and an injected sample 
volume of 0.5 mL.

3  Results and discussion

3.1  Effect of inoculum type on biogas production

Prior to the anaerobic digestion tests with inoculum, diges-
tions were carried out with each of the nine substrates 
already described and in the absence of inoculum. The 
results obtained are shown in the Appendix Figs. 5, 6, and 
7. In all cases, absence of methane was observed. The gas 
generated was composed of  CO2. Although the main goal 
of this work is the production of biogas, this  CO2 could be 
used as a raw material for the production of other biofuels 
such as bio-dimethyl ether (DME).

The effect of the inoculum type on biogas production was 
studied using the raw microalgae as substrate due to their 
greater availability. The solid content of the substrates and 
inoculums correspond to those shown in Table 2.

Figure 1 shows accumulated production of  CH4 and  CO2, 
for 40 days, for the three species of microalgae using sew-
age sludge and poultry manure as inoculums. In addition, 
Table 4 shows the total biogas production generated in each 
biodigester (both, including and not including the blank pro-
duction), as well as the corresponding percentage of  CH4 
and  CO2.

Digestion with sewage sludge showed a higher biogas 
production (both  CH4 and  CO2) than when poultry manure 

Table 2  Solid content of substrates and inoculums

C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.
RM raw microalgae, ER residues from the oil extraction, TR residues 
from transesterification reaction
SS sewage sludge, PM poultry manure

Substrate Microalgae TS (%) VS (%TS)

RM C 93.86 95.56
N 95.12 79.19
S 95.40 91.40

ER C 97.18 89.16
N 96.28 79.21
S 98.38 93.12

TR C 93.91 96.82
N 94.92 81.78
S 93.50 95.64

Inoculum TS (g  L−1) TS (%) VS (%TS)
SS 19.65 - 81.88
PM - 43.95 61.84

Table 3  Elemental composition 
of substrates

*Calculated by difference.
C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.
RM raw microalgae, ER residues from the oil extraction, TR residues from transesterification reaction

Composition (wt%)

Substrate Microalgae C N H S O* C/N ratio

RM C 49.37 11.52 6.75 - 32.36 4.29
N 41.13 7.74 6.18 - 44.95 5.31
S 48.93 7.16 6.96 - 36.95 6.83

ER C 46.14 14.14 6.53 - 33.19 3.26
N 37.57 10.19 5.47 - 46.77 3.69
S 45.49 8.61 6.59 - 39.31 5.28

TR C 41.68 11.89 6.00 5.38 35.05 3.51
N 34.98 8.73 5.23 5.19 45.87 4.01
S 39.36 7.18 6.21 5.68 41.57 5.48
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was used; this behavior is independent of the microalgae 
species used as substrate. Total biogas productions around 
360–480 NL  kg−1 VS were reached with SS compared to the 
24–40 NL  kg−1 VS reached with PM.

The low gas production in the digestion of microalgae 
with poultry manure may be due to lack of water. The nega-
tive values   obtained in the production of biogas by subtract-
ing the production of the blank indicate the antagonistic 
effect generated by the substrate-PM mixture in anaero-
bic digestions. Sadaka and Engler [30] reported that solid 
and water content is one of the important parameters in 
the biogas production which directly affects the anaerobic 
digestion. Water makes possible route for the movement 
and growth of bacteria by facilitating the transport of nutri-
ent and reduces the limitation of mass transfer. Deepanraj 
el al. [31] reported that the optimum TS concentration for 
biogas production using food waste as feed and cow dung 
as inoculum was 7.5%. In the present study, the average TS 
concentration of the biodigesters in which the digestion of 
microalgae with PM was carried out was 10.3%. High TS 
concentration could be negatively affecting biogas produc-
tion. However, the TS concentration of the PM-blank is 
lower (8.49%), and a higher biogas production is achieved 
(Table 4).

In Table 4, the biogas obtained from the digestions car-
ried out with SS is rich in  CH4 (with an average value of 
65%), indicating that it is a quality biogas. However, biogas 
obtained from the digestions carried out with PM as inocu-
lum is rich in  CO2 (with an average value of 91%).

In brief, anaerobic sewage sludge proved to be the most 
appropriate inoculum for the digestions of microalgae, due 
to both the production levels reached and the quality of the 
gas produced. Therefore, SS has been selected as inocu-
lum in the following digestions. The highest total biogas 
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Fig. 1  Effect of the inoculum type on accumulated  CH4 and  CO2 pro-
duction with a Chlorella sp. (C), b Nannochloropsis sp. (N), and c 
Scenedesmus sp. (S) as substrates

Table 4  Total biogas total production, for 40 days, and biogas com-
position from digestion of microalgae as substrate and SS and PM as 
inoculums

SS sewage sludge, PM poultry manure.
C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.
*Not including the blank production

Digestion Biogas produc-
tion (NL  kg−1 
VS)

Biogas produc-
tion* (NL  kg−1 
VS)

CH4 (%) CO2 (%)

SS-C 359.46 283.84 65.82 34.18
SS-N 483.56 407.94 62.01 37.99
SS-S 425.27 349.65 66.40 33.60
PM-C 40.00 -91.92 16.15 83.85
PM-N 24.77 -107.15 9.60 90.40
PM-S 24.63 -107.29 0.97 99.03
SS-blank 75.62 - 69.70 30.30
PM-blank 131.92 - 70.70 29.30
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production was achieved with Nannochloropsis sp., with a 
production of 483.56 NL  kg−1 VS (407.94 NL  kg−1 VS not 
including the blank production) for 40 days (Table 4).

3.2  Biogas production from anaerobic digestion 
of raw microalgae and microalgae residues 
with sewage sludge

Before proceeding to the study of the digestion of the micro-
algae and their residues from the oil extraction and transes-
terification process, with sewage sludge as inoculum, the pH 
and conductivity values of the biodigesters were determined. 
The corresponding values   for each biodigester before diges-
tion process are shown in the Table 5.

The pH initial values in all reactors ranged from 7.76 
to 8.35, which could be suitable for the anaerobic diges-
tion process. The main drawback of the anaerobic digestion 
process could be the low pH, which negatively affects the 
methanogenesis phase, since the microorganisms that carry 
out the digestive process are highly sensitive to it [32]. In 
the literature, contradictory results have been found at alka-
line pH. Chandra et al. [33] reported that if the C/N ratio is 
very low, nitrogen will be liberated and accumulated in the 

form of ammonium ion, then the presence of excess  NH4 
will increase the pH of the biodigestate in the digester, and 
thus a pH higher than 8.5 will start showing a toxic effect 
on methanogens population. However, Rincón-Pérez et al. 
[34] demonstrated that anaerobic digestion at alkaline condi-
tion (pH = 9) produced biogas with higher methane content 
(83%) that at neutral pH (61%).

Conductivity is other parameter that should be controlled 
during the anaerobic digestion process because ammonium 
 (NH4

+) can act as an inhibitor if it is found at high concentra-
tions, reducing methanogenic productivity and the possible 
cessation of production methane [35, 36]. The biodigesters 
that contain microalgae residues from the transesterifica-
tion reaction to produce biodiesel are those with the highest 
conductivity, which could negatively affect biogas produc-
tion. The highest conductivity associated with this residue 
is independent of the microalgae from which it comes from.

The biogas produced for each of the microalgae species 
and their residues was studied, and Fig. 2, Fig. 3, and Fig. 4 
show the accumulated gas productions for the RM, ER, 
and TR digestion tests, respectively, using sewage sludge 
as inoculum. All digestions were performed in duplicate. 
Moreover, Table 6 shows the average total biogas produc-
tion (both, including and not including the blank production) 
from each biodigester, as well as the corresponding percent-
age of  CH4 and  CO2. In general, the reproducibility of the 
experiments was high despite the heterogeneous nature of 
the samples.

Figure 2 shows accumulated production of  CH4 and  CO2 
from RM anaerobic digestion for the three species of micro-
algae using SS as inoculum. All digestion process presented 
the same evolution in the gas accumulated production: a 
stage of initiation, characterized by low gas production 
speed; a stage of maximum gas production speed; and a sta-
bilization stage where the gas production speed decreased 
until it became null. In biodigesters containing Chlorella sp., 
this trend was observed more smoothly (Fig. 2a). The aver-
age total biogas production was 473.87, 518.42, and 530.07 
NL  kg−1 VS for RM-C, RM-N, and RM-S, respectively 
(Table 6). Therefore, the maximum biogas production was 
reached in the biodigester that contained Scenedesmus sp. 
(RM-S). The biogas obtained showed an average  CH4 com-
position of 68.16%, 68.59%, and 63.40% for RM-C, RM-N, 
and RM-S, respectively.

Figure 3 shows accumulated production of  CH4 and  CO2 
from ER anaerobic digestion for the three species of micro-
algae using SS as inoculum. All digestion process presented 
the same evolution in the accumulated gas production than 
that observed for the RM digestions (a stage of initiation, 
a stage of maximum gas production speed, and a stabiliza-
tion stage), although presenting a smoother evolution. The 
average total biogas productions achieved were similar to 
those obtained in the digestions of RM, 484.30, 510.69, and 

Table 5  Initial and final pH and conductivity values of the biodigest-
ers

RM raw microalgae, ER residues from the oil extraction, TR residues 
from transesterification reaction
C, Chlorella sp.; N, Nannochloropsis sp.; S Scenedesmus sp.
SS sewage sludge

Digestion pH0 �0 (mS  cm−1) pHf �f (mS  cm−1)

RM-C1 7.98 6.56 7.59 14.76
RM-C2 8.04 6.60 7.90 14.18
RM-N1 7.98 8.23 7.67 15.91
RM-N2 8.19 8.45 7.55 15.92
RM-S1 7.76 6.30 7.49 13.58
RM-S2 8.00 6.41 7.47 13.41
ER-C1 7.97 6.69 7.67 17.44
ER-C2 8.19 6.70 7.88 20.03
ER-N1 8.35 6.35 7.65 17.07
ER-N2 8.02 6.44 7.74 16.80
ER-S1 8.06 6.29 7.45 13.08
ER-S2 8.13 6.15 7.51 13.46
TR-C1 7.96 11.53 7.56 13.17
TR-C2 8.13 10.42 7.59 13.20
TR-N1 7.95 10.10 7.54 13.97
TR-N2 7.99 10.02 7.06 13.35
TR-S1 7.95 10.00 7.13 14.02
TR-S2 8.03 10.09 7.12 13.42
SS-Blank1 7.24 6.18 7.97 8.85
SS-Blank2 7.32 6.24 8.08 8.57
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Fig. 2  Accumulated  CH4 and  CO2 production from anaerobic diges-
tion of a Chlorella sp. (RM-C), b Nannochloropsis sp. (RM-N), and c 
Scenedesmus sp. (RM-S) raw microalgae with sewage sludge
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455.30 NL  kg−1 VS for ER-C, ER-N, and ER-S, respectively 
(Table 6). However, the maximum biogas production was 
reached in the biodigester that contained Nannochloropsis 
sp. residues from oil extraction process (ER-N). Further, 
the biogas obtained showed an average  CH4 composition 
of 71.07%, 67.38%, and 65.56% for ER-C, ER-N, and ER-S, 
respectively.

Both the volume of biogas generated from the microalgae 
residue from the extraction process of its oil and the quality 
of the biogas produced reflect the potential of this residue 
to be valorized by anaerobic digestion. Carrying out an oil 
extraction process from microalgae, obtaining a liquid of 
great added value for other applications (including the bio-
diesel production) and a solid with the ability to produce 
biogas through anaerobic digestion, it is very advantageous 
and more profitable, than only obtaining biogas from raw 
microalgae, because the liquid product, that has a great 
added value for multiple applications, could be lost.

Figure 4 shows accumulated production of  CH4 and  CO2 
from TR anaerobic digestion for the three species of micro-
algae using SS as inoculum. All digestion process presented 
the same evolution in the gas accumulated production than 
that observed for the RM and ER digestion; however, the 
maximum production stage was significantly lower than 
those obtained from the RM and ER digestions. Moreover, 
the total biogas productions were much lower than those 
achieved in the RM and ER digestions: 134.25, 253.93, and 
172.60 NL  kg−1 VS for TR-C, TR-N, and TR-S, respectively 
(Table 6). The low biogas productions obtained may be due 
to the process where the residue (TR) comes from, which 
is carried out under highly aggressive conditions; a strong 
acid  (H2SO4) is used as catalyst. The sulfate reduction to 
sulfide may be the cause of the low biogas production. The 
presence of sulfur in this substrate is shown in Table 3. The 
properties of this substrate do not seem to be the most suit-
able for the anaerobic digestion process. In Table 5, the high 
initial conductivities of the biodigesters that contained this 
type of substrate were observed and may be the cause of the 
inhibition in the biogas production.

In the TR digestion tests, the maximum biogas production 
was reached in the biodigester that contained Nannochlorop-
sis sp. residues from transesterification reaction for biodiesel 
production (TR-N). Despite the low biogas production, the 
average composition of methane was over 60% (Table 6), 
except for the Scenedesmus sp. residue from transesterifi-
cation reaction (TR-S). The average  CH4 composition was 
70.55%, 68.36%, and 59.31% for TR-C, TR-N, and TR-S, 
respectively.

According to Table 6, the digestions of the RM and ER 
substrates with SS presented total biogas productions much 
higher than those reached with SS-blanks; however, the 
biogas production values   from the digestions of TR with SS 
were equal to or lower than those reached with SS-blanks 
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Scenedesmus sp. (TR-S) post transesterified microalgae residue with 
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(134.25, 253.93, and 172.60 NL  kg−1 VS for TR-C, TR-N, 
and TR-S, respectively), indicating that TR is not a suitable 
substrate for anaerobic digestion.

Overall, it can be concluded that the anaerobic digestion 
is a process suitable for the valorization of microalgae resi-
dues from oil extraction process, since biogas productions 
similar to those achieved with raw microalgae are reached. In 
addition, the anaerobic digestion of residues generated in the 
biodiesel production process from microalgae in two stages 
(extraction reaction) would allow to benefit not only from the 
lipid extract of microalgae for obtaining biodiesel but also 
from solid residues generated throughout the process. Table 7 
shows a mass balance of each of the processes from 1 kg of 
dry microalgae. This approach based on a biorefinery concept 
and focusing on the anaerobic digestion process could be a 
key technology for energy production from biomass.

The pH and conductivity values of the biodigesters 
measured after the anaerobic digestion tests are shown in 
Table 5. The final pH values (7.06–7.90)   showed a slight 
reduction after the anaerobic digestion process, although 
they remained around the initial values; therefore, the 
microbial activity was not affected in any case by the pH 

of the medium, and as a result the biogas production rate 
was not inhibited by this parameter.

For all the digestions tests carried out, the final con-
ductivity values were higher than the initial (Table 5). 
Researchers have already demonstrated that the increase 
in conductivity can be directly correlated to ammonium 
nitrogen released during digestion of protein rich biomass 
[35, 36]. This in turn enables it to be used as an indica-
tor of biomass hydrolysis [37]. The highest conductivity 
increase was 13.3 mS  cm−1 for ER-C2 biodigester, which 
generated a biogas production of 494.18 NL  kg−1 VS. 
Even though an increase in conductivity could indicate 
an increase in ammonium nitrogen concentration, which 
can act as an inhibitor of the methanogenic process if it is 
found at high concentrations, it is possible that the ammo-
nium concentrations reached were not very high since rela-
tively high biogas productions were obtained.

The increase in conductivity seems to be independent 
of the type of microalgae used (Chlorella sp., Nannochlo-
ropsis sp., or Scenedesmus sp.); however, it seems to be 
influenced by the type of substrate used (RM, ER, or TR). 
The average increase in conductivity in the biodigesters 

Table 6  Total biogas production 
and biogas composition from 
the RM, ER, and TR digestion 
with SS as inoculum

RM raw microalgae, ER residues from the oil extraction, TR residues from transesterification reaction
C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.; SS sewage sludge
*Not including the blank production

Digestion Average values ± SD

Biogas production 
(NL  kg−1 VS)

Biogas produc-
tion* (NL  kg−1 
VS)

CH4 (%) CO2 (%) Methane produc-
tion (NL  CH4  kg−1 
VS)

RM-C1 473.87 ± 15.94 243.98 68.16 ± 3.01 31.84 ± 3.01 322.99
RM-C2
RM-N1 518.42 ± 114.51 288.53 68.59 ± 4.62 31.41 ± 4.62 355.58
RM-N2
RM-S1 530.07 ± 32.19 300.18 63.40 ± 0.25 36.60 ± 0.25 336.06
RM-S2
ER-C1 484.30 ± 13.97 254.41 71.07 ± 3.39 28.93 ± 3.39 344.19
ER-C2
ER-N1 510.69 ± 28.58 280.8 67.38 ± 1.09 32.62 ± 1.09 344.10
ER-N2
ER-S1 455.30 ± 24.55 225.41 65.56 ± 3.43 34.44 ± 3.43 298.49
ER-S2
TR-C1 134.25 ± 13.32 -95.64 70.55 ± 0.24 29.45 ± 0.24 94.71
TR-C2
TR-N1 253.93 ± 21.98 24.04 68.36 ± 2.68 31.64 ± 2.68 173.59
TR-N2
TR-S1 172.60 ± 27.98 -57.29 59.31 ± 2.25 40.69 ± 2.25 102.37
TR-S2
SS-blank1 229.89 ± 3.58 67.90 ± 3.84 32.10 ± 3.84 156.10
SS-blank2
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that used RM, ER, and TR as substrate was 7.5, 9.9, and 
3.2 mS  cm−1, respectively.

The smallest increases in conductivity were observed for 
the biodigesters that contained post transesterified microal-
gae residues, which were those that presented a lower aver-
age biogas production (Table 6). Therefore, the observed 
increase in conductivity seems not to inhibit the methano-
genic process; in this case, that the low increase in conduc-
tivity does not favor the biogas production may be due to 
the severe treatment to which the microalgae are subjected 
during transesterification; the reaction was carried out with 
a strong acid, sulfuric acid, as catalyst. Another potential 
reason could be the sulfate reduction as it was mentioned 
previously or the presence of non-hydrolysable particulate 
matter. In the latter case, the residues could be pretreated to 
increase digestibility.

Table 8 shows comparative data on methane production 
from the digestion in batch of raw microalgae, microalgae 
residues from the oil extraction process, and post transesteri-
fied microalgae residues from studies found in the literature 
in recent years, and they are compared with the methane 
productions obtained in the present study.

The methane productions, found in the literature, from the 
digestion of microalgae not subjected to any type of prior 
treatment, are lower than those found in this study. For RM 
subjected to a previous treatment, in general, it is observed 
that methane productions are equal to or lower than those 
found in this study, except that achieved by Park et al. [18], 
432.17  NmLCH4  g−1VS, from the digestion of pretreated 
Chlorella sp. with sludge.

Little current literature about digestion of microalgae 
residues was found. Meneses-Reyes et al. [25] carried out 

the co-digestion of Chlorella vulgaris with chicken litter and 
glycerol, achieving 131.1  NmLCH4  g−1VS; in this study, 
methane production exceeded twice the value that was 
achieved: 344.19, 344.10, and 298.49  NmLCH4  g−1VS for 
ER-C, ER-N, and ER-S, respectively.

On the other hand, Ehimen et al. [26] studied the TR 
co-digestion and achieved higher methane productions (308 
 NmLCH4  g−1VS) than those obtained in this study. How-
ever, glycerol from biodiesel production for the anaerobic 
digestion of TR was added. Increasing the substrate C/N 
ratio to 12.44 by co-digesting the microalgae residues with 
glycerol was observed to increase  CH4 production by > 50%, 
compared with the  CH4 production when the residues were 
digested alone. Therefore, the integration of glycerol in the 
digestion process of the studied TR could increase the biogas 
production considerably.

4  Conclusions

The sewage sludge proved to be better inoculum for the 
anaerobic digestion process than poultry manure. For using 
poultry manure as inoculum, it should be previously accli-
matized. In addition, the concentration of solids in the bio-
digester should be taken into account, since high concentra-
tions can inhibit the biogas production.

For the three types of substrates studied (RM, ER, and 
TR), the highest biogas productions were reached with raw 
microalgae and with oil-extracted microalgae residues, with 
similar productions; this indicates that ERs are highly recov-
erable residues. Both the volume of biogas generated and the 

Table 7  Mass balance of each of the processes from 1 kg of dry microalgae

RM raw microalgae, ER residues from the oil extraction, TR residues from transesterification reaction.
C, Chlorella sp.; N, Nannochloropsis sp.; S, Scenedesmus sp.

Anaerobic digestion

RM Biogas (NL  kg−1 RM) Biogas (NL  kg−1 VS RM)
C 425.03 473.87
N 390.50 518.42
S 462.20 530.07

Extraction process Anaerobic digestion
RM Oil (kg) ER (kg) Biogas (NL  kg−1 ER) Biogas (NL  kg−1 VS ER)
C 0.27 0.73 419.63 484.30
N 0.33 0.67 389.47 510.69
S 0.27 0.73 417.11 455.30

Transesterification reaction Anaerobic digestion
RM Biodiesel (kg) TR (kg) Biogas (NL  kg−1 TR) Biogas (NL  kg−1 VS TR)
C 0.12 0.82 122.07 134.25
N 0.10 0.72 197.11 253.93
S 0.12 0.85 154.34 172.60
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quality of the biogas produced reflect the potential of this 
residue to be valorized by anaerobic digestion.

Post transesterified microalgae residues are not a suitable 
substrate for anaerobic digestion since they generated low 
biogas productions, probably due to the severe conditions 
they are subjected to during the transesterification reaction. 
The sulfate reduction to sulfide may be the cause of the low 
biogas production. Another possible reason could be the 
presence of non-hydrolysable particulate matter.

The results highlight the promising potential of oil-
extracted microalgae residues through anaerobic digestion 

process. In addition, the anaerobic digestion of residues gen-
erated in the process of obtaining biodiesel from microalgae 
in two stages (extraction reaction) would allow to benefit 
not only from the lipid extract of microalgae for obtaining 
biodiesel but also from solid residues generated through-
out the process. With this residue solid, highly reusable via 
anaerobic digestion inoculating with sewage sludge, a total 
biogas production of 510.69 NL  kg−1 VS was achieved. This 
approach based on a biorefinery concept and focusing on the 
anaerobic digestion technique could be a key technology for 
energy production from biomass.

Table 8  CH4 production from microalgae or microalgae residues digestion in batch tests

a Pretreatment with dilute acid (5%  H2SO4) for 1.2 h.
b Thermal pretreatment at 75 °C for 10 h.
c Autohydrolysis co-pretreatment at 55 °C.
d Thermal pretreatment at 120 °C for 60 min.
* Expressed as solid and liquid ratio.
** Expressed as substrate concentration (kg VS  m-3)

Substrate (S) Inoculum (I) S/I ratio T (°C) Methane produc-
tion  (NmLCH4
g−1VS)

Ref

RM Chlorella sp.
(pretreateda)

Sludge 0.29* 35 432.17 [18]

Chlorella sp.
(untreated)

Primary sludge and FOG (fat, oil and grease) 50:50:20 (VS) 35 293 [8]

Chlorella sp.
(pretreatedb)

334

Chlorella sp. Septic tank sludge 25:75 (VS)
33:67 (VS)

35 ≈ 300 [9]

Chlorella sp. Digested dairy manure with silage maize 8.7:91.3 (VS) 37 124.62 [19]
Neochloris conjuncta 8.5:91.5 (VS) 205.94
Botryococcus braunii 8.6:91.4 (VS) 290.63
Scenedesmus sp.  (pretreatedc) Waste activated sludge  (pretreatedc) 20:80 (VS) 35 187 [20]
Microalgal biomass
(wild algal strains)

Sewage sludge 37:63 (VS) 35 237.1 [21]

Microalgae-bacteria consor-
tium  (pretreatedb)

Primary sludge 25:75 (VS) 35 339 [22]

Chlorella sp.
(pretreatedd)

Coffee husks
(pretreated)

33:67 (VS) 35 196 [23]

Scenedesmus acuminatus and 
Scenedesmus quadricauda

Cellulose 16:84 (VS) 35 272 [24]
Deproteinated cheese whey 17:83 (VS) 302

Chlorella sp. Sewage sludge 50:50 (VS) 31.5 322.99 In this work
Nannochloropsis sp. 355.58
Scenedesmus sp. 336.06

ER Chlorella vulgaris Chicken litter and glycerol 30:67:3 (TS) 37.7 131.1 [25]
Chlorella sp. Sewage sludge 50:50 (VS) 31.5 344.19 In this work
Nannochloropsis sp. 344.10
Scenedesmus sp. 298.49

TR Chlorella sp. Anaerobic sludge and glycerol 5** 40 308 [26]
Chlorella sp. Sewage sludge 50:50 (VS) 31.5 94.71 In this work
Nannochloropsis sp. 173.59
Scenedesmus sp. 102.37
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Fig. 5  CO2 production from anaerobic digestion of a Chlorella sp. 
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