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A B S T R A C T

The sustainable, efficient production of biofuel can lead to reductions in greenhouse gas emissions, lowered
climate change impact and increased security owing to the fulfilment of global energy demands. Microalgae have
been shown as an attractive feedstock for renewable fuel production, such as biodiesel and biogas. To date, more
effort has been put towards the production of biodiesel using the lipid contents in algal cells, while less attention
has been placed on biogas production through anaerobic digestion. However, anaerobic digestion has the po-
tential to generate energy from waste residues and to mobilize nutrients enabling subsequent recovery and/or
recycling. Therefore, anaerobic digestion is an area with strong potential for novel research focusing on the
development of a sustainable integrated system of biodiesel and biogas production. The result is essentially a
solar power plant, producing fuel with minimal inputs and a closed nutrient loop, a necessity for sustainable and
cost-efficient production of biofuel. In this review we discuss relevant studies on biodiesel and biomethane
production, including the potential improvements and advantages when using an integrated approach for bio-
diesel and biogas production with special focus on nutrient recycling.

1. Introduction

Biofuels have been considered a promising sustainable alternative
for energy production, potentially decreasing the emission of green-
house gasses. Currently, liquid biofuels are mainly produced in the
forms of bioethanol and biodiesel from different agricultural feedstocks,
including oil crops such as oil palm, soybean and rapeseed, and sugar
and starch crops such as sugarcane and corn [1,2]. These biofuels
(named first generation biofuels) have been shown to be unsustainable
and insufficient to meet the increasing energy demands, due to un-
certain/poor energy balances, high water demands and high nutrient
requirements, as well as competition for arable lands and thus with
food crops [3–7]. Second generation biofuels seem to be an interesting
alternative since they are produced from non-food biomass, including
agricultural wastes and ligno-cellulosic feedstock such as wood, grasses
and forest residues [4,8]. However, their potential to sustainably satisfy
world energy demands is a matter of debate, in terms of feedstock
availability and potential negative effects on carbon balances and bio-
diversity [9,10]. On the other hand, biofuels produced from microalgal
biomass (third generation biofuels) can potentially overcome the

drawbacks of first and second generation biofuels, being more pro-
ductive and sustainable [11–13].

Microalgae have faster growth rates than other crops and thus
higher yields per unit area. The selection of productive strains can lead
to the harvesting of cells with high lipid and carbohydrate contents, and
different strains can be grown in fresh, brackish and sea water.
Microalgae cropping does not compete with food crops since they can
be produced in non-arable land, and additionally can be grown in
wastewater as their culture medium, reducing the use of freshwater and
nutrients [11–15]. Microalgae as a source of biofuels have been widely
studied for the production of bioethanol [16–19], biodiesel [20–26],
biogas through anaerobic digestion [27–32] and biohydrogren [33–36].
However, more research is needed in order to increase the efficiency for
microalgal biofuel production and thus enhance its commercial viabi-
lity, and at the same time increase the sustainability of the production
process.

Maximizing production and reduction of inputs could be achieved
through the development of an integrated system for biodiesel and
biogas production, using anaerobic digestion (Fig. 1). That is because,
besides biogas production, anaerobic digestion leads to the production
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of an effluent that can be used as fertilizer for algae culture, reducing
the need of costly nutrients [37]. Thus, the integration of biodiesel and
biogas production through anaerobic digestion of algae debris after
lipid extraction is a promising way to significantly enhance methane
production [38–40], while the recycling of nutrients from anaerobic
digestion is a key step to make microalgal biodiesel production sus-
tainable and reduce overall production costs [19,41–45]. In fact, Sialve
et al. conclude that coupling anaerobic digestion with biodiesel pro-
duction is essential for microalgal fuels to be viable [43]. Additionally,
if biogas is used for the production of heat or electricity, CO2 will be
available for algae cultivation while reducing production costs [12].
The integrated system has the potential to reduce energy consumption
and reduce up to 71% greenhouse gas emissions compared to petroleum
fuel [46].

Here, we wish to provide a perspective on a closed loop system
focused on nutrient recycling, including an analysis on available pre-
treatments for cell disruption that may enhance biofuel production.
Through this review we aim to bring together relevant studies on bio-
diesel and biomethane production from microalgae, focusing on nu-
trient recycling through anaerobic digestion for the development of a
sustainable and profitable closed loop for energy production with
minimal inputs. First, we describe the current methods and require-
ments for the production of biodiesel and biomethane, comparing dif-
ferent microalgal strains in terms of biodiesel and biogas production
potential. Then, we provide an overview of the different pre-treatments
that can be suitable both for biodiesel and biogas production, which
will potentially improve an integrated biorefinery. Finally we discuss
the advances towards the development of an integrated nutrient closed
loop for biofuel production through anaerobic digestion, including
economic and sustainability aspects.

2. Algal biomass production: culture conditions and harvesting

Light and nutrients are the main factors that determine cell pro-
duction while herbivory and sedimentation lead to population loss
[47], becoming the main factors that should be controlled in order to
guarantee algal productivity and consequently high biomass yields.
Besides, other variables such as temperature, pH, turbulence and sali-
nity are crucial for culture growth [12–14,48].

Different microalgae species have specific nutrient requirements
and are limited by different resources [49,50]. Within inorganic

nutrients, macronutrients (mainly nitrogen and phosphorus) are needed
at high concentrations—on average, the production of 1 kg dry algal
biomass requires around 55 g N and 11 g P. On the other hand, mi-
cronutrients are needed at low concentrations and have a specific me-
tabolic role on microalgae physiology [48,51,52]. The specific optimal
proportion of nutrients for each species may change depending on
factors that include growth rate, temperature, light or CO2 availability.
Likewise, species differ in their nutrient requirements and nutrient
uptake kinetics which results in different optimal proportions [52]. A
general list of the main nutrients required by algal cells is detailed in
Table 1.

Because moisture content can reach more than 99% of total mi-
croalgae cultures [55], harvesting is one of the biggest bottle necks for
biodiesel production. Harvesting is difficult due to the small size of
microalgae, their low specific gravity and similar density of the growth
medium. Microalgae typically form stable suspensions in the water
column and their high growth rates require regular harvesting [55,56].
Many techniques for primary dewatering of microalgae have been de-
veloped (sedimentation, flocculation, flotation, filtration and cen-
trifugation) but many of them are strain specific or have complicated
operation methods that represent high economic and energy costs
[15,56,57]. For achieving a sustainable and profitable integrated bio-
fuel production system, the most efficient and economic harvesting
method is sedimentation by gravity. In this way, the economic impact is
minimal and ideally, wet biomass can be used for direct lipid extrac-
tion.

3. Biodiesel from microalgae

Microalgae have the capability to accumulate large amounts
(20–50% dry weight) of triacylglycerides (TAGs)—which are the main
compounds for biodiesel production—especially under nutrient depri-
vation, photo-oxidative stress or other disadvantageous environmental
conditions [58,59]. Several studies have reported increases in lipid

Fig. 1. Schematic model of an integrated closed loop of biodiesel and biogas production
using microalgae. The diagram shows minimal inputs in an integrated system for solar
biodiesel and biogas production. In this system, lipids are extracted from the concentrated
biomass while water is reused to repeat algae cultivation. The defatted biomass is used as
substrate for anaerobic digestion to produce biogas. Biomethane is burned to produce the
electricity needed to maintain the system, while nutrients and CO2 are recycled. The
liquid phase of the digestate is used as algal culture broth and the solid phase can be used
as soil fertilizer. Nutrient recycling is highlighted in green color.

Table 1
Elementary composition of microalgae.
Source: Adapted from Healey [53] and Grobbelaar [54].

Element Compounds Cell composition (µg/mg dry
weight)

Average Range

H H2O, organic molecules, H2S 65 29–100
C CO2, HCO3

2, CO3-, organic
molecules

430 175–650

O O2,H2O, organic molecules 275 205–330
N N2, NH4

+, NO3
-, NO2

-, amino acids,
purines, pyrimidines, urea, etc

55 10–140

Si Na3SiO3·9H2O 54 0–230
K Several inorganic salts, i.e. KCl,

K2SO4, K3PO4

17.3 1–75

P Several inorganic salts, Na or K
phosphates, Na2
glycerophosphate·5H2O

11 0.5–33

Na Several inorganic salts, i.e. NaCl,
Na2SO4, Na3, PO4

6.1 0.4–47

Mg Several inorganic salts, i.e. Co23,
SO4

2- or Cl- salts
5.6 0.5–75

Ca Several inorganic salts, i.e. CaCO3,
Ca2- (as chloride)

8.7 0.0–80

S Several inorganic salts,
MgSO4·7H2O, amino acids

5.9 1.5–16

Fe FeCl3, Fe(NH4)2SO4, ferric citrate 5.9 0.2–34
Zn SO4

2- or Cl- salts 0.28 0.005–1.0
B H3BO3 0.03 0.001–0.25
Cu SO4

2- or Cl- salts 0.1 0.006–0.3
Mn SO4

2- or Cl- salts 0.06 0.02–0.24
Co Vitamin B12, SO4

2- or Cl- salts 0.06 0.0001–0.2
Mo Na+ or NH4

+ molybdate salts 0.0008 0.0002–0.001
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contents by nitrogen or phosphorus starvation [24,60,61], UV stress
[62,63], changes on temperature [64,65], irradiances [64,66], CO2

concentration [67–69] and salinity [64,70,71], or under heterotrophic
growth conditions [72,73]. Table 2 provides examples of lipid incre-
ments for different microalgal species under different stress conditions.
Nitrogen starvation is the most widely used method to induce lipid
accumulation, however, the optimum conditions to enhance lipid pro-
duction will depend specifically of the strain, environmental conditions
and cultivation system [74].

3.1. Lipid extraction and pre-treatments

After achieving high lipid productivities, the biomass is con-
centrated for lipid extraction. The recovered lipids are then transformed
into biodiesel in the presence of catalysts through transesterification or
hydrogenolysis conversion processes. These catalysts include alkalis
(e.g. sodium methoxide, potassium hydroxide), acids (e.g. sulfuric acid,
phosphoric acid), enzymes (e.g. lipases) or heterogeneous catalysts
[91–94].

The extraction of lipids from algal biomass is a complex process in
biodiesel production that can significantly increase production costs.
Lipid extraction methods such as organic solvent extraction [95,96] or
supercritical fluid extraction [97,98] require drying of the biomass.
Dewatering is a complicated process that increases production costs and

reduces algal biofuel profitability. Additionally, lipid recovery is not
100% efficient. In order to improve lipid recovery percentages, and
benefit the subsequent anaerobic digestion processes, several pre-
treatments of the biomass have been developed (see Section 4.2). Pre-
treatments provoke cell disruption and liberate the lipids inside the
cells. In order to reduce lipid extraction costs, pre-treatments on wet
biomass are preferable. These include hydrothermal liquefaction
[99,100], microwave assisted extraction [101,102], enzymatic extrac-
tion [103,104], osmotic shock [21,105], oxidative stress [106], ultra-
sound assisted extraction [107,108] and pulsed electric field technology
[109,110]. Here, we give a brief introduction to the most cost-efficient
pre-treatments.

3.1.1. Hydrothermal liquefaction (HTL)
Hydrothermal liquefaction is an attractive method of biomass con-

version which produces a relative stable oil product with low energy
consumption in comparison with other conversion techniques [100].
Thermochemical conversion applies high pressure (10–25 MPa) and
medium to subcritical temperature (below 374 °C) [99,111]. During the
process, the biomass is hydrolyzed and degraded into small molecules
and part of the oxygen in the biomass is removed by decarboxylation or
dehydration [100]. With this technology, the energy recovery from
biomass to fuel is around 80% [100] and less than 5% of the energy cost
is required to complete the thermal drying [111].

Table 2
Lipid contents and lipid productivities of several microalgal strains.

Species Culture conditions Lipid content (% of
DCW)

Lipid productivity
(mg L−1 d−1)

Ref.

Chlorella protothecoides Heterotrophic growth with hydrolysate of Jerusalem artichoke 43–46 1881.3–1840.0 [75]
Chlorella protothecoides Heterotrophic growth with corn powder hydrolysate 55.2±0.3 932 [76]
Chlorella protothecoides UTEX 255 Heterotrophic growth with KNO3 50.5 654 [77]
Nannochloropsis sp. Combined conditions of salinity (13, 27 and 40 g/L NaCl), light intensity

(170 and 700 µE/m2 s) and nitrogen availability
35–48 385–413 [78]

Chlorella zofingiensis Heterotrophic growth with glucose 51.1 354 [79]
Desmodesmus sp. Nitrogen starvation 53.8±6.0 263 [80]
Chlorella vulgaris Mixotrophic growth with 1% glucose 21± 1 254±2 [72]
Chlorella vulgaris Standard growth conditions 28.1±4.3 204.9±6.4 [81]
Scenedesmus sp. Nitrogen starvation 12.6±0.8 174 [82]
Chlorella vulgaris 1% glucose 23± 2 151±3 [72]
Nannochloropsis oculata 2% CO2 aeration 29.7±2.0 142 [67]
Neochloris oleoabundans Sodium nitrate medium (5 mM) 34 133 [83]
Chlorella sp. Urea limitation (0.1 g/L) 52.2 124 [84]
Botryococcus braunii Standard growth conditions 45.0±4.0 112.4±11.5 [81]
Botryococcus terribilis Standard growth conditions 49.0±1.5 98.0± 3.4 [81]
Scenedesmus obliquus Nitrogen deficient and nutrient deficient media 38.9 78.7 [85]
Chlorella vulgaris ESP-31 Photoheterotrophic growth with acetic acid feeding 50 78 [86]
Ankistrodesmus falcatus Nitrogen, phosphorous and iron starvation 59.60 74.07 [87]
Chlorella vulgaris ESP-31 Mixotrophic growth with glucose and CO2 40–53 67–144 [88]
Ankistrodesmus falcatus Standard growth conditions 16.5±0.4 56.1± 1.8 [81]
Nannochloropsis sp. F &M-M24 Nitrogen starvation 30.9 54.8 [89]
Chlorella sp. BUM11008 Nitrogen starvation 42.8 54.0± 0.6 [90]
Scenedesmus sp. DM Nitrogen starvation 21.1 53.9 [89]
Chlorococcum sp. UMACC 112 Nitrogen starvation 19.3 53.7 [89]
Pavlova lutheri CS 182 Nitrogen starvation 35.5 50.2 [89]
Ankistrodesmus fusiformis Standard growth conditions 20.6±2.1 49.6± 5.7 [81]
Phaeodactylum tricornutum F &M-

M40
Nitrogen starvation 18.7 44.8 [89]

Chlorella sorokiniana IAM-212 Nitrogen starvation 19.3 44.7 [89]
Tetraselmis sp. F &M-M34 Nitrogen starvation 14.7 43.4 [89]
Chlamydocapsa bacillus Standard growth conditions 13.5±0.6 43.3± 2.4 [81]
Chlorella sp. BUM11010 Iron starvation 31.4 40.0± 0.8 [90]
Chlorella sp. BUM11009 Phosphate starvation 31.9 39.4± 0.5 [90]
Isochrysis sp. (T-ISO) CS 177 Nitrogen starvation 22.4 37.7 [89]
Chlorella vulgaris F &M-M49 Nitrogen starvation 18.4 36.9 [89]
Scenedesmus quadricauda Nitrogen starvation 18.4 35.1 [89]
Chaetoceros muelleri F &M-M43 Nitrogen starvation 33.6 21.8 [89]
Nannochloropsis sp. Nitrogen starvation 28.7a NR [91]
Neochloris oleoabundans Nitrogen starvation 29a NR [91]

DCW = dry cell weight; NR = not reported.
a Ash free dry weight.
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3.1.2. Oxidative stress
Free nitrous acid (FNA) is a low cost and effective pre-treatment

that has been studied recently by Bai et al. [106] to improve lipid ex-
traction through oxidative stress. The study reveals the efficiency of
FNA in disrupting the cell membrane of algae cells which facilitates
lipid recovery. The efficiency of this methodology increases with longer
exposure time (48 h) and higher FNA concentration (up to 2.29 mg
HNO2-N/L). The authors report the highest total lipid extraction yield
to be 2.4 fold higher on cultures treated with FNA compared with un-
treated biomass.

3.1.3. Osmotic shock
Osmotic shock is an abrupt change in osmotic pressure which causes

the disruption of algae cells and the release of their cellular components
[112], substantially improving lipid recovery. Yoo et al. [105] eval-
uated the effect of osmotic shock on lipid recovery from wet biomass of
Chlamydomonas reinhardtii. Lipid recovery after osmotic shock was two
times higher in comparison with untreated biomass. Besides, the study
reveals the importance of the cell wall and growth phase on the effi-
ciency of this method, concluding that senescent cell phase is optimal
for lipid extraction. This is a suitable, easy, cheap and scalable technic
for species with a thin or fragile cell wall.

4. Biogas from microalgae

Anaerobic digestion is a widely utilized process for treatment of
organic wastes that leads to the production of methane-rich biogas. This
is a complex process in which specialized microorganisms (hydrolyzing,
fermentative, acetogenic, homoacetogenic, sulfate-reducing and me-
thanogenic archaea) decompose organic compounds in an oxygen-free
environment [113]. The microbial consortia work together to decom-
pose complex organic substances into simple and chemically-stable
compounds, such as methane and carbon dioxide through a series of

biochemical reactions, including hydrolysis, acidification, acetogenesis
and methanogenesis [4,113,114]. Key variables that affect the perfor-
mance of an anaerobic digestion process are substrate composition,
water content, temperature, pH, alkalinity, organic loading rate and
hydraulic retention time [114]. Biogas composition is impacted by both
the substrate composition (which impacts methane and CO2 ratios) and
pH (which regulates the speciation of the carbonate system and CO2

release) [115].
The study of anaerobic digestion for biogas production was initially

concentrated on the biodigestion of different wastes such as wastewater
[116–119], slurry [120–123], manure [124–127] or food waste
[124,128–130]. Additionally, several studies have been reported on the
anaerobic digestion of different crops, such as maize silage [131–135],
straw [136–140] and grass silage [141–143].

Research in biogas production from microalgae has recently in-
creased due to their advantages over other feedstocks. Microalgal bio-
mass is a suitable substrate for anaerobic digestion since mineral
composition of algae cells fits the nutrient demands of anaerobic bac-
teria [43]. The solar energy stored in algal cells is converted into usable
energy by burning the methane liberated in the anaerobic digestion
process [144]. Besides their fast growth and their capacity to produce
high densities of biomass on a small and non-arable area, microalgae
release less hydrogen sulphide than other substrates, due to their low
amount of sulphurated amino acids [43].

The first study on anaerobic digestion of microalgae was published
by Golueke et al. [144] who made a comparison between anaerobic
digestion of green microalgae and raw sewage resulting in a similar
methane yield. After this, many studies have been published focused
mainly on the anaerobic digestion of green algae [28,145–151] and
cyanobacteria [27,28,32,152–154]. Other algae groups that have been
studied for biogas production are euglenophyceans [28,155], diatoms
[156–158], and even macroalgae [29,159–161]. An overview of the
biogas yield from different microalgal species without pre-treatments is

Table 3
Methane production from the anaerobic digestion of different microalgae biomass.

Species Reactor T (°C) Operation time (days) Biogas yield (mL g−1 VS) CH4 (mL g−1 VS) CH4 (%) Ref.

Isochrysis spp. BMP test 35 34–50 NR 408±4 NR [148]
Scenedesmus dimorphus BMP test 35 34–50 NR 397±10 NR [148]
Scenedesmus sp. (lipid extracted biomass) BMP test 37 37.5 NR 393.6± 19.5 NR [166]
Chlamydomonas reinhardtii BMP test 38 32 587±8.8 387.42 66 [28]
Chlorella vulgaris BMP test 35 34–50 NR 361±11 NR [148]
Porphyridium aeruginosa BMP test 35 34–50 NR 352±3 NR [148]
Phaeodactylum tricornutum BMP test 34± 2 30 NR 350±0.03 NR [157]
Euglena gracilis BMP test 38 32 485±3 324.95 67 [28]
Dunaliella salina BMP test 38 32 505±24.8 323.2 64 [28]
Tetraselmis sp. CSTR 35 NR 418.9–430.5 310 72–74 [151]
Neochloris oleoabundans BMP test 35 34–50 NR 308±1 NR [148]
Arthrospira platensis BMP test 38 32 481±13.8 293.41 61 [28]
Chlorella sorokiniana BMP test 35 34–50 NR 283±4 NR [148]
Chroococcus sp. BMP test 36± 1 30 487±16.73 267.36 54.9 [27]
Thalassiosira weissflogii BMP test 35 34–50 NR 265±15 NR [148]
Chlorella pyrenoidosa BMP test 36± 1 NR 464±66 264.71 57.05± 0.89 [146]
C. vulgaris CSTR 35 35 NR 240 NR [150]
Nannochloropsis gaditana BMP test 35 34–50 NR 228±4 NR [148]
Glossomastix chrysoplasta BMP test 35 34–50 NR 227±8 NR [148]
Chlorella kessleri BMP test 38 32 335±7.8 217.75 65 [28]
Chlorella sorokiniana CSTR 40–41 71 248 212 85.48 [167]
Scenedesmus obliquus BMP test 33± 2 30 NR 210±0.03 NR [157]
C. vulgaris BMP test 36± 1 NR 369±67 195.64 53.02± 0.46 [146]
Cyanobacteria mix CSTR 35 NR 517.13 189.89 36.72 [152]
C. vulgaris CSTR 40–41 110 221.1 189 85.48 [167]
Scenedesmus obliquus BMP test 38 32 287±10.1 177.94 62 [28]
Chlorella minutissima BMP test 36± 1 NR 340±114 166.12 48.86± 0.74 [146]
C. vulgaris CSTR 35 65 NR 147 NR [150]
Arthrospira maxima CSTR 35 30 200 144 72 [32]
Scenedesmus spp. & Chlorella spp. BMP test 35± 1 20 NR 143 NR [30]
Microcystis spp. BMP test 35 30 NR 140.48 35.92 [154]

NR = Not reported; BMP = biomethane potential; CSTR = continuously stirred tank reactor.
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included in Table 3. The average percentage of biomethane in biogas is
around 60% and the maximum methane yield reported to date is
around 400 mL g−1 Volatile Solids (VS) [28,145,163].

Although biogas production from microalgae has been mainly fo-
cussed on chlorophyceans (green algae) from the genera Chlorella
[28,144,150,162,163] and Scenedesmus [40,144,148,157,164], these
genera usually report low biomethane yields compared to other species
due to their rigid cell wall that hinders the biodegradability of the cells
[28,43]. In the comparative analysis of biogas production from dif-
ferent species developed by Mussgnug et al. [28], Chlorella kessleri and
Scenedesmus obliquus reported the lowest methane yields (218 and
178 mL g−1 VS, respectively) while other chlorophyceans as Chlamy-
domonas reinhardtii (protein-based cell wall without cellulose) and Du-
naliella salina (without cell wall) reported biomethane yields of around
387 and 323 mL g−1 VS respectively. This suggests that microalgal
species with thin cell walls are more digestable and should be preferred
as feedstock for biogas production from anaerobic digestion. All of the
studies reported in Table 3 did not perform pretreatments on microalgal
biomass and higher yields can be expected if pretreatments are used to
break the cell walls for increased digestibility (see Section 4.2).

Biogas yields from cyanobacteria species are generally lower com-
pared to those obtained by chlorophyceans. Yuan et al. [152] reported a
methane yield of 189.89 mL g−1 VS following the anaerobic digestion
of a mix of cyanobacteria mainly composed of the genus Microcystis.
The average methane concentration in the biogas was only 36.72%
while generally this percentage is around 60–75% with other micro-
algae feedstocks [43,165]. A lower yield with this genus was reported
by Zeng et al. [154] who described a maximal methane yield of
140.48 mL g−1 VS and maximal methane concentration of 45.19%.
Samson and Leduy [32] reported a better yield following the biodi-
gestion of Spirulina maxima (260 mL g−1 VS), with an average methane
concentration of 68–72%, while Mussgnug et al. [28] obtained a bio-
methane yield of 293 mL g−1 VS and 61% of methane concentration
based on the digestion of Arthrospira platensis.

4.1. Limitations to anaerobic digestion of algae

In order to guarantee the financial viability of an optimal biogas
yield it is very important to take into account some aspects that can
restrict the efficiency of anaerobic digestion when using microalgae as
substrate, such as cell wall degradability, ammonium toxicity and
salinity.

4.1.1. Cell wall degradability
Algal cell walls of prokaryotic (cyanobacterial) and eukaryotic algae

are composed of a rigid, homogenous and often multilayered structure
whose chemical composition differs between different groups [48,168].
In general, algal cell walls contain two main components: 1) the fibrillar
component which comprises the skeleton of the cell wall (generally
cellulose), and 2) the amorphous component (composed of poly-
saccharides, lipids and proteins) where the fibrillar component is en-
closed [48,169]. Some species of microalgae have a tight cell wall that
can be highly resistant to anaerobic degradation which reduces the
biodegradability of algae cells, resulting in a low biogas yield. Foree
and McCarty [170] evaluated anaerobic decomposition of several mi-
croalgae substrates resulting in 41% of the initial particulate matter
undecomposed after 200 days. Species with a thin or weaker cell wall
can be more easily digested than those with a thick and rigid cell wall,
such as that found in Scenedesmus sp. This was demonstrated by
Mussgnug et al. [28], who evaluated the anaerobic digestion of six
different strains of microalgae. The species without a cell wall or those
with a protein-based cell wall gave the highest biogas yields, due to the
better digestibility of algal cells. The authors suggest that cell wall
composition and the production of certain bactericidal compounds can
be inhibitory factors that require the application of adequate pre-
treatments. In order to improve biogas yield of certain species it is

mandatory to implement pre-treatments or select species without cell
walls [150].

4.1.2. Ammonia toxicity
The equilibrium between ammonium (NH4

+) and its un-ionised
form ammonia (NH3) is primarily mediated by pH and temperature.
Any change in one of these variables could lead to liberation of am-
monia which can became very toxic for the bacterial community
(especially for methanogenic archaea) altering the good performance of
the anaerobic digester [171,172]. As nitrogen is an essential nutrient
for anaerobic microorganisms, total ammonia nitrogen concentrations
below 200 mg L−1 are beneficial for the anaerobic digestion process
[173].

Anaerobic digestion of microalgae can deal with ammonium toxicity
since generally their C/N ratios are low due to their high protein con-
tent. C/N ratios below 20 lead to ammonia liberation [171]. One way to
deal with ammonia toxicity is to use co-digestion of microalgae with
rich carbon compounds which also improves methane yield. Zhong
et al. [174] reported an increase of 61.69% on the methane yield from
blue algae sludge when co-digested with corn straw. The methane yield
increased from 201 mL g−1 VS with algae sludge substrate alone to
325 mL g−1 VS after co-digestion. An increase of 66.4% in biomethane
yield of Scenedesmus sp. was observed when co-digested with Opuntia
maxima plants [145]. Similar results were obtained for the co-digestion
of algae sludge and waste paper, which had a methane yield (1170 mL
L−1 day-1) more than two-fold than from the algae alone (573 mL L-1

day-1) [30]. On the other hand, ammonia inhibition can be partially
addressed through pH and temperature control as the ionised non-toxic
form of ammonia (ammonium – NH4) increases with pH below 7 and
higher temperatures [114,171]. During microalgae cultivation the pH
can be conveniently controlled by the addition of CO2.

4.1.3. Salinity
Sodium toxicity may be an important inhibitor when the feedstock

for anaerobic digestion is an algal culture of marine species. High salt
concentrations in marine cultures can be very toxic for methanogenic
archaea due to dehydration by osmotic pressure [171,175]. Besides, the
use of NaOH or Na2CO3 for pH control can increase the sodium con-
centration [176]. Sodium toxicity on anaerobic digestion has been re-
ported by many authors, but there is no consensus neither in the op-
timal sodium concentration nor in the toxic concentration since the
inhibitory effect is different for each anaerobic community on the di-
gester and the presence of other ions in each case may play an antag-
onistic role in sodium toxicity [176–178]. Patel and Roth [179] re-
ported an optimal sodium concentration of 345 mg Na+ L−1 for
methanogens while Kugelman and Chin [180] suggested 230 mg Na+

L−1 as the optimum for acetoclastic methanogens. An inhibitory effect
at 2 and 6 g Na+ L−1 was reported by Patel and Roth [179] but Rin-
zema et al. [181] reported an inhibitory effect of 10%, 50% and 100%
at sodium concentrations of 5, 10 and 14 g Na+L−1, respectively, in
acetoclastic methanogenic activity. Despite the different values, the
inhibitory concentration seems to be quite far from its optimum which
suggests an adapting potential to sodium toxicity. Salinity tolerance of
methanogenic archaea has been shown to increase after an adaptation
period instead of shock exposure [176].

Because of this potential inhibition factor, few authors have eval-
uated marine species for biogas production and mostly with macroalgal
species [29,182–184]. However, some studies with microalgal marine
species have shown acceptable biomethane yields [28,148,157].

4.2. Pre-treatments to enhance algae digestibility

An effective way to solve the limitations discussed above and en-
hance algae digestibility is to apply a determined treatment to the algal
sludge before digestion. All pre-treatments are focussed on cell dis-
ruption which is the main factor that obstructs algae digestibility and
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reduces biogas production potential. When implementing an integrated
approach for concurrent biodiesel and biogas production (Fig. 1), a
suitable pre-treatment to improve anaerobic digestion may be already
in place from the oil extraction step. In fact, although this has not been
studied simultaneously in the literature, the pre-treatments that are
effective for improved oil extraction from microalgae are very similar to
those that have been reported to be effective for improved anaerobic
digestion.

Many types of pre-treatments for anaerobic digestion have been
described in the literature [185–187], but the efficiency on microalgae
has been poorly studied. Microalgae digestibility after pre-treatments
has been mainly evaluated by biomethane potential (BMP) tests and
further research is needed in pilot-scale reactors to determine the
scalability of the technology [185]. A complete review on pre-treat-
ments to improve biogas production from microalgae has been recently
published by Passos et al. [185]. Here, we describe some generalities of
the most used techniques.

4.2.1. Thermal pre-treatment
Thermal pre-treatment is the most commonly used method to pre-

pare microalgal feedstock for anaerobic digestion. Under high tem-
peratures, there have been reported increments in algae biomass di-
gestibility up to 48–60% [162,188]. Comparing with other methods,
thermal pre-treatment is a promising treatment that is scalable and the
energy input is negligible compared to the benefits [189,190]. With the
improvement of biomass digestibility after pre-treatment, biomethane
production is always higher in comparison to untreated biomass. Passos
and Ferrer [190] reported 70% increment on biomethane yield at re-
latively low temperatures (75–95 °C) with an energy gain around 2.7
GJ day-1 after digestion of 1.5 L of the pre-treated biomass. At the same
temperatures, Passos et al. [191] reported an increment up to 61%
while a significantly increase of 285% was reported for Nannochloropsis
salina at 120 °C [189]. Another approach was developed by Keymer
et al. [40] by applying high pressure thermal hydrolysis (HPTH) to both
raw algae and lipid-extracted residues. The pre-treatment increased
methane yield by 81% and 110% for raw and lipid-extracted biomass,
respectively.

4.2.2. Mechanical pre-treatment
The principle of mechanical pre-treatment is to apply a physical

force to the biomass. For example, mechanical treatments on micro-
algae sludge can be implemented with ultrasound and microwaves. The
ultrasound treatment consists in fast compression and decompression
cycles of sonic waves generating the formation of microbubbles inside
the cells [192], while with microwaves, short waves of electromagnetic
energy (300 MHz to 300 GHz) lead to a fast water boiling point pro-
voking the weakening or rupture of some hydrogen bonded structures
[193]. The main disadvantage of this treatment is that it can be very
expensive due to high electricity consumption [185]. Among mechan-
ical pre-treatments, ultrasound is the most commonly used for micro-
algae digestion. Its effectiveness depends on the energy dose (as higher
energy doses lead to a higher degree of disintegration) and the target
species. For instance, Lee et al. [194] reported an increase on methane
production of 230% based on the anaerobic digestion of Hydrodictyon
reticulatum with an energy dose of 40 J mL−1, while for Chlorella vul-
garis 200 J mL−1 improved biomethane production by up to 90% [195].
Microwave pre-treatment has been tested on microalgae mainly for
lipid extraction [21,196]. There are a few studies reported in the lit-
erature for biogas production. Although this treatment has shown an
increment on algal biomass solubilization of up to 800% [197], the
improvements on biogas yield reported are lower (maximum 40–78%)
in comparison with ultrasound pre-treatment [197–199].

4.2.3. Chemical pre-treatment
Chemical pre-treatments are based in the addition of alkali, acid or

an oxidative agent, such as hydrogen peroxide prior to digestion. The

main disadvantage of this treatment is the potential toxicity of different
by-products [200]. Additionally, despite a low energy demand, che-
mical pre-treatment can be very expensive to be scalable due to high
chemical costs. There are only a few studies about chemical pre-treat-
ments on algal sludge for biogas production, as biomass solubilization
and increases in methane yields are very low compared to other
treatments [185]. However, the combination of chemical and thermal
pre-treatments has shown very good results. For instance, Bohutskyi
et al. [201] found that chemical treatment with alkali was not effective
while thermochemical pre-treatments resulted in the highest biomass
solubilization with an increase in methane yields of 30% and 40% for
Chlorella and Nannochloropsis respectively.

5. Nutrient mobilization

Through anaerobic digestion a portion of the nutrients that go into
the process can be mobilized and recycled. For instance, Zhang et al.
[37] reported that 40.7 g of nitrogen (74%) and 3.8 g of phosphorous
(35%) were recycled for 1 kg (dry weight) of digested Scenedesmus di-
morphus biomass. The study shows that nitrogen recovery is highly ef-
ficient after anaerobic digestion, but most of the phosphorus remains
trapped in the solid phase of the digestate and is useless for microalgae
cultivation. Therefore, options on how nutrients from the solid phase
can be reutilized for microalgae cultivation should be explored. Besides
this study, there are no reports in the literature about N and P dis-
tribution in the liquid and solid phase of digestate from anaerobic di-
gestion of microalgae, which makes difficult to predict the fertilizer
value of an algal digestate suitable for a closed loop of biofuel pro-
duction. Nevertheless, the same pattern described by Zhang et al. [37]
has been found for digestates from other substrates [202–207]. It seems
that during anaerobic digestion the available fraction of phosphorus is
reduced and P solubility is controlled by increasing P stability on the
solid phase [208]. Since pH has a strong effect on phosphorus solubility,
high pH values result in calcium or magnesium phosphate (struvite)
precipitation as the chemical equilibrium in that case favours PO4

3-

over HPO4
2- [209]. Besides, phosphate release seems to be influenced

by inoculum/substrate ratio (ISR). Zeng et al. [154] found a strong
correlation between orthophosphate release and ISR in the anaerobic
digestion of Microcystis spp. The study shows a 34% decrease in the
orthophosphate release rate when the ISR decreased from 2.0 to 0.5.
The authors explain this phenomenon as an enhancement of the de-
composition rate of algae cells due to additional anaerobic micro-
organisms which in turn liberate more intracellular phosphorus.

On the other hand, anaerobic digestion effluent is characterized by
its high ammonium content. Nitrogen is mostly liberated in the diges-
tate as ammonium, due to a very low denitrification rate in the anae-
robic digestion process [210]. At high retention times (28 days) and
35 °C, a nitrogen mineralization efficiency of 68% was reported [150].

6. Nutrients recycling and CO2 production, the final step to close
the loop

6.1. Nutrients recycling, the final step to close the loop

As we discussed above, besides gas production, anaerobic digestion
generates a digestate rich in nutrients that can be used as fertilizer
[211–213] giving an additional value to the process. The production of
high quality fertilizers is being explored through extraction of the nu-
trients concentrated on digestates [115]. High levels of N, P and K as
well as some micronutrients on digestates [211] make them a suitable
source of nutrients for algae culture. Particularly the liquid phase of the
digestate, characterized by the presence of low amounts of solids and
high nutrient contents, is a good alternative to replace costly chemical
fertilizers. Meanwhile, the solid phase of the digestate may inhibit light
penetration in the cultures. Besides, organic N remains in the solid
fraction of digestate while the liquid fraction is rich in mineralized N
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(mostly ammonium) [37].
Although algae growth on digestates from different feedstocks has

been proposed by many authors [214–222], the use of algal digestate as
source of nutrients for algae growth has been poorly studied. The first
attempt into a closed loop for algae biomass and gas production
through anaerobic digestion was reported by Golueke and Oswald
[223]. They evaluated algae growth and biogas production through an
innovative system composed by three components: an algae growth
unit, an activated sludge and a digester. The feasibility of algae growth
on algal digestate was demonstrated and the conversion of algae cells to
methane reached an efficiency of approximately 66%.

Since this study, there are very few reports related to algal digestate
as a fertilizer for algae growth. Bjornsson et al. [224] evaluated Sce-
nedesmus sp. AMDD growth on digestates from different feedstocks
(algal biomass, co-digested swine manure/algal biomass, cow manure,
swine manure) concluding that algal digestate has an advantage over
the others due to its higher level of magnesium which is a main com-
ponent of chlorophyll molecules and therefore an essential macro-
nutrient for algae growth. Prajapati et al. [225] resumed Golueke and
Oswald's work and proposed a closed loop process through the anae-
robic digestion of the cyanobacteria Chroococcus sp. and subsequent
recycling of nutrients in the digestate for algae growth of the same
strain. With liquid digestate concentration of 30% the culture reached a
biomass of 0.79 g L-1. Their results showed that the proposed cycle is
possible but that it needs further optimization to make it economically
viable.

6.2. CO2 recycling to boost algae productivity

A realistic possibility could be to burn the biogas onsite (e.g. for
electricity production or to produce heat; e.g. for thermal pretreatment)
and then use the CO2 generated from this stream for improved micro-
algae growth. This partly closes the loop for carbon, but CO2 from the
atmosphere will still be required as carbon is continuously removed
from the system as biodiesel. Anaerobic digestion also directly gen-
erates CO2 whose concentration in biogas is around 30–40% [200]. If
methane is required in a pure form, for example for the production of
chemicals [200], a cheap way to scrubbing methane could be to use
microalgae cultures for biogas purification. At the same time the sup-
plementation of CO2 to the cultures could improve the productivity.
However, its effectiveness is debatable due to the possible methane
losses during the purification process.

The use of CO2 from anaerobic digestion to purify biogas and sup-
port algae growth has been evaluated by only a few authors. The first
approximation reported in the literature was done by Travieso et al.
[227] who improved the productivity of Arthrospira sp. in around 2–5
times by using the CO2 generated by the anaerobic digestion of mo-
lasses from a sugar refinery. Besides the benefits for algae cultivation,
this experiment showed to be efficient in gas purification by increasing
methane concentration from 55–77% to 88–97%. Another study de-
veloped by Heubeck et al. [228] showed that the supplementation of
CO2 in a high rate microalgae pond for wastewater treatment increased
algae production and nutrient assimilation. Similarly, Doušková et al.
[226] evaluated the use of CO2 from anaerobic digestion of agricultural
waste for cultivation of Chlorella vulgaris BEIJ. The algae growth rate
was similar when consuming biogas and when supplemented with a
mixture of air and food-grade carbon dioxide, proving that the raw
biogas could be used as carbon source for algae growth. The authors
highlight two main advantages of using biogas as a source of carbon
dioxide for algae growth: a reduction in the production costs and a final
biomass free of harmful compounds that can arise in flue gases.

7. Energy balance and economic considerations

Economic and energy balances in microalgal production depend on
strain selection, cultivation systems (e.g. photobioreactors or open
ponds), growing conditions, end products (e.g. biodiesel and biogas),
the market value of products and co-products, and production tech-
nologies (e.g. addition of CO2, dewatering) [44]. Several studies show
that coupling biodiesel and biogas systems can increase the economic
and environmental feasibility of biofuel production operations, leading
to more CO2 savings as biogas can create the energy required for the
production of biodiesel [44,45,165,171,229,230]. As a result, when
coupling both systems, biodiesel production costs and CO2 carbon
emissions can decrease up to 33% and 75% respectively, [229], leading
to energy output increases up to 40% [231].

Table 4 shows positive energy balances when both systems are in-
tegrated through nutrient, CO2 and electricity recycling [44,45], and
negative energy balances when using external nutrient and energy
sources mostly derived from fossil fuels [232].

The feasibility of this coupling is dependent on the selected algal
strain, which is expected to have high lipid contents in order to achieve
large biodiesel yields [55], while high protein and carbohydrate con-
tents increase biogas production [41,44]. High cell wall

Table 4
Comparison of energy inputs and energy yields for different coupled systems for biodiesel and biogas production.

Combined lipid extraction and biogas production

Calculated energy demand Calculated energy yield Notes Ref.

99 GJ. Energy comes from sludge, waste paper and
methanol

40 GJ as biodiesel – Theoretical model based on biomass productivities of
15.1 g m−1 day−1

– Assumes no external CO2 and nutrient inputs

[45]
17 GJ as electricity from methane
combustion
49 GJ as heat from methane combustion
67 GJ as organic waste

59.5–99.5 GJ. Energy comes from sludge, waste paper
and methanol

40–241.3 GJ as biodiesel – Comparison between Chlorella vulgaris, Nannochloropsis sp.
and Haematococcus pluvialis

– Theoretical model based on biomass productivities between
15.1 and 64 g m−2 day−1

– Assumes no external CO2 and nutrient inputs

[44]
13.8–17 GJ as electricity from methane
combustion
49.3 GJ as heat from methane
combustion
26.9–71.4 GJ as organic waste

0.222–0.669 GJ. Energy comes from nutrients, heat,
electricity, methanol, etc.

0.037–0.086 GJ as biodiesel – Comparison between Haematococcus pluvialis and
Nannochloropsis sp.

– Theoretical model for the production of 1 kg of ME and
1.5–2.3 m3 of biogas at STP

– Assumes external CO2 and nutrient inputs
– Assumes no internal energy recycling

[232]
0.025–0.051 GJ as biogas

ME = methyl esters; STP = standard temperature and pressure.
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biodegradability, low cell wall protein content and low sodium content
strains are also desirable in order to increase the overall energy pro-
duction when coupling biodiesel and biogas production systems [43].

Higher energy efficiencies and economic returns can be achieved
through the optimization of energy intensive processes (e.g. during
cultivation and oil extraction). Furthermore, nutrient recycling and the
development of carbon sequestration loops could help in increasing the
overall cost-effectiveness of the coupled system [232]. Nutrients re-
cycled through anaerobic digestion could reduce upstream energy de-
mand (i.e. fertilizers) in around 43–66% for nitrogen and in 20–39% for
phosphorus [40]. As a result, there could be a need for an external
source of nutrients in order to supplement the products of anaerobic
digestion, including fresh fertilizer (make-up nutrients) or organic
wastes for co-digestion, although in lower proportions (Fig. 2).

In relation to carbon sequestration, a coupled system for biodiesel
and biogas production can achieve 50% of carbon recycling, leading to
enhanced carbon efficiencies and economic benefits. This is because the
other 50% of carbon is removed with the lipids that are used for bio-
diesel production [41]. This would equate to a reduction of the culti-
vation costs by 4% and a further 3.6% if methane were used for elec-
tricity generation in a closed looped system for biodiesel and biogas
production. Even a reduction in CO2 usage of 10% could achieve cost
reductions greater than those achieved by a complete recycling of po-
tassium, phosphate, and nitrogen [233].

Of the processes involved in microalgal production systems, har-
vesting is one of the most energy and cost intensive [234]. Cost-effec-
tive primary dewatering can be achieved by settling or flocculation, but
this is species dependent and the addition of flocculants adds more costs
and may inhibit anaerobic digestion [235]. Secondary dewatering
usually requires the use of machinery such as a centrifuge, rotary press,
or belt filter, which carry a very high capital expenditure and require a
prohibitively large amount of electricity to run [44,229]. The highest
improvement that could be made to the dewatering process would be
adopting an adequate wet oil extraction technique [236]. Since
wet algae sludge is appropriate for anaerobic digestion, this would re-
duce dewatering for the whole system to a case of merely settling,
improving energy balances and reducing production costs [232,237].

8. Conclusions

An integrated microalgae system for biodiesel and biogas produc-
tion is a promising alternative for reducing costly inputs and energy
intensive processes, increasing the overall efficiency and the cost-ef-
fectiveness of biofuel generation technologies. Through anaerobic di-
gestion, nutrients, CO2 and energy are recycled, resulting in a closed
loop for biofuel production which maximizes the generation of energy
through biomass transformation, while significantly reducing produc-
tion costs. The by-products of biodiesel and biogas production are va-
luable inputs for algae cultivation and anaerobic digestion, which
substantially minimizes economic and energy demands. In order to
optimize the process, it is important to choose species with high lipid
and protein contents, gravity-assisted settling abilities, as well as thin

cell walls that facilitates lipid extraction and algae biodegradability.
Some of the described pre-treatments significantly improve the digest-
ibility by breaking the cells, which facilitates lipid extraction and
anaerobic digestion. Besides, pre-treatments can improve percentages
of nutrient mineralization which in general are too low to guarantee a
complete efficiency of the closed nutrient loop. Because a high per-
centage of phosphorous is immobilized in biosolids, it is important to
prevent pH increases higher than 8 in order to avoid struvite pre-
cipitation. Similarly, methanogenesis is pH sensitive. Additionally,
mechanical disruption of digestate can help to increase available nu-
trients in the liquid phase for further microalgae growth. Finally, for
minimal costs on harvesting and dewatering processes, it is suggested
harvesting by sedimentation and lipid extraction on wet biomass.
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