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Introduction

Algae are the most promising biological feedstock to address future bioenergy challenges [1]. Third-generation biofuels, typically
based on microalgae can overcome the drawbacks of first and second-generation biofuels and seems more productive and
sustainable. Microalgae can be produced in non-arable land, furthermore can be grown in wastewater as their culture medium,

reducing the use of freshwater and nutrients [2]. According to Oncel [3], Microalgae have faster growth rates than other crops and
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thus higher yields per unit area; the cornerstone in the bioenergy process from microalgae is biomass production which has a very
wide range of yields.

Microalgal biomass productivity can vary highly, depending on species and the cultivation conditions. Recently [4], underlined the
sturdy influence of the climate on microalgae productivity. A growth model was used to determine the current near-term lipid
productivity potential of microalgae around the world and the maximum biomass yield of 13-15 gm™d™ was assumed. The high
variability of the available published data makes it somewhat difficult to accurately compare the productivities per unit area
between different algal species. Considering the theoretical potential and challenges that currently stand in the way of improving
the economics towards a cost-competitive algae-based fuel scenario, there is a need to maximize the yield and composition of any
given algae strain [1]. The potential of native algal species is enormous by virtue of their large metabolic and physiological
plasticity and native diversity. Recent advances in metabolic engineering have opened up new opportunities to improve upon native

algal properties such as productivity and oil content [5,6].

Several studies have reported increases in lipid contents by nitrogen or phosphorus starvation [7-9]. Nitrogen is one of the most
important growth factors as it is a major component of biological macromolecules like DNA, chlorophyll, and protein [10].
Although continuous nitrogen starvation increases lipid and carbohydrate contents of microalgae, it decreases their growth rate,
consequently reducing their overall productivities [11]. Nitrogen starvation is considered the most widely used effect to induce
lipid accumulation; however, the optimum conditions to enhance lipid productivity will depend specifically on the strain,
cultivation system and environmental conditions [12]. Neutral lipids which are almost in a form of TAGs are synthesized as a
defense under unfavorable conditions to act as energy storage sources and can be easily detected as green droplets by
fluorescence spectrophotometer using Nile red stain as reported by Ahmed MAM [13]. Microalgae under nutrient deprivation
have the capability to accumulate large amounts (20%-50% dry weight) of triacylglycerides (TAGsS) which are the main

compounds for biodiesel production [14,15].

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 [9] or supercritical fluid extraction [16] 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 pretreatments of the biomass have been developed. Pretreatments 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 [17,18], microwave-assisted extraction and enzymatic extraction [19],

osmotic shock [20] oxidative stress [21], ultrasound-assisted extraction [19,22] and pulsed electric field technology [23].

Anaerobic digestion is a widely utilized process for the 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 methanogenic archaea) decompose organic compounds in an oxygen-free environment
[24]. The microbial consortia work together to decompose 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 [24-26]. Key variables that affect the performance of an anaerobic digestion process are
substrate composition, water content, temperature, pH, alkalinity, organic loading rate and hydraulic retention time [25]. Biogas
composition is impacted by both the substrate composition (which impacts methane and CO, ratios) and pH (which regulates

the speciation of the carbonate system and CO, release) [27].

Hydrolysis is the first phase in the process of anaerobic digestion. Fermentative microorganisms are active in this phase,
breaking down complex polymers (proteins, carbohydrates, and lipids) into soluble organic compounds (C10-C100, e.g.
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glucose, fatty acids, and amino acids). Due to the size of the polymers, fermentative bacteria cannot perform intracellular
metabolism directly, and thus extracellular enzymes are used in the degradation [28].

Acidogenesis is the phase which is followed by hydrolysis. Fermentative bacteria also perform the acidogenesis, where they
metabolize organic compounds from the hydrolysis. Fermentation products are volatile fatty acids such as acetate, propionate,
and butyrate, but also alcohols, lactate, and CO,+H, [29]. In the third phase (acetogenesis), intermediary compounds (fatty
acids and alcohols, etc) resulting from acidogenesis are converted to acetate, H, and CO, by proton reducing acetogenic

bacteria. The low partial pressure of H, is favorable in this process [30].

Methanogenesis is the last phase of anaerobic digestion. Methanogenesis occurs mainly by two pathways: one is called
acetotrophic where acetate is converted to CH,4 by aceticlastic methanogens, the other is called hydrogenotrophic where H, and
CO, are used to produce CH; by CO,-reducing methanogens [30]. Every pretreatment method has its advantages and
limitations, a combination of thermal and alkali treatment is the best-known method for enhancing the biodegradation of

complex materials [31].

Maximizing production and reduction of inputs could be achieved through the development of an integrated system for
biodiesel and biogas production, using anaerobic digestion that is because, besides biogas production, anaerobic digestion leads
to the production of an effluent that can be used as fertilizer for algae cultivation, reducing the need of costly nutrients [32].
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 [33], while the recycling of nutrients from anaerobic digestion is a
key step to make microalgal biodiesel production sustainable and reduce overall production costs [34]. In fact, Sialve et al. [35]
concluded that coupling anaerobic digestion with biodiesel production is essential for microalgal fuels to be viable.
Additionally, if biogas is used for the production of heat or electricity, CO, will be available for algae cultivation while
reducing production costs and the integrated system has the potential to reduce energy consumption and reduce up to 71%

greenhouse gas emissions compared to petroleum fuel [34].

Materials and Methods
1. Chlorella sorokiniana isolation, identification and biomass production

Isolation, identification and biomass production under different nitrogen concentrations regimes (100%, 50%, and 0.0%) were
done in column bioreactors with working capacity 120 L [13].

2. Biomass harvesting

Harvesting of microalgae biomass was done by centrifugation at 6000 rpm (SORVALL RC 5C PLUS, Germany) for 6 minutes
to remove the water. Dewatered algae biomass subjected to air dry for 72 hours, afterward milled to a fine powder using a

mortar and stored in dark bottles at 4°C in the refrigerator till further analysis.
3. Biodiesel production

3.1 Neutral lipid extraction: Extraction of neutral lipids was done by using Hexane (n-Hexane ROTIPURAN® > 99, p.a.,
ACS) in Soxhlet (heating mantle LG,, Soxhlet WESTERN 100 ml BISTABII NS 45/40, cooling chamber LAUDA, ECO-LINE
star edition RE104, extraction thimbles of inner diameter x height 33 x 94 mm, Macherey-Nagel, Germany) at temperature

65°C for 12 hours [36]. The hexane was evaporated using an evaporation pump for 20 min (rotavap, HEIDOLPH; Germany)
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3.2 Fatty acid analysis: The fatty acids (FAs) profiles of algal neutral lipid through our study was determined using a Gas-
Chromatography (GC) after converting FAs in the oil to Fatty Acid Methyl Esters (FAMES) by dissolving 200 mg oil in 25 mL
of solution (5% HCL in methanol), and then refluxed for two hours at 60°C. The solution was diluted with 25 mL distilled
water and extracted with successive portions of diethyl ether in separating funnel for several times. The extracted fatty acid
methyl esters were washed several times with distillate water to free from acidity then dried under vacuum at 35°C [37]. Gas-
Chromatography (GC) provided with a split automatic injector and silica capillary column DB-5 (length: 60 m; ID: 0.32 mm.
Helium is used as carrier gas at a flow rate of 1 mL/min. The column was held at 150°C for 1 min and ramped to 240°C, at a
rate of 30°C/min, and held at 240°C, for 30 min. Standards are used to give rise to well-individualized peaks that allow the

identification of the fatty acids composition.

3.3 Trans-esterification of algal lipid: After lipid extraction, the trans esterification reaction is carried out using H,SO,4 (98%
concentration) acid as a catalyst (100% in relation to the mass of lipid). Add methanol at the ratio of methanol/lipid 30:1
(Volume, ml alc/weight g. lipid), Noting that half of the methanol volume is mixed with the lipid before adding the acid. The
reaction is performed at 60°C for 4 hours under constant stirring in a water bath under reflux. After complete reaction, the
excess alcohol is removed by evaporation using a rotary evaporator. The hexane solvent is then added to the reaction mixture as
a non-polar solvent. The mixture is transferred to a separating funnel and after settling, the mixture is partitioned into two
distinct phases: a top hexane layer containing mostly fatty acid methyl ester FAME and a bottom layer containing the glycerol
and pigment.

Finally, the hexane phase was collected in a pre-weighed flask and evaporated using a rotary evaporator. The fatty esters are
weighed and tested for purity by G.C. with internal standard and optionally can be purified on a silica gel/Al,Oz; column to
obtain the pure FAME [38].

The reaction yield calculated according to the following formula:
Yield % = (Mass of ester layer separated | Total mass of reactants) x Purity (D)

Where purity is a fraction of esters in the biodiesel layer obtained by GC analysis according to the method SRPS EN 14103. A
standard mixture of methyl ester was used for qualitative analysis and methyl heptadecanoate (above 99%, Fluka) was used as
the internal standard for quantification purposes [39].

The percentage of purity of obtained biodiesel was determined where; the fatty acid methyl ester content in the final product
was calculated by taking the ratio of total peak areas of FAME to the peak area of the internal standard.

Cetane Number (CN) is widely used as a diesel fuel quality parameter related to the ignition delay time and combustion quality.
Some equations correlate cetane number with the composition of biodiesel. In this case, it was necessary to use literature data
for the fatty acids composition of the fuel used in testing the property equation [40]. In this work, the correlation formulated by
Clements [41] was used for obtaining a good correlation between reported and predicted biodiesel cetane numbers using the

following equation (2):
CN =3 XME (wt. %). CNME )
e Where CN, is the cetane number of biodiesel.
o XME is the weight percentage of each methyl ester

e CNME is a cetane number of individual methyl ester
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4. Biogas production from biomass residue

4.1 Substrate and inoculums: Three types of Chlorella sorokiniana biomass were tested. The first substrate was the whole
harvested biomass which grown in normal BG11 medium with normal NaNO; concentration (control or untreated substrate).
The other two substrates were the biomass residues after neutral lipid extraction (algal cake) of two different cultivation

systems, which grow under 50% and 0.0% nitrogen limitation conditions (pretreated substrates).

Laminaria japonica (Lj)-Macroalgae waste from industry: The dried and shredded macroalgae biomass was obtained from
Qingdao CoDo International Limited, China. Prior to experimental application the biomass was milled in a Grindomix GM 200

and sieved to a particle size of <0.5 cm.
Microcrystalline Cellulose (MCC) was used as a positive control in all batch setup.

Inoculum sludge: The inoculum sludge was obtained from the digester tower of the wastewater treatment plant in Farge,
Lower Saxony, Germany (operation temperature: 35°C). In order to reduce the endogenous methane production by inoculum,
the sludge was pre-incubated at 38 + 0.2°C during one week prior to feeding. Hydraulic Retention Time (HRT) for each batch
trial was equaled 21 days.

4.2 Total solids (TS) and Volatile solids (VS) determination

Total solids (TS): To determine the water content of the sludge and the substrate water is removed from the given sample. At a
constant temperature of 105°C, the samples are dried for about 3-4 hours according to their amount of sampling substance to
ensure complete water content removal. The percentage of TS is measured according to the sample’s wet or dry weight. By

subtraction of the empty bowls’ weight and the weight after drying the net weight of the sample can be calculated.
Dry Matter [%] = (Final weight/Initial weight) x 100

Volatile solids (VS): VS measurements always succeed in the TS measurements. The previously dried sample contains only
the remaining organic and inorganic matter. An annealing furnace is utilized to remove the organic matter from the sample (at
550°C temperature). The calcinated leftover in the bowl refers to the inorganic matter residual. By subtracting the weight of the

calcinated residual from the TS weight of the sample the VS value can be calculated.
Organic Dry Matter (%) = 100 - (V5-V1)/(V,-V,) x 100

Vi=weight of the empty crucible (g)

V,=weight of dry residue and crucible (g)

Vs=weight of ash and crucible (after cooling) (g)

The amount of VS (%) of the inoculum sludge should be <2% and the ratio of

VSsubstrale <05

VSinocqum sludge

4.4 Batch-lab setup: The setup consists of nine single batch fermenter units. 2| flasks with a gastight gas scrubbing lid are
utilized as fermenting chambers (F1). Each unit lid contains a gas exhaust. The flasks are residing in a water bath tempered by a
thermostat (FIG. 1).
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Silica gel (3)

Gas counter (4)
NaOH (2)

Digester tank (1)

FIG. 1. Schematic of one BatchLab setup unit with digester tank (1), NaOHunit (2), gas drying unit (3) and gas volume
sensor (gasuUino) (4). Adapted from Yann et al. [31].

To remove the vapor from the generated biogas the gas is conducted through a vapor-removing unit (flask containing silica
granules, (Carl-Roth, granulate particle size 0.2 cm). A gas counter element determines the generated gas volume respectively
for each digester and the gas is captured in gas-tight bags (F2). The values obtained from the gas counters are automatically

recorded in given intervals (PC) (FIG. 2).

FIG. 2. Picture of one BatchLab setup including 9 units. It consists of digester tanks (1), NaOH units (2), gas drying units
and gas volume sensors (gasUino) (3), tempered water bath (4), thermostat (5) and gas collection bags (6).
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Sodium hydroxide solution (3M NaOH) was used to capture CO, from the generated biogas and thymolphtalein indicator
(0.4%) was added to the NaOH solution to control the CO, absorption capacity.

4.5 Gas counter (gasUino): The biomethane was measured using a gas flow meter according to the structure presented by
[42]. The device is illustrated in FIG. 3. The gas meter consists of a U-shaped pipe, a magnetically controlled cross-valve for
corrosive gases and a level sensor. The tube is filled with a conductive liquid barrier solution that allows transmission of signals

and avoids gas leakage.’

FIG. 3. Picture of gasUino gas counter with magnetic valve (1), U-shaped pipe (2), gas drying unit (3), detection
electrodes (4), gas in- (5) and outlet (6). Courtesy of Harry Michael Falk.

Through liquid displacement, generate biomethane is detected, then triggers an electronic signal for each detection event which
is finally recorded and subsequently processed. The gas counter was regularly calibrated on a weekly base to ensure a precise

recording of methane production.

4.6 Database and web interface: Data acquisition and storage are based on standard technologies. A web application,
developed with the PHP framework Codelgniter is running on an Apache2 web server and MySQL as the relational database.

For further details see [42].

4.7 Data validation: The experimental data gathered from the biogas potential experiment in the liquid displacement system
was corrected to standard conditions at standard temperature (Ts=273.15 K) and standard pressure (Ps=1.013 bar) using the

following equation [42]
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Values for ambient air pressure (Pair), temperature (T air) and generated methane volume (Vyetane) Were recorded in a 3-minute
interval. It was assumed that the generated methane stands environmental pressure and adopts the environmental temperature
while being measured in the gas counter. The gas volume in the gas counter (Vvemane) Was defined by volume calibration and

the information was implemented into the calculation.

Results and Discussion

1. Biomass production

As mentioned above Chlorella sorokiniana was cultivated in plastic bags photobioreactors with a working capacity 120 | in BG11
media with three different nitrogen concentrations 1.5 g, 0.75 g and 0.0 g NaNOJ/L which represent 100%, 50% and 0.0% nitrogen.
6 columns were used for 2 successive cycles (4 columns for each concentration) with a working volume 10 | each, the amount of

accumulated biomass shown in TABLE 1. For more details about the cultivation conditions and system setting, [13].

TABLE 1. The amount of accumulated and calculated biomass for Chlorella sorokiniana grown under different sodium
nitrate concentrations.

Nitrogen concentration

100% NaNO;

50% NaNO;

0.0% NaNO;

Dry biomass in gram/40 L 108 g 92 ¢ 60 g

Dry biomass in gram/L 279 2.3¢0 15¢
Dry biomass in gram/L/day 0.071¢ 0.06 ¢ 0.039¢g

Calculated biomass in g/m®/day 719 60 g 399

From our data, biomass production decreased by (14.8% and 44.4%) under 50% and complete nitrogen deficiency (0.0%)
respectively as compared with the positive control (hormal NaNO3 concentration 1.5 g/l). these results went parallel with our last
date in [13] which depended on optical density measurements and cell count calculations and it’s also similar to Elsayed KNM et
al., [43] who used the same cultivation conditions used in this work. On the other hand, in terms of biomass yield we still away
from the maximum theoretical yields (196 gm?d™) which reported by Weyer KM et al. [44]. The differences between the
theoretical case scenario and our date lie in the biomass accumulation efficiency (reflecting respiration and other metabolic losses),
which is set at 100% in the theoretical case, and it is not like this in our case.

2. Lipid extraction

After biomass harvesting and drying, neutral lipids were extracted using the method mentioned above. The amount of neutral lipid
was 14%, 17% and 21% for 100%, 50% and 0.0% NaNOj; cultures respectively. Hexanusedas extraction solvent because the main
microalgal lipid material for biodiesel production is TAGs, which are non-polar and hence, more soluble in non-polar organic
solvents [45,46]. Nitrogen replete cultures achieved the highest productivity of biomass (about 71 gm=d™) and lowest neutral lipid
(about 14%), whereas nitrogen-starved cultures achieved the highest lipid productivity (17% and 21%) and lower biomass
accumulation (60 and 39 gm=d™) for 50% and 0.0% NaNOj; cultures respectively. The increase in cellular lipid content with
biomass degradation under nitrogen stress conditions has been reported by many scientists [9,10,13].

The percent of neutral lipids in all extracted biomass was below the normal range for Chlorella sp. even in nitrogen-free culture

(21%) still very low as compared with literature (almost in range of 35%-40% for nitrogen stress cultures) and this may be
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explained by Ghasemi NF et al., [47] who reported that a successful extraction solvent for neutral lipids is one which can fully
penetrate the biomass, making physical contact with the targeted lipids and subsequently dissolve it completely. This can be
achieved by increasing the polarity of the solvent by mixing polar and non-polar solvents. This is due to the ability of the polar
solvents to release the lipids from their protein-lipid complexes which facilitate their dissolving in the non-polar solvent
[48].Cultivating Chlorellasorokiniana in photobioreactors using normal sunlight and fluctuated weather temperatures under
different nitrogen stress conditions not only affected the amount of accumulated neutral lipid but it affected the quality of the lipids
as well, TABLE 2. The most suitable biomasses for biodiesel production were those attained under nitrogen starved conditions,
where saturated and monounsaturated fatty acids are largely induced [10].

The amount of saturated fatty acids increased by about 40.5% and 54.1% in nitrogen-deficient cultures 50% NaNO; and 0.0%
NaNO; respectively and the amount of polyunsaturated fatty acids seems to be unaffected in 50% NaNO; culture but it sharply
decreased by about 54.2% under high deficiency of nitrogen (0.0% NaNOs ). No clear effect of nitrogen stress on monounsaturated
fatty acids has been reported in our study. Although the amount of mono-unsaturated fatty acid did not induce under nitrogen stress,
we still have a considerable amount (25.4%) in the culture grown under complete deficiency of nitrogen and thus increases the

sustainability of Chlorella sorokiniana oil for biodiesel production [10].

TABLE 2. Fatty acids composition of Chlorella sorokiniana lipids cultivated in BG11 medium under different nitrogen

concentrations.

Fractionss | Fraction% Mass Frction%
Fatty Acids Control culture Stressed
(100% NaNOs) culture (50% Stressed culture (0.0% NaNO3)
NaNOs)

Lauric Acid C12 2.2 2.2 2
Myristic Acid Cl4 52 3 4
Palmitic Acid C16 21.4 29.7 49.4

Palmitoleic Acid C16-1 3.9 4.1 5.3
Margaric Acid C17 6 2.7 3.2
Heptadecanoic Acid Cl7-1 - - 3.9
Stearic Acid C18 6.2 20 4.6
Oleic Acid Ci18:1 30.1 13.3 16.2
Linoleic A. C18:2 11 22.3 8.8
Linolenic A. C18:3 13.9 2.7 2.6
Saturated F. A. SFA 41 57.6 63.2
Un-Saturated F.A. USFA 58.9 42.4 36.8
Mono-Un-Saturated | F.A.MUSFA 34 17.4 25.4
Poly-Un-Saturated F.A. PUSFA 24.9 25 114
Total F.A. TFA 99.9 100 100

Algal lipids are rich in saturated and monounsaturated fatty acids that are desirable for biodiesel production [49]. The most
commonly used fatty acids for biodiesel productions in relation to quality are containing C16:0 (which is about 50% of fatty acids
mass fraction in 0.0% NaNO; culture) and C18:1 (which is about 16.2% of fatty acids mass fraction in 0.0% NaNOsculture) fatty
acids [50]. According to the American Society for Testing and Materials (ASTM) D6751 and European EN 14214 standards,

monosaturated fatty acids are given preferences for the production of good quality biodiesels [50]. Therefore, Chlorellasorokiniana,

9
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which is capable of providing more saturated fatty acids than unsaturated fatty acids and has a high amount of mono-unsaturated
fatty acid (34% under normal nitrogen concentration), isa good option for biofuel production.

3. Characterization of biodiesel derived from algal oil

The fatty acid methyl ester (FAME) obtained through the acidic transesterification process has a dark-green color. It’s content in
the final product was 73.3% with a purity percentage of about 92.7%. The GC-analysis of derived biodiesel revealed that the major
proportion of FAME was from saturated and monounsaturated fatty acid methyl esters, palmitic acid (36.91%) and oleic acid
(21.43%). The high percentage of Palmitic acid proves the high stability of such biodiesel [51,52]. The low percentage of fatty
acids with carbon chains more than 18, means low viscosity of produced biodiesel [53].

The calculated Cetane number (CN) of biodiesel obtained according to equation (2) was equal to 61.4. It is a high cetane number
which means a shorter time between the initiation of fuel injection and the ignition [54]. So, such biodiesel has better ignition

quality with higher combustion efficiency.

4. Biogas production

In this section, biogas productivity or Biomethane Potential (BMP) for different substrates under different pretreatment processes
were compared.

4.1 Theoretical methane potential for macro and microalgae: Production of biogas from microalgal biomass through anaerobic
digestion (AD), is considered an alternative biochemical conversion pathway for the intact algal biomass to energy [55]. Thanks to
microalgal biomass high energy content, they considered as an advantageous substrate for AD as compared with macroalgae and
this clearly demonstrated in the TABLE 3.

TABLE 3. Composition and theoretical methane potential of Laminaria japonica and Chlorella sorokiniana.

Biogas potential (%)
Component Laminaria japonica/theo.CH, unit [31] Chlorella sorokiniana/theo.CH, unit [57]
Volatile solids 50.90% 83.58%
Carbohydrate 39.2% (145 ml/g VS) 10.28% (38.02ml/g VS)
Protein 11.4% (52 ml/g VS) 45.4% (207.08 ml/g VS)
Lipid 0.3% (2.5 ml/g VS) 27.9% (232.5ml/g VS)
Inorganic solids 49.10% 16.42%
Total 100% (199 ml/g VS) 100% (477 ml/g VS)

To estimate the possible methane output from Laminaria biomass in AD, firstly a theoretical calculation has been done based on
methane potential values from carbohydrate, protein and lipid fractions of the substrate as proposed by Kleemann M et al., [56] and
stated in the LfL Biogas Handbook, 2007. To obtain a realistic theoretical value, 7% of the maximum potential was subtracted to
account for the energy consumed for biomass generation as suggested by the VDI 4630 guideline manual (2006). Organic
composition for Laminaria japonica was taken from Yann B [31] and for Chlorella sorokiniana from Kobayashi N et al. [57]

From the table, we can conclude that theoretically microalgae have more biomethane potential than macroalgae and this owing to

the big different of biomass composition and the high lipid and protein content in microalgae which have high biogas potential than

10
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carbohydrates which is a characteristic feature for macroalgae. High lipid contents in the biomass can be advantageous because the
theoretical biogas yield from lipids is generally higher (1390 I/kg VS) than proteins (800 I/ kg VS) or carbohydrates (746 I/kg VS)
(VDI 4630 2006)

4.2 Biomethane potential (BMP) for untreated Chlorella sorokiniana and Laminaria japonica:

300 -
” " T IITITITIIT Mcc
= 250 - Wlllliiii
N Chiorella
E 200
— I N
- I Irrrrr1
2150
g Laminaria
=
=
8100
g
=
50
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Time fDay

FIG. 4. Net accumulated methane during 21day AD for Chlorella sorokiniana and Laminaria japonica using a
microcrystalline cellule (MCC) as a positive control. Single data points present the average values (SD) of three individual

experiments.

FIG. 4 shows the specific CH, production (mLg™ VS) for MCC, Chlorella sorokiniana and Laminaria japonica over a 21-day
period with a final CH, yield 275, 255- and 173-mLg™ VS respectively. The BMP curve for MCC expresses a sigmoidal form
(start-up (lag) phase, a subsequent exponential phase and a final stationary phase). This lag phase not encountered in the other two
substrates, and this was probably due to prior hydrolysis of the substrates and the characteristics of the microbial community, which
was adapted for the digestion of the given substrates but not for the digestion of MCC. The majority of the biogas was produced in
the first five to seven days; the production rates during the last two weeks of the experiment remained low as illustrated by a
plateau of the cumulative curve in FIG. 5 for all experimental lines. A similar biogas production pattern has also been reported by
Zhang R et al. [58]. Theoretical BMP for both Laminaria japonica and Chlorella sorokiniana (100% degradation efficiency) were
199 ml/g TS (390 ml/g VS) and 477 ml/g TS (570 ml/g VS) respectively, while the total real methane yield was 173 ml/g VS and
255 ml/g VS which mean that the total degradation efficiency of the process was 51% and 44% respectively. The reason for
decreased degradation efficiency could be related to the composition or molecular structure of the biomass and the subsequent
challenges for microorganisms to process it [31].

4.3 Biomethane potential for treated Chlorella sorokiniana

To increase or enhance the degradation efficiency of the AD, pretreatment of the used substrate should undergo as some microalgae
like Chlorella pyrenoidosa contain a thick cell wall (0.1 pm to 0.3 um) which can make anaerobic digestion quite challenging [59].
Among the different types of pretreatment, thermal pretreatment is considered efficient in the case of microalgae as reported by
Schwede S et al. [43,60].

11
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FIG. 5 shows the methane yield of three different Chlorella sorokiniana substrates, whole biomass obtained from culture grown
under normal conditions of NaNO; (1.5 g/L) which have net methane yield about 255 ml/g VS, biomass residues after lipid
extraction (biomass without neutral lipid) for culture grown under 50% NaNO3 (0.75 g/L) which have net methane yield about 315
ml/g VS, biomass residues after lipid extraction (biomass without neutral lipid) for culture grown under 0.0% NaNO; (0.0 g/L)
which have net methane yield about 280 ml/g VS.
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FIG. 5. Net accumulated methane during 21 day AD for Chlorella sorokiniana in three different cultivation conditions,
(green line) normal culture with normal NaNO3; 100% concentration and the whole biomass undergo AD, (blue line) culture
grown without NaNO3; 0.0% and the residual biomass after neutral lipid extraction undergo AD, (purple line) culture
grown with 50% NaNOj; and the residual biomass after neutral lipid extraction undergo AD. Single data points present the

average values (SD) of three individual experiments.

According to the theoretical calculations of BMP for these three substrates, the normal biomass should have the highest value
because it contains more total solid (whole organic components are present ie, no extracted substance), but the real value was the
lowest one. This may be due to the presence of the cell wall which makes some of the total solids not free to proceed AD [43]. On
the other hand, the other two substrates have undergone lipid extraction (FIG. 5) which considered as thermal pre-treatment and
cell wall might be completely damaged by the effect of high temperature, thus most of the remaining total solids (whole proteins,
whole carbohydrates, and the remaining lipids) were available for AD [43]. BMP of 0.0% substrate (280 ml/g VS) was lower than
50% substrate (315 ml/g VS) because the cultivated biomass under complete nitrogen depletion (0.0% NaNO3) accumulated more
neutral lipids (21%) which already extracted and thus it Los high percent from the most available component (lipids) for

biomethane potential during the AD process.

Conclusion
Integrating biodiesel and biogas production from microalgae biomass is a promising alternative for reducing costly inputs and
energy-intensive processes, raising the overall efficiency and the cost-effectiveness of biofuel generation technologies. Using

microalgal residual after lipid extraction as a proteins and carbohydrates rich substrate for anaerobic digestion will maximize the
12
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generation of energy through biomass transformation, while significantly reducing production costs. The by-products of biodiesel
and biogas production are valuable inputs as fertilizers and for algae cultivation, which substantially minimizes economic and
energy demands. In order to optimize the process, it is important to use process-oriented screening to choose species with high lipid
and protein contents, thin cell walls that facilitate lipid extraction and algae biodegradability, as well as gravity-assisted settling
abilities to reduce the harvesting cost. Using moderate doses of nitrogen starvation enables the selected strains to accumulate
moderate amounts of biomass which rich in neutral lipids which intern enable us to extract the accumulated oils for biodiesel and
the algal cake for biogas production.
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