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Abstract High-strength wastewaters after being digested for
biogas production in anaerobic digesters still contain substan-
tial nutrients and organics. The anaerobic digestates from four
major industries in Thailand were tested with batch cultivation
of Chlorella sp. for oil production potentials. Pig farm
digestate was found most suitable as the growth medium gen-
erating 0.95 g/Lmedium (dry biomass), which was 1.16–3.06
times of other digestates tested. Considerable removals of ni-
trogen and phosphorus achieved were an added benefit to the
goal of ultimate treatment of these wastewaters. Light inten-
sity had strong influence on growth and heterotrophic metab-
olism up to 78 μmol/m2/s, while the dilution of digestate
above 2.4× diminished growth potential and lipid production.
A quadratic regression model was constructed to describe in-
teraction of light intensity, dilution factor, and time of cultiva-
tion to lipid production with a satisfactory precision. Light
intensity could influence fatty acid composition, although
palmitic acid was found predominant at 47.1 %. The algae
oil generated could potentially increase the total energy output
from anaerobic digesters of a typical pig farm by 22 %.
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Introduction

Fossil fuels such as coal, oil, and natural gas are the nonrenew-
able resource that cannot be regenerated in human time scale.
Rigorous exploration and consumption have caused global
warming, acid rain, and emissions of toxic compounds to the
atmosphere. Bio-based fuels are becoming a crucial alternative
source of carbon-neutral energy. Similar to many countries, the
Thai government had initiated multiple subsidiary policies for
small renewable power generators. Among various types, biogas
technology was rigorously exploited as energy production and
waste treatment unit, ever since anaerobic digestion for industrial
wastewaters has flourished. So far, industries have installed over
1145 biogas systems across various sectors [1]. After the waste-
waters are digested, the effluent or so called digestate is typically
discharged to the other post treatment processes since it still does
not meet the regulated industrial effluent standard. The industry
is obligated to further treat their wastewater to the secondary
effluent standard with no incentive. These digester effluents still
contain various constituents that can be used as substrate and
nutrients for microalgae production.

In tropical region, biodiesel from palm oil is of major im-
portance for many economies as it can substitute or blend to the
conventional diesel and help leverage fluctuation of domestic
palm oil stock and palm fruit price. Biodiesel is traditionally
produced from plant oils such as palm, coconut, and rapeseed,
but these would compete with the human and animal consump-
tion. Microalgae are regarded as the future players in oil and
biomass production, as well as the potential sink for carbon due
to their fast growing rate, ability to grow in various environ-
ments with great adaptability and varieties, and the synthesis of
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lipid within their cell mass [2]. They are able to grow in many
waters both fresh and saline, particularly the polluted waters. It
is noteworthy that these could be accomplished without com-
peting with food crops for land and water [3]. The lipid syn-
thesized can be extracted and refined into biodiesel, while the
cell wall consisted mostly of cellulosic material can be convert-
ed to sugars and other valuable products [4, 5].

Many microalgae are mixotrophs that can sequestrate CO2

from atmosphere and organic compounds in liquid growth me-
dium as carbon source [6, 7]. Since both can be assimilated
simultaneously under either photosynthetic or respiratory me-
tabolism, the organics in the digestate can be removed, while
the produced oxygen from photosynthesis enhances aerobic
oxidation of the remaining pollutants in the liquid [8].
Although light intensity is central for the photosynthesis reac-
tion kinetics [9], the concentration and composition of the
growing media are not less vital [10]. The interaction between
these two parameters may play a role in the growth and metab-
olism of the microalgae in a specific medium. To maximize the
energy production from industrial wastewaters, digester efflu-
ents after biogas is extracted through anaerobic fermentation
are one of the most economical mediums for microalgae culti-
vation. Although many studies regarding the use of digester
effluents for microalgae cultivation were reported [11–14],
the study on the comparative application across various indus-
trial digester effluents is still needed, particularly at the interac-
tion of important growth and oil synthesis factors, such as light
intensity and medium dilution. This present study attempted to
identify appropriate digestate and its use in order to produce
more energy in the form of bio-oil and biomass from digestate
while removing organics and nutrients at the same time.

The objectives of this study were firstly to compare the per-
formance of Chlorella sp. growing in the digestate from main
industries in Thailand that installed biogas systems. Secondly,
the selected digester effluent suitable for growth was further
investigated for its ability to produce lipids and remove organic
pollutant. Multiple regression was employed to examine the in-
teractive relationship of light intensity, digestate dilution, and
time of cultivation on the overall lipid production. Results from
this work help reveal the potential of the existing biogas installed
industries to engage in an algal cultivation for additional energy
recovery from their wastewater.

Materials and Method

Algae and Culture Stock Preparation

MicroalgaeChlorella sp. used in this study was obtained from
the National Institute of Coastal Agriculture located in
Songkhla Province, Thailand. It was cultured in multiple
500-mL glass flasks to increase cell biomass with the standard
medium modified Chu 13. The medium was composed of

(g/L) KNO3 0.2, K2HPO4 0.04, MgSO4·7H2O 0.1, CaCl2·
2H2O 0.054, Fe citrate 0.01, citric acid 0.1, NaHCO3 0.036,
and 1 mL of a microelement solution consisting of (g/L)
H3BO3 2.85, MnCl2·4H2O 1.8, ZnSO4·7H2O 0.02, CuSO4·
5H2O 0.08, CoCl2·6H2O 0.08, and Na2MoO4·2H2O 0.05
[15]. This procedure was carried out in a growth chamber,
which was operated on artificial lighting at intensity
39 μmol/m2/s (3000 lx) in a 16-h photoperiod provided by
Sylvania 4-ft. 36W cool white fluorescent bulbs with a digital
timer. The culture was bubbled with filtered air, continuously
with coarse ceramic diffusers under a controlled room temper-
ature of 25 ± 1 °C. Continuous agitation was provided by
magnetic stirrer at 250 rpm. The microalgae were successively
subcultured approximately every 2–3 weeks to maintain ac-
tive cells. These steps were repeated to obtain sufficient
microalgae biomass as stock solution for all experiments in
this study. The microalgae stock culture was grown to concen-
trations just above 1 g/L indicated by optical density (OD) at
730 nm using spectrophotometer with a pre-determined stan-
dard curve. The culture was transferred and then diluted back
to 1 g/L before used, where 100 mL (containing approximate-
ly 0.1 g dry cell) was placed into each reactor in the treat-
ments. The said microalgae inoculant from the maintained
stock was active and within the exponential growth phase.

Digester Effluent Preparation

The modified Chu 13 medium and effluents from the anaerobic
digester, hereafter referred to as digestate, from four major in-
dustries in Thailand were used as media to cultivate Chlorella
sp. These digestates were collected from full-scale anaerobic
digesters receiving their respective wastewaters, which were
operated in stable condition in pig farm, seafood-processing
plant, palm oil mill, and concentrated rubber latex factory.
They are designated as PIG, SEA, PAL, and RUB, respectively.
Characteristics of these media as received bases are listed in
Table 1 as raw effluents. The collected effluents then passed
through a thin sheet fabric cloth to remove large particles. The
effluents were then autoclaved at 121 °C for 15min to eliminate
or limit microbial growth that would interfere carbon and nu-
trient uptake of the algae. The liquids were let cool down and
characterized before diluted to the designed experimental con-
ditions. This process was done within 24 h before use in the
experiment to ensure freshness of themedium. Sample analyses
were carried out according to the Standard Methods [16].

Experimental Design

Part I: Comparative Cultivation of Chlorella sp. in Standard
Medium and Different Digestates

The microalgae were cultivated in the modified Chu 13 me-
dium at light intensity 39, 78, and 117μmol/m2/s (3000, 6000,
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and 9000 lux, respectively) in the growth chamber under the
said temperature and photoperiod as standard medium refer-
ences. For digestate cultivation, all autoclaved digestates were
diluted to a total nitrogen (TN) concentration of 250 mg-N/L
(Table 1). This was done to enable comparison of algal culti-
vation performance across the different digestates. One-
hundred milliliters of stock culture containing 0.1 g
microalgae was used to inoculate each reactor, in which the
prepared digestate was filled to a final volume of 1 L. All four
digestate cultivations were carried out in the growth chamber
at 39 μmol/m2/s. To compensate for the evaporative loss of
liquid medium, deionized water was refilled daily only to the
level marked at each preceding liquid sampling point in order
to avoid the error in cell concentration measurements. All
treatments in this study consisted of at least three replicates.

Part II: Effects of Light Intensity, Dilution Factor,
and Cultivating Time on Chlorella sp. Growth and Lipid
Production

Only one digestate identified as most suitable in part I was
chosen for use in experiments in part II. The selected digestate
was used asmedium to cultivateChlorella sp. at light intensity
39, 78, and 117 μmol/m2/s under three dilutions at D1 (1:0 no
dilution), D2 (1:1 dilution), and D3 (1:2 dilution). Deionized
water was used as dilution water although in the large-scale
application, the final effluent from the factories, which contain
very low level of pollutants, can be used as dilution water. It
was noted that the digestate used in part II was collected from
different times but its characteristics were in close proximity
with those in Table 1. Its main characteristics were chemical
oxygen demand (COD) 632 mg/L, TN 472 mg/L, and total
phosphorus (TP) 34.5 mg/L. Performance of algal cultivation
was measured in terms of organic (as COD) removal, biomass

growth, and lipid production. At least three replicates were
employed in all treatments.

Sampling and Analytical Procedures

During the experiment, a sample of 30-mL homogeneous re-
actor content was drawn every 2 days over the course of the
32-day cultivation period. The sample was then centrifuged at
4000 rpm (rcf 1073×g) for 15 min, and the concentrated cell
mass pellet was taken and washed with deionized water twice.
The harvested cell mass was dried in an oven at 60 °C until
constant weight and left to cool down in a desiccator before
weight measurement. Dry cell mass concentration was then
calculated and used to determine the microalgae growth rate
according to the modified Gompertz equation (Eq. 1), which
is widely used for microbial growth modeling [17, 18]. The
algal net dry mass concentration was calculated from the total
suspended solid concentration at time t (consisting of digestate
particulates, inoculated algal cells, and algal growth cells)
subtracted by the initial total suspended solid concentration
(consisting of digestate particulates and inoculated algal cells).
It was assumed that the particulates persisted in the digestate
are recalcitrant. The supernatant of each sample was carefully
taken from the centrifuge flask for the analyses of TN, TP, and
COD according to the Standard Methods [16].

DM tð Þ ¼ DMmax•exp − exp
Rm•e

DMmax
λþ 1ð Þ þ 1

� �� �
ð1Þ

where DM(t) is dry mass concentration of algal growth cells
(g/L) at time t, e is exp(1) = 2.71828, Rm is maximum specific
algal growth rate (g/L/day), DMmax is algal dry mass produc-
tion potential (g/L), and λ is lag phase time (days). The

Table 1 Characteristics of the microalgae cultivating media in this study

Parameters Chu 13 PIG SEA PAL LAT

Autoclave
medium

Raw
digestate

Diluted
autoclave
digestate

Raw
digestate

Diluted
autoclave
digestate

Raw
digestate

Diluted
autoclave
digestate

Raw
digestate

Diluted
autoclave
digestate

TN (mg/L) 114.2 689.2 266.0 432.5 257.3 315.0 251.2 415.1 236.3
TP (mg/L) 9.5 50.2 17.9 54.3 23.3 15.9 7.3 61.2 17.5
COD (mg/L) 164.0 1728.3 385.5 1689.0 1126.0 3158.2 2081.8 2563.6 1032.0
SS (mg/L) ND 1066.0 25.5 112.3 37.4 1483.0 62.8 185.0 12.1
Total ammonia

(mg-N/L)
4.0 486.7 130.3 352.2 141.3 257.0 163.3 378.0 214.5

NO3 (mg-N/L) 24.9 4.3 2.9 5.6 2.1 33.2 14.0 11.2 3.9
Organic nitrogen

(mg-N/L)
85.3 198.2 132.8 74.7 113.9 24.8 102.2 25.9 17.9

pH 7.20 7.62 7.84 7.10 7.89 7.50 7.81 7.55 7.82
Turbidity (NTU) 15 613 189 21 10 ND ND 57 19
C/N/P 17:12:1 34:13:1 21:15:1 31:8:1 26:11:1 198:19:1 285:34:1 41:6:1 57:13:1

ND not detectable due to no light penetration
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parameters in this equation were estimated by least square
method using Solver Function in Microsoft® Office Excel
2010.

The said harvested cell mass was subsequently analyzed
for lipid content by the protocol adapted from Folch et al.
[19]. The extraction of lipid was performed using
chloroform/methanol (2:1 v/v) solvent with sonication by
Elmasonic E30H (Elma-Han Schmidbauer GmbH & Co,
Germany) for 30 min. The extracted lipid was centrifuged,
and the supernatant collected was placed under a vacuum
hood to remove the solvent. This extraction process was per-
formed successively until no lipid appeared in the solvent.

The fatty acid composition in the extracted oil was analyzed
using a Hewlett–Packard gas chromatography (model 6850),
with an FFAP capillary column (30 m length × 0.25 mm ID ×
0.25 μm film thickness) and a flame ionization detector.
Helium was used as carrier gas with the injector temperature
of 290 °C and the detector temperature of 300 °C. The column
temperature, at initial temperature of 210 °C for 12 min, was
increased at the rate of 20 °C/min to 250 °C and held for 8 min.
Sample preparations and analyses were done in the Biogas and
Biorefinery Engineering Laboratory of the Civil Engineering
Department, while the fatty acid composition in the extracted
oil was analyzed at the Scientific Equipment Center, Prince of
Songkla University.

Lipid content and cumulative lipid production were deter-
mined according to Eqs. 2 and 3, respectively.

Lipid content %ð Þ ¼ WL=DMð Þ � 100 ð2Þ

where WL is the weight of the extracted lipids (g), and DM is
the algal dry cell mass (g).

Cumulative lipid production mg=Lmediumð Þ ¼ 10� DM� LC=V

ð3Þ

where V is the volume of medium sample that DM was de-
rived from (L), and LC is the lipid content of sample (%).

The relationship of the variables (light intensity and medi-
um concentration) to the cumulative lipid production was an-
alyzed using multiple regression quadratic model (Eq. 4) with
the Design Expert software version 6.0.8.

Y ¼ β0 þ
Xk

i¼1

βiX i þ
Xk

i¼1

βiiX
2
i þ

Xk−1
i¼1;< j

Xk

j¼2

βijX iX j ð4Þ

where Y is the predicted response, β0 is a constant, βi is the
linear coefficient, βii is the squared coefficient, βij is the cross-
product coefficient, k is the number of studied variables, and
Xi is the actual values of the studied independent variables.

The response of the lipid production was regressed with re-
spect to light intensity (LI in μmol/m2/s), dilution factor (DF),
and time of cultivation (TC in days).

Coefficients with statistical significance were indicated at
p < 0.05. Response surface plots were generated with the
Design Expert software version 6.0.8. In order to determine
the effects of independent variables, means and standard de-
viations were compared using SPSS software version 11.0
with the one-way analysis of variance (ANOVA) and
Duncan’s multiple range test.

Results and Discussion

Characteristics of Industrial Digester Effluents

The modified Chu 13 was used as a standard medium to grow
Chlorella sp. as it contained only soluble constituents with
balanced nutrients and high transparency that allows thorough
light penetration. It served as a reference medium in compar-
ison to the other digestates. Fresh digester effluent (digestate)
was collected from each of the four respective industries dur-
ing normal plant operations. Solids were screened out by a
thin fabric clothe and analyzed within 24 h. Data designated
as raw digestate in Table 1 could represent digestate charac-
teristics of four major industries in Thailand after biogas ex-
traction (digestion). It was noted that there was a slight change
of the digestates properties in sterilization process by auto-
clave. pH of the diluted autoclave digestates noticeably went
up slightly as CO2, a major component of carbonic acid, and
was forced out of the solution, but all were still under pH 8.0,
which is still suitable for microalgae cultivation. Nitrate was
quite low as no nitrification occurred in the anaerobic digester
due to the void of oxygen. It was evident that turbidity varied
greatly among the digestates starting from only 21 nephelo-
metric turbidity unit (NTU) in PIG to an undetectable level
represented by a dark brown color in PAL. These characteris-
tics could play a role in light-demanding cultures. C/N/P cal-
culated from the ratio of COD/TN/TP also showed obvious
variations. The noticeable one was the palm oil mill (PAL)
digestate with particularly high COD to nutrients ratio.

Generally, ammonium tolerance limit of different algae
species was reportedly around 1000 μmol NH4

+-N/L [20]
equivalent to 14 mg-N/L, which is quite low. In batch culture,
the reported medium concentrations are the initial concentra-
tions, which would decline rather quickly as the culture
progressed, exposing the algae to a lower concentration.
Nevertheless, dilution of the digestate was deemed necessary
to prevent acute toxic and enable overall optimal growth of
microalgae. If the ammonium concentration is not too high, it
would only retard or inhibit algal growth in an early stage,
usually observed as lag phase. Earlier works on Chlorella
sp. had employed wastewaters at high ammonia nitrogen
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medium with good growth and nutrient removal activities, for
instance, 267 mg/L [21], 410 mg/L [22], and 1550 mg/L [23].

Growth of Chlorella sp. in Different Digestates

Results showed that the inoculated 0.1 g/L Chlorella sp. started
to grow shortly after the start of cultivation represented by the
data points in Fig. 1. There were some lags of biomass growth
during the first few days before the exponential growth phase
ensued. The culture appeared to enter a stationary phase at
around 12 days. The dry mass concentration after day 22 exhib-
ited a decline as the culture goes into the endogenous decay
phase. LI positively affected the growth of Chlorella sp. Data
from the first 22 days were used to fit the Gompertz model
(Eq. 1), which gave high R2 of 0.9685, 0.9074, and 0.9446, for
LI 39, 78, and 117 μmol/m2/s, respectively. The modeled pre-
dictions are shown as dash lines in Fig. 1. It is noted that the data
after day 22 were not included in the model, as the Gompertz
model does not account for the decay phase. From the fitted
model, the maximum dry mass concentrations achieved were
0.49, 0.58, and 0.67 g/L, which are equivalent to the net dry
mass growth of 0.39, 0.48, and 0.57 g/L at LI 39, 78, and
117 μmol/m2/s, respectively. The lag time varied inversely with
LI from 3.8 to 2.9 to only 2.0 days at 39 to 117 μmol/m2/s.
Meanwhile, the maximum biomass growth rate (the maximum
slope of each growth profile) was improved from 0.06 to 0.08 g/
L/day when LI increased from 39 to 78 μmol/m2/s but did not
increase further at 117 μmol/m2/s. Specific biomass growth po-
tentials (per gram of nutrient consumed) were 3.5, 3.5, and 5.1 g/
g TN utilized, and 19.6, 22.1, and 27.5 g/g TP utilized at LI 39,
78, and 117 μmol/m2/s, respectively. It was clear that light inten-
sity promoted carbon assimilation and cell synthesis in
mixotrophic growth, which more often could lead to a lower
carbon to nutrient ratio within the cell. This situation, in long
cultivating time, could prompt a nutrient starvation and

subsequently higher lipid accumulation [24]. This matter will
be revisited in the subsequent section in this paper.

In Fig. 2, net algal growth curves of PIG, SEA, PAL, and
LAT under LI 39 μmol/m2/s in a 32-day period are compared
side by side. PIG showed an obvious lag phase but had steeper
log phase until arriving to the stationary plateau at day 22,
approximately 6 days before SEA and LAT, which possessed
minimal lag. PIG’s higher turbidity (189 NTU) may have
affected phototrophic growth in the beginning. Its turbidity
had decreased with a visible floc formation (a conglomeration
of particulates), and PIG medium became slightly clearer ap-
proximately 7 days in the experiment. This occurrence coin-
cided with the rapid rise in its growth curve to reach 0.95 g/L,
which was 1.16, 1.23, and 3.06 times of SEA, LAT, and PAL,
respectively, at the end of experiment. With regard to the ref-
erence medium (modified Chu 13) at 39 μmol/m2/s that
achieved maximum dry mass concentration 0.49 g/L, only
PAL has lower growth at around 0.4 g/L (Fig. 2). Digestates
are deemed a suitable media for algal cultivation.

LAT and PAL cultures also showed some lags, while SEA
virtually picked up the growth speed from the beginning of the
experiment partly because of the higher light penetration char-
acterized by its lowest turbidity among all themedia tested. The
growth rate (slope of the growth curve) in SEA, however, de-
clined over the course of the experiment and reached stationary
phase at around 28 days with the final net algal concentration of
0.79 g/L. Data from Table 1 and Fig. 2 indicated that the final
cell concentrations had an inverse correlation with COD. This
incidence was consistent with Lin et al. [25], where the media
of COD 1280 mg/L caused a decline in Chlorella pyrenoidosa
biomass growth and the dilution of the leachate was necessary
for its optimal growth. Dilution of the growth medium at a
certain level could be necessary to promote growth.

In PAL, the net dry mass growth was the lowest reaching
only 0.31 g/L. One of the possible explanations is the low light
penetration caused by its high turbidity. Phototrophic
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metabolism of the microalgae was inevitably limited. The
dark brown color is a result of the tannin residue released
during oil extraction. Tannin is the recalcitrant plant polyphe-
nolic compound that binds to proteins and various other or-
ganic compounds, and it was released from the fiber of palm
fruits in a hush oil extraction process with steam cooker. The
microalgal growth in this medium, therefore, came largely
from the heterotrophic metabolism or dark reaction [26].
Another possibility is toxicity from the small concentration
of phenolic compounds in the PAL digestate [27]. It reached
stationary phase in only 16 days and showed a decay after that.

This experiment demonstrated the Chlorella sp. growth
characteristics in four digestates and clearly showed the best
performance in PIG over the others, as well as the reference
medium. Although ammonia was a more preferred form of
nitrogen for algal growth [28], in this study, it is not in total
agreement with growth as the other factors discussed could
cumulatively becomemore predominant. This implies that the
total characteristics of the medium are more important than an
individual factor to determine medium suitability.

Nutrient Removal Potential

Nutrient uptake by microalgae for growth was considered sec-
ondary benefit for their cultivation in wastewaters. The
digestates, which were subjected to posttreatment, were used
as cultivating media, and their treatability by Chlorella sp.
were evaluated. Although final effluent from the entire treat-
ment system of each factory can be used as dilution water, in
this study, DI water was used in order to limit the variations in
the experiments. The removal of TN could be achieved as
high as 89.0–93.7 % in a 32-day cultivation period for PIG,
SEA, and LAT. With the low growth in PAL medium, TN
removal reached a reasonable 72.6 %. TN and TP removal
rates in PIG were slower than the other three media (Fig. 3),
corresponding to the longest lag phase in PIG culture (Fig. 2).
Removal of TP was in a range of 43.8–62.3 %. TP removal
percentage was not directly interpreted in relation with bio-
mass growth because the starting concentration was different.
The reductions of TP concentration in 32-day cultivation were
12.4, 10.6, 7.7, and 4.6 mg/L for SEA, PIG, LAT, and PAL,
respectively. SEA culture had uptaken the most TP, while the
biomass growth was second to PIG possibly affected by its
high COD concentration, which is consistent with the report
from Lin et al. [25]. PAL contained very low TP at only
7.3 mg/L and high N/P ratio at 34:1, coupled with the low
light penetration from its dark color; the growth rate was very
limited. Phosphorus uptake in PAL occurred only in the first
8–10 days, and virtually, there was no TP removal after that,
while TN and TP uptakes still proceeded in other media. In
terms of nutrient removal, the final TN concentrations at
32 days were in a range of 15.6–58.6 mg/L, which was below
the industrial effluent standard of 100 mg/L [29].

Effects of Light Intensity and Dilution Factor

Biomass Growth

Results from part I clearly showed that PIG possessed more
suitable characteristics over the other media, therefore, it was
chosen for further investigations. Three dilutions of PIG were
tested to find a suitable strength of pig farm digestate for
Chlorella sp. cultivation. At 39 μmol/m2/s, there was almost
no growth ofChlorella sp. in full-strength PIG (D1 in Fig. 4a).
Higher LI clearly stimulated the growth across all dilutions
even in D1 that showed an obvious increase of cell concen-
tration of 0.49 and 0.63 g/L to reach 0.59 and 0.73 g/L (values
calculated by Eq. 1) in 32-day cultivation at 78 and 117 μmol/
m2/s, respectively (Fig. 4b, c). Growth in D1 was not only
lower but also obviously possessed longer lag time due to
the high concentration of substances and lower transparency.
This was consistent with Travieso et al. [30] and Zhu et al.
[31], which illustrated that the lower dilution of the piggery
wastewater started to show growth inhibition at COD above
800 mg/L for C. vulgaris and 1900 mg/L for C. zofingiensis,
respectively. The lag phase times derived from Gompertz

a

b

Fig. 3 Removal of a nitrogen and b phosphorus during the growth of
Chlorella sp. in different industrial digester effluents under light intensity
of 39 μmol/m2/s
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model in D1 treatments were 16.1, 13.2, and 11.8 days at LI
39, 78, and 117 μmol/m2/s, respectively. Thus, dilution of the
digestate was crucial for successful Chlorella sp. cultivation.
When the digestate was diluted to 2× (D2) and 3× (D3), it was
obvious that growth increased and lag time were substantially

reduced. D2 was evidently the best dilution factor in this case,
as D3 was too thin and required unnecessary dilution water.

It is interesting to note that dry mass growth increased with
LI at a diminishing rate. Larger leap of cell concentration was
observed as LI increased from 39 to 78 μmol/m2/s compared
to 78 to 117 μmol/m2/s. These characteristics indicated the
saturation type, where further increase in light energy would
return lesser benefit. The maximum direct sunlight of around
826–1076 μmol/m2/s at around noontime [32] seems exces-
sive, but the depth of pond as well as shading from the
suspended cells or artificial shading above the pond surface
could help cut down light intensity to a near desirable level. A
more depth-wise consistent light exposure could be achieved
in shallower pond but still subjected to variation in sunlight
intensity throughout the day. Controlled light source is possi-
ble but with the expense of energy supply cost. It was ob-
served at higher LI that the effects of medium concentration
were reduced, evidenced by the narrower gap between D2 and
D3 treatments, 0.24 g/L at LI 39–78 μmol/m2/s and 0.23 g/L
at 78–117 μmol/m2/s, respectively. The results clearly sug-
gested some interactions between these parameters. For other
living organisms close to algae like cyanobacteria, growth rate
on mixotrophic mode was higher than either strict
phototrophic and heterotrophic ones [33]. Organic carbon
source changed the metabolic response of cells to light.
There is a synergistic interaction between the phototrophic
and heterotrophic modes in mixotrophic growth. Since algae
cannot grow in strict heterotrophic mode, light is still required
for energy production for cell use in mixotrophic mode, but
cell synthesis is dependent largely on organic carbon com-
pounds [3]. It seems that in order to synthesize more cell mass,
the energy (light) requirement for cell use increases. This fact
could draw the connection between the media transparency
and organic concentration in perspective.

Organic Removal

Organic removal from the medium was also observed
(Table 2). The growth of algae took up COD from the solution
for heterotrophic metabolism that was very apparent during
the first 22 days. At low LI (39 μmol/m2/s), the biomass en-
tered stationary phase at around 22 days as the soluble COD
(SCOD) removal almost shut down, and there was even a little
SCOD release back to the medium in D2, signifying perhaps
the endogenous decay. However, at higher LI, growth contin-
ued beyond 22 days as seen in Table 2 with an additional
SCOD uptake. The cultures entered stationary phase at some
later time around 28–30 days. It can be deduced that LI could
stimulate heterotrophic growth together with the phototropic
one. Across the tested dilution factors, D2 always statistically
gave the highest SCOD removal followed by D3 and D1, in
order, whose trend was consistent with the dry mass growth
characteristic. This synchronized pattern of the two
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Fig. 4 Growth curve of Chlorella sp. in pig farm digester effluent at
different dilutions under light intensity a 39 μmol/m2/s, b 78 μmol/m2/
s, and c 117 μmol/m2/s
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parameters validated the importance of heterotrophic growth
of Chlorella sp. However, D1 at any LI gave the highest
SCOD uptake compared to other dilutions. Higher SCOD in
its aqueous environment could have allowed slightly lower
light penetration and induced a higher heterotrophic metabo-
lism. The organic carbon uptake ratio in terms of gSCOD per
gram cell at (D1, D2, D3) were (8.22, 0.16, 0.12) at 39 μmol/
m2/s, (0.93, 0.18, 0.10) at 78μmol/m2/s, and (0.53, 0.15, 0.07)
at 117 μmol/m2/s, respectively. This suggested that the
strength of the digestate medium dictates the contribution of
algal cell synthesis pathways in the culture. With the correla-
tion between organic uptakes and biomass growth in
mixotrophic mode, the same rationales as described in the
BBiomass Growth^ section of light and dilution of the media
could be used to describe the phenomena.

Lipid Content and Production

Lipid content along the course of experiment was measured and
compared across different treatments in each time step (Table 2).
The lipid level in Chlorella sp. cell was 12.3 % at the beginning
and accumulated over time to as high as 32.7 % at day 22 in
D2 at 117 μmol/m2/s. Overall, lipid content increased mostly
during the first 22 days that waswhen the biomass growth started
to enter stationary phase (Fig. 4). Improvement in lipid accumu-
lation during the last 10 days was minimal. LI appeared to help
lessen the effect of high-strength media (D1). It showed an ob-
vious positive impact in the diluted media although without a
definite statistical difference at α = 0.05 (no mutually exclusive
difference among the means).

The positive influence of dilution to lipid content was
found at early stage of growth. This was consistent with other
researches that reported the stimulation of lipid accumulation
in microalgae in nutrient deficiency state [24, 34]. In batch

cultivation, the effect of low nutrients availability would inev-
itably occur toward the end of the batch where most nutrients
are almost depleted with cell growth, as illustrated in Fig. 3.
How fast the nutrients are uptaken depends on the growth rate,
which depends on light as this experimental result demonstrat-
ed. The state of nutrient deficiency should be more relevant to
the intercellular nutrient content, not the medium nutrient con-
centration. The delayed growth in relation to the pattern of
nutrient depletion from the medium in this study coincides
with the luxury uptake phenomena observed in aquatic plants
[35, 36], as mathematically elaborated in Droop quota model
[37]. This fact implies a required harvesting time after nutrient
dosing to the culture for high lipid cell mass.

The ultimate parameter in this present study was the lipid
production in terms of mass of lipid accumulated per liter of
medium used. It was clear that the D2 was the best dilution in
that regard as it simultaneously gave the highest cell production
and lipid content. LI appeared to play a significant role as it also
related directly to the biomass production. Overtime, the batch
cultivation of only 22 days would be sufficient for the optimal
lipid production throughput, as the improvement was insignifi-
cant. Increase of light energy did not seem to give a clear im-
provement beyond 78 μmol/m2/s in D1 and D3, but at an ap-
propriate dilution of D2, LI could still enhance lipid production
as suggested by a statistical difference between 78 and
117 μmol/m2/s treatments. The maximum lipid production was
found at 212.5 mg/Lmedium under LI 117 at D2. Relationship of
the parameters with lipid production and interaction can be illus-
trated bymultiple regression and surface plots in the BRegression
Model of Cumulative Lipid Production^ section.

In our estimation, the oil production is 425 goil/m
3
digestate,

which is equivalent to 17.4 MJ/m3
digestate under the assump-

tion of 41MJ/kgoil fromChlorella oil [38].With a biogas yield
from typical pig farms of 3.5 m3/m3

wastewater at CH4 content

Table 2 Soluble COD removal and lipid production of Chlorella sp. in pig farm digestate

Light intensity
(μmol/m2/s)

Dilution SCOD (mg/L) Lipid content (%) Lipid production (mg/Lmedium)

10-day 22-day 32-day 12-day 22-day 32-day 12-day 22-day 32-day

39 D1 357.0 (42.3 %)c 305.3 (50.6 %)de 289.3 (51.6 %)bcd 6.3a 7.9a 12.8a 27.5a 30.0a 36.7a

D2 228.6 (25.7 %)b 170.5 (44.6 %)cde 188.5 (37.6 %)ab 15.9b 24.7cd 29.7cd 52.5b 60.0a 82.5b

D3 165.3 (12.1 %)a 128.7 (31.5 %)ab 128.7 (25.2 %)a 23.0c 25.4cd 25.3bc 72.5bc 76.7ab 75.0b

78 D1 381.0 (40.9 %)c 289.3 (55.1 %)e 253.3 (60.7 %)d 13.4b 17.4b 23.0b 86.7cd 122.5bc 125.0c

D2 270.0 (23.8 %)b 206.3 (41.8 %)cd 186.0 (47.5 %)cd 15.0b 23.0bc 28.4bcd 115.0e 143.3c 165.0de

D3 214.0 (6.4 %)a 167.7 (26.7 %)a 153.7 (32.8 %)ab 8.2a 26.9cd 26.2bcd 60.0b 150.0c 160.0cde

117 D1 384.0 (39.4 %)c 315.7 (50.2 %)cde 269.0 (57.5 %)cd 16.7b 27.6cd 28.0bcd 100.0de 136.7c 133.3cd

D2 266.0 (22.9 %)b 209.7 (39.2 %)bc 190.7 (44.7 %)bc 21.9c 32.7d 31.5d 123.3e 212.5d 210.0f

D3 203.7 (11.7 %)a 173.0 (25.0 %)a 162.7 (29.4 %)a 27.5c 27.7cd 29.6bcd 112.5e 160.0c 171.7e

Values in parentheses represent removal efficiency (%) in reference to the initial SCOD concentration

Means in each column followed by different letters are significantly different by Duncan’s multiple range test (p < 0.05)
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60 % [39] equivalent to approximately 22 MJ/m3
biogas, the

biogas energy production from pig farm wastewater is esti-
mated to be 77 MJ/m3 of wastewater. Hence, the algae culti-
vation from digestate could increase the total energy produc-
tion by as high as 22 %. In a medium pig farm of around 1600
pigs, which generates wastewater approximately 600 m3/day,
the algal oil energy output could be roughly 3.13 TJ/year or
76,500 kgoil at 300 days of operation. It must be noted that
these estimates do not account for the energy used for steril-
izing the medium, which was done to eliminate the influence
of bacterial interference to algal cultivation in the experiment.
For industrial scale application, energy for medium steriliza-
tion is not economically feasible. Thus, some variations from
these figures may persist when raw digestate is to be used. In
addition, there would be 876 g of algal cell sludge after oil
extraction per 1 m3 of the digestate. This is equivalent to
157,680 kg/year on dry weight basis for fertilizer or fuel.
Alternatively, this sludge could be used to co-digest with pig
manure in the main digester for more biogas production that
could increase the system’s efficiency and sustainability.

Table 3 Coefficient estimates and ANOVA of the model for lipid
production

Terms/model parameters Lipid production (mg/Lmedium)

Coefficient estimate Probability

b0 −81.62641 <0.0001

b1 × TC −1.34162 <0.0001

b2 × LI 1.69437 0.0060

b3 × DF 89.10980 0.0025

b4 × TC × TC −0.036257 0.0708

b5 × LI × LI −8.75993E−003 0.0067

b6 × DF × DF −20.96283 <0.0001

b7 × TC × LI 0.044419 <0.0001

b8 × TC × DF 0.70421 0.0025

b9 × LI × DF −0.098167 0.2571

Model <0.0001

Adjusted R2 0.8158

Coefficient of variance (CV) 22.80

a c

b

Fig. 5 Response surface of
cumulative lipid productivity as
functions of a LI vs. TC, bDF vs.
TC, and c DF vs. LI
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Regression Model of Cumulative Lipid Production

Full factorial experiment was employed to find the rela-
tionship among light intensity (LI), time of cultivation
(TC), and dilution factor (DF) to lipid production. There
were nine experiments with four time-wise samplings in
triplicate runs, totaling of 108 data points. Quadratic re-
gression was derived as shown in Table 3. The model F

test returned a very low p value of <0.0001 with the ad-
justed R2 of 0.8158. This model is statistically significant
and able to explain the variability at 82 % of the response.
Precision and reliability of the conducted experiments
were affirmed by the low coefficient of variance (CV).
Only the terms TC × TC and LI × DF were not statisti-
cally significant, but all terms were retained in the model
to obtain high accuracy for analysis (Eq. 5).

Y ¼ −81:626−1:342*TCþ 1:694*LIþ 89:110*DF−0:036 *TC2−8:760� 10−3 *LI2−20:963*DF2

þ 0:044 *TC *LIþ 0:704*TC *DF−0:098*LI *DF ð5Þ

The response surfaces of lipid production were generated
with the three studied parameters as variables (Fig. 5).
Figure 5a shows that both LI and TC positively promoted lipid
production. The evenly distributed gap at 20 mg/Lmedium of
the two adjacent contours indicated that these two parameters
had neither significant synergistic nor antagonistic effects on
the model. In Fig. 5b, TC had shown obvious impact on the
change of lipid production, while the effect of DF was peak
near the midrange of the surface curvature. This optimal DF
for PIG was observed again in Fig. 5c. It is noted that at

22 days in cultivation, the lipid production reached at least
80% of the total in all treatments. Longer cultivation provided
insignificant incentive. DF in the midrange at around 2
seemed to contain the optimal in this medium and LI beyond
117 μmol/m2/s would give the diminishing return on lipid
production (Fig. 5c), following Monod kinetics pattern as re-
ported in Chojnacka and Marquiz-Rocha [40]. By a simple
search algorithm using the MATLAB® program package,
the highest lipid production predicted by the model (Eq. 5)
within the range of studied variables was 202.6 at LI

Table 4 Comparison of fatty acids composition in Chlorella sp. cultivated under different growth conditions and crude palm oil

Distribution of fatty
acid (%)

Light intensity Pig farm digester effluent (D2) Chu 13 Municipal
wastewatera

Brewery
wastewaterb

Digested starch
wastewaterc

Palm oild

μmol/m2/s➔ 39 78 117 117 50 100 127

Capric acid (C10:0) 0.27 0.09 0.09 – – – – –
Lauric acid (C12:0) 0.33 0.12 0.10 0.23 2.48 – – 0.1
Tridecylic acid (C13:0) – – – 1.30 2.23 – – –
Myristic acid (C14:0) 1.27 0.86 0.75 1.18 0.00 – – 0.7
Pentadecylic acid (C15:0) – – – 0.61 4.19 – – –
Palmitic acid (C16:0) 40.59 46.78 47.10 49.52 15.15 20 29.16 36.7
Palmitoleic acid (C16:1) – 0.64 0.56 0.35 11.47 – 1.12 0.1
Hexadecadienoic acid (C16:2) – – – – 10.90 – 12.15 –
Margaric acid (C17:0) – 0.58 0.57 0.68 6.91 – – –
Stearic acid (C18:0) 9.32 10.00 10.93 15.37 3.34 – – 6.6
Oleic acid (C18:1) 20.92 3.88 2.92 0.46 13.89 44 2.24 46.1
Linoleic acid (C18:2) 5.03 1.33 1.07 0.46 16.15 14 17.94 8.6
Linolenic acid (C18:3) – 0.44 0.40 – 10.69 15 37.39 0.3
Arachidic aicd (C20:0) – 0.30 0.48 0.77 0.00 – – 0.4
Paullinic acid (C20:1) – 2.80 2.94 – – – – 0.2
Behenic acid (C22:0) – – 0.29 0.23 2.61 – – 0.1
Erucic acid (C22:1) – 0.32 0.16 – – – – 0.0
Erucic acid (C24:0) – – – 0.49 – – – 0.1
Nervonic acid (C24:1) – – 0.32 – – – – 0.0

En dashes indicate below detection limits
a Li et al. [28]
b Farooq et al. [41]
c Yang et al. [42]
d Ramos et al. [43]
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117 μmol/m2/s, DF 2.4, and TC 32 days. Optimal DF was
found within the studied range, while ranges of LI and TC
did not contain the optimal values. The p value can be used
to indicate dominance of variable to the model prediction. The
terms TC, DF2, and TC*LI are highly significant to the model
(p < 0.0001), while the least influential is the interaction term
LI*DF with small coefficient (b9) and large p value. This
optimal DF is near the dilution factor of 2 (D2) used in the
experiment. The space between contours was widening in
DF–LI plot (Fig. 5c), indicating a smaller and smaller change
per unit of LI toward the lipid production of 160 mg/Lmedium

contour. Beyond such contour, the surface was projected to
level off and slowly approaching the optimal. In field condi-
tion, average intensity of sunlight would has been more than
sufficient for lipid production optimum. Light is normally not
a limitation in outdoor open pond system with transparent
medium. However, interference from particulates in real di-
gester effluent in filed condition could hinder the light pene-
tration; thus, the separation of solids, probably through prac-
tical rock or gravel filter or precipitation, should be engaged.
In this regard, the dilution water should be a clear liquid that
can also help lower the solid concentration in the digestate.

Fatty Acid Composition Profile

The profile of fatty acids in the oil extracted fromChlorella sp.
in D2 experiment is shown in Table 4, in comparison with
other media and crude palm oil. The most abundant fatty acids
found were confined in the C16 and C18 species, namely,
palmitic acid (C16:0), stearic acid (C18:0), and oleic acid
(C18:1), in order. LI appeared to have an impact on fatty acid
production, particularly the oleic acid as its synthesis shifted
by 7.2 times from 20.9 % at 39 μmol/m2/s to only 2.9 % at
117 μmol/m2/s to other fatty acids. Meanwhile, linoleic acid
(C18:2) swing from 5.03 to 1.07 % was also noticeable. At
high LI of 117 μmol/m2/s, the majority of the fatty acids
produced in this study were palmitic and stearic acids at a
combination of 58.0 % of the total, constituting 84.4 % of
the detectable acids. Oleic acid (C18:1) synthesis could be
linked to the heterotrophic pathway under low LI, while
palmitic acid (C16:0) synthesis system is more active at high
LI. Compared to the other wastewater media, C16 and C18
acids were still the highest composition in common. However,
it was obvious that our fatty acids profile is more similar to
crude palm oil especially at low light intensity. This could
provide an easy transformation to other end uses with the
existing technology of palm oil products.

Conclusion

This work demonstrated the usefulness of the anaerobic di-
gester effluent after the wastewater is digested for biogas

generation. Pig farm (PIG) digestate showed highest potential
for the microalgae biomass growth, while the growth in palm
oil mill digestate was suppressed. Further investigation using
PIG medium showed that light intensity and dilution above
78 μmol/m2/s and 2×, respectively, gave weakening stimulus
effects on lipid production and SCOD removal. The quadratic
model constructed was able to describe the relationship
among main cultivating parameters with satisfactory preci-
sion. Results also suggested that light intensity could have
an influence on fatty acid synthesis pathway and composition.
Algal oil produced could be a sizable source of energy apart
from the main energy from biogas of the wastewater
digestion.
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