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Abstract: A two-stage temperature-phased mesophilic anaerobic digestion assay was carried out to
study the interaction between various biological pretreatment conditions and the possible synergistic
co-digestion of microalgae and primary sludge. The study of growth kinetics of the biochemical
methane potential test revealed that a maximum of 36% increase in methane yield was observed from
co-digestion of a substrate pretreated by thermophilic aerobic conditions (55 ◦C and HRT = 2 days)
and an 8.3% increase was obtained from the anaerobic pretreated substrate (55 ◦C and HRT = 3 days).
Moreover, no synergistic effects on methane yields were observed in co-digesting the substrate
pretreated with high temperature (85 ◦C). The study also identified specific conditions in which
interaction between biological pretreatment and co-digestion might substantially reduce methane
yield. Careful optimization of operating conditions, both aerobic and anaerobic pretreatment at
moderate thermophilic conditions, can be used as a biological pretreatment to enhance methane yield
from the co-digestion of microalgae and primary sludge.

Keywords: anaerobic digestion; co-digestion; microalgae; primary sludge; biological pretreatment;
methane yield

1. Introduction

Environmental pollution associated with wastewater treatment plants has become a serious
global challenge demanding concerted action [1]. Using microalgae has been one of several efficient
techniques for removing phosphorous, nitrogen and toxic metals from partially treated wastewater
units [2–4]. Microalgae used for reducing pollutants in wastewater can be consumed during biogas
production in anaerobic digestion (AD). Even though its methane yield is quite low due to recalcitrant
cell walls and low C/N ratios [5], various carbon-rich sources have been co-digested with the microalgae
to enhance biogas production. To date, there have been some successful attempts to produce biogas
from the co-digestion of microalgae and primary sludge in the anaerobic digester [6–8]. Co-digestion
trials have been generally conducted to reduce the time lag of methane yield [9] as well as improve
the methane production of mono-digestion by facilitating synergies between substrates via allocating
appropriate C/N ratios and reducing the risk of methane inhibitors [7].

Among various methods proposed to enhance the performance of anaerobic digestion,
pre-treatment has been most widely used to improve biodegradability and the hydrolysis rate [10].
There are many pretreatment technologies, including physical, chemical, biological and hybrid
technologies that have been applied to microalgae [11]. Biological pretreatments refer to bio-degradation
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incorporating enzymes and enzymatic cocktails [12] or using different microbial communities (bacteria,
fungi, archaea) in direct contact with microalgae to disrupt their cell walls [11]. Among existing
biological pretreatment techniques, the use of carbohydrolases has been the most studied and
applied to microalgae. However, relatively less attention has been given to the use of thermophilic
aerobic or anaerobic digestion as a pretreatment. This microbial aerobic or anaerobic pretreatment
technology is a phase separation method (multi-phase fermentation) which generally refers to a process
similar to those commonly known as a temperature-phased anaerobic digestion process [13] and
two-stage thermal-aerobic and mesophilic anaerobic conditions [14], respectively. In these processes,
hydrolysis and the acid formation phase generally run in the first stage (pretreatment), and the
methanogenic phase, in the second stage (anaerobic digester).

Because of limited applications and lack of information, biological pretreatment processes for
microalgae have been only marginally investigated. Some of the previously carried out studies
on different substrates have also reported drops in methane yields and deterioration in efficiency
from biological pretreatments during co-digestion [11,15]. There are various complex interactions
in the digester linked to the simultaneous application of biological pretreatment and co-digestion.
Wang et al. [16] studied improvements in methane yields and the existence of synergistic effects in
co-digesting Chlorella sp. with waste activated sludge. Similarly, Solé-Bundó et al. [17] identified a lack
of synergy in non-pretreated substrates (a combination of microalgae and wheat straw) which, in turn,
showed some negative interferences from the pretreatment-co-digestion relationship. Olsson et al. [18]
used a kinetic model study to demonstrate no synergism in the co-digestion of microalgae and
sewage sludge in thermophilic conditions. Bohutskyi et al. [9] also studied synergistic co-digestion of
algal-bacteria and cellulose using kinetic modeling and showed the possibility of negative synergistic
effects. Such disparity in experimental results arises from a lack of full understanding of the processes
as well as disparity in selecting appropriate operating parameters.

The objective of this work is, therefore, to study the synergistic effects of co-digestion of primary
sludge and microalgae and their interactions with biological pretreatments with an aim to provide a
clear strategy to maximize methane yields. Three possible pretreatment scenarios, namely aerobic
pretreatment, anaerobic pretreatment, and high-temperature anaerobic pretreatment conditions were
considered, and their results were compared with the control (no pretreatment) condition to understand
and explore the synergistic impact of co-digestion during methanogenesis. The observed results
were then validated using the parameters of a kinetic model. The novelty of this study lies in its
simultaneously considering the effect of different kinds of substrates (primary sludge and algae),
redox conditions (aerobic and anaerobic), and different operating temperatures. Previous work
has only infrequently considered all these factors at once. In addition, the kinetics of possible
biochemical methane assays have also been modeled and employed to further elucidate achieving
improved methane yield potentials and production rates from each pretreatment method by suggesting
precautions to be taken during anaerobic digestion.

2. Materials and Methods

2.1. Preparation and Characterization of Substrate and Inoculum

Both microalgae and primary sludge were used as feeding substrates for the co-digestion.
The physicochemical characteristics of the concentrated raw microalgae and primary sludge were
quantified using the analytical methods described in Section 2.4 and results are indicated in Table 1.
Detailed information about the collection, storage, preparation, characterization and use of the substrate
is described as follows.
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Table 1. Characteristics of the raw micro-algal biomass, raw primary sludge and inoculum.

Parameter Microalgae Primary Sludge Inoculum

pH 7.7 6.1 7.61

Total solids, TS (g/L) 114.3 ± 0.9> 49.3 ± 7.2 27.77 ± 0.8

Volatile solids, VS (g/L) 108.3 ± 0.2 33.6 ± 4.8 17.30 ± 2.1

Total chemical oxygen demand, tCOD (g/L) 103.5 ± 0.2 87.0 ± 4.4 14.31 ± 0.3

Soluble chemical oxygen demand, sCOD (g/L) 5.4 ± 0.0 11.2 ± 0.9 4.25

Soluble carbohydrate (g/L) 2.1 ± 0.1 0.8 ± 0.0 -

Soluble protein (g/L) 1.1 ± 0.1 2.7 ± 0.2 2.66 ± 0.4

2.1.1. Algal Biomass Preparation

A freshwater cultivated Chlorella vulgaris microalgal biomass was obtained from Daesang, Korea.
The algal biomass was grown in synthetic media in an industrial reactor free of bacterial contamination
using a controller at a temperature of 30 ◦C in dark conditions. The growing media was augmented
with 8–10% liquid sugar to speed up the microalgae growth. Reactors were aerated at a flow rate of
1 vvm (volume of air per volume of microalgae per minute) using air spargers and maintaining the
same culture conditions. The agitation speed for mixing was 90 rpm. The concentration of total solids
was ≈114.3 g/L and the pH of the media kept between 7.5 and 8.0 during cultivation. These microalgae
were physicochemically characterized and stored at +4 ◦C until the start of the pretreatment tests.
During the experiment, the raw microalgae were diluted twice with tap water to keep the appropriate
range of concentration since a total solid value larger than 100 g/L was too high to use in the reactor.
All the biological pretreatments were carried out in semi-continuous mode.

2.1.2. Primary Sludge, Inoculum and the Sampling Plant

The primary sludge and the inoculums were collected from a wastewater treatment plant located
in the southwestern region of Korea (Gwangju, Korea). This full-scale municipal treatment plant is
one of Korea’s largest wastewater treatment plants with a total treatment capacity of 600,000 tons/day
dedicated to treating wastes of poultry farms and domestic sewage from almost 73% of the total
population of the city. This plant uses mainly traditional treatment processes, including primary
sedimentation, biological treatment, coagulation, filtration, and tertiary treatment (disinfection).
The biological component encompasses a sequential process of anaerobic, anoxic and oxic tanks.
More detailed information about this plant can be obtained from [19]. The primary sludge sample was
taken directly from the pre-sedimentation section after the gravity thickening stage of the mixed sludge.
Then, samples were carried to the laboratory using 1 L plastic containers. Once the primary sludge was
collected, samples were sieved and stored at +4 ◦C before beginning the experiments. The inoculum
for microalgae pre-treatment was also obtained from the effluent of a full-scale mesophilic anaerobic
digester at the same treatment plant. However, inoculum for the pretreatment of microalgae under
aerobic conditions was obtained from the activated sludge effluent from the thickener in the secondary
treatment part.

The overall physiochemical composition and characteristics of the micro-algal biomass and the
primary sludge are shown in Table 1.

2.2. Phase One (Thermophilic Pre-Treatment of Microalgae)

Pretreatment of the microalgae biomass was carried out using a 5 L reactor (2.8 L working
volume). The reactors were comprised of a reactor body, heater, heat-regulating jacket, stirrer, and other
accessories as shown in Figure 1. The experiments were conducted in such a way that the microalgae
feedstock was first loaded into the reactor and the operating temperatures and reaction times were
varied based on the study target. The temperature in the reactor was maintained using heating
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tape. The initial pH before starting the experiment was set to 7. The substrate in the reactors was
mixed using continuous agitation at a stirring speed of 150 rpm. Nitrogen was purged once at the
start of the operation of the anaerobic reactors. For aerobic reactors, the system was continuously
aerated at a flow rate of 10 L/min using air spargers. At the start of the experiment, samples were
first pretreated biologically under anaerobic thermophilic conditions. During this test, there were two
different operating temperatures (55 ◦C and 85 ◦C); each run had three different HRTs (namely 3 days,
2 days and 1 day). Then, the 55 ◦C assays were repeated under aerobic conditions using the same
HRTs (3 days, 2 days and 1 day). Each of these thermophilic reactor conditions was operated for over
860 h. Sampling was conducted manually using a syringe two times per day (for HRT 3 days and
2 days), and three times per day (for HRT 1 day). The sampling volumes were 450 mL, 700 mL and
900 mL for HRTs of 3 days, 2 days and 1 day, respectively. A duplicate value was collected for each
situation. Primary sludge was not pretreated, and the original raw sludge was used in the co-digestion
experiment for the BMP test. Detailed schematics of the pretreatment plan are shown in Figure 1.
Once the microalgae pretreatment was completed, a subsequent BMP test was conducted to study the
biomethanization potential. Independent BMP tests were conducted for each test regiment both as
mono-digestion and co-digestion schemes.

Figure 1. Schematic configuration of substrate source and lab-scale alignments of anaerobic digestion
process with and without biological pretreatment.

2.3. Phase Two (Mesophilic Digestion) BMP Tests

The above biologically pretreated microalgae were used as a substrate for the BMP tests and
digested using a 250 mL serum bottle (150 mL working volume). Two separate serum bottles were used
to duplicate the experiment and improve the accuracy of the daily results. The collected primary sludge
was not pretreated, and the original raw sludge was used in the experiment. For mono-digestion,
the inoculum and pretreated microalgae substrates were mixed in a ratio of 2:1 (VS basis). Whereas for
co-digestion, the volatile solids (VS)-based mix ratio of primary sludge to pretreated microalgae
was first set to 9:1. Then, the inoculum was added to the mixed substrate in a VS-based ratio (ISR)
of 2:1. Once the feedstock substrate (either primary sludge, microalgae, or a mixture of both) was
prepared and loaded into the reactor, the initial pH was set to 7. Then, the bottles were plugged
with elastic stoppers and aluminum crimp covers. To ensure anaerobic conditions, the headspace
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above the substrate was filled with nitrogen gas. The bottles were then placed into the shaking
incubator running at 150 rpm under mesophilic temperature (35 ◦C) and kept operating for over
35 days until the methane production ceased. The reactor was run under semi-continuous mode.
These anaerobic digestion experiments were also carried out using non-pretreated microalgae biomass
samples to establish control. Sampling was conducted manually using a syringe twice a day, and the
water displacement method was used to measure methane production. Then, biogas yield, methane
concentration, vs. and soluble chemical oxygen demand (sCOD) were carefully recorded following
each sampling. Results were collected in duplicate and the means and standard errors for all values
were calculated. The schematic configuration for the substrate source and lab-scale alignments of the
combined digesters are shown in Figure 1.

2.4. Analytical Procedures and Equipment

After collecting samples from the digester, analysis of TS, vs. and COD was carried out according
to standard methods [20]. Volatile fatty acids (VFA) were measured using a gas chromatograph (GC)
(model YL6500 GC, Young Lin Instrument Co., Anyang-si, Korea) and the pH of the samples was
determined using a pH meter (Orion star A221, Thermo Fisher Scientific). Temperatures of both the
thermophilic and mesophilic digesters were continuously monitored via the inbuilt thermometers.
Biogas yield was initially collected using a plastic Tedlar bag. Then, methane yield was measured
using the water displacement method. In this technique, a gas collector tank was initially filled with
water. Then upon letting some water exit through the bottom of the collector, the tank started replacing
the water with the biogas from the plastic bag. The biogas yield was then calculated by assuming the
volume of displaced water is equal to the gas collected. Data were collected both from the biological
experiment replicates and from the duplicated measurements. In this work, OriginPro 2016 compatible
with Windows® 10 was used to make all the graphs, and Visual paradigm online diagrams was used
to draw the schematics shown in Figure 1.

2.5. Modeling Kinetics of BMP Assay

To better understand the dual effect from the co-digestion and the biological pretreatment,
the overall BMP kinetics were studied independently. The most common kinetic models used to study
the behavior of biogas and methane production from an anaerobic digester include the first-order model,
pseudo-parallel 1st-order kinetic model, modified Gompertz model, transference function models,
Chen-Hashimoto model, and the Monod type model [21,22]. Among these models, the Modified
Gompertz equitation fits well in describing the cumulative BMP results. This is mainly because of its
capability to accurately predict the lag-phase in biomass conversion as well as methane production,
which is essential for modeling the anaerobic digestion of substrates containing high recalcitrant
lignocellulosic biomass that potentially reduces biodegradability [9,22,23]. The modified Gompertz
equations can be presented as Equation (1):

G(t) = G0∗ exp
{
− exp

[
Rmax∗e

G0
(λ− t) + 1

]}
(1)

where, G(t) is methane yield at time t (mL/g-VS added); G0 is the ultimate methane yield (mL/g-VS
added); Rmax is the maximal methane production rate (mL/g-VS added day), λ is the duration of lag
phase (day); t is the time over the fermentation period (days); and e is the constant equivalent to
Exp (1) = 2.718282. The following equations, as stated earlier in [24,25], were employed to evaluate the
suitability of the models by estimating correlation coefficients (r2) (Equation (2)) and the root mean
square error (RMSE) (Equation (3)) in Origin software.

r2 =

∑n
i = 1(zi − z )(wi − w )√∑n

i = 1(zi − z )2∑n
i = 1(wi − w )2

(2)
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RMSE =

√√
1
n

n∑
i = 1

(Zi −wi)
2 (3)

where zi is the experimental value; wi is the estimated value; and n is the number of data samples.
With this cumulative distribution model, the experimental data from each pretreatment method

and substrate type were accurately fitted to the modified Gompertz model (see the R2 value). All the
kinetic parameters were estimated for different biological pretreatment conditions. The model outputs
were used to study the performance of the co-digestion. Subsequently, the highest magnitude of the
potential methane yield (Go), the maximum methane production rate (Rmax), and a short lag-phase (λ)
were considered to be the most critical factors used to reflect co-digestion performance. These model
parameters are also essential toward improving the process economics via reducing digester volume
and therefore influencing plant capital investment [9,26].

3. Results and Discussion

3.1. Effects of Co-Digestion on Methane Yield

Mono-digestion of microalgae has shown a limited impact on methane yield performance owing
to their containing recalcitrant substances resistant to biodegradation. Therefore, pretreatment and
co-digestion have been one of the most commonly suggested solutions to efficiently extract and enhance
the methane yield from the microalgae [11,18]. In this section, the potential effect of co-digestion on
increasing methane yields in trials of mono-digestion of microalgae between substrates was studied.
To this end, a primary sludge substrate was copiously (90% vs.-based) co-digested with the microalgae
to enhance the methane yield. A significant increase was observed for all the co-digestion trials
even without any pretreatment. To observe the effect of co-digestion, three different samples with
different inoculum behavior were compared. These tests were repeats of the same trial, and no
changes in the other experimental set-ups were made except for the amount of inoculum. As can be
seen in Figure 2a, co-digestion consistently showed a better performance than the mono-digestion
of microalgae. The first assay showed a 29% increase in methane yield; the second and the third
assays, 74%, and 39% increases, respectively. This is mainly because of the synergy created between
the individual substrates, which ultimately increased the carbon-to-nitrogen ratio and reduced the
risk of potential inhibition from the released ammonia [7]. Enhancing methane production through
co-digestion from existing anaerobic digestion without increasing the volume of digesters has also
been observed in previous works [6,7,9]. However, the yields from mono-digestion of primary sludge
in the second and third tests were significantly better than that of co-digestion. This is mainly because
both co-digestion and mono-digestion of microalgae entail longer retention times for the digestion of
complex biopolymers of algae while the primary sludge retains a higher amount of readily available
soluble organic substances for methane production [6]. Such phenomena can also be observed from the
double peaks of the average methane yield of mono-digestion of microalgae in Figure 2b–d. The first
peak represents the methane obtained from the readily available soluble algal biomass, while the second
peak refers mainly to the yield obtained from the subsequently available recalcitrant components.
A relatively flat curve with only one peak was mainly observed in co-digestion confirming the early
breakdown of the microalgae cellular structures due to synergistic effects. A similar trend of methane
yield was also observed in a previous study [27]. Hence, it can be deduced from these analyses that
co-digestion provided superior performance to microbial degradation of the microalgae biomass.
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Figure 2. Methane yield without any biological pretreatment of microalgae: (a) experimental maximum
methane yield from different trials with varying inoculums; (b–d) experimental vs. simulated values of
the cumulative yield from three different assays [Experimental condition: Mesophilic AD temperature = 35 ◦C,
Sludge/algae ratio for co-digestion = 9, pH = 7.1 ± 0.2, ISR = 2, Working AD volume = 150 mL; Inoculum
behavior = Assay #1: TS = 27.77 g/L, Assay #2: TS = 36.85 g/L, Assay #3: TS = 18.73 g/L]. Note: * The scattered
points show measured cumulative values; the broken lines show the simulated trend; and the smooth
spline line shows temporal variations of the average daily methane yield. In calculating the the
VS_added, the contribution of inoculum was not deducted.

The result from the kinetic model parameters in Table 2 also confirmed similar performance of
co-digestion in that the methane potential of the feed stalk (G0) and the maximal methane production
rate (Rmax) of the co-digestion was consistently higher than mono digestion of microalgae in all assays.
A higher cumulative yield of co-digestion can be observed in Figure 2b–d. This yield showed up to a
65% increase in the kinetic model study. In addition, the lag time from the mono-microalgae digestion
was improved from 0.34 days, 1.32 days, 2.95 days to 0.33 days, 0.04 days, and 0.52 days, respectively,
for all three trials (See Table 2). The next section discusses the impact of co-digestion under three
possible biological pretreatment alternatives in terms of enhancing the methane yield of microalgae
and offers a possible interpretation of the respective kinetic model parameters.
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Table 2. Kinetic model parameters for different assays (no pretreatment involved).

Model * Para
Meters

** Assay#1 Assay#2 Assay#3

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Go 191.28 183.51 236.96 254.68 128.76 213.63 119.10 90.06 118.53
λ 0.44 0.34 0.33 0.85 1.32 0.04 0.03 2.95 0.52

Rmax 32.25 16.45 33.24 22.43 9.97 20.05 15.30 3.96 18.49
R2 0.987 0.973 0.978 0.994 0.990 0.973 0.937 0.907 0.984

Remarks: * Units and descriptions of the model parameters were lag-phase (λ, days), maximum methane yield
(Go, mL/g-VS_added) and methane production rate (Rmax, mL/g-VS_added/day). ** Initial methane yield data were
duplicated. The error band for model parameters lies within 6%.

3.2. The Dual-Effect of Co-Digestion and Pretreatment

As previously described, the co-digestion assay demonstrated significantly better methane yields
than those by the mono-digestion of the microalgae. However, this was deemed unsatisfactory and
uneconomical from a pragmatic viewpoint, as more potential exists to increase the yield by using
pretreatment to assist the breakdown of the biopolymers of the microalgae. Therefore, in the following
sections, any co-digestion synergistic effect after various pretreatments will be evaluated from the
obtained experimental and simulated values.

3.2.1. Co-Digestion after Aerobic Pretreatment

Using aerobic digestion as a pretreatment for co-digestion, a maximum methane yield of
308 mL/g-VS_added was noted at an HRT of 2 days (see Figure 3a). Aerobic pretreatment generally
performed better for co-digestion than mono-microalgae digestion and increased the total methane
yield by more than 36% as compared to non-pretreated substrates. This result is much higher
than the yield attained under mono-microalgae digestion (188 mL/g-VS_added) and mono-primary
sludge (203 mL/g-VS_added) at an HRT of 2 days. The superior methane yield performance of
co-digestion might result from the high enzymatic activity of the aerobic microbes [15]. Moreover,
the biodegradability of the microalgae when co-digested with the activated primary sludge resulted
from the large number and diversity of aerobic microorganisms in the sludge that assisted the initial
hydrolysis of the recalcitrant cellulosic cell-wall of the microalgae [14,28]. In addition, the CO2 dissolved
in the form of carbonate or bicarbonate might have also been used as a substrate for hydrogenotrophic
methanogens [14].
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Figure 3. Methane yield at different HRTs after aerobic biological pretreatment: (a) experimental
maximum yield; (b) percentage increase in methane yield as compared to no pretreatment condition;
(c–e) experimental vs. simulated values at different HRTs [Experimental condition: Mesophilic AD
temperature = 35 ◦C, Sludge/algae ratio for co-digestion = 9, pH = 7.1 ± 0.2, ISR = 2, Working AD
volume = 150 mL].
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However, Figure 3b shows that the relative yield enhancement as compared to the original
methane production was larger in the mono-algae digestion (45%) than in the co-digestion (36%).
Such a greater percentage yield increase in mono-microalgae digestion was attributed to the soluble
organic matter being made slowly available as co-digestion was initiated. Interestingly, as compared
to the non-pretreated condition, the percentage increase in mono-microalgae digestion at both HRT of
1 day and HRT of 3 days was still noticeably positive while that of co-digestion revealed a reduction
of 6.2% and 4.6% at an HRT of 3 days and an HRT of 1 day, respectively. This implies that the
synergistic impact of co-digestion from the aerobic pretreatment might even have an inhibiting effect
if the operating conditions are not properly optimized. This result is in agreement with the model
parameter result (e.g., G0) of co-digestion in Table 3. The decline in methane yield from a longer HRT
(HRT = 3) confirms the microbes (during pretreatment) already started consuming the volatile soluble
matter once it was readily available [10]. Also, there may be increased production of CO2 as the soluble
organics were used by the aerobic microbes [11,14]. However, the decline in methane yield in shorter
HRTs might reflect the presence of more aerobic microbial species than anaerobic microbes implying
the growth of anaerobic microbes was slower than that of aerobic microbial species.

Table 3. Kinetic model parameters (after aerobic pretreatment).

* Model Para
Meters

HRT = 3 HRT = 2 HRT = 1

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Go 191.27 194.24 222.2 254.68 174.86 295.68 119.10 106.17 113.06
λ 0.44 0.06 0.34 0.85 0.17 1.26 0.03 1.84 0.41

Rmax 32.25 29.17 38.8 22.43 14.33 35.86 15.30 5.49 17.67
R2 0.987 0.975 0.985 0.99 0.973 0.99 0.937 0.917 0.99

Remarks: * Units of λ (days), Go (mL/g VS-added), and Rmax = (mL/g-VS_added/day); error lies within 6%.

The results from the kinetic model parameters in Table 3 also confirmed a similar performance
of co-digestion. As compared to co-digestion without pretreatment, co-digestion after aerobic
pretreatment enhanced the maximum methane yield by 25% (G0 = 295.7 mL/g-VS_added) and
the methane production rate by 8% (Rmax = 35.8 mL/g-VS_added/day). However, the maximum
methane yield from co-digestion after aerobic pretreatment corresponded to 61% of the corresponding
mono-substrate algae digestion yield. The other interesting finding from the aerobic pretreatment
was the hydraulic retention time having the maximum methane yield was obtained at an HRT of
2 days. This reduction in retention time may have resulted from the extended lag period (λ = 1.26 days)
observed during the kinetic study of the co-digestion assay. However, the overall time (t ≈ 15 days)
required to reach the maximum methane yield was almost the same in all cases, and this lag period
may not have a pronounced effect on the final yield. See Figure 3c–e. Similar or even lower methane
yield (G0) augmentation via co-digestion has been observed for some other lower impact pre-treatment
techniques like sonication [10]. Additionally, competitive methane yields were obtained as compared to
those costly and less environmentally friendly pretreatment alternatives such as chemical pretreatment
supported co-digestion [17,29,30] and thermal pretreatment supported co-digestion [6,7].

3.2.2. Co-Digestion after Anaerobic Pretreatment

The highest methane yield in anaerobic pretreatment was 260 mL/g-VS_added, which was noted
at an HRT of 3 days of co-digestion (see Figure 4a). This shows that methane yield was improved
by 6.8% compared to non-pretreated substrate results. In anaerobic pretreatment, selecting the most
appropriate hydraulic retention time was also essential, as the methane yield from co-digestion of
anaerobic pretreatment was significantly reduced at an HRT of 2 days and an HRT of 1 day (see
Figure 4b). Generally, aerobic pretreatment showed more synergistic effects and better methane yield
performance (~18%) than the anaerobic pretreatment as far as co-digestion is concerned and the
retention time in the aerobic condition was also shorter (2 days) as compared to an HRT of 3 days in
anaerobic pretreatment. However, further detailed economic viability and tradeoffs need to be assessed
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to determine if aerobic pretreatment is actually superior to anaerobic pretreatment because these
advantages might add significant costs to the aeration requirements of the aerobic process. On the other
hand, in addition to being less costly, anaerobic pretreatment offers other advantages, as it enhances
the mono-microalgae digestion by more than 20% as compared to the aerobic mono-digestion. If one
has to use biological pretreatment for mono-microalgae decomposition, the anaerobic pretreatment is
relatively a better choice.

Figure 4. Methane yield at different HRTs after anaerobic biological pretreatment: (a) experimental
maximum yield; (b) percentage increase in methane yield as compared to no pretreatment condition;
(c–e) experimental vs. simulated values at different HRTs [Experimental condition: Mesophilic AD
temperature = 35 ◦C, Sludge/algae ratio for co-digestion = 9, pH = 7.1 ± 0.2, ISR = 2, Working AD
volume = 150 mL].
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The results from the kinetic model parameters in Table 4 also show that co-digestion after anaerobic
pretreatment enhanced methane yield and methane production rate by 9% (G0 = 256.7 mL/g-VS_added)
and 46% (Rmax = 30.7 mL/g-VS_added/day), respectively. However, there was a significant lag period
(λ = 0.63 days) that might arise from the initially slower bacterial activity from the anaerobic microbes.
A comparison between the aerobic and anaerobic pretreatments showed that maximum methane yield
(G0) was superior in aerobic pretreatment but the anaerobic process significantly improved methane
production rates (Rmax). A similar result has been reported previously [10]. This efficiency emanates
mainly from the high performance of the anaerobic process in breaking down the biopolymers in
microalgae because anaerobic microbes are capable of generating powerful cellulosome enzymes
to effectively break down complex and recalcitrant biopolymers such as cellulose, hemicellulose,
and pectin from microalgae and plant cell walls [12].

Table 4. Kinetic model parameters (after anaerobic pretreatment involved).

Model
Parameters

HRT = 3 HRT = 2 HRT = 1

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Go 190.02 205.15 256.66 254.68 189.11 194.19 119.10 102.56 115.82
λ 0.47 0.27 0.63 0.85 0.18 0.74 0.03 0.15 0.44

Rmax 32.79 30.71 48.38 22.43 18.85 18.34 15.31 13.59 17.63
R2 0.987 0.972 0.998 0.993 0.974 0.989 0.937 0.933 0.975

Remarks: Units of λ (days), Go (mL/g VS-added), and Rmax = (mL/g-VS_added/day); error lies within 6%.

3.2.3. Co-Digestion after 85 ◦C Anaerobic Pretreatment

This condition showed the highest performance for mono-microalgae digestion
(242 mL/g-VS_added at an HRT of 3 days) and enhanced methane yield by more than 28% (see
Figure 5a). The yield from co-digestion, however, surprisingly declined by 26% and 4% at an HRT of
3 days and an HRT of 2 days, respectively, while showing an 18% increase at an HRT of 1 day (see
Figure 5b). This indicated a lack of synergism under anaerobic conditions at higher temperatures, such
that co-digestion adversely affected methane yield. At 85 ◦C temperature, no microbes will survive,
including nearly all the thermophile microbes and archaea, assuring very reduced biological activity
during pretreatment-less archaeal abundance reduced the rate of hydrolysis and bio-solubilization
of the polymers in the microalgae [31]. Moreover, applying 85 ◦C temperature was not sufficient to
achieve a desired thermal pretreatment effect [32]. As a result of this, neither the biological nor the
thermal pretreatment was activated under 85 ◦C conditions to enhance co-digestion performance.
A similar reduction in performance after 65 ◦C pretreatment has been reported [10,33,34]. The most
severe methane reduction at an HRT of 3 days was attributed to the negative thermal effect being even
worse when applied for a prolonged retention period. The yield enhancement at an HRT of 1 day
might result from the partial existence of some microbial species at 85 ◦C if a short retention time is
applied. Additionally, the results from the kinetic study shown in Table 5 and Figure 5c–e indicate that
even though the lag period showed significant improvements, the methane production rate exhibited a
declining trend.
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Figure 5. Methane yield at different HRTs after 85 ◦C anaerobic biological pretreatment: (a) experimental
maximum yield; (b) percentage increase in methane yield as compared to no pretreatment condition;
(c–e) experimental vs. simulated values at different HRTs [Experimental condition: Mesophilic AD
temperature = 35 ◦C, Sludge/algae ratio for co-digestion = 9, pH = 7.1 ± 0.2, ISR = 2, Working AD
volume = 150 mL].
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Table 5. Kinetic model parameters (after 85 ◦C anaerobic pretreatment).

Model
Parameters

HRT = 3 HRT = 2 HRT = 1

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Mono-
p.sludge

Mono-
m.algae

Co-
Digestion

Go 191.28 239.93 175.72 254.69 166.21 209.61 119.10 74.48 136.85
λ 0.44 0.60 0.03 0.85 0.15 0.50 0.03 0.07 0.40

Rmax 32.24 18.94 31.46 22.43 17.35 18.13 15.31 11.40 21.28
R2 0.987 0.973 0.977 0.994 0.96 0.983 0.9367 0.964 0.969

Remarks: Units of λ (days), Go (mL/g VS-added), and Rmax = (mL/g-VS_added/day); error lies within 6%.

3.3. Performance Comparison with Previous Works

The performance of this study was compared with some other previous works. The results
indicated in Table 6, below, show that methane yield in a temperature-phased thermophilic bioreactor
can be one of the most competitive pretreatment and methane production techniques.
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Table 6. Comparison between biomethanization tendency of this study and some other previous works.

SN Type of Process Type of Substrate Experimental Conditions Methane Yield Reference

1 Thermal pretreatment
and co-digestion

Microalgae, primary
sludge and FOG

Thermal pretreatment (75 ◦C for 10 h), BMP Temp = 35 ◦C
VS-based microalgae to sludge ratio = 50–50%

237 ± 1, 298 ± 12, and 334 ± 1 mL
CH4/gVS for FOG = 0%, FOG = 10%,

and FOG = 20% resp.
[7]

2 Thermal pretreatment
and co-digestion

Microalgae and
primary sludge

Thermal pretreatment (120 ◦C for 40 min), BMP Temp = 35 ◦C,
Microalgae and sludge ratio = varying

261.7, 282.8 and 293.4 mL CH4/COD
for ratio = 75%/25%, 50%/50% and

25%/75% resp.
[6]

3 Thermal pretreatment
and co-digestion

Microalgae and
Secondary sludge

Thermal pretreatment (120 ◦C for 40 min), BMP Temp = 35 ◦C,
Microalgae and secondary sludge ratio = varying

~150, 136 and 102 mL CH4/COD for
ratio = 75%/25%, 50%/50% and

25%/75% resp.

4
Thermo-alkaline
pretreatment and

co-digestion

Microalgal biomass
and wheat straw

Thermo-alkaline pretreatment (72 ◦C for 24 h), HRT = 20 days,
Total operation = 106 days, OLR = 1.5 g VS/L·day, BMP
Temp = 37 ± 1 ◦C, microalgae to straw ratio (50–50%)

0.24 L CH4/g vs. [17]

5 Thermal pretreatment
and co-digestion

Microalgae and
primary sludge

Thermal pretreatment (75 ◦C for 10 h), HRT = 20/30 days,
Microalgae/sludge ratio = 25%/75%, BMP Temp = 37 ± 1 ◦C,

OLR = 1.17 (g VS/L·day)
0.46 ± 0.27L CH4/g VS) [35]

6 Enzymatic pretreatment
and co-digestion

algal residues and Pennisetum
hybrid energy grass

Mixed enzyme (Cellulase, Xynalase, Pectinase)
algal to grass ratio = 1:3 (VS-based), BMP Temp = 35 ◦C 207.35 ± 15.66 mLCH4/gVS [36]

7 Alkaline pretreatment
and co-digestion

Microalgae and mixed
primary secondary sludge

Alkaline treatment (0.1 mol/L NaOH for 12 h), Microalgae to
sludge ratio 2:1, BMP Temp = 35 ± 1◦C, one month experiment 298 mLCH4/gVS [37]

8 Temperature phased
Anaerobic co-digestion Activated sludge Pretreatment HRT=2 days pH=7, Temp = varying, BMP

Temp = 37 ◦C
160 mL/gVS and 300 mL/gVS for

50 ◦C and 65 ◦C resp. [34]

9 Temperature phased
co-digestion

Microalgae with
primary sludge

Thermophilic Aerobic (HRT = 2 days) and anaerobic
(HRT = 3 days) pretreatment at 55 ◦C, Sludge/algae ratio = 9 &

ISR = 2, BMP Temp = 35 ◦C
308 mL/g-VS and 260 mL/g-VS This study

10 Only co-digestion mixed microalgae
and food waste

BMP Temp = 35 ◦C, microalgae to food waste ratio = 0.2:0.8,
reaction day = 40 days 639.8 ± 1.3 mL/g VS_added [38]

11 Only co-digestion Microalgae and
primary sludge

AnMBR, SRT = 100 days, HRT = 30 days, OLR = 0.5 gVS/L d,
Sludge to microalgae ratio = 62%:38%, BMP Temp = 35 ◦C

228 ± 3 and 241 ± 18 mLCH4/gCOD
for Vulgaris and Scenedesmus resp. [39,40]

12 Only co-digestion Microalgae and
primary sludge

Microalgae to sludge ratio (25%/75% vs.-based)
HRT = 20 days, BMP Temp = 37 ± 1 ◦C, OLR = 1.89 ± 0.26 kg

VS/m3
·day

0.33 ± 0.05 m3 CH4/kg VS [41]

Abbreviations used in the table: solids retention times (SRT), hydraulic retention times (HRT), Anaerobic Membrane Bioreactor (AnMBR), organic loading rate (OLR), ISR = inoculum–substrate
ratio, FOG = fat, oil and grease, BMP Temp = biochemical methane potential test temperature.
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3.4. Implications on the Circular Economy

Our cities are investigating the possibilities of applying clean, renewable and economically viable
natural technologies permitting extraction of valuable resources from highly polluted waste and
transforming a wasteful linear economic model to a sustainable circular economy [42]. As part of
this campaign, the anaerobic digestion process exhibits great potential to recycle energy, materials,
water and nutrients with excellent economic viability. The process is especially attractive from the
point of view of resource recovery using nature-based solutions [43]. This study clearly addressed the
various multi-purpose possibilities in which once microalgae are grown to remove pollutants from
a wastewater plant, they can be further incorporated back into the digestion process for sustainable
methane production. After extracting energy, there is still a large potential for the liquid phase to be
reclaimed for water reuse and the solid phase valorized for nutrient recovery by using only natural
microorganisms as principal agents. These microbes possess enzymes that can selectively target a
specific substrate existing in the algal body. So far, microalgae pretreatment has mainly been applied to
physicochemical, thermal and mechanical techniques. However, with this study, one may conclude
that microbial biotechnology (biological pretreatment) also possesses strong potential as a nature-based
solution for enhancing the circular economy.

4. Conclusions

Increased synergistic effects of co-digestion resulting in up to 36% increase in methane yield were
observed from the co-digestion of microalgae and primary sludge pretreated by thermophilic aerobic
conditions at 55 ◦C and an HRT of 2 days. A maximum methane yield increase of only 8.3% was
observed by anaerobic pretreatment at 55 ◦C and an HRT of 3 days. However, no synergistic effect
was observed after pretreating and co-digesting the substrate with high-temperature (85 ◦C) anaerobic
pretreatment. In fact, co-digestion reduced methane yield. Synergistic effects in co-digestion were
observed without including any pretreatment. This work demonstrated conditions (high temperature;
long HRT) of biological aerobic/anaerobic pretreatment in which co-digestion may negatively affect
methane yield.
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