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Abstract

Anaerobic Digestion (AD) is one of the most widely used methods in the field of sustainable bioenergy production from various
feedstock. One such feedstock is algae waste which has become an increasingly serious environmental problem. AD of algal biomass
is hindered by the presence of resistant cell walls; hence a pretreatment step is usually required to decompose the cell wall structure.
This study uses green algae (Enteromorpha) and anaerobic sludge as raw materials to explore the impact of autoclave (AC) pretreatment
on biogas production. AC pretreatment was performed at 120 °C and 80 °C. The cumulative biogas production of the 120 °C AC
pretreatment, 80 °C AC pretreatment and control group were 600 mL, 450 mL and 400 mL, respectively. The results showed that AC
pretreatment improved the biodegradability of biomass as 120 °C AC pretreatment group achieved higher degradation rate of cells
(95.99 %). The energy evaluation showed that the net energy ratio of the 120 °C AC pretreatment group was 1.07, indicating high
overall energy gain via AD process. The experimental data is further modeled by using Modified Gompertz Model (MGM) and Logistic
Function Model (LFM). To check the applicability of better model for this AD process, an Akaike Information Criteria (AIC) test was
performed. AIC showed that the MGM is basically consistent with the experimental data and more reliable for prediction modeling of
Enteromorpha AD.
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1 Introduction

The world is facing a significant energy crisis due to
increased energy demand [1, 2]. The conventional sources
alone cannot fulfill this ever-increasing demand for
energy because conventional energy sources are mostly
nonrenewable energy sources that tend to deplete with
time [3]. Therefore, it is a fact that there is a great need
for energy sources that do not deplete and damage the
environment [4, 5]. Renewable energy sources are on the
other hand ecofriendly. One such source for energy har-
vesting is biomass [6].

Biofuels can be produced by utilizing locally available
organic feedstock [7]. Various methods are available for
organic matter to energy conversion, however Anaerobic
Digestion (AD) is among the most preferable specifically

for biogas production [8]. AD is a common and useful solu-
tion to handle organic waste, and ferment waste to meth-
ane and hydrogen [9]. Biohydrogen has been regarded as
a clean and renewable form of energy with high calorific
value [10]. At present, the method with mild reaction condi-
tions and good environmental benefits that has been widely
studied is biological hydrogen production. Among them,
the dark fermentation does not rely on light, the reac-
tor structure is simple, and it is widely welcomed [11].
The process of anaerobic fermentation production capacity
is a complex biochemical process. In the process, a variety
of anaerobic microorganisms work together to degrade and
transform organic waste into hydrogen, methane, carbon
dioxide. The nutrients are required for its own growth and
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reproduction. This complex process can be divided into
the following four stages. The hydrolysis stage is the pro-
cess of decomposing very complex insoluble macromolec-
ular organic aggregates into simple soluble monomers or
dimers. The fermentation stage is a process in which micro-
organisms use the small molecule products of the hydroly-
sis process to convert into nutrients and volatile fatty acids.
The hydrogen production and acetic acid production stage
is a complex process in which different types of microor-
ganisms use the final products of the fermentation stage
such as volatile fatty acids, alcohol, lactic acid, etc., are
converted into acetic acid, hydrogen. In the methanogene-
sis stage, there are two different ways to produce methane
due to the action of different microbial groups [12].

Hydrogen has become the focus of attention due to its
high combustion efficiency, pollution-free combustion
products and convenient transportation. The marine algae
have high polysaccharide content, up to 50 %, the mono-
saccharide in kelp polysaccharide, which are good sub-
strates for microbial fermentation. The related literature
shows that many microorganisms can ferment hydrogen
by using a variety of pure monosaccharides, but they all
take pure monosaccharide as the substrate, which leads
to high economic cost. Therefore, anacrobic fermentation
of the hydrolysate of algae rich in monosaccharides which
are available by many microorganisms will greatly reduce
the cost of biological hydrogen production, Therefore, the
study of anaerobic fermentation of algae as raw material
has a broad application prospect.

In order to deal with the refractory nature of algae and
the complexity of its structure, the pretreatment process
can convert macromolecular substances into small molec-
ular substances. Its cellulose content ratio is large, and
the biodegradability depends on the degree to which cel-
lulose and hemicellulose are encapsulated by lignin [13].
Cellulose and hemicellulose can be biological degradable,
but lignin is difficult to degrade, when lignin is wrapped
on the surface of cellulose and hemicellulose. Enzymes
cannot contact the cellulose and hemicellulose phase lead-
ing to slow degradation. Whether extracellular enzymes
can effectively contact the substrate becomes the key to
affect the hydrolysis rate [14]. For that reason, there are
number of pretreatment methods used to improve hydro-
lysis stage in AD process [15—17]. These methods include
mechanical, physical, thermal and chemical treatments.
Mechanical techniques utilize bead milling and high-pres-
sure homogenizer for algae cell disruption and pretreating
Laminaria spp. Physical techniques apply physical forces

to reduce crystallinity of cellulose by breaking down its
structure. Chemical techniques utilize different chemi-
cals such as different strengths enzymes and catalyst to
enhance biogas yield. Thermal pretreatment involve heat
supply to break the chemical bonds in cell wall and also
to increase the soluble rate of cell components [18, 19].
One of the most useful pretreatment methods for AD
of algal biomass is thermal pretreatment. Lower energy
requirements and high energy production with higher bio-
gas yield is an advantage compare with physical pretreat-
ment methods [15]. Autoclaving is one of physical pretreat-
ment methods which operate at a temperature of 121 °C
and pressure of 103.421 kPa [20]. Deepanraj et al. [21]
have studied the effect of autoclaving pretreatment on
the AD of chicken manure and kitchen waste. The results
showed that by using an autoclave to pretreat the substrate,
the cumulative biogas production was increased by about
4.67 % as compared to untreated one. Another study con-
ducted by Liu et al. [22] significantly increased the bio-
methane gas potential and kinetics of forest samples of
hazelnuts by using autoclaving pretreatment to digest two
forest residues (hazelnuts and acacia) and two agricultural
lignocellulose residues (Barley straw and bagasse), the
conditions were set to autoclave at 121 °C for 30 minutes.

Enteromorpha is fresh water algae. It contains a lot of
carbohydrates, cellulose and protein [23]. Enteromorpha
is a very important economic seaweed. It grows and
reproduces rapidly. With the aggravation of seawater
eutrophication in recent years, combined with the com-
prehensive influence of climate warming and other favor-
able factors, Enteromorpha shows a rapid growth, which
once became a "green tide" that shocked the world. Since
2007, green tide natural disasters have broken out in
China for nine consecutive years. In 2008, only 1.2 mil-
lion tons of green tide algae (Enteromorpha) were fished
in Qingdao sea area. The annual amount of green tide in
Fujian coastal areas is more than 100000 tons. The out-
break of green tide not only caused the death of fish and
shrimp, the deterioration of water quality, but also caused
more serious environmental problems because of its
huge biomass difficult to deal with. There exist no place
to landfill, and the retrieved Enteromorpha will rot and
stink in a short time [24]. It has become an irresistible
trend to use marine algae to study fermentative hydrogen
production. However, at the current technical level, there
are still many problems in the efficient mass production
of algae biofuels. Therefore, exploring more reasonable
utilization of algae resources, studying efficient treatment



methods of algae, and improving the efficiency of algae
fermentation for hydrogen production are the critical bot-
tleneck technologies to solve the current utilization of
Enteromorpha. This study is closely following the current
situation of energy shortage, to explore the experimen-
tal method of efficient pretreatment of green tide algae
Enteromorpha, which laid the foundation for large-scale
use of algae to prepare bioenergy.

In our previous study [12], effect of microwave pretreat-
ment on Enteromorpha AD was conducted, the response
surface method was used to optimize it to further increase
the hydrogen production. In present study, autoclave pre-
treatment is applied for Enteromorpha AD. Energy anal-
ysis is carried out to find out feasibility of autoclave pre-
treatment to obtain positive energy balance. Moreover,
kinetic parameters of AD are determined by established
prediction models.

2 Materials and methods

2.1 Raw materials

The anaerobic sludge used in the experiments was taken
from Wenchang Sewage Treatment Plant in Harbin, China.
Because the sludge from sewage treatment plant is aero-
bic sludge, it is necessary to cultivate anaerobic sludge.
The sludge was aerated and cultivated for 1 to 2 weeks.
During the culture, nutrients were added at the ratio of
300:5:1 with glucose, NH,Cl, and KH,PO,. The sludge
was brown, with well settlement [25, 26]. Enteromorpha
used in the experiment was obtained from the Institute of
Hydrobiology, Chinese Academy of Sciences, and dried
in a dry box. The morphology of dried Enteromorpha is
shown in Fig. 1. In Enteromorpha it contains 13.20 % pro-
tein, 1.06 % fat and 21.77 % ash [10].

Fig. 1 Macromorphology of Enteromorpha
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2.2 Experimental setup

Before AD, autoclave pretreatment was performed by
autoclave (MJ-78A, STIK GROUP LLC, USA). The set
high temperature and high pressure pretreatment con-
ditions are: solid-liquid ratio and pretreatment time are
20:1 and 30 minutes, respectively, and the temperature
is 120 °C [27]. The laboratory glass bottle (working vol-
ume = 500 mL) was used as a biological digester, and then
a batch AD experiment was performed through an anaer-
obic batch system. The solid-liquid ratio determined by
previous experiments is 1:20, and pH was adjusted to 7.
Rubber plugs were used to seal the biodigester. Before the
experiment, nitrogen was used to purge for 5 minutes to
form an anaerobic environment inside digesters. The envi-
ronment in the digester is maintained at 37 °C and a mix-
ing speed of 150 rpm.

2.3 Analytical methods

The main quantities that need to be measured in the
experiment are Total Chemical Oxygen Demand (TCOD),
Soluble Chemical Oxygen Demand (SCOD) and reducing
sugars [28]. After pretreatment, cell lysis rate is calculated
to analyze the effect of high temperature and high pres-
sure pretreatment by following formula [29]:

SCOD, —SCOD,,
TCOD, —-SCOD,,

Cell Lysis Rate (%) = x100. (1)

Among them, SCOD, represents the release of SCOD
during AD, and SCOD_, and TCOD, represent the SCOD
and TCOD values of Enteromorpha mass. A spectropho-
tometer (dr3900, HACH, USA) with a maximum wave-
length (4_ ) of 550 nm was used to determine the glu-
cose concentration. A 50 mL syringe was used to extract
a biogas sample to measure hydrogen, and use 176 ther-
mal conductivity detector-flame ionization detector
(TCD-FID) to inject 1750.5 mL biogas into a gas chro-
matograph (SP-2100A, BFRL, USA), determine 177 %
of the biogas Hydrogen content (v/v). The production of
biogas is measured twice a day, and the composition of
the biogas is observed once. In order to reduce possi-
ble errors, each experiment was carried out three times
and the average value was presented. Scanning electron
microscopy (SEM, JCMS5000 Hitachi Japan) was per-
formed on the pretreated samples, TG-DTG was carried
out by using Thermogravimetric analyzer (TGA Q50 TA
INSTRUMENTS USA), and the results were analyzed
by one-way analysis of variance with origin 8.0 software.
P <0.05 was considered statistically significant.
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2.4 Energy analysis

Energy evaluation is an important indicator that can calcu-
late output and input energy. Input energy and output energy
are calculated using Egs. (2), (3) [30]. The ratio of energy out-
put to energy input is the energy ratio calculated by Eq. (4).

E, =3600Pxt, )

where:
* E, = Energy input (kJ)
» P =Power required for Autoclave pretreatment(kW)
* ¢=running time (h).

_AQOxV xeg

E,, 0 (©)
where:

* E = Energy output (kJ)

* AQ = Hydrogen yield (L H,/L/d)

» V= Effective volume (L)

» &= Calorific value of hydrogen (120,000 kJ/m?).
AE = Lo “4)

Ein

2.5 Mathematical kinetic models

Modified Gompertz model and Logistic function model
as indicated by Egs. (5), (6) are used to analyze the auto-
clave pretreatment. Both models are used to determine
kinetic parameters via origin 8.0 software. The iterative
method is mainly used in the calculation process, and the
Levenberg-Marquardt (L-M) algorithm is used to evalu-
ate the reaction kinetics [31].

2.7183

B=B,x exp[—exp(MBPR (BPDT 1) + 1D 5)

P

B- B, ©)

1+ exp(4MBPRBPDT_t + 2)

P

where:
* B=Cumulative biogas volume at digestion time # (mL)
* B, = Biogas production potential (mL)
* MBPR = Maximum Biogas Production Rate (mL/h)
* BPDT = Biogas Production Delay Time (h)
» t=Total digestion time (h).

The Akaike Information Criteria (AIC) is used to eval-
uate the fitting effects of two different models. For each
model, the AIC value and the Akaike weight value are cal-
culated by Eqgs. (7), (8):

NIn RS H2K when V> 40
AlC= RSSN 2K (K +1) ﬁ >
NIn~22 oK + Y when <40
N N-K-1 K

Akaike weight = e (—0.5AAIC)/(1+¢" (-0.5AAIC)),

®)
where:
* N =Number of points
* RSS = Residual Sum of Square
¢ K =Number of model parameters
* AAIC = The relative difference between the two AIC
values

3 Results and discussion

3.1 Pretreatment effect on Enteromorpha

The main purpose of pretreatment was to increase the
amount of simple forms, which required the decom-
position of complex structures, shorten the hydrolysis
time, and increased the reaction rate. Scanning Electron
Microscope (SEM) was used to observe the physical struc-
ture changes of algae. Fig. 2 shown the morphology of the
substrate pretreated by the autoclave. For the original sub-
strate, it had a compact structure with small holes on the
surface, as shown in Fig. 2 (a). The autoclave pretreat-
ment shown in Fig. 2 (b) resulted in slight crushing and
decomposition, which also showed that a large number
of physical effects affected the physical wood fiber struc-
ture of the solid digestion, and the substrate surface was
substantially damaged.

It can be noticed from the TG-DTG curves in Fig. 3
of autoclave pretreatment with the temperature increases;
there are four stages in the pyrolysis of biomass. The first
area is the water analysis process, and the tempera-
ture range is: 50-168 °C. As the temperature increases,
the moisture in the biomass begins to precipitate, and
the derivative curve fluctuates. The second area is a slow
decomposition process with a temperature range of 168—
245 °C. A small amount of weight loss occurs in this
area, which may be the occurrence of understanding and
"glass condition transition", preparing for rapid pyrol-
ysis, at which time small molecule compounds such as
CO, CO, and H, are released. The second region is the
rapid pyrolysis process, which is the main stage of pyrol-
ysis. Most of the weight loss of the sample occurs in this
region, and the weight loss rate accounts for more than
80 % of the total weight loss. The DTG curve also has
a distinct peak in this region. The temperature range
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Fig. 2 Microstructure change of autoclave pretreatment

(a) unpreatreated substrate (b) autoclave pretreated substrate

for this area is Brassica 245-560 °C. The fourth stage is
the slow decomposition and volatilization process of the
residue and inorganic ash.

3.2 AC effect on biogas and hydrogen production

It can be seen that compared with the control group, the
biogas production has been improved, indicating that
the autoclave pretreatment has a positive effect on the
AD of Enteromorpha. The results are shown in Fig. 4.
As shown, the gas production at the initial stage (0-36 h)
was in low level, the slope of the curve was small, and
the gas production increased slowly. When AD contin-
ued in the middle stage (36 h—84 h), the gas production
of the three groups increased significantly especially the
120 °C group, and the slope of the curve also began to
increase. At 84 h, the cumulative gas production of the
three groups exceeded 200 mL, but there was no signifi-
cant difference between them. When AD continued until
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Fig. 4 Biogas production influenced by different autoclave temperature
84 h, it was found that the gas production of autoclave

pretreatment group at 120 °C began to increase signifi-
cantly, and the growth rate exceeded the control group
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and 80 °C pretreatment group. 120 °C group only used
96 h to exceed control group 168 h gas production amount.
As AD continues, there was a big difference between
3 groups. In the later stage of AD (84 h—168 h), the gas
production growth rate of 80 °C group also exceeded the
control group, but the increase was not obvious. At the
end stage of the AD (168 h), the cumulative gas pro-
duction of 120 °C autoclave pretreatment group was as
high as 600 mL, which was the most significant increase
compared with the 80 °C autoclave pretreatment group
(450 mL) and the control group (400 mL).

Table 1 showed the proportion of hydrogen in the bio-
gas fermentation production process of the control group
and the other two groups at 128 h. It can be seen that the
hydrogen content of the control group was at a low level
of only 16.48 % (v/v). The hydrogen content of 80 °C auto-
clave pretreatment group increased to 19.4 % (v/v), and
the hydrogen content of 120 °C autoclave pretreatment
group increased significantly, which up to 32.93 % (v/v).
Therefore, it was known that high temperature and high
pressure pretreatment had a good effect on the hydrogen
production process.

The low gas production in the early stage of the exper-
iment can be explained as: in the initial stage of AD,
the main digestion process in the mixed culture solu-
tion is the hydrolysis process, and the macromolecu-
lar organic matter such as cellulose and protein in green
algae (Enteromorpha) was decomposed into small molec-
ular organic compounds. The dominant strains are bacte-
ria that promote hydrolysis, such as cellulolytic bacteria,
carbohydrate decomposition bacteria, lipolytic bacteria,
and cellulolytic bacteria. The hydrogen production of
hydrogen producing bacteria is not obvious, so the yield
is small. As the fermentation progresses, small molecules
of organic matter in the fermentation bottle begin to accu-
mulate, which provides sufficient fermentation substrate
for the hydrogen-producing acetogens and homoaceto-
genic bacteria to accelerate the hydrogen production rate.
This phenomenon occurred in the middle stage. In addi-
tion, the biogas amount showed the catalytic effect of
high temperature autoclaving pretreatment on hydrogen
production [25, 26].

Table 1 Hydrogen content by different autoclave temperature

Control 80 °C 120 °C
Biogas amount (mL) 405 455 598
Hydrogen ratio % (v/v) 16.48 19.4 32.93

3.3 Energy analysis

The energy evaluation of the whole fermentation process
is shown in Fig. 5. It evaluated the feasibility of the pre-
treatment effect of the autoclave. As shown, for each case,
the energy output which mainly includes the heat value
generated by hydrogen combustion (ie. output energy,
E ) is divided by the energy required for autoclave pre-
treatment such as the electric power used by autoclave
(ie energy input, £, ). The results showed that the 120 °C
group has an energy ratio greater than 1. This indicates
that the increase in hydrogen production obtained is suf-
ficient to cover the input energy of the system. The 80 °C
group cannot reach 1 because the hydrogen content is less.
Compared with the 120 °C group, the net energy gain is
the largest when the energy ratio reaches 1.07.

3.4 Cell lysis and total carbohydrate concentration
Fig. 6 showed the effect of autoclave pretreatment on biode-
gradability of microalgal biomass which called the degree of
cell lysis rate (%). It can be found that the 80 °C pretreated
group and control group had the same degree of cell lysis
for the first 70 hours of AD, which indicate that low tem-
perature cannot able to break down the cell wall. This result
is in agreement with biogas production data. In contrast,
120 °C pretreated group showed a better cell lysis rate, and
in soluble phase it had more organic matter. 120 °C pre-
treated groups obtained the highest cell lysis of 95.99 %.
Fig. 7 showed the COD content of 80 °C, 120 °C group
and control group for every 24 hours during the fermenta-
tion process. It can be seen that, the 80 °C, 120 °C group
and control group both increased significantly in the early
stage of fermentation (within 48 hours). After 48 hours,
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Fig. 5 Energy analysis for different autoclave temperature
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Fig. 7 Changes in COD concentration during the AD

the rate of increase for control group COD content tend
to be stable. It can be found that the 80 °C and 120 °C
group reached a high peak also had a high growth rate.
When the reaction proceeded to the end stage of the fer-
mentation period (especially after 120 h), the COD con-
tent decreased in each group. This trend is maintained
until the reaction stops.

This trend is also in line with expectations. In the initial
stage of fermentation, the biogas production is not much.
The reaction of this process is mainly the hydrolysis pro-
cess of microorganisms. The organic matter of large parts
is decomposed into small molecular organic substances,
which leads to dissolution. The amount of organic solutes
in the solution is greatly increased. When the gas produc-
tion rate is greatly accelerated, the rate of increase of COD
content begins to decrease. This fact showed that small
molecular organic solutes dissolved in the solution enter
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the cells through the cell membrane of the microorgan-
isms for anaerobic fermentation to produce biogas, result-
ing in dissolution of the fermentation [32].

The total carbohydrate (polysaccharide) in the fermen-
tation substrate provided the main raw material for AD,
and is also the initial resource for fermentation. The total
carbohydrate is fermented by hydrolysis into monosaccha-
ride for direct using by bacteria. Its content reflected the
amount of total sugar dissolved in the extract and affects
the fermentation process. During the fermentation pro-
cess, the total sugar content will change with the digestion
and degradation of the relevant bacteria.

As shown in Fig. 8, the total carbohydrate content gen-
erally decreased. In the initial stage of fermentation, the
average carbohydrate content in the three treatments was
decreased slowly. Between the middle stage, the total
carbohydrate content began to decrease dramatically.
The total carbohydrate content in the bottle began to sta-
bilize during the end stage, and this trend continued until
the end of the reaction [31].

3.5 Kinetic models

Tables 2 and 3 show the Gompertz and logistic model data
respectively. Figs. 9 and 10 show the difference between
predicted and actual gas production. The improved
Gompertz model showed that the maximum gas produc-
tion (MBPR) of the control group was 3.56 mL/h, the pre-
treatment group was 4.13 mL/h at 80 °C, and 7.74 mL/h
at 120 °C. On the other hand, in the logistic model, the
maximum gas production (MBPR) of the control group,
80 °C and 120 °C groups were 3.89, 4.44, and 8.39 mL/h,
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Fig. 8 Changes in total carbohydrate concentration during the AD
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Table 2 Parameters of modified Gompertz model

Treatments

Parameter

Control 80 120
B, (mL) 501.39 640.75 809.75
MBPR (mL/h) 3.56 413 7.74
BPDT (h) 0.905 0.791 1.89
R’ 0.99867 0.99244 0.99647
Predicted Biogas Yield (mL)  426.982 525.019 723.661
Measured Biogas Yield (mL) 427 534 715
Difference between
measured and predicted 4.68E-3 1.71 1.21

biogas yield (%)

Remarks: B,,, Biogas production potential; MBPR, Maximum Biogas
Production Rate; BPDT, Biogas Production Delay Time; R?, Correlation
Coefficient

Table 3 Parameters of Logistic Function model

Treatments

Parameter

Control 80 120
B, (mL) 439.21 557.23 729.08
MBPR (mL/h) 3.89 444 8.39
BPDT (h) 1.18 1.05 2.10
R? 0.99453 0.98324 0.99784
Predicted Biogas Yield (mL) 417.387 516.893 705.94056
Measured Biogas Yield (mL) 427 534 715
Difference between
measured and predicted 2.30 3.31 1.27

biogas yield (%)

Remarks: B, Biogas production potential; MBPR, Maximum Biogas
Production Rate; BPDT, Biogas Production Delay Time; R?, Correlation
Coefficient
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Fig. 9 Modified Gompertz Fit for experimental data

respectively. The calculation results show that autoclave
pretreatment can increase biogas production and reduce
lag time. The reason is that the autoclave pretreatment
increases the hydrolysis rate of the cell wall and reduces
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Fig. 10 Logistic Function Fit for experimental data

the lag phase. From the correlation coefficient, the two
coefficients are 99.87 % and 98.32 % respectively, which
shows that the fitting conditions are better.

Table 4 showed Akaike Information Criterion (AIC)
test for the fitting results. AIC suggests that modified
Gompertz model has a lower AIC value and hence proved
to be a better model to use in this case.

4 Conclusions

This experiment verified that autoclave pretreatment can
improve the biodegradability of green algae and enhance
the anaerobic fermentation process. In the batch fer-
mentation experiment, the cumulative gas production of
the 120 °C autoclave pretreatment group was as high as
600 mL, which was the largest increase compared with
the 80 °C autoclave pretreatment group (450 mL) and the
control group (400 mL). The energy calculation results
show that the output to input energy ratio of the 120 °C
group is 1.07, and the fermentation system can generate
net energy output. The cell lysis rate in the 120 °C group
was the highest, which was 95.99 %. The experimental
data is modeled by the improved Gompertz and Logistic
function model. The Akaike Information Criteria (AIC)
test shows that the experimental data of the Gompertz
model is more fitting than the Logistic function model.

Table 4 Results for Akaike's Information Criterion (AIC) Test

Akaike
Model RSS N AIC Weight
Modified Gompertz Model  3054.101 15 91.742 0.99746
Logistic Function Model 6772.091 15 103.687  0.00254

Remarks: RSS, the Residual sum of the square; N, Number of Points;
AIC, Akaike's Information Criterion



This study shows that when the microalgae biomass is

pretreated in an autoclave at 120 °C, a better anaerobic

fermentation effect can be obtained and a positive energy

balance can be achieved. In summary, the autoclave pre-

treatment can provide an effective pretreatment option for

the anaerobic fermentation of algae.
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