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Abstract Anaerobic fermentation can increase biomass energy use efficiency of crop straws and realize win-win of energy and environment.

This paper explored the biogas generation performance of anaerobic digestion of cow dung liquid as nitrogen source in three different levels of

stirring intensity at 30°C constant temperature condition. Through pH value, biogas production, chemical oxygen demand ( COD) , methane

content, volatile fatty acid (VFA) , principal component analysis (PCA) and modified Gompertz model, effects of agitating intensity on an-

aerobic digestion performance of corn straw silage were evaluated. Results indicate that the COD removal rate of three agitating intensity lev-

els is higher than 85% , and pH value is about 6.5 ; the cumulative biogas production after 20 days is2 h > 4 h > 1 h of agitating; in the
49th day, the biogas production is 1.9 L at 30 min/2 h, 1.7 L at 30 min/4 h, and 1.6 L at 30 min/h; the maximum biogas production rate
is 30 min/2 h > 30 min/4 h >30 min/h; and the maximum methane production rate is 30 min/4 h > 30 min/2 h > 30 min/h; in the

same energy consumption, the biogas production at 30 min/4 h is higher than 1 h. In conclusion, overall analysis of energy consumption and

economic factors indicate that 30 min/4 h agitating intensity is more suitable for straw biogas fermentation project. This study is expected to

provide theoretical foundation for biogas fermentation project.
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1 Introduction

Agitating is an essential control factor in the anaerobic fermenta-
tion and also one of the most effective and feasible means'"’. For
anaerobic fermentation of crop straws, weeds and poultry and
livestock dung, if without agitating, 3 layers of fermentation lig-
uid are clearly visible. However, using agitating, it can effec-
tively solve the layer problem, and the problem of uneven physi-
cal, chemical and biological traits due to poor contact. Through
agitating , it is feasible to increase the effective contact area, pro-
mote methane bacteria to obtain nutrients in the manner of forced
diffusion, so as to accelerate biogas production and increase the
biogas production of anaerobic fermentation. Thus, agitating is of
great significance in anaerobic fermentation.

Agitating methods generally include pneumatic, hydraulic
and mechanical agitating. From the perspective of saving power
consumption, mechanical agitating is most effective’”. In self-
made anaerobic fermentation reaction system, Wang Xin et al.
analyzed effect of three agitating types of anaerobic fermentation
of cow dung at high temperature and results indicate that mechan-

ical agitating is optimal process and brings the highest biogas pro-
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duction””’. Khursheed et al. found that agitating can significantly
increase the biogas production effect of anaerobic fermentation of
cow dung at high concentration, and the demand for agitating be-
comes higher with increase in fermentation concentration in the

. . 4
anaerobic fermentation process'*.

Successful biogas projects in
Germany, Denmark and Austria prove that when the viscosity of
anaerobic digested materials is high, pneumatic agitating or hy-
draulic agitating plays a weak role, while mechanical agitating is
the development trend of mixing agitator for large-scale biogas
project”™ . Jose et al. studied sequencing batch reactor and
pointed out that at 50 r/min agitating speed, the removal rate of
reactor to filtered and non-filtered materials is 80% and 88% re-
spectively , and there is no break of particulate sludge in solid re-
tention time'® . However, Hashimoto pointed out that continuous
agitating brings higher biogas production than intermittent agita-
ting for waste water biogas fermentation of beef cattle farm'”. At
present,, most scholars accept active role of agitating in anaerobic
digestion and believe that intermittent agitating is better than con-

tinuous agitating[x’g] .

However, there are few researches about
optimal agitating intensity and energy consumption in CSTR reac-
tor biogas project.

Taking corn straw silage as material, at temperature of
35°C, using CSTR reactor in intermittent mechanical agitating
mode, through pH value, biogas production, methane content,
volatile fatty acid ( VFA), chemical oxygen demand ( COD),
energy consumption, principal component analysis (PCA), and
modified Gompertz model, we analyzed effects of three agitating

intensity levels on anaerobic digestion performance of corn straw
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silage. It is expected to provide theoretical basis for agitating in-
tensity and energy consumption of large and medium-sized straw

biogas projects.

2 Materials and methods

2.1 Fermentation conditions Corn straws were collected
from experimental base of Yanbian University, cut into 1 c¢m
slices, added with little lactic acid bacteria, compacted and
sealed to store in 10 L fermentation bottle for silage, nitrogen
source was new cow dung collected from cow breeding base of
Yanbian University. Anaerobic fermentation device was 3 CSTR
reactors and the active volume was 6L, as shown in Fig. 1.
Three agitating intensity levels were used (200 r/min as stand-
ard, and 30 min/1 h, 30 min/2 h, and 30 min/4 h for each re-
actor respectively). The solid content ratio of 3 reactors was 6%
TS, organic load was 3 g TS/L - d, and the temperature was set
at 30°C. Active sludge for reactors was domesticated in 100 L
anaerobic reactor taking cow dung and corn straws as materials,
the pH value of sludge was 8. 0, and total solid (TS) was
2.87% , and volatile solid (VS) was 2.09% . The fermentation

time was 50 days.
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Fig. 1 Schematic diagram for CSTR reactor
A: automatic control system; B: agitating system; C: feed port;
D: temperature probe; E: heating rod; F: discharging port; G: gas

collection

2.2 Measurement method
2.2.1

The biogas production was measured by water discharge method,

Biogas production and methane content measurement.

and methane content was measured by gas analyzed ( Biogas-
5000) of Geotech Company.

2.2.2 Measurement of pH value. Everyday, fermentation lig-
uid was taken out from fermentation tank and the pH value of in-
let and outlet water was measured with pH meter ( Shanghai Rex
Electric Chemical PHS-3C).

2.2.3 Measurement of chemical oxygen demand (COD). COD
analysis was carried out by potassium dichromate method'"’. 2

mL suitably diluted water was taken, added with 2 mL digestion

solution (5g Ag,SO, was dissolved in 500 mL concentrated sulfu-
ric acid and 0. 25 mol/L potassium dichromate solution, mixed at
3:1 ratio) , put into COD rapid digestion system ( Shanghai Rex
Electric Chemical COD-571-digestion device) , after the samples
were cooled, COD was measured using Rex-571 COD measuring
instrument.

2.2.4 Measurement of volatile fatty acid ( VFA). The high-
performance liquid chromatograph ( HPLC) was used, chromato-
graphic column HITACHI LaChrom C18-AQ (5 pum), column
temperature 25°C , mobile phase 1 mmol/L H,SO, and 8 mmol/L
Na,SO,, flow rate 0.6 ml/min, sample size 10 pL, and collec-
tion time 60 min; samples were placed in 2 mL centrifugal pipe,
and centrifuged for 10 minutes at 12000 rpm, supernatant was
taken and membrane was filtered for measurement. 5 kinds of
standard acid (methanoic acid, acetic acid, propionic acid, bu-
tyric acid, and lactic acid) were prepared and standard curves
were plotted, then quantitative analysis was carried for sam-
ples!"?.

2.2.5 Evaluation on anaerobic digestion performance of corn
straws. We applied modified Gompertz equation to fit treated

curves of cumulative biogas and methane production'"’.
Rm - e

B:Bo-exp{—exp[ B, (/\—l)+1]} (1)

where B denotes cumulative biogas production (mLg™" VS ,,..),

B, is potential biogas production of raw material ( mLg™'
VSa\ldml ) ) R
(mLg™" VS_,,..d7"), A is the lag period (day) of anaerobic re-

. signifies maximum daily biogas production rate
action of raw material, and e is the constant term (2.718). B,,
R, and A are used to evaluate nature of produced gas.

2.2.6 Data analysis. We used Origin 8.0 and SPSS 17. 0 soft-

ware to analyze data.

3 Results and analyses

3.1 Effects of agitating intensity on daily biogas production
and cumulative biogas production Effects of agitating intensi-
ty on daily biogas production were illustrated in Fig. 2(A). At
20 min/h agitating intensity, the daily biogas production firstly
rose then declined, and finally became stabilized; at 30 min/2 h
agitating intensity, the daily biogas production firstly declined
and then rose, reached the peak value (2.42 L) in the 6th day,
and declined and rose to stable state; at 30 min/4 h agitating in-
tensity, the daily biogas production firstly rose, then fluctuated
slighted. In the 49th day, 3 reactors reached the stable state, the
biogas production of 30 min/2 h stabilized at 1.9 L, higher than
30 min/4 h agitating intensity (1.7 L) and 30 min/h agitating
intensity (1.6 L). This was because proper agitating can make
organic matters and microorganisms evenly distributed in reac-
tors, accordingly increase the degradation and conversion rate of
organic matters and increase the biogas production. The changes
in cumulative biogas production were shown in Fig. 2(B). In
the beginning 20 days, the volume of cumulative biogas produc-

tion was agitating intensity 2 h > 1 h >4 h; after 20 days, the
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volume of cumulative biogas production was agitating intensity 2 h
>4 h >1 h; with increase in samples, the organic load of 1 h re-

actor increased, too high agitating intensity led to break of anae-

30T —=—30 min/h
——30 min/1 h
2.5 —a—30 min/2 h
—
2 2.0
&
© 1.5
Ly
ER
0.5 F
0.0 1 1 1 1 J
0 10 20 30 40 50
Time Il d

robic sludge granule, and biogas production dropped”” ",

re-
flecting that higher agitating intensity does not necessarily bring

higher biogas production.
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Fig. 2 Effects of agitating intensity on daily biogas production and cumulative biogas production

3.2 Effects of agitating intensity on pH value Changes in
pH values at different agitating intensity took on the trend of
high, low and high, and the fluctuation was not high, as shown
in Fig. 3. The pH value at starting stage of reactor was 30 min/h
>30 min/2 h >30 min/4 h. With operation of the reactor, an-
aerobic microorganism became gradually adapted to environment
pH value at different agitating intensity tended to become stable
6.65 at 30 min/h, 6.52 at 30 min/2 h, and 6. 46 at 30 min/4
h. pH values of 3 reactors were in the suitable range of pH of an-
aerobic fermentation, manifesting excellent reactor operation and
smooth operation of anaerobic digestion reaction.
3.3 Effects of agitating intensity on methane content At
30 min/h agitating intensity, the peak value of methane content
was 56.7% and appeared in the 46th day; at 30 min/2 h agita-
ting intensity, the peak value of methane content was 57. 8% and
appeared in the 29th day; at 30 min/4 h agitating intensity, the
peak value of methane content was 63.2% and appeared in the
39th day. In the entire operation state, the changes of methane
content were relatively stable at 2h agitating intensity. In the
45th day, the methane content of 3 reactors became stable, 55%
for 1 h agitating intensity, 50% for 2 h agitating intensity, and
49% for 4 h agitating intensity respectively. At 1 h agitating in-

& Bal 0, &V(0, &z CH,

&8 Bal 0, &VC0, 22 CH,

tensity, the contact area of microorganisms and organic matters
was increased, realizing better use of organic acid by methane
bacteria, to form methane. At each agitating intensity, there
were no huge changes in methane content, indicating that the
effects of agitating intensity on biogas production were little, as
shown in Fig. 4.
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Fig. 3 Effects of agitating intensity on pH value
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Fig. 4 Effects of agitating intensity on methane content
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3.4 Effects of agitating intensity on VFA Effects of agita-
ting intensity on VFA were illustrated in Fig. 5. VFA content at
three agitating intensity levels had different degree of accumula-
tion. At the starting state of reaction, acetic acid had accumula-
tion at three agitating intensity levels. With increase in the reac-
tion time, the acetic acid was constantly decomposed and the ac-
cumulation rate gradually declined to the completion of reaction.
The acetic acid content was 0. 77 g/L, 0.89 g/l and 0. 86 g/L at
30 min/4 h, 30 min/2 h, and 30 min/h agitating intensity re-
spectively. In the reaction, only 30 min/4 h discharge material
contained methanoic acid and the content was little, it was not
decomposed in the reaction. At 30 min/2 h, in the 30th day,
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Fig. 5 Effects of agitating intensity on VFA of corn straws

3.5 Effects of agitating intensity on COD removal rate As
shown in Fig. 6, the changes in COD removal rate at different agita-
ting intensity had high fluctuation, but the COD removal rate basi-
cally remained above 60% . With increase in feeding samples, or-
ganic matters in the reactor increased, microorganisms became grad-
ually adapted to anaerobic environment, and the metabolic capabili-
ty increased, fluctuation of COD removal rate declined. In the 45th
day, the operation of reactors became stable, and the COD removal
rate remained above 85%. At this time, the digestion ability of mi-
croorganisms to organic matters strengthened and the reactor opera-

tion remained in excellent state.
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Fig. 6 Effects of agitating intensity on COD removal rate

lactic acid appeared, and in the 35th day, lactic acid was com-
pletely decomposed and utilized. The discharge liquid at three
agitating intensity contained propionic acid. At 30 min/4 h, pro-
pionic acid appeared in the 25th day till the end of reaction; at
30 min/2 h and 30 min/h, propionic acid appeared in the whole
process, mainly because pH environment was not suitable for de-
composition of propionic acid and accumulation of organic acid
was excessive at the early stage of reaction. Compared with 30
min/2 h and 30 min/h agitating intensity, the decomposition
effect at 30 min/4 h was better, indicating that proper agitation is
favorable for anaerobic fermentation, but higher agitating intensi-

ty will not necessarily bring better anaerobic digestion.
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3.6 Correlation between factors and agitating intensity and
biogas production potential of corn straw silage Principal
component analysis (PCA) results were shown in Fig. 7. Princi-
pal components include fermentation time, biogas production,

cumulative biogas, methane content, VFA, and COD removal rate.
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Fig. 7 Correlation between factors and corn straw biogas produc-
tion potential

Note: 1 denotes 30 min/h; 2 denotes 30 min/2 h; 3 denotes 30 min/4 h;

CODRR stands for COD removal rate; CB signifies cumulative biogas pro-

duction; DB signifies daily biogas production.

The fermentation time was positively correlated with methane con-
tent and cumulative biogas production, indicating increase in the
fermentation time can effectively increase the biogas production.

At 30 min/h agitating intensity, the daily biogas production was
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negatively correlated with fermentation time, methane content,
and COD removal rate; at 30 min/2 h and 30 min/4 h, the fer-
mentation time was negatively correlated with methane content and
COD removal rate, indicating that 1 h agitating intensity increased
contact of un-decomposed and anaerobic sludge granules, which
was favorable for decomposition and utilization of organic matters.
At 30 min/1 h and 30 min/2 h agitating intensity, the methane
content was negatively correlated with VFA | mainly because ex-
cessive agitating intensity influenced sludge structure, reduced
conversion efficiency of VFA | and led to accumulation of acid.

3.7 Evaluation on effects of agitating intensity on anaerobic
digestion performance of corn straw silage With the aid of the
modified Gopertz model, we effectively predicted the methane pro-

duction potential, maximal methane production rate, and raw ma-
terial fermentation lag period at different agitating intensity. As
listed in Table 1, the fitting effect of cumulative biogas production
was excellent and higher than 98% . The maximal biogas produc-
tion rate was 30 min/2 h >30 min/4 h >30 min/h, A was 30
min/4 h >30 min/2 h >30 min/h, reflecting that reducing the
time could increase the biogas production. By comparison, 30
min/2 h agitating intensity had better prospect of biogas produc-
tion. The fitting coefficient of methane content was higher than
80% . The fitting effect was not excellent largely because the early
stage of agitation influenced metabolic activity of methane bacteria

in the reactor and the methane production process was not stable.

Table 1 Evaluation on effects of agitating intensity on anaerobic digestion performance of corn straw silage

Cumulative biogas

Methane content

Sample

By B, A R? By B, A R
30 min/h 97.52 1.72 1.65 0.98 50.78 52.92 0.12 0.83
30 min/2 h 134.00 2.39 2.69 0.99 50. 81 65.99 0.17 0.81
30 min/4 h 118.15 2.05 4.78 0.99 50.24 69.49 0.15 0.81

3.8 Optimization of agitating methods

helical ribbon agitator as an example, the relational expression of
[14]

Taking horizontal

agitating power and rotation speed is

P, =P (N,/N)"™" (2)
where P, and P, are agitating power at rotation speed N, and N, , n
is the non-Newtonian coefficient of liquid, and non-Newtonian co-
efficient at high concentration is 0.35 —0.47"'.
Combined with actual agitating frequency and time, we could de-
duce the power consumption relation of agitating for 3 groups of
experiment :

P30 min/h : P30 min/2 h : P30 min/4 h = 4:2:1  (3)

According to this formula, the power consumption at 30 min/
4 h was a half at 30 min/2 h, and one fourth at 30 /h. Combined
with the daily biogas production, we could obtain biogas produc-
tion at the same power consumption and different agitating intensi-
ty, the average biogas production was 30 min/4 h >30 min/2 h >
30 min/h. At the same energy consumption, the biogas production
at 30 min/4 h was much higher than that at 30 min/1 h. In the 50
days of the operation, the reactor at 30 min/h agitating intensity
consumed power up to 2816 kWh, the reactor at 30 min/2 h agita-
ting intensity consumed power up to 1689.6 kWh, while the reac-
tor at 30 min/4 h agitating intensity consumed power of
939.136 Wh. Combined with cumulative biogas production and
power consumption, we could obtain the biogas volume for 1 kWh
at different agitating intensity. From Table 2, the average biogas
production was 30 min/4 h >30 min/2 h >30 min/h. In the same
power consumption, the biogas production at 30 min/h was much
higher than that at 30 min/1 h.

In current biogas projects, without considering the initial in-
vestment , the biogas price should be 0.75 yuan/m’ to 3.6 yuan/
m’, to ensure economic income of subsequent management' . In

the 49th day, 3 reactors reached the stable state, the biogas pro-

duction of 30 min/2 h stabilized at 1.9 L, higher than 30 min/4 h
agitating intensity (1.7 L) and 30 min/h agitating intensity (1.6
L). Therefore, when the biogas production at 30 min/2 h was
higher than that at 30 min/4 h for 300 mL, calculated at price of
3.6 yuan/m’, the economic benefit of 200 mL biogas was 0. 072
yuan. The biogas production at 30 min/2 h was the highest, so
200 mL biogas production consumed 3.2 kWh power. Now, the
electricity price in Jilin Province is 0. 38 yuan/m’ ( tax included) ,
the economic benefit of 3.2 kWh power will be 1.22 yuan. This is
much higher than the economic benefit obtained from 200 mL bio-
gas. In sum, 30 min/4 h agitating intensity has the highest eco-
nomic benefit. In other words, from the perspective of power con-
sumption, higher agitating intensity will not necessarily bring

higher biogas production and higher economic benefit.

Table 2 Comparison of average biogas production at different agitating
intensity

Biogas production at Biogas production

Agitating intensity the same power of one kWh
consumption // mL/C electricity / mL/C

30 min/h 400 27.5

30 min/2 h 950 61.5

30 min/4 h 1700 93.4

4 Conclusions and discussions

We set three reaction intensity levels in this experiment: 30 min/
h, 30 min/2 h, and 30 min/4 h. Results of daily biogas produc-
tion and cumulative biogas production indicate that the biogas pro-
duction at 30 min/2 h is higher than 30 min/4 h and 30 min/h.
We can arrive at the conclusion that proper agitation is favorable
for anaerobic fermentation, but higher agitating intensity will not
necessarily bring better anaerobic digestion. From the COD re-
moval rate, we could see, when the reactor operation is stable,
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agitation can increase digestion ability of microorganisms to organ-
ic matters, to obtain excellent state of reactor. Proper agitation
can fully mix old and new liquid, render microorganisms to fully
contact nutrients, so as to promote biochemical reaction. Besides,
it can increase the contact area of solid matters with microorgan-
isms in the liquid, strengthen the biological chain between micro-
organisms, improve the sludge activity, and promote decomposi-
tion of these matters, and also avoid crusting of solid matters due
to sedimentation or float. Taking pig dung as material (TS 8% ),
Liu Yi et al. applied intermittent agitating (8 times, 4 times, and
2 times daily) , and results indicate that higher agitating frequency
brings slight decline in biogas production'™ | which was also
proved by conclusion of Samantha'"”’.

Besides, too high agitating intensity influences the sludge
structure, reduces VFA conversion efficiency, and leads to acid
accumulation, which was proved by research of Prasad Kaparaju
(2008) M,

VFA, hinders growth of microorganisms, and restricts biogas pro-

Violent agitating intensity leads to accumulation of

duction. Previous research results also indicate that excessive agi-
tation influences microorganism activity, break of sludge, and an-
aerobic digestion reactor presents lower operation performance
compared with no agitation, it fails to bear the perturbation
brought about by impact load, and the most direct macro result is
decline in biogas production'"’.

There is a close relationship between biogas production
effect, (4,919

Through comparison of biogas production effect, at the same power

agitating methods, and power consumption
consumption, the average biogas production is 30 min/4 h > 30
min/2 h >30 min/h, and the biogas production at 30 min/4 h is
much higher than that at 30 min/1 h. Power consumption of agita-
tion takes up about 50% of power consumption of the entire biogas
project, and takes up 2. 7% —20.6% of the output power con-
sumption of the project’™’. Therefore, under the premise of saving
energy, the agitating mode should reach agitation effect and satisfy
the demand of minimum power consumption. Our experiment took
30 min/4 h agitating intensity as the operation mode of biogas
tank. This intensity can satisfy normal fermentation and also can
greatly save power consumption. Qin Feng took biogas jet agitating

"1 and his results

mode and studied anaerobic digestion of sludge"
indicate that in this agitating mode, agitation every 4 hours is most
appropriate. This is consistent with our experiment results.

In conclusion, 30 min/4 h intermittent mechanical agitating
mode is suitable for large-scale biogas fermentation. It not only
promotes normal operation of methane process, but also satisfies
the demand of minimum power consumption, to realize maximum

economic benefit.
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