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Potential and characteristics of methane production during 

anaerobic digestion of vegetable waste at different temperatures 

Cheng Liao1,2, Kaijing Li 1,2, Changmei Wang 1,2, Chengyue Liang 1,2, Xingling Zhao 1,2, Kai 

Wu 1,2, Bin Yang1,2, Fang Yin 1,2, Wudi Zhang 1,2,3 

Abstract 

Anaerobic digestion of vegetable waste is a viable approach for sustainable waste management. 

However, the process requires optimization. Using batch anaerobic reactor with cabbage waste as 

fermentation material, the potential and characteristics of methane production during anaerobic 

digestion of vegetable waste at five different temperatures were investigated. The analysis 

revealed that the cumulative gas production increased with rising temperature, and was 528.33 mL 

at 30 ℃; 927.5 mL at 35 ℃; 955 mL at 40 ℃; 1017.5 mL at 45 ℃; and 1075 mL at 50 ℃; the 
cumulative methane production at the five temperatures was 233.18 mL, 569.14 mL, 597.62 mL, 

437.88 mL, and 621.65 mL, respectively, with the lowest production at 45 ℃. Methane production 

rates per total solid content were 97.69 mL/g, 238.43 mL/g, 250.37 mL/g, 183.44 mL/g, and 

260.43 mL/g, accordingly. Methane production rates per volatile solid content were 180.00 mL/g, 

439.34 mL/g, 461.33 mL/g, 338.02 mL/g, and 479.88 mL/g, respectively. Overall, methane 

generation during anaerobic digestion of vegetable waste at 45 ℃ was relatively low, with the 
optimal reaction temperature of 35 ℃. The study provides theoretical basis for efficient vegetable 

waste utilization and industrialization of related applications. 
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Introduction 

With the accelerated development of agricultural technology and crop industry in China, 

vegetables are being planted on an increasingly commercial scale, with growing consumer 

requirements concerning the quality of sold vegetables. By 2021, the vegetable planting area in 

China has reached 320 million acres, with the output reaching 750 million tons (Ministry of 

Agriculture and Rural Affairs of China), and is now increasing year on year. It is expected that in 

2025 and 2029, the vegetable output will reach 769 million tons and 796 million tons, respectively 

(2020 China Agricultural Outlook Conference)[1]. However, large amount of vegetable waste is 

generated during vegetable processing. It has been reported that the current vegetable waste output 

in China is 2.69×108 tons, of which approximately 2.15×108 tons are recycled [2]. Over 30% of 

vegetables are lost in the form of vegetable waste during harvesting, transportation, storage, sale, 

and processing [3,4]. Further, the use of unsustainable treatment methods, such as discarding and 

landfill dumping, leads to serious environmental pollution and waste of resources. The total solid 

content (TS) of vegetable waste is approximately 4–19%, and volatile solid content (VS) accounts 

for over 80% of TS [6], with a high content of organic matter and water. Consequently, vegetable 

waste could be treated using anaerobic digestion technology.  

Anaerobic digestion technology is one of the best technical approaches for reducing 

environmental pollution and recovering clean energy [6]. Biogas produced by anaerobic digestion 

constitutes clean energy and has economic benefits. It can be used as fuel for energy supply in 

agricultural production, power generation, and heat supply, etc. [7]. Further, biogas residue that 

remains after anaerobic digestion can be used for vegetable planting, which may reduce disease 

incidence and insect pests of vegetables, and also improve vegetable quality [8]. Smart vegetable 

waste treatment is urgently needed to promote the development of low-carbon circular economy, 

for the implementation of energy conservation, and emission reduction in China [6].  

Temperature is one of the main factors affecting the activity of anaerobic bacteria. Anaerobic 

bacteria are affected by either too low or too high temperature. Further, the reproduction and 

metabolism of many anaerobic bacteria are also affected by temperature [9,10]. Bacteria should be 

maintained at a suitable temperature to allow bacterial enzyme activity, and vigorous bacterial 

growth and metabolism. In addition, maintenance of the fermentation temperature for the 

anaerobic digestion reaction requires high energy input. Hence, selection of optimal temperature 

for efficient biogas production from vegetable waste is crucial for reducing the operation cost of 

large and medium-sized biogas projects. Many studies have focused on using vegetable waste as 

fermentation material and have explored the effect of temperature on biogas production potential. 

For instance, Jiao et al. [11] reported that 30 ℃ is the appropriate temperature for anaerobic 
digestion of vegetable waste, by comparing gas production at 20 ℃, 30 ℃, and 50 ℃. Further, 

Liu et al. [12] showed that gas production characteristics of vegetable waste products at 35 ℃ are 
better than those at 55 ℃. The potential for biogas production by anaerobic fermentation of 
different vegetable waste types varies greatly; and the biogas production potential of cabbage 

waste at different temperatures needs further study.  

Considering the above, we explored the methane production potential of cabbage waste at 

different temperatures, by observing and recording the TS, VS, and pH change in cabbage waste 
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fermented in a batch anaerobic digestion setup. Biogas production and methane content before and 

after fermentation were analyzed. The study provides theoretical basis for efficient vegetable 

waste utilization and industrialization of related applications. 

 

Materials and methods 

2.1 Experimental materials 

2.1.1 Fermentation material and inoculum 

(1) Raw fermentation material: Discarded Chinese cabbage, cut into 1- to 2-cm pieces with a 

kitchen knife, and mashed into a pulp with a juicer. 

(2) Inoculum: Activated sludge following anaerobic fermentation of waste vegetables that 

had been domesticated and treated at Yunnan Biogas Engineering Technology Research Center of 

Yunnan Normal University. The TS and VS of the inoculum was 11.93% and 54.48%, 

respectively. 

The specific TS, VS, and pH indices of fermentation material are shown in Table 1. 

Table 1 TS, VS, and pH indices of fermentation material 

Pre-fermentation material Total solid content (%) Volatile solid content (%) pH 

Vegetable waste 4.6 84.58 7.5 

Inoculum 11.93 54.48 7.8 

Test group 4.77 54.27 7.6 

2.1.2 Experimental device 

In the study, a reaction device for batch anaerobic digestion shown in Figure 1 was used. The main 

components of the devise: a fermentation bottle, a gas collection cabinet, and a 

constant-temperature water bath. The volume of the fermentation bottle was 500 mL. The 

fermentation temperature was controlled by a temperature-control device. The gas collection 

cabinet was composed of a 500-mL cylinder and a 1000-mL cylinder. In the device, biogas 

generated in the fermentation bottle enters the gas collecting cabinet through a gas pipe. As the gas 

enters the measuring cylinder, the pressure increases, which causes a liquid-level difference. The 

daily gas volume is obtained by reading the difference in the liquid level using the measuring 

cylinder. Before the experiment, to ensure the anaerobic environment, the anaerobic digestion 

reaction device was checked for leakage. The experiment was started after the leak detection was 

completed. 
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1. Temperature control device. 2. Fermentation bottle. 3. Gas extraction port. 4. Gas pipe. 5. Gas 

collection cabinet 

Fig. 1 Batch anaerobic digestion unit 

2.2 Experimental methods 

2.2.1 Experimental design 

Five experimental groups with different fermentation temperatures were set up: group A, 30±1 ℃; 
group B, 35±1 ℃; group C, 40±1 ℃; group D, 45±1 ℃; and group E, 50±1 ℃. Fermentations in 
each group were conducted in four devices, in parallel, and with two blank controls (e.g., for 

group A, the experimental samples were A1, A2, A3, and A4, and the control samples were Ka1 

and Ka2). Thirty fermentation bottles (six for each group) were placed in a constant-temperature 

water bath set at different temperatures until the end of gas production. The specific material 

volume in each experimental group is shown in Table 2. 

Table 2 Experimental setup 

Group Temperature/℃ Material weight/g Inoculum volume/mL Total volume/mL 

Test group 

A 30 50 200 400 

B 35 50 200 400 

C 40 50 200 400 

D 45 50 200 400 

E 50 50 200 400 

Control group 

Ka 30 0 200 400 

Kb 35 0 200 400 

Kc 40 0 200 400 

Kd 45 0 200 400 

Ke 50 0 200 400 

2.2.2 Test items 

(1) Daily gas volume: The reading when the liquid level in the large measuring cylinder in 

the gas collection cabinet was the same as the liquid level in the small measuring cylinder (i.e., no 

liquid-level difference) for a daily methane volume assessment. 

(2)Acidity (pH) of the fermented material: determined with pH 5.5–9.0 precision test paper 

(Shanghai Billi Reagent Co., Ltd.). 

(3)Methane content was determined using a gas chromatograph (GC9790II, Fuli GC9790II 

gas chromatograph; Zhejiang Fuli Analytical Instrument Co., Ltd). Chromatographic conditions 

were as follows: gas chamber temperature, 80 ℃; column chamber temperature, 80 ℃; thermal 

conductivity detector temperature, 120 ℃; carrier gas, nitrogen; and the flow rate, 40 mL/min. 

(4) Determination of TS: Drying method [13] was used. Briefly, an appropriate amount of 

fermentation samples were baked at 105±5 ℃ for 4–6 h to a constant weight, and TS was 

calculated as follows: 

TS%=
0

1

W

W
×100. 

In the above formula, W0 is the sample weight (g); and W1 is the weight of the sample after 

drying to constant weight (g). 

(5) Determination of VS: Drying method [13] was used. A constant weight sample of TS 

calculated using the TS formula above were placed in a Muffle furnace (SX-5-12) and burned for 

1–2 h at 550±20 ℃ to a constant weight. VS was calculated as follows: 
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VS%=
1

21

W

WW 
×100.  

Where W2 is ash mass (g). 

2.2.3 Data analysis 

1. Calculation formulae for gas production rate and methane production rate: 

(1) TS gas production rate: vts =
TSW 

0A–A ; 

(2) VS gas production rate: vvs=

VS

ts
v ; 

(3) Gas production rate from raw material:  

vm =
W

A ; 

(4) TS methane production rate:  

v’
ts =

TSW

A–A 0
''


; 

(5) VS methane production rate: vvs =
VS

ts
’v ; 

(6) Methane production rate from raw material: 

v’
m =

W

A
'

. 

Where: W, Raw material quantity (g);  

TS, Total solid content of raw material (%); 

VS, Volatile solid content (%);  

A, Cumulative gas production (mL);  

A', Cumulative methane production (mL);  

A0, Cumulative gas production in the control group (mL);  

A'0, Cumulative methane production in the control group (mL). 

2. Calculation formulae for TS and VS removal rate: 

(1) TS removal rate = %100
TS



TS ;

 (2) VS removal rate = %100
VS



VS

 

Where, TS, TS before fermentation minus TS after fermentation; and VS, VS before 

fermentation minus VS after fermentation. 

 

Results and analysis 

3.1 Analysis of methane production during anaerobic digestion 

During the experiment, biogas composition was measured once every 2 days interval. The biogas 

measured each time was the accumulated amount of biogas produced in the previous 3 days, that 

is, the biogas composition obtained was the average gas composition from the preceding 3 days. 

The measured methane content is shown in Figure 2. Generally speaking, the higher the methane 

content in biogas, the better the quality of biogas produced by anaerobic fermentation [14]. During 

the anaerobic digestion of vegetable waste at different temperatures, the methane content showed 

an obvious upward trend with an increasing anaerobic digestion operation time, and decreased and 

stabilized in the late stage of the experiment. The methane content was low in the early stage of 

the reaction because acid-producing bacteria were more active at the hydrolysis and 

acid-producing stages in the reactor than at other stages. As the reaction progressed, methanogenic 

bacteria gradually prevailed and methane content increased. During the entire anaerobic digestion 

period, the peak methane content in group A was 65.07%, which was only higher than that in 

group D. In group B, the methane content reached a peak value of 72.52% on day 6. After that, the 

methane content decreased and gradually stabilized, and then showed an upward trend after day 

15. The methane content in groups B and C increased sharply in the first 6 days, and the rate of 
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increase was higher than that in groups A, D, and E. The methane content in groups C and E 

reached a peak value on day 9, which was 77.57% and 78.08%, respectively. The methane content 

in groups B, C, and E exceeded 50% on day 6, while the methane content in groups A and D 

reached 50% on day 7 and 12, respectively. Except for group D, the methane content in groups A, 

B, C, and E remained above 50% for the remainder of the experiment. As shown in Figure 2, the 

methane content in group D was significantly lower than that in other groups, with no methane 

content peak detected. During the entire fermentation period, the methane content in group D was 

only 52.11%, which indicated the existence of a temperature-blind area, leading to the inhibition 

of methanogenic bacteria activity, and resulting in low methanogenic content. During the 

experiment, the average methane content in the 5 groups were 46.91% (group A), 62.29% (group 

B), 63.89% (group C), 43.85% (group D), and 59.50% (group E), indicating that temperature 

greatly impacted the operation of the anaerobic digestion system. Consequently, 35 ℃ is the 
optimal temperature for anaerobic digestion of vegetable waste. 
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Fig. 2 Changes in methane content 

 

3.2 Gas production during anaerobic digestion 

3.2.1 Analysis of daily gas and methane production 

Changes of daily gas production in each experimental group at different temperatures are shown in 

Figure 3. The fermentation period in group A lasted 14 days, and that in groups B, C, D, and E 

lasted 18 days. During the entire anaerobic digestion process, one or two gas production peaks 

were observed in each group. In group A, there was a gas production peak on day 3 at 85 mL. 

After the peak, the biogas production decreased rapidly until day 6, and gradually increased to 45 

mL, fluctuated from day 7, and then decreased again after reaching 50 mL on day 10. At the end 

of the gas production period on day 14, the time of decrease to the minimum daily gas production 

was shorter than that in the other groups. In group B, two gas production peaks were detected, on 

days 3 and 7, with the peak values of 90 mL and 120 mL, respectively. After a small peak on day 3, 

gas production decreased, but then it rose sharply on day 5 and peaked on day 7, which was 

followed by a sharp downward change. On day 11, the decreasing rate slowed down, and gas 

production did not fluctuate much until the end of gas production on day 18. In group C, there was 

a gas production peak at 155 mL on day 7. Gas production in the early stage of fermentation was 

higher than that in the late stage, and showed a rapid growth trend on day 5. Similar to group B, 

gas production peaked on day 7, when methane content reached 67.45%. After day 7, it sharply 
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decreased until the time when gas production ceased. In group D, there were two small peaks of 

gas production during the entire fermentation period, on days 2 and 4, both at 90 mL. Compared 

with the other groups, the fluctuation of gas production throughout the fermentation process was 

not obvious. From day 9 of the late anaerobic digestion, biogas production was nonetheless higher 

than that in other groups, and then fluctuated until the reaction no longer produced gas. In group E, 

there were two gas production peaks, with the highest gas production in the entire fermentation 

period on day 1, and then plummeted to only 20 mL on day 3. This may be associated with the 

presence of unbroken vegetable waste after the pulping process, resulting in uneven mixing of 

fermentation material and liquid during fermentation [15]. Next, the gas production increased 

sharply to a small peak on day 7, with the major peak and minor peak values of 155 mL and 115 

mL, respectively. From day 8, gas production gradually decreased until it ceased on day 18 and 

the anaerobic digestion operation ended. 

The organic matter and water content in the waste leaves of young vegetables are high, with 

sufficient nutrients, which could be used for biodegradation by anaerobic bacteria, and an 

abundant bacterial community. In agreement with this, and based on the daily gas production 

during the operation cycle of anaerobic digestion in each experimental group, the gas production 

in each group in the early stage was adequate, with peaks in groups D and E on days 1 and 2, 

respectively. Group A samples were fermented at a lower temperature than those in other groups 

and the methane production was relatively low; the daily gas production in other experimental 

groups was significantly higher than that in group A. However, the daily gas production in groups 

B, C, and E all appeared to peak on day 7 of fermentation, and then rose and fluctuated. This may 

be caused by the accumulation of volatile organic acids during anaerobic digestion, which 

inhibited the activity of methanobacteria and led to a decrease in gas production. As the reaction 

progresses, the acid production decreases and volatile organic acids are gradually utilized by 

methanogens, resulting in a fluctuating gas production [16]. On day 7, the methane content in 

groups B, C, and E was 72.52%, 67.45%, and 60.64%, respectively. During the entire 

fermentation period, the gas production trend at different temperatures was roughly the same. 
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Fig. 3 Changes in daily gas production 

3.2.2 Curve analysis of cumulative gas production and cumulative methane production 

Figure 4 shows the cumulative gas production in each experimental group. The total cumulative 

gas production was 528.33 mL in group A, 927.5 mL in group B, 955 mL in group C, 1017.5 mL 

in group D, and 1075 mL in group E. As a result of the activity of anaerobic microorganisms, 
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sugar and organic matter in Chinese cabbage are fully decomposed and utilized, and the amount of 

organic matter is sufficient during this period, so that the cumulative methane production increases 

rapidly at the early reaction stage [17]. From day 10, the cumulative gas production curve for 

group A tended to be stable and no longer greatly fluctuated, and reached 80% of the total 

cumulative gas production on day 9. The difference between gas production curves for groups B 

and C was small, with a similar level of gas production, reaching 80% of the total cumulative gas 

production on days 9 and 10, respectively. The cumulative gas production in group B was not 

significantly different from that in groups C, D, and E, with the hydraulic retention time (HRT) 

shortened. The smaller the hydraulic retention time, it will increase the organic material loading 

rate, and the efficiency of the reactor improved[18]. Hence, 35 C could be used as the 

fermentation temperature for engineering applications. In group D, the gas production continued 

until day 16, and the cumulative gas production curve tended to be stable, with the acceleration 

period delayed compared with that in other temperature groups. During the process, the methane 

content was always lower than that in groups A, B, C, and E, and the cumulative gas production 

only reached 80% of the total cumulative gas production on day 13. Group E showed the largest 

cumulative gas production among the five experimental groups, with HRT of 11 days. After day 

15, the gas production rate decreased and change in cumulative gas production slowed. As the 

organic matter content in the fermentation bottle gradually decreased, the fermentation gas 

production also gradually changed. Among the five experimental groups, the slope of Cumulative 

gas production curves for groups B, C, and E increased significantly between 6 and 9 days, and 

the gas production rate also increased significantly. During that period, the methane content in the 

three groups exceeded 65%, with high methanogen activity during the acceleration of gas 

production. In the anaerobic digestion cycle, first-order kinetics can be used for reference for 

biogas fermentation of vegetable waste.  
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Fig. 4 Cumulative gas production curve 

Figure 5 shows fitting of the cumulative gas production curves for each group using the 

Gompertz formula model. Comparing the actual cumulative gas production, that in groups B and 

C was greater than the fitted cumulative gas production, and that in other groups was slightly 

lower than the fitted cumulative gas production. The R2 values in the experimental groups ranged 

from 0.984 to 0.998, with a good fit of the model.  
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Fig. 5-1 Fitted curve of group A
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Fig. 5-2 Fitted curve of group B 
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Fig. 5-3 Fitted curve of group C 
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Fig. 5-4 Fitted curve of group D 
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Fig. 5-5 Fitted curve of group E

Fig. 5 Fitting curve (red) of cumulative gas production of each experimental group 

Figure 6 shows cumulative methane production in each group. In the experiment, the total 

cumulative methane production was 233.18 mL in group A, 569.14 mL in group B, 597.62 mL in 

group C, 437.88 mL in group D, and 621.65 mL in group E. Contrastingly, the cumulative 

methane production curves for groups A and D were significantly lower than those for groups B, C, 

and E. After fermentation, the total cumulative gas production and total cumulative methane 

production in groups B, C, D, and E were approximately twice those of group A. The final 
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cumulative methane production in groups B, C, and E exceeded that in group D by more than 100 

mL. Clearly, the fermentation temperature between 30 ℃ and 45 ℃ slightly promoted the 
metabolism of methanogens.
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Fig. 6 Cumulative methane production curve

 

3.3 Analysis of gas production potential of anaerobic digestion 

3.3.1 Comparison of TS, VS, and pH of feed solution before and after fermentation 

The changes in TS, VS, and pH values in each experimental group before and after fermentation 

are shown in Table 3. The TS after fermentation ranged from 4.00% to 4.74%, with the group B 

and D values being the minimum and maximum, respectively. The VS ranged from 45.72% to 

47.26%, with the minimum and maximum values in groups B and A, respectively. The TS and VS 

in each experimental group were relatively high before fermentation, but with liquefaction and 

hydrolytic acidification of organic matter during fermentation, TS and VS in the fermentation 

liquid decreased [20]. After fermentation, TS and VS in each group decreased by 0.03–0.77% and 

7.01–8.55%, respectively. The TS in group D changed little compared with the changes in the 

other groups. For vegetable waste, the TS and VS removal rate reflect the efficiency of biogas 

production by anaerobic digestion, to a certain extent. The higher the TS removal rate, the more 

favorable the processing efficiency of vegetable waste; the higher the VS removal rate, the 

complete the utilization of degradable organic matter utilized [14]. The TS and VS removal rates 

in each group are shown in Table 3. The TS removal rate in group B was the highest, while that in 

group D was the lowest. Further, there was a large difference between the highest and lowest 

values, that is, group-B value was 20.81 times that of group-D value. The VS removal rate varied 

little among the different groups, and increased gradually with the temperature in groups C, D, and 

E. Similar, Kafle et al. [20] concluded that temperature is positively correlated with VS removal 

rate, when comparing moderate and high temperature conditions. However, in the current study, 

the VS removal rate in group B was the highest, with the most prominent biogas production. In the 

anaerobic digestion system, the pH value is self-regulated, and this could maintain the pH in the 

fermentation bottle at the typical level. The pH in each group before and after fermentation was 

between 7.4 and 7.8. Compared with the pH value before fermentation, the pH value in group A 

did not change, while it decreased in group D, and increased in groups B, C, and E. 

Table 3 TS, VS, and pH values before and after stock solution fermentation 
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Group 
Total solid 

content/% 

TS removal 

rate/% 

Volatile solid 

content/% 

VS removal 

rate/% 
pH 

Pre-fermentation Test group 4.77 – 54.271 – 7.6 

Post 

fermentation 

A 4.52 5.38 47.26 12.92 7.6 

B 4.00 16.13 45.72 15.75 7.7 

C 4.23 11.50 47.12 13.18 7.7 

D 4.74 0.78 46.57 14.20 7.4 

E 4.67 2.14 46.25 14.78 7.8 

 

3.3.2 Comparative analysis of gas production rate and methane production rate 

The gas production rates per TS, VS, and raw material are used to indicate the quality of 

fermentation indicators, which are of great importance for the realization of biogas production 

during biomass component fermentation. The biogas production potential of the five anaerobic 

digestion treatments tested is shown in Figures 7 and 8. Figure 7 shows the differences between 

the gas production rates per raw material, TS, and VS in each group. In the experiment, the water 

content of cabbage waste was 95.4%, which resulted in a low gas production rate and methane 

production rate from raw material. As shown in Figure 7, the three types of gas production rates in 

group A are lower than those in the other four groups. The gas production rates per raw material, 

TS, and VS in group B were 18.55 mL/g, 388.56 mL/g, and 715.98mL/g, respectively. The gas 

production rate per TS in group B was 167 mL/g higher than that in group A, and the gas 

production rate per VS in group B was 308.14 mL/g higher than that in group A. With the 

increasing temperature, the gas production rate in groups C, D, and E increased. The gas 

production rate per TS in these groups was higher than that in group B by 11.52 mL/g, 37.71 mL/g, 

and 61.8 mL/g, accordingly, and the gas production rate per VS was higher than that in group B by 

21.23 mL/g, 69.48 mL/g, and 113.86 mL/g, accordingly. The higher the temperature, the higher 

the growth and reproduction of microorganisms, and faster the decomposition of raw material, 

which is the reason why the comparison curve showed an increasing trend [12]. However, the 

increase in gas production rate in groups C, D, and E was not large. Considering the need to 

reduce energy consumption in industrial processes, 35 ℃ is the most suitable fermentation 
temperature for anaerobic digestion of vegetable waste.  

Figure 8 shows the differences in methane production rate from raw material, TS, and VS 

between the groups. The change in gas production rate in all groups was similar: the methane 

production rates in group A were lower than those in the other groups, with significant differences 

between the values. Unlike the change in gas production rate, the methane production rates per TS, 

VS, and raw material in group D all plummeted, with values of 183.44 mL/g, 338.02 mL/g, and 

8.76 mL/g, respectively. This indicates that 45 ℃ is the blind zone of anaerobic digestion 
temperature, at which the activity of microbial flora is negatively affected, and the growth of other 

non-methanogens is more vigorous than that of methanogens. Low methanogen activity inhibited 

methanogenic biochemical reactions, so that the methane production rates per TS, VS, and raw 

material were significantly lower than those in other temperature groups. On the other hand, since 

the difference in gas production rate between group D and other temperature groups was not 

obvious, it could be inferred that more CO2 is present in biogas produced at this temperature than 

in other groups. That is because the hydrolysis of organic matter is promoted at 45 ℃, which leads 
to the production of a large amount of CO2 and acidic substances in a fermentation system, and 
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inhibits the generation of methane [21]. As shown in Figure 8, with an increasing temperature, the 

three types of methane production rates increase (except for group D). The methane production 

rates per TS, VS, and raw material in group B were 238.43 mL/g, 439.34 mL/g, and 11.38 mL/g, 

respectively. There was no significant difference in the methane production rates between groups 

C, E, and B. The differences in methane production rates per TS, VS, and raw material between 

groups C and B were only 11.94 mL/g, 21.99 mL/g and 0.57 mL/g, respectively. The differences 

in methane production rates per TS, VS, and raw material between groups E and B were 22 mL/g, 

40.54 mL/g, and 1.05 mL/g, respectively.  

The methane production rate per VS at various temperatures was statistically analyzed 

(Single factor ANOVA test analysis) to evaluate the significance of differences between groups. 

The analysis is shown in Table 4. There were significant differences between group A value and 

the values in other groups, indicating that the potential for methane production during 

fermentation in the other temperature groups was much higher than that in the 30 ℃ group. The 
group B value was not significantly different from group C and E values, while it was 

significantly different from group A and D values. As far as C and E were concerned, there were 

significant differences from group D. Further, the comparison of group D value and other group 

values revealed significant differences. Therefore, the methane-producing potential of groups B, C, 

and E was higher than that of groups A and D, and 30 ℃ and 45 ℃ are not suitable fermentation 
temperatures. Further, there were no significant differences between group B, C, and E values. To 

sum up, in order to reduce energy consumption and achieve improved methane production from 

anaerobic digestion of vegetable waste, 35 ℃ should be used as the most suitable fermentation 
temperature.
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Fig. 7 Comparison of gas production rates 

among experimental groups 
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Fig. 8 Comparison of methane production 

rates among experimental groups 

 

Table 4 Analysis of significant differences between methane production rates per VS in different 

groups

(I) Group (J) Group 
Mean difference 

(I–J) 

Significance 

(p-value) 

95% Confidence interval 

Min Max 

A (30 ℃) B –198.48500* 0.000 –240.8343 –156.1357 

 C –223.30750* 0.000 –265.6568 –180.9582 
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 D –100.58750* 0.000 –142.9368 –58.2382 

 E –224.43750* 0.000 –266.7868 –182.0882 

B (35 ℃) A 198.48500* 0.000 156.1357 240.8343 

 C –24.82250 0.231 –67.1718 17.5268 

 D 97.89750* 0.000 55.5482 140.2468 

 E –25.95250 0.211 –68.3018 16.3968 

C (40 ℃) A 223.30750* 0.000 180.9582 265.6568 

 B 24.82250 0.231 –17.5268 67.1718 

 D 122.72000* 0.000 80.3707 165.0693 

 E –1.13000 0.955 –43.4793 41.2193 

D (45 ℃) A 100.58750* 0.000 58.2382 142.9368 

 B –97.89750* 0.000 –140.2468 –55.5482 

 C –122.72000* 0.000 –165.0693 –80.3707 

 E –123.85000* 0.000 166.1993 –81.5007 

E (50 ℃) A 224.43750* 0.000 182.0882 266.7868 

 B 25.95250 0.211 –16.3968 68.3018 

 C 1.13000 0.955 –41.2193 43.4793 

 D 123.85000* 0.000 81.5007 166.1993 

* The significance level of the mean difference is 0.05. 

Conclusions 

(1) In the early stage of the experiment, the biogas production was adequate and the gas 

production peak was mainly observed within the first 7 days. The gas production in each group 

gradually decreased to 0 in the late stage of fermentation, which was consistent with the 

fermentation law. The HRT (in days) in groups A, B, C, D, and E was 9, 9, 10, 13, and 11, 

respectively. Further, the HRT of groups A and B were shorter. 

(2) The total cumulative gas production was 528.33 mL in group A, 927.5 mL in group B, 

955 mL in group C, 1017.5 mL in in group D, and 1075 mL in group E. The higher the 

temperature, the greater the cumulative gas production. Fitting analysis revealed that the actual 

cumulative gas production in group B was higher than that predicted by the fitting, and the 

experimental effect is good. The total cumulative methane production in the experimental groups 

was 233.18 mL, 569.14 mL, 597.62 mL, 437.88 mL, and 621.65 mL, accordingly. The cumulative 

gas production and methane production in group A were significantly different from those in the 

other groups. Hence, the fermentation temperature of 30 ℃ promoted the metabolism of 

methanogens in the fermentation system to a lesser extent than the other temperatures tested.  

(3) In analyses exploring the biogas production characteristics from vegetable waste during 

anaerobic digestion, and the biogas production potential and characteristics at different 

fermentation temperatures, the average methane content was 46.91% in group A, 62.29% in group 

B, 63.89% in group C, 43.85% in group D, and 59.50% in group E. The methane production 

potential of vegetable waste at 30 ℃ and 45 ℃ was significantly lower than that at the other 
temperatures tested. There was no significant difference in the average methane content in group 

B, C, and E samples, indicating that the fermentation of vegetable waste at 35 ℃ could be used for 
improved anaerobic digestion.  

(4) From the experiment, the following can be concluded from the comparison of gas 
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production rate and methane production rate at five different temperatures. (i) The gas production 

rate increases with an increasing temperature. While the difference between the production rates at 

30 ℃ and 35 ℃ is considerable. (ii) The results of the analysis of methane production rate are 
similar to those of gas production rate. However, according to the statistical analysis of methane 

production rate per VS, when the fermentation temperature is 45 ℃, the production rate is 
significantly different from that at other temperatures, the methane production rate drops sharply, 

and the anaerobic digestion system has low methane production capacity. In summary, 45 ℃ is a 
temperature-blind zone in the fermentation period, with a significant impact on methane 

production in the anaerobic digestion system. On this premise, no significant differences between 

the methane production rate in groups B, C, and E were noted. Considering the principle of 

reducing energy consumption, the temperature for anaerobic digestion should be set to 35 ℃, for 
the best fermentation output for biogas production. 

Declarations 

Funding 

This work was supported by the Yunnan Ten Thousand Talents Plan Industrial Technology 

Champion Project (20191096); the Model Worker Innovation Studio of Biogas Engineering and 

Resource Utilization, Special Project of International Science and Technology Cooperation of 

Yunnan Province (202003AF140001); the Kunming International Science and Technology 

Cooperation Base (GHJD-2020026); and the Yunnan Provincial Key Laboratory of Rural Energy 

Engineering. 

 

Competing interests The authors declare no competing interests. 

 

Availability of data and material 

The datasets analysed during the current study are available from the corresponding author on 

reasonable request. 

 

Authors’ Contributions 

All authors contributed to the study conception and design. The first draft of the manuscript was 

written by Cheng Liao and all authors commented on previous versions of the manuscript. All 

authors read and approved the final manuscript. 

 

References 

[1] 2020 China Outlook Conference, 2020. The next decade of Chinese vegetables. Friends of Farmers 5:32. 

http://lib.cqvip.com/Qikan/Article/Detail?id=7102035356 

[2] Liu Chunyan, Zhan Haijie, Yan Yibo. Application prospect of vegetable waste in animal husbandry[J]. Hunan 

Feed, 2019, (5): 20-22. 

[3] Li Dong, Chen Lin, Liu Xiaofeng, et al. Instability mechanisms and early warning indicators for mesophilic 

anaerobic digestion of vegetable waste[J]. Bioresource Technology, 2017, 245(Pt.a): 90-97. 

https://doi.org/10.1016/j.biortech.2017.07.098 

[4] Zeynali Reyhaneh, Khojastehpour Mehdi, Ebrahimi-Nik Mohammadali. Effect of ultrasonic pre-treatment on 

biogas yield and specific energy in anaerobic digestion of fruit and vegetable wholesale market wastes[J]. 

http://lib.cqvip.com/Qikan/Article/Detail?id=7102035356


 

 15 

Sustainable Environment Research, 2017, 27(6): 259-264. https://doi.org/10.1016/j.serj.2017.07.001 

[5] Wei Dandan, Liu Jianfeng, Deng Chengjie, et al. Potential and characteristics of biogas production from 

vegetable waste[J]. Journal of Anhui Agricultural Sciences, 2021, 49(14): 176-179.  

[6] Fu Jiaqi, Lin Min, Yan Bing, et al. Sludge anaerobic fermentation exogenous additives research progress[J]. 

Journal of Energy Research and Management, 2019, (4): 17-19 + 25. 

[7] Li Ruifan, Chen Yubao, Wang Juhua, et al. Biogas production and microbial community structure of Mixed 

cabbage residue juice by high-temperature anaerobic fermentation[J]. Journal of Anhui Agricultural 

University, 2021, 48(5): 822-828. 

[8] Bi Tingting, Hu Han, Yin Fang, et al. Marsh fertilizer effect on vegetable production and quality of research 

and development[J]. Journal of Shanxi Agricultural Science, 2018, 46-48(6): 1053-1056. 

[9] Scarlat Nicolae, Dallemand Jean-Francois, Fahl Fernando. Biogas: Developments and perspectives in 

Europe[J]. Renewable Energy, 2018, 129(Pt.a): 457-472. https://doi.org/10.1016/j.renene.2018.03.006 

[10] Shao Zixin. Vegetable waste anaerobic fermentation biogas production and the application research of the 

residues[D]. Kunming: Kunming University of Science and Technology, 2020. 

[11] Jiao Xiumei, Liu Yuemin, Ma Huaji. Effect of temperature on anaerobic fermentation of vegetable waste[J]. 

Agro-environment and Development, 2013,30(3): 82-85. 

[12] Liu Ronghou, Wang Yuan, Sun Chen. The effect of temperature on vegetable waste biogas fermentation and 

gas production characteristics[J]. Journal of Agricultural Machinery, 2009, 40(9): 116-121. 

[13] Zhang Wudi, Song Hongchuan, Yin Fang, et al. Biogas fermentation and comprehensive utilization[M]. 

Kunming: Yunnan Science and Technology Press, 2004. 

[14] Wang Juhua. Biogas production and microbial community structure of vegetable waste by high-temperature 

anaerobic fermentation[D]. Kunming: Yunnan Normal University, 2020. 

[15] Zhang Yan, Wang Jianxu, Feng Weihong, et al. Biogas production from vegetable waste by anaerobic 

fermentation[J]. China Biogas, 2015,33(5): 54-59. 

[16] Liu Fang, Qiu Ling, Li Zilin, et al. Characteristics of anaerobic fermentation gas production from vegetable 

waste[J]. Acta Agriculturae Boreali-Occidentalia Sinica, 2013, 22(10): 162-170. 

[17] Ji Xiyan, Xiao Zhihai, Lin Weidong, et al. Abandoned Chinese cabbage methanogenic anaerobic digestion 

experiment research[J]. Journal of Yunnan Normal University (Natural Science), 2015, 35(3): 10-13. 

[18] Kyoung-Yeol Kim, Wulin Yang, Patrick J.Evans, et al. Continuous treatment of high strength wastewaters 

using air-cathode microbial fuel cells[J]. Bioresource Technology, 2016, 221: 96-101. 

https://doi.org/10.1016/j.biortech.2016.09.031 

[19] Wei Dandan, Wang Changmei, Liu Jianfeng, et al. Study on biogas production by batch fermentation of four 

vegetable waste leaves[J]. Journal of Hainan Normal University (Natural Science), 2022, (1): 57-62. 

[20] Gopi Krishna Kafle, Sujala Bhattarai, Sang Hun Kim, et al. Effect of feed to microbe ratios on anaerobic 

digestion of Chinese cabbage waste under mesophilic and thermophilic conditions: Biogas potential and 

kinetic study[J]. Journal of Environmental Management, 2014, 133: 293-301. 

https://doi.org/10.1016/j.jenvman.2013.12.006 

[21] Long Lin, Yebo Li. Sequential batch thermophilic solid-state anaerobic digestion of lignocellulosic biomass 

via recirculating digestate as inoculum-Part I: Reactor performance[J]. Bioresource Technology, 2017, 236: 

186-193. https://doi.org/10.1016/j.biortech.2017.03.136 

 

https://doi.org/10.1016/j.renene.2018.03.006
https://doi.org/


Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

�oatimage1.jpeg

https://assets.researchsquare.com/files/rs-1862280/v1/a18bf768015ed8cc821bb1fc.jpeg

