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ABSTRACT
The study examines the effect of temperature fluctuations on biogas production 
efficiency in biogas plants with the aim of evaluating the temperature flexibility of 
the process. Laboratory scale batch reactors were prepared with the chosen sub-
strate (Dried Distillers Grains with Soluble, DDDS) and the study was conducted in 
three batches. A biogas formation potential test was implemented in each batch in 
a temperature-controlled room and in a temperature controlled water bath. The tem-
perature changes took place on the third day of tests to evaluate the effect of 5°C, 
10°C and 15°C increases on biogas production efficiency in separate test sets. Batch 
experiments showed that it is possible to ensure process recovery after 5°C and 
10°C increases. Overall, the specific biomethane production was obtained between 
364 - 412 Nml CH4 / g oDM. Unlike 5°C and 10°C increases, after 15°C increase a 
lower methane content was obtained. These results show that it is possible to have 
flexible temperature operation in the process, even with high-temperature increases.

1.	 INTRODUCTION
Anaerobic digestion is a microbiological process 

which supplies energy production and evaluation of or-
ganic waste as a resource. Moreover, upgraded biogas is 
used as a vehicle fuel, and it is possible to inject in natu-
ral gas grids. Although it is a beneficial process in various 
ways, further development is necessary for this process 
in order to reduce energy consumption and improve pro-
cess stability (J.B. Holm-Nielsen, 2009) (Ye Chen, 2007). 
Within the four successive stages (hydrolysis, acidogen-
esis, acetogenesis, and methanogenesis) of anaerobic di-
gestion, organic material is converted into gas mixture in 
the absence of oxygen (FNR, 2010). Although the steady 
operation is possible in a single environment, there are 
different kinds of active microorganisms in each stage. 
Other parameters to supply stability of the process are 
continuous and consistent feeding, a stable temperature, 
constant stirring, and continuous monitoring (FNR, 2010) 
(Drosg, 2013). 

The active microorganisms in the process of anaero-
bic digestion are divided into three temperature ranges due 
to their optimal growth rate temperatures: psychrophilic 
(<25°C), mesophilic (37°C - 42°C) and thermophilic (>50°C) 
(FNR, Biogas, 2013). Concerning the temperature, the de-
pendence of both enzymatic reactions, and microorgan-
isms` growth rates, temperature effect on reaction kinetics 

in the process cannot be neglected (Gerardi M. H., 2003). 
There are various studies that compare the efficiency of 
thermophilic and mesophilic anaerobic digestion which 
show that thermophilic digestion is a better option to di-
gest easily degradable substrates in a short time (Streitwi-
eser, 2017) (Demirel Burak, 2008) (Moset Veronica, 2015).  
According to Zhang, a higher methane yield and volatile 
solid removal efficiency can be obtained in thermophilic 
conditions as compared to mesophilic conditions from 
soybean curd residue (Le Zhang, 2019). After incubation of 
the maize silage and cattle manure at 20°C, 30°C and 40°C, 
higher biogas generation was observed at higher tempera-
tures (Dominika Kufka, 2019). Although higher biogas pro-
duction can be observed at higher temperatures, however, 
the mesophilic temperature range is preferable due to its 
stability and low energy consumption (Rafaela Franqueto, 
2019). Furthermore, the effect of one-step and stepwise 
temperature changes on biogas production has also been 
studied in various ways to see the adaptation of the pro-
cess after readjustment to initial operation temperatures 
(Wu Man-chang, 2006) (El-Mashad Hamed M., 2004) (Iran-
pour R., 2002). 

According to other studies, the temperature shocks 
and fluctuations in the biogas plant are to be avoided (FNR, 
2010) (El-Mashad Hamed M., 2004). Thermal shocks are 
more effective on system stability at higher temperatures 
(>55°C) than at lower temperatures (K. Kundu, 2014). Sim-
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ilarly, the process is more sensitive to temperature chang-
es within 15-20°C as compared to the range within 20-
35°C (Deng, 2014). On the other hand, in some situations, 
temperature fluctuations cannot be prevented. Recently, 
a study by Matteo examined the overheating problem of 
small-scale digesters in summer with different gasometer 
dome materials. It showed that the temperature in the bio-
gas reactor can reach 45°C due to the overheating prob-
lems (Matteo Bavutti, 2014). Since biogas plants generally 
do not have cooling systems, it is possible to have higher 
temperatures than expected inside the reactors because 
of increasing summer temperatures outside. Therefore, 
extra heat energy gained from high ambient temperatures 
or solar radiation can be considered an energy source 
which can enable the operation of biogas plants without 
heating. 

The purpose of this study was to examine the tem-
perature flexibility of the process in case of overheating 
problems or the operation of the plant using ambient 
heat in the summer season. A biogas formation potential 
test was implemented to the chosen substrate in order 
to evaluate the effect of temperature changes on biogas 
formation efficiency. Furthermore, the biogas formation 
efficiency of changing temperature conditions was com-
pared to stable temperature conditions for each batch of 
the experiment.

1.1	Highlights
•	 Increasing ambient temperature in summer causes 

temperature management problems in biogas plants;
•	 Obtaining temperature flexibility in an anaerobic dige-

stion process can give an opportunity to decrease the 
energy requirement of the plant;

•	 5°C, 10°C and 15°C temperature increases were evalua-
ted with biogas formation potential tests in the labora-
tory;

•	 Adaptation of an anaerobic digestion process to 5°C 
and 10°C temperature increases were achievable.

2.	 MATERIALS AND METHODS
2.1	Feedstock and preparation

DDGS-Pellets were supplied by Crop Energies AG. They 
are mainly used as concentrated feed material for animals. 
Studied substrate contains 327 g/ kg DM (dry matter) 
crude protein, 79 g/ kg DM crude fiber, 77 g/ kg DM crude 
lipids, 78 g/ kg DM starch sugar, 455 mg/g DM TOC (total 
organic carbon), 13184 mg/l (1 g in 100 ml distilled water 
dissolved) COD (chemical oxygen demand), 49.69 mg/g 
DM TKN (total Kjeldahl nitrogen), 136 mg/l (1 g in 100 ml 
distilled water dissolved) NH4-N, 24 mg/l (1 g in 100 ml dis-
tilled water dissolved) HCO3

- and 62 g/ kg DM crude ash. 
The feed material described is produced from wheat, bar-
ley, molasses, triticale, and corn (Protigrain, 2019). Imple-
mented analytical methods for feedstock/digestate sam-
ple analyses are summarized in Table 1. The feed material 
is stored at room temperature in a plastic container until 
the experiment is conducted. The pellets were reduced in 
size before being mixed with inoculum. The inoculum was 
obtained from waste water treatment plant in Hamburg 

and was stored in an air-conditioned room (36°C±0.5) be-
fore the tests.

For each batch, blank, reference, and substrate-inocu-
lum mixtures were prepared in three parallels, according 
to VDI 4630 (VDI, 2014). Reference-inoculum (substrate: 
cellulose) and pellets-inoculum mixtures were prepared 
obtaining the oDM (organic dry matter) ratio between sub-
strate and inoculum as given in Equation 1.

                                                                (1)

Where is organic dry matter mass of substrate (g), and 
oDM inoculum is organic dry matter mass of inoculum (g) 
(VDI, 2014) .

2.2	Experimental setup and procedures
The experimental part of this study includes three 

batches of biogas formation potential tests. For each 
batch, biogas formation potential of pellets was analysed 
with different temperature increases (5°C, 10°C and 15°C). 
Considering the biogas formation quality difference of in-
oculum, the analyses at 36°C were repeated for each batch 
in order to have a reference for the comparison of the sit-
uation with stable temperature management. The biogas 
formation potential of samples was determined accord-
ing to German standard procedure (VDI, 2014) as a batch 
test in three parallels. The lab-scale 500 mL glass reactors 
were used with a gastight apparatus and eudiometer, as 
described in Figure 1. After the implementation of size re-
duction to the substrate, substrate-inoculum mixtures were 
prepared as mentioned in Equation 1.

The three batches of experiments were all started at 
36°C. On the thirdday, temperature increases of 5°C, 10°C 
and 15°C occurred, as explained in Figure 1. All experi-
ments were conducted in a temperature-controlled room 
at 36± 0.5°C. In order to increase the temperature of the 
reactors, a thermostatic water bath was used continuously 
from the third day of the experiment onwards. The water 
level in the water bath was constantly kept higher than the 
fill levels in the reactors. To supply homogeneity inside the 
reactors and prevent precipitation, daily shaking was im-
plemented. 

At the beginning of the test, the produced biogas quan-
tity was recorded daily, later two to three- days every week. 
The temperature of the room and water bath and the pres-
sure were recorded daily. The test duration for all experi-
ments was a minimum of 21 days, depending on the bio-
gas generation amount (less than 0.5% of the total volume 
that was produced up to that time) on the last days of the 
test. 

The specific fermentation gas production was calculat-
ed as explained in the following equations. 

                                                                  (2)

Where Vtr,N is the volume of dry gas in the normal state 
(mlN), V is the volume of the gas as read off (ml), p is the 
pressure of the gas phase at the time of reading (hPa), pW 
is the vapor pressure of the water as a function of the tem-
perature of ambient space (hPa), TN is the normal tempera-
ture ( 273°K), pN is the normal pressure (1013 hPa), and T 
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is the temperature of the fermentation gas of the ambient 
space (°K) (VDI, 2014).

                                                                        (3)

Where Vs is the specific fermentation gas production 
relative to organic dry mass during the test period (lN/kg 
oDM), is the net gas volume of the substrate during the test 
period (mlN), m is the mass of the weighted substrate or 
reference substrate (g), DM is the dry matter content of the 
inoculum or substrate (%), oDM is the loss on ignition of 
the sample or inoculum (%) (VDI, 2014).

The volume fractions of methane and carbon dioxide 
were determined to depend on the regular intervals with 
Gas Chromatography (HP 6890 Agilent) with the help of 
a thermal conductivity detector. Moisture correction for 
gas components was conducted as in Equation 4, since all 
biogas content measurements were conducted with water 
vapor containing biogas.

                                                         (4)

Where Ctr,korr is corrected concentration of the biogas 
components in dry gas (%), CCH4(CO2) is measured concentra-
tion of biogas components in the gas (%), CCH4 is measured 
methane concentration in the gas (%), CCO2 is measured 
carbon dioxide concentration in the gas (%) (VDI, 2014).

3.	 RESULTS AND DISCUSSION
3.1	 Results of DM and oDM Analyses

Table 2 presents the results of DM and oDM content 
analyses of inoculum and pellets. Moreover, DM and oDM 
contents of cellulose are presented in Table 2 as well. Be-
cause the used inoculum samples were taken from the 
wastewater treatment plant at different times, DM and 
oDM contents of inoculum were analysed for each batch. 
The oDM content of inoculum varied between 62.3% and 
64.4%; that shows the suitability of inoculum for the test, 
according to VDI 4630 (VDI, 2014).

3.2	Biogas Generation
The batches were entitled as A (5°C increase), B (10°C 

increase), and C (15°C increase), and the results will now 
be presented with those classifications. With all batches, 
the test continued until no significant amount of biogas 
production was observed anymore. The temperature- in-
creased cases were compared to the stable temperature 
operation cases for each batch. 

In batch A,there was no significant difference be-
tween the specific biogas production amounts of the sub-
strate at 36°C (600.20±23.34 Nml/ g oDM) and at 41°C 
(591.37±23.34 Nml/ g oDM), because the operating tem-
perature was kept in the mesophilic temperature range. 
As shown in Figure 2, similar cumulative specific fermen-
tation gas production curves were obtained. Compared 

Parameter Method Equipment Standard/ Norm

Dry matter content (DM) Drying at 105°C during 24 hours Drying oven DIN 38414 – S2 (DIN, 1985)

Organic Dry Matter Content (oDM) Dried samples from DM test were 
treated in muffle furnace at 220°C 
within 20 minutes, at 300°C within 
30 minutes and at 550°C oven 5 
hours

Oven DIN 38409- H1- 3 (DIN, 1987)

Total organic carbon (TOC) Thermal oxidation of organic car-
bon to CO2, infrared spectroscopic 
measurement of CO2 (TC)
Expulsion of inorganic carbon 
(TIC) as CO2 with phosphoric acid, 
quantification of CO2 via infrared 
spectroscopy

Analyser multi N/C 2000 DIN EN 1484 (DIN, 2019)

Chemical oxygen demand (COD) Oxidation with potassium 
di-chromate in % weight of silver 
sulphate (catalyst), photometric 
determination of excess potassium 
dichromate

Digestion block; HT 200
Photometer; DR 3900

ISO 15705 (ISO, 2002)

Total Kjeldahl nitrogen (TKN) Transfer of the organically bounded 
nitrogen compounds, ammonium, 
nitrate and nitrite by digesting the 
sample with Kjeldahl tablets
Distillation of the ammonia formed 
after the addition of strong liquor 
in a template of hydrochloric acid 
and determination of analytical end 
point

Digestion block, distillation appara-
tus; vapodest 2 semiautomatic
Titration programme; Schott

A 2.2.1 (Methodenbuch)

Ammonium 
(NH4-N)

Ammonium nitrogen is distilled off 
from the weakly basic solution as 
ammonia (NH3), collected in boric 
acid solution and determined by 
measurement 

Distillation apparatus: Vapodest 2 
semiautomatic
Titration programme; Schott

DIN 38406-E5-2 (DIN, 1983)

Hydrocarbonate 
(HCO3

-)
Titration with 0.1 N hydrochloric 
acid solution to pH 4.3

Titration unit consisting of the com-
ponents T100, TA10, TM120

DIN 38409-7 (H7) (DIN)

TABLE 1: Conducted analytical analyses for the substrate and inoculum.
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to the temperature-increased test, at 36°C, 42 Nml higher 
biomethane generation was obtained. The biogas gen-
eration from inoculum was higher at 41°C than at stable 
conditions, and the acceleration in biogas production of 
the samples at 41°C can be explained with the temperature 
increase on day three, as presented in Figure 2.

In batch B, the difference was higher than in batch A. 
Approximately 70 Nml/ g oDM biogas production differ-
ence was obtained from the samples at 36°C and 46°C. 
Although higher biogas production was observed at 46°C 
for the inoculum samples, a 23 Nml CH4/ g oDM higher 
biomethane was obtained from the pellets at 36°C. Similar 
to batch A, acceleration in specific biogas production from 
pellets and from inoculum was observed on day three, as 
shown in Figure 3.

The 15°C temperature increase was studied in batch 
C. A quite different biogas generation graph was obtained 
from that last test compared to the first two. Retarded deg-
radation was observed in inoculum samples at 51°C with 
approximately 200 Nml/ g oDM higher biogas production 
than in inoculum samples at 36°C (see Figure 4). A 23 Nml 
CH4/ g oDM higher biomethane production than in the tem-
perature-increased case was obtained at a stable tempera-
ture from pellets. As mentioned before, higher biogas for-
mation can be observed at higher temperatures (Le Zhang, 
2019) (Moset Veronica, 2015). The specific biogas produc-
tion of inoculum sample after 15°C temperature increase 
was higher than other inoculum samples´ productions. 
That can be explained with higher biogas production effi-

ciencies at higher temperatures after a specific time period 
of acclimatization. An adaptation of the microorganisms 
after a 15°C temperature increase could be obtained within 
15 days, as represented in Figure 4. The 10°C temperature 
increase caused instability in reactors. Because a 46°C 
operation temperature neither supplies an optimum living 
environment for mesophilic, nor for thermophilic microor-
ganisms.

There are two types of enzymes degrading substrate 
in the biogas production process: endoenzymes and ex-
oenzymes. Endoenzymes are produced by all bacteria, but 
exoenzymes are just produced by specific bacteria. Fur-
thermore, enzymes degrade only a specific substrate or 
group of substrates. Therefore, a high diversity of bacteria 
is needed to ensure the degradation of specific types of 
substrate (Gerardi M. H., 2003). The reaction rate of enzy-
matic reactions depends on the pH and the temperature 
of the reactor. If the temperature increases beyond the 
optimum temperature ranges, the reaction can stop due to 
the denaturation of enzymes (Caballero-Arzápalo, 2015).  
Most of the enzymes are stable in the mesophilic range 
up to 37°C and become unstable a few degrees beyond, 
between 40°C and 50°C (Bisswanger, 2008). Based on this 
study, the highest biomethane generations areobtained at 
36°C, due to the suitability for enzymes of that temperature 
in the reaction.

As presented in Figure 5, the specific bio methane 
production of pellets at all temperature scenarios varied 
between 364.15±11.84 and 420.48±16.93 Nml CH4/ g 
oDM. In each case, a higher biomethane production was 
obtained at a stable temperature as compared to a tem-
perature-changed situation. A change in operation tem-
peratures led to instability in the process in each batch 
and caused lower specific biomethane production after 
temperature increases, as shown in Figure 5. The highest 
standard deviation was observed after 10°C temperature 
increase, which can be explained with the adaption chal-
lenges of microorganisms to the temperature between me-
sophilic and thermophilic temperature ranges. The highest 
difference between the methane contents of stable and un-

FIGURE 1: Experimental set-up for determination of biogas formation potential and experimental plan.

DM [%] oDM [%]

Pellets 89.3±0.14 93.6±0.03

Inoculum (used for 5°C increase batch) 2.81±0.10 62.34±0.52

Inoculum (used for 10°C increase batch) 3.42±0.25 64.38±0.08

Inoculum (used for 15°C increase batch) 3.13±0.02 64.36±0.22

Cellulose (reference sample´s substrate) 96.65 100.00

TABLE 2: DM and oDM content of substrates and inoculum.
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stable temperature conditions was observed after a 15°C 
temperature increase, as depicted in Figure 6, which shows 
adaption problems of the process after an abrupt tempera-
ture change.

3.3	Results of pH Measurements
As mentioned in materials and methods part, the pH 

of each reactor was measured before and after the test. 
The results are presented in Table 3. Before starting the 
experiment, slightly different pH values between the same 

samples was observed. Those differences were caused by 
impurities in inoculum sample. In each batch, higher pH 
values were obtained at higher temperatures as compared 
to stable conditions (36°C). The concentration of ammo-
nia strongly depends on the process temperature, hence 
increasing the temperature and temperature fluctuations 
led to an increase of ammonia concentration (Al Seadi, 
Rutz, & Prassl, 2008) (FNR, Biogas, 2013). Therefore, it can 
cause pH increases, which were analysed at increased 
temperatures in the samples. Furthermore, hydrolysis and 

FIGURE 2: Specific fermentation gas production - 5°C increase.

FIGURE 3: Specific fermentation gas production - 10°C increase.

FIGURE 4: Specific fermentation gas production - 15°C increase.
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acidogenesis were negatively affected by higher tempera-
tures due to the increasing concentration of ammonia 
(El-Mashad Hamed M., 2004). Overall, the pH and methane 
content of batch C showed that the process could not be 
adapted to temperature change successfully.

Considering all the results obtained from both pure in-
oculum and substrate analyses, the adaption of the pure 
inoculum samples to new operation temperatures was 
easier than mixed inoculum-feedstock samples. That can 
be caused by adaption challenges of enzymes that facili-
tate the degradation of the substrate within the whole pro-
cess (Gerardi M. H., 2003). The results showed that without 
the inhibition of the process, the adaption to new condi-
tions could be possible after 5°C temperature increases 
with a lower biomethane generation than in stable condi-

tions. In the anaerobic digestion process, methanogens 
are the most sensitive group to temperature changes and 
other disturbances. Moreover, it is necessary to supply a 
balance between acetogens and methanogens in order 
to obtain stable biogas formation (Teimour Amani, 2010) 
(Gerber, 2009) (Caballero-Arzápalo, 2015). After 10°C and 
15°C temperature increases, methanogens are affected 
negatively by changing the environment. Due to the high 
standard deviation of the methane content after a 10°C 
temperature increase, a detailed study is needed to get a 
clearer idea about the effect of operation at 46°C. Varying 
results were observed after a 15°C increase for pure inoc-
ulum and inoculum-substrate mixture samples. On the one 
hand, an adaption of the inoculum sample at thermophilic 
conditions can be possible after a specific time of acclima-

FIGURE 5: Specific bio-methane production of samples.

FIGURE 6: Methane content of biogas.
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tization, but on the other hand, the temperature increase 
has caused process inhibition in the inoculum-substrate 
mixture samples. In further studies, the effect of tempera-
ture changes should be analysed with detailed microbio-
logical studies concerning both samples. 

4.	 CONCLUSIONS
This study examined the effect of temperature chang-

es on biogas formation efficiency at different temperature 
ranges. It was found that an adaptation of the process to 
the new conditions is possible after 5°C and 10°C increases. 
Similar (higher than 64%) methane content was observed 
in biogas from all reactors in the first two batches A and 
B. However, the highest standard deviation was obtained 
after a 10°C increase. . After a 15°C increase, methane con-
tent was lower than in stable conditions and in the other 
batches, as well. Not only a decrease in methane content, 
but also high increases in the pH values were recorded in 
batch C, caused by the adaptation problem of the process. 
Specific biomethane production amounts fluctuated in the 
range of 364-420 Nml CH4/ g oDM, with the highest 10% 
dissimilarity. The specific biogas formation graphs showed 
that similar biogas generation could be obtained despite 
the destruction of the process by temperature changes, ex-
cept in the case of a 15°C temperature increase as in batch 
C. After each temperature change, pH value increases were 
observed, but did not exceed 8 and stayed in the optimum 
range 7 and 8. According to pH values obtained after the 
test, there was no inhibition observed in the test reactors. 
Hence our results indicate that the temperature fluctua-
tions can be adapted by the process. Further research is 
needed to get detailed information about a 15 °C increase 
at the reactor temperature.
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Pellets-36°C+15°C 7.91±0.058

TABLE 3: pH values before and after the test.
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