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ABSTRACT. The optimal temperature for anaerobic thermophilic digestion varies from 55 to 65 °C, and in com-
mercial applications it ranges from 50 to 55 °C. The present study took place in a 40 m? pilot plant, to determine
the effect of temperature on methane production, using poultry litter as substrate. The chemical composition of the
substrate, the effluent and the biogas were monitored throughout the experiments. The Arrhenius model indicates a
strong correlation between the temperature and the specific methanogenic activity (SMA) in the range of 52.2 to 56.7
°C. The activation energy was 146.1 kJ mol~!. No significant differences were observed in the SMA when operations
took place in the range of 56.7 to 60 °C.

Key words: Anaerobic digestion, Arrhenius model, specific methanogenic activity.

RESUMEN. La temperatura éptima para la digestién terméfila anaerobia varia de 55 a 65 °C, y en aplicaciones
comerciarles el intervalo se sitiia entre 50 y 55 °C. El presente trabajo se llevé a cabo en una planta piloto de 40 m3 de
capacidad, con el objetivo de estudiar la influencia de la temperatura en la produccién de metano, usando como sustrato
pollinaza. La composicién quimica del sustrato, el efluente y el biogas fueron monitoreados durante el experimento.
El modelo de Arrhenius muestra una correlacién relevante entre la temperatura y la actividad metanogénica especifica
(SMA) en el intervalo de 52.2 a 56.7 °C. La energia de activacién fue de 146.1 KJ mol~1. No se observaron diferencias
significativas en la SMA cuando se operé en el intervalo de 56.7 a 60 °C.

Palabras clave: Digestién anaerobia, modelo de Arrhenius, actividad metanogénica especifica.

INTRODUCTION materials must be treated at or above 55 °C (EPA

2002). Comparing mesophilic (35 °C) and thermop-

The optimal operation temperature for a spe-
cific anaerobic biodigester depends on several per-
formance factors, including biogas yield, pathogen
reduction in digested feedstock, process stability and
operation cost. When a biodigester is considered
as a mechanism to reduce pathogens in processed
feedstock, higher operational temperatures result in
a greater pathogen destruction. In the case of “Class
A Biosolids” (according to the EPA classification),

hilic (55 °C) operating temperatures, it is important
to note that the solubility of the gases is reduced at
higher temperatures. According to the constanst of
Henry's Law, reported by Lide and Frederikse (1995)
for a water-gas system, the solubility of methane
and carbon dioxide is reduced by 30 and 10 % res-
pectively when temperature changes from 35 °C to
55 °C. This results in a faster mass transfer under
thermophilic conditions. Also, when the thermophi-
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lic process is compared with mesophilic conditions
using the same fluid, the relative diffusivity of so-
lids in liquids may increase around 88 % (Lettinga
et al. 2001), while the media viscosity is reduced
by almost 50 % (El-Mashad et al. 2005). Conse-
quently, the consumption of power for the mecha-
nical manipulation of fluids (mixing, pumping and
forced-biogas circulation) is reduced under thermop-
hilic conditions. However, the increase in tempera-
ture from a mesophilic to a thermophilic condition
requires a greater power input for heating. In order
to increase the temperature of the biodigester me-
dia, and considering 20 °C as the initial temperature
of the fermentation media, the thermophilic process
requires at least more than double the energy com-
pared with the mesophilic process. Also, the amount
of energy required is greater if the heat released to
the environment is taken into account.

Microorganisms under thermophilic condi-
tions exhibit higher metabolic rates, as was reported
by Yu and Fang (2003), and thus, greater speci-
fic growth rates and, frequently, higher decay rates
compared with microorganisms in mesophilic condi-
tions (El-Mashad et al. 2004). It has been reported
that alkali-thermophile microorganisms growing at
66 °C and pH 8.5 exhibit doubling times of 10 mi-
nutes (Wiegel 1999). Additionally, Demeyer et al.
(1981) compared the process stability and the effi-
ciency of mesophilic and thermophilic anaerobic di-
gestions. These advantages indicate that the ther-
mophilic anaerobic process is an interesting option
for tropical areas, as the difference between the ther-
mophilic conditions and the temperature of the en-
vironment is smaller than that in areas with different
climates.

Demeyer et al. (1981) studied several diffe-
rent reactor configurations. Under a steady state,
in the daily batch-fed non-mixed single-stage reac-
tor, the yield was greater in the thermophilic process
(716 mL gys ~' d~1) than in the mesophilic process
(556 mL gyrg ~1d71).

A study of two-stage biodigesters under ther-
mophilic conditions (68 °C/55 °C) reported (Nielsen
et al. 2004) that cattle manure treated at 68 °C in
the first stage could increase the specific methane
yield from 24 to 64 %, depending on the hydrau-
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lic retention time in the first reactor (or first sta-
ge). The enhanced performance was attributed to
an improvement in the hydrolysis. These authors al-
so reported that treating feedstock at 68 °C severely
limited the ability of the aceticlastic methanogens
and the syntrophic consortia to convert VFA into
methane.

Studies on methanogenesis from acetate (Ah-
ring & Westermann 1985) reported that the speci-
fic methane production rates, calculated from the
exponential growth phase of thermophilic acetate-
utilising methanogenic organisms, were optimum
near 60 °C. The same research group reported that,
for a lab-scale continuously stirred reactor fed with
cattle manure (Ahring et al. 2001), an increase in
temperature from 55 to 65 °C reduced the speci-
fic methanogenic activity (SMA) from 200 to 160
mL gys ~! d7!, and simultaneously, the level of
total volatile fatty acids (VFA) increased from less
than 0.3 g L™! to 1.8-2.4 g acetate L™!. It is im-
portant to point out that acetate increased signifi-
cantly just after changing the temperature from 55
to 65 °C, and peaked near 8 g acetate L~!. In addi-
tion, a decrease in activity was recorded for glucose-,
acetate-, butyrate- and formate-users, and no signi-
ficant change in activity was registered with propio-
nate. Only the hydrogen-consuming methanogens
showed an enhanced activity at 65 °C. This indica-
tes that a sudden increase in temperature affects the
microbial population, reducing VFA consumption. A
reduction in methane yield was observed as a result
of a reduced VFA consumption. Finally, Wu et al.
(2006) reported that thermophilic microorganisms
appear to be highly resilient to temperature fluctua-
tions during the process, however, the longer the low
temperature lasted, the greater the decay of metha-
nogenic bacteria. Considering that the claimed op-
timal temperature for thermophilic anaerobic diges-
tion is still unclear, particularly for poultry litter as
the sole feed source, the biodigester performance in
this study was quantified in the temperature range
near the optimal operation temperature of 55 °C.

MATERIALS AND METHODS

Experiments were carried out in the fall of
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2003 (run 1) and spring of 2004 (run 2) in a 40
m3 cylindrical anaerobic biodigester, in the campus
of West Virginia State University (WVSU), WV,
USA. The biodigester was 4.2 m in diameter, 3.5
m in height and had a conical shaped bottom. The
feed was prepared in a tank and the biodigester was
fed by a pump. The working volume was 27.43 m3
(Espinosa-Solares 2009), the feedstock for the ex-
periments was poultry litter (manure, feathers and
wood chips) from wood chip based bedding, and
was delivered to the site by a commercial produ-
cer in Moorefield, WV. The litter was diluted with
fresh water to a total concentration of solids of 5-
7%. The feed slurry was automatically fed into the
biodigester every hour. Samples of undiluted fresh
litter were collected and analysed for moisture per-
centage, and total nitrogen (EPA 351.3, described
in EPA 1979) and phosphorus (SW 846-6010B, des-
cribed in EPA 1998). The fatty acid profiles of the
litter and biodigester media were obtained by chro-
matography (Varian 3300 Gas Chromatograph, FID
detector; glass column packed with 80/120 Carbo-
pack B-DA/4 % Carbowax 20M, Supelco Inc.1975).

The biodigester was heated by an external
shell and tube heat exchanger and recirculation
pump. The biodigester liquid was pumped through
the tubes and back into the tank, and a heated gly-
col /water mixture (70 °C) was pumped through the
shell. The pumps were computer controlled. Heating
occurred when the internal temperature of the biodi-
gester, measured by an internal thermocouple, drop-
ped 0.1 °C below the target. Biogas in the headspa-
ce was pulled by a blower through a bubbling ring
located at the base of the biodigester for 5 minutes
each hour. Biogas was discharged from the biodi-
gester by differential pressure, and cooled to remove
water prior to flow and composition measurement.
A detailed description of the system has been repor-
ted elsewhere (Espinosa-Solares et al. 2006). A Co-
riolis (Emerson, #CMF025M319NABAEZZZ) mass
flowmeter measured biogas discharge from the tank.
A Drager Multiwarn |l methane detector was used
to measure the methane percentage in the biogas.
Feed and effluent samples were collected twice per
week. TS (total solids) and VS (volatile solids) we-
re determined using the Standard methods for the
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examination of water and wastewater (APHA et al.
1998). The VA (volatile acids), COD (chemical oxy-
gen demand) and AMM (ammonia) were analysed
using methods 8196, 8000 and 10031 reported in
the Hach Water Analysis Handbook (Anonymous
2004).

The pilot plant had been running for four
months at 56.7 °C prior to the experiment. Two
runs were performed. In the fall of 2003, the biodi-
gester was operated at five different temperatures:
56.7, 55.5, 54.4, 53.3 and 52.2 °C. After data co-
llection at 56.7 °C, the temperature was changed by
1.1 °C and data collection began after a minimum
three-day adaptation period. After data was collec-
ted for at least four days, the temperature was again
changed by 1.1 °C. After run 1, the pilot plant was
operated at 56.7 °C until feed input was stopped
for the winter. The digester was not fed from the
end of the 2003 experiment until four weeks before
the 2004 experiment began. In the spring of 2004,
run 2 started and the digester was operated at four
different temperatures: 56.7, 57.8, 58.9 and 60 °C.
The retention time was 40 days and temperature
changes were introduced during this period.

The Arrhenius model (Equation 1) was used
to explain the effect of the temperature on methane
yield:

Y = Yo exp (_RET“) (1)

where Y represents the specific methanoge-
nic activity (SMA) (m? kgys ~1), Yoo is the pre-
exponential factor (m? kgys ~1), Ea is the activa-
tion energy (kJ mol™!), T is the absolute tempera-
ture (K) and R is the universal gas constant with a
value of 8.314 x 1073 kJ mol=! K1

RESULTS

Table 1 shows the changes in feed, operation
and performance of the biodigester during the expe-
riments. The first run reduced the temperature from
56.7 to 52.2 °C, and the second run began at 56.7
°C and finished at 60 °C. As may be seen in Table 1,
feeding was constant during the two runs in terms
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Table 1. Average of the chronological operational parameters during the experiments. The values in

parentheses represent the standard deviation.

Tabla 1. Promedio de los parametros de operacién cronolégicos durante el experimento. Los valores
en paréntesis representan la desviacién estandar.

Run Temperature (°C) Feed (L) VS (%) pH Biogas (m®) Methane (%)
1 56.7 875.6 55 7.5 18.4 64
(67.7)  (0.04) (0.04) (2.8) (1.6)

1 55.6 871.4 4.6 7.6 12.8 62.3
48) (0.0l (0.02) (0.98) (0.6)

1 54.4 1005.2 3.7 7.6 10.3 65.1
(106.6)  (0.02) (0.02) (1.4) (0.6)

1 53.3 854.4 4.8 Nd 10.2 59.8
446)  (02)  Nd (15) (2.0)

1 52.2 738.4 4.8 7.7 6.5 64.4
(91.4)  (0.02) (0.02) (0.4) (1.1)

2 56.7 9115 4.7 7.4 14.6 56.4
(28.7)  (0.02) (0.08) (2) (0.8)

2 57.8 846.1 4.6 7.3 12.2 61.3
(139)  (12) (0.05) (0.5) (1.0)

2 58.9 911.1 4.5 7.4 14.4 61
(26.1)  (0.04) (0.01) (0.7) (0.7)

2 60 877.9 5.3 7.6 15.8 60
(114)  (035) (0.1) (1.3) (0.0)

* Nd: not determined

of feed rate and volatile solids. The average influent
COD was 52 g L1, while the ammonia concentra-
tion was 17 g L' throughout the experiment. The
average VFA concentration was 2.6 g L™

Table 1 also indicates a clear influence of tem-
perature on the biogas yield in the experiments per-
formed in the temperature range of 52.2 to 56.7
°C. Biogas production decreased when temperatu-
re decreased. However, no important changes were
observed when temperature changed from 56.7 to
60 °C. In order to quantify the observed effect, the
model expressed in Equation 1 was successfully ap-
plied to the SMA in run 1. The experimental data in
the predicted model are presented in Figure 1. The
energy of activation during this run was 146.1 kJ
mol~!. This constant could be considered relatively
high. In fact, the performance depended strongly
on the temperature in the range of 52.2 to 56.7 °C.
On the other hand, when the temperature increased
from 56.7 to 60 °C in run 2, no effect was observed
on the SMA. In fact, the performance during the ex-
periment remained almost constant and was easily
explained using the average of the four treatments.

The relative performance was evaluated in
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this study in order to quantify the effect of the tem-
perature on the methane yield production. Figure 2
presents these parameters for the experiments. The
corresponding yield recorded at 56.7 °C was taken
as a reference in both cases. Thus, the average met-
hane production in each treatment, as a function of
temperature, was used to evaluate the relative per-
formance.

DISCUSSION

Angelidaki et al. (2004) reported that 1.5 g
L—! total VFA may be taken as an indication of a
healthy process in full-scale biogas plants. Espinosa-
Solares et al. (2006) used the same set-up as the one
discussed here, and reported a healthy process using
chicken litter as the only feed source, with an ave-
rage total VFA of 3.7 g L~! and a range of 2.2 to
5.6 g L~!. An average VFA of 2.6 g L~ was ob-
tained in this study, and it is possible to consider
that the experimental processes were performed un-
der healthy conditions. Thus, the variations detec-
ted in the different treatments could be attributed
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Figure 1. Methanogenic activity with the Arrhenius model.
Figura 1. Actividad metanogénica con el modelo de Arrhenius.

to changes in operational conditions rather than to
a VFA concentration effect. It is clear from Table
1 that the amount of biogas and the percentage of
methane were greater in the experiments where the
temperature was periodically reduced. This may be
attributed to the age of the poultry litter feedstock
used in the experiments. Feedstock for run 1 was
obtained from a poultry house and fed into the di-
gester after 1 month of storage. Feedstock for run
2 was stored for 6 months prior to input into the di-
gester. During storage, the quality of the feedstock
decreases due to the loss of available carbon.

The effect of different temperatures on the
SMA, regarding the temperature range used, could
be attributed to several factors:

a)The typical fatty acids in the chicken litter
used in this study include acetate (61.5%), buty-
rate (30.8%) and propionate (7.7 %). It is impor-
tant to note that other fatty acids are not detec-
table. In the case of the fermentation media du-
ring the biodegradation process, the predominant
fatty acids include acetate (50.2 %) and propiona-
te (41 %), along with small amounts of iso-butyrate
(3.4 %), iso-valerate (2.1 %), butyrate (1.6 %) and
valerate (1.6 %). It has been reported that methane
formed from propionate occurs most rapidly at 55
°C, whereas 60 °C is the optimal temperature for
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Figure 2. Effect of temperature on the relative specific produc-
tion of biogas.

Figura 2. Influencia de la temperatura en la produccién especifica
relativa de biogas.

conversion of acetate, butyrate or formate (Ahring
1994). An increase in temperature to more than 60
°C stopped methane production in tests carried out
with these substrates. In contrast, formation of met-
hane from hydrogen and CO5 was fastest at 65 °C.
In our case, the fatty acid profile inside the biodi-
gester indicated that methane production depended
mainly on acetate and propionate. These fatty acids
have different optimum temperatures for methane
production, thus neither 60 °C nor 55 °C was the
best for the chicken litter fermentation media. We
found an optimum temperature of 56.7 °C in our
study, which agrees with the reports of Shiratori et
al. (2008) and Ollivier et al. (1985). These authors
worked with manure treatments and recorded an op-
timal temperature of 55 to 58 °C for the growth and
metabolic activity of the thermophilic microflora in
methanogenic anaerobic digesters.

b) Another factor that could contribute to ex-
plain the best response at that temperature is the
fact that the digester had been operating at 56.7
°C for two years; therefore it is possible that the
consortia were adapted and selected naturally to
that operation temperature. Thus, the equilibrium
between the increase in performance and the death
rate due to rising temperatures was established at
56.7 °C. Besides, an hourly feed input could promote
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the activity of the consortia, on a minor scale, that
produced methane from acetate and butyrate. An
enhanced performance of methane production was
observed in the experiments as temperature increa-
sed up to 56.7 °C. After this point, performance was
practically the same as at the highest temperature
evaluated here (60 °C). There were no significant
differences during the second treatment. It is clear
that an important reduction in performance took
place when temperature changed from 56.7 °C to
52.2 °C. A 51.6 % SMA reduction was recorded th-
roughout the entire range. The most significant re-
duction, of 35.8% in SMA, occurred between 56.7
and 54.4 °C, and a 15.8% decrease was observed
when changing from 54.4 to 52.2 °C. Figure 2 also
presents our results compared with those of Lettin-
ga et al. (2001) and Liibken et al. (2007). While
Lettinga et al. (2001) reported data for mesophilic
conditions, Liibken et al. (2007) presented data ob-
tained for faecal sludge and a substrate of forage
and cellulose. As may be seen, the behaviour is very
similar. Our experimental data mimics part of tho-
se reported for mesophilic anaerobic methane yield
(Lettinga et al. 2001; Henze & Harremdes 1983).
Data reported in the 60, 70 and 80s has shown
that a plateau is reached after an increase up to
35 °C, and remains constant up to 40 °C (Figure
2). Beyond this temperature, performance decreases
approximately 10 % when temperature increases to
around 43 °C, and is followed by a drastic reduction
in biogas production at 45 °C.

The slopes for this temperature range may
be compared with the 3.76 % °C~! calculated from
data reported in 1983 (Lettinga et al. 2001; Hen-
ze & Harremdes 1983) for mesophilic methane pro-
duction (Figure 2). Thus, for the 52.2 to 54.4 °C
temperature range, the thermophilic process is 1.9
times more sensitive to changes in temperature than
the mesophilic process. However, temperature plays
a more important role in methane production in the
54.4 t0 56.7 °C range. The sensitivity to temperatu-
re changes was 4.3 times greater than that observed
under mesophilic conditions. A small temperature
change substantially modified the performance of
the biodigester.

Several papers have dealt with the optimal
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conditions for the thermophilic operation of a bio-
digester. The best range for thermophilic consortia
was reported as 55 to 60 °C in 1981 (Demeyer et
al. 1981). Lettinga et al. (2001) considered the op-
timum to be above 60 °C, while an optimum ther-
mophilic biodigester operating temperature of 50 to
65 °C was reported in 1992 (Gendebien et al. 1992).
In Denmark, commercial thermophilic biodigester
operational temperatures vary from 50 to 55 °C
(Ahring 1994). This apparent disagreement could
be attributed to the fact that optimal growth de-
pends on other factors including the chemical com-
position of the biodigester media, the fluid-dynamic
conditions, the chemical composition of the feed,
the adaptation of the consortia to the operation
temperature, the feedstock and the initial source of
microorganisms. All these factors contributed in this
study to obtain an optimal thermophilic range that
was, for instance, different from that reported by
Liibken et al. (2007) (Figure 2). Chicken litter was
used as feed in this study, with most of the microor-
ganisms unknown, as Balagurusamy (2007) repor-
ted in a preliminary study on the molecular charac-
terisation of eubacteria that was carried out in the
same thermophilic anaerobic digester used in this
study. Balagurusamy’s (2007) results showed that
more than 75 % of the clones represented uncultu-
red bacteria. Thus, until now it has been difficult to
know exactly which micoorganisms are working, as
well as what the optimal conditions are when diffe-
rent materials are fed into an anaerobic reactor.

In light of the present findings, the perfor-
mance of the anaerobic digestion of chicken litter
showed a strong dependence on temperature under
thermophilic conditions. A temperature reduction
from 56.7 to 52.2 °C decreased methane production
around 50 %. Applying the Arrhenius model to the
specific methanogenic activity, an activation energy
value of 146.1 kJ mol~! was obtained. No important
changes in performance were observed when tempe-
rature changed from 56.7 °C to 60 °C. Thus, the
optimal operation temperature for the thermophilic
anaerobic digestion of poultry litter slurry was 56.7
°C. The influence of temperature on the performan-
ce of methane production under thermophilic condi-
tions was between two and four times greater than
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that with respect to the production obtained th-
rough the mesophilic process. This indicates that the
thermophilic anaerobic digestion is less stable than
the mesophilic digestion when temperature changes
take place. Further research is needed in order to
evaluate the influence of temperature on the perfor-
mance and the energy cost of biodigesters, and this
will be dealt with in future communications.
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