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A protocol proposed is described here to characterize for the conversion from meso-
philic to thermophilic conditions in a pilot-scale anaerobic digester that operates with
municipal mixed sludge. Furthermore, the performance of thermophilic operation relative
to the previous mesophilic operating status was evaluated. The performance was evalu-
ated in terms of a number of parameters that included organic removal rate (ORR)
(kgVS/m3�d and kgCOD/m3�d), biogas and volumetric methane production rate (m3/m3�d),
pH, total acidity (mg acetic acid/L) and acidity/alkalinity relationship. The digester was
initially operated with an organic loading rate (OLR) of 1.26 kgVS/m3�d and a solids
retention time (SRT) of 27 days under mesophilic conditions (35°C). The solids destruc-
tion efficiency was found to be 54.3%, while the volumetric biogas production in the
digester reached 0.36 m3/m3�d. The strategy selected for the conversion from mesophilic
to thermophilic digestion involved slowly increasing the temperature of the digester (0.38°
C/d) until it reached 43°C. In this way, the temperature of the digester was raised from
43 to 45°C and then operated at a constant 45°C. The performance parameters at this
temperature indicated that the digester was unstable. For this reason the OLR was
decreased until feeding was suppressed. The reactor operated at 45°C for 32 days, and the
temperature of the digester was then raised from 45 to 50°C (without feeding). The
temperature was subsequently raised to 50 – 52°C with the system operating at variable
SRT (65-52 days), and finally, the temperature was increased at a rate of 0.13°C/d until
it reached 55°C. At thermophilic conditions (55°C), the OLR studied was 1.48 kgVS/m3�d
(SRT: 27 days), and under these conditions the solids destruction efficiency was 53.3% VS,
and the biogas produced in the digester reached 0.32 m3/m3�d. © 2005 American Institute
of Chemical Engineers AIChE J, 51: 2581–2586, 2005
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Introduction

Anaerobic digestion has been, and continues to be, one of the
most widely used processes for the stabilization of wastewater
treatment plant sludge. The widespread use of this technique over
other stabilization processes stems from the potential advantages,
which include higher methane production (in excess of that re-

quired for operation of the process), a reduction of 30 to 50% of
volatile solids requiring ultimate disposal, and a high rate of
pathogen destruction. However, conventional anaerobic sludge
digestion is associated with several problems and these have
limited the application of this technique. A number of processes
have been reported for the upgrading of sludge digestion, with
thermophilic anaerobic digestion (55°C) being an alternative to
mesophilic anaerobic digestion (35°C).1, 2

In general, thermophilic anaerobic plants offer attractive
kinetic advantages when they are compared with mesophilic
and cryophilic systems. The thermophilic anaerobic process
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leads to an acceleration of biochemical reactions, and a higher
efficiency in terms of the degradation of organic matter in
comparison with the mesophilic process.1,3,4 The efficiency in
the destruction of pathogens is also considerably higher.5,6,7,8

These features are of great importance, because they enable the
use of a digester with a smaller volume and/or operation with
a higher loading rate.9 The higher degradation efficiency is
associated with a higher level of biogas production and a lower
content of volatile solids in the digested sludge, which repre-
sents a smaller output of stabilized sludge with better dewater-
ing properties.

Anaerobic digestion of waste requires balanced growth of
various populations of microorganisms. The problem of a low
thermophilic microbial population can be solved when a ther-
mophilic inoculum is available, for instance from another ex-
isting thermophilic plant. However, the startup strategy for
growing this inoculum is of extreme importance for success.10

Thermophilic digestion is usually attained by adapting a
mesophilic system to higher temperatures. This dramatic tem-
perature change probably selects those subpopulations of bac-
teria that are at low concentrations in the mesophilic system.10

Thus, the transition from mesophilic to thermophilic tempera-
tures may require a long acclimation period (the startup period
for a thermophilic plant is one year or more — until gas
production reaches an acceptable level), and may even fail due
to the acidic pH and small amount of methane produced. A
high sensitivity to temperature changes was observed by van
Lier et al.3 when sludge was adapted for a relatively short
period to high temperatures. This phenomenon also occurs
during the startup of thermophilic bioreactors if the methano-
genic sludge is shifted from mesophilic to thermophilic condi-
tions.3 However, if the increase in the process temperature is
gradual, the stability of the methanogenesis stage and the
improvement in the thermophilic bacteria are much higher.7,11

This work described here concerns the protocol selected for
conversion from mesophilic to thermophilic operation in a mu-
nicipal sludge digester. The operating characteristics of the di-
gester and its performance under thermophilic conditions relative
to its previous mesophilic operating mode are also described.

Materials and Methods
Description of pilot digester.

The continuously stirred-tank reactor (CSTR) employed in
this study had an operational volume of 0.15 m3. A picture of
the pilot-scale digester is shown in Figure 1. The desired
temperature was maintained by recirculating temperature-con-
trolled water through an internal coil. The reactor was inocu-
lated with mesophilic sludge obtained from a full-scale 35°C
continuously stirred-tank reactor (Guadalete WWTP, Jerez de
la Frontera-Cadiz, Spain).

The characteristics of the prethickened combined primary
and secondary waste sludge (feed) used during this study are
presented in Table I (maximum, minimum and mean value of
each parameter), and these values are typical values for raw
sludge.

A certain volume (depending on the solid retention time
imposed) of digested sludge was withdrawn from the reactor
three times per day, and an equal volume of raw sludge was
pumped into the recycle line of the digester.

The effluent from the digester was recycled through a variable-
speed centrifugal pump in order to provide pseudo-completely
mixed conditions in the liquid phase. Recycle flow was drawn
from the bottom of the reactor and pumped to the top of the reactor
in order to maintain mixed conditions in the digester.

Sampling and analysis.

The parameters measured were as follows: chemical oxygen
demand (COD), total solids (TS0, TSe) and volatile solids (VS0,
VSe) of influent and effluent, pH, individual volatile fatty acids
levels (VFAs) and bicarbonate alkalinity of effluent, and gas
production and composition of gas (methane and carbon diox-
ide percentages). All analytical determinations were performed
according to “standard methods”.12

The volume of gas produced in the reactor was directly
measured by a mass-flow sensor and gas composition (methane
and carbon dioxide) was determined by gas chromatography
(SHIMADZU GC-14 B) using a stainless steel column packed
with Carbosieve SII (1/8 in. dia. and 2 m length), and a thermal
conductivity detector. The injected sample volume was 1 mL
and operational conditions, were as follows: 7 min at 55°C;
ramped at 27°C/min to 150°C; detector temperature: 255°C;
injector temperature: 100°C. The carrier gas was helium and

Table 1. Main Characteristics of Raw Sludge

Parameter
Maximum

Value
Minimum

Value
Mean
Value

COD (g/L) 102.2 36.0 71.7
pH 6.4 5.8 6.1
Total Solids (g/L) 78.6 30.2 55.0
% Volatile Solids 73.5 51.9 67.8
Volatile Solids (g/L) 46.5 22.2 39.0
Alkalinity (mg/L) 6000 4047 4870
Volatile acids (mg/L) 2112 607 1354

Figure 1. Pilot-plant digester used in this research.
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the flow rate used was 30 mL/min. A standard gas (from
Carburos Metálicos, S.A; composition: 4.65% H2; 5.33% N2;
69.92% CH4 and 20.10% CO2) was used for calibration of the
system.

Concentrations of individual VFA levels in the effluent were
determined using a gas chromatograph (SHIMADZU GC-17
A) equipped with a flame-ionisation detector, and a glass
column filled with Nukol (poly(ethylene glycol) modified by
nitroterephthalic acid). Standard calibration solutions for each
VFA were used. The temperatures of the injection port and
detector were 200 and 250°C, respectively. Helium was the
carrier gas at 50 mL/min. In addition, nitrogen gas was used at
30 mL/min flow rate.

Results and Discussion
Reactor operation.

Initially the digester was fed with raw sludge, as described in
the Materials and Methods section and Table 1, at strength of
34.0 kg/m3 to give an organic loading rate (OLR) of 1.26
kgVS/m3�d or 2.47 kgCOD/m3�d, with an SRT of 27 days.

The experimental study required 44 weeks of experimenta-
tion, data collection and analysis of the input and output sludge.

Steady-state conditions were reached for 27 days SRT at
both mesophilic and thermophilic conditions in order to ana-
lyze and compare the results obtained. The attainment of the
steady state was verified after an initial period (3 times the
HRT) by checking the performance parameter values.

A summary of the conditions during the temperature con-
version of municipal sludge digestion is given in Table 2.

Performance and operation parameters for the evolution of

the process during the stable mesophilic and thermophilic
operation, as well as during the transition from mesophilic to
thermophilic temperature, are shown in Table 3. This table
shows, for each parameter, the mean value and final value as
the average of the last three data points in each stage.

The individual VFA levels (acetic, propionic, n-butyric acids
and total VFA, as mg/L) in the effluent of the reactor from
mesophilic and thermophilic conditions are shown in Table 4.

Mesophilic process startup.

The startup and development of the mesophilic digester
began on April 4, 2000. For the first 13 weeks, the digester was
maintained at mesophilic temperature and 27 days SRT until
reaching stable operation.

Under these conditions (organic loading rate 1.26 kgVS/m3�d
or 2.47 kgCOD/m3�d), the volatile solids destruction efficiency
and organic removal efficiency were 54 and 53%, respectively,
and the volumetric methane production rate was 0.36 – 0.38 m3

CH4/m3�d. The operational pH was maintained at 7.5, and the
acidity/alkalinity ratio was 0.09.

The volatile acetic acid concentrations were always in the
range 200 – 600 mg acetic acid/L, with a mean value of 515 mg
acetic acid/L and a total VFA concentration of approximately
876 mg acetic acid/L at steady state conditions, as can be
observed from Table 4.

Mesophilic-thermophilic conversion process.

The strategy initially selected to change from mesophilic to
thermophilic digestion involved a slow, gradual temperature in-
crease designed after a method employed by Rimkus et al. in
Chicago,7 and Peddie et al. in Vancouver.8 An alternative ap-
proach would have been to rapidly heat the digester to thermo-
philic temperatures and hold the temperature until a stable ther-
mophilic regime established itself. However, this strategy was
attempted by Peddie et al.8 in Vancouver, and the digestion
stopped as the mesophilic microorganism became deactivated and
the thermophilic microorganism were building up.

The procedure attempted by Garber et al.5 to obtain a ther-
mophilic culture was to raise the temperature of the digester at
a rate of 0.6°C/d until the desired temperature was reached.
This method, however, “soured” the digester. In an effort to
overcome this difficulty, the temperature of the digester in this

Table 3. Summary of Performance Parameter Data for Digester during the Conversion at Each Temperature

Stage Value T, °C
SRT
Days

OLR
kgVS/m3 � d

ORR
kgVS/m3 � d %VSr

OLR
kgCOD/m3 � d

ORR
KgCOD/m3 � d %CODr pH

Biogas
m3/m3 � d Ac./Alk.*

Acetic
Acid
mg/L

Total
Acidity

mg Acetic
Acid/L

Mesophilic, 35°C Mean value 35.2 27 1.26 0.67 54.3 2.47 1.37 52.8 7.5 0.36 0.09 515 830
Final value 35.2 27 1.22 0.69 55.0 2.39 1.36 56.1 7.5 0.38 0.09 625 876

Increasing 35 to
43°C

Mean value 41.4 27 1.30 0.75 56.6 2.70 1.55 56.8 7.5 0.14 0.23 1873 4800
Final value 43.7 27 1.17 0.58 49.2 2.74 1.49 53.9 7.2 0.12 0.46 3936 5456

Maintenance at
45°C

Mean value 45.3 92 1.06 0.57 54.6 1.94 1.02 48.7 7.3 0.06 0.46 4194 5824
Final value 45.8 — — — — — — — 7.7 0.07 0.46 3363 5851

Increasing 45 to
50°C

Mean value 48.3 — — — — — — — 7.9 0.12 0.44 6213 9440
Final value 49.5 — — — — — — — 7.7 0.16 0.42 4977 8015

Maintenance at
50–52°C

Mean value 51.4 65 0.58 0.36 62.7 1.02 0.58 54.1 7.7 0.11 0.20 1588 4559
Final value 54.5 52 0.81 0.61 74.9 1.41 0.91 63.6 7.7 0.10 0.30 1613 4503

Maintenance at
55°C

Mean value 54.7 54 0.70 0.36 53.7 1.48 0.81 50.8 7.6 0.14 0.39 2603 5420
Final value 54.9 52 0.69 0.37 56.3 1.45 0.79 51.5 7.7 0.16 0.45 3772 6583

Thermophilic,
55°C

Mean value 55.0 27 1.48 0.76 53.3 2.48 0.96 35.6 7.8 0.32 0.25 566 3163
Final value 55.0 27 1.49 0.84 53.5 2.43 0.78 31.9 7.8 0.32 0.24 489 2950

Acidity to alcalinity ratio.12

Table 2. Summary of Conditions During the Temperature
Conversion

Stage
Stage Duration,

Days Feed
Temp. Increase

Rate °C/d

Mesophilic, 35°C 90 Yes —
Increasing 35 to 43°C 21 Yes 0.38
Maintenance at 45°C 32 Yes/no —
Increasing 45 to 50°C 11 No 0.45
Maintenance at 50–52°C 42 Yes —
Maintenance at 55°C 23 Yes 0.13
Thermophilic, 55°C 90 Yes —
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study was increased at a much slower rate than 0.6°C/d. Fur-
thermore, the digester was operated at a variable detention time
during the temperature adjustment, as shown in Table 3, in
order to maintain the stability of the digestion process.

Once the mesophilic conditions had been reached, the temper-
ature of the digester was raised in 21 days from 35 to 43°C (rate
of 0.38°C/d). The SRT was maintained at 27 days. During that
period the mesophilic microorganisms were active. Hence, the
ORR was 0.75 kgVS/m3�d (1.55 kgCOD/m3�d), and the volatile
solids destruction efficiency and organic removal efficiency were
56.6% and 56.8%, respectively. The biogas generation decreased
until it reached 0.12 m3/m3�d at the end of the stage. At this time,
the volatile fatty acid content increased sharply from 875.7 mg
acetic acid/L to about 5455.6 mg acetic acid/L. The acidity/
alkalinity ratio was 0.46 and the pH was 7.2.

At this stage the experiment suffered from problems associ-
ated with maintaining the pH values within the operational
level (in the approximate range 6.5 – 8.5). Adjustment of the
pH of the feedstock with alkali (sodium hydroxide) was found
to be sufficient to stabilize the operational pH in the range 7.2
– 7.5.

The temperature of the digester was then raised from 43 to
45°C, and the system was operated at 45°C during 32 days.
SRT was gradually increased until feeding was suppressed due
to the fact that all operating parameters indicated that the
digester was unstable. The volatile fatty acid content increased
to approximately 5800 mg acetic acid/L and the acidity/alka-
linity ratio was 0.46. The gas generation decreased and the
production at 45°C was 0.07m3/m3�d at the end of this stage.

The temperature was raised from 45 to 50°C (without feed-
ing) during 11 days. The biogas generation rate increased from
0.07 to 0.16m3/m3�d, but the system reached higher VFA
concentrations (9440 mg/L). An example in the literature in-
dicates that the temperature range between 43 and 50°C would
be unstable.8

The temperature of the system was maintained at 50 – 52°C
for the next 42 days. The imposed SRT was 65 days, and this
was decreased to 52 days at the end of this stage. The volatile
acid content decreased from 5,800 to 4,500 mg acetic acid/L.
During the preceeding weeks, the acidity/alkalinity ratio was
about 0.2 – 0.3. However, gas production was reduced during
the preceding weeks (0.11 – 0.10 m3/m3�d).

The upper temperature limit was 55°C, which is the optimal
value for thermophilic digestion. This temperature adjustment
was started after 197 days of the experiment and was changed
at a rate of 0.13°C/d. At this point, the ORR was 0.36 kgVS/
m3�d at SRT: 54 days. The volatile solids destruction efficiency
and organic removal efficiency were 54 and 51%, respectively.
The biogas generation increased until it reached a value of 0.16
m3/m3�d. The volatile fatty acid content increased to about
6,500 mg acetic acid/L at the end of this period.

The acidity/alkalinity ratio reached 0.39 and the pH reached
7.7.

As can be observed, the acetic acid level increased between
1873 and 4977 mg/L as the temperature increased from 35 to
50°C and then dropped sharply at 55°C (2603 mg/L). VFA
concentration is usually higher in thermophilic digestion. This
situation has been observed by several authors in systems
operating with anaerobic digestion thermophilic sludge.13,14

Reusser and Zelinka15 report that, after operating at 15 days
SRT, the VFA concentration was 2,558 mg of acetic acid/L.

It is generally accepted that the experimental start-up period
for a stable thermophilic operation is long, that is, up to one
year, before gas production reaches an acceptable level.16

Operation under thermophilic conditions (27 days SRT).

The experimental protocol was defined to examine the effect
of increasing the organic loading rate on the efficiency of the
digester, and to report on its steady-state performance at 27
days SRT.17 The attainment of the steady state was verified
after an initial period (three times the SRT) by checking
whether constant effluent characteristic values had been at-
tained (VS destruction, COD removal, volumetric methane
production rate and individual VFA levels). Sodium carbonate
was added at concentration of 2N to maintain the digestion at
the optimum pH for anaerobic thermophilic digestion.

At 55°C and 27 SRT, the organic loading rate was 1.48
kgVS/m3�d or 2.48 kgCOD/m3�d. Under these conditions, the
volatile solids destruction efficiency and organic removal effi-
ciency were 53.3% and 35.6%, respectively, and the volumetric
methane production rate was 0.32 m3CH4/m3�d.

The individual volatile acid concentrations (Table 4) were in
the range 400 – 600 mg acetic acid/L and the propionic acid
concentration was very high, at approximately 1400 mg/L. The
total VFA concentration was approximately 3000 mg acetic
acid/L. The pH was maintained at 7.8, and the acidity/alkalinity
ratio decreased until it stabilized to constant values in the range
0.25 – 0.30 mg acetic acid/mg calcium carbonate (very high for
operation under thermophilic conditions).

Comparison of mesophilic and thermophilic processes.

The mesophilic and thermophilic performance parameters of
the digester at 27 days SRT are shown in Table 3. As can be
seen, the efficiency of both systems was the same (53% volatile
solids reduction). On an industrial scale and under mesophilic
conditions, 40% volatile solids reduction is an acceptable value
in the performance of a sludge digestion process.17

The COD removal of the mesophilic sludge was higher than
that of the thermophilic sludge at 27 days solids retention time
(52.8% CODr vs. 35.6%CODr), and this is due to the high VFA

Table 4. Individual VFA Levels (acetate, propionate, n-butyric and Total Acidity, as mg Acetic acid/L) in the Effluent of the
Reactor at Mesophilic and Thermophilic Conditions

Stage Value T°C
Acetic
Acid

Propionic
Acid

n-Butyric �
n-butyric Acids

Total Acidity mg
Acetic Acid/L

Mesophilic
35°C

Mean value 35.2 515.4 103.3 115.8 829.9
Final value 35.2 625.5 111.6 114.0 875.7

Thermophilic
55°C

Mean value 54.7 566.2 1400.6 209.1 3163.3
Final value 54.9 489.2 1366.6 307.1 2950.5
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concentrations in the effluent. Biogas generation was always sim-
ilar under the two sets of conditions — although it was only
marginally higher than thermophilic production (0.32 m3/m3�d vs.
0.36 m3/m3�d). In both digesters, the methane fraction average was
close to 60% and fell in the range between 57.7% and 64.5%.

It has often been suggested that operation at thermophilic
temperatures and low SRT will provide better breakdown of
organic material and thus generate more methane.6 However, in
the study reported here, at SRT 27 days, the rate of volumetric
methane production rate in the mesophilic digester was higher
than that found in the thermophilic unit (0.25 m3/m3�d vs. 0.19
m3/m3�d). Similarly, methane production activity (as m3 of
methane produced per gram of VS destruction) of the meso-
philic system was clearly superior to that in the thermophilic
digester (0.40 m3CH4/kgVSr and 0.27 m3CH4/m3VSr, respec-
tively). Acetate will be the main precursor of methane in both
mesophilic and thermophilic systems, and this material ac-
counts for approximately 65 – 80% of the methane produced,
with hydrogen/carbon dioxide making up the rest.18

The performance of both processes based on these traditional
parameters was normal. One of the major criticisms concerning
the use of thermophilic digestion is that the final effluents
contain higher concentrations of volatile fatty acids than those
from mesophilic digesters. The data here support this trend (at
27 days SRT, total acidity was approximately 3000 mg/L under
thermophilic conditions vs. 830 mg/L under mesophilic condi-
tions). As can be seen from the results in Table 4, the individual
mesophilic volatile acid concentrations were always in the
range 100 – 600 mg/L. Under thermophilic conditions, the
propionic acid concentration was approximately 1400 mg/L vs.
100 mg/L under mesophilic conditions. Overall, the individual
VFA levels were consistently lower than those in the thermo-
philic unit. High levels of total VFA in thermophilic processes
have also been reported by Dinsdale et al.19. These authors
operated continuous thermophilic studies on coffee waste for
long periods and achieved stable digestion at a variety of
loading rates. The activity of thermophilic bacteria was higher
than that of mesophilic bacteria; however, thermophilic bacte-
ria tend to remove propionic acid more slowly than mesophilic
bacteria.20

The pH of the thermophilic sludge was kept at a constant
level in the range 7.6 – 7.8, while the pH of the mesophilic
sludge was maintained above 7.5. Thermophilic bicarbonate
alkalinity was also slightly higher than the mesophilic alkalin-
ity (14000 vs. 12500 mg CaCO3/L). The high alkalinity level
indicates that the various bacterial groups are in balance. The
system is well buffered under both sets of conditions.

The mesophilic acidity/alkalinity ratio was very low (0.09
vs. 0.25 under thermophilic conditions).

Conclusions

The results of this research confirm that the transition from
a mesophilic digester to a thermophilic system is possible if
temperature changes are made carefully. The experimental
protocol proposed for conversion from mesophilic (35°C) to
thermophilic (55°C) operation in a municipal sludge digester is
as follows:

1. Increase the temperature slowly from 35 to 43°C in 2.5°C
increments and maintain each new temperature for at least 4 days

while operating at the same organic loading speed as used in the
optimum mesophilic operating conditions (that is, at 35°C).

2. Increase the temperature straight form 43 to 50°C, with-
out feeding the system, until degradative activity is observed in
the digester. Carry out and stabilize the same organic feed rate
as in the previous stage.

3. Once again increase the temperature of the system in
maximum increments of 2.5° C, leaving the system to stabilize
after each temperature increase, until a final temperature of 55
°C is reached. During this process the same organic loading
rate as in previous stages should be used.

As far as the performance of both mesophilic and thermo-
phlic processes operating at 27 days retention time are con-
cerned, the experimental results indicate that the mesophilic
ORR was 0.67 kgVS/m3�d (1.37 kgCOD/m3�d), and the meth-
ane yield was 0.40 m3CH4/kgVSr. Under thermophilic condi-
tions, the ORR was 0.76 kgVS/m3�d (0.96 kgCOD/m3�d) and
the methane yield was 0.27 m3CH4/kgVSr.

However, the results obtained indicate that there is no ad-
vantage in operation at anaerobic thermophilic temperatures
when the SRT was 27 days (1.3 kgVS/m3�days), as indicated by
volatile solids breakdown and gas production.

Further experiments are required in this area to determine the
optimal operating parameters for the thermophilic process.
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