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Efficacy of thermal hydrolysis for boosting specific
methane yield depending on temperature-
normalized solids retention time in an activated
sludge process

J. Rühl, *a S. Agrawal b and M. Engelhart *a

The impact of varying operating conditions of a full-scale activated sludge process (ASP) on the efficacy of

thermal hydrolysis in terms of increasing the specific methane yield (SMY) of waste activated sludge (WAS)

during anaerobic digestion was evaluated. For this purpose, batch and semi-continuous anaerobic

digestion tests (long-term study) were carried out with untreated and thermal hydrolyzed WAS on a

laboratory scale. For the long-term study, thermal hydrolysis was set up at 160 °C for 30 min. A

temperature-normalized solids retention time (SRTASP,T) was used to account for varying operating

conditions in the ASP. In the semi-continuous experiments, the SMY of WAS decreased by 20% due to

endogenous respiration as SRTASP,T increased from 26 d to 60 d. At the same time, thermal hydrolysis

increased the SMY of WAS by 31% to 53%. Since the SMY of WAS mainly depends on active organic

biomass, non-biodegradable or slowly degradable components are made more bioavailable for anaerobic

digestion by thermal hydrolysis.

1. Introduction

Anaerobic digestion (AD) is commonly used in wastewater
treatment plants (WWTPs) for the stabilization and mass
reduction of sewage sludge in order to reduce disposal costs.
In addition, the produced biogas is used for energy recovery
to increase energy self-sufficiency. For waste activated sludge
(WAS), the specific methane yield (SMY) depends on the
operating conditions of the upstream activated sludge
process (ASP). The most crucial parameter of the ASP is the
solids retention time (SRTASP), on which WAS production,
composition, and biodegradability depend.1 With increasing
SRTASP, specific biogas/methane yield decreases.1–3 Increasing
temperatures in the ASP (TASP) have similar effects on the
composition of WAS and its methane production.4

Considerable efforts have been made using various
pretreatment technologies to improve AD performance in
biogas and methane production.5–7 Thermal hydrolysis (≥120
°C) has been investigated intensively to increase both rate
and extent of anaerobic biodegradability of sewage sludge.7–10

The success of thermal hydrolysis depends on its operating
conditions and sludge type.

Many studies on thermal hydrolysis focus on the effects of
operating conditions like temperature and reaction
time.8,9,11–13 Biodegradability of WAS increased up to ∼165%
with increasing temperature up to 190 °C.11 Beyond these
temperatures, biodegradability decreases again due to the
increased formation of recalcitrant organic compounds like
melanoidin by the Maillard reaction.14–16 Donoso-Bravo
et al.9 observed that reaction times from 0 to 30 min at 170
°C improved total biogas production by 7%. Sapkaite et al.12

investigated the effect of temperature (130 °C, 150 °C, 180
°C) at varying reaction times (5 min, 30 min, 50 min) and
estimated the highest specific methane production in the
range of 155–175 °C for 25–45 min. In contrast to the
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Water impact

Thermal hydrolysis can increase energy self-sufficiency by increasing the specific methane yield (SMY) of waste activated sludge. Temperature-normalized
solids retention time of the activated sludge process allows assessing the efficacy of thermal hydrolysis of waste activated sludge in terms of boosting the
SMY.
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temperature, reaction time has a minor impact on the total
biodegradability of thermally hydrolyzed WAS. In summary,
the optimal operating conditions range from 140 to 175 °C
for 20–30 min.8,9,12,15

In addition, an increase in biodegradability depends on
the type of sludge and the sludge properties. Only a few
studies deal with primary sludge (PS), showing inconsistent
results. While Haug and Stuckey17 found no improvement in
biogas production at 175 °C, other authors observed
increasing biogas production of 20% to 44% at 170 °C to 175
°C, respectively.18,19 Thermal hydrolysis has a more decisive
influence on the biodegradability of WAS. The results of
several studies indicate that an increase in biodegradability
of WAS is linked to the operating conditions in the ASP. For
WAS originating from a high-load ASP, the relative increase
in biodegradability ranges from −6% to ∼63% due to thermal
hydrolysis at 135–170 °C.11,20 At the same range of
pretreatment temperatures, relative biodegradability
increases from ∼35% to ∼130% for WAS originating from a
low-load (extended aeration) ASP.11,20 In semi-continuous
experiments, Pinnekamp14 observed a similar tendency. For
WAS originating from high- and low-load ASP, biogas
production increased by 42.4% to 123% at pretreatment
temperatures of 135 °C, respectively. Accordingly, thermal
hydrolysis seems to have a higher effect on increasingly
stabilized WAS originating from systems with higher SRTASP.

However, comparing these studies is difficult since the
investigated WAS and experimental setups differ.
Furthermore, observations are mainly based on studies
investigating different single WAS samples and thus are
subject to large variations. To assess the impact of the
upstream ASP on the efficacy of thermal hydrolysis in terms
of SMY, additional specifications of the ASP such as SRTASP
and TASP are required. However, these parameters have not
yet been systematically studied in this context. Furthermore,
complementary long-term studies for WAS generated at
varying SRTASP and TASP are missing. Therefore, this study
aimed to investigate the impact of the ASP on the efficacy of
thermal hydrolysis in terms of SMY. For this purpose and to
the authors' best knowledge, a temperature-normalized
SRTASP (SRTASP,T) was used for the first time as a reference
parameter. In preliminary experiments, the effect of thermal
hydrolysis on WAS was investigated. However, the main focus
was on the long-term investigation of the impact of SRTASP,T
on the SMY of untreated and thermal hydrolyzed WAS
(thermal hydrolysis at 160 °C for 30 min) on a laboratory
scale (semi-continuous AD experiments).

2. Materials and methods
2.1. Origin of waste activated sludge

The investigated WAS originated from two WWTPs with a size
of 240 000 PE (WWTP_A) and 35 000 PE (WWTP_B) located in
Germany and designed for biological nitrogen removal with
(WWTP_A) and without (WWTP_B) a primary clarifier prior
to biological treatment. Phosphorus is removed by

simultaneous precipitation. A systematic enhanced biological
phosphorus removal is not intended (no anaerobic tank). The
generated sewage sludge consisting of WAS and PS for
WWTP_A and WAS only for WWTP_B is treated in anaerobic
digesters on-site. The return liquor resulting from the
digested sludge (DS) dewatering is returned to the ASP. WAS
from WWTP_A was used for the semi-continuous
experiments and batch tests. WAS from WWTP_B was used
for batch tests only (see below). The characteristics of each
WAS are summarized in Table 1.

2.2. Determination of SRTASP,T

Traditionally, total system SRTASP for steady-state conditions
is defined as the average time activated sludge remains in
the ASP.21 However, WWTPs rarely work in a steady state due
to varying operating conditions. Dynamic approaches for
determining the SRTASP consider that with variations in
sludge withdrawal, the SRTASP does change rather gradually
but not immediately.22,23 In brief, to gradually account for
changes in the SRTASP, a moving average of SRTASP was
used.23 Based on the yearly average SRTASP of 25 ± 6 d for
WWTP_A and 13 ± 5 d for WWTP_B, a moving average of 25
d for WWTP_A and 14 d for WWTP_B was used for
calculating the SRTASP. To consider seasonal fluctuations of
the mixed liquor temperature in the ASP (TASP) and its effect
on microbial activity, the SRTASP was related to a reference
temperature (Tref) as stated by Clara et al.:24

SRTASP,T = SRTASP·1.072
(T−Tref) (1)

The temperature activity coefficient of 1.072 is comparable to
the temperature activity coefficients for heterotrophic
biomass with 1.07 (BOD removal) and autotrophic biomass
with 1.072 (nitrification), according to Tchobanoglous et al.21

For calculating SRTASP,T, a moving average of TASP for the
same interval as for calculating SRTASP was also used. In
addition, the designing temperature of 12 °C as defined for
WWTP in Germany25 was used as Tref. These calculations are
based on the operating data of WWTP_A and WWTP_B.

2.3. Thermal hydrolysis

A double-walled pressure reactor (V = 8 L) equipped with
thermal oil was used for thermal pretreatment. For
continuous mixing, the pressure reactor was equipped with a
stirrer using a magnetic bearing (Cyclone 300, Büchi AG,
Switzerland). Thermal oil was heated by a heat transfer
system (STO 1-DO, Single Temperiertechnik GmbH,
Germany) and was controlled due to temperature
measurement in the heat transfer unit and the pressure
reactor. Pressure was monitored via a manometer (0–10 bar).
Temperature and pressure were manually recorded in 5 min
intervals. For preliminary experiments, WAS samples were
treated for 30 min at approximately 120 °C, 140 °C, and 160
°C each at the corresponding pressure. For the long-term
study, WAS samples were treated at approx. 160 °C and
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corresponding pressure of approx. 6 bar for 30 min. For
evaluation of the efficacy of thermal pretreatment, COD
solubilization (SCOD) and anaerobic biodegradation (semi-
continuous and batch experiments) of the samples were
determined using eqn (2) and (3):

SCOD;n ¼ CODsp −CODs0

CODt −CODs0
× 100 (2)

SCOD;g ¼ CODsp

CODt
× 100 (3)

SCOD,n: net COD solubilization in %
SCOD,g: gross COD solubilization in %
CODt: total COD of WAS in mg L−1

CODs0: soluble COD of WAS before thermal hydrolysis in mg L−1

CODsp: soluble COD of WAS after thermal hydrolysis in mg L−1

Due to low CODs in the raw WAS, SCOD,n of 39.5 ± 2.9% (n
= 6) and SCOD,g of 39.3 ± 2.8% (n = 6) show similar results
and thus only SCOD,g is considered in the following.

2.4. Anaerobic digestion tests and experimental procedures

Semi-continuous anaerobic digestion experiments were
performed on a laboratory scale using two digesters with a
volume of 16 L each. The experimental temperature was kept
constant at 37 °C as the digesters were placed in a climate
chamber. The digesters were inoculated with digested sludge
from the full-scale digester of WWTP_A. One digester was fed
with WAS, the other with thermal hydrolyzed WAS (WASTH).
After a start phase of 33 d, the performance of each digester was
evaluated over 300 d. Feeding was carried out once a day, except
for day 202 to day 258, during which feeding was carried out 5 d
a week. Anaerobic digestion was operated at a calculative SRTDig
of 18–20 d. As stated by Kapp,26 feeding on a 7 d per week or 5
d per week regime at an SRTDig of 20 d leads to comparable
anaerobic digestion performances for WAS. WAS from WWTP_A
was thermally hydrolyzed directly after sampling. The
corresponding WAS and WASTH samples were fed to the
digesters over feeding periods of 11 to 33 d due to the
availability of thermal hydrolysis and storage capacities for the
sludge samples. Digester performance was evaluated for each
feeding period. For proper manual feeding and storing over
such long periods, WAS and WASTH samples were frozen
batchwise at −18 to −24 °C and thawed at room temperature
one day before use. For WASTH, storing had no further impact
on TS, VS and SCOD,g. In contrast, a small part of the organic
matter of WAS broke down, resulting in SCOD,g = 6.5 ± 1.8%. For

a separate sample, the impact of storing was evaluated. SCOD,g
was 4.2% and BMP increased by only 6.3%. However,
considering the deviation of BMP batch tests and the variability
of semi-continuous experiments, this effect was comparatively
low and will not be considered in this paper.

Biogas flow rates were measured continuously (type TG
0.5, Dr.-Ing. Ritter Apparatebau GmbH & Co. KG, Germany).
Methane and carbon dioxide concentrations of biogas were
measured continuously in the moist biogas every two weeks
for a period of one week (BlueSens gas sensor GmbH,
Germany). Ambient pressure was determined daily by using a
handheld device. Methane concentration was calculated for
dry gas according to VDI 4630.27 Biogas production was
normalized to standard conditions according to VDI 4630.27

Total solids (TS) were measured according to DIN EN
12880:2011-02,28 total volatile solids (VS) according to DIN
EN 15935:2012-11,29 and total COD (CODt) in analogy to DIN
38414-9:1986-09.30 pH was measured using a pH meter (type
197 WTW GmbH, Germany). After filtering the samples with
0.45 μm syringe filters (polyethersulfone), soluble COD
(CODs), ammonium (NH4-N), volatile fatty acids (VFAs), and
orthophosphate (PO4-P) were measured using cuvette tests
(Hach Lange GmbH, Germany). Analyses of feed were
conducted right after sampling (TS, VS, soluble parameters)
and after freezing and thawing (TS, VS, CODt, CODs, NH4-N,
PO4-P). Analyses of the effluent were conducted at least once
a week (CODt, TS, VS, CODs, NH4-N, VFA, PO4-P).

Cumulative SMY over each evaluating period was
calculated as follows:

SMY ¼
Pn
i¼1

Qgas;i·

1
n·
Pn
i¼1

CH4;i

� �
100

Pn
i¼1

Qin;i·cCOD;in;i
� � (4)

SMY: specific methane yield in NL CH4 per kg CODadded

Qgas: flow rate of biogas in NL d−1

CH4: concentration of methane in %
Qin: influent flow rate in L d−1

cCOD,in: influent total COD in kg L−1

n: duration of evaluation period

As the concentration of CH4 was not measured daily, the
mean concentrations of the measurement days were used in
eqn (4). In most cases, evaluating and feeding periods match
(Table 2). However, operational breakdowns arose in the first
four feeding periods, which distorted the results. Therefore,

Table 1 Characteristics of the investigated WAS

TS [%] VS [% TS] CODt [g L−1] CODt/VS [g g−1]

Batch tests WAS_A 4.3 76.1 50.6 1.54
WAS_B 5.0 78.7 58.6 1.48

Semi-continuous WASa (n = 16) 4.7 ± 0.6 76.3 ± 2.1 53.7 ± 6.2 1.50 ± 0.03

a WAS from WWTP_A.
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only a continuous evaluation period without operational
breakdowns is used in these cases, which is shorter than the
feeding period. The COD balance gap for an evaluation
period was calculated as follows:

ΔCOD ¼
Pn
i¼1

CODgas;i þ
Pn
i¼1

CODout;i þ cCOD;DS;n − cCOD;DS;0
� �

·VD

Pn
i¼1

CODin;i

·100 − 100

(5)

ΔCOD: COD balance gap in %
CODgas: COD in produced biogas in g (NL CH4/(350 NL CH4

per kg COD × 1000)
CODout: effluent total COD in g
CODin: influent total COD in g
cCOD,DS: concentration of total COD in the digested sludge in
g per L
VD: volume of digester in L

During anaerobic degradation, especially in combination
with thermal hydrolysis, compounds like CODs, NH4-N, and
PO4-P are released from organic matter. To compare the
liquor qualities of the digesters, the average specific release
of CODs, NH4-N and PO4-P was calculated over the entire
experimental trial:

SR ¼
1
m

Pm
i¼1

cx;i·
Pm
i¼1

Qout;i

Pm
i¼1

Qgas;i·
1
m

Pm
i¼1

CH4;i

100 · 1
0:35

(6)

SR: specific release of compound x (CODs, NH4-N, PO4-P) per
COD degraded in mg x per g CODdeg

Qout: effluent flow rate in L d−1

cx: concentration of compound x (CODs, NH4-N, PO4-P) in the
effluent in g L−1

m: duration of complete experimental trial

2.5. Biomethane potential tests

Biomethane potential (BMP) batch tests were conducted
according to Holliger et al.31 and VDI 4630.27 Digested sludge
for inoculation was degassed at temperatures around 37 °C
to ensure low endogenous methane production of <50 NL
CH4 per kg VS. Test bottles were flushed with nitrogen prior
to incubation. BMP tests were conducted at 37 °C in triplicate
until daily methane production was less than 1% of the total
methane volume. The automated methane potential test
system (AMPTS II, BPC Instruments AB, Sweden) was used.

2.6. Determining the effect of thermal pretreatment on viable
and non-viable cells

For determining the fraction of viable and non-viable cells,
the LIVE/DEAD BacLight bacterial viability kit (L-7012,
Molecular Probes) was used. The BacLight bacterial viability
kit consists of green fluorescent nucleic acid stain SYTO 9
and red fluorescent nucleic acid stain propidium iodide
(PI). SYTO 9 dyes all bacteria with intact and damaged
membranes, whereas PI dyes only bacteria with damaged
membranes. Therefore, viable cells with intact membranes
dye green, and non-viable cells with damaged membranes
dye red. One WAS sample of WWTP_A and WWTP_B and
the corresponding thermal hydrolyzed sludge samples at
different treatment temperatures (120 °C, 140 °C, and 160
°C) were used to determine the viable and non-viable cells.
After dilution, samples were analyzed in triplicate using a
microplate reader (Tecan Spark, Switzerland). The
fluorescence intensity (FI) of viable and non-viable cells of

Table 2 Summary of the operating conditions and the performance of each digester

Charge

SRTASP,T
Feeding/evaluation
period

WAS WASTH
OLR SMY ΔCOD OLR SMY ΔCOD

d d g COD per (L d)
NL CH4

per kg CODadded % g COD per (L d)
NL CH4

per kg CODadded %

1 29 32/19 3.1 ± 0.05 120.2 −5.5 3.1 ± 0.06 156.7 −11.9
2 26 30/19 3.2 ± 0.02 127.3 4.4 3.2 ± 0.01 162.6 −1.7
3 26 29/6 2.3 ± 0.02 121.3 4.6 2.2 ± 0.01 159.5 −6.0
4 37 27/21 2.8 ± 0.02 113.2 1.4 3.0 ± 0.02 148.8 −5.9
5 38 11/11 2.7 ± 0.01 117.4 9.3 2.7 ± 0.01 166.3 2.0
6 39 24/24 2.8 ± 0.02 110.3 −10.3 2.8 ± 0.01 159.9 −6.9
7 53 18/18 3.1 ± 0.11 102.9 4.4 3.1 ± 0.09 149.1 −7.7
8 46 17/17 3.0 ± 0.02 111.6 −16.9 3.0 ± 0.13 158.0 −6.5
9 48 14/14 3.0 ± 0.02 108.9 −3.0 2.9 ± 0.02 157.6 −1.0
10 48 14/14 4.1 ± 0.07 (2.9)a 106.5 3.5 4.1 ± 0.02 (2.9)a 159.3 9.6
11 50 14/14 4.5 ± 0.03 (3.2)a 99.3 −4.1 4.5 ± 0.02 (3.2)a 149.4 −11.4
12 49 14/14 4.1 ± 0.02 (3.0)a 101.4 −11.8 4.2 ± 0.02 (3.0)a 144.7 −15.6
13 51 14/14 3.7 ± 0.03 (2.7)a 103.2 −0.5 3.8 ± 0.02 (2.7)a 153.7 −10.7
14 60 14/14 1.9 ± 0.02 107.1 −3.5 1.9 ± 0.01 154.6 −11.6
15 46 14/14 2.9 ± 0.02 92.6 2.2 2.9 ± 0.01 145.1 −1.2
16 31 14/14 2.7 ± 0.02 116.4 −10.7 2.7 ± 0.01 152.6 −7.8
a Feeding on a 5 d per week regime; values in brackets represent calculated organic loading rate (OLR) for feeding on a 7 d per week regime.
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WASTH was compared to that of the original WAS samples
to evaluate the effect of thermal hydrolysis on viable and
non-viable cells. Lower FI would indicate a higher reduction
of viable and non-viable cells due to thermal hydrolysis.
The reduction of FI for viable and non-viable cells is
calculated by:

FIRed ¼ 1 − FIWASTH

FIWAS

� �
·100 (7)

FIRed: reduction of FI (viable/non-viable cells) in %
FIWASTH: mean value of WASTH (viable/non-viable cells) in RFU
FIWAS: mean value of WAS (viable/non-viable cells) in RFU

In brief, in this study, viable cells correspond to active
biomass (XH).

2.7. Statistical analysis

Microsoft Excel was used to tabulate data and perform analysis
of variance (ANOVA) for linear regression. The 95% confidence
interval and the Pearson correlation coefficient (r) were
calculated to evaluate the result of the linear regression. The
use of standard deviation for the semi-continuous experiments
is not reasonable due to temporary feeding 5 days a week.

3. Results and discussion
3.1. Impact of thermal hydrolysis on WAS – preliminary
experiments

To investigate the impact of thermal hydrolysis, one WAS
sample each from WWTP_A (WAS_A) and WWTP_B (WAS_B)
was investigated. Fig. 1 shows the impact of thermal
hydrolysis on the reduction of viable and non-viable cells as
well as on SCOD,g and SMY. As expected, at treatment
temperatures of 120 °C, the FI of viable cells decreased by
95.2% and 93.3% for WAS_A and WAS_B, respectively.
Therefore, thermal hydrolysis destroyed nearly all viable cells
at 120 °C. Furthermore, the FI of non-viable cells decreased
by 89.2% and 83.0% for WAS_A and WAS_B, indicating
further disintegration of already damaged cells (e.g.
endogenous residues) due to thermal hydrolysis at 120 °C.
Higher temperatures (140 °C, 160 °C) led only to a slight
further reduction of FI for viable and non-viable cells. At the
same time, particulate organic components continued to
break down as SCOD,g increased by 23.8% at 120 °C, 28.8% at
140 °C, and 36.9% at 160 °C for WAS_A. This was
accompanied by an increase in BMP of 21.5%, 34.5%, and
37.4%, respectively. For WAS_B, SCOD,g increased from 17.0%
at 120 °C to 31.3% at 160 °C. However, in contrast to WAS_A,
the relative increase in BMP was in a similar range, with
11.0% and 10.1% for both temperatures. Although SCOD,g at
160 °C was in a similar range of 36.9% and 31.3% for both
sludges, WAS_A showed a higher increase in BMP due to
thermal hydrolysis. Accordingly, the level of SCOD,g has only
limited informative value with respect to the increase in BMP
induced by thermal hydrolysis for different WAS samples, as
also reported by Carlsson et al.20 In addition, thermal

hydrolysis accelerated the methane production rate for both
WAS samples. The same amount of methane could be
produced in a shorter time compared to the untreated WAS.

Increase in BMP of WAS by thermal hydrolysis depends on
the composition of the WAS. In brief, WAS consists of active
biomass (mainly active heterotrophic biomass XH and a few
nitrifying autotrophic biomass XA), inactive organic fractions
like endogenous residues (XU,E), inert components from the
influent wastewater (XU,inf), and inactive mineral fractions.32

According to several studies, the fraction XH is mainly
anaerobic biodegradable while XU,E and XU,inf remain largely
unaffected1,4,33,34 or have slow degradation rates (<0.012
d−1),35–37 which come into effect for aerobic and anaerobic
systems operated at long SRTs. The results of this study show
that almost all viable cells (i.e. the active biomass) and non-
viable cells (e.g. endogenous residues) were disintegrated at a
pretreatment temperature of 120 °C. For WAS_A, SCOD,g and
BMP continued to increase at higher pretreatment
temperatures. Accordingly, in addition to XH, hardly or non-
biodegradable components of WAS_A were made more
bioavailable for anaerobic degradation by thermal hydrolysis.
This finding is consistent with the results of other authors.
Phothilangka et al.38 investigated the effect of thermal
hydrolysis on WAS from different WWTPs in continuous
anaerobic experiments and used the anaerobic digestion
model no.1 for a systematic analysis of the experimental
monitoring data. They concluded that while XU,inf is hardly
converted, XU,E is broken down by thermal hydrolysis and

Fig. 1 Impact of thermal hydrolysis (TH) on reduction of viable/non-
viable cells, SCOD,g, and SMY at different temperatures for WAS_A (a)
and WAS_B (b).
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becomes biodegradable. By generating WAS from synthetic
wastewater (no XU,inf), Jo et al.39 showed that endogenous
residues become more bioavailable due to thermal hydrolysis
for anaerobic digestion. Furthermore, they discussed that
thermal hydrolysis increased the decay rate of endogenous
products. With increasing SRTASP, more XH is degraded due
to endogenous respiration, while XU,E is produced and
accumulates in the ASP together with XU,inf. Accordingly,
increasing the SRTASP results in an increasingly stabilized
WAS which is expected to lead to a higher increase in
biodegradability induced by thermal hydrolysis.

However, detailed information on the ASP such as SRTASP
is often missing, and thus comparing the results of the
conducted batch tests with other studies is difficult. Fig. 2
summarizes the results of different studies11,13,20,40,41 on
increasing biodegradability of WAS by thermal treatment at
160–170 °C. As a reference parameter, the initial
biodegradability is used as an indicator of the stabilization of
the WAS. As can be seen, the initial biodegradability of
WAS_A and WAS_B was in a similar range to the results of
Lensch40 and Toutian et al.13 However, the increase in
biodegradability for WAS_A was higher compared to these
studies. In particular, the results of Carrère et al.,11 Carlsson
et al.,20 and Mottet et al.41 indicate that the relative increase
in biodegradability depends on initial biodegradability.
Assuming that high initial biodegradability corresponds to
low stabilization of WAS in the ASP (low SRTASP) and vice
versa, this indicates that the efficacy of thermal hydrolysis
depends on the SRTASP. However, considering all results
summarized in Fig. 2, no clear trend can be identified for
various single sludge samples. The SRTASP was available in
only one study20 and was 1–3 d. Here, thermal hydrolysis did
not increase the biodegradability of the WAS (−2% and −6%).
The SRTASP of WWTP_A was 22 d and that of WWTP_B was
15 d. Higher increase in biodegradability corresponds to
higher SRTASP. However, no clear conclusion can be drawn.

Therefore, the following results of the long-term study
provide a more detailed view of this relationship.

3.2. Influence of the ASP on the SMY of WAS and WASTH –

long-term study

Fig. 3 shows the course of SRTASP and TASP for WWTP_A over
one year. It can be seen that WWTP_A rarely worked in the
steady state as SRTASP and TASP fluctuated within one year. In
particular, TASP showed considerable seasonal fluctuations
between 12 °C in winter and 22 °C in summer. Furthermore,
SRTASP was controlled independently of the prevailing
temperature conditions and ranged from 19 d to 35 d.
Variations in SRTASP and TASP directly influenced downstream
processes like anaerobic digestion. In the semi-continuous
anaerobic digestion experiments on a laboratory scale, SMY
varied between 93 NL CH4 per kg CODadded and 127 NL CH4

per kg CODadded (Fig. 3).
As mentioned before, the specific biogas and methane

yield of WAS depends on SRTASP. As SRTASP increases, XH

decreases due to endogenous respiration, and therefore
specific biogas and methane yield decreases.1 A similar effect
can be observed for TASP.

4 However, no significant correlation
was found between SRTASP and SMY. Accordingly, it is
necessary to consider both parameters, SRTASP and TASP, to
characterize the impact of the full-scale ASP adequately. As
can be seen in Fig. 3, SRTASP,T accounts for seasonal
variations in temperature and ranged from 19 d in winter up
to 60 d in summer. Relating the SMY to SRTASP,T leads to a
significant correlation (p < 0.01) with a moderate coefficient
of determination (R2 = 0.6), cf. Fig. 4. The 95% confidence
interval and the Pearson correlation coefficient (r = −0.8) also
support a clear negative correlation. The results confirm that
the parameter SRTASP,T is suitable to adequately describe the
impact of the ASP on the SMY of WAS: with increasing
SRTASP,T from 26 d to 60 d, the SMY of WAS decreased by
20.1% as a result of endogenous respiration. In contrast to
other studies investigating specific biogas/methane

Fig. 2 Summary of the relative increase in biodegradability due to
thermal hydrolysis (150–170 °C) depending on initial biodegradability of
WAS.11,13,20,40,41 Only results based on batch tests were considered. If
not stated in the original study, initial biodegradability was calculated
by dividing the presented results for BMP (NL CH4 per kg CODadded) by
the theoretical methane production of 350 NL CH4 per kg CODadded.
*Biodegradability of thermal hydrolyzed WAS (sludge A–E) read from
Fig. 2 in Carrère et al.11

Fig. 3 Moving average values of SRTASP, TASP, and SRTASP,T over 25 d
based on operating data from WWTP_A and SMY of WAS for the
conducted semi-continuous anaerobic experiments on laboratory scale.
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production depending on SRTASP,
1,3 linear regression for the

investigated range of SRTASP,T appears to be sufficient.
However, the shown correlation underestimates the SMY for
lower and higher SRTASP,T.

Thermal hydrolysis broke down but did not remove
organic matter, resulting in solubilization of COD and
increased SMY. SCOD,g was 39.4 ± 1.6% and showed no
dependence on SRTASP,T. Compared to WAS, results of SMY
for WASTH show no significance (p = 0.12) and only a weak
linear correlation (R2 = 0.2, r = −0.4) to SRTASP,T (Fig. 4).
According to the 95% confidence interval, neither a clear
negative nor a clear positive trend was found. In contrast,
Batstone et al.42 found a significant relation for anaerobic
biodegradability of WASTH (165 °C) at high SRTASP >20 d:
with increasing SRTASP the biodegradability of WASTH
decreased. The performance of the digesters in terms of SMY
and COD balance gap (ΔCOD) are summarized in Table 2.

As can be seen in Fig. 4, thermal hydrolysis significantly
increases the SMY of WAS. Furthermore, the relative increase
in SMY correlates significantly (p < 0.01, R2 = 0.6, r = 0.8)
with SRTASP,T (cf. Fig. 5). As discussed before, higher SRTASP,T
leads to higher shares of hardly degradable and inert

components. These components were partially made
bioavailable for anaerobic digestion by thermal hydrolysis,
which is evidenced by the shown correlation. Using the
presented correlation, the SMY of WAS due to thermal
hydrolysis increased by 31% for an SRTASP,T of 26 d and by
53% for an SRTASP,T of 60 d. This implicates that the SMY of
WAS, which originates from an ASP with low SRTASP,T and
thus consists of a low share of XU,E and XU,inf, is only slightly
increased by thermal hydrolysis. This is supported by the
results of Carlsson et al.20 For WAS that originated from an
ASP with an SRTASP of 1–3 d, the BMP of WAS was not
increased by thermal hydrolysis. The values presented in
Fig. 5 are valid for the conducted experiments but potentially
underestimate the relative increase in SMY of raw WAS due
to the storing conditions (freeze and thaw). The results of the
conducted long-term study confirm that the efficacy of
thermal hydrolysis in terms of SMY depends on the operating
conditions of the ASP and that SRTASP,T is suited to describe
this dependency.

Examining the impact of alkaline thermal pretreatment on
a blend of PS and WAS, Toutian et al.43 observed that the
relative increase in specific biogas production due to
pretreatment increased with increasing TASP. They concluded
that the efficacy of alkaline thermal pretreatment in terms of
biogas production increases the higher the shares of non-
biodegradable components in WAS. This indicates a
comparable relation as presented in this study.

3.3. Sludge liquor quality and process stability

Compared to digester A (fed with WAS), the mean
concentration over the entire experimental trial of CODs,
NH4-N, and PO4-P in digester B (fed with WASTH) increased
by 351%, 42%, and 23%, respectively (Table 3). The relative
increase in NH4-N corresponds to the relative increase in
SMY for the respective evaluation period. Furthermore, by
referring the mean concentrations of NH4-N and PO4-P to the
degraded CODt (eqn (6)), it can be seen that the average
specific release (SR) of NH4-N and PO4-P for digesters A and
B are comparable. Accordingly, the increase in NH4-N and
PO4-P of digester B was mainly attributable to the increased
degradation of organic matter. In contrast, SR of CODs

increased by 218%, indicating that partially recalcitrant
components were formed during thermal hydrolysis, which
can be attributed to the Maillard reaction.15 Higher
concentrations in return liquor must be considered as an
additional load for the main- or side-stream treatment. In
particular, recalcitrant CODs can lead to an increase of CODs

in the effluent of WWTPs.13 Furthermore, high
concentrations of ammonia lead to possible inhibition,
resulting in lower methane production and often in
accumulation of VFAs.44 In this study, a stable process was
reached for each digester. Mean concentrations of VFAs in
digester A and B were 165 ± 68 mgHAc L−1 and 668 ± 200
mgHAc L

−1, respectively, while pH ranged between 7.1 and 7.7
in both digesters. Inhibitory effects were not investigated.

Fig. 4 SMY of WAS (n = 16) and WASTH (n = 16) for the conducted
semi-continuous anaerobic experiments depending on SRTASP,T from
WWTP_A. Solid lines represent a 95% confidence interval.

Fig. 5 Relative increase in SMY due to thermal hydrolysis of WAS
depending on SRTASP,T for the conducted semi-continuous experiments
in lab scale. Dashed lines represent a 95% confidence interval.
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4. Conclusions

The parameter SRTASP,T adequately describes the impact of
the ASP on the anaerobic biodegradability of WAS in terms of
SMY. Although no such correlation was found for WASTH, the
relative increase in SMY due to thermal hydrolysis correlates
significantly with SRTASP,T. Accordingly, the results of the
conducted long-term study confirm that the efficacy of
thermal hydrolysis in terms of relative increase in SMY
depends on the operating conditions of the ASP and that
SRTASP,T is suited to describe this dependency: as SRTASP,T
increased from 26 d to 60 d, the increase in SMY induced by
thermal hydrolysis was boosted from 31% to 53%. In
addition to the active organic fraction (XH), hardly or non-
biodegradable components of WAS, such as endogenous
residues, were made partially bioavailable for anaerobic
biodegradation by thermal hydrolysis. As these fractions
depend on SRTASP,T, the use of SRTASP,T as a reference
parameter can contribute to improve the comparability of
future studies focusing on treating WAS by thermal
hydrolysis. To increase the data basis, the authors
recommend providing more information on the ASP and to
consider especially the parameter SRTASP,T in future studies.

According to this study, the operation of thermal
hydrolysis for increasing the SMY of WAS is especially
suitable for high SRTASP,T. Normalized SRTASP,T can be used
beneficially to assess the potential relative increase in SMY
induced by thermal hydrolysis. However, in a full-scale
application the influence of additional anaerobic digestion of
PS needs to be evaluated in detail. This consideration is the
subject of a current study.
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