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ARTICLE INFO ABSTRACT

Keywords: Thermal alkaline pretreatment (TAP) of waste activated sludge (WAS) before anaerobic digestion (AD) was

Wastewater treatment plant reviewed. Focus of the review was on impact of TAP process parameters on biomethane yield (BY) and kinetics of

Pondus ) AD and downstream dewatering. With higher initial biodegradability of untreated WAS, effect of TAP on BY

g:;;nigzsirl?:ym decreases. Depending on initial biodegradability, BY increase of 22-97% is expected. Treatment temperatures
gradablity. below 100 °C showed to be as effective as temperatures higher than 100 °C in terms of BY increase. Alkali dosage

Anaerobic digestion o L . .

Dewatering and resulting initial pH have a significant effect on BY increase and showed to have an optimum range of 40-60

mg NaOH per g total solids (TS) of sludge. It is advised that alkali is dosed based on solids content in WAS and
monitored by pH. Treatment time of 1.5-5 h is sufficient for an effective low temperature TAP (T < 100 °C), with
longer treatment times showing no positive impact on BY increase. Load of sludge liquor with organics and
nutrients increases with more intensive TAP conditions. Despite kinetic enhancement of hydrolysis step in AD,
more research is needed to clarify if TAP improves kinetics of entire AD process which determines required
digester volume. Impact of TAP on dewaterability of digestate is ambiguous and needs more investigation using
standardized methods, also with regards to potential effects on polymer demand. Findings of experimental
studies were reflected against available data from commercialized TAP process of Pondus®, throughout review.
Finally, important process design parameters of TAP such as input TS and point of alkali dosage are discussed and
recommendations for future research are presented.

1. Introduction in AD (30-45%) and its poor dewatering potential (typically not more
than 15-20% total solids (TS) can be reached), pretreatment techniques
have been broadly investigated in the last decades to improve both as-

pects (Carrere et al., 2010; DWA, 2008, 2014). They include mechanical

Waste activated sludge (WAS) is the unfavorable byproduct of
sewage treatment process, which accounts for up to 50% of treatment

costs on a wastewater treatment plant (WWTP) (Appels et al., 2008).
Therefore, its reduction can lead to significant savings in disposal costs.
Fresh WAS from clarifiers typically consists of around 99% water and
1% solids (organic and inorganic). To reduce sludge handling costs, it is
favorable to reduce these three parts (water, organic and inorganic
solids) as much as possible in most economical ways. Thickening and
dewatering units in a WWTP are responsible for reduction in water
content. Anaerobic digestion (AD) turns part of organic matter in WAS
into biogas, which leads to renewable energy production and sludge
solids reduction, simultaneously. The inorganic solids in WAS are mostly
untouched and remain in final dewatered sludge and must be disposed.

Due to limited and kinetically slow organic solids reduction of WAS

and non-mechanical (thermal, chemical, physical, and biological)
techniques or a combination of these which primarily target the low and
slowly biodegradable structure of WAS leading to solubilization of solids
and release of organic matter into the liquid phase. This consequently
accelerates the rate limiting hydrolysis stage of AD and potentially in-
creases biogas yield. These techniques differ in efficiency, effects,
complexity, costs of operation, etc. Among all, thermal pretreatments
have gained much interest in terms of full-scale installations, due to their
proven effects and energy integration potentials on a WWTP. High
temperature thermal pretreatment (T ~ 170 °C) known as thermal hy-
drolysis (TH) has proven many advantages regarding sludge viscosity
reduction, organic loading rate increase in AD, biogas yield increase,
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solids reduction, and dewatering improvements (Barber, 2016). As an
alternative to TH, thermal alkaline pretreatment (TAP) is a combined
technique which exploits potentials of both thermal and alkaline pre-
treatments, together. It has been tested in high (T > 100 °C) as well as
low (T < 100 °C) temperature ranges. However, high temperature TAP is
subject to unfavorable issues associated with high temperatures plus
their adverse combined effects with alkali addition (Delgenes et al.,
2000; Penaud et al., 1999; Penaud et al., 2000; Stuckey and McCarty,
1984). On the contrary, low temperature TAP has gathered much more
attention due to its simpler operating conditions and less intensive
drawbacks (DWA, 2016). Advantages and disadvantages of low tem-
perature TAP before AD are listed in Table 1. Moreover, Table 2 sum-
marizes a brief comparison of low temperature TAP with high
temperature TH. Process flow schematic of sludge treatment line
including TAP before AD is shown in Fig. 1. Primary sludge (PS) has
inherently better dewatering potential and higher anaerobic biode-
gradability than WAS. Therefore, it is more meaningful to leave PS out of
pretreatment and use it for cooling and neutralizing pretreated WAS,
instead.

TAP of sewage sludge has been extensively studied in last decades in
experimental studies, and research interest has increased significantly
during recent years (Figure S1). Nevertheless, there was no compre-
hensive literature review on this potential technique. Reported studies
from literature apply various methods for TAP trials, use different pro-
cess conditions, and investigate the process parameters using different
methods for analytics and measurement. In addition, sludge quality as
important input material differs from study to study. This diversity
makes it very difficult to compare results of different studies to each
other and validate or cross-check future findings between individual
studies. Therefore, the aim of this review was to extract, summarize,
analyze, and interpret the results of studies in literature to report on
current knowledge and identify topics for future research. The focus of
this review is on effects of TAP process parameters on AD regarding
biomethane yield (BY) increase, composition of biogas and kinetics of
biomethane production. Subsequently, effects of TAP on digestate
dewaterability and sludge liquor quality as two important economic
factors are discussed. For all parameters, findings of experimental
studies are reflected against available data from full-scale installations of
TAP based on the Pondus® process. This commercially available TAP
process has been installed in several full-scale WWTPs and is operated
with specific process conditions (specifications in Table 3, process
configuration in Fig. 1). Finally, important TAP process design param-
eters are discussed and recommendations for future research are

Table 1
Advantages and disadvantages of low temperature thermal alkaline pretreat-
ment before anaerobic digestion.

Advantages References

(Campo et al., 2018; Liu et al., 2019;
Zawieja, 2019)

Significant solubilization of particulate
organic matter (proteins and
carbohydrates) leading to increased
kinetics of hydrolysis step of AD.

Significant viscosity decrease facilitating
pumping and mixing leading to better
mass transfer and kinetics enhancement
of AD.

Biogas yield increase and subsequently (Campo et al., 2018; Heo et al., 2003;
less organic solids to dispose. Nagler et al., 2016; Ruffino et al., 2016)

Potential of foaming suppression in -
digester.

Potential of hygienization (when primary -
sludge (PS) is also hydrolyzed).

(Li et al., 2017b; Ruiz-Hernando et al.,
2014; Wang et al., 2016b)

Disadvantages References

Return load increase (particulates and soluble
organics and nutrients) leading to more
capacity and costs needed to re-treat sludge
liquors in main- or side-stream.

(Guo et al., 2017; Park et al.,
2014; Toutian et al., 2020a)

Table 2
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Comparison of low temperature thermal alkaline pretreatment (TAP) with high
temperature thermal hydrolysis (TH).

Parameter

TH (T ~ 170 °C)*

TAP (T < 100 °C)"

Pre-dewatering
before
pretreatment

Heat demand
Energy source

Viscosity reduction
Digestion capacity
increase

Biogas yield
increase and
organic solids
reduction

Digestate
dewatering and
polymer demand

Sludge liquor
quality

Complexity of
operation

Flexibility

Capital costs

Operational costs

Full scale
installations

Well known
suppliers (heating
medium)

Requires pre-dewatering to
16-18% to be energy
efficient (higher polymer
demand)

High heat demand
Requires boiler to produce
high temperature steam or
hot oil

Significant

Increase of digestion
capacity up to two times due
to viscosity reduction and
pre-dewatering of WAS plus
possible capacity increase
due to kinetics enhancement
of AD

Potential increase in biogas
leading to decrease in
organic solids

Increases dewaterability
with increase in polymer
demand

Increase in loads of organics
and nutrients

More complex

(high temperature and
pressure handling)

Requires stable performance
of pre-dewatering equipment
in delivering sludge with
16-18% TS

Requires higher capital costs
due to multi-stage reactors,
robust construction material
and complex controlling
system needed for high
pressure and high
temperature conditions, off
gases handling, (or clean in
place for processes with
thermal oil heat exchanger)
Requires skilled operating
staff, extra fuel to produce
required steam

More than 70 since 1995

Cambi (vapor), Veolia
(vapor), Sustec (vapor),
Haarslev (vapor), ELIQUO
STULZ (hot oil)

Suffices thickening to 6-8%
(lower polymer demand)

Low heat demand

Does not require a boiler,
works well with hot water
from a combined heat and
power plant (CHP)
Significant

Possible capacity increase
due to kinetics
enhancement of AD

Potential increase in biogas
leading to decrease in
organic solids

Needs more research (to be
discussed in Section 3)

Increase in loads of organics
and nutrients

Less complex

(highly concentrated alkali
handling)

No specific complexities
leading to flexibility
complications

Less capital costs due to
simpler construction
material and controlling
system owing to ambient
pressure and low
temperature conditions, no
off-gas handling

Does not require skilled
operating staff, requires
permanent supply of alkali
Less than 10 since 2004

Pondus® (hot water),
Lystek

a

presented.

2. Anaerobic digestion

2.1. Biomethane yield increase

references: Barber (2016), DWA (2016), operational manuals.
b references: DWA (2016), operational manuals.

In this section, effect of initial biodegradability of sludge on BY in-

crease is clarified, first. Afterwards, to determine the effect of different
ranges of temperature, alkali dosage and treatment time on BY increase
and consequently finding optimum conditions, absolute BY increase is
used as the target parameter. During collection of data, it was noticed
that researchers use different test methods and various units to report
biogas production data. This makes collection and interpretation of data
challenging, while there are already standardized test methods for bio-
methane potential measurement. Accordingly, it is highly recommended
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Fig. 1. Process flow diagram of sludge treatment line including thermal alkaline pretreatment (TAP) before anaerobic digestion.

Table 3
Process conditions of thermal alkaline pretreatment process of Pondus® (Pondus
Verfahrenstechnik GmbH, Germany).

Parameter Unit Value
Temperature °C 65-70

Alkali type — NaOH (50% w/w)
Alkali dosage mg NaOH" per g TS of WAS 12-32

Reaction time h 2.0-2.5

TS of input WAS % 6-8

pH of WAS after TAP - 6.8-7.0

4 100% purity.

that researchers use recognized standard methods for batch and
continuous AD tests to make it easier for authentic cross-checking of
results from different studies. Holliger et al. (2016) has proposed a
procedure for a standardized biomethane potential test. It contains
necessary information regarding different steps of batch biogas mea-
surement from substrate preparation to analysis,validation and report-
ing of data (Holliger et al., 2021). Moreover, guideline of association of
German engineers for fermentation of organic material is another source
which describes all steps of a standard biogas measurement system for
batch and continuous digestion processes (VDI, 2016).

2.1.1. Effect of initial biodegradability of WAS

One of the main incentives of TAP is enhancing BY which directly
relates to reduction in organic solids. Regarding relative (%) BY increase
after TAP of WAS, there is a wide range of results in literature. Effect of
different ranges of initial biodegradability on relative BY increase is
shown in Fig. 2. Non-parametric statistical test of Kruskal-Wallis (Table
S2) showed a significant difference between average relative BY increase
of different initial biodegradability ranges (p < 0.05). Dunn’s post-hoc
comparison test (Table S3) between different groups showed that
range of 0-50 L CHy per kg added volatile solids (VS,dged) is significantly
different (p < 0.05) from ranges of 50-100, 200-250 and 250-300 L. CH4
per kg VSaqded- Moreover, range of 100-150 L CHy4 per kg VSaqded has a
significantly different average from range of 200-250 L CH4 per kg
VSadded- All other inter-group differences were insignificant (p > 0.05).
The significant difference between average relative BY increase related
to lower and upper end ranges of initial biodegradability implies that
there is a decreasing trend in between. This has also been previously
reported in thermal hydrolysis by Carrere et al. (2008). In their study,
they observed a significant decreasing trend in BY with increase in initial
biodegradability of WAS from six WWTPs. Initial anaerobic biodegrad-
ability of WAS is per se dependent on various parameters including raw
wastewater characteristics, types and configurations of treatment pro-
cesses, and operational conditions of WWTP (e.g., sludge age). Another
point of Fig. 2 is that upper ends of box plots are more dependent on
initial biodegradability than lower ends.
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Fig. 2. Effect of different ranges of initial biomethane yield on relative bio-
methane yield increase after thermal alkaline pretreatment (Lines in box plots
represent minimum, 25%, 50% and 75% quartiles and maximum. x and °
represent average and outliers, respectively. n is number of data points. List of
data references in Table S1 of supplementary material).

Overall, average relative BY increase was between 22-97%
depending on initial biodegradability of sludge (Fig. 2). Researchers
sometimes reference their individual results to relative BY increases in
literature for comparison or validation purposes, but this direct com-
parison needs more careful considerations. Therefore, it is strongly
recommended, that researchers also compare initial biodegradability of
sludge, when comparing results of their relative BY increase after TAP to
those of other studies with different source of sludge. It should be noted
that data in Fig. 2 are from TAPs of all ranges of temperature, alkali
dosage and treatment time.

2.1.2. Effect of treatment temperature

As mentioned earlier, to examine effect of temperature ranges on BY,
absolute BY increase after TAP was chosen as target parameter. Effect of
temperature on absolute BY increase of TAP studies has been shown in
Fig. 3a. Kruskal-Wallis test (Table S4) showed that there was no sig-
nificant difference between means of different temperature ranges (p >
0.05). Accordingly, in terms of absolute BY increase, temperatures
below 100 °C showed to have comparable results to temperatures above
100 °C. This means synergies between chemical and thermal effects
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Fig. 3. a) Effect of different temperature ranges in thermal alkaline pretreat-
ment on absolute biomethane yield increase (Lines in box plots represent
minimum, 25%, 50% and 75% quartiles and maximum. x and ° represent
average and outliers, respectively. n is number of data points. List of data ref-
erences in Table S1 of supplementary material) b) Effect of increase of tem-
perature on absolute biomethane yield increase from individual studies (data
from Chi et al., 2011; Guo et al., 2016; Kim et al., 2013; Campo et al., 2018;
Ruffino et al., 2016; Heo et al., 2003; Zhang et al., 2019; Valo et al., 2004).

seemed to show no further improvement for temperatures above 100 °C.
This is not the same as with TH process, which has been shown to have
an optimum temperature range around 160-180 °C regarding BY in-
crease (Bougrier et al., 2008). Above these temperatures, formation of
refractory organic matter enhances, which leads to decreased anaerobic
biodegradability of sludge (Carrere et al., 2010). Adding alkali to the
process, increases the possibility of these unwanted organic matter
(Delgenes et al., 2000; Penaud et al., 1999; Penaud et al., 2000). Below
these temperatures, BY decreases due to reduced sludge disintegration
and solubilization effect (Devos et al., 2020).

To take a closer look at the effect of temperature in TAP, individual
BY increase (measurement points) of multiple studies are separately
shown in Fig. 3b. As it can be seen, BY enhances as temperature in-
creases in each study. However, all these studies investigated tempera-
ture ranges either >100 °C or <100 °C, except for one study by Zhang
et al. (2019). They compared low temperature thermal pretreatment
(80 °C, 12 h) with low temperature TAP (80 °C, 154 mg NaOH per g TS,
1.3 h) and high temperature TH (170, 30 min). BY increase of 16.1%,
22.8% and 20.4% was reported for these three pretreatments, respec-
tively. This study showed that low temperature TAP can yield even more
biogas than energy intensive high temperature TH. Toutian et al. (2018)
has also shown that low temperature TAP (80 mg NaOH per g TS, 70 °C,
2 h) and high temperature TH (170 °C, 30 min) show comparable BY
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increases in batch tests (+25% und +26%, respectively). This is an
advantage for low temperature TAP in comparison to high temperature
TH in terms of energy consumption (DWA, 2016). Moreover, safety is-
sues regarding high temperatures and pressures are omitted, which
promotes its popularity for full scale installations on WWTPs. However,
it should be noted that low temperature TAP is associated with haz-
ardous chemical handling (transport, storage, dosing, etc.), while in TH
no chemicals are used. Nevertheless, more systematic research investi-
gating BY increase after low temperature TAP and high temperature TH
with same sludge still enriches available data in literature.

2.1.3. Effect of alkali type and dosage

Regarding alkali type, there was no research study, which compared
the effect of different alkali types on BY, directly. This might be due to
the fact that, Ca(OH), and Mg(OH), have shown to be less efficient than
KOH and NaOH in solubilization degrees after TAP (Campo et al., 2018;
Huang et al., 2016; Li et al., 2008; Mancuso et al., 2019; Penaud et al.,
1999; Ruffino et al., 2016; Wang et al., 2016a). Moreover, alkalis with
divalent cations such as Ca(OH); and Mg(OH), are preferably avoided
due to promoting precipitation of struvite, brucite, etc. in digesters and
downstream pipeline and equipment (Heinzmann and Engel, 2006).
Finally, Between KOH and NaOH, the latter is preferred due to lower
chemical costs and lower resource value of sodium in comparison to
potassium.

Apart from alkali type, alkali dosage also plays a significant role on
the economics of a TAP process as an operational cost factor. While some
researchers have chosen to dose alkali based on pH as target parameter
to study the effect of different pHs on BY (Dong et al., 2016; Kavitha
et al., 2017; Li et al., 2017a; Liu et al., 2019; Nagle et al., 1992; Wang
et al., 2018; Xiao et al., 2017), some others have investigated the effect
of alkali dosage based on TS of sludge (Campo et al., 2018; Demir, 2018;
Guo et al., 2016; Nagler et al., 2016; Ruffino et al., 2016; Zawieja, 2019;
Zhang et al., 2015). This makes comparison of these studies difficult, as
pH of sludge reduces with proceeding of TAP due to release of organic
acids from sludge. Organic acids are produced from VS which is itself
part of TS. Therefore, it is recommended that researchers use alkali
dosage based on VS of sludge as a more fixed and unified parameter,
beside pH. This makes it easier for comparison of alkali consumption
among different studies, too. However, TS has been used throughout this
study due to being more usual parameter used in literature.

To understand the effect of alkali dosage on BY, it is firstly needed to
clarify the relationship between pH and alkali dosage. As per theoretical
relationship between pH and alkali dosage for pure water (assumed that
water has 7%TS with zero buffer capacity and no release of organic acids
from its solid content), nearly 6-60 mg NaOH per g TS is needed to
increase pH of water to 12-13 (for an effective disintegration as dis-
cussed later). To see how these ranges compare to ranges for real WAS,
experimental relationship between alkali dosage and pH of real sludge
with two different TS percentages is shown in Fig. 4 (not published data
by authors; measurement method description in supplementary mate-
rial, but briefly: pH measured after adding alkali to WAS and mixing).
For WAS with 1.7% and 7.7% TS, the alkali dosage to increase pH of
sludge to 12 was at least 50 and 70 mg NaOH per g TS, respectively,
which is higher than the mentioned ranges for pure water. This is to be
expected, since buffer capacity of WAS (e.g. bicarbonate) and abrupt
release of organic acids consume part of dosed alkali. Pondus with
12-32 mg NaOH per g TS suggests a less alkali dosage range for a well-
designed TAP (Table 3 and Fig. 4) in order to benefit from self-
neutralization effect. With initiation of TAP, alkali addition increases
pH of WAS. Following, release of organic acids due to disintegration of
microbial cells neutralizes WAS (self-neutralization effect) during TAP.
This is especially essential as sludge needs to be within neutral pH zone
before sending to AD process. When alkali dosage surpasses a certain
point an extra neutralization step with acids is needed after completion
of TAP and before AD. This worsens economics of TAP (mechanisms are
discussed in detail in Section 4). Majority of TAP studies needed to
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Fig. 4. Experimental relationship between alkali dosage and

-»> pH of real WAS with two different TS percentages (pH

measured after dosing NaOH and mixing). A) Suggested alkali
dosage range by Pondus leading to self-neutralization and TAP
effluent pH of 6.8-7.0 B) Alkali dosage range with further
meaningful increase in pH of WAS after dosing. However, with
increase of alkali dosage in this range, self-neutralization does
not suffice which leads to increase in pH of TAP effluent C)
alkali dosage range with no meaningful increase in pH of WAS
after dosing and not economical.
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neutralize pretreated sludge with extra acids before AD (Chen et al.,
2020; Kim et al., 2003; Kim et al., 2013; Liu et al., 2019; Park et al.,
2005; Wang et al., 2018). Only a few studies did not need to neutralize
sludge after pretreatment with acids (self-neutralization sufficed). These
studies specifically used low levels of alkali dosage (<40 mg NaOH per g
TS). These included Toutian et al. (2020a) and Li et al. (2017b) who
practiced Pondus® in pilot and full-scale, respectively (12-32 mg NaOH
per g TS). Moreover, Nagler et al. (2016) and Campo et al. (2018) re-
ported on direct AD of pretreated WAS after TAP without neutralization
with 32 and 40 mg NaOH per g TS. Beyond the alkali dosage range
proposed by Pondus®, i.e. 32 up to 80 mg NaOH per g TS, pH of WAS
still increases meaningfully (Fig. 4). However, effect of
self-neutralization starts to decrease with increase of alkali dosage in
this range. This is due to limited amount of releasable organic acids in
WAS (more details in Section 4.2). Therefore, as shown in Fig. 4, for
alkali dosage between 0 and 80, it should be tested to see which dosage
leads to self-neutralization of pretreated WAS in TAP effluent, whilst
achieving high enough pH right after dosing alkali. Dosing alkali beyond
80 mg NaOH per g TS has no significant effect on final pH and should be
avoided to limit chemical costs.

Effect of different alkali dosage ranges in TAP on absolute BY in-
crease is shown in Fig. 5a. Kruskal-Wallis test (Table S6) showed a
statistically significant difference between alkali dosage ranges (p <
0.001). Dunn’s post-hoc comparison test (Table S7) between different
groups showed that only alkali dosage of 40-60 mg NaOH per g TS is
significantly different (p < 0.05) from dosages of 0-20, 20-40 and
400-700 mg NaOH per g TS. All other inter-group differences were
insignificant (p > 0.05). As shown in Fig. 5a, as alkali dosage increases
from 0-20 up to 20-40 and 40-60 mg NaOH per g TS, BY also increases
to its maximum values. This increase is due to solubilization enhance-
ment of carbohydrates and proteins as alkali dosage increases (Kim
et al., 2003; Li et al., 2008; Rani et al., 2012; Shehu et al., 2012). Af-
terwards, with further increase in alkali dosage, BY is negatively affected
and starts to decrease. It should be noted that error bars of ranges of
40-60 (for upper and lower end), 60-100 (for upper end) and 100-200
mg NaOH per g TS (for lower end) are wider than others. This indicates
the variability of data for these ranges which might attribute to impact
of other parameters (e.g. temperature, which is not considered in Fig. 5a
and b). Thus, above-mentioned interpretations should be considered
with caution. Decrease in BY in higher alkali dosages is due to formation
of refractory organic matter known as melanoidins (recognizable from
produced brown color and aroma), which are the products of Maillard
reactions (Echavarria et al., 2012). These complex set of reactions, long
known and researched for their application in food industry are initiated
by reaction of carbonyl and amine compounds (e.g. sugars and amino
acids) after heating (Chung et al., 1986). According to Fig. 4, rate of pH
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Fig. 5. a) Effect of different alkali dosage ranges in thermal alkaline pretreat-
ment on absolute biomethane increase. (Lines in box plots represent minimum,
25%, 50% and 75% quartiles and maximum. x and ° represent average and
outliers, respectively. n is number of data points. List of data references in Table
S1 of supplementary material) b) Effect of pH in thermal alkaline pretreatment
on absolute biomethane increase (data from Vlyssides, 2004; Dong et al., 2016;
Xu et al., 2014; Wang et al., 2016c; Abudi et al., 2016; Liu et al., 2019; Chen
et al., 2020).

increase falls beyond alkali dosage of 80 mg NaOH per g TS. Therefore,
decrease in anaerobic biodegradability and formation of melanoidins is
not dependent of pH in high alkali dosages. It might be possible, that
reactions and mechanisms leading to formation of these matter vary
with alkali dosage increase. This interpretation needs more fundamental
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research to clarify background mechanisms. Nevertheless, high alkali
dosage leads to promotion of melanoidins formation (Ajandouz et al.,
2001; Ajandouz et al., 2008), thus reducing anaerobic biodegradability
(Delgenes et al., 2000; Penaud et al., 1999; Penaud et al., 2000).
Therefore, it is recommended to keep the alkali dosage below 80 mg
NaOH per g TS to avoid decreasing anaerobic biodegradability of WAS
and possible increase of recalcitrant matter, beside economic savings.

Effect of pH on absolute BY increase is shown in Fig. 5b. pH has a
significant increasing effect (p = 0.005) on BY (Table S8). This clearly
shows that it is required to increase the pH of sludge to high levels (11
and 12) in the beginning of TAP to maximize the effect on solubilization
of organic matter leading to biodegradability enhancement in AD. This
corresponds to alkali dosage range of 50-70 mg NaOH per g TS (for WAS
with 7.7%TS) according to Fig. 4. It should be noted that as the effect of
high pH on disintegration of sludge is abrupt (Navia et al., 2002), it is
not needed to keep this pH up for a certain time by constant dosing.
Since this has no meaningful effect on disintegration efficiency and leads
to worsening economics of TAP (through both extra alkali and acid
consumption for neutralization), if not failure of AD (Wang et al., 2018).

For mechanisms of hydrolysis reactions there are two speculations.
First, by adding alkali agent (such as NaOH) to WAS, and increasing pH
high enough (>12), concertation of hydroxide ion OH™ goes extremely
high. The abrupt strong concentration difference of OH  around the
semi-permeable cell membrane causes an osmotic shock. Subsequently,
water molecules exit the cell through membrane to compensate for
concentration difference leading to decrease of turgor pressure and
eventual destruction of cell membrane. Finally, intracellular organic
macromolecules release into liquid phase. Second, cell membranes in
WAS microorganisms are composed of phospholipid bilayers, proteins,
and carbohydrates. Lipid (or fats), which are esters of glycerol, and three
long chain carboxylic acids (fatty acids) are attacked by hydroxide ions.
This process (Saponification) is a chain of reactions in which fats are
converted to alcohol and soap when exposed to a strong alkali agent
such as NaOH and heat. Therefore, it is indeed pH which should be
maximized (without introducing too much alkali) to maximize the
disintegration effect. Alkali dosage is used as a parameter to indicate
alkali consumption to reach this pH and not overdosing sludge (self-
neutralization failure).

In conclusion, targeted pH and alkali dosage both have an important
effect on anaerobic biodegradability of WAS. With an optimized alkali
dosage (below 80 mg NaOH per g TS) for a maximum targeted pH
through proper design of TAP (details in Section 4), alkali consumption
is reduced significantly, while removing further step of neutralization of
sludge with acids. Moreover, anaerobic biodegradability is maximized,
and formation of recalcitrant organic matter is reduced. Process condi-
tions of Pondus® has shown to be well designed to achieve this goal
(Table 3 and Fig. 1).

2.1.4. Effect of treatment time

Treatment time (or reaction time) is one of the main factors in capital
costs of a pretreatment process which determines required reactor vol-
ume. Although for some treatment techniques such as microwave or
ultrasound, it also has a direct effect on energy consumption as an
operating cost factor. For thermal and chemical pretreatments, its main
effect is on reactor volume, when the reactor is thermally insulated. It is
extensively reported that for high temperature pretreatments such as
TH, treatment times around 30 min are enough for increase of anaerobic
biodegradability (Donoso-Bravo et al., 2011; Li and Noike, 1992; Per-
ez-Elvira et al., 2015; Sapkaite et al., 2017). Increasing treatment time
beyond this threshold enhances solubilization of organic matter but has
no significant effect on BY increase. Moreover, it also leads to increase of
solubilized recalcitrant organic matter. However, as temperature de-
creases (specifically for T < 100 °C), the efficiency of pretreatment de-
clines, thus demanding longer treatment times for compensation (Pilli
et al., 2014). Therefore, for low temperature thermal pretreatments,
treatment times up to several hours have also been investigated. Ferrer
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et al. (2009) showed that 9 h thermal pretreatment of raw sludge at 70
°C leads to 30% increase in BY in thermophilic AD which was more than
BY values of 24 h, 48 h and 72 h pretreatment times. This indicates that
there is a limit in pretreatment time for low temperature thermal pre-
treatment. On the other hand, as alkali compensates for low tempera-
tures in TAP in relation to solubilization efficiency, treatment time could
be lessened more with NaOH dosing. Zhang et al. (2019) showed that
TAP (80 °C, with NaOH) for 1.3 h increased relative BY up to 56%, while
only thermal pretreatment (80 °C) for 12 h led to 40% increase in
relative BY. Hence, treatment time could be reduced by a factor of 10
after adding NaOH to reach comparable BY increase effect.

Fig. 6 shows the effect of treatment time on absolute BY increase.
Kruskal-Wallis test (Table S9) showed there was no significant differ-
ence between means of different treatment times (p > 0.05). However,
while treatment time equal or less than 0.5 h has been dominantly
practiced for high temperature TAPs, treatment time range of 1.5-5.0 h
is the optimal range for low temperature TAPs, in terms of maximum BY
and reaching self-neutralization point of pretreated sludge before AD.
After fixing temperature and alkali dosage, treatment time could be
varied in this range to determine self-neutralization point of sludge.
Pondus® as a low temperature TAP (70 °C) demands treatment time of
2.0-2.5 h, which falls within this range. In similar TAP studies (70 °C),
which did not demand neutralization of WAS after TAP, treatment time
was 1 h (Nagler et al., 2016) and 1.5 h (Campo et al., 2018). Never-
theless, even at low temperatures, treatment time should be as low as
possible while maximizing BY to reduce formation of recalcitrant
organic matter.

To conclude Section 2.1, optimum conditions of TAP for maximum
BY increase of WAS have shown to be temperatures below 100°, alkali
dosages below 80 mg NaOH per g TS and treatment time of 1.5-5.0 h.
Furthermore, the goal should be achieving neutralization of sludge after
TAP (without using acids) to improve economics of process. These
limited ranges also help reduce formation of refractory organic matter.
Best combination of conditions within these ranges should be further
determined experimentally through optimization methods for each
sludge sample.

2.2. Composition of biogas
Theoretical biogas composition is dependent on the stoichiometry of
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Fig. 6. Effect of treatment time ranges in thermal alkaline pretreatment on
absolute biomethane increase. (Lines in box plots represent minimum, 25%,
50% and 75% quartiles and maximum. x and ° represent average and outliers,
respectively. n is number of data points. List of data references in Table S1 of
supplementary material).
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biogas production reaction taking place in AD and elemental composi-
tion of substrate, according to Buswell equation (Chernicharo, 2007).
Elemental composition of sludge does not change drastically after pre-
treatments. Therefore, biogas composition is not significantly affected
by pretreatment processes including TAP, which is also reflected in
literature (Guo et al., 2017; Kim et al., 2003; Park et al., 2014; Shehu
etal., 2012; Toutian et al., 2020a). Nonetheless, due to some changes in
alkalinity and equilibrium of buffering reactions in AD, some slight al-
terations in CH4/CO> percentage or concentration of trace gases (NHgs,
H,S, etc.) could take place (Campo et al., 2018; Chen et al., 2020).

2.3. Kinetics of biomethane production

The main purpose of AD is in fact maximum stabilization of sludge,
meaning minimizing degradation potential of its organic content before
disposal (DWA, 2014). Single stage AD is known to be a complex process
of four hydrolytical and biochemical stages occurring concomitantly,
namely hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Rosenwinkel et al., 2015). Pretreatment processes have proven to
accelerate the hydrolysis step, which is indeed the rate-limiting stage for
process design and retention times (Gonzalez et al., 2018). Nevertheless,
it should be separately considered, to what extent a pretreatment pro-
cess affects kinetics of the whole AD process and not only the hydrolysis
step.

Overall kinetics of full AD after implementing TAP is improved, if
two conditions are fulfilled. First, same stabilization degree of sludge as
that of without TAP in shorter time is achieved. Second, sludge liquor
contains same soluble chemical oxygen demand (COD) as that of
without TAP. In this case, digester volume reduces and overall retention
time decreases. For more clarification, Fig. 7 schematically shows
different BY curves for WAS with and without pretreatment for a normal
AD. Most studies of TAP show BY curves similar to curve number 3 after
pretreatments, leading to an increase of final BY (Chi et al., 2011; Liu
et al,, 2019; Liu et al., 2020; Nagler et al., 2016). However, curve
number 3 does not lead to reduction of time required for same stabili-
zation degree of sludge as that of without TAP, since it needs as much
time as needed by not pretreated WAS (curve number 1). This might be
due to inherent process limitations of AD. Maximum biogas yield in
complex biological system of AD is a result of healthy syntrophy of all
participating microorganisms and ongoing biochemical processes. This

A
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@ Pretreated WAS without BY increase
but with maximum stabilization time
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@ Pretreated WAS with BY increase but
without maximum stabilization time
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and maximum stabilization time
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Fig. 7. Schematic illustration of kinetics of biomethane production of WAS
with and without pretreatment and its effect on maximum stabilization
time reduction.
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necessitates that all affecting parameters (pH, VFAs, alkalinity,
ammonia, microbial populations, etc.) are in certain ranges. Any devi-
ation from these suitable ranges results in a slight inhibition in bio-
methane production (Appels et al., 2008; Chen et al., 2008). Therefore,
significant increase of solubilized organic matter accessible to micro-
organisms after pretreatment does not necessarily mean that they
convert it all faster to biogas.

In contrast to curve number 3 and ideally preferred, curve number 4
represents a pretreatment which leads to increased BY and enhanced
kinetics of AD, with reduction of digestion volume (due to less time
needed for maximum stabilization). Curve number 2 represents increase
of kinetics of AD and reduction of digestion volume (with maximum
stabilization degree), but without increase in BY. Biomethane potential
curves similar to curves number 2 and 4 were not found in literature
after TAP. This implies that increase in kinetics of hydrolysis step
(enhanced solubilization) after TAP, does not necessarily lead to
reduction of time (or digestion volume). This is also recognizable from
multiple peaks in curves of daily biomethane production rates of batch
biomethane potential tests (Guo et al., 2016; Guo et al., 2017; Zhang
et al., 2015). These peaks represent temporary inhibition of methano-
genesis which could be due to concentration increase of metabolite
precursors of methanogenesis step (i.e. volatile fatty acids, acetate, Hy).
The reason for this hypothesis is that as the inhibition factor is relieved
(i.e. consumption of these precursors), biomethane production rate in-
creases again. However, conclusive statements regarding authentic
causing reasons need further systematic research.

Liu et al. (2020) calculated kinetic rates of four main stages of
semi-continuous AD after TAP for three hydraulic retention times (HRT)
of 25, 20 and 15 days, recently. It was shown that decreasing HRT led to
significant increase of soluble COD in hydrolysis step of AD
(44.1-155.6% for TAP pretreated sludge relative to not pretreated
sludge), while slightly decreased the kinetics of other three steps of
acidogenesis, acetogenesis and methanogenesis (0.1-13.9%). This
indicated that after pretreatments, reduction of HRT of AD could lead to
increase of soluble COD in sludge liquor. This was accompanied by
reduction of methane production kinetics to a slighter degree, although
final BY was still higher than that of sludge without pretreatment. In this
regard, more systematic research still enlightens the effects of TAP on
reduction of HRT needed for AD with maximum stabilization.

2.4. Other issues

Digester volume is mainly dependent on sludge retention time (i.e.
HRT) and volumetric flow of feed. Volumetric flow of feed is itself
dependent on its water content (or TS). AD is normally fed with
maximum 4-7% TS after mixing mechanically thickened WAS and pri-
mary sludge (PS) (ATV, 1996). This limit is due to high viscosity of
sludge in higher TS contents which hinders mass and heat transport in
digester lowering its efficiency. Viscosity of sludge has shown to
decrease significantly during low temperature TAP (Tan and Li, 2017;
Wang et al., 2016b). This fact can be used to double the digestion ca-
pacity. To actualize this, WAS should be highly dewatered (>15% TS)
before TAP. This would be similar to TH, in which AD of sludge with
10% TS is possible due to significant viscosity reduction (Barber, 2016),
above which AD is prone to inhibition risks. Therefore, low temperature
TAP of highly dewatered WAS with subsequent high solids AD (~10%
TS) should be investigated, as a promising alternative to TH in terms of
doubling digestion capacity.

One of the challenging issues regarding operation of AD and acti-
vated sludge systems is combating foam production (Ganidi et al., 2009;
Subramanian and Pagilla, 2015), especially during winter months.
Different operational issues in activated sludge systems lead to enrich-
ment of filamentous bacteria which are responsible for promotion of
foam production. After being transported from activated sludge tanks to
digestion tanks as WAS, they become more problematic. Foaming
problem significantly hinders biogas production and increases the
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operating costs (e.g. through antifoam addition). According to plant
operators in Germany (personal communications) TAP (Pondus®) has
shown to be effective in suppression of foam production. However, due
to lack of information in literature, systematic research is needed to
address its efficiency and mechanisms on foam reduction in AD or
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activated sludge tanks.

For countries, where digested sludge utilization in agriculture is le-
gally allowed, effect of TAP on odor suppression and hygienization of
digestate is also an area, which lacks information in literature and needs
more research.

Table 4
Summary of literature dewaterability results after thermal alkaline or alkaline pretreatment of sludge before or after anaerobic digestion.
Before/After Scale Sludge Temperature Time (h) Alkali Alkali dosage pH Dewaterability results Reference
anaerobic type (TS “Q0) reagent (mg per g TS)
digestion (BAD/ %)
AAD)
AAD" Full- WAS 65-70 2-2.5 NaOH 12-32 - Improvement by 2.5% points with maximum  (Li et al.,
scale (6-7%) cake solids of 31%. 2017b)

AAD Pilot WAS 65-70 225 NaOH
(6.5%)
AAD Lab WAS 70 1 NaOH
(4-6%)
AAD Lab WAS 70 2 NaOH
(6-7%)
AAD" Lab WAS 170 0.016 NaOH
(5.1%)
AAD? Lab Mixed - 0.5,1.0, NaOH
sludge 1.5, 2.0
(2%)
AAD Lab WAS - - NaOH
(2.8%) and/or
Mg(OH),
AAD? Lab WAS + 35, 55 144 NaOH
PS
(2.1%)
BAD and AAD" Lab WAS - 0.5 NaOH
(1.1%)
BAD Lab Mixed 20-120 1 NaOH,
sludge KOH,
(6%) Ca(OH)2,
Mg(OH),
BAD Lab WAS 0-40 0-24 NaOH, Ca
(OH),
BAD Lab WAS 140-220 0.5-2.0 Ca(OH),
and 12.5%)
pilot
BAD Lab WAS 60, 80, 90 3,6 NaOH
(3%)

Cake solids increased from 24.7 to 28.6% TS
as polymer dosage increased from 10.9 to
17.5 kg per t TS.

12-32 - No increase in TS of sludge cake after (Toutian
centrifugation with same polymer dosage. etal.,

2020a)

32 - Dewaterability parameter DS(A) increased (Nagler
from 27.0 to 32.6% with polymer usage et al., 2016)
increase from 12.7 to 16 kg per t TS.

12-32 - Dewaterability parameter DS(A) increased (DWA,
from 26.7 to 31.3% with polymer usage 2016)
increase from 11.2 to 13.3 kg per t TS.

50 - Increase in flocculants need in dewatering (Chi et al.,,
test (centrifuge) from 13.1 kg per t TS for 2011)

control to 23.4 kg per t TS for pretreated
digested sludge.

200 - No change in TS of sludge cake (centrifuge (Li et al.,
with polymer) and turbidity of sludge 2013)
liquors.

- 10 Deterioration of dewaterability in terms of (Huang

CST with NaOH and significant improvement et al., 2016)
after adding Mg(OH), (blank — 348 s, 100:0
(NaOH:Mg(OH)2) — 546 s, 75:25 — 77 s).
- 8, 10, At 35 °C, NCST of all digested sludges were (Wang et al.,
12 almost the same and at 55 °C, NCST of 2018)
untreated (no alkali) was higher than treated
sludges at different pHs.

112, 200, 10,11, CST of disintegrated sludge increased with (Dogan and
312, 488 12, pH. CST decreased by 22% for digested Sanin,

12.5 sludge (microwave + pH 12) 2009)
36-68 8-12 36 mg NaOH per g TS makes CST longer than ~ (Neyens
(NaOH) blank. Best results were obtained for 100 °C, et al., 2003)

Ca(OH), at pH = 10 and 60 min. CST
decreased from 34 to 22 s with Ca(OH),. TS
of sludge cake increased from 28% to 46%.
Monovalent ions such as Na*™ and K* give

longer CSTs.
0-1600 - NaOH treatment: CST increases significantly ~ (Li et al.,
(NaOH), for doses of 320 mg per g TS and then 2008)
0-2960 (Ca decreases to initial levels. Turbidity increases
(OH)2) for dose of 160 mg per g TS and then

decreases. Sludge cake solids changed very
slightly (5-8%TS).

Ca(OH), treatment: CST and turbidity remain
within initial levels. Sludge cake solids
significantly improved from 8% to 35% TS)

51-105 9-11 Dewaterability was improved with increasing ~ (Li et al.,
pretreatment temperature but the impact of 2017a)
the pretreatment time was not significant
(cake TS up to 26-42.5% for centrifuge and
39.5-69% for filter press, raw sludge 15%)
for thermal pretreatments.

Addition of Ca(OH);, gave better performance
on the subsequent mechanical dewatering of
the pretreated sludge compared to pure
hydrothermal pretreatment, and the higher
the pH value, the better the dewaterability of
the pretreated sludge.
- 6-8, CST decreased from 2500 s to 1500 s after (Liu et al.,
10, 12 four successive steps of TAP and dewatering. ~ 2017)

2 With neutralization before AD.
b Without neutralization before AD.
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3. Dewaterability and sludge liquor quality
3.1. Dewatering potential

Improving dewaterability of sludge was the main motivation of
implementing early pretreatment techniques and still remains one of top
costs saving incentives (Neyens and Baeyens, 2003). Dewaterability of
digested sludge plays a significant role in reduction of costs related to
final sludge disposal. Specifically, final wet mass of sludge and polymer
consumption are impactful with 59% and 17% share on disposal costs
(centrifuges) for WWTPs in Germany (DWA, 2011). Dewatering poten-
tial of sludge is evaluated by measuring TS of dewatered cake and TSS
(total suspended solids) of liquor on WWTPs (DWA, 2008). It is desirable
to maximize both of these parameters with optimal polymer use to yield
a higher dewatered cake and less loaded liquor. Therefore, it is advised
that researchers report on both dewatering potential parameters and
polymer consumption, to make it easier for economic comparison of
different studies. Mimicking real dewatering processes on WWTPs via
lab-scale equipment is very challenging which makes dewatering po-
tential difficult to be quantified. In this regard, Kopp and Dichtl (2001)
developed a thermogravimetric method which predicts more precise
results (parameter known as DS(A) +1.5% deviation from real achiev-
able TS). This method needs special equipment and procedure, cali-
bration as well as personal experience. More simply measured
parameters such as capillary suction time (CST), specific resistance to
filtration (SRF) or TS of dewatered cake determined by lab centrifuga-
tion of a sludge sample have also been used by researchers. These pa-
rameters are usually used to compare effects of different process
conditions on dewaterability potential. However, due to different con-
ditions used by researchers, it is not easy to deduce conclusive remarks.
Accordingly, it is highly recommended that experts develop and propose
a unified standard method to measure sludge dewaterability in lab scale
similar to that of biochemical methane potential by Holliger et al.
(2016). Such a standard method can be used by researchers leading to
more authentic comparisons between different studies.

Regarding effect of TAP on dewatering potential of digested sludge,
there is not as much information in literature as for solubilization of
organic matter or anaerobic biodegradability. A summary of results of
dewatering performance after TAP or alkaline pretreatment is presented
in Table 4. It should be noted that data regarding CST (or NCST) do not
represent dewatering potential parameter on full scale WWTPs which is
cake solids percentage. Therefore, they should be viewed only as results
of sludge capability for water release. Results are categorized into two
groups of dewaterability before AD (BAD) or after AD (AAD). Dew-
aterability after pretreatment and before AD is of interest for those
WWTPs, where there is no AD in place and sludge is dewatered and
disposed directly or sent to a central AD. In these scenarios dewatering
liquor can be used as a carbon source for biological wastewater treat-
ment process. According to BAD results, dewaterability generally tends
to worsen if NaOH or KOH are used as alkali reagent. On the contrary, Ca
(OH), or Mg(OH), improved dewaterability. This is probably due to
decrease in ratio of monovalent to divalent cations, when Ca(OH), or Mg
(OH); are used instead of NaOH or KOH which promotes final dew-
aterability (Higgins and Novak, 1997).

Dewaterability after AD is of more interest for WWTPs with AD in
place. Results of dewatering potential after TAP showed to be ambig-
uous. Some TAP studies in full- and lab-scale showed improvements in
dewaterability in terms of DS (A) parameter (DWA, 2016; Nagler et al.,
2016). However, this was accompanied by increase in polymer usage
due to increase of soluble matter. On the contrary, there were studies, in
which no increase in dewaterability (Toutian et al., 2020a) or even
deterioration (Huang et al., 2016) have been reported. It should be
noted that measurement methods of these two studies were different,
namely measurement of cake TS after lab centrifuge and measuring of
CST, respectively. To come to more rigorous conclusions, further sys-
tematic research with standardized dewaterability test methods is
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needed. This is specifically a very important issue when comparing low
temperature TAP to TH, since one of main and widely reported advan-
tages of TH is improvement of dewaterability at high temperatures (T >
160 °C). To shed light into mechanisms through which low temperature
TAP affects dewaterability, it would also be interesting to consider
influencing parameters such as sludge age and mixing ratio (WAS:PS),
sludge chemical characteristics (pH, buffering system and capacity,
concentration of NH,-N, PO~ — P, Ca®", Mg?", CH,, etc.), P-removal
process type (biological or chemical), different EPS content and seasonal
variations of sludge.

3.2. Sludge liquor quality

Complex organic matter is broken down by microorganisms to
simpler products during AD. CH4 and CO-, are final products of carbo-
naceous organic matter degradation which are transported to gaseous
phase as biogas. Organic nitrogen and phosphorous are degraded to
ammonium and orthophosphate which remain solubilized in sludge li-
quor. TAP targets rigid cell membranes in WAS which leads to release of
intracellular organic matter. This facilitates access of microorganisms to
a higher fraction of organic matter. As a result, both organic and inor-
ganic (particulate and soluble) loads of sludge liquor increase as re-
flected in increase of parameters total COD, soluble COD, total
phosphorous, PO?{ — P, total nitrogen, NH; — N, and total suspended
solids.

Part of load increase in sludge liquor is due to non-biodegradable
organic matter such as refractory dissolved organic carbon, dissolved
organic nitrogen or dissolved organic phosphorous. Since they cannot be
removed by conventional process of wastewater treatment, they can
pose a risk to concentration increase of the effluent quality parameters
on WWTP (Dwyer et al., 2008). Knowing that discharge regulations are
constantly subject to stricter limits, it is important to take this issue into
account before implementing a pretreatment on WWTP. Toutian et al.
(2020a) reported that Pondus® resulted in 0.8-1.1 mg/L increase in
effluent sCOD of WWTPs in Berlin due to formation of refractory COD in
TAP, while with TH (130-170 °C) this was 2-15 mg/L (Toutian et al.,
2020Db). This is expectable, considering lower temperature of Pondus®
in comparison to TH which leads to less intensive Maillard reactions.
There is not as much information for these parameters as for solubili-
zation degrees and biomethane potentials in literature. Therefore,
further research is needed to clarify to what extent different operating
conditions of TAP affect WWTP effluent quality parameters. To do such
measurements, pretreated WAS should be digested in continuous AD.
Then, liquors from dewatering of digested sludge should be incubated in
continuous aerobic tests which mimic conditions of activated sludge
systems on a WWTP. This procedure should also be followed for a basis
scenario in which not pretreated WAS is tested to make an authentic
comparison on the effects of TAP. This leads to measurement of
remaining not biodegradable nutrient fractions in wastewater which
were introduced to system vie pretreatment process.

Regarding inorganic load increase in sludge liquor, mainly NH; — N
and PO3~ — P concentrations should be considered, as these exert extra
treatment costs (through aeration and chemicals) and additional
required treatment capacity in the main-stream. Sludge liquor is usually
directed to head of WWTP to be treated in main-stream. Alternatively, it
can be first majorly treated in a separate stage through an added side-
stream treatment process and then be directed to main-stream for
further treatment. It should be noted that through innovative nutrient
recovery processes, increase of NH; — N and POi’ — P in sludge liquor
can be utilized, positively. Especially for phosphorous as a critical
nutrient, this benefits numerous commercialized processes which aim to
recover phosphorous from digested sludge or its liquor. There is also a
lack of sufficient information regarding increase of these nutrient in
sludge liquor after TAP and further research is needed to show how TAP
operating conditions increase sludge liquor quality parameters for more
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rigorous conclusions on its economic aspects. As an example, Toutian
et al. (2020a) showed that after Pondus®, NHI —N and PO?{ —P
increased 35% and 17%, respectively. These increases should be taken
into consideration in economics studies.

4. Important process design parameters

Economic and efficient low temperature TAP process involves
various factors which are closely related and should all be considered
when investigating or designing this process (Fig. 8). Deviations from an
optimal and correct design of TAP results in an inefficient process or
worsen its economics. In following some of the important process design
aspects of TAP are discussed in more details.

4.1. Total solids of WAS input to TAP

TS percentage of WAS plays a key role in economics and efficiency of
TAP. Water as the necessary reaction medium in WAS facilitates mixing
leading to better mass and heat transport. However, as TS of WAS in-
creases, viscosity of WAS exponentially increases and sludge adopts
more of a non-Newtonian fluid (Pseudo-plastic) behavior (Cao et al.,
2016; Cheng and Li, 2015), which in turn worsens mixing and pumping
efficiency. Luckily, after/during pretreatment viscosity of sludge already
reduces due to disintegration of its microbial structure (Farno et al.,
2016; Feng et al., 2017; Wang et al., 2016b).

On the contrary, water unfavorably consumes energy (e.g. heat) and
reactive reagents (e.g. alkali) which are actually intended to affect the
solids in WAS. The schematic relationship between TS percentage in
sludge, its viscosity and heat/alkali consumption in TAP are shown in
Fig. 9.

Regarding alkali consumption, pH plays the main role in terms of
strength of reactive driving force as it directly reflects the concentration
of OH™ in the liquid phase. Therefore, it is important to achieve a certain
pH at start of pretreatment to apply the needed reactive ionic strength
for attacking microbial biomass and to assure maximum disintegration
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Fig. 8. Different linked parameters influencing thermal alkaline pretreatment
design in full-scale.
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Fig. 9. Schematic relationship between viscosity and required heat and alkali
reagent for thermal alkaline pretreatment vs. total solids percentage in sludge.

potential of alkali. For a solid weight unit of WAS (e.g. 1 kg solids as a
basis), required alkali reagent decreases, as its water content decreases
(increase in TS). This is due to alkalinity capacity of sludge, which in-
creases alkali consumption.

Alkali consumption is not the only parameter dependent on TS of
WAS. Due to following neutral pH requirement (6.5-7.5) of sludge
before AD, it is necessary to reduce pH of WAS after TAP. Although this
can be done through adding inorganic acids (e.g. HCl), it is economically
favorable to avoid this. Adding inorganic acids also increases inorganic
solids due to formation of salts. The goal is to exploit potential of
released organic acids during pretreatment to neutralize WAS after TAP
(self-neutralization effect). Fraction of organic solids in sludge and
subsequently its organic acid release yield during TAP is limited.
Therefore, its solid content (or TS) should be high enough to allow for
neutralization of pretreated thickened sludge and not to consume
released organic acids for buffer capacity of extra liquor content in
sludge.

Concerning heat consumption, amount of heat required to increase
temperature of sludge up to a certain point in TAP directly correlates
with volumetric flow rate of sludge. Barber (2016) showed crucial
importance of reducing water content of sludge prior to TH on steam
consumption reduction. That is in fact, the main reason of required
pre-dewatering stage (up to 16-18% TS) prior to TH in full-scale.

As an example, Pondus® suggests increasing TS of WAS up to 6-8%
before TAP. This eliminates excessive use of alkali, extra neutralization
before AD and heating the digester through following procedure:

WAS has usually 0.6-0.8% TS after secondary clarifiers (DWA,
2014). In this range of TS, it contains a considerable amount of me-
chanically separable water which contributes to its significant large
volumes. Therefore, it is normally thickened with dewatering equipment
up to 6-8% TS. This reduces nearly 90% of its original volume
contributing to significant subsequent digestion volume savings. After-
wards, WAS is pretreated through Pondus® process leading to hydro-
lyzed WAS with a final pH of 6.8-7.0 (due to its optimized operating
conditions) and Twas = 70 °C. Following, pretreated WAS is mixed with
same volume of PS (which normally has TS in range of 3-6% (DWA,
2014)) before sending to digester (leading to TS~5% and neutral pH).
This leads to a sludge mixture with T, = 40 °C according to following
equation:

AQ = pVC(T, — Tyas) +pVC(T, — Tps) = 0 @

Assumptions here were: average temperature of PS being 10 °C (Tps),
density and heat capacity of WAS and PS being almost same due to
>90% water content in both and fully insulated mixing chamber and
digester. In this way, TAP+AD would need as much heating energy as an
AD alone with optimized alkali dosage and no neutralization with acids.



V. Toutian et al.

Accordingly, there is an optimal range of TS percentage in WAS for
TAP above which mass and energy transport efficiencies decline and
below which energy and/or reactive reagents are excessively consumed.
Therefore, researchers should take TS of sludge into account for a
properly designed TAP and its techno-economic assessment.

4.2. Optimum alkali dosage

After thickening WAS to a certain TS, there is an optimum point (or
range) for alkali reagent dosage to perform a complete and economic
TAP. When dosed below this point, there would not be enough reactant
(ionic strength) available to thoroughly disintegrate sludge (pH below
maximum pH required for a full alkaline disintegration). Consequently,
less disintegration products, i.e. organic acids, are released which in turn
weakens self-neutralization process. By dosing alkali reagent above
optimal point, disintegration process would be thorough. However, due
to limited amount of released organic acids, sludge would not be able to
self-neutralize that surplus amount of alkali. This in turn, necessitates
extra step of neutralization with acids. On the contrary, in case of op-
timum dosage of alkali reagent, not only thermal alkaline disintegration
is complete but also organic acids released are enough to self-neutralize
sludge (Campo et al., 2018; Li et al., 2017b; Nagler et al., 2016; Toutian
et al., 2020a). Hence, no additional costs of extra alkali or acid are
necessary. This has also been graphically illustrated in Fig. 10 for further
clarification. The progressions in Fig. 10 are only for illustration of op-
timum point of alkali dosage and real pathways (and above-mentioned
mechanisms from authors) need to be verified by precise lab research.
Pondus® consumes 12-32 mg NaOH per g TS of sludge, which is in the
lowest range of alkali dosages reported for TAPs in literature.

4.3. Alkali addition prior to thermal heating

Regarding cost effectiveness of TAP, it is very important to carry out
alkali dosing step before thermal heating. The reason lies again in
release of organic acids from disintegration of microbial biomass into
liquid phase leading to self-neutralization of sludge. When thermal
heating is performed before adding alkali, a certain amount of organic
acids are released which leads to reduction of pH. This in turn leads to
two unfavorable issues. Firstly, there would be more alkali reagent

Optimum alkali dosage

Incomplete alkaline
disintegration and
incomplete self-
neutralization

Complete alkaline
disintegration and
incomplete self-
neutralization

14

e ———————————————

OH- due to alkali addition
H* due to released organic acids

Alkali dosage

Fig. 10. Schematic probable illustration of pH of WAS and concentration of
released OH™ and H* after thermal alkaline pretreatment versus alkali dosage.
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needed for a complete alkaline disintegration (e.g. to increase pH up to
12), as some of alkali would be consumed for neutralization of released
organic acids by foregoing thermal pretreatment. Secondly, since part of
organic acids are already released by thermal pretreatment, there would
not be sufficient acids released for self-neutralization of sludge after the
following alkaline pretreatment. Consequently, extra acid addition
would be needed to neutralize sludge before AD. This has been graphi-
cally illustrated in Fig. 11 for more clarification. Again, the progressions
in Fig. 11 are only for illustration of this issue and real pathways (and
above-mentioned mechanisms from authors) need to be determined by
precise lab research. In Pondus®, alkali addition is performed before
thermal heating as reported by (Heo et al., 2003; Li et al., 2017b; Nagler
et al., 2016; Toutian et al., 2020a).

5. Conclusions

Thermal alkaline pretreatment of WAS as a potential alternative to
thermal hydrolysis was reviewed. Following conclusions were drawn:

Alkaline before thermal pretreatment

o Self-neutralization
due to organic acids
release during
alkaline dosing

o Self-neutralization
due to organic acids
release during
thermal heating

| ] >

Ll | L
Alkaline  Thermal Process
dosing  heating timeline

Thermal before alkaline pretreatment

124

-y

o Extra acid
needed for
neutralization

e Extra

alkaline needed
to reach pH 12

| -
! I —
Alkaline rocess

Thermal TURE
heating  dosing timeline

Fig. 11. Schematic probable illustration of importance of carrying out alkaline
step before thermal heating step in thermal alkaline pretreatment to reduce
extra alkali and acid costs.
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e Biogas yield increase of WAS after pretreatment lessens as initial
biodegradability of sludge increases. Depending on initial biode-
gradability, biogas yield increase of 22-97% is expected.

e Low temperature TAP (T < 100 °C) increases biogas yield to a
comparable extent as of high temperature thermal hydrolysis (T =
170 °C).

o Alkali dosage and resulting initial pH have a significant effect on
biogas yield. It is recommended to keep alkali dosage below 80 mg
NaOH per g TS of WAS for maximum biomethane production and
achieving self-neutralization after TAP. Keeping pH high by constant
dosing of alkali should be avoided. It is advisable to dose alkali based
on organic solid weight unit of sludge (e.g. mg NaOH per g VS
sludge) instead of only adjusting to a fixed pH. This makes calcula-
tion of alkali consumption possible for comparison between studies.
Treatment time between 1.5 and 5.0 h is sufficient for low temper-
ature TAP. After fixing temperature and alkali dosage, treatment
time can be varied in this range to achieve self-neutralization point
after TAP.
e The potential benefit of TAP to reduce digestion time needed for
maximum stabilization of WAS (kinetics evaluation of biogas pro-
duction) cannot be confirmed and needs more research.
Effect of low temperature TAP on dewatering potential of digestate
seems to be ambiguous and needs more systematic research. Espe-
cially, final TS and polymer consumptions should be investigated for
more rigorous conclusions. Therefore, a standardized method for
dewaterability measurement in lab-scale should be developed for
better comparability of results.

Impact of TAP on sludge liquor quality parameters (dissolved nu-

trients as well as refractory organic matter), suppression of foaming

in digester and hygienization of digestate needs more research.

Optimized process conditions (temperature, alkali dosage and

treatment time, TS of WAS and performing alkali dosing step before

heating step) with goal of self-neutralization of WAS after TAP are
key factors of an efficient and economic TAP.

Finally, despite extensive studies in literature and existing full-scale
installations, TAP still needs more research for clarification of its un-
derlying mechanisms, performance in terms of biogas yield increase and
downstream effects on sludge dewaterability and liquor quality, and
finally on its economic benefits for the WWTP operator.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study is part of the project “E-VENT” (03/2017-02/2020) which
is funded by the Berlin Program for Sustainable Development (BENE)
and co-financed by the European Fond for Regional Development and
the Senate of Berlin (# 1158-B5-0). Berliner Wasserbetriebe, Berliner
Senat and Kompetenzzentrum Wasser Berlin gGmbH are acknowledged
for supporting the project. Deutscher Akademischer Austauschdienst
(DAAD) is also recognized for providing the doctoral scholarship for the
first author through program of ‘Nachhaltiges WasserManagement
(NaWaM)’.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2021.117465.

12

Water Research 202 (2021) 117465
References

Abudi, Z.N., Hu, Z., Xiao, B., Abood, A.R., Rajaa, N., Laghari, M., 2016. Effects of
pretreatments on thickened waste activated sludge and rice straw co-digestion:
experimental and modeling study. J. Environ. Manag. 177, 213-222.

Ajandouz, E., Desseaux, V., Tazi, S., Puigserver, A., 2008. Effects of temperature and pH
on the kinetics of caramelisation, protein cross-linking and Maillard reactions in
aqueous model systems. Food Chem. 107 (3), 1244-1252.

Ajandouz, E.H., Tchiakpe, L.S., Dalle Ore, F., Benajiba, A., Puigserver, A., 2001. Effects of
pH on caramelization and Maillard reaction kinetics in fructose-lysine model
systems. J. Food Sci. 66 (7), 926-931.

Appels, L., Baeyens, J., Degreve, J., Dewil, R., 2008. Principles and potential of the
anaerobic digestion of waste-activated sludge. Prog. Energy Combust. Sci. 34 (6),
755-781.

ATV, 1996. ATV-Handbuch Klarschlamm. Ernst & Sohn, Berlin.

Barber, W.P., 2016. Thermal hydrolysis for sewage treatment: a critical review. Water
Res. 104, 53-71.

Bougrier, C., Delgenes, J.P., Carrere, H., 2008. Effects of thermal treatments on five
different waste activated sludge samples solubilisation, physical properties and
anaerobic digestion. Chem. Eng. J. 139 (2), 236-244.

Campo, G., Cerutti, A., Zanetti, M., Scibilia, G., Lorenzi, E., Ruffino, B., 2018.
Enhancement of waste activated sludge (WAS) anaerobic digestion by means of pre-
and intermediate treatments. Technical and economic analysis at a full-scale WWTP.
J. Environ. Manag. 216, 372-382.

Cao, X., Jiang, Z., Cui, W., Wang, Y., Yang, P., 2016. Rheological properties of municipal
sewage sludge: dependency on solid concentration and temperature. Procedia
Environ. Sci. 31, 113-121.

Carrere, H., Bougrier, C., Castets, D., Delgenes, J.P., 2008. Impact of initial
biodegradability on sludge anaerobic digestion enhancement by thermal
pretreatment. J. Environ. Sci. Health Part A 43 (13), 1551-1555.

Carrere, H., Dumas, C., Battimelli, A., Batstone, D.J., Delgenes, J.P., Steyer, J.P.,
Ferrer, L., 2010. Pretreatment methods to improve sludge anaerobic degradability: a
review. J. Hazard. Mater. 183 (1-3), 1-15.

Chen, H., Yi, H., Li, H., Guo, X., Xiao, B., 2020. Effects of thermal and thermal-alkaline
pretreatments on continuous anaerobic sludge digestion: performance, energy
balance and, enhancement mechanism. Renew. Energy 147, 2409-2416.

Chen, Y., Cheng, J.J., Creamer, K.S., 2008. Inhibition of anaerobic digestion process: a
review. Bioresour. Technol. 99 (10), 4044-4064.

Cheng, Y., Li, H., 2015. Rheological behavior of sewage sludge with high solid content.
Water Sci. Technol. 71 (11), 1686-1693.

Chernicharo, C.A., 2007. Anaerobic Reactors. IWA Publishing, UK.

Chi, Y., Li, Y., Fei, X., Wang, S., Yuan, H., 2011. Enhancement of thermophilic anaerobic
digestion of thickened waste activated sludge by combined microwave and alkaline
pretreatment. J. Environ. Sci. 23 (8), 1257-1265.

Chung, S.Y., Swaisgood, H.E., Catignani, G.L., 1986. Effects of alkali treatment and heat
treatment in the presence of fructose on digestibility of food proteins as determined
by an immobilized digestive enzyme assay (IDEA). J. Agric. Food Chem. 34 (3),
579-584.

Delgenes, J.P., Penaud, V., Torrijos, M., Moletta, R., 2000. Investigations on the changes
in anaerobic biodegradability and biotoxicity of an industrial microbial biomass
induced by a thermochemical pretreatment. Water Sci. Technol. 41 (3), 137-144.

Demir, O., 2018. Performance of thermophilic anaerobic sludge digester after alkaline-
assisted thermal disintegration optimization using response surface methodology.
Water Environ. J. 32 (4), 597-606.

Devos, P., Haddad, M., Carrere, H., 2020. Thermal Hydrolysis of Municipal Sludge:
Finding the Temperature Sweet Spot: A Review. Waste and Biomass Valorization.

Dogan, L., Sanin, F.D., 2009. Alkaline solubilization and microwave irradiation as a
combined sludge disintegration and minimization method. Water Res. 43 (8),
2139-2148.

Dong, B., Gao, P., Zhang, D., Chen, Y., Dai, L., Dai, X., 2016. A new process to improve
short-chain fatty acids and bio-methane generation from waste activated sludge.

J. Environ. Sci. 43, 159-168.

Donoso-Bravo, A., Perez-Elvira, S., Aymerich, E., Fdz-Polanco, F., 2011. Assessment of
the influence of thermal pre-treatment time on the macromolecular composition and
anaerobic biodegradability of sewage sludge. Bioresour. Technol. 102 (2), 660-666.

DWA, 2008. Parameters of Sludge Dewatering (In German: ~“Kennwerte der
Klarschlammentwasserung Merkblatt DWA-M 383""). German Association for Water,
Wastewater and Waste.

DWA, 2011. Mechanical Sludge Dewatering (In German: ~~Maschinelle
Schlammentwasserung Merkblatt DWA-M 366"). German Association for Water,
Wastewater and Waste.

DWA, 2014. Biological Stabilization of Sewage Sludge (In German: “*Biologische
Stabilisierung von Kldrschlamm Merkblatt DWA-M 368'"). German Association for
Water, Wastewater and Waste.

DWA, 2016. Sludge Disintegration (In German: “*Klarschlammdesintegration Merkblatt
DWA-M 302"). German Association for Water, Wastewater and Waste.

Dwyer, J., Starrenburg, D., Tait, S., Barr, K., Batstone, D.J., Lant, P., 2008. Decreasing
activated sludge thermal hydrolysis temperature reduces product colour, without
decreasing degradability. Water Res. 42 (18), 4699-4709.

Neyens, E., Baeyens, J., Creemers, C., 2003. Alkaline thermal sludge hydrolysis.

J. Hazard. Mater. 295-314.

Echavarria, A.P., Pagan, J., Ibarz, A., 2012. Melanoidins formed by Maillard reaction in
food and their biological activity. Food Eng. Rev. 4 (4), 203-223.

Farno, E., Baudez, J.C., Parthasarathy, R., Eshtiaghi, N., 2016. Impact of thermal
treatment on the rheological properties and composition of waste activated sludge:
COD solubilisation as a footprint of rheological changes. Chem. Eng. J. 295, 39-48.


https://doi.org/10.1016/j.watres.2021.117465
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0001
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0001
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0001
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0002
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0002
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0002
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0003
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0003
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0003
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0005
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0006
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0006
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0007
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0007
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0007
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0008
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0008
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0008
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0008
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0009
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0009
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0009
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0010
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0010
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0010
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0011
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0011
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0011
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0012
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0012
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0012
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0013
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0013
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0014
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0014
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0015
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0016
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0016
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0016
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0017
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0017
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0017
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0017
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0018
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0018
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0018
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0020
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0020
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0021
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0021
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0021
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0022
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0022
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0022
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0023
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0023
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0023
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0024
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0024
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0024
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0025
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0025
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0025
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0026
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0026
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0026
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0027
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0027
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0028
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0028
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0028
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0029
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0029
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0030
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0030
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0031
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0031
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0031

V. Toutian et al.

Feng, G., Ma, H., Bai, T., Guo, Y., 2017. Rheology characteristics of activated sludge and
thermal treated sludge at different process temperature. Water Sci. Technol. 2017
(1), 229-237.

Ferrer, 1., Serrano, E., Ponsa, S., Vazquez, F., Font, X., 2009. Enhancement of
thermophilic anaerobic sludge digestion by 70 °C pre-treatment: energy
considerations. J. Residuals Sci. Technol. 6 (1), 11-18.

Ganidi, N., Tyrrel, S., Cartmell, E., 2009. Anaerobic digestion foaming causes—A review.
Bioresour. Technol. 100 (23), 5546-5554.

Gonzalez, A., Hendriks, A., van Lier, J.B., de Kreuk, M., 2018. Pre-treatments to enhance
the biodegradability of waste activated sludge: elucidating the rate limiting step.
Biotechnol. Adv. 36 (5), 1434-1469.

Guo, H., Du, L., Liang, J., Yang, Z., Cui, G., Zhang, K., 2017. Influence of alkaline-thermal
pretreatment on high-solids anaerobic digestion of dewatered activated sludge.
BioResources 12 (1), 195-210.

Guo, H., Zhang, S., Dy, L., Liang, J., Zhi, S., Yu, J., Lu, X., Zhang, K., 2016. Effects of
thermal-alkaline pretreatment on solubilisation and high-solid anaerobic digestion
of dewatered activated sludge. BioResources 11 (1), 1280-1295.

Heinzmann, B., Engel, G., 2006. Induced magnesium ammonia phosphate precipitation
to prevent incrustations and measures for phosphorus recovery. Water Pract.
Technol. 1 (3).

Heo, N.H., Park, S.C., Lee, J.S., Kang, H., 2003. Solubilization of waste activated sludge
by alkaline pretreatment and biochemical methane potential (BMP) tests for
anaerobic co-digestion of municipal organic waste. Water Sci. Technol. 48 (8),
211-219.

Higgins, M., Novak, J.T., 1997. The effect of cations on the settling and dewatering of
activated sludges: laboratory results. Water Environ. Res. 69, 215-224.

Holliger, C., Alves, M., Andrade, D., Angelidaki, L., Astals, S., Baier, U., Bougrier, C.,
Buffiere, P., Carballa, M., de Wilde, V., Ebertseder, F., Fernandez, B., Ficara, E.,
Fotidis, 1., Frigon, J.C., de Laclos, H.F., Ghasimi, D.S., Hack, G., Hartel, M.,
Heerenklage, J., Horvath, 1.S., Jenicek, P., Koch, K., Krautwald, J., Lizasoain, J.,
Liu, J., Mosberger, L., Nistor, M., Oechsner, H., Oliveira, J.V., Paterson, M.,

Pauss, A., Pommier, S., Porqueddu, ., Raposo, F., Ribeiro, T., Rusch Pfund, F.,
Stromberg, S., Torrijos, M., van Eekert, M., van Lier, J., Wedwitschka, H.,
Wierinck, 1., 2016. Towards a standardization of biomethane potential tests. Water
Sci. Technol. 74 (11), 2515-2522.

Holliger, C., Astals, S., Laclos, H.F.de, Hafner, S.D., Koch, K., Weinrich, S., 2021. Towards
a standardization of biomethane potential tests: a commentary. Water Sci. Technol.
83 (1), 247-250.

Huang, C., Lai, J., Sun, X., Li, J., Shen, J., Han, W., Wang, L., 2016. Enhancing anaerobic
digestion of waste activated sludge by the combined use of NaOH and Mg(OH),:
performance evaluation and mechanism study. Bioresour. Technol. 220, 601-608.

Kavitha, S., Preethi, J., Rajesh Banu, J., Yeom, L.T., 2017. Low temperature
thermochemical mediated energy and economically efficient biological
disintegration of sludge: simulation and prediction studies for anaerobic
biodegradation. Chem. Eng. J. 317, 481-492.

Kim, J., Park, C., Kim, T.-H., Lee, J., 2003. Effects of various pretreatments for enhanced
anaerobic digestion with waste activated sludge. J. Biosci. Bioeng. 95 (3), 271-275.

Kim, J., Yu, Y., Lee, C., 2013. Thermo-alkaline pretreatment of waste activated sludge at
low-temperatures: effects on sludge disintegration, methane production, and
methanogen community structure. Bioresour. Technol. 144, 194-201.

Kopp, J., Dichtl, N., 2001. Prediction of full-scale dewatering results of sewage sludges by
the physical water distribution. Water Sci. Technol. 43 (11), 135-143.

Li, C., Wang, X., Zhang, G., Yu, G., Lin, J., Wang, Y., 2017a. Hydrothermal and alkaline
hydrothermal pretreatments plus anaerobic digestion of sewage sludge for
dewatering and biogas production: Bench-scale research and pilot-scale verification.
Water Res. 117, 49-57.

Li, H., Jin, Y., Mahar, R., Wang, Z., Nie, Y., 2008. Effects and model of alkaline waste
activated sludge treatment. Bioresour. Technol. 99 (11), 5140-5144.

Li, H., Zou, S., Li, C., Jin, Y., 2013. Alkaline post-treatment for improved sludge
anaerobic digestion. Bioresour. Technol. 140, 187-191.

Li, Y.-Y., Noike, T., 1992. Upgrading of anaerobic digestion of waste activated sludge by
thermal treatment. Water Sci. Technol. 26 (3-4), 857-866.

Li, Z., Arnot, M., Hughes, J., Yoshida, H., Tan, P., Stenstrom, M.K., 2017b. Reducing
sludge viscosity and improving dewaterability through a thermochemical hydrolysis
process. Proc. Water Environ. Fed. 2017 (1), 862-871.

Liu, H., Wang, Y., Wang, L., Yu, T., Fu, B., 2017. Stepwise hydrolysis to improve carbon
releasing efficiency from sludge. Water Res. 119, 225-233.

Liu, J., Dong, L., Dai, Q., Liu, Y., Tang, X., Liu, J., Xiao, B., 2020. Enhanced anaerobic
digestion of sewage sludge by thermal or alkaline-thermal pretreatments: influence
of hydraulic retention time reduction. Int. J. Hydrog. Energy 45 (4), 2655-2667.

Liu, X., Xu, Q., Wang, D., Yang, Q., Wu, Y., Li, Y., Fu, Q., Yang, F., Liu, Y., Ni, B.J.,
Wang, Q., Li, X., 2019. Thermal-alkaline pretreatment of polyacrylamide flocculated
waste activated sludge: process optimization and effects on anaerobic digestion and
polyacrylamide degradation. Bioresour. Technol. 281, 158-167.

Mancuso, G., Langone, M., Andreottola, G., Bruni, L., 2019. Effects of hydrodynamic
cavitation, low-level thermal and low-level alkaline pre-treatments on sludge
solubilisation. Ultrason. Sonochem. 59, 104750.

Nagle, N.J., Rivard, C.J., Adney, W.S., Himmel, M.E., 1992. Efficacy of hydrolytic
enzyme augmentation and thermochemical pretreatments for increased secondary
anaerobic digestion of treated municipal sewage sludges. Appl. Biochem. Biotechnol.
34/35, 737-751.

Nagler, M., Aichinger, P., Kuprian, M., Piimpel, T., Insam, H., Ebner, C., 2016. A case
study for a cost-benefit-based, stepwise optimization of thermo-chemical WAS pre-
treatment for anaerobic digestion. J. Mater. Cycles Waste Manag. 20 (1), 266-273.

13

Water Research 202 (2021) 117465

Navia, R., Soto, M., Vidal, G., Bornhardt, C., Diez, M.C., 2002. Alkaline pretreatment of
kraft mill sludge to improve its anaerobic digestion. Bull. Environ. Contam. Toxicol.
69 (6), 869-876.

Neyens, E., Baeyens, J., 2003. A review of thermal sludge pre-treatment processes to
improve dewaterability. J. Hazard. Mater. 98 (1-3), 51-67.

Park, C., Lee, C., Kim, S., Chen, Y., Chase, H.A., 2005. Upgrading of anaerobic digestion
by incorporating two different hydrolysis processes. J. Biosci. Bioeng. 100 (2),
164-167.

Park, S.K., Jang, H.M., Ha, J.H., Park, J.M., 2014. Sequential sludge digestion after
diverse pre-treatment conditions: sludge removal, methane production and
microbial community changes. Bioresour. Technol. 162, 331-340.

Penaud, V., Delgene, J.P., Moletta, R., 1999. Thermo-chemical pretreatment of a
microbial biomass: influence of sodium hydroxide addition on solubilization and
anaerobic biodegradability. Enzyme Microb. Technol. 25, 258-263.

Penaud, V., Delgenes, J.P., Moletta, R., 2000. Influence of thermochemical pretreatment
conditions on solubilization and anaerobic biodegradability of a microbial biomass.
Environ. Technol. 21 (1), 87-96.

Perez-Elvira, S.I., Sapkaite, 1., Fdz-Polanco, F., 2015. Evaluation of thermal steam-
explosion key operation factors to optimize biogas production from biological
sludge. Water Sci. Technol. 72 (6), 937-945.

Pilli, S., Yan, S., Tyagi, R.D., Surampalli, R.Y., 2014. Thermal pretreatment of sewage
sludge to enhance anaerobic digestion: a review. Crit. Rev. Environ. Sci. Technol. 45
(6), 669-702.

Rani, R.U., Kumar, S.A., Kaliappan, S., Yeom, 1.T., Banu, J.R., 2012. Low temperature
thermo-chemical pretreatment of dairy waste activated sludge for anaerobic
digestion process. Bioresour. Technol. 103 (1), 415-424.

Rosenwinkel, K.-H., Kroiss, H., Dichtl, N., Seyfried, C.-F., Weiland, P., 2015.
Anaerobtechnik: Abwasser-, Schlamm- und Reststoffbehandlung, Biogasgewinnung,
third ed. Springer, Vieweg, Hannover.

Ruffino, B., Campo, G., Cerutti, A., Zanetti, M., Lorenzi, E., Scibilia, G., Genon, G., 2016.
Preliminary technical and economic analysis of alkali and low temperature thermo-
alkali pretreatments for the anaerobic digestion of waste activated sludge. Waste
Biomass Valorization 7 (4), 667-675.

Ruiz-Hernando, M., Martin-Diaz, J., Labanda, J., Mata-Alvarez, J., Llorens, J., Lucena, F.,
Astals, S., 2014. Effect of ultrasound, low-temperature thermal and alkali pre-
treatments on waste activated sludge rheology, hygienization and methane
potential. Water Res. 61, 119-129.

Sapkaite, 1., Barrado, E., Fdz-Polanco, F., Perez-Elvira, S.I., 2017. Optimization of a
thermal hydrolysis process for sludge pre-treatment. J. Environ. Manag. 192, 25-30.

Shehu, M.S., Abdul Manan, Z., Alwi, S.R., 2012. Optimization of thermo-alkaline
disintegration of sewage sludge for enhanced biogas yield. Bioresour. Technol. 114,
69-74.

Stuckey, D.C., McCarty, P.L., 1984. The effect of thermal pretreatment on the anaerobic
biodegradability and toxicity of waste activated sludge. Water Res. 18 (11),
1343-1353.

Subramanian, B., Pagilla, K.R., 2015. Mechanisms of foam formation in anaerobic
digesters. Colloids Surf. B 126, 621-630.

Tan, P., Li, Z., 2017. Reducing sludge viscosity and improving dewaterability through a
thermochemical hydrolysis process. In: WEF Residuals and Biosolids Conference,
pp. 862-871.

Toutian, V., Barjenbruch, M., Gerundt, K., Unger, T., Loderer, C., Remy, C., 2018.
Comparison of high temperature thermal hydrolysis and low-temperature thermal-
alkaline pretreatment of waste activated sludge: solubilisation, anaerobic digestion
and biodegradability of filtrate. In: IWA. Sludge Management in Circular Economy,
2018, Rome, Italy.

Toutian, V., Barjenbruch, M., Loderer, C., Remy, C., 2020a. Pilot study of thermal
alkaline pretreatment of waste activated sludge: seasonal effects on anaerobic
digestion and impact on dewaterability and refractory COD. Water Res. 182,
115910.

Toutian, V., Barjenbruch, M., Unger, T., Loderer, C., Remy, C., 2020b. Effect of
temperature on biogas yield increase and formation of refractory COD during
thermal hydrolysis of waste activated sludge. Water Res. 171, 115383.

Valo, A., Carrere, H., Delgenes, J.P., 2004. Thermal, chemical and thermo-chemical pre-
treatment of waste activated sludge for anaerobic digestion. J. Chem. Technol.
Biotechnol. 79 (11), 1197-1203.

VDI, 2016. Fermentation of organic materials — characterization of the substrate,
sampling, collection of material data, fermentation tests (VDI 4630): Handbuch
Energietechnik.

Vlyssides, A., 2004. Thermal-alkaline solubilization of waste activated sludge as a pre-
treatment stage for anaerobic digestion. Bioresour. Technol. 91 (2), 201-206.

Wang, R., Zhao, Z., Yin, Q., Liu, J., 2016a. Effects of low-temperature thermal and
alkaline methods on the structural strength of sludge flocs and co-slurrying ability of
sludge and coal. Energy Fuels 30 (7), 5419-5424.

Wang, R., Zhao, Z., Yin, Q., Liu, J., 2016b. Effects of the low-temperature thermo-
alkaline method on the rheological properties of sludge. J. Environ. Manag. 177,
74-83.

Wang, T., Xu, B., Zhang, X., Yang, Q., Xu, B., Yang, P., 2018. Enhanced biogas production
and dewaterability from sewage sludge with alkaline pretreatment at mesophilic and
thermophilic temperatures. Water Air Soil Pollut. 229 (3), 1-10.

Wang, X., Duan, X., Chen, J., Fang, K., Feng, L., Yan, Y., Zhou, Q., 2016c. Enhancing
anaerobic digestion of waste activated sludge by pretreatment: effect of volatile to
total solids. Environ. Technol. 37 (12), 1520-1529.

Xiao, K., Chen, Y., Jiang, X., Seow, W.Y., He, C., Yin, Y., Zhou, Y., 2017. Comparison of
different treatment methods for protein solubilisation from waste activated sludge.
Water Res. 122, 492-502.


http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0032
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0032
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0032
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0033
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0033
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0033
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0034
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0034
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0035
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0035
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0035
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0036
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0036
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0036
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0037
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0037
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0037
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0038
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0038
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0038
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0039
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0039
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0039
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0039
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0040
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0040
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0041
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0042
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0042
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0042
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0043
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0043
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0043
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0044
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0044
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0044
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0044
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0045
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0045
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0046
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0046
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0046
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0047
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0047
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0048
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0048
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0048
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0048
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0049
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0049
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0050
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0050
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0051
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0051
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0052
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0052
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0052
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0053
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0053
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0054
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0054
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0054
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0055
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0055
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0055
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0055
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0056
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0056
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0056
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0057
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0057
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0057
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0057
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0058
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0058
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0058
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0059
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0059
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0059
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0060
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0060
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0061
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0061
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0061
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0062
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0062
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0062
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0063
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0063
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0063
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0064
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0064
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0064
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0065
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0065
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0065
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0066
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0066
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0066
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0067
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0067
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0067
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0068
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0068
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0068
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0069
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0069
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0069
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0069
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0070
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0070
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0070
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0070
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0071
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0071
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0072
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0072
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0072
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0073
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0073
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0073
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0074
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0074
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0075
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0075
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0075
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0076
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0076
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0076
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0076
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0076
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0077
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0077
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0077
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0077
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0078
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0078
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0078
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0079
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0079
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0079
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0081
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0081
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0082
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0082
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0082
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0083
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0083
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0083
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0084
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0084
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0084
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0085
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0085
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0085
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0086
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0086
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0086

V. Toutian et al.

Xu, J., Yuan, H., Lin, J., Yuan, w., 2014. Evaluation of thermal, thermal-alkaline, alkaline
and electrochemical pretreatments on sludge to enhance anaerobic biogas
production. J. Taiwan Inst. Chem. Eng. 45 (5), 2531-2536.

Zawieja, 1., 2019. Effect of thermal and alkaline disintegration of excess sludge on
biodegradation. J. Ecol. Eng. 20 (10), 172-182.

Zhang, S., Guo, H., Dy, L., Liang, J., Lu, X., Li, N., Zhang, K., 2015. Influence of NaOH
and thermal pretreatment on dewatered activated sludge solubilisation and

14

Water Research 202 (2021) 117465

subsequent anaerobic digestion: focused on high-solid state. Bioresour. Technol.
185, 171-177.

Zhang, Y., Xu, S., Cui, M., Wong, J.W.C., 2019. Effects of different thermal pretreatments
on the biodegradability and bioaccessibility of sewage sludge. Waste Manag. 94,
68-76.


http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0087
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0087
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0087
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0088
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0088
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0089
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0089
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0089
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0089
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0090
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0090
http://refhub.elsevier.com/S0043-1354(21)00663-1/sbref0090

	Impact of process parameters of thermal alkaline pretreatment on biogas yield and dewaterability of waste activated sludge
	1 Introduction
	2 Anaerobic digestion
	2.1 Biomethane yield increase
	2.1.1 Effect of initial biodegradability of WAS
	2.1.2 Effect of treatment temperature
	2.1.3 Effect of alkali type and dosage
	2.1.4 Effect of treatment time

	2.2 Composition of biogas
	2.3 Kinetics of biomethane production
	2.4 Other issues

	3 Dewaterability and sludge liquor quality
	3.1 Dewatering potential
	3.2 Sludge liquor quality

	4 Important process design parameters
	4.1 Total solids of WAS input to TAP
	4.2 Optimum alkali dosage
	4.3 Alkali addition prior to thermal heating

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


