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Thermal treatment

11.1 INTRODUCTION

The thermal treatment of sludge consists of heating to moderate (5100–C) or
high temperatures up to 220–C or more, with contact times of minutes or hours,

at the required pressure. The application of a thermal treatment produces various

effects in the sludge such as:

. breakdown of the sludge structure, disaggregation of biological flocs,

. high level of sludge solubilisation,

. lysis of bacterial cells, release of intracellular constituents and bound water.

Therefore the water phase of sludge after a thermal treatment is characterised

by a high content of dissolved organic compounds. Furthermore, as intracellular

bound water is released in the bulk liquid by hydrolysis, the sludge viscosity

changes considerably. A thermally treated sludge with a dry content of 12%
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appears as liquid and can be handled in a similar manner to raw sludge with

5–6% (Kepp et al., 2000). This aspect can be exploited advantageously to reduce

digester volume.

The effects induced by the thermal treatment can be used to increase biogas

production in anaerobic digestion, improving dewaterability, pathogen inactiva-

tion and reduction of sludge produced.

Significant growth of interest in the thermal treatment of sludge dates back

to the ‘60s and ‘70s, when the aim was to combine some of the benefits of

dewaterability with improved digestion and full-scale installations began in the

late ‘60s (inter alia Haug, 1977; Haug et al., 1978, 1983). The examples are

the Zimpro process and the Porteous process (developed from 1939). Most of the

early installations were operated at 180–250–C, to obtain optimum dewatering

before incineration. Historically, the escalation of energy costs coupled with

technical, operational and odour problems led to the early closure of these

plants in the ‘70s and some as late as the ‘80s (Kepp et al., 2000; Neyens and

Baeyens, 2003).

During these last years, other new thermal hydrolysis processes have however

been developed, are currently commercially available and many are in full scale

operation for a number of years. They are designed to thermally treat sludge for

obtaining its reduction and to obtain a resulting sludge more amenable to

dewatering and thus easier and cheaper to manage and dispose of.

The thermal treatment of sludge was also applied to generate an internal

carbon source for denitrification (inter alia Smith and Göransson, 1992;

Barlindhaug and Ødegaard, 1996). Thermal treatment was also used to reduce

foaming in activated sludge reactors and digesters. Barjenbruch et al. (2000)

observed that foaming in an anaerobic digester could effectively be stopped by

thermal pre-treatment of sludge (121–C for 60 min).

The input of thermal energy is achieved by heat exchangers or by the

application of steam to the sludge.

The main parameter for thermal treatment is temperature, whilst the duration

of treatment generally has less influence.

Some experiences in the literature indicated that temperatures below 100–C can
already contribute to partial sludge reduction, by increasing sludge biodegradability.

Temperatures above 150–C (and pressures of 600–2500 kPa combined

with these temperatures) must be reached to liquefy sludge, which contributes

significantly to sludge reduction, but the process is costly and requires

demanding maintenance standards. In this temperature range contact time

has little effect compared to the temperature range. For example, Dohányos et al.

(2004) even proposed extremely short contact times in thermal treatment, lasting

just 1 min at 170–C, to improve anaerobic digestion. Conversely, treatments at
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moderate temperatures, below 100–C, require a longer contact time (from some

hours to one day).

Temperatures above 180–C do not cause a further appreciable increase of

sludge biodegradability; indeed a gradual decrease is observed due to the

formation of refractory compounds linked to Maillard reactions (Bougrier et al.,

2007b).

11.2 COD SOLUBILISATION

Thermal treatment partially solubilizes sludge, but does not mineralize the

organic matter, as demonstrated by the very slight decrease in total COD of

sludge even after treatment at 175–C (Graja et al., 2005). When quantified,

mineralisation is very low, resulting in a percentage of 0–5% of initial VS after

treatment at 130–C for 60 min (Carballa et al., 2006).

Results obtained for COD solubilisation as reported in the literature are

compared in Figure 11.1. It can be observed that COD solubilisation increases in

an almost linear way in relation to temperature.

Many authors agree that COD solubilisation increases as the temperature

rises, whereas contact time has little impact especially at higher temperatures.

In Figure 11.1, different types of sludge are included, but the origin of sludge

(municipal) is significant in COD solubilisation, but not as important as the
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Ramirez et al. (2009); t = 0.5 h

Figure 11.1. COD solubilisation as a function of temperature applied in the thermal
treatment. In legend: t ¼ contact time.
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range of temperatures applied. This observation has been confirmed considering

the data reported by Bougrier et al. (2008), which compared the efficiency of

thermal treatment applied to 5 types of waste activated sludge: the dependence

of this data on temperature is similar and therefore the data was aggregated in a

single series in Figure 11.1. However, in an other investigation (Paul et al.,

2006a), a significant difference was observed in the COD solubilisation between

sludge of different origins: activated sludge and anaerobically digested sludge

(see data in Figure 11.1). For digested sludge, the COD solubilisation was higher

(40% at 80–C) and more rapid than that observed for activated sludge (20% at

95–C) (Paul et al., 2006a).
Li and Noike (1992) investigated COD solubilisation between 120 and 175–C

at contact time of 30 min and the results obtained are reported in Figure 11.1.

These authors noted that the solubilisation increase levelled off after the first

30 minutes. Heat treatment was effective in transforming sludge and solubilising

carbohydrates, proteins and lipids, and converting them into low molecular

weight VFA. However, not all organic compounds react in the same way (Li and

Noike, 1992): according to Wilson and Novak (2009), thermal hydrolysis at

130–C has a larger impact on soluble polysaccharide release than on soluble

protein release. The relative susceptibility of polysaccharides to solubilisation

was also observed by Bougrier et al. (2008). For temperatures below 130–170–C
(depending on sample) carbohydrates appeared to be more easily solubilised

than proteins, while at higher temperatures, protein solubilisation also started to

increase. The authors suggested that carbohydrates were mainly located in the

exopolymers of sludge structure whereas proteins were mainly located inside

the cells. At relatively low temperatures, exopolymers and carbohydrates were

solubilised, while higher temperatures are needed to lysate cell walls and

solubilise proteins. Furthermore, the low ammonia level found in the thermally

treated sludge demonstrated that proteins were solubilised and only slightly

hydrolysed to ammonia (Bougrier et al., 2008).

Bougrier et al. (2006b) observed that organic solids were more affected by

thermal treatment. In fact, slightly higher solubilisation levels were observed for

volatile solids than for total solids and thus VSS/TSS ratio decreases at increasing

temperatures and particles become more inorganic (Bougrier et al., 2008).

11.2.1 COD solubilisation at moderate temperatures

(5100–C)
The effect of thermal treatment at T5100–C was investigated by Camacho

et al. (2005) and Paul et al. (2006a) on activated sludge and digested sludge.
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They found that the solubilised COD after thermal treatment increased as a

function of contact time at temperatures between 60–C and 95–C, as indicated in
Figure 11.2.

The lowest temperature (40–C) is not enough to produce a significant release
of COD. Beyond 60–C, rapid COD solubilisation occurs immediately after the

start of the treatment (,flash temperature) and continues with a lower rate.
At 60–C the maximum release of COD was around 25% after 24 h contact

time, but was already at 15% after 2 h.

COD solubilisation of activated sludge is also rapid at 95–C, reaching 6–12%
of total COD in the first minutes of contact time. A much slower COD

solubilisation continues for longer contact times, reaching solubilisation of 15%

after 2 h, and a maximum release around 30–35% at 95–C after 24 h of contact

time (Camacho et al., 2002b; 2005). Therefore, COD solubilisation apppears to

be dependent on both the temperature and the contact time. However, because

the COD solubilisation rate decreases significantly with time, it is not worth

prolonging the heating time beyond 30–60 minutes.

Paul et al. (2006a) observed that heating sludge from 25 to 95–C transfers an

energy of 447 kJ/mol of VSS (weight of biomass 113 gVSS/mol, assuming the

composition C5H7NO2), which is higher than the energy of a non-covalent link

that can be assumed to be 20–30 kJ/mol. Therefore, at this energy level the

non-covalent links of biological flocs are expected theoretically to be broken up
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Figure 11.2. Solubilisation of COD as a function of contact time, at 60 and 95–C
(modified from Camacho et al., 2005).
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and the sludge structure destroyed. Conversely, the complex structure of

biological flocs is characterised by the effects of electrostatic, ionic and

hydrogen bonds, and the global non-covalent energy may reach values near that

of covalent links (Paul et al., 2006a). This is probably the reason why

temperatures below 100–C do not destroy flocs completely and only a partial

sludge destructuration was observed (Paul et al., 2006a).

11.2.2 COD solubilisation at high temperatures (4150–C)
Thermal treatment at temperatures higher than 150–C covers the applications of

hydrothermal oxidation, such as wet air oxidation (§ 6.17) or supercritical water

oxidation (§ 6.18). A useful curve of the results reported in the literature was

prepared by Camacho et al. (2002b) considering a wide range of temperatures up

to 420–C. Figure 11.3 shows the amount of COD solubilized (including

mineralisation) by the simple thermal treatment and the hydrothermal oxidation

as a function of reaction temperature, indicated as a continuous curve in the

figure and compared with experimental data already shown in Figure 11.1.

Hydrothermal oxidation is more efficient than simple thermal treatment

for organic matter solubilisation and so very high excess sludge reduction is

expected.
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A threshold value of solubilised COD was proposed at around 150–C, which
is probably characteristic of different physico-chemical modifications (Camacho

et al., 2002b).

In the case of simple thermal treatment at temperatures around 150–C, sludge
heating causes liquefaction, desorption and cell lysis which leads to COD

solubilisation. As a consequence, the accessibility of the material for subsequent

biodegradation may be increased but there is little change in the sludge

molecular chemistry. Thus, the effect of the thermal treatment may simply

improve the availability of the already biodegradabile matter (Paul et al.,

2006a). Conversely, hydrothermal oxidation greatly increases the sludge

solubilisation yield and reactive oxygen is probably incorporated in some

molecules thus increasing their biodegradability.

The mineralisation of the organic matrix is dependent on the temperature

applied and on the oxidation level during hydrothermal oxidation, while no

mineralisation is observed at moderate temperatures with simple thermal

treatment, where only COD solubilisation occurs.

11.3 INCREASE OF BIODEGRADABILITY

Paul et al. (2006a) investigated the biodegradability of solubilised COD

after thermal treatment at T5100–C. The biodegradability of soluble organic
matter in sludge was measured by respirometric experiments (batch sequenced

respirometer, according to Spérandio and Paul (2000), see § 7.4, and

SAPROMAT BOD-measuring unit). The authors observed that the biodegrad-

ability of the solubilised COD was low, around 30–35% and decreased

as temperatures rose from 40–C to 95–C. This unexpected phenomenon is

probably due to the release of part of the sludge material by desorption or

floc destructuration while no increase in its intrinsic biodegradability occurs

(Paul et al., 2006a).

On the basis of these observations, Paul et al. (2006a) concluded that thermal

treatment at T5100–C does not increase the intrinsic biodegradability of sludge,
while it does improve the availability of the already biodegradable matter

through molecule desorption and floc destructuration, which significantly

improves the availability of organic matter to enzymes and microorganisms.

Sludge biodegradability increases with pre-treatment temperatures in the

range 90–210–C, as observed by Carrère et al. (2008), and sludge biodegrad-

ability enhancement is linearly correlated to COD solubilisation for tempera-

tures up to 190–C. At 210–C, biodegradability was lower than at 190–C, due
to the formation of recalcitrant compounds. In fact, at high temperatures

the phenomenon of sugar ‘‘caramelisation’’ (pyrolysis) and Maillard reactions
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(reaction of carbohydrates with aminoacids) occur and the characteristic

‘‘tea-coloured’’ liquor is produced, due to the presence of new compounds,

such as Amadori compounds and melanoidins which are refractory and

potentially inhibitory to subsequent anaerobic digestion (Ramirez et al., 2009).

It has often been thought that thermal treatment would not be advantageous

for primary sludge and also, historically, this treatment has been applied to

excess biological sludge rather than primary sludge. Recently, Wilson and

Novak (2009), revisited the effect of thermal treatment at 130–220–C, and
demonstrated that primary and secondary sludge responded similarly in the

breakdown of proteins, lipids and polysaccharides during thermal treatment.

Furthermore thermal treatment of primary sludge can increase its dewaterability

(Kepp et al., 2000).

Due to its enhanced biodegradability, the thermal hydrolysate – which is the

supernatant of thermally treated sludge – produced after a treatment at 180–C for
30 min, was also used as a carbon source to support post-denitrification in a

moving bed biofilm reactor (Barlindhaug and Ødegaard, 1996).

11.4 NITROGEN AND PHOSPHORUS SOLUBILISATION

Nitrogen – Nitrogen compounds are released during the thermal treatment of

sludge and the following characteristics were observed (Xue and Huang, 2007):

– significant solubilisation of organic nitrogen, which is the major

component of the total N solubilised;

– very low ammonia, nitrite and nitrate concentrations;

– negligible variations of total nitrogen concentration in sludge.

In a thermal treatment at 175–C on thickened sludge, the solubilisation

of total nitrogen was 32%, but only a fifth of it was converted to NH4 (Graja

et al., 2005).

Solubilisation of N for temperatures in the range 40–70–C for a contact time

of 1–3 h is shown in Figure 11.4 (Xue and Huang, 2007).

Phosphorus – With regard to P solubilisation, the results reported in the

literature do not completely agree.

During thermal treatment P is solubilised and increasing concentrations of

PO4 and total P are measured in the supernatant for temperatures above 50
–C.

Whereas the released P is moderate at 40–C, at 50–70–C the release rates were

much higher, especially in the first hour and then gradually slowed for longer

contact time. A temperature of at least 50–C is thus needed for an appreciable

P release from sludge (Xue and Huang, 2007). For example, a maximum PO4
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release of approximately 90 mg/L (about 95% of total P released) was observed

in the first hour at 50–C after the thermal treatment of sludge having around

8 gTSS/L and 3–4% of total P content (Xue and Huang, 2007).

However, Kuroda et al. (2002) observed only a small amount of P released in

1 h at 50–C, while the optimal conditions for P release were 1 h at 70–C
(polyphosphate around 85–90 mg/L from a sludge with 3.1 gTSS/L and 4.3% of

total P content).

The release of metal cations, including Mg2þ, Kþ and Ca2þ, during thermal
treatment were investigated by Xue and Huang (2007) and it was found that

concentrations of Mg2þ and Kþ increased with contact time and temperature,

but Ca2þ decreased, probably due to a spontaneous precipitation (as calcium

phosphate) occurring during thermal treatment (a similar hypothesys to explain

the disappearance of P was drawn by Graja et al., 2005). The release of Mg2þ

and Kþ agreed well with total P release. The metal cations are generally

considered to play important roles in biological phosphorus removal in activated

sludge systems, because, besides phosphorus, they are components of polypho-

sphate granules.

Some investigations evaluated the release of P from thermally treated sludge

with the aim of recovering P from sludge (inter alia Xue and Huang, 2007;

Kuroda et al., 2002). In fact nearly all of the polyphosphate accumulated in large

quantities in the activated sludge (in enhanced biological phosphorus removal
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processes) can be released from the sludge when it is heated to 70–C for about

1 h. The addition of Ca2þ ions allows approximately 75% of the total P to be

recovered in a reusable form, without pH adjustment (Kuroda et al., 2002).

11.5 INFLUENCE ON MICROORGANISMS

The influence of heating on microorganism viability in lab cultures is commonly

evaluated through cultivation methods. The heating of biomass for 10 min at

90–C resulted in a rapid viability loss, nearly 100%, explained as cell death

followed by cell lysis (Canales et al., 1994).

With regards to enteric bacteria, at the pasteurisation temperature of 70–C,
the maximum survival time is around few minutes or seconds and then

organisms are killed (Lang and Smith, 2008). At 55–C, 90% inactivation of

enteric is reached between 2 and 8 min. These results demonstrated that enteric

bacteria, including thermotolerant strains, were rapidly destroyed by the time ·
temperature exposure conditions required for the pasteurisation or thermophilic

treatment of sludge.

Yan et al. (2008) demonstrated that after 1 h of thermal treatment at 60–C
nearly 98% of the mesophilic bacteria died, leaving 2% of thermophilic bacteria,

which were able to secret protease and grow. The protein content in sludge is

typically 20–60% w/w and the proteolytic cleavage of peptide bonds by protease

generally plays an important role in the digestion or lysis of excess sludge during

heat-treatment. Usually, protease is contained in the cells of sludge and these

intracellular proteases would not contribute to sludge reduction, but once they are

released from the cells (as a consequence of thermal treatment), they contribute

to the hydrolysis of proteins in the sludge, providing the substrates for microbial

cryptic growth.

However, it should be considered that cultivation methods are very restrictive

for evaluating bacteria viability. In fact, it is well known that culture-dependent

methods cannot detect all the bacteria in activated sludge and wastewater, due to

the presence of the viable-but-not-culturable state of most cells. Therefore

conventional measurement should be combined with other advanced micro-

biological investigations (see § 7.7).

After thermal treatment at 95–C for 5–45 min, biological inactivation

of activated sludge (evaluated by respirometry) was higher than 93%

(Camacho et al., 2005). In any case, a complete recovery of initial activity was

systematically observed after a certain time (reactivation time). However, in this

process, additional maintenance energy requirements were observed with a

significant reduction in the Yobs, which passed from 0.65–0.77 to 0.42–0.55.
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In summary, the thermal treatment of sludge at temperatures 5100–C
induces:

. cell lysis by increasing membrane fluidity, just after the beginning of the

thermal treatment;
. release of intracellular enzymes (protease) from the cells, which

contributes to sludge lysis;
. thermal hydrolysis of intra- or extra-cellular components;
. groups of thermophilic bacteria may become dominant in the microbial

population in thermal treatment around 60–70–C;
. modifications in chemical structure of exopolymers.

In practice, bacterial inactivation levels observed at full-scale would be

expected to be lower than those determined at lab-scale, because of operational

factors and heat transfer kinetics in sludge (Lang and Smith, 2008).

11.6 INFLUENCE ON SLUDGE SETTLEABILITY AND

DEWATERABILITY

It is already well known from earlier studies on thermal treatment of sludge at

high temperatures, that this treatment improves the dewatering properties of

primary and secondary sludge. Sludge structure is significantly modified by

thermal treatment.

Thermal treatment enhances sludge settleability: for example, the SVI

decreased with the rise in temperature, passing from 140 mL/gTSS for untreated

sludge to 47 mL/gTSS for T ¼ 150–C, and then stable around 36 mL/gTSS for
higher temperatures (Bougrier et al., 2008). Neyens et al. (2004) explained this

by the fact that EPS are hydrated compounds able to absorb huge quantities of

water and EPS solubilisation induced by thermal treatment causes the release

of a part of this water.

The filterability of sludge, evaluated by CST, varies with temperature of

treatment with a threshold value of 150–C: CST values increase for T5150–C
(deterioration of filterability may be due to sludge solubilisation and the

release of small particles), while they strongly decrease for higher treatment

temperatures (improvement of filterability, due to the release of linked water).

Anderson et al. (2002) observed that at 132–C sludge became more difficult to

dewater.

Experiments by Neyens et al. (2004) demonstrated that thermal hydrolysis

carried out at 120–C and contact time of 1 h was effective to reduce the amount
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of dewatered sludge to be disposed off (by solubilisation and passage of soluble

solids in the water phase) and to enhance solid content in the dewatered

sludge cake. The dry content of sludge to be dewatered was reduced to 58% of

the initial untreated amount and the solid content in the dewatered cake passed

from 30% (untreated sludge) to approximately 43% (Neyens et al., 2004).

11.7 INTEGRATION OF THERMAL TREATMENT IN

THE BIOLOGICAL PROCESSES

The reduction of sludge by thermal treatment is based on the mechanisms of

cell lysis – cryptic growth. The lysated sludge treated thermically is applied

or recirculated in the biological reactors where a part is consumed for the

catabolism and finally emitted as CO2.

Thermal treatment can be theoretically integrated both in the wastewater

handling units and in the sludge handling units, but this latter option is generally

preferred, due to the higher solids concentration in thickened sludge. In fact,

several investigations have proved that solid content of sludge is an important

factor in thermal treatment, because an increase of solids concentration (and

then a water content decrease) means an energy saving by avoiding the use of

most of the heat energy for water heating and thus smaller volumes for the

hydrolysis reactor (Xue and Huang, 2007).

Although some studies have been aimed at testing the integration of thermal

hydrolysis in the wastewater handling units, full-scale applications are mostly

based on the combination of thermal pre-treatment þ anaerobic digestion, such

as the Cambi process (Kepp et al., 2000) and the BioThelys1 process (Chauzy

et al., 2008), currently available commercially. The basic idea is to enhance

hydrolysis, the kinetically limiting step for sludge digestion, by causing it

thermically rather than biologically.

11.7.1 Integration of thermal treatment in the wastewater

handling units

Very few studies regarding the integration of thermal treatment in the

wastewater handling units have been published. For example, thermically

treated sludge has been used to give biodegradable COD to support pre-

denitrification (Barlindhaug and Ødegaard, 1996). The main limitation to the

application of this configuration is the high costs for heating sludge at low solid

concentrations. One option to reduce costs associated with heating, is to apply

thermal treatment at temperatures below 100–C, which reduces the heating and
pressure requirement.

220 Sludge Reduction Technologies in Wastewater Treatment Plants



It was demonstrated that a thermal treatment, even at T5100–C integrated in

the activated sludge stages causes a significant reduction of excess sludge

production. This reduction is directly linked to an immediate decrease in

biological activity, an increase of maintenance requirements and a partial

increase of the biodegradability of organic compounds (Camacho et al., 2005).

In earlier studies (Canales et al., 1994), the thermal treatment was integrated

in a lab-scale MBR fed with synthetic wastewater (the thermally lysated biomass

is recirculated in the MBR) and a 60% reduction in the excess sludge production

was observed.

Sludge production in thermal treatment þ activated sludge process

(SRT ¼ 12–15 d) was investigated by Camacho et al. (2005) at pilot-scale,

treating sludge at 95–C, with contact times of 5–45 minutes, and with various
stress frequencies (as defined in § 7.11). For each operational condition the

sludge production was systematically lower than in the untreated biological

process, and the highest reduction was achieved at 45 minutes, demonstrating

that the contact time becomes important for T below 95–C. The stress frequency
of the thermal treatment was also important and the optimal value was found to

be 0.3 d 1. A maximum sludge reduction of 55% was reached at 95–C, 45 min
and stress frequency of 0.3 d 1. No deterioration of effluent quality was

observed, showing that the biomass had maintained its efficiency in carbon

removal and nitrification (Camacho et al., 2005; Paul et al., 2006b).

11.7.2 Integration of thermal treatment in the sludge

handling units

Thermal hydrolysis þ mesophilic anaerobic digestion

The combination of thermal pre-treatment þ mesophilic anaerobic digestion has

been widely investigated in the literature, aimed at improving sludge

biodegradability, sludge reduction and higher biogas production.

In the earlier studies, Li and Noike (1992) found that the optimal conditions for

thermal pre-treatment were contact time of 30–60 min and temperatures of around

150–C. Gas production (evaluated during 30 d batch tests) increased as the contact
time (in the thermal treatment) became longer, but there was only a marginal

additional increase at contact times over 30 min. Methane gas production

reached the maximum for thermal treatment at around 150–C (30 min), with an

increased efficiency of 35% compared to the control. The VSS degradation during

anaerobic tests was higher for sludge thermally treated at 170–C (VSS degradation
of 60%) compared to the control (30%). These results demonstrate the potential

of reducing the retention time necessary for anaerobic digestion to 5 days.
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Carbohydrates are solubilised in higher proportion compared to proteins and

lipids, and the soluble carbohydrates produced by thermal pre-treatment were

almost completely degraded during anaerobic digestion (to a greater extent than

in the digestion of untreated sludge), demonstrating that the degradability of

carbohydrateswasmarkedly increased by thermal hydrolysis (Li andNoike, 1992).

Optimal conditions for thermal pre-treatment þ anaerobic mesophilic

digestion are thus generally 160–180–C for 30–60 min, as confirmed in several

studies. Thermal treatment at around 175–C, combined with anaerobic digestion,
can significantly reduce sludge production and this reduction can reach 50–70%

according to the process applied (as referred to by Bougrier et al., 2007b).

With regard to the enhancement of biogas production, the use of T5100–C
may lead to an average 20–30% increase in biogas production, while the

increase is much higher at temperatures of 160–180–C (40–100% biogas

production increase).

Treatment time is often mentioned as having a very low influence, and

Dohányos et al. (2004) proposed a very fast thermal pre-treatment, lasting only

1 minute, at a high pressure and temperature (120–170–C, 0.8 MPa, pilot-scale).
Due to the short retention time in the reactor, the cells are disrupted by the shock

pressure, but an inactivation of enzymes does not take place to any great extent.

In thermal pre-treatment from 90–C to 210–C the biogas volume

enhancement was linked to sludge COD solubilisation and the lower the initial

biodegradability, the higher the impact of thermal treatment (Bougrier et al.,

2008). At temperatures above 175–C, in spite of the enhancement of sludge

solubilisation, biogas production may not be enhanced or may even decrease,

because of the formation of products of Maillard reactions (Pinnekamp et al.,

1989), which are difficult or impossible to degrade and it is associated with the

brown color of the supernatant (Bougrier et al., 2007b, 2008).

With a COD solubilisation of 34% and 46% at 135–C and 190–C
respectively, the TS reduction in anaerobic digestion was 35% at 135–C and

49% at 190–C, compared to the untreated sludge (TS reduction of 31% without

thermal treatment) (Bougrier et al., 2007b). However, the authors further stated

that long-term sludge storage may have caused an underestimate of the effect of

thermal pre-treatment in this study.

TS reduction passed from 25% (control) to 43% (150–C) and 52% (170–C) in
the study by Bougrier et al. (2006b).

Thermal hydrolysisþ thermophilic anaerobic digestion

Few studies have analysed thermal pre-treatment þ thermophilic anaerobic

digestion (Gavala et al., 2003; Skiadas et al., 2005; Ramirez et al., 2009).
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With regard to thermal pre-treatment carried out at moderate temperatures

(5100–C), the effect of 70–C (contact time of 2 d) on thermophilic anaerobic

digestion (55–C, HRT ¼ 15 d) of primary and secondary sludge in lab-scale

digesters was investigated by Gavala et al. (2003) and Skiadas et al. (2005).

The process with the thermal pre-treatment step resulted in higher sludge

reduction (43% of VSS) than the control without thermal pre-treatment (6% of

VSS), as a result of the enhancement of the solubilisation of secondary sludge in

the first case. In particular, in the thermally pre-treated line, 33% of VSS was

removed in the thermal pre-treatment, while 10% took place in the anaerobic

digester. The thermal pre-treatment also completely destroyed the faecal

streptococci (chosen as a pathogen indicator) compared to the control which had

a lower pathogen reducing effect.

Passing to a thermal pre-treatment at higher temperatures coupled with

anaerobic thermophilic digestion, a maximum value of sludge biodegradability

and methane production was observed at 165–C (Ramirez et al., 2009).

This result is also confirmed by other studies which showed that a pre-treatment

temperature of 170–C seems to be the limit for the improvement of methane

production. At 220–C the COD solubilisation reached 27% and carbohydrates

in the soluble phase reacted with other components to form products (Maillard

reactions) which are slow or difficult to biodegrade.

A synthesis of the results obtained with thermal treatment and mesophilic or

thermophilic anaerobic digestion is indicated in Table 11.1.

Thermal pre-treatment reduces sludge mass and considerably increases

methane production in mesophilic anaerobic digestion, while the increase is to a

lesser extent for thermophilic anaerobic digestion. Therefore, reduced benefits

are expected when a thermal pre-treatment is applied before the thermophilic

digestion (Appels et al., 2008).

11.7.3 Full-scale applications

Thermal pre-treatment requires the input of a considerable amount of energy for

heating. However, thermal pre-treatment þ anaerobic digestion may result in a

net energy production from the system due to:

(1) increased biogas production, as a result of increased biodegradability;

(2) reduced digester heating requirements.

In practice, sludge heating costs can also be lowered by working with higher

solid concentrations in feed sludge.

Thermal treatment 223



Odorous compounds generally caused by the thermal treatment can be

reduced during digestion of thermally pre-treated sludge (Neyens and Baeyens,

2003).

An example of a thermal treatment at around 190–C, integrated in the

conventional mesophilic anaerobic digestion is shown in Figure 11.5 (Bougrier

et al., 2007b). The thickening of sludge to reach a TS concentration of around

50 g/L is important to reduce heating energy consumption. Sludge passes

through two heat exchangers and undergoes heating to the desidered temperature

(for example 190–C). The aim of the first heat-exchanger is also to cool

thermally treated sludge from 190–C towards 35–C, suitable for anaerobic

digestion, recovering heat to help increase the inlet sludge temperature to

175–C. The hot fluid is water vapour, which condenses in the heat-exchanger

Table 11.1. Performances obtained in thermal pre-treatment prior to anaerobic digestion.

Optimal conditions

Scale T (–C) Contact
time (h)

Results Reference

lab 150–C 0.5 h Increase of methane
production (þ35%)

Li and Noike
(1992)

lab 170–C 0.5 h VSS reduction
(þ30%)

Li and Noike
(1992)

lab 150–C 0.5 h TS reduction 43%
(25% for the
untreated sludge)

Bougrier et al.
(2006b)

lab 170–C 0.5 h TS reduction 52%
(25% for the
untreated sludge)

Bougrier et al.
(2006b)

full 160–180–C 0.5 h VSS reduction
62% (42% for the
untreated sludge)

Pickworthetal.
(2006)

lab 135–C 0.5 h TS reduction 35%
(31% for the
untreated sludge)

Bougrier et al.
(2007b)

lab 190–C 0.25 h TS reduction 49%
(31% for the
untreated sludge)

Bougrier et al.
(2007b)

full 150–180–C 0.5 h VSS reduction
(þ45%)

Chauzy et al.
(2008)
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and is heated again in the boiler by burning methane. Bougrier et al. (2007b)

demonstrated that that energy required for heating in the process can be

positively balanced by biogas production.

The combination of thermal pre-treatmentþmesophilic anaerobic digestion

(fixed-film reactor), aimed at methane production, was studied in 2003–2004 by

Chauzy et al. (2005) in a small full-scale plant (Witry-les-Reims; 2,500 PE;

activated sludge SRT ,15 d). In this process thermal hydrolysis replaces the
hydrolytic step in the anaerobic mesophilic process, which is performed at HRT

53 d. The thermal treatment is applied to a portion of the return flow, coming

from the settler to the biological tank (Figure 11.6). Sludge has been previously

thickened up to 60–80 gTS/L to reduce lysis reactor volume. The treatment takes

place in (Graja et al., 2005):

. thermal unit composed of a heat exchanger and a thermal reactor

(V ¼ 0.23–0.4 m3), running continuously and mixed; gas flow injection

(nitrogen or oxygen) is provided to maintain the pressure inside the

reactor marginally higher than the saturated vapour pressure in order to

Anaerobic
digester

Dewatering

Biogas
boiler

Hot water

35°C

20°C 190°C

200°C

Water 20°C
Biogas

Sludge

Figure 11.5. Scheme of a thermal treatmentþ anaerobic digestion (Bougrier et al., 2007b).
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keep sludge in liquid phase; temperature is set around 175–C and contact
time is 40 min;

. solid/liquid separation of the hydrolysed sludge in a centrifuge;

only the liquid fraction containing most of the biodegradable and

soluble matter enters the fixed-film anaerobic digester to avoid

clogging; the centrifuged solids are recirculated several times in the

thermal unit to optimise the overall solubilisation, before being drawn

out of the system;
. rapid anaerobic digestion unit: the liquid fraction (centrate) from the

dewatering unit, containing soluble compounds and low TSS, is fed

into a fixed-bed anaerobic mesophilic digester (37–C, V ¼ 5.5 m3,

HRT ¼ 3 d) where conversion to biogas take place; the treated effluent

returns to the activated sludge process.

The thermal treatment can be performed at temperatures in the range

150–185–C, pressures of 12–15 bar and contact time of 30–60 min. In this study
87% of sludge production without thermal treatment was treated thermally.

The centrate entering the anaerobic digester was characterised by

14,000 mg/L of soluble COD and its removal was 55%. Oxygen demand in

the activated sludge stage increased by 13%; concentration of solubile COD

and solubile organic N in the effluent increased very slightly due to the

refractory COD produced in thermal hydrolysis and anaerobic digestion (Chauzy

et al., 2005).

Anaerobic
digester

Thickening

Contact reactor

Centrifuge

Excess
sludge

Activated sludge Settler

Biogas

Return flow

Return sludge

Figure 11.6. Scheme of the thermal treatment coupled with anaerobic
digestion of the centrate.
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With respect to an Yobs of 0.45 kgTSS/kgCOD in the control line, in the

thermal line the yield was 0.31 kgTSS/kgCOD (a reduction of 38% calculated by

the authors).

The overall solids removal obtained in the thermally treated line achieved a

52% reduction of TSS according to Graja et al. (2005), to be compared with

the usual 40% TSS reduction in 15–20 d obtained by conventional anaerobic

digesters.

A further advantage, is the improvement in sludge dewatering, obtaining a

dry content of more than 35% (Chauzy et al., 2005), due to the lower viscosity of

thermally hydrolysed sludge (photographically demonstrated by Graja et al.,

2005), which makes it very easy to manage.

The process described above is considered as a prototype of the following

commercial system.

The BioThelys1 process (developed by Veolia Water) is a thermal hydrolysis

process, proposed for enhancing the mesophilic anaerobic digestion of

municipal or industrial sludge (Chauzy et al., 2008). The first BioThelys was

installed at Saumur in France (60,000 AE; 2 reactors for thermal hydrolysis of

4.6 m3), and started operations in 2006. The thermal hydrolysis of sludge is

realised by batch, by steam injection at a temperature of 160–C (150–180–C)
for about 30 min (Figure 11.7). The subsequent mesophilic anaerobic digestion

(500 m3) of hydrolysed sludge is done with an HRT of 15 d and enhances

VS reduction by 45% compared to the system without thermal hydrolysis.

The increase of biogas production can even make anaerobic digestion suitable

for the treatment of secondary sludge alone instead of (as conventionally done)

mixed (primary þ secondary) sludge.

Despite the advantages (greater biodegradability of thermally treated sludge,

pathogen inactivation, enhanced dewaterability), one drawback is related to the

high strength return flows recirculated to the wastewater handling units after

dewatering.

Another similar process, available at full-scale (thermal hydrolysisþ anaero-

bic digestion) is the Cambi process (developed by the Norwegian company

Cambi AS), which aims to give a safe, stockable and stable final product.

The Cambi process was first installed at the start of 1993 as a pilot plant.

The first full-scale application of the Cambi as a thermal hydrolysis pre-

treatment before anaerobic digestion (HRT of 15 d) was built in Hamar

(Norway) and has been in operation since 1995. Today the digested and

disinfected sludge produced in this plant is used 100% in agriculture and land

reclamation (Kepp et al., 2000).
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The process operates at 160–180–C by means of steam, at 10 bar and 30 min

contact time. Hydrolysis takes place in three steps (Figure 11.8; Kepp et al.,

2000):

(1) pulper

(2) contact reactor

(3) flash-tank

and then, the hydrolysed sludge is pumped into the anaerobic digester at 10–12%

dry content and this solid concentration allows 50% of digester volume to be

saved.

Wastewater

Activated
sludge

Settler

Thickening Contact
reactor

Anaerobic
digester

Dewatering

Filtrate

Return sludge

Biogas

Cogeneration

Steam

Figure 11.7. Scheme of the thermal hydrolysis process (such as BioThelys1) integrated
in the sludge handling units.

Biogas

Hot
water

Steam
Anaerobic
digester

Dewatering

Pulper Flash-tank

Contact
reactor

Centrifuge

Sludge

Thermal hydrolysis

Figure 11.8. Scheme of the thermal hydrolysis process (such as Cambi) integrated in the
sludge handling units (Kepp et al., 2000).
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Considering thermal pre-treatment þ anaerobic digester, it results in solid

solubilisation of around 30%, 1.5-fold increase in biogas production and a 50%

reduction of volume of dewatered sludge, ensuring good disinfection (Weemaes

and Verstraete, 1998; Ødegaard, 2002; Kepp et al., 2000). The degree of

stabilisation (as COD) reached 59% compared to a typical 40% in anaerobic

digesters without thermal-treatment (Kepp et al., 2000).

Pickworth et al. (2006) found a VSS reduction in the Cambi system of 62%

compared to 42% in anaerobic digestion alone.

11.8 MICROWAVE TREATMENT

Interest in the use of microwaves for heating instead of conventional thermal

methods, has grown in recent years due to the significant reduction in reaction

times and energy requirements (as a result of much lower thermal losses in

transferring energy).

In fact, in conventional heating, in which heat is transferred from the heating

device to the medium, performance depends on thermal conductivity, temperature

gradients and convection. Conversely, in microwave irradiation, heating occurs

throughout the medium in a very rapid way, but localized superheated regions

(hot spots) can occur in the medium heated (Eskicioglu et al., 2007c).

Microwaves are characterised by wavelengths of 1 cm–1 m and fre-

quencies of 30 GHz–300 MHz. To avoid interference with telecommunications

and cellular telephone frequencies (872–960 MHz), the heating applica-

tions generally use a frequency of 2450 MHz, which can be freely used in

industrial applications without requiring special permits (Eskicioglu et al.,

2007a, 2007c).

Microwave irradiation in the field of WWTPs has recently been proposed

as an innovative sludge pre-treatment before anaerobic digestion, aimed at the

enhancement of digestion performance, the improvement of dewaterability

and pathogen inactivation. Analogously to conventional heating, microwave

application to sludge has the following effects:

– disintegration of biological flocs,

– high level of sludge solubilisation, EPS solubilisation

– lysis of bacterial cells, release of intracellular constituents and bound

water.

In the literature, the effect of microwaves on microorganisms is not yet fully

understood. The damage and death of organisms can theoretically be due to two

effects (Eskicioglu et al., 2007a):
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(1) thermal effect due to the heat generated by the rotation of dipole

molecules under the oscillating electrical field;

(2) athermal effect (also known as nonthermal or microwave effect), which

is caused by polarized parts of macromolecules aligning with the poles

of the electromagnetic field (orientation) potentially resulting in the

breakage of hydrogen bonds.

Both the thermal (heating) and the athermal effect (orientation) break the

polymeric network of sludge flocs and may cause cell death. Therefore, due

to the potential athermal effect, cells undergoing exposure to microwave

treatment may be theoretically subjected to greater damage compared to cells

conventionally heated to the same temperature. However, these two effects are

not always distinguishable from each other, and it is not yet clear which of

them is prevalent (Eskicioglu et al., 2007a).

In the literature there are varying and divergent opinions on the extent of

sludge solubilisation, biogas production rate and VS reduction obtained through

microwave treatment compared to conventional heating at the same temperature.

Pino-Jelcic et al. (2006) found better performance for microwave applications,

while Eskicioglu et al. (2006; 2007b) reported higher solubilisation and greater

biodegradation with conventional heating due to the longer exposure times

required to reach the desired temperature.

In fact, Eskicioglu et al. (2006) observed that the level of increase in soluble

COD, soluble sugar, soluble protein and soluble VFA was different for sludge

treated by microwave and conventional heating (carried out up to the same

maximum temperature of 96–C but with different contact time), and, in

particular, higher COD solubilisation and higher cumulative biogas production

was obtained from conventional heating.

In a subsequent work, Eskicioglu et al. (2007a) suggested that a correct

comparison between microwave treatment and conventional heating has

to be performed imposing identical temporal heat temperature profiles.

This comparison was carried out by the authors with the aim of correctly

evaluating the potential athermal effects of microwaves. Applying 50–96–C,
similar COD solubilisation was observed for the two types of treatment,

resulting in no discernable microwave athermal effect. However, the improve-

ment of biogas production for microwave treated sludge seems to be related to

an athermal effect on the mesophilic anaerobic biodegradability of sludge.

Sludge solubilisation due to microwave irradiation has been reported in

several investigations and a comparison of some results is shown in Figure 11.9,

compared to data of conventional thermal treatment in the same range of

temperature (data of Figure 11.1).
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There is a quite linear relation between microwave temperature and the

solubilisation level. Microwave induced a COD solubilisation up to 25% at

temperatures of up to 180–C (the initial soluble COD was substracted in the

calculation of COD solubilisation).

COD solubilisation of excess sludge increased from 8% in the control to 18%

after microwave pre-treatment carried out at 72.5–C (þ10%) (Hong et al., 2006).
COD solubilisation of þ17% and þ19% was reported for excess sludge

microwave irradiated to 91–C and boiling temperatures, respectively (Park et al.,
2004b). Park et al. (2009) indicates that COD solubilisation increase from 6.9%

(control) to 8.0–17.5% after microwave pre-treatment at 60–120–C.
However, only in the temperature range of 50–120–C, a similar level of

solubilisation between microwave heating and conventional thermal treatment

can be observed, while for higher temperatures this latter is more efficient.

Although data is available in the literature on sludge solubilisation, as far

as we know, microwave technology has not yet been successfully applied at

full-scale scale.
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Figure 11.9. COD solubilisation by microwave heating, compared to data from
conventional thermal treatment in the same temperature range shown in Figure 11.1.
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