Pre-print of: Ponsa, S., et al. "Optimization of the hydrolytic-acidogenic anaerobic digestion stage
(55°C) of sewage sludge : influence of pH and solid content" in Water research, vol. 42, issue 14 (Aug.
2008), p. 3972-3980. Changes may have been made to this work since it was submitted for
publication. A definitive version was subsequently published in DOI 10.1016/j.waters.2008.07.002

1

10

11

12

13

14
15

16

17

18

19

20

21

Optimization of the hydrolytic-acidogenic anaerobic digestion stage (55

°C) of sewage sludge: influence of pH and solid content

Sergio Ponsd', Ivet Ferrer’, Felicitas Vdzquez' and Xavier Font'*

'Composting Research Group
Department of Chemical Engineering
Escola Tecnica Superior d’Enginyeria
Universitat Autonoma de Barcelona

Bellaterra (Cerdanyola del Valles, 08193-Barcelona, Spain)3

*Environmental Engineering Division

Department of Hydraulic, Maritime and Environmental Engineering
Technical University of Catalonia

C/ Jordi Girona 1-3 (08034-Barcelona, Spain)

? Institute of  Biotechnology and Biomedicine Universitat Autdonoma de Barcelona, Bellaterra

(Cerdanyola del Valles, 08193-Barcelona, Spain)

*Corresponding author:

Xavier Font

Tel.: (34) 93 5814480; Fax: (34) 93 5812013; E-mail: xavier.font@uab.cat

Abstract:
In conventional single-stage anaerobic digestion processes, hydrolysis is regarded as the

rate limiting step in the degradation of complex organic compounds, such as sewage
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sludge. Two-stage systems have been proposed to enhance this process. However, so far
it is not clear which are the best conditions for a two-stage anaerobic digestion process
of sewage sludge, in terms of temperature and hydraulic retention time of each stage.
The aim of this work was to determine the optimal conditions for the hydrolytic-
acidogenic stage treating real sludge with a high concentration of total solids (40-50 g
L") and volatile solids (25-30 g L"), named high concentration sludge. The variables
considered for this first stage were: hydraulic retention time , (1 to 4 days) and
temperature (55 and 65°C). Maximum volatile fatty acids generation was obtained at 4
days and 3 days hydraulic retention time for 55°C and 65°C, respectively.
Consequently, 4 days hydraulic retention time and temperature of 55°C were set as the
working conditions for the hydrolytic-acidogenic stage treating high concentration
sludge . The results obtained when operating with high concentration sludge were
compared with a low concentration sludge low concentration sludge consisting of 17-28
g L' Total Solids and 13-21"g L Violatile Solids. The effect of decreasing the influent

sludge pH, when working at the optimal conditions established, was also evaluated.

Keywords: Anaerobic digestion; hydrolysis-acidogenesis; thermophilic; two-stage

process, volatile fatty acids; waste sludge.
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Abbreviations

HRT: Hydraulic Retention Time (d™"

TS: Total Solids (g-L™)

VS: Volatile Solids (g-L™)

HCS: High Concentration Sludge

LCS: Low Concentration Sludge

VFA: Volatile Fatty Acids

H-A: Hydrolytic-Acidogenic

WWTP: Wastewater Treatment Plants

CSTR: Continuously Stirred Tank Reactor

COD: Chemical Oxygen Demand (g kg™)

OLR: Organic Loading Rate (g VSt (Lreactor-day)'l)
PCO,: CO; content in the biogas (%)

SBP: Specific Biogas Production (L biogas (g VSfed)'l)
VSR: Volatile Solids Removal (%)

VFAP: Volatile Fatty Acid Production (g VFA produced-(g VSia)™h)
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1. Introduction

The residue generated during the primary, secondary and tertiary wastewater
treatment is often called “sludge”. Anaerobic digestion is an appropriate technique for
the treatment of sludge before its final disposal and it is employed worldwide as the
oldest and most important process for sludge stabilization (Metcalf and Eddy, 1991;
Mata-Alvarez et al., 2000).

The microbiology of anaerobic digestion is complicated, involving several
bacterial groups forming a complex interdependent food web. However, four major
steps can be distinguished. In the first hydrolysis step, both solubilisation of insoluble
particulate matter and biological decomposition of organic polymers to monomers or
dimmers take place. Acidogenesis and acetogenesis follow in the second and third step
while in the fourth and final step, methane is produced by methanogenic population
(Pavlostathis and Giraldo-Gomez, 1991).

In a conventional” single-stage anaerobic digestion process, hydrolysis,
acidogenesis, acetogenesis and methanogenesis all take place in the same reactor. To
maintain a favourable environment for the mixed culture of microorganisms in such a
reactor, volatile fatty acids (VFA) production and utilization must be balanced. At short
retentions times, VFA production could exceed the utilization, leading to reactor failure
(Harper and Pohland, 1986; Siegert and Banks, 2005). Because the metabolic
characteristics and growth rates of the methanogenic and acetogenic bacteria are
different, two-stage anaerobic processes to separate VFA and methane forming stages
have been proposed to optimize each stage (Pohland and Ghosh 1971; Elefsiniotis and
Oldham, 1994; Bhattacharya et al., 1996; Veeken and Hamelers, 1999; Shana et al.,

2002; Oktem et al., 2006)
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Hydrolysis is reported as the rate limiting step of anaerobic digestion of semi-
solid wastes as sewage sludge, whereas methanogenesis is considered rate-limiting for
fermentation of soluble substrates (Eliosov and Argaman, 1995; Gavala et al., 2003).
Although, the specific operational conditions for acetogenic-methanogenic stages have
been extensively studied, relevant literature on the acidogenic stage is still scarce. Few
studies report optimal conditions for the hydrolytic stage, besides in all of them very
low TS (5-10 g L") and sometimes synthetic substrates are used (Shana et al., 2002; Yu
et al., 2003). There is a lack of knowledge about operation conditions of acidogenic
reactors fed with a real mixture of primary and secondary sludge with high TS and high
VS concentrations. However, it is known that for a good performance of such reactors,
methanogenic activity must be low. For this reason, short retention times are generally
used in hydrolytic-acidogenic (H-A) reactors, since they favour the washing out of
methanogenic microorganisms. Besides, neither high. VFA concentrations nor high
temperatures favour the growth of these microorganisms (Bhattacharya et al., 1996).
Moreover both, temperature and HRT are important control parameters which can be
manipulated causing considerable effects on the hydrolytic products (Elefsiniotis and
Oldham, 1994, Metcalf and Eddy, 1995; Veeken and Hamelers, 1999; Ahn and Foster,
2000; Zabranska, 2000; Ahring et al., 2001). Additionally, a thermophilic range of
temperatures is generally used in the acidogenic reactor operation since it results in a
biochemical reactions rate acceleration and higher growth rate of microorganisms that
means a higher hydrolytic rate (Pavlostathis and Giraldo-Gomez, 1991; Veeken and
Hamelers, 1999; Lu, et al., 2007).

Many authors have also reported the influence of pH on the hydrolytic-
acidogenic stage (Zoetemeyer et al., 1982; Joubert and Britz, 1986; Henry et al., 1987;

Kisaalita et al., 1987; Yu et al., 2003; Massanet-Nicolau, J. et al., 2007), concluding
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that a slightly acid pH, close to 6, improves the working conditions for hydrolytic-
acidogenic bacteria.

Sludge production in wastewater treatment plants is not constant, and neither are
its characteristics, since daily precipitation, amongst others, directly affects the sludge
solids content (De la Rubia, 2003). Moreover, in some cities, population varies in
thousands of people depending on the season and the amount of wastewater treated in
wastewater treatment plants (WWTP) fluctuates accordingly, which directly affects
sludge characteristics in terms of solids content (De la Rubia, 2003).

The aim of this work is to investigate the thermophilic anaerobic hydrolysis of
waste sludge of different solid content by providing optimal growth conditions to

different anaerobic populations in a H-A reactor.

2. Materials and Methods
2.1 Acidogenic reactor

Experiments were carried out in a stainless steel continuously stirred tank
reactor (CSTR) with a working volume of 4 L. The reactor was provided with a gas
collection unit, an influent and effluent line and was operated continuously over a
period of approximately 360 days. The reactor was mechanically mixed by stainless
steel paddles on a central shaft operated at constant speed by an electric motor with a
speed controller. The temperature was maintained constant at 55+1 or 65+1°C,
depending on the experiment, by using a heating tape (Entesis, 200 W, Spain) wrapped
around the vessel and, a temperature digital controller (Osaka OR-31, Japan).

The reactor was kept under the same working conditions for a period
corresponding to at least 3 HRT, ensuring steady-state conditions, and maintained for at

least 3 more HRT for data collection. The reactor was operated in a semi-continuous
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way- A mixture of 25% primary and 75% secondary real sludges was fed to the reactor

3 times per day.

2.2 Sewage sludge and inoculum characteristics

Low Concentration Sludge (LCS) and High Concentration Sludge (HCS) were
obtained from two different municipal wastewater treatment plants near Barcelona
(Spain) and stored at 4°C. Working ranges for TS and VS content in LCS were 17-28 g
L and 13-21 g L™ respectively, whereas for HCS, TS content was 40-50 g L™ and VS
content was 25-30 g L. A mixture 1:3 primary to secondary sludge was used in all
experiments. Inoculum was obtained from a single-stage laboratory anaerobic digester
which had been working for over 1 year with LCS. Main characteristics of inoculum are

shown in Table 1.

2.3 Efficiency parameters

Optimal conditions for the H-A process were determined by comparing process
performance at 4 different HRT (1, 2, 3 and 4 days) and 2 temperatures within the
thermophilic rante (55 and 65 °C). Influent acidification was also considered as an
improving option for the H-A reactor performance.

Efficiency parameters considered were CO, content in biogas, specific biogas
production (SBP), VS removal and VFAproduction (VFAP). The latter was considered
as the key parameter since it is the main acid-stage product reflecting the organic matter

that has been hydrolyzed. VFA generation was expressed as g VFA jroduced(g VStea)

2.4 Analytical methods
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TS and VS content, total COD, total alkalinity, were determined according to
Standard Methods (APHA, 1999). VFA were determined by gas chromatography
(Perkin Elmer Autosystem XL Gas Cromatograph) with a flame ionization detector and
a capillary column (J&W Scientific High Resolutions Gas Cromatography Column, 30
m, inner diameter 025 mm, film 0.25um) and oven, injector and detector temperatures
of 130°C, 250°C and 260°C respectively. Biogas composition was also determined by
gas chromatography (Perkin Elmer Autosystem XL Gas Cromatograph) with a stainless
silica column (HAYESEP D 3m, 1/8” inner diameter and oven, injector and detector
temperatures of 70°C, 150°C and 180°C respectively.

Statistical significance of values of different parameters obtained during each
experimental condition was carried out by means of F-test (variance analysis) and

Student’s t-test (mean analysis) using a 5% of significance level.

3. Results and discussion
3.1 Hydrolytic specialization stage

Since the inoculum used for these experiments came from a single stage
digester, the transition from a methanogenic to a hydrolytic reactor (specialization
stage) was considered of particular importance for the development of the hydrolytic
process.

Initially a 10 days HRT was used since it was the operating HRT of the
inoculum source reactor. In order to wash out the methanogens, consequently obtaining
a specialized acidogenic bacteria population, HRT was progressively reduced until a
sharp decreasein SBP and a rise in VFA generation were reached (Figure 1, HRT 5-4

days).
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During the acid-stage bacteria specialization, HRT was reduced progressively
from 10 to 4 days using LCS as feeding material. The main feeding characteristics
during this experimental length are presented in Table 1. When reducing the HRT a
drop in the biogas production and VS removal would be expected provided that
hydrolysis is enhanced because the methanogenic population became growth limited.
On the other hand, an increase in the PCO, in biogas and VFA accumulation would also
be expected since they are the main acid-stage products.

Evolution of specialisation parameters in the H-A reactor during bacteria
specialization is shown in Figure 1. From this Figure it can be observed that VS
removal followed a decreasing pattern when reducing the HRT with values from 30%
and 38%, as expected.

As shown in Figure 1, SBP followed an increasing tendency with decreasing
HRT from 10 to 5 days. However, when HRT was reduced from 5 to 4 days, a
significant drop in the SBPfrom 0.140 to 0.059 Lhiogas(g VSta)' was registered. The
reason for this profile may be explained as follows. Assuming that, at 10 days HRT
(OLR of 2.1 g VSgeq (Lrcaciord) "), anaerobic bacteria were able to rapidly degrade easily
biodegradable organic matter, obtaining the corresponding biogas. In a similar manner,
at 7 and 5 days HRT (OLR of 3.0 and 4.2 g VSt (Licactor'd) ™, respectively) anaerobic
microorganisms were still able to degrade the easily biodegradable organic matter that
was fed to the system, and consequently when more VS were fed, more biogas was
produced. Since VSR rate at 10, 7 and 5 days HRT were 0.81, 0.92 and 1.2 g
VSremoved' (Lreactor'd)”’ respectively, SBP increased accordingly. The critical step was the
HRT reduction from 5 to 4 days, when a considerable drop in the SBP was observed. As
a portion of the VS fed may be readily degradable organic matter, when reducing HRT

(increasing OLR) the VFAP coming from this readily degradable organic matter may
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increase accordingly. At these working conditions, methanogenesis should become the
limiting stage (Zahller et al. 2007). Therefore, it could mean that at these conditions,
methanogenic population became growth limited and were being washed-out of the
system.

PCO; increased when reducing the HRT because methanogenic microorganisms
which are methane producers were being washed-out of the digester. Nevertheless a
certain percentage of methane was always detected in the biogas, due to the continuous
re-inoculation with methanogenic microoganisms contained in the raw sludge fed.

VFA generation followed an increasing tendency with decreasing the HRT.
Variation was from 0.004 g VFAroduced(g VSga)" at 10 days HRT to 0.017-0.019 g
VFA produced(g VSfed)'l at 5 and 4 days HRT respectively. This may indicate that
biochemical equilibrium between anaerobic populations was disrupted and became
unbalanced as HRT decreased.

The main goal of the specialization stage was to verify the biological reactions
imbalance that suggested that methanogens were limited (inhibited or washed-out of the
system). To our knowledge no references on methanogens inhibition by VFA in sewage
sludge anaerobic digestion processes have been reported. However, some authors have
reported data to recognize anaerobic digester destabilization and methanogen’s growth
limitation using VFA as indicators treating different wastes such as synthetic media
(Marchaim and Krause, 1993; Hanaki, 1994; Wu et al., 1995) (Kugelman and Chin,
1971; wastewaters (Boardman et al., 1995); swine wastes (Hill and Holmbert, 1998).
VFA are easily lab measurable parameters which can give essential process information.
Comparing limit VFA concentrations reported in the literature (taking into account that
they were not obtained for sludge anaerobic digestion) with those obtained in the

present work, it can be observed that acetic acid concentration (maximum value of 0.5 g

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

L") was always below the failure concentration limit of 0.8 g L™ (Hill and Holmbert,
1998). However, the propionic to acetic acid ratio (maximum value of 4.5 at 4 days
HRT) was always above the limit of 1.4, indicative of the one-stage anaerobic digester
destabilization (Hill and Holmbert, 1998). Effluent concentration of iso-butiric and iso-
valeric acids were always above the limits proposed by Wu (1995) and Boardman
(1995) (0.005 g L™ and 0.015 g L™, respectively), and reached maximum values of 0.6
g L™, also indicating one-stage anaerobic digester destabilization.

Hill and Holmert (1988) established that methane yields below 0.25 g CHua(g
VSra)! were indicative of anaerobic digester instability. In this work, during the
specialization period, methane yield never exceeded 0.14 g CHi(g VSga)', thus
indicating that methanogenic population were limited at all HRT.

Methane production is affected by physic—chemical conditions in the digester.
Bacterial activity may be inhibited by either reaction substrates or products when they
are present in extreme concentrations. For example, high VFA concentrations in the
system cause the inhibition of methanogenesis. Under conditions of organic
overloading, and in presence of inhibitors, methanogenic activity cannot remove
hydrogen and volatile organic acids as quickly as they are produced. The result is the
accumulation of acids, the depletion of buffering capacity and the depression of pH to
levels that also inhibit the hydrolysis/acidogenesis stage. It has also been shown that
even when process pH is optimal, accumulation of VFAs may contribute to reduce the
rate of hydrolysis of organic solids, or even to inhibit it at extremely high levels (>10 g
L") (Palmisano and Barlaz, 1971). In addition, Kugelman and Chin (1971) established
that methanogens were inhibited at acetic acid concentrations of 6 g L', whereas
Hanaki (1994) established 3.2 g L' as the propionic acid concentration limit for

methanogenic inhibition. Siegert and Banks (2005) established that anaerobic digestion

11
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was evidently inhibited when VFA concentration was over 6 g L. However, theses
considerations have to be taken into account when operating in the same working
conditions (same substrate, alkalinity, pH and temperature) otherwise the limits
established can vary moderately. During the specialization stage, acetic acid, propionic
acid ant total VFA concentrations never exceeded 0.73 g L', 125 g L and 2.41 g L'
respectively. Therefore, it could be stated that the unique reason for methanogens

limitation was the wash-out of the system and not the VFA inhibition.

3.2 Experiments with low TS and VS concentration sludge (LCS).

Once the results indicated that the prevalent population in the reactor was
hydrolytic bacteria, optimal working conditions (in terms of HRT) for the H-A reactor
were sought.

VFA generation, SBP, PCO, and VSR for the operational conditions assayed
with LCS are shown in Figure'l. As it can be seen, VFAP further increased while
decreasing HRT, whereas VSR decreased as HRT decreased. Maximum VFAP of 0.059
g VFAproduced (8 VSta)', was obtained at 1 day HRT. This value was statistically
different from the results corresponding to all the other HRT assayed. Once hydrolytic
conditions have been reached, HRT < 4 days, the maximum VSR of 36% was obtained
at 4 days HRT, being statistically equal to that obtained at 3 days HRT. PCO, was close
to 55% in all the experiments with a slight decreasing tendency when increasing HRT,
reaching a minimum value of 57% at 1 day HRT. SBP followed a decreasing tendency
when decreasing HRT reaching the maximum, value of 0.140 1 biogas - (g VSfed)”

working at 4 days of HRT.

12
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Statistical analysis of obtained results is shown in Table 2. According to these
analyses, best working conditions (those which allow maximum hydrolysis of organic
matter, thus maximum VFA generation) correspond to 1 day HRT.

Furthermore, influent acidification in the H-A reactor was carried out to assess
its effect on organic matter solubilisation when working at 1 day HRT since it has been
shown (Yu et al., 2003; Massanet-Nicolau, J. et al., 2007) that low pH values in H-A
stage improve hydrolysis. The results for influent acidification operation are shown and
compared with normal influent operation in Table 3. Neither VFAP nor VSR were
improved with influent acidification. Therefore, this option was discarded for H-A
reactor operation. VFA concentration never exceeded inhibition levels during the length

of this experimental stage.

3.3 Experiments with high TS and VS concentration sludge (HCS).

In order to acclimatize anaerobic microorganisms to HCS, the HRT of the H-A
reactor was set to 4 days and HCS was fed for more than 1 month, until control
parameters were stabilized. The main feeding characteristics during this experimental
length are presented in Table 4.

The results obtained when working with HCS at 4, 3, 2, and 1 day HRT are
shown in Figure 2. A maximum value for VFA production of 0.108 g VFAoduced(g
VSrq) ! is observed when working at 4 days HRT, being this value statistically different
from all the others (Table 5). A significant decrease in VFAP is observed when HRT is
reduced from 4 to 3 days, probably due to the wash-out of part of the hydrolytic
consortium, and it remains almost constant in subsequent HRT reductions. VSR is

within the range of 20-25% during the whole experiment, with no significant variations.

13
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PCO,; fluctuated between 59% and 75%. However, the only statistical differences were
found between 4 and 3 days HRT.

Table 5 shows the statistical analysis of these results. Since maximum VFAP
was obtained at 4 days HRT and this result is statistically different from all the other
results obtained at the other HRT assayed, it can be established that the best working
conditions, in terms of organic matter solubilisation, were found at 4 days HRT.

These results differ from those obtained for LCS possibly due to an increasing of
organic loading rate, from 5.3 g VSgd(Lrcactord)” for LCS at 4 days HRT to 7.8 g
VSted(Lreactord)”’ for HCS at 4 days HRT). Another possible explanation may be the
inhibition exerted by the VFA produced. It should be noticed that OLR for optimal
working conditions for LCS was 13 g VSgd(Lcactord) whereas for HCS was 7.8 g
VSted(Lreactord)’. At these optimal conditions VFAP rate for LCS was 3.06 g
VFApmduced(LreactOrd)'1 and 3.34 g VFApmduced(Lreacmrd)'1 for HCS and the VSR in terms
of VS removed(Licactord)” were'3:22:for ECS and 1.96 for HCS.

To compare similar OLR for the two solid contents assayed, results from HRT
of 2 days for LCS and 4 days for HCS were used. Under these working conditions, OLR
was 7.0 and 7.8 g VSged(Lrcaciord) ™' respectively. Corresponding VFAP rates were 1.06 g
VFA(L reaciord)”’ for LCS and 2 days HRT and, 3.34 g VFA(Lreactord)” for HCS and 4
days HRT. These results indicate that the higher is the concentration in the feed, the
higher the VFAP rate should be.

Influent acidification was also assessed with HCS. The results and the
corresponding comparison are presented in Table 3.As it can be observed, neither VFA
production nor VS removal increased at lower influent pH, thus influent acidification
was also discarded as an alternative to improve the process. At the different HRT

assayed, differences in VFAP were statistically significant while no significant

14
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differences were found for VSR. These results suggest that under the experimental
conditions assayed, preacidification had a negative effect since it resulted in a 35%
reduction in VFAP.

Some authors have reported that high temperatures improve the hydrolytic
reactions kinetics (Gavala et al., 2003, Kuo and Cheng, 2007). In order to further
improve the H-A performance, a working temperature of 65 °C, was set up in the
reactor and the results obtained are showed in Figure 3 and Table 6. VSR followed an
increasing tendency, reaching the maximum and statistically different value of 33%
when working at a 4 day HRT, meanwhile PCO; fluctuated between 62% and 70%. The
maximum VFAP of 0.097 g VFA jroduced’ (g VSta) was registered at 3 days HRT, but it
is not statistically different from the production obtained at 4 days HRT (0.091 g VFA
produced” (& VSta)') and from the one obtained at 4 days and 55°C (0.108 g VFAroduced’ (g
VSga) ).

Some facts have to"be taken into account to establish the optimal working
conditions in terms of HRT and temperature. It has been proved that a higher
temperature improves (or at least statistically maintains) organic matter solubilisation
during hydrolysis, expressed as VFA produced. However, working at higher
temperatures conveys higher economical costs. In order to balance out the cost of higher
temperature, a shorter HRT should be established. An economical analysis may be
required to assess whether smaller reactor volume due to 1 day HRT reduction could
compensate the energy expenses of 10°C temperature increase

As a general discussion, if the results of this work were to be applied in a treatment
plant, where the solid concentration at the entrance of the H-A reactor could be
modified, for a given VS concentration, LCS process would allow treating the same
amount of VS but in half the process time than HCS process, since the OLR (13 g

VSfed(Lreactor-day)'1) for the former is almost twice the OLR for the latter (7.8 g

15
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VSfed(Lreactor'day)'1. However, these solids would be hydrolysed to a lesser extend, as
demonstrated by the corresponding VFAP 0.56 (g VFA produced-(g VSieq)"') and 0.108
(g VFA produced-(g VSieq)") for LCS and HCS, respectively, in spite VFAP rate being
similar in both processes. If less hydrolysed solids were to be obtained in the H-A
reactor, this probably would mean that longer times would be needed in the
subsequent anaerobic digestion to meet the required VS removal. In consequence, an
economic analysis of the process would necessary comprise both stages, the H-A and

the anaerobic digestion.

4. Conclusions

The results obtained in this work can be used to establish the best working conditions
for the Hydrolytic-Acidogenic stage when treating sewage sludge of different solid
content. These results indicated that maximum Volatile Fatty Acids Production for Low
Concentration Sludge was obtained at 1 day Hydraulic Retention Time and an Organic
Loading Rate of 13.0 g VSwa(Lwacorday)” , whereas for High Concentration Sludge
maximum Volatile Fatty Acids Production was obtained at 4 days Hydraulic Retention
Time and an Organic Loading Rate of 7.8 g VSga(Lreactorday)’. Moreover, influent
acidification did not increase Volatile Fatty Acids Production with either Low
Concentration Sludge or High Concentration Sludge sewage sludge feeding while a
higher operating temperature of 65°C did not improve Volatile Fatty Acids Production
when treating High Concentration Sludge.

The findings of this study can be used to optimise the Hydrolytic-Acidogenic stage
when treating sewage sludge of different solid content. However, in order to assess their
impact on the overall process, particularly on the process economics, both stages, the

hydrolysis-acidogenic and the anaerobic digestion stage, should be considered.
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Figure Legends

Figure 1: Hydrolytic-acidogenic anaerobic digestion stage of LCD at 55 °C. Volatile
solid (VS) removal, CO, content in biogas, volatile fatty acid (VFA) generation and
biogas production (SB) as function of HRT.

Figure 2: Hydrolytic-acidogenic anaerobic digestion stage of HCS at 55 °C. Volatile
solid (VS) removal, CO; content in biogas, volatile fatty acid (VFA) generation and
biogas production (SB) as function of HRT.

Figure 3: Hydrolytic-acidogenic anaerobic digestion stage of HCS at 65 °C. Volatile
solid (VS) removal, CO, content in biogas, volatile fatty acid (VFA) generation and

biogas production (SB) as function of HRT.
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