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a  b  s  t  r  a  c  t

There  is  a great  interest  in  implementation  of aerobic  granular  sludge  (GS)  technology  in full-scale  facil-
ities;  however,  there  is  little  data  on the potential  of waste  GS for biogas  production.  Therefore,  biogas
potential  tests  (GP21) were  performed  in  mesophilic  conditions  at different  organic  loading  rates  (OLRs)
with  GS,  excess  activated  sludge  (AS),  and  their  mixtures  with  primary  sludge  (PS:GS and  PS:AS)  as
substrates.

The study  has  shown  that  chemical  composition  of  GS,  especially  the  content  of lignocellulosic  sub-
stances  (hard-to-biodegrade  lignin  comprised  ca.  54%  of fibrous  materials),  determined  the  biogas
potential  that  was  1.8  time  lower  than  that  of AS. GS produced  about  320–410  dm3/kg  TS, (depend-
ing on  OLR)  with  the  methane  content  of  about  56.7–59.5%.  Rate  constants  of  the  biogas  production  were
typical  for substrates  with  high  fibre  and  lignin  content  (0.05–0.08  d−1).

It  has  been  shown  that  the  improvement  of  biogas  potential  and  biogas  composition  in  terms  of
methane  content  could  have  been  obtained  by co-digestion  of GS and  AS  with  PS. Co-fermentation  of
PS:AS  and  PS:GS  mixtures  generated  biogas  with  higher  methane  content  and  at  a  higher  rate  constant
than  AS  or  GS  alone.  The  results  should  be  valuable  for both  scientists  and operators  of commercial  biogas
facilities.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Sewage sludge disposal is an economic problem because it cur-
rently constitutes up to 50% of the operating costs of a municipal
wastewater treatment plant (WWTP). The result of the imple-
mentation of Urban Waste Water Treatment (UWWT) Directive
91/271/EC [1] in European countries and improvement of their
wastewater collection and treatment systems is an increase in the
production of sewage sludge.

Sludge production differs markedly in European countries, and
this depends on various factors, such as the number of residents and
WWTPs, and the type of technology involved. The highest sludge
production was observed in Germany, the United Kingdom, Spain,
France and Italy (1053–2170 thousand tons of dry weight per year).
These countries contribute almost 73% of the total sludge produced
in old Member States of the European Union. Regarding new Mem-
ber States, Poland was  the greatest sludge producer, producing
almost 42% of total sludge, while Malta was the smallest (0.1 thou-

∗ Corresponding author.
E-mail address: bernat@uwm.edu.pl (K. Bernat).

sand tons of dry weight/year) [2]. The amount of sludge produced
in municipal WWTPs in Poland in 2015 reached over 530 thousand
tons dry weight. Because wastewater treatment plants and sewage
networks are subject to gradual modernization and expansion, it
is estimated that in the next ten years the mass of sewage sludge
that will be produced in Poland may  be even 1.5 times greater. It
is supposed that the implementation of UWWT  Directive [1] will
cause an increase in annual sewage sludge production in European
Union countries to over 13 million tons dry weight by 2020 [3].

One method for stabilizing the organic matter in the sludge
and hygienizing it is anaerobic digestion, which has been used at
wastewater treatment plants for decades. This well-known, effec-
tive and environmentally sustainable technology enables energy
to be produced as heat and electricity, stabilizes the sludge and
reduces its volume.

Typical sewage sludge comprises primary sludge separated from
wastewater during pre-settling and biological excess sludge from
the activated sludge system. The characteristics of sewage sludge
and its biogas productivity differ somewhat in different coun-
tries and areas due to factors such as water consumption, type
of wastewater treated, the share of industrial wastewater, and
the methods of wastewater treatment and sludge management.
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Sludges from municipal WWTP  are characterized by a relatively
low C/N ratio and high buffer capacity [4,5]. Some studies have
been carried out to optimize the C/N ratio for anaerobic digestion.
For instance, Wu et al. [6] reported that anaerobic digestion was
most efficient when the feedstock had a C/N ratio of 20; Panich-
numsin et al. [7] found that methane yield was highest when the
feedstock had a C/N ratio of 33; whereas, Zhang et al. [8] found that
a C/N ratio of 16 was optimum.

Total solids (TS) content in sludge is usually low and sludge vol-
ume  is high unless some of the water is removed prior to sludge
treatment. The volume of the sludge can be reduced by dewatering
and degradation of its organic contents during biological stabiliza-
tion. The nitrogen and phosphorous contents of the product are
important, especially when the stabilized sludge is being reused as
fertilizer or a soil improver. The methane potential of the sludge
is typically about 0.3–0.4 m3/kg of added VS [9,10]. Specific biogas
production lies in the range of 0.75–1.12 m3/kg of volatile solids
(VS) removed, or 0.5–0.75 m3/kg VS load [11,12].

In recent years, the technology of wastewater treatment using
granular sludge has been growing in popularity. Aerobic granules
are dense aggregates of various microorganisms formed due to cell
to cell interactions. Compared with conventional activated sludge,
granular sludge is characterized by short sedimentation time, high
concentration of microorganism in the reactor and good solid-
liquid separation. Moreover, granules are more resistant to toxic
compounds in the environment, to shock from organics loading
and to deficiencies of substrate [13]. The installations employing
aerobic granular technology require a smaller surface area, shorter
standstill for settling and ensure efficient pollutant removal. A great
potential of aerobic granules evolves this technology for applica-
tion to the treatment of high-strength ammonium wastewater with
a low COD/N ratio [14]. Research on aerobic granular sludge has
been conducted in granular-sludge batch reactors (GSBR) and this
technology is gradually being implemented in full-scale systems
[15–17].

However, strategies for the management of excess granular
sludge generated during wastewater treatment still need to be
fully developed. One method of granular sludge treatment could be
recovery of energy in anaerobic digestion or co-digestion for biogas
production. To design and efficiently conduct anaerobic digestion
for management of excess granular sludge at full-scale, the bio-
gas productivity and kinetic parameters of this process need to be
determined.

Thus, this paper presents the physicochemical composition of
primary sludge and two kinds of excess sludges (excess activated
sludge and excess aerobic granular sludge), as well as the bio-
gas productivity during mesophilic fermentation of these excess
sludges alone and during their co-fermentation with primary
sludge. In addition, the relationship between sludge composition
and gas productivity was determined. The results presented in
this paper should be valuable for both scientists and operators of
commercial biogas production facilities for aerobic granular sludge
management.

2. Materials and methods

2.1. Substrates

Sewage sludge generated during mechanical and biological
treatment, i.e. primary sludge (PS), and the excess sludges: con-
ventional activated sludge (AS) and aerobic granular sludge (GS)
were used as substrates in this study. PS and AS were taken
from a mechanical-biological municipal wastewater treatment
plant (WWTP) with a maximum capacity of 60,000 m3/d (Olsztyn,
Poland). At the WWTP, there is a sewage-sludge treatment section

adjacent to the mechanical and biological blocks, where all types
of sludge generated during all stages of wastewater treatment are
processed.

PS from the primary settling tanks is directed to a digester and
then to two gravity thickeners that together constitute a system
for generation of volatile fatty acids (VFA). The separated super-
natant containing VFA is returned to biological treatment line.
Pre-thickened PS is mixed with mechanically dewatered AS in a 2:1
(v:v) ratio and the mixture is fed to closed chambers for mesophilic
fermentation. Anaerobic digesters are operated at OLR ca. 2 kg of
VS/(m3 d). In the chambers, biogas is produced, which is used as a
fuel for heating of WWTP  buildings.

GS was  taken from of 3 column laboratory-scale aerobic GSBRs,
with the working volume of 4.5 L, that were operated in parallel.
The reactors were operated at a volumetric exchange rate of 60%
per cycle and a temperature of 26 ◦C. The lengths of the GSBR cycle
were 6, 8 and 12 h. Air was supplied continuously with a superfi-
cial velocity of 0.8 cm s−1 (120 L/h). The biomass concentration in
the GSBR was about 6 g of mixed liquid suspended solids (MLSS)
per L. Granules with diameter of about 1 mm predominated that
ensured very good settling properties of the biomass (sludge volu-
metric index of about 33 mL/g MLSS). At all cycle lengths, the use of
aerobic granules allowed for over 60% of COD removal, and the com-
plete oxidation of ammonium in anaerobic digester supernatant,
with up to 570 mg  of total Kjeldahl nitrogen per L and a low ratio
of COD/N of 2.4 [18].

2.2. Inoculum

Fermented sludge from the closed mesophilic fermentation
chambers operated in above-mentioned WWTP  was used as inocu-
lum. The inoculum characteristics were pH 7.0, total solids (TS)
1.97%, volatile solids (VS) 69.12% of TS, total nitrogen 35.10 mg/g
TS, total phosphorus 1.80 mg/g TS, total carbon 325 mg/g TS, and
total organic carbon 204 mg/g TS.

2.3. Measurement of biogas production (GP21)

The biogas production potential of the sludge samples (excess
sludges alone (AS, GS), and mixtures of PS:AS and PS:GS) was deter-
mined in triplicate (for each sludge sample) in batch assays in glass
bottles (OxiTop system) according to [19]. 100 g of the inoculum
was added to each bottle along with an appropriate volume of the
sludge sample. To determine the biogas potential of the inocu-
lum, three bottles with only inoculum were incubated under the
same conditions. To determine the biogas production of the inves-
tigated sludge samples, the production of the inoculum alone was
subtracted from the total production of the sludge and inoculum
combined. Before measurement, each bottle was  flushed with N2
and the lateral connections of the bottles were sealed with rub-
ber stoppers. The contents of the bottles were manually mixed
once a day. Each bottle possessed its own head that measured and
recorded pressure changes in the bottle during 21 days of fermenta-
tion at 36 ± 1 ◦C in a thermostatic incubator. The pressure changes
were caused by formation of biogas during fermentation, and were
used to calculate the volume of biogas that was  produced based on
the ideal gas law.

2.4. Organization of the experiment (GP21)

To analyze the biogas potential, samples of the excess sludges
alone (AS, GS), and mixtures of PS:AS and PS:GS were not subjected
to any further treatment, and prepared directly after delivery. The
sludges were supply to OxiTop bottles together with the inoculum.
As was  mentioned above, at the WWTP  in Olsztyn pre-thickened
PS is mixed with mechanically dewatered AS in a 2:1 (v:v) ratio.
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