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1. Introduction

It is acknowledged, that the volume of treated municipal
wastewater in its total volume is on the increase every year. Also, the
volume of sludge generated in the treatment process will increase.

National Waste Management Plan assumes, that in 2022 there
will be around 746 hundred Mg d.m. of sludge produced in Poland, i.e. 3
730 hundred Mg with hydration of about 80% [8].

Sludge includes in its composition over 50% of organic substance
[3, 11-13, 19, 20, 22] and can be the source of renewable energy. The
easiest way to gain energy from sludge is by exothermic methane diges-
tion and emission of biogas — methane. Electric energy can be received
from the energy that biogas contains. In methane fermentation process
that takes place in Separate Sludge Digesters (SSD) heat is produced and
biogas is emitted, and its main components are as following: methane
CH,, carbon dioxide CO,, ammonia NH3 and hydrogen sulphide H,S
[16]. Thanks to this process the volume of stored sludge decreases and
limits its harmful effects on natural environment.

According to EU Directive 2001/77/WE of 27 September 2001
[10] amounts of energy from renewable energy sources (RES) were im-
posed on Member States. Therefore, acquisition and use of biogas pro-
duced during anaerobic stabilization of sludge for energy purposes be-
comes crucial.
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The aim of this study is to determine the amount of energy re-
leased by sludge (initial and excessive) during fermentation process in
the form of heat and produced biogas. These amounts were based on the
balance of chemical energy of sludge supplied to and from SSD. The
difference between the values was the energy that was emitted during
biochemical processes in SSD in the form of heat and methane produced
in the chamber.

Due to variability in the composition of supplied sludge, energy
balance was done for an averaged measured calorific value of sludge
supplied to and from SSD chambers from nine selected days (24 h) dur-
ing four months in 2012,

2. Materials and methods

2.1. Description of Sewage treatment technology
in Treatment Plant [4]

Sewage Treatment Plant Pomorzany treats wastewater from the
left bank of Szczecin. As far as the Treatment Plant’s catchment basin is
concerned, a combined sewage system dominates in the older part of
town, whilst a separate sewage system in the outskirts. Household sew-
age dominates in the catchment basin, whilst industrial waste is minimal.
Due to the catchment basin’s combined sewage system, during rains and
snowmelts the volume of wastewater flowing into Treatment Plant dur-
ing a day (24 h) is more than three times higher than during dry weather.
Design parameters in Treatment Plant shown in Table 1 [15].

All wastewater flowing into the Treatment Plant goes to a plenum
chamber, flows through a channel, on which a flow meter and automatic
sampling apparatus are placed. Initially, the sample is treated mechani-
cally.

In the first stage, sewage undergoes a filtration processes on
grilles, where solid effluents are screened. The excess wastewater is dis-
charged into two retention tanks with total capacity of 7000 m®,
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Table 1. Raw sewage design parameters of Treatment Plant Pomorzany [15]
Tabela 1. Parametry projektowe $ciekow surowych Oczyszczalni Sciekow
Pomorzany [15]

Population equivalent 419 000 -
Average daily flow 66 000 m°/d
Average hourly flow 2 750 m°/h
Maximum daily flow 79 200 m°/d
The maximum hourly flow 3990 m°/h
Hourly minimum flow 900 m°/h
Chemical oxygen demand 700 mg/dm
Biochemical oxygen demand 390 mg/dm
Suspended solids 270 mg/dm
Total nitrogen 65 mg/dm
Total phosphorus 10 mg/dm

After the biggest solid effluents are screened on grilles, sewage is
directed to four aerated sand traps with a side grease chamber. The heav-
iest grit settles in sand traps as a result of sediment process. In addition,
medium bubble aeration makes the waste spin, which enables to keep
lighter organic suspension in sludge mass and the grit to fall, which cre-
ates conditions for flotation in the side chamber of the suspension lighter
than sludge mass.

Grease collected from the surface of the side chamber with a
scraper mounted on the sand trap’s trolley bridge is scraped into the
grease chamber where it is pumped into collection chamber and then
pumped further to digesters.

From the Sand traps, sludge flows to four rectangular initial set-
tling tanks with chain scrapers. In the settling tanks a sedimentation of
flammable suspension takes place. The suspension settles to the bottom
of the tanks, where it is periodically collected by chain scrapers into fun-
nels. Then, in an automatic mode it is discharged to objects of sedimenta-
tion area as a unthickened primary sludge.

Grease that floats on the surface of the settling tank is taken away
by a drainpipe, and then pumped into a collective chamber, and then,
together with grease from sand traps, directed to digesters. Mechanically
treated sludge is directed to Partition Chambers, where it is divided into
three independent biological treatment lines.
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Each Line includes:

e one predenitrification chamber of sludge, to which a slight part of raw
sewage is supplied,

e one defosfatation chamber — designed as a circulating chamber

e two nitrification/denitrification chambers, designed as circulating
Chambers of Carrousel type with fine bubble aeration. In the Cham-
bers a process of simultaneous or alternate denitrification can be car-
ried out,

e two secondary settlement tanks,

e pumping station of recirculated sludge with two propeller pumps,

e sludge waste pump.

In objects of biological degree pollutants are removed from
wastewater as a result of metabolic processes occurring in living organ-
isms of activated sludge. To support biological removal of phosphorus, a
simultaneous physical-chemical precipitation is used with the help of
trivalent iron salt. For this purpose, a PIX dosage installation was made,
depending on technological conditions, to the spout of biological units
(final precipitation), to the spout of sand traps (initial precipitation) and
dispensing to digested sludge tanks in order to carry out sludge condi-
tioning prior to the pass over to press.

The Sewage Treatment Plant additionally was equipped with an
installation enabling PAX aluminum coagulant in case that filamentous
bacteria occurs. The installation, similarly to PIX installation, consists of
two tanks and a set of dosing pumps.

Biological blocks that have an entire metering measure a/o in
each line in a continuous way the following: oxygen concentration, tem-
perature, ammonia nitrogen concentration, nitrogen concentration, ortho-
phosphate concentration, sludge concentration, measure of sludge layer’s
level in secondary settlement tanks.

Approved sludge treatment technology allows an entry of treated
sludge that meet the sharpest demands of Polish Law to Odra River, which
means for a sewage treatment plant over 100.000 RLM [15] Compilation
of demanded parameters for sewage treatment and the actual obtained by
Sewage Treatment Plant Pomorzany are presented in Table 2.
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Table 2. Parameters of treated sewage discharged from Sewage Treatment Plant
Pomorzany [4, 15]

Tabela 2. Parametry $ciekow oczyszczonych odprowadzanych z Oczyszczalni
$ciekdw Pomorzany [4, 15]

. The average of
Needs Reg_ul_aﬂon of the the measured
Minister of the
Parameters of water ; values of the
. Environment of 2006,
permit treated
as amended [18]
wastewater
BODs [mg/dm”] 15 15 5
COD [mg/Idm’] 125 125 37
Suspended solids
[mg/dm?] 35 35 9
Total nitrogen”
[mg/dm?] 10 10 9
Total phosphorus
[mg/dm’] 1 1 0.47

*For sewage temperatures above 12°C
2.2. Sludge Management [4]

As far as Sewage Treatment Plant Pomorzany is concerned, ob-
taining demanded parameters of treated sewage is no problem. However,
the more effective the sewage treatment, the more pollution remains after
the treatment process.

Waste removed in the beginning of the mechanical treatment pro-
cess, 1.e. screenings — the leftovers after screening on grilles and sand —
grit removed in sand traps, are exposed to rinsing only in order to mini-
mize content of organic parts, and then to minimize water content by
compression, in case of grilles, or separation on a screw conveyor, in
case of sand. Waste prepared in this way — screenings and sand — is
transported to appointed storage place. The amount of screenings and
sand generated — ca. 30 tons per month.

The amount of collected initial and secondary sludge ca.
2.000 m%d and 99% content of water causes that sludge management in
sewage treatment plant is a very important domain in exploitation matter
as well as in techniques used. The main task of sludge treatment is mini-
mizing the amount and volume by discharging a part of water and sludge
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treatment — so that there is no jeopardy to the natural environment. The
first stage of proceedings with sludge depends on discharge of a part of
water in thickening process. Due to different features of initial and sur-
plus activated sludge, thickening is carried out differently.

Primary sludge is collected periodically from sludge funnel of
primary settlement tanks and then thickened by gravity. This sludge is
pumped into two gravity thickeners equipped with two rod agitators. In
the thickeners, suspension falls to the bottom due to the influence of
gravity and thickens, sludge supernatant is taken over from the surface of
thickeners through overflow channels and drained to the Headworks.
Thickened sludge from the bottom is periodically collected and trans-
ported to mixed thickened sludge tanks. Thickened surplus activated
sludge is also supplied to this tank.

Surplus activated sludge is periodically collected from aeration
tanks. As a result of biological structure of sludge, most of water includ-
ed is water imbibed in cells. It is also harder to drain water, so called free
water, water non—imbibed in cells, from sludge. This sludge is mechani-
cally thickened in devices called thickening tables. Before sludge is sup-
plied to the thickening device, a conditioning by polyelectrolyte takes
place, which causes coagulation of sludge flocks and facilitates drainage
of free water. Surplus activated sludge is thickened in 4 devices, each if
which cooperates with two polyelectrolyte preparation station.

Primary sludge is thickened by gravity to ca. 5% d.m., surplus acti-
vated sludge is thickened in mechanical thickeners to ca. 6% d.m. Primary
sludge and surplus activated sludge after being thickened is drained into
thickened sludge tank where it is pumped into two closed digesters. Each
digester has the capacity of 5.069 m°, which assures ca. 20—day sludge
residence time. Mesophile fermentation is conducted in digesters in tem-
perature ca. 37°C. Sludge is mixed with the use of double impeller agita-
tors suspended under a dome. Continuous circulation of sludge through
spiral heat exchangers ensures steady support of defined temperature. The
chambers work as overflow ones, sludge that is collected continuously
from digesters, goes to digested sludge retention tank.
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Fig. 1. Sludge management diagram [9]
Rys. 1. Schemat gospodarki osadowej [9]

Biogas produced in the chamber is accumulated in two—layer
tanks with capacity of 1500 m® each and after desulphurization with bio-
sulfex method (as a result of catalysis elemental sulphur is obtained) used
as fuel in cogeneration aggregate (Fig. 1).

2.3. Chemical energy balance [4]

Chemical energy of sludge that goes through digesters in Sewage
Treatment Plant Pomorzany was specified based on amount of sludge,
content of dry matter in sludge and their heat of combustion before and
after digestion and the amount of received biogas and heat of combustion
calculated based on its chemical composition. Because the Chambers
work as overflow ones, it was approved that the amount of supplied
sludge to the chamber corresponds with the amount that is drained. In
order to prepare the balance, a sludge energy balance of SSD scheme was
assumed and shown in Fig. 2.
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Fig. 2. Energy balance for sludge flowing through SSD and produced biogas [9]
Rys. 2. Bilans energii dla osadow przeptywajacych przez WKF i wytwarzanego
biogazu [9]

Energy balance can be show as follows:

Q1=0Q2+03+0Q,=0,+Qy, 1)

where:

Q1 — chemical energy supplied to SSD with sludge stream [MJ],

Q2 — chemical energy drained from SSD with sludge stream [MJ],
Qs — chemical energy drained from SSD with biogas stream [MJ],
Q4 — energy emitted during biochemical changes of sludge [MJ],

Qw — sum of energy emitted during biochemical changes of sludge
and chemical energy drained from SSD with the biogas stream [MJ].

2.4. Energy supplied to SSD with sludge stream.

Amount of energy supplied to SSD with sludge stream was calcu-
lated based on dry matter charge supplied to digesters and marked heat of
combustion.

Qa = Vos X Zgsm X Wyasm [M]] 2

where :

Qq — energy supplied to SSD with sludge stream [MJ],

Vs — Volume of supplied sludge to SSD Turing a Day (24h) [m®],
Z4sm— content of dry matter in sludge supplied to SSD [kg/m°],

W gsm — heat of combustion of sludge supplied to SSD [MJ/kg].
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2.5. Energy drained from SSD with sludge stream.

Amount of chemical energy drained from SSD with sludge stream
was calculated similarly to the one supplied to SSD:

Q2 = Vos X Zgmo X Wemo [MJ] (3)

where:

Q2 — energy supplied to SSD with sludge stream [MJ],

Vs — volume of sludge drained from SSD during a Day (24h) [m?],
Zsmo — Content of dry matter in sludge supplied to SSD [kg/m?],
Wysmo — heat of combustion of sludge supplied to SSD [MJ/kg].

2.6. Energy emitted during biochemical changes of sludge

Amount of energy emitted during biochemical changes of sludge
was defined in transformed formula (4):

Qw =01 —0Q; (4)

3. Measurement and calculation methodology

Separate Sludge Digesters (SSD) in Sewage Treatment Plant Po-
morzany in Szczecin work as overflow ones, it is assumed that the vol-
ume of sludge supplied corresponds with the volume of drained sludge.
In accordance to this, in order to establish the participation of energy
emitted while biochemical changes that take place in SSD, one should
refer to heat of combustion of dry matter included in one cubic meter of
supplied and drained sludge. The content and volume of sludge supplied
to the Sewage Treatment Plant is variable because sewage system sup-
plies not only household sewage but also rain waters. In this situation the
chamber plays a role of equalizing tank — sludge is drained from it of
averaged compositions from the period of its detaining. Due to this role
of the Chamber, in order to obtain competent results, heat of combustion
of sludge was averaged for the period of time under analysis. Nine days
(24 h) out of four months were chosen at random and the obtained results
were averaged. In order to check if the balance was carried out in proper
way, there was specified an average content of mineral parts in sludge
supplied and drained, equal contents will show that the applied method
was accurate to establish participation of energy emitted during biochem-
ical changes that take place in SSD.
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Samples of indigested sludge (at entry) to digesters were collected
behind mixed sludge tank, to which primary sludge and surplus activated
sludge is supplied after being thickened. The place for sampling was a
stube pipe at main pipeline before a pump that pumps sludge into installa-
tion. Samples of indigested sludge (from exit of SSD) was collected be-
hind indigested sludge tank, into which sludge from two digesters flows.

The place for sampling was a stube pipe on pipeline before press
installation. Sludge is stirred both in thickened sludge tank (before diges-
tion) and digested sludge tank. It is stirred with high-speed submersible
agitator, which influences on good mixing and homogenization of mate-
rial destined to analysis. In order to increase representativeness of the
sample, within a day (24 h) equal amount of sludge was sampled — 500
ml four times during a day (24 h) at regular intervals at 1.00, 7.00, 13.00
and 19.00. All samples taken in each sample point during a day (24h)
were stirred and further samples were taken for lab tests numbers. Places
of sludge sampling were presented in Fig. 3.
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Fig. 3. Sludge digestion installation scheme with marking of samples and
sample points for streams of sludge and biogas [9]

Rys. 3. Schemat instalacji fermentacji osadow z oznaczeniem miejsc poboru
probek 1 miejsc pomiarow strumieni osadow i1 biogazu [9]
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The next element of the examinations were laboratory analyses of
sludge supplied to and drained from digestion chambers. The content of
dry matter was marked appropriately to EN-12990:2002 norm of Sludge
Characteristics. Marking of dry residues and water content. The content
of organic parts in dry matter was marked according to EN 12979:2002
norm of Sludge Characteristics — marking of dry matter ignition loss of
sludge mass. Heat of combustion together with laying out calorific value
(as in PN-EN-ISO 9931:2005) was carried out in 1IKA 2004 calorimeter
of calorific value designation uncertainty of 44 kJ/kg d.m.

4. Results of measeurements and calculations

In table no 3 compiled were the following: content of dry matter,
content of mineral parts and heat of combustion for supplied raw sludge
and digested sludge drained from SSD.

An average content of mineral parts in sludge supplied amounted
to 13.17 kg/m® and in drained one 11.99 kg/m® while standard diver-
gence 2.06 and 0.61 respectively.

The difference in the average amount of minerals brought and
discharged into the digester Secreted during the day as the extension of
time will decrease. For a very long time will be zero - the amount of
mineral matter brought will be responsible drained. If you will be a test
of the amount of inorganic sediment, draw the appli-seconds, it will pro-
vide them with the correct execution. Hypothesized null Hy of the equali-
ty of the content of mineral substances in sewage influent and discharged
to the SSD. It was assumed that the distribution of the volatility of min-
eral substances in the sediment is described normal distribution. Due to
averaging the composition of the sludge in SSD test was performed for
medium unconnected. Table 4 represented lays calculation results.
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Table 3. Compilation of the dry matter content, mineral parts and sludge heat of
combustion supplied to and drained from digesters [9]

Tabela 3. Zestawienie zawarto$ci suchej masy, czgsci mineralnych oraz ciepta
spalania osadu doprowadzanego i odprowadzanego z komoér fermentacyjnych [9]

Raw sludge Digested sludge
c o c
3 G 2 2« G 2
e | §z | §% | 2 |EE|E% | 52
>5 | §< $E |25/ 55| ES
< O o £ I o O o o € < O

kg/m? kg/m® | MJ/kg dm | kg/m® | kg/m® | MJ/kg dm
04.04.2012 59.7 14.4 17.02 31.0 12.1 1351
17.04.2012 44.7 10.6 15.94 30.9 12.5 12.92
09.05.2012 43.7 10.5 16.13 324 12.0 13.99
22.05.2012 51.9 12.9 16.39 31.3 111 12.67
05.06.2012 50.1 12.7 16.04 31.6 11.3 13.40
03.07.2012 49,9 14.0 16.26 31.0 115 13.44
17.07.2012 50.1 15.1 14.95 31.9 11.9 11.93
25.07.2012 43.0 11.9 15.25 33.3 12.9 12.59
31.07.2012 49.7 16.4 14.44 325 12.7 12.99
Average 49.0 12.70 15.92 31.7 | 11.99 13.04
gitsre‘fgaergce 5.11 2.06 081 | 083 | 062 | 061

*where, DM — dry matter content in the sludge
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Table 4. Equality check of amounts of inorganic substances in sediments before
and after the SSD

Tabela 4. Sprawdzenie rownosci ilo$ci substancji nicorganicznych w osadach
przed i po WKF

Parameter Model The value
calculated

The variance of the s — (N, —Dsi+(ng ~Dsg 539
sample Ny+ng—2 '

iati - 1 1
Deviation of the aver 5, = 2 2t 071
age for the sample N, Ny
Empirical parameter t = Xa—Xg 0.72
distribution t Studenta emp s, '
Parameter theoretical i 212
distribution t studenta =0.05, v=0+9-2 :

Because temp = 0.72 <t g5 = 2.12, then the probability of error of
less than 0.05 was found that the average mineral content in the sediment
adjusted and-discharged SSD is the same.

Deviation from standard of mineral substances’ content should be
noted; it is much higher for supplied sludge (2.06), rather than drained
sludge (0.62) from SSD. This gives evidence that Separate Sludge Di-
gesters work as a tank, which averages compositions of sludge. Calculat-
ed maximum error for determination of heat of combustion supplied to
SSD does not exceed 1.5%, while sludge supplied does not exceed 2.0%.

Table 5. presents energy balance of sludge flowing through Sepa-
rate Sludge Digesters. Maximum error for designation of sludge chemical
energy value used in SSD in particular days changes within the scope
from 4 to 9%.
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Table 5. Energy balance of sludge energy flowing through SSD
Tabela 5. Bilans energii osadow przeptywajacych przez WKF

The heat of combustion of sludge Part of the energy
Date Brought Discharged from | used in chemical
to the SSD the SSD precipitate SSD
MJ/(m®sludge) | MJI/(m? sludge) MJ/(m® sludge)
04.04.2012 999.07 419.91 590.26
17.04.2012 712.52 397.94 314.59
09.05.2012 704.99 453.29 251.61
22.05.2012 949.00 396.57 452.43
05.06.2012 903.60 423.44 390.16
03.07.2012 911.37 416.64 394.73
17.07.2012 749.00 376.19 372.90
25.07.2012 655.75 419.91 236.94
31.07.2012 703.23 422.19 291.05
Average 776.49 413.77 362.72
Aberrance 133.96 21.70 X
Percent [%] 100.0 53.3 46.7
Aberrance [%] 175 5.2 X

Percentage value of average chemical energy amount was estab-
lished, which was changed into heat and emitted with methane. Average
value amounts to 362.7 MJ/(m? sludge) equivalent 46.7% chemical ener-
gy supplied to the sludge SSD. Confidence interval for the average was
established, and it was accepted, 0,95 level of confidence interval was
approved. Percentage average value of the energy amount changed into
heat and emitted with methane in relation to chemical energy of sludge
supplied to SSD for Sewage Treatment Plant Pomorzany in Szczecin
ranges 362.7 + 79.2 MJ/(m® sludge). This is equivalent to quantity of
energy supplied to the WKF 46.7% + 9.8% (Table 6).
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Table 6. Equality check of amounts of inorganic substances in sediments before

and after the SSD

Tabela 6. Sprawdzenie rownosci ilo$ci substancji nicorganicznych w osadach

przed i po WKF

Parameter Model The value calculated
n, —1)s2 +(n, —1)s?
The variance of the | S° _ (N, = DS, +(Ng ~1)sg 9207
difference N, +Ng —2
Mean deviation for el 1
the difference S0 =43 (n_+n_ 45.2
A B
Parameter theoretical
distribution t studen- t0=0.05, v=949-2 1.75
ta
Standard divergence Sq T6=0.05, v=9+9-2 79.2

5. Conclusions

The article presents energy analysis results of Separate Sludge
Digesters work in Sewage Treatment Plant Pomorzany. The result re-
ceived ranges in the scope of values published in literature [2]. Analyzing
dry matter content of sludge examined, which amounts from 43.0 to 59.7
kg/m? for raw sewage, it was established that it is close to values provid-
ed by [19-21].

Average content of mineral parts in sludge supplied and drained
ranges in the boundaries provided by literature [12-14, 17]. However,
Shen and Zhang as well as Stelmach and Wasielewski [19, 21] come to
conclusion that the content of ash in sludge is higher and amounts to 22.6
and 36.8% respectively. Calorific value (heat of combustion) of sludge
supplied to SSD is similar to the one presented by Bien, Dabrowski and
Piecuch, Stelmach and Wasilewski as well as Werl and Wilk [1, 5-8, 21,
23]. Low heat of combustion and low calorific value of examined sludge
after digestion, that amounted from 11.93 to 13.99 MJ/kg dm can result
from kind of drainage and content of nitrogen, coal, ratio of coal to nitro-
gen, hydrogen to sulphur. Heat of combustion (calorific value) of sludge
after digestion corresponds with medium—digested sludge. Percentage val-
ue of average amount of chemical energy changed into heat and emitted
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with methane in relation to chemical energy of sludge supplied to SSD for
Sewage Treatment Plant Pomorzany in Szczecin ranges in 46.7 = 11.3%.
Authors in their further works intend to estimate shares of chemi-
cal energy changed into heat and emitted with methane in Separate
Sludge Digesters in Sewage Treatment Plant Pomorzany in Szczecin.

Authors of the article thank the Management of Water and Sewage
Company in Szczecin for the access to data and results of sludge
laboratory analyses in Sewage Treatment Plant Pomorzany.
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Bilans energii chemicznej przefermentowanych osadow
Oczyszczalni Sciekow Pomorzany w Szczecinie

Streszczenie

W pracy omowiono technologie oczyszczania §ciekow w Oczyszczalni
Sciekow Pomorzany w Szczecinie. Nastepnie scharakteryzowano gospodarke
osadami $ciekowymi W tej oczyszczalni. Po tym wprowadzeniu przedstawiono
bilans energii chemicznej doprowadzanych do Wydzielonych Komor Fermenta-
cyjnych i odprowadzanych z niej osadéw Sciekowych. Przedstawiono takze
sposob okreslania elementow bilansu energii i przeprowadzono analiz¢ niepew-
nosci wynikéw 1 bilansu energii. Okreslono ilo§¢ energii produkowanej z osa-
dow podgrzewanych do temperatury 37°C w czasie fermentacji i energii prze-
chodzacej do biogazu oraz ich udziat procentowy w energii chemicznej dostar-
czanej z osadami. W wyniku przeprowadzonych badan stwierdzono, ze procen-
towa warto$¢ $rednia ilo$ci energii chemicznej zamienionej na ciepto i odpro-
wadzonej z wyprodukowanym z nich metanem wzgledem energii chemicznej
$ciekow doprowadzonych do WKF dla Oczyszczalni Sciekéw Pomorzany
W Szczecinie miesci si¢ w przedziale 46,7% =+ 9,8%.

Stowa kluczowe: oczyszczalnia Sciekow, osady przefermentowane,
bilans energii chemicznej

Key words: wastewater treatment plant, digested sludge,
chemical energy balance



