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Nowadays, energy consumption is one of the major concerns of wastewater treatment plants (WWTPs).
Time ago, anaerobic digestion was usually implemented for sewage sludge stabilization but energy
recovery optimization has recently gained importance. The energy balance of five WWTPs located in

Catalonia revealed that depending on the configuration of the plant and its operation, between 39%
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and 76% of the total electric energy consumed in the WWTP could be supplied by the biogas produced.
In the second part of this work, a carbon, nitrogen and sulphur flux analysis was carried out, together
with an energy content evaluation for each stream in the WWTP. Results showed that 37% of the carbon
found in the raw wastewater was removed during the active sludge process and 24% was transformed
into biogas. The remaining carbon was found in the anaerobic dewatered sludge (22%) and in the treated
water (19%). As a result, 34% of the initial energy was recovered in the form of biogas.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Wastewater treatment plants (WWTPs) play an important role
in environmental protection. In past decades, all efforts were
focussed on obtaining high quality water and today mature tech-
nology based on biological removal of organic matter and nutrients
is available. In particular, these technologies are highly effective
but also not very efficient in terms of energy consumption. The
activated sludge system is the most common biological treatment
in WWTPs due to its good performance and its high effectiveness,
but it also uses up high amounts of energy; representing over 40%
of the total electric energy required to operate a sewage plant [1,2].
The amount of energy consumed in WWTPs depends on various
factors such as the size of the plant, its design and operation, the
composition of the wastewater (WW), urban WW/industrial WW
ratio, the quality required for the discharge, as well as other local
factors; but it is generally considered to add up 108,000-
216,000 kJ/inhabitant equivalents per year [3].

The new challenge of WWTPs is to minimize energy consump-
tion maintaining the quality of the discharged water [4]. Energy
optimization could be obtained reducing the electric energy con-
sumption of the different units of the WWTP, but also recovering
energy from the WW [5]. The solids found in raw WW contain
nearly 3.2 kJ grs! and the average energy requirements to treat
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raw WW is 0.35 k] g7s', this means that the total energy available
could exceed the electricity requirements for the treatment pro-
cess [6]; suggesting that WWTPs could become net producers of
renewable energy if an appropriate energy recovery technology is
implemented applied in combination with a new conceptual
design for the treatment of WW [7,8]. But nowadays this is still
far from feasible.

In this context, anaerobic digestion (AD) is a well developed and
robust technology commonly used to recover energy from organic
streams. AD is a biological process able to transform organic com-
pounds into biogas, a mixture of CH4, and CO,. The lower heating
value of biogas depends on the percentage of methane which is
usually found to be roughly around 23,400 k] Nm— [9].

AD is not frequently used to treat WW due to the low organic
matter concentration and the low temperature characteristics of
raw WW, resulting in low treatment efficiencies and in the accu-
mulation of suspended solids [8]. However, AD is often imple-
mented in the sewage sludge (SS) treatment line aiming to SS
stabilization and energy recovery in the form of biogas. Biogas
can be used as fuel for a burner used to maintain the reactor’s tem-
perature, to fuel a combined heat and power (CHP) engine, or once
upgraded, injected in the gas grid or as fuel for road transportation
[9].

Anaerobic digestion optimization is a common practise to
increase the energy self-sufficiency of WWTPs; in this regard SS
pre-treatments aiming to improve the biodegradability of SS and
consequently increase biogas production are a common practice,
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though a carefully energy balance is required [10,11]. Besides
pre-treatments, co-digestion, in its turn, optimizes anaerobic
digestion increasing the organic loading rate (OLR) with other
organic wastes with high methanogenic potential showing an
extensive increase in biogas production [12-14]. In all cases, the
optimization of energy recovery through biogas production
enhances WWTPs environmental performance and lowers its car-
bon foot print [15,16].

The primary energy produced from SS’s biogas in Europe during
2014 was 4.97 - 103 kJ year~! [17]. In Spain it has been estimated
that the energy contained in SS produced is of around
5.94-10'2 k] year™! [18] though little (1.41-10'2k]Jyear™!) is
being nowadays recovered [17]. Catalonia (northeast of Spain)
has 340 WWTPs with different size and flow chart configurations
for organic matter and nutrient removal. AD is currently imple-
mented in the 26 biggest WWTPs for the treatment of sewage
sludge. Most of these plants use biogas to control the temperature
of the reactor, the excess being burned in a flare. Only 11 of these
plants generate electric energy using CHP engines fueled with
biogas.

To perform an energy balance in a WWTP a necessary first step
is to assess the energy content of the different streams, to analyze
the energy recovery through biogas, and then estimate the maxi-
mum energy self-sufficiency attainable in the WWTP. Besides, it
could be helpful to analyze different alternative configurations
on the water and sludge lines so as to optimize said energy balance
[19-21]. A calorimetric pump is the most common technique used
to estimate low calorific value (LCV) of different kinds of samples
[6] but, being it a device not always available, it is necessary to test
simpler methods to estimate LCV. The aim of this study is to deter-
mine the role of anaerobic digestion on the energy self-sufficiency
of the WWTPs target. The first part of the study assesses the elec-
tric and thermal energy balances in the WWTPs, analyzing the
main factors involved in energy consumption, and also carries
out an economic feasibility analysis on the possible inclusion of
CHP engines. In the second part, an energy flow analysis and a sub-
stance flow analysis of the carbon (C), nitrogen (N) and sulphur (S)
present in one of the WWTPs is performed. The use of elemental
analysis is also tested to estimate the LCV of every stream in the
WWTP.

2. Materials and methods
2.1. Wastewater treatment plants

Five WWTPs (WWTP;-WWTPs), located in Catalonia (Spain),
treating a mixture of domestic WW (60-70%) and industrial WW
(30-40%), were analyzed. All WWTPs have a similar flowchart
comprising a physical pre-treatment, a primary treatment, a sec-
ondary treatment and a sewage sludge line. The main characteris-
tics and operational parameters of the WWTPs are summarized in
Table 1. The pre-treatment consisted of several bar screens and fine
screens with different spacing, and a dissolved air flotation (DAF)
unit to remove floatables as greases, and sand. A primary settler
removes then the suspended solids, and the activated sludge sys-
tem does the same with the organic matter dissolved. The acti-
vated sludge systems of WWTP;, WWTP; and WWTP, were
designed to operate with low organic loads, between 0.09 and
0.15kggopm >d~! and Food to Microorganism ratio (F/M)
between 0.09 and 0.13 gg~' d~', while the remaining two WWTP
(WWTP, and WWTPs) operated in high load mode, close to
0.5kggopm>d~', and F/M ratio around 0.3gg 'd~!. Despite
these differences, the BOD and COD removal were similar in the
5 WWTPs, above 90% and between 80% and 87%, respectively.
WWTP; and WWTP,4 were designed and operated to remove nutri-
ent (nitrogen and phosphorus) with efficiencies higher than 80%.

Accordingly they have high sludge retention time (SRT), 18 days
and 15 days, respectively. Contrary, WWTP,,3,5 were not designed
to remove nutrients, with low SRT, 8, 6 and 4 days respectively.
Nevertheless, small amounts of nutrients are also removed by
these plants.

The sewage sludge line consisted of a thickener unit, a mesophi-
lic anaerobic digestion unit, and a dewatering unit. In all five plants
the primary sludge was thickened by sedimentation while the sec-
ondary sludge was thickened by aerated flotation, in WWTP,,
WWTP; and WWTP,4, and by centrifugation with the addition of
an organic polymer in WWTP; and WWTPs. The anaerobic diges-
tion process, in all cases, consisted of a continuous stirred tank
reactor (CSTR) with a digestion volume between 7000 and
8800 m>. The average hydraulic retention time (HRT) applied on
the different WWTPs varied between 18 and 32 days. Dewatering
was performed with a centrifuge in all WWTPs except for
WWTP5, where a filtration unit was employed (Table 1).

WW and sewage sludge flow rates, physicochemical character-
istics (COD, BOD, TSS, TN and TP) of the different streams of the
WWTP, operational parameters of the aerobic and anaerobic pro-
cesses, biogas production, and the electric and thermal energy pro-
duction (considering the use of a CHP engine) and consumption of
the plant were jointly used for the energy and economic balance
calculations. The aforementioned data were provided by the plant
operators, and correspond to the monthly average of an entire year
in operation of the WWTPs.

2.2. Energy and economic balance calculations

2.2.1. Electric and thermal energy production from biogas

The biogas conversion into electricity and thermal energy was
calculated considering a CHP and the monthly biogas production
rates in Egs. (1) and (2), respectively.

EEp = Ycu, - Peaic, - 1 - twe - ty - 0.9 (1)

TEp = Yeu, - Peatch, - 17 - twe - toh (2)

where EEp (k] d™1) is the net electric energy production, TEp (kj d~1)
is the net thermal energy production, Yy, is the methane produc-
tion (m*d~'), Peacw, is the heating value of methane
(34,020kJ m~3), #g is the electric efficiency of the CHP engine
(35%), nr is the thermal efficiency of the CHP engine (55%), t,. are
the working hours per month of the CHP engine (666.7 h month™!,
with a total of 8000 h year™!), t,q are the hours that the digester is
producing biogas (considering 24 h per day, and 30days per
month), and 0.9 is a factor taken into account for the CHP engine’s
self consumption (10% of the total electric energy generated).

2.2.2. Electric and thermal energy consumption

All data relative to the electric energy consumption (EEc) were
provided by plant operators and corresponded to the monthly
average of electric consumption during an entire year in operation.

Thermal energy requirements (EEr) for each WWTP correspond
to the requirements for heating the raw sludge (qr - kj d~!) and
maintaining the anaerobic reactor’s temperature (q; — kjd~1!).
Heat requirements were calculated on a monthly basis considering
the average temperature of the city where the WWTP is located.
Thermal energy requirements were calculated according to Egs.
(3) and (4), considering that the reactor shape was cylindrical with
a diameter 3-fold higher than its height, with a conical floor, and
made of concrete with a wall thickness of 300 mm.

Gr=Fs-p-(To—Ts)-Cp 3)

q: iAW'(TD—TA) 'UW +AF~ (TD —TF) ‘UF +AR . (TD—TA) ~UR
(4)
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