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Abstract: The high-energy consumption of wastewater treatment plants (WWTPs) is a crucial issue for
municipalities worldwide. Most WWTPs in Greece operate as extended aeration plants, which results
in high operational costs due to high energy needs. The present study investigated the energy
requirements of 17 activated sludge WWTPs in Greece, serving between 1100-56,000 inhabitants
(population equivalent, PE), with average daily incoming flowrates between 300-27,300 m?/d.
The daily wastewater production per inhabitant was found to lie between 0.052 m3/PE-d and
0.426 m3/PE-d, with average volume of 0.217 + 0.114 m3/PE-d. The electric energy consumption
per volume unit (Eq (kWh/m?3)) was between 0.128-2.280 kWh/m? (average 0.903 + 0.509 kWh/m?)
following a near logarithmic descending correlation with the average incoming flowrate (Qay)
(Eq = —0.294InQ,y + 3.1891; R? = 0.5337). A similar relationship was found between the daily electric
energy requirements for wastewater treatment per inhabitant (Epg (kWh/PE-d)) as a function of PE,
which varied from 0.041-0.407 kWh/PE-d (average 0.167 + 0.101 kWh/PE-d)) (Epg = —0.073[n(PE) +
0.8425; R? = 0.6989). Similarly, the daily energy cost per inhabitant (E¢pg (€/PE-d)) as a function of
PE and the electric energy cost per wastewater volume unit (E¢/y (€/m3)) as a function of average
daily flow (Qa.y) were found to follow near logarithmic trends (E¢pg = —0.013In(PE) + 0.1473;
R? = 0.6388, and E¢y = —0.052InQ,y + 0.5151; R? = 0.6359), respectively), with E¢/pg varying between
0.005-0.073 €/PE-d (average 0.024 + 0.019 €/PE-d) and E¢y between 0.012-0.291 €/m> (average
0.111 + 0.077 €/m?). Finally, it was calculated that, in an average WWTP, the aeration process is the
main energy sink, consuming about 67.2% of the total electric energy supply to the plant. The large
variation of energy requirements per inlet volume unit and per inhabitant served, indicate that there
is large ground for improving the performance of the WWTPs, with respect to energy consumption.
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1. Introduction

Wastewater treatment is a necessity of any contemporary town, or even small settlement.
The European Union, through directive 2000/60/EC, has imposed the construction of wastewater
treatment plants (WWTPs) starting from the larger cities and has provided substantial financing.
However, even if in most cases, both in Europe but also in other countries, the authorities provide
financing for capital expenses, in most cases the operational cost is undertaken by the end users.
The cost of electric energy for the operation of municipal wastewater treatment facilities may be
significant. For example, such costs in the US account for about 1% of the total retail electricity sales [1],
while, often, over 20% of the total electric energy consumption by the municipalities is for the operation
of WWTPs [2]. Therefore, WWTPs are frequently ranked as the top individual energy consumers
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run by municipalities [3]. Even if all WWTPs are designed in such way as to comply with specific
outflow specifications, often, their operation has not been optimized energy-wise [4]. Consequently,
many WWTPs operate at a non-sustainable way, with respect to energy consumption [5].

For given wastewater characteristics and effluent quality, the per volume unit (of inlet wastewater)
energy requirements of WWTPs depends on the plant size and type of remediation process [6,7].
Typically, the energy requirements for conventional activated sludge WWTPs is usually between
0.30 kWh/m3 and 0.65 kWh/m3, with the highest value being met when nitrification is applied [4]. Due
to economy of scale, the higher the inlet flow rate, the lower the per volume unit energy requirements.
For example, according to Tchobanoglous et al. [8], activated sludge WWTPs with inlet flowrate above
100,000 m3/d consume, on average, 0.28 kWh/m3, while the energy consumption doubles for WWTPs
with inlet flowrate of 10,000 m3/d. Similar energy consumptions for activated sludge WWTPs have
been quoted by Gu et al. [4] and Bodik and Kubaska [9].

Obviously, the energy requirements for wastewater treatment are also a function of the type of
the treatment process employed [4,8]. The energy requirements for wastewater treatment for several
remediation processes, as a function of inlet wastewater flow are shown in Figure 1 [4]. According to
Figure 1, the least energy demanding process, among those studied, is the trickling filtration process,
followed by the activated sludge process, followed by advanced treatment process. Extra energy is
required if nitrification is also selected. From Figure 1, it is obvious that, for any wastewater treatment
process, the lower the plant capacity, the higher the per volume unit energy requirements. Recently
novel wastewater treatment processes are investigated, with significantly reduced energy needs, while
energy positive WWTPs have also been proposed [5].
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Figure 1. Energy consumption of various types of wastewater treatment plants (WWTPs) as a function
of plant capacity (adapted from Gu et al. [4]).

In Greece, almost all the towns and villages with populations above 2000 inhabitants are served by
WWTPs. The Greek Ministry of Environment and Energy has established a database for the notification
of functional data for the major WWTPs operating in Greece [10]. However, energy consumption data
are not reported in the above database. Most WWTPs in Greece employ the activated sludge process,
while a few plants use the constructed wetlands process or membrane processes (MBRs). The smaller
WWTPs operate as extended aeration plants without primary clarification. The construction of almost
all municipal WWTPs in Greece, as in other European Union (EU) member states, has been co-financed
by the EU. However, the operational expenses of the WWTPs are paid by the municipalities. It is thus
important to assess the energy status of the WWTP as a first step for the implementation of an energy
conservation plan.
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The scope of the present study is to present the energy status of WWTPs in Greece (which are
typical, as in the rest of Europe [11]) through the circulation of a structured questionnaire. Correlations
between the WWTP capacity and energy requirements will be estimated, and the energy cost, in relation
to the equivalent population served, will be assessed. Finally, the energy profile of an average WWTP
will be estimated.

2. Methodology

The study was conducted with the circulation of a structured and extensive questionnaire
consisting of 36 questions categorized into four sections. The questions were closed-ended (multiple
choice and binary form “yes or no”) and open-ended, which allowed the respondent to answer at his
own discretion. The general questions preceded by the more specific ones, so that the questionnaire
was relevant and logical. The questionnaire aimed to collect data about the

Layout of the WWTP;

Average daily flow;

Population served;

Qualitative characteristics of the inlet and outlet wastewater;

Treatment of biosolids;

Energy requirements for the WWTP and for the individual sub-processes;

NG N

Operational cost, with respect to energy.

Seventeen WWTPs, distributed throughout Greece (Figure 2), with average wastewater inflow
between 300 m3/d and 27,300 m3/d, were studied. The questionnaires were distributed in November
2016, and all replies were collected by May 2017.
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Figure 2. Locations of the WWTPs that participated in the study.

Following the collection of the questionnaires, the data were analyzed, and the critical values,
(such as wastewater production, energy consumption per capita, treatment cost per capita and per
volume unit) were calculated. The wastewater and sludge treatment processes of each examined
WWTP are presented in Table 1.
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Table 1. Sub-processes for every WWTP participated to the study.

Process

I;ﬂ‘::t Screening Grit Degreasing Equalization Primary Aeration  Type of Oxidation Nitrification & Phosphorus Secondary Disinfection Water Sludge Sludge
Station Chamber Tank Sedimentation  Tank Process Denitrification Removal Sedimentation Tank Reuse Thickening Dewatering

WWTP

1 Marpissa X X X X CSTR T X X X

2 Naousa X X X X CSTR X X X X X

3 Parikia X X X X CSTR X X X X X

4 Thasos X X X X X CSTR X X X X X

5 Elounda X X X PFR 2 X X X X X

6 Amyntaio X X X X X CSTR X X X X X X

7 Farsala X X X X CSTR X X X X X X

8 Litochoro X X X X X CSTR X X X X X X

9 Elassona X X X X X PFR X X X X X X

10 Chrysoupoli X X X X CSTR X X X X X X

11 Agios Nikolaos X X X X X ODR? X X X X X

12 Lavrio X X X X X X ODR X X X X X

13 Florina X X X X X CSTR X X X X X X

14 Nea Kydonia X X X X CSTR X X X X X X

15 Thiva X X X X ODR X X X X X X X

16 Lamia X X X X X ODR X X X X X

17 Karditsa X X X X PFR X X X X X X

1 CSTR: continuous stirred tank reactor; 2 PFR: plug flow reactor; > ODR: oxidation ditch reactor.
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3. Results and Discussion

The main processes for each of the studied WWTPs are summarized in Table 1. According to
Table 1, all WWTPs follow the activated sludge process with nitrogen removal. Only one WWTP is
equipped with a primary sedimentation tank (Litochoro). Disinfection is with the addition of sodium
hypochloride solution for all WWTPs. All WWTPs are equipped with biosolid management facilities.
The aeration tank in 10 WWTPs operate as a continuous stirred tank reactor (CSTR) in three WWTPs as
a plug flow reactor (PFR), while in the rest (4), the WWTPs operates as an oxidation ditch reactor (ODR).
The sewerage collection system connected to all WWTPs is of the separation type. The average daily
inflow, the population served (PE), the average daily energy consumption, and the energy consumption
per m?3, for each WWTP, are shown in Table 2.

Table 2. Average daily inflow, population served, average daily energy consumption and energy
consumption per m? for the studied WWTPs.

Average Daily Povulati Average Daily Energy Energy
WWTP Inlet Flow, Q,y S:rl:: da t(llfg) Consumption Consumption per
(m3/d) (kWh/d) m3, Eg (kWh/m?)
1 Marpissa 290 1157 471 1.65
2 Naousa 940 2555 774 1.08
3 Parikia 927 3215 529 0.44
4 Thasos 1150 4000 933 0.78
5 Elounda 700 4350 539 1.16
6 Amyntaio 1550 5350 1637 0.76
7 Farsala 935 5400 1298 1.37
8 Litochoro 2625 7000 1426 1.08
9 Elassona 644 12,225 1436 2.28
10 Chrysoupoli 1987 14,220 1473 0.76
11 Agios Nikolaos 3400 22,000 2179 0.74
12 Lavrio 2850 25,500 2301 0.80
13 Florina 11,830 26,000 2751 0.49
14  Nea Kydonia 6687 35,934 4123 0.63
15 Thiva 8410 40,000 1634 0.71
16 Lamia 14,285 46,550 7243 0.50
17 Karditsa 27,350 56,050 3102 0.13

Initially, the average daily incoming flow per inhabitant served (PE) by the WWTP (m3/PE-d), for
every WWTP was calculated (Figure 3). According to Figure 3, the average daily flow varied between
0.052 m*/PE-d (Elassona) (followed closely by that of Thiva (0.059 m3/PE-d)) and 0.426 m3/PE-d (Karditsa)
(followed closely by that of Amyntaio (0.404 m3/PE-d)), with an average value of 0.217 + 0.114 m?®/PE-d.
The average value is close to the daily wastewater volume per capita reported by other studies.
Dimopoulou [12] calculated the above rate for Greek WWTPs as 0.20 m?/PE-d. Karagozoglu and
Altin [13] have calculated the per day per capita wastewater production for a town in Anatolia, Turkey,
as 0.17 m%/PE-d. Tchobanoglous et al. [8] quoted wastewater production per capita for the US as between
0.20 m3/PE-d and 0.28 m®/PE-d, depending on the water conservation fixtures of the dwellings. On the
other hand, Almeida et al. [14] have quoted average per capita wastewater production for England at
about 0.10 m3/PE-d. Similar values have been quoted for Germany by Shoener et al. [15] (0.10 m?®/PE-d)
and by DESTATIS [16] (0.12 m3/PE-d), while for Saxony, Germany, an even lower value (0.084 m?/PE-d)
has been reported [17]. Salvato [18] has reported significantly lower wastewater production for various
developing countries around the world, with world average between 0.035-0.090 m3/PE-d (as low
wastewater production per capita is a norm for developing countries). However, the relatively large
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standard deviation calculated by the present study indicates that the use of a typical universal daily
wastewater production per capita may not be used as designing parameter for WWTPs, and a more
detailed study, at local level, should be conducted.
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Figure 3. Average daily incoming flow per inhabitant (m3/PE-d) (blue bars), with average value (dashed
blue line) and standard deviation (dashed red lines) for the 17 examined WWTPs.

The daily electric energy requirement per inhabitant, Epg (kWh/PE-d), and the daily electric energy
cost per inhabitant, E¢pg (€/PE-d), for each WWTP are presented in Figure 4. Epg varies between
0.041 kWh/PE-d (Thiva) and 0.407 kWh/PE-d (Marpissa), with average value 0.167 + 0.101 kWh/PE-d,
while Eg/pg varies between 0.005 €/PE-d (Thiva) and 0.073 €/PE-d (Marpissa), with an average value of
0.024 + 0.019 €/PE-d. It is worth mentioning that the cost of electricity is not proportional to electricity
consumption, as the electricity supplier imposes an extra charge according to the pattern of electricity
consumption. When electricity consumption exceeds a target value, a penalty is being charged (this is
further discussed below). The above may be the reason for the high E¢/pg for the WWTP of Litochoro
(Ee/pg is 0.055 €/PE-d), while the Epg for the same WWTP has been calculated as 0.203 kWh/PE-d.
Similar behavior may be observed for other WWTPs, such as Farsala and Amyntaio.
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Figure 4. Blue bars and dashed line: daily electric energy requirements per inhabitant, Epg (kWh/PE-d)
and average value, respectively; red bars and dashed line: daily electric energy cost per inhabitant,
Eg/pr (€/PE-d), and average value, respectively (Thasos WWTP is not included due to lack of data).
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The daily energy requirement per inhabitant, Epg (kWh/PE-d), as a function of population served
(PE) by each WWTP, is presented in Figure 5. Figure 5 shows a statistically significant near logarithmic
descending correlation between Epg and PE, with correlation function Epg = —0.073/n(PE) + 0.8425;
R? = 0.6989. Dimopoulou [12], who studied the energy consumption in 11 WWTPs in Greece, calculated
the average Epg for WWTPs serving up to 10,000, between 10,000 and 50,000, and above 50,000 PE
as 0.36, 0.13. and 0.11 kWh/PE-d, respectively. For comparison purposes, the Epg values reported
by Dimopoulou [12] have been inserted into the graph of Figure 5 (as straight lines, parallel to
the x-axis). The findings of Dimopoulou [12] are remarkably close to the findings of the present
study. Mamais et al. [19], who studied the per capita energy consumption for WWTPs in various
locations, has reported for Greek WWTPs that Epg ranges between 0.041 kWh/PE-d and 0.236 kWh/PE-d
(average 0.104 kWh/PE-d), while for WWTPs in USA the relative Epg values were found to lie between
0.044 kWh/PE-d and 0.194 kWh/PE-d (average 0.079 kWh/PE-d) [20]. For European and Australian
WWTPs, Epg, values have been reported between 0.055 kWh/PE-d and 0.329 kWh/PE-d [19] and 0.082
to 0.329 kWh/PE-d [21], respectively.
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Figure 5. Blue points: daily electric energy requirement per inhabitant, Epg (kWh/PE-d) for the 17
examined WWTPs; blue line: trend line Epg = —0.073[n(PE) + 0.8425 with R? = 0.6989; red, green, and
purple lines: average Epg for WWTPs serving up to 10,000, 10,000 to 50,000, and above 50,000 PE,
respectively, reported by Dimopoulou [12].

The energy cost is a crucial issue for the WWTPs, as it is one of the biggest single operational
costs, and there is always a need to mitigate it. For example, about 30% of WWTPs’ operational costs
in the US is budgeted for energy consumption [8]. In general, the energy consumption of a typical
WWTP accounts for 25%—40% of the total operational cost [4,22]. Furthermore, the rising trend of the
kWh cost of electricity stands as a major incentive for the WWTPs, so the study of energy consumption
and operational improvements are vital to reduce the energy consumption cost without deteriorating
the effluent quality [23,24]. The daily electricity cost per capita is depicted in Figure 6. According to
Figure 6, a statistically significant, near logarithmic descending correlation may be observed between
the daily energy cost per inhabitant, E¢/pg (€/PE-d) and PE served by the WWTP. The electric energy
cost ranges from 0.005 €/PE-d (Thiva) to 0.073 €/PE-d (Marpissa) (average 0.024 + 0.019 €/PE-d) with
correlation function: Egpg = —0.013[n(PE) + 0.1473; R? = 0.6388. The relatively smaller correlation
coefficient calculated for the latter correlation, compared to the one for per capita energy consumption
(Figure 4), may be attributed to the irregularity inserted by the electric energy provider due to the
charge according to both net energy consumption and t the pattern of energy consumption (this is
further discussed below). Dimopoulou [12] calculated similar values for energy cost, for the operation
of WWTPs in Greece, with E¢/pg values ranging from 0.009 €/PE-d to 0.032 €/PE-d, for WWTDPs serving
between 1000 PE and 56,000 PE.
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Figure 6. Blue points: daily electricity cost per inhabitant, E¢/pg (€/PE-d) for the 16 examined WWTPs
(the WWTP in Thasos is not included due to lack of data); blue line: trend line E¢/pg = —0.013[n(PE) +
0.1473 with R? = 0.6388.

The electricity cost per wastewater volume unit (Eg/y) (€/m3) exhibits significant variation, as it
lies between 0.012 €/m> (Karditsa) and 0.291 €/m® (Marpissa), average 0.111 + 0.077 €/m®. A statistically
significant, near logarithmic correlation, between E¢y and average daily inflow (Qay) to the WWTP has
been found: E¢y = —0.052[nQ,y + 0.5151; R? = 0.6359 (Figure 7) (the WWTP in Karditsa has not been
included in the graph of Figure 7, as it is represented on the graph by one isolated point, with Q,, about
double than the closer one (that of Lamia), and thus it is not reliable to extend the correction for such
high daily flows, as it is based only on one point). However, the E¢/y value for Karditsa is the lower
one among those studied. Similar values for WWTPs in Greece, have been quoted by Dimopoulou [12],
who calculated energy cost per wastewater volume between €/m3 0.013 and 0.197 €/m®. High variation
to the per m3 electricity cost has been also observed in a study conducted on about 300 activated
sludge WWTPs in the region of Valencia (Spain). In that study, the minimum cost was calculated as
0.025 €/m?, the maximum was found 0.818 €/m?, while the weighted average value was calculated
as 0.137 €/m3, with a declining trend with the capacity of the WWTP was observed [25]. A declining
trend of the per volume electric energy cost, with the population served (PE) by the WWTP has been
reported by Guerrini et al. [26], who studied about 130 WWTP at the region of Tuscany (Italy); they
reported average energy cost of 0.30 €/m?, for WWTPs serving less than 2000 PE, 0.08 €/m? for WWTPs
serving more than 10,000 PE, and 0.12 €/m? for the in between WWTPs [26]. The energy consumption
per m?® in USA WWTPs has been reported to lie between 0.005 €/m3 and 0.085 €/m3, with most WWTPs
indicating costs between 0.014 €/m3 and 0.037 €/m3 [27].
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Figure 7. Blue points: electric energy cost Egyy (€/m?) per unit volume of treated wastewater, as a
function of average daily wastewater flow, Qay (m3/d), for the 16 examined WWTPs (the WWTP in
Karditsa has been exempted); blue line: trend line E¢/y = —0.05211(Qay) + 0.5151 with R? = 0.6359.

A statistically significant, near logarithmic descending correlation between the electric energy
consumption per volume unit of inlet wastewater, Eq (kWh/m3), and the average daily wastewater
flow, Q.v (m3/d) has also been calculated, with correlation equation: Eq = —0.294InQ,y + 3.1891;
R? =0.5337. In the present study, the Eq was calculated to lie between 0.128 (Karditsa) and 2.280 KWh/m?3
(Elassona), with average value 0.903 + 0.509 kWh/m3 (Figure 8). The above values are in complete
accordance with the ones reported for WWTPs in Greece, by Dimopoulou [12], which lies between
0.12 kWh/m?, and 2.19 kWh/m3, and follows similar trend with plant capacity. The increased per m?
energy consumption in smaller WWTPs has been pointed out by Bodik and Kubaska [9], who studied
the energy consumption in Slovakian WWTPs and reported energy consumption of 0.48 kWh/m? for
WWTPs with average daily flows above 5000 m3/d, while for smaller ones, the relative value dropped to
0.91 kWh/m®. It has been observed that the average electricity consumption per m? of wastewater does
not present significant differences across countries, despite the fact that various wastewater treatment
technologies and configurations are applied [28-30]. A large survey in the US [27] indicated that the
energy consumption per m? was between 0.07 kWh/m? and 1.32 kWh/m?3, with most WWTPs indicating
energy consumption between 0.22 kWh/m3 and 0.66 kWh/m?, regardless of the type of treatment
process. Another study conducted in the US reported the average per m electricity consumption as
0.52 kWh/m3, with an increasing trend during the last decade [31]. European and Asian countries,
such as Germany (0.40-0.43 kWh/m3) [31], Sweden (0.42 kWh/m?) [31], China (0.31 kWh/m?) [31],
Japan (0.30 kWh/m?3) [32], and Korea (0.24 kWh/m?) [33], have been found to consume similar electric
energy per m® for wastewater treatment compared to the US. Panepinto et al. [22] studied the per
m? electric energy consumption in several European countries and reported that it ranges between
0.30 kWh/m? and 0.49 kWh/m? in Italy, while the average values for Portugal and Norway were
reported as 0.73 kWh/m? and 0.33 kWh/m3, respectively. Finally, the per m3 energy consumption of
South African WWTPs has been found to vary between 0.08 kWh/m?3 and 0.41 kWh/m? [31].
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Figure 8. Blue points: electricity consumption, Eq (kWh/m?) per unit volume of treated wastewater as
a function of average daily wastewater flow, Q,y (m3/d), for the 17 examined WWTPs; blue line: trend
line Eq = —0.294In(Qav) + 3.1891 with R2 =0.5337.

Statistical analysis indicated a relatively good linear correlation between the electric energy
consumption per m? (Eq) and electric energy cost per m® (E¢/y), with correlation coefficient R? = 0.7564
(Figure 9a). Remarkably, a similar correlation coefficient (R? = 0.7530) has been calculated for the linear
correlation between the daily energy requirement per inhabitant (Epg) and the daily electrical cost per
inhabitant (E¢/pg) (Figure 9b). If the energy cost was exactly proportional to the energy consumption,
the above coefficients would have been significantly closer to 1, as the energy cost per kWh is the same
for all WWTPs. However, due to the reasons explained above, energy cost is affected by other factors.
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Figure 9. Cont.
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Figure 9. Linear correlation between (a) the electric energy consumption per m® (Eq) and electricity
cost per m® (E¢yy) and (b) the daily energy requirement per inhabitant (Epg) and the daily electrical
cost per inhabitant (E¢/pg).

The electricity required by the WWTPs investigated in the present study, as a function of the type
of the biological process used, is shown in Figure 10. The WWTPs (3) employing the PFR process
in average consume 1.187 + 1.076 kWh/m? (ranging between 0.128 and 2.279 kWh/m?), those (10)
employing the CSTR process consume 0.903 + 0.387 kWh/m3 (ranging between 0.440 and 1.646 kWh/m?),
while the ones (4) employing the ODR process consume 0.687 + 0.130 kWh/m3 (ranging between
0.501 kWh/m? and 0.800 kWh/m?). According to Figure 10, the median values for each aeration process
are 1.155, 0.770, and 0.724 kWh/m?3 for PFR, CSTR, and ODR, respectively.
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Figure 10. Electric energy consumption per volume unit of treated wastewater, Eq (kWh/m?) for the
17 WWTPs, with error bars and median, classified as a function of the type of the aeration process:
continuous stirred tank reactor (CSTR) (blue box); plug flow reactor (PFR) (red box); oxidation ditch
reactor (ODR) (green box).

The electricity distribution among the various sub-processes in a WWTP is important and should
be carefully studied prior to any attempt to improve the energy efficiency of a WWTP. To work out the
energy fraction requirements per sub-process for wastewater treatment, it is important to establish
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a common baseline at which processes should be considered. For example, energy requirements
for WWTP lighting and buildings supply should not be included, as this is not an integral part
of the treatment process. Also, energy consumption from applications that are not common in all
WWTPs, such as anaerobic digestion, should be excluded (as most small WWTPs do not have anaerobic
digestion facilities). Thus, in the present study, the above energy sinks have not been considered when
calculating the energy consumption fractions within a WWTP. On the other hand, sewage pumping at
the headworks has been considered, even if the energy requirements for pumping at the headworks
are specific, as they depend on the morphology of the area of the WWTP and on the relative location of
the end point of the sewerage pipe in relation to the location of the inlet point to the WWTP.
The average percentage of energy consumption per sub-process for the WWTPs studied is shown
in Figure 11. As expected, the major energy sink is the aeration process, which for the studied
WWTPs, on average, accounts for about 0.618 kWh/m3 (67.2%) of the total electricity consumption.
The above fraction is in agreement with findings by other researchers who have reported percentage
fraction for electric energy consumption for aeration of 61% [8], 60% [34], 67% [35], or even 77.9% [23].
The second in importance electric energy sink (7.5%) is due to sewage pumping at the headworks;
as mentioned above, the pumping energy at the headworks is case specific, and has been reported
as 5% by Tchobanoglous et al. [8], 12.0% by Gu et al. [4], 17.5% by WEREF [35], and 18.9% by Daw et
al. [23]. The remaining processes consume smaller amounts of energy. Secondary clarification was
found to demand 2.4% of the total energy, while Tchobanoglous et al. [8] and WERF [35] have both
reported 4% energy fraction for clarification process. A quite significant fraction of electric energy
has been found to be consumed for grit and grease removal (5.5%) (WERF [35] has reported less than
2%, while Tchobanoglous et al. [8] reported below 0.5%). For sludge management, the dewatering
process consumes the higher fraction of electric energy (3.1%), which is lower compared to the fractions
reported by Tchobanoglous et al. [8] (7.7%) and WEREF [35] (4.9%). The lower value calculated in the
present study may be due to the fact that most of the examined WWTPs utilize belt filter presses
for dewatering rather than decanters (the latter are comparatively more energy intensive processes).
Finally, the energy percentage for chlorination (3.1%) is in good agreement with the one reported by
Tchobanoglous et al. [8] (3.4%), while WERF [35] has reported a significantly lower percentage (0.4%).
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Figure 11. Energy distribution in the main processes of conventional activated sludge systems (influent
pumping station; screening; grit chamber/degreasing; aeration tank; secondary clarifier; chlorination;
sludge thickening; sludge dewatering).
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4. Conclusions

This study investigated the energy consumption in 17 activated sludge WWTPs, in Greece,
serving 1100 to 56,000 inhabitants, and with average daily incoming flowrates between 300 m3/d and
27,300 m?/d. The daily wastewater production per inhabitant was measured between 0.052 m®/PE-d
and 0.426 m3/PE-d, with average volume of 0.217 + 0.114 m?/PE-d. The energy consumption Eq per
m? of incoming wastewater was found to vary between 0.128 kWh/m3 and 2.280 kWh/m?3, while
the daily electric energy consumption per inhabitant served (Epg) was calculated between 0.041
and 0.407 kWh/PE-d. In both cases, a near logarithmic descending correlation was found between
Eq and average daily flowrate (Qay) (Eq = —0.294InQ,, + 3.1891; R? = 0.5337), and Epg and PE
(Epe = —0.073In(PE) + 0.8425; R? = 0.6989), respectively. Similarly, near logarithmic descending
correlations were found between the per inhabitant daily energy cost (E¢/pg) and the inhabitants (PE)
served by the plant (E¢ppg = —0.013[n(PE) + 0.1473; R2 = 0.6388) and between the electric energy cost
per wastewater volume unit (E¢y) and the average daily flow (Qay) (E¢v = —0.052[nQ,y + 0.5151;
R? = 0.6359). Ee¢/pr was found to vary between 0.005 €/PE-d and 0.073 €/PE-d, while E¢y was found
to vary between 0.012 and 0.291 €/m>. All the above correlations are statistically significant, as they
have relatively high correlation coefficient (R? > 0.53). The activated sludge processes were compared
energy-wise, with respect to aeration type. The PFR process proved to be the most electricity-consuming
aeration process (1.187 kWh/m?). Finally, the average energy profile of all WWTPs was worked out. The
most energy intensive process was the aeration tank, consuming 67.2% of the total energy, on average.

The study indicated a large variation of energy requirements per flowrate or per inhabitant among
the studied WWTPs, which indicates that there is ground for improvements to reduce the energy
consumption. Therefore, it is wise that every WWTP perform a detailed energy assessment study in an
effort to improve energy efficiency. Also, further research should be carried out on the development of
novel and energy-efficient wastewater treatment processes.
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Glossary

CSTR Continuous Stirred Tank Reactor

Ee/pr Daily electric energy cost per inhabitant (€/PE-d)

Eev Electric energy cost per wastewater volume unit (€/m?)
Epg Daily electric energy requirement per inhabitant (kWh/PE-d)
Eq Electric energy consumption per volume unit (kWh/m?)
MBR Membrane bioreactor

ODR Oxidation Ditch Reactor

PE Population Equivalent

PFR Plug Flow Reactor

Qav Average daily inlet flow (m3/d)

R Correlation coefficient

WWTPs Wastewater Treatment Plants
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