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Abstract: Wastewater treatment plants (WWTPs) exhibit significant energy consumption and produce
large amounts of Greenhouse Gas emissions (GHG emissions). Energy efficiency and reduction in
GHG emissions in WWTPs have become important issues, especially in view of the climate crisis.
The core objective of this work is to assess the energy and carbon footprint of Greek WWTPs and
to propose methods to improve energy efficiency and reduce GHG emissions. Data were collected
from 31 Greek WWTPs with an average treatment capacity between 250 and 3,650,000 population
equivalents (PE). The total population served by the 31 WWTPs was over 6,000,000, which is more
than half of the population in Greece with access to WWTPs. Based on the results, the annual average
energy consumption for small, medium and large WWTPs equals 137 kWh/PE, 48 kWh/PE and
32 kWh/PE, respectively. Accordingly, annual average GHG emissions, both biogenic and non-
biogenic in small, medium and large WWTPs are equal to 207 kgCO2e/PE, 144 kgCO2e/PE and
89 kgCO2e/PE, respectively. Annual average on-site GHG emissions are equal to 56.5 kgCO2e/PE,
while the average off-site GHG emissions account for 16.9 kgCO2e/PE. Based on the results, acceptable
and attainable targets for WWTPs energy consumption and GHG emissions are proposed.

Keywords: WWTP energy consumption; GHG emissions; energy optimization strategies; wastewater
treatment; self-sufficient WWTPs

1. Introduction

WWTPs are traditionally designed to achieve effluent requirements and prevent
pollution of receiving water bodies. However, during the last few years, energy-saving
and energy efficiency are progressively becoming more urgent issues, mainly due to the
problems associated with the climate crisis [1]. In view of this pressure, the wastewater
industry is urged to face such challenges by adopting more sustainable practices such as the
reduction in energy consumption and greenhouse gases emissions [2]. Accordingly, efforts
to provide services to 2.3 billion people who lack access to basic sanitation services require
the integration of energy consumption and climate policies [3] on a worldwide scale.

WWTPs are important energy consumers with an estimated 3–4% share of total U.S.
electricity consumption attributed to the water industry [4]. For Beijing WWTPs, en-
ergy consumption accounts for 4–6% of the total energy consumption [5]. According to
Vergara-Araya et al. [6], the energy consumption of conventional activated sludge treat-
ment systems varies between 0.27 and 1.89 kWh/m3. The average annual energy consump-
tion in WWTPs in the USA is approximately 29 kWh/PE, ranging from 16 to 71 kWh/PE [7].
According to Jonasson [8], average annual energy consumption in the UK, Swedish and
Austrian WWTPs equals 38 kWh/PE, 42 kWh/PE and 23 kWh/PE, respectively, while
comparable values were reported by [9] for five Nordic WWTPs (31–47.2 kWh/PE). Further-
more, as reported by Krampe [10], the annual specific energy consumption of 11 WWTPs in
South Australia ranged from 30 to 120 kWh/PE with an average value of 60 kWh/PE. These
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values are quite similar to the German Guide Manual, which sets an objective for annual
energy optimization of approximately 20–30 kWh/PE, based on the size of the WWTP [10].
Average annual specific energy consumption in Greek WWTPs ranges between 15 and
86 kWh/PE, with an average value of 38.4 kWh/PE [11]. As reported by Mamais et al. [11],
medium WWTPs serving 15,000–100,000 PE have higher per capita energy consumption
(44 kWh/PE) than larger ones serving more than 100,000 PE (32 kWh/PE).

Energy consumption depends on several factors, such as location, size, the extent of
sewer network, treatment configuration, type of aeration, equipment energy efficiency
and WWTP overall efficiency [1]. The main energy consumer in a WWTP is aeration.
Aeration usually accounts for about 25–60% of the total energy consumption in WWTPs [12].
Energy requirements for aeration depend on the aeration system, with WWTPs with
diffusion systems consuming much lower energy, compared to treatment plants using
surface aeration systems [11].

It is widely accepted that WWTPs are also a significant source of greenhouse gas
emissions (GHG) in the water industry [13]. Specifically, WWTPs directly produce several
greenhouse gases, such as carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4), as
a result of the treatment procedure and additionally contribute to CO2 and CH4 emissions
through energy consumption [11]. Studies in the US report an average GHG emission value
of 0.38 kgCO2e/m3 [14]. Annual GHG emissions, range between 7 and 108 kgCO2e/PE for
16 Scandinavian WWTPs [15] and 33–38 kgCO2e/PE in Romania WWTPs [16]. According
to a previous study focusing on moderate and large WWTPs, the annual GHG emissions
from Greek WWTPs ranged between 61 and 161 kgCO2e/PE [11]. The reduction in GHG
emissions of WWTPs is crucial, considering that the European Commission has set a target
of at least a 55% decrease in GHG emissions by 2030 (European Commission, 2021) [17].
The carbon footprint of a WWTP includes both GHG emissions released from a treatment
activity directly and/or indirectly. Direct GHG emissions arise from wastewater collection,
treatment and disposal, while indirect GHG emissions are related to electricity supply,
transportation of different chemicals or sludge, use of chemicals and additives and disposal
of residuals [18].

Recent research highlights that WWTPs loading, which is also linked with the climate
crisis, is expected to increase energy consumption by the end of the century [19]. Accord-
ingly, wastewater production is expected to increase globally by 24% and 51% by 2030 and
2050, respectively [20]. Therefore, controlling the energy consumed from wastewater treat-
ment plants is crucial. Improvement of WWTP’s energy footprint can be achieved in many
ways, such as selecting appropriate WWTP configuration, improved pumping and aeration
efficiency with proper automatic control systems, using renewable sources of energy and
supporting within-system generation of energy [21]. In this context, the energy produced
through the anaerobic digestion of sludge can be integrated with other renewable sources
such as photovoltaic and wind power [22]. Furthermore, potential excess of energy and
heat production in WWTPs, which might occur due to the application of these renewable
sources, can be potentially employed to supply external energy consumers [23].

Minimizing energy consumption and using low-carbon technologies are significant
for mitigating the climate crisis [24]. The benefits from the optimization of WWTP energy
efficiency are both environmental and financial. Air pollution and GHG emissions are
reduced, energy costs are decreased, new jobs are created, and the market grows, while
public health is protected and infrastructure life is extended [25].

The present study aims at presenting a holistic overview of the Greek WWTPs energy
consumption and GHG emissions and proposes equations to calculate the acceptable level
of energy consumption and GHG emissions based on the capacity of a plant. The study
included collecting data on energy consumption from several WWTPs, to evaluate both
on-site and off-site GHG emissions and to propose strategies to increase the efficiency that
can be implemented to reduce both energy consumption and GHG emissions in WWTPs.
To the best of our knowledge, this is the first study with sufficient data to adequately
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evaluate and derive acceptable and attainable targets for WWTPs energy consumption and
GHG emissions based on their capacity.

2. Materials and Methods

Operational data were collected from 31 out of the total 231 WWTPs operating in
Greece, with an average treatment capacity ranging from 250 to 3,650,000 PE. The total
population served by the 31 WWTPs was over 6,000,000, which is more than half of the
population in Greece with access to WWTPs. The WWTPs studied are geographically
evenly dispersed, ranging from the district of Macedonia in the north to the island of Crete
in the south, as shown in Figure 1.
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Figure 1. The location of the 31 WWTPs.

For each WWTP, the available data included design calculations, drawings, utility
bills and a list of equipment with its operational characteristics in order to develop an
understanding of the wastewater and sludge treatment processes used and the energy
consumption at each treatment stage. Operational data for each WWTP were collected over
a 3-year period.

The population served and the treatment method of each plant are presented in Table 1.
The 31 WWTPs were divided into the following three categories:

Category 1: Small-sized WWTPs: This category includes 12 small WWTPs with a
treatment capacity lower than 10,000 PE. All of these WWTPs applied extended aeration-
activated sludge treatment processes;

Category 2: Medium-sized WWTPs: This category includes 12 medium WWTPs with a
treatment capacity ranging from 10,000 to 100,000 PE. Most of these twelve WWTPs applied
extended aeration activated sludge treatment processes, whereas few had conventional
activated sludge wastewater treatment with primary and secondary treatment stages and
anaerobic sludge digestion;

Category 3: Large-sized WWTPs: This category includes 7 large WWTPs with a
treatment capacity of over 100,000 PE. All WWTPs in this category employed conventional
activated sludge process and anaerobic digestion for sludge stabilization.
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Table 1. WWTP’s population served and treatment method.

Groups A/a Population Served Treatment Method Nutrient
Removal

Small

1 250 Type 1 N
2 500 Type 1 N
3 1000 Type 1 N & P
4 1101 Type 1 N
5 1230 Type 1 N
6 1850 Type 1 N & P
7 2000 Type 1 N
8 2209 Type 1 N & P
9 3620 Type 1 -

10 6215 Type 1 N & P
11 8704 Type 1 -
12 9123 Type 1 N

Medium

13 10,033 Type 1 N & P
14 10,494 Type 1 N
15 13,125 Type 1 N & P
16 13,268 Type 1 N & P
17 15,000 Type 1 N
18 16,243 Type 1 -
19 42,672 Type 2 N & P
20 47,475 Type 1 N
21 52,003 Type 2 N
22 63,167 Type 1 N & P
23 77,278 Type 1 N & P
24 99,760 Type 1 N

Large

25 105,421 Type 2 N
26 109,814 Type 2 N
27 155,080 Type 2 N & P
28 180,997 Type 2 N
29 224,517 Type 2 N
30 1,050,874 Type 3 N
31 3,646,388 Type 3 N

Type 1: Extended Aeration, sludge thickening and dewatering. Type 2: Conventional Activated Sludge, sludge
thickening, anaerobic digestion and dewatering. Type 3: Conventional Activated Sludge, sludge thickening,
anaerobic digestion, cogeneration and dewatering.

For each category, energy consumption and GHG emissions were calculated, and
equations based on the plant’s capacity were derived. GHG emission calculations included
on-site and off-site production of CO2, CH4 and N2O, and the latter two were converted
in CO2 equivalent units by multiplying by 23 and 296, respectively [26]. Moreover, GHG
emissions were separated as biogenic and non-biogenic. GHG emissions originating
from organic matter degradation from biological wastewater treatment, anaerobic sludge
digestion, incineration, landfill and land application are considered biogenic (not derived
from fossil-fuel-related activities). According to the current Intergovernmental Panel on
Climate Change [26], biogenic CO2 emissions should not be included in the national
GHG emissions inventory. GHG emissions from energy consumption, chemicals and
transportation are considered non-biogenic.

The model applied to calculate GHG emissions was based on the comprehensive
approach suggested by Bridle et al. [27]. A detailed presentation of this methodology can
be found in Snip [28], whilst an analytical description of the model is presented in [11]. For
the GHG emissions calculations, the energy mix of 2019 in Greece was used as presented
by the Public Power Corporation. This included 18% energy from coal, 6% from nuclear
energy, 8% from oil, 32% from natural gas, 10% from other fossil fuels and 26% from
renewable energy [29].

The model calculates both on-site and off-site GHG emissions. On-site GHG emissions
are related to the GHG emissions from biotreatment processes, combustion of the biogas
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for energy production, leakage of the biogas to the atmosphere and chemicals. The GHG
emissions from biotreatment processes come from endogenous decay, the Biochemical
Oxygen Demand (BOD) oxidation and nitrogen removal. The off-site GHG emissions are
related to the sludge disposal/reuse, the use of electric power produced in power plants
and the emissions related to the discharged effluent. In more detail, on-site GHG emissions
(kg/d) during biological wastewater treatment were estimated by taking into account the
following processes:

• CO2 production from biomass decay;
• CO2 production from BOD removal and biomass production;
• CO2 consumption from nitrification;
• CO2 production from denitrification;
• N2O (in equivalent CO2) production from nitrification and denitrification processes;
• CO2 production from biogas use for heating and electricity production;
• CO2 production from biogas leakage to the atmosphere. A biogas leakage of 1% was

assumed in this study;
• CO2 production from chemicals used in the WWTP;
• Off-site GHG emissions considered in this study were:
• Net power consumption;
• Sludge disposal;
• Discharge to the effluent.

3. Results and Discussion
3.1. Energy Consumption

The average daily energy consumption for the WWTPs studied was calculated per PE
by adopting a BOD5 load for each PE equal to 60 g/d as defined in the EU Council Directive
91/271/EEC. Average daily energy consumption for small WWTPs is 0.374 kWh/PE
(with a standard deviation of 0.204 kWh/PE), for medium WWTPs 0.132 kWh/PE (with a
standard deviation of 0.036 kWh/PE) and for large WWTPs 0.087 kWh/PE (with a standard
deviation of 0.020 kWh/PE). Furthermore, energy consumption for small, medium and
large WWTPs was calculated to be equal to 1.65 kWh/m3, 0.43 kWh/m3 and 0.33 kWh/m3,
respectively. The boxplots of daily energy consumption in kWh/PE of small, medium and
large Greek WWTPs are presented in Figure 2. An interesting observation is that larger
WWTPs have a lower fluctuation in the energy consumption values, while small WWTPs
present a higher variation in energy consumption. This was rather expected as the category
of small WWTPs includes WWTPs with a variety of treatment capacities that range from
250 to 10,000 PE.

The results illustrate that larger WWTPs with conventional activated sludge treatment
and anaerobic digestion consume less energy than smaller ones with extended aeration
activated sludge treatment. The average consumption of conventional activated sludge
treatment is 0.104 kWh/PE/d, while the average consumption of extended aeration is
more than double (0.261 kWh/PE/d). The average annual specific energy consumption
of all Greek WWTPs is 32 kWh/PE, a value within the range reported in the literature for
WWTPs in Europe and USA [7,30].

Figure 3 represents the daily energy consumption of all WWTPs by size. The equation
of the blue line presented in Figure 3 is:

y = 2.2287 ∗ x−0.268

where y is the WWTP’s daily energy consumption per capita, and x is the average pop-
ulation served by the WWTP. This equation can be applied for WWPTs with an average
treatment capacity in the 500–3,650,000 PE range. The above equation represents the
average energy consumption obtained in WWTPs according to their treatment capacity.
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Furthermore, based on the available data, the more energy-efficient WWTPs (green
symbols in Figure 3) were identified according to their average treatment capacity, and a
similar equation was derived for WWTPs operating in the 1000–3,650,000 PE range:

y = 0.5151 ∗ x−0.17

where y is the WWTP’s daily energy consumption per capita, and x is the average popula-
tion served by the WWTP. This equation can be employed to set an energy consumption
target for WWTPs serving more than 1000 PE that is attainable without any additional
modifications for energy recovery.

Detailed evaluation of energy consumption per treatment stage (Figures 4–6) was
conducted for 21 out of the 31 WWTPs where all energy and equipment data were available.
Figure 4 presents the contribution of aeration to the total energy consumption. As shown
in Figure 4, energy consumption for aeration accounts in most cases for 40–70% of the total
energy consumption of the WWTPs, thus confirming that aeration is the primary energy
consumer among wastewater treatment stages. Specifically, in smaller WWTPs, aeration
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contribution to the total energy footprint ranges between 60 and 70%, while the respective
values for medium and large WWTPs range between 50 and 60% and 40 and 50%. The
primary reason for the significantly higher energy consumption due to aeration obtained
in small WWTPs is that all small WWTPs operate as extended aeration treatment systems.
Similar values are reported by the State of New South Wales and Office of Environment
and Heritage State [31], where activated sludge aeration attributes approximately 40–50%
of total energy consumption in WWTPs.
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The contribution of each treatment stage in the total energy footprint for each WWTP
is highlighted in Figures 5 and 6. Based on these data, it is anticipated that the biological
treatment (i.e., aeration and secondary treatment) is the primary energy consumption,
followed by sludge treatment facilities and primary treatment. These data are comparable
with other surveys showing the energy used in each treatment stage [6].

As shown in Figure 6, aeration exerts the highest energy consumption, followed by
other secondary treatment processes (i.e., bioreactors mixing, sludge recycling, mixed liquor
recirculation, etc.). A promising approach to cope with the increased energy requirements
for aeration is the adoption of the demand response (DR) concept [32]. Specifically, wastew-
ater treatment case studies have proven the potential flexibility of WWTPs in aeration and
pumping, using built-in redundancy for delaying treatment and sludge processing [33].
Shifting energy consumption from peak to off-peak periods to reduce economic costs for
water utilities is crucial for energy-intensive activities such as wastewater treatment.
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3.2. GHG Emissions

Daily GHG emissions of the three categories of WWTPs based on size are presented
in Figure 7. The average daily GHG emissions for small WWTPs is 0.567 kgCO2e/PE, for
medium WWTPs it is 0.393 kgCO2e/PE and for large WWTPs it is 0.244 kgCO2e/PE. In
general, larger WWTPs that apply conventional activated sludge wastewater treatment
and anaerobic digestion tend to have much lower GHG emissions compared to small
WWTPs that operate as extended aeration activated sludge treatment systems. This is
to be expected, considering the respective energy consumption results for aeration and
sludge stabilization.
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Figure 8 represents daily GHG emissions of all WWTPs by size that serves more than
1000 PE.

The equation of the GHG emissions presented in Figure 8 (blue line) is:

y = 1.8757 ∗ x−0.16 for WWPTs serving 500–3, 500, 000 PE

where y is the WWTP’s daily GHG emissions per capita, and x is the population served by
the WWTP. The above equation represents the average GHG emissions obtained in WWTPs
according to their treatment capacity.
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Furthermore, based on the available data, the WWTPs performing better in terms
of GHG emissions (green symbols in Figure 8) were identified according to their aver-
age treatment capacity, and a similar equation was derived for WWTPs operating in the
1000–3,650,000 PE range:

y = 2.0065 ∗ x−0.185

where y is the WWTP’s daily GHG emissions per capita, and x is the population served by
the WWTP. This equation can be employed to set a GHG emissions target for WWTPs that
is attainable without any additional modifications for emissions reduction. This threshold
can be adjusted for other countries by changing the energy mix.

The average annual GHG emissions from all Greek WWTPs is 73 kgCO2e/PE, a value
that is within the range of values reported in the literature [11,15,16,34]. Average annual
on-site GHG emissions are equal to 56.1 kgCO2e/PE, while off-site GHG emissions account
for 16.9 kgCO2e/PE. Approximately 30% of the total GHG emissions are related to electrical
energy consumption, and thus they can be reduced if renewable energy sources are used.

Figure 8 provides a comparison between the calculated values of this study with the
respective ones from other studies for WWTPs with a capacity over 50,000 PE [35–37].
Blue and green points represent the GHG emissions of WWTPs of this study, and orange
points represent emissions from other studies. It should be underlined that the higher
GHG emissions of the present study compared to the values of other studies are mostly
attributed to the inclusion of the emissions due to chemical use and effluent disposal in the
present study.

The average annual biogenic emissions are equal to 57.8 kgCO2e/PE, while the non-
biogenic emissions are equal to 15.6 kgCO2e/PE. Greek energy policy includes the with-
drawal of all coal-fired power plants by 2028, and the proportion of renewable energy in the
energy mix is set to reach 35% of the total. This will decrease GHG emissions to some extent,
especially the off-site emissions of WWTPs, which are related to energy consumption, and
further reduction is expected by 2050 when climate neutrality should be achieved according
to the European Green Deal [38].

Future research can integrate on-site measurements for GHG emissions, as indirect
calculations are not always representative, considering the spatial, temporal and other
variations in WWTPs [39]. Furthermore, the life cycle assessment (LCA) application can
highlight the environmental impacts of the selected WWTPs and can be used as a tool to
find the most efficient operational strategy [40].
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Many measures can be taken in order to achieve the goal of energy consumption
and GHG emissions reduction. These measures include the establishment of a facility’s
energy policy, performing energy audits and identifying energy-consuming activities, the
prioritization of energy improvement projects, the definition of key performance indicators
(KPIs), as well as the implementation of an energy improvement system and monitoring
the results of the management program and, ultimately, its maintenance. The replacement
of the existing equipment with new, more energy-efficient equipment and the optimization
of the operation can also be important factors towards the improvement of the energy
profile of WWTPs [41]. Renewable energy sources can also be implemented successfully in
WWTPs [42,43], and green public procurement criteria for the construction and operation
of WWTPs should include energy consumption and GHG emissions requirements. Imple-
mentation of automatic control can also improve energy consumption and reduce GHG
emissions. Moreover, as proven in the current study, the WWTP’s operational priorities
and treatment methods can also reduce energy consumption and emissions. This work can
provide useful threshold values for both energy consumption and GHG gas emissions re-
duction without any additional modifications for energy recovery. It should be underlined
that the potential chemical energy in municipal wastewater that can be harvested through
treatment exceeds the energy consumption of a conventional activated sludge plant by
at least a factor of 5. Recently, new emerging configurations of wastewater treatment
were proposed that could achieve net energy-neutral or even energy-positive wastewater
treatment [44]. These novel processes such as chemically enhanced primary treatment
(CEPT), high rate activated sludge process (A/B process), partial nitritation/anammox,
bio-solids pretreatment, anaerobic membrane bioreactors (AnMBR), microbial fuel cells,
co-digestion of bio-solids, etc., rely on energy recovery from biosolids and wastewater
while minimizing energy consumption [45].

4. Conclusions

Studies for the optimization of energy efficiency of WWTPs have been carried out for
decades, but the climate crisis is making the reduction in energy consumption and GHG
emissions an emergency. Energy efficiency and GHG emissions reduction are a priority for
national authorities globally, and wastewater treatment exerts a significant energy demand.

The extended survey of Greek WWTPs shows that smaller WWTPs tend to have
higher specific electricity consumption and GHG emissions than larger WWTPs. Equations
are derived for calculating target energy consumption and GHG emissions depending on
the population served by the treatment plant. The conventional activated sludge WWTPs
consume less energy than extended aeration WWTPs.

The energy consumption of aeration stands for 40–70% of the total energy consump-
tion of the WWTP. The WWTPs that include anaerobic digesters are more energy efficient.
The results of this study are comparable to energy consumption and GHG emissions values
reported in the literature. Average annual energy consumption for small, medium and
large WWTPs in Greece equals 137 kWh/PE, 48 kWh/PE and 32 kWh/PE, respectively. The
average annual GHG emissions for small, medium and large WWTPs is 207 kgCO2e/PE,
144 kgCO2e/PE and 89 kgCO2e/PE, respectively. Annual average on-site GHG emis-
sions are equal to 56.5 kgCO2e/PE, while average off-site GHG emissions account for
16.9 kgCO2e/PE. Biogenic emissions are equal to 57.8 kgCO2e/PE and the non-biogenic
emissions are 15.6 kgCO2e/PE.
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