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Abstract: Wastewater treatment is a process of intensive use of resources, mainly energy, which accounts for 15 to 40% of the
operating costs in conventional wastewater treatment systems. With the expected demographic increase and the restrictive trend
in quality standards for effluent discharge, the energy consumption tends to increase further if there are no changes in the
processes. The literature gathers the energy consumption of different wastewater treatment systems, in an attempt to map the
processes and to help the decision making in the search for better alternatives. One of these alternatives is the recovery of energy
from the sewer. The conventional treatment system requires between 0.3 and 0.6 kWh/m’, while the energy contained in the
wastewater may be up to 10 times of the one required for the treatment. The simultaneous wastewater treatment and power
generation, called the hybrid treatment system, is a worldwide trend. In Brazil, recent studies have shown, through energy
balances, the energy viability of anaerobic-aerobic systems, with the production of algae. This work presents a comparative
review of the energy consumption of different wastewater treatment plants, aiming at a better understanding and management of
the processes. The results showed that there are few Brazilian data published, indicating that the country still demands more
studies on the subject to improve its processes. In the treatment of wastewater, most studies point to the aerobic process as the
largest consumer of energy, and efforts are focused on the optimization of the conventional system, but still without great
achievements. Environmental goals and water supply strategies are poorly integrated with the energy handling, leading to an
inefficient use, and with economic and environmental consequences.
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billion) with energy in 2010 [4].

In addition to cost, energy use is associated with
environmental problems such as greenhouse gases (GHG)
emissions. A conventional treatment system, for example, has
a potential to produce up to 1,400 ton of CO, during its
operation [5]. This emission of greenhouse gases also
depends on the electricity generation system adopted in the
country [6] and is lower in Brazil, considering the percentage
of 74.6% of renewable energy in its energy matrix [7]. These
impacts have been measured by methodologies such as life
cycle assessment (LCA) [8], a tool standardized by ISO

1. Introduction

The water industry is a major consumer of energy, from
the stage of construction of the facilities to the final
demobilization of the equipment. Most of the energy is
consumed at treatment plants. Typically, the energy use
accounts for 5 to 30% of the operating costs of the plants in
the world [1, 2]. Electricity is the predominant form of
energy and it is used to power pumps, valves, compressors
and other equipment [3]. In Brazil, public supply and
sanitation companies spent 2.94 billion reais (about US$ 1
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14044, which has become a reference in the environmental
performance analysis of the processes [9]

Understanding and quantifying the energy use with water is
crucial to the sustainable use of resources through efficient
models, technology, better management, and appropriate
choices for each project. Although energy and water policies
are presented separately, their integration is necessary, since
decisions taken on water affect the energy consumption [10].
Adequate energy-efficient treatment of water must be ensured
to avoid damaging the life-sustaining foundations [11, 12].

Traditional water and wastewater systems are costly, and
often inefficient and great energy users [13]. Energy
consumption is considered one of the greatest anthropogenic
sources of GHG and it causes some of the most relevant
impacts on the global warming [10, 14]. According to [15],
energy consumption contributes 57% to global warming. In
the European Union, the energy and climate change strategy
aims to transform the current resource-intensive economy
model into a new sustainable growth model [16]. Ensuring
energy and water security and reducing carbon emissions is
important in the city planning [17]. Making a wastewater
treatment plant (WWTP) self-sustaining in energy can
improve its profitability [18] and reduce GHG emissions.
However, it is still difficult to demonstrate these benefits
quantitatively, and further studies are needed to overcome
political, behavioral, financial and technical barriers [19].
Energy consumption in the sector appears to be
under-researched and needs further exploration [20]. There is
a lack of knowledge, and it is not clear how the energy
consumption varies in different processes and countries [1].

2. Literature Review

Most of the reviews in the literature on energy
consumption in WWTPs are specific to certain regions or
processes, as in [21, 19, 22]. Other revisions have involved
the sector as a whole, as [6, 23]. According to [17], of the
total energy consumed, 70% is used for operation and 30%
for the construction. In North American WWTPs, due to the
large volume of treated wastewater, 94% of the spent energy
is in the plant's operating phase [23]. Data on this
consumption in Brazil are scarce.

The energy consumption in the pumping of wastewater to
the WWTP depends on several factors. Reference [17]
estimated consumption at 0.09 kWh/m® in India, or 45.3% of
the total used for the WWTP operation. In the USA, the
expenditure at this stage is 0.04 kWh/m®, in New Zealand it
varies between 0.04 and 0.19 kWh / m3, in Canada it is
around 0.02 and 0.1 kWh/m® [24], in Hungary it is between
0.045 and 0.14 kWh/mB, and in Australia it is estimated to be
between 0.1 and 0.37 kWh/m® [21, 25] suggested a global
consumption average of 5 to 18% for pumping.

2.1. Wastewater Treatment Energy Consumption

The energy consumption for wastewater treatment will
depend on the flow, effluent quality, types of processes
adopted [18] and quality of the effluent [26]. In Germany and
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Italy, about 1% of the country's energy consumption is in the
WWTPs, which is a good estimate for the European countries
[25], although other percentages may be described in the
literature. Reference [3] cited 0.7% for Germany, 0.6% for
the United States and 0.25% for China. Reference [27]
reported from 0.21 to 0.49% for China. Reference [1]
mentioned 0.5% for South Korea.

In general, wastewater treatment requires between 0.3 and
0.6 kWh/m® [28], but when there are limitations of area or
high qualities are required for the effluent, alternative
technologies with higher power consumption may be adopted.
[29]. Generally, the energy cost represents 15 to 40% of the
total cost of operation of the WWTP, being only behind the
workforce cost [30]. Regardless of its scale, each station
presents opportunities to improve its energy -efficiency,
saving 20 to 40% and, in some cases, up to 75% [19].

Reference [25] presented a review of the literature on
energy consumption in WWTPs from countries in North
America, Asia and Europe. So, the preliminary treatment
consumes less than 1% of the total consumed in the WWTP.
In the primary treatment, very little energy is expended,
while in the secondary treatment, the energy consumption
varies according to the type of treatment adopted [31]. The
energy expenditure in the tertiary treatment depends on the
degree of necessary treatment applied to the effluents [24].

Reference [23] reported the energy consumption in
WWTPs of different countries and, regardless of technology
differences, the average consumption was similar, between
0.38 and 1.122 kWh/m’. Five WWTPs were analyzed in
China, including one of the largest in the world (2x106 m? /
day capacity), and they were compared to others in the
United States, Germany and South Africa. Energy
consumption was dominated by the aeration, with a lower
consumption for the pumping and the sludge dewatering.

Reference [27] studied 9 WWTPs in southern China and,
in a second study [32], they studied 18 WWTPs in the that
country. So, it resulted that the energy expenditure in China
is much lower than in more developed countries such as
Japan, the Netherlands and Norway. The explanation may lie
in the lower quality of the effluent in China and the
modernity of its WWTPs, most of which have been built in
the last 10 years with new technology, whereas the traditional
plants were built 30 years ago in the developed countries.
The secondary treatment consumed about 60% of the total
energy, followed by the one for the pre-treatment,
disinfection, dephosphorization and sludge dewatering. The
technology with the lowest consumption was the
anoxic-anaerobic oxidation with coupled filter.

Reference [17] analyzed the energy consumption in
WWTPs of Delhi, India, where the treatment systems use the
activated sludge method. Considering only the energy of the
wastewater treatment, 65.5% was electric and 27.8% was
associated with the materials used in the process. The energy
consumption was influenced by chemicals which, when used
for sludge dewatering and disinfection, accounted for 28% of
the energy cost of operation.

Reference [19] evaluated 14 different WWTPs in Portugal.
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The plants with an additional biological treatment, for
nutrient removal, presented a 30 to 50% higher energy intake
in the aeration, pumping and solids processing when
compared to the one of the conventional activated sludge
system. The aeration consumed 53% of the energy and the
stages of air deodorization, flow equalization and sludge
dewatering also had a great contribution. The pumping
energy consumption was 12% and varied according to the
scale and the topography, and sometimes accounted for a
large part of the consumption.

According to [30], about 20% of the energy in the WWTPs
is consumed in auxiliary processes, such as pumping stations,
lighting and heating, with 0.52 kWh/m® being the energy
used only in the treatment. The electricity consumption
profile indicates that 55% of the energy is consumed in the
aeration, 10% in the primary clarification and 10% in the
processing of the biosolids. The author constructed a pilot
WWTP, with a system of maximum removal of solids before
the biological treatment, with a step of dewatering the sludge,
and generating energy through anaerobic digestion or
gasification. The demand for electricity in the proposed
system was 85% of the one of the conventional system, and
the required area was also much smaller. According to the
author, only optimizing the traditional processes is not
enough, since an organized effort in Switzerland only
managed to save 12% of the energy consumption.

At the end of the wastewater treatment, it is still necessary to
expend energy with the final disposal of the effluent, usually
done in rivers and lakes. In Australia the final disposal spends
0.02 kWh/m® [23]. The management of the sludge produced in
the WWTPs also consumes much of the energy. In the United
States, about 6.5 million tons of wastewater sludge are
produced annually [28]. In Europe, the countries that produced
the most sludge in 2010 were Germany, United Kingdom, Italy,
France and Spain, each with 2, 1.64, 1.5, 1.3 and 1.28 million
tons, respectively. For the European Union, a total amount of
sludge produced is estimated at 13 million tons by 2020 [33].
In Brazil, between 150 and 220 thousand tons of sludge were
produced in 2010, with a potential to quadruple this value, if
collection and treatment were expanded in the country [34].
These data are on a dry basis.

On average, 30% of the WWTP costs are attributed to the
sludge treatment, which needs to be stabilized prior to
disposal [28]. The sludge treatment, until its final disposal,
can consume between 0.074 and 0.15 kWh/m® due to the
different forms of management. If an aerobic treatment is
applied, the consumption is compared to the one of the
aeration system [25]. On the other hand, bio-drying is a
process that uses the heat produced by microorganisms [35].
However, sludge has an enormous potential to generate
energy, which can not only supply the energy expenditure of
its management, but also transform a WWTP into a surplus
energy unit [36].

With all these energy expenditures the wastewater
treatment method with a hybrid system is gaining attention in
recent years [37]. The system may be a combination of
several processes and operational units in order to improve

the quality of the wastewater effluent, with energy
advantages [38]. In Brazil, the annual volume of wastewater
treated is 2.6 billion cubic meters (81% of the wastewater
collected in the network), consuming 802 million kWh/year,
or 0.24 kWh/m’ [39].

2.2. Energy Generation Potential in the WWTPs

It is estimated that the domestic wastewater has 10 times
more energy, than that required for its treatment [28],
consisting of chemical, thermal and hydraulic forms.
Considering a chemical oxygen demand (COD) of 500 mg/L,
the chemical energy of the wastewater is estimated at 1.8
kWh/m® [20]. Despite the high energy content, due to
thermodynamic and technological constraints, only part of
this energy is recovered [30] and some challenges still must
be overcome in order to recover all this energy in an
economically viable way [28].

The biogas produced by the anaerobic digestion of the
sludge can provide between 39% and 76% of the total energy
consumed in the WWTP [40]. In the United States alone,
between 628 and 4,940 million kWh can be saved annually
by the anaerobic digestion of the wastewater sludge [23]. In
Europe, in 2014, the primary energy produced from
wastewater sludge biogas was 4.97x1013 kJ / year and in
Spain, the estimate is 5.94x1012 kJ/year [40]. In a study by
[17], the recovery of biogas in the WWTPs reduced the
energy consumption by 33%, or 0.10 kWh/m’. Further
research also indicates that the anaerobic digestion may
generate 0.1 kWh / m’ [3].

Reference [41] studied the economic viability for the
generation of electric energy from biogas obtained in
Brazilian WWTPs. A technical feasibility analysis
demonstrates that it is possible to have an economic viability
for the recovery of energy in a WWTP in a scale of 100
thousand inhabitants, and even smaller ones. A technical
study published by the Ministry of Cities evaluated, among 5
treatment options, that the UASB anaerobic reactor system
followed by an aerobic treatment, with energy production
through biogas, was the most feasible, reducing the external
energy demand in 99 %. The system presented a rate of
return of 20%, well above the 8.7% corresponding to the
Brazilian National Bank for Economic and Social
Development (BNDES) loan rate [42]. Several studies in the
literature confirm the potential of the energy production
through the wastewater treatment, with significant reductions
of the external consumption, including the return on proven
investments, such as by [43, 20, 30, 3]. However, in order to
translate this energy potential into reality, Brazil needs to
foster the sector with policy incentives, thus giving a start to
the development of the market.

3. Discussion

Table 1 shows a compilation of the energy consumption in
the wastewater sector, with the treatment step being arranged
separately in Table 2. Table 3 shows the consumption within
the treatment steps.
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Table 1. Energy consumption per process of the Sanitary Wastewater System.

Process Step Country Consumption (kWh / m®) Description Ref.

California 0.003 - 0.04 -

Canada 0.02-0.1 -

Hungary 0.045-0.4 - 21
Wastewater collection St Rl )

USA 0.04 -

New Zeland 0.04 - 0.19 -

India 0.07 - 0.11 - 17

World average 0.022 - 0.042 - 25
Sludge management World average 0.074 - 0.15 -

Australia 0.02 Final disposal

. World average 0.18-0.63

i{lﬂsléent final disposal and Is.rael 0.72 Reuse 23

Singapura 0.93

Australia 2.5-4.5 Reuse in scattered area

Table 2. Energy consumption in the wastewater treatment.
Country Capacity Process Consumption (kWh/m®) Ref.
World average 0.38-1.122 23
Spain Conventional activated sludge 0.5
Spain Activated sludge with filtration 1.2 3
Spain Immersed biological membrane reactors 0.8
Spain External membrane reactors 1.0
World average Conventional Activated Sludge 0.3 -0.65 30
World average 2.000 EP 3.01 Wh/kg COD 25
World average 100.000 EP 0.69 kWh/kg COD
South Africa Stabilization ponds 0.079 - 0.28
South Africa Thickening filter 0.19-0.41 3
South Africa Activated sludge 0.33-0.61
South Africa Aeration Ditch 0.48 - 1.03
India 0.19 17
India Conventional Activated Sludge 0,26
South Korea 0.243 1
Germany 0.95 kWh / kg COD 25
Germany 04-043 3
China 0.12 - 0.38 kWh/t 32
China Anoxide-anaerobic-oxide 0.254 -0.31 3
China 2x106 m*/day Anoxide-anaerobic-oxide 0.13
China Membrane 0.6
China Anoxide-anaerobic-oxide 0.45 27
China Humic filter 0.25
China Aeration trench or anoxide-oxide system or rapid infiltration 0.4-0.5
China 45 m’/day Humus biofilter 0.15 3
Greece 380 m*/day Gikas method 0.087 30
Brazil 0.24 39
Brazil Conventional activated sludge system 057 4
Canada 1.65 kWh/kg COD
France 3.33 kWh/kg COD
Spain 0.97 kWh/kg COD 25
Italy 0.85 kWh/kg COD
USA 1.31 kWh/kg COD
USA 1,5x104 - 106 m*/day 0.52-0.55
USA With chlorine disinfection 0.287 3
USA With UV disinfection 1.12
gty S efa Vert.ical flow bed 0.45 kJ EP/day
France,: Activated sludge 464 kJ EP/day 9
Activated sludge + polishing pond 668 k] EP/day

One can see the wide variety of information, with
consumption from 0.079 to 1.122 kWh / m’. This is because
not all WWTPs have the same levels of treatment, effluent
quality standard, process technology, employee experience,
and so on. The world-wide widespread technology is the
activated sludge system and, when not specified by the authors,

it is understood that this is the adopted process. Most energy
efficiency indicators refer to the consumption of energy by the
volume of treated wastewater (kWh / m’), although indicators
are also found that relate consumption with the equivalent
population served, or with the COD removed from the
wastewater, and others. The developed countries, with more
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stringent quality standards and area limitations, can use more
efficient and less built-up systems, even if they pay the price
of higher energy consumption. Otherwise, developing
countries may resort to less efficient techniques with greater
area demand to save energy. At different levels of treatment,
different energy consumption is observed; however, there is a
typical behavior: low consumption in preliminary and primary
treatments and higher consumption in secondary and tertiary
treatments.

In Brazil, due to the relatively warm climate all year round,
the anaerobic treatments are possible, which may explain the
lower energy consumption compared to the world average. On
the contrary, the system is a strong candidate to generate

energy through the biogas produced. In the country, the
PROBIOGAS project, a cooperation between the Brazilian
Government and the German Government, is under way with
the objective of increasing the use of biogas in Brazil [44].
Today, most of the biogas produced in the WWTPs is simply
burned, without any energy use. Energy recovery from the
sludge produced in the treatment is also important, especially
when noticing the large energy consumption in the sludge
management. For the pumping of wastewater, the
consumption tends to be lower in developing countries, where
the exhaustion in open channels is common, and cheaper than
the underground network, but with damages to the aesthetics
of the city plus health risks.

Table 3. Energy consumption per level of wastewater treatment.

Local Treatment Process Consumption (kWh/m®) Ref.
World average Preliminary Railing 2.9x10-5-0.013 25
World average Preliminary Decantation tanks with mechanical scrapers 4.3x10-5 - 7.1x10-5

China Preliminary 0.002 - 0.076 kWh/t 32
Ireland Preliminary Aerated filter 50.01 kWh/day 26
Australia Primary 0.01-0.37 23
World average Primary Decanting 4.3x10-5 - 7.1x10-5

World average Secondary Sludge separation 0.0084 - 0.012

World average Secondary Sludge circulation 0.047 - 0.01 25
World average Secondary Blending 0.053-0.12

World average Secondary Aeration 0.18-0.8

China Secondary Biochemical 0.008 - 0,229 kWh/t 32
Japan Secondary 0.34

Sweden Secondary 0.42

China Secondary 0.29 23
USA Secondary 0.2

Australia Secondary 0.305

Ireland Secondary Activated Sludges 1,366.9 kWh/day 2
Ireland Secondary Activated Sludges 450 kWh/day

World average Terciary 0.40 - 0.50

China Terciary 0.25

Germany Terciary 0.67 23
Spain Terciary Membrane 0.8

Saudi Arabia Terciary Membrane 1.6

China Terciary 0.001 - 0.009 kWh/t 32
World average Terciary uv 0.045-0.11

World average Terciary Chlorine Dosers 0.009 - 0.015 25
World average Terciary Filtration 0.0074 - 0.0027

World average Sludge Centrifugation 0.018. 0.027

China Sludge 0.001 —0.0043 kWh/t 32

Almost all the authors studied report the benefits of the
scaling to reduce the energy consumption in the WWTPs,
although small plants can also have good efficiency and low
consumption. In addition to energy savings, larger scales still
enable the recovery of energy in plants, through more
expensive and complex equipment such as gasifier and fuel
cells. Among the huge potential for the recovery of the energy
contained in the wastewater, which contains energy in the
form of heat, the heat pumps are still expensive and the system
is more used to harness the thermal energy from industrial
wastewater. When the wastewater temperature is significantly
different from the ambient temperature, or from the
temperature of other streams in the treatment plant, there is a

potential for heat transfer. A heat pump is a device that uses a
refrigerant fluid to recover heat from a relatively low
temperature source, such as the sanitary sewer, and to transfer
it to a higher temperature medium through an external source
of energy. Briefly, the refrigerant fluid, at low temperature and
pressure, is vaporized through the use of an external source of
heat, within a heat exchanger system. Then, the refrigerant is
compressed, and reaches high pressures and temperatures.
This fluid is then fed into another heat exchanger, supplying
its energy to another system, which can be used for various
purposes. The remaining coolant pressure is released into an
expansion valve, and the cycle is complete [18]. With
increasing restrictions on the disposal of sludge in landfills
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(already banned in some European countries) and in
agriculture, the recovery of the sludge chemical energy
through anaerobic digestion and gasification has been
increasingly promising. Several WWTPs are already
operating on a surplus energy basis and the data prove that
making a self-sustaining WWTP in energy is economically
viable. Despite the high investments, there is a return on the
business. In addition to direct energy savings, reducing the
electricity consumption avoids peak demand, which usually
has a surcharge on energy prices.

4. Conclusion

This work presents a review of the literature on the energy
consumption in the wastewater sector, aiming at a better
understanding to improve the management of WWTPs,
including its energy recovery. There are few Brazilian data
published, indicating that the country still demands more
studies on the subject to improve its processes. Applying
technologies defined by other countries may not be the best
option, as the climate conditions, as well as the availability
of resources, differ significantly among regions. One must
always be in search of a national technology, allied to the
international development. In the treatment of wastewater,
most studies point to the aerobic process as the largest
consumer of energy, and efforts are focused on the
optimization of the conventional system, but still without
great achievements. In Brazil, the scenario is completely
different, as the potential for energy production in anaerobic
systems is enormous, even more if we consider the sanitation
deficit and the expected expansion for the sector. Resources
management and policies for the industry need to be
improved. Environmental goals and water supply strategies
are poorly integrated with the energy handling, leading to an
inefficient use, and with economic and environmental
consequences. Policies to stimulate the rational use of water
and its reuse, as the Chinese government has implemented
and some Brazilian cities that face water shortages are doing
now, for example, help to reduce the energy consumption,
since much of the water used becomes wastewater.
Incentives and investments in the sector, to recover the
energy potential of the wastewater, besides fostering the
energy self-sufficiency of the WWTPs, which collaborate for
the production of a clean and renewable energy in the
country, will lead to economic gains; these gains could boost
the growth of the basic sanitation in the country and help to
unlock the national health system.
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