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Abstract Energy efficiency optimization is crucial for wastewater treatment plants 

(WWTPs) because of increasing energy costs and concerns about global climate 

change. Energy efficiency optimization can be achieved through a combination of 

energy recovery from the wastewater treatment process and energy saving-related 

technologies. Through these two approaches energy self-sufficiency of WWTPs is 

achievable, and research is underway to reduce operation costs and energy 

consumption and to achieve carbon neutrality. In this paper, we analyze energy 

consumption and recovery in WWTPs and characterize the factors that influence 

energy use in WWTPs, including treatment techniques, treatment capacities, and 

regional differences. Recent advances in the optimization of energy recovery 

technologies and theoretical analysis models for the analysis of different technological 

solutions are presented. Despite some challenges in implementation, such as 

technological barriers and high investment costs, particularly in developing countries, 

this paper highlights the potential for more energy self-sufficient WWTPs to be 

established in the future. 
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Abbreviations: 

A/A/O Anaerobic-Anoxic-Oxic 

A/O Anoxic-Oxic system 

AD Anaerobic digestion 

ANAMMOX Anaerobic ammonium oxidation 

AnMBR Anaerobic membrane bioreactor 

AWWT Advanced wastewater treatment  

BOD5 5-day biochemical oxygen demand 

CANON Completely autotrophic nitrogen removal over nitrite 

CAS Conventional activated sludge 

CHP Combined heat and power 

COD Chemical oxygen demand 

DEAMOX Denitrifying ammonium oxidation 

DEMON Aerobic deammonification 

EBMUD East Bay Municipal Utility District 

eSEA Extended statistical entropy analysis 

FO Forward osmosis 

GHG Greenhouse gas 

GIS Geographic information system 

HCWTP  Howard F. Curren Advanced Wastewater Treatment Plant 

HRAT High rate algal system 
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HRT Hydraulic retention time 

IABF Intermittently aerated biological filter 

LCA Life cycle assessment 

MBBR Moving bed biofilm reactor; 

MBER  Membrane bio-electrochemical reactor 

MBR Membrane bioreactor 

MGD Million gallons per day 

MFC Microbial fuel cell; 

NAS New activated sludge 

OD Oxidation ditch 

OLAND Oxygen limited autotrophic nitrification and denitrification 

PE Population equivalent 

PN/A Partial nitrification/anammox 

POTWs Publicly owned wastewater treatment facilities 

RO Reverse osmosis 

RT 1RT = 3.517 kW 

SBR Sequencing batch reactors 

SHARON Single rector for high activity ammonia removal over nitrite 

SRT Sludge retention time 

TAN Total ammonia nitrogen 

THP Thermal hydrolysis process 

WWTP Wastewater treatment plant. 
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1 Introduction  

Wastewater treatment plants (WWTPs) are widely implemented in most 

municipalities and companies to reduce harmful wastewater discharge into receiving 

water bodies [1]. Rojas et.al [2] pointed out that most WWTPs were designed to 

satisfy certain effluent quality requirements without sufficient consideration given to 

energy requirements, and that this is an area for improvement. However, the energy 

sufficiency of WWTPs is now becoming a topic of interest because sustainable 

supplies of both water and energy and corresponding carbon emission are critical for 

urban development [3, 4]. The water–energy nexus has already become a hot topic in 

current policy research prompting a series of studies on the relationship between 

energy and water for sustainable development [5-10]. Increasing water resource stress 

in many parts of the world is increasing the use of energy for water conveyance, 

supply and treatment systems [11, 12]. Additionally, with the increasing attention to 

climate issues, conserving energy, improving energy efficiency and seeking 

alternative energy sources have become a common pursuit of global sustainable 

development [13, 14]. WWTP is a typical case of interactions between water and 

energy. In most WWTPs, water quality is improved at the expense of significant 

energy input. WWTPs are frequently recognized as the largest independent energy 

consumers managed by municipalities [15]. Most major stages in WWTP, such as the 

collection and conveyance of wastewater, physical and chemical treatment, biological 

treatment, sludge treatment and discharge, require considerable energy [16]. In a 

conventional WWTP, 25%–40% of operating costs are attributed to energy 

consumption [3]. Moreover, corresponding greenhouse gas emissions by energy 

consumption in WWTPs also causes global concern [17-20]. 

Currently, energy efficiency optimization in WWTP is a popular topic in the scientific 

community [21-24]. Reducing the net energy input in WWTPs is a mandatory, not an 

alternative goal to water reuse [25]. Over the past few decades, energy recovery from 

wastewater has increased [12, 25-27]. Energy recovery or energy saving technologies 

have been also developed and applied in WWTPs. Energy self-sufficient WWTPs 



6 
 

were studied to reduce operation cost, energy consumption and achieve carbon 

neutrality [15, 28-30]. In this paper, we address this issue through a systematic review 

of energy use and energy recovery in the wastewater treatment sector. The paper 

summarizes and analyzes the factors influencing energy use in WWTPs, including 

treatment techniques, treatment objects, capacities, and regional differences. We also 

investigate the energy that might be recovered from wastewater and the feasibilities 

and challenges of constructing energy self-sufficient WWTPs. This paper adds to our 

further understanding of the gap between energy self-sufficiency and the current 

situation of energy consumption in WWTPs in different regions worldwide. 

2. Current energy consumption of WWTPs 

All major procedures associated with wastewater treatment and sludge disposal 

technologies require energy, mostly as electricity, but also as natural gas or other fuels 

for pumping, mixing, separation, and treatment of wastewater and sludge (Fig. 1).  

The energy demand of a WWTP depends on the plant location, plant size, type of 

treatment process and aeration system, effluent quality requirement, age of plant, and 

knowledge of the operators [31, 32]. These influencing factors 

are summarized and discussed in detail in this section. 

 

Fig. 1. Energy input in different wastewater treatment processes 

 

2.1 Energy consumption of WWTPs with different technologies 
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A conventional municipal WWTP commonly consists of primary, secondary, and 

advanced treatment stages. Compared with other stages, the wastewater collection and 

primary treatment stage in WWTPs are less energy intensive and may be influenced 

by design and operation like transportation distance. For example, the energy intensity 

of raw wastewater collection and pumping during primary treatment is in the range of 

0.02–0.1 kWh/m3 in Canada, 0.045–0.14 kWh/m3 in Hungary, 0.04–0.19 kWh/m3 in 

New Zealand, and 0.1–0.37 kWh/m3 in Australia [33-35].  

The energy consumption of secondary wastewater treatment stages depends mainly on 

the technologies used. For example, the average energy input of conventional 

activated sludge (CAS) treatment systems is 0.46 (Australia), 0.269 (China), 

0.33–0.60 (USA), and 0.30–1.89 kWh/m3 (Japan) [32]. Within a CAS treatment 

system, aeration in secondary treatment is the highest energy-consuming component 

of the treatment system [36]. In most medium and large WWTPs with CAS systems, 

aeration uses about 50%–60% of the total electricity consumption while sludge 

treatment consumes 15%–25% of the energy, and secondary sedimentation, including 

recirculation pumps, consumes 15% [37]. The proportion of energy use from different 

stages of the CAS treatment system are presented in Fig. 2 [38]. Compared with the 

CAS system, oxidation ditch (OD) treatment systems have higher energy demands of 

0.5–1.0 (Australia), 0.302 (China), or 0.43–2.07 kWh/m3 (Japan) because of longer 

hydraulic retention time (HRT) and higher energy consumption for higher 

specific-oxygen demand [31, 39, 40].  
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Fig. 2. The proportion of energy use associated with different components of a CAS 

treatment system. Data obtained from [38]. 

 

Yang et al.[40] found that the average energy consumption of WWTPs with different 

secondary treatment technologies in China in 2006 (Fig. 3) were as follows: 0.340 

kWh/m3 for 13 WWTPs with extended aeration systems, 0.336 kWh/m3 for 103 

WWTPs with sequencing batch reactors (SBR), 0.330 kWh/m3 for 36 WWTPs with 

biomembrane systems, 0.302 kWh/m3 for 170 WWTPs with OD systems, 0.283 

kWh/m3 for 48 WWTPs with anoxic–oxic systems (A/O), 0.269 kWh/m3 for 36 

WWTPs with CAS systems, 0.267 kWh/m3 for 87 WWTPs with 

anaerobic–anoxic–oxic systems (A/A/O), 0.253 kWh/m3 for 10 WWTPs with land 

treatment and constructed wetlands, and 0.219 kWh/m3 for 17 WWTPs with 

adsorption-biology systems. WWTP configuration also influences the energy 

consumption in WWTPs with similar treatment technologies. For example, the 

membrane bioreactor (MBR) treatment system shows relatively large ranges of 

energy consumption from 0.37 kWh/m3 (an optimized MBR unit in the Ulu Pandan 

WWTP in Singapore) [41] to 0.7–1.6 kWh/m3 [41-43] or even higher values of 

2.2–2.5 kWh/m3 [42, 44, 45]. Further research has shown that MBR units consume 

range from 55%–90% of total energy consumption, depending on the additional 

treatment processes [46]. An advanced membrane bioelectrochemical reactor (MBER) 

with hollow-fiber membranes installed, theoretically consumes 0.09 kWh/m3, which 

is significantly lower than the energy consumption of more standard MBRs [47]. 
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Fig. 3. Energy consumption of secondary treatment plants with different treatment 

technologies in China. Data obtained from [40].  

Advanced wastewater treatment processes are highly energy-intensive because of the 

nutrient removal processes involved; these processes have been shown to require 

0.39–3.74 kWh/m3 of energy in Japan, whereas in municipal WWTPs in the USA 

these processes typically consume 0.43 kWh/m3, which is similar to the energy 

consumption of these processes in Taiwan (0.41 kWh/m3), New Zealand (0.49 

kWh/m3), and Hungary (0.45–0.75 kWh/m3) [31, 32, 34, 39]. According to the Water 

Environment Federation, in advanced water treatment processes, dual-media filters 

account for 13% of energy consumption on average [48]. Schnoor[49] pointed out 

that the greatest story in water history during the 21st century is probably the 

significant energy input in the treatment of wastewater through membranes and 

reverse osmosis (RO) for drinking water supplies. Although RO membrane processes 

are effective in advanced wastewater treatment, they are very energy intensive. 

Research from Spain and Saudi Arabia, has shown that RO consumes 0.8 and 1.6 

kWh/m3, respectively [50]. 
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Sludge treatment is a very energy-intensive process in WWTPs. Research focusing on 

10 WWTPs in Greece, with 15,000–4,000,000 population equivalents (PE), indicated 

that sludge treatment sections were significant energy consumers, accounting for 

about 8% of the total energy consumption of these WWTPs [37]. The Ringsend 

WWTP in Ireland, which provides advanced treatment for 1.7 million PE, uses Cambi 

thermal hydrolysis anaerobic digestion (AD) to treat sludge and consumes 

approximately 0.26 MWh/ton of processed dry sludge [22]. In France, Denmark, 

Germany and Belgium, over 14% of sewage sludge is incinerated; whereas in the 

USA and Japan, the proportion of incinerated sewage sludge is 25% and over 50%, 

respectively [51]. An analysis of 985 Japanese municipal WWTPs concluded that the 

specific energy consumption of the CAS method with incineration for sludge 

treatment is 0.38–1.49 kWh/m3, which is substantially higher than that of CAS 

method without incineration (0.39-3.74 kWh/m3) [39]. 

2.2 Energy consumption of WWTPs with different sizes 

The size of WWTPs (population equivalent, organic, or hydraulic load) also exerts 

significant effect on energy consumption. A survey characterizing approximately 

15,000 publicly owned wastewater treatment facilities (POTWs) currently in 

operation in the USA reported that unit electricity requirements for trickling filter 

system, activated sludge, advanced wastewater treatment without nitrification, and 

advanced wastewater treatment with nitrification are 955 (0.252 kWh/m3), 1,322 

(0.349 kWh/m3), 1,541 (0.407 kWh/m3), and 1,911 kWh/million gallons (0.505 

kWh/m3) on average, respectively [52]. The variations in electricity consumption with 

size in these POTWs are shown in Fig. 4. The unit electricity consumption of all these 

four processes decreases with increasing plant size.  
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Fig. 4. Variation of electricity consumption with different sizes of WWTP for 

representative wastewater treatment processes. Data is taken from 1500 POTWs in 

USA [52]. Note: MGD denotes million gallons per day. 

 

The same trend is also observed in Japan and China. Fig. 5a and 5b show the 

relationship between energy input and size of WWTP for OD and CAS methods in 

WWTPs in Japan [39]. For the OD method, the inflow volume ranges from 100 m3/d 

to 8,500 m3/d, whereas the corresponding energy consumption decreases from 2.07 

kWh/m3 to 0.44 kWh/m3. For the CAS method without incineration, the inflow 

volume increases from 600 m3/d to 283,000 m3/d, with a corresponding energy 

consumption in the range of 1.89–0.30 kWh/m3. The energy consumption in Fig. 5b 

shows a similar trend for advanced wastewater treatment systems. The number of 

WWTPs of different sizes in China in 2009 is shown in Fig. 5c [53]. Most of these 

WWTPs are operated with an inflow of about 5×104 m3/d. Fig. 5d shows that the unit 

energy consumption in these WWTPs decreases exponentially with increasing inflow 

[53]. Similar results have been found in Slovakia, where according to the statistical 
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data of energy intensity of 68 municipal treatment plants from 2011, large WWTPs 

are more energy efficient than small ones. The WWTPs with daily inflow above 5000 

m3/day have a relatively constant energy demand of 0.331–0.414 kWh/m3 [32]. All 

these results indicate that unit energy consumption in WWTPs decreases with 

increasing wastewater inflow. Equipment and devices operating in WWTPs can work 

with high efficiency with increasing wastewater and pollutant concentration; 

accordingly, the treatment condition is relatively stable. Moreover, small plants may 

not employ as well-trained staff as large ones, thereby causing a significant difference 

in management levels. Nevertheless, some studies have suggested that small WWTPs 

can reach the same or higher energy efficiency as larger ones [54]. For example, in a 

study from Austria, Soban´tka et al.[55] showed that plants between 22,000 PE and 

49,700 PE can attain similar energy and cost efficiency as large plants with 

95,000–950,000 PE. Their study was based on both the nitrogen budgets of extended 

statistical entropy analysis and service population, which may explain its different 

result from most studies based on nitrogen removal rate.  

 

Fig. 5. The relationship between energy consumption and inflow volume of (a) OD and 
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CAS treatment systems without incineration process and (b) CAS treatment systems 

containing incineration process and advanced wastewater treatment in Japan. Note: 

AWWT denotes advanced wastewater treatment. Adapted from [39]. (c) Number of 

wastewater treatment plants (WWTPs) of different sizes in China. (d) Energy 

consumption with respect to scale of WWTP in China. Adapted from [53]. 

 

To date, the selection of WWTP size or whether small WWTPs should be merged into 

a larger plant is considered for construction of centralized and decentralized 

wastewater treatment systems [56-59]. Energy efficiency and operating cost are the 

key factors influencing the whether wastewater treatment plants should be centralized 

or decentralized. A case study in California comparing a decentralized and centralized 

wastewater treatment system based on a life cycle assessment (LCA) showed that the 

decentralized wastewater treatment system consumes approximately 37,000 J of 

energy per liter of wastewater, while the centralized system uses only approximately 

6,800 J for treating the same amount of wastewater [60]. As shown in Fig 6, the 

system-wide LCA comparison of these two wastewater systems shows that in each of 

the four phases of their life cycle ((A) material manufacture and supply for the 

WWTPs construction, (B) material transportation, (C) onsite equipment/vehicle use 

and (D) the direct and upstream energy use), the unit energy intensity of the 

decentralized WWTP treating 20 million liters per year was higher than the 

centralized one treating 92,000 million liters per year.[60] This is because of the scale 

effect where the centralized WWTP can work with higher efficiency. The operational 

electricity is the aspect of the LCA with the greatest energy intensity in the 

decentralized system compared to the centralized system. In addition, the specific 

decentralized WWTP studied has additional energy requirements for the pumping of 

the discharge of the treated water into the holding tank. In conclusion, centralized 

WWTPs reduce energy consumption and environmental impact on a per volume basis 

over decentralized systems largely because of the scale effect; however, the latter may 

be more competitive when considering water reuse, specifically when the local water 

source is seawater desalination [60, 61].  



14 
 

 
Fig. 6. Case study of lifecycle energy use for a centralized and decentralized WWTP 

in California. Data source: [60]. Phase A: Material manufacture and supply for the 

WWTP’s construction. Phase B: Material transportation. Phase C: Onsite 

equipment/vehicle use. Phase D: Direct and upstream energy use.  

2.3 Energy consumption of WWTPs in different regions 

The benchmark energy consumption of WWTPs in different regions is also 

investigated in this paper. For example, WWTPs in Sweden consume approximately 

45% more electricity than Austrian WWTPs, therefore there is a higher potential for 

energy saving in Swedish WWTPs [62]. The main reason for such differences in 

energy consumption between Sweden and Austria is that benchmarking studies have 

been conducted in Austria for many years to underpin improvements in energy 

efficiency. Repeated energy benchmarks since 1990’s have shown a decrease of 30% 

in energy consumption in WWTPs in Austria through improvements [62]. However, a 

benchmark energy consumption in WWTPs has only successfully been developed and 

used in some developed countries over the last two decades and is rarely obtained in 

other countries. In addition, the current situation of energy consumption in WWTPs at 
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international level is still to be determined. Particularly, the causes of energy 

differences among WWTPs across countries is unclear [63]. The energy intensity and 

the proportion of national energy consumption associated with WWTPs in different 

countries are shown in Table 1. 

Table 1. Energy intensity and the proportion of national energy consumption associated with 

WWTPs in different countries 

Regions/ 

Countries 

Energy intensity (kWh per 

m3 wastewater treated) 

Proportion of energy consumption 

in national level (%) 

Reference  

USA 0.52 0.6 [63]a 

China 0.31  0.25 [63]b 

Germany 0.40–0.43  0.7 [63]c 

South Africa 0.079–0.41 - [63] 

Japan 0.304d - [40] 

Korea 0.243 0.5 [64] 

Sweden 0.42 1 [65] 

Switzerland 0.52 - [66] 

Spain 0.53 - [66] 

Israel - 10 [64] 

Note:  
a This date is from 2008 
b This date is from 2008 
c This date is from 2008 
d This value includes effluent disinfection and sludge digestion 
 

The USA is a typical developed country and has a unit electricity consumption of 

0.52 kWh/m3 for WWTPs. The electricity consumption of wastewater treatment in the 

USA is approximately 0.6% of the annual electricity consumption.[63] Compared 

with the USA, Asian countries show lower energy intensity for wastewater treatment 

(0.31, 0.304, and 0.243 kWh/m3 for China, Japan, and Korea, respectively).[40, 63, 64] 

Among these three Asian countries, China has the highest energy intensity and a 

lower proportion of national energy use associated with WWTP compared with the 
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USA (only 0.25%).[63] The relatively low proportion of national energy use by 

WWTPs in China is due to a high total national energy consumption and a relatively 

low rate of wastewater treatment, especially in rural areas and small towns. In 

addition, the energy consumption of WWTPs is strongly related to the treatment 

levels adopted. Generally, a low percentage of national energy consumption 

associated with WWTP means inadequate wastewater treatment in the country as a 

whole. Currently, there are still gaps in the monitoring and treatment of wastewater in 

China. However, recent more stringent regulations relating to effluent discharge are 

prompting more adequate treatment facilities and strategies in China.  

The differences in energy intensity and percentage of national energy consumption are 

affected by the different target effluent quality and strategies in different countries. 

For example, electricity intensity of WWTPs in South Africa varies between 

0.079–0.41 kWh/m3. In South Africa, the most widely used technologies are that of 

lagoon and trickling filters, which are low energy intensity strategies [63]. In 

European countries, the energy intensity of 0.42–0.53 kWh/m3 for wastewater 

treatment is similar among Sweden, Germany, Switzerland, and Spain, with 

proportions of national energy consumption from WWTP ranging from 0.7 to 1% [63, 

66]. Advanced treatment techniques are widely used in these European countries to 

obtain high quality effluent. In contrast, the proportion of national energy 

consumption in Israel is 10%, which is considerably higher than that of other 

countries. This large difference may be attributed to the great amount of wastewater 

treated for reuse in Israel due to the serious water shortage problem [65].  

In addition, the difference in the results between countries may also result from 

different statistical methods and scopes in determining energy intensity. For example, 

in developed countries the energy consumption associated with sludge treatment is 

usually included in energy benchmark, in contrast to some developing countries such 

as China, where this is usually not included. In China, although most WWTPs have 

sludge treatment facilities, many WWTPs did not include the energy input for sludge 

treatment and disposal. Many WWTPs reported that the sludge was transferred to a 

third party for disposal without information on energy consumption. Others simply 
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declared that sludge was dewatered without further information about the final 

disposal and energy statistics in this section [67]. Thus, the separate management 

system of sludge and sewage treatment suggests that energy consumption associated 

with sludge treatment is usually not included in the energy benchmark in China. This 

lack of inclusion of some aspects of the WWTP process in China likely accounts in 

part for the relatively low percentage energy consumption associated with WWTP in 

China. 

3 The feasibility and challenges of energy self-sufficient WWTPs 

The energy requirements associated with WWTP is likely to grow, with population 

growth and increased regulatory control of water quality discharge standards. A study 

in southern California, USA has shown that the energy consumed by WWTPs 

accounts for about 20% of the municipality’s total energy use. However, it is 

predicted that in the USA this proportion will further increase by 20% in the next 15 

years because of the growth in contaminant load caused by population growth and 

increasingly strict regulatory and related environmental protection laws and standards 

for water quality and reclaimed water [68, 69]. Due to increasing energy costs and 

concerns about the environment, the potential for energy self-sufficient WWTPs has 

become an area of increasing research and innovation. Energy self-sufficient WWTPs 

and carbon-neutral (zero greenhouse gas emissions) WWTPs are different, although 

carbon neutrality is often referred by its narrow definition: energy neutrality [70]. 

Energy self-sufficient WWTPs commonly refer to WWTPs generating 100% or more 

of their energy requirement for operation solely from the energy embedded in the 

water and wastes they treat with zero external energy supply [71]. Two 

complimentary aspects are required to realize energy self-sufficiency in WWTPs: (1) 

Energy savings via improving efficiency in unit processes. Most wastewater treatment 

facilities have the potential to reduce their energy input by 30% or more through 

energy efficiency improving measures and treatment process modifications [68]. (2) 

The recovery of energy from renewable and/or unused energy sources available in 

WWTPs such as chemical energy, heat energy and etc. In this section, possible routes 
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and recent advances to realize energy self-sufficiency in WWTPs are summarized and 

discussed in detail.  

3.1 Energy production from WWTPs 

3.1.1 Chemical energy recovery and related technologies 

Biogas and combined heat and power (CHP). Wastewater is commonly considered 

a potential energy source [26, 72, 73]. The potential energy production associated 

with wastewater is great because it contains a wealth of organic matter and carbon 

energy. A large amount of energy is easily extracted when the load of organic matter 

in influent wastewater is high. The main energy source in a WWTP is the biogas 

produced in digester. The use of biogas for digester heating and electricity 

generation is a sustainable way of recovering energy from WWTPs with 

subsequent sludge reduction [15, 74]. An energy balance analysis of five WWTPS 

in Catalonia, Spain showed that 67% of the energy in raw wastewater was transferred 

to the sludge and subsequent anaerobic digestion of the sludge can recover 52% of 

this energy by transforming it into biogas [75]. This biogas can then be used for 

heating and electrictiy generation. A typical biogas composition from digested sludge 

includes about 50%–70% of CH4 and 30%–50% of CO2 [76]. Compared with 

WWTPs without sludge digestion, WWTPs with and sludge digestion consume 40% 

less net energy on average [4]. Combined Heat and Power (CHP) technologies 

generate both electricity and heat from a single fuel source at the same time. CHP 

systems using the anaerobic digestion of sludge is the technology most adopted in the 

existing energy self-sufficient WWTPs, such as in Strass (Austria) [77], Steinhof 

(Germany) [78], and Sheboygan (America) [79]. In the USA, wastewater treatment 

CHP systems are present in 133 sites and, as of June 2011, represent 437 MW of 

capacity [80]. In the Netherlands, sludge digestion is already widely used by many 

wastewater treatment facilities producing 95 million Nm3 of biogas with a potential 

energy value of 2,215 TJ [72]. 

The optimization of AD can be the key towards energy self-sufficient wastewater 

treatment plants [30]. It was found that anaerobic MBR (AnMBR) technology could 
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produce more net energy as biogas than CAS with anaerobic digestion based on life 

cycle comparison [81]. While through coagulation, flocculation and microsieving 

membrane processes to maximise the extraction of organic matter into the sludge can 

also increase the energy recovery through AD compared with CAS [82]. Besides 

different treatment processes, AD is also influenced by sludge-specific loading rate, 

sludge retention time (SRT) and organic loading rate. A study on a high-rate contact 

stabilization reactor system showed that the system operated at high sludge-specific 

loading rates and lower SRT can recover more energy. The highest energy recovery 

was achieved at a contact to stabilization time ratio of 0.14, with 36% of the raw 

energy in wastewater recovered as methane [83]. Short sludge ages also enable more 

energy recovery in high-rate SBR processes as the anaerobic degradability extent of 

the sludge was 85% for 2 days, 73% for 3 days and 63% for 4 days [84]. In a 

mesophilic AnMBR combined with a heat pump and forward osmosis (FO) 

wastewater treatment project, high methane production over 300 ml/g COD 

(equivalent energy: 1.57 kWh/m3 from wastewater with 500 mg/L COD) can obtained 

at high sludge organic loading rate [85]. Thermal pre-treatment of sludge can improve 

the AD performance of sludge. A case study from the largest Italian WWTP showed 

that the sludge when thermally pre-treated produced 21% and 31% more methane by 

AD than untreated sludge at 70 and 90 oC for 3 h, respectively [86]. Another recent 

hypothetical study of a WWTP showed that 585 kW of energy could be saved by 

thermal pre-treatment of 3.5% of sludge at 80 oC for 0.5 h [87]. Among the total 

energy saved, 159 kW energy was produced from the increase in biogas generated, 

and 334 kW and 82 kW was saved in the pumping and mixing sludge system 

respectively [87]. 

Many WWTPs mix kitchen wastes with sludge for anaerobic coprocessing. This 

treatment prepares the substrates, improves organic load, increases biogas yield and 

energy recovery [88]. Co-digestion with food waste also accelerates methane 

production rates with higher hydrolysis rates compared with mono-digestion [89]. 

Additionally, co-digestion with lignocellulose from maize or grass in rural areas or 

urban biomass also can contribute to energy production in municipal WWTPs. A 
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geographic information system (GIS) analysis of the green areas of the Rhine-Ruhr 

metropolitan area showed the potential for these areas to provide enough biomass for 

co-digestion, to cover 67% of the energy demand of 12 typical WWTPs in the city 

[90]. 

Anaerobic ammonium oxidation (anammox). For traditional aerobic activated 

sludge, such as A2/O, some WWTPs add organic carbon material in wastewater 

during the nitrogen and phosphorus removal process to ensure normal microbial 

growth, thereby creating a difficulty in achieving energy independence. Anammox is 

a good choice for nitrogen removal to ensure that sufficient amount of organic matter 

remains; anammox includes SHARON® (single rector for high activity ammonia 

removal over nitrite), CANON® (completely autotrophic nitrogen removal over 

nitrite), OLAND® (oxygen-limited autotrophic nitrification and denitrification), 

DEAMOX® (denitrifying ammonium oxidation), DEMON® (aerobic 

deammonification), and other related technologies. ANAMMOX bacteria use NO2–N 

as electron acceptors to oxidize NH4
+–N and obtain nitrogen directly under anaerobic 

or anoxic conditions (Fig. 7) [91]. Compared with traditional 

nitrification/denitrification, anammox decreases the aeration rates and reclaims the 

maximum organics from the water hence improving energy efficiency [92]. 

Energy-efficient total ammonia nitrogen removal can also be realized via partial 

anammox technology [93]. The current partial nitrification/anammox (PN/A) 

installations are mainly in Europe; although increasing side-stream treatment 

implementation, including the moving bed biofilm reactor [94], SBR [95], and 

granular sludge processes [96] also occur in North America [93]. PN/A can also save 

energy by reducing oxygen demand for nitrification and producing less excess sludge 

[97]. A laboratory-scale study on a membrane combined process of a submerged 

AnMBR and CANON MBR with two major 4L-containers (one was used as AnMBR, 

the other one was used as CANON MBR) for treating municipal wastewater under 

ambient temperatures (23±3°C). The study showed that the membrane process with 

combined AD and nitritation–anammox could effectively remove COD(96.70%) and 

nitrogen (81.40%) [98]. The net energy input was only 0.09 kWh/m3 with 70% energy 
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self-sufficiency, showing much greater energy efficiencies compared with 

conventional MBRs (1.11 kWh/m3) [98]. These combined processes might present 

promising treatment technologies for the real applications of energy self-sufficient 

WWTPs construction. A hybrid, floc-based sequential partial nitritation and anammox 

for nitrogen removal without external carbon addition (called new activated sludge) 

achieves 33% decrease in electricity consumption for aeration and 50% decrease in 

sludge production compared with conventional nitrification/denitrification [99]. Gao 

found that the energy in anammox reactors can be recovered through a combination of 

direct anaerobic treatment and autotrophic nitrogen removal at moderately low 

temperatures [100]. This technology makes it possible for municipal WWTPs to 

become energy self-sufficient or energy-producing systems [101]. However, 

anammox also presents some drawbacks, including the long growth time of anammox 

bacteria and difficult cultivation; therefore, this technique is rarely used in full-scale 

WWTPs [102]. 

 
Fig. 7. Nitrogen cycling network of nitrification, denitrification, and anaerobic 

ammonium oxidation 

Microbial fuel cell (MFC). Power generation using MFC is observed in several 

WWTPs, including both domestic and industrial wastewater treatment [103-110]. 

MFC technology can transform the chemical energy of excess sludge into electrical 

energy [106]. Unlike conventional AD, MFC generates electricity directly, which is a 
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considerable potential advantage because biogas combustion and conversion into 

electricity results in low yield, wasting up to 70% of the energy contained in biogas 

[111]. In theory, when the coulombic efficiency (the fraction of electron charge that 

contributes to electricity generation) is 40% [112] and the HRT of domestic 

wastewater treatment is 20 h, the potential energy that can be recovered from 

wastewater using MFC can reach 0.65 kWh/m3 [113]. This calculation shows that 

MFCs exhibit the potential to achieve energy sufficiency across the whole wastewater 

treatment process, as energy consumption ranges between 0.3 and 0.6 kWh/m3 using 

CAS technologies [31]. In addition, MFCs also act as energy-saving technologies 

which can reduce aeration (for air-breathing cathode MFCs) and produce less sludge 

than CAS [114-116]. In order to promote large-scale application of MFCs, a large 

stackable horizontal MFC system with 250 L modules has been designed for real 

sewage treatment [117]. Studies on this system show that the MFC system can 

produce a high stable current of 0.435 A in each module and a maximum energy 

output of 116 Mw [117]. Another 90 L stackable baffled MFC system with five 

modules was designed for treating wastewater from a brew house and successfully 

operated without energy input for 6 months. This system produced enough energy 

(0.153 KWh/m3) for the operation of the whole system, resulting in the recovery of 

0.055 KWh/m3 of net energy [118]. High strength wastewater also can be treated 

accompanying with energy generation by MFCs. A study showed that high strength 

wastewater (COD: 9970 mg/L) could be used as a feedstock to generate energy by an 

air-cathode MFC with membrane-electrode assembly system [109]. In this system an 

electricity density achieved a maximum value of 5.06 W/m3 after 14 days of operation 

[109]. A new MFCs system based on ionic liquid membranes was investigated for use 

with high COD content industrial wastewater treatment, resulting in the generation of 

32 mW/m3 power generation [119]. Sludge can also be used as a feedstock for energy 

generation from MFCs. Recent research on an up-flow constructed wetland-MFC 

showed that the macrophytes E. nuttallii combined with appropriate supplementary 

aeration could increase the bioelectricity generation as O2 was used as a terminal 

electron acceptor for electrical current generation in the MFC [120]. A combined 
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system of MBR and MFC has also been studied and more than 430 mV of electricity 

voltage output produced from a single sludge-MFC.[121] 

However, MFC may not be sufficient to achieve high treatment efficiency as a 

stand-alone treatment technology [122]. Recent advances in improving energy 

performance of MFCs mainly focus on the combination of MFC with membrane 

treatment processes. Compared with conventional air-cathode MFCs, an 

electrochemical membrane bioreactor using graphite felt as the cathode had higher 

treatment efficiency with similar energy production [123]. Thus, this system can 

reduce total energy consumption as no further treatment is needed. If this strategy can 

be adopted by a WWTP with a capacity of 50,000 m3/d, net electricity of about 3850 

kWh could be generated per day [123]. An AnMBR system developed with 

microfiltration membranes serving as the cathodic chamber of a MFC can produce 

stable electricity (0.132 V) over 600 h of operation time [124]. In a novel overflow 

type electrochemical MBR the MFC showed an efficient power production density of 

629 mW/m3 and a high voltage output at an appropriate range of HRT (8.5-16.9 h) 

[125]. Studies of a wastewater treatment system with microbial osmotic fuel cells 

using FO membrane as a barrier between the cathode and anode units showed a higher 

electricity production (43 W/m3) than MFCs with anion exchange membranes (40 

W/m3) or cation exchange membranes (23 W/m3) [126]. It was also found that the 

electricity production from MFCs can be increased from 3 W/m3 up to 11.5 W/m3 

with the increased conductivity and buffering capacity from integrating MFCs and 

osmotic membrane bioreactors [127]. Another laboratory scale study showed that a 

two-stage wastewater treatment system consisting of MFCs and an anaerobic 

fluidized bed MBR operated for 50 days can achieve energy indecency with 0.0197 

kWh/m3 of energy produced by the MFCs and 0.0186 kWh/m3 of total energy 

required for system operation [128]. Another wastewater treatment system consisting 

of MFCs and a fluidized bed MBR was developed for the treatment of actual 

wastewater from a cheese factory and this system also successfully operated in an 

energy self-sufficient manner [129]. In a case study with combined MFC and 

intermittently aerated biological filter system, the electrical energy produced by the 
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MFC (0.27 kWh/m3) is successfully used to power the pumping (0.014 kWh/m3) and 

aeration systems (0.22 kWh/m3) [130]. Hence, the incorporation of a MFC can make 

wastewater treatment a zero-energy-input process, and good treatment performance 

can be achieved in a MFC-based combined system. However, electrode materials in 

MFC are expensive for wastewater treatment and therefore are limited to specific 

applications of MFCs.[113]  

Algal-based wastewater treatment and biofuel production. Algal-based treatment 

systems use natural biological wastewater treatment processes based on the 

microalgae. These systems can be used to treat the wastewater from small-sized 

communities at low cost [131]. However, a large land area is usually needed for 

algal-based wastewater treatment [132]. Compared with conventional wastewater 

treatment technologies, the algal-based treatment systems can save over 50% of 

energy usage due to algal photosynthesis [132]. In addition, the by-product of 

algal-based wastewater treatment has great potential for biofuel production. It was 

reported that 800–1400 GJ/ha/year energy can be produced from this system [133]. In 

Brazil, if 40% of wastewater from municipalities in 2012 was treated by algal-based 

wastewater treatment system, the total national biodiesel production would increase 

by 21.4%, with 2.98×106 m3 of biodiesel produced through these means [134]. 

However, the energy production in algal-based wastewater treatment system is 

affected by various factors such as light, temperature, CO2 availability, HRT, mixing, 

cultivation mode, algal recycling, nutrients, invertebrates in the system and algal 

biofuel options [133]. Thus, optimizing these conditions is important. A study of a 

high rate algal pond (HRAP) in New Zealand showed that the performance of HRAP 

can be enhanced by adding CO2 [135]. It was also suggested that converting the 

biomass produced in HRAP to biofuel through hydrothermal liquefaction processes 

could achieve the highest conversion efficiency (>70%) compared with other 

conversion pathways like pyrolysis, AD or gasification [133]. Another study showed 

that the energy recovery by converting the biomass in the algal-based treatment 

system into bio-crude oil through hydrothermal liquefaction process could achieve 

82–88% of the energy content of the original feedstock [136]. 
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3.1.2 Other energy recovery techniques 

Another important energy source contained in wastewater is the heat energy present 

[25, 137]. This energy can be used for the heating of neighboring residences or added 

to the district heating system through heat exchangers and heat pumps. In addition, 

the lower temperatures of effluent water will reduce the impact on the aquatic 

environment. For example, a study of a WWTP in China showed that, at least 50% of 

energy consumption from the plant could be recovered from thermal energy of the 

effluent; completely offsetting the energy deficit because of insufficient energy 

converted from excess sludge [138]. The heat energy produced from the treatment 

processes is higher than the required heating energy in the plant. The heat energy 

recovered from wastewater can be used as an energy source of heat pumps for heat 

supply and electricity saving. Most coefficients of performance values of wastewater 

source heat pumps are in the range of 1.77–10.63 for heating and 2.23–5.35 for 

cooling [139]. The energy efficiency mainly depends on the design and operation of 

the heat exchangers for the heat pump system. Nowadays, the most commonly used 

heat pumps in WWTPs are on/off controlled fixed-speed type with low efficiency as 

they operate intermittently under severe load conditions. In addition, the scale deposit 

phenomenon usually decreases the performance of the heat pump system. Recently, a 

fixed-inverter hybrid heat pump system was designed to run in a real WWTP in South 

Korea, aimed at improving load response and maintaining high efficiency levels [140]. 

A novel dry-expansion shell-and-tube evaporator with a defouling function used in a 

heat pump system developed by Shen et.al achieved 3.1 times greater heat transfer 

coefficient than conventional systems [141]. 

Wind, solar, and hydroelectric energy may also be used as an on-site energy source. 

WWTPs with a change in elevation can generate hydroelectric power. However, it is 

difficult to directly use wind energy as traditional WWTPs are located at low 

elevations. In general, WWTPs with large horizontal surfaces are needed to extract 

solar energy, although the potential for solar energy contribution is relatively high 

from WWTPs with large area equipped with a photovoltaic system. Solar energy also 
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can be applied in wastewater treatment through photocatalytic processes. For example, 

ZnO can be used as photocatalyst for the removal of hazardous pollutants like 

methylstyrene from wastewater [142]. Kiheung Respia WWTP is a representative 

municipal WWTP located in Yongin, Korea with a design capacity of 30,000 m3/d. 

Chae et al. [64] investigated three kinds of energy resource at this WWTP, including 

photovoltaics, small hydropower, and thermal energy from effluent heat. The 

estimation of environment-friendly energy production at the WWTP (100 kW solar 

photovoltaics, 10 kW small hydropower, and 25 RT (1 RT = 3.517 kW) heat pump) 

suggested about 6.5% of energy self-sufficiency when the technology is properly 

installed and managed [64].  

3.2 Energy self-sufficient WWTPs construction: from theoretical analysis to practice 

In order to promote engineering applications of energy self-sufficient WWTPs, 

theoretical assessment of such systems is often required. Fig. 8 shows the energy 

self-sufficient WWTPs construction process from theoretical analysis to practice for 

both new WWTPs design and the improvement of existing WWTPs. An energy 

balance analysis is the key tool for choosing appropriate energy recovery technologies. 

However, theoretical energy balance analysis in WWTPs still remains undeveloped. 

LCA is usually used to analyze the energy and mass input and output flows in 

WWTPs during the construction phase, operation phase and demolishment phase [143, 

144]. In a move away from LCA, recently, a multi-step methodology was developed 

for analysis of a WWTPs’ energy balance focusing on direct energy consumption and 

generation in the plant, which has received interest from the operators of WWTPs [3]. 

Another theoretical model for the assessment of energy self-sufficiency in WWTPs 

named “net-zero-energy,” has been developed mainly focused on the organic energy 

recovery in WWTPs based on AD of sludge. The net-zero-energy model included the 

mathematical derivation of the theoretical energy consumption for COD treatment, 

the energy requirement for the AD system and energy recovery from the CHP System 

[145]. Besides the energy balance analysis, cost is another important factor for the 

construction of energy self-sufficient WWTPs. The analysis of the initial investment 

and the benefit across the life cycle both need to be considered. It was estimated that a 
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net-zero-energy WWTP with a capacity of 10,000 m3/d can save $100,000 each year 

in China through energy self-sufficiency [145]. However, during the actual operating 

process, the operators need to constantly optimize the energy recovery sections 

though adjusting key parameters or through the adoption of advanced technologies to 

achieve energy independence with the lowest cost. 

 
Fig. 8. The energy self-sufficient WWTPs construction process from theoretical 
analysis to practice. 

3.3 Examples of energy self-sufficient WWTPs 

For decades, energy efficiency optimization has been carried out in order to work 

towards energy self-sufficient WWTPs. Some examples of energy self-sufficient 

WWTPs have been constructed successfully. Shen et al. [76] have summarized the 

reported full-scale energy self-sufficient WWTPs in North America and Europe, 

reporting 12 WWTPs that have achieved >90% energy self-sufficiency (Table 2).  

Table 2. Energy self-sufficiency of full-scale WWTPs. Source: [76]. 

No Name of WWTPs Location Capacity 

(MGD) 

Energy 

self-sufficiency (%) 

Reference(s) 

1 Grevesmuhlen  Germany 4  100a [146] 

2 Wolfgangsee-Ischl  Austria 5  100b [28, 147] 

3 Strass im Zillertal  Austria 6  100a [15, 148] 

4 Gloversville–Johnstown 

Joint  

USA 11  100 [149] 
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5 Sheboygan Regional  USA 11  100 [150] 

6 Gresham  USA 13  100 [151] 

7 Prague Central  Czech 

Republic 

42  94 [30, 152] 

8 Zürich Werdhölzli  Switzerland 67 100 [153] 

9 East Bay Municipal 

Utility District  

USA 70  100a 

 

[76] 

10 Point Loma  USA 175  100 [154, 155] 

11 Davyhulme,  England 200  96 [76, 156] 

12 Joint Water Pollution 

Control Plant 

USA 300  97 [76] 

Note a: Sale>20%, b: Sale>10% 

The Howard F. Curren Advanced Wastewater Treatment System (HCWTP) located in 

Tampa, Florida is one of the state-of-the-art WWTPs with 54.2 million gallon/d 

(about 205,000 m3/d) treatment capacity [27]. The treatment system in the HCWTP 

includes primary treatment, secondary treatment, nitrification, denitrification, 

post-aeration, and chlorine disinfection. Mo et al. [27] examined the potential 

available energy value by integrated resource (including energy, nutrient, and water) 

recovery in this WWTP via theoretical calculation. The recovery processes in this 

WWTP (Fig. 9) include embodied energy offset from water reuse, onsite energy 

generation, and nutrient recycling [27]. For HCWTP, electricity is produced onsite 

through five 500 kW engine generators using biogas from anaerobic digesters. 

Theoretical calculation shows that integrated resource recovery possesses can offset 

all the direct energy requirement for the operation of the WWTP. However, this 

technique cannot offset the overall energy for implementation of treatment processing 

to achieve carbon neutrality. The East Bay Municipal Utility District (EBMUD) 

wastewater treatment facility in Oakland, USA with 70 MGD (about 265,000 m3/d) 

treatment capacity became the first self-sufficient WWTP in North America in 2012 

[76]. Biogas production is almost improved 70% by co-digestion with food waste, 
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winery waste and oil in EBMUD. EBMUD also expands the total power generation of 

the WWTP to more than 11 MW, such expansion results from the installation of a 4.6 

MW jet engine-sized turbine to handle the current 38,000 m3/d of biogas production 

[76]. The overall electricity produced in EBMUD is 126% of this WWTP’s electric 

demand, meaning that, the excess electricity produced can be sold to the grid. The 

Sheboygan Wastewater Treatment Plant (located in the U.S.) is another example of a 

nearly 100% energy self-sufficient WWTP. This WWTP utilizes an activated sludge 

process to achieve secondary wastewater treatment. To date, this WWTP can produce 

nearly 90% of its annual electrical energy and 85% of its annual heat requirements on 

site using a co-digestion program creating 700 kW of cogeneration capacity [157].  

 
Fig. 9. Integrated recovery processes in the HCWTP. Source: [27] 

 

The Strass and Wolfgangsee-Ischl WWTPs in Austria are both typical 100% energy 

self-sufficient WWTPs. The energy balance of these two cases are shown in Fig. 10 

[28]. For the Strass WWTP, on average, 21.4 kWh/(pe120.a) (pe120 = population 

equivalents related to 120 g COD/d) of electric energy was produced through biogas 

from anaerobic digestion of sludge during 2005–2007. As shown in Fig. 10a, the total 

electricity consumed in the WWTP was 19.9 kWh/pe120.a, of which 9.1 kWh/(pe120.a) 

was consumed by aerating and stirring of the aeration tank, and the remaining 10.8 

kWh/pe120.a was consumed by other treatment processes. For the Wolfgangsee-Ischl 

WWTP on average, 20.6 kWh/(pe120.a) of electrical energy was produced from 

digester gas from September 2009 to August 2010 (Fig. 10b). Similar to the Strass 
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WWTP, surplus electric energy is sold to the grid (2.2 kWh/(pe120.a)), while for peak 

energy demand, electricity was obtained from the grid. The total electricity consumed 

in Wolfgangsee-Ischl was 19.2 kWh/(pe120.a), of which 11.5 kWh/(pe120.a) was 

consumed by aerating and stirring the aeration tank, and the remaining 7.7 

kWh/(pe120.a) was consumed by other treatment processes. 

 
Fig. 10. (a) Energy balance of the Strass WWTP in 2005–2007. (b) Energy balance of 

Wolfgangsee-Ischl WWTP from September, 2009 to August, 2010. Adapted from 

[28]. 

 

3.4 Challenges of constructing energy self-sufficient WWTPs 

Full energy self-sufficient wastewater treatment can be possibly achieved through a 

combination of energy recovery and improved energy efficiency [22, 28, 146, 158]. 

Nevertheless, there are few WWTPs that satisfy both energy and carbon neutrality. 

Currently, less than 10% of WWTPs in USA are producing surplus biogas for 

commercial use [70]. There are currently no high-energy self-sufficient (>90%) 

WWTPs in developing countries, where a large gap for energy self-sufficient WWTPs 

still exists.  

The establishment of energy self-sufficient WWTPs presents many limitations in 

terms of technological barriers and environmental protection issues, with still much 

ongoing research of technologies which were developed several decades ago. For 

example, Anammox technologies were developed in 1977, yet the mainstream 

application of these technologies is still under trial and investigation [159]. WWTPs 
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of different sizes pose different problems, for example it will be difficult to realize 

complete energy independence in WWTPs with a low load. Cost is also an issue in the 

establishment of energy self-sufficient WWTPs as the upfront input in constructing an 

energy self-sufficient WWTP is more expensive than constructing a traditional one, 

wit home technologies in particular, such as CHP and photovoltaics, requiring large 

investment of development [80, 160.] In terms of environmental protection, 

inadequate anaerobic treatment may influence the adjacent environment, and CH4 and 

N2O leakages may contribute to global warming and air pollution [77, 147]. 

The best combination of different kinds of potential energy sources needs to be 

determined based on the actual conditions in different areas [64, 138]. Therefore, a 

wide range of possible factors should be considered using state-of-the-art models, 

such as LCA, to evaluate the total benefit and select the most suitable technologies for 

energy self-sufficient WWTPs [77]. Given that existing WWTPS may not have the 

infrastructure to recover energy as part of the process, established WWTPs can still 

improve their energy efficiency. According to a case study on improving the energy 

efficiency of 14 WWTPs in Portugal, energy-saving efficiency can vary from 20% to 

40% and even more in some specific cases [161]. Currently, numerous break-through 

solutions and optimized procedures for both energy generation and increased energy 

efficiency are still under investigation. None of the approaches discussed can be 

singled out as the ideal one to solve all problems in all situations, yet all the systems 

still have the potential to be optimized to recover and save large amount of energy.  

There is evidence from the studies presented that rather than focusing on single 

techniques, the different techniques presented can be integrated with one another on 

the basis of the specific required condition to provide optimal results.  

4 Conclusion 

This paper has summarised the different energy consumption in WWTPs associated 

with different technologies from different WWTPS from around the world, and 

explored the potential of energy self-sufficiency in WWTPs. Aeration and additional 

sludge treatment are energy-intensive process in WWTPs. Furthermore, specific 

energy demand in WWTPs decreases with increasing inflow and increases with 
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increasing concentration of pollutants in the influent (COD, BOD5, and nitrogen). 

International benchmarking can be used to increase understanding of energy 

efficiency in WWTPs because energy consumption in different regions are different, 

because of differences in WWTP technology and target effluent quality. 

Although there is more that can still be done, energy efficiency optimization has long 

been a part of the design and construction of WWTPs and is an important component 

of constructing energy self-sufficient WWTPs. Currently, most energy self-sufficient 

WWTPs are using biogas from the anaerobic digestion of sludge for digester heating 

and electricity generation. In some case, wind, solar, and hydroelectric energy may 

also be used as energy contributions. Recent advances in the optimization of energy 

generation technologies, and theoretical analysis model have been summarized. 

Although energy self-sufficient WWTPs are definitely feasible, many challenges still 

exist, particularly in developing countries and further efforts are needed in terms of 

addressing technology, costs, and environmental protection issues.  
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