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Abstract 

This review presents an assessment of international wastewater treatment plant 

(WWTP) energy benchmarking studies and provides for the first time a detailed 

historical evolution of seminal European benchmarking methodology for the 

international water sector.  We commence by comparing international 

applications of energy performance assessment and how the different methods 

have been applied and have evolved.  More specifically, we investigate how 

international studies have measured WWTP energy performance and what are 

the different views in relation to energy performance reference value, whether 

the energy consumption should be related to the number of people connected, 

the applied load, treated wastewater volume, and the advantages and 

disadvantages of different approaches.  International literature sources were 

identified using targeted keyword searches using Google Scholar in order to 

capture a broad range of scholarly and technical works.  The review then 

follows with a detailed account of the origin and development of the seminal 

(German) energy benchmarking methodologies, delivered here for the first time 

and opening up previously inaccessible literature to an international audience.  

The review finds that despite its long-term use, disagreement remains regarding 

the most suitable energy benchmarking performance metrics and there is 

currently no internationally agreed approach to assess the energy performance 

of a WWTP.  It further highlights that the European approach to energy 

benchmarking demonstrates that methodical optimisation of WWTPs and 

application of identified energy saving measures, presents great opportunities to 

deliver achievable, environmentally- and economically-favourable change to 

water industry practice.  Nevertheless, site-specific factors such as differing 

discharge conditions, topographical boundary conditions, wastewater volume 

and composition need to be considered when adapting and applying energy 

benchmarking methodologies elsewhere, and these factors should be taken into 

consideration by wastewater practitioners during energy benchmarking 

assessments. 

Keywords:  energy benchmarking; energy efficiency; process level 

optimisation; target and guide value KPIs; wastewater treatment plant.
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1. Introduction 

Like many industries during the 20th century, the water sector has evolved considerably from 

the days of simple ‘pipes and pumps’ operation, and basic sanitation compliance.  During the 

early years of the 20th century, wastewater management was seen primarily as a water 

conveyance issue, with the core objective being the quick transport and disposal of wastewater 

and its contaminants to receiving waterways.  Due to the progressive development and 

implementation of ever more stringent human and environmental health regulations, 

throughout the second half of the last century in particular, the water industry has largely been 

focused on meeting and maintaining proper regulatory compliance [2], with less emphasis 

historically placed on efficiency and innovation in its operations.  

The same is largely true of energy use for wastewater treatment.  Until recently, energy 

has been relatively inexpensive internationally and many wastewater treatment facilities were 

simply not designed or operated with a goal to minimise energy consumption [3].  Moreover, 

the gradual progression from simple low-cost treatment processes, to more advanced highly 

engineered processes in order to meet increasingly stringent regulatory criteria has led to a 

progressive increase in the energy intensity of wastewater treatment over time [4, 5].  This 

progressive intensification of energy needs for wastewater treatment has been brought sharply 

into focus in recent years by dramatic increases in the unit cost of energy, including electricity 

[6], as well as increasing volatility in energy tariffs linked to deregulation and structural 

changes to energy markets internationally [7].  In combination, these factors have increased the 

pressure on energy-intensive industries and facilities like wastewater treatment plants 

(WWTPs), to look for ways to minimise operational energy use.  

In the context of increasing global water scarcity [8], making the most of fresh water 

resources has become essential in regard to securing supply.  Consequently, the recovery and 

reuse of wastewater is becoming increasingly commonplace in many countries globally [9].  

Technologies that make wastewater suitable for immediate and direct—including potable—

reuse are being introduced, together with regulatory compliance targets requiring increased 

levels of treatment in order to address public health concerns.  Yet increased levels of treatment 

to produce a high quality effluent comes at a cost, including higher energy use [10], making it 

imperative to optimize and manage energy use for wastewater treatment and reuse operations 

to deliver water in an economically-feasible manner.  
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1.1. Energy efficiency in wastewater treatment 

Studies reporting on energy consumption of WWTP processes date back to the early 1970s 

[11].  Even then, an awareness existed of the future importance of energy efficiency, with 

Hernandez (1978) stating that “Energy consumption at WWTPs may, in the future, be a 

significant input to the decision makers when determining the extent or type of treatment.”  

While energy required for wastewater treatment on a per capita basis is some 10-fold lower 

than that of domestic water heating for example [12], WWTPs as industrial facilities are 

typically among the largest single energy users of municipalities [13, 14], presenting important 

opportunities for energy optimisation and efficiency gains.  WWTPs can represent some 15–

20% of the total energy consumption of municipal public structures and facilities, with energy 

also constituting anywhere from 15–40% of total WWTP operating costs [14, 15]. 

Inefficiencies in WWTPs are due to various factors, among others a lack of operator 

understanding of energy conservation measures [4, 16].  The recent adoption of ‘state-of-the-

art’ but energy-hungry technologies such as membrane bioreactors (MBRs) and UV 

disinfection has also become more commonplace, in some cases without good justification of 

the need for such advanced processes [16].   

Given the large amount of embedded energy in wastewater (predominantly thermal and 

chemical energy) [17], WWTPs also present opportunities for energy recovery.  In recent years 

there has been a special focus on energy self-sufficiency of WWTPs, which is achievable and 

it can be realised via application not only of energy use reduction through optimisation 

measures, but also through better capture and utilisation of sludge, investigation and 

application of new trends in energy production (renewables), and by way of new technologies 

[15, 18-21].  To improve energy efficiency in the water sector, energy benchmarking emerged 

from German-speaking Europe during the 1990s and has since been applied internationally 

with the broad goal of helping the sector identify and adopt best practice efficiency and 

performance [22, 23].  Despite its long-term use, disagreement remains regarding the most 

suitable benchmarking performance metrics [24] and there is currently no internationally 

agreed approach to assess the energy performance of a WWTP.   

With the number of studies on WWTP energy efficiency and energy benchmarking 

growing considerably in recent years (Figure 1), a review on the topic is both timely and 

informative for the water industry.  Furthermore, and with the exception of a few recent 

publications in English [25, 26], the original (German) benchmarking literature remains largely 
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inaccessible to an international audience, leading to instances where the original methodology 

has been incorrectly interpreted and applied.   

Accordingly, this review begins with an international assessment of WWTP energy 

benchmarking studies, followed by a detailed account of the original energy benchmarking 

methodologies from German-speaking Europe since the emergence of the first publication from 

Switzerland in 1994, through until the first unified German national methodology in 2015 [29].  

The historical journey of energy evaluation and benchmarking methodology is presented here 

to highlight the industry success stories and at the same time, identify issues and specific 

considerations that need to be given special attention during the application of energy 

performance and benchmarking assessments.  By providing a timely, in-depth assessment of 

the genesis and evolution of these original energy benchmarking methods, this review opens 

up a wealth of previously inaccessible but valuable literature to an international industry 

readership for the financial and environmental benefit of the industry.   

Figure 1.  Number of articles published since the year 2000 investigating energy performance 

and energy benchmarking in wastewater treatment processes (data from Google Scholar using 

combinations of the following keyword search terms: “WWTP”, “energy benchmarking”, 

“energy efficiency”, “energy performance”, “state of the art technology”, “wastewater 

treatment”). 

1.2. Approach 

The study used a variety of approaches to select the literature for the review.  Firstly, 

the selection of reference material was based on the inclusion of WWTP energy performance 

assessment, with performance evaluations needing to refer to either theoretical, statistical or 

comparative study methodologies.  Studies reporting energy performance as a recognised key 

performance indicator reference value (e.g., electricity consumption as a function of: design 

capacity or connected population (PE×y); treated wastewater volume (m3×y); or pollution load 

removed (kg COD×y)).  Another important selection criterion in literature selection was 

whether international studies had made reference to seminal European methodology.  Special 

attention was paid to how results compared to the Swiss and German performance benchmarks 

and whether the authors expressed concerns in applying European methodology to other 

jurisdictions.  Google Scholar was used (Figure 1) in order to capture a broad range of both 
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scholarly and technical works.  With representation from 24 countries and covering more than 

16,950 WWTPs in total, the studies included in the review are listed in Table 1.  

2. Energy benchmarking of WWTPs - an international perspective 

Energy efficiency policies have been implemented in some jurisdictions in recent years 

to improve energy use efficiency by major industry, reduce costs, improve productivity and 

deliver greenhouse gas emissions abatement (e.g. Australian Energy Efficiency Opportunities 

Program 2006, and EU Energy Efficiency Directive 2012).  To improve energy efficiency in 

wastewater treatment, energy benchmarking has been applied by many countries, in particular 

throughout Europe where high electricity tariffs have driven the development of what is 

considered ‘world’s best practice’ benchmarking methods [28].  Despite the increasing 

emphasis on WWTP energy efficiency in recent years and widespread application of WWTP 

energy evaluations and benchmarking, there is currently no unified or internationally-agreed 

approach for how to conduct energy benchmarking.  Energy benchmarking is a sub-set of the 

broader ‘benchmarking’ approach which has been applied by the water industry since the early 

1990s as a management tool for identifying best practices [22] that nowadays falls under the 

International Standard ISO 50001:2011 Energy Management Systems [27].  One of the key 

activities in both ISO 50001 and energy benchmarking involves the undertaking of an initial 

energy review to establish an energy performance ‘baseline’.  This baseline is used for 

performance monitoring and also set improvement targets in relation to future energy 

performance [27]. 

This section provides an overview of the energy performance evaluation methods and 

energy benchmarking methods and metrics used internationally for the assessment of WWTP 

energy performance, with a summary provided in Table 1.  A description of the referenced 

original benchmarking work from Switzerland and Germany [14, 30-36] are provided in later 

sections. 

In 2000, Balmér [37] evaluated five Nordic WWTPs with different nutrient removal 

process technologies in order to determine their performance and identified the energy as a 

major contributor to increased costs [37].  Balmér discusses how the performance should be 

measured, and argues that measuring the performance per wastewater treatment volume has 

disadvantages and it should be avoided in favour of relating it to the number of people 

connected or to the applied load.  Kjellén and Andersson [38] assessed the energy efficiency 
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in Swedish WWTPs applying the 1999 German manual of Müller and co-authors [35]. The 

study using a theoretical calculation approach concluded that Swedish WWTP performance is 

half that of German WWTPs (i.e. twice as much energy consumed), with 90 kWh/PE×y 

(medium to small WWTPs), indicating good potential for energy optimisation.  In 2007, 

Jonasson [39] undertook a comparative evaluation of the energy performance of WWTPs with 

PE >100,000 in Sweden versus Austria and found that median electricity use by Swedish 

WWTPs (42 kWh/PE×y) was considerably higher than that of Austrian WWTPs at 23 

kWh/PE×y [39].  This was considered to be due to the long-term use of energy benchmarking 

in Austria, whereas it was a relatively new initiative in Sweden at that time.  Since 2003, the 

Swedish Water & Wastewater Association has operated a web-based system, WASS, for the 

collection and compilation of key data from the Swedish water utilities with the energy 

performance expressed as kWh/PE×y, as one of five key performance indicators (KPIs) [40].  

This initiative no doubt contributed to the improvement in Swedish WWTP energy efficiency 

during the years between the above two studies. 

In 1999, an Austrian study was undertaken using the Müller et al. [34] methodology to 

assess 172 WWTPs representing some 35% of WWTPs in Austria at the time (>3,000 PE 

capacity)  [41].  The wide range of WWTP performance results (kWh/PE×y) revealed great 

savings potential, with the study reporting that inefficiencies related to unfavorable natural 

conditions (topography, rainfall dilution of sewage), design issues, equipment performance or 

a low utilisation rate (equipment over-sizing).  In addition to operational optimisation, good 

planning (utilization of the plant, process concept, adaptability and equipment) was suggested 

to have a crucial role in energy efficiency.   

In Italy, Vaccari et al. [43] used a statistical approach to evaluate the energy 

performance of 241 WWTPs servicing a combined load of 9.1 million PE.  The study measured 

the specific energy consumption against three performance indicators, expressed as kWh per: 

m3 wastewater; PE; and kg COD5 removed.  It concluded that one of the factors associated with 

high energy efficiency was the capacity of utilisation (over 80%).  This utilisation factor as 

introduced by LFU BW [33] is expressed as the ratio of connected PE to designed capacity PE 

(designed value).  The utilisation factor is an important indicator when analysing energy saving 

measures, as it has a considerable impact on capital expenditure, operating expenditure as well 

as energy performance, but in many cases it is omitted from WWTP energy performance 

investigations despite its importance.  
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Bodík and Kubaská [44] used a statistical approach to energy benchmark 68 Slovak 

WWTPs, represented in five class sizes (SCs), reporting a flow-specific performance for 51 

large WWTPs (5,000 to 1,050,000 PE designed load capacity, with a total connected capacity 

of some 2.5 million PE) at 0.485 kWh/m3, with the remaining 17 small rural WWTPs (500 to 

2,500 PE designed load capacity, with a total capacity of 15,000 PE) performed at 0.915 

kWh/m3.  The approach used in their study compares overall WWTP energy performance and 

ranks their performance against plant performance, similar to the German methodology [30, 

33], concluding that the flow-specific energy consumption of the larger plants (10–50 ML/d) 

is about 50% less than for smaller plants (<5 ML/d).  

Mamais, Noutsopoulos [45] evaluated 10 WWTPs in Greece (10,000 to 4,000,000 PE 

capacity) again using a statistical approach similar to that of LFU BW [33].  The study 

concluded that the annual specific energy consumption for investigated WWTPs ranged from 

15 to 86 kWh/PE×y, with aeration being the highest energy consuming process in all WWTPs, 

accounting for 40–75% of total energy requirements.  

A recent French study analysed the energy use (electricity, gas, and fuel oil) efficiency 

of 7 WWTPs, with the aim being to establish a baseline of energy consumption and identify 

the main energy consumers in order to prioritise future energy optimisation actions [46].  

Although performance was measured as kWh/m3, the authors—much like Vaccari et al. [43]—

advised against flow-specific energy benchmarking.  Similar to Mamais et al. [45], the authors 

also reported aeration to be responsible for the majority of WWTP electricity consumption.  

In Portugal, Silva and Rosa [47] used a statistical approach to evaluate the energy use 

performance of 17 WWTPs, finding that energy represents one of the higher costs of 

wastewater treatment and is thus a core measure of WWTP performance assessment and 

optimisation.  Shortly after, Brôco and Carvalho [48] undertook an energy use evaluation of 

more than 800 Portuguese WWTPs.  The evaluation found that electrical energy was the single 

largest operational expense in WWTPs (50% of operating costs), with a combined use of 219 

GWh/year (≈103,000 t CO2). The authors reported that while improving WWTP energy 

efficiency is an ongoing challenge due to the differences in technology used among the plants, 

energy benchmarking is a useful tool for identifying efficiency opportunities and in particular 

for predicting future energy consumption, especially during refurbishment and the design of 

new WWTPs. 
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In China, Yang, Siy [49] evaluated the energy performance of 599 WWTPs in order to 

establish an integrated national energy performance assessment.  Average electrical energy 

consumption of Chinese secondary level treatment WWTPs was 0.290 kWh/m3, highlighting 

that the treatment technology used, pollutants and the treated volumes played a significant role 

in energy consumption.  According to Zhang and co-authors, in China, electricity consumption 

constitutes the largest operating expense of 3,508 WWTPs investigated.  The total treatment 

capacity of the 3,508 WWTPs is 1.48×108 m3/d and the plants were investigated based on 

treatment technologies, pollutant removals, operating load and effluent discharge standards.  

The study identified the biological treatment stage as main energy consumer, accounting for 

approx. 70% of total energy consumption, the majority of which related to aeration systems 

[50].  Further investigations on energy consumption in China have been conducted by a number 

of authors with sometimes contradictory findings, i.e. an average energy consumption of 0.20 

kWh/m3 (range of 0.12 to 0.38 kWh/m3).  An investigation on 22 WWTPs, suggests that the 

low energy use in their Chinese WWTPs may be a result of the advanced WWTPs having been 

newly constructed as well as the low treated wastewater quality requirements in China relative 

to elsewhere [51]. 

In Japan, 985 Japanese municipal WWTPs were evaluated by Mizuta and Shimada [52] 

based on the scale and system configuration energy performance.  To conduct benchmarking 

analysis of electric power consumption, the study classified WWTPs into different SCs, 

treatment processes and methods and evaluated their performance.  The study applied a similar 

methodology to the German approach [30, 33] and concluded that the differences in energy 

consumption observed were mostly due to the difference in the scale of WWTPs, rather than 

differences in wastewater treatment process.  

Molinos-Senante, Sala-Garrido [53] evaluated 177 Spanish WWTPs with the aim to 

contribute to measuring their energy efficiency and the economic and environmental 

consequences for the water sector by delivering a tool using a Data Envelopment Analysis 

(DEA) model.  The study concluded that the plant size and quantity of organic matter removed 

were significant variables regarding energy performance.  Seeking to determine the energy cost 

effect related to WWTP inefficiencies from ageing-related plant deterioration, Castellet-

Viciano, Hernández-Chover [54] evaluated 322 WWTPs located in the Valencia region of 

Spain.  The study provided information on energy-related cost measured in kWh/m3 (expressed 

as €/m3 treated wastewater) of the facilities and also process performance, concluding that 
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efficiency losses from diffuser blockages in secondary aeration systems over time was largely 

responsible for loss in process performance and increased energy consumption.  Moreover, 

efficiency losses were more pronounced in smaller WWTPs (treating <0.75 ML/d) than in 

larger plants, potentially due to larger plants having better maintenance regimes and also by 

being able to better mask poor performance through energy recovery (cogeneration) systems 

which only exist at larger facilities.   

In the USA, Carlson and Walburger [55] developed ‘ENERGY STAR’, an energy index 

for benchmarking WWTP energy performance that enables the comparison of energy 

consumption of different WWTPs through the use of a scoring system.  Energy data for 266 

WWTPs were collected and regression analysis used to determine the parameters most highly 

correlated with energy use [55, 56].  The ENERGY STAR benchmarking system compares the 

energy intensity of an individual wastewater facility with similar facilities nationwide using 

parameter values of average influent flow, average influent and effluent BOD5, design capacity 

flow rate, presence of fixed film trickle filtration process and nutrient removal process [56, 57].  

In the United Kingdom, Belloir et al. [58] reported on a benchmarking investigation of 

two full-scale WWTPs, with performance benchmarked for electricity use as well as other 

energy types including chemical, mechanical and manual.  The authors concluding that despite 

the effectiveness of energy benchmarking methodology, there is the need to include additional 

relevant parameters, such as effluent quality, site operation and plant layout, to allow adequate 

benchmarking.  

2.1. Swiss energy benchmarking approach    

2.1.1. General introduction of concept (Swiss context/top-down approach) 

The first known energy efficiency benchmarking study “Energy in WWTP” (“Energie 

in ARA”) was published in 1994 and was conducted on behalf of three Swiss federal agencies: 

the federal agency for energy (BFE); the federal agency for economy (BfK); and the federal 

agency for the Environment (BUWAL) [34].  The main focus of the study was to address 

energy consumption implications related to air quality (air pollution control), greenhouse gas 

(CO2) emissions and the risks associated with power generation station.  While the focus of 

study was on wastewater treatment as one of the single largest municipal energy users, Müller 
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et al. (1994) highlights that municipalities should look at optimisation options for all structures, 

facilities and machinery in order to deliver lower operational costs and CO2 emissions. 

As stated by Müller [59], the energy optimisation should comply with and fulfil three 

conditions: the effluent quality in the point of discharge shall not be compromised; the 

operational safety must be guaranteed; and the measures should be economically feasible to 

ensure that the application of such methodology is sustainable.   

To achieve energy use optimisation and influence water sector operations, the Müller 

et al. (1994) manual set as its primary target to inform the water industry through practical 

examples about the possibilities that exist in WWTP energy efficiency and process 

optimisation.  This aimed to support the water industry through application of energy-checks

and energy-analysis, thus laying the foundation for the realisation of cost-effective energy-

saving measures (ESMs) [34].  Based on these principles, the 1994 Swiss manual provided the 

foundation for specialists, engineers and the wastewater industry, to optimise energy 

consumption in a systematic manner, promote and encourage economic growth, and contribute 

to environmental improvement [59].  

2.1.2. Benchmarking process in the Swiss context  

During the period when the studied WWTPs were constructed in Switzerland, the energy 

consumption of wastewater treatment processes was not included in the planning matrix or 

operator manuals, as energy tariffs were low and as such energy cost savings were not a priority 

[59]; instead effluent quality was the main driver.  However, increasing scientific consensus 

during the 1980s regarding the role of electricity-derived CO2 emissions on global climate 

provided the motivation to develop a methodology enabling systematic energy optimisation for 

WWTPs, but without compromising effluent quality and resulting public and environmental 

health. 

2.1.2.1. The first “Energy in WWTP” manual 1994 

The Müller et al. [34] manual addressed a range of issues related to energy optimisation within 

WWTP boundaries, focusing on the major energy consuming processes.  The manual has a 

technical focus and seeks to extend the specialist knowledge and expertise of process engineers, 

managers and WWTP operators in energy optimisation methods and measures by providing 
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practical examples.  It delivers a practical working tool to be used by engineers, decision 

makers and operations personnel, with the tool providing a systematic method for undertaking 

process-level energy checks and analysis.  Additionally, it provides information for managers 

in regard to a general overview of energy-saving measures, the procedures outlining the 

necessary steps for efficient planning, and provides assistance for experts to make effective 

decisions about investments related to energy efficiency [34]. 

To validate energy efficiency optimisation methodology, the manual incorporates a 

series of data sources: 

(1) Statistical data, to create an overall ‘feel’ regarding the energy consumption situation 

in Switzerland; 

(2) Investigation on a model-plant to enable the theoretical calculation of energy 

requirements for optimal operating conditions; and  

(3) An energy detailed analysis conducted in two WWTPs in Switzerland validating the 

ESMs and suggested energy saving potential.  

2.1.2.2. The second round of “Energy in WWTP” 2010 

In 2010, the Müller et al. [34] manual was updated to include recent contributions and 

introduced new topics, given the advancement of more energy-efficient technologies and new 

treatment methods developed since publication of the original manual.  New aeration 

techniques incorporated a lowering of the process but incurred substantially higher energy 

consumption in other pre-and post-aeration processes which needed to be addressed.  Since 

2008, the cost-reducing electricity feed-in tariff had provided additional financial incentives 

and further boosts electricity production from digester gas.  Due to the increase in energy 

prices, efforts to implement energy efficiency had also become more important than in the 

decades before [14].    

2.1.3. Swiss model methodology  

2.1.3.1. Statistical information - Energy consumption in WWTPs in 

Switzerland. 

In the Müller et al. [34] manual, the energy consumption data records of 962 WWTPs were 
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listed as statistical data which was produced from BUWAL energy consumption records dating 

back to 1990.  These records generated an overview of WWTP energy use on a national scale 

providing a basis for creation of an energy performance data-set for further statistical 

investigation. 

To better understand the process-level energy consumption of an energetically-

optimised WWTP, Müller et al. [34] introduced the concept of a model-plant representing a 

typical WWTP in Switzerland [14].  The primary function of the model-plant was to establish 

the theoretical optimum energy performance or so-called “Ideal Values” of the plant as a whole 

and importantly for its individual processes.  The model-plant was used to calculate both 

specific and absolute energy consumption for each process stage.  

In the Müller et al. [14] update, a focus was applied to the new methods/technologies 

for biological treatment, such as fixed-bed reactor processes, fluid-bed reactor processes, and 

MBRs.  The calculations for the model-plant assume that the machinery and electro technical 

equipment of the plant are state-of-the-art in relation to energy efficiency.  Thus, the energy 

consumption values of the model-plant can be met for new plants for all process stages [14].  

Müller et al. [14] discuss that since values are related to location-specific characteristics (e.g. 

differing lift station pumping head requirements and wastewater carbon/nitrogen ratios) and 

despite optimal planning and operation of a WWTP, the ideal values cannot always be 

achieved.  

The energy consumption for the individual process of model-plant was determined 

mainly by theoretical calculations. In addition to theoretical calculation, judgment values were 

used based on relevant experience. For all standard procedures, both absolute values for the 

model-plant and specific values are given for 1 population equivalent.  The PE are calculated 

from the effective annual average BOD5 load to the inlet of the WWTP, on the basis of 60 g 

BOD5 / PE×d; alternatively, the COD load in the influent (bases on 120 g COD / PE×d) can be 

used. In addition, the energy consumption is stated per 1 m3 of wastewater or sludge [14].  

When comparing the energy consumption performance of WWTPs, they must be 

related to some common base and in many cases the volume of wastewater treated has been 

used. However, the use of volumetric (flow-specific) energy performance metrics has 

recognised disadvantages, including the effects of variable precipitation rates on WWTP 

inflows which impact on energy cost per m3 treated due to dilution of the pollution load [37, 

43].  In such cases, plants with a more dilute wastewater but a higher volumetric load will be 
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shown to perform better and energy inefficiency will not be properly reflected.  Also, the range 

of processes involved in wastewater treatment (for process level investigations) means that the 

energy performance of some process infrastructure is volume related (e.g. pumps), while 

energy use is mass flow related for other processes (e.g. aeration and sludge treatment) and 

others are neither related to volumetric flow nor to mass flow.  Considering these 

complications, Balmér [37] recommends the use of a population equivalent approach wherein 

energy consumption is related to the number of people connected or to the applied load, 

enabling better comparisons of energy consumption between different plants with different 

pollution loads.  

Tables 2 to 5 represent the specific energy consumption (Ideal Values) for various 

wastewater treatment and sludge treatment processes, for infrastructure, and for the entire plant

as suggested by Müller at al. [14]. 

After the identification of energy consumption according to Müller et al. [14, 34] 

manuals, the water utilities should compare the values to the identified values of the model-

plant (ideal values) and work toward how to reduce the energy consumption.  Both Müller et 

al. [34] and Müller et al. [14] manuals stressed that an energy optimisation strategy should 

include a reduction of energy required for transportation of wastewater in networks and a 

strategy for replacement of equipment/assets with energy-efficient equivalents.  Additionally, 

all conveying units should be designed accordantly and have intelligent operation.  

Furthermore, the water utilities should look at minimising support units’ energy consumption 

and look at increasing the energy production within the facility.  

2.1.4. The relevance of energy benchmarking model to planning matrix 

In order to have sensible and realistic benchmarking application it was suggested that the water 

utilities include benchmarking into a planning matrix by including a systematic approach to 

energy optimisation.  According to Müller at al. [34] energy-checks should be initiated and 

energy-analysis should be introduced for this purpose.  The energy-check is a quick and simple 

evaluation of the WWTP energy performance, while the aim of the energy-analysis is to 

identify a set of measures with economic indicators that can be used to assess the financial 

realisation of efficiency measures and planning of short-term measures.  Müller et al. [34] 

provides a detailed description of all procedures to be followed regarding how and when it is 

advised to conduct energy-check and energy-analysis. 
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In the initial Phase 1, a coarse initial energy performance screening, is required.  This 

enables an overview of energy consumption with less effort and is the first step toward a 

systematic energy audit.  This initial energy-check is designed to be simple to undertake and 

provides an overview on the consumption quality of WWTPs whilst identifying the needs and 

urgency for future ESMs. 

After the initial Phase 1, the next intervention for ensuring energy optimisation in 

WWTPs, a detailed Phase 2 energy-analysis, should be conducted.  According to Müller et al. 

[14], a Phase 2 energy analysis should be completed: after every major refurbishment, renewal 

and enlargement/extension; if larger energy-saving potential is assumed after conducting 

energy-check; if the digester gas is only partially used with a cogeneration/turbine; and if one 

of the assessed ESMs has not yet been met. 

In the Phase 2 energy-analysis, the relevant energy saving potential for a WWTP is 

comprehensively determined across all process areas and the potential savings, cost 

effectiveness and chronological sequence of the proposed ESMs should be shown. 

Achievable ESMs require a calculation of investment costs and benefits (cost 

effectiveness) which will determine the delineation of ESMs into either immediate measures 

(I) which are immediately feasible (low investment, no consequential problems), short-term 

measures (S) which in the course of future rehabilitation/expansion are feasible, and related 

measures (R) – which in the course of a general remodelling/extension are feasible [14, 34]. 

According to Müller et al. [14], conducting an energy-analysis should enable the answering of 

the following questions:  Which immediate measures (I) can be realised quickly and with little 

effort?  Are other short-term measures (S) and related measures (R) feasible with reasonable 

effort?  For which further measures is a preliminary project or planning directly useful?  

After implementation of any ESM, measuring the success is the final Phase 4 where the 

energy reduction is recorded and assessed.  According to Müller et al. [14] Phase 4 energy 

assessments can be evaluated through annual energy performance reviews which provide an 

opportunity to identify further energy savings on an ongoing basis.  

2.2. German model 

By the end of the 20th century, there was increased awareness in Germany of avoided energy 

use and its relationship to climate change.  Some initiatives associated with energy optimisation 

in WWTPs took place in the early years of the 21st century [59] although it wasn’t until more 
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recent years that the demand for energy-efficient processes regained full momentum due to 

sharp rises in energy prices [60] and also stringent regulation in EU and at the national level, 

requiring energy efficiency in operation of WWTPs  [61-63].   

The German approach to energy optimisation in WWTPs is influenced by two different 

methodologies: the Swiss “Energy in ARA” methodology of [34]; and the 1998 State Institute 

for the Environment, Measurements and Nature Conservation of Baden-Württemberg (LFU 

BW) “evaluation of statistical data referring to industry performance” [33].  

The application of the Swiss methodology examined a model-plant and addressed 

accordingly theoretical energy consumption values, suggesting that water utilities should refer 

to these values when conducting energy optimisation.  This approach was well received and, 

due to its success in Switzerland, in 1999 was replicated in North Rhine-Westphalia (NRW) in 

Germany [59] and updated in 2017 fulfilling also the requirements as stressed in the 2015 DWA 

regulations  [36].  Meanwhile, in 1998 the German LFU BW introduced a new approach to 

energy optimisation introducing for the first-time, energy benchmarking for WWTPs.  The 

LFU BW [33] study assessed 1,107 WWTPs in order to determine their overall energy 

performance and established a common value that WWTPs should aim for in their energy 

optimisation efforts.  In taking a broad-based approach comparing overall energy performance 

to other plants without the need to conduct detailed energy analyses, this approach offered a 

uniquely cost-effective way of assessing energy performance, particularly for smaller WWTPs 

[33].  Based on this approach, the LFU BW methodology determined two reference orientation 

values: the so-called ‘target’ and ‘guide’ values. 

In both methodologies, special attention was given to the operators (i.e. human element) 

as a major factor in influencing WWTP performance outcomes.  Nevertheless, an operational 

manual explaining to plant operators how to run WWTPs to achieve good energy performance 

did not exist.  For this purpose and using the energy performance values of LFU BW [33], Roth 

and Baumann [64] published the first manual for operators outlining the necessary knowledge 

and tools for personnel to be able to evaluate WWTP energy efficiency.  To reflect progress in 

data management, treatment technology advances linked to emerging pollutants (e.g. 

pharmaceuticals, cosmetics and industrial chemicals) [60] and the increased number of 

WWTPs participating in energy benchmarking, the Roth and Baumann [64] operational manual 

was updated and republished in 2008 and 2014  [30, 31]. 
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Following the rapid change in treatment technology during the 1990s, linked to new 

effluent quality requirements as specified in the European council directive on urban 

wastewater treatment (91/271/EEC) [65], and The Water Framework Directive 2000/60/EC 

(WFD) [62], there was a need to rationalise the treatment performance objectives against 

energy performance for ‘best available techniques’.  In 2005, the German Federal Environment 

Agency commissioned an expert investigation, led by Haberkern, to report on the energy 

performance of wastewater treatment processes.  Based on the Müller [34] methodology, 

Haberkern et al. [32] reported that while their investigation showed potential for increasing the 

energy efficiency of wastewater treatment systems, no systematic unified national 

methodology existed to assess the energy efficiency performance of WWTPs and extensive 

expertise is then required to implement energy optimisation in practice.  

Following the Haberkern et al. [32] findings and referencing Müller et al. [14, 34, 35], 

LFU BW [33] and Baumann et al. [31], the German Association for Water Management, 

Wastewater and Waste (DWA) published the first unified national methodology in 2015 for 

estimating the energy efficiency of wastewater treatment systems [26].  This practice-oriented 

DWA guideline provides a detailed approach for planners, operators and specialist authorities 

to undertake energy optimisation of wastewater treatment systems, including energy checks 

and detailed energy analysis for energy optimisation 

2.2.1. Müller et al. (1999) – Energy in WWTPs, Handbook, NRW 

2.2.1.1. The first round of “Energy in WWTP, NRW” 1999 

Following the success of the Energy in ARA manual implementing energy saving measures in 

Switzerland, the Swiss experts were asked by the Ministry of Environment in North Rhine-

Westphalia to lead the project for formulation a German energy performance manual.  These 

energy performance manuals gained popularity not only in NRW and Germany [66] but were 

also used as a reference document for many other countries.  

The NRW manual of Müller et al. [35] was similar to the Swiss manual, with slight 

changes in order to reflect the German WWTP conditions and characteristics.   

The approach of Müller et al. [35] followed the same principles as per the 1994 Swiss 

manual.  A 1998 survey by the Ministry for the Environment, Regional Planning and 

Agriculture of all 10,000 PE design capacity WWTPs in NRW was used to formulate a 
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statistical database.  With a survey response rate of 89%, some 344 WWTPs were evaluated 

(one fifth of all WWTPs state-wide). 

The model-plant investigation was based on a typical German WWTP, which had been 

upgraded in accordance with new requirements for nitrogen and phosphorus removal.  Plant 

design was carried out according to the standard design procedures in Germany and it was 

assumed that state-of-the-art technology was used for the theoretical calculations when 

referring to energy use.  Energy aspects were comprehensively addressed in the operational 

environment without compromising operational safety or discharge quality requirements [35]; 

nevertheless, a determination of what best available techniques meant in relation to energy 

efficiency was not established at that time. 

2.2.2. Pinnekamp et al. (2017) - Energy in WWTPs, Handbook, NRW 

2.2.2.1. The second round of “Energy in WWTP, NRW” 2017 

Drawing on energy analyses from recent years and from extensive research and 

development projects since the original manual, in 2017, the Müller et al. [35] manual was 

updated to reflect the increased energy efficiency of wastewater systems and to include and 

address the new sets of standards and procedures (as defined by DWA-A 216 "Energy Check 

and Energy Analysis - Instruments for Energy Optimization of Sewage Plants"), on how to 

energetically optimise WWTPs and pumping stations.  According to Pinnekamp et al. [36], 

these new findings required an extensive revision and reissue of the previous manual; although 

the focus of the new manual remained the same.  According to the authors, the goal is no longer 

energy saving alone, but rather the increase in energy efficiency through a holistic view of 

energy provision, conversion, storage and consumption as well as their intelligent networking.  

The manual clarifies that an increase in energy efficiency must always be accompanied by 

process optimisation. 

2.2.3. LFU BW (1998) approach - Electricity consumption on municipal 

WWTPs, Baden-Württemberg 

Following on from the Müller et al. [34] manual, in 1998 the State Institute for the LFU BW 

conducted a study led by Roth, in WWTP energy optimisation potential using a different 

approach.  The LFU BW [33] study was mainly driven by wastewater treatment energy cost, 
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but also considered the broader environmental and socioeconomic concerns associated with 

energy generation.  The study was intended to serve as a reference for the water industry and 

also for environmental protection administration enabling them to conduct a critical 

examination when considering energy use and costs involved in WWTPs with reference to the 

performance values provided [33]. 

The study comprised a total of 1,107 WWTP survey responses; 397 from Swiss, NRW, 

Bavaria and Lower Saxony and the remaining 710 from Baden-Württemberg.   

The statistical data evaluation was conducted according to five WWTP size categories (SC1 to 

SC5) as specified by German wastewater ordinance [67, 68]; however, the detailed WWTP 

survey information provided also allowed for classification of the data according to 12 size 

classes (SCs) which enabled performance comparisons between the two different size 

classification systems.  Energy performance data were analysed according to the various 

WWTP SCs (based on design capacity PE) and no consideration was given to process or 

treatment requirements, or process performance.  Referring to LFU BW [33], the most 

important reference value is the number of connected population equivalents, expressed as the 

sum of population pollution load in domestic wastewater (served inhabitants) and the measured 

pollution (organic) load from commercial sources entering a sewage treatment plant.  

Furthermore, another important factor in evaluation of WWTPs is the utilisation ratio “f”, 

defined as ratio of connected PE (operational value) and designed capacity PE (designed 

value).  For the specification of wastewater organics and organic load, COD is used instead of 

BOD, as COD is not only a more defined parameter but is also measured more often by water 

authorities as part of routine WWTP monitoring.  

Energy use performance data across all WWTPs were represented in a number of ways, 

including annual electricity consumption as a function of design capacity and connected 

population (PE×y), the treated wastewater volume (m3×y), and the pollution load removed (kg 

COD×y).  

The average PE-specific energy consumption in relation to WWTP size was presented, 

noting that the PE-specific energy consumption decreases as the WWTP increases in size.   

To determine the energy use, as a function of biological nutrient removal processes, the 

data for the different plant sizes were sorted according to five basic processes: aerated lagoons; 

rotating biological contactors; trickling filters; activated sludge systems with simultaneous 

aerobic sludge stabilization; and activated sludge systems with separate sludge stabilization.  
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The mapped cumulative frequency curve then enabled the delivery of the specific energy use 

values for a direct process comparison, but according to LFU BW [33] the specific values are 

suitable to only a limited extent, since the main focus of the five basic processes are on different 

installation sizes.  

In addition to energy consumption, WWTP energy generation from sludge treatment 

processes was also accounted for as well as its on-site use (e.g. in digester heating).  Energy 

generation was measured for 160 WWTPs using activated sludge systems, with digester gas 

power generation presented as percentage of energy self-sufficiency. 

In the second part of the study, the energy consumption data for different WWTP 

processes among the different SCs were sorted according to the following priorities.  Firstly, 

to identify the key areas of fluctuated energy consumption for individual treatment processes 

(individual consumption points).  Secondly, to understand how the ‘high’ and ‘low’ electricity 

consumption performance is achieved.  Lastly, to identify which WWTPs/processes have 

excessive electricity consumption and need further examination.  A priority list was established 

according to the average consumption values (median values), whereby individual 

consumption points were defined more narrowly.  

The LFU BW [33] carried out two separate surveys in order to collect: 1) a detailed 

breakdown of plant-wide electricity consumption for eight WWTPs, each with different basic 

biological nutrient removal process configuration and widely divergent energy use 

performance; 2) additional comparative value by means of a targeted query of the current 

consumption of individual drives (being operated under the same load continuously or fixed  

time schedule) on a larger number of other plants.  The evaluation of total energy consumption 

and a rough estimation of energy saving potential were represented as ‘guide’ and ‘target’ 

values for PE-specific energy consumption in WWTPs of different SCs and different biological 

treatment stages.  Target values refer to energy use performance achievable through energy-

conscious planning and operations, and represent 20th percentile (industry best) performance 

values.  Guide values represent the 50th %ile median (industry average) energy use performance 

values  

According to LFU BW [33], if a given WWTP’s PE-specific energy consumption 

exceeds the guide value, there is a mid-to-high energy saving potential as referenced against 

the relevant target value, signalling urgent need for action.  In most cases, such energy 

optimisation can be achieved through operational changes without cost.  On the other hand, if 
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WWTP energy use is in the range of the target value, the energy savings potential is considered 

relatively small; although the potential value of a detailed process-level energy audit should 

not be ignored. 

2.2.4. Baumann and Roth (1999; 2008) and Baumann et al. (2014) - Reduction 

of electricity consumption in WWTPs: Manual for operational personnel  

The approach to WWTP energy optimisation of Baumann and co-authors was that where the 

operation plays a key role in energy efficiency, personnel must first be familiar with WWTP 

energetics, and then be qualified and motivated to improve operational efficiency.  The first 

manual contributing to educating and engaging operational personnel on WWTP energy 

efficiency was published in 1999 by Roth and Baumann [64].  Second and third editions were 

published in 2008 and 2014 respectively to comprehensively revise and update the 1999 

version.  Together, these manuals provide operational personnel with the necessary information 

to enable them to evaluate WWTP energy consumption and to tackle opportunities for reducing 

electricity consumption [31].  

While Müller et al. [14] identified the plant-specific ideal values as performance values 

required for energy optimisation, Baumann et al. [31] excluded the ideal value of Müller and 

co-authors as necessary in assessing WWTP energy consumption, as its determination is 

comparatively complex and requires inputs which are often not feasible for operating 

personnel.  In addition to complexities in plant-specific ideal value calculation, these values 

are also not suitable for comparative purposes.  Baumann et al. [31] instead use the PE-specific 

energy consumption (kWh/PE×y) as a more suitable performance metric, suggesting an 

observation period of 1 year for performance data collection.   

The PE-specific energy consumption values were represented in the form of guide 

values (Table 6) and target values (Table 7) and are to be applied according to size and the 

biological methods of treatment.  As these target values are not theoretical values, but are drawn 

from statistical performance data, Baumann and co-authors suggest that in the face of often 

difficult operating conditions, target value performance will not be attainable in all existing 

WWTPs within the context of economically-justifiable efficiency expenses. 
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In its 2014 version for determining the target and guide values, Baumann and co-

authors used the statistical information for energy performance comparisons of 6,823 WWTPs 

published by DWA (2012) [31, 69]. 

Baumann et al. [31] further provide a detailed review on target and guide values for the 

energy needs of individual consumption points, suggesting that the energy consumption 

spectrum should be broken down and the relevant energy consumers be considered more 

closely to identify efficiency weaknesses. 

2.2.5. Haberkern et al. (2008) - Increased energy efficiency in municipal 

WWTPs 

In 1996, the EU established the Integrated Pollution Prevention and Control (IPPC) directives, 

with the purpose of applying an integrated approach to pollution control of air, water, and soil 

pollution privation.  In its Article 2 (11) IPPC requires that member states use the 'best available 

techniques' in addressing pollution prevention.  The IPPC defines the ‘best available 

techniques' as the most effective and advanced method of operation with the focus on pollution 

and emission reduction.  The IPPC determines 12 important points of consideration when 

determining the ‘best available techniques’, among others “the consumption and nature of raw 

materials (including water) used in the process and their energy efficiency”[61] .  In 2000 the 

EU established the Water Framework Directive (WFD), a comprehensive policy aimed at the 

improvement of water quality across the board within the community’s boundaries [62].  The 

WFD readdresses the Article 2 (11) of IPPC under article 10 (2a) restating the importance of 

using ‘best available techniques’ in wastewater treatment operations.  

In accordance with IPPC and WFD in August 2005, the German Federal Environment 

Agency launched a project to define state-of-the-art (best available techniques) relating to 

energy efficiency in WWTPs.  This task was assigned to two engineering consultant offices, 

with the investigation led by Haberkern.   

While literature data detailing the current energy efficiency situation at the time was 

extensive, it was largely from the 1990s; meaning that newer technological developments and 

trends in energy-efficient wastewater treatment were not systematically considered in standard 

WWTPs.  According to the authors, there was a strong gap between the theoretically possible 

"optimal" energy consumption values and existing performance, despite numerous prior 

optimisation efforts in WWTPs, and that, the application of flat-rate target benchmarks for 
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specific energy consumption is not sufficient due to different methodologies and local 

framework conditions, and may also fail due to site-specific factors such as differing discharge 

conditions, topographical boundary conditions, wastewater volume and composition, asset 

management and prolonged lifespan for old plants, etc.  As such, a compromise between a 

uniform definition of the state-of-the-art technology and consideration of local conditions 

needed to be found.  

To fulfil this task while referring to the problematic nature of the issue, a current-state 

evaluation of WWTPs driven by energy efficiency methodology discrepancies wildly applied 

in WWTPs was crucial.  For this, Haberkern et al. [32] followed a set of procedures starting 

with an assessment of available statistical data on all processes involved in WWTPs and 

frequency distribution of these processes to different SCs in order to determine their 

relevance/importance.   

Furthermore, Haberkern and co-authors, presented a description of new techniques 

(referring to energy manuals which have developed and partially established new techniques, 

for which no well-founded derivations of parameters were available), and scenarios for future 

trends and the interactions between energy optimisation and WWTP operation.  The study 

delivered and defined the state-of-the-art, and presented typical approaches, procedures and 

results of energy optimisation as case studies.  

The study was subdivided into four sub-phases, starting with the definition of size class 

and plant designs for WWTPs.  Phase two was concerned with the definition of advanced state-

of-the-art technology.  The third phase involved a matrix evaluation of target vs. current 

performance for WWTPs and process steps.  Lastly, a final report with documentation of 

references for the energy optimisation was then prepared, including case studies and 

methodological notes on the approach to energy optimisation [32].   

For new and existing WWTPs, Haberkern and co-authors proposed a triple step 

procedure in evaluation of energy efficiency.  Step I, ensure transparency by recognising the 

large consumers via separate electricity meters and determine the actual energy value of PE 

specific energy.  Step II, compare the actual energy values with target values and guide values 

for energy efficiency on the respective SC.  And, step 3, determine the short and medium need 

for action.  

According to Haberkern et al. [32], the corresponding target values and guide values 

are to be applied initially for the larger WWTPs (SC 3 to 5), in order to limit the labour and 
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administrative costs and ensure the proportionality of effort and possible profit.  If the guide 

values are exceeded, it must be demonstrated in each individual case whether an improvement 

in energy efficiency at a reasonable cost is possible or if special conditions have led to 

unfavourable values.  In this case, Haberkern et al. [32] recommends the conducting of an 

energy-analysis according to the standards as proposed by Müller and co-authors, with this to 

be completed within a period of two years. 

2.3. DWA 2015—Regulation for energy check and energy analysis as instruments 

for energy optimisation of sewage systems.  

The results of previous analyses carried out by the UBA [32], as well as the work conducted in 

benchmarking of WWTPs in NRW, demonstrated the significant potential for energy 

efficiency optimisation of wastewater treatment systems. In view of the complex processes 

involved, a systematic approach for energy optimisation of wastewater treatment systems is 

essential; however, until recently, there was no nationwide uniform methodology for assessing 

the energy efficiency of wastewater treatment systems in Germany. In 2015, the DWA 

published the first regulations which provide much needed mechanisms for energy 

optimisation in wastewater treatment. The main scope of the regulation includes the delivery 

of a practice-oriented working instrument for procedural and energy optimisation of 

wastewater treatment systems to planners, operators and specialist authorities.  The regulation 

introduces energy-checks and energy-analysis as methods for the energy optimisation of 

wastewater treatment systems and formulates requirements for the use of these methods, 

including the requirement to compare the current energy status with the plant-specific ideal 

value for the energy assessment of WWTPs.   

The DWA [29] regulation demands the capture and optimisation of energy efficiency 

be carried out through the performance of an energy check and development of an energy 

analysis.   

2.3.1. Energy check 

The energy checks are to be carried out annually, and to be understood as a means of energy 

‘self-assessment’ and are designed to be conducted by the WWTP operators.  From the results 

of the energy check, the most obvious performance shortcomings are identifiable, and 
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conclusions can be drawn about the energy strategy development and potential further actions 

and needs in relation to energy analysis.  High quality data and the clear definition of the system 

limit/coverage are highlighted as particularly important regarding the energy checks.  

2.3.2. Development of a detailed energy analysis 

A detailed survey and evaluation of the energy situation of a WWTP is an integral part of an 

energy analysis states DWA [29], including a comparison of the costs with the energy savings 

and operating costs.  An energy analysis is appropriate if individual specific values in the 

energy check reveals potential for optimisation or are subject to a negative development over 

time.  In the energy analysis, the elements of the energy check are expanded, demanding firstly 

a systematic, detailed survey of the energy requirement in relation to equipment, equipment 

units and/or plant components within an energy balance.  Secondly, an assessment of the 

energy situation by comparing the actual values with plant-related ideal-values as identified by 

Müller at al. [14], and thirdly, a presentation of concrete measures for energy optimisation with 

a comparison of the cost-frame reflecting energy and operating costs.  Plant-related ideal-

values are used to describe an optimum range of energy inputs.  They are calculated for an 

optimum mode of operation within the framework of the energy analysis and take account of 

structural or process-related boundary conditions, which are virtually unchangeable or cannot 

be altered with economically-justifiable effort [26]. 

3. Summary, recommendations and future challenges in WWTP energy 

benchmarking 

The European approach to energy benchmarking has proven that methodical optimisation of 

WWTPs and application of ESMs present a great opportunity to demonstrate achievable 

environmentally-focused and economically-feasible change in the water industry.  

Nevertheless, site-specific factors such as differing discharge conditions, topographical 

boundary conditions, wastewater volume and composition need to be considered when 

adapting benchmarking methodologies and KPIs elsewhere.  A number of key challenges and 

considerations for the future of WWTP energy benchmarking internationally have emerged 

from this review and are outlined below. 
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Regional climate-specific characteristics, as well as the local wastewater quality 

discharge requirement implications, will have a significant influence on WWTP energy 

performance.  Therefore region-specific energy performance benchmarks that take such 

specifics into account will offer the best approach in future energy benchmarking efforts 

internationally.   

The application of guide and target value energy performance benchmarks is a cost-

effective, economically-feasible method to facilitate WWTPs in future optimisation efforts, as 

this approach enables operators to identify whether their performance sits within the majority 

of WWTPs with similar characteristics, and if not, identify where improvement is needed.  

When large discrepancies in energy performance are identified, WWTP operators should 

further evaluate the appropriate method to conduct an energy analysis, referring to [14], to 

further identify the opportunities for optimization, with special attention given to process level 

optimisation.  Since operational personnel have a crucial role in achieving WWTP energy 

performance improvements, consistent energy performance training and recognition of their 

progressive involvement must be prioritised by water authority planners and decision makers.  

Special attention should be paid to the fact that broad industry participation is a critical 

element to benchmark development, as performance benchmark values of industry 

performance based on statistical data are only relevant as comparative KPIs for water utilities 

where they have been derived from a sufficiently broad base.  A consistent update of energy 

benchmarks through periodically conducting energy checks referring to WWTP performance 

based on statistical data, will also ensure that outdated technology and new technologies will 

be appropriately integrated and industry performance adequately reflected in new energy 

performances KPI values.  In this regard, energy benchmarking initiatives driven by 

environmental concerns (emissions reduction) linked to state/national government policy, as 

well as cost-saving imperatives at a utility level, will provide the best overarching framework 

for the water industry to optimise WWTPs, conserve energy and keep costs low for their 

customers. 

3.1. Selection of technology in relation to energy performance 

 One of many factors that will influence the energy performance will be the use of technologies 

used in wastewater treatment, often required and defined as ‘state-of-the-art’.  Nevertheless, 

uniform definition of ‘state-of-the-art’ technology in terms of energy efficiency is challenging, 
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given the diversity of treatment systems and process techniques used globally and the different 

operating constraints imposed.  Several factors first need clarification, including: the choice of 

suitable criteria and benchmarks for energy efficiency; the comparability of different processes 

(plant designs and sizes for wastewater treatment); consideration of important (external) factors 

(such as topography; treatment performance requirements from an effluent quality perspective, 

etc.). 

3.2. Choosing the right comparative criteria and KPIs 

A large number of parameters and variables are used in the technical literature on WWTP 

energy efficiency, including different energy sources and energy consumptions based on 

different reference values and time periods.  When considering suitable criteria and 

benchmarks for energy efficiency, several factors first need clarification, including: the choice 

of suitable criteria and benchmarks for energy efficiency; the comparability of different 

processes (plant designs and sizes for wastewater treatment); consideration of important 

(external) factors (such as topography; treatment performance requirements from an effluent 

quality perspective, etc.).  Other key considerations include: good availability of comparative 

data in the literature; ease of determination at the WWTP and simple application for operating 

personnel; sufficient accuracy of conventional measurement methods; high significance for the 

energy efficiency of the relevant processes; good comparability of different technologies; and 

minimising the number of measured variables and criteria [32].   

Regarding benchmark KPIs, Longo et al. [24] suggest that no single KPI for 

characterisation of WWTP energy performance is universally suitable, due to the variability in 

treatment technology use and plant layout, plant size and location (country, topography) and in 

wastewater characteristics.  Literature consensus is now recommending against use of the 

indicator kWh/m3 which does not adequately reflect WWTP function and is easily distorted by 

stormwater-related sewage dilution, recommending instead the indicator kWh/PE×y as a more 

meaningful metric.  KPIs which benchmark performance against pollutant removed (organics 

or nutrients) have recently been suggested as a more sensible metric, since they more closely 

reflect the function of a WWTP and better align with treatment process-related energy 

consumption [24].  Integrated KPIs which include all the key pollutants (TSS, COD, N and P) 

in a single metric have also been proposed, wherein overall WWTP pollution removal (in kg 

of ‘pollution units’) is calculated by a weighted sum of the constituent compounds (see [24] 
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for an in-depth discussion).  Future changes to regulated effluent wastewater quality 

requirements will also serve to increase energy demands from more advanced treatment and 

disinfection processes at WWTPs (e.g. for removal of micropollutants and antibiotic resistance 

carriers) [26].  Such changes may call for new benchmark KPIs to ensure proper reflection of 

WWTP function during energy benchmarking activities and this is suggested as an area for 

future development in energy benchmarking methodology. 

3.3. Comparison of different processes and size classes 

Recognising that two WWTPs are rarely the same and incoming wastewater qualities are often 

highly variable, to achieve comparability of energy efficiency assessments it is necessary to 

clarify which differences are relevant for energy consumption and where differences can be 

ignored.  Therefore, the definition of few standard procedures should be sufficient for a first 

comparison, as prior determined by Müller et al. [34] methodology.  In addition, of course, 

important assumptions and the system limits are established, and if (in individual cases), severe 

deviations are noticed, then a detailed analysis would be necessary to determine to whether the 

deviation are due to boundary conditions are can be influenced by other factors [14, 31, 32].   

3.4. External factors 

External factors can have a huge impact on WWTP specific energy requirements (i.e. 

topography, rainfall dilution of sewage, variable BOD5:N ratios due to industrial wastewater 

or pre-decomposition in the sewer network, situation-specific requirements for odour control, 

etc.) (Haberkern et al., 2008).  As per Belloir et al. [58], the Swiss, German and Austrian 

methodologies have limitations related to the need to compare similar wastewater influent 

pollutant loads, and effluent quality requirements/regulations, as well as C:N ratios that are 

usually different in different geographical regions and impact the comparisons.  In such cases 

it is also necessary to investigate and determine the extent to which these external boundary 

conditions can be influenced.  If in individual cases there are strong deviations from the 

underlying assumptions of benchmarking approaches, the detailed analysis, as per Müller et al. 

[14], will be able to establish the extent to which this affects performance and subsequent 

increases in the target values are required.   
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3.5. Establishment of best energy efficiency benchmarks/KPIs  

Different possibilities are available in the literature when referring to best energy efficiency 

benchmark values as already detailed in this review: 

 The derivation of parameters from a model-plant with the standard dimensioning and 

optimal design in accordance with the procedures in existing manuals [14, 32]; 

 The guide and target values for specific energy consumption, empirically derived from 

frequency distributions [33]; 

 Best Practice Principle, the best-known value from practice as a target/optimum is defined 

for individual plant sections or entire WWTPs; 

 The definition of technical-standards (such as occupancy density of diffusers, oxygen 

efficiency, impeller type / efficiency pumps) [26, 32]. 

For determination of best energy efficiency values, Haberkern et al. [32] argues that, it 

is not necessary to choose a pragmatic, therefore empirical approach (from the statistical 

analysis of energy consumption), which however, can be assured (or modified) by theoretical 

considerations.  The derivation of target values from frequency distributions alone entails the 

risk that the old state-of-the-art is reproduced.  This also applies to model-plants where 

technically outdated design approaches (e.g. for oxygen consumption) are used or 

improvements in the efficiency of the aggregates (e.g. for aerator elements, new pump types or 

centrifuges, etc.) are not taken into account.  It is therefore sensible to derive an optimum on 

the basis of realistic, optimised design and the use of energy-efficient units.     

In addition, guide values can be derived from the cumulative frequencies of the specific 

energy consumption, which allow an initial containment of the plants with potential need for 

action.  Exceedance of the guide value does not necessarily mean that an energy optimisation 

is urgent or economically feasible, but rather the need for action in these cases should be 

examined primarily through a detailed energy analysis.   

DWA [29] recognises the need for transparency in the benchmarking process, as well 

as the need to account for technological advancement and progressive development of more 

stringent effluent quality targets, related for instance to micropollutants/pharmaceuticals which 

demand more advanced treatment processes with increased energy consumption.  Therefore, 

DWA [29] demands the capture and optimisation of energy efficiency through the performance 
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of an annual energy check and detailed energy analysis where individual specific performance 

values in the energy check reveals potential for optimisation.  This will enable continuous 

correction of recorded energy consumption values which will be then reflected in new and 

updated industry performance benchmarks. 

3.6. Future advanced technologies and benchmarking implications 

Successful application of advanced technologies inventions should always be considered 

especially when WWTPs require upgrades and refurbishment.  For instance the Nereda® 

aerobic granular biomass process from the Netherlands [71] has changed the way we have 

traditionally thought about WWTP design and operation [72].  By selecting for a larger granular 

biomass instead of conventional microbial flocs, various biological processes can 

simultaneously take place within the granule, reducing pumping and mixing requirements and 

eliminating the need for secondary sedimentation tanks, resulting in more compact and energy 

efficient WWTPs [73, 74].  Innovations in so-called ‘shortcut biological nitrogen removal’ 

processes, such as deammonification (partial nitritation–anammox) and nitritation–

denitritation (nitrite shunt), offer considerable future potential for energy savings from avoided 

aeration requirements, combined with the possibility of enhanced energy (biogas) recovery 

from reduced organic carbon demands and lower waste biological sludge production [75, 76].   

While the future looks promising for energy-neutral or even energy-positive WWTPs, it is still 

early days for the above technologies in practice and there are relatively few examples of their 

use at full-scale and in mainstream operations [73, 77].  Nevertheless, energy benchmarking 

methodology and performance KPIs must keep pace with the changing WWTP technology 

landscape in order to remain relevant and doing so will ensure that it remains a valuable tool 

for industry to achieve energy efficient wastewater treatment operations in the years ahead.  

With the increasing use of online instrumentation and real-time monitoring of wastewater 

treatment operations, there will also be an increasing potential to move toward real-time energy 

performance assessments via daily benchmarking [78]; however, further improvements in 

process monitoring and real-time data availability are needed before daily benchmarking can 

become a reality.  Even in a future where WWTPs are routinely energy-neutral, we believe that 

WWTP energy efficiency will still be important for municipalities from an energy productivity 

and energy security perspective, especially as economies transition toward (intermittent) 
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renewable energy supplies.  
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Table 1: A summary of energy benchmarking and energy evaluation studies internationally having WWTP energy performance as the main focus 

(EB – Energy Benchmarking; DEA – Data Envelopment Analysis; OLS – ordinary least squares) 

Country 
No. of 

WWTPs Type of study Methodology Primary Focus 

Energy (consumption) expressed as 

References Indicator kWh/PE*y kWh/m³
kWh/pollutant 
removed

Australia 

24 EB

Statistical 
evaluation, 
comparative 
studies 

energy consumption 
assessment, EB (guide, 
target values)

yes yes yes COD 

[1]

142 EB

Statistical 
evaluation, 
comparative 
studies

energy consumption 
assessment, EB (guide, 
target values) 

yes yes yes COD 

[79, 80]

245 EB

Statistical 
evaluation, 
comparative 
studies

energy consumption 
assessment, EB (guide, 
target values) 

yes yes yes COD 

[81]

Austria 
172 EB

Statistical 
evaluation

energy consumption 
assessment, EB (guide, 
target values)

yes yes yes COD 

[41]

Austria 

104 EB
Statistical 
evaluation

energy consumption 
assessment, energy self-
sufficiency, operating 
costs

yes yes yes COD 

[42]

Brazil 
International 

38
Energy 
evaluation 

statistical 
evaluation

Energy consumption, 
bioenergy

yes no yes no 

[82]

Canada 
289

Energy 
evaluation 

statistical 
evaluation

Electric energy 
efficiency measures 

yes yes yes COD 

[83]
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Chile  
305

Energy 
intensity

statistical and 
regression 
analysis

Energy efficiency, 
energy use, economies 
of scale, regression

yes yes yes COD 

[84]

China 
599

Energy 
evaluation

Statistical 
evaluation

Energy consumption 
assessment, EB 

yes no yes TOPa

[49]

3095
Energy 
evaluation

Statistical 
evaluation

Treatment technologies, 
pollutants, removals, 
operating load and 
effluent discharge 
standards,

yes no yes COD 

[50]

4b
Energy 
evaluation

Comparative 
study, (onsite 
Investigations
)

Energy efficiency, 
energy harvesting, 
carbon neutrality, 
greenhouse gas emission

yes no yes COD 

[85]

10c
Energy 
optimisation

Statistical 
evaluation

Energy consumption, 
energy recovery, energy 
self-sufficiency

yes no yes COD 

[15,19]

France 

7
Energy 
evaluation 

Statistical 
evaluation

Electricity consumption, 
energy efficiency, 
methodological 
framework, wastewater 
treatment plant

yes no yes t-N-NH4

[46]

Germany 

- EB
Standards and 
procedures

energy evaluation, 
energy performance 
measures

yes yes yes COD 

[36]

1,107 EB
Statistical 
evaluation

energy consumption 
assessment, EB (guide, 
target values)

yes yes yes COD 

[33]

344 EB
Theoretical 
calculation

energy consumption 
assessment, EB (guide, 
target values)

yes yes yes COD 

[35]

1,107 EB

Statistical 
evaluation, 
literature 
investigation EB

yes yes yes COD 

[64]
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2,469 EB

Statistical 
evaluation, 
literature 
investigation EB

yes yes yes COD 

[30]

Germany 

6,823 EB

Statistical 
evaluation, 
literature 
investigation EB

yes yes yes COD 

[31]

2,469
EB 
(evaluation) 

Standards and 
procedures, 
comparative 
studies, EB (evaluation)

yes yes yes COD 

[32]

6,823
EB 
(regulation)

Regulation, 
standards and 
Procedures EB regulations

yes yes yes COD 

[29]

Greece 

10
Energy 
evaluation

Statistical 
evaluation

Carbon footprint, control 
strategies, energy 
savings, greenhouse gas 
emissions, specific 
energy consumption

yes yes no no 

[45]

Hungary 

21
Energy 
evaluation

Statistical 
evaluation

Wastewater 
characteristics, energy 
benchmarking, nitrogen 
removal, energy 
efficiency, self-
generated electricity.

yes yes no COD; TN 

[86]

India 

1
Energy 
evaluation

Statistical 
evaluation

Energy pattern analyses, 
Methodological 
framework, Energy 
intensity

yes no yes no 

[87]

India 

64
Energy 
evaluation 

Statistical 
evaluation

Estimating energy use 
and GHG emission, 
presents the sources of 
energy and carbon 
emissions

yes yes yes no 

[88]
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Italy 

1
Energy 
evaluation 

Statistical 
evaluation, 
process level 
optimisation

Energy efficiency, 
Biological oxidation, 
Aeration

yes yes yes COD 

[70]

Italy 

241 EB
Statistical 
evaluation

Benchmarking, electric 
energy consumption, 
energy efficiency, 
performance indicators, 
survey

yes yes yes COD 

[43]

Japan 

985 EB
Statistical 
evaluation

Anaerobic digestion, 
electrical energy 
consumption, energy 
saving, greenhouse gas 
emissions

yes no yes BOD 

[52]

Portugal 

17

Energy 
performance 
evaluation

Statistical 
evaluation

Energy performance 
assessment,  energy 
performance indicators

yes no yes COD 

[47]

800+
Energy 
evaluation 

Statistical 
evaluation

Benchmark, efficiency, 
electrical energy, 
management tool, 
operational asset

yes no yes BOD 

[48]

13
Energy 
evaluation 

Statistical 
evaluation

Energy, environment, 
statistic, sustainability

yes no yes BOD 

[89]

Slovakia  
68 EB

Statistical 
evaluation energy benchmarking 

yes no yes BOD 

[44]

Spain 
177

Energy 
evaluation

empirical 
studies

Energy efficiency, Non-
radial DEA,  CO2 

emissions, Energy 
saving

yes no yes COD 

[90]

192
Energy 
evaluation

empirical 
studies

Energy efficiency, Non-
radial DEA,  CO2

emissions, Energy 
saving

yes no yes COD 

[91]
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30 EB
empirical 
studies

Bootstrapping, DEA, 
Performance

yes no yes no 

[92]
Sweden 5 Survey Statistical 

evaluation 
Costs, electricity 
consumption, chemical 
consumption, manpower

yes yes no COD [37] 

Switzerland 

962 EB
Theoretical 
calculation EB

yes yes yes COD 

[34]

- EB
Theoretical 
calculation EB

yes yes yes COD 

[14]

n/a EB 

Statistical and 
theoretical 
calculation EB

yes yes yes COD/BOD 

[38]

256

Energy 
performance 
benchmarking

Statistical 
evaluation

Energy consumption, 
performance indicators, 
saving potential

yes yes yes BOD 

[93]

Sweden 
24

Performance 
indicators 
calculation

Statistical 
evaluation

Benchmarking, 
operation, performance 
indicators, VASS, 

yes yes no BOD/COD 

[40]

UK 2
Energy 
evaluation

Statistical and 
theoretical 
calculation

Electrical energy, 
manual energy, 
mechanical energy, 
chemical energy, 
oxidation ditch

yes yes yes - 

[58]

87
Energy 
evaluation

Statistical 
evaluation

Infrastructure, Carbon 
dioxide, Energy use, 
Retrofit, Resources

yes no yes BOD 

[94]

USA 
266

Energy 
performance 
benchmarking

Statistical 
evaluation

Energy performance, 
OLS regression [55]

USA 
2273+

Energy 
evaluation

comparative 
studies

Performance evaluation, 
performance indicators, 
database benchmarking.

yes no yes* BOD 

[95]
a

TOP = (COD + 2BOD + 2SS + 20TN + 100TP) *·VWT; (kg); TOP – total pollution; VWT – wastewater treated volume; 
b

USA (15 WWTPs), Germany (10,200 WWTPs), China (14 WWTPs) 

and South Africa; 
c

China, Germany, Israel, Japan, Korea, South Africa, Spain, Sweden, Switzerland, USA,
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Table 2: ‘Ideal value’ specific energy consumption (per m3 wastewater) of various wastewater treatment processes for the model-plant of Muller 

et al. [14] (data adapted from Müller et al. [14]). 

Wastewater treatment process stage

Specific electricity consumption of model-plant 
100,000 PE

Wh/m3

wastewater a
kWh/PE*y 

model-plant 
kWh/d 

Outside the WWTP boundaries 

Storm water overflow basins (catchment basin) 4 b

Within WWTP boundaries 

wastewater lift station for 3 m delivery head 13.9 1.93 528 

Rakes 0.7 0.09 25 

Grit chamber (aerated grit chamber) 5.5 0.76 209 

Preliminary sedimentation 

incl. primary sludge pumping station 1.1 0.15 42 

Aeration/ blowers 98.9 13.72 3 760

Circulation (denitrification) 12.6 1.75 480

Recirculation 5.7 0.79 216

Return activated sludge 6.9 0.96 262

Aeration with nitrogen elimination  124.1 17.22 4,718 

Option: fluid-bed reactor process 252.3 35 9,589

Option: fixed-bed reactor process 144.2 20 5,479

Option: MBR 360.5 50 13,699

Option:  trickling filter with nitrification 54.7 7.59 2 080
Option: RBC- rotating biological contactor with nitrification 
(10,000 PE)b 15.9 2.2

Secondary clarification - recirculation sludge pumping station 1.6 0.22 61 

Precipitation dosing - Simultaneous precipitation 0.3 0.04 11 

Filtration, including lifting 

downward flow filter c 22.5 3.12 855 
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Continuous flushed up flow-filter 1.9 2.5 680

Cylindrical filter system 9.8 1.37 373

Micro-screening 22 3.05 836

Sum model-plant 100,000 PE                                                                                   
(takes into account only Bold process stages) 169.7 23.5 6,449 

a Basis of model-plant 38,000m3/d wastewater (380 L/PE d)
b Referring to model-plant not advisable/appropriate 
c Includes wastewater lifting station with 3 m pumping head
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Table 3:  ‘Ideal value’ specific energy consumption (per 1m3 sludge resp. 1 ton of total solids (1t TS)) of various sludge treatment processes for 

the model-plant of Muller et al. [14] (data adapted from Müller et al. [14]) 

Sludge treatment processes stage

Specific electricity consumption of model-
plant 100,000 PE

kWh/m3

sludge a
kWh/PE*y 

model-plant
kWh/d 

coarse materials removal sludge screening 0.1 0.05 13 

Pre-thickening               
primary sludge            
(174m3/d) 

static 0.1 0.07 20 

rotary drum screens 0.3 0.16 45 

press 0.5 0.29 80
Pre-thickening             
excess-sludge  
(620m3/d) 

rotary drum screens 0.3 0.73 200 

decanter 0.6 1.46 400

flotation 1 2.19 600

Stabilisation               
(155m3/d raw-sludge)

anaerobic-mesophilic  1.9 1.1 300 

anaerobic-psychrophilic 1 0.58 160

(155m3/d raw-sludge) ultrasound disintegration 1 0.55 152

Dewatering                     
(155m3/d  digested-sludge) 

static post-thickening 0.1 0.07 20

decanter 1 0.58 160

high dewatering centrifuge 1.3 0.73 200 

belt filter press 0.8 0.44 120

chamber filter press 1.6 0.91 250

membrane filter press 2.5 1.39 380

Drying thermal 26.7 1.46 400

Temporary storage 1

sludge reuse/disposal 

sludge pumping station digested sludge allocated to treatment stages

Sum model-plant 100,000 PE      
(take into account only Bold process stage) 2.7 733 

a Reference basis 1 m3 sludge in the inlet to the respective treatment stage
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Table 4:  ‘Ideal value’ - specific energy consumption for infrastructure for the model-plant of Muller et al. [14] (data adapted from Müller et al. 

[14]) 

Infrastructure process stage

Specific electricity consumption of model-
plant 100,000 PE 

kWh/Unit kWh/PE*y 
model-plant

kWh/d 

Operations building  light, lab, workshop 0.18 50 

Supplies    
potable water 

from network extern 

service water/process water internal network 0.3 a 0.26 70 
compressed air internal network 0.1 b 0.05 13 
Heating 0.37 100 

Ventilation system 0.15 40 

Exhaust air purification (depending on local conditions) 0.58 160 

Sum model-plant 100,000 PE      
(take into account only Bold process stage) 1.6 433 

a per 1m3 service water 
b per 1m3 compressed air (Suction volume)
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Table 5:  Total specific energy consumption for the model-plant of Muller et al. [14] (data adapted from Müller et al. [14]). 

Energy (electricity) consumption 
of model plant 100,000 PE

Activated sludge plants with N-elimination and pre-treatment 
(for all treatment stages also energy-efficient process/New 
installations) 

kWh/PE*y 
model-plant 

kWh/d 

Wastewater treatment 23.5 6,449 

Sludge treatment 2.7 733 

Infrastructure and others 1.6 433 

Total for the entire model-plant 27.8 7,615 
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Table 6:  Guide values in kWh/PEBOD60*y for specific energy consumption in relation to SC and biological treatment of Baumann at al. [31] 

(data adapted from Baumann et al. [31]). 

<1,000 PE 
[SC 1] 

1,000–5,000 PE 
[SC 2] 

5,001–10,000 PE 
[SC 3] 

10,001–100,000 PE 
[SC 4] 

>100,000 
[SC 5] 

Aerated lagoons 
45 40 35 30 -

Rotating biological 
contactors 35 25 - - -

Trickling filter 
50 25 25 25 25

Extended aeration  
70 45 37 32 -

Activated sludge 
(AS)a

60 45 37 32 30

AS and trickling 
filters - - - 38 26

Plants targeting nitrification 
Plants targeting nitrogen removal 

a Plants with separate sludge stabilisation 



49 

This is a post-peer-review, pre-copyedit version of an article published in Water Conservation Science and Engineering. The final authenticated 
version is available online at: http://dx.doi.org/10.1007/s41101-020-00086-6.    

Table 7:  Target Values in kWh/PEBOD60*y for specific energy consumption in relation to SC and biological treatment of Baumann at al. [31] 

(data adapted from Baumann et al. [31]). 

<1,000 PE 
[SC 1] 

1,000–5,000 PE 
[SC 2] 

5,001–10,000 PE 
[SC 3] 

10,001–100,000 PE 
[SC 4] 

>100,000 PE
[SC 5] 

Un-aerated lagoons 
2 - - - -

Constructed wetland 
3 - - - -

Aerated lagoons 
32 30 24 22 -

Rotating biological 
contactors 25 18 15 - -

Trickling filter 
35 15 15 18 18

Extended aeration 
35 26 22 20 -

Activated sludge 
(AS)a 29 26 23 20 20

AS and trickling 
filters - - - 26 18

Plants targeting nitrification 
Plants targeting nitrogen removal 

a Plants with separate sludge stabilisation 


