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Abstract: The recent Directive EU/2024/3019, recast of the previous 1991 Directive 91/271/EEC 

concerning urban wastewater treatment, introduces new obligations concerning effluents 

requirements and overall energy management in urban wastewater systems. In addition to increased 

levels of treatment (including extended tertiary and quaternary pollutants removal), the Directive 

introduces the obligation for treatment facilities to become “energy neutral” at national sectoral level, 

increasing reliance on energy optimization and recovery from internal processes and external 

renewable energy sources. In order to achieve this objective, an obligation to periodically conduct 

energy audits is introduced; however, while this practice is commonly carried out in residential and 

industrial buildings, guidelines for its implementation in treatment facilities are currently not 

punctually defined. The paper summarizes current issues on wastewater sector energy audits, 

discussing the current state-of-the-art and the expected requirements to conduct such audits. It then 

discusses the causes of possible facility inefficiencies, and their possible solutions from both 

permanent and transient perspectives. Finally, it addresses the issue of energy neutrality 

requirement, and the role of renewable energy sources contribution, both natural or internal (process-

related) to the sector’s energy efficiency. 

Keywords: urban wastewater; effluent treatment levels; energy efficiency; energy audits; energy 

neutrality; renewable energy; urban wastewater paradigms 

 

1. Introduction 

Municipal wastewater management systems (MWWMS), i.e. collection systems and wastewater 

treatment plants (WWTPs) are among the major single energy consumers at municipal level 

worldwide. Under current technology, specific power consumption of modern WWTPs is estimated 

to range between 20 and 45 kWh/PE-y (PE, population equivalent, corresponding to a nominal 

organic pollution load of 60 gBOD5/person-day), depending on treatment level [1]. Higher demands 

may be linked to age or facility performance: a survey in Greece showed that the energy consumption 

of WWTPs with capacity between 10,000 and 4 x106 PE ranged from 15 to 86 kWh/PE-y [2]. A study 

examining the performance of 203 WWTPs in Chile found that the average facility could reduce 

energy consumption by 56.7% while maintaining equal pollutants removal efficiency, and that the 

majority of them could achieve energy savings of up to 80%, on average, by switching to a different 

process technology [3]. Furthermore, developed countries’ WWTP energy demand is expected to 

increase by over 20% in the next 15 years as effluent requirements become more stringent [4]. Similar 

trends are expected in developing countries as wastewater treatment extension becomes a priority 

following UN’s Sustainable Development Goal 6 [5]. 

On the financial side, energy generally accounts for the second-largest item of operating costs, 

often surpassed only by personnel costs; nevertheless, they vary significantly, ranging from 9% to 

over 50% of total operating costs depending on context and country (e.g., energy tariffs, labour costs, 

etc.) [6]. These and other studies have clearly shown that energy optimization of WWTP performance 

is an achievable objective. 
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As far as collection systems, many factors influence energy consumption and efficiency: design, 

pumping technology, urban catchment characteristics, climate; it is thus more difficult to establish 

reliable average ranges (either referred to PEs served, or total volume conveyed). Wastewater 

pumping theoretically requires approximately 2.75 Wh/m3-m of hydraulic head, without considering 

pumping efficiency losses: one estimate indicated sewage systems energy requirements up to 69 

kWh/PE-y [1]; a study in Spain estimated the average energy used by sewer systems as 0.014 kWh/m3-

y on a water flow basis [7]. This demand should not be underestimated, as it may constitute up to 50 

% of the electric consumption of a typical MWWMS. 

Efficiency improvement at plant/system level can reduce the sector’s energy demand by 

adopting various methods, including process-energy reduction, energy recovery and generation 

from waste streams, to such an extent that WWTPs may become energy neutral or even energy 

positive [8,9]. 

In line with current EU policy, the recent Directive EU/2024/3019 [10], recast of the previous 1991 

Directive 91/271/EEC [11], concerning urban wastewater treatment, hereafter referred to as UWWTD, 

aims at reinforcing environmental protection of receiving waters from wastewater-borne pollutants, 

including Combined Sewer Overflows (CSOs), while progressively reducing energy consumption 

and greenhouse gas (GHG) emissions from urban wastewater collection and treatment activities and 

promoting energy efficiency and production of renewable energies within these facilities, thus 

contributing to the 2050 objective of Climate Neutrality established under Regulation EU/2021/1119 

[12]. 

Although the main environmental purpose of WWTPs is the removal of pollutant loads from 

influents, this should be accomplished under optimum energy performance. With this as an objective, 

article 11 of the UWWTD introduces a new obligation concerning WWTPs’ overall energy neutrality 

at national. To ensure that the potential for energy savings, renewable energy production, and GHG 

emission reduction is met, the UWWTD foresees that operating WWTP (and collection systems) 

energy audits should be carried out periodically (every 4 years) initially (by 31 Dec. 2028) for facilities 

with capacity ≥ 100,000 PE, and later (by 31 Dec. 2032) for those with capacity ≥ 10,000 PE. Audits 

should include the identification of energy consumption reduction, cost-effective recovery and use 

of waste heat, or of production of renewable energy potentials. Following the audits’ outcomes, it is 

expected that appropriate and adequate technologies for energy savings, recovery and generation 

will be identified and implemented through MWWMS’ upgrading. 

Upgrading of a large number of European facilities will most likely be necessary in the next 

future, due to the new provisions concerning wastewater treatment levels. In fact, Article 3 of the 

Directive extends the obligation of the existence of domestic wastewater collecting systems in all 

agglomerations with population ≥ 1,000 PE (previously this obligation applied from ≥ 2,000 PE), and 

articles 6, 7, and 8 introduce new, or extended, obligations concerning both basic and advanced 

treatments, in particular concerning nutrients and micropollutants removal (Table 1). 

Table 1. New treatment obligations deriving from the new UWTTD. 

Parameter Concentration [mg/L] Minimum reduction [%} 

Article 6(3) - applicable to WWTPs of agglomerates ≥ 1000 PE* (curremtly 2000)   

BOD5 25 70-90 (40^) 

COD* 125 75 

TSS 35 90 

Article 7 – Applicable to WWTPs with PE capacity§  

 10,000-150,000& ≥150,000 10,000-150,000& ≥150,000 

Total N 10 (15) 8 (10) 80 (70-80) 80 (70-80) 

Total P 0.7 (2) 0.5 (1)  87.5 (80) 80 (80)  

Article 8 – Applicable to WWTPs with PE capacity ≥ 150,000 PE** 
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Obligation of quaternary treatment (≥ 80%) removal for  Amisulprid, Carbamazepine, Citalopram, 

Clarithromycin, Diclofenac, Hydrochlorothiazide, Metoprolol , Venlafaxine, Benzotriazole, 

Candesartan, Irbesartan, mixture of 4-Methylbenzotriazole and 5-methyl-benzotriazole. 

*Defined as an individual load of 60 mg/L BOD5 (120 mg/L COD); ^For discharges in cases specified by Art. 6(4) 

(Cold climate, high altitude, deep sea conditions); §Under Directive 91/271/EEC, the ranges of limits (in brackets) 

applicability were 10000-100000 and ≥ 100000 PE; &Discharging in sensitive areas defined according to the 

Directive’s Art. 7(2) and (3); **Additionally to those with PE ≥ 10,000 in pollutant sensitive areas defined 

according to the Directive’s Art. 8(2),(4). 

Wastewater treatment requirements significantly affect overall energy consumption: it is fairly 

obvious that –everything else being equal- more treatment requires more energy. For example, a 

conventional activates sludge (CAS) plant can expect an increase of 35-50% energy demand (through 

higher oxygen requirements) by incorporating full nitrification; upgrading from secondary treatment 

CAS to secondary treatment MBR to improve treated effluent carbon and solids standards (at equal 

organic load) can be also expected to add considerable energy demand, as MBRs require aeration 

both for biological process proper and membrane scouring [13]. Removal of micropollutants may 

require the adoption of advanced oxidation or oxidation/reduction processes (AOP/AORP) as a 

quaternary treatment stage [14]. 

This paper addresses current issues about energy audits in WWTPs, discussing the current state-

of-the-art on this topic and the requirements to conduct such audits. It then discusses the causes of 

possible WWTPs inefficiencies, and their possible solutions from both permanent and transient 

perspectives. Finally, it addresses the issue of energy neutrality requirement, and the role of 

renewable energy sources (RES) contribution, both natural or internal (process-related) to WWTP 

energy efficiency. 

2. Energy Audits in Urban Wastewater Systems 

Many contributing factors influence MWWMSs energy consumption including: size, age, 

topography and climate; chosen processes and technologies installed; operation and maintenance 

practices, including the use of automated monitoring and control systems. 

The actual identification and quantification of both persistent and transient (temporary) energy 

inefficiencies in a facility requires a structured, systematic investigation approach (‘audit’), according 

to a consistent methodology across various situations and layouts. Energy audits are defined by 

Article 2(32) of Directive EU/2023/1791 [15] as “a systematic procedure with the purpose of obtaining 

adequate knowledge of the energy consumption profile of a building or group of buildings, an 

industrial or commercial operation or installation or a private or public service, identifying and 

quantifying opportunities for cost-effective energy savings, identifying the potential for cost-effective 

use or production of renewable energy and reporting the findings”. The Directive (Annex VI) does 

not indicate a prescribed methodology for conducting audits, but specifies minimum criteria that 

shall be upheld while carrying them out (Table 2). 

Table 2. Minimum criteria for energy audits, including those carried out as part of energy management systems 

(Annex VI, Dir. 2023/1791). 

The energy audits referred to in Article 11 shall: 

(a) 
be based on up-to-date, measured, traceable operational data on energy consumption 

and (for electricity) load profiles; 

(b)  
comprise a detailed review of the energy consumption profile of buildings or groups of 

buildings, industrial operations or installations, including transportation; 

(c) identify energy efficiency measures to decrease energy consumption; 

(d)  identify the potential for cost-effective use or production of renewable energy; 
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(e) 

build, whenever possible, on life-cycle cost analysis instead of simple payback periods 

in order to take account of long-term savings, residual values of long-term investments 

and discount rates; 

(f)  

be proportionate, and sufficiently representative to permit the drawing of a reliable 

picture of overall energy performance and the reliable identification of the most 

significant opportunities for improvement. 

Energy audits shall allow detailed and validated calculations for the proposed measures so as to 

provide clear information on potential savings. 

Data used in energy audits shall be storable for historical analysis and tracking performance. 

2.1. Energy Audit Guidelines 

In the momentary absence of detailed guidelines for conducting WWTP audits, some existing 

general examples of energy audit procedures can be of guidance. 

2.1.1. ASHRAE Procedure 

The American Society of Heating, Refrigerating and Air-Conditioning Engineers [16] designated 

three levels of energy audits for commercial and residential buildings (Table 3). This methodology 

can be adapted to WWTPs, with the combination of levels 1 and 2 as a regular Energy Audit, and 

Level 3 being part of a detailed engineering redesign effort [17]. 

Table 3. Energy audit levels according to ASHRAE. 

Audit level Description  Outcome 

Level 1 – Walk-Through 

Survey 

Analysis of previous energy bills 

and process data (typically up to 3 

years), visit to the facility and 

interview with key decision 

makers, basic energy 

measurements. 

Report outlining onsite energy 

use, an energy benchmark, and 

recommendations for low-cost 

or no cost energy efficiency 

improvements. The report will 

also list possible future energy 

saving capital projects 

Level 2 – Energy Survey and   

Analysis 

Builds on a Level 1 audit, 

including a detailed breakdown on 

energy use by process, more in-

depth measurements, an electrical 

peak demand analysis, analysis of 

the savings generated by possible 

energy efficiency measures. 

Develops possible changes to 

control strategies; and lays out a 

plan for a Level 3 analysis which 

would require more intensive data 

collection. 

Report similar to that of a Level 

1 audit, but including a more 

detailed energy and cost 

analysis. 

Level 3 – Detailed Analysis of   

Capital-Intensive Modifications 

Focuses on further developing 

capital projects identified as part 

of the Level 2 audit. This audit 

requires more data collection as 

well as energy and process 

modeling to evaluate the benefits 

of a particular energy saving 

capital project, and will include 

detailed payback calculations. 

Design plans for an engineering  

capital project. 

Minimum information  

requirements for Level 1 
Measurements for Level 2 
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Energy bills and process data 

for the last 3 years, any 

previous energy audits 

Agreements with energy   

providers 

Site drawings 

Flow diagrams 

Climate data 

Pump and blower curves 

Copy of the discharge permit 

Equipment information: 

Type; Location; Average Load 

Factor (%); Nameplate kW; 

Average Load (kW); Motor 

Efficiency; Estimated Energy 

Use (kWh/yr); Motor Full Load 

Amperage (FLA); Average 

Operating Current; Run-time 

(day, month, year); Estimated 

Annual Operating Costs; Dry 

Weather/Peak Dry 

Weather/Wet 

Weather/Emergency Operation 

(Y/N) 

Most process data may be available from the SCADA system, that 

should be recording (at least) flows, pressures, and the run time for 

major equipment. If not available from the SCADA system, use a 

data logger to record the startup sequence for blowers and major 

pumps. This provides important data to understand start-up loads 

that have a large impact on electricity demand charges.  

Verify pump operation: pump operating points, flow ranges, wet-

well levels and maximum and minimum set points. Check actual 

pump/blower speed and flow versus the respective curve. The 

operating speed of any rotating equipment should be verified and 

compared to the one recorded in the SCADA system. 

Verify temperatures of motors and pump bearings: rotating 

equipment operating too hot is operating inefficiently, indicating 

incorrect operation or need for maintenance. 

All wastewater testing must have taken place in a certified 

laboratory or with calibrated automatic/proxy (e.g. photometric 

sensors) systems. Record temperatures of process areas as they not 

only affect workers’ health, but also equipment performance: 

temperatures too hot or too cold may be a reason for poorly 

operating equipment. 

While the ASHRAE audit guidelines are very common in industrial and commercial buildings, 

not many examples ASHRAE-based full-scale WWTP audits on operating WWTP have been reported 

in technical literature: Dwight and Johnson [18], conducted a Level II audit of the Port Dalhousie 

WWTP (St. Catharines, Ontario, CA), while Phelan [19] investigated measures for energy efficiency 

improvement by conducting in-depth energy audits on five (capacity of 400, 500, two 12,000 and one 

50m000 PE) WWTPs in Ireland. All audits identified opportunities for energy efficiency gains. 

2.1.2. Energy Audits According to ISO 50001 

Although also not specifically designed for WWTPs or the water sector in general, the 

International Standard ISO 50001:2018 for enterprise Energy Management Systems (EMS) [20] 

represents a systematic guidance to energy management in any organization, aiming at increasing 

energy efficiency, reducing costs and improving energy performance. In the context of ISO 50001, an 

energy audit is a systematic and independent methodology focusing on facilities’ design and 

conditions, data collection, planning of the EMS and imvolved energy processes, improving energy 

performance, meeting legal requirements and energy objectives specific to this sector. ISO 50001 is 

based on a Plan-Do-Check-Act (PDCA) iterative process encompassing four consecutive, iterative 

steps: Plan - perform an energy assessment to identify baseline, energy performance indicators, 

objectives, targets, and draw an action plan; Do - implement and follow the initial action plan; Check 

- monitor operations, measure improvements and determine energy performance based on 

objectives; report results; Act - periodically review progress and make adjustments (Figure 1). 
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Figure 1. Concept of ISO 50001 methodology. Each box corresponds to a set of well-defined requirements. 

One recent study aimed to assess the impact of a WWTP energy audit according to the ISO 

50001/PDCA methodology, within the context of current Portuguese rules, to identify and quantify 

both persistent and transient energy inefficiencies [21]. The analysis was able to identify and correct 

persistent inefficiencies, mostly linked to plant equipment design factors, and suggest improvements 

to generate energy consumption reduction of 10.8%. Table 4 summarizes the outcome of the audit. 

The proposed solutions and predicted effects represent the conclusions of the audit’s extensor. 

Table 4. Inefficiencies and proposed solutions identified by a WWTP’s energy audit (summarized from [21]). 

Challenge Proposed solution Predicted effect 

Excessive primary 

intermediate pumping  

Implementation of gravity bypass 

around the homogenization stage 

Reduction of ≈50% in pumping 

energy consumption (250 MWh, or 

3.1% of the total WWTP 

consumption). Investment 

recovered in 4 years. 

Biological treatment 

turbines’ capacity, 

exceeding oxygen 

requirements. 

 

Unbalanced relationship 

between basin volumes 

and flow rates.  

Adjustment of dissolved oxygen set 

point.   

Use of fine bubble diffusion 

systems.   

 

Upgrading the servo-controlled 

gate at the aeration basin feed point. 

Estimated 7.5% reduction in energy 

consumption in this stage. 

Expected energy savings between 

10-20%, investment recovered in 

0.56 years. 

Negligible implementation costs 

amortized within a fiscal year. 

Inefficient sludge 

recirculation pumping 
Pumps replacement  

Specific energy consumption 

reduction by 130-135%. Investment 

of ≈ 10,000.00 € for the new 

equipment would save 4475.00 €/y 

in electricity, allowing repayment 

in 2.5 years 

Low efficiency sludge 

extraction unit 
Pumps and piping replacement  

Reduction in specific energy 

consumption between 80-85%, and 

projected flow rate increase of 60% 

with an investment of ≈ 10,000.00 €, 

returned in ≈ 3 years. 
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Biogas energy recovery 

potential limited by 

extended aeration AS  

Alternative renewable energy 

production by exploiting geometric 

head of 14 m at the WWTP 

discharge point with a 

minihydropower plant. 

Estimated power generation of 36 

kW at the average flow of 0.3716 

m3/s 

Other published reports of ISO 50001-based WWTP audits include those by Arabeyyat and 

Ragha [22], McGrath [23], Machnik-Slomka et al [24] and Nakkasunchi and Brandoni [25]. 

2.2. Audit Requirements 

In order to successfully carry out an audit, the following conditions are necessary: sufficient data 

availability, definition of the appropriate performance indicators data, and successful identification 

of inefficiency causes. 

The availability of real-time, continuous systems for data collection, storage, and analysis, also 

known as SCADAs (Supervisory Control and Data Acquisition), appears therefore essential for 

supporting MWWMS analysis and energy benchmarking audits. A SCADA system usually consists 

of flow meters and water quality sensors to carry out remote monitoring of the major energy 

consumption components on a system, connected to a central database. A variety of hardware-based 

sensors and indirect or soft-sensing techniques are nowadays available to monitor individual WWTP 

units in real-time [26–29]. A significant enhancement in information can be achieved through the 

measurement of individual units’ consumption, rather than of the total energy used by the entire 

WWTP as, in order to improve energy efficiency, it is necessary to know the exact energy needs of 

each individual process along its operation [30]. Most medium-large WWTPs continuously monitor 

and collect many unit processes data, but these are often underutilized, due to datasets size and 

complexity, and to the lack of operators’ data science background [31]. In some cases, mostly in larger 

facilities, numerical or AI models are incorporated in these systems to calculate adjustment and 

optimization of operating parameters [32,33]. 

In the US, the Department of Energy and the Environmental Protection Agency have developed 

and Energy Data Management Manual for the Wastewater Treatment Sector supported by publicly 

available software tools to help WWTP operators measure and track energy performance; these 

contain built-in statistical calculations according to standard methodologies to obtain comparable 

metrics [34]. 

In recent years, SCADA systems were also introduced in sewer systems monitoring, mostly with 

the objective to reduce combined sewer overflows (CSO) of untreated discharges into receiving 

waters [35,36], more rarely for the purpose of energy use efficiency improvement [37,38]. 

Benchmarking of WWTP Performance 

An audit is based on the evaluation of Key Performance Indicators (KPIs), defined as measurable 

values showing how effectively a process is achieving key objectives in terms of efficiency, quality, 

and productivity; they may be expressed in terms of the ratio of selected input(s) and output(s). 

Historical KPIs are relatively easy to obtain from past monitoring data, and easy to compare; 

however, their direct comparison overlooks many other specific details, and yields meaningful 

information only in very similar application conditions (e.g. layout, technology, climate, influent 

type, etc.). Furthermore, WWTP may have multiple objectives, e.g. removal of COD, N, P [39] 

production of energy from biogas or recover resources such as fertilizers [40]. For example, 

evaluating the efficiency of COD, N and P removal requires analysis of 3 separate KPIs; one plant 

may have high efficiency concerning one, but low for the others; an appropriate weighting 

(optimization) between different objectives is necessary [41]. 

In past studies, three types of energy-related KPIs have generally been employed: volumetric 

(kWh/m3 treated WW), procapita (kWh/PE), pollutant-related (e.g. kWh/kg CODremoved; kWh/kg 

BOD5removed; kWh/kg Nremoved). These usually refer to the direct electric energy consumption by the 
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involved processes; theoretically, however, embedded energy in reagents and postprocessing of 

residuals should be factored in. 

In order to compare the efficiency of different processes, Bolton et al. [42] introduced the concept 

of electrical energy per order (EE/O) as a useful figure-of-merit for process benchmarking, defined as 

the electrical energy required to reduce the concentration of a given pollutant by an order of 

magnitude in a unit volume of solution [kWh/m3-log]. EE/O quantification can help compare the 

removal efficiency on the same pollutant of different treatment methods, identify the most energy-

efficient options and, at the same time, minimize WWTPs environmental footprint by reducing GHG 

emissions and other impacts. The advantage of the EE/O metric versus other commonly adopted KPIs 

is that it contains both the volumetric and concentration effects of a process. The EE/O parameter is 

officially adopted by the International Union of Pure and Applied Chemistry (IUPAC) for 

photochemical reactor characterization, and is commonly used in the parametrization of the 

efficiency of AOPs, particularly those that use UV light and/or other energy sources to generate high 

oxidative/reductive radicals to degrade organic pollutants [43]. As a figure of merit (a numeric 

descriptor of process efficiency and design parameter) EE/O could replace or complement more 

ambiguous performance parameters, such as cost or energy used per unit volume, and could be 

standardized for conventional treatment processes. If properly reported under standard conditions 

[44], it could be used as a more fundamental indicator than current performance parameters for 

comparison of different systems based on studies from different years, and experimental setups, 

regardless of the energy costs at a given moment. 

Several studies have addressed energy benchmarking of WWTPs, with a number of different 

methodologies adopted [45,46]; however, an immediate comparison among findings is barely feasible 

due to ample methodological and site-specific differences [47]. Different benchmarking methods may 

offer different insights on facilities’ performance of the WWTP, and may lead to different 

interpretations and conclusions. A comparative study of different benchmarking models of Spanish 

WTTPs showed that efficiency scores are strongly affected by selection of specific output parameter(s) 

[48]. 

A new approach methodology assessing energy efficiency in WWTP under a unified 

performance index indicator was recently proposed by Mauricio-Iglesias et al [49]. In that study, data 

from 13 European WWTPs were processed to obtain 4 KPIs: one for in-plant wastewater pumping, 

one for removal of COD, N and P, one for pathogens removal and one for sludge treatment of sludge 

and solids removal. These KPIs were normalized, weighted, aggregated in a composite index, and 

statistically analyzed to reflect the concept that the energy efficiency of a WWTP is in fact a 

multidimensional issue. When defining a composite index, a number of characteristics must be 

guaranteed to provide robust representations of the measured parameters and easy interpretation by 

the users: it should not depend on arbitrary parameters selection, be reproducible and robust (i.e. 

must not vary when changing time steps or methods; selected aggregation weights must have a 

negligible influence on the result; be based on a large enough database as to expect minimal 

differences when new WWTPs are added) [50]. 

Due to KPIs use limitations in WWTP benchmarking, multicriteria methods have been 

increasingly proposed; these include stochastic frontier analysis [51], efficiency analysis tree [52], 

stochastic non-parametric envelopment of data [53], and data envelopment analysis (DEA) [54]. 

Multicriteria methods specifically designed for WWTPs are able to manage multiple inputs and 

outputs and are suitable for comparison of WWTPs operated with different installed technologies, 

configuration and influent characteristics; however, their findings could depend on the proper 

selection of input and output variables. 

Inefficiencies in WWTPs can be due to various factors, such as unfavorable natural conditions 

(topography, climate, dilution of sewage by stormwater/parasite flows), technology and design 

issues, age and poor equipment maintenance, low utilization rates (e.g. plant/equipment over-sizing), 

or lack of deep operator understanding of energy use and conservation measures. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 June 2025 doi:10.20944/preprints202506.0362.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0362.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 20 

 

3. WWTP Inefficiencies Causes and Possible Solutions 

The cited study by Esteves et al [21] constitutes an example of successful energy audit outcome, 

however, by examining its proposed solutions, it appears that the auditing team was able to identify 

just the causes of permanent inefficiencies in the system, due to the type of available information. 

Aging and deterioration of current infrastructure are normally recognized causes of permanent loss 

of efficiency in WWTPs, increasing the required resources (energy, maintenance, labor, and reagents) 

to carry out processes and achieve effluent quality standards. Although a definite relationship 

between construction year and efficiency of the plant could not be established, Castellet-Viciano et al 

[55] in an empirical study of 322 WWTPs in Spain concluded that differences in energy consumption 

patterns varied not only according to year of construction and type of technology, but also with 

volumes treated, with smaller differences in facilities treating more than 275,000 m3/y, due to lower 

detectability of deterioration effects. 

Transient inefficiency components are more difficult to identify, being mostly caused by 

application of inadequate operational strategies, e.g. wastewater pumping and aeration control, 

sludge age and return sludge management, combined with infrequent sampling and/or inadequate 

evaluation of monitoring data during variable load events. Common practice, also supported by the 

monitoring requirements of Dir. EU/2024/3019, is to collect flow-proportional, or composite 24-hour 

samples at a fixed point at the outlet and, if necessary, at the inlet of WWTPs, 2 times/month for those 

with capacity between 10.000 and 49,999 PE, and once/twice weekly for plants respectively 

below/above 150,000 PE [10]. While these are mandatory to determine compliance with emission 

limits, they are in no way sufficiently representative of the operating status of the system. The use of 

adequate sensor technology becomes of major importance in these situations, as it allows to observe 

the functionality of the system with a time resolution that conventional controls performed by plant 

operators could not guarantee [56]. 

Integration of SCADA systems, with robust methodologies and machine learning technology for 

assessing unit processes’ and WWTPs’ energy efficiency [57], is already employed to implement 

WWTP's control technologies towards more efficient energy management [33,58], and could lead to 

the next step of implementing continuous, real-time energy performance assessments, to identify and 

quantify not just permanent energy inefficiencies of a facility, but also transient ones during specific 

events. 

Furthermore, paradigmatic technological changes should be included within the proposed 

solutions for improving a facility’s energy efficiency: as pointed out by Molinos-Senante and Maziotis 

[3], secondary treatment technology is, besides age of construction, the factor most influencing energy 

efficiency, and the one where most improvement could be made with innovative solutions. In most 

cases, performance analysis of European WWTPs highlighted significant energy efficiency potential, 

with achievable goals of energy savings of up to 25% without any effluent quality degradation [59]. 

Appropriate intervention strategies can be drawn by identifying the biggest energy consumers [60], 

thus reducing the dependence on external energy. Cardoso et al [6] examined short of 100 studies on 

WWTPs energy consumption worldwide: in addition to the well-known fact that aeration systems 

are the biggest energy consumers (between 0.18 and 0.8 kWh/m3, representing, on average, between 

40% and 75% of the total energy consumed in large and small plants, respectively), they highlighted 

the fact that a non-negligible fraction of consumption pertains to submersible mixers and 

recirculation pumps, which may represent 10.5%–14.8% of a plant's energy consumption, despite 

their low installed power, due to their almost continuous operation. Excessive mixing in 

anoxic/anaerobic units can negatively impact their performance: Barnard et al [61] indicated that 

commonly adopted mixer power design (4-16 W/m3) may be actually excessive and 

counterproductive for optimal process efficiency by introducing unnecessary oxygen through higher-

than-necessary surface turbulence, possibly disrupting microbial communities and reducing the 

efficiency of nutrient removal processes. 

Other common processes that might be considerably energy-intensive, are those related to 

disinfection (e.g. UV or ozonation), or to the removal of non-biodegradable organics (e.g. AOPs, RO). 
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For example, UV disinfection systems can require between 0.045 and 0.11 kWh/m3. Ozone-based 

AOPs are more energy efficient than UV-based AOPs for several emerging contaminants, with EE/O 

values always <0.6 kWh/m3. [62]; however, emerging technologies such as electron beam (EB) 

irradiation have shown EE/O values that can be up to 98.3% lower than ozonation and 98.8% lower 

than UV/H2O2 for specific contaminants [63]. 

Sludge treatment energy demand may represent anywhere from 8% (Mamais et al., 2015 cit) and 

35% [64] of total energy consumption, depending on technologies and downstream valorization 

options. Excess biological sludge offers many opportunities, at various levels of technological 

complexity, for sludge-to-energy and sludge-to-resources recovery [65]. This is specifically addressed 

by Art. 20 of the new UWWTD. 

One factor statistically related with energy efficiency, but in many cases omitted from WWTP 

energy performance investigations, is WWTPs’ utilization capacity, expressed as the ratio of 

connected PEs to design capacity PEs. The utilization factor is an important indicator when analyzing 

plant efficiency, as it has a considerable impact not only on initial capital and operating expenditure, 

but also on energy performance, since a plant working close to its design capacity works more 

efficiently than one in which the design capacity was over-estimated or is unused [66]. A study of 21 

WWTPs in the Valencia Region (Spain) with capacity between 15,000 and 65,000 m3/d, demonstrated 

a clear link between energy use and capacity utilization, with those facilities showing greater design-

operation difference also showing greater consumption that the conventional benchmark for fully-

loaded plants. This situation may be more common than usually thought: in MWWMS infrastructure 

planning, centralized systems (sewers and WWTPs) are generally designed with initial overcapacity 

to accommodate future growth. This means that, save for cases of extremely fast urbanization, 

centralized systems may retain substantial idle capacity for some time, incidentally having paid 

money in advance for scenarios that may not develop. This overdesign is a common practice, but has 

significant drawbacks, especially when unforeseen circumstances impair predicted urban growth 

[67]. Decentralized systems, on the contrary, use a more cost-effective ‘built-as-you-go’ approach in 

which capacity is added incrementally as needs arise [68,69]. 

Often, energy efficiency can be increased simply by adapting the equipment’s operating profile 

to the actual operating conditions, without affecting treatment efficiency. However, this possibility is 

frequently overlooked in small WWTPs. Another approach is equipment modernization of older 

facilities, often designed with little consideration for energy consumption, without modification of 

fundamental process design: e.g., turbo blowers or positive displacement blowers (rotary lobe or 

screw blowers), equipped with variable speed drive technology that provide good energy efficiency 

and can adapt to fluctuating air demands, in substitution of older compressors, or jet venture mixers 

in substitution of conventional diffusers [70,71]. Outright process substitution, as summarized in 

Table 5, could be also adopted, mainly in conjunction with major facilities’ upgrading efforts. By 

virtue of recent technological advances, drastic paradigmatic changes in wastewater management 

approach are possible: it should not be ignored, in fact, that current technological approaches are 

based on a technical consensus dating to the late XIX century, persisting almost unmodified to this 

day [72,73]. 

Table 5. Examples of some possible approach/process substitutions in MWWMS aimed at energy efficiency 

improvement. 

Current  

technology 

Alternative 

technology 
Pros Cons Ref. 

Sewage collection systems 

Gravity  

sewers 

Vacuum  

Sewers 

Vacuum sewers minimize 

water use, energy 

consumption and 

construction costs. Resulting 

Require expert design and 

construction.   

[74, 

75] 
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sewage has higher organics 

and pollutants concentrations. 

Centrifugal 

sewage pumps 

Smart,variable  

frequency 

drives pumps  

Increased pumping efficiency 

Increased complexity of  

variable speed pump 

scheduling  

[76] 

Level  

controlled 

pumps 

Pumping  

optimization 

Real-time monitoring and 

modeling optimize pumping 

cycles.  

Extensive network of flow 

and level sensors, and 

advanced modeling 

capabilities required 

[77,78] 

Centralized 

sewer mains 

Decentralized  

systems 

Can increase water reuse, 

reduce system's capital cost 

and operational energy in the 

pipe network. The “optimal 

degree of centralization” 

depends on local consitions. 

This approach contrast with 

current UWWMS paradigms. 

[69, 

79, 

80] 

Wastewater treatment 

Aerobic 

processes 

Anaerobic 

Processes (e.g. 

UASB) 

Anaerobic processes 

dramatically reduce energy 

consumption, and allow 

greater energy recovery in 

biogas form.   

Perform optimally with high 

organic load wastes (e.g. 

vacuum sewers). 

Conventional sewage may 

yield limited biogas volumes 

in colder climate 

[73, 81, 

82] 

Nitrification/ 

denitrification  
Anammox 

Removes nitrogen more 

energy-efficiently than 

traditional 

nitrification/denitrification 

methods. 

Slow process startup. 
[83,  

84] 

Activated 

sludge, MBR 

Aerobic 

granular sludge  

processes 

AGS processes (Nereda and 

others) require less 

operational energy than AS 

and MBR. May favor 

resources recovery from 

sluge. 

Proprietary processes, may 

require long start-up times. 

[85, 

86] 

4. Renewable Energies Contribution to WWTP Energy Efficiency 

Article 11 of the UWWTD, establishes the principle that energy consumption of all WWTPs with 

capacity ≥ 10,000 PE shall not exceed their energy production from renewable sources; this energy 

neutrality objective is expected to be met at national Member State level, and not by individual 

facilities, with a predetermined time schedule, and increasing compliance. This objective can be 

attained by “natural” (e.g. blue water hydro, solar, wind), or internally-generated energy sources (e.g. 

wastewater hydro, heat, biogas) produced by the urban WWTP operators or their owners, both on-

site or off-site. The most immediate solution for operators would therefore seem to increase 

investments in “conventional” RES, i.e. solar and wind (where appropriate) to offset internal 

consumption. 

Solar energy has the least environmental impact compared to other RES types, as it can be 

integrated in service buildings or unit covers. Its application in WWTPs can follow multiple 

pathways, including solar thermal and PV generation, and sludge drying. Solar PV is the most 

common application due to scalability, flexibility and low cost. Among 105 investigated WWTPs in 

the USA, 41 adopted a PV system [87]. A survey revealed that PV system present in Australian 

WWTPs supplied between 8–30% of the plants’ energy demand [88]. While using PV energy in 

WWTPs offers significant benefits such as reduced energy costs and emissions, challenges exist 

mainly due to solar energy intermittency. PV-driven photocatalytic processes can be used for specific 
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pollutants treatment [89], however, this is generally unrelated with bulk energy generation for an 

entire facility. An economic and ecological assessment of PV systems for wastewater treatment plants 

in China showed that most WWTP-PV projects in that country are economically viable (China in fact 

has a total installed PV power at urban WWTPs of of 5.6 GW) and that PV projects can help WWTPs 

reduce carbon emissions by 10%–40% [90]. Since sludge pre-processing prior to exploitation and 

disposal requires substantial energy for dewatering and drying (minimum thermodynamic 

requirement of approximately 0.63 kWh/kg, based on sensible and latent heat to evaporate water), 

with total drying energy of approximately 2500 kWh/ton dry sludge [1], greenhouse drying facilities 

can significantly reduce external energy inputs, especially in small to medium sized facilities [91]. 

Wind generation is a widely used RES technology in certain regions, although not commonly 

adopted in WWTP facilities, save for a few successful installations, such as the 7.5 MW wind farm at 

ACUA WWTP in Atlantic City, which also exports excess energy to the main power grid [92]. 

However, utilizing wind power in WWTPs is generally not recommended since these facilities are 

generally near urban centers, and due to consideration of initial investment, complexity of small-scale 

applications, and site specific conditions. 

Optimization and environmental assessment of RES has been discussed in the technical 

literature [93]; optimal design of RESs and their power management should consider reliability rates, 

economics, and environmental factors, an estimation of the dynamic power load and an adequate 

size of the required storage or backup systems to bridge supply gaps during operation. Multi-criteria 

decision-support frameworks for ranking designs have been proposed to determine the optimal 

design of RES systems to meet the dynamic demand of a WWTP [94]. 

Since natural RES are intermittent, and subject to major seasonal variability, it is essential to 

match energy production and demand, as energy surpluses are becoming an issue for grid operators, 

and may compromise the stability of an entire grid even at regional scale, especially when installed 

RES power is higher than 30–40% of the overall energy mix [95,96]. Energy storage can provide 

energy flexibility, storing it when there is generation surplus, and releasing it when needed. Suitable 

storage technologies depend on the relevant time scale of reference: at present, many solutions 

dealing with short-term storage, such as supercapacitors, batteries, or flywheels, exist. Power-to-gas 

(P2G) technologies can be an alternative to convert high amounts of surplus RES energy into easily, 

long-term storable fuels, for example relying on water electrolysis to obtain H2 [97]. 

The UWWTD highlights the need for in-plant energy generation through further internal RES 

development from the exploitation of various energy forms embedded in wastewater, which may 

include micro hydropower (MHP), waste heat and chemical (biogas, bio and e-fuels) energies 

recovery. MHP has been studied for the reduction of energy consumption and excess pressure in 

water distribution networks, as well as at discharge point of WWTPs where an excess of piezometric 

head is available. It is generally recognized that a potential of 2 kW is the minimum economically 

viable power for MHP energy recovery installations [98]. A detailed survey of 16,778 discharge 

licenses in Spain found that just 95 WWTPs satisfied this sustainability criterion for MHP 

exploitation, with 18 exceeding a 15 kW potential [99]. A previous study in Switzerland identified 19 

possibly profitable sites within the Country’s WWTPs, with cumulated 9.3 GWh/y potential 

production: among these, 6 were already equipped with MHP, producing in total 3.5 GWh/y [100]. 

While locally useful, this contribution does not seem to carry a dramatic scenario changing impact 

on energy recovery from WWTP effluents. 

Wastewater maintains considerable amounts of thermal energy after its collection; biological 

treatment processes are generally exothermic, thus they can maintain temperature levels through the 

plant. Temperature affects biological process kinetics and receiving water ecology: waste heat 

recovery is usually possible but its location should be carefully selected to benefit the latter while not 

impairing the former [101]. Estimations of both theoretical and practically recoverable energy 

embedded in municipal wastewater show that the potential for thermal energy recovery is much 

higher than chemical’s by a 90/10 proportion [102]. This source has been largely neglected for many 

years since as a low grade thermal energy it could not be used for electrical generation, but only for 
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less flexible direct application as heating/cooling medium, used for district heating or digesters’ 

temperature control. The most common and efficient technology for waste heat recovery is heat 

pumps although if applied directly to wastewater these installations might be subject to fouling and 

corrosion phenomena [103,104]. 

Chemical energy recovery technologies through biogas or other fuel types generation has been 

discussed by [40,105]. Energy optimization of the Gubin (Poland) WWTP (capacity 90,000 PE) 

resulted in overall plant electricity consumption of 0.679 kWh/m3 treated. The combined production 

of electricity and heat from biogas, electricity from PV, and geothermal heat recovery made it possible 

to obtain a final energy surplus with the possibility of exporting it to the power grid [106]. 

At present, many utilities have or are developing plans to achieve net zero on an industry-wide 

basis by mid-century, with some having cut emissions by 50% in the last ten years; studies suggested 

that about half of energy-related emissions from water sector facilities could be significantly abated 

by applying existing technologies [9]; however, the adoption of more efficient treatment processes 

may require long-term paradigmatic shifts in urban sanitation approaches. 

5. Discussion 

When assessing WWTPs energy performance, the chosen parameter(s) must be related to some 

common reference value, e.g. as a function of design capacity/connected population (PE); treated 

volume (m3); or load removed (kg COD or BOD5). All these have drawbacks: measuring performance 

as a function of treated volume, although easily measured, does not reflect actual efficiency against 

treatment performance being affected by variable stormwater or infiltration inflows, causing dilution 

of the pollution load. Relating it to PEs may induce bias if a facility is not working at full connected 

capacity; assessing it according to pollutants removed seems to be a more accurate approach. 

WWTPs, however, are complex systems, such that some of their processes’ energy performance is 

volume related (e.g. pumps), others are mass flow related (e.g. aeration, sludge treatment), others are 

neither directly related to volumetric nor mass flow. The use of a (actually connected) PE 

benchmarking approach could enable better comparisons between WWTPs with different pollution 

loads and treatment technology, while for the evaluation of individual processes’, pollutants-related 

benchmarking could be more significant. Comprehensive EE/O figures of merit could allow more 

meaningful comparison considering both mass and volume of the treated flow, making more efficient 

processes readily identifiable. 

Big data analysis integration at WWTP could have a substantial impact on process control and 

thus on energy efficiency. Wastewater quality can nowadays be reliably monitored in real-time by 

online digital sensors, which makes it possible to model WWTPs for the purpose of process control 

via Digital Twins (DT) images. Energy audits designed to identify potential inefficiencies could be 

integrated with such tools to improve or re-design those processes that do not meet minimum 

benchmark efficiency values. Operators should not be limited to such intervention by conventional 

paradigms, but should evaluate the potential of available, innovative non-conventional process 

technologies, with consideration of new perspectives of in-plant renewable energy generation. 

External natural RESs, though important in achieving energy neutrality, may cause poor system 

robustness when they are the only off-grid source. 

6. Conclusions 

The new provisions introduced by the UWWTD recast will have a profound impact in WWTP 

energy management, requiring intensive infrastructural revamping throughout the EU. Although 

increased natural RES implementation in UWWMS could help achieve energy neutrality objectives, 

it should be remembered that over-reliance on intermittent and poorly controllable energy sources 

may imply drawbacks on electric grids stability. Improving internal RES exploitation, technological 

innovation and processes energy efficiency should be part of a holistic strategy to achieve this goal. 
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WWTP auditing guidelines should be codified at the national or EU-wide level, in order to obtain 

consistent and comparable results. 
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