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Abstract 

In the European Union, the Urban Waste Water Treatment Directive (UWWTD) of 1991 sets 

out the requirements for the collection, treatment and discharge of wastewater, to protect the 

environment from the adverse effects of the discharge of untreated wastewater. Compliance 

rates with the UWWTD are quite varied within member states, particularly in sensitive areas 

where regulation is more stringent. Additionally, wastewater treatment can be an energy 

intensive process. With rising energy costs and growing concerns regarding greenhouse gasses, 

environmental sustainability is becoming a key aspect of wastewater treatment. The Water 

Framework Directive (WFD), which focuses on water resource quality across the European 

Union (EU), is a big driver for achieving effective management of wastewater treatment plants 

(WWTPs). 

Wastewater treatment plants typically operate continually and are subject to several pressures 

(e.g. population changes, varying influent due to storm water, more stringent environmental 

regulation etc.), making the implementation of resource efficiencies uniquely challenging. 

These challenges mean that, without intervention, WWTPs will become more resource 

intensive as they strive to meet environmental regulations. Ensuring regulatory compliance 

while operating in an environmentally sustainable manner, amongst other responsibilities, can 

result in WWTP management becoming a complex process. Performance assessment and 

benchmarking has developed as a key aspect of WWTP management. However, benchmarking 

has not been systematically applied in the Irish wastewater sector to date. Benchmarking is a 

data-driven process, and can only be successful if careful consideration is given to data 

availability and accuracy. In Ireland, data availability is a major concern. The only data readily 

available and accurate is that which is supplied for regulatory purposes. Without sufficient data, 

assessing the accuracy of the available data and identifying comparable WWTPs becomes 

increasingly complex. 

Improved data management practices can be achieved through WWTP benchmarking; 

WWTPs in countries which have employed benchmarking for several years have experienced 

increased data availability. To overcome the challenge of data availability during the early 

years of a benchmarking project, it is necessary to identify interim methods, which are 

applicable in the current state of Irish WWTPs, to reduce the negative effects of data 
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availability and data accuracy on benchmarking. Facilitating the successful benchmarking of 

Irish WWTPs in the present-day and at a national level (using these interim and easily-applied 

methods) can (i) improve WWTP management practices, (ii) accelerate the improvement of 

data collection practices and (iii) lead the way to the inclusion of more advanced benchmarking 

applications in the years to come, when data availability and accuracy issues are corrected. 

This study aimed to address the challenges associated with benchmarking in a low data 

availability environment by developing and piloting a WWTP performance assessment 

methodology and toolkit which was cognisant of data availability and data accuracy issues. 

The developed performance assessment methodology was piloted in several WWTPs of 

varying characteristics over an extended period. Additionally, the developed toolkit was 

supplied to key stakeholders for user testing. The results from piloting and stakeholder testing 

informed several methodology and toolkit upgrades to enhance usability, key performance 

indicator (KPI) calculation, result reporting methods and applicability to WWTPs of various 

configurations. Many of these upgrades were recommended by key stakeholders with a view 

to integration of the methodology into WWTP management at a national utility level in Ireland.  

A decision support tool was developed to work in conjunction with the performance 

assessment methodology to identify WWTPs which are comparable for benchmarking 

purposes based on regulatory compliance data. The decision support tool was applied to 

Ireland’s operational and licenced WWTPs and facilitated the rapid identification of 

comparable WWTPs. The tool is adaptable to other groups of WWTPs and provides a means 

of repeating the analysis with ease, when compared against any manual method of 

identification. 

An additional study was conducted to assess the statistical agreement between various 

sampling methods to assess the feasibility of utilising more cost-effective grab sampling 

methods in the place of flow-paced sampling methods for WWTP performance assessment 

purposes. This study shows that using more cost-effective and low maintenance methods may 

be feasible in a WWTP. However, this may need assessment on a case-by-case basis. 

Collectively, the methods and studies presented in this research offer a means of benchmarking 

in a low data availability environment, whilst improving data collection and management 

practices both by (i) assessing data accuracy issues without the need for high levels of data 
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availability, (ii) identifying comparable WWTPs based on data reported for regulatory 

purposes and (iii) presenting a method of assessing the feasibility of adopting low-maintenance 

wastewater sampling methods in a WWTP. 
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Chapter 1 Introduction 

1.1 Overview 

Wastewater must be treated prior to being released back into the environment in order to remove 

contaminants that could otherwise pose a risk to the environment or public health (EPA 2015). In 

the European Union (EU), the Urban Waste Water Treatment Directive (UWWTD) of 1991 sets 

out the requirements for the collection, treatment and discharge of wastewater, in order to protect 

the environment from the adverse effects of the discharge of untreated wastewater (EPA 2014). 

Compliance rates with the UWWTD is generally high across member states. However, many 

wastewater treatment plants (WWTPs) are not complying with the UWWTD, especially in 

sensitive areas where regulation is more stringent (European Comission 2016). In Ireland, 

noncompliance is a significant issue with only 51% of the national wastewater load complying 

with the Directive’s biochemical oxygen demand (BOD) and chemical oxygen demand (COD) 

standards, considerably lower than the EU compliance rate of 92% (EPA 2015). In order to ensure 

compliance with the UWWTD, improved WWTP management practices are required (EPA 2015). 

Wastewater treatment plants typically operate continually and are subject to several pressures (e.g. 

population changes, varying influent due to storm water, more stringent environmental regulation 

etc.), making the implementation of resource efficiencies uniquely challenging. These challenges 

mean that, without intervention, WWTPs will become more resource intensive as they strive to 

meet environmental regulations. Ensuring regulatory compliance while operating in an 

environmentally sustainable manner, amongst other responsibilities, can result in WWTP 

management becoming a complex process (Poch et al. 2004). 

In the last 50 years, public attitudes towards the environment have shifted and sustainability has 

now become a global concern (Rodriguez-Garcia et al. 2011). WWTPs are large energy consumers 

and with rising energy costs and growing concerns regarding greenhouse gasses, environmental 

sustainability is becoming a key aspect of wastewater treatment (Bozkurt et al. 2016). To ensure 

sustainability, two key areas of development are required; (i) WWTPs should meet regulatory 

requirements to ensure that treated wastewater doesn’t adversely affect the environment and (ii) 

consumption of resources such as energy, chemicals and water need to be minimised to ensure that 

the benefits of treating wastewater prior to discharge are not outweighed by the environmental 

impacts associated with the production of the resources required for wastewater treatment. 
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Performance assessment is a key area of WWTP management; a common method of conducting 

performance assessment is through the use of key performance indicators (KPIs) (Alegre et al. 

2009). In addition to performance assessment, performance improvement measures can be 

achieved through benchmarking. Benchmarking is the systematic process of searching for best 

practices among comparable peers that will lead to increased performance. Performance 

assessment and benchmarking are data-driven processes, and can only be successful if careful 

consideration is given to data availability and accuracy. In a worst case scenario, erroneous data 

will lead to faulty conclusions, which could inevitably lead to overly expensive decisions or could 

cause failing effluent licence requirements (Rieger et al. 2010).  

This study developed and piloted a methodology for regular performance assessment of the 

regulatory performance and resource consumption of wastewater treatment plants, named KPICalc, 

which was cognisant of data availability and data accuracy issues. A decision support tool was 

developed to work in conjunction with KPICalc to identify WWTPs which are comparable for 

benchmarking and performance improvement purposes.  

1.2 Knowledge gaps targeted 

This study aims to address a number of knowledge gaps identified in WWTP environmental 

sustainability performance assessment and benchmarking: 

• Data availability has been identified as an obstacle to achieving satisfactory operation and 

calculation of KPI results (Torregrossa et al. 2016). In Ireland, 37% of WWTPs audited in 

2015 did not record the volume of effluent discharged and 27% did not sample effluent 

quality in a representative manner (EPA 2015). This study presents a performance 

assessment methodology which can adapt to varying levels of data availability based on 

user inputs. 

• Much of the current research into assessing data accuracy issues in WWTPs focuses on the 

use of methods such as artificial neural networks which typically require a high level of 

data availability. This study proposes a means of assessing the effect of data accuracy 

issues on performance assessment applicability, in a low data availability environment. A 

user survey is proposed as the first step in a performance assessment methodology to 
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identify the effect of WWTP data accuracy issues on benchmarking outputs by highlighting 

KPIs which are unavailable for performance assessment due to inaccurate data. 

• Existing performance assessment and benchmarking systems typically allow users to select 

the KPIs used for benchmarking from a database. Permitting users to manually select KPIs 

can potentially reduce the relevance of performance assessment outcomes, as personal 

motivations and/or a lack of a clear understanding of performance assessment and 

benchmarking objectives can influence which KPIs are chosen (Alegre et al. 2009). This 

study proposes the use of automated KPI selection (based on data availability and data 

accuracy) from a pre-defined KPI database in the developed performance assessment 

methodology. 

• Key performance indicators typically assess WWTP performance in terms of pollutant 

loading (influent) and pollutant removal rates (effluent) (Henriques & Catarino 2016). 

However, wastewater characteristic data are often lacking due to the high cost, in terms of 

human and financial resources, associated with long-term collection of data (Martin & 

Vanrolleghem 2014). Correct selection of a representative and cost-effective sampling 

method for performance assessment purposes is an area that has, surprisingly, received 

limited attention to date. This study is the first to assess the statistical agreement between 

wastewater sampling methods to identify if reduced cost and lower maintenance sampling 

methods (such as grab sampling) can be used in a WWTP to replace costlier methods (such 

as flow-paced composite sampling) without affecting how representative the resulting 

sample is of actual wastewater characteristics. 

• Comparing WWTP performance and resource consumption can be a valuable exercise 

when comparable WWTPs are identified by their load and operational conditions (Carlson 

& Walburger 2007); however, variations between WWTP characteristics can complicate 

the identification of comparable WWTPs. This study focuses on the use of design capacity, 

pollutant loading and regulatory effluent discharge concentrations data as identifiers of 

comparable WWTPs and presents a decision support tool to facilitate the identification of 

comparable WWTPs. 
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1.3 Research aims 

The overall objective of this study was to design a WWTP performance assessment methodology 

that is cognisant of data availability, data accuracy and WWTP comparability issues that can exist 

in WWTPs. The specific aims undertaken to achieve this objective were to: 

1. Select and develop KPIs for resource consumption and WWTP performance with a focus 

on energy, chemical and water consumption, and regulatory compliance. 

2. Develop a performance assessment methodology (which uses the selected KPIs) that is 

adaptable to varying degrees of data availability in a WWTP, reduces user input by 

automatically selecting applicable KPIs based on data availability and assesses the effect 

of data accuracy issues on benchmarking applicability, in a low data availability 

environment. 

3. Test the performance assessment methodology in Irish WWTPs with varying operational 

characteristics and degrees of data availability. 

4. Develop a method and decision support tool which can identify comparable WWTPs based 

on WWTP size and regulatory effluent discharge requirements for benchmarking purposes. 

5. Present a method of examining the statistical agreement of various wastewater sampling 

methodologies to identify the most cost-effective and representative method of sampling 

wastewater for performance assessment and benchmarking purposes. 

1.4 Structure of the dissertation 

Chapter 2 reviews relevant international engineering and academic literature to detail the 

challenges of measuring and benchmarking WWTP performance and resource consumption. 

Existing benchmarking methodologies are reviewed to identify gaps where these challenges 

remain and finally, a justification for the methodology designed in this study is presented based on 

the literature review. Chapter 3 provides details on the procedures used for data collection in six 

Irish WWTPs (five of the six WWTPs are used for KPICalc piloting in Chapter 4 while two of the 

six WWTPs are used for assessing statistical agreement in Chapter 6). The collected data are used 

to test the benchmarking methodology (Chapter 4) and for the assessment of various sampling 

methodologies (Chapter 6). The characteristics of each WWTP is also presented. Chapter 4 
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describes the WWTP performance assessment methodology (KPICalc) developed in this study 

which addresses objectives 1 and 2. To deliver objective 3, this chapter also presents results 

obtained from piloting and testing the novelty and usability of the methodology (applied in a 

Microsoft Excel-based toolkit) in five Irish WWTPs. Chapter 5 details an additional methodology 

and decision support tool developed to identify comparable WWTPs between which, KPICalc 

results can be benchmarked. The development of this tool addresses objective 4. To deliver 

objective 5, Chapter 6 applies a method for assessing the statistical agreement between 

wastewater quality sampling methods to reduce the data availability and data accuracy issues 

associated with performance assessment using wastewater quality monitoring data. Chapter 7 

discusses the potential benefits from application of the developed performance assessment 

methodologies and tools in the wastewater industry, with a focus on applying the methodologies 

at a national level in the Irish setting. Chapter 8 outlines conclusions, recommendations and 

proposed further research. The interconnections between thesis chapters, thesis objectives and 

experimental procedures/data collection is shown in Figure 1.1. 

 

Figure 1.1 Interconnections between thesis chapters, objectives and collected data 

A softcopy of all developed toolkits is appended to this thesis on a USB key. Additionally, the 

results obtained from piloting the performance assessment methodology are appended on the USB 

key as a KPICalc file for each of the five WWTPs.  
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1.5 Contribution to existing knowledge 

1.5.1 Journal Paper (under review) 

E. Doherty, G. McNamara, L. Fitzsimons and E. Clifford. (2017). Design and Implementation of 

a Resource Consumption Benchmarking Methodology Cognisant of Data Accuracy for Irish 

Wastewater Treatment Plants. Journal of Cleaner Production. 

1.5.2 International peer reviewed conference papers (in proceedings) 

E. Doherty, L. Fitzsimons, B. Corcoran, Y. Delaure, and E. Clifford. (2014). Design and 

Implementation of a Resource Consumption Benchmarking System for Wastewater Treatment 

Plants. IWA Water, Energy and Climate Conference, Mexico City, Mexico. 21-23 May 2014 

E. Doherty, G. McNamara, T. Phelan, M. Horrigan, L. Fitzsimons, B. Corcoran, Y. Delaure, and 

E. Clifford. (2015). Benchmarking Resource Efficiency in Wastewater Treatment Plants: 

Developing Best Practices. Efficient 2015 – PI 2015 Joint Specialist IWA International Conference 

Cincinnati, USA. 20-24 April 2015 

E. Doherty, L. Fitzsimons, G. McNamara, and E. Clifford. (2017). Resource Benchmarking: 

Grouping Irish Wastewater Treatment Plants Using Discharge Licence Data. Pi 2017 - Specialist 

Conference on Benchmarking and Performance Assessment, Vienna, Austria. 15-17 May 2017. 

E. Doherty, L. Fitzsimons and E. Clifford. (2017). Assessment of the statistical agreement between 

wastewater sampling methods for daily wastewater treatment plant performance benchmarking 

purposes. Pi 2017 - Specialist Conference on Benchmarking and Performance Assessment, Vienna, 

Austria. 15-17 May 2017. 

1.5.3 Industry magazine article (published) 

E. Doherty, L. Fitzsimons, B. Corcoran, Y. Delaure, and E. Clifford. (2014). A Resource 

Consumption Benchmarking System for WWTPs. Asian Water Magazine, November/December 

Issue, 2014. 

E. Doherty, G. McNamara, L. Fitzsimons and E. Clifford (2017). Resource consumption and 

process performance of wastewater treatment plants. Engineers Journal, March Issue, 2017. 

http://www.engineersjournal.ie/2017/03/14/process-performance-irish-wastewater-treatment. 
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Chapter 2 Literature Review 

2.1 Overview 

This review initially outlines various aspects of WWTP operation and control with a focus on 

WWTP performance and resource consumption. It then details the challenges in the performance 

assessment and benchmarking of WWTPs, including the variability of WWTP characteristics and 

management practices, the lack of data availability present in many WWTPs, and the use of 

benchmarking as a means for process control and optimisation. Current performance assessment 

and benchmarking systems are described and the key gaps in knowledge and objectives of this 

thesis outlined. 

2.2 Overview of wastewater treatment  

WWTPs employ a series of processes to treat harmful elements in wastewater (such as nutrients, 

which can stimulate the growth of aquatic plants, or other toxic compounds and pathogens) to a 

level which is safe for discharge to the receiving waters and will not negatively impact on human 

health (Metcalf & Eddy 2003). Typically, the processes used for wastewater treatment can be 

grouped together in terms of the treatment levels (Figure 2.1). 

 

Figure 2.1 Levels of wastewater treatment. 

Selection of the treatment processes that are to be utilised occurs at the design stage and is based 

on considerations including (i) hydraulic and pollutant loading which are expected to enter the 

WWTP and (ii) the level of treatment required. Furthermore, WWTPs can be unique to a given 

site; numerous combinations of processes can be employed in a WWTP and these processes 

interact with one another, whereby a particular process can impact the performance of a preceding 

or subsequent processes. In addition, WWTP characteristics such as scale, regulations and influent 

characteristics can change. For example, demographics can impact hydraulic and pollutant loading 

into a WWTP, generating the need for process upgrades or operational changes. These WWTPs 

must be flexible to change and efficiently operated to maximise existing capacity. 
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2.2.1 Preliminary Treatment 

Preliminary treatment typically serves as a solids separation phase prior to any biological or 

chemical treatment technologies, which may be present downstream. Preliminary treatment, in 

most cases, includes screening and grit removal to remove objects and insoluble particles which 

may damage downstream equipment and processes (Table 2.1). Preliminary treatment also 

includes the control of incoming wastewater using flow splitters, overflow tanks and balance tanks.  

Table 2.1 Preliminary treatment processes 

Process Description 

Screening 
Removal of large objects (rags, plastic etc.) which can damage 

downstream equipment. 

Grit Removal Removal of grit which can damage pumping equipment. 

Flow Balancing 
Pacing of influent wastewater flow into the WWTP to prevent hydraulic 

overload; excess influent is stored in a storm tank. 

Scum Removal Removal of scum, grease and other floating materials from a storm tank. 

Nuisance Control Control of odour emissions, typically to promote public acceptability. 

 

2.2.2 Primary treatment 

Following preliminary treatment, primary treatment processes aim to further reduce the mass and 

nature of solid matter in wastewater (Table 2.2). While preliminary treatment is concerned with 

removing large objects, and smaller objects such as grit or sand, primary treatment focuses on the 

removal of settleable (typically organic) solids and substances such as fats, oils and grease which 

may float (though fats, oils and greases can also be removed at the preliminary stage). 

Table 2.2 Primary treatment processes 

Process Description 

Primary Sedimentation 
Separation of clarified liquid wastewater and liquid-solid sludge in 

a sedimentation tank (scum removal present also). 

Imhoff Tank Sedimentation of wastewater and digestion of settled sludge. 

Dissolved Air Flotation 

Floatation of suspended matter using small air bubbles which 

adhere to the sediment as they rise from the base of the flotation 

tank basin. 
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2.2.3 Secondary Treatment 

Secondary treatment processes are designed to remove organic matter and nutrients in wastewater 

using biological treatment processes. These are generally divided into two groups; (i) suspended 

growth processes and (ii) attached growth processes (United States EPA 2004). Some of the main 

treatment processes employed are shown in Table 2.3 and discussed briefly below. 

Table 2.3 Secondary treatment processes 

Process Description 

Suspended Growth (Typically completely mixed or plug flow) 

Activated Sludge 
Organic matter removal process which utilises a maintained population 

of suspended biological flocs composed of bacteria and protozoa.  

Aerated Lagoon 
Mechanically aerated holding and/or treatment pond which promotes 

biological oxidisation of organic matter. 

Sequencing Batch 

Reactor 

Adapted activated sludge process which treats wastewater in batches; 

typically, a 5-stage process (fill, react, settle, decant, idle). 

Extended Aeration 

Adapted activated sludge processes with a lower hydraulic load, 

increased residence time and smaller sludge output than conventional 

activated sludge. 

Attached Growth 

Tricking Filter 

Fixed-bed tank with solid media such as rocks or plastic media over 

which wastewater flows creating a layer of biofilm which is naturally 

aerated due to large voids between the media. 

Moving Bed 

Biofilm Reactor 

Aeration tank (similar to activated sludge) containing plastic media for 

biofilm formation. 

Sequencing Batch 

Biofilm Reactors 

Multipurpose tank with aeration and settlement occurring at various 

stages. These are typically 5 stages in treatment; (i) fill, (ii) react, (iii) 

settle, (iv) decant and (v) idle. 

Rotating Biological 

Contactor 

Closely spaced plastic media fixed to a rotating shaft suspended 

slightly above the surface of the wastewater. Biofilm growth on the 

media is aerated by atmospheric air as the shaft rotates. 
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2.2.3.1 Suspended growth processes 

In suspended growth processes, the biomass, which can join to form larger particles known as 

flocs, can freely move through the wastewater (Figure 2.2). These flocs are made up of bacteria 

and protozoa and do not seek to attach to free surfaces. Activated sludge processes require an air 

or oxygen supply to maintain healthy flocs and achieve organic carbon and nutrient removal. The 

methods through which aeration is introduced into the process also aid in providing constant 

mixing to the wastewater and flocs. 

 

Figure 2.2 Activated sludge process. 

Activated sludge processes designed for nitrogen removal are one of the most complicated 

microbial systems used for engineering purposes (Hanhan et al. 2011). Activated sludge requires 

a high level of process control, incorporating both the quality of the flocs/sludge produced and the 

supply of oxygen to the flocs. To maintain a healthy floc population for effective nutrient removal, 

a large portion of the mixed liquor that leaves the activated sludge process and undergoes 

secondary clarification is returned from the base of the secondary clarifier back to the head of the 

activated sludge process as return activated sludge (RAS) to re-seed the process. Mixed liquor 

which is not required to reseed the wastewater entering the activated sludge process is discharged 

into secondary clarifiers as waste activated sludge (WAS). 

 

(RAS) (WAS) 
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2.2.3.2 Attached growth processes 

Attached growth processes, also known as fixed film processes, involve the development and 

maintenance of microbial growth which attaches itself to available surfaces. This microbial growth 

consists of bacteria, fungi, algae and other microorganisms (collectively known as biomass) which 

develop on the media as a biofilm (United States EPA 2004; von Sperling 2008). In order to 

increase the microbial growth in a fixed film process, the available surfaces to which the biomass 

can attach is increased through the installation of stone or plastic media with a large exposed 

surface area (Figure 2.3). Although the biomass seeks to attach to surfaces, portions of biomass 

may separate from the biofilm (sloughing) and must be dealt with during secondary clarification.  

 

 

Figure 2.3 Attached growth media in a moving bed biofilm reactor.  

2.2.4 Tertiary/advanced treatment 

Wastewater treatment often concludes with tertiary and/or advanced treatment. For example, WAS 

can be treated for disposal or transport and the treated wastewater leaving secondary treatment can 

undergo treatment such as filtration and disinfection to achieve targeted contaminant removal e.g. 

pathogens, metals etc. alongside additional removal of suspended solids or nutrients (Table 2.4). 
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Table 2.4 Tertiary/advanced treatment processes 

Process Description 

Sand Filtration 

Removal of suspended and colloidal solids from secondary treated 

wastewater; typically used to achieve lower suspended solids and 

phosphorus concentrations in the discharged effluent. 

Ultraviolet 

Disinfection 

Disinfection of secondary treated wastewater for the purposes of 

wastewater reuse. 

Sludge Treatment 
Treatment and disposal of sludge generated by wastewater treatment 

processes. Includes sludge dewatering, conditioning and stabilisation. 

Chemical 

Precipitation for 

Phosphorus Removal 

Chemical dosing of wastewater to facilitate phosphorus precipitation; 

typically, ferric chloride, aluminium or lime dosing. May lead to 

excessive sludge production depending on dosage rates. 

Membrane Filtration 
Microfiltration or ultrafiltration processes combined with a suspended 

growth bioreactor. 

 

2.2.5 Wastewater characteristics  

On a daily basis, there are up to 70,000 known (Schwarzenbach et al. 2006) and emerging 

chemicals (Stuart et al. 2012; Rodriguez-Mozaz et al. 2007) which might be present in wastewater 

and/or water sources for drinking water production. It is not feasible nor desirable to test for every 

contaminant and chemical in wastewater, therefore wastewater quality analysis generally focuses 

on the analysis of the physical (e.g. pH, temperature, conductivity), chemical (e.g. oxygen, 

alkalinity, nitrogen and phosphorus compounds) and bacteriological parameters, which requires 

trained staff and various apparatus (Korostynska et al. 2012). 

2.2.5.1 Biochemical oxygen demand, chemical oxygen demand and total suspended solids 

To assess the quality of treated wastewater, global parameters such as biochemical oxygen demand 

(BOD), chemical oxygen demand (COD) and total suspended solids (TSS) are measured (Thomas 

et al. 1997).  

BOD is a measure of dissolved oxygen utilised by aerobic microorganisms in a water body to 

break down organic matter (EPA 1998). A variation of the BOD test is the carbonaceous BOD 

(cBOD) test, which includes the use of a nitrogenous demand inhibitor that excludes the 
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measurement of the oxygen demand of ammonium and organic nitrogen. Typically, these tests run 

for a duration of 5 days at 20°C and are reported as 5-day test results (cBOD5 and BOD5). COD is 

a measure of the total amount of chemically oxidisable material present in wastewater (EPA 1998). 

TSS is the sum of the organic solids concentration (roughly 50% of solids present in urban 

wastewater derive from the waste products of animal and vegetable life) and inorganic solids 

concentration (these substances are inert and are not subject to decay e.g. sand, gravel and silt) 

(EPA 1997). 

2.2.5.2 Nitrogen 

Because nitrogen compounds, such as ammonium, nitrite and nitrate (associated with oxygen 

depletion and nutrient enrichment) can be transformed biologically through nitrification and 

denitrification, WWTPs are designed to transform these compounds into more environmentally 

benign forms, such as nitrogen gas (Ferree & Shannon 2001). To assess the performance of a 

WWTP, it is common to analyse wastewater samples for Total Nitrogen (TN) and nitrogen-based 

ammonium (NH3-N). 

2.2.5.3 Phosphorous 

Human activity is the main source of excessive phosphorus and other nutrients in water. 

Phosphorus is commonly used as an agricultural fertiliser and in domestic detergents (Korostynska 

et al. 2012). Phosphorus can exist in wastewater in several forms depending on the source of the 

discharge, but is generally divided into three broad classes: orthophosphates, condensed 

phosphates, and organic phosphorus (Korostynska et al. 2012), with orthophosphate (PO4) 

accounting for approximately 50-70% of the phosphate in wastewater (Al-Dasoqi et al. 2011). 

Analysing the concentration of phosphorus in water is crucial from an environmental perspective 

due to its role in eutrophication (Gilbert et al. 2011); as a result, total phosphorus and 

orthophosphate testing are relatively common in WWTPs. 

2.2.5.4 Emerging contaminants 

In recent years, increasing focus has been paid to the presence of emerging contaminants in 

wastewater (Petrie et al. 2014; Ternes et al. 2015). Emerging contaminants, such as surfactants, 

pharmaceuticals and personal care products (PPCPs), endocrine disruptors, illicit drugs etc. do not 

need to reside in the environment for a long duration to be harmful as they are continuously 

introduced into the environment (Verlicchi et al. 2010).  
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Significant work is ongoing to identify new methods to efficiently assess, prevent, control and 

remove emerging contaminants, which are linked to human health risks and the degradation of 

water ecosystems (Bolong et al. 2009). In order to better understand emerging contaminants in 

both wastewater and in the environment, a standardised methodology to sampling is required; 

ensuring representative data to facilitate a better understanding of spatial and temporal trends of 

emerging contaminant occurrences (Petrie et al. 2014). At present, emerging contaminants are not 

routinely monitored as standards do not exist for many compounds and monitoring for these 

contaminants is often prohibitively expensive (Teijon et al. 2010). As a result, it is unlikely that 

benchmarking methodologies will include analysis of emerging contaminants until these 

challenges are addressed. 

2.2.6 Wastewater treatment plant characteristics 

2.2.6.1 Wastewater treatment plant design capacity 

Wastewater treatment plant design capacity is seen as one of the defining characteristics of a 

WWTP; design capacity can be given in terms of hydraulic capacity (m3/day) or capacity to treat 

organic matter (e.g. kg BOD5/day) and is typically expressed in terms of population equivalent 

(PE). In Ireland, one PE is defined in the Wastewater Discharge (Authorisation) Regulations 

(2007) as the organic biodegradable load having a five-day biochemical oxygen demand (BOD5) 

of 60g of oxygen per day, where the load is calculated on the basis of average weekly load entering 

the WWTP during the year, excluding situations such as heavy rain incidents.  

The design capacity of a WWTP is generally based on the average annual daily flow rate and 

pollutant loading, for the agglomeration (areas where the population or economic activities are 

sufficiently concentrated for a WWTP to be present), at the year of design plus an allowance for 

future growth over a number of years (Metcalf & Eddy 2003). Typically, once the additional design 

capacity allowance is utilised, process upgrades can generate additional design capacity.   

2.2.6.2 Influent loading and characteristics 

Wastewater is essentially the water supply of a community after it has been used. Given that 

communities are often diverse in terms of their water usage profiles; for example, they can include 

commercial, industrial and agricultural components, the influent wastewater into a WWTP is 

variable in terms of pollutant loading and volumetric loading. The level of treatment provided, 
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treatment efficiency etc. varies between WWTPs depending on aspects such as the makeup of the 

influent wastewater and the treated wastewater (effluent) discharge location. 

2.2.6.3 Wastewater treatment process selection 

As a consequence of this variation in influent characteristics, the availability of various wastewater 

treatment processes, the various arrangements and situations whereby these processes can be 

utilised, and the required effluent quality for safe discharge to receiving waters, it is reasonable to 

expect a wide variation in the stream of processes used in WWTPs. This variance, as will be seen 

later, impacts how WWTP performance can be monitored and reported.  

2.2.6.4 Discharge licence requirements 

Wastewater treatment plants are often subject to a discharge licence. Discharge licenses provide 

criteria, such as Emission Limit Values (ELVs) which are concentration limits (mg/l) that a 

pollutant must not exceed in the discharged effluent. Discharge licence ELVs differ in both 

number/type and concentration across WWTPs. The majority of licensed WWTPs are subject to 

TN, total oxidised nitrogen (TON), NH3-N, total phosphorus (TP) and phosphorus-based 

orthophosphate (PO4-P) ELVs.  

ELVs can vary widely, with some WWTPs expected to operate to more stringent (lower 

concentrations) ELVs than others, as a result of the assimilative capacity of the receiving waters 

(Huybrechts et al. 2014). Furthermore, the proximity of the WWTPs to sensitive areas, such as 

special areas of conservation, protected water, local aquatic wildlife site etc, can increase the 

stringency of ELVs. 

The assorted ELVs which a WWTP can be subject to, and the diverse concentrations which ELVs 

present between WWTPs (Bloch 2005), generate complexity when assessing WWTP performance. 

Adding to this complexity, ELVs can change over time (Barros et al. 2008), normally with an 

interim ELV applying from the date of grant of licence until scheduled capacity upgrades, after 

which point a new ELV will apply, which is often more stringent. 

2.3 Wastewater treatment plant management 

WWTP management commonly includes many elements across a wide range of platforms. A key 

part of the management of WWTPs is compliance with regulations (for example the Wastewater 

Discharge (Authorisation) Regulations (2007) in Ireland, the Water Framework Directive 
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(2000/60/EC) in Europe or the Clean Water Act (33 U.S.C. 1251 - 1376) in the USA). In an Irish 

context the Environmental Protection Agency in Ireland state that the role of the WWTP operator 

and manager should include (EPA 1997); 

1. Where required, meeting urban wastewater treatment (UWWT) regulations for secondary 

treatment systems; 

Provision of secondary treatment is mandatory for WWTPs with a PE greater than 2000 which 

discharge to freshwater or estuaries and for WWTPs over 10000 PE which discharge to coastal 

waters (EPA 2014). 

2. Meeting any sensitive waters requirements, where obliged; 

European Union countries are required to review and identify sensitive areas/waters at regular 

intervals. WWTPs discharging to sensitive areas are then required to provide more stringent 

treatment methods within seven years of identification (EPA 2013). Any WWTP discharging to 

sensitive areas, with a PE greater than 10,000, is required to provide nutrient reduction methods 

(EPA 2012).  

3. Operating the WWTP in an effective manner; 

Effective WWTP management is critical to ensure sustained service and, as a result, must not be 

overlooked when seeking to implement process improvement measures. 

4. Minimising energy consumption; 

Improved WWTP management practices may reduce energy consumption and new technology 

installations may offer greater energy efficiency than current systems; however, these efficiencies 

can be lost in the absence of sufficient maintenance and appropriate management.  

5. Implementing a successful preventative maintenance program. 

Preventative maintenance programs are designed to reduce the frequency of breakdown failures, 

thus safeguarding the continuous satisfactory operation of WWTPs. These can involve routine 

maintenance of pumps, valves, sensors, and other mechanical and electrical equipment. 

Ensuring compliance with legal requirements, amongst other responsibilities, can result in WWTP 

management becoming a complex process (Poch et al. 2004). Collectively managing incoming 

wastewater, processes, and the waste products generated as a result of wastewater treatment, 

requires skilled WWTP managers, robust management tools and strategies. Two areas of particular 
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importance regarding the ability of managers to efficiently operate WWTPs are (1) process 

monitoring and (2) challenges with data acquisition, storage and analysis. 

2.3.1 Wastewater treatment plant performance assessment and benchmarking 

Benchmarking is the systematic process of searching for best practices and effective operating 

procedures that lead to increased performance and the adaption of these practices to improve the 

performance of one’s own organization (Cabrera et al. 2009; Parena & Smeets 2001). Performance 

assessment is a key element of WWTP management; a common method of facilitating 

performance assessment is through the use of KPIs (Alegre et al. 2009). By comparing the KPI 

results obtained from performance assessment methods in various WWTPs, benchmarking and the 

identification of performance improvement measures can be achieved. 

2.3.1.1 Key performance indicators 

Key performance indicators are a quantifiable measure used to evaluate the performance of an 

organisation or process. Key performance indicators are most commonly the method of choice for 

performance assessment. Used in many different industries, KPIs often form part of assessment or 

optimisation schemes as they provide information which can define the effectiveness and 

efficiency of processes and systems. Key performance indicators can also be used as part of 

contractual agreements with a national water utility, to determine the quality of service to be 

provided by a WWTP. In this type of application, participation of a large number of WWTPs is 

required, and the use of standardised KPIs is vital (Matos et al. 2003). 

Key performance indicators are calculated using KPI variables (e.g. influent volume, energy 

consumption etc) which are clearly defined within a performance assessment methodology. In 

addition, KPIs should be accompanied by contextual information which provides details on aspects 

of a WWTP, process etc., that are related to each KPI. 

2.3.1.2 Overview of WWTP benchmarking 

The primary objectives of performance assessment and benchmarking methodologies include 

(Danilenko & van den Berg 2010): 

• To deliver a series of KPIs relating to a WWTPs financial, managerial, operational and 

regulatory activities, among others, that can be used to assess a plant’s performance on an 

internal level and to provide managerial guidance.  
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• To support an organisation in comparing its performance with those of relevant set-up 

using KPIs and to identify areas which require improvement, and to develop more efficient 

or effective methods of treatment. 

Typical performance assessment and performance improvement (benchmarking) processes are 

shown in Figure 2.4. Initially, the KPIs to be used in the performance assessment processes are 

selected. Following this, the data required for KPI calculation is collected via process performance 

monitoring. Using KPI results, the performance of a WWTP can be assessed over time (shown in 

yellow in Figure 2.4. In addition to performance assessment, the KPI results can be used to 

benchmarked (compared against peers) to identify process improvement measures (shown in blue 

in Figure 2.4). Repetition of this process will promote continuous improvement of WWTP 

performance. Continual performance assessment or performance improvement (benchmarking) 

can be implemented in WWTPs using software applications that can offer benefits, including 

reduced WWTP manager/operator workload and process standardisation. 

 

Figure 2.4 Typical performance assessment (yellow) and performance improvement (blue) processes using key 

performance indicators. 

Various aspects of WWTP management issues which relate to performance assessment and 

benchmarking are presented in section 2.9 that discusses factors which can affect WWTP 

performance assessment and section 2.10 which details existing WWTP performance assessment 

and benchmarking methodologies. 
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2.3.2 Process performance monitoring 

Process performance monitoring (the collection, assessment and management of operational data)  

can be used to diagnose issues occurring in a process or to inform implementation and operation 

of automated process controls (Åmand et al. 2013). Collecting data on process performance can 

offer many benefits to WWTP management. However, given the scope of work and resources 

involved, process performance monitoring is often lacking or poorly utilised (Avella et al. 2011; 

Olsson 2012; Gordon & McCann 2015a). Given the resources that are involved in monitoring 

process performance, in particular, human and laboratory resources, there has been a recent focus 

on automated monitoring and control methods. 

The development of on-line sensors, which can conduct process monitoring in real-time with 

minimal user input, remains a challenge. This is due to the degree of maintenance and calibration 

which such sensors require to ensure reliability (Martin & Vanrolleghem 2014). On-line sensors, 

if successfully applied, can  be used for simple process control or to drive artificial intelligence 

applications, such as fuzzy logic systems and neural networks that can offer a reduction in 

operational costs while improving effluent quality (Fernandez de Canete et al. 2016).  

Artificial intelligence methods (where the cognitive ability of a human is mimicked in a machine 

using computer programming) have been reviewed extensively for biological wastewater 

treatment (Haimi et al. 2013). In a more recent publication, the use of instrumentation for process 

control in Viikinmäki (the largest municipal wastewater plant in Finland) is discussed (Haimi et 

al. 2016). These studies also discuss data quality issues such as those experienced with on-line 

instrumentation in Viikinmäki. Such issues are common, and thus recent research in this area has 

focused on fault detection methods for sensors (Haimi et al. 2016).  

Given these challenges, the traditional method of a WWTP manager or operator manually 

conducting process performance tests and/or manually recording results throughout the day, is still 

prevalent (Rieger et al. 2010; Sirkiä et al. 2017). Performance assessment and benchmarking 

exercises are also thus likely to be driven by a combination of data collected manually and that 

collected via automated sensors or meters; in both cases, errors in data need to be identified and 

resolved in order to ensure process performance monitoring or benchmarking is meaningful. 
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2.3.3 Data availability and reconciliation 

It is clear that there is significant potential within WWTPs to utilise the data and information 

collected from processes in a more effective manner, providing them with the ability to operate 

more efficiently (Seppälä 2015). To utilise data produced in a WWTP, it is necessary to first 

reconcile the data to ensure that it is accurate. For example, many WWTPs record process data 

(e.g. influent and effluent flow volumes). However, if the sensors which record these data are not 

maintained and calibrated, the resulting data have a high probability of being erroneous. Data 

reconciliation is a complicated and demanding task that currently lacks standardised approaches 

(Matos et al. 2003; Rieger et al. 2010). Poor data quality is a limiting factor for performance 

assessment and benchmarking initiatives (Torregrossa et al. 2016) and identification of these issues 

requires significant expertise and resources (Langergraber et al. 2004). With increasing amounts 

of data becoming available, WWTPs will require a more standardised method of managing, 

reconciling and storing data (Sirkiä et al. 2017) Assessing and benchmarking WWTP performance 

using benchmarking software and toolkits may aid in the storage and management of data by 

providing a repository within which WWTP data can be collected and reconciled using 

standardised methods. 

2.3.3.1 Data availability and accuracy  

Operational data (e.g. controller set points) and performance data (input and output data) is often 

unavailable, difficult to find or of varying accuracy (Langergraber et al. 2004). In particular, 

decentralised WWTPs can present poor data reporting capabilities. Furthermore, they may not 

have access to experienced or full-time operators. Internationally, the issue of data availability and 

data accuracy is prominent. In a worst case scenario, erroneous data will lead to faulty conclusions 

(when conducting internal performance assessment) which could inevitably lead to overly 

expensive decisions or the facility to fail to meet effluent licence requirements (Rieger et al. 2010). 

In addition, when the results are used for benchmarking and the identification of performance 

improvement measures, erroneous data can result in significant errors in WWTP comparisons.  

The scarcity of data relating to the influent to WWTPs is one of the main limitations for the 

widespread utilisation of WWTP simulation models (Rieger et al. 2010; Talebizadeh et al. 2016). 

Wastewater treatment simulation models typically require similar influent datasets as WWTP 

performance assessment methodologies, as influent characteristics are one of the most important 

aspects affecting the efficiency of WWTPs (Lorenzo-Toja et al. 2015).  
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Key performance indicators often assess WWTP performance in terms of influent and effluent 

pollutant loading and pollutant removal rates (Henriques & Catarino 2016). This approach ensures 

that KPI results are influenced by pollutant and volumetric load conditions which facilitates the 

comparison of WWTPs that operate under various load conditions (Torregrossa et al. 2016).  

Furthermore, given that utilising wastewater quality data forms a key part in the development of 

KPIs, it is necessary to ensure that the measurement of data is compatible with the KPIs to be 

calculated. For example, calculating the daily energy consumption per unit of BOD removed 

requires the influent and effluent BOD data to be an accurate representation of the daily loading. 

2.4 Wastewater sampling 

Sampling of wastewater is practiced in WWTPs for various purposes including (i) discharge 

licence compliance (section 2.2.6.4), (ii) process performance monitoring (section 2.3.2), and (iii) 

WWTP performance benchmarking (section 2.9). 

Criteria for selecting the most appropriate sampling method vary, depending on the intended use 

of the collected data (Gilbert 1987). In some cases, the sampling requirements for one purpose 

may not fulfil the requirements of another. For example, sampling wastewater to determine 

pollutant loading at any one time (grab sampling), may not suit the requirements for performance 

assessment or benchmarking. An international standard exists for water quality sampling, ISO 

5667, which has 20 parts and covers areas from designing a sampling program and guidance on 

sampling methods to preservation and handling of samples and guidance on the use of sampling 

data for decision making. In addition, each country may then have their own technical 

notes/guidance for WWTP operators that provide further information on sampling requirements. 

However, there has been little consideration of best sampling practice for benchmarking purposes 

(Von Bahr et al. 2003). 

2.4.1 Wastewater sampling locations 

Wastewater is commonly sampled at the inlet and outlet of a WWTP to provide data on the 

pollutant loading entering and leaving the WWTP. These data are then used to calculate pollutant 

mass loadings and pollutant removal rates. Inter-process wastewater sampling is utilised for 

process performance data such as sediment removal rates in the clarifiers, nitrification rates in 

biological nitrogen removal, and phosphorus removal rates for processes facilitating phosphorus 
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removal. Inter-process sampling is also used for calculating mass balances through a WWTP. 

Outside of the WWTP, sampling of the receiving waters is generally employed for regulation 

compliance purposes, with monitoring points both upstream and downstream of the effluent 

discharge locations and storm overflow locations. 

2.4.2 Comparison of wastewater sampling methods 

Wastewater sampling can be broken down into three parts; (i) sample collection methods, (ii) 

sample pacing, and (iii) storage methods. 

2.4.2.1 Sample collection methods 

The collection method is either a grab sample (an in-situ sample which is taken manually, by an 

analyser or an automatic sample) or a composite sample (where multiple grab samples are stored 

in one container). Manual grab samples are taken using simple apparatus, such as a container fixed 

on an extendable grab-sampling pole (Figure 2.5). Grab samples offer a low cost and low 

maintenance alternative to automatic samplers; however, greater health and safety concerns are 

associated with manual sample collection due to the operator’s proximity to the sides of tanks and 

channels. In addition to this, grab sampling is time consuming, and less accurate (due to 

discrepancies in sampling location and sample timing) than a programmed automatic sampler, 

when implemented in a high-intensity sampling study. 

   

Figure 2.5  Manual sampling method (left) and an automatic sampler (right) (Teledyne ISCO 2013; Thermo Fisher 

Scientific 2011). 
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Automatic samplers can collect, store and refrigerate multiple samples, offering greater control 

over sampling studies, as they can be programmed to collect samples under a variety of conditions. 

Automatic samplers generally consist of an intake hose, a pump programmable from a display 

screen, and sampler carousel containing 1-24 bottles (depending on configuration) which sits in a 

compartment that can be refrigerated.  

2.4.2.2 Sample pacing 

The pacing of sample collection, otherwise known as the frequency of sample collection is 

determined using one of two approaches; (i) time-paced or (ii) flow-paced. In time-paced sampling, 

a fixed volume of sample (defined by the user) is collected at specific time intervals independently 

of flow volume (Figure 2.6). 

 

Figure 2.6  Time-paced sampling (adapted from ISO 2006). 

Flow-paced sampling offers greater control as it bases the sampling pattern on the flow passing 

the sampling point. Flow-paced sampling is rarely conducted manually due to the high workload 

associated with monitoring flow measurement and the timing of sample collection. In flow-paced 

sampling using an automatic sampler, a sample is collected when a specific number of flow pulses 

is sent from the flow meter (which is connected to the sampler and measures flow at the collection 

point) to the sampler. Flow-paced sampling can be defined by two separate methods, constant time 

and varying volume, or varying time and constant volume (Figure 2.7). 

 

Figure 2.7 Comparison of flow-paced sampling methods  (adapted from ISO 2006). 

In user-defined sampling, a combination of sampling methods can be used to provide wastewater 

sampling under certain events. Where an automatic sampler has the facility to monitor rainfall, 



24 

 

dissolved oxygen (DO) and other variables, the pacing for sampling can be based on these data. In 

Ireland, licensed WWTPs with a design capacity of greater than 2000 PE are required by regulation 

to supply flow-paced composite sampling facilities on the influent and effluent stream, however, 

WWTP managers can opt for using time-paced composite sampling, if desired (EPA 2015). 

2.4.2.3 Storage methods 

Storage of samples can be discrete, composite, or a combination of both in the case of a 

multifunctional automatic sampler. In discrete sampling, each collected sample is deposited in 

separate containers, providing a ‘snap-shot’ view of the wastewater quality at the time of sampling. 

In composite sampling, several samples, taken at different times, are deposited into one container, 

representing an average of the wastewater quality over the sampling period. 

2.4.2.4 Impact of sampling method on performance assessment and benchmarking 

As would be expected, the greater the number of samples taken, the more representative the sample 

is of the wastewater stream being sampled, especially when variations in concentration can occur 

(Gilbert 1987). A discrete grab sample results in a sample size (n) of n=1; this snap-shot view is 

generally unrepresentative of the entire wastewater volume passing the sampling point. Thus, A 

24-hour composite sample is typically necessary when trying to collect samples that accurately 

represent daily loading.  

Flow-paced composite sampling is typically the most representative means of collecting 

wastewater data due to the variability in concentration and volume of the wastewater flowing from 

the agglomeration to the WWTP (flow-through system) (Environment Agency 2014). However, 

its application in many small-scale WWTPs may not be feasible due to the high costs and 

maintenance associated with flow meter and sampler management. In some WWTPs, such as 

sequencing batch reactors (SBRs), the process operates on a cycle where influent is delivered in 

regular batches from the holding tank(s) upstream of the reactor. In this instance, influent 

variability is typically reduced by exposing the wastewater to additional mixing prior to the 

wastewater proceeding for treatment. With reduced influent variability, some WWTPs may be able 

to employ more cost-effective sampling methods, such as grab sampling, to collect a representative 

sample (Environment Agency 2014).  

The impact of sampling methods on the accuracy of influent load calculations, performance 

assessment or benchmarking is an area that has, surprisingly, received limited attention to date. 
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The US Environmental Protection Agency studied the impact of four sampling methods on the 

calculation of  BOD5, COD and non-filterable solids (NFS) removal efficiency rates (United States 

EPA 1974). The sampling methods studied were (i) daily manually-composited flow-paced 

samples, (ii) daily automatically-composited flow-paced samples, (iii) daily automatically-

composited time-paced samples, and (iv), the mean of the analysis results from several grab 

samples collected at equal intervals throughout the day. In this study, the variation of results 

obtained from different sampling methods was quantified using coefficient of variation techniques. 

It was observed that calculated removal efficiencies varied between the sampling methods. The 

coefficients of variation of the removal efficiencies were found to be 6.6%, 25% and 21% for 

BOD5, COD and NFS, respectively, for the sampling methodologies studied. Although this study 

highlighted the total degree of variation between the removal efficiencies calculated from different 

sampling methods, the coefficient of variation does not assess statistical agreement to determine 

how closely these methods agree with one another.  

2.5 Move towards sustainability 

In the last 50 years, public attitudes towards the environment have shifted and sustainability has 

now become a global concern (Rodriguez-Garcia et al. 2011). To be considered sustainable, 

wastewater treatment must comply with environmental, economic and social norms (Balkema et 

al. 2002). WWTPs are large energy consumers and with rising energy costs and growing concerns 

regarding greenhouse gasses, environmental sustainability is becoming a key aspect of wastewater 

treatment (Bozkurt et al. 2016).  

The search for carbon neutrality is driven by numerous policies and commitments such as the 

European Union’s 2030 Climate and Energy Framework (which requires greenhouse gasses to be 

reduced by 40% by 2030, from the 1990 baseline). However, whilst reducing carbon emissions 

benefits the environment, other economic and environmental aspects must be taken into account 

(Sweetapple et al. 2015). Although WWTPs are seen to contribute to the conservation of the 

environment, the environmental impacts during their life cycle, such as energy consumption, 

sludge generation and gas emissions can outweigh the conservatory efforts (Piao et al. 2016). To 

this extent, achieving sustainability in wastewater treatment is a complex balancing act where 

special consideration must be given to the overall sustainability impact, rather than any aspect on 

its own. 



26 

 

To ensure sustainability, two key areas of development are required, (i) WWTPs should meet 

regulatory requirements to ensure that treated wastewater doesn’t adversely affect the environment 

and (ii) consumption of resources such as energy, chemicals and water need to be minimised to 

ensure that the benefits of treating wastewater prior to discharge are not outweighed by the 

environmental impacts associated with the production of the resources required for wastewater 

treatment. 

2.6 Energy consumption 

Energy costs in the wastewater industry are rising (United States EPA 2010). Approximately 40% 

to 55% of a WWTP’s budgets is spent on energy costs (Dimitriou 2007), and energy demand is 

expected to grow by 20% over the next 15 years as populations grow and environmental 

regulations become more stringent (Kusiak et al. 2013). Looking closer into the energy consumed 

in a WWTP, a number of main consumers can be highlighted. Figure 2.8 details the typical 

breakdown of WWTP energy (Metcalf & Eddy 2003); similar breakdowns have been identified in 

more recent years (Tao & Chengwen 2012; The World Bank 2012; Henriques & Catarino 2016).  

 

Figure 2.8 Breakdown of typical wastewater treatment plant energy usage (adapted from Metcalf & Eddy 2003). 

Activated sludge aeration is the largest energy consumer within WWTPs at 56%. The recent 

increase in stringent effluent regulations internationally will lead to increased operational costs 

(Guerrero et al. 2012), such as an increase in the already costly aeration requirements. Thus, a 

demand-side energy management plan for increasing energy efficiency of aeration processes could 

have a significant impact on WWTP energy consumption (Bell 2011). In addition to aeration, 

wastewater pumping can also present as a major energy consumer, and in some cases, often the 
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largest energy consumer. As a result, vigilant management and monitoring of pump performance 

is vital for reducing energy consumption (Jenkins 1992; Kusiak et al. 2013).  

Calculating WWTP energy consumption using KPIs in a performance assessment methodology 

and benchmarking can provide the first step toward energy management. Although the results 

alone may not indicate how to improve energy management practices, KPIs can provide a relative 

assessment of energy performance which can be benchmarked against other WWTPs to identify 

potentially beneficial energy management practices (Carlson & Walburger 2007). 

2.6.1 Energy monitoring 

Energy monitoring can be achieved in a passive fashion (available energy data are collected from 

the energy supplier) and in an active fashion (energy meters are installed in a WWTP with the 

option to relay the gathered data to a supervisory control and data acquisition (SCADA) system). 

Apart from enabling WWTP managers to identify where and how energy is consumed within a 

WWTP, energy monitoring can enable the identification of areas for process improvement.  

2.6.1.1 Active energy monitoring 

The installation of energy monitors in both the mains electricity supply into the WWTP and 

connected facilities (e.g. pumping stations) enables WWTP managers to undertake active energy 

monitoring. Adding further energy meters to energy intensive processes such as aeration blowers, 

return activated sludge pumping etc. adds further detail to where and how energy is consumed 

within a WWTP. 

One major concern with installing energy monitoring equipment in a WWTP can be the associated 

costs, especially when the collected data needs to be linked to a SCADA system. Although 

installing specific energy monitoring equipment may offer a more detailed level of energy data 

than the energy provider can supply, the maintenance, calibration and supervision required to 

ensure that the data collected is accurate and reliable may be underestimated, causing many energy 

monitoring plans to become marginalised 

2.6.1.2 Passive energy monitoring 

A number of Ireland’s leading energy providers including Electric Ireland, Energia and Bord Gáis 

Electricity, offer medium to large scale business users a means of tracking and reporting their 

energy usage over time by using an online tool at no extra cost (Energia, 2015; Electric Ireland, 
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2015). The data are provided as daily totals or up to quarter hour frequency. In some cases the 

energy provider will also offer additional information regarding maximum demand (MD) usage 

and power quality data, two parameters which can incur monetary penalties/fines should the user 

fail to meet the standards set out by their energy provider (Energia, 2015; Electric Ireland, 2015). 

The data provided by the energy providers are often available in Microsoft Excel files and are 

regarded as highly accurate, given the stringent controls which energy providers are subjected to. 

These services also offer historical data collection in certain cases, which is invaluable in terms of 

energy management and benchmarking.  

2.6.2 Reducing energy consumption 

Water companies in the United Kingdom (UK) are reporting increases of over 60% in energy 

consumption since privatisation and many estimates predict further increases over the coming 

years in order to meet new EU directives (Urban Wastewater Treatment Directive (91/271/EEC), 

Water Framework Directive (2000/60/EC), Bathing Water Directives (2006/7/EC), Habitats 

Directive (92/43/EEC) and the Sewage Sludge Directive (86/278/EEC)) (Caffoor 2008). As a 

result of these reported increases and predictions of further increase, measures to establish energy 

efficiency must be sought.  

This emphasis on energy efficiency has been reflected in the many recent guides, reports and 

papers have been published in recent years, which exclusively detail various means of reducing 

energy consumption in WWTPs, including the US EPA (2014) manual entitled ‘Ensuring a 

Sustainable Future: An Energy Management Guidebook for Wastewater and Water Utilities’. This 

113-page guide to a Plan-Do-Check-Act approach to assessing and reducing energy consumption 

in a WWTP provides a wealth of information for WWTP managers wishing to undertake an audit 

of a WWTPs energy consumption of time.  

A report by the US EPA in (2012) provides a background on energy use in water utilities and 

presents a case study on energy conservation measures applied at a regional WWTP in the United 

States. Similarly, a publication by the Science Applications International Corporation (SAIC, 

2006) compliments the aforementioned US EPA publications and provides details on an energy 

audit and energy benchmarking process undertaken to reduce energy consumption in Wisconsin 

WWTPs.  
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A wide-ranging study of energy audits at five WWTPs in Italy revealed several opportunities for 

reducing energy consumption (including the automation of heating and lighting controls). The 

resulting report proposed a methodology and associated KPIs (selected from existing KPI 

databases) for use in WWTP energy auditing processes (Foladori et al. 2015). In Sweden, Larsson 

(2011) published a report on the energy savings gained with a new aeration and control system 

installed in a mid-sized Swedish WWTP, detailing the aeration process used in biological nutrient 

removal and the associated energy costs. The resulting savings corresponded to 13% of the total 

annual energy consumption of the WWTP, with a payback period of 3.7 years for the implemented 

aeration equipment and control (Larsson 2011). 

2.6.2.1 Implementing an energy management plan 

An energy management plan can enable WWTP operators and managers to increase energy 

efficiency, thereby decreasing the cost of energy bills while contributing to environmental and 

climate protection. Any energy management plant requires commitment from the WWTP 

managers and operators in order to effectively design and implement the plan’s recommendations 

(United States EPA 2006). The US EPA (2006) published an energy fact sheet which detailed the 

elements of an effective energy management plan: 

• Create a system to track energy usage and cost; 

• Undertake an energy audit of major processes/components; 

• Upgrade equipment, systems and controls to improve energy efficiency; 

• Develop a cost-effective electricity supply contract; 

• Decrease electrical loading by shifting operations where feasible; and 

• Undertake energy management training for WWTP managers and operators. 

2.6.2.2 Benchmarking energy consumption 

Comparing energy consumption of WWTPs using benchmarking methods is a vital exercise 

(Carlson and Walburger 2007). Numerous applications of WWTP benchmarking have been 

utilised in recent years to reduce energy consumption, including the optimisation of energy 

consumption and generation in Australian WWTPs (Krampe 2013), identification of energy 

savings based on energy consumption per unit of pollutant loading (Torregrossa et al. 2016), and 

the identification of greenhouse gas reduction opportunities in WWTPs in Japan (Mizuta & 

Shimada 2010). Energy consumption KPI results from a number of European and international 
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WWTPs are shown in Table 2.5. The importance of various units for portraying energy 

consumption in a WWTP (kWh/m3, kWh/kg COD, etc.) and further details on benchmarking are 

discussed in section 2.9.  

Table 2.5 Energy consumption KPI analyses in wastewater treatment plants 

WWTP 
Capacity 

(PE) 
Location 

kWh/PE

/year 

kWh/

m3
 

treated 

kWh/kg 

COD 

removed 

kWh/kg 

Ntotal 

removed 

Reference 

SMAT 

Castiglione 
2,700,000 Italy 24.73 0.30 0.87 14.66 

Panepinto et al., 

2016 

Folgaria 24,000 Italy 73.00 0.49 2.00 n.a. 
Foladori et al., 

2013 

Mancasale 280,000 Italy 47.20 0.37 2.15 n.a. 
Guglielmi and 

Belli, 2013 

Dutch 

Communal 

Water sector 

24,400,000 
The 

Netherlands 
23.89 0.30 1.86 n.a. 

Frijns et al., 

2013 

31 WWTPs in 

Sydney 
4,400,000 Australia 46.82 0.42 n.a n.a. 

Lundie et al., 

2004 

2 WWTPs in 

Oslo 
600,000 Norway 65.28 0.33 n.a. n.a. 

Venkatesh and 

Brattebø, 2011 

2 WWTPs in 

Alveiro 
78,000 Portugal 47.20 0.73 n.a. n.a. 

Lemos et al., 

2013 

24 WWTPs 

plants across 

Spain 

40,000-

84,000 
Spain 34.12 0.53 0.94 13.04 

Rodriguez-

Garcia et al., 

2011 

117,000-

265,000 
Spain 24.87 0.44 0.68 19.17 

Rodriguez-

Garcia et al., 

2011 

 

2.7 Chemical consumption 

Chemical processes are often employed alongside physical and biological processes in wastewater 

treatment to achieve chemical stabilisation, chemical coagulation, and most commonly, chemical 

precipitation (Metcalf & Eddy 2003). Chemicals can be supplied to wastewater treatment 

processes in a solid, liquid or gaseous form. Solid chemicals are typically converted to a solution 

prior to chemical dosing and liquid chemicals may be diluted prior to dosing.  

Chemical precipitation, which is often used in tandem with biological and physical treatment 

processes, has been the leading technology for phosphorus removal since the 1950s and also serves 

as the most common application of chemicals in the wastewater treatment process (Morse et al. 
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1998; Thistleton et al. 2001). Other examples of chemical processes include chemical oxidation to 

remove BOD or ammonium (using oxidising agents such as ozone) and chemical coagulation with 

polyelectrolytes to aid sedimentation and sludge treatment processes.  

Although WWTPs are designed to remove solids, organic matter etc. from wastewater to benefit 

the environment, the chemicals consumed in the overall process can compromise the 

environmental benefits of wastewater treatment (Lorenzo-Toja et al. 2015). This is typically due 

to the large energy requirement in chemical production, associated environmental impacts of 

chemical transportation to WWTPs (Hospido et al. 2004), release of these chemicals into the 

environment, and potable water requirements for chemical dilution prior to chemical dosing. As a 

consequence, it is crucial to account for chemical consumption in wastewater treatment processes 

when assessing WWTP performance. 

2.7.1 Chemical consumption monitoring 

Chemical consumption can be accounted for in sustainability studies such as life cycle assessments 

and exergy analysis (Meneses et al. 2015; Fitzsimons et al. 2016; Piao et al. 2016). However, 

regular and accurate monitoring of chemical usage rates is often lacking in municipal WWTPs. 

Also, given the various forms in which chemicals may be supplied and dosed, it can be difficult to 

decipher chemical consumption data without contextual information such as dosage rates, dosage 

method, etc.  

Chemical dosing control can be manual, or automatic (i.e. controlled by time, flowrates, chemical 

composition of the wastewater, etc.). For manual chemical dosing, or manually adjusted chemical 

dosing systems, operators need to be constantly aware of the performance of the treatment process 

so that dosing levels can be adjusted accordingly (Fosten 2007). However, in many manually 

adjusted systems, set points are seldom changed, leaving chemical dosing rates and inefficiency 

issues going unnoticed. Automatic control of chemical dosing may improve the performance of 

dosing and also reduce chemical usage costs (Ganigue et al. 2011). On-line chemical dosing offers 

greater control over the quantities of chemicals used and as a by-product, provides data on 

chemical consumption (often lacking for manual drip-feed systems) which are essential for 

resource consumption performance assessment and benchmarking.  
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2.8 Water consumption 

Potable water usage in a WWTP can be difficult to appreciate; most of the attention is focused on 

treating the influent to achieve the desired effluent requirements. However, water is used in many 

wastewater treatment processes, including, but not limited to: 

• chemical dilution (e.g. polyaluminium chloride dilution for sludge bulking); 

• tank cleaning and wash down; and 

• belt-filter press cleaning (e.g. wash water used to clean the belts). 

The need for a better understanding of water consumption in WWTPs and related impacts on 

sustainability is evident from the recent uptake in potable water consumption indicators in 

sustainability studies (Risch et al. 2014). In recent years, a number of reviewed sustainability 

studies have addressed water consumption in WWTP; water use and water reuse indicators  feature 

in the 10 most common environmental sustainability indicators (Spiller 2016). In contrast, water 

consumption indicators were absent in a 2002 review of sustainability studies (Balkema et al. 

2002). 

2.8.1 Wastewater reuse 

In many parts of the world in which water is scarce, wastewater is not seen as a waste to be disposed 

of but rather as a resource to be reused (Purnell et al. 2016). In Ireland, where water appears to be 

plentiful and inexpensive, little consideration is given to water reuse. Wastewater reuse can, 

however, pose challenges, especially when it is intended to reuse wastewater as potable water; 

with the human health risks associated with consuming wastewater contaminants causing greatest 

concern (Purnell et al. 2016). However, reusing wastewater to supplement or replace non-potable 

water usage within a WWTP can offer a viable alternative. Opportunities for treated wastewater 

reuse within a WWTP include tank and equipment washing. One such application of wastewater 

reuse for a sludge drainage system and belt press filter was expected, in one Australian WWTP, to 

save $40,000AU per annum in tandem with reducing the volume of effluent discharged to the 

receiving waters (Silk & Weeraratne 2010). 
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2.9 Challenges associated with wastewater treatment plant performance 

assessment and benchmarking 

The use of structured performance procedures makes it possible to quantify the performance of a 

WWTP (Nafi et al. 2015). Wastewater treatment plant benchmarking and the subsequent 

identification of process improvement measures can be complicated and performance assessment 

and benchmarking outputs require careful interpretation (Torregrossa et al. 2016). The complicated 

nature of performance assessment and benchmarking can be linked to a number of key challenges 

which must be considered throughout the performance assessment process as they may reduce the 

benefits of performance assessment and/or performance improvement. 

2.9.1 Definitions of benchmarking 

Originally, benchmarking was defined under two headings; (i) metric benchmarking and (ii) 

process benchmarking. These terms were coined in an American Water Works Association 

(AWWA) Research Foundation (now known as the Water Research Foundation) report on 

benchmarking (Kingdom et al. 1996). It was typically accepted that metric benchmarking referred 

to the collection of data and measuring performance of a WWTP for internal assessment purposes 

(Matos et al. 2003); while process benchmarking was the use of this collected data and WWTP 

performance results to benchmark WWTPs to identify and adapt best practices (Danilenko & van 

den Berg 2010; Cabrera et al. 2009). 

In the following years, benchmarking methodologies were identified as process or metric 

benchmarking exercises. However, often this identification occurred without a clear understanding 

of the difference (Cabrera et al. 2009), which lead to misunderstandings between various 

benchmarking exercises (Thaler 2009; Cabrera et al. 2009). A solution to this issue was provided 

by the International Water Association (IWA) Task Group on Benchmarking through the 

abandonment of the terms “metric” and “process” and the adoption of the terms “performance 

assessment” and “performance improvement” without any change in the underlying concepts 

(Figure 2.9) (Cabrera et al. 2009).  
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Figure 2.9 The performance assessment and performance improvement model (adapted from Kingdom et al. 1996 

and Cabrera et al. 2009). 

To prevent any such misunderstandings from occurring, benchmarking methodologies and results 

should be clearly defined using the terms in Figure 2.9. The use of performance assessment and 

benchmarking software applications, which are applicable to a wide range of WWTPs, can aid in 

the implementation of a consistent set of KPIs and benchmarking methodologies across several 

organisations. 

2.9.1.1 Performance assessment 

Performance assessment can be defined as the first step towards benchmarking through the internal 

assessment of process performance over time within a WWTP. In itself, performance assessment 

encourages WWTP managers to attentively collect and utilise process data on a regular basis and 

to consider the quality of the collected data (Cabrera et al. 2009). Performance assessment can also 

provide initial insight into the areas which may benefit from process improvements, such as data 

management procedures, if used as a precursor to benchmarking (Cabrera et al. 2009). 

2.9.1.2 Performance improvement 

Performance improvement is the combination of performance assessment and the identification of 

process improvement measures through comparison against similar WWTPs (Cabrera et al. 2009); 

the combination of performance assessment and performance improvement can be identified as 
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benchmarking. The result of successful benchmarking is the identification of process 

improvements that yield greater efficiencies and effectiveness (Lankford 1996). Wastewater 

utilities require performance assessment and measurement for regulatory reasons and to increased 

efficiency. Additionally, performance assessment can inform annual reports and organized data 

collection can inform future decisions (Seppälä 2015; Alegre et al. 2009). 

2.9.2 Improvement of current management practices  

Improving management practices can lead to significant improvements in WWTP performance 

including reduced costs, reduced resource consumption and increased effluent quality. Climate 

change is noted to impact water quality in various ways; for example decreases in river flow 

(particularly during warmer summer months) can lead to reduced assimilation capacity for 

pollutants and extreme precipitation events can increase nutrient load into surface waters due to 

increased run-off (European Environment Agency 2012). Changes in management practices, 

which is an area that is often neglected, in the water and wastewater sector can have much larger 

impacts on nutrient concentrations in water bodies than climate change (Bryhn et al. 2010). 

In Europe, difficulties surrounding management practices and the education and training of staff 

in the water sector are exacerbated by issues regarding aging infrastructure and a lack of efficient 

wastewater treatment (Heino et al. 2011). These challenges are also present in varying degrees 

within the Irish context; population is on the rise, emerging contaminants are becoming a major 

challenge, and many Irish WWTPs are unable to cope with these growing needs due to a lack of 

investment in terms of both process upgrades and issues surrounding WWTP management roles. 

In the United States of America, WWTP managers face similar challenges (United States EPA 

2004; United States EPA 2013): 

• Many WWTPs are old and dilapidated and thus require process improvement, replacement 

or repair to maintain their effectiveness; 

• Energy efficiency improvements are required to reduce greenhouse gas emissions; 

• Accelerated population growth is adding extra pressure to many existing WWTPs, 

resulting in the need for WWTP upgrades or new WWTP development; and 

• The constituents of influent wastewater have transformed over the years to include 

emerging contaminants which may be complex in nature. 
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2.9.2.1 Noncompliance with regulation 

The continuing presence of pollutants in rivers and lakes in Europe threatens aquatic ecosystems 

and raises concerns for public health; over 50% of river and lake water bodies in Europe are 

reported to hold less than good ecological status (European Environment Agency 2015). Pollution 

of these water bodies is linked to effluent discharge from WWTPs and nutrient losses from 

agriculture (European Environment Agency 2015). In order for Europe to reach full compliance 

with the UWWTD, a number of issues must be addressed (European Comission 2016); (i) an 

estimated 11 million PE need to be connected to a public sewer and the wastewater they produce 

treated; (ii) approximately 48 million PE already connected, need to comply with secondary 

treatment performance regulations; and (iii) 39 million PE need to comply with more stringent 

treatment regulations.  

A number of European countries delayed implementation of the UWWTD. Typically, the main 

reason for delays were financial; therefore, eco-efficient approaches which require minimal 

investment are of increasing interest (European Environment Agency 2005). Many new WWTPs 

were constructed as part of implementing the UWWTD. Upgrading existing WWTPs may provide 

a solution to poor compliance with the UWWTD. However, existing WWTP capacity should be 

optimised first to minimise the cost associated with complying with the UWWTD (European 

Environment Agency 2005). 

Figure 2.10 and Figure 2.11 detail the regulatory performance of Irish WWTPs in recent years 

with the 1991 Urban Wastewater Treatment Directive. Audits in Irish WWTPs in 2013, found that 

12% of WWTPs failed to sample to licence requirements; this rose to 18% in 2014 (Figure 2.10). 

Monitoring of discharges in accordance with licence requirements is crucial to assessing the 

adequacy of a WWTP and the risks placed on the receiving waters; the EPA has prioritised the 

issues surrounding these non-compliances and has requested that these issues are addressed by the 

national water utility in the immediate future (EPA 2014). 
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Figure 2.10 EPA audit results for compliance with key issues (adapted from EPA 2013 and EPA 2014) 

 

Flow monitoring is provided in most WWTPs as a result of their licence requirements. In Ireland, 

although the operation and maintenance of flow meters is required by regulation (under the 

Environmental Protection Agency Act (1992)), it is common to find flow meters either improperly 

installed, outside of calibration or inadequately maintained (Figure 2.10). In 2015, EPA audits 

identified 68 WWTPs where a continuous flow meter was not in place on the effluent stream and 

51 WWTPs where a composite sampler was not provided for compliance monitoring purposes 

(EPA 2015). Poor calibration and a lack of provision of a flow meter were identified as a general 

issue in Irish WWTPs, which resulted in many WWTPs being unable to collect accurate flow data, 

which is a key impediment to performance assessment and benchmarking methodologies. 

 

Figure 2.11 presents licenced WWTP compliance in Ireland in terms of (a) the percentage of urban 

areas and (b) the overall PE loading of large urban areas. From the 162 large urban areas identified 

in Ireland in 2013, which represents 92% of the national wastewater load, 81% of the 162 large 

urban areas complied with regulations (Figure 2.11(a)). However, when compliance is viewed in 

22

6

14

3

18

9

12

8

7

16

9

9

5

12

18

9

12

6

21

17

14

7

13

15

10

13

19

0 5 10 15 20 25

Provision of a flow meter

Calibration of a flow meter

Provision of a composite sampler

Composite sampler maintenance

Sampling to licence requirements

Maintenance programme

Non-reporting of incidents

Emergency Response Procedure

Public Awareness & Communication Programme

Percentage of audits which were non-compliant

2012 2013 2014



38 

 

terms of national wastewater load (the method which the European commission uses for reporting 

compliance) only 53% of the generated load achieved the effluent quality and sampling standards 

(Figure 2.11(b)). In 2015, only 51% of the national wastewater load (by population equivalent) 

complied with the basic quality standards (EPA 2015). 

 

Figure 2.11 Compliance with discharge licence effluent quality and sampling standards (adapted from EPA 2013). 

2.9.2.2 Recording and reporting operational data workload 

A key output form a research questionnaire developed by Gordon and McCann (2015a) highlights 

issues surrounding data reconciliation; when confronted with the statement “wastewater treatment 

plant managers/operators spend more time recording and reporting plant data than using it for plant 

operation” 58% of respondents indicated this was “somewhat true of me” and “very true of me”. 

Spending a large proportion of time recording and reporting WWTP data instead of implementing 

process changes based on the collected data was found to result in WWTPs lacking proactive 

process improvement and increased the chances of poor treatment performance being unresolved 

(Gordon & McCann 2015a). The need for a relevant and easy to use tool which can facilitate 

standardised data collection and reporting whilst aiding in the implementation of processes 

improvement measures can be seen as a next logical step to address these challenges. 

2.9.3 Applicability of selected key performance indicators 

The number of KPIs applied during performance assessment should be kept to a minimum; this 

ensures a focused approach and prevents users from being inundated with KPI data requirements 
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(Parmenter 2015; Peterson 2006). For WWTP benchmarking purposes, KPIs should  meet the 

following requirements (Matos et al. 2003): 

• KPIs should characterise all the related elements of the performance of a system in an 

unbiased and true way; 

• They should also allow for a system to be represented globally using the least number of 

indicators as possible to ensure clear and concise comparisons; 

• KPIs should be mutually exclusive and not overlap with any other indicator as they should 

each have a unique interpretation; 

• The definition of each KPI should be easily understood by everyone including non-

specialists (e.g. the public); 

• The data required for each KPI should be measured or gathered using the most practical 

and easily installed methods (i.e. avoiding the need for great expense); 

• KPIs should be easily auditable; 

• They should be linked to a well-defined assessment period (e.g. daily, monthly, annual); 

• KPIs should be applicable to other systems of a similar nature for comparison reasons; 

• As few KPIs as possible should be selected for a system, with the most essential indicators 

included to ensure effective evaluation of a system; 

• To ensure that improvements in one area don’t lead to deterioration in another area, 

selected KPIs must include those that are mutually influenced by one another. 

Meeting each of these requirements can be complicated. The indicators selected for each WWTP 

should adequately characterise the WWTP, yet only a limited number of KPIs should be utilised. 

In addition, various WWTP configurations and characteristics need to be accounted for. 

2.9.3.1 Key performance indicator selection methods 

A wide variation of KPIs are suited to WWTP performance assessment, however, as discussed 

above, it may not be appropriate, or desirable, to utilise a large number of KPIs in a performance 

assessment methodology. Selecting a limited number of KPIs from an extensive list of KPIs can 

be challenging. With the exception of regulatory benchmarking such as those applied by OFWAT, 

the economic regulator of the water sector in England and Wales (Environment Agency 2001), 

performance assessment and benchmarking systems typically allow users to select the KPIs used 
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in any WWTP, from a database. Permitting users to manually select KPIs can potentially reduce 

the relevance of performance assessment outcomes; as personal motivations and/or a lack of a 

clear understanding of performance assessment objectives can influence which KPIs are chosen 

(Alegre et al. 2009). To prevent inconsistencies, performance assessment and benchmarking 

systems should provide a standardised approach to KPI selection to ensure that WWTPs, in so far 

as is possible, can be usefully analysed and compared. This ensures that areas of 

efficiency/inefficiency in a WWTP are identified relative to their peers. 

2.9.4 Impacts of data availability on performance assessment and benchmarking 

To be beneficial, WWTP performance assessment requires standardised, relevant and accurate 

information (Lindtner et al. 2008). Thus data availability can significantly restrict the success of 

WWTP benchmarking (Puig et al. 2008). Frequently, data which is required for regulatory 

purposes may be the only performance data available for the WWTP in question (Puig et al. 2008). 

Regulatory data normally comprise effluent pollutant concentrations and in some cases, pollutant 

removal rates, however, the frequency of the data are often limited to one wastewater sample per 

month. A lack of data due to infrequent monitoring (such as wastewater quality and energy data) 

or data collection methods can create an obstacle to achieving satisfactory operation and 

calculation of KPI results (Torregrossa et al. 2016).  

One method to account for, and minimise, the effect of unavailable data on performance 

assessment and benchmarking is wastewater treatment modelling (Torregrossa et al. 2016). In this 

application, the wastewater treatment process is modelled to estimate COD concentrations and 

uncertainty analysis is coupled with the estimations to facilitate performance assessment 

(Torregrossa et al. 2016). This method has proven beneficial in the estimation of COD 

concentrations to be used in the daily calculation of energy consumption per unit of COD removed 

(kWh/kg COD) and can be adapted to suit other parameters (BOD, Total Nitrogen etc.) Although 

this study provided satisfactory performance assessment results for the calculated energy 

consumption KPI, the methodology has not been assessed on a larger scale where multiple KPIs 

(kWh/kg BOD removed, kWh/kg Nitrogen removed etc.) are calculated for each day. This would 

require additional computational resources and relevant support systems. 

As a consequence of the limitations which a lack of data can pose to WWTP performance 

assessment, data availability issues must be addressed in the initial stages of a performance 
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assessment methodology, to ensure that maximum benefits can be reaped from performance 

assessment and benchmarking. 

2.9.5 Impacts of data accuracy on benchmarking 

In addition to assessing data availability, it is necessary to assess the accuracy of available data; in 

many cases the identification of reliable data sources constitutes the significant challenge in water 

treatment plant and WWTP performance assessment (Matos et al. 2003; Haider et al. 2013). Many 

WWTPs may record process data (e.g. influent and effluent flow volumes), however, if regular 

calibration of equipment and maintenance of records are limited, the resulting data have a high 

probability of being erroneous. In addition, these errors may remain undetected for some time in 

the case where the data are not regularly assessed and utilised. 

The accuracy of process data in WWTPs can be a significant barrier to performance assessment 

methodologies. Internationally, the issue of data availability and data accuracy is prominent. Poor 

data quality will limit the meaningfulness of WWTP model predictions (Rieger et al. 2010); a 

limitation which is also highly applicable to WWTP performance assessment. Such data 

limitations can be linked to capital and operational cost requirements. For example, the lack of 

influent data is frequently due to the high cost (in terms of workload and financial resources) 

required for gathering such datasets (Martin & Vanrolleghem 2014). 

2.9.5.1 Data accuracy assessment methods 

Mass balances (e.g. COD, nitrogen and phosphorus) form the basis of linear relations which can 

be used to describe wastewater treatment processes and can be used as a method of error detection 

and data reconciliation (first introduced  by Van der Hijden et al. (1994a, 1994b, 1994c) in the 

context of fermentation processes). Identification of data errors can also be achieved through the 

application of various upcoming technologies including fuzzy logic and artificial neural networks 

(ANNs) which are capable of learning complex nonlinear relationships which exist in biological 

wastewater treatment (Yoo 2003; Vijayaraghavan & Jayalakshmi 2015). In addition to these 

technologies, many data inaccuracy detection methods rely on the use of statistical analysis to 

facilitate fault detection (Yin et al. 2015; Yin et al. 2016). Table 2.6 details research and application 

of these methods to detect data accuracy issues in the wastewater sector and related disciplines. In 

some studies, data accuracy issues can be indirectly assessed using data prediction. 
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Table 2.6 Summary of research on methods for data accuracy assessment. 

Objectives Assessment Methodology Study type Reference 

Modelling study on a method 

for gross error detection and 

data reconciliation 

Mass balances and data 

reconciliation using 

statistical hypothesis testing 

Municipal 

WWTPs 

Meijer et al. (2002, 

2001) 

Design of a data evaluation 

methodology for WWTPs 

Mass balances and data 

reconciliation using 

statistical hypothesis testing 

and conservation principles 

Municipal 

WWTP 
Puig et al. (2008) 

Study on the soft-sensing 

estimation of WWTP effluent 

concentrations 

Optimised neural network 

and principal component 

analyses 

Municipal 

WWTP and 

GPS-X 

simulation 

Fernandez de Canete et 

al. (2016) 

Study on improving daily flow 

prediction 

Artificial neural networks, 

moving average analysis, 

singular spectrum analysis 

and wavelet multi-resolution 

analysis. 

Watersheds Wu et al. (2009) 

Design of a hybrid model for 

daily rainfall prediction 

Artificial neural networks 

and support vector 

regression 

Watersheds Chau and Wu (2010) 

Study on modelling and 

monitoring of WWTPs 

including data fault detection 

Principal component 

analysis and fuzzy methods 

Industrial 

WWTP 
Yoo (2003) 

Design of a fault diagnosis 

framework for wastewater 

processes with incomplete 

data 

Auto associative neural 

networks and auto-

regressive and moving 

average models 

Municipal 

WWTP 
Xiao et al. (2017) 

 

Although many of the studies in Table 2.6 have been applied to WWTPs for the purpose of 

validation, it is uncommon to find these methods in operational WWTPs due to the workload and 

infrastructure required. Additionally, these methods often require additional measures, such as 

statistical analysis methods (as seen in Table 2.6) to assess data accuracy issues. Mass balance 

methods for data error detection typically requires less statistical analysis methods than ANNs 

however, these methods are often unfeasible due to influent, effluent and inter-process data 

requirements (Meijer et al. 2002), which are often unavailable. 

2.9.6 Benchmarking energy consumption 

Traditionally, energy consumption has been calculated in terms of the volume of treated 

wastewater. As performance assessment and benchmarking methodologies have developed, 
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calculating energy consumption per unit of pollutant removed has become more popular; this can 

be connected to the understanding that the removal of organic matter and nutrients is a key 

contributor to the energy consumption in a WWTP (Longo et al. 2016). 

Energy consumption in WWTPs is influenced by a number of factors including WWTP size 

(economies of scale) (Mizuta & Shimada 2010), influent characteristics and emission limit values 

(which depict degree of pollutant removal required to meet compliance) and the technologies 

employed (Yang et al. 2010). Accounting for these influences, when reporting energy consumption 

as part of WWTP performance assessment, can be challenging. Energy consumption KPIs which 

are based on per unit of wastewater treated or pollutant removed are common. However, they have 

limitations when used in a performance assessment exercise as they cannot account for the various 

aspects which affect energy consumption (Longo et al. 2016). A comparison between common 

energy consumption KPIs and their suitability for WWTP benchmarking purposes was presented 

in a recent study (Longo et al. 2016). In this study, the KPIs were rated as either (i) universally 

suitable, (ii) not universally suitable, and (iii) not suitable depending on the processes present in a 

WWTP (Table 2.7).  

Table 2.7 Comparison of popular energy consumption KPIs (Longo et al. 2016) 

KPI Overall Prelim. Prim. Sec. Tert. Slu. Comments 

kWh/m3 
treated N YY N N Y N 

Does not consider influent 

dilution. Does not represent 

the removal of pollutants. 

kWh/PE/year N N N N N N 
Does not adequately represent 

the removal of pollutants. 

kWh/kg 

COD removed 
Y N Y Y N N 

Limited to WWTPs with the 

same function. 

kWh/kg TSS 

removed 
N N YY N N YY 

Limited to primary and/or 

sludge treatment. 

kWh/kg N 

removed 
Y N N Y N N 

Limited to WWTPs where N 

removal is implemented. 

Prelim. = preliminary treatment, Prim. = primary treatment, Sec. = secondary treatment, Tert. = tertiary treatment,  

Slu. = sludge treatment, YY = universally suitable for benchmarking, Y = not universally suitable for benchmarking, 

N = not suitable for benchmarking. 
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The suitability of each KPI depends on whether the pollutants used for energy consumption 

calculation (per kg of TSS, COD etc. removed) are the primary pollutants of concern in a treatment 

stage. For example, an energy consumption KPI focusing on TSS removal (kWh/kg TSS removed) 

is said to be universally suitable (i.e. can be compared across any WWTPs) when assessing the 

primary treatment or sludge treatment stage as solids removal is a primary goal in these treatment 

stages (Table 2.7) (Longo et al. 2016). Similar KPIs have been identified as suitable for comparing 

the performance of specific treatment levels. However, none of the KPIs in Table 2.7 are identified 

to be as universally suitable as an indicator of overall WWTP performance as the pollutants of 

concern, and the provided treatment stages vary between WWTPs. 

Multiple energy consumption KPIs may be required in a performance assessment and 

benchmarking system to compare WWTPs with different layouts (Longo et al. 2016); however, it 

is necessary to ensure that KPI selection is based on the relevance of these KPIs to each WWTP. 

The need for energy reporting using a series of KPIs with various units (energy consumption per 

volume treated, per unit pollutant removed etc.) is not yet integrated into most publications. Some 

studies have focused solely on a single KPI for energy consumption based on volumetric data 

(Mizuta & Shimada 2010), pollutant removed (COD) (Torregrossa et al. 2016), with others 

applying various energy consumption KPIs (as seen in Table 2.5) (Panepinto et al., 2016; 

Rodriguez-Garcia et al., 2011). It should be noted, that although KPIs can be selected to account 

for several key factors which may affect energy consumption in a particular WWTP; they cannot 

yet adequately account for the variances between WWTPs when comparing various categories of 

performance assessment results (e.g. regulatory compliance, removal rates, chemical and water 

usage etc.). Therefore, it may be necessary to account for variances in WWTPs using alternative 

methods, such as the identification of comparable WWTPs in conjunction with appropriate KPI 

selection and reporting. 
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2.9.7 Factors affecting wastewater treatment plant comparability 

Carlson and Walburger (2007) stated that comparing energy use between WWTPs can be a 

valuable exercise for performance improvement schemes when peers, or comparable WWTPs are 

correctly identified by their load and operational conditions. This requirement applies across all 

WWTP KPIs, as benchmarking between WWTPs should only occur if the WWTPs are comparable  

(Matos et al. 2003). Many factors can complicate the identification of comparable WWTPs for 

benchmarking purposes. Large-scale WWTPs are reported to have some economic benefits over 

small-scale WWTPs, including, in some cases, a reduction in energy consumption per unit of 

wastewater treated (Mizuta & Shimada 2010). The cost of wastewater treatment per PE per year 

has been reported to decrease with increasing WWTP design capacity in WWTPs in Switzerland 

(Thaler 2009). 

Figure 2.12 Wastewater treatment costs as a function of design capacity (adapted from Thaler 2009). 

A study on the energy consumption in WWTPs in China reported that energy consumption per 

unit of wastewater treated decreased with increasing WWTP loading (Figure 2.13(a)). This 

decrease is reported to be a product of the scale effect during the operation of WWTPs (Tao & 

Chengwen 2012). Additionally, energy consumption results (kWh/m3 treated and kWh/kg COD 

removed) were seen to be affected by the percentage of design capacity utilised in a WWTP (Figure 

2.13(b)) (Tao & Chengwen 2012). Due to the scale effect, evident in (Figure 2.13(a)), comparing 

energy consumption KPI results across WWTPs of varying scale would not be valid. While the 

reported energy consumption results consider the volume of wastewater treated at each WWTP, 

the KPI cannot take into account the effects of scale (Figure 2.13(a)).  

0

20

40

60

80

100

120

140

100-1000 1000-10000 10000-50000 >50000

W
W

T
P

 c
o

st
s 

(€
/P

E
/y

ea
r)

WWTP design capacity (PE)



46 

 

 

Figure 2.13 Energy consumption as a function of (a) WWTP loading and (b) design capacity utilisation (adapted from 

Tao & Chengwen 2012) 

The unit cost of wastewater collection and treatment and WWTP energy consumption also 

increases with increasing treatment level provision (Berbeka et al. 2012). With energy 

consumption typically being the main operational cost at WWTPs (Li et al. 2016), it can be said 

that energy consumption KPI results are not only sensitive to WWTP size and loading but also 

sensitive to the treatment level provided in a WWTP. Increased treatment level provision is also 

typically linked to increased WWTP design capacity (Berbeka et al. 2012) and as a result, the scale 

effect may become weaker as treatment level rises (Friedler & Pisanty 2006). Furthermore, the 

level of treatment provided in a WWTP is not only typically connected to the size of a WWTP, 

but the emission limit value which a WWTP is subject to (stringent ELVs typically require the 

provision of secondary and in some cases, tertiary treatment level processes to ensure compliance). 

The UWWTD defines the treatment level based on primary treatment, secondary treatment and 

tertiary treatment with nutrient and/or phosphorus removal included. Table 2.8 presents the 

treatment levels and details the average ELV concentration, design capacity and pollutant loading 

of Irish WWTPs. The data are based on 355 licensed and operational Irish WWTPs (from 2014) 

which reported treatment level and ELV concentrations, with the exception of energy consumption 

(kWh/PE) data which are sourced from a European Commission report on compliance costs of the 

UWWTD (European Commission 2010). 
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Table 2.8 Average loading, design capacity and ELV concentration for 355 Irish WWTPs. 

Treatment 
No of 

WWTPs 

Average 

Pollutant 

loading 

(PE) 

Average 

Design 

Capacity 

(PE) 

cBOD 

(mg/l) 

COD 

(mg/l) 

NH4-N 

(mg/l) 

TN 

(mg/l) 

TON 

(mg/l) 

P04-P 

(mg/l) 

TP  

(mg/l) 

kWh 

/PE(1) 

1 - Primary 

Treatment 
34 1589 1065 22.78 118.44 5.52  35.00 1.39 2.00 15.00 

2 - Secondary 

Treatment 
151 20754 24196 21.62 123.32 5.69 17.86 20.29 2.38 2.07 25.00 

3N - Tertiary N 

Removal 
4 19675 25383 25.00 125.00 5.00 15.00 15.00 4.00 2.00 40.00 

3P - Tertiary P 

Removal 
147 4887 7594 16.44 120.72 2.93 16.39 16.67 1.06 1.36 40.00 

3NP - Tertiary 

N&P Removal 
21 14431 19034 15.25 121.05 2.94 13.75 12.50 0.85 1.81 40.00 

(1)kWh/PE data based on treatment level provided - adapted from European Commission, (2010). 

As the treatment level increases, notable decreases in average ELV concentrations can be seen, 

particularly for nitrogen-based ELVs (Table 2.8). Although increased treatment level is said to be 

connected to larger WWTP design capacity (Berbeka et al. 2012), this effect cannot be identified 

from Table 2.8; however, it is important to note that the reported pollutant loading and design 

capacity values are the average values for WWTPs presenting with a treatment level. This further 

echoes that complex interactions between resource consumption, WWTP design capacity, loading, 

emission limit values and treatment level provision can result in difficulties in benchmarking 

between WWTPs. This is particularly the case with performance assessment and benchmarking 

systems which utilise KPIs that report resource consumption and/or regulation compliance (but do 

not account for WWTPs size or regulatory requirements). 

To increase WWTP comparability, benchmarking initiatives have excluded WWTPs with data 

availability issues (Longo et al. 2016). Although this process reduces the issues surrounding 

WWTP comparability, applying this method to WWTPs which largely present data management 

issues will result in many WWTPs being excluded from benchmarking, thus reducing the 

applicability of benchmarking initiative. The results from the remaining WWTPs were grouped 

together based on the design capacity and treatment level of the WWTP in order to facilitate 

comparison of the results; similar to the approach of grouping WWTPs based on design capacity 

presented in a European wastewater benchmarking report (Thaler 2009). While the method of 

grouping WWTPs based on these characteristics can improve WWTP comparability, it does not 

adequately account for effluent discharge requirements. Although the level of treatment provided 

and the average discharge requirements (ELVs) for any WWTP can be linked, it is a complex 
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relationship which may not apply on a WWTP-by-WWTP basis. Thus, adaptation of this WWTP 

grouping method to account for ELV requirements may enhance the comparability of grouped 

WWTPs. 

2.10 Existing wastewater treatment plant performance assessment and 

benchmarking systems 

Over the last number of years, the number of performance assessment and benchmarking systems 

in the wastewater sector have grown. These systems display similarities; however, their 

methodology and focus varies widely. Table 2.9 provides details on some of the performance 

assessment and benchmarking systems in the wastewater industry.  

The KPIs utilised in these tools are typically well defined and can be seen across several the 

systems in Table 2.9, particularly the KPI databases in the IBNET and SIGMA Lite Wastewater 

systems (Danilenko & van den Berg 2010; Matos et al. 2003). Many of these systems focus on 

various aspects of plant performance. However, very few systems concentrate on environmental 

sustainability by assessing WWTP performance in conjunction with resource consumption. Some 

benchmarking systems, such as Aquabench, offer users the ability to tailor their approach to 

benchmarking by focusing on a key area of interest on a case by case basis (Aquabench 2017). 

However, this approach can reduce the comparability of results across WWTPs by enabling the 

user to focus solely on issues specific to that WWTP. 

The issue of data accuracy in WWTP performance assessment, benchmarking and modelling has 

become prominent in research in recent years (Torregrossa et al. 2016; Martin & Vanrolleghem 

2014). However, few methods of improving data accuracy have been applied in operational 

benchmarking systems that are suited to WWTPs with decreased data availability. Some existing 

performance assessment systems offer data error detection using mass balances or statistical 

analysis methods, although these methods typically require large amounts of often unavailable 

data. A number of existing systems retrieve data from regulatory data reporting systems, 

potentially reducing the occurrence of data errors (Seppälä 2015). In order to enhance the 

applicability and accuracy of the data used by Aquabench, this system provides consultation 

services on the appropriate data collection measures for a WWTP via online resources (Aquabench 

2017). 
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ENERWATER, a European Union wide project which commenced in 2015, is developing a 

standardised methodology for the continuous assessment and benchmarking of energy 

consumption in WWTPs (Longo et al. 2016). ENERWATER utilised user questionnaires for 

gathering information on a WWTPs characteristics and main energy consumers and identified 

usability as a crucial aspect of benchmarking (ENERWATER 2016). 
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Table 2.9 Existing KPI performance assessment and benchmarking systems 

Country Reference System Name 
Toolkit 

Provided 

Assessment of 

Data Accuracy 

Identification 

of 

comparable 

WWTPs 

Focus Remarks 

Germany 

(Möller et al. 2012; 

Bertzbach et al. 

2012; Franz et al. 

2015) 

Aquabench Yes Yes No 

WWTP and 

network 

performance 

System has been applied by over 600 WWTP 

operators. Datasets are assessed online for 

plausibility. 

Austria 

(Lindtner et al. 

2008; Starkl et al. 

2007) 

Austrian 

Benchmarking 

System 

Yes Yes (manual) No 

WWTP 

process 

performance 

Recommends users to self-check data using 

mass balances prior to benchmarking. Reports 

annual KPIs. 

Finland (Seppälä 2015) VENLA Yes - No 

WWTP 

process 

performance 

Provides 2 levels of benchmarking; basic 

(free) and advanced. Regulatory data can be 

uploaded from, and downloaded to VENLA. 

Sweden 

(Seppälä 2015; 

Balmér & 

Hellström 2012) 

VAAS Yes - No 

WWTP 

process 

performance 

Provides 3 levels of benchmarking; early 

Level 1 (metric), Level 2 (process) and 

current Level 1 which is a compromise 

between early level 1 and level 2. 

Denmark (Seppälä 2015) DANVA Yes - No 

WWTP 

process 

performance 

Performance assessment and performance 

improvement benchmarking system used by 

137 water companies. 

Norway (Seppälä 2015) BedreVANN Yes - No 

WWTP 

process 

performance 

Provides 2 levels of benchmarking (simplified 

and advanced). Advanced level requires more 

data input and provides detailed cost analysis. 
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Table 2.9 Existing KPI performance assessment and benchmarking systems (continued) 

Country Reference System Name 
Toolkit 

Provided 

Assessment of 

Data Accuracy 

Identification of 

comparable 

WWTPs 

Focus Remarks 

Ireland 
(Gordon & McCann 

2015b) 
- No No No 

WWTP and 

network 

performance 

Extensive KPI database which focuses 

on multiple aspects of wastewater 

treatment. 

United 

Kingdom 

(Environment 

Agency 2001) 
OfWat No No No 

Serviceability of 

WWTP and 

network 

KPIs used for regulatory and public 

reporting purposes. Focuses on customer 

serviceability of assets. 

Luxembourg 
(Torregrossa et al. 

2016) 
EOS Yes Yes No 

WWTP energy 

consumption 

55 KPIs in database. Accounts for data 

availability using fuzzy logic methods. 

China (Li & Han 2015) IMS Yes Yes No 
WWTP 

performance 

24 KPIs in database. Web-based service 

for data collection and error checking. 

Portugal 
(Quadros et al. 

2010) 
PAS   No 

WWTP resource 

consumption and 

performance 

108 KPIs in database. 

Worldwide 
(Danilenko & van 

den Berg 2010) 

IBNET PI 

System 
Yes Yes No 

WWTP and 

network 

performance 

Focuses on operational, technical and 

financial aspects of WWTPs. Includes 

data collection toolkit and a continuously 

updated database of WWTP 

performance. 

Spain 
(Matos et al. 2003; 

Cabrera 2003) 

SIGMA Lite 

Wastewater 
Yes Yes (manual) No 

WWTP and 

network 

performance 

KPI system based on IWA indicators 

which focuses on KPIs used routinely at 

WWTP management level. 
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2.11 Justification for methodology selection 

From a review of existing literature, the need for a performance assessment methodology that 

can address the key gaps found in literature is clear (Figure 2.14). This research focuses on 

addressing the challenges outlined in this chapter and summarised in Figure 2.14. Furthermore, 

this research contributes to existing knowledge in the global WWTP benchmarking sector. 

 

Figure 2.14 Challenges facing WWTP benchmarking methodologies. 

To overcome the challenges identified in the literature, this research has developed three 

methodologies and tools (Figure 2.15); (i) a performance assessment toolkit named KPICalc, 

(ii) a comparable WWTP identification tool and (iii) a study methodology for assessing the 

statistical agreement of wastewater sampling methods. 

 

Figure 2.15 Developed methodologies and tools to overcome the challenges identified in the literature. 
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The most prominent challenge to successful performance assessment identified in the literature 

is data availability; without sufficient data, many of the other challenges in Figure 2.14, such 

as assessing data accuracy and identifying comparable WWTPs become increasingly complex. 

Each of the tools and methodologies developed in this research are cognisant of data 

availability issues and aim to overcome and adapt to this challenge. In addition, the developed 

tools and methodologies can improve WWTP management practices when implemented at a 

national level. 

2.11.1 Development of a resource consumption performance assessment methodology 

Several of the key challenges identified in the literature (Figure 2.14) can be overcome through 

the development of a novel performance assessment and performance improvement 

methodology (Figure 2.15):  

• Adapting to data availability; 

It is possible to achieve improved data management practices through WWTP performance 

assessment and benchmarking; WWTPs in countries which have employed benchmarking for 

several years have experienced increased data availability. Countries which employ more than 

one level of benchmarking (such as Finland, Sweden and Norway (Table 2.9) initially 

introduce WWTPs to a basic level of performance assessment and as data collection and 

performance assessment methods improve as a result of basic performance assessment, these 

WWTPs move to more complex levels of benchmarking. The first step in the developed 

methodology (named KPICalc) comprises a user survey which can account for data availability, 

while collecting contextual information on the WWTP. KPICalc promotes the correction of 

data accuracy issues prior to proceeding with performance assessment by highlighting the KPIs 

unavailable to the user due to data issues. 

• Assessing data accuracy in limited data environments; 

As part of the survey in KPICalc users are asked to self-perceive the accuracy of each available 

dataset. It is noted that this method may not be as reliable as others; however, in a limited data 

environment, it is the most feasible option. For now, this interim method, which is applicable 

in the current state of Irish WWTPs, can reduce the negative effects of data availability and 

data accuracy on performance assessment. Once data collection practices are improved during 
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the initial period of performance assessment, more complex methods of assessing data 

accuracy issues, such as those presented in the literature can offer more viable solutions. 

Facilitating the successful performance assessment and benchmarking of Irish WWTPs in the 

present-day and at a national level (using these interim and easily-applied methods) can (i) 

accelerate the improvement of data collection and management practices and (ii) lead the way 

to the inclusion of more advanced benchmarking applications in the years to come, when data 

availability and accuracy issues are corrected. 

• Applicability and selection of KPIs; and 

Using the results obtained from the survey module, KPICalc is designed to automatically select 

KPIs calculated from available and accurate data sources while excluding KPIs dependant on 

inaccurate data, thus accounting for the challenge associated with KPI selection (Figure 2.15). 

The standardised and automatic selection of KPIs is based on operational conditions in a 

WWTP. This ensures that KPIs are applicable to each WWTP and decreases the user input 

required in KPICalc. Of equal importance is the standardised selection of KPIs across all 

WWTPs. This ensures the applicability of KPICalc results when benchmarking, as the 

inclusion and exclusion of KPIs is not subject to the user bias associated with manual selection.  

• Providing a focus on environmental sustainability; 

KPICalc can be applied to various KPIs. However, this study has focused on environmental 

sustainability and regulation compliance as these areas of WWTP management require 

increased attention. This focus is a result of increasingly stringent regulation requirements and 

increasing attention to ensuring environmental sustainability in the years to come. 

KPICalc was piloted in several WWTPs of varying characteristics over an extended period 

(typically 3 weeks with one WWTP piloted the system for 2 years). Additionally, KPICalc 

was supplied to key stakeholders for critical review. The results from piloting and stakeholder 

testing informed several methodology and toolkit upgrades to enhance usability, KPI 

calculation and reporting methods and applicability to WWTPs of various configurations. 

Many of these upgrades were recommended by key stakeholders with a view to integration of 

the methodology into WWTP management at a national utility level in Ireland. 
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2.11.2 Identification of comparable wastewater treatment plants 

One challenge facing WWTP benchmarking initiatives is the identification of comparable 

WWTPs (Figure 2.14). Although there have been many studies which state the importance of 

comparing WWTPs with similar characteristics, and some studies which provide prerequisites 

for a WWTP prior to benchmarking to increase the comparability of WWTPs (discussed in 

section 2.9.7), a method of identifying comparable WWTPs which the user may benchmark 

against is lacking. Identifying comparable WWTPs involves numerous challenges, including 

(i) addressing the wide variety operational conditions which a WWTP may be subject to, (ii) 

standardisation of comparable WWTP identification methods to ensure repeatability over time, 

(iii) differentiating between various ELV concentrations based on their effects on WWTP 

performance and resource consumption (particularly energy consumption) and (iv) accounting 

for variations in WWTP design capacity, loading and the degree of design capacity. These 

challenges are further complicated by a lack of data available for in Irish WWTPs, with data 

reported for regulatory purposes often presenting as the only data available. 

While many of the KPIs, such as energy consumption KPIs, used in the developed performance 

assessment methodology can account for the volume of wastewater treated or the weight of 

pollutant removed and so on, they cannot fully account for all the major aspects which affect 

the comparability of WWTP performance (economy of scale, required removal of pollutants 

to achieve effluent standards etc.). As a result of these challenges, and in recognition that only 

WWTPs operating under similar conditions can be benchmarked successfully, a methodology 

and toolkit was developed to be used in tandem with KPICalc that identifies WWTPs that are 

comparable and suitable for benchmarking against each other (Figure 2.16).  
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Figure 2.16 Outline of the methodology for the identification of comparable wastewater treatment plants. 

The toolkit identifies comparable WWTPs based on the WWTP size and ELVs to which they 

are subject. Additional information on operational conditions, such as pumping requirements, 

annual energy consumption etc, would further aid in the identification of comparable WWTPs, 

however, in the current wastewater sector setting, this data was unavailable. To overcome this, 

contextual information on each WWTP (collected using KPICalc), enables users to assess 

additional information on the comparable WWTPs identified using the developed 

methodology to select the most appropriate WWTPs to benchmark against.  

2.11.3 Assessment of the impact of wastewater sampling methods on performance 

assessment and benchmarking 

As was presented earlier, the cost of sampling is often cited as a cause of regular wastewater 

quality data being unattainable in a WWTP. Therefore, identifying sampling methods which 

can provide accurate wastewater quality data on a long-term basis can enhance the applicability 

of performance assessment, and overcome the challenge associated with data availability 

(Figure 2.14), particularly in Irish WWTPs where data collection methods are lacking. 

Typically flow-paced sampling is required due to influent variability, however, more cost-

effective methods, such as grab sampling, may be suited for daily WWTP performance 

assessment purposes, thus potentially reducing data availability issues in WWTPs. 

Two WWTPs of varied size, loading etc. were sampled intensively using various wastewater 

sampling methods. Collected samples were analysed for common wastewater quality 
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parameters. The sampling methods were assessed for statistical agreement using Lin’s 

concordance correlation coefficient to identify if lower cost and lower maintenance sampling 

methods (such as grab sampling) can be used to replace costlier methods (such as flow-paced 

composite sampling) without affecting how representative the resulting sample is of actual 

wastewater characteristics. The methodology for this study is presented so that the study can 

be applied on a case-by-case basis for WWTPs undergoing performance assessment.  

2.12 Summary 

In this chapter, the background of the research, including a justification for the developed 

performance assessment methodology was presented. An introduction to wastewater treatment, 

WWTP management, data collection methods and WWTP performance assessment was 

presented in conjunction with the challenges surrounding WWTP performance assessment and 

a summary of existing benchmarking methodologies. From this review, key gaps in the 

knowledge were identified and a justification for the development of a novel performance 

assessment methodology from these knowledge gaps is presented in section 2.11. 

In the following chapter, the WWTPs used for performance assessment methodology piloting 

and the wastewater quality sampling study are described with details of site selection rationale 

and data collection methods included. 
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Chapter 3 Experimental Procedures 

3.1 Overview 

The chapter details (i) the characteristics of the WWTPs used for performance assessment 

methodology and (ii) how the WWTPs were monitored as part of development of the various 

tools proposed and analyses presented in this thesis.  

3.2 Introduction 

To facilitate testing of the tools and methodologies developed in this research, six Irish 

WWTPs were selected to pilot the developed performance assessment methodology and toolkit 

and to critically analyse various sampling methodologies. Five of these WWTPs were selected 

to pilot the performance assessment methodology and two were utilised for a sampling study 

to identify the most effective means of sample collection for performance assessment purposes 

(Table 3.2). Historical data from the selected WWTPs were assessed for suitability for KPICalc 

piloting. In many WWTPs it was found that historical data did not have an adequately defined 

assessment period for performance assessment purposes. In addition, the accuracy of the pre-

existing data was often unknown. Therefore, it was necessary to carry out data collection in 

the selected WWTPs where historical data was not reliable. WWTP testing included, but was 

not limited to, collection of flow data, water quality data and resource consumption data 

(energy, chemicals and water). Where the required data was not readily available on site, 

equipment to facilitate data collection was installed, where possible. 

3.3 Wastewater treatment plant selection 

The primary objective of piloting the developed methodologies and tools in a number of 

WWTPs was to incorporate the broad spectrum of WWTPs in Ireland. While it may have been 

ideal to carry out this level of detailed monitoring at more WWTPs it was not possible given 

the resources and time involved. Thus, the WWTPs were selected in consultation with the 

national water utility (Irish Water) and additional key stakeholders including the Irish 

Environmental Protection Agency (EPA) which aided in identification of WWTPs operating 

under various effluent quality regulations known as emission limit values (ELVs). The selected 

WWTPs varied in terms of design capacity and influent loading to account for various WWTP 

sizes. The WWTPs also exhibited various staffing levels, complexity of existing technology 
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and had varying levels of data availability. The characteristics of the selected WWTPs are 

detailed in Table 3.1 and Table 3.2. 

Table 3.1 Wastewater treatment plant characteristics 

Characteristics WWTP A WWTP B (*) WWTP C WWTP D WWTP E WWTP F (*) 

Treatment 

technology 

Activated 

Sludge 

Activated 

sludge with 

P removal 

Activated 

Sludge 

Activated 

sludge with 

P removal 

PFBR 

(Biofilm) 

Imhoff tank 

and tricking 

filters 

Influent 

characteristics 

Municipal 

Wastewater 

& landfill 

leachate 

Wastewater, 

imported 

sludge & 

landfill 

leachate 

Municipal 

Wastewater 

& landfill 

leachate 

Municipal 

Wastewater 

& landfill 

leachate 

Municipal 

wastewater 

with storm 

water 

Municipal 

wastewater 

with storm 

water 

Tertiary 

treatment 
None 

Sand 

filtration 
None None None None 

Design capacity 

(as bod) 
25,000 PE 24,834 PE 18,517 PE 5,000 PE 750 PE 700 PE 

Pollutant loading 18,659 PE 22,440 PE 25,633 PE 2,500 PE 422 PE 1,483 PE 

Hydraulic 

capacity (DWF**) 

(m3/year) 

2,253,753 1,847,995 1,420,215 200,750  51,100 

Hydraulic 

capacity (peak 

flow) (m3/year) 

6,761,260 5,543,985 4,260,645 602,250  153,300 

Hydraulic loading 

(m3/year) 
2,056,410 1,303,780 3,544,150 570,228  162,522 

Yearly sludge 

output (kg-ds) 
559,800 2760 2,197,410 14,280 N/A 16,200 

Sludge treatment Yes Yes Yes Yes N/A 
No (External 

Treatment) 

Emission Limit Values 

pH 6-9 7-9 6-9 6-9 N/A 6-9 

Temperature 
25°C 

(Max) 
25°C (Max) 

25°C 

(Max) 

25°C 

(Max) 
 - 

cBOD 25 mg/L 15 mg/L 25 mg/L 10 mg/L  25 mg/L 

Cod 125 mg/L 125 mg/L 125 mg/L 125 mg/L  125 mg/L 

Suspended solids 35 mg/L 15 mg/L 35 mg/L 35 mg/L  35 mg/L 

Total nitrogen (as 

N) 
15 mg/L 15 mg/L 15 mg/L -  - 

Total phosphorus 

(as P) 
- 2 mg/L 2 mg/L -  - 

Ammonium (as N) 10 mg/L 1 mg/L - 1 mg/L  - 

Orthophosphate 

(as P) 
5 mg/L 0.2 mg/L - 1 mg/L  - 

(*) WWTPs used for sampling study in Chapter 6 (**) Dry Weather Flow 
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Table 3.2 Wastewater treatment plant sampling characteristics 

Sampling 

characteristics 

WWTP 

A 

WWTP 

B (*) 

WWTP 

C 

WWTP 

D 

WWTP 

E 

WWTP 

F (*) 

Testing period 
Septembe

r 2014 

January 2010 – 

July 2012 and 

August 2016(*) 

December 

2014 

July/August 

2014 
June 2014 August 2016 

No. of days 21 days 937 and 31(*) 8 days 53 days 22 days 31 days 

Existing influent 

flow data 

available 

No Yes Yes No No Yes 

Data frequency N/A Daily Total Daily Total N/A N/A Daily Total 

Existing effluent 

flow data 
Yes Yes No Yes Yes Yes 

Flow data 

frequency 

Daily 

total 
Daily total N/A Daily total Daily total Daily total 

Existing energy 

consumption data 
No Yes No No Yes No 

Energy data 

frequency 

25-60 

seconds 
Daily total 

25-60 

seconds 

25-60 

seconds 
Daily totals N/A 

Chemical 

consumption data 
No No No No 

N/A N/A 
Chemical data 

frequency 
N/A N/A N/A N/A 

Water 

consumption data 
No Yes No No Yes No 

Water data 

frequency 
N/A Daily total N/A N/A Daily total N/A 

Influent quality 

sampling 
Yes Yes Yes Yes Yes Yes 

Sampling location 

Influent 

channel 

pre-

screening 

Influent 

channel pre-

screening 

Influent 

channel 

pre-

screening 

Influent 

channel pre-

screening 

Influent 

channel post-

screening 

Influent 

channel pre-

screening 

Sampling method 
Grab 

sample 

Grab sample, 

daily 

composite 

(flow & time 

paced) 

Grab 

sample  
Grab sample  Grab sample  

Grab sample, 

daily 

composites 

(flow & time 

paced) 

No. samples/day 3 1 and 6(*) 4 3 3 6(*) 

Sample Interval 8 hours 
24 hours and 4 

hours (*) 
6 hours 8 hours 8 hours 4 hours (*) 

Effluent quality 

sampling 
Yes Yes Yes Yes Yes No 

Sampling location 
Effluent 

channel 

Effluent 

channel 

Effluent 

channel 

Effluent 

channel 

Effluent 

channel 

N/A 

 

Sampling method 
Grab 

sample 

Grab sample 

and 24-hour 

composites (*) 

Grab 

sample  
Grab sample  Grab sample  

No. samples/day 3 1 4 3 3 

Time between 

samples 
8 hours 24 hours 4 hours 8 hours 8 hours 

(*) sampling characteristics for sampling study in Chapter 6. All samples collected with automatic samplers unless 

otherwise stated. 
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3.4 Site setup 

Prior to the commencement of monitoring activities, each WWTP was assessed to ascertain 

the level of data availability and accuracy present on site. This informed the degree of 

equipment installation required at each WWTP. This assessment was conducted using a user 

survey (see Section 4.3.1) in conjunction with plant manager meetings. Access to each site was 

granted for the duration of the study following induction and health and safety training. 

3.4.1 Data collection 

Historical data were also collected, where available, to provide additional information 

(historical data were only included if the accuracy of these datasets were guaranteed in each 

WWTP). Data collection in each WWTP included; daily energy consumption (kWh/day), daily 

influent and effluent volumes (m3/day), daily mains water consumption (m3/day) and chemical 

consumption data (where available). Influent and effluent water quality data which were 

achieved through the collection and analyses of wastewater samples over the duration of 

piloting. Annual Environmental Reports (AERs) (reports which are compiled by a licensed 

WWTP and published on www.epa.ie/licensing) provided compliance figures for effluent 

discharge regulations. 

One crucial issue identified in some of the selected WWTPs at the start of this study was a lack 

of on-site monitoring equipment. For example, three WWTPs lacked accurate and operational 

flow meters and four WWTPs lacked adequate energy monitoring to fulfil the needs for this 

study. Furthermore, a large percentage of the existing flow monitoring equipment available in 

the WWTPs was found to be inaccurate, including influent, effluent and storm overflow 

monitors. Thus, additional monitoring and sampling equipment was installed where feasible, 

to improve data availability and accuracy (Table 3.2).  

3.4.1.1 Flow data 

Many WWTPs utilise a supervisory control and data acquisition (SCADA) system which 

typically collects influent and effluent flow meter data along with other key operational 

parameters. Flow data, where available, was exported from SCADA systems, where the 

SCADA was deemed operational and reliable for data collection purposes. Where SCADA 

systems were not available or unreliable, flow data was logged directly from the flow meters 
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provided in the WWTP. See Table 3.2 for additional details on data frequency and flow meter 

location. 

3.4.1.2 Energy monitoring 

In a similar fashion to flow data, where energy data was available from a SCADA system 

and/or installed energy meters, data were collected from these sources (Table 3.2). Where a 

WWTP did not have energy data collection capabilities, a battery-powered Iso-Tech IPM 2005 

energy meter was installed on the mains incomer by a registered electrician to measure energy 

consumption in kWh (Figure 3.1). 

 

Figure 3.1 Installation of Iso-Tech IPM 2005 battery powered energy meters. 

In addition to the mains incomer, energy meters were installed on the largest energy consumers 

in each WWTP to provide additional information for data checking purposes. The scope of the 

energy monitoring was restricted to on-site processes; i.e. external pumping stations were not 

included unless monitoring already existed in these locations. 

3.4.1.3 Water usage 

Mains water consumption data were collected from WWTPs which record consumption on a 

daily basis. In each WWTP, the data were generated from the flow meter on the mains supply 

into the WWTP. Where WWTPs did not record mains water consumption, the plant manager 

and caretaker were asked to attempt to record consumption daily for the duration of the study, 

where feasible. In many WWTPs, mains water consumption data were unavailable due to a 

lack of access to the mains incomer water meter, see  for additional details. 
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3.4.1.4 Chemical usage 

For WWTPs which employed chemical treatment processes, daily chemical consumption was 

estimated from on-site chemical delivery dates, where feasible. Chemical usage data were 

typically gathered for WWTPs using delivery dates for chemical supplies as there was no 

recording of day to day chemical usage (Table 3.2). 

3.4.2 Wastewater sampling and analysis methods 

Where required, selected WWTPs underwent intensive water quality testing over several days 

(Table 3.2). Influent and effluent samples were taken at a maximum of 8 hour intervals in the 

case of grab samples or as daily flow-paced composite or time-paced composite samples 

depending on existing sampling methods in each WWTP.  

3.4.2.1 Sampler setup 

Automatic wastewater samplers were setup as per the manufacturer’s installation documents. 

To facilitate the comparison of sampling methods presented in Chapter 6, an additional sampler 

(Aquacell S320) was installed in WWTP B and WWTP F at the locations of existing on-site 

influent samplers. Refrigerator temperatures were checked periodically to ensure adequate 

sample refrigeration throughout the study (<4 degrees Celsius). Sampling programs were 

designed to be cognisant of ISO 5667 guidelines, parts 1 and 3 (ISO 2006; ISO 2012). 

 

Figure 3.2 Flow-paced composite sampler and flow meter setup in WWTP F. 
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3.4.2.2 Sample transportation 

Transportation of samples was completed in accordance with ISO 5667. Samples were 

transported in closed containers to prevent adsorption, volatilization and contamination by 

foreign substances (Figure 3.3). A cool box under dark conditions provided sufficient cooling 

during transportation with the transportation time not exceeding 2 hours.  

 

Figure 3.3 Storage and transportation of collected wastewater samples. 

3.4.2.3 Wastewater analysis methods 

Ammonium-nitrogen, TON, NO2-N, and PO4-P concentrations were determined using a 

Thermo Clinical Labsystems, Konelab 20 Nutrient Analyser (Fisher Scientific, Walthalm, 

Massachusetts, United States). Total suspended solids (TSS) were measured in accordance 

with standard methods (APHA, 2005). Total Nitrogen and TP were analysed using a BioTector 

TOC TN TP Analyser (BioTector Analytical Systems Limited, Cork, Ireland) in accordance 

with standard methods (APHA, 2005). 5-day carbonaceous biochemical oxygen demand and 

COD were measured in accordance with standard methods (APHA, 2005).  

3.5 Summary 

This chapter details the WWTPs selected for piloting the developed performance assessment 

methodology and the study of the effect of wastewater quality sampling on WWTP 

performance assessment. Chapter 4 details the development of the performance assessment 

methodology and the piloting of the methodology in Irish WWTPs. 
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Chapter 4 Development of a Wastewater Treatment Plant 

Performance Assessment Methodology (KPICalc) 

4.1 Overview 

This chapter presents the novel performance assessment methodology, KPICalc, developed to 

address the challenges discussed in Chapter 2 (Figure 4.1). KPICalc utilises user-perceived 

data accuracy ratings as a means of gross error detection when mass balances are not feasible. 

This study also presents a series of newly-developed resource consumption KPIs to overcome 

the difficulty of monitoring resource consumption using the limited KPIs previously in 

existence. 

 

Figure 4.1 Challenges addressed through the development of KPICalc. 

4.2 Background to development of KPICalc 

KPICalc is applied, in this study, through the use of Microsoft Excel as a working platform as 

the software exhibited the data entry, calculation, graphing and coding capabilities required to 

implement and test the methodology (a process chart detailing the construction of the Microsoft 

Excel tool is shown in Appendix A2 and a guide to using the tool is presented in Appendix 

A1). An overview of the methodology is presented in Figure 4.2. A softcopy of KPICalc is 

appended to this thesis on a USB key. 

 

Figure 4.2 A basic overview of KPICalc. 
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KPICalc utilises a user survey to account for data availability and accuracy and facilitate 

automatic selection of KPIs based on this information. Following this, data can be entered on 

the required KPI variables and automated KPI calculation and reporting will take place. 

KPICalc can be used as a performance assessment tool or as a performance improvement tool 

when combined with the comparable WWTP identification tool presented in 0. 

4.2.1 Development of KPIs 

To assess environmental sustainability in a WWTP, thus meeting the objectives of the 

developed performance assessment methodology and the needs of the user, three key areas of 

resource consumption were selected, energy, chemicals and water. In conjunction with 

assessing resource consumption in a WWTP, it was essential to also assess WWTP 

performance; energy efficiency, for example, is generally a secondary consideration to whether 

a WWTP is treating wastewater satisfactorily or not. 

In the initial stages of KPICalc development, existing sets of KPIs for wastewater treatment 

were assessed to identify KPIs which were suited to the objectives of KPICalc. This process 

involved building a database of existing KPIs utilised in major benchmarking and performance 

assessment systems. These included (i) the IWA KPIs (Matos et al. 2003), (ii) KPIs outlined 

in ISO 24511 (ISO 2007), (iii) performance assessment system (PAS) developed by Quadros 

et al. (2010), (iv) the World Bank IBNET Blue Book (Danilenko & van den Berg 2010) and 

(v) the OFWAT system developed by the UK Environment Agency, (2001). From this database, 

KPIs which did not meet the objectives of the key stakeholders were excluded. Remaining 

KPIs were assessed to ensure that (i) the objectives of the stakeholders were met and, (ii) each 

KPI provided a unique insight into environmental sustainability to ensure a focused approach 

to performance assessment whilst using the minimum number of KPIs required. The final set 

of KPIs in the database were adopted directly into the performance assessment methodology 

developed in this research. These KPIs are detailed in Table 4.1. A number of the adopted KPIs 

required adaptation to suit the objectives of KPICalc, these KPIs are marked in Table 4.1. In 

addition, several KPIs were developed to account for aspects of effluent discharge compliance 

and resource consumption which were not accounted for in the adopted KPIs. The adaptation 

of existing KPIs and development of new KPIs is discussed in sections 4.2.1.1 to 4.2.1.5. 
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The KPIs utilised in the performance assessment methodology, KPICalc, have been grouped 

into the following categories as follows: (i) influent volumes, treated volumes and water 

consumption data, (ii) regulatory compliance, (iii) contaminant removal rates, (iv) chemical 

consumption and (v) energy usage for both the treatment plant and pump house. These 

categories (detailed in Table 4.1) offer the advantage of enhanced toolkit usability, as they 

provide clear display of KPI results throughout KPICalc. 
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Table 4.1 Key performance indicators utilised in the KPICalc. 

GROUP KEY PERFORMANCE INDICATOR UNITS CALCULATION 

FLOW  Design Capacity Utilised (6) % 
(Weight of BOD per unit of influent wastewater/ volume of influent wastewater) / 

0.06) / Design Capacity) x 100  

  Treated Wastewater in WWTP (1,2) % (Volume of effluent wastewater / volume of influent wastewater) x 100 

  Volume of Storm Overflow (6) % (Volume of storm overflow / volume of influent wastewater) x 100 

  Sludge Production in WWTP (1,2,4,5) kg/m³ Weight of sludge produced on-site / volume of effluent wastewater 

REGULATORY 

COMPLIANCE 

Overall Compliance with Discharge Requirements 
(1,2,4,5) 

% 
(Total number of tests meeting discharge requirements / Total number of tests 

carried out) x 100 

  
COD Compliance with Discharge Requirements 
(1,2,5) 

% 
(Number of COD tests meeting discharge requirements / Number of COD tests 

carried out) x 100  

  
BOD Compliance with Discharge Requirements 
(1,2,5) 

% 
(Number of BOD tests meeting discharge requirements / Number of BOD tests 

carried out) x 100 

  
Ammonium Compliance with Discharge 

Requirements (6) 
% 

(Number of Ammonium tests meeting discharge requirements / Number of 

Ammonium tests carried out) x 100 

  
Total Nitrogen Compliance with Discharge 

Requirements (1,2,5) 
% 

(Number of Total Nitrogen tests meeting discharge requirements / Number of 

BOD tests carried out) x 100 

  
Orthophosphate Compliance with Discharge 

Requirements (6) 
% 

(Number of Orthophosphate tests meeting discharge requirements / Number of 

Orthophosphate tests carried out) x 100 

  
Total Phosphorus Compliance with Discharge 

Requirements (1,2,5) 
% 

(Number of Total Phosphorus tests meeting discharge requirements / Number of 

Total Phosphorus tests carried out) x 100 

  
Total Suspended Solids Compliance with 

Discharge Requirements (1,2,5) 
% 

(Number of Total Suspended Solids tests meeting discharge requirements / 

Number of Total Suspended Solids tests carried out) x 100 

  
Oil, Fats and Grease Compliance with Discharge 

Requirements (6) 
% 

(Number of Oil, Fats and Grease tests meeting discharge requirements / Number 

of Oil, Fats and Grease tests carried out) x 100 

  
Detergents Compliance with Discharge 

Requirements (6) 
% 

(Number of Detergents tests meeting discharge requirements / Number of 

Detergents tests carried out) x 100 

  
Sulphate Compliance with Discharge Requirements 
(6) 

% 
(Number of Sulphate tests meeting discharge requirements / Number of Sulphate 

tests carried out) x 100 

  
Chlorides Compliance with Discharge 

Requirements (6) 
% 

(Number of Chlorides tests meeting discharge requirements / Number of 

Chlorides tests carried out) x 100 

  
Metals Compliance with Discharge Requirements 
(6) 

% 
(Number of Metals tests meeting discharge requirements / Number of Metals tests 

carried out) x 100 
(1) Matos et al., 2003, (2) ISO, (3) Danilenko and van den Berg, 2010, (4) Quadros et al., 2010, (5) Altered from original source, (6) Developed during this study 
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Table 4.1 Key performance indicators utilised in the KPICalc (continued). 

 

GROUP KEY PERFORMANCE INDICATOR UNITS CALCULATION 

REMOVAL 

CAPACITY 
BOD Removal Rate (6) % 

(1-((Weight of BOD present per unit of effluent wastewater x volume of effluent 

wastewater) / (weight of BOD present per unit of influent wastewater x volume of 

influent wastewater))) x 100 

  Nitrogen Removal Rate (6) % 

(1-((Weight of Total Nitrogen present per unit of effluent wastewater x volume of 

effluent wastewater) / (weight of Total Nitrogen present per unit of influent 

wastewater x volume of influent wastewater))) x 100 

  Ammonium Removal Rate (6) % 

(1-((Weight of Ammonium present per unit of effluent wastewater x volume of 

effluent wastewater) / (weight of Ammonium present per unit of influent 

wastewater x volume of influent wastewater))) x 100 

  Phosphorus Removal Rate (6) % 

(1-((Weight of Total Phosphorus present per unit of effluent wastewater x volume 

of effluent wastewater) / (weight of Total Phosphorus present per unit of influent 

wastewater x volume of influent wastewater))) x 100 

WATER 

CONSUMPTION 
Mains Water Volume Consumed (4,5) Litres/m³ Volume of mains water consumed on-site / volume of effluent wastewater 

  Mains Water Cost (6) €/m³ Cost of mains water consumed on-site / volume of effluent wastewater 

  Wastewater Reuse (6) % (Volume of effluent reused  / volume of effluent wastewater) x 100 

CHEMICAL 

CONSUMPTION 

 

 

 

 

 

Calcium Carbonate Utilised (6) kg/m³ Weight calcium carbonate of utilised / volume of effluent wastewater 

Calcium Hydroxide Utilised (6) kg/m³ Weight of calcium hydroxide utilised / volume of effluent wastewater 

Calcium Oxide Utilised (6) kg/m³ Weight of calcium oxide utilised / volume of effluent wastewater 

Sodium Bicarbonate Utilised (6) kg/m³ Weight of sodium bicarbonate utilised / volume of effluent wastewater 

Sodium Carbonate (Soda Ash) Utilised (6) kg/m³ Weight of sodium carbonate (soda ash) utilised / volume of effluent wastewater 

Sodium Hydroxide (Caustic Soda) Utilised (6) kg/m³ 
Weight of sodium hydroxide (caustic soda) utilised / volume of effluent 

wastewater 

Alum Al(III) Utilised (6) kg/m³ Weight of alum Al(III) utilised / volume of effluent wastewater 

Iron Fe(III) Utilised (6) kg/m³ Weight of iron Fe(III) utilised / volume of effluent wastewater 

Ferric Chloride Utilised (6) kg/m³ Weight of ferric chloride utilised / volume of effluent wastewater 

Aluminium Chloride Utilised (6) kg/m³ Weight of aluminium chloride utilised / volume of effluent wastewater 

Polyaluminium Chloride Utilised (6) kg/m³ Weight of polyaluminium chloride utilised / volume of effluent wastewater 

Polyiron Chloride Utilised (6) kg/m³ Weight of polyiron chloride utilised / volume of effluent wastewater  

Alum Sulphate Utilised (6) kg/m³ Weight of alum Sulphate utilised / volume of effluent wastewater 

Ferric Sulphate Utilised (6) kg/m³ Weight of ferric Sulphate utilised / volume of effluent wastewater 
(1) Matos et al., 2003, (2) ISO, (3) Danilenko and van den Berg, 2010, (4) Quadros et al., 2010, (5) Altered from original source, (6) Developed during this study 
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Table 4.1 Key performance indicators utilised in the KPICalc (continued). 

GROUP KEY PERFORMANCE INDICATOR UNITS CALCULATION 

ENERGY 

CONSUMPTION 
WWTP Energy Consumption per PE (1,2) kWh/PE/ year Energy consumed in WWTP / (Volume of effluent wastewater / 0.15)*365 

  
WWTP Energy Consumption per Unit Flow 
(4,5) 

kWh/m³ Energy consumed in WWTP / volume of effluent wastewater) 

  
WWTP Energy Consumption per Unit BOD 

Removed (6) 
kWh/kg BOD 

Energy consumed in WWTP / (weight of BOD present per unit of influent 

wastewater x volume of influent wastewater) - (weight of BOD present per unit of 

effluent wastewater x volume of effluent wastewater) 

  
WWTP Energy Consumption per Unit 

Nitrogen Removed (6) 
kWh/kg N 

Energy consumed in WWTP / (weight of Total Nitrogen present per unit of 

influent wastewater x volume of influent wastewater) - (weight of Total Nitrogen 

present per unit of effluent wastewater x volume of effluent wastewater) 

  
WWTP Energy Consumption per Unit 

Ammonium Removed (6) 
kWh/kg A 

Energy consumed in WWTP / (weight of Ammonium present per unit of influent 

wastewater x volume of influent wastewater) - (weight of Ammonium present per 

unit of effluent wastewater x volume of effluent wastewater) 

  
WWTP Energy Consumption per Unit 

Phosphorus Removed (6) 
kWh/kg P 

Energy consumed in WWTP / (weight of Total Phosphorus present per unit of 

influent wastewater x volume of influent wastewater) - (weight of Total 

Phosphorus present per unit of effluent wastewater x volume of effluent 

wastewater) 

  
Pump House Energy Consumption per Unit 

Flow (6) 
kWh/m³ Energy consumed in pump house / volume of influent wastewater 

(1) Matos et al., 2003, (2) ISO, (3) Danilenko and van den Berg, 2010, (4) Quadros et al., 2010, (5) Altered from original source, (6) Developed during this study. 
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4.2.1.1 Flow KPIs 

To assess the volumetric loading and discharge of a WWTP, four flow-based KPIs were 

selected for the performance assessment system. Two of these KPIs (percentage of treated 

wastewater and WWTP sludge production) have been altered from those proposed by the IWA 

(Matos et al. 2003). The need for the development of a KPI to assess the percentage of the 

design capacity utilised was identified at stakeholder meetings with the Irish national water 

utility. This enabled the toolkit to account for under and over loading of WWTPs - given the 

strong effect which loading (both hydraulic and organic) can have on WWTP performance and 

resource consumption this was deemed essential. 

4.2.1.2 Regulatory compliance KPIs 

Six of the regulatory compliance KPIs (overall compliance with regulations, BOD5, COD, TN, 

TP and TSS) adopted from the ‘Combined Sewer Overflow and Wastewater and Sludge 

Quality Monitoring’ section of the IWA KPIs (Matos et al. 2003) were altered for the purposes 

of this study. These KPIs were originally calculated the number of tests carried out per year as 

a proportion of the number of tests required during the assessment period. In KPICalc, a KPI 

was developed to calculate the percentage of regulatory compliance monitoring tests that 

passed with respect to the number of tests carried out. In addition to this, seven additional KPIs 

were developed to cover the remaining regulatory compliance monitoring tests which may be 

applicable to Irish WWTPs (Table 4.2). These KPIs are calculated in a similar fashion to the 

altered KPIs. 
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Table 4.2 Regulatory performance KPIs utilised in the KPICalc. 

KEY PERFORMANCE INDICATOR UNITS SOURCE 

Overall Compliance with Discharge Requirements (1,2,4) % Altered from original source 

COD Compliance with Discharge Requirements (1,2) % Altered from original source 

BOD Compliance with Discharge Requirements (1,2) % Altered from original source 

Ammonium Compliance with Discharge Requirements % Developed during this study 

Total Nitrogen Compliance with Discharge Requirements (1,2) % Altered from original source 

Orthophosphate Compliance with Discharge Requirements % Developed during this study 

Total Phosphorus Compliance with Discharge Requirements (1,2,) % Altered from original source 

Total Suspended Solids Compliance with Discharge Requirements (1,2) % Altered from original source 

Oil, Fats and Grease Compliance with Discharge Requirements % Developed during this study 

Detergents Compliance with Discharge Requirement % Developed during this study 

Sulphate Compliance with Discharge Requirements % Developed during this study 

Chlorides Compliance with Discharge Requirements % Developed during this study 

Metals Compliance with Discharge Requirements % Developed during this study 

(1) Matos et al., 2003, (2) ISO, (3) Danilenko and van den Berg, 2010, (4) Quadros et al., 2010. 

4.2.1.3 Pollutant removal rate KPIs 

To facilitate assessment of the pollutant removal rates exhibited by a WWTP, four removal 

rate KPIs for BOD5, TN, ammonium and TP were developed. The calculation of these KPIs 

requires the volumetric data for the influent and treated effluent alongside the organic 

concentrations in the influent and effluent for the parameter in question. The results from these 

KPIs also support the analysis of chemical consumption KPIs (for example the calculation of 

chemicals used per unit mass TP removed), energy consumption KPIs (as a relationship 

between pollutant removal rates and energy consumption can be seen for nitrogen-based 

parameters) and regulatory compliance KPIs, where emission limit values are often connected 

with a minimum percentage removal caveat. 

4.2.1.4 Water and chemical consumption KPIs 

The developed KPIs concerning water and chemical consumption exhibit a straightforward 

method of calculation; typically, consumption data and the volume of treated wastewater 

provide sufficient KPI variables. In addition to a water usage KPI, a newly developed 

wastewater reuse KPI (wastewater reused as a percentage of the wastewater treated) offers the 

benefits of providing quantitative results on the practice of wastewater reuse for tank and 

equipment cleaning, etc.  
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4.2.1.5 Energy consumption KPIs 

Key performance indicators from existing literature assess energy consumption in WWTPs 

(the WWTP energy consumption per PE per year has been altered from Matos et al. (2003)). 

In addition, a number of KPIs were developed to assess energy consumption with respect to 

the pollutant load removed in the WWTP and the energy consumption of the influent pumping 

stations. These KPIs were developed with the intention of addressing the various aspects of 

wastewater treatment which can be linked to energy consumption, such as the nitrification 

process which reduces ammonium concentrations typically by leveraging aeration processes 

which can be energy intensive. It is envisaged that many of these energy consumption KPIs 

would also be used during benchmarking to enable a better comparison between WWTPs 

regarding efficiency per unit mass pollutant removed (previously discussed in section 2.9.6). 

Similar KPIs can be seen in recent energy benchmarking initiatives in WWTPs (Longo et al. 

2016). 

4.3 KPICalc performance assessment methodology 

Figure 4.3 details the framework behind KPICalc; modules which require user input are shown 

in yellow, with automated processes shaded blue. Modules with a similar aim are grouped 

together (detailed on the left-hand side of the process chart) and these are discussed in the 

following subsections. 
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Figure 4.3 KPICalc framework. 
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4.3.1 User survey on wastewater treatment plant characteristics, data availability and 

data accuracy 

Initially the end-user (engineer, facility manager etc.) completed a short survey which enabled 

the automatic selection of KPIs to be used for the remainder of KPICalc. This survey, which 

can be completed in minutes, asks users to identify WWTP characteristics (e.g. treatment levels, 

generic technologies deployed etc), and identify what data sources which are available. The 

outputs of the survey also act as contextual information on the WWTP and the KPIs used in 

KPICalc. Some of the key details requested in the survey include (Figure 4.4); (i) population 

equivalent (PE) of the WWTP (based on hydraulic or organic load); (ii) flow data availability, 

(iii) various treatment processes used on-site (from a predefined list, with the option to add 

additional information if desired), (iv) enforced regulatory discharge licence requirements for 

effluent contaminant concentrations (v), chemicals used as part of the wastewater treatment 

process and their unit cost and (vi) energy consumption monitoring actively taking place on-

site. 

    

Figure 4.4 User survey module screenshots showing flow data availability and data accuracy selection (left) 

and aeration setup (right). 

On completion of the part of the survey regarding available data sources, the user is required 

to rate their self-perceived accuracy of each data source. This user-perceived method of 

assessing data accuracy in KPICalc is not without its limitations and challenges. Requiring 

users to rate data accuracy based on their knowledge of the data and the monitoring equipment 

can be subjective (e.g. personal bias, variances in user’s knowledge of data accuracy principles 



76 

 

etc.). Irrespective of this, the user-perceived accuracy assessment step in the methodology 

provides an insight into the degree of data accuracy issues present in a WWTP by highlighting 

the number of KPIs which cannot be included in performance assessment due to data accuracy 

issues. This incentivises the user to correct these data accuracy issues, which in itself, can lead 

to improvements in WWTP performance. Alternately, the user-perceived accuracy ratings act 

as a high-level data error detection system in the KPI reporting modules; this is discussed 

further in section 4.3.3. 

Provision of a less subjective method of accounting for data accuracy would be beneficial. 

However, such methods typically require additional resources and datasets which are often 

unavailable. Where feasible, users can utilise the scientific methods listed in Table 2.6 to help 

with this process; these are referenced for the user in the quick-start manual included with the 

performance assessment methodology (Appendix A.1). These methods are referred to as 

advanced methods due to the level of data, user expertise and infrastructure required for 

successful implementation. 

4.3.1.1 Selection of a point scale for user-perceived accuracy rating 

Originally, a 3-point system (accurate, moderately accurate and inaccurate) was devised, 

however, during testing by stakeholders it was identified that KPICalc users felt apprehensive 

of perceiving data sources as moderately accurate without detailed knowledge of the degree of 

inaccuracy. When rating data accuracy under the 3-point rating system; users avoided 

identifying data as moderately accurate and opted for inaccurate once they felt the data might 

be compromised. Thus, the user-perceived system was reduced to a 2-point rating system 

(accurate and inaccurate). Data portrayed using a ‘✓’was used to identify KPIs calculated from 

data sources perceived as accurate and ‘’ markers identified KPIs that were based on user-

perceived data inaccuracies. 

The inclusion of a multiple-point scale (e.g. a rating of 1-5) may be suitable for data accuracy 

rating if the user is presented with a set of rules for applying ratings to various KPI variables. 

For example, in the case of volumetric flow data (an important KPI variable), higher accuracy 

ratings may require a flow meter to have been calibrated within a set number of months. 

However, if the flow meter is calibrated correctly, but installed in the wrong location, the KPI 

variable must be given a lower accuracy rating. This approach may incentivise users to improve 



77 

 

their data quality, particularly if a WWTP has highly inaccurate KPI variables which may 

require a number of steps to correct this issue (i.e. repositioning of flow meter and calibration). 

By calibrating the flow meter, the accuracy rating will improve, however the user must 

continue to correct KPI variable issues to achieve a high accuracy rating. In terms of 

wastewater quality sampling, this multiple-point rating scale could be applied in the 

performance assessment methodology using the statistical agreement methods for assessing 

wastewater sampling methods, presented in Chapter 6. 

4.3.2 KPICalc customisation based on user survey inputs 

Once the survey is complete, data sources are identified as available/unavailable and 

accurate/inaccurate and are matched to corresponding KPIs. These data sources are connected 

to the relevant KPI variable and each KPI is then defined as available, unavailable or available 

pending corrective action based on the KPI variables used for KPI calculation (Table 4.3). 

These results are shown to users once the survey is complete. Where a KPI is identified as 

“available pending corrective action”, the KPI variables requiring corrective action are 

displayed and a link to a page detailing the variables is provided. 

Table 4.3 KPI availability and accuracy result groups 

KPI Group Description 

Available and Accurate KPIs available for performance assessment due to the availability of the required 

data and the high accuracy these data are expected to have by the user. 

Available Pending 

Corrective Action 

KPIs require the accuracy of one or more variables to be corrected prior to their 

implementation. 

Unavailable KPIs are not applicable to the aspects of wastewater treatment present in the WWTP. 

 

A key benefit of these outputs is the list of KPIs which cannot be utilised in the performance 

assessment system due to data inaccuracies. This list incentivises users such as WWTP 

managers and engineers to correct any data inaccuracies prior to commencing performance 

assessment, offering an advantage over other performance assessment methodologies which 

do not take data accuracy into account. In the case where data accuracy can be improved, 

KPICalc prompts the user to implement any corrective actions and to correct the user-perceived 

accuracy in the original survey which will increase the number of available KPIs. 
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4.3.3 Data entry and key performance indicator calculation 

The customised (based on the survey) data entry module for WWTP data enables users to enter 

data as frequently as is desired or available. On completing the survey, the user will have 

identified the data which are available. KPICalc will then automatically adjust to enable data 

to be accommodated. Historical data entry is also facilitated.  

KPIs are automatically calculated by KPICalc based on data availability, if a data point 

required for KPI calculation is unavailable, the KPI is not calculated or reported (the toolkit 

adjusts to omit such KPIs from reporting screens). Thus, the identification of unavailable data 

allows KPICalc to streamline KPI reporting.  

By default, KPICalc will only calculate KPIs based on data sources identified as accurate by 

the user. The formulae used to calculate KPIs are given in Table 4.1. To use KPICalc to detect 

high level errors in datasets, the user can opt for KPICalc to calculate and report KPIs based 

on self-perceived inaccurate data, enabling gross error detection when viewing result reports. 

4.3.4 Performance tracking of KPIs 

KPICalc utilised calculated results to then track the performance of the facility in relation to 

user-defined targets (Figure 4.5). KPICalc identifies results deemed “acceptable” where a KPI 

has met a desired target, “at risk” where a KPI does not meet a desired target and “failed” when 

the KPI fails to meet the minimum requirements. Regulatory performance KPI results are 

tracked based on whether they meet the required ELV; results are reported as a “pass” or “fail” 

as shown in Figure 4.7. 
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Figure 4.5 Architecture of the KPI target reporting system  

KPICalc will also give headline information regarding performance trends; “performance 

improving”, “performance remaining steady” or “performance declining”, where each headline 

reports the change in performance from month to month. Similar to the above, these enabled 

users of KPICalc to easily track performance of the facility over time. The targets used to track 

KPI performance can be defined and altered by the user (Figure 4.6) as they will typically vary 

depending on specific discharge licence requirements, wastewater pumping requirements, 

technological advancements, etc. 
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Figure 4.6 KPI target altering module screenshot. 

4.3.5 Key performance indicator reporting dashboards 

KPICalc offers reporting dashboards (detailed in Table 4.4) which provide the user with 

various colour-coded means of viewing outputs from KPICalc. These include month-by-month 

comparison dashboards, graphs and tables (an example of which is shown in Figure 4.7).  

Table 4.4 Dashboard Functions in KPICalc. 

Dashboard Function 

Weekly KPI Report Reporting of weekly KPI results in a tabular format 

Monthly KPI Report Reporting of monthly KPI results and rankings in a tabular format 

Monthly Comparison 

Dashboard 

Comparison of KPI results and rankings over any two months selected by 

the user 

Hydraulic Flows Dashboard 
Provision of KPI results and graphs focusing on KPIs relating to hydraulic 

flows 

Regulation Compliance 

Dashboard 

Provision of KPI results and graphs focusing on KPIs relating to both 

compliance testing and in-house testing of influent and effluent wastewaters 

Nutrient Removal Dashboard 
Provision of KPI results and graphs focusing on KPIs relating to the nutrient 

removal achieved in the WWTP 

Energy Consumption 

Dashboard 

Provision of KPI results and graphs focusing on KPIs relating to energy 

usage both in the WWTP and pump houses 

Chemical Consumption 

Dashboard 

Provision of KPI results and graphs focusing on KPIs relating to chemical 

consumption and cost 
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Figure 4.7 Monthly Results Dashboard Screenshot. 

A reporting dashboard is available for each of the 5 KPI categories (Section 4.2.1), providing 

a means of focusing on results from one aspect of WWTP performance (e.g. energy usage). 

This is achieved using rolling tables and graphs. Where a graph is provided, the details 

presented can be toggled on or off with the checkboxes at the left of the graph (Figure 4.8). 

 

Figure 4.8 Result reporting dashboard screenshot with checkboxes, rolling tables and rolling graphs. 

4.3.6 Stakeholder involvement in KPICalc development 

The KPICalc framework was developed and subsequently reviewed/critically assessed by 

stakeholders, including (i) members of the Irish EPA and the Irish Department of 
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Communications, Climate Change and the Environment, (iii) the national water utility and (iv) 

WWTP managers and consulting engineers (Figure 4.9).  

 

Figure 4.9 Stakeholder KPICalc review process. 

Several the key changes suggested during various stakeholder meetings and implemented in 

subsequent versions of KPICalc are shown in Table 4.5. In the event of conflicting feedbacks, 

these group meetings provided the opportunity to apply any recommended changes or inputs 

to the methodology, via the toolkit in real time (where possible) and to observe the effect which 

the changes had on the usability of the toolkit and the reported results. 

Table 4.5 Key changes suggested by stakeholders and implemented in KPICalc. 

Implemented Change Stakeholder Description 

Inclusion of data 

accuracy assessment by 

user 

Irish Water 

A 2-point rating system (“accurate” and “inaccurate”) was 

included in the user survey to account for outstanding data 

accuracy issues (discussed in section 4.3.1.1). 

Addition of a design 

capacity utilisation KPI 
Irish Water 

Inclusion of a KPI to provide an indication of the loading of a 

WWTP with respect to its design capacity (discussed in section 

4.2.1.1). 

Reporting of regulatory 

compliance results 
Irish Water 

Automated reporting of regulation compliance results as either 

“pass” or “fail” based on the discharge licence information in the 

user survey (discussed in section 4.3.4). 

Additional regulatory 

compliance KPIs 

Environmental 

Protection Agency 

Inclusion of additional KPIs to account for various ELVs which 

may be applied in a discharge licence, but do not already exist in 

the literature. 

Wording changes in 

KPICalc 

Environmental 

Protection Agency 

Changes in the terminology used in KPICalc to align with 

regulation terminology. 

Automated compilation 

of report on the user 

survey inputs 

WWTP managers 

and consulting 

Engineers 

Completed user surveys can be saved as PDF reports to facilitate 

rapid comparison of WWTP characteristics. 
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4.4 Application of KPICalc and discussion 

KPICalc was piloted at a number of Irish WWTPs of varying design capacities and processes 

chosen in consultation with stakeholders (Table 4.6); Chapter 3 provides further details on the 

selected WWTPs. KPICalc piloting incorporated between 1 week and over 2 years of data in 

each WWTP collected as detailed in Chapter 3. For clarity and conciseness, the key findings, 

presented in this chapter, are limited to the average result for each KPI in each WWTP, over 

the duration of the piloting period. 

Table 4.6 WWTPs selected for KPICalc piloting 

Characteristic WWTPs A, B and C WWTP D WWTP E 

Design capacity (population 

equivalent) 
15,000 – 30,000 PE 2,500 PE 350 PE 

Treatment Technology 

Activated sludge & 

chemical phosphorus 

removal 

Activated sludge & 

chemical phosphorus 

removal 

Biofilm-based 

batch treatment 

system 

Plant Type Municipal Municipal 
Municipal and 

research facility 

Location Centralised Centralised Decentralised 

Operational Personnel Manned Manned Unmanned 

Discharge licence reporting 

requirements 
Monthly Monthly N/A 

Sludge Treatment Yes Yes No 

 

The full details of the results can be seen in the appended KPICalc toolkits. Table 4.7 

summarises the results for the WWTPs analysed in conjunction with the KPI’s user perceived 

accuracy rating. In each WWTP, the ways in which plant managers or operators perceived the 

accuracy of KPI variables were found to be in similar. These personnel were experienced in 

the WWTP in question and understood the factors which may affect KPI variable accuracy. 

KPIs which were not applicable to any of the WWTPs were excluded from Table 4.7; the full 

database of KPIs is shown in Table 4.1. It should be noted that the results for KPIs marked as 

inaccurate (“”) are shown in Table 4.7 for discussion purposes only, and that these KPIs are 

not calculated in KPICalc. The results obtained from piloting the performance assessment 

methodology are appended to this thesis on a USB key; the customised KPICalc tool for each 

WWTP is included to provide an insight into the customisation of KPICalc based on the user 

survey, KPI calculation and result reporting modules.
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Table 4.7 Key results from KPICalc testing 

Key Performance Indicator Units 
WWTP A WWTP B WWTP C WWTP D WWTP E 

Accurate KPI Accurate KPI Accurate KPI Accurate KPI Accurate KPI 

Design Capacity % utilised 
 

20 
 

82 
 

166 
 

156 
 

68 

Treated Wastewater  % total influent 
 

100 
 

100 
 

100 
 

100  100 

Volume of Storm Overflow % total influent 
 

0 
 

0 
 

0 
 

0 
 

0 

Sludge Production in WWTP 
kg/m³ wastewater 

treated  

0.50 
 

0.01 
 

0.94 
 

0.11   

Overall Compliance with Discharge Requirements % samples 
 

100 
 

63 
 

80 
 

90   

COD Discharge Compliance % samples 
 

100 
 

95 
 

100 
 

100   

BOD Discharge Compliance % samples 
 

100 
 

71 
 

100 
 

100   

Ammonium Discharge Compliance % samples 
 

100 
 

27   
 

100   

Total Nitrogen Discharge Compliance % samples 
 

100 
 

56 
 

0     

Orthophosphate Discharge Compliance Requirements % samples 
 

100 
 

13   
 

50   

Total Phosphorus Discharge Compliance Requirements % samples   
 

87 
 

100     

Total Suspended Solids Discharge Compliance 

Requirements 
% samples 

 

100 
 

91 
 

100 
 

100   

BOD Removal Rate % removal 
 

90 
 

92   
 

98   

Nitrogen Removal Rate % removal 
 

33 
 

69 
 

47     

Phosphorus Removal Rate % removal   
 

88       

Mains Water Volume Consumed litres/m³   
 

59     
 

43 

Wastewater Reuse* % 
 

0.14         

Ferric Sulphate Utilised kg/m³ 
 

0.06 
 

0.7    0.06   

WWTP Energy Consumption per PE kWh/PE/year 
 

11.7 
 

20.0 
 

16.3 
 

20.2 
 

15.02 

WWTP Energy Consumption per Unit Flow kWh/m³ 
 

0.2 
 

0.3 
 

0.3 
 

0.4 
 

0.2 

WWTP Energy Consumption per Unit BOD5 Removed kWh/kg BOD5  1.0  1.8  1.5  2.1  1.7 

WWTP Energy Consumption per Unit Nitrogen 

Removed 
kWh/kg nitrogen  21.1  12.4  44.3     

WWTP Energy Consumption per Unit Ammonium 

Removed 
kWh/kg ammonium  11.0      16.7   

WWTP Energy Consumption per Unit Phosphorus 

Removed 
kWh/kg phosphorus    0.05       

*Wastewater Reuse is defined as the reuse of final effluent for on-site purposes such as tank cleaning, belt press cleaning etc. = all KPI variables are accurate 

and KPI is reported to user. = one of more KPI variable is inaccurate and KPI is excluded from KPICalc (numerical results for inaccurate KPIs are shown in the 

table for discussion purposes only and are not shown in KPICalc). 
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As previously stated, the inaccurate KPI results are shown in Table 4.7 to demonstrate how 

important it is to account for data accuracy prior to KPI calculation (these results would not be 

presented to the user in KPICalc due to data accuracy issues). For example, WWTP C provides 

an example of how an inaccurate KPI result could affect the users’ ability to gain an accurate 

representation of a WWTPs performance. As shown in Table 4.7, KPIs related to regulatory 

compliance results typically demonstrated high levels of compliance across all pilot WWTPs. 

WWTP C is noted to have failed to comply with the nitrogen ELV during the piloting period 

(as did WWTP B), which can be seen in the ‘total nitrogen discharge compliance’ KPI result. 

During the duration of KPICalc piloting in WWTP C, total nitrogen concentrations exceeded 

the total nitrogen ELV in the discharge licence for WWTP C, resulting in a poor regulatory 

compliance KPI result. WWTP C was observed to remove, on average, only 47% of the total 

nitrogen in the influent wastewater during this study. By reviewing the ‘WWTP energy 

consumption per unit nitrogen removed’ KPIs, WWTP C reported the highest result for this 

(44.3 kWh/kg N removed) out of the 3 WWTPs in which this KPI was applied. Although the 

results in Table 4.7 indicate a potential nitrogen removal issue in WWTP C, it is important to 

note that these results (with the exception of the regulation compliance result) are inaccurate 

and therefore cannot be included when assessing WWTP performance.  

The KPICalc toolkit for WWTP C is appended to this thesis in the USB key; by reviewing the 

effluent total nitrogen concentrations (mg N/l) entered into the toolkit using the data entry 

module, it is clear that during toolkit piloting in WWTP C, there was an ongoing nitrogen 

removal issue. Many of the collected effluent samples (for non-regulation purposes) exceeded 

the required ELV of 15 mg N/l total nitrogen concentration. In WWTP C, the potential nitrogen 

removal issue identified from the KPI results presented in Table 4.7 could not be confirmed 

using these results alone due to the reported KPI inaccuracies. However, by assessing the 

accurate data (e.g. influent and effluent concentrations) entered in the KPICalc toolkit for 

WWTP C (appended on the USB key), and the KPI results presented in the result dashboards 

(accurate KPI results only) the nitrogen removal issues could be confirmed.  

Similar to WWTP C, a large quantity of inaccurate KPI results can be seen across the remaining 

pilot WWTPs. These inaccuracies make the discussion of the numerical results presented in 

Table 4.7 (without consulting the KPICalc toolkit for the pilot WWTP) a complicated task, 
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which is evident from the analysis of KPI results in WWTP C. Although many of the KPIs in 

Table 4.7 are based on inaccurate data sources, neither the overall trend of any particular KPI 

result, across the piloted WWTPs, nor the overall impression which a group of KPIs in any 

one WWTP may create, can be confidently said to be an accurate or inaccurate representation 

of the actual performance of the WWTPs during KPICalc piloting without consulting the 

appended KPICalc toolkit for each WWTP to assess the underlying data upon which KPI 

calculation is based.  

In many ways, comparing the numerical values resulting from KPI calculation in the pilot 

WWTPs is not critical to the review of the piloting of the KPICalc methodology, as the 

calculation formulae are defined in Table 4.1 and discussed in section 4.2.1. Therefore, the 

following sections focus on how, in each of the piloted WWTPs, various aspects of the 

KPICalc methodology and toolkit overcame the challenges detailed in Figure 2.15. 

4.4.1 Advantages of KPICalc customisation 

The advantages of KPICalc customisation can be seen when discussing the exclusion of 

inaccurate or not applicable KPIs. For example, a large percentage of KPIs in each WWTP 

were identified as not applicable mostly due to the varying compliance requirements which a 

WWTP can be subject to (Table 4.1). In the customised KPICalc toolkit for each of the pilot 

WWTPs (provided in the USB key appended to this thesis), KPIs marked with an “” in Table 

4.1 are not visible to the user. 

Without the ability of KPICalc to customise itself to the WWTP which it is applied to, the user 

would be presented with KPIs and associated reporting modules which were either not 

applicable to the WWTP in question, or inaccurate. Exclusion of these not applicable or 

inaccurate KPIs can help address a key challenge cited in literature (Section 2.9 and 2.11) of 

users becoming inundated with KPIs and hence lacking a focused approach to performance 

assessment initiatives. 

4.4.2 KPI variable availability and accuracy 

Figure 4.10 highlights data availability and data accuracy results from each WWTP, including 

KPIs found to be not applicable. Most self-reported inaccuracies were reported in flow data, 

sludge production data, and water and chemical consumption data. These common inaccuracy 
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issues are discussed further in the following sections. The EPA were informed of these 

inaccuracies at the end of KPICalc piloting (Fitzsimons et al. 2016) (Appendix D). 

 

Figure 4.10 Data availability and accuracy results 

4.4.3 Flow data accuracy 

The importance of available and accurate flow data is reflected in KPICalc, where 32 of the 45 

KPIs require flow data. The remaining KPIs in the database, fall under the regulatory 

compliance category, where typical concentration-based measurements of pollutants are 

required (Table 4.1). 

Many of the inaccurate KPIs excluded from the respective performance assessment 

methodologies in the pilot WWTPs were due to inaccurate flow monitoring data; in particular, 

WWTPs A, C, and D were found to have inaccurate flow data (Figure 4.11). In each WWTP, 

the number of KPIs which was found to be inaccurate due to flow data issues alone, equalled 

or exceeded the number of accurate KPIs. This is in line with previously mentioned regulatory 

audits in Ireland (EPA, 2013), that noted 21% of WWTPs failed to provide flow meter 

measurements, and 17% failed to maintain calibration of flow meters.  
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Figure 4.11 Breakdown of KPI inaccuracies identified by KPICalc. 

This study, similarly to Puig et al. (2008), found that in general regulatory data was the primary 

performance data available. The WWTPs analysed as part of this study are required to have 

regulatory wastewater samples analysed in an accredited and external lab. As a result, the data 

are readily available and highly accurate (note all regulatory compliance KPIs are identified as 

accurate). In a slight contrast to this requirement, Irish WWTPs are required to report their 

average daily hydraulic loading (based on influent flow) for the duration of the year. Given 

that this is reported as a single figure, it can be difficult to assess the accuracy of the underlying 

flow data used in its calculation. Thus, issues surrounding flow data accuracy are seldom 

detected in these annual regulatory reports. 

4.4.3.1 Gross error detection in flow data 

When matching data which users perceived as being inaccurate to KPIs calculated from these 

data, it was possible to infer with further confidence where the data may indeed have been 

inaccurate. For example, analysis of the KPI results for design capacity utilisation (Table 4.7) 

indicated WWTPs A, C and D may have been significantly over/under loaded based on influent 

data and the design capacity of the WWTP. Such a significant level of under or over loading 

would appear not to be realistic given local populations and industry activities. On further 

investigation, flow data issues were diagnosed using mass balance checks. It should be noted 

however that the completion of mass balance checks on the flow data in each WWTP required 

intensive data collection over several days. 
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A large mass balance residual (e.g. for WWTP A, C and D) was found to be the result of 

inaccuracies in the influent flow meter (ultrasonic level meter and flow measurement channel 

issues). In WWTP A, the automated screening process was defective and powered off for the 

duration of the study. Thus, influent flow was diverted to a manual screening process 2-3m 

downstream from the flow monitoring channel. Although these screens were raked frequently, 

regular screen blockages occurred which artificially increased the height of water in the flow 

measurement channel, causing the ultrasonic level meter to over-read flow rates. The effluent 

flow meter was found to be out of calibration in WWTP C. The influent flow meter in WWTP 

D was located downstream of the RAS return point, resulting in the influent flow meter reading 

both the influent and RAS.  

From KPICalc piloting in WWTP A, C and D, it can be seen that a multiple-point accuracy 

scale (as discussed in section 4.3.1.1) would be highly applicable to these WWTPs and would 

incentivise the user to correct flow-meter issues and increase the accuracy rating scores. To 

implement this multiple-point accuracy scale, the survey module of KPICalc, which collects 

information on KPI variables, could be adapted to include questions on the time elapsed since 

flow meter calibration, for example. This inclusion would aid the user in applying the set of 

rules which would accompany a multiple-point accuracy scale.  

4.4.4 Sludge production data accuracy 

Due to the high cost of treating and transporting sludge, WWTP managers and operators aim 

to reduce the volume of waste sludge requiring further treatment, however, sludge volume data 

collected in WWTPs A, B, C and D was found to be both sporadic and inaccurate (Table 4.7). 

Sludge volume data in each WWTP was only available on an annual basis for each WWTP 

and for the purposes of testing KPICalc, daily sludge production was assumed to be uniform 

throughout the duration of the study. 

4.4.5 Chemical consumption data accuracy 

KPICalc includes 14 KPIs which encompass a variety of chemicals used in WWTPs. In this 

study, ferric sulphate featured as the only chemical utilised. Ferric sulphate is used in WWTPs 

for chemical phosphorus removal and typically utilises a drip-feed system for chemical 

addition. Drip-feed systems were not found to be frequently monitored and thus for WWTPs 

A, B and D, the daily chemical masses utilised were estimated based on the delivery dates of 
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ferric sulphate and subsequent estimations of volume delivered. This estimation led to users 

identifying chemical consumption data as inaccurate. 

4.4.6 Performance assessment and benchmarking with limited data availability 

Implementing KPICalc is achievable even where limited data are available. However, it is 

recommended that caution is exercised if benchmarking such facilities against other WWTPs 

or drawing significant conclusions from the exercise. For example, WWTP E was not required 

to operate meet regular ELV requirements (in Ireland ELVs typically do not apply to WWTPs 

which a PE of less than 500 as these WWTPs do not require a discharge licence). The limited 

levels of monitoring at WWTP E resulted in relatively few KPIs being reported (Figure 4.11). 

This reflects challenges previously identified regarding data management practices in small 

and decentralised WWTPs (Beltrán et al., 2012; O’Reilly et al., 2012). 

Should the manager of a small-scale WWTP wish to benchmark against its peers, it is 

recommended that managers undertake a period of intensive wastewater testing and data 

collection for performance assessment purposes. This ensures that sufficient results are 

provided, enabling adequate conclusions to be drawn from performance assessment. 

4.5 Conclusions 

The novel aspects of KPICalc presented in this chapter include:  

• Automated exclusion of KPIs which are unrelated to the processes utilised in the 

WWTP enabling (i) standardisation of performance assessment between WWTPs and 

(ii) automatic adaptation to user requirements; 

• Identification of KPIs that may be based on inaccurate data using the user-perceived 

data accuracy survey, suitable for a low data availability environment; 

• Providing a focus on resource consumption and environmental sustainability; and  

• Improvement of current WWTP management practices. 

To critically analyse the developed methodology, KPICalc was tested in five WWTPs. The 

results from testing show the numerous advantages of assessing data availability and data 

accuracy when assessing WWTP performance. This chapter contributes to the current body of 

literature by applying a method of assessing data accuracy in WWTPs with limited data 
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availability and highlights the advantages of such a methodology in a number of pilot WWTPs. 

Furthermore, KPICalc testing further highlighted the prominence of inaccurate process data 

which was echoed in the literature. 

In the following chapter, a method and tool to identify comparable WWTPs based on WWTP 

size, loading and emission limit values are presented. The tool is applied to Irish WWTPs based 

on 2014 regulatory data and the results are discussed. 
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Chapter 5 Methodology and Supporting Tool to Identify 

Comparable WWTPs 

5.1 Overview 

This chapter outlines and tests a novel tool which can identify WWTPs which are comparable 

for the purposes of benchmarking using KPICalc (previously described in Chapter 4). The 

methodology was designed to create sets of similar WWTPs using key data that are supplied 

by the regulator (in Ireland, this is the Environmental Protection Agency). Successful 

benchmarking should enable identification of areas and processes in a WWTP which can be 

improved to yield greater efficiencies and effectiveness. However, wastewater treatment plant 

benchmarking can only be truly effective when carried out between comparable WWTPs. As 

discussed in Section 2.9.7, identifying comparable WWTPs for benchmarking purposes can be 

challenging. The toolkit developed in this Chapter was designed to operate in conjunction with 

KPICalc in order to overcome a number of challenges identified in the literature (Figure 5.1). 

 

Figure 5.1 Challenges addressed through the development of the comparable WWTP identification tool. 

Irish licenced WWTPs served as the basis behind the development of this tool. However, the 

methodology can apply to any region once the discharge limits and key characteristics the of 

the WWTP are known. A softcopy of the comparable WWTP identification tool is appended 

to this thesis on a USB key. 

5.2 Methodology Overview 

Several WWTP characteristics are of greater interest during benchmarking then others, due to 

their strong influence on WWTP comparability. From the literature review, several WWTP 

characteristics were identified as factors which can affect the comparability of WWTP 

performance and resource consumption KPICalc results between WWTPs (section 2.9.7), 

including (i) design capacity, (ii) WWTP pollutant loading, (iii) percentage of design capacity 
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utilised and (iv) the varying presence of treatment levels in WWTPs. The design capacity of a 

WWTP has a major effect on energy consumption among other resources. Large-scale WWTPs 

often exhibit economies due to scale and therefore may treat wastewater more efficiently. This 

advantage over small-scale WWTPs is particularly evident across KPIs which measure 

resource consumption per unit of wastewater treated or per unit of pollutant removed (section 

2.9.7). Therefore, it is critical that design capacity is assessed as part of the identification of 

comparable WWTPs. Additionally, although a WWTP may be large-scale in terms of design 

capacity, the operational loading (PE loading) into the WWTP may be substantially lower than 

the WWTP design capacity. This results in the need for PE loading to also be assessed as part 

of the comparable WWTP identification process.  

The ELVs applied in a WWTP can be linked to the treatment level provided in a WWTP due 

to environmental regulation. Furthermore, the ELVs to which a WWTP is subject can greatly 

impact on resource consumption, causing a WWTP to require more energy, chemicals etc. to 

perform adequately. In some cases, WWTPs can fail to meet ELVs (discussed in the Irish 

context in section 2.9.2.1); it should be noted that this could potentially impact the 

comparability of WWTPs that present with similar ELV requirements. For example, if a 

WWTP is not meeting an ammonium discharge requirement due to an under designed aeration 

system, it may not consume as much energy as a comparable WWTP that meets the discharge 

limit. This potential reduction in WWTP comparability can be accounted for by comparing 

KPICalc results which include ELV compliance KPIs.  

To meet the objectives of the thesis, KPICalc places a strong focus on complying with effluent 

discharge limits and resource consumption. These KPIs are calculated per unit of wastewater 

treated or unit of pollutant removed. Based on these objectives, the size, loading and effluent 

discharge requirements of WWTPs are the chosen WWTP characteristics for the identification 

of WWTPs whose KPICalc results are comparable. 

Aside from the effect on WWTP comparability, these characteristics can often be connected. 

For example, a link has previously been identified between design capacity and treatment level 

and a connection between treatment level and ELV concentration can be seen in Irish WWTPs 

(detailed in section 2.9.7). Because of these interconnections, it is necessary to simultaneously 

account for each of these characteristics when identifying comparable WWTPs.  
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The selected WWTP characteristics (henceforth called primary identifiers), which identify 

WWTPs whose KPICalc results are comparable, are divided into smaller groups (henceforth 

called subdivisions) within which WWTPs could be compared (Error! Reference source not 

found.). Subdividing primary identifiers provided a means of accounting for the varying 

effects which a WWTP characteristic may have on WWTP performance (e.g. small-scale vs. 

large-scale WWTPs or stringent ELVs (close to 0mg/l) vs lenient ELVs. The following 

sections detail the assessment, selection and subdivision of pollutant loading, design capacity 

and emission limit values as part of the design process of the comparable WWTP identification 

tool. 

 

Figure 5.2 Overview of the selection and subdivision of WWTP characteristics affecting WWTP comparability.  

5.3 Assessment and selection of pollutant loading and design capacity 

identifiers 

When discussing the performance of WWTPs, design capacity and pollutant loading data are 

often presented in tandem. From analysis of the 2014 annual environmental reports (AERs) 

published by the EPA for each licenced WWTP in Ireland (WWTPs with an organic capacity 

of greater than 500 PE), a clear conflict between pollutant loading reporting and organic 

capacity reporting can be seen. Figure 5.3 shows the reported organic capacity and pollutant 

loading in 2014 for 541 Irish WWTPs.  
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Figure 5.3 Breakdown of Irish WWTPs by reported design capacity and reported pollutant loading. 

Under each PE category, the reported pollutant loading is shown to be less than the design 

capacity; leading to the belief that all Irish WWTPs were operating under capacity in 2014. 

However, when the number of WWTPs in each reported organic capacity group is broken 

down into the reported pollutant loading groups, it is clear that a proportion of the WWTPs 

were operating over capacity (or indeed under capacity) in 2014 (Figure 5.4). For example, 

approximately 30% of the WWTPs with a design capacity of 2,000-10,000 operated with an 

organic load of less than 2,000 PE. 

 

Figure 5.4 Pollutant loading breakdown of design capacity classification in 2014. 

As can be inferred from Figure 5.4, comparing WWTPs which have the same design capacity 

may present some challenges; WWTPs may be over loaded or under loaded, resulting in poor 
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WWTP performance (excessive energy and chemical usage when treatment processes are 

under loaded and unable to adjust accordingly, or exceedances in ELVs due to over loaded 

treatment processes). Therefore, regardless of the decision between selecting pollutant loading 

or design capacity as a primary identifier, it is essential to assess the percentage of design 

capacity utilised using KPICalc results during secondary identification. 

On the basis that the percentage of design capacity utilised (reported within KPICalc) links the 

pollutant loading and design capacity of a WWTP, only one WWTP size identifier is needed 

for primary comparable WWTP identification. The WWTP grouping methodology is designed 

to permit the interchanging of design capacity and pollutant (PE) loading as primary identifiers. 

However, design capacity is recommended as the data are well defined in comparison to 

pollutant loading, which is reported as the annual average pollutant loading for the previous 

year and may misrepresent the current situation in a WWTP. 

5.3.1 Subdivision of wastewater treatment plant size identifiers  

The Urban Waste Water Treatment Directive (91/271/EEC) of 21 May 1991, which concerns 

discharges of municipal wastewater, divides the size of a WWTP (whether in terms of pollutant 

loading or design capacity) into 5 subdivisions; <500 PE, 500-1,000 PE, 1,001-2,000 PE, 

2,001-10,000 PE and >10,000 PE. Similar subdivisions, such as those used in Switzerland 

(Figure 2.12) have been shown to depict the variability of WWTP performance based on 

WWTP size. Thus, the UWWTD subdivisions have been utilised in the comparable WWTP 

identification methodology.  

5.4 Assessment and selection of emission limit value identifiers 

To successfully group licenced WWTPs using ELVs as a primary identifier, it was necessary 

to select ELVs which were (i) representative of the various regulated pollutant groups and (ii) 

commonly applied in licensed WWTPs to ensure wide applicability.  

ELVs can be split into 3 groups, (i) carbon-based ELVs, such as BOD, COD and TSS, (ii) 

nitrogen-based ELVs, TN, NH3-N and TON and (iii) phosphorus-based ELVs, PO4-P and TP. 

For WWTP grouping, the most frequently applied carbon-based ELV, nitrogen-based ELV 

and phosphorus-based ELV are proposed as comparable WWTP identifiers.  
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Figure 5.5 Percentage breakdown of ELVs as applied to Irish WWTPs in 2014. 

 

BOD and COD as two of the most common ELVs (Figure 5.5); both BOD and COD data have 

long been used to describe and model WWTP performance. To further assess the applicability 

of various ELV identifiers, Figure 5.6 details the spread of ELV concentrations in Irish 

WWTPs.  

 

 

 

 

 

 

 
 

 

 

 

 

q1=first quartile, min=minimum value, max=maximum value, q3=third quartile. 

Figure 5.6 Descriptive statistics for the spread of ELV concentrations in Irish WWTPs. 

Figure 5.6 (with whiskers denoting the maximum and minimum values) were generated using 

the ELVs for licensed Irish WWTPs; 2014 ELV data was obtained from the Irish 

Environmental Protection Agency. The BOD, COD, TSS, TN and TP boxplots in Figure 5.6   

can be closely linked the UWWTD (91/271/EEC), which states that discharges from urban 

WWTPs to receiving waters (with TN and TP ELVs based on discharge to sensitive areas) are 

subject to the ELVs shown in Table 5.1. 
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Table 5.1 Urban Wastewater Treatment Directive Emission Limit Values 

Emission Limit Value Concentration 

Total Phosphorus 
2mg/l (10,000 – 100,000 PE) 

1mg/l (>100,000 PE) 

Total Nitrogen 
15mg/l (10,000 – 100,000 PE) 

10mg/l (>100,000 PE) 

Biochemical Oxygen Demand  

(nitrification inhibited) 
25mg/l O2 

Chemical Oxygen Demand 125mg/l O2 

Total Suspended Solids 35mg/l 

 

In Figure 5.6, COD and TN ELVs present an interquartile range (IQR) of 0; 50% of ELVs are 

125mg/l and 15mg/l respectively). These concentrations are clearly linked to the upper limit 

of the UWWTD (Table 5.1). Although it is proposed to select the most popularly applied 

(prominent) ELV, it is also necessary to ensure that the selected ELV is applied across Irish 

WWTPs with varying degrees of stringency (varying ELV concentrations). This ensures that 

the WWTPs presenting with an ELV can be further subdivided based on the stringency of the 

ELV, resulting in a number of comparable groups, where each group presents a similar ELV 

concentration. For example, in Figure 5.6, BOD has a wider spread of concentrations, with 

50% of concentrations between 10 mg/l and 25 mg/l. This contrasts with 75% of COD ELVs 

equal to 125 mg/l, which matches the UWWTD regulation (Table 5.1). Given that both ELVs 

present a similar prominence, BOD has been selected as the recommended carbon-based 

identifier due to a wider spread in ELV concentrations, thus populating more comparable 

WWTP groups.  

The prominence of total nitrogen and total oxidised nitrogen ELVs in Irish WWTPs is 8% and 

9% respectively (Figure 5.6); neither ELV is suitable as an identifier as the characteristic is 

uncommon. Thus, ammonium (73% prominence in Irish WWTPs and a wide spread in 

concentration values) has been selected as the most applicable ELV. Similarly, total 

phosphorus ELVs are uncommon in Irish WWTPs due to the complexity associated with 

measuring total phosphorus; therefore, orthophosphate been selected as the phosphorus-based 

ELV for primary identification. In a similar fashion to WWTP size identifiers, although BOD, 

ammonium and orthophosphate have been selected as the recommended identifiers due to their 
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prominence, the comparable WWTP identification methodology permits the interchanging of 

ELV identifiers. 

5.4.1 Subdivision of carbon emission limit values 

As discussed in section 2.9.7, the average cBOD ELV concentrations were observed to vary 

across treatment levels, with a noticeable decrease in the case of 3P and 3NP treatment levels 

(Table 2.8). The 3N treatment level presents the highest average cBOD ELV (25 mg/l); 

however, this discrepancy from the trend may be due to calculating an average from the small 

number of Irish WWTPs (4) which are classed as providing a 3N treatment level. From Table 

5.1 and , most WWTPs operate within the UWWTD limit of 25 mg/l. In the event where the 

assimilative capacity of the receiving waters of a WWTP is calculated to be greater than the 

25 mg/l UWWTD ELV, a WWTP can apply for a higher ELV concentration; one WWTP has 

a cBOD ELV of 30 mg/l (). Based on the descriptive statistics in  and the trend for cBOD ELV 

concentrations to decrease as treatment level increases, the subdivisions recommended for a 

carbon ELV identifier were as follows; <5 mg/l and 5-10 mg/l to account for highly stringent 

ELVs, 10-25 mg/l and >25 mg/l (for WWTPs not subject to the UWWTD limit). 

5.4.2 Subdivision of nitrogen emission limit values 

WWTPs operating at 3P, 3N and 3NP treatment levels are assumed to discharge to sensitive 

areas and can be subject to Article 5 of the UWWTD which requires stringent ELV 

concentrations (EPA 2014). From Table 2.8, the average ammonium ELV for 3P, 3N and 3NP 

treatment levels is less than 5 mg/l. In contrast, WWTPs without these stringent regulatory 

requirements operate at treatment levels 1 and 3 and have an average ELV ammonium 

concentration greater than 5 mg/l. Some WWTPs are subject to highly stringent ammonium 

ELV concentrations due to the assimilative capacity and sensitive nature of receiving waters;  

details that 25% of Irish WWTPs operate with an ammonium ELV of equal to or less than 

1mg/l. 

Based on this connection between treatment level and ammonium ELV concentrations, the 

recommended subdivision of the nitrogen-based ELV is as follows; <1 mg/l (accounting for 

highly stringent ELVs in 3P, 3N and 3NP WWTPs), 1-5 mg/l (3P, 3N and 3NP treatment 

levels) and >5 mg/l (treatment levels 1 and 2). 
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5.4.3 Subdivision of phosphorus emission limit values 

The subdivision process for the recommended phosphorus ELV is simplified as the UWWTD 

divides phosphorus ELVs into two distinct concentrations; 1 mg/l and 2 mg/l ELVs. These 

ELVs are typically applied without much adaptation in a WWTP (except for ELVs changed 

due to the assimilative capacity of the receiving waters); this can be seen from the first and 

third quartile of the 2014 Orthophosphate and Total Phosphorus ELVs (). From this, the 

subdivision of the recommended phosphorus identifier, orthophosphate, can be set as 0-1 mg/l 

and >1 mg/l (Table 5.2).  

Table 5.2 Recommended subdivisions for comparable WWTP identifiers. 

Pollutant loading 

Capacity (PE) 

cBOD  

ELV(mg/l) 

Ammonium 

ELV (mg/l) 

Orthophosphate 

ELV (mg/l) 

<500 ≤5 ≤1 ≤1 

500-1,000 >5 -10 >1-5 >1 

1,001-2,000 >10-25 >5  

2,001-10,000 >25   

10,000+    

 

5.5 Design of a comparable wastewater treatment plant identification tool 

Regular reassessment of WWTP comparability is required due to changing discharge licences 

and WWTP loadings and capacities; therefore, a Microsoft Excel-based tool was developed to 

identify comparable WWTPs in a rapid and standardised manner (a guide to using this tool is 

presented in Appendix B1). Figure 5.7 shows an overview of the methodology utilised in this 

tool and highlights the use of WWTP loading, design capacity and ELVs as comparable 

WWTP primary identifiers (shown in blue).  
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Figure 5.7 Detailed overview of the comparable WWTP identification methodology including selected WWTP 

identifiers (blue) and secondary identification using KPICalc (green). 

 

The results obtained from KPICalc provide additional benefits and are used as secondary 

identifiers. The percentage of design capacity utilised in a WWTP is already accounted for in 

KPICalc through the design capacity utilisation KPI detailed in section 4.2.1.1. Thus, the tool 

does not require the assessment of design capacity utilisation. Additionally, where WWTP 

comparability concerns arise due to characteristics other than those included in the comparable 

WWTP tool, the user survey element of KPICalc, detailed in section 4.3.1, provides details 

contextual information on a WWTP which may inform potential comparability issues between 

WWTPs (shown in green in Figure 5.7). This information can facilitate secondary 

comparability assessments between specific WWTPs, if required. As stated in sections 5.3 and 

5.4, the recommended identifiers and subdivisions are pre-selected in the tool, however users 

can select alternative identifiers from a drop-down menu and alter the subdivisions used for 

each, offering a more customised approach to WWTP grouping for benchmarking purposes. 

5.5.1 User selection of identifiers, subdivisions and WWTP dataset 

Initially the user is asked to select comparable WWTP identifiers from a series of drop-down 

menus. The recommended identifiers (detailed in section 5.3 and 5.4) are automatically 

selected. However, users can select alternate identifiers. The user must then select subdivisions 

for each identifier, again the recommended subdivisions are automatically entered and users 
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can adapt these to suit their needs. Should a user wish to revert to the recommended 

subdivisions, a button is provided to reset the values (Figure 5.8(top)). Finally, the user can 

select to use the data preloaded in the tool for 355 licensed and operational Irish WWTPs 

(detailed in Appendix B2), or users can enter new data or make changes to the existing dataset 

(Figure 5.8(bottom)). 

 

Figure 5.8 Screenshot of the user selection of subdivisions for each identifier (top) and WWTP data (bottom). 

5.5.2 Automated grouping of comparable wastewater treatment plants 

Automated grouping of comparable WWTPs occurs instantly once the user has selected the 

identifiers, subdivisions and dataset. Based on the comparable WWTP identifiers and 

subdivisions selected by the user, the tool automatically assesses each WWTP in the dataset, 

assigns a series of identifiers and segments these results further based on the subdivisions 
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selected. Following this, the tool creates comparable groups (the number of groups equals each 

possible combination of identifiers and subdivisions) and populates these groups with WWTPs 

that meet the characteristics of a group. Based on using the recommended identifiers and 

subdivisions, there are a total of 14 subdivisions across the 4 identifiers (Table 5.2); calculating 

the various combinations possible from these subdivisions results in 300 comparable WWTP 

groups. As a result of the large number of comparable groups, it is necessary to present the 

results to the user in both an interactive result dashboard format and PDF reports. From the 

homepage, users can navigate to a series of result dashboards, one for each subdivision of 

WWTP size (Figure 5.9). 

 

Figure 5.9 Comparable WWTP identifier tool homepage. 

5.5.3 Interactive results dashboard 

The results dashboard comprises a graphical representations (similar to a Venn diagram) of the 

results (Figure 5.10). Each dashboard serves as a rapid method of assessing the number of 

WWTPs within a comparable group. 
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Figure 5.10 Screenshot of a results dashboard for WWTPs with a design capacity of 2001 to 10000 PE. 

As seen in Figure 5.11, each circle represents a group of comparable WWTPs. Users can 

interact with the dashboard by clicking on a value within the sets of results (in Figure 5.11 the 

user has selected the value shown in the blue box which details WWTPs in the comparable 

group in the red box below). The characteristics of each set (identifiers and subdivisions) can 

be interpreted from the graphical representation; for example, all WWTPs in the blue box in 

Figure 5.11 are detailed in the red box in Figure 5.11.  

These characteristics are also updated in the orange box next to the list of WWTPs within the 

selected comparable group (as seen in the red box in Figure 5.11) once the user has clicked on 

the value or group of interest. The WWTPs are shown with their identification number which 

is assigned by the regulator/utility; the WWTP name and location can be gleaned from this 

number. 
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Figure 5.11 Screenshot of results dashboard with WWTP details (red) for a comparable WWTP group selected 

by the user (blue). 

In addition to the results dashboard, the tool offers automated PDF reports of results including 

the graphic representations used in the dashboard. These reports can be generated by clicking 

on the “Generate Report” button on the top of the results dashboard; these reports will be saved 

automatically to the Comparable WWTP Reports folder on the USB key. 

5.6 Application of the comparable WWTP identification tool and 

discussion 

The comparable WWTP identifier tool was piloted using the preloaded Irish WWTP data 

which is supplied by each WWTP to the Irish Environmental Protection Agency for regulation 

purposes. The recommended identifiers (design capacity, cBOD, ammonium and 

orthophosphate), along with the recommended subdivisions, were selected for piloting.  

5.6.1 Assessment of the spread of emission limit value concentrations 

The preloaded data contains information on 355 licensed and operational Irish WWTPs. Given 

the 300 possible combinations of identifiers and subdivisions, many unpopulated groups will 

exist due to the ratio of WWTPs to comparable WWTP groups. Although some of the 

comparable WWTP groups may be unpopulated, each identifier and subdivision does serve a 
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purpose in accounting for WWTP characteristics (Table 5.3). Additionally, many common 

ELV concentration subdivisions can be identified in Table 5.3 (relevant table rows highlighted 

in blue), further supporting the descriptive statistics previously shown in Figure 5.6. 

Table 5.3 Spread of preloaded WWTP data across identifiers and subdivisions.  

Design 

Capacity 

(PE) 

No. of 

WWTPs 

cBOD 

(mg/l) 

No. of 

WWTPs 

Ammonium 

(mg N/l) 

No. of 

WWTPs 

Orthophosphate 

(mg/l) 

No. of 

WWTPs 

<500 36 ≤5 15 ≤1 72 ≤1 147 

500-1,000 94 >5-10 69 >1-5 152 >1 80 

1,001-2,000 72 >10-25 235 >5 34   

2,001-10,000 87 >25 2     

10,000+ 66       

 

Table 5.4 condenses the results obtained from the comparable WWTP identifier tool when 

using the recommended identifiers and subdivisions by excluding the unpopulated comparable 

WWTP groups. 
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Table 5.4 Condensed results from application of the comparable WWTP identifier tool (largely populated ELV 

subdivisions are shown in blue). 

cBOD 

(mg/l) 

Ammoni

um (mg/l) 

Ortho-

phosphat

e (mg/l) 

<500PE 
500-1,000 

PE 

1,001-

2,000 PE 

2,001-

10,000 PE 

>10,000 

PE 

Total 

WWTPs 

Total 

WWTPs 

Total 

WWTPs 

Total 

WWTPs 

Total 

WWTPs 

- - - 10 12 3 5 4 

0-5 - - 0 1 0 0 0 

0-5 0-1 - 0 0 0 1 0 

0-5 - 0-1 0 0 0 0 1 

0-5 0-1 0-1 0 1 3 3 1 

0-5 0-1 1.01+ 1 0 0 0 0 

0-5 1.01-5 0-1 0 1 1 1 0 

5.01-10 - - 0 5 2 1 0 

5.01-10 0-1 - 0 3 0 1 1 

5.01-10 1.01-5 - 0 0 1 0 0 

5.01-10 - 0-1 0 0 1 1 0 

5.01-10 0-1 0-1 4 6 9 11 6 

5.01-10 1.01-5 0-1 1 3 5 4 0 

5.01-10 1.01-5 1.01+ 0 1 1 0 1 

5.01-10 5.01+ 1.01+ 0 1 0 0 0 

10.01-25 - - 6 8 8 4 12 

10.01-25 0-1 - 0 0 1 1 1 

10.01-25 1.01-5 - 1 0 1 7 9 

10.01-25 5.01+ - 1 1 2 7 8 

10.01-25 - 0-1 0 0 1 1 1 

10.01-25 - 1.01+ 0 5 0 1 2 

10.01-25 0-1 0-1 0 4 4 7 1 

10.01-25 0-1 1.01+ 0 0 1 1 0 

10.01-25 1.01-5 0-1 6 12 12 19 10 

10.01-25 1.01-5 1.01+ 5 23 11 10 6 

10.01-25 5.01+ 0-1 0 3 2 0 1 

10.01-25 5.01+ 1.01+ 1 4 1 1 1 

25.01+ 1.01-5 1.01+ 0 0 2 0 0 

 

Several well populated combinations of ELV identifiers and subdivisions can be identified 

from Table 5.4 (shown in blue). These combinations are spread across both stringent (e.g. 

cBOD 5.01-10 mg/l, ammonium 0-1 mg N/l and orthophosphate 0-1 mg P/l) and moderately 

stringent ELV concentrations (e.g. cBOD 10.01-25 mg/l, ammonium 1.01-5 mg N/l and 

orthophosphate 1.01+ mg/l). With more WWTPs becoming subject to increasingly stringent 

ELVs greater focus must be given to improving WWTP performance in a sustainable manner 
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as stringent ELV concentrations typically require increased WWTP performance, resulting in 

additional resource consumption. The potential negative effects of benchmarking WWTPs 

without first identifying comparable WWTPs can be seen in Table 5.4. Although some 

WWTPs share similar subdivisions (popular groups shown in blue) many are unique in terms 

of their ELV concentrations. These unique WWTPs can be seen in comparable groups which 

contain only one WWTP (Table 5.4). In this event, it is recommended that users carefully 

identify a similar comparable group while being vigilant for changes in identifiers or 

subdivisions which may affect WWTP comparability. 

5.6.2 Comparing wastewater treatment plants as part of KPICalc result analysis 

Using the WWTP identifier tool, users can select comparable WWTPs for benchmarking using 

KPICalc results. Following this, users should then assess the percentage of design capacity 

utilised using KPICalc results, as discussed in section 5.3; WWTPs may differ substantially in 

terms of design capacity utilisation which can affect WWTP comparability. Similarly, ELV 

compliance results for each WWTP should be assessed to ensure that WWTPs are meeting 

these regulatory requirements (discussed in section 5.2). 

To further check WWTP comparability, users may wish to assess additional WWTP 

characteristics to differentiate between WWTPs within a comparable group. This may be 

achieved through analysis of KPICalc results as part of the optional secondary comparable 

WWTP identification step shown in Figure 5.7. To achieve this, users should compare both the 

contextual information provided in the survey module of KPICalc and the KPIs used in each 

WWTP (KPICalc provides this information in PDF reports). Should users wish to compare 

data availability between WWTPs, the data entry module of KPICalc, for each WWTP, will 

detail the frequency at which data was entered. 

In the case where KPICalc results are being benchmarked across two comparable groups (as a 

result of a group containing only one WWTP), users must benchmark KPI results with caution 

and assess the contextual information provided in the survey module of KPICalc to aid in the 

identification of WWTP characteristics which may affect comparability. 
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5.7 Conclusions 

This chapter presents a methodology which can identify WWTPs which are comparable for 

the purposes of benchmarking using KPICalc, the performance assessment methodology 

described in Chapter 4. A toolkit within which the methodology is applied is also presented. 

The novel methodology (comprising of a decision support tool to facilitate rapid identification 

of WWTPs,) has shown significant potential in the identification of WWTPs which can be 

compared and benchmarked using KPICalc results. The methodology distinguishes between 

the variances in WWTP characteristics (WWTP size, WWTP loading and emission limit 

values) and subsequently creates sets of comparable WWTPs.  

 Irish licenced WWTPs serve as the preloaded data in the decision support tool, however, the 

methodology is designed to apply to any group of WWTPs (up to 2000 WWTPs). The decision 

support tool offers the advantage of rapid identification of WWTPs and the ability to repeat 

the analysis with ease, when compared against any manual method of identification. 

In the following chapter, a study which assesses the statistical agreement of various wastewater 

quality sampling methodologies is presented. The statistical agreement results of sampling 

methods in two Irish WWTPs are reported and discussed. 
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Chapter 6 Assessment of the Statistical Agreement Between 

Wastewater Sampling Methods for Daily Performance 

Assessment Purposes 

6.1 Overview 

This chapter presents a study carried out to determine the statistical agreement (or lack thereof) 

between various sampling methods to assess the feasibility of utilising more cost-effective grab 

sampling methods in the place of flow-paced sampling methods for WWTP performance 

assessment purposes, without affecting how representative the resulting sample is of actual 

wastewater characteristics. This study serves as a method which can be applied in WWTPs 

undergoing performance assessment to potentially overcome the challenge of data availability 

and improve current WWPT management practices (Figure 6.1). 

 

Figure 6.1 Challenges addressed through the assessment of statistical agreement between wastewater sampling 

methods. 

As discussed in section 2.4.2.4, the selection of sampling methods can impact on the accuracy 

of performance assessment outputs. However, this area of research has received limited 

attention to date, as discussed in Chapter 2. Flow-paced sampling typically provides the most 

representative means of collecting wastewater data. However, its application in many small-

scale WWTPs may not be feasible due to the high costs and maintenance associated with flow 

meter and sampler management. In some WWTPs, such as those which employ sequencing 

batch reactors (SBRs) as part of the treatment process, influent is delivered in regular batches 

which can result in reduced influent variability. Thus, some WWTPs may be able to employ 

more cost-effective sampling methods, such as grab sampling, to collect a representative 

sample.  
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6.2 Wastewater treatment plant selection 

The selected WWTPs were chosen in consultation with the national water utility in Ireland 

(Irish Water) and the environmental regulator (EPA). The WWTPs varied in terms of influent 

characteristics, design capacity and loading (Table 6.1) and the presence of storm flows were 

considered when selecting the WWTPs. The sampling regimes deployed was previously 

outlined in Section 3.4.2. The overall influent flow characteristics from the two WWTPs are 

summarised in Table 6.1.  

Table 6.1 Wastewater treatment plant characteristics 

Characteristic WWTP B WWTP F 

Treatment Technology 
Activated sludge with phosphorus 

removal 

Imhoff tank and trickling 

filters 

Influent Flow Type 

Batch delivery of influent from 

external pumping station to WWTP 

designed for continuous flow 

Continuous flow 

Influent Characteristics 
Municipal wastewater and imported 

sludge 
Municipal Wastewater 

Design Capacity (as BOD5) 24,834 PE* 700 PE 

Pollutant loading 13,640 PE 1,483 PE 

Hydraulic Capacity (DWF**) (m3/year) 1,303,780 51,100 

Hydraulic loading (m3/year) 1,959,788 162,522 

Influent volume characteristics over sampling duration 

Average (m3/day) 2,431 150 

Std. dev (m3/day) 635 65 

Max (m3/day) 4,213 269 

Min (m3/day) 1,588 72 

Max/average 1.73 1.80 

Min/average 0.65 0.48 

* PE = A population equivalent (PE) of 1 is defined as the organic biodegradable load having a five-day 

biochemical oxygen demand of 60 g of oxygen per day (EPA 2014), **DWF = dry weather flow.  

6.3 Wastewater sampler setup and sample collection 

Selected WWTPs were assessed to ensure that the on-site influent sampler in each WWTP was 

fully operational, within calibration, capable of conducting flow-paced sampling, and correctly 

located in the influent stream. In addition, in each WWTP a second automatic sampler was 

installed next to the on-site flow-paced sampler to concurrently collect grab samples. Three 

common wastewater sampling methods were assessed for agreement; (i) 24-hour flow-paced 
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composite sampling, (ii) 24-hour time-paced composite sampling and (iii) automated grab 

sampling. Details of the sampling dates and sample frequencies are given in Table 6.2.  

Figure 6.2 details the various steps undertaken to collect and analyse samples on a daily basis 

at each WWTP; additional details on these WWTPs is presented in Chapter 3. The influent 

wastewater was analysed for TSS, COD, NH4-N and PO4-P and the results are presented in 

Appendix C2. 

Table 6.2 Influent wastewater sampling details 

Characteristic WWTP B WWTP F 

Sampling Dates 23/07/2016 - 24/08/2016 26/07/2016 - 24/08/2016 

Number of Days 30 30 

Flow Stream Sampled Influent Influent 

Automatic Sampler (Flow-

paced) 
ISCO 5800 ISCO 4700 

Flow Meter ISCO 4250s ISCO 4250s 

Flow-paced sample details 
one daily flow-paced composite 

sample (approx. 100 aliquots) 

one daily flow-paced composite 

sample (approx. 100 aliquots) 

Number of daily flow-paced 

samples collected 
30 30 

Automatic Sampler (grab 

samples) 
Aquacell S320 Aquacell S320 

Grab sample details 
6 grab samples (1000ml) collected 

at 4-hour intervals 

6 grab samples (1000ml) collected 

at 4-hour intervals 

Number of grab samples 

collected 
180 179 
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Figure 6.2 Flowchart of the daily sampling methods and agreement assessments of various methods. 

6.3.1.1 Flow-paced sampling 

Flow-paced sampling (shown in orange in Figure 6.2) was conducted in line with 

recommendations in the sampler manual (Teledyne Isco 2014). The flow interval between 

flow-paced samples was calculated as the average daily flow past the sampling point, for the 

previous month, divided by 100; equating to approximately 100 samples to be composited over 

24 hours into one flow-paced (FP) sample. Thus, the analysis results obtained from the flow-

paced sample (FP) represented the daily (24-hour) sampling scenario studied. 

6.3.1.2 Grab sampling 

Grab sampling was conducted using an automatic sampler which collected 6 grab samples a 

day, at 4 hour intervals (00:00, 04:00, 08:00, 12:00, 16:00, 20:00) (shown in blue in Figure 
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6.2). The analysis data from these samples were compiled to create three different grab 

sampling methods (shown in blue under “compilation of data” in Figure 6.2): 

1. Mean concentrations were compiled from the six grab samples collected per day (M6G) 

and this method was assessed for statistical agreement with FP sampling; 

2. To assess whether grab samples gathered during normal working hours agreed with the 

flow-paced method (FP) the mean concentrations of the grabs collected during working 

hours (08:00, 12:00, 16:00) (M3WDG) were assessed for agreement with the FP 

method.  

3. In addition, the mean concentration of three grab samples of each of the above 

parameters (randomly selected from the six grabs collected each day), was calculated 

to represent a reduced grab sampling rate (M3RG). The M3RG method was assessed 

for statistical agreement with the FP sampling method.  

6.3.1.3 Time-paced sampling 

In addition to assessing agreement between grab-sampling and flow-paced methods, an 

additional method was evaluated as an alternative to the M6G samples. Given that collecting 

and analysing six grab samples a day to obtain daily mean concentrations is a time-consuming 

and costly process, an additional less time-consuming sampling method was included; an equal 

portion of each of the six grab samples collected per day was manually composited into one 

daily time-paced (TP) composite sample (shown in green in Figure 6.3). Thus, the analysis 

results obtained from the manually composited time-paced sample (TP) represented the daily 

(24-hour) sampling scenario studied and were assessed for statistical agreement with the grab 

sampling method M6G. 

 

Figure 6.3 Graphical representation of manual composition of grab samples. 
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6.4 Statistical agreement analysis using Lin’s concordance correlation 

coefficient 

A number of statistical methods can be used to assess group agreement between continuous 

datasets, including the Bland Altman method (Bland & Altman 1986), Intraclass Correlation 

Coefficients (ICC) and Lin’s Concordance Correlation Coefficient (CCC) (Lin 2000; Lin 

1989). The Bland Altman method calculates the mean difference between two methods of 

measurement and the 95% limits of agreement (Bland & Altman 1986). The intraclass 

correlation coefficient (ICC) measures the amount of overall data variance due to between-

subjects variability (Carrasco & Jover 2003). A method which outputs results very similar to 

the ICC is Lin’s concordance correlation coefficient (Watson & Petrie 2010). Lin’s CCC and 

the ICC are two of the most popular measures of agreement for variables presenting with 

continuous data (Carrasco & Jover 2003). Furthermore, the ICC and CCC share many 

similarities and often produce similar results (Nickerson 1997; Carrasco & Jover 2003; 

Barnhart et al. 2007; Watson & Petrie 2010).  

By plotting the results from one method against another, it is possible to assess if the two 

methods present similar results; if the data points fall on a 45° line through the origin (known 

as the line of equality), the methods are said to agree (Figure 6.4(c)). It should be noted that a 

strong linear relationship does not necessarily equate to strong agreement; the Pearson 

correlation coefficient can fail to detect statistical agreement (Figure 6.4(a)), as the best fit line 

can deviate from the line of equality (Lin 1989). Lin’s CCC calculates statistical agreement by 

measuring how far each pair of observations deviated from the best-fit line for the dataset using 

Pearson’s r (ρ) and accounting for how far the best-fit line of the data deviates from the line of 

equality using a bias correction factor (Cb); a Cb of 1 indicates no bias correction required (Lin 

1989) (Figure 6.4(b) and (c)).   

 

Figure 6.4 Graphical comparison of correlation and concordance correlation coefficient results (adapted from 

Lin 1989). 
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Lin’s CCC can be applied on as few as 10 pairs of measurements, with bivariate normality 

required for these small datasets. The wastewater quality results from each method can be of a 

non-normal distribution, which increases the usability of Lin’s method in the wastewater sector 

(water quality data can typically present a non-normal distribution (Gilbert 1987). Given these 

characteristics and the suitability of this method for wastewater quality analysis, Lin’s CCC 

was selected as the preferred method to assess statistical agreement for this study. 

6.4.1 Interpreting Lin’s concordance correlation coefficient 

Lin’s CCC outputs a numerical value between -1 and +1 (similar to correlation values), with a 

concordance correlation coefficient (CCC) of 1 indicating perfect agreement and a CCC of -1 

indicating perfect disagreement. In practice, a degree of error is often present and 

uncontrollable, therefore, it is rare to find perfect agreement (CCC=1) between two methods. 

Criteria for assessing strength-of-agreement have been proposed (Table 6.3); while it should 

be noted that these values were originally proposed for microbiological water-quality 

indicators (McBride 2007; McBride 2005), given the similarity of this application it is 

proposed to use these criteria in this application.  

Table 6.3 Proposed strength-of-agreement criteria for Lin’s concordance correlation coefficient (McBride 2005). 

Strength-of-agreement Continuous Variables 

Poor <0.90 

Moderate 0.90-0.95 

Substantial 0.95-0.99 

Almost Perfect >0.99 

 

The lower one-sided confidence limit was used when assessing the strength-of-agreement 

against the criteria (McBride 2005). The strength-of-agreement criteria proposed by McBride 

(2005) can be adapted depending on what is being assessed and the degree of agreement that 

is deemed satisfactory for the application in question. For regulation reporting purposes, 

different sampling methods may require a higher degree of agreement (similar to the values 

proposed in Table 6.3) to be deemed interchangeable. However, a lower degree of agreement 

may be satisfactory for daily operational monitoring. For this study, the strength-of-agreement 

values in Table 6.3 have been adopted. 
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6.4.2 Statistical analysis procedures 

All statistical analysis was carried out using the statistical software package, SPSS v22. The 

presence of outliers was assessed by inspection of a boxplot for values greater than 1.5 box-

lengths from the edge of the box. A number of pairs of reported results could be identified as 

outliers; however, on further assessment it was noted these probably occurred as a function of 

the inherent variability of the process being monitored (sampling of influent wastewater). 

Furthermore, Lin’s CCC analysis was completed with and without these outliers to assess their 

effect and the results were found to be materially unaffected by the presence of the identified 

outliers. Thus, the outliers are included in this study. The requirement for bivariate normality 

for Lin’s CCC only applies for small sample sizes; given the reasonably large sample size used 

in this study (n=30), bivariate normality was not required due to the transformation theory of 

functions of asymptotically normal vectors (Serfling 1980). 

6.5 Results and discussion 

As previously stated, influent pollutant concentration data may vary throughout the day; 

resulting in periods of highly concentrated and/or diluted influent throughout the day. The 

methods selected for calculating daily mean concentrations differed in terms of both the 

number of wastewater samples used and the timing of sample collection in each method. The 

effect of various sampling methods can be seen in Figure 6.5 (scatterplots for each statistical 

agreement assessment are given in Appendix C1).  

 

  

 

 

 

 

Figure 6.5 Effect of sample size and timing on the calculation on the daily mean influent concentration of TSS 

in WWTP B: (a) under-reporting of concentration and (b) over-reporting of concentration using grab sampling 

methods. 
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Multiple pairs of reported results deviated substantially from the line of equality, potentially 

due to influent concentration spikes being unaccounted for in grab sampling when compared 

to flow-paced (Figure 6.5(a)) and grab sampling potentially occurring at periods of dilution, 

due to sample frequency and timing (Figure 6.5(b)). Flow-paced sampling resulted in the 

calculation of a daily mean influent TSS concentration of 1162 mg/l in comparison to the 

observed values from the mean of 3 and 6 grab samples per day of 689 mg/l and 897 mg/l 

respectively (as seen in Figure 6.5(a)). This difference may be associated to a prolonged period 

of increased TSS concentration in the influent which was not accounted for in the mean of 

three randomly selected grab samples, and partially accounted for in the mean of 6 grab 

samples per day when compared to the flow-paced method. In Figure 6.5(b), on two occasions, 

the influent TSS concentration was reported to be substantially higher when using 6 grabs per 

day than the flow-paced method (752 mg/l vs 170 mg/l and 698 mg/l vs 122 mg/l, respectively). 

The substantial difference in the highlighted results may have been due to larger than normal 

daily variation in the influent wastewater is likely to be unaccounted for in the grab sampling 

methods used. 

6.5.1 Agreement analysis of grab sampling and flow-paced sampling methods 

Although visual inspection of scatterplots which include the line of equality provide some 

insight into individual pairs of results, the numerical results obtained from Lin’s CCC provide 

a more reliable method for assessing method agreement by analysing each pair of reported 

results and calculating an overall indicator of agreement. Table 6.4 presents the results obtained 

from statistical agreement analysis using Lin’s CCC. The precision and bias correction factors 

are also presented. 
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Table 6.4 Agreement between flow-paced sampling and various grab sampling frequencies 

Parameter 
Sampling 

Methods* 

Sample 

size 

(days) 

CCC 
95% Confidence 

interval 

Pearson ρ 

(precision) 

Bias 

correction 

factor Cb 

(accuracy) 

WWTP B 

COD 

M3WDG and FP 28 0.2520 0.006437 to 0.4689 0.3912 0.6442 

M3RG and FP 32 0.0465 -0.09497 to 0.1861 0.1178 0.3946 

M6G and FP 26 0.1743 -0.03651 to 0.3702 0.3268 0.5332 

TSS 

M3WDG and FP 28 0.4749 0.1826 to 0.6901 0.548 0.8666 

M3RG and FP 32 0.4823 0.2524 to 0.6606 0.6329 0.762 

M6G and FP 26 0.5800 0.2667 to 0.7824 0.5909 0.9815 

Ammonium 

M3WDG and FP 28 0.2662 -0.004365 to 0.5004 0.3746 0.7105 

M3RG and FP 32 0.2534 0.04620 to 0.4397 0.4389 0.5774 

M6G and FP 26 0.4851 0.2378 to 0.6733 0.6815 0.7117 

Orthophosphate 

M3WDG and FP 26 0.3076 0.05360 to 0.5242 0.4756 0.6467 

M3RG and FP 31 0.1031 -0.06378 to 0.2643 0.2276 0.4529 

M6G and FP 24 0.2607 0.06078 to 0.4405 0.5488 0.475 

WWTP F 

COD 

M3WDG and FP 30 0.3473 0.08229 to 0.5665 0.4497 0.7723 

M3RG and FP 30 0.5336 0.2903 to 0.7120 0.6308 0.8459 

M6G and FP 29 0.4155 0.1922 to 0.5979 0.5907 0.7035 

TSS 

M3WDG and FP 30 0.3639 0.01744 to 0.6324 0.3696 0.9848 

M3RG and FP 30 0.3852 0.03578 to 0.6507 0.3852 1.0000 

M6G and FP 29 0.4475 0.1257 to 0.6840 0.4699 0.9523 

Ammonium 

M3WDG and FP 30 0.6485 0.3954 to 0.8101 0.6681 0.9706 

M3RG and FP 30 0.6358 0.3689 to 0.8058 0.6489 0.9799 

M6G and FP 29 0.6705 0.4362 to 0.8196 0.7069 0.9485 

Orthophosphate 

M3WDG and FP 30 0.3892 0.06330 to 0.6401 0.4108 0.9475 

M3RG and FP 30 0.2976 -0.05637 to 0.5851 0.3036 0.9801 

M6G and FP 28 0.5101 0.2257 to 0.7143 0.5575 0.9149 

* M3WDG = mean of 3 grab samples collected during working day (8am, 12pm and 4pm), M3RG = mean of 3 

randomly selected grab samples, M6G = mean of 6 grab samples collected over 24 hours and FP = 24-hour flow-

paced composite sample. 

From comparison of CCC results to the strength-of-agreement values proposed by McBride, 

(2005), it is clear that there is lack of sufficient agreement between any of the selected grab 
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sampling methods and flow-paced method in calculating daily mean concentrations in both 

WWTP B and WWTP F (Table 6.4). As discussed previously, the McBride strength-of-

agreement values have been used for this study. However, these can be adapted. If a less 

stringent (but still reasonable) set of values were used, it would still be unlikely that any of the 

methods would be reported to agree sufficiently. This can be seen by the poor agreement 

between the M6G method and FP method in Table 6.4, with the highest CCC result obtained 

by reporting the daily mean influent ammonium concentration using the M6G and FP methods 

in WWTP F (CCC=0.6705, strength-of-agreement: poor).  

For many pollutants, agreement with flow-paced sampling increased slightly when six grab 

samples were used to calculate a daily mean concentration as opposed to the results from the 

other grab sampling methods used in this study. These results are similar to those obtained by 

the United States EPA (1974), where, as the frequency of daily grab samples increased (from 

1 to 6), the calculated solids removal efficiency approached the value obtained from flow-

paced composite sampling. It should be noted however, that in the United States EPA (1974) 

study the flow-paced sample was constructed from six grab samples collected throughout the 

day. This resulted in there being no difference in sample size between the most intensive grab 

sampling method (6 samples/day) and the flow-paced sampling method (6 aliquots combined 

into one composite sample) in the United States EPA (1974) study. The FP method applied in 

this study uses significantly more samples (~100/day) which was far greater than the grab 

sampling methods which used up to 6 grabs per day to calculate a daily mean. Although the 

CCC values from the grab sampling methods did approach the FP method, the lack of sufficient 

agreement may be as a result of the difference between a small sample size (n=6) and a large 

sample size (n=100) when accounting for the influent concentration variation present in both 

WWTPs. 

In the M3WDG and M3RG methods, three grab samples were used to calculate daily mean 

concentrations to remove the effect of the number of samples used in each method. From 

analysis of the CCC results, although the number of samples used in each method are identical, 

the timing of these samples influenced each method’s agreement with flow-paced sampling 

which is connected to daily influent variability. CCC results for M3WDG and M3RG methods 

are seen to vary across the 4 pollutants of interest and in both WWTPs; however, the strength-
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of-agreement of these methods remain poor. These results are expected for WWTPs dealing 

with daily variations in influent characteristics and influent pollutant concentrations. However, 

it should be noted that some WWTPs may exhibit low influent variability, in which case, a 

small number of grab samples may be as representative of the daily mean as flow-paced 

samples. 

6.5.1.1 Correcting correlation values using a bias correction factor 

As stated in section 6.4, Lin’s CCC calculates Pearson’s ρ and corrects with a bias correction 

factor (CCC = ρ x Cb). Many of the Pearson’s ρ values reported in Table 6.4 are greater than 

the CCC result, indicating that there is greater correlation between the results than statistical 

agreement. The M3RG and FP result for TSS is the sole result where correlation equals the 

concordance correlation coefficient (Cb=1). Pearson’s ρ can never exceed a CCC result. 

Therefore, assessing Pearson’s correlation prior to assessing statistical agreement offers an 

insight into the maximum statistical agreement possible between two methods. However, as 

discussed in section 6.4, this is not an alternative method of assessing agreement, rather a 

means of gaining a quick insight into the potential agreement, which may be useful during the 

planning states of a statistical agreement assessment. 

6.5.2 Agreement analysis of manually-composited, time-paced sampling and grab 

sampling 

The effect of manual compositing methods used in creating a time-paced composite sample 

can be seen in Figure 6.6; Scatterplots of each agreement assessment are presented in Appendix 

C1.  

Figure 6.6 Scatterplot of grab sampling and manually composited time-paced sampling for (a) WWTP B and 

(b) WWTP F. 
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Table 6.5 presents the results obtained from statistical agreement analysis of the M6G and TP 

method. Given that the M6G and TP method use the same set of daily influent grab samples, 

the number of samples, or sample timing had no effect on method agreement, unlike the other 

methods selected. 

Table 6.5 Agreement between flow-paced sampling and manually composited time-paced sampling (4-hour 

sample interval). 

Parameter 
Sampling 

Methods* 

Sample 

size 

(days) 

CCC 
95% Confidence 

interval 

Pearson ρ 

(precision) 

Bias 

correction 

factor Cb 

(accuracy) 

WWTP B 

COD M6G and TP 26 0.5255 0.3096 to 0.6899 0.7007 0.75 

TSS M6G and TP 26 0.7375 0.5037 to 0.8706 0.7528 0.9796 

Ammonium M6G and TP 26 0.6884 0.4547 to 0.8334 0.735 0.9366 

Orthophosphate M6G and TP 24 0.5434 0.2391 to 0.7506 0.6015 0.9035 

WWTP F 

COD M6G and TP 28 0.6045 0.3611 to 0.7709 0.685 0.8826 

TSS M6G and TP 28 0.7819 0.5842 to 0.8921 0.7887 0.9914 

Ammonium M6G and TP 28 0.8858 0.7690 to 0.9454 0.8861 0.9996 

Orthophosphate M6G and TP 28 0.8492 0.7029 to 0.9265 0.8519 0.9968 

* M6G = mean of 6 grab samples collected over 24 hours and TP = 24-hour time-paced sample (manually 

composited using 6 grab samples taken with a 4-hour interval) 

As can be seen in Table 6.5, manually compositing grab samples to reduce the workload 

associated with sample analysis can present with statistical disagreement issues. Although the 

CCC results in Table 6.5 indicate a better agreement than the other methods assessed for 

statistical agreement, the strength-of-agreement is poor (McBride 2005); this disagreement 

may be due to accuracy issues associated with manually compositing discrete samples. An 

example of this disagreement between samples can be seen in Figure 6.6(a) where one pair of 

results is plotted a significant distance away from the line of equality, which affected the 

Pearson’s ρ (precision) result for the statistical agreement of ammonium results in WWTP B 

(shown in Table 6.5). 
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6.5.3 Application of the statistical agreement analysis methods in wastewater treatment 

plants 

As previously discussed in section 2.4.2, Irish WWTPs with a design capacity greater than 

2000 PE are required by regulation to provide flow-paced composite sampling facilities, 

however, WWTPs can use either time-paced or flow-paced composite sampling for regulatory 

monitoring (which typically takes place on a monthly basis). Given the cost associated with 

maintaining flow-paced sampling facilities, it may be unfeasible to provide this facility on the 

influent and effluent stream in WWTPs which have a design capacity of less than 2000 PE and 

at the frequency required for performance assessment. Therefore, it may be necessary to (i) 

identify alternative representative sampling methods (such as grab sampling) for influent and 

effluent sampling or (ii) prioritise the provision of flow-paced sampling on either the influent 

or effluent stream (whichever presents the largest variation in pollutant concentration and flow 

rates) and opt for a lower cost yet representative method of sampling on the remaining stream. 

The processes used in the WWTP can also present a buffering capacity which (a) facilitates 

influent wastewater mixing (normally via a balance tank at or close to the influent works) and 

(b) potentially regulates the flow rate at which the effluent is discharged. Thus, accounting for 

flow variation may not be as critical in effluent sampling as influent sampling. Additionally, 

the majority of the KPIs used in KPICalc require influent data rather than effluent data. 

Therefore, for WWTP operations purposes, where it is necessary to prioritise flow-paced 

provision on one wastewater stream, it may be more economically feasible to utilise flow-

paced sampling on the influent stream. Subsequently, using the methods presented in this 

chapter, it is crucial that a grab sampling or time-paced sampling methodology with a high 

statistical strength-of-agreement to flow-paced methods is identified for the effluent stream. 

As detailed in Chapter 3 and Chapter 4, grab samples were collected in 5 Irish WWTPs to 

critically analyse and pilot the KPICalc toolkit and underlying methodology. Flow-paced 

sampling was noted to be the most suited method of sampling, however at the time of KPICalc 

piloting, permission to use any on-site samplers (whether flow-paced or otherwise) was not 

granted due to on-site restrictions. The numerical KPI results obtained from piloting KPICalc 

were not extensively discussed in Chapter 4 due to the flow data accuracy issues presented in 

the pilot WWTPs and their effect on the accuracy of KPI results. However, it is noted that the 
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provision of accurate flow-paced sampling equipment in these pilot WWTPs (including an 

accurate flow meter) would have improved existing data accuracy issues. 

6.6 Conclusions 

This chapter assesses the statistical agreement between various sampling methods in two 

WWTPs of differing characteristics to assess the feasibility of utilising more cost-effective 

grab sampling methods in the place of flow-paced sampling methods (which can be costly to 

setup and maintain for long-term data collection), for WWTP performance assessment and 

performance improvement purposes. 

In both WWTPs, flow-paced sampling was identified as the most suitable method of daily 

wastewater quality sampling when compared to the grab sampling and time-paced sampling 

methods presented in this chapter. While these results cannot be applied directly to other 

WWTPs, due to variability between WWTPs in terms of influent characteristics, influent 

delivery methods, sampling infrastructure etc., the study contributes to the current body of 

literature by presenting case-studies where a methodology has been applied for assessing 

statistical agreement between sampling methodologies in a WWTP. The use of Lin’s 

concordance correlation coefficient and other statistical agreement assessment methods have 

been used in many epidemiological studies to assess agreement between medical methods. 

However, such statistical analysis methods have not been applied throughout the water and 

wastewater sector with the exception of a study microbial water quality indicators (McBride, 

2007).  
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Chapter 7 Discussion on the Application of the Developed 

Methodologies and Tools Across Ireland 

7.1 Overview 

The aim of this chapter is to discuss the application of the methodologies and tools developed 

in this research in the wastewater treatment industry. Although the discussion is focused on the 

Irish setting, the applicability of the methodologies and tools in other countries can be 

appreciated. Designed to be applicable to a low-data availability environment, KPICalc and 

the comparable WWTP identifier DST are particularly suited, where data availability is a major 

challenge to WWTP performance monitoring and the identification of process optimisation 

measures. 

The Irish wastewater treatment industry has changed in recent years. A national water utility 

company, Irish Water, was established in 2013 to take over the operation of water and 

wastewater utilities, previously run by 31 local authorities. A key challenge emanating from 

this was the lack of available data, which affects Irish Water’s ability to optimise WWTP 

performance on a national level. From the outset of this research, numerous meetings with key 

stakeholders such as Irish Water, the national water utility in Ireland and the EPA emphasised 

that the first step in improving the performance of Irish WWTPs was the identification and 

remediation of existing data availability and data accuracy issues, particularly in the areas of 

flow monitoring and wastewater quality sampling. Identifying and rectifying these issues will 

take time; however, other current issues such as regulatory compliance and energy efficiency 

also require attention and the need for tool that can help improve WWTP performance which 

can be applied in the current low data availability-environment is evident. 

7.2 Application at a national level 

Application of the methodologies and tools developed in this research at a national level could 

provide a multi-faceted approach to some of the key challenges in the wastewater sector. By 

addressing existing data availability and data accuracy issues, KPICalc can assess WWTP 

performance, including in terms of regulatory compliance and energy consumption, whilst also 

improving data management practices and incentivising the improvement of data collection 

practices.  
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Benchmarking of Irish WWTPs at a national level as a means of improving the performance 

of the wastewater treatment sector is receiving increasing attention; however, no standardised 

performance assessment or benchmarking methodologies have been applied to date. Therefore, 

it is imperative that the potential application of the developed performance assessment methods 

and tools in the Irish wastewater treatment industry is discussed. The use of the developed 

performance assessment methods and tools in Irish WWTPs can be discussed under three 

headings, (i) using the survey module in KPICalc as a means of conducting a study on the 

feasibility of implementing benchmarking practices at a national level (ii) performance 

assessment of Irish WWTPs using KPICalc, and (iii) undertaking national benchmarking 

(performance improvement) using KPICalc results and the comparable WWTP identification 

tool (Figure 7.1). 

 

Figure 7.1 Application of the developed methods and tools at a national level in Irish wastewater treatment 

plants. 

7.2.1 Level 1: KPICalc survey module as a feasibility study 

The survey module in KPICalc can be completed on a WWTP-by-WWTP basis with minimal 

effort. By employing the survey module, without proceeding to the latter modules in KPICalc, 

a feasibility study can be conducted based on the results from each WWTP. Such an assessment 

- that identifies the number of available, unavailable and inaccurate KPIs across WWTPs - is 
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a first step in determining whether performance assessment in feasible in the WWTP(s) in 

question (level 2). It also enables a utility to employ performance improvement at a national 

level where benchmarking is feasible in most WWTPs (level 3), or postpone level 2 and level 

3 benchmarking due to a lack of accurate and available data. 

Where level 2 and level 3 benchmarking is postponed, the results from the survey module of 

KPICalc can incentivise WWTP managers to improve data collection practices by underlining 

the number of KPIs which are unavailable due to a lack of data, by presenting the KPIs which 

cannot be used due to data inaccuracy issues and highlighting inaccurate data sources which 

require attention. Additionally, the methods of assessing statistical agreement of wastewater 

quality sampling methods presented in this research can improve data collection practices and 

potentially enable Irish WWTPs to use KPICalc for performance assessment. Improvement of 

data collection methods, however basic, can be identified as a performance improvement 

measure (level 1 benchmarking). The resulting benefits can be large, particularly where data 

collection improvements result in performance assessment and benchmarking becoming 

feasible at a national level (which can be reviewed through regular application of the KPICalc 

survey module). 

7.2.2 Level 2: Performance assessment 

Where it is established that performance, assessment is feasible, KPICalc can be employed as 

a level 2 benchmarking exercise in WWTPs to facilitate performance assessment. In this setting, 

the results obtained from KPICalc are not compared against other WWTPs, rather they are 

used to assess performance of a WWTP over time and to provide a deeper understanding of 

WWTP performance and factors which may affect it. By applying performance assessment 

over a long period, it is expected that data collection methods would not only improve from 

application of the KPICalc survey module during the feasibility study, but would also improve 

throughout the duration of performance assessment due to the inclination for data to be 

collected more frequently. 

Additionally, employing KPICalc across WWTPs may streamline regulatory data reporting 

processes. Through standardised reporting of data, it may be possible to create an automated 

method of reporting data to regulatory bodies. The connection between benchmarking and 
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regulatory compliance data has been utilised in existing benchmarking systems such as 

VENLA (Table 2.9). 

7.2.3 Level 3: Performance improvement 

Employing KPICalc as a method of performance improvement benchmarking is identical to 

that of performance assessment methods as the data are collected and reported in an identical 

fashion. However, for performance improvement, KPICalc results from various WWTPs must 

be compared to identify performance optimisation measures. In this instance, the comparable 

WWTP identification tool is utilised. By grouping WWTPs based on their size and regulatory 

discharge requirements, each WWTP in a group can be compared in a useful manner.  

Application of the comparable WWTP identifier tool provides a valuable insight into the 

variation of size and spread of regulatory discharge requirements across Irish WWTPs (as 

discussed in section 5.6). The insights obtained would not only be beneficial for benchmarking 

purposes, but may also inform future adaptations to regulatory requirements. Furthermore, 

from the results obtained from KPICalc and the comparable WWTP identification tool, the 

relationship between energy consumption and discharge standards in WWTPs can be easily 

assessed using data collated by the utility or regulator. 

7.2.4 Assessing statistical agreement of wastewater sampling methods 

Aside from the performance assessment applications discussed in Chapter 6, selecting the most 

appropriate wastewater sampling method can have other advantages. The sampling methods 

required for regulatory compliance monitoring are stipulated in the discharge licence for Irish 

WWTPs and therefore cannot be replaced. However, the methods stipulated may not be the 

most suitable methods for sampling wastewater for operational control purposes, as they may 

be too costly and high-maintenance to conduct at the frequency required or on the other hand 

may be inadequate to give a clear picture of how the WWTP is operating. Typically, regulatory 

compliance monitoring occurs one day a month in Irish WWTPs, whereas operational control 

may require daily sampling. To select a more appropriate method for sampling wastewater for 

operational purposes, the statistical agreement method presented in this research can be applied 

in a WWTP. 
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7.3 Platforms for application 

The developed methodologies have been piloted several Irish WWTPs using tools developed 

in Microsoft Excel. However, the employment of these methodologies at a national level may 

require more robust and automated platforms capable of storing databases and reporting results 

in a user-friendly manner. 

7.3.1 Standalone software 

The most straightforward application of the developed methodologies would be in a standalone 

software application. In this instance, the modules used in the methodologies can be 

programmed into a software application without requiring adaptation (which may be required 

for integration into existing technologies). Development of a standalone software package 

could increase the usability and robustness of the performance assessment methodology in 

comparison to its application in Microsoft Excel (selected for piloting purposes). Microsoft 

Excel provides an excellent platform for initial implementation of a performance assessment 

methodology. However, it can be difficult to prevent users from accidentally altering the 

underlying formulae in Microsoft Excel when entering data. The drawback of building 

standalone software is an increase in software training requirements at a national utility and/or 

WWTP level. Thus, the integration of the methodology into existing technologies at a WWTP 

or utility level may be more practical.  

7.3.2 Supervisory control and data acquisition systems 

Supervisory control and data acquisition systems (SCADA) have been applied in the 

wastewater treatment sector for several years. In addition to process monitoring and control, 

SCADA systems also perform data logging, alarming and diagnostic functions so that 

complicated process systems, such as those in WWTPs, can be operated in a safe and efficient 

manner. As SCADA systems can be commonly found in WWTPs, the integration of the 

developed performance assessment methodology can be the most effective means of applying 

performance assessment and performance improvement benchmarking on a WWTP level 

(Figure 7.2). 
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Figure 7.2 Application of KPICalc in conjunction with SCADA systems at a utility level. 

Several benefits of integrating the developed performance assessment methodology into a 

WWTP’s SCADA system can be identified including automated data sharing between the 

SCADA system and performance assessment methodology, potentially removing the need for 

the user to manually enter data. Typically, SCADA systems act as the first step in combining 

operational data on a WWTP into a single database; data from flow meters, energy meters, and 

sensors such as a dissolved oxygen meter is often fed automatically into a SCADA system. 

Additionally, SCADA systems can generate alarms based on set points to notify when a 

WWTP is not performing effectively. These features can be of great benefit to performance 

assessment; data can be automatically fed into a performance assessment methodology, and 

KPI results can be set to trigger an alarm in a WWTP when a WWTP exhibits poor performance. 

SCADA systems, potentially offer a means of completely automating the process of collecting 

data, calculating KPIs and reporting performance to the user.  

7.3.3 Building information modelling and digital asset management 

Building information modelling (BIM) is the process of creating and managing data for the 

physical and functional characteristics of a facility. BIM can be broken down into various 

levels, with level 1 and 2 characterised by low levels of collaboration between parties during 

the constriction stage of a facility. However, high-level BIM models (level 4 and greater) 

involves the operation and management of facilities over time, from construction to 

decommissioning, which requires collaboration of parties throughout the lifetime of a facility. 
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Introduction of high-level BIM can be a complicated process; nevertheless, it is expected that 

once low levels of BIM has been established in a facility, the adoption of high level BIM will 

become more feasible in the years to come. 

High-level BIM can operate in conjunction with digital asset management (DAM) systems. 

Digital asset management of WWTPs is becoming a popular method for dealing with asset 

replacement programmes at a national level, especially in the Irish WWTP context, where asset 

management practices were poor prior to the setup of Irish Water. DAM methods can be 

applied in an effective manner in level 5 (5D) and level 6 (6D) BIM, where cost and facility 

management is included. Thus, combining BIM, DAM and the performance assessment 

methodologies developed in this research can offer a multi-faceted solution to managing 

WWTPs, particularly at a national level where DAM is often practiced (Figure 7.3).  

 

Figure 7.3 Application of KPICalc in conjunction with BIM and DAM at a national level. 
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BIM can provide WWTP characteristics and operational data for performance assessment, 

benchmarking and DAM purposes. Additionally, the results both performance assessment 

and/or performance improvement benchmarking may provide additional insight into the 

operation of assets within a WWTP, facilitating the identification of assets which require 

replacement to improve WWTP performance. 

7.3.4 Geographical information systems 

The KPICalc and comparable WWTP identification methodologies can be applied in a 

geographical information system (GIS) to provide a user-friendly and visual approach to 

benchmarking WWTPs at a national level. GIS systems provide database management services 

which could be used to store and manage the operational data used for KPI calculation. GIS is 

often accompanied by tools built using common programming languages, particularly using 

Python, structured query language (SQL) and Java. The methodology used in KPICalc can be 

applied using these programming languages, and when accompanied with a web-based user 

interface (which typically is programmed using JavaScript) GIS systems can offer a web-based 

service, with online database storage for benchmarking WWTPs at a national level. 

Visually displaying the locations and characteristics (obtained from the survey module of 

KPICalc) of a nation’s WWTPs on a map-based interface as part of the comparable WWTP 

identification tool outputs would improve the usability of the tool (Figure 7.4). In this instance, 

users could gain additional insight into each WWTP in a comparable group which may 

facilitate the identification of process configuration or data collection differences between 

WWTPs. 

 

Figure 7.4 Implementation of GIS mapping as part of the comparable WWTP identification tool. 
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7.4 Conclusions 

This chapter discusses the application of the developed methodologies and tools at a national 

level across Irish WWTPs and the improved data collection and data management methods 

which can be achieved regardless of the level of benchmarking employed. KPICalc can be 

applied at a basic level (level 1) to assess the feasibility of benchmarking a nation’s WWTPs 

or applied in WWTPs to provide a means of performance assessment. When coupled with the 

comparable WWTP identification tool, KPICalc can facilitate performance improvement 

benchmarking which is ultimately the most effective method of identifying best practices 

across a nation’s WWTPs.  

A number of alternative applications for the developed tools and methodologies include (i) 

improving data collection methods by surveying a nation’s WWTPs using the survey module 

in KPICalc (ii) streamlining regulatory data reporting processes using the standardised 

reporting of data using KPICalc (iii) gaining valuable insight into the variation of size and 

spread of regulatory discharge requirements across WWTPs using the comparable WWTP 

identification tool (iv) development of the relationship between energy consumption and 

discharge regulation in Irish WWTPs, and (v) identification of suitable sampling methods for 

WWTP optimisation and control purposes. The developed methodologies can be applied and 

integrated into several technologies such as GIS, SCADA, BIM and DAM systems. Integration 

into technologies commonly applied in the WWTP sector can increase usability and 

automation of WWTP performance assessment. At a national level, GIS, BIM and DAM 

systems can often be found, thus these technologies are most suited to national WWTP 

benchmarking. In contrast, SCADA systems may be more suited to performance assessment 

benchmarking methods at a WWTP level where SCADA systems are typically employed for 

operational control and data collection.  
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Chapter 8 Conclusions 

8.1 Overview 

Compliance rates with the UWWTD are generally high across the European Union. However, 

many WWTPs are not complying with the Directive, especially in sensitive areas. In addition 

to complying with environmental regulation, environmental sustainability is becoming a key 

aspect of wastewater treatment. Wastewater treatment plants are large energy consumers and 

with stringent emission limit values becoming more common, energy consumption is expected 

to rise.  

In order to ensure compliance with the UWWTD, improved WWTP management practices are 

required (EPA 2015). Performance assessment is a key area of WWTP management. A 

common method of conducting performance assessment is through the use of key performance 

indicators (KPIs) (Alegre et al. 2009). The results from performance assessment methodologies 

can be used to identify process improvement measures through benchmarking. Benchmarking 

is a data-driven process, and can only be successful if careful consideration is given to data 

availability and accuracy. Additionally, the success of WWTP benchmarking lies in the 

identification of comparable WWTPs from which to benchmark against. Identifying 

comparable WWTPs for benchmarking purposes can be difficult. WWTP characteristics such 

as the design capacity, pollutant loading and emission limit values can affect WWTP 

performance.  

8.2 Objective and aims of this study 

The overall objective of this study was to design a WWTP performance assessment 

methodology that is cognisant of data availability, data accuracy and WWTP comparability 

issues that can exist in WWTPs. The specific aims undertaken to achieve this objective were 

to: 

1. Select and develop KPIs for resource consumption and WWTP performance with a 

focus on energy, chemicals and water consumption and regulatory compliance. 

2. Develop a performance assessment methodology (which uses the selected KPIs) that is 

adaptable to varying degrees of data availability in a WWTP, reduces user input by 

automatically selecting applicable KPIs based on data availability, and assesses the 
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effect of data accuracy issues on performance assessment applicability, in a low data 

availability environment. 

3. Test the performance assessment methodology in Irish WWTPs with varying 

operational characteristics and degrees of data availability. 

4. Develop a method and decision support tool which can identify comparable WWTPs 

based on WWTP size and regulatory effluent discharge requirements. 

5. Present a method of examining the statistical agreement of various wastewater 

sampling methodologies to identify the most cost-effective and representative method 

of sampling wastewater for performance assessment purposes. 

8.3 Major conclusions 

In this study three tools and methodologies were developed for the regular performance 

assessment and improvement of the regulatory performance and resource consumption of 

WWTPs. The tools and methodologies developed in this study were tested on Irish WWTPs to 

highlight their suitability to a low data environment and the use of these tools at a national 

level as part of a WWTP management programme is discussed as part of the conclusions in 

Chapter 7. 

 

Figure 8.1 Developed methodologies and tools to overcome the challenges identified in the literature. 

The developed performance assessment methodology (KPICalc) is adaptable to data 

availability and assesses the effect, in a low data availability environment, of inaccurate data 

on the applicability of a performance assessment exercise. A decision support tool was 

developed to work in conjunction with KPICalc to identify WWTPs which are comparable for 

benchmarking purposes based on WWTP size, treatment level provision and effluent discharge 

regulations. In addition, a method of examining the statistical agreement of various wastewater 
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sampling methodologies was presented to identify the most cost-effective and representative 

method of sampling wastewater for benchmarking purposes.  

The major conclusions are as follows: 

• Accounting for resource consumption and environmental sustainability in WWTP 

performance assessment and performance improvement benchmarking methods 

requires the inclusion of KPIs which focus not only on the major resources consumed 

during wastewater treatment, but the regulatory compliance requirements which a 

WWTP is subject to and their effects on resource consumption. 

• The automated exclusion of KPIs which are unrelated to the processes utilised in the 

WWTP enables greater applicability of KPICalc results when benchmarking between 

WWTPs by standardising the KPI selection process and reducing the effect of user bias 

which can occur during manual KPI selection.  

• Although many studies present data accuracy assessment methods that have been 

applied to WWTPs for validation purposes, it is uncommon to find these methods in 

operational WWTPs due to the workload and infrastructure required. Including user-

perceived data accuracy surveys (suited to low data availability environments), in a 

performance assessment methodology offer identification of KPIs that may be based 

on inaccurate data and provide an insight on how the applicability of a performance 

assessment system is affected by inaccurate data. This insight can incentivise users to 

improve these data sets prior to proceeding with performance assessment. 

• KPICalc piloting highlighted the prominence of inaccurate process data (which was 

echoed in the literature) in piloted WWTPs and provided an insight into how inaccurate 

data can affect the benchmarking of Irish WWTPs. Should a performance assessment 

methodology be applied in the management of Ireland’s WWTPs at a national level, 

these insights prove that data accuracy issues must be identified and rectified prior to, 

or at an early stage in the performance assessment of Irish WWTPs 

• Great care needs to be taken when identifying WWTPs from which to benchmark 

against. WWTP size and regulatory requirements can affect resource consumption and 

WWTP performance benchmarking. Additionally, the complex relationship which can 
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often be seen between these WWTP characteristics results in the need for various 

characteristics to be assessed simultaneously. 

• The wastewater treatment plant grouping methodology (comprising a decision support 

tool to facilitate rapid identification of comparable WWTPs), has shown great potential 

in the identification of WWTPs which can be compared and benchmarked using 

KPICalc results. Additionally, the comparable WWTP identification tool offers the 

advantage of rapid identification of WWTPs and the ability to repeat the analysis with 

ease, when compared against any manual method of identification. 

• By assessing the statistical agreement of various sampling methodologies in a WWTP, 

it may be possible to identify if a representative method of wastewater sampling for 

performance assessment processes that is low cost and low maintenance (thus more 

suited to the long-term sampling associated with daily benchmarking) can replace 

costlier methods, such as flow-paced composite sampling. Selecting a reliable, yet low 

maintenance, method may result in less frequent or non-existent occurrences of data 

availability and accuracy issues. 

• The methodologies developed in this research can be applied to standalone software 

applications and existing technologies such as BIM, DAM and SCADA. By applying 

the methodologies to existing technologies, the need for additional training on new 

software applications is minimised and an opportunity for greater collaboration of 

personnel in the management and optimisation of WWTPs is presented. 

8.4 Recommendations for future work 

•  As WWTPs begin to focus on the collection and management of data, the challenges 

of assessing data accuracy should be studied. Once data availability improves, more 

robust and automated methods of assessing data accuracy, capable of assessing data 

accuracy in real time and throughout the performance assessment exercise should be 

included.  

• The use of a multiple-point rating for KPI variable accuracy and a set of rules to aid the 

user in correctly rating KPI variables would add additional incentive for the user to 

improve data accuracy issues over time. For wastewater quality KPI variables, the 
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statistical agreement methods presented in Chapter 6 could provide a set of rules for 

rating such KPI variables. 

• Application of the methodologies developed in this study in SCADA, GIS, BIM or 

standalone software packages capable of storing extensive databases, rather than 

Microsoft Excel (which was chosen for testing purposes) could provide a more stable 

platform with increased usability and automation. 

• Although the effect of WWTP size, treatment level and emission limit values on energy 

consumption is clear from the literature, the effect in Irish WWTPs could be assessed 

using operational cost and energy data. Results from this may provide insight into how 

the subdivisions for each comparable WWTP identifier could be adapted to enhance 

the comparable WWTP grouping methodology. 

• While the use of Lin’s concordance correlation coefficient can be used to quantify the 

statistical agreement between various wastewater sampling methods, alternative 

methods such as the Bland and Altman method could also be used. Additionally, 

sensitivity analysis should be conducted on the effect of strength-of-agreement values 

on KPI calculation to refine the previously proposed values.  

• Lin’s concordance correlation coefficient may be of interest to practicing wastewater 

engineers to assess the agreement between the results obtained from traditional 

monitoring and surrogate monitoring, which may reduce the sampling costs associated 

with process monitoring. 

• Further research into wastewater quality sampling methods, such as cost-benefit 

analyses of the various sampling methods would provide additional information which 

would be useful when selecting a low-cost and representative method of wastewater 

sampling in a WWTP. 
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Appendix A 

A.1 Quick Start Guide for KPICalc 
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1 Introduction 

1.1 What is KPICalc 

KPICalc is a unique benchmarking tool for wastewater treatment plants which enables WWTP 

managers and engineers isolate where and how resources are used and identify potential 

resource consumption mitigation measures within WWTPs. KPICalc is designed to be easily 

implemented and effective in enabling benchmarking of WWTPs with varying capacity, 

technology, sampling frequency and management practices.  

1.2 KPICalc Capabilities 

KPICalc initially provides a means of surveying WWTPs to:  

(1) account for the level of available data;  

(2) identify available KPIs from analysing this data; and more importantly, 

(3) highlight the confidence involved in KPI calculation due to the accuracy of the data 

provided.  

KPICalc, has been designed to be flexible in its adaption to any WWTP configuration. KPICalc 

is designed to handle various data availabilities in WWTPs where reporting frequency range 

from daily to monthly while offering users the ability to view data in a layered fashion. Macro 

KPI analysis is displayed through monthly KPI averages, however toolkit users requiring more 

in-depth analysis can acquire data based on weekly averages.  

1.3 Steps in using KPICalc 

To achieve the best results, one typically carries out the following steps when benchmarking 

using KPICalc: 

1. Complete the WWTP survey as accurately as possible by identifying available data 

streams (Section 3.2.1.1) and rating the accuracy of these data streams in your own 

opinion (Section 3.2.1.2). 

2. View the results from the survey which identifies the available KPIs and their user-

perceived accuracy (Section 3.3.1). Should the results identify KPIs which are 
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inaccurate, it is most beneficial for the user to correct these accuracy issues at this point 

and then retake the survey (Section 3.3.2). 

3. Enter data from as early as 2010 up to the current date (Section 3.4). 

4. View the results from KPI calculation (Section 3.5). 

2 Quick Start 

2.1 Setting up KPICalc 

As previously described KPICalc is a Microsoft Excel toolkit, therefore having Microsoft 

Excel installed on the computer is a prerequisite to using KPICalc. Open KPICalc and click 

Enable Content at the top of the page. Read the Introduction page prior to starting the WWTP 

survey. 

Users are advised to regularly save their progress in KPICalc to prevent data 

being lost. Auto save settings can be altered to auto save KPICalc more 

frequently, under File >> Options >> Save. 

2.2 Completing the WWTP Survey 

The WWTP survey is made up of various sections including WWTP processes 

wastewater/sludge volume and water consumption data, regulatory compliance, contaminant 

removal rates, chemical consumption and energy usage. Within these sections, users can select 

which data streams are available and assess their accuracy. Sections 2.2.2 through to 2.2.9 

discusses how to complete the various sections of the survey, with section 2.2.10 detailing the 

final steps before continuing to the next stage. 

2.2.1 Data Availability 

The WWTP survey aids in identifying available data streams for KPI calculation. Given that 

data is required in a daily format (e.g. daily flow totals, daily energy consumption totals, 

internal nutrient testing result from the day in question etc.), please only identify a data 

stream as available if daily data is available as weekly or monthly etc. totals or averages are 

unacceptable for benchmarking.  
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Note, where checkboxes for data availability are present:  

1. Checkboxes must be ticked for the data stream to be included in KPI 

calculation. 

2. Data streams can be identified as available in cases where daily data 

may not be present for every day of the year. 

2.2.2 Data Accuracy 

In addition to identifying the availability of data streams, it is necessary to subjectively assess 

the accuracy of these data streams in order to achieve meaningful benchmarking. Here the user 

must select, from a drop-down menu, their self-perceived accuracy of each data set as either 

“accurate” or “inaccurate” where the data is available and “N/A” where the data is unavailable.   

From this information, each data stream is linked to the matching KPI variable, which is then 

assigned an accuracy rating. Users must carefully consider the accuracy of their data streams 

before selecting from the drop-down menu. 

Identification of data errors can also be achieved through the application of various methods 

including mass balances, statistical hypothesis testing, fuzzy logic and artificial neural 

networks. A major setback to these methods is the associated data requirements which may not 

be feasible in WWTPs. 

Note, where data accuracy assessment is present in the form of a drop-down menu: 

1. Providing the accuracy of a data stream without ticking the check box 

will not suffice in identifying a data stream as available, as data availability 

is assessed by checkboxes alone. 

2. Data accuracy must not be marked as “N/A” where a data stream is available as this 

will result in the data stream being identified as unavailable for benchmarking uses. 

Using “N/A” is only appropriate where checkboxes are unticked. 

2.2.3 Treatment Plant Details 

Enter the name and address of the WWTP along with contact details for the plant engineer 

completing the survey in the space provided. Under WWTP Design Capacity enter the current 
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design capacity of the WWTP in terms of population equivalent. It is important that this figure 

is provided as it is used in KPI calculation. 

2.2.4 Treatment Levels in WWTP 

Identify the wastewater treatment processes present in the WWTP by ticking the appropriate 

boxes. Should additional information be available, include this in the Any Additional 

Information box at the end of the survey. 

2.2.5 Emission Limit Values and Internal Nutrient Testing 

Under Emission Limit Values (ELVs), enter the Licence limits for the final effluent for the 

various parameters which the WWTP is currently subjected to. These ELVs are in terms of 

mg/l and are used extensively in KPI calculation. If the WWTP undertakes internal nutrient 

testing, complete this section in the WWTP survey (Figure 3.1). Internal nutrient testing KPIs 

used in KPICalc requires both influent and effluent testing, therefore only tick the appropriate 

box if both influent and effluent data is available. For the data streams which are marked as 

available, select am accuracy rating for the stream using the drop-down menu to the right of 

the checkbox. 

 

Figure 3.1 Emission limit value and wastewater monitoring element of KPICalc survey 
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2.2.6 Influent Wastewater and Pumping 

Influent Wastewater Composition:  

Select the options which describe the influent composition. If additional information is 

required, enter text in the If other, please specify box on the right-hand side of the section. 

Is there an operational flow meter on the following streams? 

Select the available data steams using checkboxes and their accuracy rating in the drop-down 

menu. Caution is required when assessing the accuracy of flow meters, users must ensure that 

the meter is correctly located, maintained regularly and calibrated as required in order to rate 

the flow meter as accurate. If additional information is required, enter text in the If other, 

please specify box on the right-hand side of the section. 

Is rainfall data collected? 

If rainfall data is collected on-site or nearby tick ‘yes’ and assess the accuracy of this data.  

What type of pumping control is present in the WWTP? 

Select the options which best describe the pumping control on-site. If for any reason, additional 

information is required, enter text in the If other, please specify box on the right-hand side of 

the section. 

2.2.7 Aeration Setup and Sludge Treatment 

The results from this section are not used in KPI calculation and therefore can be left blank, 

however they provide contextual information sharing the results of KPICalc with other users. 

If for any reason, additional information is required, enter text in the If other, please specify 

box on the right-hand side of the section. 

2.2.8 Clean Water Usage 

Do you read the meter on your mains water supply? 

 If the meter on the mains water supply is monitored, or a separate flow monitor is installed, 

tick ‘yes’ and assess the accuracy of this data.  
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Does the WWTP pay for the mains water supply?  

Should the WWTP pay for mains water tick ‘yes’ and provide the cost per cubic metre in the 

box to the right of this section.  

Does the WWTP reuse any treated effluent for cleaning etc? 

Tick ‘yes’ if treated effluent is reused on-site and the volume of this reused effluent is recorded 

daily and assess the accuracy of this data. 

2.2.9 Chemical Usage 

Which chemicals, if any, are used as part of the treatment processes? 

Chemical consumption features in KPI calculation, if any of the chemicals presented in the 

survey are used on site and daily records of chemical consumption volumes are kept, tick ‘yes’ 

and assess the accuracy of this data. Note: daily records of chemical consumption are essential, 

do not tick ‘yes’ if chemical consumption records are not kept on a daily basis. The cost per 

kg (in euros) of each chemical must be supplied to the right of the accuracy rating for the 

chemical in question. 

2.2.10 Energy Monitoring and Power Quality 

Energy Monitoring 

For both the WWTP and the pumping station, tick ‘yes’ if the daily kilowatt hour energy 

consumption is recorded for each of these locations and assess the accuracy of this data.  

 Power Quality 

The details provided in this section are not used for KPI calculation, they provide contextual 

information for assessing the level of power quality monitoring and correction, if any, is 

conducted in the WWTP. 

2.2.11 Final Checks 

Before continuing to the next section, review the details provided in the various sections to 

ensure that the details provided are correct and that the accuracy rating of a data stream is 

provided where applicable. Once this review is complete click Continue at the bottom of the 

survey to view the results. 
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2.3 Assessing the Survey Results 

Once the survey is complete, KPICalc will identify the KPIs available based on the survey 

results and present four distinct groups of KPIs described in Table 3.1, on the results page 

(Figure 3.2). 

Table 3.1 KPI group and description based on survey results and data accuracy 

KPI Group Description 

Available and Accurate 
KPIs available for benchmarking due to the availability of the required 

variables and the high accuracy given to these variables by the user  

Available and Moderately 

Accurate 

KPIs available for benchmarking due to the availability of the required 

variables, however, with a lower perceived accuracy for one or more of 

these variables  

Available Pending Corrective 

Action 

KPIs requiring the accuracy of one or more variables to be corrected prior 

to their implementation 

Not Applicable 
KPIs not applicable to the aspects of wastewater treatment present in the 

WWTP 

 

Only KPIs identified as “Available and Accurate” and “Available and 

Moderately Accurate” will be used for benchmarking. KPIs which are “Not 

Applicable” to the WWTP in question and KPIs which are “Available 

Pending Corrective Action” are absent from benchmarking.  

 

Figure 3.2 KPI availability and selection reporting module 
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2.3.1 KPIs Requiring Corrective Action 

At this stage, KPICalc acts as an elementary fault detection system, highlighting inaccurate 

data streams which require attention. Inaccurate data streams are shown as KPI variable codes 

next to the KPIs requiring action. To view a more detailed list of data streams requiring 

attention, click “Show Variables List” at the top of the results page (Figure 3.3).  

 

Figure 3.3 KPI variable reporting module 

The variables list displays the data streams, which are the variables used for KPI calculation, 

that have been assigned a user-perceived data accuracy rating. Data streams highlighted in red 

require correction before they can be used in benchmarking while data streams marked in 

orange are included in benchmarking, however, correcting these streams will lead to more 

accurate benchmarking results. It is recommended that users correct data inaccuracies and 

retake the WWTP survey prior to proceeding with KPICalc in order to gain a more holistic 

means of WWTP benchmarking. To go back to the WWTP survey results, click Back to 

Results on the top of the page. 
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2.3.2 Retaking the WWTP Survey 

If errors have been made during the WWTP survey, it is recommended to retake the survey at 

this stage. Similarly, if any data streams which required attention in the survey results have 

been corrected, the WWTP survey should be retaken in order to move the affected KPIs into a 

different KPI group for benchmarking. 

2.3.3 Proceeding to Benchmarking 

Once the survey result assessment is complete, click Continue top of the page to advance to 

the KPICalc homepage. The homepage contains links to various sections of KPICalc including 

Data Entry, Reports, Results, Dashboards and Analysis Tools (Figure 3.4). A section in the 

bottom right of the homepage contains a button to retake the WWTP survey.  

 

Figure 3.4 KPICalc homepage 

Clicking Retake Survey may potentially reset KPICalc to a generic layout and 

is only recommended if errors are present in the initial survey. If attempting to 

retake the survey, please save a backup of the most up-to-date KPICalc file in an 

alternate location.  

The KPICalc homepage acts as a menu for opening various sections. To navigate between 

sections, the Menu button on the top left of each page will bring the user back to the homepage. 

2.4 Data Entry 

Under the Data Entry section of KPICalc, users can input data from 2010 to 2016. This data 

forms the database used for KPI calculation. Users must take care entering this data as errors 
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can lead to inaccurate benchmarking and often times, it can be difficult to get to the root of the 

problem (i.e. incorrect data entry). Once data entry is complete, navigate to the homepage to 

view benchmarking results. Table 3.2 provides details on each data stream required during data 

entry. 

Table 3.2 Description of data streams/KPI variables  

Data Stream Details 

Volume of Influent Wastewater Daily total of the volume of wastewater arriving at the head of the 

WWTP (including wastewater diverted to on-site holding/overflow 

tanks) 

Volume of Effluent Wastewater Daily total of the volume of treated wastewater being discharged from 

the WWTP (m³/day) 

Volume of Storm Overflow Daily total of the volume of wastewater being discharged from the 

WWTP without receiving full treatment (m³/day) 

Rainfall Daily total of rainfall, either on-site or at the nearest rainfall station 

(mm/day) 

Volume of Imported Leachate 

from External Sources 

Daily total of the volume of leachate imported for treatment (m³/day) 

Dry Weight of Sludge Produced 

in WWTP 

Daily Total of the dry weight of sludge produced in the WWTP and 

either sent for external sludge treatment, or treated on-site (kg/day) 

Dry Weight of Sludge Handled in 

WWTP (Produced On-Site and 

Imported from Elsewhere) 

Daily Total of the dry weight of sludge produced in the WWTP and any 

imported sludge which is either sent for external sludge treatment, or 

treated on-site (kg/day) 

Influent “X” Concentration Concentration of parameter “X” in the Influent (mg/l) 

Effluent “X” Concentration Concentration of parameter “X” in the Effluent (mg/l) 

“X” Tests Meeting ELV Number of tests, for parameter “X”, which met the ELV criteria (Note: 

maximum of 1 compliance test per day allowed) 

Metered Mains Water Consumed Daily total of the volume of mains water used on-site (m³/day) 

Volume of Wastewater Reused 

On-Site for Cleaning etc. 

Daily total of the volume of wastewater reused on-site (m³/day) 

“X” Utilised Daily total of kilograms of chemical “X” used (kg/day) 

Energy Consumed in WWTP Daily total of kilowatt-hours consumed in the WWTP (kWh/day) 

Energy Consumed in Pump 

House 

Daily total of kilowatt-hours consumed in the WWTP (kWh/day) 
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2.5 Results and Dashboards 

2.5.1 Results 

To view weekly and monthly KPI results, navigate to the Results section of the homepage. The 

monthly KPI results page contains more information than the weekly results page in terms of 

KPI performance.  

A ranking system detailed in section 3.6.1 provides traffic light markers 

next to KPI results to detail whether the result is acceptable, at risk of 

failing or failed as per the ranking setup. 

 

Figure 3.5 Monthly result reporting dashboard 

2.5.2 Month by Month Result Comparison Dashboard 

This dashboard enables users to easily compare WWTP performance between months. Users 

can navigate to the dashboard using the homepage (Figure 3.6). 

To select the first month for comparison, use the dropdown menu beneath “Month A” to select 

a month, then repeat beneath “Month B” to select the second month for comparison. The 

dashboard then displays the KPI results and rankings for each month and details how the KPI 
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performed between the two months using the performance comparison symbols shown in the 

legend. 

 

Figure 3.6 Monthly Result comparison dashboard 

2.5.3 KPI Group Dashboards 

The remainder of the dashboards are similar in appearance, each one detailing the results from 

each KPI group. These dashboards have several interactive features to easily navigate through 

KPI results. 

2.5.3.1 Dashboard Table and Graph 

The dashboard contains a table of results for the KPI group in question. This table incorporates 

the KPI ranking system using green, orange and red fonts to depict the rank. To scroll through 

the current and historical results use the scrolling bar at the base of the table. This scrolling bar 

is a duplicate of the scrolling bar underneath the KPI result graph, therefore scrolling on one 

bar will affect both the results in the table and the graph. 

It is possible to select the trends visible on the KPI result graph using the checkboxes to the 

left of the graph legend. Toggling these checkboxes will turn each trend on/off allowing a 

concentrated view on particular trends if required (Figure 3.7). Toggling these trends will also 

allow the vertical axis gridlines on the graph to best fit the results.  
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Figure 3.7 Energy consumption KPI dashboard 

2.6 Analysis Tools 

Various analysis tools are currently under development and are due for release in the latter half 

of 2016. Currently, the alter KPI rankings tool is available for use due to its heavy interaction 

with KPI calculation and reporting 

2.6.1 Alter KPI Targets 

Targets to define the performance of KPI results are used in the dashboards and monthly 

reporting page of KPICalc. Generic targets are supplied with KPICalc; however, these can be 

modified to suit the user’s preference using the Alter KPI Targets page in the Analysis Tools 

section of the Homepage. 

 

Figure 3.8 KPI target module 
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To change the ranks for each KPI users can modify the values on this page used to define an 

acceptable and a failed result. Note, KPICalc ranks a result which falls in neither the 

“acceptable” nor “failure” rank as “at risk”.  

Care must be taken when modifying ranking values. Please note the ≤ ≥ symbols 

and adjust the values accordingly.  
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A.2 Spreadsheet layout of Microsoft Excel tool for KPICalc piloting 
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Appendix B 

B.1 Quick Start Guide for the comparable WWTP identifier tool 
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1 Introduction 

1.1 Why is there a need to identify comparable WWTPs? 

KPICalc is a resource consumption (energy, chemicals, water) and WWTP performance 

benchmarking tool which calculates and reports Key Performance Indicators (KPIs). To 

benchmark WWTPs against one another using KPICalc, it is first necessary to identify WWTPs 

which are comparable.  

↓ 𝐸𝐿𝑉 = ↑ 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦  = ↑ 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 

Typically, as ELV concentrations decrease (become more stringent), process complexity 

increases, in turn causing an increase in resource requirements (energy and chemical 

requirements). WWTPs are benchmarked based on their resource consumption KPI results; 

therefore, it is unfair to compare WWTPs without first ensuring that WWTPs are comparable 

with regards to the energy and chemical requirement which each WWTP has in order to meet 

their effluent quality standards. 

1.2 What is the Comparable WWTP Identifier Tool? 

The Comparable WWTP Identifier decision support tool (DST) enables users to select WWTP 

design capacity (PE), WWTP loading (PE) and various discharge licence emission limit values 

identifiers for comparable WWTPS. For each identifier, users can use the predefined bands 

(which differentiate between the high and low values which a WWTP may present for any of 

the selected identifiers) or adapt these bands to suit their needs. Following this, the DST 

automatically groups WWTPs with matching identifiers and bands, presenting the results to 

the user in both a dashboard format and a PDF report format. 

1.3 Decision Support Tool Capabilities 
 

The banding DST is designed to identify comparable WWTPs using either design capacity or 

population loading and three emission limit values (carbon, nitrogen and phosphorus ELV). 

The DST is preloaded with 2014 Annual Environmental Report data supplied by the 

Environmental Protection Agency for all licensed Irish WWTPs and this data can be altered to 

suit the user’s needs. 
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1.4 Steps in using the Banding DST 

The following steps are recommended: 

1. Selection of comparable WWTP identifiers (Section 3.2) 

2. Definition of bands for each identifier (Section 3.3) 

3. Data Entry (Section 3.4) 

4. View results and reports (Section 3.5). 

2 Quick Start 

2.1 Setup of the Decision Support Tool 

The banding DST is a Microsoft Excel toolkit, therefore having Excel installed on the computer 

is a prerequisite.  The DST can be accessed both from the USB provided and from the results 

homepage of KPICalc. 

Users are advised to regularly save their progress when using the banding DST 

to prevent data being lost. Auto save settings can be altered to auto save KPICalc 

more frequently, under File >> Options >> Save. 

Open the DST and click Enable Content at the top of the page. Read the Introduction page 

prior to starting the WWTP survey. 

2.2 Select desired Identifiers 

The first stage of setting up the Banding DST involves selecting the identifiers which will be 

used to identify comparable WWTPs. For benchmarking purposes, it is recommended that 

users select one WWTP size identifier, one Carbon ELV identifier, one Nitrogen ELV 

identifier and one Phosphorus identifier (recommended selections are shown in the drop-down 

menu). when finished, click “Continue”. 
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Figure 1. Screenshot of step 1, Selection of desired Identifiers 

2.3 Define bands for each identifier 

Each primary identifier must be broken down into smaller groups, called bands. This process 

aids in the differentiation between the high and low values which a WWTP may present for 

any of the selected identifiers. These bands are predefined for each identifier; however, these 

can be altered by the user. To alter the lower or upper limit of a band, select the cell and change 

the value as needed. Note: blank bands are not permitted. Once the bands are defined, click 

“Continue”. 
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Figure 2. Screenshot of step 2, definition of bands for each identifier 

2.4 Data Entry 

Once the bands are defined for each identifier and the user has clicked continue. This opens 

step 4, WWTP data entry. The DST is preloaded with 2014 Annual Environmental Report data 

supplied by the Environmental Protection Agency for all licensed Irish WWTPs and this data 

can be altered to suit the user’s needs. This data can be edited or updated to suit the user’s 

needs. To alter WWTP data, select the associated cell and change the value as needed (Note: 

the data can also be updated in bulk from an existing spreadsheet).  
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Figure 3. Screenshot of step 3, WWTP data entry. 

2.5 Results and Generating PDF Reports 

The results dashboards can be accessed from the homepage. These results are split into 5 

groups, one for each of the WWTP size identifiers. 

 

Figure 4. Screenshot of the DST homepage 
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Note: the banding process can be restarted using the “Go Back” option. It is 

recommended that progress is saved prior to restarting as it may be deleted. 

Users can select the numerical value within each band to view the registration 

numbers of the plants in this band, displayed in the list below. To generate a PDF report, click 

“Generate Report”. This report will be saved to the “Comparable WWTP Reports” folder 

which is located in the same folder path as the toolkit. 

 

Figure 5. Screenshot of the dashboard report section 
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B.2 Wastewater treatment plant data used for identification of comparable wastewater 

treatment plants 

WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Ortho-

phosphate 

ELV (mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0001-01 39000 34567 5    0.21  

D0002-01 80000 71633 10 100 0.90 20.00 0.50 0.90 

D0003-01 15000 10800 15 125 5.00  1.00 2.00 

D0005-01 40000 33436 25 125     

D0007-01 30000 22333 25 125 5.00   2.00 

D0008-01 55000 25072 7 125 0.40 10.00 0.20 0.30 

D0009-01 40000 18400 25 125 5.00  1.00  

D0010-01 40000 28679 25 125     

D0012-01 32000 18149 25 125 10.00    

D0013-01 130000 117800 25 125   6.50  

D0014-01 50000 22369 25 125 10.00   2.00 

D0015-01 20000 10240 25 125 5.00    

D0016-01 25000 18659 25 125 10.00 15.00 5.00  

D0017-01 25000 19454 25 125 10.00    

D0018-01 107650 47000 25 125 3.00  0.50 2.00 

D0019-01 29477 27178 25 125 5.00  1.00 2.00 

D0020-01 20565 28191 5 125 0.26 15.00 0.13 2.00 

D0021-01 21000 14007 25 125 5.00    

D0022-01 190600 57895 25 125 25.00 35.00   

D0023-01 70000 37200 25 125     

D0024-01 60000 63541 25 125     

D0025-01 26000 12240 20 100 1.30 15.00  1.00 

D0026-01 15000 9567 6 125 0.50  0.30 2.00 

D0027-01 18000 17959 20 100 1.40 15.00 0.75 1.00 

D0028-01 36000 31415 15 125 2.00  0.80 1.00 

D0029-01 16500 16666 25 125 10.00 15.00 1.00 2.00 

D0030-01 45000 32842 25 125  15.00  2.00 

D0031-01 24834 24450 15 125 1.00 15.00 0.20 2.00 

D0033-01 413000 276405 25 125  10.00  2.50 

D0034-01 1640000 1764745 25 125  10.00  1.00 

D0035-01 80000 30825 25 125 5.00 15.00 1.50 2.00 

D0036-01 16000 9026 25 125 5.00  1.00 2.00 

D0037-01 54000 41836  125  15.00  1.00 

D0038-01 186000 105000 25 125     

D0039-01 45000 19464 8 125 0.50  0.25 0.50 

D0040-01 50333 35149 25 125 5.00    
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0041-01 101000 87000 20 125 2.00 15.00 1.50 2.00 

D0042-01 14381 7283 25 125 2.50  0.50  

D0043-01 13000 6669 20 125 1.50  0.80 1.50 

D0044-01 8500 12000 25 125 5.00 15.00 0.50 2.00 

D0045-01 12500 12553 25 125 35.00    

D0046-01 12000 12545 25 125 25.00    

D0047-01 35000 24003 25 125  15.00 0.37 2.00 

D0048-01 17000 20603 10 125 1.00 15.00 1.00 2.00 

D0049-01 31500 28177 25 125 5.00 15.00 2.00 2.00 

D0050-01 91600 127141 25 125 25.00 35.00   

D0051-01 15000 15000 25 125  15.00  2.00 

D0052-01 18000 8815 25 125 3.00 15.00 1.50 2.00 

D0053-01 179000 90000 25 125  10.00  1.00 

D0055-01 15042 15577 25 125 5.00    

D0056-01 15000 12375 25 125  15.00 2.00  

D0058-01 11000 7762 10 125 3.00  1.50 0.50 

D0059-01 50000 41800 13 100 3.00 15.00  1.00 

D0060-01 20000 9579  125  15.00  1.00 

D0061-01 37400 18500  125    2.00 

D0062-01 12150 8556 10 125 0.75  0.40 2.00 

D0063-01 6000 5352 20 125 5.00  1.00  

D0065-01 6200 1037  125     

D0069-01 4000 5957 20 125   0.60  

D0071-01 5333 4862 8 125 0.40  0.23  

D0072-01 4000 2972 25 125 10.00    

D0073-01 3150 923 25 125 5.00  2.00  

D0076-01 3000 2552 25 125 5.00  12.00  

D0077-01 2500 1769 10 125 1.00  1.00  

D0080-01 8400 1588 25 125 10.00   2.00 

D0081-01 2100 2330 25 125 10.00   2.00 

D0082-01 2756 2072 11 125 1.10  0.50  

D0083-01 2400 2335  125     

D0086-01 3500 1715 12 125 3.00  1.00  

D0087-01 2400 1721 20  5.00  2.00  

D0088-01 6000 4003 20 125 3.00  1.00  

D0090-01 4500 5379 25 125 3.00  1.50  

D0091-01 4000 4800 20 125 2.00  1.00  

D0092-01 1400 2283 25 125     

D0093-01 1400 1890 25 125 5.00  1.50  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0094-01 3000 2407 13 125 0.80  0.45  

D0095-01 4500 2407 25 125 10.00    

D0096-01 2125 1672 20 125 5.00  1.00 2.00 

D0097-01 5000 2678 20 125 1.00  1.00  

D0098-01 2750 1277 6 125 0.30  0.15 2.00 

D0099-01 2000 551 8 125 0.50  0.26  

D0100-01 2500 558 25 125 5.00   2.00 

D0101-01 4500 1207 4 125 0.36   0.27 

D0102-01 5000 2470 25 125 10.00    

D0103-01 2250 1420 25 125 1.00   1.30 

D0104-01 4800 1581 20 125 1.00  0.60  

D0105-01 6500 1132 10 125 2.00  1.00  

D0106-01 4000 2300 15 50 1.00  0.30 1.00 

D0107-01 1500 1833 25 125 0.85    

D0108-01 9000 9013 15 125 3.00  0.50  

D0109-01 12000 10425 25 125 5.00   2.00 

D0110-01 9500 6516 7 125 0.50  0.25 1.00 

D0112-01 4000 729 15 125 2.40  1.00 2.00 

D0113-01 5200 3166 25 125 5.00   2.00 

D0114-01 65000 20000 25 125     

D0115-01 2860 1710 25 125 5.00  1.00 2.00 

D0116-01 9550 5417 7 125 0.50    

D0118-01 4590 2077 7 125 1.50  1.00  

D0120-01 4000 4627 25 125 2.00  1.00  

D0121-01 6000 4259 15 125 1.50  0.50  

D0122-01 2300 7000 25 125     

D0124-01 5800 5110 10 125 0.44  0.22 1.00 

D0125-01 13500 7508       

D0126-01 5200 6600 15 125 2.00  1.00  

D0127-01 8000 8093 25 125 2.00  1.00  

D0128-01 6100 2637 20 125 5.00    

D0131-01 3500 4697 20 125 3.00   0.50 

D0132-01 10000 8000 20 125 5.00  1.00  

D0133-01 7000 6282  125  20.00  1.00 

D0134-01 2000 1938 15 125     

D0135-01 12000 7721 25 125 5.00    

D0137-01 12000 8649 25 125 5.00  1.00 2.00 

D0138-01 12000 5853 20 125 0.50 20.00  1.00 

D0140-01 4000 850 25 125     

D0143-01 2000 962 25  5.00  1.00  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0144-01 4000 1874 2 125 0.21  0.30  

D0145-01 2800 1273 25 125 10.00    

D0146-01 9800 6520  125     

D0148-01 11000 5194 15 125 5.00 15.00 1.50 5.00 

D0149-01 2540 1269 25 125     

D0150-01 3500 2372 10 125 4.00  0.80  

D0151-01 7500 2347 15 125 5.00  2.00  

D0152-01 7000 6300  125     

D0153-01 1300 2069 10 125 0.20  0.10  

D0154-01 11500 4846 25 125 9.00   0.92 

D0156-01 1300 2136 25 125 1.00  0.50  

D0157-01 1500 2326 20 125     

D0160-01 3500 2852 25 125 1.00  0.50  

D0161-01 2000 1686 25 125 2.00  0.70  

D0163-01 6500 4048 25 125 5.00 15.00 1.00 2.00 

D0165-01 9400 2500 25 125 5.00    

D0166-01 4700 3000 25 125  15.00 8.00  

D0167-01 5000 4931 25 125 5.00  2.00  

D0171-01 9000 6713 25 125 5.00  1.50  

D0173-01 7500 1260 25 125 3.00    

D0176-01 2161 1867 20 125 5.00  3.00  

D0179-01 12500 7500 20 125 4.00  2.00  

D0180-01 6000 5468 15 100 1.00  2.00  

D0183-01 8180 2494 20 125 5.00    

D0185-01 12000 8000 20 125     

D0190-01 6000 1655 10 125 2.00  1.00  

D0191-01 4000 3237 10 125 1.00  0.50  

D0193-01 6000 4921 6 125 0.40  0.20  

D0195-01 4310 4836 25 125 2.00  0.50  

D0197-01 3000 1390 10 125   0.40  

D0198-01 1200 11590 25 125    2.00 

D0199-01 6000 3957 25 125    2.00 

D0200-01 4000 2500 25 125 5.00  2.00  

D0201-01 3000 1286 10 125 1.00  1.00 2.00 

D0202-01 7000 6847 7 80 0.50  0.30  

D0203-01 3500 3872 25 125 0.80  0.50  

D0204-01 7500 9654 7 80     

D0205-01 12960 9987 10 125 0.50   0.30 

D0208-01 1200 1694 20 125 1.70  0.60  

D0209-01 800 1587 5 125 0.25  0.15  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0210-01 1000 1651 25  3.00  1.00  

D0215-01 1080 432 25 125 3.00  2.00  

D0216-01 1200 502 25 125     

D0218-01 1017 292 25 125 10.00 15.00  2.00 

D0220-01 1000 392 25 125 10.00  5.00  

D0221-01 1200 1199  125     

D0222-01 1200 1314 25 125 5.00  5.00  

D0223-01 1600 1152 25 125 2.00  1.00  

D0225-01 2000 1026 25 125 7.50  3.50  

D0226-01 1200 1229 10 125     

D0227-01 1000 846 10 125    2.00 

D0228-01 2076 630 4 125 1.50  0.50  

D0231-01 2000 1058 10 125 1.00  0.65  

D0233-01 700 513 10      

D0234-01 1000 1043 20 125 1.00  0.80 1.70 

D0236-01 2400 1163 10 125 0.60  0.30 0.70 

D0237-01 600 802 25 125 3.00  0.80 1.00 

D0238-01 500 1400 25 125 5.00  1.00 2.00 

D0240-01 2000 350 10 125 0.70  0.38 1.00 

D0241-01 500 912 25 125     

D0242-01 2000 2027 8 125 0.50  0.25 0.50 

D0243-01 600 1000 25 125 2.00  0.40 0.50 

D0244-01 2000 1405 5 125 0.30  0.19 0.50 

D0246-01 1500 747 10 125 2.00  0.50 1.00 

D0247-01 1200 802 10 125 2.00   1.00 

D0248-01 1500 1200 25 125 2.00  0.50  

D0250-01 1500 1845 20 125 3.00  2.00  

D0251-01 1200 726 25 125 5.00  3.00  

D0254-01 2000 1992 5 125 1.00  0.50  

D0258-01 1500 2063 10 125 1.00  1.00  

D0259-01 3000 975 5 125 1.00  0.50  

D0262-01 2300 2279 10 125 0.75  0.40  

D0267-01 1250 700 20 125 3.00  1.00  

D0271-01 1500 464 10 125 0.50  0.30  

D0272-01 950 1459 25 125 10.00  5.00  

D0273-01 450 1677 20 125 5.00  1.00  

D0275-01 600 1250 25 125 5.00  2.00  

D0277-01 3000 1691 2  0.20  0.10  

D0278-01 1500 1069 25 125 10.00  1.00  

D0279-01 2200 1032 25 125 5.00  1.00  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0281-01 1800 1418 7 125 3.00  1.00  

D0290-01 626 897 25 125 2.00  0.50  

D0293-01 1000 950 25 125     

D0295-01 3000 2304 25 125 10.00    

D0296-01 3600 2835 25 125 35.00  10.00  

D0298-01 1400 1200 10 50  15.00   

D0300-01 1675 941 25 125 5.00  3.00  

D0302-01 1000 771 15 125 3.00  1.00  

D0305-01 1500 557 15 125 3.00  0.10 0.30 

D0307-01 2000 860 30 125 5.00  1.50  

D0309-01 1534 309 10 125 3.00  0.10 0.30 

D0310-01 1534 588 30 125 3.00  1.50  

D0311-01 1100 1199 20 125 5.00  1.00  

D0312-01 2500 1257 25 125 0.50 15.00 1.00  

D0313-01 2140 1118 20 125 5.00  1.00  

D0315-01 550 832 25 125 15.00  1.00  

D0316-01 400 1280 25 125 5.00   1.00 

D0318-01 740 1200 25 125 2.00  1.00  

D0319-01 1400 1300 25 125 0.50  0.50  

D0320-01 2000 433 10 125 1.30  0.70  

D0324-01 1500 1360 25 125 5.00    

D0326-01 1500 976 12 125 5.00  2.00  

D0328-01 950 650 25 125 3.00  1.50  

D0329-01 1200 460 25 125 35.00  1.00  

D0330-01 1500 200 10 75 2.00  0.80  

D0332-01 1600 2252 25 125 1.00  0.50  

D0333-01 1500 1100 25 125     

D0336-01 1500 1691 25 125     

D0337-01 1920 1022 25 125 5.00  5.00  

D0342-01 920 1902  125     

D0344-01 1500 2500 25 125 4.00  1.00  

D0346-01 2000 836 14 125 1.00  0.75  

D0347-01 1750 750 10 75 1.00  0.50  

D0348-01 1750 607 10 125 2.00  1.50 2.00 

D0350-01 1000 1910       

D0352-01 1550 1860       

D0353-01 240 600 25 125 15.00    

D0355-01 700 373 13 125 6.00  0.50  

D0356-01 600 32 25 125 5.00  1.00  

D0357-01 900 500 25 125 5.00  5.00  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0358-01 1600 900 25 125 15.00    

D0359-01 600 392 25 125 5.00  5.00  

D0361-01 800 122 25 125     

D0362-01 1000 500 20 125   1.50  

D0363-01 750 418 25 125 5.00  2.50  

D0364-01 1100 361 25 125 5.00  5.00  

D0365-01 1000 964 25 125 3.00  1.50  

D0366-01 500 400 25 125 10.00  9.00  

D0369-01 800 754 10 125 1.00    

D0370-01 3000 890 25 125 5.00  2.00  

D0373-01 450 280 25 125 5.00  5.00  

D0376-01 500 705 8 100 1.00  0.50  

D0380-01 500 345 25 125 4.00  2.00  

D0381-01 280 844 25 125 1.68  0.84  

D0384-01 700 850  125     

D0385-01 600 726 10 125 1.00  0.50  

D0386-01 1200 578 5 125 4.00  1.00  

D0387-01 500 515 25 125 2.00  4.50  

D0389-01 600 980       

D0390-01 800 400 10 125 1.00  0.60 1.00 

D0391-01 1000 400 8 125 1.00  0.60  

D0394-01 450 600 10 125 0.78  0.72  

D0397-01 750 750 5 100     

D0398-01 500 469 10 125 5.00  0.80  

D0400-01 610 1425       

D0401-01 900 990 25 125 3.00  0.50  

D0402-01 150 840       

D0403-01 600 600 25 125 5.00  3.00  

D0404-01 650 650 25 125  25.00  10.00 

D0405-01 400 630       

D0407-01 600 661 8 125 10.00  3.00  

D0409-01 250 639 25 20     

D0410-01 1000 837 20 125     

D0411-01 500 1214       

D0412-01 600 283 25 125 5.00 15.00 1.00  

D0414-01 800 800 15 125 2.00  1.20  

D0415-01 1000 836 25 125  20.00 2.00  

D0416-01 600 380 8 125 0.70    

D0419-01 1500 1000 25 125 2.00  1.00  

D0420-01 750 259 10 125 5.00  1.00  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0422-01 550 448 25 125 7.00  1.00  

D0424-01 1000 448 25 125     

D0425-01 800 600 25 125 3.00  1.00  

D0426-01 600 390 25 125 10.00  5.00  

D0429-01 833 887       

D0431-01 600 650 20 125 2.00  1.50  

D0432-01 750 554 15 125 5.00  5.00  

D0433-01 550 550 10 125 1.00  0.75  

D0434-01 1725 710 25 125 5.00  2.00  

D0435-01 1000 487 20 125 3.00  2.00  

D0437-01 600 800 15 125 0.50  0.30  

D0438-01 500 500 10 100 1.00  0.50  

D0439-01 800 510 25 125 5.00  3.00  

D0440-01 1750 181 10 125   0.80  

D0441-01 800 169 25 125 1.00  0.50  

D0442-01 850 500 25 125 5.00  3.00  

D0443-01 1200 834 4 50 1.00  0.50  

D0444-01 936 600 10 125 2.00 20.00 0.50  

D0445-01 700 450 8 125 0.30  0.10  

D0447-01 1000 700 25 125 4.00  2.00  

D0448-01 700 700 25 125 5.00  5.00  

D0449-01 1200 202 20 100 2.00  1.00  

D0450-01 800 607 25 125   3.00  

D0452-01 1000 660 20 125 10.00  3.00  

D0453-01 1000 415 20 125 5.00  1.00  

D0454-01 1000 550 10 100     

D0455-01 2000 774 10 125 1.00 20.00 0.50  

D0456-01 500 498  125     

D0457-01 500 494  125     

D0458-01 1000 325 10 100     

D0463-01 1000 220 20 125 5.00  3.00  

D0464-01 750 590 10 50 1.00    

D0467-01 700 560       

D0469-01 344 634       

D0470-01 500 635 15 125 2.00  1.00  

D0471-01 1000 750       

D0472-01 660 840 25 125   5.00  

D0474-01 800 600 15 125     

D0475-01 500 300 25 125     

D0478-01 650 600 25 125 5.00  3.00  
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WWTP 

Registration 

Design 

Capacity 

(PE) 

Pollutant 

loading 

(PE) 

cBOD ELV 

(mg/l) 

COD ELV 

(mg/l) 

Ammonium 

ELV (mg/l) 

Total 

Nitrogen 

ELV (mg/l) 

Orthophosp

hate ELV 

(mg/l) 

Total 

Phosphorus 

ELV (mg/l) 

D0479-01 600 1804 10 50     

D0480-01 1000 600 7 125 0.55  0.35  

D0481-01 1000 436 8 125 2.00  0.60  

D0482-01 600 441 5 100 2.00  0.50  

D0483-01 600 403 20 100   1.50  

D0485-01 1200 235 20 100   0.90  

D0487-01 600 499 25 125 5.00  4.50  

D0488-01 600 604 25 125 5.00  2.00  

D0489-01 500 882 25 125 3.00  1.50  

D0493-01 1500 727 20 125 2.00  1.00  

D0494-01 1000 598 20 125 2.00  1.00  

D0495-01 1000 812 20 125 10.00    

D0496-01 905 780 25 125 5.00  5.00  

D0497-01 1200 905  125     

D0499-01 1000 922 25 125 5.00  2.00  

D0500-01 650 831  125     

D0502-01 950 830       

D0503-01 750 638 25 125 1.00  1.00  

D0504-01 710 1008       

D0505-01 350 442 25 125     

D0506-01 1200 643 25 125 1.00  1.50  

D0507-01 500 464       

D0508-01 260 738       

D0509-01 500 307  125     

D0510-01 700 540 25 125 2.00  2.00  

D0511-01 1200 253 25 125     

D0513-01 500 1106 10 125 1.00  0.50  

D0514-01 600 769 20      

D0515-01 500 500 15 125 1.50  0.80  

D0517-01 500 593 25 125     

D0518-01 1700 1004 25 125 5.00  9.00  

D0522-01 380 651 25 125     

D0524-01 600 385 10 100 2.00  2.00  

D0526-01 400 1000 5 125 0.60  1.50  

D0528-01 300 608       

D0529-01 400 550 25 125 5.00  0.50  

D0530-01 400 535 25 125 5.00  5.00  

D0533-01 650 624 25 125     

D0537-01 800 653       

D0540-01 634 496 25 125 5.00  3.00  
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Appendix C 

C.1 Scatterplots of data collected in Chapter 6 to assess statistical agreement of sampling 

methods. 

WWTP B Scatterplots - Agreement between flow-paced sampling and various grab sampling frequencies 
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WWTP B Scatterplots - Agreement between grab sampling and manually composited time-paced sampling (4-

hour sample interval) 
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WWTP F Scatterplots - Agreement between flow-paced sampling and various grab sampling frequencies 
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WWTP F scatterplots - Agreement between grab sampling and manually composited time-paced sampling (4-

hour sample interval) 
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C.2 Influent quality data collected in WWTPs for assessing statistical agreement between 

sampling methods 

Influent Quality Data for WWTP B 

Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

23/07/2016 1 

Flow-paced 24hr 1034 110 31.182 2.452 

Time-paced 24hr 855 122 25.174 7.940 

Grab 00:00 
    

Grab 04:00 750 562 6.325 0.882 

Grab 08:00 621 78 22.495 1.832 

Grab 12:00 1002 132 40.325 2.605 

Grab 16:00 420 6 16.654 1.024 

Grab 20:00 589 110 19.913 1.363 

24/07/2016 2 

Flow-paced 24hr 678 58 33.967 3.083 

Time-paced 24hr 909 73 23.022 2.215 

Grab 00:00 885 200 27.730 2.118 

Grab 04:00 505 6 14.332 0.844 

Grab 08:00 226 18 6.260 0.354 

Grab 12:00 >1500 267 37.417 2.588 

Grab 16:00 997 104 39.537 3.093 

Grab 20:00 1077 49 32.091 2.795 

25/07/2016 3 

Flow-paced 24hr 784 120 29.063 3.247 

Time-paced 24hr 641 24 27.963 2.819 

Grab 00:00 1159 105 29.141 3.586 

Grab 04:00 515 13 23.214 1.551 

Grab 08:00 435 33 20.544 1.829 

Grab 12:00 1252 278 45.193 4.063 

Grab 16:00 763 20 31.353 2.837 

Grab 20:00 620 20 26.942 2.301 

26/07/2016 4 

Flow-paced 24hr 772 122 27.256 2.673 

Time-paced 24hr 640 34 31.896 2.244 

Grab 00:00 346 6 16.502 1.011 

Grab 04:00 945 32 34.096 3.024 

Grab 08:00 530 18 19.792 2.151 

Grab 12:00 1021 150 45.445 2.962 

Grab 16:00 1216 66 44.191 2.874 

Grab 20:00 760 2 29.479 3.201 
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Date Day 

Number 

Sample Time COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

27/07/2016 5 

Flow-paced 24hr 1484 184 28.700 3.039 

Time-paced 24hr 
    

Grab 00:00 190 46 10.247 0.817 

Grab 04:00 98 62 4.118 0.183 

Grab 08:00 465 282 23.155 1.506 

Grab 12:00 448 116 19.896 1.159 

Grab 16:00 
    

Grab 20:00 
    

28/07/2016 6 

Flow-paced 24hr 939 352 31.119 1.445 

Time-paced 24hr 
    

Grab 00:00 
    

Grab 04:00 
    

Grab 08:00 
    

Grab 12:00 
    

Grab 16:00 
    

Grab 20:00 
    

29/07/2016 7 

Flow-paced 24hr 868 16 35.138 3.490 

Time-paced 24hr 
    

Grab 00:00 
    

Grab 04:00 
    

Grab 08:00 
    

Grab 12:00 1012 94 43.158 4.964 

Grab 16:00 1622 254 38.977 3.749 

Grab 20:00 1000 126 34.674 4.001 

30/07/2016 8 

Flow-paced 24hr 1239 2 34.386 3.937 

Time-paced 24hr 544 64 15.890 1.475 

Grab 00:00 268 98 8.269 0.671 

Grab 04:00 313 100 11.340 0.843 

Grab 08:00 118 98 4.124 0.269 

Grab 12:00 1247 318 33.883 4.083 

Grab 16:00 420 218 16.227 1.337 

Grab 20:00 807 238 19.991 2.141 

31/07/2016 9 

Flow-paced 24hr 724 30 31.436 3.593 

Time-paced 24hr 640 76 21.392 2.404 

Grab 00:00 273 102 10.369 0.747 

Grab 04:00 381 76 15.559 1.366 

Grab 08:00 378 116 14.625 1.183 

Grab 12:00 711 194 40.392 3.940 

Grab 16:00 601 132 23.074 2.203 

Grab 20:00 1035 216 36.717 3.924 
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Date Day 

Number 

Sample Time COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

01/08/2016 10 

Flow-paced 24hr 1555 198 35.401 4.292 

Time-paced 24hr 544 432 23.697 3.223 

Grab 00:00 1521 516 33.501 3.582 

Grab 04:00 441 142 20.047 1.493 

Grab 08:00 197 142 8.633 0.688 

Grab 12:00 1919 556 31.765 3.298 

Grab 16:00 832 224 34.150 3.537 

Grab 20:00 923 292 32.350 3.411 

02/08/2016 11 

Flow-paced 24hr 1388 330 30.068 3.773 

Time-paced 24hr 873 202 21.576 1.949 

Grab 00:00 1164 54 37.206 4.214 

Grab 04:00 817 140 22.243 3.484 

Grab 08:00 372 6 19.296 1.977 

Grab 12:00 923 24 34.936 3.618 

Grab 16:00 1558 980 18.991 1.976 

Grab 20:00 685 44 19.383 2.077 

03/08/2016 12 

Flow-paced 24hr 523 4 24.107 1.584 

Time-paced 24hr 1375 572 25.341 1.761 

Grab 00:00 235 48 11.395 0.882 

Grab 04:00 225 42 13.825 0.952 

Grab 08:00 636 108 19.380 1.946 

Grab 12:00 1650 94 32.504 3.478 

Grab 16:00 1650 1128 31.330 1.129 

Grab 20:00 1324 90 26.225 2.349 

04/08/2016 13 

Flow-paced 24hr 740 142 21.791 3.415 

Time-paced 24hr 600 38 29.281 3.345 

Grab 00:00 636 38 21.084 2.814 

Grab 04:00 710 90 26.428 2.489 

Grab 08:00 361 4 10.375 1.013 

Grab 12:00 332 14 30.161 3.041 

Grab 16:00 814 46 25.422 3.606 

Grab 20:00 788 88 26.574 2.674 

05/08/2016 14 

Flow-paced 24hr 634 108 26.782 3.222 

Time-paced 24hr 772 14 26.100 2.870 

Grab 00:00 812 54 26.187 2.597 

Grab 04:00 258 16 17.517 1.399 

Grab 08:00 342 14 24.201 1.661 

Grab 12:00 1046 112 31.242 3.900 

Grab 16:00 1040 114 38.336 4.511 

Grab 20:00 1238 58 37.984 4.772 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

06/08/2016 15 

Flow-paced 24hr 1162 286 29.767 3.968 

Time-paced 24hr 956 104 26.860 3.254 

Grab 00:00 700 4 27.932 3.266 

Grab 04:00 766 76 34.876 4.008 

Grab 08:00 778 10 29.878 3.365 

Grab 12:00 486 116 21.548 2.743 

Grab 16:00 452 8 21.282 2.288 

Grab 20:00 1282 242 28.074 3.463 

07/08/2016 16 

Flow-paced 24hr 568 170 33.040 3.925 

Time-paced 24hr 622 48 22.109 2.755 

Grab 00:00 510 4 25.690 2.996 

Grab 04:00 554 2 34.649 3.828 

Grab 08:00 162 2 17.725 1.379 

Grab 12:00 400 6 37.799 3.724 

Grab 16:00 1336 490 25.468 3.892 

Grab 20:00 218 4008 9.882 1.080 

08/08/2016 17 

Flow-paced 24hr 1082 514 37.365 2.577 

Time-paced 24hr 876 424 31.596 2.379 

Grab 00:00 670 288 30.477 2.585 

Grab 04:00 164 234 14.831 0.709 

Grab 08:00 810 452 33.497 2.927 

Grab 12:00 796 474 31.695 2.574 

Grab 16:00 1620 774 47.695 4.396 

Grab 20:00 1046 430 43.186 4.247 

09/08/2016 18 

Flow-paced 24hr 962 498 42.208 3.664 

Time-paced 24hr 902 432 32.298 2.799 

Grab 00:00 904 354 34.824 3.143 

Grab 04:00 302 246 13.801 0.707 

Grab 08:00 150 236 12.064 0.52 

Grab 12:00 562 316 42.91 2.912 

Grab 16:00 1812 1040 43.261 3.991 

Grab 20:00 1294 562 43.011 3.924 

10/08/2016 19 

Flow-paced 24hr 758 244 44.976 3.88 

Time-paced 24hr 556 30 38.083 3.459 

Grab 00:00 456 66 41.971 3.547 

Grab 04:00 712 78 39.599 2.65 

Grab 08:00 462 50 48.474 2.894 

Grab 12:00 448 26 21.844 2.461 

Grab 16:00 762 210 18.464 1.478 

Grab 20:00 742 188 23.67 2.407 

 



199 

 

 

Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

11/08/2016 20 

Flow-paced 24hr 736 178 25.132 2.711 

Time-paced 24hr 652 186 50.308 4.441 

Grab 00:00 786 184 34.528 2.755 

Grab 04:00 306 205 37.073 2.841 

Grab 08:00 410 200 24.426 2.052 

Grab 12:00 2262 208 19.561 1.846 

Grab 16:00 666 270 30.223 2.616 

Grab 20:00 774 248 20.839 1.865 

12/08/2016 21 

Flow-paced 24hr 2078 1162 36.351 4.288 

Time-paced 24hr 958 704 31.1 3.127 

Grab 00:00 1110 742 39.522 4.189 

Grab 04:00 386 580 17.758 1.582 

Grab 08:00 274 746 13.285 0.295 

Grab 12:00 1134 1578 46.997 4.476 

Grab 16:00 1322 1130 43.857 4.356 

Grab 20:00 616 604 16.532 1.487 

13/08/2016 22 

Flow-paced 24hr 1244 680 39.894 3.914 

Time-paced 24hr 646 486 36.964 3.199 

Grab 00:00 658 644 21.416 2.742 

Grab 04:00 712 584 29.913 2.858 

Grab 08:00 322 512 18.552 1.336 

Grab 12:00 524 550 37.682 3.011 

Grab 16:00 1178 654 43.436 4.585 

Grab 20:00 856 530 42.727 4.216 

14/08/2016 23 

Flow-paced 24hr 1010 562 40.996 3.498 

Time-paced 24hr 798 498 32.162 2.649 

Grab 00:00 576 464 26.633 2.418 

Grab 04:00 824 488 37.106 2.84 

Grab 08:00 232 418 18.446 1.166 

Grab 12:00 424 434 32.787 2.395 

Grab 16:00 1042 624 44.952 4.169 

Grab 20:00 942 586 37.043 3.092 

15/08/2016 24 

Flow-paced 24hr 1478 388 42.321 4.056 

Time-paced 24hr 1198 340 35.569 3.24 

Grab 00:00 344 32 24.824 2.541 

Grab 04:00 638 90 33.271 2.287 

Grab 08:00 578 
 

27.273 2.222 

Grab 12:00 600 158 40.966 3.472 

Grab 16:00 2146 1360 64.105 4.423 

Grab 20:00 1438 490 26.457 2.933 



200 

 

 

Date Day 

Number 

Sample Time COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

16/08/2016 25 

Flow-paced 24hr 2316 602 38.627 4.214 

Time-paced 24hr 2538 532 31.318 2.977 

Grab 00:00 928 238 28.907 2.328 

Grab 04:00 214 46 11.574 0.936 

Grab 08:00 490 42 33.494 2.902 

Grab 12:00 844 260 39.958 3.357 

Grab 16:00 1510 650 40.635 3.238 

Grab 20:00 3300 2194 22.8 4.132 

17/08/2016 26 

Flow-paced 24hr 1086 468 15.678 1.934 

Time-paced 24hr 848 234 15.866 1.975 

Grab 00:00 1916 406 35.084 3.906 

Grab 04:00 434 320 10.212 2.013 

Grab 08:00 716 534 10.196 1.602 

Grab 12:00 
    

Grab 16:00 460 204 12.582 1.477 

Grab 20:00 370 132 7.958 1.012 

18/08/2016 27 

Flow-paced 24hr 1718 742 32.425 3.277 

Time-paced 24hr 606 152 21.015 1.771 

Grab 00:00 420 70 20.146 1.84 

Grab 04:00 126 4 8.099 0.534 

Grab 08:00 60 8 3.05 0.174 

Grab 12:00 324 8 22.706 1.658 

Grab 16:00 688 130 47.275 3.762 

Grab 20:00 1596 830 23.594 3.555 

19/08/2016 28 

Flow-paced 24hr 716 248 24.076 2.667 

Time-paced 24hr 360 146 23.845 1.951 

Grab 
     

Grab 
     

Grab 10:30 340 98 13.516 1.054 

Grab 12:00 430 190 27.958 2.514 

Grab 16:00 698 208 36.538 3.477 

Grab 20:00 238 76 12.587 1.163 

20/08/2016 29 

Flow-paced 24hr 638 108 16.741 1.685 

Time-paced 24hr 476 130 17.339 1.566 

Grab 00:00 578 138 26.619 2.964 

Grab 04:00 220 76 13.645 1.338 

Grab 08:00 124 30 3.118 0.378 

Grab 12:00 684 324 23.589 2.109 

Grab 16:00 570 176 25.536 2.705 

Grab 20:00 202 32 8.232 0.584 
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Date Day 

Number 

Sample Time COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

21/08/2016 30 

Flow-paced 24hr 422 122 21.741 2.079 

Time-paced 24hr 1198 634 16.813 1.788 

Grab 00:00 294 68 14.87 1.257 

Grab 04:00 130 46 6.476 0.52 

Grab 08:00 86 24 7.416 0.574 

Grab 12:00 2458 1608 24.518 3.264 

Grab 16:00 726 368 27.741 3.029 

Grab 20:00 3010 2072 25.716 3.156 

22/08/2016 31 

Flow-paced 24hr 1512 714 32.201 4.134 

Time-paced 24hr 878 308 24.312 2.747 

Grab 00:00 576 134 23.618 2.156 

Grab 04:00 560 66 23.271 1.81 

Grab 08:00 140 0 7.551 0.499 

Grab 12:00 1542 1076 34.262 3.446 

Grab 16:00 790 206 44.509 
 

Grab 20:00 1004 218 32.244 
 

23/08/2016 32 

Flow-paced 24hr 472 54 23.879 2.509 

Time-paced 24hr 896 234 23.174 2.162 

Grab 00:00 666 110 27.775 2.857 

Grab 04:00 226 84 8.347 0.799 

Grab 08:00 104 14 4.254 
 

Grab 12:00 726 290 28.789 
 

Grab 16:00 658 252 29.886 
 

Grab 20:00 930 374 32.647 3.303 

24/08/2016 33 

Flow-paced 24hr 694 222 24.036 2.397 

Time-paced 24hr 306 44 17.87 1.53 

Grab 00:00 798 156 29.181 0.087 

Grab 04:00 154 10 9.386 
 

Grab 08:00 268 8 12.155 
 

Grab 12:00 
    

Grab 16:00 
    

Grab 20:00 
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Influent Quality Data for WWTP F 

Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

26/07/2016 1 

Flow-paced 24hr 1048 300 23.10 2.02 

Time-paced 24hr >1650 365 22.87 4.25 

Grab 04:00 >1650 3347   

Grab 08:00 960 215 23.13 2.53 

Grab 12:00 1373 440 33.38 4.93 

Grab 16:00 1605 140 33.02 3.24 

Grab 20:00 >1650 465 20.56 2.38 

27/07/2016 2 

Flow-paced 24hr 676 710 30.65 2.49 

Time-paced 24hr 768 750 24.67 1.80 

Grab 00:00 746 854 9.77 1.54 

Grab 04:00 330 294 11.09 0.86 

Grab 08:00 206 760 16.69 1.23 

Grab 12:00 1100 762 30.93 2.41 

Grab 16:00 1164 810 33.05 2.41 

Grab 20:00 514 660 24.62 2.57 

28/07/2016 3 

Flow-paced 24hr 484 904 23.75 1.97 

Time-paced 24hr 490 596 21.73 1.96 

Grab 00:00 526 584 38.24 2.91 

Grab 04:00 396 610 39.00 1.83 

Grab 08:00 352 754 17.25 1.36 

Grab 12:00 1126 860 22.49 2.08 

Grab 16:00 552 750 22.57 2.06 

Grab 20:00 648 748 24.25 2.38 

29/07/2016 4 

Flow-paced 24hr 1790 334 25.55 4.07 

Time-paced 24hr 670 -76 20.09 2.46 

Grab 00:00 488 758 23.46 2.70 

Grab 04:00 608 778 22.85 1.77 

Grab 08:00 270 730 22.66 1.74 

Grab 12:00 1114 154 30.56 3.68 

Grab 16:00 1020 518 32.70 3.55 

Grab 20:00 1122 500 27.73 3.25 

30/07/2016 5 

Flow-paced 24hr 1978 276 32.18 3.45 

Time-paced 24hr 1946 932 20.70 3.08 

Grab 00:00 900 490 19.02 1.82 

Grab 04:00 3286 5076 27.35 5.34 

Grab 08:00 1640 678 16.14 1.10 

Grab 12:00 2466 1394 31.56 3.58 

Grab 16:00 1208 304 24.23 2.82 

Grab 20:00 966 266 23.94 2.61 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

31/07/2016 6 

Flow-paced 24hr 1050 302 32.36 3.80 

Time-paced 24hr 1040 436 29.10 3.70 

Grab 00:00 1678 898 12.74 6.10 

Grab 04:00 930 200 20.16 1.69 

Grab 08:00 564 130 15.76 0.87 

Grab 12:00 2530 594 37.02 3.09 

Grab 16:00 1636 410 29.65 3.14 

Grab 20:00 1586 298 24.06 2.32 

01/08/2016 7 

Flow-paced 24hr 3300 1782 33.31 5.84 

Time-paced 24hr 1334 788 28.29 3.45 

Grab 00:00 1150 554 23.85 2.95 

Grab 04:00 858 172 25.17 2.85 

Grab 08:00 2926 852 21.12 2.40 

Grab 12:00 1090 380 36.62 3.00 

Grab 16:00 974 1384 28.41 4.27 

Grab 20:00 792 828 28.01 4.27 

02/08/2016 8 

Flow-paced 24hr 2070 1036 25.10 3.65 

Time-paced 24hr     

Grab 00:00 1102 1026 31.40 3.42 

Grab 04:00 704 1816 16.63 3.32 

Grab 08:00 224 274 10.03 1.48 

Grab 12:00 1202 543 25.90 3.44 

Grab 16:00 1554 1347 28.88 2.90 

Grab 20:00 1560 977 28.69 3.50 

03/08/2016 9 

Flow-paced 24hr 984 302 15.61 2.81 

Time-paced 24hr 1902 940 24.57 4.36 

Grab 00:00 >3300 4264 24.39 10.02 

Grab 04:00 1216 344 17.45 2.92 

Grab 08:00 578 454 5.17 1.26 

Grab 12:00 834 324 27.58 1.94 

Grab 16:00 1334 206 21.28 3.00 

Grab 20:00 1308 500 25.28 3.85 

04/08/2016 10 

Flow-paced 24hr 1734 1040 27.21 2.90 

Time-paced 24hr 980 272 23.64 2.08 

Grab 00:00 1054 740 20.35 3.36 

Grab 04:00 1732 458 50.78 4.49 

Grab 08:00 818 62 20.94 2.01 

Grab 12:00 1418 214 28.33 3.03 

Grab 16:00 882 456 36.20 4.04 

Grab 20:00 1396 228 31.32 3.63 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

05/08/2016 11 

Flow-paced 24hr 808 140 37.67 2.54 

Time-paced 24hr 684 56 32.95 2.05 

Grab 00:00 1144 136 28.18 3.29 

Grab 04:00 304 136 13.13 1.01 

Grab 08:00 746 370 18.91 2.16 

Grab 12:00 994 86 49.98 5.02 

Grab 16:00 730 46 33.12 2.43 

Grab 20:00 862 296 41.70 3.86 

06/08/2016 12 

Flow-paced 24hr 1066 726 38.71 3.05 

Time-paced 24hr 1882 48 36.74 3.08 

Grab 00:00 958 408 45.30 4.19 

Grab 04:00 602 12 45.16 2.74 

Grab 08:00 514 72 22.00 1.18 

Grab 12:00 826 38 38.00 3.78 

Grab 16:00 1104 144 37.15 4.04 

Grab 20:00 984 12 33.31 2.93 

07/08/2016 13 

Flow-paced 24hr 1116 460 35.86 2.65 

Time-paced 24hr 1210 144 31.62 2.15 

Grab 00:00 574 58 41.37 2.77 

Grab 04:00 638 26 30.28 2.12 

Grab 08:00 164 4 20.25 1.00 

Grab 12:00 786 288 49.46 3.58 

Grab 16:00 1040 764 21.97 2.61 

Grab 20:00 520 128 23.66 1.92 

08/08/2016 14 

Flow-paced 24hr 538 224 29.53 1.90 

Time-paced 24hr 818 406 30.59 2.53 

Grab 00:00 512 316 34.96 2.28 

Grab 04:00 552 276 25.29 1.52 

Grab 08:00 406 228 27.49 1.62 

Grab 12:00 1032 566 41.61 5.08 

Grab 16:00 568 580 20.19 2.05 

Grab 20:00 924 376 33.86 2.64 

09/08/2016 15 

Flow-paced 24hr 738 236 27.86 1.38 

Time-paced 24hr 1256 314 32.39 2.65 

Grab 00:00 660 334 30.01 2.27 

Grab 04:00 324 256 21.12 1.26 

Grab 08:00 482 220 23.15 1.14 

Grab 12:00 1250 474 46.73 3.42 

Grab 16:00 1078 588 37.84 3.47 

Grab 20:00 950 368 38.25 2.81 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

10/08/2016 16 

Flow-paced 24hr 470 198 21.57 1.65 

Time-paced 24hr 606 184 31.47 2.31 

Grab 00:00 740 130 32.61 2.49 

Grab 04:00 240 102 17.73 1.38 

Grab 08:00 198 102 17.41 1.16 

Grab 12:00 876 260 39.49 2.79 

Grab 16:00 592 176 38.06 2.62 

Grab 20:00 818 262 39.14 3.15 

11/08/2016 17 

Flow-paced 24hr 442 230 23.48 1.69 

Time-paced 24hr 624 188 24.76 2.35 

Grab 00:00 658 220 33.01 2.76 

Grab 04:00 428 180 21.75 1.75 

Grab 08:00 312 140 23.93 1.89 

Grab 12:00 710 368 29.83 2.13 

Grab 16:00 724 334 40.11 2.80 

Grab 20:00 674 314 38.61 3.55 

12/08/2016 18 

Flow-paced 24hr 2086 64 25.45 1.79 

Time-paced 24hr 1094 206 30.79 2.40 

Grab 00:00 664 78 41.99 2.29 

Grab 04:00 212 2 21.13 1.44 

Grab 08:00 326 274 22.80 1.54 

Grab 12:00 2134 1000 42.85 4.65 

Grab 16:00 1220 380 37.25 3.01 

Grab 20:00 510 102 12.77 1.62 

13/08/2016 19 

Flow-paced 24hr 1610 78 22.79 1.91 

Time-paced 24hr 698 80 31.53 2.12 

Grab 00:00 354 30 27.51 1.92 

Grab 04:00 586 48 14.36 0.91 

Grab 08:00 1230 64 21.41 1.24 

Grab 12:00 1046 158 45.21 2.97 

Grab 16:00 716 180 28.47 2.63 

Grab 20:00 938 156 22.05 1.96 

14/08/2016 20 

Flow-paced 24hr 2096 170 29.49 3.29 

Time-paced 24hr 1018 152 29.76 2.19 

Grab 00:00 1224 152 39.16 2.67 

Grab 04:00 478 50 23.62 1.33 

Grab 08:00 356 10 13.49 0.68 

Grab 12:00 884 198 37.20 2.37 

Grab 16:00 1952 338 25.25 3.00 

Grab 20:00 998 138 34.47 3.45 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

15/08/2016 21 

Flow-paced 24hr 444  29.82 3.41 

Time-paced 24hr 506 52 32.67 2.76 

Grab 00:00 936 14 36.17 2.68 

Grab 04:00 554  31.82 3.20 

Grab 08:00 424  19.97 1.19 

Grab 12:00 1232 192 38.69 3.23 

Grab 16:00 974 112 42.56 3.81 

Grab 20:00 776 222 24.90 2.36 

16/08/2016 22 

Flow-paced 24hr 322 62 29.89 2.08 

Time-paced 24hr 1298  26.62 3.34 

Grab 00:00 880 102 29.92 3.93 

Grab 04:00 192  24.14 2.04 

Grab 08:00 598  15.73 1.46 

Grab 12:00 1002 274 29.40 3.22 

Grab 16:00 916 112 28.84 2.14 

Grab 20:00 1358 408 33.80 2.37 

17/08/2016 23 

Flow-paced 24hr 718 416 13.58 2.38 

Time-paced 24hr 2428 1018 23.42 4.13 

Grab 00:00 516 54 34.66 3.17 

Grab 04:00 3300 2 22.63 13.81 

Grab 08:00 1286 802 13.30 2.78 

Grab 12:00 718 364 41.48 2.66 

Grab 16:00 412 214 12.60 1.35 

Grab 20:00 388 26 21.31 2.53 

18/08/2016 24 

Flow-paced 24hr 488 142 14.24 1.48 

Time-paced 24hr 526 92 21.17 2.07 

Grab 00:00 684 222 22.36 2.26 

Grab 04:00 160 14 19.53 1.40 

Grab 08:00 236 16 18.34 1.72 

Grab 12:00 444 24 24.94 2.14 

Grab 16:00 526 70 24.25 1.90 

Grab 20:00 838 112 30.20 4.07 

19/08/2016 25 

Flow-paced 24hr 240 66 5.80 1.08 

Time-paced 24hr 598 130 21.32 2.19 

Grab 00:00 454 84 27.04 2.85 

Grab 04:00 192 194 5.55 0.93 

Grab 08:00 82 6 4.98 0.64 

Grab 12:00 358 64 26.23 2.55 

Grab 16:00 1012 164 29.58 2.46 

Grab 20:00 690 24 27.98 3.67 
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Date 
Day 

Number 
Sample Time 

COD 

(mg/l) 

TSS 

(mg/l) 

Ammonium 

(mg/l) 

Orthophosphate 

(mg/l) 

20/08/2016 26 

Flow-paced 24hr 292 220 8.15 1.12 

Time-paced 24hr 484 80 14.77 1.52 

Grab 00:00 752 96 31.37 3.01 

Grab 04:00 1526 94 4.02 0.61 

Grab 08:00 74 28 2.49 0.56 

Grab 12:00 226 112 23.84 1.93 

Grab 16:00 228 124 9.60 0.89 

Grab 20:00 388 212 16.17 2.02 

21/08/2016 27 

Flow-paced 24hr 58 10 4.93 0.53 

Time-paced 24hr 254 66 12.32 1.18 

Grab 00:00 348 158 7.38 0.82 

Grab 04:00 310 38 9.04 0.74 

Grab 08:00 78 18 5.72 0.47 

Grab 12:00 738 82 17.39 1.42 

Grab 16:00 308 186 15.43 1.61 

Grab 20:00 366 196 16.02 1.46 

22/08/2016 28 

Flow-paced 24hr 960 186 15.61 1.52 

Time-paced 24hr 330 32 11.22 1.00 

Grab 00:00 192 74 9.44 0.93 

Grab 04:00 238 38 4.21 0.35 

Grab 08:00 358 4 4.19 0.36 

Grab 12:00 310 36 15.40 1.48 

Grab 16:00 362 42 19.55 1.69 

Grab 20:00 392 60 17.94 1.19 

23/08/2016 29 

Flow-paced 24hr 1450 1534 15.39 3.64 

Time-paced 24hr 860 524 12.41 2.31 

Grab 00:00 1122 94 22.18 1.77 

Grab 04:00 2564 1236 3.00 2.84 

Grab 08:00 564 508 5.83 1.75 

Grab 12:00 948 1020 11.66 1.71 

Grab 16:00 878 736 13.64 3.03 

Grab 20:00 972 420 14.18 2.47 

24/08/2016 30 

Flow-paced 24hr 1362 234 25.06 2.34 

Time-paced 24hr 736 350 18.94 2.06 

Grab 00:00 1326 640 19.67 3.51 

Grab 04:00 192 32 8.31 0.54 

Grab 08:00 178 58 8.57 0.62 

Grab 12:00 1534 694 27.04 2.77 

Grab 16:00 952 416 24.05 2.45 

Grab 20:00 540 240 19.86 2.54 
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