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Abstract 

There is increasing (and sometimes contradictory) demand on operators of small and 

decentralised wastewater treatment plants (WWTPs) to improve biological nutrient 

removal and energy efficiency. However such WWTPs can be subject to unique design 

and operational challenges that can impact performance including; (i) lack of permanent 

operators and local expertise, (ii) relatively high energy cost, (iii) sludge handling, (v) 

non-consistent influent hydraulic or organic loads and (vi) inflexible operating regimes. 

These challenges, when combined with increasingly stringent legislation in the 

European Union (and by extension Ireland), are key drivers for the development of 

innovative operation and control solutions for WWTPs.  

A sequencing batch reactor (SBR) is a technology commonly applied to smaller 

WWTPs. SBRs are batch operated systems, a feature which can be advantageous in 

coping with non-consistent influent hydraulic or organic loads, however, they are 

inflexible in terms of operating regimes, typically operated using fixed time treatment 

cycles. There are a number of other technologies that utilise batch treatment 

arrangements and these provide significant opportunities for the implementation of 

novel control and operation systems to optimise environmental and energy efficiencies. 

Real time control (RTC) procedures (automated monitoring and control) of WWTPs 

have significant potential to optimise plant performance and energy efficiency. Online 

sensors for key parameters, including ammonium-nitrogen (NH4-N), can provide data 

on the operation of the WWTP while also allowing the application of RTC procedures; 

for example terminating a treatment cycle when NH4-N concentrations are lowered to 

an acceptable level and thus saving energy. However, NH4-N sensors can require 

excessive maintenance, are unreliable unless frequently maintained and are often not 

affordable. However, the use of cost efficient and reliable surrogate sensors, such as 

oxidation reduction potential (ORP) and pH, can be adopted for use in RTC procedures.  

RTC procedures have been successfully adapted within SBRs. Examples include 

intelligent software sensor based systems which utilise numerical inferential models 
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including; neural networks (NN), multiple linear regression (MLR), and various fuzzy 

techniques. However, as RTC procedures require expensive control equipment and 

technical knowledge to operate they have not been widely applied to smaller WWTPs. 

Much of the published research is limited to laboratory based facilities which are not 

subject to the variation typically experienced by small and decentralised WWTPs. Thus 

new control methods that can operate in real-life conditions, and on “low-tech” control 

units are required to enhance the performance and energy efficiency of small and 

decentralised wastewater WWTPs. 

In this study two RTC procedures were developed to terminate treatment cycles when 

certain NH4-N conditions were achieved using pH and ORP sensors. These procedures 

comprised two approaches namely; (i) low resource procedures - three methods were 

developed for use with low cost programmable logic controllers (PLCs) incapable of 

running complex mathematical control algorithms; and (ii) advanced procedures – these 

sought to develop numerous softsensors using complex algorithms for use with 

compatible PLC’s. Four batch operated test units were used to gather trend data for this 

study, two SBR units and two pumped flow biofilm reactor (PFBR) units (a passively 

aerated biofilm based system),  namely; SBR 1 – a pilot scale unit, SBR 2 – a field scale 

unit, PFBR 1 – a field scale unit and PFBR 2 – a laboratory scale unit.  

The application of each developed procedure was optimised for site specific 

characteristics as well as site specific goals.  This was achieved by analysing various 

control procedures using a ranked assessment criteria developed in this study, This was 

designed to allow a control approach to be selected that would enable the specific goals 

at that site be prioritised (for example an operative might seek to prioritise energy 

savings over NH4-N removal if they were not subject to a stringent discharge limit). 

The developed procedures can be used to optimise WWTP performance and can be 

adapted to existing WWTPs with little on-going maintenance, thus making them a 

viable solution for aiding control systems and environmental engineers operating small 

and decentralised WWTPs.  
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1 Introduction 

1.1 Background 

The operation of wastewater treatment plants (WWTPs) can be challenging in the 

current context of stringent environmental regulation and the need for energy 

conservation and greater attention to effluent quality. This is particularly the case for 

small and decentralised WWTPs where resources are often limited. The introduction of 

various regulations including the Water Framework Directive (WFD) (2000/60/EC) and 

the Urban Wastewater Treatment Directive (UWWTD) (91/271/EEC) have significantly 

(and positively) impacted the degree to which WWTPs must treat wastewaters. As a 

result ammonia-nitrogen (NH4-N) is an important parameter with 49% of Irish WWTPs, 

with a population equivalent (PE) of less than 2000, now having an NH4-N discharge 

limitation. However, NH4-N is responsible for 50% of a WWTPs energy consumption 

(Hernández-del-Olmo et al., 2016). 

Monitoring and control automation of WWTPs using passive sensors has the potential 

to optimize performance by improving operation, reducing energy consumption and 

enabling desired effluent standards be met efficiently. However, real-time analyses 

using on-line sensors (such as NH4-N sensors) in the wastewater sector remain a 

challenge due to concerns over sensor robustness, accuracy and affordability and are 

often not deployed. Hence the use of cost efficient and reliable surrogate sensors may be 

beneficial. Studies have demonstrated that sensors measuring parameters such as 

oxidation reduction potential (ORP) and pH can act as surrogates for NH4-N sensors. 

This study developed and analysed two, novel real time control (RTC) procedures using 

pH and ORP sensors for the optimisation of energy efficiency and effluent quality for 

batch operated WWTPs. Batch operated WWTPs remove carbon, nitrogen and 

suspended solid in a single reactor system with treatment cycles taking place over fixed 

(or varying) periods of time in discreet batches. Two batch type systems are examined 

in this study namely; a sequencing batch reactor (SBR) system, typically used in small 

and decentralised WWTPs; and a pumped flow biofilm reactor (PFBR) system, a novel 
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passively aerated biofilm based system. The first RTC procedure examined, “the low 

resource procedure”, was developed for use with low cost programmable logic 

controllers (PLCs) incapable of running complex mathematical control algorithms. 

These PLCs are typical of those used to operate small-scale and decentralised WWTPs 

due to limited resources. The second RTC procedure, “the advanced procedure”, utilised 

inferential numerical models and sought to develop softsensors using complex 

algorithms for use with compatible PLC’s.     

1.2 Knowledge gaps targeted 

The study aims to address several key gaps in the automation of batch operated 

WWTPs: 

1. Real time control of WWTPs has the potential to optimise energy efficiency 

while meeting discharge limits. Intelligent software based systems have been 

developed which utilise surrogate sensors; however, they require expensive 

control equipment and technical knowledge to operate which are typically 

incompatible with the resources of these WWTPs.  

2. The development of control procedures using artificial intelligence techniques 

has to date focused on the use of raw and differentiated pH and ORP sensor 

data. To the knowledge of the writer no research has been conducted using a 

number of compound pH and ORP variables (variables identified from the pH 

and ORP profiles characteristics).  

3. Much of the RTC research previously completed has been conducted in 

laboratory environments which do not receive fluctuating hydraulic and organic 

loadings typical of small-scale and decentralised WWTPs. 

4. To date, due to the novelty of the technology, no RTC studies have been 

conducted on WWTPs utilising PFBR technology. It is intended to develop low 

resource and advanced control procedures for PFBR technology. 

5. Little research focuses on the practical objectives of the WWTP operative. No 

RTC procedure, to the knowledge of the writer, allows the operative adjust the 

procedure to ensure key objectives such as energy reduction can be prioritised.  
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1.3 Research aims and objectives 

The overall objective of this study was to develop low resource and advanced control 

procedures for the automation and optimisation of small-scale and decentralised 

WWTPs. The key tasks undertaken to achieve this objective were: 

1. Development of an RTC low resource control architecture compatible with 

readily available low cost PLCs and sensors. This was achieved by: 

o Identification of key trends using pH and ORP sensors, which can be 

utilised as surrogates for NH4-N sensors, from batch operated WWTPs  

o Development of data mining and data analytic methods, based on the 

identified sensor trends to terminate aeration phases at a selected NH4-N 

concentration 

o Development of usable procedures for operatives to select a suitable 

method for use in new WWTP installations 

2. Development of a RTC procedure incorporating advanced inferential estimation 

models (advanced procedure) for use with suitable PLCs and sensors; as 

follows: 

o Pre-processing techniques, developed from key sensor patterns, were 

identified to act as input variables  

o Examination of various combinations of input variables in the form of 

variable sets to be analysed in the selected advanced procedures to 

predict real time NH4-N values, and terminate an aeration phase at a 

selected NH4-N value. 

o Develop a usable procedure for operatives to select a suitable method for 

use in new WWTP installations 

3. Development of the above procedures using data from on-site wastewater 

facilities which are not subject to a controlled environment, receiving fluctuating 

hydraulic and organic influents typical of small-scale and decentralised WWTPs.    

4. Onsite operative objectives to be met, for example, an operative may wish to 

optimise a WWTP for effluent quality over energy efficiency.  
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1.4 Experimental procedures 

Three test units were used to gather trend data for this study namely; SBR 1 – a pilot 

scale unit, SBR 2 – a field scale unit, and PFBR 1 – a field scale unit. The field scale 

units were in-situ WWTPs treating wastewater on an ongoing basis and the pilot scale 

unit was set up and operated onsite for the purposes of this study. 

SBR 1 was a pilot scale unit developed for this study. The unit was operated with 

domestic wastewater collected from a small housing development. Trend data collected 

from this unit was used in the development of both low resource (Chapter 5) and 

advanced procedures (Chapter 6). 

SBR 2, a field scale unit, was a commercially operated WWTP treating wastewater 

from a publically run nursing home. The plant, which had a capacity of up-to 100PE, 

was operated using a set treatment programme. Data collected from this facility was 

used to develop advanced procedures (Chapter 6). Due to the employed aeration regime 

(operated in blocks rather than intermittent) it was not possible to adapt the developed 

low-resource procedure to this WWTP. 

The PFBR field scale unit, PFBR 1, was a 750PE municipal WWTP treating wastewater 

from a small village with a high storm-water component. The aeration phase of the 

PFBR unit comprised the emptying and filling of the monitored reactor, passively 

aerating an attached growth biofilm (There was no mechanical aeration component). 

Both low resource (Chapter 5) and advanced procedures (Chapter 6) were developed 

from data collected from this WWTP.         

1.5 Structure of the dissertation 

Chapter 2 reviews wastewater treatment processes, small-scale and decentralised 

WWTPs and batch operated WWTPs. The chapter includes discussions on RTC 

techniques, key parameter trends in batch WWTPs, control and numerical modelling 

procedures. Chapter 3 details the design, construction and operation of the pilot scale 

SBR unit and the laboratory scale PFBR unit. Also detailed is the design and operation 

of the field scale SBR and PFBR units. In Chapter 4 the performance of each test unit is 
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described, also discussed are the trends of key parameters including pH, ORP and NH4-

N for each unit. Chapter 5 outlines the development of various low resource control 

procedures. Included in this chapter are the analyses of each procedure with associated 

methods and subsets and the selection of the best applicable method subset. In Chapter 

6 advanced procedures and softsensors are developed analysed and assessed. The 

chapter identifies the best applicable softsensor for each test unit. Chapter 7 presents 

proposals for implementation of the developed method subsets and softsensors and a 

comparison between the low resource and advanced procedures. The conclusions of the 

study are presented in Chapter 8.  
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2 LITERATURE REVIEW  

2.1 Introduction 

There is an increasing requirement on local authorities, utilities and industry to meet 

stringent wastewater discharge limits while also improving the energy efficiency of the 

wastewater treatment plants they operate. In Europe the Water Framework Directive 

(WFD) (2000/60/EC) and the Urban Wastewater Treatment Directive (UWWTD) 

(91/271/EEC) specify (i) quality standards for certain wastewater and water parameters 

(ii) provision and monitoring requirements of wastewater treatment facilities in urban 

areas (agglomerations with population equivalents (PE) greater than 2,000) and (iii) 

provisions to protect all high-status waters and prevent further deterioration of all 

waters.  

Compliance with regulations varies widely, for example in Europe, average secondary 

treatment compliance rates are 88% for the “original” 15 EU member states falling to 

39% in states that joined after 2004 (EC, 2013)(EC 2013). Furthermore, the ecological 

status of 58% of European surface waters is deemed less than good. In China, the 

quality of 40 % of river waters is Grade IV or below (WEPA, 2012). Despite recent 

urbanization in China, approximately 50% of discharges originate from rural areas, 

where increasing numbers of flush toilets contribute to this challenge (Guo et al., 2014). 

Decentralized and small-scale wastewater treatment plants WWTPs are often those most 

at risk of breaching standards as they often operate with limited resources and are likely 

to be unmanned (Guo et al., 2014). The application of modern, robust and cost effective 

monitoring and control systems has the potential to rectify much of these troubled 

facilities.  

This literature review initially investigates historical attitudes and developments in 

wastewater treatment as well as the establishment of legislation in Europe and Ireland. 

The chapter reviews the wastewater characteristics and underlying growth rate kinetics 

that impact biological treatment systems. The challenges regarding the control and 



7 

operation of decentralised wastewater treatment systems are discussed and the potential 

role of technology in optimising such systems explored. 

2.2 History and background 

Historical records show that the first civilization to formally address sanitation issues 

from community living was the Mesopotamian Empire (3,500 – 2,500 BC). In Egypt as 

early as 2,100 BC, finer houses were equipped with bathrooms and toilets with drainage 

systems and settling basins (De Feo et al., 2014). The Greeks were the forerunners of 

modern sanitation systems. In 300 – 500 BC public latrines were connected into 

covered sewers (some of which are still in use today). Brick lined conduits conveyed the 

wastewater to agricultural land where it was used as a fertiliser (Angelakis et al., 2005). 

The Romans constructed separate clean water systems and sewage/storm water systems 

(Lofrano and Brown, 2010). They provided public latrines, baths and fountains for their 

poorest citizens and even recycled used water from the spas in flushing toilets.  

Following the fall of the Roman Empire, a period of what could be termed the 

“sanitation dark ages” began in Europe, lasting over 1,000 years. Infrastructure created 

by the Romans became dilapidated (Lofrano and Brown, 2010). Water was drawn from 

polluted rivers and wells and wastewater was discharged untreated resulting in the 

spread of disease. It was not until the 19th century that any significant changes were 

made to the management of water. The 1800s saw the improvement and construction of 

sewer systems in France, Germany, Italy, UK and the USA.    

The 20th century saw a revolution in wastewater management, environmental science 

and societal views towards pollution (Lofrano and Brown, 2010). Governments were 

able to mandate waste treatment with the introduction of established standards and tests. 

Prior to the First World War, major European cities began installing wastewater 

treatment facilities. The first and second world wars halted further developments; 

however, since then, and particularly with the implementation of strict environmental 

regulation much progress has been made in many countries in recent years.  
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2.3 Regulations relating to wastewater treatment 

Prior to the 20th century the inability to measure wastewater pollutants hindered the 

creation of regulations relating to wastewater treatment. The introduction of the 8th 

Report (1912) of The Royal Commission on Sewage Disposal introduced the concept of 

biochemical oxygen demand (BOD) and also standard tests which could be applied to 

sewage (Lofrano and Brown, 2010). These developments and further innovations 

combined with changing societal views towards pollution resulted in the widespread 

introduction of regulations throughout Europe and the United States. 

2.3.1 European directives 

European Union member states initially adopted water legislation between 1975 and 

1980 where standards were set for rivers and lakes used for drinking water abstraction. 

The directives adopted were: 

• Bathing Water Directive (75/440/EEC)a; 

• Dangerous Substances Directive (76/464/EEC, amended as 2006/7/EC)a; 

• Drinking Water Directive (80/778/EEC, repealed by 98/83/EC) 

• Freshwater Fish Directive (78/659/EEC)a; 

• Groundwater Directive (80/68/EEC, amended as 2006/118/EC)a; 

• Shellfish Waters Directive (79/923/EEC)a; and, 

• Surface Water Directive (75/440/EEC)a; 

Note: a directive repealed by the Water Framework Directive (2000/60/EC, see Section 2.3.1.2) 

Additional directives relating to the management of water were introduced between 

1990 and 1996 as follows: 

• The Urban Wastewater Treatment Directive (91/271/EEC, amended as 

98/15/EEC); 

• Nitrates Directive (91/676/EEC); and, 

• The Integrated Pollution and Prevention Control Directive (96/61/EC, amended 

as 2008/1/EC). 
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During the 1990s it was decided to introduce a single directive that would incorporate 

many individual water-related directives and in 2000 the Water Framework Directive 

(WFD) (2000/60/EC) was adopted. Presently there are two directives relating to 

wastewater: 

• The Water Framework Directive (2000/60/EC); and, 

• The Urban Wastewater Treatment Directive (91/271/EEC). 

2.3.1.1 Urban wastewater treatment directive (UWWTD) 

The Council Directive 91/271/EEC, concerning urban wastewater treatment, has been 

one of the main standards for wastewater effluent discharged since it was adopted in 

1991. It was created with the objective of protecting the environment from adverse 

effects caused by urban and certain industrial (Annex III of the UWWTD) discharges. 

Discharge limits for agglomerations over a population equivalent (PE) greater than 2000 

for all member states are set out by the UWWTD (Table 2.1 and Table 2.2). The 12 

accession states (states that joined between 2004 and 2007) were given extended time 

frames to meet the regulations due to having underdeveloped infrastructure (European 

Commission, 2014). At their discretion local authorities have applied discharge limits 

for population centres under 2000 PE using the UWWTD as a minimum standard. It 

should be noted that as the WFD stipulates that the ecological status of the receiving 

water body and river basin must be considered; this often results in the actual discharge 

limit applied being more stringent than those stipulated in the UWWTD.  
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Table 2.1 Regulations concerning discharges from urban wastewater treatment plants a 

(91/271/EEC) 

Parameters Concentrations 
Minimum percentage of 

reduction 
b
 

5-day biochemical oxygen 

demand (BOD5 at 20
o
C) 

without nitrification 

25 mg/l O2 70-90% 

Chemical oxygen demand 

(COD) 
125 mg/l O2 75% 

Total Suspended Solids 

(TSS) 
35 mg/l c 90% c 

 
35 mg/l in high mountain 

regions for agglomerations 
with more than 10,000 PE 

90% in high mountain 
regions for agglomerations 

of more than 10,000 PE 

 

60 mg/l in high mountain 
regions for agglomerations 
with a PE between 2,000 

and 10,000 PE 

70 % in high mountain 
regions for agglomerations 
with a PE between 2,000 

and 10,000 PE 
Notes: 

a
 the values of concentration or percentage of reduction can be chosen indifferently; 

b
 

reduction in relation to the load of the influent; 
c
 this requirement is optional. 

 

Table 2.2 Requirements for discharges from urban wastewater treatment plants to sensitive areas 

(91/271/EEC) 

Parameters Concentrations 

Minimum 

percentage of 

reduction 
a
 

Total Phosphorus (TP) 2 mg P/l (10,000 – 100,000 PE) 80% 
 1 mg P/l (>100,000 PE)  

Total Nitrogen 
b
 (TN) 15 mg N/l (10,000 – 100,000 PE) 70 – 80% 

 10 mg N/l (>100,000 PE)  
Notes: 

a 
reduction in relation to the load of the influent; 

b
 TN means the sum of total Kjeldahl 

nitrogen (organic and ammoniacal nitrogen), nitrate-nitrogen (NO3
-
-N)  

and nitrite-nitrogen (NO2
-
-N) 

 

2.3.1.2 Water Framework Directive (WFD) 

The WFD was created to consolidate the numerous water related directives. The WFD 

divides the EU into river basin districts (RBDs) which comprise of one or more 

neighbouring river basins together with associated ground, surface and coastal waters. 

The geographical limits of each RBD are based on the rivers’ hydrological, natural and 

geological formations rather than national or political boundaries, beginning at the water 

body source and terminating at the coast.  
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There are five classifications for an RBD’s ecological status namely; ‘high’, ‘good’, 

‘moderate’, ‘poor’ and ‘bad’. The objective of the WFD is (i) to protect and prevent 

deterioration of ‘high’ status RBDs and (ii) to restore all water bodies to ‘good’ status 

by 2015. Local Authorities when setting discharge limits for wastewater treatment 

plants must consider the assimilation capacity of the entire RBD downstream of the 

point of discharge.    

2.3.2 Regulation in Ireland 

In Ireland the Water Services Act (2007) consolidates and updates pre-existing 

instruments relating to water legislation including: 

• Local Government (Water Pollution) Acts 1977 and 1990; 

• The fisheries (Consolidation) Act 1959; and, 

• The Environmental Protection Agency Act 1992  

The act assigns the responsibility for supervision of sanitary authorities to the 

Environmental Protection Agency.  

Wastewater discharge licences were introduced in 2007, initially for wastewater 

treatment plants with a PE of 10,000 or greater under the Wastewater Discharge 

(Authorisation) Regulations, 2007 (ISB, 2012). Subsequently, and on a phased bases, 

discharge licences were introduced for all WWTPs with a PE greater than 500. In 

Ireland facilities with a PE less than 500 require a ‘certificate of authorisation’. The 

Local Authority for each WWTP must apply for a discharge licence or certificate of 

authorisation. Discharge limits are determined based on the assimilation capacity of the 

receiving water body with a goal to maintain a ‘high status’ or achieve a ‘good status’, 

depending on the ecological condition of the water body, as per the WFD (2000/60/EC). 

2.4 Decentralised wastewater treatment systems  

The accepted definition of a small-scale or decentralised WWTPs has been agreed by 

the International Water Association (IWA) Specialist Group as a facility with a 

treatment capacity of < 2000 PE or having an average daily flow of < 200m3/day 

(Libralato et al., 2012). Small-scale and decentralised WWTPs present a number of 
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particular challenges generally not experienced by larger facilities including (i) lack of 

permanent operators, (ii) shock wastewater loads resulting in periodic effluent quality 

spikes causing breaches of discharge limits and (iii) inefficient operation resulting in 

excessive energy usage (Norton, 2009; Boller, 1997). Despite these challenges these 

wastewater treatment facilities are being challenged to meet increasingly stringent 

wastewater treatment requirements and regulations (Gikas et al., 2009; Haimi et al., 

20113). 

2.4.1 Operation 

Operation and maintenance costs associated with small-scale WWTP are of particular 

concern (O’Reilly, 2011). It is generally understood that the operator strongly 

influences the performance of a wastewater treatment facility (Norton, 2009; Boller, 

1997). Due to financial constraints and the size of many decentralised wastewater 

treatment systems it is difficult for local authorities to allocate adequate resources to 

ensure the successful operation of these facilities. Insufficient operation can result in 

neglect of plant optimisation and maintenance. Sophisticated WWTPs in remote areas 

can be hindered by lack of skilled workers, and thus operating and maintenance 

simplicity can determine the long-term success of a plant (Kalbar et al., 2012). Thus 

decentralised facilities often suffer from excessive energy consumption as well as 

breaching of discharge standards (Norton, 2009; Garfi et al., 2017; EPA 2012b). The 

installation of automatic monitoring and control devices is attractive, however, they 

need to be simple, robust and reliable (Guo et al. 2014).  

2.4.2 Flow and load variations 

Diurnal flow patterns are a common feature of small facilities with flows peaking in the 

morning and evening and at their lowest during the night as illustrated in Figure 2.1. 

High variations in flow can challenge the oxygen delivery systems of small facilities 

during peak flows, ultimately affecting the final discharge. The maximum load to mean 

load ratio in decentralised facilities can be as high as 5, whereas larger populations 

would have a ratio of 1.5-2 (Bollar, 1997). One method to overcome these variations is 
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to install large balance tanks with batch operated treatment systems that allow peak 

flows to be spread and treated over the entire day.  

In addition to daily, weekly and seasonal variations, commonly stormwater has an 

impact on small treatment facilities. Stormwater in combined sewer systems apart from 

having a diluting affect can challenge the physical constraints of a plant’s ability to 

process the water (Gray, 2002). Weekly and seasonal variations caused by tourism, 

schools etc. can also lead to operational challenges. WWTPs operate best with 

consistent hydraulic and organic loadings (Poltak, 2005) and operated with fixed time 

cycles designed for worst case operational conditions (Puig et al., 2005). When 

designed for peak hydraulic conditions the system does not take any regard to 

fluctuating day-day hydraulic and organic loads thus adversely affecting efficiency 

(leitao et al., 2006) resulting in either over-aeration or sometimes under-aeration during 

the aeration phase. Over aeration can result in higher energy and maintenance 

requirements while under aeration can result in reduced biological activity resulting in 

inefficient BOD5 and NH4-N removal (Qureshi et al., 2008).  

 

Figure 2.1 Typical diurnal flow variation (Metcalf and Eddie, 2004)  

2.4.3 Prevalence of decentralised wastewater treatment in Ireland 

Approximately 80% of European wastewater treatment facilities are less than 5000 PE 

(Garcia, 2009) and a recent Irish Environmental Protection Agency report noted that 

89% of Irish WWTPs are between 500 and 10,000 PE (EPA, 2013). There are 

approximately 365 wastewater treatment plants in Ireland with PEs of between 500 and 
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2,000 and a further 177 facilities with PEs of between 2,000 and 10,000 (EPA, 2013). 

As of 2009 only 42% of small wastewater treatment facilities (500-2,000 PE) have 

complied with their discharge standards (EPA, 2012b) while larger plants (2,000-10,000 

PE) had a compliance rate of 53%. In 2009 32% of Irish river water was deemed 

polluted (CSO, 2012).  

2.5 Review of two decentralised wastewater treatment technologies 

There are several technologies used today in decentralised wastewater treatment 

facilities. They are typically categorised into two major groups, fixed film systems and 

activated sludge systems (Gray, 2002). Two types of systems will be discussed here 

namely, an activated sludge type system, the sequential batch reactor (SBR) and a fixed 

film type system, the pumped flow biofilm reactor (PFBR). Both these systems are 

batch operated meaning they can achieve carbon, nitrogen and suspended solid removal 

in a single reactor system with treatment cycles taking place over fixed (or varying) 

periods of time in discreet batches (Al-Rekabi et al., 2007). This is in contrast to 

continuous flow systems, which generally remove carbon, nitrogen and suspended 

solids in separate tanks and continually process wastewater. Batch systems are 

considered more flexible when treating a variety of influent volumes when compared to 

continuous flow systems (Al-Rekabi et al., 2007). The SBR and PFBR are described 

briefly below and in more detail in Chapter 3. 

2.5.1 SBR 

A sequential batch reactor (SBR) uses the activated sludge process and operates in batch 

mode to achieve biological treatment and mixed liquor suspended solid (MLSS) 

removal within the same tank (Al-Rekabi et al., 2007). The purpose of a SBR is to 

achieve biological degradation of wastewater contaminants using bacteria and oxygen 

(Chambers, 1994). This technology is applied at the secondary treatment stage of the 

wastewater treatment process. Prior to wastewater entering the SBR, it must first 

undergo preliminary and primary treatment. A balance tank is required also, as 

wastewater is treated in batches. The technology used to achieve this varies with the 

quantity and type of wastewater being treated.  
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The general process of a SBR is quite straightforward; the reactor is filled over a period 

of time, after the desired level of treatment has been achieved mixed liquor suspended 

solids (MLSS) are allowed to settle and the clarified supernatant is then drawn from the 

tank (Al-Rekabi et al., 2007). This can be described as a cycle, and is typically divided 

into the following sequence of phases 1:Fill, 2:Aeration, 3:Settle, 4:Draw and 5:Idle 

(Bungay et al., 2007). The flow diagram of the cycle is illustrated in  

Figure 2.2. The SBR is first filled with influent wastewater which is known as the Fill 

phase (Chambers, 1994). The aeration phase then involves the activated sludge in the 

reactor being mixed with the wastewater under aerobic/anoxic conditions. Following 

this, the MLSS settles during the Settle phase (Bungay et al., 2007). This produces a 

clarified effluent and finally effluent is discharged during the Discharge phase. The fifth 

and final stage is known as the Idle phase; in this phase the reactor is left idle in order to 

allow another reactor to complete its Fill phase, this is not necessary in some facilities 

(Chambers, 1994). Desludging can also be carried out (normally automatically) during 

the Reactor Settle phases. 

 

Figure 2.2: Flow diagram of SBR cycle (Shane Fox After (Chambers, 1993)) 

2.5.2 PBFR 

The pumped flow biofilm reactor (PFBR) was developed and patented by a research 

team at the National University of Ireland, Galway (NUIG) (O’Reilly et al., 2011; 

O’Reilly et al., 2008; Rodgers et al., 2006). This technology comprises two side by side 

passively aerated reactor tanks with plastic media installed that supports the 

development of a biofilm. The PFBR is characterised by; (i) low operating costs; (ii) 

comprising no moving parts/compressors other than hydraulic pumps and actuated 

valves; (iii) low sludge production and (iv) ease of operation and maintenance. The 

technology has been extensively tested at laboratory scale, pilot scale, and site scale 

(Fox et al., 2016). Prior to wastewater entering the PFBR, it must first undergo 

Fill Aeration Settle Discharge Idle
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preliminary and primary treatment. A balance tank is required also, as wastewater is 

treated in batches. The size of the reactor tanks vary with type and quantity of 

wastewater to be treated and the discharge limits to which the facility is subject. 

The PFBR is operated as a sequencing batch biofilm reactor (SBBR) (O’Reilly et al., 

2011). Similarly to an SBR the PFBR is operated in a cycle of phases namely; fill/draw; 

anoxic/anaerobic; aeration and settle. The main differences between the SBR and PFBR 

include: 

• The PFBR is an attached growth system whereas the SBR utilises activated 

sludge 

• The SBR uses a single reactor equipped with a mechanical aeration system 

whereas the PFBR uses two passively aerated reactor tanks 

The plastic media within the PFBR typically comprise vertical hollow columns that 

create a relatively large surface area on which the biofilm can grow (without causing 

clogging issues) (Zhan et al., 2006). The aeration process involves intermittently 

moving the liquid from one reactor tank to the other. While one reactor tank is full of 

liquid the other is empty, these conditions are switched continuously. In an empty 

reactor the biofilm is exposed to atmospheric air, diffusion into the biofilm supplies 

oxygen to aerobic micro-organisms. Simultaneously while submerged in wastewater the 

second reactor biofilm have access to organic carbon and nutrients. Anoxic and/or 

anaerobic conditions can be introduced by holding the liquid in a single reactor for the 

required period of time. Studies have shown that heterotrophs and nitrifiers dominate 

the top layer of the biofilm while denitrifying bacteria dominate in the deep layer.   

 

Figure 2.3 Flow diagram of PFBR system 

Fill/draw
Anoxic/

Anaerobic
Aeration Settle
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2.6 Wastewater characteristics and treatment processes 

Wastewater can be defined as a combination of liquid or water-carried waste removed 

from residences, institutions, commercial and industrial establishments, together with 

ground water, surface water and storm water (Sonune and Ghate, 2004). It generally 

contains a high load of oxygen demanding wastes, pathogenic or disease-causing 

agents, organic materials, nutrients that stimulate plant growth, inorganic chemicals and 

materials and sediments. Wastewater sources, relevant to this thesis, can be split into 

domestic wastewater, industrial wastewater and municipal wastewater (a mixture of 

domestic and industrial wastewater) (Gray, 2002).  

2.6.1 Wastewater Constituents 

Water accounts for 99.9% of municipal wastewater by mass and solids account for 

0.01%. Solids can comprise faeces, food particles, grease, oils, soaps, salts, metals, 

detergents, plastic, sand and grit (Gray, 2002). The organic portion can consist of 

protein, carbohydrates and fats; which reflects the diets of the local population.  

Figure 2.4 presents a diagram representing the typical components found of untreated 

wastewaters.  

The contaminants in wastewater can be characterised in terms of physical, chemical and 

biological compositions (Metcalf and Eddie, 2004). The contaminants of most 

importance to be considered when treating wastewater are outlined in Table 2.3. A 

range of municipal wastewater concentrations are given in Table 2.4. 
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Figure 2.4 Composition of raw wastewater (Gray, 2002) 

 

 

Table 2.3 Important contaminants of concern in wastewater treatment (Metcalf and Eddie, 2004)  

Contaminants Reason For importance Typical Measurement 

Suspended 
Solids 

If not removed these can result in 
sludge deposit build-up and 
anaerobic conditions in receiving 
aquatic environment 

Suspended Solids (SS), or TSS 

Biodegradable 
organics 

Principally composed of proteins, 
carbohydrates and fats. If 
discharged untreated subsequent 
biological stabilization of these 
materials can lead to the depletion 
of natural oxygen resources and to 
the development of septic 
conditions in the receiving 
environment. 

BOD5 and COD 

Nutrients 

Nitrogen and phosphorus are 
essential building blocks for plant 
and microorganism growth. When 
discharged to the aquatic 
environment, nutrients can lead to 
growth of undesirable aquatic life 
contributing to eutrophication.  

Nitrogen (N): (TN), ammonium-
nitrogen (NH4

+-N), NO3
--N and 

NO2
--N  

Phosphorus (P): TP and inorganic P 
and orthophosphate-phosphorus 
(PO4

3--P)  

Others 
Other contaminants include; pathogens, priority substances, refractory 
organics, heavy metals and dissolved inorganics 

 

 

Raw Sewerage

Water

99.9%

Solids 

0.01%

Organic

70%

Proteins

65%

Carbohydrates

25%

Fats

10%

Inorganic

30%

Grit Salts Metals
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Table 2.4 Typical chemical composition of raw wastewater 

Parameter 

(Metcalf and 
Eddie 2004) 

(mg/l) 

(Gray 2004) 
(mg/l) 

(Henze et al. 
2000) 
(mg/l) 

pH  7.0  
BOD5 110-350 (190) 350 110-350 (190) 
COD 250-800 (430) 700 250-800 (430) 
SS 390-1230 (430) 127 120-450 (210) 
TN 20-70 (40) 66 20-70 (40) 

Organic N (Norg-N) - 19 8-25 (15) 
NH4-N 12-45 (25) 47 12-45 (25) 
NO2

-- N - 0 0-0 (0) 
NO3

--N - - 0-0 (0) 
TP 4-12 (7) 15 4-12 (7) 

Organic P - 3 1-4 (2) 
Inorganic P - 12 3-8 (5) 

2.6.2 Contaminant removal mechanisms 

Wastewater treatment consists of physical, biological or chemical unit processes; 

normally operated in various combinations depending on the wastewater to be treated, 

the discharge limits, local design considerations and other factors (Sonune & Ghate 

2004).  

2.6.2.1 Suspended Solids 

Suspended solids are silts, clays and fine particles of inorganic and organic matter, 

soluble organic compounds, plankton and other micro-organisms (Gray, 2002).  

Suspended solids can be classed as inert or oxidisable. Inert solids can clog the gills of 

aquatic animals and reduce light penetration due to turbidity and decrease 

photosynthesis potential. Oxidisable solids can blanket a river bed, resulting in a 

localised high oxygen demand. In some cases this can lead to anaerobic degradation 

producing methane, sulphide, ammonia and other toxic compounds (Gray, 2004b). 

Sensitive organisms can be rapidly eliminated and replaced by species that are tolerant 

to low oxygen conditions. Mechanisms for suspended solids removal include 

clarification and filtration (Metcalf and Eddie, 2004).  
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2.6.2.2 Biodegradable organic carbon 

Biodegradable organic matter is expressed as BOD5 and COD. BOD5 is a measure of 

the dissolved oxygen (DO) used by micro-organisms in the biochemical oxidation of 

organic matter and COD is a measure of the oxygen equivalent of organic material in 

wastewater that can be oxidised chemically using dichromate in an acid solution 

(Metcalf and Eddie, 2004). For a given treatment facility receiving a consistent waste 

load, there will be an approximate relationship between the two. Typically for municipal 

waste COD is 1.5 times BOD though this depends on whether the load is diluted by 

inflow or infiltration and whether the load is purely domestic or a mixture of domestic 

and industrial.  

Carbohydrates and proteins make up 60-80% of the organic carbon in wastewater. The 

major components of carbohydrates include glucose, sucrose and lactose (Gray, 2004b). 

Proteins are composed of carbon, hydrogen, oxygen, N, sulphur, P, and other trace 

elements (Klein and Bolton, 1972). Proteins comprise polypeptides which in turn 

comprise amino acids, fatty acids, nitrogenous compounds, phosphates and sulphates. 

Proteins are a major source of nitrogen along with urea (Gray, 2002). Fats is the name 

given to lipids and greases, it includes all oils and greases associated with food. They 

are stable compounds so they are not easily degraded biologically into fatty acids. 

In aerobic conditions organic waste is consumed by biochemical decomposition in the 

presence of sufficient available oxygen until completely removed. This occurs in three 

stages (i) initially a portion is oxidised to end products to obtain energy for cell 

maintenance and synthesis of new cell tissue (Eq. 2.1); (ii) simultaneously, part of the 

energy released during oxidation is used to convert some of the waste into new cell 

tissue (Eq. 2.2) and (iii) finally once all organic matter is consumed, cells begin to 

consume their own cell tissue, to obtain energy, for cell synthesis in a process called 

“endogenous respiration” (Eq. 2.3) (Metcalf and Eddie, 2004).  

 
COHNS + O2 + bacteria → CO2 + H2O + NH3 + other end 

products + energy 

(Eq. 2.1) 
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 COHNS + O2 + bacteria + energy → C5H7NO2 (new cells) (Eq. 2.2) 

 C5H7NO2 + 5O2 → 5CO2 + NH3 + 2H2O (Eq. 2.3) 

The term COHNS is used to represent the elements carbon, oxygen, hydrogen, 

hydrogen, N and sulphur which make up the organic waste.  

2.6.2.3 Nutrients 

Nitrogen (N) and phosphorus (P) can cause problems if discharged into lakes, ponds or 

sluggish streams. Nutrients stimulate the growth of algae which results in weed growth. 

Excessive growth can result in eutrophication of these waters (Klein and Bolton, 1972). 

Eutrophic waters have high biomass concentrations, poor transparency and usually low 

DO concentrations. This can restrict fish species to those that can tolerate low 

concentrations of DO and thus impact on native fish populations.  

2.6.2.4 Nitrogen (N) 

N is an essential building block for plant and microorganism growth. The nitrogen 

requirement of microorganisms in a biological wastewater treatment system is satisfied 

with a C:N (carbon:nitrogen) ratio of 18:1 is required (Gray, 2004a). The C:N ratio in 

domestic and municipal wastewaters is usually lower than 18:1 thus excess N is 

released into the receiving environment, contributing to eutrophication. N in wastewater 

is found in several different forms including: TN, (Eq. 2.4); Total Kjeldhal nitrogen 

(TKN) (Eq. 2.5); Oxidised nitrogen (Nox-N) (Eq. 2.6); organic-nitrogen (Norg-N); 

ammonium-nitrogen ( NH4
+-N); nitrite nitrogen (NO2-N) and nitrate nitrogen (NO3-N). 

 TN = Norg-N + NH4
+
-N + NO3

-
-N + NO2

-
-N (Eq. 2.4) 

 TKN = Norg-N+NH4
+
-N (Eq. 2.5) 

 Nox-N = NO3
-
-N + NO2

—
N (Eq. 2.6) 

N in fresh/raw wastewater is primarily a combination of proteinaceous matter and urea 

which make up Norg-N (Metcalf and Eddie, 2004). Norg-N is converted to NH4
+-N in a 

process called ammonification and upon arrival at a municipal wastewater plant N 

primarily consists of NH4
+-N and Norg-N plus little or no Nox-N (Czerwionka et al., 
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2012). The nitrogen cycle describes the transformation of nitrogen in nature, Figure 2.5 

summarises nitrogen transformation within a biological wastewater treatment system. 

 

Figure 2.5 Nitrogen transformations in wastewater treatment (adapted from Metcalf and Eddie 

2004) 

Conventionally biological removal of excess nitrogen is carried out via a relatively 

complex multistep process consisting of two main mechanisms; nitrification and 

denitrification. 

Nitrification 

Nitrification consists of a two-step process which converts NH4
+-N to NO3-N utilising 

autrotrophic bacteria (Nitrosommas and Nitrobacter). The initial step involves the 

biological oxidation of NH4
+-N to NO2

--N using the Nitrosommas bacteria (Eq. 2.7) 

(Metcalf and Eddie, 2004). 
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��������������������� + ��� + ���� (Eq. 2.7) 

The second step involves the biological oxidation of NO2
--N to NO3

--N using the 
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 ����� + ��
�	
����
�������������� + ��� +��� (Eq. 2.8) 

The overall reaction in the two step process is given in (Eq. 2.9) (Metcalf and Eddie, 

2004).  

���� + �. ����� + �. ������												���� 	�. ������� ��� + �. ������ + �. ������+ �. ���� 
 

 (Eq. 2.9) 

From (Eq. 2.9) it can be seen that alkalinity is consumed during nitrification, thus pH 

values can decrease and oxidation reduction potential (ORP) values increase as NH4
+-N 

is oxidised. The nitrification process consumes 7.14 grams of alkalinity for each gram 

of NH4
+-N oxidised (Wu et al., 2007) and utilises 4.57g of oxygen (Metcalf and Eddie, 

2004). During a typical SBR cycle NH4
+-N concentrations increase during the fill stage, 

remains relatively unchanged during the anoxic period due to the absence of freely 

available oxygen and subsequently decreases in the oxygen rich aeration phase as 

illustrated in Figure 2.6. Key parameters such as organic carbon (typically measured as 

BOD) inhibit nitrification, and thus must be removed first, therefore NH4-N monitoring 

can indicate both BOD removal and NH4-N removal (if NH4-N removal has been 

achieved BOD concentrations will be low; typically < 20 mg BOD/l; (Metcalf and 

Eddie, 2004).     

 

Figure 2.6 A typical SBR cycle illustrating NH4-N and NO3-N profiles (Kim et al., 2004)   
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Denitrification 

Following the formation of NO3
--N during nitrification the second and subsequent 

removal mechanism, denitrification, converts NO3
--N to nitrogen gas (released into the 

atmosphere) (Eq. 2.10). The process occurs under anoxic conditions (low levels of DO), 

during which (i) NO3
--N serves as the terminal electron acceptor, and (ii) a source of 

organic carbon acts as an electron donor (Gray 2004). DO concentrations of above 0.2 

mg/l, has been reported to inhibit denitrification (Metcalf and Eddie, 2004). As 

illustrated in Figure 2.6 NO3
-- N is produced with the oxidation of NH4

+-N during 

aerobic conditions (nitrification) and is reduced during anoxic conditions 

(denitrification). 

 ���� 	→���� 	→�� 	→��� 	→�� (Eq. 2.10) 

Alkalinity is produced as CaCO3 during denitrification (approximately 3.6 mg CaCO3 

per mg of NO3
—N reduced) (Gray, 2004a). The production of alkalinity coincides with 

an increase  in pH and can cause a decrease in oxidation reduction potential (ORP) 

(Akin and Ugurlu, 2005).  

Alternative removal mechanisms 

Traditionally the above steps have been used to achieve nitrification and denitrification. 

However other procedures have been studied for nitrogen removal including nitrogen 

removal via NO2
--N in a process called Anammox (Guo et al., 2009). This process 

involves oxidising NH4
+-N to NO2

--N and its direct degradation to nitrogen gas. This in 

turn removes the need for the conversion of NO2
--N to NO3

-- N and its conversion back 

to nitrogen gas via NO2
--N; reducing aeration requirements by 25% and COD 

requirements by 40% (Guo et al., 2009). Anammox can be achieved by removing nitrite 

oxidising bacteria (NOB) while retaining ammonia oxidising bacteria (AOB). It has 

been shown that nitrogen removal via NO2
--N can be successfully carried out using 

aerobic duration control (the termination of aeration prior to the completion of ammonia 

oxidation) (Guo et al., 2009) and the addition of NOB inhibitors (formic acid) can 

further enhance the process. Significant research has been completed on Anammox, 
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however, there have been challenges with its practical application which include slow 

start up times at full scale and a low C/N ratio in domestic wastewater. As of the time of 

writing this review there has been no reported long-term application of Anammox to a 

mainstream domestic WWTP (Ali and Okabe, 2015).  

2.6.2.5 Phosphorus 

Phosphorus is the nutrient most linked with eutrophication (Grant et al., 1996). The 

growth of algae is limited by the lack of phosphorous. Phosphorus-based compounds 

are involved in the generation of energy in cells. The desired ratio of organic matter to 

phosphorus during heterotrophic growth in a biological system is generally accepted to 

be 100g BOD5: 1g Phosphorus (Metcalf and Eddie, 2004). A major source of 

phosphorus in wastewater is from detergents which use sodium tripolyphosphate 

builders (Gray, 2002). Phosphorus in influent municipal wastewaters is typically present 

as orthophosphate (PO3-
4, HPO2-

4, H2PO4
- and H3PO4), polyphosphates and organic 

phosphate (Sarioglu, 2005).  

Microorganisms use phosphorus during cell synthesis, energy transport and also store it 

for subsequent use. Typically between 10 and 30% of phosphorus is removed during 

secondary treatment in municipal WWTPs. Further phosphorus removal is achieved by 

incorporating phosphorus into a suspended solid and subsequently removing those 

solids. This can either be carried out biologically or chemically. The main biological 

phosphorus removal system is the anaerobic to aerobic process (Gray, 2002). During the 

anaerobic stage phosphorus is released into the solution, which is subsequently 

absorbed by the bacterial biomass in the aeration phase.  

2.7 Real time control (RTC) 

Batch operated technologies such as the SBR and PFBR discussed in Section 2.4, are 

generally controlled using a predefined time-oriented operational mode. Thus 

wastewater is treated in fixed time cycles that comprise a series of phases, for example; 

Fill, Anoxic, Aeration, Settle, Discharge etc. (Yang et al., 2010; Zanetti et al., 2012). 

This fixed time method is not optimal as each individual cycle can have different 
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requirements due to varying influent loadings, resulting in inefficiencies and challenges, 

outlined in Section 2.4.2.  

A key, but often underused advantage of batch systems, is the ability to adjust cycle 

settings in response to wastewater quality (Yang et al., 2010). For example an aeration 

phase can be terminated once nitrification is complete and the anoxic phase can be 

terminated once denitrification is complete. It is possible to use on-line sensors which 

directly measure key parameters such as NH4-N and NO3-N (direct on-line sensors) to 

determine these points.  These sensors provide information to the control system in real 

time; when the parameter has decreased to within a required range the control system 

can terminate the current phase and move onto the next (Yang et al., 2010). This real 

time control (RTC) method can improve effluent quality and reduce energy 

consumption (Zanetti et al., 2012). However, direct on-line sensors can require 

extensive maintenance, can be unreliable (Hong et al., 2007) and are often not 

affordable to small-scale WWTPs (Aguado et al., 2009). Thus it has been shown that for 

low-cost applications (typically small-scale WWTPs) simple and cheap on-line process 

measurements are required that can deliver the required level of RTC (Marsili-Libelli, 

2006). The use of ORP, pH and DO sensors have the potential to act as surrogates for 

key parameters such as NH4-N and also to enable RTC of WWTPs (Won and Ra, 2011; 

Ga and Ra, 2009; Guo et al., 2009; Tanwar et al., 2008; Akin and Ugurlu, 2005; 

Fabregas, 2005; Kim and Hao, 2001). Dissolved oxygen measurements, however, have 

been shown to be less stable than ORP and pH when applied to the SBR process (Won 

and Ra, 2011).  

A number of research papers have been published on the topic of RTC of SBRs and 

other WWT technologies (Table 2.5). These papers discuss trends produced by ORP, 

pH or DO sensors and how these trends can be used to achieve specific control 

strategies for biological phosphorus removal, enhanced nutrient removal, control for 

nitrification-denitrification via nitrite and control with low DO wastewater treatment 

processes. The following sections discuss ORP, pH and DO and how their measurement 

can indicate operational conditions within a WWTP. 
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Table 2.5 review of RTC examination papers (Examination refers to a study without any 

application of the development)  

Objectives 
Control 

Methodology 
Influent Type Study type Reference 

Use of ORP as a monitoring 
tool in Low DO wastewater 

treatment processes 
Examination 

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Holman 
and 

Wareham, 
2003)  

Examination into the use of 
control strategies for 

biological Phosphorus and 
nitrogen removal using ORP, 

DO and pH profiles 

Examination 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Akin and 
Ugurlu, 
2005) 

Examination on the use of 
ORP, pH, Conductivity and 

DO for monitoring an 
Enhanced Biological Nutrient 

Removal process 

Examination 
Synthetic 

wastewater 
Bench Scale 
SBR reactor 

(Spagni et 
al., 2001)  

Examination of the use of 
ORP, pH and DO profiles as 
process control parameters 
using an intermittent cyclic 
process bioreactor (ICPBR) 

Examination 
Domestic 

wastewater taken 
from a township 

Laboratory 
scale ICPBR 

(Tanwar 
et al., 
2008) 

Examination to identify 
process parameters (pH and 
ORP) which can be used for 

RTC of an SBR. 

Examination 
Proposed the use of 
slope changes in pH 
profiles as a control 

parameter 

Domestic 
wastewater with 
external addition 
of organics and 

phosphate 

Bench scale 
SBR reactor 

(Chang 
and Hao, 

2006) 

Examination into the 
relationship between DO and 

ORP, and nitrification and 
denitrification in a low DO 

wastewater treatment process 

Examination 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Holman 
and 

Wareham, 
2003) 

Examination of the 
effectiveness of using ORP, 

pH and DO as RTC 
parameters 

Examination Swine wastewater 
Laboratory 
scale SBR 

reactor 

(Kishida 
et al., 
2003) 

Use of RTC to achieve partial 
nitrification to nitrite 

treatment low strength 
domestic wastewater. ORP, 

pH and DO sensors were used 

Examination, 
breakpoints were 
manually detected  

Domestic strength 
wastewater 

Laboratory 
scale SBR 

reactor 

(Guo et 
al., 2009) 

Examination into the stability 
of nitrification-denitrification 

via nitrite using a RTC 
strategy with pH, ORP and 

DO sensors 

No details on the 
actual control 
strategy were 

provided 

Municipal 
wastewater with 

low C/N ratio 

Laboratory 
scale SBR 

reactor 

(Wu et al., 
2007) 

 

2.7.1 Dissolved Oxygen (DO) 

Dissolved oxygen refers to the gaseous oxygen dissolved in water as opposed to the 

combined oxygen found in the water molecule (Emerson Process Management, 2009). 

The function of DO in a wastewater treatment system is to provide oxygen to aerobic 
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bacteria to facilitate organic matter removal (section 2.6.2.2) and nitrification (section 

2.6.2.4). Several methods of DO measurement have been developed; however, the 

amperometric membrane technique is the most popular industry wide used method in 

continuous flow wastewater treatment systems (Emerson Process Management, 2009). 

Within this method two electrodes are used (gold cathode and silver anode) which are 

immersed in an electrolyte solution and separated from a sample using a gas permeable 

membrane. An externally applied polarised voltage drives the electrodes. Current flow 

between the electrodes is directly correlated to DO concentrations (Emerson Process 

Management, 2009). DO concentrations vary depending on the conditions within the 

system, e.g. anoxic and aerobic conditions. 

2.7.1.1 Anoxic conditions 

During the filling phase within a SBR (or indeed PFBR) DO concentrations are at or 

near zero as illustrated in Figure 2.7 (point A) (Akin and Ugurlu, 2005). During the 

anoxic period DO is maintained at near 0 mg/l and thus does not provide any effective 

information for use in control systems (Yang et al., 2010). However, inhibition of 

denitrification has been reported at DO concentrations of 0.2 mg/l and greater (section 

2.6.2.2), thus DO can indicate the potential for denitrification.   

2.7.1.2 Aerobic conditions 

Following the initiation of the aeration phase (point B) DO concentrations typically 

increase gradually as oxygen is supplied in excess of that utilised for microbial activity 

(e.g. organic carbon oxidation and nitrification) (Tanwar et al., 2008). Following the 

end of nitrification there can be a distinctive increase in DO concentrations (point C). A 

“DO Breakpoint” is evident from an increase in the DO profile at this point; this 

corresponds to a decrease in bacterial respiration activity due to the depletion of 

substrate. This can be directly related to the depletion of COD and NH4-N (Tanwar et 

al. 2008). Another method called oxygen uptake rate (OUR) (Puig et al. 2006) measures 

microorganism oxygen consumption and is calculated using Eq. 2.12. 

 
"#
"
 = 	%&'(#��
 − #* − �+, (Eq. 2.11) 
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Where So is the DO concentration in the reactor (mg/l), Sosat is the saturation DO 

concentration and KLA is the oxygen transfer coefficient (/h). OUR has an inflection 

point corresponding to the end of carbon oxidation and nitrification. DO sensors were 

not used in this study (apart from contextual analysis in some cases) as it has been 

shown to be less stable than ORP and pH in the SBR process (Won and Ra, 2011). In 

addition experience with DO sensors within the research group has shown them to be 

less reliable than pH and ORP sensors.  

 

Figure 2.7 RTC points in a typical SBR cycle illustrating NH4-N and DO profiles. A: Feeding, B: 

Start of aeration, C: “DO Breakpoint” and D: End of the aeration phase (Tanwar et al., 2008)  

2.7.2 Oxidation reduction potential (ORP) 

ORP is the measurement of a solution’s capacity for electron transfer (typically 

measured in mV) (Yokogawa, 2014). Electron transfer takes the form of oxidation or 

reduction. Oxidising agents have the potential to acquire electrons and become reduced; 

conversely reducing agents become oxidised as they donate electrons. The measurement 

of ORP is based on the use of an ORP electrode and a reference electrode. The ORP 

electrode uses an inert metal (generally platinum) which gives up electrons to an 

oxidant or accepts electrons from a reductant due to its low resistance (Emerson Process 

Management, 2009). This can occur until a potential develops which is equal to the 

ORP in the solution. The reference electrode, generally made from silver-silver 
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chloride, maintains a constant potential at a given temperature, providing a known 

reference potential to the ORP electrode. ORP values vary depending on the conditions 

within the system, e.g. anoxic and aerobic conditions. 

2.7.2.1 Anoxic conditions 

During anoxic conditions freely available oxygen is limited and thus chemically bound 

oxygen is consumed (section 2.6.2.4). Organic material is continuously degraded by 

redox reactions catalysed by enzymes (Holman, 2004). Some of these oxidised electrons 

will gravitate to the electrode as the electrode has a large positive potential and this 

generally results in descending ORP values. Anoxic conditions begin once freely 

available DO is depleted and chemically bound oxygen begins to be consumed. NOx-N 

becomes the electron acceptor, reducing to nitrogen gas (section 2.6.2.4) and organic 

carbon is oxidised (Akin and Ugurlu, 2005; Holman, 2005). Once NOx-N is depleted 

anaerobic conditions prevail resulting in a nitrate breakpoint or “nitrate knee” (Point B 

in Figure 2.8). The breakpoint is the point when bacteria pass from relatively efficient 

respiration, using nitrate as an electron acceptor, to less efficient processes (Holman and 

Wareham, 2003) in which sulphate reduction produces sulphides (Kim et al., 2004). 

Thus this breakpoint can indicate the point at which denitrification is complete.  
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Figure 2.8 RTC points in a typical SBR cycle illustrating NH4-N, NO3-N and ORP profiles. A: 

Feeding, B: Nitrate knee point, C: Beginning of oxic phase, D: Ammonia elbow, f: End of the 

aeration phase (Kim et al., 2004) 

2.7.2.2 Aerobic conditions 

In aerobic conditions, NH4-N and organic carbon oxidise, and thus they donate 

electrons, while oxygen is reduced (accepting electrons) (Holman, 2004). Oxygen has a 

higher potential than the electrode and this results in a flow of electrons from the sensor 

to oxygen in solution and an increase in the ORP values, illustrated after point C in 

Figure 2.8. A linear relationship between ORP values and DO concentrations has been 

reported, however, this is limited to aerobic conditions (Kishida et al., 2003). Where 

nitrification occurs in a process, NH4-N concentrations will become depleted. 

Subsequently a kick point known as the “ammonia elbow” can be identified (Akin and 

Ugurlu, 2005). This elbow, point D in Figure 2.8, occurs as oxygen is no longer acting 

as an electron acceptor for NH4-N and thus oxygen is available to accumulate increasing 

DO concentrations (Holman, 2004). Once aeration is terminated following aerobic 

conditions, available oxygen is consumed by biological activity. Once the oxygen has 

been fully depleted, anoxic conditions cause an oxidising environment where electrons 
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are accepted by the ORP sensor which results in falling ORP values (after Point F in 

Figure 2.8) (Akin and Ugurlu, 2005; Holman, 2004).  

2.7.3 pH 

The pH scale, a measure of the hydrogen ion concentration, was developed in Denmark 

by Søren Peder Lauritz Sørensen in 1909 Yokogawa, 2014) and is used to measure the 

acidity or alkalinity of a water solution. Acidic solutions have a higher relative number 

of hydrogen ions (H+) and alkaline (basic) solutions have a higher number of hydroxyl 

ions (OH-). pH is measured over a range between 0 (acidic) and 14 (basic), however 

non-water solvents can have pH values outside of this range. pH is defined as the 

negative logarithm of the hydrogen-ion concentration as shown in (Eq. 2.12) (Metcalf 

and Eddie, 2004). 

 -� =	−./��[��] (Eq. 2.12) 

The optimum growth for most organisms is dependent on a narrow range of pH; for 

example most bacteria cannot tolerate pH levels above 9.5 or below 4.0 (Metcalf and 

Eddie, 2004). Domestic wastewaters have a pH range of between 6 and 8.  

The measurement of pH is based on the use of a pH sensitive electrode and a reference 

electrode. The pH electrode uses a pH sensitive glass immersed in the test solution and 

thus develops a potential proportional to the pH of the solution. The reference electrode 

maintains a constant potential at a given temperature, providing a known reference 

potential to the pH electrode. The potential difference between the pH and reference 

electrodes produces a millivolt signal proportional to pH (Emerson Process 

Management, 2010). pH values vary depending on the conditions within the system. 

2.7.3.1 Anoxic conditions 

As soon as anoxic conditions develop pH can rise (Point A, Figure 2.9). This ascension 

is a result of an increase in alkalinity, which is released into the solution during 

denitrification, and continues until the end of denitrification. The end of denitrification 

is indicated by “Point B” following which pH values begin to decline. This point 

referred to as the “nitrate apex” and indicates the transition from anoxic conditions to 
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anaerobic conditions (Kishida et al., 2003). The decrease in pH following “Point B” is 

reported to be attributed to the release of acid by fermentation (Tanwar et al., 2008). 

The “nitrate apex” on the pH curve is generally not as pronounced as the “nitrate knee” 

on the ORP curve.  

 

Figure 2.9 RTC points in a typical SBR cycle illustrating NH4-N, NO3-N and pH profiles. A: 

Feeding, B: Nitrate apex, C: Start of aeration, D: Start of ammonium reduction, E: “Ammonia 

valley” and F: End of the aeration phase (Kim et al., 2004) 

2.7.3.2 Aerobic conditions 

At the beginning of the aeration phase (Point C, Figure 2.9) there is a rapid increase in 

pH caused by CO2 stripping (Akin and Ugurlu, 2005). The pH values subsequently fall 

correlating with a reduction in NH4-N concentrations. This is related to the production 

of hydrogen ions (Guo et al., 2009) and can be linked with a decrease in alkalinity as a 

component of the nitrification process (section 2.6.2.4) (Akin and Ugurlu, 2005). 

Following nitrification there is no production of hydrogen ions and pH begins to ascend. 

This can be due to CO2 stripping caused by aeration. The change in direction creates a 

bending point on the pH profile known as the “ammonia valley” and is denoted by point 

E in Figure 2.9. This point can be used to determine the end of nitrification and thus the 

end of the aeration phase. Following the termination of aeration pH can fall (Point F, 
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Figure 2.9). This descent is caused by the termination of CO2 stripping and subsequent 

increase in CO2 concentrations which may prevail until anoxic conditions develop 

(Holman, 2004). 

 

2.8 RTC methods 

Section 2.7 outlined how pH, ORP and DO relate to various biological processes being 

carried out in a WWTP and in particular focused on nitrification and denitrification. 

Thus the use of trends, developed from pH, ORP and DO data, to control WWTPs has 

been studied. Methods used in these studies can be divided into two categories “basic” 

(methods designed without the use of numerical modelling methods) and “advanced” 

(methods designed with the use of numerical modelling methods). The following 

sections discus some control strategies used within each category.  

2.8.1 Basic methods 

Table 2.6 presents a review of publications which study RTC methods without the use 

of advanced numerical modelling methods. Much of the research utilises industrial 

wastewaters including swine wastewater and dairy farm manure, the remainder 

examines municipal wastewaters. Typically the presented publications utilise SBR 

technology, all of which are examined in laboratory or pilot scale studies. These 

methods largely use rate of change and moving slope techniques to identify relevant 

breakpoints. 

Two examples below give an overview of the type of work previously done with more 

detail in Table 2.6: 

i) A study by Kim et al., sought to develop a control method utilising pH, ORP 

and DO sensors for nitrification and denitrification optimisation with a low 

C/N ratio wastewater (Kim et al., 2004). The control system was combined 

with a high C/N wastewater addition (swine wastewater) during the anoxic 

phase to provide a carbon source for NO3-N removal. The developed control 

system utilised an ORP sensor for anoxic phase termination (indicated with 
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“B” in Figure 2.10) and swine wastewater addition control and a pH sensor 

for aeration phase termination control (indicated with “e” in Figure 2.10). pH 

and ORP signals were analysed to give the rate of change of pH and ORP 

(dpH/dt and dORP/dt). A PC with a relay box was used to process sensor 

signals and control various pumps etc. 

 

Figure 2.10 RTC strategy low C/N ratio influent (Kim et al. 2004)  

ii) A study by Won and Ra examined the use of ORP and pH moving slope 

change MSC in optimising SBR aeration and anoxic phases when treating 

swine wastewater (Won and Ra, 2011). The MSC was calculated every 

minute with a sample size of 10. The study identified specific ORP and pH 

MSC trigger values for the identification of key patterns for the termination 

of aeration and anoxic phases. The nitrogen break point (NBP) was 

identified with the pH profile to terminate the aeration phase and the nitrate 

knee point (NKP) was identified with the ORP profile to terminate the 
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anoxic phase. The study utilised a PC to read and filter/process pH and ORP 

signals and terminate phases and operate pumps etc. when necessary.    

 

Figure 2.11Profiles of a control strategy utilising MSC (Won and Ra, 2011)  

These studies are largely conducted utilising laboratory and pilot scale SBR reactors 

treating a wide range of influent types including, swine and dairy wastewaters, synthetic 

wastewater and municipal wastewater. Limited research has been conducted utilising 

fluctuating influent hydraulic volumes and organic concentrations, typical of small-scale 

WWTPs. These studies generally utilised computer based software to execute control 
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strategies. These instrumentations are expensive and require technical knowledge to 

operate. Little work has been carried out pairing low cost sensors with low cost PLCs, 

which are more applicable to small-scale WWTPs. This research is generally limited to 

raw, differentiated and MSC pH and ORP sensor data as input variables. To the 

knowledge of the writer no research has been conducted using a number of variables 

identified from the pH and ORP profile characteristics. Variables may include moving 

ph average over twenty minutes, ∆phm20; or the change in pH apexes, pHapex (pH apexes 

can be associated with intermittent aeration).  
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Table 2.6 review of RTC publications utilising basic control methods 

Objectives Control Methodology 
Influent 

Type 
Study type Reference 

Optimise nitrification and 
denitrification with 

carbon addition using pH 
and ORP as control 

parameters 

A computer, sensors and 
relay box were used to 
monitor and control the 
apparatus. dORP/dt and 

dpH/dt and set control values 
were used to terminate phases 

Low C/N 
wastewater 
with swine 
wastewater 
addition for 

NO3-N 
removal 

Laboratory 
scale SBR 

reactor 

(Kim et 
al., 2004) 

Use of pH-Time profile to 
control oxic phase 

A computer, sensors and 
control panel were used to 

monitor and control the 
apparatus. Moving slope 

changes of ORP and pH with 
trigger values were used to 

terminate phases 

Swine 
wastewater 

Pilot scale 
SBR reactor 

(Ga and 
Ra, 2009) 

Optimisation of SBR 
using moving slope 

changes of ORP and pH 
control strategy 

Moving slope Control 
strategy, controlled with a 

computer programme 

Swine 
wastewater 

Farm scale 
SBR reactor 

(Won and 
Ra, 2011) 

Development and 
implementation of a RTC 
strategy which uses ORP 
and oxygen uptake rate 
(OUR) to adjust cycle 

length 

A LabWindows control 
programme used fixed ORP 

(raw) and OUR (dDO/dt) 
minimum values, waiting 
time and a maximum time 
length to control the SBR 

Urban 
wastewater 

Pilot scale 
SBR reactor 

(Puig et 
al., 2005) 

Use of pH, ORP and DO 
as RTC parameters for 
simultaneous biological 
phosphorus uptake and 
nitrogen removal with 

enhanced anoxic 
phosphate uptake 

A computer utilising a MS 
Visual C++ 6.0 based 

programme monitored and 
controlled the SBR. Second 
derivatives of pH and ORP 

curves were used to 
determine end of phosphorus 
release and dpH/dt was used 

to determine end of 
nitrification and phosphorus 

uptake 

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Lee et al., 
2001) 

Examination in to the use 
of ORP and DO sensors 
to determine the end of 

nitrification 

Programmable controller was 
used, however no details 
were given on how the 

breakpoints were determined  

Dairy farm 
manure 

Pilot scale 
SBR reactor 

 
(Qureshi 

et al., 
2008) 

 
Examination into the use 
of pH and ORP as RTC 
parameters to control 

nitrification and 
denitrification with a low 

influent C/N ratio 

Examination, which 
concluded that dpH/dt could 

be used as a control 
parameter for nitrification 

and denitrification 

Municipal 
Wastewater 
with carbon 

addition 

Laboratory 
scale pulsed 
SBR reactor 

(Yang, et 
al., 2007) 

Evaluation of a dual 
control strategy for a 

continuous alternating 
aeration/anoxic system 

using pH and ORP 
sensors  

dpH/dt was used to control 
aeration phase and d2ORP/dt2 

was used to control the 
anoxic phase. To eliminate 

noise the moving average of 
pH and ORP was used 

Municipal 
wastewater 

Bench scale 
Continuous 

flow 
activated 

sludge plant 

(Kim and 
Hao, 
2001) 
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2.8.2 Advanced procedures 

Several recent papers have examined RTC with advanced procedures (numerical 

inferential modelling) which utilise (i) intelligent control systems to evaluate their own 

operation and (ii) the self-adaptive and self-organisational characteristics of numerical 

modelling techniques (Yang et al., 2010). A summary of recent publications is 

presented in Table 2.7. Some of these studies used advanced procedures, for example 

Neural Networks (NNs) and fuzzy modelling to predict real time N/P values and other 

approaches identify key patterns in pH and ORP trends that have been previously 

discussed.  

Reinforcement learning approaches (Syafiie et al., 2011) have been proposed as another 

method that can be effectively applied to control problems. However, a simpler 

mechanism is to apply a rule such as "when y < t, stop processing", where y is the 

concentration of the chemical of interest and t is a threshold for safe discharge. Then the 

problem reduces to a non-linear modelling problem, as y is not measured directly. 

Instead several variables (xn) are collected and a non-linear function y = f(x1, x2, …., 

xn) is developed that can be used for process control. Several authors have taken this 

type of approach Table 2.7 focussing particularly on fuzzy modelling and advanced NN 

approaches, including recurrent networks (Huang et al., 2015), cascade networks (Li et 

al., 2016), self-organising network structures (Li et al., 2016; Han et al., 2016) and 

fuzzy-NN hybrids (Wan et al., 2011; Huang et al., 2015.  

The following sections summarise some of the techniques used: 

i) A concept study by Luccarini et al. sought to improve nitrogen removal 

using NNs to extract relevant qualitative patterns (known trigger patterns for 

example apexes, knees and steps) from pH, ORP and DO sensors (Luccarini 

et al., 2010). The study was conducted on data acquired from a SBR pilot 

scale facility treating municipal wastewater. Pre-processing was achieved by 

applying a regularisation algorithm to de-noise sensor data, returning a clean 

time derivative of the original signal and, by integration, a cleaner and 

smoother version of the signal itself. These signals are normalised and 
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processed in a feed-forward NN. Key trigger patterns are detected from the 

resulting trends (Figure 2.12).    

 

Figure 2.12 Events detected in pH time series. Events are represented using V-shaped symbols for 

apexes, and horizontal and vertical S-shaped symbols for knees and steps respectively (Luccarini et 

al., 2010)  

ii) A concept study by Kocijan and Hvala examined the application of 

Gaussian-process (GP) models for on-line optimisation of SBR phases 

control using pH, ORP and DO sensors (Kocijan and Hvala, 2013). This 

concept study was developed with data collected from a laboratory scale 

SBR plant. This strategy involved smoothing data using GP-based regression 

and subsequently leveraged pattern recognition to identify key patterns for 

phase termination (GP-based classification) using the derived smoothed data 

plotted against time. 

iii) Luccarini et al. utilised a laboratory based unit in a concept study to assess 

the development of a soft-sensor using pH and ORP sensors with NNs to 

predict N and P concentrations (Luccarini et al., 2002). pH and ORP data 

was first normalised to eliminate fluctuations in trends between cycles. This 

processed data was analysed in a NN to predict corresponding P and N 

trends.   
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iv) A concept study by Aguado et al. used artificial NN (ANN) to predict P 

trends to optimise biological phosphorus removal in a laboratory scale SBR 

unit (Aguado et al., 2009). Gathered sensor data (pH, ORP, DO etc.) was 

mean-centred, standardised (normalised) and scaled (between 0.1-0.9) as 

pre-processing methods for the ANN. The resulting data was applied to the 

ANN model, predicting the overall P concentrations. 

Much of the RTC research undertaken, with advanced procedures, is limited to 

laboratory and pilot scale studies and implementation at small-scale WWTPs has been 

limited. Furthermore, much of this research is limited to raw and differentiated pH and 

ORP sensor data as input variables. To the knowledge of the writer no research has been 

conducted using a number of compound pH and ORP variables (variables identified 

from the pH and ORP profile characteristics). Several studies have been conducted with 

numerous numerical models including cascade networks, self-organising network 

structures and fuzzy-neural network hybrids, however, with an availability of labelled 

data collected in real-world conditions, a standard feed-forward NN can often perform 

well over non-linear system modelling.    
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Table 2.7: review of RTC publications utilising advanced control procedures 

Objectives Control Methodology Influent Type Study type Reference 

Strategy proposal for  SBR 
optimisation using pH, ORP 
and DO profiles and fuzzy 
clustering algorithms for 
detecting critical process 

transitions 

Fuzzy clustering with 
wavelet de-noising 

Synthetic 
wastewater 

Strategy 
examined 
using data 
collected 

from a pilot 
scale SBR 

reactor 

(Marsili-
Libelli, 
2006) 

Investigation into the use of 
pH , ORP and DO sensors 
with an advanced control 

strategy to optimise nitrogen 
removal in a continuous 

system 

Fuzzy logic 

urban 
wastewater with 

a small 
industrial input 

Pilot scale 
continuous 
flow plant 

(Ruano et 
al. 2012) 

Development of a RTC 
strategy using artificial NNs 
with ORP and pH sensors for 
optimised nitrogen removal 

and phosphorus uptake 

Artificial Neural 
Networks (ANN) 

Synthetic 
wastewater 

Laboratory 
scale 

continuous 
flow SBR 

reactor 

(Cho et 
al., 2001) 

Examination of using NNs  
for predicting biological 
nitrogen and phosphorus 

removal using ORP and pH 

NNs 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Luccarini 
et al., 
2002) 

Examination of the 
establishment of an on-line 

controlling system for 
nitrogen and phosphorus 

removal. 

A primary professional 
intelligent control 
filtered noise by 

filtration wave, and 
used NNs, database and 

deducing machine to 
identify each 
breakpoint.  

Municipal 
Wastewater 

Laboratory 
scale SBR 

reactor 

(Li et al., 
2008) 

Methodology development 
for process monitoring and 

process analysis for nitrogen 
and phosphorus removal 

Use of multi-way 
principal component 
analysis (MPCA) and 

clustering using 
historical process data 

Domestic 
strength 

Synthetic 
wastewater 

Pilot scale 
SBR reactor 

(Villez et 
al., 2008) 

Validation study to assess the 
ability of an algorithm using 

networks to detect 
breakpoints using pH, ORP 

and DO sensors 

NNs, de-noising was 
achieved using a 

regularization 
algorithm 

Municipal 
wastewater 

Pilot scale 
SBR reactor 

(Luccarini 
et al., 
2010) 

Examination of using a 
software sensor for real time 

estimation of nutrient 
concentration using pH, ORP 

and DO sensors 

Fuzzy NN analysis 
Synthetic 

wastewater 
Bench scale 
SBR reactor 

(Huang et 
al., 2010) 

Examination of using a 
software sensor for real time 

estimation of nutrient 
concentration using pH, ORP 

and DO sensors 

Genetic-algorithm-
based neural fuzzy 
system, using self-

adapting fuzzy c-means 
clustering and genetic 

algorithms  

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Huang et 
al., 2015) 

Examination of an intelligent 
control system to achieve 

advanced nitrogen removal 
using DO, pH and ORP 

sensors. 

Three layer network 
technology with high-
performance PLCs and 
fuzzy control for break 

point identification 

Municipal 
wastewater 

Pilot scale 
SBR reactor 

(Yang et 
al., 2007) 

Review article on the general ANN Several types Several types (Khataee 
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use of ANN at modelling 
biological water and 
wastewater treatment 

processes 

and Kasiri, 
2011) 

Examination of the use of a 
Gaussian-process (GP) model 
for the on line optimisation of 
batch phases using pH, ORP 

and DO sensors. 

GP regression was used 
to smooth the signals 
and GP classification 
was used for pattern 

recognition  

Not specified 
Laboratory 
scale SBR 

reactor 

(Kocijan 
and Hvala, 

2013) 

Examination of the 
optimisation of a fuzzy logic 
controlled DO SBR system 

using pH and OUR trends for 
carbon and ammonia removal 

Fuzzy control was used 
to switch on and off 
DO input, in order to 
smooth out pH and 
OUR profiles. The 
breaking point was 

identified using episode 
representation 

Urban 
wastewater 

Pilot scale 
SBR reactor 

(Puig et 
al., 2006) 

Examination of a 
methodology to develop a soft 
sensor monitoring of an SBR 

for enhanced biological 
phosphorus removal.  

ANN 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Aguado 
et al., 
2009) 

Examination of a soft-sensor 
for the optimisation of an 

SBR for biological nutrient 
removal 

NNs 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Hong et 
al., 2007) 

Development of a control 
strategy to enhance nitrogen 

and phosphorus removal in an 
SBR reactor using pH, ORP 

and OUR. 

Use of a data 
acquisition system with 

curve fitting and 
characteristic point 

detection 

Municipal 
wastewater 

Semi 
industrial 
pilot  SBR 

reactor 

(Casellas 
et al., 
2006) 

Development of a reliable 
RTC and supervision tool for 

DO control  
Fuzzy NNs 

Industrial 
wastewater 

Aerated 
submerged 

biofilm 
wastewater 
treatment 
process 

(Mingzhi 
et al., 
2009) 

Development of a soft 
computing method to predict 
sludge volume index (SVI) 

values in a real WWTP 

Recurrent self-
organising NN  

Municipal 
WWTP 

Model based 
on SBR 
WWTP 

(Han et al., 
2016) 

Examination applies a self-
organising cascade neural 

network (SCNN) with random 
weights to a non-linear system 

Cascade NNs 
Municipal 

WWTP 

Model based 
on municipal 

WWTP 

(Li et al., 
2016) 

Proposal using a model free 
learning control (MFLC) 

system to control advanced 
oxidation in the treatment of  

industrial wastewaters 

Reinforcement learning 
Phenol 

wastewater 
Laboratory 
pilot plant 

(Syafiie et 
al., 2011)  

Development of a model for 
predicting suspended solids and 

chemical oxygen demand 
removal 

Fuzzy inference system 
with principal control 

analysis 

Paper mill 
process 

wastewater 

Paper mill 
WWTP with 
an anaerobic 
digester and 
submerged 

biofilm 
biological 

reactor 

(Wan et 
al., 2011) 
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2.8.2.1 Numerical modelling techniques 

Two numerous numerical modelling techniques (regression and NNs) have, in 

particular, been presented as options for control of various systems. These are discussed 

below 

Regression is the task of modelling a real dependent variable y as a function of 

independent variables f(xi), minimising the errors between y and f(x). A training set, 

that is a dataset of known values for xi and y, is required in order to fit the model. The 

goal is accurate out-of-sample prediction, which is typically measured using a hold-out 

or test set. 

A common regression technique is multiple linear regression (MLR), a linear least 

squares approximation of the data. MLR provides equations linking a number of input 

variables (xi) to a target-variable (y) using Eq. 2.1 (James et al., 2000). 

 2 = 34 +3565 +⋯+3868 
Eq. 2.1 

 

where w0 is the intercept, wi is a coefficient (or slope) for xi and n is the number of input 

variables. Out-of-sample accuracy can be improved by using regularisation methods 

which add a penalty term to the model input variables shrinking the freedom of the 

input variable during learning (James et al. 2000). A popular regularisation method is 

the least absolute shrinkage and selection operator (LASSO) (Haimi et al., 2013; Souza 

et al., 2016). 

In contrast, NNs are non-linear models with many more degrees of freedom, hence they 

can be used to model more complex systems. They do not require a priori knowledge 

about the systems’ structure. They are trained using various gradient descent algorithms 

(Luccarini et al., 2002; Zare Abyaneh, 2014). A typical NN structure (or node) can have 

one input layer, one or more hidden layers, and one output layer as illustrated in Figure 

2.13 (Hong et al., 2007). Each node, j, manipulates input variables (x1, x2, x3,…,xn) to 

give a single output yj. Each input variable has an associated weight factor (w1j, 

w2j,w3j,….,wnj) (Nasr et al., 2012).  Weight factors are adaptive coefficients within the 
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NN that determines the intensity of each input variable. Each input variable is 

multiplied by its factor and the node uses summation to estimate an output signal using 

a transfer function. Several transfer functions are commonly used including logistic 

sigmoid, hyperbolic tangent sigmoid and linear.  A second input to the node is the bias 

(bj), a constant that governs the node’s net input. Weights are multiplied by 

corresponding inputs to create a weighted input using Eq. 2.2.    

 9: = �: +;<	: ∗ >	
?

	@�
 

Eq. 2.2 

 

 

 

Figure 2.13 Typical NN structure (adapted from (Nasr et al., 2012)) 

Beginning with the independent variables, values are fed into each successive layer, 

with outputs from one layer becoming inputs to the next. At the output layer, a single 

value is output, which is the predicted value of yj for the current inputs xi. Training 

proceeds by adjusting weights and biases using gradient descent algorithms, such as 

Levenberg-Marquardt back-propagation (Hagan and Menhaj, 1994) and Levenberg-

Marquardt back-propagation with Bayesian regularisation (Mackay, 1992; Foresee and 

Hagan, 1997), in order to minimise error at the output. 
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2.9 Justification for methodology chosen 

Following a comprehensive literature review, it is clear that there is a requirement for a 

low resource control strategy for the limited resources typically available to small-scale 

and decentralised WWTPs. Such a technology should optimise treatment performance 

in terms of energy efficiency and effluent quality. It is proposed, in this research, to 

utilise pH and ORP sensors as surrogates for an NH4-N sensor, which were commonly 

used in much of the literature.  DO is not being used as it has been shown to be less 

stable than ORP and pH in the SBR process (Won and Ra, 2011). In addition experience 

with DO sensors within the research group has shown them to be less reliable than pH 

and ORP sensors. As effluent standards for small-scale and decentralised WWTPs in 

Ireland typically do not require TN removal, and thus NOx-N removal, this study only 

investigates optimisation for NH4-N removal. Key parameters such as BOD5 inhibit 

NH4-N removal, and thus must be removed first (Metcalf and Eddie, 2004), therefore 

NH4-N monitoring can indicate both BOD and NH4-N removal. 

For this study it was decided to approach the challenge by developing two main 

strategies; i) a control strategy based on basic procedures for use with low cost PLCs, 

and ii) a control strategy designed similar to strategy (i) designed for use with advanced 

numerical models and control devises with higher computing power.  

i) Development of novel control procedures capable of being deployed in low cost 

PLCs; to terminate treatment cycles when nitrification has ceased. 

This objective seeks to utilise the on/off aeration regime that prevails in many batch 

wastewater treatment systems (e.g. SBRs; PFBRs) throughout the aerobic phase. This 

on/off aeration regime results in rises and falls in pH and ORP trends. Thus it is 

proposed to utilise key features created by these trends as pre-processing techniques. 

Subsequently these pre-processed trends will be examined for their efficiency in 

identifying ammonium removal to a specific (selected) concentration. To the knowledge 

of the writer no research has been conducted on this or a similar technique. 
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ii) Development of advanced control procedures capable of utilising pre-processed 

trend data with advanced numerical modelling; to terminate cycles when 

nitrification has ceased or reached a desired concentration  

It was noted that, to the knowledge of the reader, no research, using advanced 

procedures, has been conducted using the pre-processing technique identified in 

procedure i). In this study it is proposed to assess the acquired variables using feed-

forward NNs and regression which can often perform well over non-linear system 

modelling. The objective is to deliver an accurate prediction of the NH4-N trend which 

can then also be used to indicate when a certain ammonium concentration has been 

achieved then be examined for their ability to identify ammonium removal to a specific 

(selected) concentration.   

For this study both strategies are applied using data collected from real world 

conditions, receiving fluctuating influent hydraulic volumes and organic concentrations. 

It is difficult to employ a single control procedure which can automatically work for all 

installations, and therefore this study concentrates on developing a procedure to 

optimise a control strategy for individual WWTPs. With this in mind the selection 

process of a suitable control strategy allows the operative prioritise site specific goals, 

for example; energy reduction or effluent quality.  

Finally the developed strategies are trialled and optimised for a PFBR WWTP. Due to 

the emptying and filling nature of the reactor associated with the technology, similar 

rises and falls in pH and ORP trends would be expected. Due to the novelty of the 

PFBR this would be the first study incorporating RTC technology.  

2.10 Summary 

Chapter 2 presents a background of the research project. The overview includes 

historical attitudes and developments in wastewater treatment as well as the 

establishment of legislation in Europe and Ireland. Wastewater characteristics, kinetics 

and parameter trends as well as a review of decentralised wastewater treatment and two 

types of decentralised wastewater treatment technologies were included. Key 
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parameters trends including pH, ORP and DO are presented, highlighting their ability to 

indicate the biological conditions with a typical SBR cycle. Finally, existing research in 

the area of RTC and batch operated systems is presented as well as details on developed 

procedures and current gaps in this research. 
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3 EXPERIMENTAL SYSTEMS  

3.1 INTRODUCTION 

Four wastewater treatment units were investigated in this study – two pumped flow 

biofilm reactor (PFBR) systems and two sequencing batch reactor (SBR) systems. This 

chapter describes in detail the design, construction and operation of each system and 

describes all tests and monitoring carried out on each unit.  

The SBR units (SBR 1 and SBR 2) operated, monitored and analysed for the purpose of 

this study were (i) a pilot-scale SBR unit located in Tullamore, Co. Offaly (SBR 1) and 

(ii) a field-scale SBR unit in Portlaoise, Co. Laois (SBR 2). SBR 1 received domestic 

wastewater from a small housing development. SBR 2 received influent from a nursing 

home.  

The PFBR units (PFBR 1 and PFBR 2) operated, monitored and analysed for the 

purpose of this study were (i) a field-scale PFBR system (PFBR 1) in Moneygall, Co. 

Offaly and (ii) a laboratory-scale PFBR system (PFBR 2) located in NUI Galway. 

PFBR 1 received a dynamic influent typical of a combined sewer system.  PFBR 2 was 

operated using a domestic strength synthetic wastewater.  

3.2 Pilot-scale sequencing batch reactor (SBR 1) 

3.2.1 System overview 

SBR 1 was located in a small housing development outside of Tullamore, Co. Offaly 

(Figure C.1). The pilot unit was installed next to a larger SBR unit treating wastewater 

from the housing development. Influent wastewater to SBR 1 comprised domestic 

wastewater that had undergone primary clarification.  

3.2.2 Facility layout 

The large WWTP comprised a foul water pump station, a primary settlement tank, a 

buffer tank, a SBR system, a clear water pump station and a percolation system. The 4-

PE facility was a mechanically aerated activated sludge system within a precast concrete 

tank that housed two chambers (i) a primary chamber and (ii) a reactor chamber, with 
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working volumes of 2.42 m3 (hydraulic retention time (HRT) of 4 days) and 1.56 m3 

(HRT of 2.6 days) respectively (Figure 3.1).  

 

Figure 3.1: Schematic of SBR 1 test unit 

3.2.3 Influent 

A submersible wastewater vortex impellor pump placed in the primary tank of the large 

WWTP was used to feed the primary tank of the pilot unit. This pump was operated to 

mimic the typical diurnal flow pattern of a domestic house as per the European 

Standards for domestic wastewater treatment systems (CEN 12566-3, 2006). A Siemens 

LOGO! PLC was programmed to operate this pump accordingly. 

Table 3.1: Diurnal flow pattern used to feed the pilot-scale SBR unit – SBR1 (CEN, 2006) 

Time of day % of total 

volume 

Volume  

(litres) 
Time of day % of total 

volume 

Volume 

(litres) 

0:00-6:00 0 0 14:00-15:00 0 0 

6:00-7:00 10 60 15:00-16:00 0 0 

7:00-8:00 10 60 16:00-17:00 0 0 

8:00-9:00 10 60 17:00-18:00 0 0 

9:00-10:00 5 30 18:00-19:00 20 120 

10:00-11:00 5 30 19:00-20:00 20 120 

11:00-12:00 15 30 20:00-21:00 5 30 

12:00-13:00 0 0 21:00-22:00 5 30 

13:00-14:00 0 0 22:00-23:00 5 30 
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3.2.4 Operation 

A feed pump installed in the reactor chamber, was switched on for 5 seconds to create a 

syphon that moved liquid from the primary settlement chamber into the reactor chamber 

as required. Syphoning terminated when the liquid level in the primary chamber went 

below (i) the inlet level of the feed pipe, (ii) the liquid level or (iii) once the two 

chambers had equalised. As only the volume available over the feed pipe was 

transferred for treatment, this technique resulted in a dynamic feed volume. A 

submersible pump housed in the reaction tank was utilised to remove treated wastewater 

during the discharge phase. Table 3.2 gives an overview of the operation of SBR1. 
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Table 3.2 Overview SBR 1 treatment cycle 

Phase (Step) Operation Description Illustration 

Fill (1) Pump: A-On 

The pump was switched on for 5 seconds, 
subsequently creating a syphon which moved liquid 
from the primary chamber into the reactor chamber. 
Syphoning terminated when the liquid level in the 
primary chamber went below the inlet level of the 
feed pipe or the liquid level or once the two 
chambers equalised. 

 

Aeration – 

Repeated for 

400min (2) 

(a) Aeration: 
B-On 

The aeration period consisted of a repetitive 
sequence of aeration on for 5 minutes (a) and off 
for 15 mintutes (b) 

 (b) Rest  

(3) Settle 

A settle time allowed an activated sludge settle 
prior to discharge creating an upper layer of 
clarified treated wastewater 

(4) Discharge: 
C-On 

The discharge pump (C) is used to remove the 
clarified treated wastewater from the upper portion 
of the reactor tank 

  

Symbol definition          Pump On    Pump Off         Primary Reactor 

Legend A – Transfer pump, B – Mechanical aerator, C – Discharge pump 

3.2.5 System control 

The treatment cycle was controlled using a Siemens Logo! PLC which allowed the 

following, typical SBR phases, to be executed (Figure 3.2): Fill, Aeration, Settle and 

Discharge.  

Fill Aeration Settle Discharge 
                         
2 min 400 min 60 min 2 min 
Figure 3.2 Illustration of cycle sequence (The on-off aeration pattern is demonstrated using the 

grey and white sequence in the aeration period) 
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Table 3.3 depicts the duration of each phase of the 464 minute treatment cycle which 

included a 2 minute fill phase, a 400 minute aeration phase, a 60 minute settle phase and 

a 2 minute discharge phase. The aeration phase comprised twenty minute blocks, each 

of which had a 5 minutes period during which the aeration system was turned on, 

followed by 15 a minute quiescent period. 

Table 3.3: Phases and phase times used in SBR 1 treatment cycle 

Period Time 
(minutes) 

Period Time 
(minutes) 

Fill 2 Aeration 5 

Aerobic 400 Idle 15 

Settle 60   

Discharge 2   

Total cycle 464   

A PLC programme was written specifically for this unit using the PLC’s compatible 

software LOGO!Soft Comfort V7.1.The PLC was operated with the inputs and outputs 

outlined in Appendix C (Table C.1). The programme was written in function block 

diagram format (Figure C.2). Treatment phases were operated in sequence on a time 

bases controlled using counters. The on/off operation of the aerator in the aeration phase 

was controlled using an “Asynchronous Pulse Generator” function block. Times 

required to control the cycle could be adjusted using the LOGO!Soft Comfort V7.1 or 

via the interface built onto the PLC itself.        

3.3 FIELD-SCALE SEQUENCING BATCH REACTOR (SBR 2) 

3.3.1 System overview 

SBR 2 treated wastewater from a high dependency state-run nursing home located close 

to Portlaoise, County Laois (Figure C.3). Influent was limited to wastewater generated 

in the nursing home with no rainwater ingress.  

3.3.2  Facility layout 

The installed wastewater treatment system comprised a primary tank, a buffer tank a 2 

stream SBR system and a wastewater pump station to distribute treated wastewater over 

a sand polishing filter prior to discharge to a nearby water course. The primary tank had 
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a capacity of 30 m3, buffer tank and the two reaction chambers each had a capacity of 8 

m3 and the pump station had a capacity of 3.5m3.  

3.3.3 Plant operation 

The operational sequence for SBR2 comprised the following stages; (i) Fill/Anoxic, (ii) 

Aeration (iii) Settle, (iv) Discharge and (v) Sludge return. The two SBR streams were 

identical in design and operated independently. Wastewater from the nursing home 

flowed by gravity into the primary tank, and subsequently into the buffer tank. Two 

feed pumps were positioned in the buffer tank (one per treatment reactor). These 

transferred wastewater into each reactor tank at the start of a treatment cycle.  

A low level float switch in the buffer tank prevented the feed pumps running dry. 

Aeration in each reactor was achieved using two Bibus ELS 200W diaphragm blowers 

(total air supply of 340 l/min). A sludge pump within the reactor returned activated 

sludge into the primary tank. A discharge pump transferred treated effluent into the 

treated wastewater pump station at the end of a treatment cycle. The treated wastewater 

pump station transferred treated wastewater to a network of distribution pipework on 

the sand polishing filter.  

 

Figure 3.3: Field-scale SBR unit facility layout 

3.3.4 System control 

SBR 2 was controlled using a Wissmann Elektronik GmbH Clear Rex® CR-XL/8P-3S 

control panel. This off-the-shelf control panel was designed for SBR wastewater 

treatment systems up to about 100 PE capacity (Wissmann Elektronik, 2008). The 
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control facilitated five phases, Phase 1 (Fill), Phase 2 (Aeration), Phase 3 (Settle), Phase 

4 (Discharge) and Phase 5 (Sludge return).  

The sequence of the cycle is detailed in Figure 3.4. The total cycle length was 360 

minutes. During Phase 1 the aerator was operated intermittently to encourage mixing. 

Phase 2 (normal operation) consisted of three aeration periods. Each 60 minute period, 

as outlined in Table 3.4, comprised a 20 minute fill/anoxic phase followed by a 40 

minute aeration period. The initial aeration period did not have a fill component. The 

system was equipped with a dosing pump for chemical phosphorus removal. This pump 

dosed a small quantity of ferric chloride one hour before settlement commenced.  

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 

Fill/Anoxic Aeration Settle Discharge Sludge 
Return 

 Period 1 Period 2 Period 3    

60 min 60 min 60 min 60 min 90 min 30 min 1.2 min 

Figure 3.4 Field-scale SBR unit phase sequence 

If the initial fill did not lift the low level float switch in the reactor tank an Eco-mode 

was triggered (Eco-mode reduces energy consumption until enough wastewater is 

available to commence the next cycle). The Eco-mode triggered the aerator for 1.5 

minutes every 15 minutes.  

Table 3.4 Field-scale SBR unit cycle duration 

Period time 

(minutes) 

Aeration 

Periods 

time 

(minutes) 

Initial Fill/Anoxic (1) 60 Fill/Anoxic 20 

Aeration (2) 180 Aeration 40 

Settle (3) 90 Cycle Count 3 

Discharge (4) 28.8   

Sludge return (5) 1.2   

Total Cycle 360   

3.4 FIELD-SCALE PUMPED FLOW BIOFILM REACTOR (PFBR 1) 

3.4.1 System overview 

PFBR 1 was constructed in Moneygall, Co. Offaly as part of a large scale research 

project to investigate the performance of the novel PFBR technology in treating 

municipal wastewater (Figure C.4). This project was undertaken by a research team at 
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the National University of Ireland, Galway (NUI, Galway), Molloy Environmental 

Systems and was supported by Enterprise Ireland and Offaly County Council. The 

750PE facility comprised a preliminary screening, a primary settlement tank, balance 

tanks and the PFBR technology (which was divided into two parallel and independent 

streams – Streams A and B). The secondary treatment component was designed and 

constructed using operational data from previous laboratory and field studies (O’Reilly, 

2011; Rodgers et al., 2004; O’Reilly et al., 2011; O’Reilly et al., 2008; Rodgers et al., 

2006; Zhan et al., 2006), EPA guidelines (EPA, 2009) and previous design experience. 

While the design load was given as 750 PE, the actual population of the village was 310 

persons (CSO, 2011). The catchment consisted of residential dwellings, some small 

enterprises and a school. The influent flows were more variable and higher than 

expected due to a high storm water input.  

3.4.2 Facility Layout 

The facility replaced an existing trickling filter based system and the existing screening 

system and imhoff tank were reused within the new facility. Prior to entering the 

primary settlement tank wastewater passed through (i) a mechanical screw type 6mm 

mesh screen and (ii) a flume equipped with an ultrasonic level sensor and analyser 

(Siemens HydroRanger) which measured and recorded inlet flow. The primary 

settlement tank (existing imhoff tank) had a working volume of approximately 90 m3.  

The buffer tank system consisted of four identical pre-cast concrete tanks each 

measuring 2.5 m by 2.5 m in plan and 2.5 m high. The 2 stream PFBR system was 

installed in a single in-situ concrete structure with a total of six chambers, three 

chambers per stream (Figure 3.5). Each PFBR stream comprised two reactor chambers 

(Reactors 1 & 2) and a clarification chamber. Each reactor chamber measured 5,000 

mm 3,850 mm in plan and 2,735 mm high. Wastewater was pumped from the buffer 

tank into one of the two PFBR streams at the start of each treatment cycle. Treated 

wastewater was subsequently pumped into the clarifier at the end of each treatment 

cycle. Each clarifier measured 3,900 mm 3,850 mm in plan and 2,000 mm to the top of 

a 30 degree sloped floor which had a height of 1,035 mm. Following settlement, treated 
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wastewater was discharged by gravity into a channel which directed the flow into a 

nearby watercourse via an underground pipe.  

 

Figure 3.5 Plan of the PFBR 2 system 

3.4.2.1 Reactors and plastic biofilm media 

Each of the four reactor chambers in the PFBR had a working volume of 42.2 m3 and 

contained plastic media. The plastic media blocks comprised vertical trapezoidal tubes 

with a specific surface area of 230 m2/m3, giving a total surface area of 15,130 m2 

(including internal tank wall surfaces) per stream. The media was stacked vertically on 

supports 400 mm above the base of each reactor chamber. This was designed to enhance 

circulation and provide a storage zone for any generated sludge. 

3.4.3 Plant operation and control 

PFBR 1 was operated as a SBR process with typical phases including; Fill/Discharge, 

Anoxic and Aeration as detailed in Table 3.6. These phases were combined with rest 

periods to allow removal of organic carbon, suspended solids and nitrogen. The total 

cycle length was 325 minutes comprising; 9 minute Fill/Discharge period, 20 minutes 

Anoxic period, 288 minute Aeration period consisting of 8 aeration cycles. Each 

Aeration cycle consisted 3 minute equalisation, 5 minute pump, 10 minute rest, 3 

minute equalisation, 5 minute pump and 10 minute rest (Table 3.5).  
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Table 3.5 PFBR 1; Phases and phase times 

Period time 

(minutes) 
Period time 

(minutes) 

Fill/Discharge [1] 9 EV [3a] 3 

Anoxic [2] 20 CP1 [3b] 5 

Aeration [3] 288 Rest [3c] 10 

Pre-draw [4] 8 EV [3d] 3 

Total cycle 325 CP2 [3e] 5 

  Rest [3f] 10 

  Cycle Count 8 

Number in [] refers to the steps in Table 3.6 

Each reactor chamber was fitted with a submersible hydraulic circulation pump, a 

submersible sludge pump and a level sensor. The discharge pipework from the 

submersible hydraulic circulation pump in Reactor 2 was equipped with two electrical 

actuated valves. These valves allowed the system to divert flow to Reactor 1 or to the 

clarifier as required. At any one time, within each stream, no more than one Reactor 

volume of wastewater was in the two Reactor system. Sludge pumps were installed as a 

means to prevent sludge accumulation on the bottom of each reactor chamber. The 

clarifier was equipped with a submersible sludge pump, a level sensor and an electrical 

actuated discharge valve. The electrical actuated valve controlled the slow release of 

treated wastewater into the receiving water course. This buffered the impact of batch 

releases of effluent wastewater from the PFBR. The balance tank was fitted with two 

submersible hydraulic feed pumps, one pump per PFBR stream and a level sensor. 

The PFBR was controlled by PLC that allowed the operator to vary control parameters 

such as water levels and the length of treatment cycles (Table 3.5). All process 

information was displayed on a human machine interface. These settings were 

controlled by the system’s operator; it was not possible to change the operating 

conditions during this study. 
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Table 3.6:  Overview of PFBR 1 treatment cycle 

Phase (Step) Operation Description Illustration 

Fill/Draw (1) 

CV1 – Closed 
CV2 – Opened 
CP2 - On 

CV1 is closed and CV2 is opened. This 
diverts the flow created by CP2 to the 
clarifier. Simultaneously R1 is filled from 
the balance tank.   

Anoxic (2)  

Wastewater is held in quiescent conditions 
in R1 for a period of time to achieve 
denitrification. CV1 is opened and CV2 is 
closed in advance of the Aerobic phase.  

Aeration – 

Repeated 7 

times (3a) 

Equalisation 
EV is opened, allowing wastewater to flow 
by gravity from R1 to R2 until an equal 
level is achieved. 

 

(3b) Pump: CP1-On 
The remaining wastewater in R1 is 
pumped into R2 using CP1.  

 

(3c) Rest 
Wastewater is allowed to rest in R2. This 
allows full contact between the wastewater 
and the biofilm 

 

(3d) Equalisation 
EV is opened, allowing wastewater to flow 
by gravity from R2 to R1 until an equal 
level is achieved. 

 

(3e) Pump: CP2-On 
The remaining wastewater in R2 is 
pumped into R1 using CP2. 

 

(3f) Rest 
Wastewater is allowed to rest in R1. This 
allows full contact between the wastewater 
and the biofilm 

 

Pre-Draw (4) 

EV 
CP1 
 

Using EV and CP1, treated wastewater is 
moved between R1 and R2, in advance of 
the Fill/Draw Phase. 

 

Symbol definition   Pump On    Pump Off        Valve Open   Valve Closed 

Legend CV1 – Circulation valve 1, CV2 – Circulation valve 2, EV – Equalisation 

valve, CP1 – Circulation pump 1, CP2 – Circulation pump 2 
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3.4.4 Influent Wastewater 

Figure 3.6 illustrates rainfall data from a local weather station (Gurteen College) and 

volumetric flow data and demonstrates the impact storm water had on volumes influent 

to PFBR 1.  

 

Figure 3.6: Daily rainfall data taken from Gurteen College weather station (MET, 2012) (17.5km 

from Moneygall) and influent volumetric data  

3.5 LABORATORY-SCALE PUMPED FLOW BIOFILM REACTOR (PFBR 2) 

3.5.1 System overview 

A laboratory-scale PFBR wastewater treatment unit was constructed for this study. The 

unit was located in a temperature controlled room in the Environmental Engineering 

laboratory, NUI, Galway. The ambient temperature was maintained between 10 and 

11oC, which is similar to a reported average annual wastewater temperature in Ireland 

and northern European countries (Gray, 2004). The influent comprised domestic 

strength synthetic wastewater (section 3.5.3); this was prepared twice weekly and stored 

beside the laboratory unit in the temperature controlled room.  

3.5.2 Laboratory apparatus 

The apparatus comprised two side by side reactor tanks (Feed reactor and Discharge 

reactor), each with a working volume of 17 L, and a separate 80 L feed tank (Figure 3.7 

and Figure 3.8). Each reactor tank contained a stationary plastic media. A submersible 

pump was used to pump influent synthetic wastewater into the Feed reactor at the 

beginning of each treatment cycle. During aeration periods, two magnetically coupled 
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circulation pumps (rated at 35 l/min) and an equalisation solenoid valve, all located 

beneath the reactor tanks, conveyed the bulk fluid from one reactor to the other. At the 

end of a treatment cycle, treated wastewater was discharged from the Discharge reactor 

through a discharge solenoid valve. Four float switches were positioned within the two 

reactor tanks, one at the low level of each reactor, one at the feed level in the feed 

reactor and one at the discharge level of the Discharge reactor. The low level float 

switches (one in each reactor) were used to terminate the corresponding pump emptying 

the reactor into the other reactor. The second float switch in the Feed reactor was used 

to terminate the feed pump during the Fill phase. The second float switch in the 

Discharge reactor was used to close the discharge solenoid valve during the Discharge 

phase. 

The unit was automated using a programmable logic controller (PLC) using a 

specifically built programme.  

 

 

Figure 3.7: Image of PFBR 2 

 

Circulation Pump (C1)

Equalisation Valve

On/Off Switch
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Figure 3.8: Schematic of PFBR 2 

The two identical reactors internally measured 240 mm by 240 mm in plan and 400 mm 

in height. The biofilm media modules in each reactor were positioned 50 mm above the 

base, 10 mm from three walls and 50 mm from the forth wall of each reactor (to allow 

insertion of monitoring sensors). The free space beneath the modules ensured that any 

sludge accumulated at the base of the reactors was kept separate from the biofilm media 

modules. Each biofilm media module measured 220 mm by 180 mm in plan and 300 

mm high. The media had a specific surface area of 230m2/m3 giving a total surface area 

of 6.5m2 (including internal walls) was available for biofilm growth.  

3.5.3 Synthetic wastewater   

A synthetic wastewater, simulating a high strength wastewater was made using the 

recipe shown in Table 3.7. This recipe was used in previous laboratory scale studies 

conducted by O’Reilly (2011). An average feed volume of 6.9 litres was pumped into 

the Feed Reactor at the beginning of each treatment cycle. 
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Table 3.7: Composition of synthetic wastewater used PFBR 2 

Constituents 
Concentration 

(mg/l) 

Sodium acetate trihydrate (CH3COONa.3H2O) 1610 

Sodium bicarbonate (NaHCO3) 520 

Dried Milk 480 

Urea (CH4N2O) 250 

Ammonium chloride (NH4Cl) 240 

Sodium phosphate dibasic dodecahydrate (Na2HPO4.12H2O) 200 

Potassium bicarbonate (KHCO3) 200 

Magnesium sulphate heptahydrate (MgSO4.7H2O) 200 

Yeast Extract 120 

Calcium chloride hexahydrate (CaCl2.6H2O) 12 

Ferrous sulphate heptahydrate (FeSO4.7H2O) 8 

Manganese sulphate monohydrate (MnSO8.H2O) 8 

3.5.4 System control 

The laboratory-scale PFBR unit was operated as a sequencing batch biofilm reactor 

(SBBR). The treatment cycle was controlled using a PLC which allowed the following 

typical SBR phases to be executed; Fill, Anoxic, Aeration, Settle and Discharge. Table 

3.8 details the treatment process and water levels during each phase.  
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Table 3.8: Overview of PFBR 2 treatment cycle 

Phase (Step) Operation Description Illustration 

Fill (1) Feed pump on FP fills FR up-to the high level float switch   

 

Post Fill (2) 
Circulation pump 
2 on 

CP2 is switched on, transferring liquid content 
of DR into FR. The DR low level float switch 
stops CP2 

 

Anoxic (3)  
Wastewater is held in quiescent conditions in 
FR for a period of time to achieve 
denitrification.  

 

Aerobic – 

Repeated 18 

times (4a) 

Equalisation 
EV is opened, allowing wastewater to flow by 
gravity from FR to DR until an equal level is 
achieved. 

 

(4b)/(4c) 
Pump: CP1-On/ 
Rest 

(4b) The remaining wastewater in FR is 
pumped into DR using CP1.  
(4c) Wastewater is allowed to rest in DR.  

 

(4d) Equalisation 
EV is opened, allowing wastewater to flow by 
gravity from DR to FR until an equal level is 
achieved. 

 

(4e)/(4f) 
Pump: CP2-On/ 
Rest 

(4e) The remaining wastewater in DR is 
pumped into FR using CP2. 
(4f) Wastewater is allowed to rest in FR.  

 

Pre-Draw (5) 

EV 
CP1 
 

Using EV and CP1, treated wastewater is 
moved between FR and DR, in advance of the 
settle Phase. 

 

Settle (6)  Wastewater is allowed to rest in DR. 

 

Discharge  
DV is opened, removing treated effluent from 
DR. The high level float switch in DR closes 
the valve and begins the next cycle 

 
Symbol definition   Pump On    Pump Off        Valve Open   Valve Closed 

Legend FR – Feed Reactor, DR – Discharge Reactor, EV – Equalisation valve, CP1 – 

Circulation pump 1, CP2 – Circulation pump 2, DV- Discharge valve 
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A Siemens LOGO! PLC was used to control the cycle and all operations within the 

cycle as per Table 3.9. 

The treatment phase times were adapted from previous laboratory studies (O’Reilly 

2011) and designed to achieve organic carbon removal, nitrification and denitrification.    

Table 3.9: PFBR 1: Phase and operational times  

Phase times for overall 

cycle 

Operational times during the 

aeration phase 

Phase time 
(minutes) 

Operation time 
(minutes) 

Fill (1) 1 EV (4a) 2 

Post fill (2) 0.5 CP1 (4b) 1 

Anoxic (3) 60 Rest (4c) 5 

Aeration (4)  272 EV (4d) 2 

Settle (5) 20 CP2 (4e) 1 

Discharge (6) 3 Rest (4f) 5 

Total Cycle 357 Cycle count 18 

3.6 Wastewater Analysis 

3.6.1 Laboratory procedures    

Experimental procedures were carried out in accordance with standard procedures 

(APHA, 2005) and are detailed in Appendix B. All samples were filtered using 1.2µm 

Whatman GF/C microfiber filters. Filtered and unfiltered COD was tested using 

Lovibond chemical oxygen demand (COD) test kits. Nutrient analysis of SBR 2 

samples was different from procedures used in the other studies as  SBR 2 analyses was 

carried out in a separate laboratory with different equipment.  

Nutrient analysis of PFBR 1, PFBR2 and SBR 1 samples: 

Filtered wastewater samples were tested for ammonium nitrogen (NH4-N), nitrate 

nitrogen (NO3-N), nitrite nitrogen (NO2-N), total oxidised nitrogen (TON), ortho-

phosphorus (PO4-P) and alkalinity using a Thermo Clinical Labsystems, Konelab 20 

nutrient analyser (Fisher Scientific, Waltham, Massachusetts, United States). Total 

nitrogen (both filtered and unfiltered) was measured using a BioTector analyser 

(BioTector Analytical Limited, Cork, Ireland).  
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Nutrient analysis of SBR 2 samples: 

NH4-N was tested using Lovibond NH4-N high range (0-50mg/l) test kit. NO3-N was 

tested using Lovibond NO3-N (0.2-30 mg/l) test kit. Total nitrogen (TN) was measured 

using Lovibond total nitrogen (10-150 mg/l) test kit and PO4-P was tested using 

Lovibond orthophosphate-phosphorus (3-60 mg/l) test kit. 

3.7 Monitoring equipment  

The NUI Galway Mobile, Remote and Monitoring Control System (MRMC - 

https://tinyurl.com/y9bwoz6r) was used to monitor critical parameter trends in PFBR 1, 

SBR 1 and SBR 2. A set of hand held sensors were used to monitor critical parameter 

trends in conjunction with intensive phase studies in PFBR 2. 

Monitoring equipment used in PFBR 1, SBR 1 and SBR 2: 

The MRMC was equipped with two sc1000 multi meters (Hach Lange) which in 

conjunction with a FoxBoro 6180af data-logger analysed and recorded data from a 

series of sensors. In each site pH and ORP trends were monitored using 1200-sc digital 

electrodes (Hach Lange). DO was monitored using a LDO dissolved oxygen sensor 

(Hach Lange). NH4-N trends were monitored using a combination of an AN-ICE sc 

combination sensor (Hach Lange) and a NH4D sc ICE sensor (Hach Lange). NO3-N 

trends were monitored using a Nitrate sc UV Nitrate sensor (Hach Lange).  All of the 

above sensors were maintained and calibrated as per manufacturer’s specifications.  

Monitoring equipment used in PFBR 2: 

Two HQ40D portable data-logging multi meters (Hach Lange) recorded data from a 

series of sensors during intensive studies. ORP trends were measured using an IntelliCal 

ORP electrode (Hach Lange), pH trends were measured using a Hach pH gel sensor 

(Hach Lange). DO trends were measured using a LDO dissolved oxygen sensor (Hach 

Lange).  
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3.8 Monitoring and sampling procedures  

3.8.1 SBR 1 

Influent samples were taken from the primary tank of the pilot unit and effluent samples 

were taken from a collection vessel placed on the discharge line of the pilot unit. 

Samples were frequently collected and taken to a laboratory in Tullamore where they 

were filtered and frozen. The frozen samples were taken to the Environmental 

Laboratory in NUI Galway for testing. NH4-N, NO3-N, pH, ORP and DO sensor were 

fitted approximately 0.5 m below the lowest liquid level of the reaction chamber. 

Readings from each sensor were recorded at 1 minute intervals throughout the study.    

3.8.2 SBR 2 

Grab Influent and effluent samples were taken frequently throughout the duration of the 

study. All samples were taken to a Laboratory in Tullamore where they were 

immediately filtered and stored at 4oC and tested within 24 hours. Testing of all samples 

was also carried out in Tullamore. Sensors monitoring pH, ORP, DO, NH4-N and NO3-

N were placed approximately 1.2 m below the lowest liquid level of the reaction 

chamber. Readings from each sensor were recorded at 1 minute intervals throughout the 

study.    

3.8.3 PFBR 1 

Influent samples were taken from the buffer tank using a refrigerated automatic 

sampler. Effluent samples were taken from the clarifier using a refrigerated automatic 

sampler set up to take each sample after the PFBR discharged into the clarifier. 

Collected samples were stored at 4oC in the refrigerated samples. They were transported 

to the Environmental Laboratory in NUI Galway where they were immediately filtered. 

Filtered samples were stored at 4oC prior to testing and tested within 24 hours. pH, ORP 

and NH4-N sensors were placed 300mm off the floor of the feed reactor. As this was in 

a zone which was permanently saturated limiting interference by air exposure. Readings 

from each sensor were recorded at 1 minute intervals throughout the study.   
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3.8.4 PFBR 2 

Influent and effluent grab samples were taken frequently throughout the study. Influent 

samples were taken from the feed tank. Effluent samples taken from a collection 

chamber installed downstream of the discharge valve. All samples were immediately 

filtered, stored at 4oC and tested within 24 hours. A number of intensive studies (IS) 

were carried out on PFBR 2.  Throughout each IS 10 ml grab samples were taken using 

a pipette from the bottom of the feed reactor at 20 minute intervals to determine changes 

in contaminant concentrations throughout a treatment cycle. The final settlement phase 

occurred in the discharge reactor and thus the monitoring stopped after completion of 

the aeration phase.  

DO, pH and ORP trends were determined by immersing sensors in the bulk fluid of the 

feed reactor. The sensor were carefully placed ensuring each sensor head was constantly 

submerged on the bottom of the reactor. This prevented exposure of the sensors to air 

which would interfere with readings. Values were recorded at 5 minute intervals.    

3.9 Summary 

This chapter describes the design, construction and operation of four test units. These 

unit were largely based on real-world wastewater treatment challenges with the 

exception of PFBR 2.  The chapter provides an overview of the various studies carried 

out during this study and summarises the operation methods, sampling regime and 

analysis and monitoring methods. 
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4 EXPERIMENTAL RESULTS 

4.1 INTRODUCTION 

Four wastewater treatment units were investigated in this study – two sequential batch 

reactor (SBR) units and two pumped flow biofilm reactor (PFBR). This chapter 

describes the performance of each of these units and forms the backdrop to the detailed 

analysis presented in later chapters. It should be noted that for each experiment 

presented, influent NO3-N concentrations were consistently less than 1 mg N/l and are 

not presented.  

4.2 SBR 1 

A field scale SBR unit (SBR 1) was installed and monitored while treating a wastewater 

side stream from a small housing development detailed in Chapter 3. During normal 

operation the unit was monitored using NH4-N, DO, pH and ORP sensors. Grab influent 

and effluent samples were taken throughout the study. Monitoring and sampling 

regimes are detailed Chapter 3.  

4.2.1 Overall performance 

Average influent and effluent results from the SBR 1 study are summarised in Table 

4.1.  

Table 4.1 SBR 1 - Overall performance 

Parameter 

Average 

influent 

Influent 

st.dev. 

Average 

effluent 

Effluent 

st.dev. % 

removal 

n
1
 

Influent 

/Effluent mg/l mg/l mg/l mg/l 

CODf 405 126 120 85 70 9/14 

TN 87 36 16 8 82 12/18 

NH4-N 49.6 20 1.1 1.2 98 17/28 

NO3-N - - 2.5 4.3 - -/27 

1 n is number of samples 

4.2.1.1 Organic carbon 

Influent and effluent filtered COD sample results are presented in Figure 4.1. The 

average CODf removal rate was 70% resulting in an average effluent CODf 

concentration of 120 mg/l. COD was not measured after 25 days, as the system was 
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deemed to have reached steady state conditions, based on the stability of the effluent 

NH4-N concentrations presented in Figure 4.2. 
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Figure 4.1 SBR 1 - Influent and effluent CODf 

4.2.1.2 Nitrogen 

Influent and effluent NH4-N concentrations are presented in Figure 4.2. The average 

influent NH4-N concentration was 49.6 mg N/l, and effluent concentration averaged 1.3 

mg N/l, resulting in an average removal efficiency of 98%. 
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Figure 4.2 SBR 1 - Influent and effluent NH4-N  

 

4.2.1.3 NH4-N 

A typical NH4-N profile for a typical treatment cycle is displayed in Figure 4.3. An 

increase in NH4-N concentrations was observed in the aeration phase. This is likely due 

to mixing of influent wastewater with the bulk liquid in the reactor when the aerator was 

first operated. Following the peak, NH4-N concentrations decreased due to both organic 
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carbon oxidation and subsequently nitrification. At about 225 minutes the rate of 

decrease reduced/levelled off and continued thus for the remainder of the cycle.     
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Figure 4.3 SBR 1 - Typical NH4-N profile 

 

4.2.1.4 DO 

A DO profile for a typical treatment cycle is presented in Figure 4.4. DO concentrations 

initially decreased during the fill phase. During the aeration phase a regular alternating 

pattern was observed. This trend is related to the operation of the aeration system which 

was switched on for 5 minutes and switched off for 15 minutes throughout the entire 

phase. A sudden increase in DO can be identified at 225 minutes (Point A in Figure 

4.4). This increase corresponds to a decrease in bacterial respiratory activity due to the 

depletion of NH4-N, at this point nitrification is generally considered complete (Akin 

and Ugurlu, 2005). During the Settle phase DO concentrations decreased slightly and a 

further sharp decrease can be observed in the discharge phase.     
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Figure 4.4  - Typical DO and NH4-N profiles 
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4.2.1.5 pH 

Figure 4.5 presents a typical pH profile observed during the SBR 1 study. During the 

aeration phase pH values increased and decreased in an alternating pattern. This can 

also be linked to the aeration regime. The general pH trend decreased initially during 

the aeration phase. This decrease is probably associated with the consumption of 

alkalinity by the nitrification process (Kim et al., 2004). After approximately 225 

minutes pH increased rapidly; this point is known as the ammonia valley (Point A in 

Figure 4.5) and corresponds to the end of nitrification. The increase in pH can be 

attributed to air stripping of CO2. pH decreased slightly during the Settle phase. This is 

likely due to accumulation of CO2 produced during respiration processes.  
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Figure 4.5 SBR 1 - Typical pH and NH4-N profiles 

4.2.1.6 ORP 

A typical ORP trend is presented in Figure 4.6. Initially, ORP values decreased during 

the fill phase. As mentioned previously the observed pattern can be attributed to the 

aeration regime. ORP values then increased throughout the aeration phase. A sudden 

sharp increase can be identified at around 225 minutes (Point A in Figure 4.6) followed 

by a lower rate of increase over the remainder of the cycle. Similarly to the DO profile, 

ORP values decreased throughout the Settle phase.     
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Figure 4.6 SBR 1 - Typical ORP and NH4-N profiles 

4.3 SBR 2 

A commercial scale SBR (SBR 2) was monitored while treating wastewater from a 

nursing home over a 111 day period. During normal operation the unit was monitored 

using NH4-N, DO, pH and ORP sensors. Grab influent and effluent samples were taken 

throughout the study. The set-up of SBR 2 during this study including monitoring 

regimes are detailed in Chapter 3.  

4.3.1 Overall performance 

This facility was operating for a number of years prior to this study and the operation 

regime was not changed for this study. Average influent and effluent parameters from 

SBR 2 are summarised in Table 4.2.  

Table 4.2 Overall performance of SBR 2 

Parameter 

Average 

influent 

Influent 

st.dev. 

Average 

effluent 

Influent 

st.dev. % 

removal 

n 

Inf/Eff 
mg/l mg/l mg/l mg/l 

CODuf 397 55 48 23 88 7/7 

BOD 207 30 6 3 97 4/7 

TN 32 6 8 2 76 5/6 

NH3-N 16.6 4.3 1.0 1.8 94 7/8 

NO3-N - - 1.2 0.5 - -/7 

PO4-P 5.7 1.3 1.3 1.2 80 2/5 

n is number of samples; Inf – Influent; Eff - Effluent 
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4.3.1.1 Organic carbon 

Influent and effluent unfiltered COD sample results are presented in Figure 4.7. 

Average influent CODuf was 398 mg/l. The CODuf average removal rate was 88% 

resulting in an average effluent CODuf concentration of 48 mg/l. 
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Figure 4.7 SBR 2 - Influent and effluent CODuf 

4.3.1.2 Nitrogen 

Nitrification and denitrification (as evidenced by the low effluent oxidised nitrogen and 

total nitrogen (TN) concentrations) was consistent throughout the study (Figure 4.8). 

The average influent NH4-N concentration was 16.6 mg N/l. The average NH4-N 

removal rate over the course of the study was 94 % resulting in an average effluent 

concentration of 1.0 mg N/l. Influent TN concentrations in SBR 2 averaged 32 mg N/l, 

with a corresponding average effluent concentration of 8 mg N/l; an average removal 

efficiency of 76% (Figure 4.9).  
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Figure 4.8 Influent and effluent NH3-N and effluent NO3-N: SBR 2 
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Figure 4.9 SBR 2 - Influent and effluent filtered TN 

4.3.1.3 Phosphorus 

Phosphorus concentrations were monitored throughout the study. The average influent 

PO4-P was 5.7 mg P/l and the average effluent PO4-P concentration was 1.3 mg P/l.  

4.3.1.4 NH4-N 

A NH4-N profile from a typical SBR 2 treatment cycle is presented in Figure 4.10. 

Despite the largest influent load occurring in the initial feed phase, peak NH4-N 

concentrations were not observed until the first aeration period. This can be attributed to 

limited mixing during the anoxic phase which did not appear to be sufficient to 

completely mix wastewater within the tank. NH4-N concentrations decreased during the 

first aeration period by about 57% (of peak NH4-N concentration) - likely due to both 

organic carbon removal and nitrification. A fill in the second aeration period increased 

NH4-N concentrations thereafter during this period NH4-N concentrations decreased by 

53%. A slight increase in NH4-N concentrations were observed in the third fill at the 

start of the third aeration period. Overall NH4-N removal over the entire aeration phase 

was 72% with an effluent concentration of 1.2 mg N/l.    
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Figure 4.10 SBR 2 - Typical NH4-N profile 

4.3.1.5 DO 

A DO profile for a typical treatment cycle is presented in Figure 4.11. The DO profile 

confirms DO conditions conducive to denitrification (< 0.2mg/l) were present during 

the anoxic phase. During each of the three aeration periods, DO concentrations were 

observed to increase with the operation of the aeration system. Oxygen demand 

decreased with decreasing organic carbon and NH4-N concentrations, resulting in an 

increase in the DO concentrations (particularly observable during the third aeration 

period). 
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Figure 4.11 SBR 2 - Typical DO and NH4-N profiles 

4.3.1.6 pH 

Figure 4.12 presents a typical pH profile observed during the SBR 2 study. pH 

increased initially in the Anoxic phase following the fill phase. pH subsequently 

decreased during the remainder of the Anoxic phase and continued to decrease into the 

first aeration period (see section 2.7.3). A sudden pH decrease was observed when 

aeration began; this may be attributed to the agitation of the bulk liquid with the fill 

liquid, thus causing dilution of influent alkalinity. pH then increased over the remainder 

of the first aeration phase. During the fill component of the second aeration phase pH 

decreased. An increase was witnessed until aeration began where a sudden decrease 

occurred. This was followed by an increase for the remainder of the phase. pH 

decreased at the beginning of the third aeration phase and increased for the aeration 

component. During the Settle phase pH decreased. This decrease can be associated with 

CO2 accumulation as oxygen was used up in respiration (which may have continued in 

the respiration phase).  
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Figure 4.12 SBR 2 - Typical pH and NH4-N profiles 

4.3.1.7 ORP 

A typical ORP profile is presented in Figure 4.13. Initially ORP decreased during the 

fill phase indicating an electron reduction potential. A number of spikes were observed 

during the Anoxic phase which corresponded to mechanical mixing within the tank. In 

the first aeration period ORP values increased after 20 minutes, coinciding with the 

operation of the aeration system. ORP subsequently decreased sharply at the start of the 

second aeration period, as new wastewater was pumped into the system. ORP increased 

during the second aeration period. ORP values decreased slightly at the start of the third 

aeration period corresponding to new wastewater being pumped into the system before 

increasing again. ORP decreased slightly during the Settle phase.  
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Figure 4.13 SBR 2 - Typical ORP and NH4-N profiles 

4.4 PFBR 1 

A municipal scale PFBR unit (PFBR 1) was evaluated over a 47 day period during 

normal operation. Influent and effluent grab samples were taken and sensors were used 

throughout this study to monitor NH4-N, pH and ORP. The set-up of PFBR 1 including 

monitoring regimes was detailed in Chapter 3.  

4.4.1 Overall performance 

Average influent and effluent parameters from PFBR 1 are summarised in Table 4.3. 

The average influent hydraulic load for the test period was 60m3/day. 

Table 4.3 PFBR 1 - Overall performance 

Parameter 

Average 

influent 

Influent 

st.dev. 

Average 

effluent 

Influent 

st.dev. % 

removal 

n 

Inf/Eff 
mg/l mg/l mg/l mg/l 

BOD5 121 43 3 3 98 26/40 
14 CODuf 149 59 24 9 83 8.9/17 

SS 54 18 4 2 93 1.6/46 

NH4-N 13.9 4.4 0.9 0.7 94 36/46 

NO3-N - - 8.6 
 

1.1 - -/46 

TNt 18 6 12 1 31 36/38 

n is number of samples; Inf – Influent; Eff - Effluent 
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4.4.1.1 Organic carbon 

Influent and effluent unfiltered COD (CODuf) sample results are presented in Figure 

4.14. Average influent CODuf and BOD5 concentrations were 149 mg/l and 121 mg/l 

respectively. The corresponding biofilm media surface area loading rates were 0.30 

g/m2.d and 0.24 g/m2.d for CODuf and BOD5 respectively. Removal rates were 98% and 

83% corresponding to effluent concentrations of 2 and 9 mg/l for BOD5 and CODuf 

respectively.  

u
n

fi
lt

er
ed

 C
O

D
 (

m
g

/l
) 

 

 

 Time (days)  
Figure 4.14 PFBR 1 - Influent and effluent unfiltered COD 

4.4.1.2 Nitrogen 

Nitrification and denitrification were consistently observed throughout the study (Figure 

4.15 and Figure 4.16). Influent TN and NH4-N concentrations averaged 18 mg N/l and 

14 mg N/l respectively. The biofilm media surface area loading rate was 35 g/m2d for 

TN and 28 mg N/m2d. Effluent concentrations averaged 0.7 mg N/l and 1.1 mg N/l for 

NH4-N and TN respectively corresponding to average removal rates of 94 and 31% 

respectively. 
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Figure 4.15 PFBR 1 - Influent and effluent NH4-N 
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Figure 4.16 PFBR 1 - Influent and effluent TN 

 

4.4.1.3 NH4-N 

A typical NH4-N profile is presented in Figure 4.17. NH4-N concentrations increased 

during the fill phase and then remained relatively steady throughout the anoxic phase. 

As expected NH4-N concentrations decreased during the aeration phase. A pattern is 

evident which can be linked to the movement of the bulk liquid between the reactors. A 

rapid decrease in NH4-N concentrations was experienced in the first transfer; thereafter 

the rate of change generally decreased with every transfer. Due to instrumentation error 

with the NH4-N sensor true NH4-N concentrations were not considered accurate; 

however, it is believed the trends were representative as they matched expected trends 

similar to that observed in SBR NH4-N profiles. To counteract this, the acquired NH4-N 

trends were normalised between 0 and 1 prior to any further examinations. It was not 

possible to remedy the sensor issue due to time constraints applied by the WWTP 

operator and the time required to fix/replace the faulty sensor.  
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Figure 4.17 PFBR 1 - Typical NH4-N profile (vertical lines indicate the start of Reactor 1 rest 

periods which each last 10 minutes) 

 

4.4.1.4 pH 

A typical pH trend from PFBR 1 is displayed in Figure 4.18. During the anoxic phase 

pH decreased. This is consistent with anoxic conditions in SBR systems (Kim et al., 

2004). pH values then increased following the initial aeration phase, it is likely this is 

due to inadequate mixing during the fill period. Throughout the remainder of the cycle a 

general downward trend can be seen. pH values were observed to stabilise as the cycle 

progressed (in this case after approximately 200 minutes).  
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Figure 4.18 PFBR 1 - Typical pH profile (vertical lines indicate the start of Reactor 1 rest periods) 
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denitrification has been completed (Akin and Ugurlu, 2005). In the subsequent aeration 

phase a general up-down pattern can be identified and an overall rise in ORP is evident.  
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Figure 4.19 PFBR 1 - Typical ORP profile (vertical lines indicate the start of Reactor 1 rest periods) 

4.4.1.6 Variations in an aeration period 

ORP and pH trends during a typical aeration period are displayed in Figure 4.20a and b 

respectively. The initial vertical line in each graph indicates the start of a 10 minute Rest 

period with Reactor 1 full (Rest 1). Small variations in each parameter are evident 

throughout this period; in relation to ORP there was an initial rise in values and 

subsequent decline until equalisation began. Relatively small changes can be seen 

during Equalisation 1 and Pump 1 (moving Reactor 1 contents into Reactor 2). A 

decline in ORP values can be seen throughout Rest 2. A significant increase is evident 

in Equalisation 2, with little change during Pump 2. There is an overall ORP increase 

between the start and end of this aeration phase. Little or no movement occurs during 

the rest periods and the sensors were located below the media where little activity 

occurs, and therefore changes, similar to that in Equalisation 2, occurred as treated 

liquid from the vicinity of the biofilm was moved, this trend was leveraged as part of 

the analysis presented in Chapters 5 and 6. 

During Rest 1 pH decreased, subsequently a significant increase was noted at the 

beginning of Equalisation 1 with a subsequent decrease which continues into Pump 1. 

Within Rest 2 there is an overall decrease. A continuation of this decrease can be seen 
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Figure 4.20 a) PFBR 1 - typical ORP trend for an aeration period, b) PFBR 1 - typical pH trend for 

an aeration period 

4.5 PFBR 2 

The performance of the laboratory scale PFBR unit (PFBR 2) treating synthetic 

wastewater was evaluated over a 78 day period. The laboratory unit was operated to 

achieve carbon removal, nitrification and some denitrification with a daily hydraulic 

influent of 35 litres. Data was collected from 7 phase studies using methods described in 

section 3.5, however, due to a lack of available automated monitoring equipment, it was 

not possible to collect enough NH4-N data to execute the techniques outlined in chapters 

5 and 6. Trends from a typical treatment cycle are described here. Procedures, materials 

and methods, and set-up unique to this study are described in Chapter 3. 

4.5.1 Overall performance 

Average influent and effluent parameters from PFBR 2 are summarized in Table 4.4.  

Table 4.4 PFBR 2 - Overall performance 

Parameter 

Average 

influent 

Influent 

st.dev. 

Average 

effluent 

Influent 

st.dev. % 

removal 

n 

Inf/Eff 
mg/l mg/l mg/l mg/l 

CODf 200 70 11 8 95 10/20 

SS 33 8 1 1 97 4/15 

NH4-N 25.0 15.5 2.5 2.49 90 11/16 

NO3-N - - 4.0 1.5 - -/12 

PO4-P 5.0 1.3 4.0 1.5 20 11/16 

n is number of samples; Inf – Influent; Eff - Effluent 
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4.5.1.1 Organic Carbon 

Influent and effluent filtered COD sample results are presented in Figure 4.21. Influent 

CODf concentrations during the study averaged 200 mg/l. This represents a biofilm 

media surface area loading rate of 1,074 mg CODf/m
2.d. The average effluent CODf 

concentration was 11 mg/l giving an average removal efficiency of 95 %.    
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Figure 4.21: PFBR 2 - Influent and effluent filtered COD 

4.5.1.2 Nitrogen 

The average influent NH4-N concentration was 25 mg N/l. This represents a biofilm 

media surface area loading of 135 mg N/m2.d. The average effluent NH4-N 

concentration was 2.5 mg N/l giving an average removal efficiency of 90%. Effluent 

NO3-N concentrations averaged 4.0 mg N/l. Figure 4.22 presents influent and effluent 

NH4-N concentrations and effluent NO3-N concentrations. Effluent NH4-N 

concentrations were consistent throughout the study.  
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Figure 4.22 PFBR 2 - Influent and effluent NH4-N and effluent NO3-N 
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4.5.1.3 NH4-N 

A typical NH4-N profile is presented in Figure 4.23. NH4-N concentrations increased in 

the Fill phase as expected and then remained steady throughout the anoxic phase. A 

decrease in NH4-N concentrations was evident throughout the aeration phase. Figure 

4.24 illustrates a typical NO3-N profile for PFBR 2. A decrease in NO3-N is clearly 

visible in the anoxic phase as a result of denitrification. NO3-N concentrations increased 

throughout the aeration phase as NH4-N was converted into NO3-N. 
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Figure 4.23 PFBR 2 – NH4-N profile 
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Figure 4.24 PFBR 2 - Typical NO3-N profile 
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4.5.1.4 Phosphorus 

Phosphorus concentrations were measured throughout the study. Influent and effluent 

concentrations averaged 5.0 mg P/l and 4.0 mg P/l respectively. 

4.5.1.5 DO 

Figure 4.25 presents a typical DO profile for PFBR 1. DO concentrations decreased 

throughout the anoxic phase. Conditions suitable for denitrification (<0.2 mg/l) were not 

present until approximately 30 minutes into the phase. During the aeration phase DO 

concentrations were observed to rise and as with PFBR 1 DO concentrations generally 

increased throughout the aeration phase. Peak DO concentrations during each transfer 

then stabilised after approximately 200 minutes (likely due to on-going microbial 

activity) before increasing more rapidly after approximately 275 minutes. This sudden 

increase may be related to a reduction in bacterial respiratory activity due to the 

depletion of the substrate.  
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Figure 4.25 PFBR 2 - Typical DO profile 

4.5.1.6 pH 

A typical pH trend is displayed in Figure 4.26. During the anoxic phase and into the 

early stages of the aeration phase pH values increased. Thereafter an oscillating pattern 

related to the fill, empty regime of the system was observed throughout the aeration 

phase. pH values were observed to increase at a greater rate for the remainder of the 

cycle after approximately 250 minutes. An expected ammonium valley corresponding to 

the end of nitrification typical of those identified in SBR studies is not obvious here. 
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This could be due to the filling and emptying effect of the monitored reactor. However 

the increase after 250 minutes may be due to air stripping of carbon dioxide, which 

suggests nitrification was complete.    

pH
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Figure 4.26 PFBR 2 - Typical pH profile 

4.5.1.7 ORP 

A typical ORP trend is presented in Figure 4.27. ORP values varied slightly throughout 

the anoxic phase. An expected sudden decrease in ORP relating to the completion of 

denitrification was not identified Akin and Ugurlu, 2005), suggesting that denitrification 

was not completed. ORP values were observed to increase throughout the aeration 

phase. The rate of increase was greater between 60 minutes and 250 minutes of the 

treatment cycle than throughout the remainder of the aeration phase, which is similar to 

observed SBR ORP profiles. This variation in the rate of change corresponds to a 

similar trend in the pH profile.   
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Figure 4.27 PFBR 2 - Typical ORP profile 
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4.6 Conclusion 

This chapter describes the performance of the four wastewater treatment units outlined 

in Chapter 3. Treatment cycle trends for key parameters including NH4-N, pH, ORP, 

DO are detailed. The features of these trends were utilised in the development of low 

resource and advanced control procedures outlined in Chapters 5 and 6 respectively.    
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5 Low-resource methods 

5.1 INTRODUCTION 

This chapter presents and compares three novel methods developed to enable RTC of 

small and decentralised WWTPs that utilise batch treatment technologies (e.g. SBR and 

PFBR). Such facilities typically have limited onsite resources and therefore each 

method was developed to be compatible with low cost PLCs that are not typically 

capable of running complex logic, and are often deployed in smaller WWTPs. The 

developed methods leveraged a threshold value, which when reached would terminate 

the cycle. Each method was further optimised into subsets each with a unique selected 

threshold values. Typically three subsets were applied to each parameter (ORP and pH) 

for each low resource method developed.  

An assessment system was developed to assess the potential impact of each method on 

treatment cycle performance. This system comprised the application of a weighting and 

ranking system which was developed to enable an operator prioritise key concerns such 

as energy savings or discharge quality. The outcome of the process was the 

identification of the best overall method (Figure 5.1). Each method was developed to be 

adapted to a low cost PLC, however, for development purposes PC based software were 

utilised. The application of the final selected method to a low cost PLC is discussed in 

Chapter 7. 

 

 Figure 5.1 Overall low-resource procedure 

5.2 SBR 1 methods 

Chapter 4 discussed the pH and ORP profiles where cyclical rises and falls occurred as 

the aerator was switched on and off creating a peak (apex) and trough (nadir) in each 

aeration period. This pattern of alternating peaks/troughs could hinder the identification 
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of trends that could be used to terminate the aeration phase of a treatment cycle; 

however it was leveraged in the development of these methods. The three methods were 

each examined using 41 SBR 1 treatment cycles and are summarised below (each 

method is subsequently analysed in Sections 5.4 and 5.5): 

• Method 1 (m1) - examined the potential of utilising the initial rate of change in 

pH (pHm1) or ORP (ORPm1) values following each apex during an aeration 

phase. This method was examined as it indicates the microbial activity within 

the reactor potentially improving the accuracy of the prediction.  

• Method 2 (m2) - examined the potential of leveraging the change in pH (pHm2) 

and ORP (ORPm2) values between the apex and nadir of each aeration period. 

Similar to m1, m2 indicates the microbial activity within the reactor; however 

this is over a longer time period and was included to investigate if it would yield 

better results than the initial rate of change examined in m1. 

• Method 3 (m3) – examined the potential of utilising the rate of change of 

consecutive pHapex or ORPapex values over an aeration phase. The simplest study 

of the three tracks the overall change by the parameters over the course of the 

cycle. This method also has the longest time delay to the next termination point 

which may be an issue in facilities with larger aeration periods.     

 

In this study unprocessed pH and ORP data was examined; it may have been beneficial 

to utilise normalised data. However it would be challenging to normalise data in real 

time when applying the developed methods and therefore this was not utilised in this 

study. The procedures, materials and methods used in this study are described in 

Chapter 3. Overall system performance and sample phase studies for parameters of 

concern are discussed in Chapter 4. 

5.2.1 SBR1 method 1 - (m1)  

Method 1 was based on the observation that the initial rate of pH (pHm1) or ORP 

(ORPm1) change following each apex tended to decrease over the course of an aeration 

phase. Figure 5.2(a) illustrates a segment of a typical pH trend from an aeration phase. It 
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can be seen that the rate of change of pH after each apex decreased over the course of 

the cycle.  It can also be seen that the decrease in pH values was greatest initially 

following an apex and tailed off before the subsequent nadir was reached. It is likely 

this is due to a reduction in microbial activity and thus it was hypothesised that it could 

indicate an end to the nitrification process. A similar trend was observed in a typical 

ORP trend (Figure 5.3 (b)).  

Method 1 can be expressed mathematically in Eq. 5.1 and graphically in Figure 5.2b 

and Figure 5.3(b) for pH and ORP respectively.  

 A��(B?* =
['-�>(B?* − '-�> + 
(B?*]


  Eq. 5.1 

Where:  
Xm1(Pn):  pH or ORP slope for Method 1 during aeration period 

where X is pH or ORP depending on the data used 
Apex(Pn): pH or ORP value during aeration period n (Pn) 

Apex+t(Pn):  pH or ORP value at a time t following the apex during 
aeration period n 

t:    Selected time in minutes from Apex(Pn) to Apex+t(Pn)  

As an example the offset t was set at 4 minutes which was 20% of total aeration period. 
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Figure 5.2 (a) - SBR 1 pHm1: Segment of a sample pH trend plotted against time during the aeration 

phase with identified apexes; (b) - SBR 1 pHm1: Segment of an aeration period from a pH profile 

plotted against time illustrating the components of Eq. 5.1 
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Figure 5.3 a - SBR 1 ORPm1: Segment of a sample ORP trend plotted against time during the 

aeration phase with identified apexes;  b - SBR 1 ORPm1: Segment of an aeration period from an 

ORP profile plotted against time illustrating the components of Eq. 5.1 

 

5.2.1.1 SBR 1 m1 procedure 

A VBA macro was developed to gather the required data for SBR1, an overview of 

which is given in Figure 5.4.  
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5.2.1.2 SBR 1 m1 processed trends 

Figure 5.5(a) plots identified pHapex points, pH values and NH4-N concentrations against 

time for a sample treatment cycle. Method 1 pH slope (pHm1(Pn)) and NH4-N are plotted 

against time in Figure 5.5(b). The change in pHm1(Pn) was greatest at the beginning of 

the treatment cycle corresponding to a period with relatively high rates of NH4-N 

removal. As overall pH values increased following the end of nitrification, pHm1(Pn) 

decreased and stabilised for the remainder of the cycle.  
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Figure 5.5 (a) - pH and NH4-N plotted against time (vertical lines indicate identified pHapex points); 

(b) - pHm1(Pn) and NH4-N plotted against time 

 

Figure 5.6(a) presents ORPapex values with ORP and NH4-N profiles for a typical 

treatment cycle. Figure 5.6(b) presents ORPm1(Pn) and NH4-N concentrations plotted 

against time. ORPm1(Pn) was highest at the start of a cycle, it then reduced and remained 

steady at approximately 0.5; indicating nitrification had been completed. 
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Figure 5.6 (a) - SBR1 ORP and NH4-N plotted against time (vertical lines indicate identified 

ORPapex points); (b) - SBR1 ORPm1(Pn) and NH4-N plotted against time 
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5.4. 

5.2.2 SBR1 method 2 - (m2) 
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apex and nadir throughout an aeration phase. It can be seen that as the aeration phase 

progressed the difference in pH values between each apex and subsequent nadir initially 

decreased (e.g. between 80 and 180 minutes) and then, in general, remained stable after 

a period of time (after 180 minutes). A similar trend was noted for ORP values. 

pH
 

 

 Time (min) 
  
Figure 5.7 SBR 1 pHm2: Segment of a sample pH cycle plotted against time highlighting 

variations in pHapex and pHnadir values 

Method 2 is expressed mathematically in Eq. 5.2 and graphically in Figure 5.8(a) and 

Figure 5.8(b) for pHm2 and ORPm2 respectively. 

 A��(B?* =
['-�>(B?* −��"	�(B?*]


  Eq. 5.2 

Where:  
Xm2(Pn):  pH or ORP slope for Method 2 (m2) during aeration 

period n 
Apex(Pn): pH or ORP apex value during aeration period n 

Nadir(Pn):  Nadir (lowest) pH or ORP value during aeration period n  
t:  Time in minutes between Apex(Pn) and Nadir(Pn)
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aeration period 
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Figure 5.8(a) - SBR 1 pHm2: Segment of a pH aeration period plotted against time illustrating the 

components of Eq. 5.2; (b) - SBR 1 ORPm2: Segment of an ORP aeration period plotted against time 

illustrating the components of Eq. 5.2 

 

5.2.2.1 SBR 1 m2 procedure 

A VBA macro was developed to gather the required data for SBR1 m2, an overview of 

which is given in Figure 5.9. 

 

Figure 5.9: Overview of SBR 1 M2 excel macro 
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5.2.2.2 SBR 1 m2 processed trends 

Figure 5.10(a) plots the identified pHapex and pHnadir points, pH profile and measured 

NH4-N concentrations against time for a sample treatment cycle. pHm2(Pn) and measured 

NH4-N concentrations are plotted against time in Figure 5.10(b). It can be seen in 

Figure 5.10(b) that pHm2(Pn) values initially increased (due to the initial fill and mixing) 

and thereafter decreased as NH4-N removal proceeded. As pH values increased 

following the end of nitrification, pHm2(Pn) stabilised for the remainder of the cycle; the 

region (Label A in Figure 5.10(b)) where pHm2(Pn) migrated from a high value to a stable 

low value corresponded to the “ammonium valley”. 
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Figure 5.10a - SBR 1 pHm2: pH plotted with measured NH4-N concentrations against time (vertical 

lines indicate identified pHapex and pHnadir points); b - SBR 1 pHm2: pHm2(Pn) plotted with measured 

NH4-N concentrations against time 
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Figure 5.11a shows ORPapex and ORPnadir points, the ORP profile and measured NH4-N 

concentrations plotted against time for a sample treatment cycle. Calculated values for 

ORPm2(Pn) and measured NH4-N concentrations are shown in Figure 5.11(b). ORPm2(Pn) 

values were highest at the beginning of the treatment cycle (following initial fill and 

mixing) and gradually reduced with NH4-N removal. As ORP values increased 

following the end of nitrification, ORPm2(Pn) migrated from a high value to a stable low 

value” (Label A in Figure 5.11(b)). 
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Figure 5.11 (a) - SBR 1 ORPm2: ORP plotted with measured NH4-N concentrations against time 

(vertical lines indicate identified ORPapex and ORPnadir points); (b) - SBR 1 ORPm2: ORPm2(Pn) 

plotted with measured NH4-N concentrations against time 
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The above pH and ORP trends are typical of most cycles. The ability of pHm2(Pn) and 

ORPm2(Pn) values to aid optimisation of treatment performance is analysed in section 

5.4. 

5.2.3 SBR1 method 3 - (m3) 

Method 3 examined the potential of utilising the change in consecutive pHapex or 

ORPapex values over an aeration phase as a means to identify the end of nitrification  for 

pH (pHm3) and ORP (ORPm3) respectively (expressed in Eq. 5.3 for pH and Eq. 5.4 for 

ORP). 

 
pHm3(Pn) = -��-�>(B?*–	-��-�>(B?��*  

∀	n:	G > 2 Eq. 5.3 

Where: 
pHm3(Pn) Change in pH apex values between aeration period n and 

n-1 
pHapex(Pn): Sequential pHapex values from 2 to n aeration periods 

 

The point of accelerated ORP change known as the “ammonium elbow” (Akın & 

Ugurlu 2005) has been linked to the end of nitrification, it occurs as oxygen no longer 

acts as an electron acceptor for NH4-N resulting in increased dissolved oxygen (Holman 

2004). To exaggerate the accelerated increase, or spike, of ORP; ORPm3(Pn) was 

examined over three sequential apex points (Eq. 5.4). 

 

 
ORPm3(Pn) = {(�,B�-�>(B?��** − (�,B�-�>(B?**} − {(�,B�-�>(B?** −

(�,B�-�>(B?��**} 
∀	n:	G > 2 

 

Eq. 5.4 

 

Where: 
ORPm3(Pn) Change in ORP apex values between aeration periods n 

and n-2 
ORPapex(Pn):  Sequential ORPapex values from aeration periods 2 to n 
 

5.2.3.1 SBR 1 m3 procedure 

A VBA macro was developed to gather the required data for SBR 1 m3, an overview of 

which is given in Figure 5.12. 
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Figure 5.12 Overview of SBR 1 m3 VBA macro SBR 1 m3 processed trends 

 

Figure 5.13a shows pHm3(Pn) and measured NH4-N concentrations for a sample cycle. As 

can be seen pHm3(Pn) generally increased throughout the cycle before stabilising after a 

period of time. The point where pHm3(Pn) ascended above zero (i.e. the first pHm3(Pn) with 

a value greater than zero, Point A in Figure 5.13(a) was noted as generally 

corresponding to the end of nitrification.  

ORPm3(Pn) values and measured NH4-N concentrations are plotted against time in Figure 

5.13b. ORPm3(Pn) values were highest at the beginning of the treatment cycle following 

the fill phase and during subsequent dilution of the influent with the bulk liquid. 

Following a stabilised reduction in ORPm3(Pn) a spike (i.e. a sudden rise in the ORPm3(Pn) 

values; point A in Figure 5.13(b) is apparent which was related to the end of 

nitrification. 
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Figure 5.13(a) - SBR1 pHm3: pHm3(Pn) plotted with measured NH4-N; (b) - ORPm3: ORPm3(Pn) plotted 

with measured NH4-N over the course of a typical treatment cycle 

 

The application of this method is further analysed in section 5.4. 

5.3 Analysis of results 

5.3.1 Termination rules 

Following the development of each method, associated rules were developed to predict 

the point where an aeration phase should be terminated. Two rules for terminating the 

aeration phase were examined, namely; (i) threshold termination rule (TTR) and (ii) 

time delay termination rule (TDTR).  

(i) Threshold Termination rule (TTR) 
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termination threshold was used in lieu of a time value as was considered more flexible 

in accommodating variations caused by fluctuating influent characteristics. The TTR 

values were determined as follows: 

• Each Xmz(Pn) value and associated time value, for each aeration period n, was 

automatically logged for the treatment cycles analysed.  

• The Xmz(Pn) value and associated time value was then averaged across a group of 

treatment cycles (e.g. Xmz(Pn) and the associated time value for the first aeration 

period (n = 1) for every cycle were each averaged; this process was repeated for 

n = 2 … n).  

• Three threshold values (T1, T2 and T3), assessed as method subsets, were then 

calculated as follows: 

o Xmz(Pn), (T1): average  Xmz(Pn) data-points plus two standard deviations,  

o Xmz(Pn), (T2): average Xmz(Pn) data-points plus one standard deviation and  

o Xmz(Pn), (T3): average Xmz(Pn) data-points  

• A profile was generated by plotting the above threshold values against their 

associated time values (as calculated in Step 2). 

This process was applied to Methods 1 and 2 for pH and ORP profiles. Method 3 ORP 

required a unique threshold identification technique as termination of the cycle would 

be shown by a “termination spike” in the ORPm3(Pn) profile (Figure 6(b)) as opposed to a 

prolonged change as observed in the other Xmz(Pn) profiles. A database of ORPm3(Pn) 

spike values (from all available cycles) was prepared and the threshold values were 

calculated as follows;  

• ORPm3(T1): A value which successfully identified the termination spike of 60% 

of the total number of cycles,  

• ORPm3(T3): the threshold value that successfully identified the “termination 

spike” of all cycles and   

• ORPm3(T2) was the median value between ORPm3(T1) and ORPm3(T3)  

It is appreciated that the selection of ORPm3(T1) impacts ORPm3(T2) and could be changed 

however for the purposes of this study the above values were used and are further 

discussed below.  

In general it was hypothesised that where Xmz(Pn) values decreased over time a higher 

threshold value would result in a shorter treatment cycle but increased NH4-N 
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concentrations when the threshold is reached. A lower threshold value would result in 

reduced NH4-N concentrations on reaching the threshold value but a longer cycle time. 

The reverse would be true where Xmz(Pn) values increased over time.  

(ii) Time delay termination rule (TDTR) 

A unique termination rule was required for pHm3 as it was observed that the cycle could 

be terminated when pHm3(Pn) rose above a value of 0. Thus this rule proposed that once 

pHm3(Pn) values rose above zero the cycle would be terminated after a specified time (t) 

elapsed. For the purpose of this study three subsets were analysed; namely (i) pHm3(T1) 

(TD1), (ii) pHm3(T2) (TD2) and (iii) pHm3(T3) (TD3) with values of 0, 20 and 40 minutes 

respectively (though these values were chosen based on experience and for any situation 

could be changed). In general a longer time should enhance NH4-N removal, but 

negatively impact potential time/energy savings as the cycle would be terminated later.   

5.3.2 Minimum cycle time 

With the initial application of TTR and TDTR it was noted that in some cycles 

threshold values were reached prior to the peak NH4-N value, thus causing premature 

termination of cycles during the early periods of the aeration phase (i.e. when limited 

NH4-N removal had taken place). There were three separate causes of premature 

triggers; (i) the time required to mix influent with the bulk fluid impacted Xmz(Pn) 

profiles in the initial period of the aeration phase (Figure 5.14 (a)), (ii) Xmz(Pn) profiles 

remained above or below the threshold value from the start of the cycle until the end of 

the cycle (Figure 5.14 (b)), and (iii), which applied to ORPm3 only, and was caused by 

premature spikes after NH4-N concentrations peaked at the start of the cycle but prior to 

the termination spike (Figure 5.14 (c)).  

Thus to eliminate premature cycle termination a minimum cycle time was applied. The 

minimum cycle time for each individual subset was chosen by analysing the treatment 

cycles deemed to have a premature trigger and selecting the lowest value required to 

prevent a premature termination for the entire affected group. In all cases the minimum 
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cycle time incorporated the Fill phase and Anoxic phase (where these occur prior to 

aeration).  

To optimise the performance of each subset, minimum cycle times were assessed on an 

individual bases and therefore each subset for a particular method may have different 

minimum cycle values. Choosing a minimum cycle time common to all subsets could 

result in excessive time and energy penalties for other cycles (as they may continue 

longer than necessary). This was due to significant fluctuating influent organic and 

hydraulic loads creating outlier cycles requiring an excessively long minimum cycle 

time. To eliminate this, an intervening empirically decided “limiting value” was 

introduced to prevent excessively high minimum cycle times. If the required minimum 

cycle time for a subset exceeded the limiting value the average of all times to peak NH4-

N concentration in the affected group was chosen as the minimum cycle time for the 

subset. The empirically chosen limiting value is likely to be site specific and for this 

study 100 minutes was applied. 
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 Figure 5.14 (a) Sample cycle with identified PT(i); (b) PT(ii); and (c) PT(iii) 
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5.3.3 Assessment system 

To compare the efficiency of each method in optimising the treatment cycles it was 

necessary to develop a set of performance criteria. For example, in some cases where 

discharge limits are not stringent energy efficiency may be a priority whereas other sites 

might prioritise discharge limits. Thus a system was developed, that incorporated five 

criteria and enabled comparison between each method (at each threshold value) across a 

number of headings.  

Criterion 1: Percentage of successful cycles 

A successful cycle was defined as a cycle where Xmz(Pn) crossed the given threshold 

value. For some cycles the Xmz(Pn) value did not cross the threshold value and thus the 

cycle would not have been stopped before the allotted aeration phase time despite NH4-

N concentrations levelling off. Such cycles were considered as unsuccessful cycles (i.e. 

cycles in which the threshold analysed failed to shorten the length of the aeration phase 

despite NH4-N concentrations levelling off prior to the end of the cycle) and was 

calculated as per Eq. 5.5.  

 %	�M�����NM.	�9�.�� = (�#M���O
 * × ��� 
 

Eq. 5.5 

Where: 
 Csucc:   Number cycles terminated early 
 CTot:   Total number of cycles analysed 

 

Criterion 2: Potential NH4-N removal  

This criterion was defined as the percentage NH4-N removal achieved where the cycle 

would have been terminated by the method in question divided by the NH4-N removal 

actually achieved during the full treatment cycle (Eq. 5.6). 
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 ������(%* = (	���	-��Q −	���	
R���
	���	-��Q −	���	N	?�.

* × ��� Eq. 5.6 

Where: 
 NH4rem:   Potential NH4-N removal achieved (%) 

NH4 thres:  NH4-N concentration where the cycle is terminated (mg/l) 
NH4 final:  Final NH4-N concentration at the end of a full cycle 

(mg/l) 
NH4 peak:  Highest NH4-N concentration, usually shortly after fill is 

complete and adequate mixing has occurred (mg/l) 

 

Criterion 3: Average effluent NH4-N 

This criterion calculated the average NH4-N concentration at the termination of each 

cycle for each method.  

Criterion 4: Average time saving 

The average time saving criterion was assessed as the percentage of the full treatment 

cycle saved by the termination of the cycle by each method (Eq. 5.7). 

 O��S� = (� − O
R���
ON	>�"* × ��� Eq. 5.7 

Where: 

 Tsave:   Time saving (%) 
 Tthres:   Cycle time when the cycle was terminated (min)  
 Tfixed:   Fixed time cycle length (min) 

Criterion 5: Average energy saving 

Energy savings were calculated as the percentage of the total energy consumed during a 

full treatment cycle saved by the termination of a cycle by each method (Eq. 5.8). 

Energy consumption for the system was calculated using the power rating of each pump 

and the aerator (as these were the major electricity consumers).  

 T��S� = (� − T
R��� +T"	�
TN	>�" * Eq. 5.8 

Where: 

Esave:  Energy saved (%) 
Ethres:   Energy consumed prior to termination of the cycle (kWh) 

 Edis:   Energy consumed to discharge effluent (kWh) 

 Efixed:   Energy used by a full treatment cycle (kWh) 
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A correlation can be made between average time savings and average energy savings 

i.e. the results from time savings made in a reduced aeration phase were similar to the 

energy savings as mechanical aeration is reduced accordingly. Energy savings would be 

a more desirable assessment criterion due to the related cost savings to the operator and 

therefore the average time saving criterion was not used and the resuts were analysed 

with the average energy savings criterion only.   

5.3.4 Ranking system 

A ranking system was then developed to evaluate which method was optimal based on 

the above criteria. In consultation with WWTP operators weights were applied to the 

criteria outlined above. For indicative purposes the weights outlined in Table 5.1 were 

applied to this study. In general the overriding concern in WWTPs is to meet 

environmental regulations. As there were no regulatory discharge limits applied to this 

site (as it was a pilot study) a required effluent concentration of 2 mg NH4-N/l was 

chosen for indicative purposes.  

Table 5.1 applied weights 

Criteria Weight Comments 

Meet discharge limit <2 mg 
NH4-N /l 

4 
Ranked most important as facilities must achieve 
regulatory compliance 

Potential energy saving (%) 3 
If compliance has been achieved energy efficiency 
was seen as the next priority 

Successful cycles (%) 2 
The greater the number of cycles a method 
successfully impacts the greater the potential 
energy saving 

Potential NH4-N removal (%) 1 
NH4-N removal beyond the discharge limit may be 
seen as inefficient and thus least important 

 

The applied weights can be altered to suit the operator’s goals and may change which 

method proposed above might be optimal for any given site. For example, if potential 

energy savings was given a higher weight (for example 4 to 10) methods that lead to 

higher energy savings but also higher effluent NH4-N concentrations would be 

favoured. Thus the application of the weights would likely be site specific and can 

depend on the overall objectives of the WWTP operators.  
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When a number of subsets were compared, each criterion weight was multiplied by a 

subset score creating a weighted value. The score was a numerical value based on a 

subset’s ranking with the other subsets in question. Higher scores were issued to higher 

ranked results and equal scores were issued to equal results. The weighted values for the 

criterion for a particular subset were added together to create its total weighted score.  

For example comparing two subsets; A and B, each achieving potential energy savings 

of 60% and 70% and potential NH4-N removals of 20% and 5% respectively. The 

scores for potential energy savings would be 1 and 2 for A and B respectively with 

weighted scores of 4 and 8. While for potential NH4-N removal the scores for A and B 

would be 2 and 1 respectively with associated weighted scores of 2 and 1. Total 

weighted scores for Subsets A and B would be 6 and 9 respectively and therefore B 

would be the preferred subset. 

This system was applied over three steps to determine the best pH method, ORP method 

and overall method (detailed in Figure 5.15).  

Step 1, determined the best threshold for each method using pH and ORP results; Step 2 

utilised Step 1 results to determine the most efficient pH and ORP threshold for each 

method; and Step 3, utilised Step 2 results to determine the best overall method. 
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Figure 5.15 Weighting and ranking procedure 

 

5.4 SBR 1 Results 

5.4.1 pHm1 results 

Figure 5.16, developed using the procedure outlined in Section 5.3.1, was used to 

identify the threshold values for each pHm1 subset. The thresholds were as follows: T1: 

pHm1(Pn) < 0.0037, T2: pHm1(Pn) < 0.0026 and T3: pHm1(Pn) < 0.0015 (Taken from Points 

T1, T2 , and T3 respectively in Figure 5.16). A minimum cycle time of 70 minutes was 

applied to all subsets in pHm1 and overall results are presented in  

Table 5.2. 
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Figure 5.16 SBR1 pHm1: Threshold selection  

 

Table 5.2 pHm1 results 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm1(T1)  

Successful cycles (%) 100   
Potential NH4-N removal (%)  60 28 
Effluent NH4-N concentration  2.9 2.1 
Potential energy saving (%) 49   

pHm1(T2) 

Successful cycles (%) 93   
Potential NH4-N removal (%)  75 21 
Effluent NH4-N concentration 
(mg/l) 

 2.1 1.1 
Potential energy saving (%) 43   

pHm1(T3) 

Successful cycles (%) 78   
Potential NH4-N removal (%)  84 16 
Effluent NH4-N concentration 
(mg/l) 

 2.0 1.0 
Potential energy saving (%)    

Figure 5.17 illustrates pHm1(Pn) and NH4-N trends for a typical cycle to illustrate where 

each threshold would terminate an aeration phase (i.e. shortly after the pHm1(Pn) 

descends below the threshold value). Points T1, T2 and T3 represent where subsets 

pHm1(Pn), pHm2(Pn) and pHm3(Pn) would terminate a sample cycle respectively. 
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Figure 5.17 SBR 1 pHm1: NH4-N and pHm1(Pn) plotted against time with identified thresholds 

5.4.2 pHm2 results 

The subset threshold values corresponding to pHm2, were: T1: pHm2(Pn)  < 0.005, T2: 

pHm2(Pn)  < 0.003 and T3: pHm2(Pn)  < 0.002 (Taken from Points T1, T2, and T3 

respectively in Figure 5.18). A minimum cycle time of 70 minutes was applied to all 

subsets in pHm2 and the overall results are presented in Table 5.3.  
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Figure 5.18  SBR1 pHm2: Threshold selection  
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Table 5.3 pHm2 results 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm2(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  50 26 
Effluent NH4-N concentration 
(mg/l) 

 3.5 2.2 
Potential energy saving (%) 51   

pHm2(T2) 

Successful cycles (%) 85   
Potential NH4-N removal (%)  78 19 
Effluent NH4-N concentration 
(mg/l) 

 2.3 1.4 
Potential energy saving (%) 40   

pHm2(T3) 

Successful cycles (%) 78   
Potential NH4-N removal (%)  88 12 
Effluent NH4-N concentration 
(mg/l) 

 1.9 0.7 
Potential energy saving (%) 34   

 

Figure 5.19 illustrates pHm2(Pn) and NH4-N trends for a particular cycle and 

demonstrates where the three thresholds, T1 (Point T1), T2 (Point T2) and T3 (Point 

T3)  would terminate a sample cycle (i.e. shortly after the pHm2(Pn) descends below the 

threshold value).  
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Figure 5.19 SBR 1 pHm2: NH4-N and pHm2(Pn) plotted against time with identified thresholds 

5.4.3 pHm3 results 

The three analysed time delays TD1, TD2 and TD3 were, 0, 20 and 40 minutes 

respectively (See Section 5.3.1). Each time delay was applied from the point pHm3(Pn) 

trend rose above zero as illustrated in Figure 5.20. Also presented in Figure 5.20 are the 

points where TD1 (Point TD1), TD2 (Point TD2) and TD3 (Point TD3) would 
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terminate a sample cycle. A minimum cycle time of 60 minutes was applied to pHm3 

and the overall results are presented in Table 5.4. 

Table 5.4 pHm3 results 

Subset Assessment Criteria % Average 
Standard 

deviation 

pHm3(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  78 19 
Effluent NH4-N concentration 
(mg/l) 

 1.9 0.8 
Potential energy saving (%) 43   

pHm3(T2) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  82 56 
Effluent NH4-N concentration 
(mg/l) 

 1.9 0.9 
Potential energy saving (%) 40   

pHm3(T3) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  85 16 
Effluent NH4-N concentration  1.8 0.8 
Potential energy saving (%) 37   
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Figure 5.20 pHm3: pHm3(Pn) plotted with measured NH4-N concentrations against time with 

identified time delays 

5.4.4 ORPm1 results 

The threshold values corresponding to ORPm1, identified using Figure 5.21, were: T1:  

ORPm1(Pn) <1.02 (Point T1), T2: ORPm1(Pn) <0.68 (Point T2) and  T3: ORPm1(Pn) <0.34 

(Point T3). Minimum cycle times of 60, 60 and 50 minutes were applied to T1, T2 and 

T3 respectively. Overall results from ORPm1 are presented in Table 5.5. 
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Figure 5.21 SBR 1 ORPm1: Threshold selection  

 

Table 5.5 ORPm1 results 

Subset Assessment Criteria % Average 
Standard 

deviation 

ORPm1(T1)  

Successful cycles (%) 90   
Potential NH4-N removal (%)  35 33 
Average effluent NH4-N (mg/l)  3.7 2.4 
Potential energy saving (%) 56   

ORPm1(T2) 

Successful cycles (%) 90   
Potential NH4-N removal (%)  47 36 
Average effluent NH4-N (mg/l)   3.2 2.4 
Potential energy saving (%) 50   

ORPm1(T3) 

Successful cycles (%) 66   
Potential NH4-N removal (%)  64 48 
Average effluent NH4-N (mg/l)   2.6 2.4 
Potential energy saving (%) 34   

 

Figure 5.22 illustrates ORPm1(Pn) and NH4-N trends for a particular cycle and 

demonstrates where the three thresholds, T1 (Point T1), T2 (Point T2) and T3 (Point 

T3),  would terminate a sample cycle (i.e. shortly after the ORPm1(Pn) descends below 

the threshold value).  
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Figure 5.22 SBR 1 ORPm1: NH4-N and ORPm1(Pn) plotted against time with identified thresholds 

5.4.5 ORPm2 results 

The three threshold values (Figure 5.23), for each ORPm2 subset were namely; T1 

(ORPm2(Pn) <1.57), T2 (ORPm1(Pn) <1.07), and T3 (ORPm1(Pn) <0.57) and are illustrated 

by Points T1, T2 and T3 in respectively. Minimum cycle times of 75, 65 and 65 minutes 

were applied to T1, T2 and T3 Figure 5.23 respectively. The minimum cycle time for 

T1 and T2 were calculated using the average required minimum cycle time. Overall 

results from ORPm2 are presented in Table 5.6. 
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Figure 5.23 SBR1 ORPm2: Threshold selection  

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 50 100 150 200 250 300 350 400

T1
T2

T3

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 50 100 150 200 250 300 350 400

T1 T2 T3



119 

Table 5.6 ORPm2 results 

Subset Assessment Criteria % Average 
Standard 

deviation 

ORPm2(T1) 

Successful cycles (%) 88   
Potential NH4-N removal (%)  47 35 
Average effluent NH4-N (mg/l)   3.2 2.3 
Potential energy saving (%) 52   

ORPm2(T2) 

Successful cycles (%) 85   
Potential NH4-N removal (%)  55 36 
Average effluent NH4-N (mg/l)  3.1 2.5 
Potential energy saving (%) 47   

ORPm2(T3) 

Successful cycles (%) 68   
Potential NH4-N removal (%)  72 34 
Average effluent NH4-N (mg/l)  2.4 2.2 
Potential energy saving (%) 32   

 

Figure 5.24 presents ORPm2(Pn) and NH4-N trends for a typical cycle illustrating where 

the three thresholds would terminate a sample cycle (i.e. shortly after the ORPm2(Pn) 

descends below the threshold value). Points T1, T2 and T3 represent where each 

threshold would terminate a sample cycle. Termination of T1 and T2 occurred at the 

same point as no ORP(m2)Pn value fell between T1 and T2 Thresholds.  
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Figure 5.24 SBR 1 ORPm2: NH4-N and ORPm2(Pn) plotted against time with identified thresholds 

5.4.6 ORPm3 results 

Figure 5.25 presents the subset thresholds identified for ORPm3, namely; T1: ORPm3(Pn) 

<0.0127, T2: ORPm3(Pn) <0.0068 and T3: ORPm3(Pn) <0.0009. A minimum cycle time of 

80 minutes was applied to all assessments in ORPm3. The points where Subsets T1, T2 
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and T3 terminate a typical cycle are identified with points T1, T2 and T3 respectively. 

Overall results are presented in Table 5.7. 
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Figure 5.25 ORPm3: ORPm3(Pn) plotted with measured NH4-N concentrations against time with 

identified thresholds 

 

Table 5.7 ORPm3 results 

Subset Assessment Criteria % Average 
Standard 

deviation 

ORPm3(T1) 

Successful cycles (%) 76   
Potential NH4-N removal (%)  74 28 
Average effluent NH4-N (mg/l)  2.3 1.3 
Potential energy saving (%) 34   

ORPm3(T2) 

Successful cycles (%) 85   
Potential NH4-N removal (%)  68 26 
Average effluent NH4-N (mg/l)  2.6 1.4 
Potential energy saving (%) 42   

ORPm3(T3) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  53 29 
Average effluent NH4-N (mg/l)  3.0 1.7 
Potential energy saving (%) 50   

5.5 SBR 1 pH and ORP discussion 

The results from pHm1, ORPm1, pHm2, ORPm2 and pHm3 demonstrated that, as was 

hypothesised, a higher threshold value returned increased energy and time saving; 

however, it also resulted in increased effluent NH4-N concentrations. The inverse was 

true for ORPm3, where a lower threshold value yielded higher effluent NH4-N 

concentrations and reduced energy and time savings. ORPm3 was the only method to 
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utilise a Spike in lieu of a trend line and this caused the difference in the relationship 

between threshold values and operational efficiencies. 

Method 1 examined the initial change in pH or ORP values after they reached their 

maximum value (generally at the end of the “aeration-on” period) during each aeration 

period and Method 2 studied the trend between this maximum value and the subsequent 

nadir (minimum value for pH or ORP). It is apparent that in both pH and ORP studies 

Method 2 proved to be better in terms of effluent quality while Method 1 resulted in 

better energy and time savings. Effluent quality in pHm3 was better than both pHm1 and 

pHm2, however this resulted in lower potential energy and time savings (a similar result 

was seen in ORPm3 when compared to Methods 1 and 2).  

Comparing pH and ORP subsets, ORP results were 17% and 13% more efficient in time 

and energy savings respectively; however, corresponding NH4-N removal were less 

efficient at 35% of the NH4-N removal achieved in the fixed time treatment cycle.  

5.6 Ranking Results 

The weights applied prioritised effluent quality over time and energy savings. Appendix 

D outlines the results for Step 1 (Tables D.1 [pH] and D.2 [ORP]), Step 2 (Table D.3) 

and Step 3 (Table D.4) and Figure 5.26 summarises the overall results from each 

ranking step. With the application of these weights pHm3(T1) and ORPm1(T1) were the 

highest ranked pH and ORP methods respectively; with pHm3(T1) being the top ranked 

method (Figure 5.26). The application of pHm3(T1) to the cycles examined would have 

resulted in an average energy saving of 43% (maximum 87% time saving and minimum 

39%) and an average effluent NH4-N concentration of 1.9 mg/l (maximum 4.5 mg/l and 

minimum 0.9 mg/l).  
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Figure 5.26 SBR 1 overall ranking results 

5.7 Further assessment of SBR 1 best subset (pHm3(T3)) 

This section assesses how the low-resource procedure performed when applied to 21 

randomly selected “test” cycles (approximately 50% of available cycles) and then 

assessing the determined best subset on the 20 remaining “examination” cycles. The 

ranking results from this study are presented in Appendix D; Step 1 (Tables D.15 [pH] 

and D.16 [ORP]), Step 2 (Table D.17) and Step 3 (Table D.18). Similarly to the initial 

study the best performing subset was shown to be pHm3(T1). The results of which are 

presented in Table 5.8.  

Table 5.8 pHm3(T1) test cycle results 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm3(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  80 13 
Effluent NH4-N concentration  1.9 0.7 
Potential energy saving (%) 38   

 

The results from the application of the best performing subset pHm3(T1) on the remaining 

20 “examination” cycles are presented in Table 5.9. 
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Table 5.9 pHm3(T1) examination cycle results 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm3(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  76 23 
Effluent NH4-N concentration  2.0 0.95 
Potential energy saving (%) 38   

 

Slight changes are evident in potential NH4-N removal at 4% and effluent NH4-N 

concentration at 0.1 mg/l. However the potential energy savings remained the same. The 

observed variations are very small suggesting that the developed subset is effective 

when applied to further cycles. The differences may be a result of the small dataset and 

the high variations in influent hydraulic and organic concentrations between individual 

cycles.      

5.8 PFBR 1 method development 

This section identifies and analyses three novel methods for their ability in optimising 

PFBR performance using both pH and ORP profiles while handling the implemented 

aeration regime without the use of intelligent systems. The three methods examined 

using 77 PFBR 1 treatment cycles in this section are summarised below (Each method 

was developed bearing in mind trend attributes outlined in Chapter 4): 

• Method 1 (m1) - examines the trend created by the initial rate of pH (pHm1) or 

ORP (ORPm1) change following each Rest 1 apex during an aeration phase  

• Method 2 (m2) - examines the trend created by the change in pH (pHm2) and 

ORP (ORPm2) values between the apex and nadir of each aeration period over an 

aeration phase  

• Method 3 (m3) - examines the trend created by the change of consecutive 

pHapex (pHm3) or ORPapex (ORPm3) values over an aeration phase  

5.8.1 PFBR 1 method 1 – (m1) 

For both ORP (Figure 5.27(a)) and pH (Figure 5.27(b)) in PFBR 1 a change can be seen 

in Rest 1 following the fill of Reactor 1. Similarly to SBR 1 m1 (see Section 5.2.1), 
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PFBR 1 (m1) examined the potential of utilising the initial rate of change in pH (pHm1) 

or ORP (ORPm1) values following each apex during an aeration cycle to determine the 

end of nitrification.  

 A��(B?* =
[,��
	�(B?* − ,��
	� + 
(B?*]


  Eq. 5.9 

Where:  
Xm1(Pn):  pH or ORP slope for m1 at aeration period n (Pn) 
Rest 1(Pn): Rest 1 apex pH or ORP during aeration period n 

Rest 1 + t(Pn):  pH or ORP value at a time t following the Rest 1 apex 
during aeration period n  

t:    Selected time in minutes from Rest(Pn) to Rest 1 + t(Pn)  

 

The time at which Rest 1 occurred varied due to fluctuating influent hydraulic loads and 

resulting pumping times. Thus it was proposed to identify the peak in Rest 1 (Rest 1(Pn)) 

and offset a time t.  As an example the offset t was set at 4 minutes which was 40% of 

the rest time. 
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Figure 5.27(a) - PFBR 1 ORPm1: An ORP profile during a typical aeration period illustrating the 

components of  Eq. 5.9; (Eq 5.9 is applied to all aeration periods in a cycle) (b) - PFBR 1 pHm1: A 

pH profile plotted during a typical aeration period (also illustrating the components of  Eq. 5.9) (Eq 

5.9 is applied to all aeration periods in a cycle) 

5.8.1.1 PFBR 1 m1 procedure 

A VBA macro was developed to gather the required data for PFBR 1 m1, an overview 

of which is given in Figure 5.28 (a similar process was used for all of m1, m2 and m3). 

 

Figure 5.28: Overview of PFBR 1 M1 excel macro 

5.8.1.2 PFBR 1 m1 processed trends 

NH4-N and method 1 pH slope {pHm1(Pn)} are plotted against time for a sample 

treatment cycle in Figure 5.29(a). The change in pHm1(Pn) was greatest following NH4-N 

-350

-300

-250

-200

-150

-100

-50

252 257 262 267 272 277 282 287 292

R
e

st
 1

R
e

st
 2

E
q

u
a

li
sa

ti
o

n
  1

E
q

u
a

li
sa

ti
o

n
  2

P
u

m
p

1

P
u

m
p

2

ORPrest(Pn)

ORPrest+t(Pn)

t

7.38

7.39

7.4

7.41

7.42

7.43

252 257 262 267 272 277 282 287 292

P
u

m
p

1

E
q

u
a

li
sa

ti
o

n
  1

R
e

st
 1

R
e

st
 2

E
q

u
a

li
sa

ti
o

n
  2

P
u

m
p

2

pHrest (Pn)

pHrest+t(Pn)

t

1.Identify Yrest(Pn)

and Yrest+t(Pn) for a 
given aeration 

phase

2. Record the 
corresponding pH 
or ORP and time 

datapoints

3. Calculate 
pHm1(Pn) or 

ORPm1(Pn) using Eq. 
5.1

5.Repeat steps 1-
3 until aeration 

phase is complete



126 

removal. pHm1(Pn) values initially decreased and thereafter remained generally stable 

before increasing sharply at the end of the cycle (indicated by region A in Figure 

5.29(a)). The change in ORP values (ORPm1(Pn)), displayed in Figure 5.29(b), decreased 

initially, before rising sharply and then increasing at a slower rate at the end of the cycle 

(indicated by region A in Figure 5.29(b)). These pH and ORP trends were typical of 

most cycles and the points identified in Figures 5.28(a) and (b) were used to terminate 

treatment cycles potentially optimising performance.  
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Figure 5.29a - PFBR 1 pHm1: pHm1(Pn) plotted with measured NH4-N concentrations against time;    

b - ORPm1: ORPm1(Pn) plotted with measured NH4-N concentrations against time 

5.8.2 PFBR 1 method 2 – (m2) 

SBR method 2 examined the potential of utilising the change in pH (pHm2) and ORP 

(ORPm2) values between each aeration period apex and nadir points as a means to 

terminate the aeration phase, potentially optimising performance. For a comparable 
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PFBR 1 method (m2) it was proposed to use the aeration period Rest 1 apex value and 

aeration period nadir values for each aeration period, expressed mathematically in Eq. 

5.10 and graphically in Figure 5.30(a) and Figure 5.30(b) for ORPm2 and pHm2 

respectively. 

 A��(B?* = ��"	�(B?* − ,��
	�(B?* Eq. 5.10 

Where:  
Xm2(Pn):  pH or ORP change for m2 at the nth aeration period 
Rest 1(Pn): Rest 1 apex pH or ORP during aeration period (Pn)   
Nadir(Pn):  pH or ORP value at the nth aeration period nadir  
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Figure 5.30(a) - PFBR 1 ORPm2: aeration period from an ORP profile plotted against time 

illustrating the components of  Eq. 5.10;  (b) - PFBR 1 pHm2: aeration period from a pH profile 

plotted against time illustrating the components of  Eq. 5.1 

 

5.8.2.1 PFBR 1 m2 processed trends 

Figure 5.31(a) presents pH {pHm2(Pn)} and NH4-N trends for a sample treatment cycle. 

Similarly to pHm1(Pn); initially pHm2(Pn) reduced and remained generally unchanged 

before increasing at the end of the cycle (indicated by region A in Figure 5.31(a), 

corresponding to the end of nitrification. ORPm2(Pn) reduced over the course of the 
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aeration phase and increased sharply at the end (indicated by region A in Figure 5.31(b). 

The identified increase in pHm2(Pn) and ORPm2(Pn) trends were leveraged to terminate 

treatment cycles potentially optimising performance.  
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Figure 5.31a - PFBR 1 pHm2: pHm2(Pn) plotted and measured NH4-N concentrations; b - ORPm23: 

ORPm2(Pn) and measured NH4-N concentrations 

5.8.3 PFBR 1 method 3 – (m3) 

SBR 1 method 3 examined the potential of utilising the change of consecutive pHapex or 

ORPapex values over the aeration phase as a means to optimise performance. For PFBR 

1 it was proposed to apply a similar procedure using the change in consecutive 

identified Rest 1 peak values as per Eq. 5.11. 

 
Xm3(Pn) = ,��
	�(B?��*–	,��
	�(B?*  

∀	n:	G > 2 
Eq. 5.11 
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Xm3(Pn):  pH or ORP change for m3 at the nth aeration period 
Rest 1(Pn): Sequential Rest 1 apex pH or ORP values during aeration 

period (Pn) from 2-n   
 

5.8.3.1 PFBR 1 processed trends 

Ammonium-nitrogen and pH changes {pHm3(Pn)} for a sample treatment cycle are 

presented in Figure 5.32a. pHm3(Pn) initially reduced before rising for the remainder of 

the cycle (Label A). ORPm3(Pn), initially increased before reducing for the remainder of 

the cycle (Label A in Figure 5.32(b). The identified increase and decrease in pHm3(Pn) 

and ORPm3(Pn) trends respectively were used to terminate treatment cycles.  
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Figure 5.32(a) - PFBR 1 pHm3: pHm3(Pn) plotted with measured NH4-N concentrations against time; 

(b) - ORPm3: ORPm3(Pn) plotted with measured NH4-N concentrations against time 

5.9 Analyses of results 

Section 5.3.1 outlined minimum cycle times, threshold rules, assessment criteria and a 

ranking system, all of which also apply to PFBR 1, with the exception of the method for 
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threshold value selection, which differed to the method outlined in SBR 1. This was due 

to relatively high variations in Xmz(Pn) values between cycles (likely caused by varying 

influent organic and hydraulic loadings with the additional challenge of a rainfall input). 

As an alternative, thresholds were determined by plotting average Xmz(Pn) data points 

against average time data points for all available PFBR 1 cycles. Xmz(T1),  Xmz(T2) and 

Xmz(T3) values were chosen from the generated graph by selecting high, mid and low 

values from the applicable portion of the graph (see Figure 5.33 as an example). 

5.10 PFBR 1 Results 

5.10.1 pHm1 results 

Figure 5.33, developed using the procedure outlined in Section 5.9, was used to identify 

three threshold values for each pHm1 subset; T1: pHm1(Pn) > -0.0008, T2: pHm1(Pn) > -

0.0006 and T3: pHm1(Pn) > -0.0004. Points T1, T2 and T3 represent where subsets 

pHm1(Pn), pHm2(Pn) and pHm3(Pn) would terminate a sample cycle respectively (i.e. at the 

next point after the pHm1(Pn) rises above the threshold value). 
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Figure 5.33 PFBR 1 pHm1: NH4-N and pHm1(Pn) plotted against time with identified thresholds 

A minimum cycle time of 200 minutes (Section 5.3.2) was applied to all subsets in pHm1 

(and indeed pHm2). The overall results are presented in Table 5.10.  
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Table 5.10 PFBR 1 pHm1 results 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm1(T1)  

Successful cycles (%) 79   
Potential NH4-N removal (%)  61 27 
Average effluent NH4-N (mg/l)  0.39 0.27 
Potential energy saving (%) 13   

pHm1(T2) 

Successful cycles (%) 70   
Potential NH4-N removal (%)  68 28 
Average effluent NH4-N (mg/l)  0.32 0.28 

. Potential energy saving (%) 11   

pHm1(T3) 

Successful cycles (%) 62   
Potential NH4-N removal (%)  72 28 
Average effluent NH4-N (mg/l)  0.28 0.28 
Potential energy saving (%) 9   

 

5.10.2 pHm2 results 

The three identified pHm2 subset threshold values were; T1 (pHm2(Pn)  > -0.03),  T2 

(pHm2(Pn)  > -0.0275) and  T3 (pHm2(Pn)  > -0.025) - Figure 5.34. Overall pHm2 results are 

summarised in Table 5.11.  
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Figure 5.34 PFBR 1 pHm2: NH4-N and pHm2(Pn) plotted against time with identified thresholds 
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Table 5.11 PFBR 1 pHm2 results 

Subset Assessment Criteria % Average 
Standard 

deviation 

pHm2(T1) 

Successful cycles (%) 83   
Potential NH4-N removal (%)  62 25 
Average effluent NH4-N (mg/l)  0.38 0.25 
Potential energy saving (%) 13   

pHm2(T2) 

Successful cycles (%) 82   
Potential NH4-N removal (%)  64 14 
Average effluent NH4-N (mg/l)  0.35 0.25 
Potential energy saving (%) 13   

pHm2(T3) 

Successful cycles (%) 72   
Potential NH4-N removal (%)  69 12 
Average effluent NH4-N (mg/l)  0.31 0.27 
Potential energy saving (%) 10   

 

5.10.3 pHm3 results 

pHm3 subset thresholds T1, T2, and T3 were selected from Figure 5.35; pHm1(Pn) > -

0.006, pHm1(Pn) > -0.003 and pHm1(Pn) > 0 respectively. The overall results are 

summarised in Table 5.12.  

A
ve

ra
ge

 p
H

m
3(

P
n)

 

 

N
H

4 -N
 (m

g/l) 

 

 Time (min)  
 

 
 

Figure 5.35 pHm3: pHm3(Pn) plotted with measured NH4-N concentrations against time with 

identified thresholds 
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Table 5.12 PFBR 1 pHm3 results 

Assessment Assessment Criteria % Average 
Standard 

deviation 

pHm3(T1) 

Successful cycles (%) 83   
Potential NH4-N removal (%)  65 25 
Average effluent NH4-N (mg/l)  0.35 0.25 
Potential energy saving (%) 12   

pHm3(T2) 

Successful cycles (%) 70   
Potential NH4-N removal (%)  72 26 
Average effluent NH4-N (mg/l)  0.28 0.26 
Potential energy saving (%) 10   

pHm3(T3) 

Successful cycles (%) 63   
Potential NH4-N removal (%)  75 26 
Average effluent NH4-N (mg/l)  0.25 0.27 
Potential energy saving (%) 9   

5.11 ORP results 

5.11.1 ORPm1 results 

The three identified ORPm1 subset thresholds selected using Figure 5.36 were T1: 

ORPm1(Pn) > 3; T2: ORPm1(Pn) > 4; and T3: ORPm1(Pn) > 5. A minimum cycle time of 180 

minutes was applied to all ORPm1 subsets. Overall ORPm1 results are presented in Table 

5.13.  

Table 5.13 PFBR 1 ORPm1 results 

Assessment Assessment Criteria % Average 
Standard 

deviation 

ORPm1(T1)  

Successful cycles (%) 86   
Potential NH4-N removal (%)  51 25 
Average effluent NH4-N (mg/l)  0.48 0.25 
Potential energy saving (%) 23   

ORPm1(T2) 

Successful cycles (%) 79   
Potential NH4-N removal (%)  56 29 
Average effluent NH4-N (mg/l)  0.44 0.29 
Potential energy saving (%) 20   

ORPm1(T3) 

Successful cycles (%) 63   
Potential NH4-N removal (%)  64 31 
Average effluent NH4-N (mg/l)  0.36 0.31 
Potential energy saving (%) 17   
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Figure 5.36 PFBR 1 ORPm1: NH4-N and ORPm1(Pn) plotted against time with identified thresholds 

5.11.2 ORPm2 results 

Figure 5.37, developed using the procedure outlined in Section 5.9, was used to identify 

threshold values for each pHm1 subset; T1: ORPm2(Pn) < -60; T2: ORPm2(Pn) > -80; and 

T3: ORPm2(Pn) < -100. A minimum cycle time of 250 minutes was applied to all ORPm2 

subsets and the ORPm2 results are summarised in Table 5.14.  

Table 5.14 PFBR 1 ORPm2 results 

Assessment Assessment Criteria % Average 
Standard 

deviation 

ORPm2(T1) 

Successful cycles (%) 79   
Potential NH4-N removal (%)  74 20 
Average effluent NH4-N (mg/l)  0.26 0.2 
Potential energy saving (%) 8   

ORPm2(T2) 

Successful cycles (%) 71   
Potential NH4-N removal (%)  76 20 
Average effluent NH4-N (mg/l)  0.24 0.2 
Potential energy saving (%) 7   

ORPm2(T3) 

Successful cycles (%) 58   
Potential NH4-N removal (%)  82 19 
Average effluent NH4-N (mg/l)  0.18 0.19 
Potential energy saving (%) 5   
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Figure 5.37 PFBR 1 ORPm2: NH4-N and ORPm2(Pn) plotted against time with identified thresholds 

5.11.3 ORPm3 results 

Three ORPm3 subset thresholds were T1: ORPm3(Pn) <60, T2: ORPm3(Pn) <45, T3: and 

ORPm3(Pn) <30 (Figure 5.38). A minimum cycle time of 200 minutes was applied to all 

subsets in ORPm3 and the overall results are presented in Table 5.15.  

Table 5.15 PFBR 1 ORPm3 results 

Assessment Assessment Criteria % Average 
Standard 

deviation 

ORPm3(T1) 

Successful cycles (%) 95   
Potential NH4-N removal (%)  56 19 
Average effluent NH4-N (mg/l)  0.44 0.19 
Potential energy saving (%) 17   

ORPm3(T2) 

Successful cycles (%) 95   
Potential NH4-N removal (%)  61 16 
Average effluent NH4-N  0.39 0.21 
Potential energy saving (%) 14   

ORPm3(T3) 

Successful cycles (%) 78   
Potential NH4-N removal (%)  73 25 
Average effluent NH4-N (mg/l)  0.27 0.25 
Potential energy saving (%) 10   
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Figure 5.38 ORPm3: ORPm3(Pn) plotted with measured NH4-N concentrations against time with 

identified time delays 

5.12 Ranking results 

The applied sample weights prioritised effluent quality over time and energy savings 

(Table 5.1). The procedure outlined in Section 5.3.4 was used to determine the optimal 

overall subset. Results presented in the Appendix D outline the results for Step 1 (Table 

D.5 [pH] and Table D.6 [ORP]), Step 2 (Table D.7) and Step 3 (Table D.8) and Figure 

5.39 summarises overall results from each ranking step. With the application of these 

weights it was concluded that pHm3(T2) was the best pH subset, while ORPm2(T1) and 

ORPm3(T3) were equally ranked as the best ORP subsets. The overall best subset was 

ORPm2(T1) which resulted in an energy saving of 10% corresponding to a potential NH4-

N removal of 74%.  
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Figure 5.39 PFBR overall ranking results 

5.13 Conclusion 

This research outlines procedures to develop low resource RTC architectures for small 

scale and decentralised WWTPs using pH and ORP probes. Three control 

methodologies, each with three variations (subsets), were developed and applied to data 

collected from a domestic scale SBR unit and a municipal scale PFBR unit. Results 

from each subset were separated in 4 assessment criteria and ranked. 

It was determined for a typical treatment cycle the optimal control regime for the SBR 

unit would achieve an average overall cycle time savings of 60% with a corresponding 

energy saving of 43%. For the PFBR unit the average overall cycle time savings was 

7% with a corresponding energy saving of 7% while in both cases meeting the specified 

discharge limit. A further examination of SBR 1 data, separating the available cycles 

into a test set and examination set, demonstrated the best examined subset could be 

successfully applied to untested cycles. 

The procedures outlined in this chapter can be used to assess and optimise the most 

suitable control method which can be applied to other sites. However, the optimal senor 

for each technology varied, i.e. pH for SBR 1 and ORP for PFBR 1. Also the best 

method for each technology also varied, i.e. Method 3 for SBR 1 and Method 2 for 

PFBR 1; however, this may depend on the ranking criteria applied by the operative.       

 

 

S
te

p
 1

Best pHm1 subset - pHm1(T3)

Best pHm2 subset - pHm2(T1)

Best pHm3 subset - pHm3(T2)

Best ORPm1 subset - ORPm1(T1)

Best ORPm2 subset - ORPm2(T1)

Best ORPm3 subset - ORPm3(T3)

S
te

p
 2

Best pH subset - pHm3(T2)

Best ORP subset - ORPm2(T1) & 
ORPm3(T3)

S
te

p
 3

Best Overall subset -ORPm2(T1)



138 

6 ADVANCED PROCEDURE 

6.1 Introduction 

This chapter presents novel softsensors that leverage neural networks (NN) and linear 

regression inferential models and were developed to enable real time control (RTC) of 

SBR and PFBR wastewater treatment technologies. A further goal was to create a 

procedure capable of aiding an operative in deciding the best softsensor, utilising 

surrogate sensors (pH and ORP) and inferential estimating models, for RTC of small 

and decentralised WWTPs. The procedure developed allowed for the dynamic nature of 

small and decentralised WWTPs as well as ensuring key onsite objectives can be 

prioritised in softsensor sensor selection. Specifically for this study the preferred 

softsensor should accurately predict NH4-N concentrations during treatment cycles 

given current and previous ORP and pH values.  

This Chapter presents two types of regression methods investigated; (i) multiple linear 

regression (MLR) (Rlin) and (ii) MLR with least absolute shrinkage and selection 

operator (LASSO) regularisation (Rreg), and two types of NN training algorithms, (i) 

Levenberg-Marquardt back-propagation (NNlm) and (ii) Levenberg-Marquardt back-

propagation with Bayesian regularisation (NNbr). Results were analysed in two ways; (i) 

prediction of the general NH4-N trend and (ii) performance when predicting a specific 

NH4-N concentration (performance was assessed in terms of accuracy, and time and 

energy savings). The ranking system developed in Chapter 5 was adapted to determine 

which method presented enabled optimal operational, environmental and energy 

performance.  

6.2 SBR 1 - Esker Hills system 

As discussed previously the pH and ORP profiles (Figure 6.1 and Figure 6.2 

respectively) were sinusoidal in nature (due to the SBR aerator switching on and off – 

detailed in Chapter 4). Briefly, pH trends decreased most rapidly immediately following 

the apex, and tailed off before a subsequent nadir is reached; a similar pattern was 
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observed in the ORP trend. As previously discussed, these alternating peaks/troughs can 

hinder the ability of a PLC to easily identify patterns that could be used to terminate the 

aeration phase of a treatment cycle. 
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Figure 6.1a - SBR 1 pH and NH4-N plotted against time for a sample cycle; b - Example of two 

aeration periods from SBR 1 pH profile plotted against time for a sample cycle (black lines indicate 

aeration-on periods 
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Figure 6.2a - SBR 1 ORP and NH4-N plotted against time for a sample cycle; b - Example of two 

aeration periods from SBR 1 ORP profile plotted against time for a sample cycle (black lines 

indicate aeration-on periods 

 

The overall procedure employed is outlined in Figure 6.3. Briefly, the procedure 

consisted of four main steps namely; (i) data collection and pre-processing; (ii) 

experimental set-up; (iii) softsensor analyses; and (iv) weighting and ranking 

application. 

0

1

2

3

4

5

6

7

-80

-60

-40

-20

0

20

40

60

80

0 50 100 150 200 250 300 350 400

-40

-30

-20

-10

0

10

20

127 132 137 142 147 152 157 162 167

ORPnadir(n)

ORPapex(n)

ORPapex(n+1)

ORPnadir(n+1)



141 

 

Figure 6.3 Summary of overall procedure 

6.2.1 Assessed input variables 

Two basic measurements were of interest as independent variables in predicting NH4-N 

concentrations: pH and ORP. A number of un-processed and processed pH and ORP 

based variables were investigated as outlined in Table 6.1. The selected compound input 

variables were constructed bearing in mind the profile features identified in Chapter 4. 

For example the change in pHapex values (pH∆apex) was observed to decrease with NH4-N 

concentration reduction and thus it was hypothesised it may be useful in identifying the 

end of NH4-N removal. 
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Table 6.1 SBR 1 pH and ORP compound input variables 

Input variables Description Application 

pH pH values Requires no processing for use in a numerical 
inferential model, however, spikes in sensor 
data may affect performance  

pHma20 Moving average of pH over the 
previous 20 minutes of data 

Smooths out any sensor spikes, however, can 
also smooth out important features and can 
result in a time delay 

pHcum Cumulative sum of pH data over 
the duration of the cycle 

This input variable acquires little about the 
parameter trend, but may be useful in 
identifying types of cycles i.e. high or low 
hydraulic/organic influent values 

pHapex pH apex values during each 
aeration period 

Similar to pH values, however less data points 
are inputted into the model possibly enhancing 
the accuracy of the prediction 

pH∆apex Change in sequential ph apex 
values over a treatment cycle 

This input variable can give important 
information on bacterial respiration rates 

pHnadir pH nadir values during each 
aeration period 

Similar to pHapex, however this input variable 
has an additional time delay 

pHnadir-apex pH nadir value minus pH apex 
value for each aeration period  

Similar to pH∆apex this input variable can give 
important information on bacterial respiration 
rates, however this has a reduced time delay 

ORP ORP values Requires no processing for use in a numerical 
inferential model, however, spikes in sensor 
data may affect performance  

ORPma20 Moving average of ORP over 
the previous 20 minutes of data 

Smooths out any sensor spikes, however can 
also smooth out important features and results 
in a time delay 

ORPcum Cumulative sum of ORP data 
over the duration of the cycle 

This input variable acquires little about the 
parameter trend, but may be useful in 
identifying types of cycles i.e. high or low 
hydraulic/organic influent values 

ORPapex ORP apex values during each 
aeration period 

Similar to ORP values, however less data 
points are inputted into the model, possibly 
enhancing the accuracy of the prediction 

ORP∆apex Change in sequential ORP apex 
values over a treatment cycle 

This input variable can give important 
information on bacterial respiration rates 

ORPnadir ORP nadir values during each 
aeration period 

Similar to ORPapex, however this input variable 
has an additional time delay 

ORPnadir-apex ORP nadir value minus ORP 
apex value for each aeration 
period 

Similar to ORP∆apex this input variable can give 
important information on bacterial respiration 
rates, however this has a reduced time delay 

pHma20XORPma20 pHma20 input variable multiplied 
by the ORPma20 input variable 

This parameter may be advantageous in helping 
identify different type of cycles  
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A multiple linear regression (MLR) numerical model was examined with a number of 

input variables to investigate which may be best suited to the study. This examination 

utilised SBR 1 data with procedures outlined in section 6.2.2 and pH input variables 

outlined in Table 6.1 (The same input variables are repeated with ORP data, and 

therefore it is not necessary to repeat the study for ORP). Each input variable was 

assessed for R2 and RMSE, each of which is explained in Table 6.4. The results of this 

study are presented in Table 6.2. It is clear from this study that pH, pHm20, pHapex, and 

pHnadir all perform equally well (all of which describe the general parameter trend). 

Other input variables such as pH∆apex performed very well in predicting the general 

trend (R2), but was not as efficient in predicting the NH4-N concentration (RMSE).  

Table 6.2 Assessment of pH input variables using MLR 

In
p

u
t 

v
a

ri
a

b
le

   

Average 

R
2
 

Average 

RMSE 

pH 0.68 1.51 
pHma20 0.68 1.51 
pHcum 0.41 2.1 
pHapex 0.68 1.5 
pH∆apex 0.24 1.6 
pHnadir 0.68 1.51 

pHnadir-apex 0.49 1.42 

 

The 15 input variables (Table 6.1) were trialled using a sample of 22 variable sets 

encompassing a broad range of combinations. Each variable set included a unique 

collection of input variables, outlined in Table 6.3. Data before 45 minutes and after 400 

minutes in each cycle was removed to eliminate the effects of filling and settlement 

periods (as these phases are not part of the biological reaction phases of the treatment 

cycle). Forty-one treatment cycles (each 464 minutes long) were available for 

assessment, 12 of which (approximately 30%) were randomly separated for use as a test 

dataset; and the remainder were used as a training dataset.  
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6.2.2 Models 

Two methods (or inferential estimation models) were examined, namely regression and 

NNs. Within these methods two regression models were assessed (i) MLR without 

regularisation (Rlin) and (ii) MLR with LASSO regularisation (Rreg) and two NN 

training models were assessed; (i) Levenberg-Marquardt back-propagation (NNlm) and 

(ii) Levenberg-Marquardt back-propagation with Bayesian regularisation (NNbr).  

Within the NN training models a hyperbolic tangent sigmoid hidden layer transfer 

function and a linear output layer transfer function were applied (typically used in water 

quality prediction models (Vyas et al., 2011; Hong et al., 2007). Each model contained 

one hidden layer of neurons and was referred to as NNlm[X] and NNbr[X] (where X was 

equal to the number of input variables under investigation). Additional NNlm and NNbr 

models were created, by adjusting the number of neurons in the hidden layer to half the 

number of input variables, i.e. X/2 (NNlm[0.5X] and NNbr[0.5X]) and twice the number of 

input variables, i.e. 2X (NNlm[2X] and NNbr[2X]). In total 176 softsensors (A softsensor is 

a model applied to a variable-set) were analysed, that is eight models were examined 

with 22 identified variable-sets using 15 input variables; this is presented in Figure 6.4. 

Matlab was employed to apply each of the training methods. 
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Table 6.3 SBR 1 variable-sets 
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D  X  X X X X  X  X X X X  
E  X  X X  X  X  X X  X  
F  X X X X  X  X  X X  X  
G  X X X X  X         
H   X  X  X         
I  X X  X  X     X  X  
J         X X X X  X  
K   X    X         
L   X  X           
M          X    X  
N          X  X    
O          X  X  X  
P  X  X X  X         
Q  X  X     X  X     
R    X X      X X    
S  X   X    X   X    
T       X       X  
U  X     X  X     X  
V  X     X         
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Methods 
Regression and neural networks 

(Broken down into 8 models) 

 
 
 

Models 
Rlin, Rreg, NNlm[X], NNlm[0.5X], NNlm[2X], NNbr[X], NNbr[0.5X], NNbr[2X] 

(Each model is applied to 22 softsensors)  

 
 
 

Softsensor 
RlinA, RregB, NNlm[X]C, NNlm[0.5X]T, NNlm[2X]S, NNbr[X]D, NNbr[0.5X]E, NNbr[2X]E etc 

(A softsensor is a model applied to a variable-set)) 

 
 
 

Variable-sets 
A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S T, U and V 

(each variable set utilises a unique set of input variables as per Table 6.1) 
 

 

 

Input variables 

pH, pHma20, pHcum, pHapex, pH∆apex, pHnadir, pHnadir-apex, ORP, ORPma20, ORPcum, 
ORPapex, ORP∆apex, ORPnadir, ORPnadir-apex and pHma20X ORpma20 

(A definition for each input variable is outlined in Table 6.3) 

Figure 6.4 Breakdown of SBR 1 methods, models, variable-sets, softsensors and input variables 

6.2.3 Analyses  

Six criteria, divided into two categories, were used to analyse the efficiency of the 

models. The criteria were separated into two categories, namely; Category A: accuracy 

of general NH4-N trend prediction; and Category B: accuracy of the predicted trend at a 

selected NH4-N concentration, known as the “cut-off threshold value” (set at 2 mg NH4-

N/l for the purposes of this study, site specific values can vary due to local regulations). 

Each criterion is detailed in Table 6.4. 
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Table 6.4 analyses criteria  

Criterion Description Practical Application 

Category A 

Criterion 1A: R
2 Referred to as the coefficient of determination, it is an indicator 

of the strength of the relationship between variables. 0 indicates 
a poor predictor, while 1 indicates an excellent predictor. 

Measures the strength of the relationship 
between predicted NH4-N trend and actual 
NH4-N trend 

Criterion 2A: RMSE (Root mean square error) is a standard statistical metric to 
measure model performance; it measures the difference between 
sample and predictor values and is a good measure of accuracy. 
The lower the RMSE value the more accurate the prediction. 

Measures the average accuracy of 
predicted NH4-N trend against actual NH4-
N trend 

Category B 
Criterion 1B: Percentage of 

NH4rem removal (NH4rem(%)) 
This criterion, expressed mathematically in Eq. 6.1 returns the 
average NH4rem removal by the assessment in question from 
peak NH4-N concentration at the selected cut-off threshold 
value, when compared to the overall NH4rem removed in the full 
treatment cycle (and expressed as a percentage). The higher the 
NH4rem value the better the softsensor. 

 
���	��� = (� − ���	
R��� −���	N	?�.

���	-��Q −	���	N	?�.
*

× ��� 

Eq. 6.1 

Where NH4rem is the percentage of potential NH4-N removal 
achieved, NH4 thres is the actual NH4-N concentration where the 
cycle was terminated by the selected cut-off threshold (mg NH4-
N/l), NH4 final is the final NH4-N concentration at the end of a 
full cycle (mg NH4-N/l) and NH4 peak is the highest NH4-N 
concentration (mg NH4-N/l). 

Provides a comparison of the selected cut-
off threshold NH4-N concentration to the 
actual NH4-N removal in a fixed time 
cycle 

Criterion 2B: Percentage of 

time saved (Tsave) 

This criterion, expressed mathematically in Eq. 6.2, returns the 
average total cycle time saved by the softsensor in question, at 
the selected cut-off threshold value, when compared to the 
overall NH4-N removed in the full treatment cycle (and 
expressed as a percentage). The higher the Tsave value the better 

Indicates the time saved with the selected 
cut-off threshold value 
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the softsensor. 

 O��S� = (� − O
R���
ON	>�"* × ��� Eq. 6.2 

Where Tsave is the percentage of time saving (%), Tthres is the 
time at the threshold (min) and Tfixed is the fixed time cycle 
length (min). 

Criterion 3B: Number of 

successful cycles (SC) 

During the application of the softsenors it was noticed that some 
softsensors may detect the selected cut-off threshold prior to the 
NH4-N peak caused by poor NH4-N prediction. This can result 
in artificially improved NH4-N and time results. In these events 
the peak NH4-N value was used in lieu of the calculated value 
and the cycle was deemed to be unsuccessful. The number of 
successful cycles is then reported: the higher the number the 
better the softsensor. 

Allows for elimination of assessments with 
inferior prediction 

Criterion 4B: Absolute error 

(Aberror) 

This criterion assessed the accuracy of the softsensor at the cut-
off threshold point: it is the cut-off threshold concentration 
compared to the actual NH4-N concentration. 

Gives an indication of the accuracy of each 
assessment at the cut-off threshold value 
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6.2.4 Ranking System 

A ranking and weighting system was developed to compare the overall impact of each 

softsensor. This was necessary as results may differ in their impact on the overall 

performance and efficiency of the SBR; for example a softsensor may achieve good R2 

performance, however, may also return a poor RMSE result (This scenario would produce 

results in line with the actual NH4-N trend but not necessarily close to the actual 

concentration, thus the overall result would not be acceptable). Thus in consultation with 

WWTP operators weights were applied to each criterion outlined in Table 6.4. In general, the 

overriding concern in WWTPs would be to meet environmental regulation thus Aberror would 

be considered vital. For indicative purposes the weights outlined in Table 6.5 were applied to 

this study, however, weightings may vary depending on site specific requirements and 

demands, potentially significantly altering the results of the study. An operative can adjust 

these weights to promote particular site goals, for example, increasing Tsave would promote 

the selection of a softsensor with good energy saving characteristics, however, this may result 

in poor effluent quality. 

Table 6.5 applied weights 

Criterion Weight Comments 

Aberror
 10 

Aberror indicates the accuracy of the softsensor at the 
selected cut-off threshold value. Important as 
facilities must achieve regulatory compliance 

RMSE 5 
RMSE indicates the accuracy of the softsensor 
when estimating the concentration over a cycle 

NH4rem 4 
Provides an indication of the NH4-N removal 
performance of the softsensor  

R2 3 
Indicates how well the predicted NH4-N trend 
matches the actual trend 

Tsave 2 
Indicates the time saving and energy savings of the 
softsensor 

SC 1 
Least important as low SC values result in a penalty 
of high NH4-N concentrations 
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Softsensor results were ranked against each other for each criterion with better results 

receiving a higher ranked value (ranked values are 1 to n, where n is the number of 

softsensors in question). The ranked value was multiplied by the corresponding criterion 

weight to acquire the weighted value. Weighted values were then added together and 

compared to determine the most appropriate softsensor as follows: 

• Step 1, determine the best softsensor (highest weighted value) for each model using 

the system described above;  

• Step 2, determine the best softsensor (highest weighted value) (and thus the overall 

best softsensor) from Step 1 results using the system described above.  

6.2.5 Further analyses 

Although, determining the best softsensor was the main objective of the study, a number of 

other assessments, using the same criteria and weights, were also executed including: 

(i) Whether MLR and NN regularisation improved results,  

(ii) A comparison between MLR and NN methods  

(iii) How adjusting the number of neurons in the NN hidden layers affected results and  

(iv) An examination of which variable set, variable and model were best.  

It should be noted that the model, variable-set, etc. identified for the best softsensor may 

differ than that for the best identified model, variable-set etc. 

6.2.6 Results 

6.2.6.1 Regression results 

The two regression models assessed were Rlin and Rreg. Detailed results for each are displayed 

in E.1 and E.2 respectively. NH4rem varied between 20% and 97% for Rlin (average value of 

81%) and between 75% and 93% for Rreg (average value of 84%). Average Tsave and aberror 

results were 51% and 0.98 mg NH4-N/l for Rlin
 and 51% and 0.73 mg NH4-N/l for Rreg. An 

overview of these results concluded that Rreg proved more optimal when compared to Rreg as 
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it, on average, achieved better NH4rem and aberror
 results while maintaining a similar Tsave result 

thus resulting in better and more reliable effluent concentration predictions.  

6.2.6.2 Neural Network results 

NNs were assessed using two algorithms, namely NNlm and NNbr. Overall results for NNlm[X] 

are displayed in Table E.3. The average NH4rem result for NNlm[X] was 65% with 

corresponding Tsave and aberror results of 60% and 1.52 mg NH4-N/l respectively. The 

application of NNlm[0.5X] (Table E.4) returned an average NH4rem result of 72% and average 

Tsave and aberror results of 59% and 0.84 mg NH4-N/l respectively. Average results for NNlm[2X] 

(Table E.5) were 59%, 65% and 1.52 mg NH4-N/l for NH4rem, Tsave and aberror respectively.  

NNbr[X] returned average Tsave, aberror
 and NH4rem results of 60%, 1.35 mg NH4-N/l and 67% 

respectively (Table E.6). NNbr[X] was further assessed using NNbr[0.5X] and NNbr[2X]. NNbr[0.5X] 

returned average Tsave, aberror
 and NH4rem results of 60%, 1.03 mg NH4-N/l and 69% 

respectively while NNbr2[X] results for Tsave, aberror
 and NH4rem were 64%, 1.33 mg NH4-N/l 

and 61% respectively. Overall results for NNbr[0.5X] and NNbr[2X] are displayed in Table E.7 

and E.8 respectively.  

NNlm[0.5X] was the best softsensor in terms of NH4rem and aberror results, while NNlm[2X] had the 

best Tsave result. It should be noted that average results are only indicative of the overall 

performance of the softsensor and do not represent the ability of individual softsensors at 

predicting NH4-N trends, however they are presented here as a basic comparison. 

6.2.6.3 Weighting and Ranking results 

To decide the most optimal softsensor the weighting and ranking system outlined in Section 

6.2.4 was applied. The first step determined the best variable-set (i.e. combination of 

independent input variables) for each model (Table E.9). Table 6.6 summarises overall results 

from this study. Step two determined the best softsensor and the results of this analysis are 

given in the last column of Table 6.6. 
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Table 6.6 SBR 1 Step 1 ranking results and Step 2 ranking  

 Step 1 results Step 2 

Softsensor 

Average 

R
2
 in last 

200 min 

Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Ranking NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

RlinH 0.553 0.5 86 53 0.58 12 6 

RregL 0.646 0.479 85 55 0.58 12 4 

NNlm[X]O 0.675 0.464 91 37 0.69 12 9 

NNlm[0.5X]M 0.634 0.457 92 36 0.59 12 7 

NNlm[X]R 0.465 0.457 77 63 0.48 11 3 

NNlm[2X]K 0.653 0.441 64 60 0.80 12 8 

NNbr[X]T 0.584 0.346 73 56 0.60 11 4 

NNbr[0.5X]V 0.723 0.402 75 59 0.58 11 2 

NNbr[2X]U 0.769 0.196 88 67 0.57 11 1 

 

NNbr[2X]U was determined to be the most optimal softsensor based on the applied weighting 

system. Variable-set U used a combination of moving averages with nadir-apex values for 

both pH and ORP. This softsensor achieved an average NH4rem result of 88% over the 12 test 

cycles with corresponding Tsave and aberror
 results of 67%, 0.57 mg NH4-N/l respectively. 

Some of the test cycles with both measured and modelled NH4-N trends are presented in 

Figure 6.5. These test cycles highlight the variation in NH4-N profiles, and thus the challenge 

for their prediction by the softsensor, particularly at the beginning of the cycle where the 

variations are most prominent.  
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 Figure 6.5 Comparison of SBR 1 modelled and measured NH4-N concentrations for 4 of the 12 test cycles

with the application of NNbr[2X]U softsensor 

 

6.2.6.4 Comparison between methodologies applied 

Using the weighting and ranking method and comparing Rlin to Rreg for each variable-set, it 

was identified that Rlin was marginally more optimal than Rreg (in this comparison Rlin 

performed better for 54.5% of the model-variable-sets). A similar comparison was carried out 

comparing individual variable-sets for the three sets of hidden layer neuron models for NNlm 

(NNlm[X], NNlm[0.5X] and NNlm[2X]) and NNbr (NNbr[X], NNbr[0.5X] and NNbr[2X]). For both NNlm 

(77.3% of total number of variable sets) and NNbr (45.5%), X/2 was the best model while 2X 

was the worst performing model at 4.5% and 18.2% for NNlm and NNbr respectively. Bearing 

this in mind, and comparing NNlm to NNbr for X/2, the non-regularised model, NNlm (68.2%), 

was the better performing NN model, which is consistent with the regression comparison 

above. A further comparison was carried out to compare the leading NN (NNlm[0.5X]) and 

regression (Rlin) models for individual input variables. This showed that Rlin was better 

performing in 54.5% of variable-sets. Alternatively, a study of the final ranked results (Table 

6.6) shows that 3 of the top 4 ranked softsensors use the NNbr model, therefore it may be 

possible to limit the SBR 1 study to this model only.  
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A separate study was carried out comparing all models to each other (Table 6.7). The 

aggregate of variable-set rank results for each model can give an indication of model 

performance (when compared to models i.e. each other). Ranking these aggregates identified 

the best overall model was NNlm[0.5X] in 54.5% of variable-sets. 

A similar study comparing the variable-sets (Table E.9) identified the top three variable-sets 

as T (pHnadir-apex and ORPnadir-apex), V (pHma20 and pHnadir-apex) and M (ORPcum and ORPnadir-

apex). Each of these uses only 2 input variables each, suggesting that simpler variable-sets can 

lead to better results. The nadir-apex input variable seem particularly useful, and more 

generally the compound input variables clearly provide added value to the numerical 

modelling.  

Table 6.7 SBR 1 Ranking results for each variable-set comparing each model 

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] 

A 6 8 4 7 3 2 5 1 

B 8 6 4 7 1 2 5 3 

C 8 7 5 7 1 3 2 4 

D 5 6 2 8 4 3 7 1 

E 5 7 2 8 5 6 3 1 

F 7 5 4 8 3 6 2 1 

G 7 6 2 8 5 3 4 1 

H 5 4 2 8 7 1 6 3 

I 5 7 2 8 6 3 1 4 

J 5 8 1 7 3 4 6 2 

K 7 6 1 4 8 2 6 4 

L 2 7 1 8 6 5 3 4 

M 1 3 6 8 7 4 5 2 

N 2 5 4 7 3 2 8 6 

O 1 7 8 6 2 5 4 3 

P 8 6 2 7 6 4 3 1 

Q 8 5 4 7 3 6 2 1 

R 3 6 4 8 2 7 5 1 

S 6 8 3 4 2 5 7 1 

T 1 6 3 5 3 8 7 4 

U 6 3 7 5 1 4 2 8 

V 5 3 4 6 3 1 7 8 

Sum 111 129 75 151 84 86 100 64 

Rank 3 2 7 1 6 5 4 8 
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6.2.6.5 pH and ORP results 

This study examined the performance of un-processed pH and ORP data (independently) 

using each method. The use of pH and ORP un-processed input variables can potentially 

simplify the procedure, eliminating a need for multiple processed input variables. Table 6.8 

and Table 6.9 present results following the application of 4 experiments for pH and ORP 

respectively (modelling pH and ORP variables only required one hidden layer when using 

NN; therefore NNbr[0.5X] and NNbr[2X] were not examined).  

Table 6.8 SBR 1 pH results 

M
o

d
el

  Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N /l) 
SC 

Rlin 0.69 0.85 1.51 0.67 91 38 0.82 12 

Rreg 0.70 0.86 1.46 0.68 88 41 0.89 12 

NNlm[X] 0.76 0.90 1.39 0.66 86 42 1.01 12 

NNbr[X] 0.66 0.71 1.41 0.61 90 50 0.88 12 

 

Table 6.9: SBR 1 ORP results 

M
o

d
el

  Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

Rlin 0.52 0.77 2.16 1.17 25 84 1.31 5 

Rreg 0.69 0.86 1.50 0.69 93 37 0.8 12 

NNlm[X] 0.77 0.67 1.39 0.57 88 48 0.85 12 

NNbr[X] 0.77 0.84 1.43 0.70 90 48 1.1 11 

 

Using the weighting and ranking method (discussed in Section 6.2.4) it was identified that Rlin 

and Rreg were the best models for pH and ORP respectively. A typical cycle achieved average 

time savings of 38% and 37% with corresponding NH4-N removal of 91% and 93% for pH 

and ORP respectively. Comparing the two best models ORP [Rreg] performed more optimally 

as an independent sensor. When compared to the best overall softsensor (NNbr[2X]U), ORP 

[Rreg] was better performing in terms of NH4-N removal, however, NNbr[2X]U performed better 

in terms of average time saving. 
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6.2.7 SBR 1 overview 

In summary, using the procedure described it was determined, for a typical treatment cycle, 

the best softsensor (NNbr[2X]U) would achieve an average time saving of 67% (the 

corresponding energy saving would be 51%) with an NH4-N removal of 88% of the NH4-N 

removal achieved in the fixed time treatment cycle.  

In practice the application of the study to identify the best softsensor can be cumbersome; 

therefore an operative may seek to reduce this workload based on experience. NNlm[0.5X] was 

shown to be the better overall performing model thus it may be beneficial to limit the study to 

this model only. The best NNlm[0.5X] softsensor was NNlm[0.5X]M, which achieved an average 

NH4rem result of 92% with corresponding Tsave and aberror
 results of 36%, 0.59 mg NH4-N/l 

respectively (Table 9). Furthermore, based on this work operators could potentially limit a 

study to a single variable-set; for example variable-set V was one of the best overall 

performing variable set and only requires the use of a single sensor (pH).  

6.3 SBR 2 – Shaen Hospital 

Chapter 3 discussed the pH and ORP profiles identified in SBR 2. This commercial real world 

installation differed to SBR 1 as instead of on-off aeration for the aeration phase this SBR had 

three, relatively long aeration periods (Figure 6.6). Also instead of a single fill at the start of 

the cycle, a number of additional fill periods occurred at the start of each aeration period. This 

section examines NNs and regression methods with pH and ORP based sensors for the 

prediction of NH4-N concentrations as well as cycle termination at a selected NH4-N 

concentration.  
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Figure 6.6 SBR 2 typical NH4-N and cycle trend 

6.3.1 Assessed input variables 

A number of un-processed (pH and ORP) and processed variables were constructed (outlined 

in Table 6.10). The selected processed input variables were constructed bearing in mind the 

profile features identified in Chapter 4. The developed sets of input variables were trialled in 

12 variable-sets. Each variable-set included a number of input variables outlined in Table 

6.11. A number of processed input variables identified for use in SBR 1 could not be applied 

to SBR 2 due to the application of a different aeration technique, for example; pHapex, 

ORPapex, pHnadir and ORPnadir. Data before 60 minutes and after 250 minutes in each cycle was 

removed to eliminate the effects of filling and settlement periods (Figure 6.6) [as these phases 

are not part of the biological reaction phases of the treatment cycle]. Forty-two treatment 

cycles were available for assessment, 12 of which (approximately 30%) were randomly 

separated for use as a test dataset, and the remainder were used as a training dataset. 
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Table 6.10 SBR 2 pH and ORP Compound input variables 

Input variables Description 

pH pH  
pHma60 Moving average of pH over the previous 60 minutes of data 
pHcum Cumulative sum of pH data over the duration of the cycle 
ORP ORP 
ORPma60 Moving average of ORP over the previous 60 minutes of data 
ORPcum Cumulative sum of ORP data over the duration of the cycle 
pHma60XORPma60 pHma60 input variable multiplied by the ORPma60 input variable 

 

6.3.2 Models 

Two methods (or inferential estimation models) were examined, namely regression and NNs. 

In total eight models were examined; (i) Rlin, (ii) Rreg, (iii) NNlm[X], (iv) NNlm[0.5X], (v) 

NNlm[2X], (vi) NNbr[X], (vii) NNbr[0.5X] and (viii) NNbr[2X] - each model is detailed in 

Section 6.2.2 (SBR 1). In total 96 softsensors were analysed, 8 models were examined with 

12 identified variable-sets using 7 input variables (presented in Table 6.11).  

Table 6.11 SBR 2 Variable-sets 
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Methods 
Regression and Neural Networks 

(Broken down into 8 models) 

 
 
 

Models 
Rlin, Rreg, NNlm[X], NNlm[0.5X], NNlm[2X], NNbr[X], NNbr[0.5X], NNbr[2X] 

 (Each experiment is applied to 14 softsensors)  

 
 
 

Softsensor 
RlinA, RregB, NNlm[X]C, NNbr[X]D, NNbr[0.5X]E, NNbr[2X]E etc 
(A softsensor is an experiment applied to a variable-set)) 

 
 
 

Variable sets 

A, B, C, D, E, F, G, H, I, J, K and L 
(each variable-set utilises a unique set of input variables as per Table 

6.11) 
 

 

 

Input variables 
pH, pHma60, pHcum, ORP, ORPma60, ORPcum, and pHma60XORPma60 

(A definition for each input variable is outlined in Table 6.10) 
Figure 6.7 Breakdown of SBR 2 methods, models, variable-sets, softsensors and input variables  

6.3.3 Analyses  

The analysis criteria identified for SBR 1 were applied to this study (Section 6.2.3) and are 

outlined in Table 6.12, a detailed description of each is previously provided in Table 6.4. For 

the purposes of this study the same “cut-off threshold value”, of 2 mg NH4-N/l, was applied.  

Table 6.12 Summary of SBR analysis criteria (full descriptions are given in Table 6.4) 

Category Criterion 

Category A Criterion 1A: R2 
 Criterion 2A: RMSE 
Category B Criterion 1B: Percentage of NH4-N removal (NH4rem), % 
 Criterion 2B: Percentage of time saved (Tsave), % 
 Criterion 3B: Number of successful cycles (SC) 
 Criterion 4B: Absolute error (Aberror), mg/l 

 

6.3.4 Ranking System 

A ranking and weighting system was developed to compare the impact of each softsensor 

(outlined in Section 6.2.4 [SBR 1]). The weights applied to each criterion in SBR 1 were also 

applied to each criterion in this study (Table 6.5).  
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6.3.5 Results 

6.3.5.1 Regression results 

Two regression models were examined namely; Rlin and Rreg (presented in Table E.10 and 

E.11 respectively). NH4rem varied between 21% and 89% for Rlin (average value of 59%) and 

between 47% and 88% for Rreg (average value of 71%). Average Tsave and aberror results were 

56% and 1.67 mg NH4-N/l for Rlin
 and 51% and 1.25 mg NH4-N/l for Rreg. This indicated that 

Rreg was a better performing model than Rlin as, on average, it achieved better NH4rem and 

aberror results resulting in better and more reliable effluent concentration predictions.  

6.3.5.2 Neural Network results 

NNs were assessed using two algorithms, namely NNlm and NNbr. Overall results for NNlm[X] 

are displayed in (Table E.12). The average NH4rem result for NNlm[X] was 79% with 

corresponding Tsave and aberror results of 49% and 0.7 mg NH4-N/l respectively. The 

application of NNlm[0.5X] (Table E.13) returned an average NH4rem result of 80% and average 

Tsave and aberror results of 49% and 0.73 mg NH4-N/l respectively. Average results for NNlm[2X] 

(Table E.14) were 74%, 52% and 0.8 mg NH4-N/l for NH4rem, Tsave and aberror respectively.  

NNbr[X] returned average Tsave, aberror
 and NH4rem results of 79%, 0.75 mg/l and 50% 

respectively (Table E.15). NNbr[X] was further assessed using NNbr[0.5X] (Table E.16) and 

NNbr[2X] (Table E.17). NNbr[0.5X] returning average Tsave, aberror
 and NH4rem results of 47%, 0.63 

mg NH4-N /l and 83% respectively while NNbr[2X] results for Tsave, aberror
 and NH4rem were 

50%, 0.79 mg NH4-N/l and 76% respectively.  

Thus NNbr[0.5X] was considered the best performing NN softsensor in terms of NH4rem and 

aberror, while NNlm[2X] achieved the best Tsave result.  

6.3.5.3 Weighting and Ranking results 

To compare softsensors the weighting and ranking system outlined in Section 6.2.4 was 

applied. The first step determined the best variable-set (i.e. combination of independent input 

variables) for each model (Table E.18). Table 6.13 summarises overall results from this study.  



161 

Table 6.13 SBR 2 Step 1 ranking results and Step 2 ranking  

 Step 1 results Step 2 

Softsensor 

Average 

R
2
 in last 

200 min 

Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Ranking NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

RlinD 0.778 0.884 89 44 0.6 12 6 

RregH 0.756 0.697 86 45 0.83 11 8 

NNlm[X]A 0.917 0.681 84 50 0.67 11 5 

NNlm[0.5X]J 0.88 0.833 87 45 0.37 12 2 

NNlm[2X]H 0.893 0.729 77 53 0.66 11 6 

NNbr[X]H 0.908 0.641 79 51 0.59 11 3 

NNbr[0.5X]C 0.909 0.613 93 46 0.44 12 1 

NNbr[2X]J 0.822 0.855 86 45 0.43 12 4 

 

Step two determined the best softsensor from the Step 1 results (Table 6.13). From this study 

NNbr[0.5X]C was determined to be the overall best performing softsensor based on the applied 

weighting system. Variable-set C utilised a multitude of both pH and ORP input variables, 

indeed all identified input variables were included with the exception of un-processed input 

variables, pH and ORP. This softsensor achieved an average NH4rem result of 93% over the 12 

test cycles with corresponding Tsave and aberror
 results of 46%, 0.44 mg NH4-N/l respectively.  

6.3.5.4 Further analysis results 

Using the weighting and ranking method and comparing Rlin to Rreg for each variable-set, it 

was observed that Rlin and Rreg performed equally well. A similar study was carried out 

comparing individual variable-sets for the three sets of hidden layer neuron models for NNlm 

(NNlm[X], NNlm[0.5X] and NNlm[2X]) and NNbr (NNbr[X], NNbr[0.5X] and NNbr[2X]). For NNlm and 

NNbr, X (66.67% of total number of variable sets) and  X/2 (50%) were the best models 

respectively, while 2X was the worst performing model at 12.5% for each model. Bearing this 

in mind, and comparing NNlm against NNbr(0.5X), the regularised model, NNbr(0.5X) (54.2%), 

was the considered the optimal NN model.  

A further examination was carried out comparing the leading NN (NNbr[0.5X]) and each 

regression (Rlin and Rreg) model for individual input variables. This showed that the NN model 

performed better in 75% of variable-sets.  
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A separate study was carried out comparing all models to each other (Table 6.14). The 

aggregate of variable-set rank results for each model can give an indication of model 

performance (when compared to other models). Ranking these aggregates identified the best 

overall models were NNlin[X] and NNbr[0.5X]. 

Similar analyses comparing variable-set (Table E.18) identified the most optimal three 

variable-sets as; H (ORP, ORPma60 and pHma60 XORPma60), I (pH, pHma60 and pHcum) and D 

(pH and ORP). Two of these combined processed variables and un-processed pH and ORP 

input variables while one utilised unprocessed pH and ORP variables only. 

 

Table 6.14 SBR 2 ranking results for each variable-set comparing each model 

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] 

A 2 1 8 6 5 4 7 3 

B 4 3 8 2 7 1 5 7 

C 1 2 7 6 3 5 8 4 

D 5 1 8 4 3 6 7 2 

E 1 2 7 4 3 5 8 6 

F 2 1 5 3 4 8 7 6 

G 2 1 3 6 5 4 8 7 

H 1 3 7 6 5 8 4 2 

I 2 1 5 4 3 8 7 6 

J 4 3 7 8 3 6 1 5 

K 1 2 4 6 7 8 5 3 

L 1 2 4 4 5 8 6 7 

Sum 26 22 73 59 53 71 73 58 

Rank 7 8 1 4 6 3 1 5 

 

6.3.5.5 pH and ORP results 

Similarly to SBR1 a study is presented here examining the performance of un-processed pH 

and ORP data (independently) with each method. Tables 6.14 and 6.15 present results 

following the application of four models for pH and ORP respectively.  
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Table 6.15 SBR 2 pH results 
M

o
d

el
  Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
  

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N /l) 
SC 

Rlin 0.605 0.776 1.408 1.047 87 45 0.64 12 

Rreg 0.608 0.658 1.188 0.989 94 41 0.56 12 

NNlm 0.642 0.734 1.185 0.925 83 46 0.71 11 

NNbr 0.645 0.846 1.14 0.816 80 45 0.70 12 

 

Table 6.16: SBR 2 ORP results 

M
o

d
el

  Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
  

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N /l) 
SC 

Rlin 0.378 0.407 1.472 1.081 36 66 2.75 9 

Rreg 0.608 0.755 1.188 0.861 93 43 0.53 12 

NNlm 0.714 0.857 1.059 0.779 70 52 1.02 10 

NNbr 0.721 0.857 1.055 0.756 70 50 1.01 11 

 

Applying the weighting and ranking system (outlined in Section 6.2.4 [SBR 1]) to the pH and 

ORP results indicated that Rreg and NNbr[X] achieved the best results for pH and ORP 

respectively. Between these two models pH [Rreg] was the better performing sensor; with an 

average NH4rem result of 94% and corresponding Tsave and aberror
 results of 41%, 0.56 mg NH4-

N/l respectively. 

6.3.6 SBR 2 overview 

Using the procedure described it was determined for a typical treatment cycle the superior 

softsensor (NNbr[0.5X]C) would achieve an average time saving of 46% (the corresponding 

energy saving would be 49%) with an NH4-N removal of 93% of the NH4-N removal 

achieved in the fixed time treatment cycle. To simplify the application of this procedure to 

similar installations the use of a single model may be beneficial, a study identifying the best 

model determined NNlin[X] and NNbr[0.5X] as performing equally well. Another method would 

be to limit the study to a single variable-set, for example variable-set I was one of the best 

overall performing variable sets and only requires the use of a single sensor (pH). Limiting 
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the study to a single sensor (pH) would potentially achieve poorer time savings, however, 

better NH4rem and aberror results would be achieved. 

6.4 SBR Overview 

SBR 1 and SBR 2 utilised a different control strategies requiring some changes in the 

application of the procedures. The best overall model for each SBR differed (SBR 1: 

NNlm[0.5X]; and SBR 2: NNlin[X] and NNbr[0.5X]). The softsenor for each utilised the NNbr 

method, however, they differed in both model and variable-set. This suggests that when 

applying this procedure to a new/existing installation the study could be limited to a single 

method (depending on similarity and desired site specific goals), however further studies on 

other sites would be required to confirm this. There was no common ground between the two 

facilities when the best variable-set was examined; given some of variable-sets applied to the 

two facilities differed, this was expected. When limiting the study to un-processed data it was 

shown that pH was the best performing sensor for both facilities.   

6.5 PFBR 1 – Moneygall Village 

Chapter 4 discussed the pH and ORP profiles identified in PFBR 1. This municipal 

installation differed to both SBR 1 and SBR 2 as the treatment technology comprised 

repeatedly emptying and filling the reactor over the course of the treatment cycle. This section 

examines NN and regression methods with pH and ORP based sensors for the accurate 

prediction of NH4-N concentrations as well as cycle termination at a selected NH4-N 

concentration.  

6.5.1 Assessed input variables 

A number of unprocessed (pH and ORP) and processed input variables were constructed and 

added to the set of independent input variables, outlined in Table 6.17. The selected processed 

input variables were constructed bearing in mind the profile features identified in Chapter 4. 

Trends created by filling and emptying the PFBR 1 reactor were similar to the up-down trends 

created by the switching on and off of the SBR 1 aerator and therefore the same input 

variables could be applied to both studies. The set of input variables were trialled in 22 
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variable-sets (Table 6.18). As an example 22 variable sets were utilised encompassing a broad 

range of combinations. Data before 71 minutes and after 310 minutes in each cycle was 

removed to eliminate the effects of filling and final circulation (as these phases are not part of 

the biological reaction phases of the treatment cycle). Seventy-seven treatment cycles were 

available for assessment, 12 of which (approximately 15%) were randomly separated for use 

as a test dataset, and the remainder were used as a training dataset. 

 

Table 6.17 PFBR 1 pH and ORP input variables 

Input variables Description 

pH pH  
pHma20 Moving average of pH over the previous 20 minutes of data 
pHcum Cumulative sum of pH data over the duration of the cycle 
pHapex pH apex values during each aeration period 
pH∆apex Change in sequential ph apex values over a treatment cycle 
pHnadir pH nadir values during each aeration period 
pHnadir-apex pH nadir value minus pH apex value for each aeration period  
ORP ORP 
ORPma20 Moving average of ORP over the previous 20 minutes of data 
ORPcum Cumulative sum of ORP data over the duration of the cycle 
ORPapex ORP apex values during each aeration period 
ORP∆apex Change in sequential ORP apex values over a treatment cycle 
ORPnadir ORP nadir values during each aeration period 
ORPnadir-apex ORP nadir value minus ORP apex value for each aeration period 
pHma60XORPma60 pHma60 input variable multiplied by the ORPma60 input variable 

6.5.2 Models 

Eight models were examined namely; (i) Rlin, (ii) Rreg, (iii) NNlm, (iv) NNlm[0.5X], (v) NNlm[2X], 

(vi) NNbr[X], (vii) NNbr[0.5X] and (viii) NNbr[2X] - each model is detailed in Section 6.2.2 (SBR 

1). In total 176 softsensors were analysed, eight models were examined with 22 identified 

variable-sets using 15 input variables (presented in Table 6.11). Matlab was employed to 

apply each of the training methods. 
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Table 6.18 PFBR 1 variable-sets 
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A X X X X X X X X X X X X X X X 
B X X  X X X X X X  X X X X X 
C  X  X X X X  X  X X X X X 
D  X  X X X X  X  X X X X  
E  X  X X  X  X  X X  X  
F  X X X X  X  X  X X  X  
G  X X X X  X         
H   X  X  X         
I  X X  X  X     X  X  
J  X X  X  X         
K         X X X X  X  
L   X    X         
M   X  X           
N          X    X  
O          X  X    
P  X  X X  X         
Q  X  X     X  X     
R    X X      X X    
S  X   X    X   X    
T       X       X  
U  X     X  X     X  
V  X     X         

 

Methods 
Regression and Neural Networks 

(Broken down into 8 models) 
 

 
 

Models 
Rlin, Rreg, NNlm[X], NNlm[0.5X], NNlm[2X], NNbr[X], NNbr[0.5X], NNbr [2X] 

 (Each model is applied to 22 softsensors)  
 

 
 

Softsensor 
RlinA, RregB, NNlm[X]C, NNbr[X]D, NNbr[0.5X]E, NNbr[2X]E etc 

(A softsensor is an model applied to a variable-set)) 
 

 
 

Variable sets 
A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S, T, U, and V (each 

variable-set utilises a unique set of input variables as per Table 6.18) 
 

 

 

Input variables 
pH, pHma20, pHcum, ORP, ORPma20, ORPcum, and pHma20XORPma20 

(A definition for each input variable is outlined in Table 6.17) 
Figure 6.8 Breakdown of PFBR 1 methods, models, variable-sets, softsensors and input variables  
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6.5.3 Analyses  

The analysis criteria identified for SBR 1 were applied to this study (Section 6.2.3). The 

applied criteria are outlined in Table 6.19, a detailed description of each was previously 

provided in Table 6.4. The criterion “number of successful cycle (SC)” used in SBR 1 and 2 

was not required. It was not possible for a cycle to terminate prior to peak NH4-N as agitation 

during the transfer of wastewater between each reactor ensured complete mixing early in the 

cycle. In both SBR 1 and 2 studies a “cut-off threshold value” of 2 mg NH4-N/l was applied. 

Due to instrumentation error NH4-N concentrations were not accurate, however, based on 

examination of the trends it was concluded that the trends were. To counteract this, the 

acquired NH4-N trends were normalised between 0 and 1. As an example a “threshold value” 

of 0.3  was applied to the PFBR 1 study (2 mg/l was used in SBR 1). 

Table 6.19 Summary of PFBR analysis criteria (full descriptions are given in Table 6.4) 

Category Criterion 

Category A Criterion 1A: R2 
 Criterion 2A: RMSE 
Category B Criterion 1B: Percentage of NH4-N removal (NH4rem), % 
 Criterion 2B: Percentage of time saved (Tsave), % 
 Criterion 3B: Absolute error (Aberror), mg NH4-N/l 

 

The calculation for Tsave is the same as described in Table 6.4; except Tthres is the time at the 

threshold (min) rounded up to the next Reactor 1 full time plus time for pre-fill/discharge 

(min) (Chapter 3).  

6.5.4 Ranking System 

The ranking and weighting system previously outlined in Section 6.4.2 was applied. The 

weights applied to each criterion in SBR 1 and SBR 2 were also applied to each criterion in 

this study (Table 6.5).  
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6.5.5 Results 

6.5.5.1 Regression results 

Two regression models were examined namely; Rlin and Rreg (detailed in Tables E.19 and 

E.20 respectively). NH4rem varied between 26% and 70% for Rlin (average value of 61%) and 

between 65% and 71% for Rreg (average value of 68%). Average Tsave and aberror results were 

18% and 0.22 mg NH4-N/l for Rlin
 and 6% and 0.12 mg NH4-N/l for Rreg. Thus Rreg performed 

better than Rlin in terms of NH4rem, and aberror, however, on average Rlin achieved better Tsave
 

results.  

6.5.5.2 Neural Network results 

NNs were assessed using two algorithms, namely NNlm and NNbr. Overall results for NNlm[X] 

are displayed in (Table E.21). The average NH4rem result for NNlm[X] was 66% with 

corresponding Tsave and aberror results of 8% and 0.12 mg NH4-N/l respectively. The 

application of NNlm[0.5X] (Table E.22) returned an average NH4rem result of 65% and average 

Tsave and aberror results of 8% and 0.12 mg NH4-N/l respectively. Average results for NNlm[2X] 

(Table E.23) were 66%, 9% and 0.16 mg NH4-N/l for NH4rem, Tsave and aberror respectively. 

NNlm and NNlm[0.5X] achieved identical results which were better than NNlm[2X] in terms of 

aberror, however, NNlm[2X] achieved the best Tsave result. 

NNbr[X] returned average Tsave, aberror
 and NH4rem results of 67%, 0.2 mg NH4-N/l and 8% 

respectively (Table E.24) NNbr[X] was further assessed using NNbr[0.5X] (Table E.25) and 

NNbr[2X] (Table E.26). NNbr[0.5X] returning average Tsave, aberror
 and NH4rem results of 8%, 0.12 

mg NH4-N/l and 65% respectively while NNbr[2X] results for Tsave, aberror
 and NH4rem were 8%, 

0.14 mg NH4-N/l and 65% respectively. NNbr[0.5X] and NNbr[2X] performed equally well in 

terms of NH4rem, while NNlm[0.5X] had the best aberror result. All three models achieved the 

same Tsave result. 

6.5.5.3 Weighting and Ranking results 

As before, Step 1 of the weighting and ranking system was used to determine the best 

variable-set for each experiment (Table 6.20).  
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Table 6.20 PFBR 1 Step 1 ranking results and Step 2 ranking  

 Step 1 results Step 2 

Softsensor 

Average 

R
2
 in last 

150 min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

Ranking NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
 

RlinL 0.678 0.098 69 7.0 0.11  7 

RregD 0.674 0.099 71 6.9 0.10  5 

NNlm[X]H 0.674 0.094 68 8.0 0.09  4 

NNlm[0.5X]I 0.662 0.095 68 10.0 0.11  8 

NNlm[2X]H 0.893 0.729 77 5.3 0.66  6 

NNbr[X]I 0.656 0.086 73 9.6 0.09  2 

NNbr[0.5X]B 0.721 0.095 69 5.5 0.09  3 

NNbr[2X]M 0.683 0.094 69 8.3 0.07  1 

 

Step two determined the best softsensor from the Step 1 results (Table 6.20). From this study 

NNbr[2X]M was determined to be the overall best performing softsensor based on the applied 

weighting system. Variable-set M utilised two pH processed input variables only; pHcum and 

pH∆apex. This softsensor achieved an average NH4rem result of 68.5% over the test cycles with 

corresponding Tsave and aberror
 results of 8.3%, 0.07 mg NH4-N/l respectively.  

6.5.5.4 Comparison between methodologies applied 

Using the weighting and ranking method and comparing Rlin to Rreg for each variable-set 

identified that Rlin performed significantly better than Rreg (Rreg performed better in 77.3% of 

the model-variable-sets). A similar comparison was carried out comparing individual 

variable-sets for the three sets of hidden layer neuron models for NNlm (NNlm[X], NNlm[0.5X] 

and NNlm[2X]) and NNbr (NNbr[X], NNbr[0.5X] and NNbr[2X]). For NNlm, X (38.6% of total number 

of variable sets) and 2X (34.1%) were the best performing models respectively, while X/2 

was the worst at 27.3% for each model. For NNbr, X/2 (56.8% of total number of variable 

sets) was the best performing model followed by X (25%), while 2X was the worst 

performing model at 18.2% for each model. Bearing this in mind, and comparing NNlm[X] 

against NNbr(0.5X), NNlm(X) (52.3%), was the optimal NN model.  
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A further comparison was carried out to compare the leading NN (NNlm[X]) and regression 

(Rreg) models for individual input variables. This demonstrated that the NN model performed 

better in 54.6% of variable-sets.  

A comparison was carried out between the models (Table 6.21). The aggregate of variable-set 

rank results for each model can give an indication of model performance (when compared to 

other models). Ranking these aggregates identified the best overall model was NNbr[2X]. 

A similar study comparing variable-set (Table E.27) identified the top three variable-sets as 1; 

I (pHma20, pHcum, pH∆apex, ORP∆apex, and ORPnadir-apex), 2; M (pHcum, pH∆apex), 3; L (pHcum, 

pHnadir-apex). Each of these used a combination of processed input variables. Two of these 

utilised pH processed variables only.   

Table 6.21 PFBR 1 ranking results for each variable-set comparing each model 

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] 

A 3 7 5 8 4 2 6 1 

B 4 5 6 7 2 3 8 1 

C 6 7 5 8 2 3 4 1 

D 5 8 4 3 2 3 7 1 

E 1 7 8 4 2 3 6 5 

F 5 3 7 3 4 6 8 1 

G 2 4 3 5 6 7 8 1 

H 7 7 8 2 1 4 5 3 

I 3 4 6 1 5 8 7 2 

J 3 5 4 7 6 2 2 8 

K 3 7 2 8 1 4 6 5 

L 7 1 8 5 6 3 4 2 

M 5 3 6 2 7 1 4 8 

N 1 2 3 6 5 4 8 7 

O 1 8 7 6 2 5 3 4 

P 5 3 8 3 7 6 4 1 

Q 2 6 3 5 4 8 7 1 

R 4 8 5 3 1 6 7 2 

S 5 4 1 6 7 8 2 3 

T 1 7 2 6 8 3 4 5 

U 6 2 5 1 4 7 8 3 

V 3 1 8 6 2 5 4 7 

Sum 82 109 114 105 88 101 122 72 

Rank 7 3 2 4 6 5 1 8 

 



171 

6.5.5.5 pH and ORP results 

Similarly to SBR 1 and SBR 2 a study examined the performance of un-processed pH and 

ORP data (independently) with each method. The use of pH and ORP as direct input variables 

would create a simplified methodology, eliminating a need for multiple processed input 

variables. Table 6.22 and 6.22 present results following the application of 4 experiments for 

pH and ORP respectively (examination of pH and ORP input variables independently only 

requires one hidden layer when examined using NN therefore NNbr[0.5X] and NNbr[2X] were not 

included).  

Table 6.22 PFBR 1 pH results 

M
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 Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

Rlin 0.670 0.106 69 3 0.14 

Rreg 0.675 0.103 69 0 0.13 

NNlm 0.668 0.100 64 11 0.13 

NNbr 0.674 0.099 65 11 0.11 

 

Table 6.23 PFBR 1 ORP results 

M
o

d
el

 Average 

R
2
 in 

last 200 

min 

Average 

RMSE 

in last 

200 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

Rlin 0.414 0.166 60 21 0.55 

Rreg 0.676 0.159 64 10 0.21 

NNlm 0.677 0.099 66 6 0.13 

NNbr 0.683 0.099 65 7 0.13 

Applying the weighting and ranking system (outlined in Section 6.2.4 [SBR 1]) to the pH and 

ORP results indicated that NNbr[X] and NNlm[X] was the best applied softsensors respectively. 

Comparing these two models concluded that pH [NNbr[X]] was the better sensor which 

achieved an average NH4rem result of 65% with corresponding Tsave and aberror
 results of 11%, 

0.11 mg NH4-N/l respectively. 
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6.5.6 PFBR 1 overview 

Using the methodology described it was determined for a typical treatment cycle the best 

performing softsensor (NNbr[2X]M) would achieve an average time saving of 8% (which would 

correspond to an average energy saving of 10%) with NH4-N removal of 69% of the NH4-N 

removal achieved in the fixed time treatment cycle. It was found that NNbr[0.5X] was also the 

best performing model with NNbr[0.5X]B being its best performing softsensor. Variable-set I 

was found to be the best single variable set. Limiting the study to a single input 

variable/sensor was also examined, concluding that pH was superior; however, when 

compared to the overall best softsensor, pH did not perform as well in any criteria. 

6.6 Overall overview 

A similar methodology was applied to two batch operated wastewater treatment technologies, 

SBR and PFBR. Two SBR facilities (SBR 1 and SBR 2) were examined and one PFBR 

facility (PFBR1) was examined. For all studies the best performing model utilised processed 

input variables, therefore, the processed input variables are clearly providing added value to 

the numerical modelling. It was previously outlined (Section 6.4) that a study using an SBR 

facility could potentially be limited to a single method (NNbr), this was consistent with the 

PFBR study in which the best softsenor also utilised NNbr. However, when limiting the study 

to a single un-processed variable-input, pH was shown to be the best performing sensor for 

SBR 2 and PFBR 1, and ORP was best for SBR 1. Overall it can be concluded that the 

application of the methodology was successful in all studies. Average NH4rem results from the 

best performing softsensor were 88%, 93% and 69% for SBR 1, SBR 2 and PFBR 1 

respectively and corresponding Tsave results were 67%, 46% and 8.3% and energy savings 

were 51%, 49% and 10%. The variation in results between the sites is due to the nature of the 

facility and influent.  
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7 Procedure selection and application 

7.1 Introduction 

Four wastewater treatment units were investigated in this study – two sequential batch reactor 

(SBR) units and two pumped flow biofilm reactor (PFBR) units. Chapters 5 and 6 presented 

two new control procedures - a low resource procedure and an advanced procedure 

respectively – designed to enable RTC of these and similar wastewater technologies. This 

chapter discusses the application of these procedures in terms of the data and equipment 

required to implement them and implementing the procedures on PLCs. It should be noted 

that while SBR and PFBR technologies are different in terms of equipment and operational 

requirements, the data generated, and outline PLC programmes would be relatively similar. 

Finally, a comparison between the low resource and advanced procedures is presented to aid 

an operative in selecting suitable procedure for a new WWTP.     

7.2 Data collection and processing 

Typically WWTPs differ in terms of physical characteristics, installed equipment and influent 

hydraulic and organic loads. In addition to the above, the overall nature of a technology and 

how it is operated can impact site specific pH, ORP, and NH4-N trends (even where similar 

end results are achieved). Therefore before the low resource or advanced procedure can be 

applied to a new WWTP, it must initially be operated and monitored with a fixed-time 

treatment cycle using default operating parameters, until steady state has been achieved (this 

may take 4 weeks for a new WWTP or an existing WWTP may already be operating at steady 

state conditions). Key monitoring equipment including NH4-N, pH and ORP sensors can be 

temporarily installed (if not there permanently) for monitoring purposes and subsequently 

removed and replaced with permanent sensors following the study. The collected sensor data 

can then be separated into individual cycles before processing into the required variables (e.g. 

apexs, nadirs, cumulative etc). A VBA macro can be used to expedite this process (the macros 

developed for this project would suffice or could easily be adapted).  
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7.3 Low resource procedure application 

An overview of the overall procedure, outlined in Chapter 5, is provided in Figure 7.1. The 

collected data is initially pre-processed (Section 7.2) for analyses using the defined methods. 

The results are then analysed using defined rules, assessment criteria and site specific 

weightings, ultimately determining the most optimal subset and sensor/sensors for use in the 

WWTP.  

 

Figure 7.1 Summary of developed low resource procedure 

7.3.1 Required PLC programme  

The low resource procedure was developed for use with low cost basic PLCs and sensors. For 

this purpose the Siemens LOGO!® was selected as a test PLC. This device is commonly used 

to control the operations of small SBRs. Typically the device would be connected to inputs 

(float switches, sensors etc) and outputs (e.g. pumps, air blower etc.). A standard programme 

would be uploaded to the device; this programme dictates when each output/treatment phase 

is operated using a series of function blocks. Timers (which for example control the anoxic 

time length or air blower-on time length) are a key function block; these can be adjusted for 

each site based on hydraulic and organic loadings.  

Sensors (e.g. pH and ORP) can be treated as additional 4-20 mA analogue inputs to the PLC. 

Thus a PLC programme can be developed to include analyses of data from such sensors. Such 

a programme can operate in conjunction with the main programme, (Figure 7.2) and would 

perform required calculations for the selected subset (Chapter 5) and subsequently identify a 

selected threshold trigger (once the selected minimum cycle time has elapsed). The two 
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programmes (main SBR programme and data analyses programme) would operate 

independently, with a single connection terminating the aeration phase when conditions suit. 

For a Siemens LOGO! PLC sensor, 4-20 mA analogue values can be fed directly into a 

function block which can determine the required trends during treatment cycles (e.g. 

maximum pH and ORP values during aeration phases can be determined using an instruction 

function block). Once the designated minimum cycle time has elapsed the output from this 

block can be connected into an analogue threshold trigger function block. When this trigger 

receives a specified value, for example zero or greater for pHm3T1, a signal can be sent to the 

main programme to terminate the aeration phase (Figure 7.2).  

 

Figure 7.2 Schematic of proposed low resource PLC programme 

7.4 Advanced procedure application 

A summary of the procedure outlined in Chapter 6 is provided in Figure 7.3. The collected 

data is initially pre-processed into the selected variables (Section 7.2) and variable sets for 

analyses as softsensors. The models to be assessed with developed softsensors are then 
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defined and each softsensor is analysed within pre-defined criteria. The results are then 

analysed using site specific weightings, ultimately determining the most optimal softsensor and 

sensor/sensors for use in the WWTP.  

  

Figure 7.3 Summary of developed advanced procedure 

7.4.1 Required PLC programme  

The softsensors outlined in Chapter 6 are too advanced for the capabilities of low cost basic 

PLCs such as those suggested for the low resource procedure application. Therefore, at an 

additional cost, more computing power would be required. Control using numerical models 

such as Neural Networks can be executed in two ways (Ladislav, 2011): 

1. The first method is the use of a master system using an application running on a PC 

which communicates with local human machine interface (HMI), PLC etc. The 

algorithm is separated from the control system and thus it is important to ensure 

trouble-free communication between each component. 
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2. The second method is to implement the algorithm directly to the PLC. Suitable PLCs 

capable of advanced mathematics include the Allen Bradly CompactLogix (1769-

L32E). 

Option 2 would be the preferred option as it is less likely to have any communication issues 

and, as outlined in Section 7.2.1, two programmes working in parallel could be utilised. A 

standard PLC programme can be written in function block diagram format; to control the 

operation of the WWTP. Similarly to the low cost PLC the timer is a key function block. Each 

timer can be adjusted for each site depending on hydraulic and organic loadings. A second 

programme (the sensor analyses programme), operated using the same PLC, written in 

structured text format can be used to implement the numerical model in real time.  

The sensor analyses programme would process the acquired sensor data into desired variable 

sets, perform required advanced numerical calculations using the selected method (Chapter 6) 

and subsequently identify a selected threshold trigger (once the selected minimum cycle time 

has elapsed). The two sections (main programme and sensor analyses programme) would 

operate independently, with a single connection which terminates the aeration phase when 

conditions suit (Figure 7.4) 
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Figure 7.4 Schematic of proposed advanced PLC programme 

7.5 Physical set-up and additional maintenance requirements for the WWTP 

The general set-up of a typical WWTP (SBR or PFBR) would remain unchanged for both the 

advanced and low resource procedures, however, the addition of appropriate sensors, a 

transmitter and an analogue extension for the PLC would be required (Figure 7.5): 

• Sensors may include pH or ORP which can be installed alongside existing equipment  

• As sensors don’t directly provide a 4-20 mA analogue output, a transmitter is required. 

This device, housed beside the control panel, processes digital signals from the sensor 

and provides a 4-20 mA analogue output which can be connected to the PLC. 

• The standard Siemens LOGO! PLC is not capable of a 4-20mA analogue input, 

however an off-the-shelf analogue extension is available. This extension connects 

directly into the side of the PLC. An Allen Bradly CompactLogix (1769-L32E) PLC 

would also require an analogue expansion module. 
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Figure 7.5 proposed physical set-up 

The technology’s application would result in some additional maintenance in terms of 

cleaning and calibration of probes; however, day to day maintenance of the WWTP would 

remain unchanged.  
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7.6 Comparison between advanced and low resource procedures 

Table 7.1 gives a comparison of the two applied procedures for a number of parameters. 

Table 7.1 comparison between low resource and advanced procedures 

Parameter Low resource Advanced Conclusion 

Cost (sensor cost 

is equal for each 

procedure) 

The low resource procedure 
was designed for low cost 

PLCs. The cost would be in 
the hundreds of euro. 

The cost of a PLC with the 
computing capacity to run 
the advanced numerical 
methods would be in the 

thousands of euro 

The low resource 
procedure may be 

better suited to 
sites with reduced 

resources 

PLC set-up 

maintenance/ 

operation 

Modifications to the sensor 
analyses within the PLC 

programme would be carried 
out in function block 

diagram format 

Modifications to the sensor 
analyses within the PLC 

programme would require an 
advanced knowledge of 

structured text programming 

The advanced 
procedure would 

require more 
highly skilled 

personnel 
When in operation the PLC 
programme should require 

few modifications 

When in operation the PLC 
programme should require 

few modifications 
 

Procedure set-up 
Set-up involves a three stage 
process using excel macros 

Set-up involves a four stage 
process using excel macros 

and Matlab (or similar) 

The advanced 
procedure would 

require more 
highly skilled 

personnel 

System flexibility 

The low resource procedure 
is only capable of trigger 

identification 

The advanced procedure is 
capable of NH4-N trend 

prediction as well as trigger 
identification 

It is easier to 
adjust termination 
conditions in the 

advanced 
procedure 

Results 

comparison, SBR 

1 

The most optimal subset, 
pHm3(T1), achieved average 
time savings of 60% and an 
average NH4-N removal of 

78% of total NH4-N 
removed. The corresponding 

energy saving was 43% 

The most optimal softsensor, 
NNbr[2X]U, achieved average 
time savings of 67% and an 
average NH4-N removal of 

88% of total NH4-N 
removed. The corresponding 

energy saving was 51%. 

For the SBR 1 
study the advanced 

procedure was 
capable of 

achieving better 
average NH4-N 

removal, time and 
energy saving 

results.  

Results 

comparison, 

PFBR 1 

The most optimal subset, 
pHm3(T2), achieved average 
time savings of 10% and an 
average NH4-N removal of 
72%. The corresponding 
energy saving was 10% 

The most optimal softsensor, 
NNbr[2X]U, achieved an 

average time saving of 8.3% 
and an average NH4-N 
removal of 69%. The 

corresponding energy saving 
was 10% 

For the PFBR 1 
study the low 

resource procedure 
was capable of 
achieving better 
average NH4-N 

removal and time 
saving results. 
There was no 
difference in 

energy saving 

 

Based on the conclusions outlined in Table 7.1, the low resource procedure requires less 

expensive PLCs, requires fewer skill sets and produced better results operating the PFBR 

technology and slightly reduced results when operating SBR technology. The advanced 
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procedure requires more expensive control equipment and additional skill sets. The procedure 

has advantages in terms of enabling easy adjustment to termination conditions (i.e. modifying 

a 2 mg NH4-N/l discharge limit to 3 mg NH4-N/l) and accuracy when applied to SBR or 

PFBR technologies. The choice of procedure is ultimately the decision of the operative and is 

likely to be based on local expertise and resources.  

The results presented in the study are based on selected pre-defined weights for the selected 

analyses criteria. Altering these weights to promote particular site goals would impact results 

presented in this study. However this is the novelty of the approach - various desired 

outcomes can be favoured depending on requirements. For example, increasing Tsave would 

promote the selection of a softsensor with good energy saving characteristics; however, this 

may result in a reduced effluent quality. 

7.7 Conclusions 

This chapter outlines physical and PLC programme requirement for the application of both 

low resource and advanced procedures described in Chapters 5 and 6 respectively. It was 

shown that, typically, the existing physical set-up of a WWTP can remain unchanged. The 

main PLC programme would remain generally unchanged; however, a new programme 

section is required in the same PLC to process sensor trends ultimately terminating the 

aeration phase when conditions suit. An initial operation, monitoring and data processing 

period is required before the low resource and advanced procedures outlined in Chapters 5 

and 6 can be applied. Also discussed is a comparison between the two procedures concluding 

that the low resource procedure produced better results when applied to PFBR technology 

while the advanced procedure achieved better results when applied to SBR technology. The 

choice of procedure is ultimately the decision of the operative. 
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8 Conclusions 

8.1 Overview 

Operatives of small-scale and decentralised wastewater treatment plants (WWTPs) are 

increasingly required to improve biological nutrient removal while simultaneously addressing 

operational challenges including non-consistent influent, inflexible operating regimes, and 

relatively high running costs. Automated monitoring and automation of WWTPs has 

significant potential to improve operation, reduce energy consumption and enable desired 

standards be met. On line sensors for key parameters, such as ammonium-nitrogen (NH4-N) 

can provide data on the operation of the WWTP allowing the application of real time control 

(RTC) strategies. However, sensors for such parameters require extensive maintenance and 

can be unreliable and are often not affordable within the resources of smaller WWTPs. 

This study sought to develop novel real time control (RTC) procedures for the automation and 

optimisation of small-scale and decentralised WWTPs. These RTC procedures were 

developed to terminate batch operated treatment cycles on completion of nitrification within 

the process using robust surrogate sensors (pH and oxidation reduction potential [ORP]). Two 

procedures were developed, (i) a low resource procedure utilising low cost robust reliable 

sensors with low cost programmable logic controllers (PLCs) (applied to SBR 1 and PFBR 1) 

and (ii) an advanced procedure, utilising low cost robust reliable sensors and requiring the use 

of more advanced PLCs capable of utilising numerical prediction models (applied to SBR 1, 

SBR 2 and PFBR 1).  

The low resource procedure investigated three novel methods that identified trends from pH 

and ORP profile characteristics (methods were assessed as pHm1, ORPm1, pHm2 etc. – where 

m1, m2 refers to method number 1, 2 etc). Each pH and ORP method was analysed using three 

subsets that utilised different threshold or time delay values to cease the aeration cycle 

(subsets were assessed as pHm1T1, ORPm1T2, pHm2T3 etc.[where T1, T2 and T3 etc. refer to the 

threshold number]).  
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The advanced procedure leveraged the application of pre-processing techniques, developed 

from key sensor trends (pH and ORP), to act as input variables for inferential estimating 

models. These models, in turn, predicted NH4-N concentrations in real time (or almost real-

time), ultimately terminating a treatment cycle at a selected NH4-N value. Unique 

combinations of input variables were assessed as variable sets with the inferential estimating 

models. Two inferential estimating models were utilised, neural networks and regression. 

Optimisation of the neural networks was achieved by adjusting the training algorithms utilised 

namely; (i) Levenberg-Marquardt back-propagation (NNlm) and (ii) Levenberg-Marquardt 

back-propagation with Bayesian regularisation (NNbr). These models were further optimised 

by adjusting the number of neurons in the hidden layer to half the number of input variables 

(NNlm[0.5X] and NNbr[0.5X]) and twice the number of input variables (NNlm[2X] and NNbr[2X]. 

Optimisation of the regression model was achieved by assessing two model types namely (i) 

MLR without regularisation (Rlin) and (ii) MLR with LASSO regularisation (Rreg).  

A key objective of these studies was to ensure the procedures developed could be easily 

modified to prioritise onsite the objectives at individual facilities. This was achieved using a 

ranking system allowing an operative prioritise site specific objectives using a number of 

useful ranking criteria such as time savings and NH4-N removal, to determine the best low 

resource or advanced model that could be applied to each case-study WWTP. 

The case studies comprised three WWTPs which were monitored for key parameter trends 

including, NH4-N, pH and ORP. Two WWTPs utilised sequencing batch reactor (SBR) 

technology, a purpose built intermittently aerated pilot scale SBR WWTP (SBR 1) and a 

commercially operated SBR WWTP treating wastewater discharged from a nursing home 

(SBR 2). The third WWTP was operated using pumped flow biofilm reactor (PFBR) 

technology treating wastewater discharged from a village (PFBR 1).  

8.2 Low resource procedure conclusions 

Method 1 examined the initial change in pH or ORP values after they reached their maximum 

value (apex) during each aeration period and Method 2 studied the trend between this apex 
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and the subsequent nadir (minimum value for pH or ORP). For SBR 1 it was apparent that in 

both pH and ORP studies Method 2 proved to be better in terms of effluent quality while 

Method 1 resulted in better energy savings. Method 3 examined the change in pH or ORP 

values between apexes. The conclusions from this study were as follows: 

• Applying the best performing subset to SBR 1 (pHm3(T1)) achieved an energy saving of 

43% with a corresponding overall cycle time savings of 60%. The potential NH4-N 

removal was 78% of that achieved during a full length cycle but the final NH4-N 

concentration would be within regulatory requirements. 

• The best performing PFBR 1 subset (ORPm2(T1)) achieved a potential NH4-N removal 

of 74% with a corresponding energy savings of 7%. The energy savings achieved by 

the PFBR study were significantly less than those of the SBR study. It is likely that 

this was due to the longer phase times of the PFBR unit and variations in influent 

characteristics that would impact system performance.  

• For SBR 1 the best ORP subset (ORPm1(T1)) achieved an average overall energy 

savings of 20% and a potential NH4-N removal was 56%.  

• The best PFBR 1 pH subset was pHm3(T2) which achieved an average energy savings of 

9% and a potential NH4-N removal was 75%. 

• Assessment of half SBR 1 cycles using the same methodology with the application of 

the best subset to the remainder cycle demonstrated little variation between results. 

This suggests the application of the best subset would perform well ilong term site 

studies.   

The developed methods could be readily utilised for use in low cost PLCs and low cost 

sensors with little on-going maintenance, and could thus significantly improve the 

management of small-scale and decentralised wastewater treatment systems. The ranking 

method developed allowed the operative prioritise specific goals (e.g. energy savings) to suit 

the objectives of within that WWTP. This new approach has not been seen in previous studies 

to the best knowledge of the author.  
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8.3 Advanced procedure conclusions 

The conclusions from this study were as follows: 

• Average NH4-N removals using the best performing softsensor were 88%, 93% and 

69% for SBR 1, SBR 2 and PFBR 1 respectively with corresponding cycle time 

savings of 67%, 46% and 8% and energy savings of 51%, 49% and 10%. The 

variation in results between the sites was likely due to the nature of each facility and 

influent characteristics.  

• It was shown that the none-regularised regression model (Rlin) was marginally better 

than the regularised model (Rreg) when applied to SBR 1. Rlin and Rreg performed 

equally well when applied to SBR 2 and Rlin performed significantly better when 

applied to PFBR 1.  

• Comparing the number of hidden layers applied to each neural network method for 

SBR 1 concluded that X/2 was the better performing for each and NNlm(0.5X) was the 

best performing model. Applying the same study to SBR 2 and PFBR 1 showed a mix 

of X/2 and X performed best with NNbr(0.5X), NNlm(X) being the best performing models 

respectively.  

• Future studies into control of SBR/PFBR facilities could potentially be limited to a 

single method (NNbr) as the best performing softsensor for each facility all utilised this 

method. However different models and variable sets performed better in each facility 

and therefore as a minimum a full optimisation study would need conducted using the 

NNbr method.  

• A comparison of the variable sets for each study showed that the most efficient 

utilised both pH and ORP data, while the second most efficient utilised for each study 

utilised pH data only respectively.  

• It was found that the same input variables could not be applied to each WWTP, this 

was due to the different control characteristics employed by each system. However, 

the same input variables used by the intermittently aerated pilot-scale SBR WWTP 
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could be applied to the municipal scale PFBR plant. Although they had different 

control characteristics, the operational regime was such that similar trends emerged.  

The developed softsensors could be readily utilised with little on-going maintenance and, 

while more complex, may offer more flexibility than the low resource procedures. Similarly 

to the low resource method the developed ranking method allowed the operative prioritise 

specific goals (e.g. energy savings) which are useful for varying the study to suit the 

objectives of WWTP operatives.  

8.4 Conclusions on the application of developed procedures 

The physical application of the developed procedures was discussed in Chapter 7 with the 

following key conclusions.  

• It is expected that the existing physical set-up of a WWTP could remain largely 

unchanged to accommodate these RTC methods. The installation of additional sensors 

(pH and/or ORP) would be required along with associated signal processing 

equipment.  

• The main PLC programme controlling the WWTP would remain generally unchanged, 

however, a new programme section would be required, in the same PLC, to process 

sensor trends ultimately terminating the aeration phase when conditions suit.  

• There would be limited additional maintenance required during day to day operations 

apart from sensor cleaning and calibration which would be required. 

8.5 Recommendations for future work 

• This study was carried out using data collected from a small number of WWTPs. 

Future investigation should include the application of the developed low resource and 

advanced procedures to data collected from additional sites utilising SBR, PFBR 

technologies, in addition to other batch operated technologies.  

• The presented results are based on theoretical application of the developed procedures. 

An important next step would be the trial of the developed procedures on the 

examined WWTPs. This may not by possible with commercial or municipal WWTPs 
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but is achievable with the available pilot scale SBR facility. This study would confirm 

the long term impacts (e.g. on bacterial populations, system stability etc) of 

controlling a facility using these methods. 

• The NN study was limited to three sets of neurons in the hidden layers; it may be 

possible to further improve the accuracy of the achieved results by investigating 

additional numbers of neurons in the hidden layers. 

• The advanced study was limited to two inferential estimating models, neural networks 

and regression. Investigations into alternative models may improve the accuracy of the 

results.  

• With increasing interest in the areas of total nitrogen removal future studies in this 

area are required. Given denitrification occurs in anoxic conditions, the cyclical 

trends, created by aeration equipment, would not be available. However are often 

deployed to agitate the liquid content periodically during the anoxic phase and thus 

these methods may be directly applicable if this results in cyclical trends. 
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Decentralized wastewater treatment using “Pumped Flow Biofilm Reactor” 

(PFBR) technology 

Shane Fox1,2, Michael Cahill3, Edmond O’Reilly1,2, Eoghan Clifford1,2 
1Civil engineering, College of Engineering & Informatics, NUI Galway, Ireland 
2Ryan Institute, NUI Galway, Ireland  
3Molloy Environmental Systems, Tullamore, Co. Offaly, Ireland 

Abstract 

Clean water resources are imperative for sustainable development and thus, protection 
and management of waters receiving wastewater discharges have received significant 
attention from policy and regulatory bodies. The quality of wastewater effluent must 
meet regional (e.g. Water Framework Directive), national and local discharge standards. 
In addition, there is now significant pressure on engineers and operators to reduce 
energy consumption, sludge production and operation/maintenance issues, particularly 
at small-scale and decentralized wastewater facilities. Therefore significant interest has 
risen in new technologies and operational insights which can (i) minimize operating 
costs; (ii) simplify and reduce the use of mechanical equipment; (iii) result in low 
sludge production; and (iv) ease operation/maintenance. This study investigated the 
performance of a small-scale municipal wastewater facility over 5 months from 
commissioning. The facility uses a new biofilm-based technology - the pumped flow 
biofilm reactor (PFBR). Two experimental periods Phase 1 (28 to 36 days) and Phase 2 
(Days 100 to 146) were examined. During Phase 2, removal rates averaged 98% for 5-
day biochemical oxygen demand (BOD5), and 93% for both total suspended solids 
(TSS) and 94% ammoniacal-nitrogen (NH4-N). Energy requirements averaged 0.22 
kWh.m-3 

treated and 1.74 kWh.kg-1 BOD5 removed. Extensive camera-based studies revealed 
minimal excess sludge in the reactor tanks and sludge removal was not required during 
the study period. The use of vertically stacked plastic media to support the biofilm may 
have limited biofilm sloughing. Sludge yield during steady state operation was 
estimated at around 0.03 g-SS.g-COD removed

-1. The study indicates that given careful 
design and operation, small-scale wastewater treatment systems can be designed and 
operated as efficiently as much larger, fully manned plants. 

Keywords: PFBR; Sludge production; Energy efficiency; Decentralized wastewater 

treatment 

Introduction 

The protection and management of water resources is crucial for sustainable 
development and is therefore prioritized by governments and international organizations 
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– e.g. UN and WHO. Both developed and developing economies focus on wastewater 
infrastructure investments. Challenges to the wastewater industry include climate 
change, population growth, a volatile global economy, increasing energy prices, 
heightened environmental awareness, and more complex regulatory and social 
circumstances (Marlow et al. 2013). To combat these, decentralization is increasingly 
recognized as an alternative management strategy to the norm of centralized wastewater 
collection and treatment. Decentralization is being adopted widely, e.g. in the USA, 
Japan, Australia and Italy (Libralato et al. 2012). Small-scale decentralized wastewater 
treatment systems, however, have design and operational challenges that can affect 
performance, including; (i) lack of permanent operators and local expertise, (ii) 
relatively high energy costs, (iii) sludge handling, (iv) complying with strict discharge 
licenses, (v) variable influent hydraulic or organic loads, and (vi) inflexible operating 
regimes.    

In Europe the Urban Wastewater Treatment Directive (UWWTD) (91/271/EEC) 
specifies standards for effluent discharged from places with population equivalents 
(PEs) exceeding 2,000. The Water Framework Directive (WFD) (2000/60/EC) specifies 
quality standards for effluent discharged from places with certificates of authorization 
(<500PE) and with discharge licenses (>500PE). These directives also regulate 
monitoring requirements, protect high-status waters and prevent further deterioration of 
all waters. Tight regulations challenge decentralized wastewater treatment plant 
operators to meet performance targets against an increasing need to minimize operating 
costs. 

Approximately 80% of European wastewater treatment plants (WWTPs) are less than 
5,000 PE (EPA 2013), (García 2009). In Ireland approximately 94% of WWTPs 
operated by Irish Water have a PE below 10,000; 83% of these plants serve PEs below 
2,000 (EPA 2014). Similar situations exist elsewhere. For example, 57% of the China’s 
population live in 2.79 million villages accounting for 768.8 million people (Guo et al. 
2014). Many small-scale WWTPs are likely to be unmanned.    

Compliance with regulations varies widely. In Europe, average secondary treatment 
compliance rates are 88% for the original 15 EU member states but 39% in states that 
joined after 2004 (EC 2013). In Ireland, despite significant investment, 21% of WWTPs 
(>2,000PE) have not complied with discharge standards (EPA 2014). Many WWTPs 
serving populations of less than 2,000 PE may have little or no monitoring, further 
exacerbating the situation. Furthermore, the ecological status of 58% of European 
surface waters is deemed less than good. In China, the quality of 40.1% of river waters 
is Grade IV or less (Environmental, 2012). Despite recent urbanization in China, 
approximately 50% of discharges originate from rural areas, and increasing numbers of 
flush toilets in rural areas contribute this challenge (Guo et al. 2014). 

Operation and maintenance 

In addition to strict discharge limits, increased concern related to energy efficiency is a 
key focus in the wastewater sector (Kim & Hao 2001). The transport and treatment of 
water and wastewater is estimated to account for 7 or 8% of the world’s energy 
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consumption, with 4,600 Mm3 of water consumed annually to generate it (IEA 2012; 
Hoffman n.d.). These figures are expected to rise by 33% by 2020 (IEA 2012), so 
methods of reducing energy consumption must be explored throughout wastewater 
treatment stages. In general, approximately 33% of the WWTP total operating cost is 
attributed to energy requirements (Fernández et al. 2011), with that needed for aeration 
representing up to 65% of such consumption (op.cit). 

Increased difficulties also arise from sludge handling in small-scale WWTPs. WWTP 
sludge disposal in Europe is subject to increasing legal and social constraints, and 
accounts for up to 60% of plant operating costs (Paul et al. 2006). Reducing excess 
sludge production is appealing; particularly at decentralized, or smaller or remote 
facilities, where sludge treatment or re-use may not be feasible on-site, and transport 
costs can be high.  

Operation and maintenance costs associated with small-scale WWTPs are of further 
concern (O’Reilly, Edmond; clifford, Eoghan; rodgers, Michael; O’Donoghue 2011). 
Sophisticated wastewater treatment systems in remote areas can be hindered by lack of 
skilled workers, and operating and maintenance simplicity can determine the long-term 
success of a plant (Kalbar et al. 2012). 

The pumped flow biofilm reactor (PFBR) is a novel, biofilm-based, batch process 
technology, designed to alleviate the issues cited above. Although it has been 
extensively tested at laboratory- and pilot- scale, and tested on-site, a full small-scale, 
municipal application has not yet been examined (Zhan et al. 2006; O’Reilly et al. 2008; 
Rodgers et al. 2004). The aim of this study is to investigate PFBR performance in 
treating municipal wastewater in a village in Ireland. The study was made in relation to 
effluent quality, energy consumption, sludge accumulation and maintenance 
requirements. 

Material Methods 

Test site 

The study was conducted in Moneygall, Co. Offaly, Ireland. The population is 310 
people (CSO 2011). The plant install comprised; preliminary screen, primary settlement 
and balance tanks, and the PFBR unit – divided into two independent, parallel streams – 
A and B). The PFBR system was installed in an in-situ concrete tank with six chambers, 
three per stream (Figure 1). Each PFBR stream comprised two reactor chambers 
(Reactors 1 & 2) and a clarification chamber. The facility replaced an existing, 
overloaded system consisting of; preliminary screening, an Imhoff tank, trickling filters 
and a final settlement tank. The preliminary screening system was kept and the Imhoff 
tank was reused as the primary settlement tank. The trickling filters and final settlement 
tank were decommissioned. A new control room was constructed to house the PFBR’s 
control panel.  

Reactors and plastic biofilm media 

Each of the four PFBR reactor chambers had a working volume of 42.2 m3 and 
contained plastic media. The media blocks comprised vertical trapezoidal tubes with a 
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specific surface of 230 m2.m-3, giving a total surface of 15,130 m2 (including internal 
tank wall surfaces) per stream. The media were supported above the base of each 
reactor chamber (Figure 2), to enhance circulation and provide storage for any sludge 
generated. 

 

Figure 1 Schematic of two-stream PFBR system housed in a single unit 

Figure 2: Cross-section through a single stream of the PFBR installation 

System operation 

The PFBR was operated as a sequencing, batch biofilm reactor process, with typical 
phases including; fill/draw, anoxic and aerobic, as illustrated in Figure 3. The phases 
were combined with rest periods to allow removal of organic carbon, suspended solids 
and nitrogen. Each reactor chamber was fitted with a submersible hydraulic circulation 
pump, a submersible sludge pump and a level sensor. The discharge pipework from the 
hydraulic circulation pump in Reactor 2 had two electrically actuated valves, which 
allowed the system to divert flow to Reactor 1 or the clarifier, as required. At any time 
in each stream, there was only one reactor volume of wastewater in the two-tank 
system. 

Sludge pumps were installed as a means of preventing sludge accumulation on the 
bottom of each reactor chamber. The clarifier was equipped with a submersible sludge 
pump, a level sensor and an electrically actuated discharge valve. The latter controlled 
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the slow release of treated wastewater into the receiving water course, buffering the 
impact of batch releases from the PFBR. The balance tank was fitted with two 
submersible hydraulic feed pumps, one per PFBR stream, and a level sensor. 

Phase (Step) Operation Description Illustration 

Fill/Draw (1) 

CV1 – Closed 

CV2 – Open 

CP2 – On 

CV1 is closed and CV2 is open. This 

diverts the flow created by CP2 to the 

clarifier. Simultaneously R1 is filled from 

the balance tank.  
 

Anoxic (2)  

Wastewater is held in quiescent conditions 

in R1 for enough time to achieve 

denitrification. CV1 is opened and CV2 

closed ahead of the aerobic phase. 
 

Aerobic – 

Repeated 7 

times (3a) 

Equalization 

EV is opened, allowing wastewater to flow 

by gravity from R1 to R2 until an equal 

level is achieved. 
 

(3b) Pump: CP1-On 
The remaining wastewater in R1 is 

pumped into R2 using CP1.  

 

(3c) Rest 

Wastewater is allowed to rest in R2. This 

allows full contact between the wastewater 

and the biofilm. 
 

(3d) Equalization 

EV is opened, allowing wastewater to flow 

by gravity from R2 to R1 until an equal 

level is achieved. 
 

(3e) Pump: CP2-On 
The remaining wastewater in R2 is 

pumped into R1, using CP2. 

 

(3f) Rest 

Wastewater is allowed to rest in R1. This 

allows full contact between the wastewater 

and the biofilm. 
 

Pre-Draw (4) 

EV 

CP1 

 

Using EV and CP1, treated wastewater is 

moved between R1 and R2, in advance of 

the fill/draw phase. 
 

Symbol definition   Pump On    Pump Off        Valve Open   Valve Closed 

Legend CV1 – Circulation valve 1, CV2 – Circulation valve 2, EV – Equalization 

valve, CP1 – Circulation pump 1, CP2 – Circulation pump 2 



203 
 

Figure 3: Overview of typical treatment cycle in a PFBR unit 

The PFBR was controlled by a programmable logic controller that allowed the operator 
to vary control parameters like water levels and treatment cycle length. All process 
information was displayed on a screen. 

The study, conducted over five months, was split in two –Phase 1 (days 28 to 36) and 
Phase 2 (days 100 to 146). Initially the PFBR was operated to achieve carbonaceous 
oxidation and nitrification. On day 37 the regime was enhanced to improve nitrogen 
removal efficiencies (Table 1). This was achieved by prolonging rest periods between 
reactor transfers and equalization times, and introducing an anoxic period, thus 
increasing the bacteria-wastewater contact time. Streams A and B were operated in the 
same manner, and received similar wastewater loads. The parameters analyzed 
included, organic carbon and nitrogen removal, sludge accumulation, hydraulic flows 
and energy consumption.    

Table 1 Phases and phase times used in each cycle. 

Phase 1 Phase 2 

total cycle aeration     

Period time 
(minutes) 

Period time 
(minutes) 

Period time 
(minutes) 

Period time 
(minutes) 

Fill/draw (1) 14 Equalization (3a) 6 Fill/draw (1) 14 Equalization (3a) 9 

Anoxic (2) 0 Pump(3b) 8 Anoxic (2) 30 Pump(3b) 8 

Aeration (3)   266 Rest (3c) 5 Aeration (3) 364 Rest (3c) 9 

Pre-draw (4) 
(4) 

14 Equalization 
(3d) 

6 Pre-draw (4) 12 Equalization 
(3d) 

9 

Total cycle 294 Pump (3e) 8 Total cycle 420 Pump (3e) 8 

  Rest (3f) 5   Rest (3f) 9 

  Cycle count 7   Cycle Count 7 
Numbers in parentheses refer to the steps shown in Figure 3 

 
 

Sampling and Analysis 

Throughout the study, daily composite influent and effluent samples were taken using 
refrigerated automatic samplers. Influent samples were taken from the balance tank and 
effluent samples from the clarifier chamber of Stream A prior to discharge. Influent 
flows were measured using an ultrasonic sensor and a flume (Siemens Hydroranger 
200).  

Chemical oxygen demand (COD) and total suspended solid (TSS) were tested in 
accordance with standard methods (APHA, AWWA 2005). Five day carbonaceous 
biochemical oxygen demand (cBOD5) was measured using WTW Oxitop meters with a 
Lovibond nitrification inhibitor (N-ATH). Filtered and unfiltered total nitrogen (TN and 
TNt respectively) were measured using a Biotector TOC TN TP Analyser. Filtered 
ammoniacal-nitrogen (NH4-N), and nitrite- and nitrate- nitrogen (NO2-N and NO3-N) 
were measured using a Thermo Clinical Labsystem, Konelab 20 Nutrient Analyser. 
Filtered wastewater samples were passed through 1.2 µm Whatman GF/C microfiber 
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filters. Energy usage was measured with a built in Socomec energy meter, but only 
during the final two months of the study. Hach sc1000 multimeters monitored data 
collected from ammonium, nitrate and dissolved oxygen probes at 1 minute intervals. 
Each probe was maintained 300 mm off the floor of Reactor 1.  All instruments were 
calibrated in accordance with manufacturers’ instructions.  

Sludge accumulation monitoring 

Submersible hydraulic pumps were installed in the voids at the base of the media 
modules to manage potential sludge build up. As there was no such build up, the pumps 
were never used during the 5-month study. When the study ended, a remote-controlled, 
closed circuit television (CCTV) survey was conducted to confirm the lack of sludge. 
The CCTV camera was put into the voids of both reactor, 1 and 2, of Stream A. It was 
used to examine all areas, especially the rectangular tank’s corners, where sludge was 
expected to build-up. The same study was repeated 13 months later, when the sludge 
pumps had been operated once each month, moving 5.3 m3 to a sludge storage tank that 
overflows into the primary tank.  

Results and Discussion 

During the start-up period (days 1 to 27) effluent discharged from the PFBR system was 
recirculated to the primary settlement tank. In addition, the existing trickling filter 
system was operated to ensure that there was no additional risk to the receiving water 
during PFBR commissioning. During these four weeks a population of microorganisms 
was allowed to develop naturally; no external seed sludge was used. After these four 
weeks, the PFBR had reached a pseudo steady-state whereby average daily effluent 
results were consistent. Table 2 summarizes system performance during experimental 
phases 1 (days 28 to 36) and 2 (91 to 146).      

Table 2 Average influent and effluent organic carbon, nitrogen and TSS concentrations 
of the PFBR unit during phases 1 and 2 

 Phase 1 Phase 2 

mg.L-1 Influenta Effluentb % removal Influenta Effluentb % removal 

BOD5 151 (18.6,7) 8 (5,7) 95 
121 

(42.7,26) 
3 (2.7,40) 98 

CODt 179 (30.8,6) 26 (6.3,7) 86 
149 

(58.9,12) 
24(8.9,17) 83 

TSS 161 (68,7) 4.3 (1.5,7) 97 54 (18,36) 3.6 (1.6,46) 93 

NH4-N 9.7 (1.6,6) 2.4 (0.5,9) 75 13.9 (4.4,36) 0.9 (0.7,46) 94 

NO3-N - 5.6 (0.9,9) - - 8.6 (1.1,46) - 

TNt 13.9 (2.1,6) 11 (1.1,9) 21 17.9 (6.3,36) 12.4 (1.1,38) 31 

Figures in brackets refer to standard deviation and number of samples analyzed, respectively 
Note: asamples taken from the balance tank; bsamples taken from Stream A clarifier chamber prior to 
discharge 

 



205 
 

 

Hydraulic Loading Rates 

The average volume treated in Streams A and B was 60 and 55 m3.day-1, respectively. 
This equates to a hydraulic loading of 371 liters.person-1.day-1. Influent flows were 
variable and higher than expected, due to high storm water input. Figure 4 illustrates 
rainfall data from a local weather station (Gurteen College) between days 86 and 146. 
The maximum and minimum influent flows to Stream A were 99 and 20 m3.day-1, 
respectively, and 88 and 20 m3.day-1, respectively, to Stream B. The average media total 
surface area loading and volumetric loading rates were 3.97 L.m-2 media surface area.day and 
1.42 m3.m-3 media volume.day respectively for Stream A, and 3.64 L.m-2 media surface area.day 
and 1.3 m3.m-3 media volume.day for Stream B. 

 

Figure 4: Daily rainfall data taken from Gurteen College weather station (MET 2012) 
(17.5 km from Moneygall) 

 

Organic carbon  

Influent and effluent oxygen demand were analyzed as BOD5 and total COD (CODt). 
The influent and effluent BOD5 concentrations for phases 1 and 2 averaged 151 and 8 
and 121 and 3 mg.L-1 respectively. This equates to average loading rates of 56 and 59 g 
BOD5.person-1.day-1 for phases 1 and 2 respectively. Average removal rates were 0.57 
(Phase 1) and 0.47 g BOD5.m

-2
 media surface area.d (Phase 2). Influent and effluent CODt 

concentrations for Phases 1 and 2 averaged 179 and 26, and 149 and 24 mg.L-1, 
respectively, equating to removal rates of 0.61 and 0.50 g COD.m-2

 media surface area.d for 
phases 1 and 2 respectively. The facility consistently complied with the UWWTD 
discharge limits of 125 mg CODt.L

-1 and 25 mg BOD5.L
-1 throughout the study.  

Nitrogen 

During Phase 1, loading rates averaged 0.055 g-TN.m-2
 media surface area.d and 0.038 g-

NH4-N.m-2
 media surface area.d respectively. Corresponding removal rates were 0.012 g-

TN.m-2
 media surface area.d and 0.029 g-NH4-N.m-2

 media surface area.d. Loading rates in Phase 2 
averaged 0.071 g-TN.m-2

 media surface area.d and 0.055 g-NH4-N.m-2
 media surface area.d. 
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Corresponding removal rates averaged 0.022 g-TN.m-2
 media surface area.d and 0.034 g-NH4-

N.m-2
 media surface area.d. Ammonia loading rates averaged 3.6 g-NH4-N.person-1.day-1 and 

5.2 g-NH4-N.person-1.day-1. Effluent NO3-N concentrations increased from 5.6 to 8.6 
mg.L-1, from Phase 1 to Phase 2. Total nitrogen removal was 183% higher in Phase 2 
than in Phase 1. This can be attributed to the enhanced contact time used during 
operations in Phase 2. Figure 5 illustrates the ammonium, nitrate and dissolved oxygen 
concentration trends in a typical cycle from Phase 2. It also indicates that denitrification 
was not achieved as no drop in NO2-N followed influent dilution. In addition, DO 
concentrations remained above zero. It is considered likely that, if the anoxic period was 
extended by a further 30 minutes, denitrification could be achieved; due to limitations 
caused by the rainwater load, however, cycle duration could not be increased.  

 

Figure 5: Typical DO, NH4-N and NO3-N concentration trends measured in 

Reactor 1 of stream A during Phase 2 

Total suspended solids (TSS) 

Influent TSS averaged 161 (Phase 1) and 54 mg-TSS.L-1 (Phase 2). Effluent 
concentrations averaged 4.3 and 3.6 mg-TSS.L-1 for Phases 1 and 2 respectively. These 
figures represent removal efficiencies of 97% (Phase 1) and 93% (Phase 2). All effluent 
concentrations were well within the UWWTD discharge limit of 35 mg-TSS.L-1 (EPA 
2012).  

Energy consumption 

Energy utilized in Stream A was measured by component; (i) one 3.1 kW feed pump, 
(ii) two 3.1 kW circulation pumps, (iii) two 1.97 kW reactor chamber sludge pumps, 
(iv) one 1.97 kW clarifier chamber sludge pump, (v) four electrically actuated valves, 
and, (vi) control and monitoring equipment. The energy consumed by the controls, 
domestic lighting and heaters and preliminary screening systems was not included in the 
analysis as they were not deemed to be integral to the PFBR technology under 
examination. Average energy requirements during the two-month test period were 0.22 
kWh.m-3 treated and 1.74 kWh.kg-1 BOD5 removed.  
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It is generally accepted that smaller facilities have higher unit costs due to economies of 
scale. Typically the range for large conventional activated sludge plants is between 0.3 
and 1.89 kWh.m-3 for inflows between 600 and 283,000 m3.day-1 (Mizuta, K. & 
Shimada 2010). However, despite the PFBR being relatively small and impacted by 
storm water (which can cause operational challenges) its energy consumption averaged 
0.22 kWh.m-3. Furthermore, the passive aeration technique employed in the study can 
be easily controlled and optimized, by adjusting the rest periods in each tank and 
varying the number of pumping cycles.  

Sludge accumulation 

No sloughing events were observed during the study and effluent TSS concentrations 
remained low. Inspection with CCTV showed that no sludge build-up had occurred in 
either reactor over 5 months of operation. The sludge pumps were not operated in this 
period. In addition, following the start-up period, no additional biofilm growth was 
noted on the media (only visual inspections were possible). Equation 1 was used to 
estimate excess sludge yields. 

Eq. 1       	UVWX = YZ
[\�[Z 

Where: 

 Xe=effluent suspended solids concentration, and 

So and Se
 = influent and effluent substrate concentrations, respectively 

Excess sludge yields were estimated at 0.03 g-TSS.g-COD removed
-1 for each of Phases 1 

and 2. These sludge yields are low relative to other technologies; typically, activated 
sludge technologies, for example, have a sludge yield of 0.4 g-VSS.g-COD-1 (Metcalf 
and Eddie 2004). The low sludge yields achieved are not unique, studies on the 
optimization of aerobic technologies treating paper pulp for reduced sludge production, 
have achieved 0.01 g-SS.g-COD removed

-1 (Wei et al. 2003). Limited data are available on 
sludge yields for biofilm-based systems and the above figures should be taken as 
estimates only. The estimated sludge yield was favorable compared to that of a similar 
technology – the air suction flow biofilm reactor (ASF-BR) – which generated yields of 
between 0.2 and 0.69 g-SS.g-CODf removed

-1, treating municipal wastewater (Clifford et 
al. 2013). The ASF-BR process are due to the use of spherical, perforated balls as the 
biofilm growth medium, and the predominantly horizontal or slightly slanted surfaces 
created in that study may have caused intermittent sloughing when agitated, resulting in 
higher yields. 

The repeated and prolonged -limited environments (due to low organic carbon 
concentrations) created during aeration may explain the low sludge yields. Under 
starved conditions, micro-organisms primarily utilize endogenous processes (Lu et al. 
2007), which include cell maintenance and lysis, and regeneration, and can result in 
more substrate being respired to carbon dioxide and water, thus reducing biomass 
production (Low & Chase 1999; Abbassi et al. 2000; Liu & Tay 2001). It may be that 
predation also reduces biofilm populations (Parker et al. 1989) but it was not possible to 
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measure the impacts (if any) of predation in this study. No negative impact on the 
effluent quality was noted during this study; such impacts would be typical of systems 
showing significant biofilm loss. The lack of sloughing and low sludge yields may be 
enhanced by the biofilm adhering more strongly to vertically aligned surfaces of 
vertically stacked media, in order to resist gravity, and the shear forces applied by rising 
and falling water levels in the reactors. 

Repetition of the CCTV monitoring, after 13 months, showed a small build-up of sludge 
in both reactors of Stream A. The maximum depth of sludge accumulation was visually 
assessed, using CCTV, at 70 and 110 mm for reactors 1 and 2, respectively. Sludge 
accumulations of 0.055 and 0.048 m3 for the two reactors were determined by visual 
estimation of the sludge surface areas in each reactor and applying Equation 1, used 
previously to estimate sludge yields in biofilm reactors (Rodgers & Clifford 2009). 

Maintenance 

As the facility only used hydraulic pumps and electrically actuated valves, maintenance 
was kept to a minimum. Pumps are usually maintained bi-annually or when required. 
Furthermore if pumping equipment fails it can be easily replaced by stand-by pumps. 
To reduce down time, every pump was fitted with a plug and socket electrical 
connection. This enabled the local caretaker to change a damaged pump single-handedly 
in an hour, without the assistance of an electrician. 

Conclusions  

A novel, municipal-scale wastewater treatment process has been designed, constructed 
and commissioned, and tested and analyzed over 5 months. 

During Phase 1 of the study the average loading rates of BOD5, TNf and NH4-N were 
0.6, 0.065 and 0.038 g.m-2.day, respectively. The estimated sludge yield was 0.032 g-
SS.g-BOD5 removed

-1. 

During Phase 2, the system was optimized for enhanced nitrification, and average 
loading rates of BOD5, TNf and NH4-N were 0.43, 0.07 and 0.05 g.m-2.day, 
respectively. The removal rates achieved during Phase 2 were 98, 31, 94% for BOD5, 
TN and NH4-N, respectively. The estimated sludge yield was 0.03 g-BOD5removed

-1. 

The study showed that the installed system effectively achieved organic carbon and 
nitrogen removal. It also enabled excellent cycle control that can be used to optimize 
performance and minimize energy costs.  The low sludge yields offer significant 
maintenance and financial benefits in decentralized environments. The system uses 
pumps only, and is robust and easy to maintain. The study shows the potential for 
passive aeration systems to meet new environmental and energy demands in the 
wastewater sector. 

The PFBR is characterized by; (i) low operating costs; (ii) having no moving 
parts/compressors other than hydraulic pumps and actuated valves; (iii) producing little 
sludge, and (iv) and being easy to operate and maintain. 
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Abstract 

Real-time control of wastewater treatment plants (WWTPs) can have significant 
environmental and cost advantages. However its application to small and decentralised 
WWTPs, which typically have highly varying influent characteristics, remains limited 
to date due to cost, accuracy and technical limitations. In this study a new method was 
developed to enable dynamic and real time control of small and decentralised WWTPs 
using numerical models based on neural networks and regression modelling. The 
method initially determines a suitable softsensor for the prediction of ammonium-
nitrogen trends using data from pH and oxidation reduction potential sensors (used as 
surrogates for ammonium-nitrogen sensors) collected from a site scale WWTP. Sensor 
data was pre-processed to develop novel compound variables and analysed using neural 
network and regression models; creating in total 168 softsensors. Each softsensor was 
then analysed and ranked to determine the optimal control, using practical criteria and 
weightings. The most suitable softsensor applied in this study, using the selected 
weightings, could achieve a 67% time saving and a corresponding NH4-N removal of 
88%. This softsensor selection methodology can be applied, in full or in part, to existing 
or new WWTPs and could significantly enhance overall effluent quality and energy 
performance.  

1.0 Introduction 

Advances in instrumentation, control and automation are aiding the development of 
intelligent real-time control (RTC) systems that can be used to predict, analyse and 
judge the real time state of a system and self-adapt/organise based on input signals from 
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sensors (Yang et al. 2010b). RTC systems can improve decision making and optimise 
system performance and are well suited to the control of complex and dynamic 
processes. Examples include traffic control which use signals from optical, acoustic, 
special inductive loop technology, or information from wireless communications using 
global positioning system positions to optimise signalised intersections (He et al. 2014).  
Modern building management systems can utilise inputs from motion detectors and 
temperature and carbon dioxide sensors to control lighting, heating, venting and air-
conditioning systems, based on actual occupancy (Erickson et al. 2009). However 
sensors and detectors can produce large quantities of data that can be challenging to 
store, process and analyse. Thus advances in analytic, decision making and process 
optimisation tools are required to enable development of RTC systems. This has driven 
research into the use of numerical modelling techniques in a variety of new engineering 
applications (Philip Chen & Zhang 2014).  

1.1 RTC in wastewater treatment facilities 

Wastewater hydraulic flow rates and organic concentrations fluctuate in time, however, 
wastewater treatment plants (WWTPs) are typically designed and operated rigidly to 
process worst case scenarios (e.g. maximum design mass loading rates) (Luccarini et al. 
2002; Puig et al. 2005), resulting in inefficiencies in terms of time and energy 
(Luccarini et al. 2010). This is particularly true for small scale WWTPs typical of small 
towns and villages which have additional challenges including (i) lack of permanent 
operators and local expertise, (ii) relatively high energy costs, (iii) sludge handling, (iv) 
variable influent hydraulic or organic loads, and (v) inflexible operating regimes (Fox et 
al. 2016; Norton 2009). Despite these challenges small WWTP operators are required to 
comply with tight regulations, which are proving difficult to meet. In this context RTC 
has significant potential to optimise WWTP performance. In Europe the Urban 
Wastewater Treatment Directive (UWWTD) (91/271/EEC) specifies standards for 
effluent discharged from places with population equivalents (PEs) exceeding 2,000. 
Regulated parameters include biochemical oxygen demand (BOD), chemical oxygen 
demand (COD) and total suspended solids (TSS), only in sensitive locations are 
additional parameters including total phosphorus (TP) ad total nitrogen (TN) of 
concern. 

A popular wastewater treatment technology, sequential batch reactors (SBR), is often 
considered for small sized WWTPs due to its flexibility (Aguado et al. 2009); as 
operating conditions can be varied to suit varying inputs. For example SBR treatment 
cycle durations have the potential to adapt to influent concentrations and flow rates 
while meeting key operational goals including; discharge standards and energy 
efficiency. Various sensors are commercially available to directly measure parameters, 
for example; ammonium-nitrogen (NH4-N), nitrate-nitrogen (NO3-N), carbon, TSS and 
dissolved oxygen (DO). These can provide important information on the sate of a 
treatment cycle (Huang et al. 2015). Key parameters such as organic carbon (typically 
measured as biochemical oxygen demand (BOD)) inhibit NH4-N removal, and thus 
must be removed first (Metcalf and Eddie 2004), therefore NH4-N monitoring can 
indicate both BOD removal and NH4-N removal. Despite considerable developments in 
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sensor technology, real-time analyses for many key parameters in the wastewater sector, 
such as NH4-N, remains a challenge in terms of robustness, accuracy and affordability 
(Haimi et al. 2013; Aguado et al. 2009) and therefore the use of cost efficient and 
reliable surrogate sensors may be beneficial.  

The development of softsensors, that use more reliable and cost efficient surrogate 
sensors and inferential estimating models to predict parameters that are difficult to 
measure can overcome some of these challenges (Huang et al. 2015). A number of 
studies have demonstrated that sensors measuring parameters such as oxidation 
reduction potential (ORP) and pH can act as surrogates for NH4-N sensors (Won & Ra 
2011; Ga & Ra 2009; Guo et al. 2009; Tanwar et al. 2008; Akın & Ugurlu 2005; 
Fabregas 2005; Kim & Hao 2001); (Table 1) however, their implementation at small 
scale WWTPs has been limited. Furthermore, much of this research is limited to raw 
and differentiated pH and ORP sensor data as input variables. To the knowledge of the 
writer no research has been conducted using a number of processed pH and ORP 
variables (variables identified from the pH and ORP profile characteristics).  

Several recent papers have examined RTC with surrogate sensors. A reinforcement 
learning approach (Syafiie et al. 2011) has been proposed for a similar task and is 
attractive for control problems. However, a simpler mechanism is to apply a rule such 
as "when y < t, stop processing", where y is the concentration of the chemical of interest 
and t is a threshold for safe discharge. Then the problem reduces to a non-linear 
modelling problem, since we do not measure y directly. Instead we collect several 
variables (xn) and try to learn a non-linear function y = f(x1, x2, ... xn). Several authors 
have taken this type of approach (Table 1), focussing particularly on fuzzy modelling 
and advanced neural network (NN) approaches, including recurrent networks (Huang et 
al. 2015), cascade networks (Li et al. 2016), self-organising network structures (Li et al. 
2016; Han et al. 2016) and fuzzy-neural network hybrids (Wan et al. 2011; Huang et al. 
2015). However to our knowledge no work has been reported on using a standard feed-
forward NN for regression. Standard feed-forward NNs often perform well in non-linear 
system modelling, so this is an important research gap. Moreover, in our instance of the 
problem, there is an abundance of labelled data collected in real-world conditions 
(which would reflect the application of the methodology in practice); hence there is no 
need for a self-organising structure. The appropriate network structure can be 
investigated by comparing the performance of alternative structures directly.  

Finally, we take a different approach to dealing with non-linear time-varying dynamics 
of the system. Instead of using a recurrent or other dynamic network for this aspect, we 
pre-process the data to produce a large selection of input variables which encode 
information about time-varying aspects of the data. The choice of input variables is 
crucial, therefore this study compares a number of variable sets (combinations of input 
variables), each of which is assessed using a set of criteria describing key, usable 
features for performance optimisation. In contrast to (Wan et al. 2011), we have used 
regularisation for feature reduction where needed, and manually investigated feature 
subsets, rather than using PCA for this purpose. This study seeks to develop a 
methodology that can leverage surrogate measurements (pH and ORP) and inferential 
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estimating models, for RTC of small and decentralised WWTPs. The proposed 
methodology can cater for the dynamic nature of small and decentralised WWTPs while 
ensuring key onsite goals can be prioritised (e.g. optimise ammonium discharge 
concentration and/or energy savings), which is an approach, to the knowledge of the 
writer has not been, presented before. 

Table 1 Summary of research on advanced RTC methodologies with surrogate sensors 

Objectives Control Methodology Influent Type Study type Reference 

Advanced RTC methodologies 

Strategy proposal for  SBR 
optimisation using pH, ORP and 
DO profiles and fuzzy clustering 
algorithms for detecting critical 

process transitions 

Fuzzy clustering with 
wavelet de-noising 

Synthetic 
wastewater 

Strategy 
examined 
using data 
collected 

from a pilot 
scale SBR 

reactor 

(Marsili-
Libelli 
2006) 

Investigation into the use of pH , 
ORP and DO sensors with an 
advanced control strategy to 

optimise nitrogen removal in a 
continuous system 

Fuzzy logic 

urban 
wastewater 
with a small 

industrial input 

Pilot scale 
continuous 
flow plant 

(Ruano et 
al. 2012) 

Development of a RTC strategy 
using artificial neural networks 
with ORP and pH sensors for 

optimised nitrogen removal and 
phosphorus uptake 

Artificial neural 
networks 

Synthetic 
wastewater 

Laboratory 
scale 

continuous 
flow SBR 

reactor 

(Cho et al. 
2001) 

Examination of using neural 
networks  for predicting biological 
nitrogen and phosphorus removal 

using ORP and pH 

Neural networks 
Synthetic 

wastewater 

Laboratory 
scale SBR 

reactor 

(Luccarini 
et al. 
2002) 

Examination of the establishment 
of an on-line controlling system 

for nitrogen and phosphorus 
removal. 

A primary professional 
intelligent control 
filtered noise by 

filtration wave, and 
used neural networks, 
database and deducing 

machine to identify 
each breakpoint.  

Municipal 
Wastewater 

Laboratory 
scale SBR 

reactor 

(Li et al. 
2008) 

Methodology development for 
process monitoring and process 

analysis for nitrogen and 
phosphorus removal 

Use of multi-way 
principal component 
analysis (MPCA) and 

clustering using 
historical process data 

Domestic 
strength 

Synthetic 
wastewater 

Pilot scale 
SBR reactor 

(Villez et 
al. 2008) 

Validation study to assess the 
ability of an algorithm using 

networks to detect breakpoints 
using pH, ORP and DO sensors 

Neural Networks, de-
noising was achieved 
using a regularization 

algorithm 

Municipal 
wastewater 

Pilot scale 
SBR reactor 

(Luccarini 
et al. 
2010) 

Examination of using a software 
sensor for real time estimation of 
nutrient concentration using pH, 

ORP and DO sensors 

Fuzzy neural network 
analysis 

Synthetic 
wastewater 

Bench scale 
SBR reactor 

(Huang et 
al. 2010) 

Examination of using a software 
sensor for real time estimation of 
nutrient concentration using pH, 

ORP and DO sensors 

Genetic-algorithm-
based neural fuzzy 
system, using self-

adapting fuzzy c-means 
clustering and genetic 

algorithms  

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Huang et 
al. 2015) 

Examination of an intelligent 
control system to achieve 

advanced nitrogen removal using 

Three layer network 
technology with high-
performance PLCs and 

Municipal 
wastewater 

Pilot scale 
SBR reactor 

(Yang et 
al. 2007) 
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DO, pH and ORP sensors. fuzzy control for break 
point identification 

Review article on the general use 
of artificial neural networks at 
modelling biological water and 
wastewater treatment processes 

Artificial neural 
networks 

Several types Several types 
(Khataee 
& Kasiri 

2011) 

Examination of the use of a 
Gaussian-process (GP) model for 
the on line optimisation of batch 
phases using pH, ORP and DO 

sensors. 

GP regression was used 
to smooth the signals 
and GP classification 
was used for pattern 

recognition  

Not specified 
Laboratory 
scale SBR 

reactor 

(Kocijan 
& Hvala 

2013) 

Examination of the optimisation 
of a fuzzy logic controlled DO 

SBR system using pH and OUR 
trends for carbon and NH4-N 

removal 

Fuzzy control was used 
to switch on and off DO 

input, in order to 
smooth out pH and 
OUR profiles. The 
breaking point was 

identified using episode 
representation 

Urban 
wastewater 

Pilot scale 
SBR reactor 

(Puig et al. 
2006) 

Examination of a methodology to 
develop a soft sensor monitoring 

of an SBR for enhanced biological 
phosphorus removal.  

Artificial neural 
networks 

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Aguado et 
al. 2009) 

Examination of a soft-sensor for 
the optimisation of an SBR for 

biological nutrient removal 
Neural networks 

Synthetic 
wastewater 

Laboratory 
scale SBR 

reactor 

(Hong et 
al. 2007) 

Development of a control strategy 
to enhance nitrogen and 

phosphorus removal in an SBR 
reactor using pH, ORP and OUR. 

Use of a data 
acquisition system with 

curve fitting and 
characteristic point 

detection 

Municipal 
wastewater 

Semi 
industrial 
pilot  SBR 

reactor 

(Casellas 
et al. 
2006) 

Development of a reliable RTC 
and supervision tool for DO 

control  
Fuzzy neural networks 

Industrial 
wastewater 

Aerated 
submerged 

biofilm 
wastewater 
treatment 
process 

(Mingzhi 
et al. 
2009) 

Development of a soft computing 
method to predict sludge volume 

index (SVI) values in a real 
WWTP 

Recurrent self-
organising neural 

network  

Municipal 
WWTP 

Model based 
on SBR 
WWTP 

(Han et al. 
2016) 

Examination applies a self-
organising cascade neural network 
(SCNN) with random weights to a 

non-linear system 

Cascade neural 
networks 

Municipal 
WWTP 

Model based 
on municipal 

WWTP 

(Li et al. 
2016) 

Proposal using a model free 
learning control (MFLC) system 
to control advanced oxidation in 

the treatment of  industrial 
wastewaters 

Reinforcement learning 
Phenol 

wastewater 
Laboratory 
pilot plant 

(Syafiie et 
al. 2011) 

Development of a model for 
predicting TSS and chemical 

oxygen demand removal 

Fuzzy inference system 
with principal control 

analysis 

Paper mill 
process 

wastewater 

Paper mill 
WWTP with 
an anaerobic 
digester and 
submerged 

biofilm 
biological 

reactor 

(Wan et al. 
2011) 

1.2 Numerical modelling methods 

Regression is the task of modelling a real dependent variable y as a function of 
independent variables f(xi), minimising the errors between y and f(x). A training set, 
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that is a dataset of known values for xi and y, is required in order to fit the model. The 
goal is accurate out-of-sample prediction, which is typically measured using a hold-out 
or test set. 

A common regression technique is MLR, a linear least squares approximation of the 
data. MLR provides equations linking a number of input variables (xi) to a target-
variable (y) using Eq. 3 (James et al. 2000).  

 2 = 34 +3565 +⋯+3868 Eq. 3 

where w0 is the intercept, wi is a coefficient (or slope) for xi and n is the number of input 
variables. Out-of-sample accuracy can be improved by using regularisation methods 
which add a penalty term to the model input variables shrinking the freedom of the 
input variable during learning (James et al. 2000). A popular regularisation method is 
the least absolute shrinkage and selection operator (LASSO) (Haimi et al. 2013; Souza 
et al. 2016).  

In contrast, neural networks are non-linear models with many more degrees of freedom, 
hence can be used to model more complex systems. They do not require a priori 
knowledge about the systems’ structure. They are trained using various gradient descent 
algorithms (Luccarini et al. 2002; Zare Abyaneh 2014). A typical NN structure can have 
one input layer, one or more hidden layers, and one output layer as illustrated in Figure 
1 (Hong et al. 2007). Each layer has a number of nodes. Within a layer, the jth node 
computes a linear combination of its input variables (x1, x2, x3,…,xn), coming from the 
previous layer, with each signal having an associated weight (w1j, w2j,w3j,….,wnj) (Nasr 
et al. 2012).  A second input to the node is the bias (bj), a constant that governs the 
node’s net input. Weights are multiplied by corresponding inputs to create a weighted 
input using Eq. 4.    

 9: = �: +;<	: ∗ >	
?

	@�
 Eq. 4 

The node then applies a transfer function to give its output. Several transfer functions 
are commonly used including logistic sigmoid, hyperbolic tangent sigmoid and linear.  

 

Figure 1 Typical neural network structure with 16 inputs, 10 nodes in the hidden layer, a 

hyperbolic tangent sigmoid transfer function, and a single output layer with a linear transfer 

function 

Beginning with the independent variables, values are fed into each successive layer, 
with outputs from one layer becoming inputs to the next. At the output layer, a single 
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value is output, which is the predicted value of oj for the current inputs xi. Training 
proceeds by adjusting weights and biases using gradient descent algorithms, such as 
Levenberg-Marquardt back-propagation (Hagan & Menhaj 1994) and Levenberg-
Marquardt back-propagation with Bayesian regularisation (Mackay 1992; Foresee & 
Hagan 1997), in order to minimise error at the output. 

For the purposes of this study; a pilot scale SBR unit with a variable influent was used 
to collect data (ORP, pH and NH4-N) in real-world conditions. A procedure for 
identifying a suitable RTC technique with a softsensor using ORP and pH sensors, and 
using neural networks and linear regression as inferential estimating models was 
developed. The specific goal was to create a model to accurately predict current NH4-N 
concentration given current and previous ORP and pH values. The study investigated 
two types of regression methods, (i) multiple linear regression (MLR) (Rlin) and (ii) 
MLR with LASSO regularisation (Rreg), and two types of NN training algorithms, (i) 
Levenberg-Marquardt back-propagation (NNlm) and (ii) Levenberg-Marquardt back-
propagation with Bayesian regularisation (NNbr). Results were analysed in two ways, 
prediction of the general NH4-N trend and performance when predicting a specific NH4-
N concentration. A weighting and ranking system was used to determine the overall 
best setup that can enable optimal environmental and energy performance. The use of 
variable weightings and real world analyses criteria is a novel approach for aiding small 
scale WWTP RTC system development. 

2.0 Material and methods 

A sequencing batch reactor, receiving wastewater from a residential development, 
designed for application to a single house (suitable for 6 persons equivalent – PE) was 
operated as the test unit during this study. The SBR comprised a two chamber precast (a 
primary settlement chamber and a reaction chamber), with working volumes of 2.42 m3 
and 1.56 m3 respectively (Figure 2). The system was aerated mechanically as required. 
Influent raw wastewater was pumped from residential WWTP into the primary 
chamber. This pump was operated using a programme mimicking the typical diurnal 
domestic house flow pattern (Table 2) according to the European Standards for 
evaluation of domestic wastewater treatment systems (CEN 12566-3 2006). 

 

Figure 2 Schematic of pilot SBR unit 
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Table 2 Diurnal flow pattern used to feed the primary chamber of the SBR pilot unit (CEN 2006) 

Time of day 
% of total 

volume 

Volume 

(litres) 

Time of 

day 

% of total 

volume 

Volume 

(litres) 

0:00-6:00 0 0 14:00-15:00 0 0 
6:00-7:00 10 60 15:00-16:00 0 0 
7:00-8:00 10 60 16:00-17:00 0 0 
8:00-9:00 10 60 17:00-18:00 0 0 
9:00-10:00 5 30 18:00-19:00 20 120 
10:00-11:00 5 30 19:00-20:00 20 120 
11:00-12:00 5 30 20:00-21:00 5 30 
12:00-13:00 0 0 21:00-22:00 5 30 
13:00-14:00 0 0 22:00-23:00 5 30 

   23:00-0:00 0 0 

2.1 Cycle control  

A Siemens LOGO! PLC controlled a 464 minute cycle comprising the following 
phases; 2 minute fill phase, 400 minute aeration phase, a 60 minute settlement phase 
and a 2 minute discharge phase (Figure 3). The aerated phase comprised twenty minute 
blocks, each of which had a 5 minutes period during which the aeration system was 
turned on, followed by 15 minutes quiescent period.  

Fill Aeration Settle Discharge 
                         
2 min 400 min 60 min 2 min 
Figure 3 Illustration of cycle sequence (The on-off aeration pattern is demonstrated using the grey 

and white sequence in the aeration period) 

A feed pump installed in the reactor chamber (switched on for 5 seconds, to create a 
syphon) moved liquid from the primary settlement chamber into the reaction chamber 
as required. Syphoning terminated when the liquid level in the primary chamber went 
below (i) the inlet level of the feed pipe, (ii) the liquid level or (iii) once the two 
chambers had equalised.  As only the volume available over the feed pipe was 
transferred for treatment, this technique resulted in a dynamic feed volume. Table 3 
details operations in each phase.  

2.2 Monitoring 

Influent and effluent wastewater samples were taken from the primary tank and from a 
collection vessel placed on the discharge line of the SBR respectively. Filtered chemical 
oxygen demand (COD) and TSS were tested in accordance with standard methods 
(APHA, AWWA 2005). TN was measured using a Biotector TOC TN TP Analyser. 
Filtered NH4-N and NO3-N were measured using a Thermo Clinical Labsystem, 
Konelab 20 Nutrient Analyser. Filtered wastewater samples were passed through 1.2µm 
Whatman GF/C microfiber filters. Hach sc1000 multi-meters monitored data collected 
from pH, ORP and NH4-N sensors, in the reactor chamber. pH and ORP was measured 
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at 1 minute intervals while NH4-N was measured at 5 minutes intervals on a 24 hour 
basis (to match the pH and ORP data NH4-N data was linearly interpolated to create a 
data point every 1 minute). All sensors were fitted approximately 500 mm below the 
lowest liquid level of the reaction chamber. All instruments were calibrated, maintained 
and operated in accordance with manufacturers’ instructions.  

Table 3 Overview of the SBR treatment cycle 

Phase (Step) Operation Description Illustration 

Fill (1) Pump: A-On 

The pump was switched on for 5 seconds, subsequently 
creating a syphon which moved liquid from the primary 
chamber into the reaction chamber. Syphoning 
terminated when the liquid level in the primary chamber 
went below the inlet level of the feed pipe or the liquid 
level or once the two chambers had equalised. 

 

Aerobic – 

Repeated for 

400min (2) 

(a) Aeration: 
B-On 

The aeration period consisted of a repetitive sequence of 
aeration on for 5 minutes (a) and off for 15mintutes (b) 

  

 (b) Rest  

  

(3) Settle 

A settle time allowed an activated sludge settle prior to 
discharge 

  

(4) Discharge: 
C-On 

The discharge pump (C) is used to remove the clarified 
treated wastewater from the upper portion of the reactor 
tank 

   
Symbol definition      Pump On    Pump Off         

Legend A – Transfer pump, B – Mechanical aerator, C – Discharge pump 

2.3 Overview of NH4-N, pH and ORP profiles 

A typical NH4-N profile comprised an initial increase in concentrations as influent was 
mixed with treated wastewater remaining in the reactor from the previous cycle. NH4-N 
concentrations peaked soon after the fill phase. The time and magnitude of this peak 
varied depending on influent hydraulic volumes, organic concentrations and NH4-N 
concentrations.  

A cyclical rise and fall in both pH (Figure 4a) and ORP (Figure 5a) profiles during the 
aeration phase was created, as the aerator switched on and off resulting in a peak (or 
apex) and trough (nadir) in each aeration period in pH (Figure 4b) and ORP (Figure 5b) 
profiles. The increase in pH, corresponding to the aeration-on period, is likely, in this 
case, due to CO2 stripping (Tanwar et al. 2008). A decrease in pH and ORP profiles 
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during the 15 minute quiescent period are likely due to a reduction in microbial activity 
over the course of the aerobic phase (Chang & Hao 1996). pH reduction is greatest 
immediately following the apex, and tails off before a subsequent nadir is reached; a 
similar pattern was observed in the ORP profile. In general pH decreases alongside a 
reduction in alkalinity as nitrification progresses (Akın & Ugurlu 2005). The pH trend 
typically changes following NH4-N removal; a result of CO2 stripping caused by 
aeration. ORP generally increases during aeration, on nitrification completion ORP 
change accelerates; this acceleration is caused by an abundance of DO (Holman 2004). 
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Figure 4a pH and NH4-N plotted against time for a 

sample cycle 

 Figure 4b Example of a pH profile  with two aeration 

periods plotted against time for a sample cycle (black lines 

indicate aeration-on periods 
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Figure 5a ORP and NH4-N plotted against time for a 

sample cycle 

 Figure 5b Example an ORP profile with two aeration 

periods plotted against time for a sample cycle (black lines 

indicate aeration-on periods 

3.0 Application 

The overall methodology employed is outlined in Figure 6. The methodology consists 
of four main steps namely; (i) data collection and pre-processing, (ii) experimental set-
up, (iii) softsensor analyses and (iv) weighting and ranking application. 
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Figure 6 Summary of overall procedure 

3.1 Assessed input variables 

Two basic measurements are of interest as independent variables in predicting NH4-N 
concentrations: pH and ORP. Given trends, over time in these variables, may contain 
some information useful in prediction. A number of unprocessed (pH and ORP) and 
processed input variables were constructed and added to the set of independent 
variables, outlined in Table 4. The selected processed input variables were constructed 
bearing in mind the profile features identified in Section 2.3. For example the change in 
pHapex values (pH∆apex) was observed to decrease with NH4-N reduction and thus may be 
useful in identifying the end of NH4-N removal. 

The set of independent variables was then trialled in 22 variable-sets. Each variable set 
includes a unique collection of input variables, outlined in Table 5. As an example 22 
variable sets were utilised encompassing a broad range of combinations. Data measured 
between the start of the cycle and 45 minutes in the cycle and also after 400 minutes in 
each cycle was removed to eliminate the effects of filling and settlement periods (as 
these phases are not part of the biological reaction phases of the treatment cycle). Forty-
one treatment cycles were available for assessment, 12 of which (approximately 30%) 
were randomly separated for use as a test dataset, and the remainder were used as a 
training dataset.  

Table 4 pH and ORP processed input variables 

Input variable Description 

pHma20 Moving average of pH over the previous 20 minutes of data 
pHcum Cumulative sum of pH data over the duration of the cycle 
pHapex pH apex values during each aeration period 
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pH∆apex Change in sequential ph apex values over a treatment cycle 
pHnadir pH nadir values during each aeration period 
pHnadir-apex pH nadir value minus pH apex value for each aeration period  
ORPma20 Moving average of ORP over the previous 20 minutes of data 
ORPcum Cumulative sum of ORP data over the duration of the cycle 
ORPapex ORP apex values during each aeration period 
ORP∆apex Change in sequential ORP apex values over a treatment cycle 
ORPnadir ORP nadir values during each aeration period 
ORPnadir-apex ORP nadir value minus ORP apex value for each aeration period 
pHma20XORPma20 pHma20 input variable multiplied by the ORPma20 input variable 

 

3.2 Models 

To ensure optimisation for individual WWTPs two methods (or inferential estimation 
models) were examined, namely regression and neural networks. Two regression 
models were assessed namely; MLR without regularisation (Rlin) and MLR with 
LASSO regularisation (Rreg). Two neural network training models were assessed, 
namely Levenberg-Marquardt back-propagation (NNlm) and Levenberg-Marquardt 
back-propagation with Bayesian regularisation (NNbr). A hyperbolic tangent sigmoid 
hidden layer transfer function and a linear output layer transfer function were used. 
Each model contained one hidden layer of X neurons and were assessed as NNlm[X] and 
NNbr[X] (X was let equal the number of input variables under investigation). Additional 
NNlm and NNbr models were created, by adjusting the number of neurons in the hidden 
layer to half the number of input variables, i.e. X/2 (NNlm[0.5X] and NNbr[0.5X]) and twice 
the number of input variables, i.e. 2X (NNlm[2X] and NNbr[2X]). In total 176 softsensors 
(A softsensor is a model applied to a variable-set) were analysed, that is eight models 
were examined with 22 identified variable-sets using 15 input variables; this is 
presented in Figure 7. Matlab was employed to apply each of the training methods. 
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Table 5 Input variables 
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B X X  X X X X X X  X X X X X 
C  X  X X X X  X  X X X X X 
D  X  X X X X  X  X X X X  
E  X  X X  X  X  X X  X  
F  X X X X  X  X  X X  X  
G  X X X X  X         
H   X  X  X         
I  X X  X  X     X  X  
J         X X X X  X  
K   X    X         
L   X  X           
M          X    X  
N          X  X    
O          X  X  X  
P  X  X X  X         
Q  X  X     X  X     
R    X X      X X    
S  X   X    X   X    
T       X       X  
U  X     X  X     X  
V  X     X         

 

Methods 
Regression and neural networks 

(Broken down into 8 models) 
  

Models 
Rlin, Rreg, NNlm[X], NNlm[0.5X], NNlm[2X], NNbr[X], NNbr[0.5X], NNbr[2X] 

(Each model is applied to 22 softsensors)  
 

 
 

Softsensor 
RlinA, RregB, NNlm[X]C, NNlm[0.5X]T, NNlm[2X]S, NNbr[X]D, NNbr[0.5X]E, NNbr[2X]E etc 

(A softsensor is a model applied to a variable-set)) 
 

 
 

Variable-sets 
A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S T, U and V 

(each variable set utilises a unique set of input-variables as per Table 5) 
  

Input variables 

pH, pHma20, pHcum, pHapex, pH∆apex, pHnadir, pHnadir-apex, ORP, ORPma20, ORPcum, 
ORPapex, ORP∆apex, ORPnadir, ORPnadir-apex and pHma20X ORpma20 

(A definition for each input variable is outlined in Table 4) 

Figure 7 Breakdown of methods, models, variable-sets, softsensors and input variables 

3.3 Analyses  

Six criteria, divided into two categories, were used to analyse the efficiency of the 
models. The criteria were separated into two categories, namely; Category A: accuracy 
of general NH4-N trend prediction; and Category B: accuracy of the predicted trend at a 
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selected NH4-N concentration, known as the “cut-off threshold value” (set at 2 mg NH4-
N/l for the purposes of this study, site specific values can vary due to local regulations). 
Each criterion is detailed in Table 6. 
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Table 6 analyses criteria 

Criterion Description Practical Application 

Category A 

Criterion 1A: R
2 Referred to as the coefficient of determination, it is an indicator 

of the strength of the relationship between variables. 0 indicates 
a poor predictor, while 1 indicates an excellent predictor. 

Measures the strength of the relationship 
between predicted NH4-N trend and actual 
NH4-N trend 

Criterion 2A: RMSE (Root mean square error) is a standard statistical metric to 
measure model performance; it measures the difference between 
sample and predictor values and is a good measure of accuracy. 
The lower the RMSE value the more accurate the prediction. 

Measures the average accuracy of 
predicted NH4-N trend against actual NH4-
N trend 

Category B 
Criterion 1B: Percentage of 

NH4-N removal (NH4rem(%)) 
This criterion, expressed mathematically in Eq. 5, returns the 
average NH4-N removal by the assessment in question from 
peak NH4-N concentration at the selected cut-off threshold 
value, when compared to the overall NH4-N removed in the full 
treatment cycle (and expressed as a percentage). The higher the 
NH4rem value the better the softsensor. 

 
���	��� = (� − ���	
R��� −���	N	?�.

���	-��Q −	���	N	?�.
*

× ��� 

Eq. 5 

 

Where NH4rem is the percentage of potential NH4-N removal 
achieved, NH4 thres is the actual NH4-N concentration where the 
cycle was terminated by the selected cut-off threshold (mg NH4-
N/l), NH4 final is the final NH4-N concentration at the end of a 
full cycle (mg NH4-N/l) and NH4 peak is the highest NH4-N 
concentration (mg NH4-N/l). 

Provides a comparison of the selected cut-
off threshold NH4-N concentration to the 
actual NH4-N removal in a fixed time 
cycle 

Criterion 2B: Percentage of 

time saved (Tsave) 

This criterion, expressed mathematically in Eq. 6.2, returns the 
average total cycle time saved by the softsensor in question, at 

Indicates the time saved with the selected 
cut-off threshold value 
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the selected cut-off threshold value, when compared to the 
overall NH4-N removed in the full treatment cycle (and 
expressed as a percentage). The higher the Tsave value the better 
the softsensor. 

 O��S� = (� − O
R���
ON	>�"* × ��� Eq. 6 

Where Tsave is the Percentage of time saving (%), Tthres is the 
time at the threshold (min) and Tfixed is the fixed time cycle 
length (min). 

Criterion 3B: Number of 

successful cycles (SC) 

During the application of the softsenors it was noticed that some 
softsensors may detect the selected cut-off threshold prior to the 
NH4-N peak caused by poor NH4-N prediction. This can result 
in artificially improved NH4-N and time results. In these events 
the peak NH4-N value was used in lieu of the calculated value 
and the cycle was deemed to be unsuccessful. The number of 
successful cycles is then reported: the higher the number the 
better the softsensor. 

Allows for elimination of assessments 
with inferior prediction 

Criterion 4B: Absolute error 

(Aberror) 

This criterion assessed the accuracy of the softsensor at the cut-
off threshold point: it is the cut-off threshold concentration 
compared to the actual NH4-N concentration. 

Gives an indication of the accuracy of 
each assessment at the cut-off threshold 
value 
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3.4 Ranking System 

A ranking and weighting system was developed to compare the overall impact of each 
softsensor. This was necessary as results may differ in their impact on the overall 
performance and efficiency of the SBR; for example a softesensor may achieve good R2 
performance, however, may also return a poor RMSE result (This scenario would 
produce results in line with the actual NH4-N trend but incorrect by a constant in actual 
concentration, thus the overall result would not be acceptable). Thus in consultation 
with WWTP operators weights were applied to each criterion outlined in Table 6. In 
general the overriding concern in WWTPs would be to meet environmental regulation 
thus Aberror would be considered vital. For indicative purposes the weights outlined in 
Table 7 were applied to this study, however, weightings may vary depending on site 
specific requirements and demands. Altering the weights presented in Table 7 to 
promote particular site goals would impact the results presented in this study. However 
this is the novelty of the approach - various desired outcomes can be favoured 
depending on requirements. For example, increasing Tsave would promote the selection 
of a softsensor with good energy saving characteristics, however, this may result in a 
reduced effluent quality.  

Table 7 applied weights 

Criterion Weight Comments 

Aberror
 10 

Aberror indicates the accuracy of the softsensor at the 
selected cut-off threshold value. Important as 
facilities must achieve regulatory compliance 

RMSE 5 
RMSE indicates the accuracy of the softsensor 
when estimating the concentration over a cycle 

NH4rem 4 
Provides an indication of the NH4-N removal 
performance of the softsensor  

R2 3 
Indicates how well the predicted NH4-N trend 
matches the actual trend 

Tsave 2 
Indicates the time saving and energy savings of the 
softsensor 

SC% 1 
Least important as low SC values result in a penalty 
of high NH4-N concentrations 

 

A selection of softsensor results are ranked against each other for each criterion with 
better results receiving a higher ranked value (ranked values are 1 to n, where n is the 
number of softsensors in question). The ranked value is multiplied by the corresponding 
criterion weight to acquire the weighted value. All softsensor weighted values for each 
criterion are added together. The results from a group of softsensors are then compared 
to determine the most appropriate softsensor as follows: 

• Step 1, determine the best softsensor (highest weighted value) for each model 
using the system described above;  
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• Step 2, determine the best softsensor (highest weighted value) (and thus the 
overall best softsensor) from Step 1 results using the system described above.  

3.5 Further analyses 

Although, determining the best softsensor was the main objective of the study, a number 
of other assessments, using the same criteria and weights, were also executed including 
(i) whether MLR and NN regularisation improved results, (ii) a comparison between 
MLR and NN methods (iii) how adjusting the number of neurons in the NN hidden 
layers affected results and (iv) an examination of which variable set, variable and model 
were best. It should be noted that the model, variable-set etc identified for the best 
softsensor may differ than that for the best identified model, variable-set etc.  

4.0 Results 

For context overall influent and effluent results for the SBR are summarised in Table 8. 

Table 8 Average influent and effluent results (average daily hydraulic volume = 0.9m
3
)  

Parameter 

Average 

influent 

Influent 

st.dev. 

Average 

effluent 

Influent 

st.dev. % 

removal 

n 

Inf/Eff 
mg/l mg/l mg/l mg/l 

CODf 405 126 120 85 70 9/14 

TN 87 36 16 8 82 12/18 

NH4-N 49.6 20 1.1 1.2 98 17/28 

NO3-N - - 2.5 4.3 - -/27 

n is number of samples; Inf – Influent; Eff - Effluent 

 

4.1 Regression results 

Two regression models were assessed namely; Rlin and Rreg, detailed results for each are 
displayed in Table A.1 and Table A.2 respectively. NH4rem varied between 14% and 
86% for Rlin (average value of 66%) and between 75% and 93% for Rreg (average value 
of 68%). Average Tsave and aberror results were 51% and 0.98 mg NH4-N/l for Rlin

 and 
51% and 0.73 mg NH4-N/l Rreg. An overview of these results would conclude that Rreg is 
better than Rlin as it, on average, achieved better NH4rem and aberror

 results while 
maintaining a similar Tsave result thus resulting in better and more reliable effluent 
concentration predictions.  

4.2 Neural network results 

NNs were assessed using two algorithms, namely NNlm and NNbr. Overall results for 
NNlm[X] are displayed in Table A.3. The average NH4rem result for NNlm[X] was 65% 
with corresponding Tsave and aberror results of 60% and 1.52 mg NH4-N/l respectively. 
The application of NNlm[0.5X] (Table A.4) returned an average NH4rem result of 72% and 
average Tsave and aberror results of 59% and 0.84 mg NH4-N/l respectively. Average 
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results for NNlm[2X] (Table A.5) were 59%, 65% and 1.52 mg NH4-N/l for NH4rem, Tsave 
and aberror respectively.  

NNbr[X] returned average Tsave, aberror
 and NH4rem results of 60%, 1.35 mg NH4-N/l and 

67% respectively (Table A.6). NNbr[X] was further assessed using NNbr[0.5X] and 
NNbr[2X]. NNbr[0.5X] returning average Tsave, aberror

 and NH4rem results of 60%, 1.03 mg 
NH4-N/l and 69% respectively while NNbr[2X] results for Tsave, aberror

 and NH4rem were 
64%, 1.33 mg NH4-N /l and 61% respectively. Overall results for NNbr[0.5X] and NNbr[2X] 
are displayed in Table A.7 and Table A.8 respectively.  

NNlm[0.5X] was the best softsensor in terms of NH4rem and aberror results, while NNlm[2X] 
had the best Tsave result. It should be noted that average results are only indicative of the 
overall performance of the softensor and do not represent the ability of individual 
softsensors at predicting NH4-N trends. 

4.3 Weighting and Ranking results 

To decide the best softsensor a weighting and ranking system was applied. The first step 
determined the best variable-set (i.e. combination of independent input variables) for 
each model (Table A.9). Table 9 summarises overall results from this study.   

Table 9 Step 1 ranking results and Step 2 ranking  

Softsensor 

Step 1 results Step 2 

Average 

R
2
 in 

last 200 

min 

Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Ranking NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg/l) 
SC 

RlinH 0.553 0.5 86 53 0.58 12 6 

RregL 0.646 0.479 85 55 0.58 12 4 

NNlm[X]O 0.675 0.464 91 37 0.69 12 9 

NNlm[0.5X]M 0.634 0.457 92 36 0.59 12 7 

NNlm[X]R 0.465 0.457 77 63 0.48 11 3 

NNlm[X]K 0.653 0.441 64 60 0.80 12 8 

NNbr[X]T 0.584 0.346 73 56 0.60 11 4 

NNbr[0.5X]V 0.723 0.402 75 59 0.58 11 2 

NNbr[2X]U 0.769 0.196 88 67 0.57 11 1 

 

Step two determined the best softsensor from the results displayed in Table 9. The 
results of this analysis are given in the last column of Table 9. NNbr[2X]U was determined 
to be the overall best softsensor based on the applied weighting system. Variable-set U 
uses a combination of moving averages with nadir-apex values for both pH and ORP. 
This softsensor achieved an average NH4rem result of 88% over the 12 test cycles with 
corresponding Tsave and aberror

 results of 67%, 0.57 mg NH4-N/l respectively. Some of 
the test cycles with both measured and modelled NH4-N trends are presented in Figure 
8. 
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Figure 8 Comparison of modelled and measured NH4-N concentrations with the application of 

NNbr[2X]U
 
softsensor

 

4.4 Comparison between methodologies applied 

Using the weighting and ranking method and comparing Rlin to Rreg for each variable-
set, it was observed that Rlin was marginally better than Rreg (in this comparison Rlin 
performed better for 54.5% of the model-variable-sets). A similar comparison was 
carried out comparing individual variable-sets for the three sets of hidden layer neuron 
models for NNlm (NNlm[X], NNlm[0.5X] and NNlm[2X]) and NNbr (NNbr[X], NNbr[0.5X] and 
NNbr[2X]). For both NNlm (77.3% of total number of variable sets) and NNbr (45.5%), 
X/2 was the best model while 2X was the poorest performing model at 4.5% and 18.2% 
for NNlm and NNbr respectively. Bearing this in mind, and comparing NNlm against NNbr 

for X/2, the non-regularised model, NNlm (68.2%), was the better performing NN 
model, which is consistent with the regression comparison above. A further comparison 
was carried out to compare the leading NN (NNlm[0.5X]) and regression (Rlin) models  for 
individual input variables. This showed that Rlin performed better in 54.5% of variable-
sets. Alternatively, a study of the final ranked results (Table 9) shows that 3 of the top 4 
ranked softsensors use the NNbr model, therefore for future applications it may be 
possible to use this model only.  

A separate study was carried out comparing all models to each other (Table 10). The 
aggregate of variable-set rank results for each model can give an indication of model 
performance (when compared to other models). Ranking these aggregates identified the 
best overall model was NNlm[0.5X] in 54.5% of variable-sets. 

A similar study comparing variable-set (Table A.9) identified the top three variable-sets 
as T (pHnadir-apex and ORPnadir-apex), V (pHma20 and pHnadir-apex) and M (ORPcum and 
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ORPnadir-apex). Each of these uses only 2 input variables each, suggesting that simpler 
variable-sets can lead to better models. The nadir-apex input variable seem particularly 
useful, and more generally the processed input variables are clearly providing added 
value to the numerical modelling.  

Table 10 Ranking results for each variable-set comparing each Model 

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] 

A 3 1 5 2 6 7 4 8 

B 1 3 5 2 8 7 4 6 

C 1 2 4 2 8 6 7 5 

D 4 3 7 1 5 6 2 8 

E 4 2 7 1 4 3 6 8 

F 2 4 6 1 5 3 7 8 

G 2 3 7 1 4 6 5 8 

H 4 5 7 1 2 8 3 6 

I 4 2 7 1 3 6 8 5 

J 4 1 8 2 6 5 3 7 

K 2 3 8 5 1 7 3 5 

L 7 2 8 1 3 4 6 5 

M 8 6 3 1 2 5 4 7 

N 7 4 5 2 6 7 1 3 

O 8 2 1 3 7 4 5 6 

P 1 3 7 2 3 5 6 8 

Q 1 4 5 2 6 3 7 8 

R 6 3 5 1 7 2 4 8 

S 3 1 6 5 7 4 2 8 

T 8 3 6 4 6 1 2 5 

U 3 6 2 4 8 5 7 1 

V 4 6 5 3 6 8 2 1 

Sum 87 69 124 47 113 112 98 134 

Rank 3 2 7 1 6 5 4 8 

 

5.0 Conclusion 

This research aimed to identify a methodology for identifying a suitable WWTP RTC 
technique with a softsensor using ORP and pH sensors and inferential estimating 
models. The softsensor should predict the NH4-N trend for an SBR treatment cycle as 
well as cycle termination at a chosen cut-off threshold value. The overall methodology 
was designed to allow key onsite goals can be prioritised in softsensor sensor selection 
and that the dynamic nature of each small and decentralised WWTP is catered for. Two 
inferential estimating models were used, regression and NNs. To ensure optimisation 
for individual WWTPs regression was subdivided into linear regression (Rlin) and 
regularised linear regression (Rreg), NNs was subdivided by assessing two training 



233 
 

algorithms, Levenberg-Marquardt back-propagation (NNlm) and Levenberg-Marquardt 
back-propagation with Bayesian regularisation (NNbr). These were both further assessed 
by adjusting the number of neurons in the hidden layer to half the number of input 
variables (NNlm[0.5X] and NNbr[0.5X]) and twice the number of input variables (NNlm[2X] 
and NNbr[2X]). Gathered pH and ORP trends from a domestic scale SBR unit were pre-
processed to give 22 processed input variables. Each model and each variable-set 
(creating a softsensor) was trained with Matlab using 29 treatment cycles and tested 
using 12 cycles. Results were assessed using 6 criteria: 2 criteria assessed the general 
correlation of the predicted trend to the actual trend, and 4 studied the statistics of the 
predicted trend at the chosen NH4-N cut-off threshold value of 2mg NH4-N/l. A 
weighting and ranking system was developed to determine the overall best softsensor 
for this WWTP. It was determined for a typical treatment cycle the superior softsensor 
would achieve an average time saving of 67% and the corresponding NH4-N removal of 
88% of the NH4-N removal achieved in the fixed time treatment cycle.  

In practice the application of the study to identify the best softsensor can be 
cumbersome; therefore an operative may seek to reduce this workload based on 
experience. NNlm[0.5X] was shown to be the better overall performing model thus it may 
be beneficial to limit the study to this model only. The best NNlm[0.5X] softsensor was 
NNlm[0.5X]M, which achieved an average NH4rem result of 92% with corresponding Tsave 
and aberror

 results of 36%, 0.59 mg NH4-N/l respectively (Table 9). Furthermore based 
on this work operators could limit a study to a single variable-set; for example variable-
set V was one of the best overall performing variable set and only requires the use of a 
single sensor (pH).  

The developed methodology has potential to be applied to existing SBR wastewater 
treatment systems. There is an additional potential for the procedure to be modified to 
suit other batch operated technologies. Further research on this topic would include the 
application of the best sensor across a larger number of site based systems.  
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ABSTRACT 

There is increasing demand on operators of small wastewater 
treatment plants (WWTPs) to improve biological nutrient removal and 
energy efficiency while being subject to unique challenges including 
reduced resources. Automated control strategies of WWTPs can 
provide the necessary tools to improve plant performance and energy 
efficiency. However, online sensors for key parameters including 
ammonium can require excessive maintenance, can be unreliable and 
unaffordable. In addition, control techniques such as machine learning 
may not be financially or technically compatible with small WWTPs. 
This study analyses the use of low cost, reliable surrogate sensors with 
inexpensive programmable logic controllers to improve performance 
and energy efficiency. The paper presents three novel methodologies 
for control of batch WWTPs, the application of which enabled an 
average reduction in cycle time and energy consumption of 60% and 
43%. This system has potential to enhance small WWTPs 
performance in terms of environmental compliance and energy 
consumption. 

KEYWORDS 

 Real time control; regulatory compliance; small scale wastewater treatment, 

energy efficiency 

1.0 Introduction 

Approximately 80% of European wastewater treatment plants (WWTPs) are less than 
5000 population equivalent (PE) (EPA 2013), (García 2009). In Ireland 94% of 
WWTPs operated by Irish Water (Ireland’s sole water utility) have a PE of less than 
10,000; 83% of which serve urban areas of less than 2000 PE (EPA 2014). Similar 
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situations exist worldwide, for example, 57% of China’s population live in 2.79 million 
villages accounting for 768.8 million people (Guo et al. 2014). Small WWTPs, 
however, have design and operational challenges that can impact performance 
including; (i) lack of permanent operators and local expertise, (ii) relatively high energy 
cost, (iii) sludge handling, (iv) complying with strict discharge licences, (v) non-
consistent influent hydraulic or organic loads and (vi) inflexible operating regimes (Fox 
et al., 2016; Norton, 2009). In general approximately 33% of the total operating cost of 
a WWTP is attributed to energy requirements (Fernández et al., 2011). Energy 
consumed for aeration alone can represent up to 65% of the total energy consumption of 
WWTPs (Fernández et al. 2011).  

The Water Framework Directive (WFD) (2000/60/EC) and the Urban Wastewater 
Treatment Directive (UWWTD) (91/271/EEC) are the key regulations in Europe related 
to WWTP discharges. However for many smaller WWTPs, particularly those with PEs 
< 2,000; biochemical oxygen demand (BOD), chemical oxygen demand (COD), total 
suspended solids (TSS) and ammonium-nitrogen (NH4-N) are of most concern. 
Typically additional parameters including total phosphorus and total nitrogen (TN) of 
concern are limited to WWTPs in sensitive areas. For example, in Ireland 49% of 
WWTPs with a PE loading of < 2000 have an NH4-N discharge limitation and only 
3.5% have a TN discharge limit. Meeting NH4-N limits can be challenging for many 
types of WWTP technologies (Toppett Mosby 2015). Removal of NH4-N is the most 
important energy consumer, responsible for 50% of a WWTPs energy consumption 
(Hernández-del-Olmo et al. 2016).  

Automated monitoring and automation of WWTPs has significant potential to improve 
facility operation, reducing manpower and energy (Aguado et al., 2009), and 
enable desired effluent standards be met efficiently. However automated monitoring and 
control is generally limited in small scale WWTPs (Luccarini et al. 2010) and models 
(Santín et al., 2015). Online sensors can provide data on the operation of the WWTP 
while also allowing the application of real time control (RTC) strategies that can 
improve effluent quality and reduce energy consumption (Zanetti et al. 2012). However, 
online sensors for key parameters such as NH4-N require extensive maintenance and can 
be unreliable (Hong et al., 2007) and are often not affordable to small WWTPs (Aguado 
et al. 2009). Thus the implementation of robust and low cost on-line process 
measurement systems is required (Marsili-Libelli 2006). Numerous studies have shown 
that probes measuring variables such as oxidation reduction potential (ORP) and pH can 
act as surrogates for NH4-N (Akın & Ugurlu, 2005; Ga & Ra, 2009; J. H. Guo et al., 
2009; J. B. Holman & Wareham, 2003; Kim & Hao, 2001; Spagni et al., 2001; Tanwar 
et al., 2008; Vives et al., 2005; Won & Ra, 2011). However, the implementation of such 
strategies at small scale WWTPs, where there are significant limitations in terms of 
computational power in controlling systems has, to-date, been limited. Previous studies 
have identified useful termination points which indicate the end of nitrification 
including the sudden increase in pH (known as the “ammonium valley”) which is 
related to CO2 stripping (Akın & Ugurlu 2005) and a kick point in the ORP profile, 
known as the “ammonia elbow” (Akın & Ugurlu 2005). Within these continuously 
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aerated systems this occurs as oxygen is no longer acting as an electron acceptor for 
NH4-N and thus dissolved oxygen concentrations can increase rapidly (Holman, 2004).  

Intelligent software sensor based systems have been developed, which utilise sensors 
such as pH and ORP as surrogates for NH4-N sensors. Examples of intelligent software 
sensor based systems include neural networks (NN) (Cho et al. 2001; Luccarini et al. 
2010; Luccarini et al. 2002; Khataee & Kasiri 2011; Hong et al. 2007), Gaussian-
Process regression (Kocijan & Hvala 2013) and various fuzzy techniques (M. Z. Huang 
et al., 2010; Mingzhi et al., 2009; Puig et al., 2006; Ruano et al., 2012; Yang et al., 
2007). Alternating peaks and troughs (characteristic of systems with intermittent 
aeration) are a challenge when trying to automatically terminate the aerobic phase of a 
treatment cycle. Intelligent softsensors generally use advanced algorithms such as 
filtration wave techniques, wavelet de-noising, regularisation algorithms and episode 
representations to smooth out noise from the raw data and allow for the detection of 
reaction termination points (Marsili-Libelli 2006; Li et al. 2008; Luccarini et al. 2010; 
Puig et al. 2006). Intelligent systems have been successfully adapted for real time 
control of sequencing batch reactor (SBR) treatment plants (Cho et al., 2001; M. Huang 
et al., 2015; Luccarini et al., 2010; Marsili-Libelli, 2006; Ruano et al., 2012; Yang et al., 
2007); however, they require expensive control equipment and technical knowledge to 
operate and have seen limited application to smaller WWTPs. It has been noted that 
advanced methods cannot be applied until control systems improve greatly and are more 
accessible for low cost  programmable logic controllers (PLCs) (Yang et al., 2010).  
Thus new control methods are required to enhance the performance and energy 
efficiency of small wastewater SBR treatment systems (which are traditionally operated 
using fixed time cycles; Wimberger & Verde 2008). 

This research aims to identify suitable control architecture for the development of an 
automated low resource real time control strategy incorporating data from pH and ORP 
sensors that can be implemented in readily available low cost PLCs. Three data mining 
and data analytic methods are presented, based on data generated during on-site pilot 
scale trial. The paper analyses the efficiency of each method in optimising SBR cycle 
time using a number of novel metrics. The results of this study applicable to control 
systems and environmental engineers and researchers working in the water/wastewater 
industry. 

2.0 Material and methods 

A 6 PE domestic scale SBR was deployed for this study (Figure 1) and a precast 
concrete tank with two chambers (a primary chamber and a reaction chamber), with 
working volumes of 2.42 m3 and 1.56 m3 respectively. The system received 900 litres of 
wastewater per day (150 l/PE.day) and was mechanically aerated. A 464 minute cycle 
controlled by a Siemens LOGO! PLC comprised the following phases; 2 minute fill 
phase, 400 minute aeration phase, a 60 minute settling phase and a 2 minute discharge 
phase. Figure 1 illustrates the cycle sequence. The aeration phase consisted repeating 
periods, each 20 minutes in length, during which the aeration was switched on for a 5 
minute period (“aeration on”), followed by 15 minute quiescent period. 
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Fill Aeration Settle Discharge 
                         
2 min 400 min 60 min 2 min 
Figure 1 - Schematic of pilot SBR unit and the cycle sequence 

2.2 Wastewater characteristics 

The SBR was constructed adjacent to an existing large WWTP that received wastewater 
from a housing development. The large WWTP comprised; a foul water pump station, a 
primary settlement tank, a buffer tank, a SBR reaction chamber, a clear water pump 
station and a percolation system. A submersible foul water pump, placed in the primary 
tank was used to feed the primary tank of the SBR. This pump was programmed to 
mimic the typical diurnal flow pattern of a domestic house (Table 1) as per the 
European Standards for domestic wastewater treatment systems (CEN 12566-3 2006). 
The influent characteristics of the wastewater are repesented in Table A1 within 
supplementary information. 

Table 1 - Diurnal flow pattern used to feed the primary chamber of the SBR pilot unit (CEN 2006) 

Time of 

day 

% of total 

volume 

Volume 

(litres) 

Time of 

day 

% of total 

volume 

Volume 

(litres) 
0:00-6:00 0 0 14:00-15:00 0 0 
6:00-7:00 10 60 15:00-16:00 0 0 
7:00-8:00 10 60 16:00-17:00 0 0 
8:00-9:00 10 60 17:00-18:00 0 0 
9:00-10:00 5 30 18:00-19:00 20 120 
10:00-
11:00 

5 30 19:00-20:00 20 120 
11:00-
12:00 

5 30 20:00-21:00 5 30 
12:00-
13:00 

0 0 21:00-22:00 5 30 
13:00-
14:00 

0 0 22:00-23:00 5 30 

2.3 Equipment/flow pattern  

Aeration in the SBR was achieved using a submersible mechanical aerator (DAB 
Novair 200). A feed pump installed in the reactor tank filled the reactor chamber by 
syphoning from the primary chamber. The feed pump was switched on for 5 seconds, 
creating a syphon which moved liquid from the primary chamber into the reaction 
chamber. Syphoning terminated when the liquid level in the primary chamber went 
below the inlet level of the feed pipe or when the two chambers had equalised. This is a 
technique commonly used in domestic scale SBR units. This technique resulted in a 
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dynamic feed volume, as only the volume available over the feed pipe was transferred 
for treatment. A submersible pump housed in the reaction tank was utilised to remove 
treated wastewater during the discharge phase. 

2.4 Monitoring 

Throughout the study, influent wastewater samples were taken from the primary tank 
and effluent samples were taken from a collection vessel placed on the discharge line of 
the SBR. Filtered COD and TSS were tested in accordance with standard methods 
(APHA, AWWA 2005). Total nitrogen (TN) was measured using a Biotector TOC TN 
TP Analyser. NH4-N and nitrate-nitrogen (NO3-N) were measured using a Thermo 
Clinical Labsystem, Konelab 20 Nutrient Analyser; samples were passed through 1.2µm 
Whatman GF/C microfiber filters prior to measurement. Hach sc1000 multi-meters 
monitored data collected from pH, ORP and ammonium probes, in the reactor chamber. 
pH and ORP was measured at 1 minute intervals while ammonium was measured at 5 
minutes intervals on a 24 hour basis. Data from 41 treatment cycles (each cycle was 464 
minutes long) were used in this study. All probes were fitted approximately 500 mm 
below the lowest liquid level of the reaction chamber. All instruments were calibrated, 
maintained and operated in accordance with manufacturers’ instructions.  

3 Methodology development 

3.1 Overall pH, ORP and NH4-N trends 

Due to the nature of the influent hydraulic volumes, organic carbon and NH4-N 
concentrations and profiles varied between cycles. A typical profile comprised an initial 
increase in NH4-N concentrations as influent was mixed with the treated wastewater 
remaining in the reactor from the previous cycle. NH4-N concentrations typically 
peaked soon after the fill phase.  

The aeration regime resulted in a cyclical rise and fall in both pH (Figure 2a) and ORP 
(Figure 3a) values as the aerator was switched on and off creating a peak (or apex) and 
trough (nadir) in each aeration period illustrated (Figure 2b and Figure 3b). The increase 
in pH – corresponding to the 5-minute periods where the aerator was switched on – was 
likely due to CO2 stripping (Tanwar et al. 2008). It is likely the decrease in pH and ORP 
values between each 15 minute quiescent period were due to a reduction in microbial 
activity over the course of the aerobic phase as NH4-N concentrations decreased (Chang 
& Hao 1996). The decrease in pH values was greatest immediately following the apex, 
and subsequently tailed off before a nadir was reached; a similar pattern was observed 
in the ORP profile.  
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3.2 Proposed termination methods 

Three novel methods, compatible with implementation on low-cost PLCs, were 
developed and analysed with a view to identifying the end of nitrification.  

Method 1 – rate of change of pH and ORP values immediately following an “aeration-

on” period 

Method 1 (m1) examined the potential of utilising the initial rate of change in pH 
(pHm1) or ORP (ORPm1) values following each apex during an aeration cycle to 
determine the end of nitrification. The method was based on the observation that the 
rate of pH (or ORP) change following each apex tended to reduce over the course of an 
aeration period. Method 1 can be expressed as follows (Eq. 13):  

 A��(B?* =
['-�>(B?* − '-�> + 
(B?*]


  Eq. 13 

Where Xm1(Pn) is the pH or ORP slope for Method during aeration period n, Apex(Pn) is 

the apex pH or ORP during aeration period (Pn), Apex+t(Pn) is the pH or ORP value at a 
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Figure 2a - pH and NH4-N profiles for a typical 

cycle 

 

 

Figure 2b - Example of two aeration periods for 

a typical cycle with a pH profile (black lines 
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O
R

P
 (

m
V

) N
H

4 -N
 (m

g/l) 

O
R

P
 (

m
V

) 

a) b) 

 Time (min)   Time (min) 

   

Figure 3a - ORP and NH4-N profiles for a 

typical cycle 

 Figure 3b - Example of two aeration periods 

for a typical cycle with an ORP profile (black 

lines indicate “aeration-on” periods) 
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time t following the apex during aeration period n (typically set at about 25% of the 
aeration period).  

Figure 4a shows the resulting pHm1(Pn) profile over the duration of a typical treatment 
cycle. It was observed that the rate of change in pHm1(Pn) was greatest at the beginning 
of the treatment cycle corresponding to periods when NH4-N removal occurred and pH 
values generally decreased. When NH4-N removal (via nitrification) ceased, pHm1(Pn) 
generally stabilised for the remainder of the cycle. The point where pHm1(Pn) migrates 
from a high value to a stable low value corresponds to the “ammonium valley” (Label A 
in Figure 4a).  A similar trend was observed in the ORPm1 profile illustrated with label 
A in Figure 4b. The migration from high to low pHm1(Pn) and OPRm1(Pn) values form the 
basis of this method to predict when ammonium removal has ceased. Figure 4a and 4b 
contain thresholds, which are discussed in Section 3.3.  
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Method 2 examined the potential of leveraging the change in pH (pHm2) and ORP 
(ORPm2) values between the apex and nadir of each aeration period. The method 
assessed whether the inclusion of the entire dataset for each aeration period would 
improve the prediction of when NH4-N removal has ceased (m1 focused on the rate of 
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change in pH and ORP only immediately after aeration stopped). Method 2 can be 
expressed as follows Eq. 14. 

 A��(B?* =
['-�>(B?* −��"	�(B?*]


  Eq. 14 

Where Xm2(Pn) is the pH or ORP slope for Method 2 (m2) during aeration period n, Apex 

(Pn) is apex the pH or ORP value during aeration period n, Nadir (Pn) is the nadir (lowest) 
pH or ORP value during aeration period n and, t is the time in minutes between Apex(Pn) 
and Nadir(Pn)

 for each aeration period. 

It can be seen that pHm2(Pn) values initially increased (due to the initial fill and mixing) 
and thereafter decreased as NH4-N removal proceeded (Figure 5a). As pH values 
increased following the end of nitrification, pHm2(Pn) stabilised for the remainder of the 
cycle; the region where pHm2(Pn) migrated from a high value to a stable low value 
corresponded to the “ammonium valley”.  A similar trend was observed in the ORP 
profile illustrated in Figure 5b. This general decrease and subsequent tailing off in 
pHm2(Pn) and OPRm2(Pn) values formed the basis of Method 2. 
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Method 3 examined the potential of utilising the rate of change of consecutive pHapex or 
ORPapex values over an aerobic cycle to identify the end of nitrification for pH (pHm3) 
and ORP (ORPm3) respectively. pH was examined over two sequential apex points (Eq. 
15). 

 
-���(B?* = -��-�>(B?*�-��-�>(B?��* 

∀	n:	G > 2 
Eq. 15 

Where pHm3(Pn) is the change in pH apex values between aeration period n and n-1 and 
pHapex(Pn) are the sequential pHapex values from aeration periods 2 to n.  
This point of accelerated change known as the “ammonium elbow” (Akın & Ugurlu 
2005) has been linked to the end of nitrification, it occurs as oxygen no longer acts as an 
electron acceptor for NH4-N resulting in increased dissolved oxygen (Holman 2004). To 
exaggerate the accelerated increase, or spike, of ORP; ORPm3(Pn) was examined over 
three sequential apex points (Eq. 16). 

 

�,B��(B?* = {]�,B�-�>(B?��*^ − (�,B�-�>(B?*)}-
{(	�,B�-�>(B?** − (�,B�-�>(B?��**} 

∀	n:	G > 2 
Eq. 16 

Where ORPm3(Pn) is the change in ORP apex values between aeration period n and n-2 
and ORPapex(Pn) are the sequential ORPapex values from aeration periods 2 to n.  
Figure 6a shows pHm3(Pn) and measured NH4-N concentrations for a sample cycle. As 
can be seen pHm3(Pn) generally increased throughout the cycle before stabilising after a 
period of time. The point (Label A in Figure 6a) where pHm3(Pn) ascended above zero 
(i.e. the first pHm3(Pn) with a value greater than zero) was noted as generally 
corresponding to the end of nitrification. In Figure 6b, a spike (i.e. a sudden rise in the 
ORPm3(Pn) values) is apparent which was related to the end of nitrification.  
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Following the development of each method associated rules were developed to predict 
the point where an aerobic phase should be terminated. Two rules for terminating the 
aerobic phase were examined, namely; (i) threshold termination rule (TTR) and (ii) time 
delay termination rule (TDTR).  

Threshold Termination rule (TTR) 

The TTR was identified as the value of Xmz(Pn) (where z refers to the method number 1, 
2 or 3) which when reached would terminate the aerobic phase – i.e. once Xmz(Pn) 
crossed  the threshold value the aerobic phase was terminated. The TTR values were 
determined as follows: 

• Each Xmz(Pn) and associated time value, for each aeration period n, was 
automatically logged for the treatment cycles analysed.  

• The Xmz(Pn) value and associated time value at each aeration period n was 
averaged across a group of treatment cycles (e.g. Xmz(Pn) and the associated time 
value for the first aeration period (n = 1) for every cycle were each averaged; 
this process was repeated for n = 2 … n).  

• Three threshold values (T1, T2 and T3), assessed as method subsets (Figures A2 
and A3 are examples using data from this study), were then calculated as 
follows: 

o Xmz(Pn), (T1): average  Xmz(Pn) data-points plus two standard deviations,  
o Xmz(Pn), (T2): average Xmz(Pn) data-points plus one standard deviation and  
o Xmz(Pn), (T3): average Xmz(Pn) data-points  

• A profile was generated by plotting the above threshold values against their 
associated time values (as calculated in Step 2). Figures 4a, 4b, 5a and 5b show 
these thresholds and a typical example of how they would terminate a cycle for 
Methods 1 and 2. 

This process was applied to Methods 1 and 2 for pH and ORP profiles. Method 3 ORP 
required a unique threshold identification technique as termination of the cycle would 
be shown by a “termination spike” in the ORPm3(Pn) profile (Figure 6b) as opposed to a 
prolonged change in other Xmz(Pn) profiles. A database of ORPm3(Pn) spike values was 
prepared and the threshold values were calculated as follows;  

• ORPm3(T1): A value which successfully identified the termination spike of 60% 
of the total number of cycles,  

• ORPm3(T3): the threshold value that successfully identified the “termination 
spike” of all cycles and   

• ORPm3(T2) was the median value between ORPm3(T1) and ORPm3(T3)  

It is appreciated that the selection of ORPm3(T1) impacts ORPm3(T2) and could be changed 
however for the purposes of this study the above values were used and are further 
discussed below.  

In general it was hypothesised that where Xmz(Pn) values decreased over time a higher 
threshold value would result in a shorter treatment cycle but increased NH4-N 
concentrations when the threshold is reached. A lower threshold value would result in 
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reduced NH4-N concentrations on reaching the threshold value but a longer cycle time. 
The reverse would be true where Xmz(Pn) values increased over time.  

 

Time delay termination rule (TDTR) 

A unique termination rule was required for pHm3 as it was observed that the cycle could 
be terminated when pHm3(Pn) rose above a value of 0 (Figure 6a). Thus this rule proposed 
that once pHm3(Pn) values rose above zero the cycle is terminated after a specified time (t) 
elapsed. For the purpose of this study three Subsets were analysed; namely (i) pHm3(T1) 
(TD1), (ii) pHm3(T2) (TD2) and (iii) pHm3(T3) (TD3) with values of 0, 20 and 40 minutes 
respectively (though these values were chosen based on experience and for any situation 
could easily be changed). In general a longer time should enhance NH4-N removal, but 
negatively impact potential time/energy savings as the cycle would be terminated later.   

3.4 Minimum cycle time 

With the initial application of TTR and TDTR it was noted that in some cycles 
threshold values were reached prior to the peak NH4-N value, thus causing premature 
termination of cycles during the early periods of the aeration phase (i.e. when limited 
NH4-N removal had taken place). There were three separate causes of premature 
triggers; (i) the time required to mix influent with the bulk fluid impacted Xmz(Pn) 
profiles in the initial period of the aerobic phase, (ii) Xmz(Pn) profiles remained above or 
below the threshold value from the start of the cycle until the end of the cycle, and (iii), 
which applied to ORPm3 only, and was caused by premature spikes after NH4-N 
concentrations peaked at the start of the cycle but prior to the termination spike.  

Thus to eliminate premature cycle termination a minimum cycle time was applied. The 
minimum cycle time for each individual Subset was chosen by analysing the treatment 
cycles deemed to have a premature trigger and selecting the lowest value required to 
prevent a premature termination for the entire affected group. In all cases the minimum 
cycle time incorporated the fill phase and anoxic phases (where these occur prior to 
aeration). The minimum cycle time for each Subset was then applied to all cycles.  

3.5 Analyses methodology 

To compare the efficiency of each method in optimising the treatment cycles it was 
necessary to develop a set of performance criteria. For example, in some cases where 
discharge limits are not stringent energy efficiency may be a priority whereas other sites 
might prioritise discharge limits. Thus the method described below, incorporating five 
criteria, enabled comparison between each method (at each threshold value) across a 
number of headings.  

Criterion 1: Percentage of successful cycles 

A successful cycle was defined as a cycle where Xmz(Pn) crossed the given threshold 
value. For some cycles the Xmz(Pn) value did not cross the threshold value and thus the 
cycle would not have been stopped before the allotted aeration phase time despite NH4-
N concentrations levelling off. Such cycles were considered as unsuccessful cycles (i.e. 
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cycles in which the threshold analysed failed to shorten the length of the aerobic phase 
despite NH4-N concentrations levelling off prior to the end of the cycle) and was 
calculated as per Eq. 5. 

 %	�M�����NM..	�9�.�� = (�#M���O
 * × ��� 
Eq. 17 

 

Where Csucc is the number cycles terminated early and CTot is the total number of cycles 
analysed 
Criterion 2: Potential NH4-N removal  

This criterion was defined as the percentage NH4-N removal achieved where the cycle 
would have been terminated by the method in question divided by the NH4-N removal 
achieved during the full treatment cycle (Eq. 18). 

 ���	���(%* = (���	-��Q −���	
R���
���	-��Q −	���	N	?�.

* × ��� Eq. 18 

Where NH4rem is the percentage of potential NH4-N removal achieved, NH4 thres is the 
NH4-N concentration where the cycle was terminated NH4-N (mg/l), NH4 final is the final 
NH4-N concentration at the end of a full cycle (mg/l) and NH4 peak is the highest NH4-N 
concentration (mg/l). 
Criterion 3: Average effluent NH4-N 

This criterion calculated the average NH4-N concentration at the termination of each 
cycle for each method.  

Criterion 4: Average time saving 

The average time saving criterion was assessed as the percentage of the full treatment 
cycle saved by the termination of the cycle by each method (Eq. 19). 

 O��S� = (� − O
R���
ON	>�"* × ��� Eq. 19 

Where Tsave is the time saving (%), Tthres is cycle time when the cycle was terminated (min) and 

Tfixed is the fixed time cycle length (min). 

Criterion 5: Average energy saving 

Energy savings were calculated as the percentage of the total energy consumed during a 
full treatment cycle saved by the termination of a cycle by each method (Eq. 20). 
Energy consumption for the system was calculated using the power rating of each pump 
and the aerator (as these were the major electricity consumers).  

 T��S� = (� − T
R��� +T"	�
TN	>�" * Eq. 20 

Where Esave is the energy saved (%), Ethres is the energy consumed prior to termination 
of the cycle (kWh), Edis is the energy consumed to discharge effluent (kWh) and Efixed is 
the energy used by a full treatment cycle (kWh). 

3.6 Ranking system 
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A ranking system was then developed to evaluate which method was optimal based on 
the above criteria. In consultation with WWTP operators weights were applied to the 
criteria outlined above. For indicative purposes the weights outlined in Table  were 
applied to this study. In general the overriding concern in WWTPs is to meet 
environmental regulations. As there were no regulatory discharge limits applied to this 
site (as it was a pilot study) a required effluent concentration of 2 mg NH4-N/l was 
chosen for indicative purposes.  

Table 2 - applied weights 

Criteria Weight Comments 

Meet discharge limit <2 mg/l 5 
Ranked most important as facilities must achieve 
regulatory compliance 

Potential energy saving (%) 4 
If compliance has been achieved energy efficiency 
was seen as a priority 

Successful cycles (%) 3 
The greater the number of cycles a Method 
successfully impacts the greater the potential energy 
saving 

Potential time saving (%) 2 
Savings in cycle time can result in energy efficiency 
and also mean the system is available to handle 
larger volumes 

Potential ammonium 
removal (%) 

1 
Ammonium removal beyond the discharge limit 
may be seen as inefficient and thus least important 

The applied weights can be altered to suit the operator’s goals and may change which 
method proposed above might be optimal for any given site. For example, if potential 
energy savings was given a higher weight (for example 4 to 10) methods that lead to 
higher energy savings but also higher effluent NH4-N concentrations would be 
favoured. Thus the application of the weights would likely be site specific and can 
depend on the overall objectives of the WWTP operators.  

When a number of subsets were compared, each criterion weight was multiplied by a 
subset score creating a weighted value. A score is a numerical value based on a subset’s 
ranking with the other subsets in question. Higher scores were issued to higher ranked 
results and equal scores were issued to equal results. The weighted values for the 
criterion for a particular subset were added together to create its total weighted score. 
For example comparing two subsets; A and B, each achieving potential energy savings 
of 60% and 70% and potential ammonium removals of 20% and 5% respectively. The 
scores for potential energy savings would be 1 and 2 for A and B respectively with 
weighted scores of 4 and 8. While for potential ammonium removal the scores for A 
and B would be 2 and 1 respectively with associated weighted scores of 2 and 1. Total 
weighted scores for Subsets A and B would be 6 and 9 respectively and therefore B 
would be the preferred Subset. 

This system was applied over three steps to determine the best pH method, ORP method 
and overall method (detailed in supplementary information Figure A1 and explanatory 
text).  
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Step 1, determined the best threshold for each method using pH and ORP results; Step 2 
utilised Step 1 results to determine the most efficient pH and ORP threshold for each 
method; and Step 3, utilised Step 2 results to determine the best overall method. 

4 Results 

4.1 pH based methods 

For context overall influent and effluent results for the SBR during the study are 
summarised in the supplementary information (Table A1). 

Figures 7a and 7b summarise the results from each of the pH based methods. The 
threshold values for method pHm1 (taken from Figure A2a) were; T1 (pHm1(Pn) < 
0.0037), T2 (pHm1(Pn)< 0.0026), and T3 (pHm1(Pn) < 0.0015) and are shown in Figure 4a. 
A minimum cycle time of 70 minutes was applied to pHm1.  

The threshold values, for method pHm2 (taken from Figure A2b) were; T1 (pHm2(Pn) < 
0.005), T2 (pHm2(Pn) < 0.003), and T3 (pHm2(Pn) < 0.002)  - shown in Figure 5a. A 
minimum cycle time of 70 minutes was applied to pHm2. 

As discussed the pHm3 time delays analysed were 0, 20 and 40 minutes. Each time delay 
was applied from the point pHm3(Pn) trend rose above zero as illustrated in Figure 6a. A 
minimum cycle time of 60 minutes was applied to pHm3. 

Figure 7a – The percentage of cycles successfully terminated, potential time saving and potential 

energy saving for each pH based method 
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Figure 7b – The potential NH4-N removal (%) and effluent NH4-N concentration (mg/l) results for 

each pH based method 

4.2 ORP based methods 

The three threshold values for method ORPm1 (taken from Figure A3a) were; T1 
(ORPm1(Pn) < 1.02), T2 (ORPm1(Pn) <0.68), and T3 (ORPm1(Pn) <0.34) - illustrated in 
Figure 4b. Minimum cycle times of 60, 60 and 50 minutes were applied to T1, T2 and 
T3 respectively.  

The three threshold values for method ORPm2 (taken from Figure A2b) were; T1 
(ORPm2(Pn) < 1.57), T2 (ORPm1(Pn) < 1.07), and T3 (ORPm1(Pn) < 0.57) and are shown in 
Figure 5b. Minimum cycle times of 75, 65 and 65 minutes were applied to T1, T2 and 
T3 respectively.  

The thresholds identified for ORPm3 were; T1 (ORPm3(Pn) < 0.0127), T2 (ORPm3(Pn) < 
0.0068), and T3 (ORPm3(Pn) < 0.0009) (Figure 6b). A minimum cycle time of 80 minutes 
was applied to all assessments in ORPm3. The overall results for each ORP based 
method are presented in Figure 8a and 8b. 
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Figure 8a - The percentage of cycles successfully terminated, potential time saving and potential 

energy saving for each ORP based method 

Figure 8b – The potential NH4-N removal (%) and effluent NH4-N concentration (mg/l) results for 

each ORP based method 

4.3 pH and ORP results discussion 

The results from pHm1, ORPm1, pHm2, ORPm2 and pHm3 demonstrated that, as was 
hypothesised, a higher threshold value returned increased energy and time saving; 
however, it also resulted in increased effluent NH4-N concentrations. The inverse was 
true for ORPm3, where a lower threshold value yielded higher effluent NH4-N 
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utilise a Spike in lieu of a trend line and this caused the difference in the relationship 
between threshold values and operational efficiencies. 

Method 1 examined the initial change in pH or ORP values after they reached their 
maximum value (generally at the end of the “aeration-on” period) during each aeration 
period and Method 2 studied the trend between this maximum value and the subsequent 
nadir (minimum value for pH or ORP). It is apparent that in both pH and ORP studies 
Method 2 proved to be better in terms of effluent quality while Method 1 resulted in 
better energy and time savings. Effluent quality in pHm3 was better than both pHm1 and 
pHm2, however this resulted in lower potential energy and time savings (a similar result 
was seen in ORPm3 when compared to Methods 1 and 2).  

Comparing pH and ORP Subsets, ORP results were 17% and 13% more efficient in 
time and energy savings respectively; however, corresponding NH4-N removal were 
less efficient at 35% of the NH4-N removal achieved in the fixed time treatment cycle.  

4.4 Ranking methods  

A set of sample weights were applied which prioritised effluent quality over time and 
energy savings as per Table 2. With the application of these weights pHm3(T1) and 
ORPm1(T1) were the highest ranked pH and ORP methods respectively; with pHm3(T1) 

being the top ranked method (Figure 9). Application of pHm3(T1) to the cycles examined 
would have resulted in an average energy saving of 43% (maximum 87% time saving 
and minimum 39%) corresponding to an average time saving of 60% (maximum 86% 
and minimum 29%) of the fixed time cycle and an average effluent NH4-N 
concentration of 1.9 mg/l (maximum 4.5 mg/l and minimum 0.9 mg/l). Further 
information on the application of the ranking method is given in supplementary 
information (See Tables A2 to A5 and Figure A1). 

 

Figure 9 - Overall Ranking results 

4.5 Application and discussion 

The methods outlined are all readily applied to low cost PLCs typically used at small-
scale WWTPs (or indeed can be applied to all SBR systems). In order to optimise these 
methods a short trial on a given site would be recommended. Initially the site would be 
operated using the existing or planned fixed time cycle and pH, ORP and NH4-N probes 
installed to collect data over a period; depending on the quality of the data this could 
vary but it is anticipated that two to four weeks would be sufficient. The collected data 
should be separated into individual cycles; at this point the Methods 1, 2 and 3 and the 
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ranking system can be applied to the data to determine the most suitable control method 
for that site. The weights applied within the ranking system will impact which method is 
likely to be most suitable and these should be modified to reflect the objectives of the 
operator/engineer or researcher at that site. The most suitable method can then be 
deployed using a low cost PLC.  

Within this study, methods based on pH data were observed to result in more efficient 
operation when compared to those based on ORP data. Therefore in an attempt to 
reduce efforts when establishing a subset for a new site the user could potentially refine 
the study to a pH sensor only and in particular Method 3 (where the objectives of the 
study, as reflected by the weights applied within the raking methodology, were similar 
to this study).  

When comparing Methods 1 and 2, Method 2 doubled the effort of the PLC when 
compared to Method 1 as the identification of both the apex and nadir are required; 
though it did result in improved overall results; again this could be a consideration 
depending on the PLC deployed and the sensitivity of the site to discharge limits or 
energy/time savings. 

The ORP and pH strategies described above were developed for use with low cost basic 
PLCs. For this purpose the Siemens LOGO! was selected as a test unit. The PLC’s 
compatible software LOGO! Soft Comfort V7.1 has a variety of function blocks which 
control the overall SBR cycle and can interpret the analogue values from the pH and 
ORP probes and thus terminate the SBR cycle when conditions are appropriate. The 
analogue values can be input directly into a function block that can determine maximum 
values during treatment cycles. The change between subsequent maximum values can 
then be determined using a mathematic instruction function block. The input from this 
block can be connected into an analogue “threshold” trigger. When this trigger receives 
a specified value, for example zero or greater for pHm3, a signal can be sent to the SBR 
programme to terminate the aeration phase. The technology’s application would result 
in some additional maintenance in terms of cleaning and calibration of probes; however, 
day to day maintenance of the WWTP would remain unchanged. However the 
significant benefits include improved compliance and enhanced energy savings and also 
mean the SBRs operation is flexible to incoming influent.  

5.0 Conclusions 

This research outlines a procedure to develop a low resource real time control 
architecture for small WWTPs using pH and ORP probes. Three control methodologies 
each with three Subset analyses were developed and applied to data collected from a 
domestic scale SBR unit. Results from each Subset were separated in 5 criterion and 
ranked to determine the best Subset. It was determined for a typical treatment cycle the 
superior Subset would achieve an average overall cycle time savings of 60% with a 
corresponding energy saving of 43%. Ammonium removal was 78% of the ammonium 
removal achieved in the fixed time treatment cycle with a corresponding ammonium 
concentration of 1.9 mg/l. This Subset can be readily utilised for use in low cost PLCs 
and low cost probes with little on-going maintenance, thus making it an ideal solution 
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for aiding control systems and Environmental Engineers operating small  wastewater 
treatment systems. The procedure to assess and optimise the most suitable Subset can be 
applied to other sites. It may be possible to refine the study to just a pH probe, however, 
this may depend on the ranking criteria determined by the operative. Further research on 
this subject would include the application of the developed control methodology and 
monitoring of the its impact (on biomass etc.) over a long period of time.           
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A.1 Introduction 

All analysis for this study was carried out in either the Environmental Engineering 

Laboratory in NUI Galway or the Environmental Laboratory in Molloy Environmental 

Systems. The methods and procedures used for testing the various parameters measured 

during the course of the study are presented below. 

 
A.2 Analysis of 5-day biochemical oxygen demand (BOD5) 

BOD5 was measured in accordance with Standard Methods for the Examination of 

Water and Wastewater (APHA, AWWA 2005), method 5210-D. WTW OxiTop 

manometric respirometers were used to measure the change in pressure caused by 

oxygen consumption at a constant volume. Sodium Hydroxide tables were used in the 

procedure and the results are given in units of BOD5/l. 

 
A.3 Analysis of Suspended solids (SS) 

The SS test measures the non-filterable residue of the sample. The test was carried out 

in accordance with the Standard Methods for the Examination of Water and Wastewater 

(APHA, 2005), method 2540-D. 

 
A.4 Analysis using titration 

 
A.4.1 Chemical Oxygen Demand (COD)  

COD of the wastewater was measured using a Closed Reflux Titimetric Method in 

accordance the Standard Methods for the Examination of Water and Wastewater (1995), 

method 5220-C. Pre-prepared (Hach Company, Lovibond, Colorado) contained a 

mixture of potassium dichromate (K2Cr2O2) and ferrous ammonium sulphate (FAS) 

with the volume of each determined by the test range (0-150 mg/l; 0-1500 mg/l). A 

HACH DR/2000 spectrometer was then used to measure the concentration of the COD 

of the sample. Results were given in mg COD/l. 
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A.4.2 Ammonium Nitrogen (NH4-N) 

NH4-N was measured using the HACH ……………….. with the HACH DR/2000 

spectrophotometer (Hach Company, Lovibond, Colorado). Results are expressed in md 

NH4-N/l. This method was used in SBR 2 only. 

 
A.4.3 Nitrate Nitrogen (NH4-N) 

NH4-N was measured using the HACH ……………….. with the HACH DR/2000 

spectrophotometer (Hach Company, Lovibond, Colorado). Results are expressed in md 

NH4-N/l This method was used in SBR 2 only. 

 
A.5 Analysis using a Konelab 20 Nutrient Analyser 

 
A.5.1 Ammonium Nitrogen (NH4-N) 

NH4-N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient 

Analyser (Fisher Scientific, Waltham, Massachusetts). The principle behind the analysis 

is the reaction of Ammonia with Salicylate and Dichloroisocyanurate in the presence of 

sodium nitroprusside to form a blue colour that is proportional to the amount of 

Ammonia present. The colour produced is then measured at 660 nm. Reagents were 

made up in the laboratory and the Konelab was calibrated before use on each given day. 

The results are presented in mg NH4-N/l. 

 
A.5.2 Nitrite Nitrogen (NO2-N) 

NO2-N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient 

Analyser (Fisher Scientific, Waltham, Massachusetts). The principle behind the analysis 

is the reaction of Nitrite ions with a reagent containing sulphanilamide and N-(1-

naphthyl)-ethylenediamine dihydrochloride produce a highly coloured azo dye that is 

measured photometrically at 540 nm. Reagents were made up in the laboratory and the 

Konelab before use on each given day. The results are presented in mg NO2-N/l. 

 
A.5.3 Nitrate Nitrogen (NO3-N) 

NO3-N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient 

Analyser (Fisher Scientific, Waltham, Massachusetts). The principle behind the analysis 
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is the C 5 reduction of Nitrate to Nitrate using hydrazine sulphate. The Nitrate ions 

produced and those originally present are determined by diazoitasation with 

sulphanilamide and coupling with N- (1-naphthyl)-ethylenediamine dihydrochloride. 

The azo coloured dye is measured photometrically at 540 nm. Reagents were made up 

in the laboratory and the Konelab before use on each given day. This procedure 

measured the Total Oxidised Nitrogen (TON) present. Nitrate is then determined by 

subtracting Nitrite from TON. The results are presented in mg NO3-N/l. 

 
A.5.4 Orthophosphate-phosphorus (PO4-P) 

PO4-P was measures using a Thermo Clinical Labsystems, Konelab 20 Nutrient 

Analyser. The principle behind the analysis is the reaction of orthophosphate with 

ammonium molybdate and antimony potassium tartrate under acidic to form a complex 

solution which when reduced under acidic conditions produces an intense blue colour. 

The colour produced is then measured photometrically at 880 nm (or 660 nm). The 

absorption is proportional to the amount of orthophosphate in the sample. The results 

are presented in mg PO4-P/l. 

 
A.6 Testing procedure using the Biotector Analyser 

 
A.6.1 Total organic carbon (TOC) 

The principles of the TOC test using the Biotector (Biotector, Cork) is based on the 

addition of acid to lower the pH before the TIC is sparged off as CO2. Oxidation is then 

used to achieve total and complete oxidation of the sample including organic carbon to 

CO2, nitrogen compounds to nitrate and phosphorus compounds to phosphate. The 

oxidation method utilises hydroxyl radicals generated within the analyser by combining 

oxygen, which passed through an ozone generator, with sodium hydroxide. The CO2 is 

sparged and measured by a NDIR detector. The result of this measurement is then 

converted to the equivalent TOC reading which is given in mg TOC/l. 
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A.6.2 Total inorganic carbon (TIC) 

TIC was measured as part of the TOC analysis using the Biotector (Biotector, Cork). 

The addition of sulphuric acid which causes the TIC to be sparged of from the sample 

as CO2. This sparged CO2 is measured and a reading is given in mg TIC/l. 

 
A.6.3 Total phosphorus (TP) 

To obtain the measure of the TP using the Biotector (Biotector, Cork), acid is added to 

the sample of wastewater to lower the pH before the TIC is sparged off as CO2. 

Oxidation is then used to achieve total and complete oxidation of the sample including 

organic carbon to CO2, nitrogen compounds to nitrate and phosphorus compounds to 

phosphate. The oxidation method utilises hydroxyl radicals generated within the 

analyser by combining oxygen, which passed through an ozone generator, with sodium 

hydroxide. The sample then undergoes an acid boiling at 100ºC for 20 minutes, 

breaking down the polyphosphate bonds into ortho-phosphates. The sample of the 

wastewater is then reacted with a Vanadate-Molybdate reagent at 70ºC to produce an 

acidic compound. The spectrophotometer then analyses the sample at wavelengths 

applicable to ortho-phosphates within the selected range. The result is then displayed as 

mg TP/l. 

 
A.6.4 Total nitrogen 

To obtain a measure of the TN, using the Biotector (Biotector) of a sample the tests 

described in A.6.2 and A.6.3 were first completed obtaining an oxidised sample. The 

oxidised sample was transferred from the reactor to a measuring cell where a 

spectrometer analyses the sample at wavelengths applicable applicable to nitrates. The 

result is the given in mg TN/l. 
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Appendix C 

Chapter 3 supplementary Figures and Tables 
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Figure C.1 Location of Tullamore, Co. Offaly (Google 2015) 

 

Table C.1 SBR 1 PLC inputs and outputs 

Inputs Outputs 

Float switch Aerator 

Button Fill Pump 

 Discharge pump 

 

 

 

 

 

 

 

 

Tullamore 
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a) 

b) 

c) 

Figure C.2 Screen shots of SBR 1 programme a) inputs, outputs and main programme, b) reset, 

Alarms and manual modes and c) visual displays 
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Figure C.3 Location of Portlaoise, Co. Laois (Google 2015) 

 

Table C.2 SBR 2 equipment list 

Tank Equipment Number 

Primary tank - - 

Buffer tank Feed pump 2 

 Float switch 2 

Reactor tank 1 Blower 2 

 Diffuser system 4 

 Sludge pump 1 

 Discharge pump 1 

 Float switch 2 

 Control panel 1 

 Dosing pump 1 

Reactor tank 1 Blower 2 

 Diffuser system 4 

 Sludge pump 1 

 Discharge pump 1 

 Float switch 2 

 Control panel 1 

 Dosing pump 1 

Pump Station Discharge pump 2 

 Float switch 3 

 

Portlaoise 
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Figure C.4 Location of Moneyall Village, Co. Offaly (Google 2015) 

Table C.3: Laboratory-scale PFBR Inputs and Outputs 

Inputs Outputs 

Manual Button Circulation pump 1 

Float switch 1 Circulation pump 2 

Float switch 2 Fill pump 

Flaot switch 3 Discharge valve 

Float switch 4 Equalisation valve 

 

 

 

 

 

Moneygall 
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a) 

b) 

c) 

d) 

Figure C.5 Screen shots of laboratory-scale PFBR unit a) input/output page, b) aeration, anoxic, 

feed and finishing blocks, c) Discharge, equalisation and main blocks, manual blocks 
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Appendix D 

Chapter 5 supplementary Figures and Tables 

(Further supplementary data attached on CD)  
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Table D.1 SBR 1 Step 1 pH 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
m

1 

Successful cycles (%) 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted values   16  12  8 
Rank   3  2  1 

pH
m

2 

Successful cycles (%) 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 3 12 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted values   16  12  20 
Rank   2  1  3 

pH
m

3 

Successful cycles (%) 2 3 6 3 6 3 6 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 3 12 3 12 1 4 
Potential energy 3 3 9 2 6 1 3 
Total weighted values   28  26  17 
Rank   3  2  1 
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Table D.2 SBR 1 Step 1 ORP 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

O
R

P
m

1 

Successful cycles 2 3 6 3 6 2 4 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  14  10 
Rank   3  2  1 

O
R

P
m

2 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%)  

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  12  8 
Rank   3  2  1 

O
R

P
m

3 

Successful cycles 2 1 2 2 4 3 6 
Potential NH4-N 
removal (%) 

1 3 3 2 2 1 1 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 3 1 3 2 6 3 9 
Total weighted   8  12  16 
Rank   1  2  3 

 

Table D.3 SBR 1Step 2 

   pHm1(T1) pHm2(T3) pHm3(T1) 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
  

Successful cycles 2 3 6 1 2 3 6 
Potential NH4-N 
removal (%) 

1 1 1 3 3 2 2 

Meet discharge limit 4 0 0 3 12 3 12 
Potential energy 
saving (%) 

3 3 9 1 3 2 6 
Total weighted 
values 

  16  20  26 
Rank   1  2  3 

 

  ORPm1(T1) ORPm2(T1) ORPm3(T3) 

O
R

P
 

Successful cycles 2 2 4 1 2 3 6 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 3 3 9 2 6 1 3 
Total weighted   14  10  12 
Rank   3  1  2 
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Table D.4 SBR 1 Step 3 

  pHm3(T1) ORPm1(T1) 

 Weight Score Weighted  Score Weighted  

Successful cycles (%) 2 2 4 1 2 
Potential NH4-N 
removal (%) 

1 2 2 1 1 

Meet discharge limit 4 2 8 0 0 
Potential energy saving 
(%) 

3 1 3 2 6 
Total weighted values   17  9 
Rank   2  1 

 

Table D.5  PFBR 1 Step 1 pH 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
m

1 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 3 12 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  12  20 
Rank   2  1  3 

pH
m

2 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 3 9 1 3 
Total weighted 
values 

  16  15  8 
Rank   3  2  1 

pH
m

3 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 3 12 3 12 
Potential energy 3 3 9 2 6 1 3 
Total weighted   16  24  20 
Rank   1  3  2 
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Table D.6 PFBR 1 Step 1 ORP 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

O
R

P
m

1 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  12  8 
Rank   3  2  1 

O
R

P
m

2 

Successful cycles 2 3 6 2 4 1 3 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 3 12 3 12 3 12 
Potential energy 
saving (%) 

3 3 9 2 6 3 9 
Total weighted 
values 

  28  22  27 
Rank   3  1  2 

O
R

P
m

3 

Successful cycles 2 3 6 3 6 2 4 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 3 12 
Potential energy 3 3 9 2 6 1 3 
Total weighted   16  14  22 
Rank   1  2  3 

 

Table D.7 PFBR 1 Step 2 

   pHm1(T3) pHm2(T1) pHm3(T2) 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
  

Successful cycles 2 1 2 3 6 2 4 
Potential NH4-N 
removal (%) 

1 3 3 1 1 3 3 

Meet discharge limit 4 3 12 3 12 3 12 
Potential energy 
saving (%) 

3 3 9 0 0 3 9 
Total weighted 
values 

  26  19  28 
Rank   2  1  3 

 

  ORPm1(T1) ORPm2(T1) ORPm3(T3) 

O
R

P
 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 3 3 2 2 

Meet discharge limit 4 0 0 3 12 3 12 
Potential energy 3 3 9 1 3 2 6 
Total weighted   16  22  22 
Rank   1  3  3 
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Table D.8 PFBR 1 Step 3 

  pHm3(T2) ORPm2(T1) ORPm3(T3) 
 Weight Score Weighted  Score Weighted  Score Weighted  

Successful cycles (%) 2 1 2 3 6 2 4 
Potential NH4-N 
removal (%) 

1 1 1 3 3 2 2 
Meet discharge limit 4 3 12 3 12 3 12 
Potential energy saving 
(%) 

2 3 6 2 4 3 6 
Total weighted values   21  25  24 
Rank   1  3  2 

 

Table D.9 pHm1 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm1(T1)  

Successful cycles (%) 100   
Potential NH4-N removal (%)  61 26 
Effluent NH4-N concentration  2.9 2.1 
Potential energy saving (%) 49   

pHm1(T2) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  73 20 
Effluent NH4-N concentration 
(mg/l) 

 2.2 1.4 
Potential energy saving (%) 42   

pHm1(T3) 

Successful cycles (%) 81   
Potential NH4-N removal (%)  81 20 
Effluent NH4-N concentration 
(mg/l) 

 2.1 1.3 
Potential energy saving (%) 30   

 

Table D.10 pHm2 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm2(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  54 26 
Effluent NH4-N concentration 
(mg/l) 

 3.4 2.2 
Potential energy saving (%) 49   

pHm2(T2) 

Successful cycles (%) 91   
Potential NH4-N removal (%)  78 17 
Effluent NH4-N concentration 
(mg/l) 

 2.3 1.3 
Potential energy saving (%) 38   

pHm2(T3) 

Successful cycles (%) 81   
Potential NH4-N removal (%)  87 9 
Effluent NH4-N concentration 
(mg/l) 

 1.8 0.7 
Potential energy saving (%) 30   
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Table D.11 pHm3 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

pHm3(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  80 13 
Effluent NH4-N concentration 
(mg/l) 

 1.9 0.7 
Potential energy saving (%) 38   

pHm3(T2) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  85 11 
Effluent NH4-N concentration 
(mg/l) 

 1.8 0.7 
Potential energy saving (%) 34 

 
  

pHm3(T3) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  88 10 
Effluent NH4-N concentration  1.7 0.7 
Potential energy saving (%) 30   

 

Table D.12 ORPm1 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

ORPm1(T1)  

Successful cycles (%) 100   
Potential NH4-N removal (%)  37 34 
Average effluent NH4-N (mg/l)  3.5 2.3 
Potential energy saving (%) 53   

ORPm1(T2) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  47 36 
Average effluent NH4-N (mg/l)   3.1 2.3 
Potential energy saving (%) 49   

ORPm1(T3) 

Successful cycles (%) 76   
Potential NH4-N removal (%)  70 34 
Average effluent NH4-N (mg/l)   2.5 2.4 
Potential energy saving (%) 30 
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Table D.13 ORPm2 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

ORPm2(T1) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  51 36 
Average effluent NH4-N (mg/l)   3.0 2.11 
Potential energy saving (%) 49   

ORPm2(T2) 

Successful cycles (%) 95   
Potential NH4-N removal (%)  61 35 
Average effluent NH4-N (mg/l)  2.7 2.2 
Potential energy saving (%) 45.4   

ORPm2(T3) 

Successful cycles (%) 67   
Potential NH4-N removal (%)  77 29 
Average effluent NH4-N (mg/l)  2.3 2.1 
Potential energy saving (%) 27   

 

Table D.14 ORPm3 results (Using 21 cycles) 

Subset Assessment Criteria % Average  
Standard 

deviation  

ORPm3(T1) 

Successful cycles (%) 76   
Potential NH4-N removal (%)  77 25 
Average effluent NH4-N (mg/l)  2.2 1.5 
Potential energy saving (%) 27   

ORPm3(T2) 

Successful cycles (%) 95   
Potential NH4-N removal (%)  70 24 
Average effluent NH4-N (mg/l)  2.5 1.6 
Potential energy saving (%) 42   

ORPm3(T3) 

Successful cycles (%) 100   
Potential NH4-N removal (%)  58 28 
Average effluent NH4-N (mg/l)  2.9 1.7 
Potential energy saving (%) 49   
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Table D.15 SBR 1 Step 1 pH (Using 21 cycles) 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
m

1 

Successful cycles (%) 2 3 6 3 6 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted values   16  14  8 
Rank   3  2  1 

pH
m

2 

Successful cycles (%) 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 3 12 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted values   16  12  20 
Rank   2  1  3 

pH
m

3 

Successful cycles (%) 2 3 6 3 6 3 6 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 3 12 3 12 3 12 
Potential energy 3 3 9 2 6 1 3 
Total weighted values   28  26  24 
Rank   3  2  1 
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Table D.16 SBR 1 Step 1 ORP (Using 21 cycles) 

   T1 T2 T3 

  Weight Score Weighted  Score Weighted  Score Weighted  

O
R

P
m

1 

Successful cycles 2 3 6 3 6 1 2 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  14  8 
Rank   3  2  1 

O
R

P
m

2 

Successful cycles 2 3 6 2 4 1 2 
Potential NH4-N 
removal (%)  

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  12  8 
Rank   3  2  1 

O
R

P
m

3 

Successful cycles 2 1 2 2 2 3 6 
Potential NH4-N 
removal (%) 

1 3 3 2 2 1 1 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 3 1 3 2 6 3 9 
Total weighted   8  10  16 
Rank   1  2  3 
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Table D.17 SBR 1 Step 2 (Using 21 cycles) 

   pHm1(T1) pHm2(T3) pHm3(T1) 

  Weight Score Weighted  Score Weighted  Score Weighted  

pH
  

Successful cycles 2 3 6 1 2 3 6 
Potential NH4-N 
removal (%) 

1 1 1 3 3 2 2 

Meet discharge limit 4 0 0 3 12 3 12 
Potential energy 
saving (%) 

3 3 9 2 6 1 3 
Total weighted 
values 

  16  23  23 
Rank   1  3  3 

 

  ORPm1(T1) ORPm2(T1) ORPm3(T3) 

O
R

P
 

Successful cycles 2 3 6 3 6 3 6 
Potential NH4-N 
removal (%) 

1 1 1 2 2 3 3 

Meet discharge limit 4 0 0 0 0 0 0 
Potential energy 3 3 9 2 6 1 3 
Total weighted   16  14  12 
Rank   3  2  1 

 

Table D.18 SBR 1 Step 3 (Using 21 cycles) 

  pHm2(T3) pHm3(T1) ORPm1(T1) 

 Weight Score Weighted  Score Weighted  Score Weighted  

Successful cycles (%) 2 1 2 3 6 3 6 
Potential NH4-N 
removal (%) 

1 3 3 2 2 
1 1 

Meet discharge limit 4 3 12 3 12 0 0 
Potential energy saving 
(%) 

3 1 3 2 6 3 9 
Total weighted values   20  26  16 
Rank   2  3  1 
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Chapter 6 supplementary Figures and Tables 

(Further supplementary data attached on CD) 
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Table E.1 SBR 1 Rlin results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

RlinA 0.74 0.64 1.23 0.62 81 59 0.66 12 
RlinB 0.78 0.52 1.27 0.51 86 58 0.64 12 
RlinC 0.78 0.47 1.32 0.50 85 53 0.66 12 
RlinD 0.78 0.47 1.31 0.50 82 57 0.99 11 
RlinE 0.65 0.71 1.25 0.61 76 66 0.81 10 
RlinF 0.73 0.55 1.23 0.55 77 60 0.62 11 
RlinG 0.64 0.75 1.28 0.58 80 61 0.31 11 
RlinH 0.77 0.55 1.32 0.5 86 53 0.58 12 
RlinI 0.72 0.58 1.35 0.63 77 50 0.88 11 
RlinJ 0.60 0.64 1.52 0.91 87 27 1.41 12 
RlinK 0.77 0.87 1.50 0.63 93 40 0.82 12 
RlinL 0.77 0.59 1.34 0.57 79 56 1.19 11 
RlinM 0.36 0.40 1.63 0.95 97 14 1.31 12 
RlinN 0.33 0.70 1.66 0.98 97 14 1.39 12 
RlinO 0.35 0.68 1.78 0.91 20 86 3.67 5 
RlinP 0.64 0.75 1.25 0.58 80 61 0.31 11 
RlinQ 0.70 0.83 1.51 0.68 93 36 0.78 12 
RlinR 0.78 0.64 1.32 0.54 80 55 1.17 11 
RlinS 0.78 0.63 1.34 0.58 88 50 0.69 12 
RlinT 0.49 0.74 1.46 0.60 62 69 1.17 10 
RlinU 0.73 0.87 1.46 0.58 89 47 0.65 12 
RlinV 0.78 0.87 1.40 0.52 91 43 0.75 12 

Average 0.67 0.66 1.40 0.64 81 51 0.98 11 
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Table E.2 SBR 1 Rreg results 

S
o

ft
se

n
so

r  
Averag

e R
2
 in 

last 200 

min 

 Averag

e 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Avera

ge R
2
 

Averag

e 

RMSE 

NH4rem 

(%) 

Tsave
  

(%) 

aberror 

(mg NH4-

N/l) 
SC 

RregA 0.75 0.63 1.20 0.58 82 59 0.61 12 
RregB 0.71 0.50 1.23 0.55 75 61 0.72 11 
RregC 0.72 0.49 1.24 0.56 77 60 0.68 11 
RregD 0.73 0.51 1.23 0.55 77 60 0.66 11 
RregE 0.73 0.54 1.23 0.55 77 59 0.65 11 
RregF 0.76 0.66 1.20 0.55 78 61 0.100 11 
RregG 0.75 0.52 1.25 0.50 83 55 0.50 12 
RregH 0.79 0.67 1.23 0.45 78 59 0.97 11 
RregI 0.73 0.51 1.23 0.55 78 60 0.61 11 
RregJ 0.73 0.87 1.47 0.66 91 36 0.82 12 
RregK 0.79 0.84 1.32 0.52 88 50 0.84 12 
RregL 0.78 0.65 1.23 0.48 85 55 0.58 12 
RregM 0.70 0.85 1.50 0.64 92 37 0.78 12 
RregN 0.67 0.85 1.53 0.67 91 38 0.86 12 
RregO 0.69 0.85 1.50 0.64 92 37 0.77 12 
RregP 0.75 0.52 1.26 0.51 79 56 0.49 11 
RregQ 0.79 0.84 1.36 0.69 88 43 0.84 12 
RregR 0.73 0.53 1.22 0.56 84 55 0.56 12 
RregS 0.74 0.57 1.26 0.55 85 52 0.58 12 
RregT 0.77 0.87 1.41 0.52 93 43 0.74 12 
RregU 0.82 0.85 1.32 0.56 88 46 0.84 12 
RregV 0.82 0.87 1.34 0.55 87 47 0.87 12 

Average 0.75 0.68 1.3 0.56 84 51 0.73 12 
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Table E.3 SBR 1 NNlm[X] results 
S

o
ft

se
n

so
r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave  

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNlm[X]A 0.55 0.57 1.26 0.55 56 63 1.02 11 
NNlm[X]B 0.55 0.44 1.35 0.31 50 64 1.62 10 
NNlm[X]C 0.53 0.44 1.14 0.34 55 69 0.86 10 
NNlm[X]D 0.49 0.27 1.20 0.43 55 65 1.55 11 
NNlm[X]E 0.27 0.30 1.05 0.29 60 67 1.29 11 
NNlm[X]F 0.51 0.45 1.06 0.48 54 62 1.80 11 
NNlm[X]G 0.63 0.42 1.04 0.40 60 67 1.13 10 
NNlm[X]H 0.64 0.56 1.03 0.37 56 70 2.56 10 
NNlm[X]I 0.47 0.43 1.33 0.70 49 67 1.87 10 
NNlm[X]J 0.42 0.44 1.70 0.85 53 60 2.85 11 
NNlm[X]K 0.71 0.59 1.21 0.48 66 65 2.31 10 
NNlm[X]L 0.65 0.64 0.14 0.55 65 65 6.49 9 
NNlm[X]M 0.73 0.67 1.44 0.50 91 38 0.66 12 
NNlm[X]N 0.71 0.76 1.38 0.66 92 34 0.95 12 
NNlm[X]O 0.66 0.68 1.30 0.46 91 37 0.69 12 
NNlm[X]P 0.43 0.51 1.17 0.44 52 62 1.13 11 
NNlm[X]Q 0.51 0.52 1.17 0.55 68 56 1.08 11 
NNlm[X]R 0.53 0.57 1.09 0.52 67 63 0.78 11 
NNlm[X]S 0.67 0.25 1.15 0.58 67 65 0.78 12 
NNlm[X]T 0.72 0.66 1.37 0.49 77 56 0.89 12 
NNlm[X]U 0.54 0.40 1.08 0.37 63 61 0.63 12 
NNlm[X]V 0.62 0.44 1.33 0.53 75 56 0.55 11 

Average 0.57 0.50 1.18 0.49 65 60 1.52 11 
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Table E.4 SBR 1 NNlm[0.5X] results 
S

o
ft

se
n

so
r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave  

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNlm[0.5X]A 0.62 0.62 1.14 0.53 64 57 0.89 11 
NNlm[0.5X]B 0.43 0.33 0.95 0.39 49 69 1.13 10 
NNlm[0.5X]C 0.64 0.39 0.11 0.39 66 66 1.17 11 
NNlm[0.5X]D 0.57 0.44 0.90 0.29 63 58 1.04 11 
NNlm[0.5X]E 0.67 0.32 1.05 0.37 79 52 0.50 11 
NNlm[0.5X]F 0.64 0.58 1.31 0.52 60 67 0.62 11 
NNlm[0.5X]G 0.66 0.44 1.14 0.43 73 58 0.70 11 
NNlm[0.5X]H 0.82 0.72 1.11 0.38 70 64 0.80 12 
NNlm[0.5X]I 0.68 0.44 1.03 0.48 65 63 0.92 12 
NNlm[0.5X]J 0.71 0.78 1.45 0.73 90 47 1.02 12 
NNlm[0.5X]K 0.75 0.62 1.09 0.49 66 64 0.97 11 
NNlm[0.5X]L 0.79 0.68 1.23 0.49 80 62 0.64 12 
NNlm[0.5X]M 0.71 0.63 1.39 0.46 92 36 0.59 12 
NNlm[0.5X]N 0.78 0.68 1.41 0.54 90 46 0.87 12 
NNlm[0.5X]O 0.77 0.76 1.50 0.65 89 41 0.96 12 
NNlm[0.5X]P 0.69 0.40 1.20 0.45 69 65 0.62 11 
NNlm[0.5X]Q 0.53 0.28 1.27 0.52 64 62 0.98 11 
NNlm[0.5X]R 0.67 0.47 1.04 0.46 77 63 0.48 11 
NNlm[0.5X]S 0.58 0.26 1.13 0.62 73 64 0.72 11 
NNlm[0.5X]T 0.72 0.75 1.38 0.50 71 59 0.90 10 
NNlm[0.5X]U 0.6 0.55 1.10 0.43 62 67 1.17 11 
NNlm[0.5X]V 0.78 0.88 1.11 0.49 69 62 0.83 11 

Average 0.67 0.55 1.14 0.48 72 59 0.84 11 
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Table E.5 SBR 1 NNlm[2X] results 
S

o
ft

se
n

so
r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave  

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNlm[2X]A 0.56 0.44 1.50 0.88 58 56 1.72 11 
NNlm[2X]B 0.49 0.15 1.61 0.90 52 67 1.88 11 
NNlm[2X]C 0.44 0.45 1.45 0.61 55 67 1.56 11 
NNlm[2X]D 0.45 0.25 1.37 0.54 45 68 1.26 10 
NNlm[2X]E 0.61 0.38 1.30 0.50 59 67 1.03 12 
NNlm[2X]F 0.51 0.39 1.25 0.55 52 67 1.57 11 
NNlm[2X]G 0.57 0.49 1.15 0.45 67 65 0.85 11 
NNlm[2X]H 0.64 0.56 1.01 0.42 65 66 0.86 11 
NNlm[2X]I 0.67 0.39 1.02 0.48 54 70 0.99 11 
NNlm[2X]J 0.44 0.38 2.18 1.3 54 73 2.63 12 
NNlm[2X]K 0.60 0.65 1.10 0.44 64 60 0.80 12 
NNlm[2X]L 0.64 0.43 1.06 0.47 66 66 0.69 11 
NNlm[2X]M 0.71 0.70 1.36 0.62 91 40 0.71 12 
NNlm[2X]N 0.62 0.63 2.08 1.25 74 55 1.03 11 
NNlm[2X]O 0.41 0.59 4.09 3.41 54 67 6.36 10 
NNlm[2X]P 0.53 0.42 1.13 0.38 56 69 1.11 11 
NNlm[2X]Q 0.47 0.41 1.40 0.58 37 74 1.80 8 
NNlm[2X]R 0.51 0.31 1.40 0.82 51 68 1.73 10 
NNlm[2X]S 0.49 0.34 1.31 0.70 53 71 1.58 10 
NNlm[2X]T 0.65 0.32 1.34 0.48 76 56 0.97 12 
NNlm[2X]U 0.61 0.65 1.18 0.50 61 69 1.20 11 
NNlm[2X]V 0.46 0.47 1.22 0.47 52 63 1.15 11 

Average 0.55 0.45 1.48 0.76 59 65 1.52 11 
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Table E.6 SBR 1 NNbr[X] results 
S

o
ft

se
n

so
r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE NH4rem(%) 
Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNbr[X]A 0.46 0.29 1.37 1.00 50 67 1.32 12 
NNbr[X]B 0.51 0.52 1.27 0.43 54 64 2.40 11 
NNbr[X]C 0.59 0.38 1.08 0.34 61 68 1.26 11 
NNbr[X]D 0.65 0.40 1.29 0.42 57 58 1.29 10 
NNbr[X]E 0.53 0.33 1.00 0.27 61 62 0.86 11 
NNbr[X]F 0.56 0.42 0.94 0.42 55 69 0.93 10 
NNbr[X]G 0.67 0.67 1.06 0.41 63 66 1.19 11 
NNbr[X]H 0.70 0.46 1.36 0.47 61 68 7.58 10 
NNbr[X]I 0.59 0.55 1.09 0.52 61 64 1.96 10 
NNbr[X]J 0.55 0.56 1.83 0.80 79 51 1.44 12 
NNbr[X]K 0.65 0.68 1.04 0.44 64 66 0.92 11 
NNbr[X]L 0.62 0.66 1.18 0.50 75 61 0.74 11 
NNbr[X]M 0.76 0.72 1.39 0.46 90 44 0.79 12 
NNbr[X]N 0.70 0.60 1.45 0.70 92 39 1.03 12 
NNbr[X]O 0.61 0.29 1.37 0.58 89 46 0.71 12 
NNbr[X]P 0.56 0.47 0.99 0.39 60 59 0.76 12 
NNbr[X]Q 0.50 0.46 1.18 0.54 70 57 0.92 12 
NNbr[X]R 0.52 0.48 1.18 0.50 57 67 0.74 11 
NNbr[X]S 0.59 0.28 1.06 0.57 75 64 0.64 11 
NNbr[X]T 0.72 0.58 1.33 0.35 73 56 0.60 11 
NNbr[X]U 0.53 0.47 0.94 0.36 63 57 0.67 11 
NNbr[X]V 0.72 0.64 1.02 0.40 68 66 1.00 11 

Average 0.60 0.50 1.20 0.49 67 60 1.35 11 
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Table E.7 SBR 1 NNbr[0.5X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNbr[0.5X]A 0.54 0.48 0.98 0.40 54 64 0.68 10 
NNbr[0.5X]B 0.54 0.42 1.01 0.23 47 73 1.17 9 
NNbr[0.5X]C 0.60 0.54 1.19 0.47 58 68 1.48 11 
NNbr[0.5X]D 0.68 0.37 1.04 0.40 72 65 0.84 11 
NNbr[0.5X]E 0.56 0.64 0.95 0.27 58 69 1.04 11 
NNbr[0.5X]F 0.59 0.55 1.07 0.45 50 69 1.85 10 
NNbr[0.5X]G 0.64 0.56 1.06 0.43 71 63 1.01 11 
NNbr[0.5X]H 0.82 0.68 1.12 0.38 69 66 0.85 11 
NNbr[0.5X]I 0.59 0.45 1.24 0.64 55 65 2.03 10 
NNbr[0.5X]J 0.71 0.64 1.52 0.72 94 38 1.04 12 
NNbr[0.5X]K 0.78 0.55 1.09 0.42 79 59 0.86 12 
NNbr[0.5X]L 0.73 0.64 1.20 0.59 68 64 1.18 11 
NNbr[0.5X]M 0.72 0.69 1.37 0.52 92 37 0.75 12 
NNbr[0.5X]N 0.79 0.84 1.36 0.59 93 41 0.79 12 
NNbr[0.5X]O 0.78 0.77 1.45 0.66 90 41 0.94 12 
NNbr[0.5X]P 0.62 0.68 1.03 0.44 64 61 1.02 11 
NNbr[0.5X]Q 0.49 0.32 1.22 0.59 65 66 1.34 12 
NNbr[0.5X]R 0.57 0.41 1.12 0.50 61 66 0.77 11 
NNbr[0.5X]S 0.55 0.32 1.15 0.56 66 65 0.60 11 
NNbr[0.5X]T 0.70 0.48 1.38 0.46 82 52 0.62 12 
NNbr[0.5X]U 0.69 0.67 1.09 0.40 63 67 1.17 12 
NNbr[0.5X]V 0.74 0.72 1.09 0.40 75 59 0.58 11 

Average 0.66 0.57 1.17 0.48 69 60 1.03 11 
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Table E.8 SBR 1 NNbr[2X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 
SC 

NNbr[2X]A 0.46 0.51 2.08 1.20 61 61 2.08 10 
NNbr[2X]B 0.54 0.27 1.28 0.50 56 65 1.53 10 
NNbr[2X]C 0.54 0.34 1.10 0.46 61 61 1.08 11 
NNbr[2X]D 0.54 0.30 1.26 0.45 44 69 1.77 10 
NNbr[2X]E 0.51 0.44 1.04 0.35 52 66 1.81 10 
NNbr[2X]F 0.49 0.50 1.56 0.99 53 64 1.28 10 
NNbr[2X]G 0.51 0.50 1.04 0.40 47 73 1.34 10 
NNbr[2X]H 0.63 0.48 1.09 0.36 64 67 1.88 11 
NNbr[2X]I 0.57 0.46 1.21 0.50 54 71 1.04 11 
NNbr[2X]J 0.34 0.55 2.08 1.01 42 67 2.36 10 
NNbr[2X]K 0.66 0.56 1.20 0.48 67 66 0.88 11 
NNbr[2X]L 0.67 0.55 1.22 0.49 72 62 0.71 11 
NNbr[2X]M 0.71 0.59 1.51 0.63 92 42 1.10 12 
NNbr[2X]N 0.64 0.55 1.30 0.60 90 44 0.79 12 
NNbr[2X]O 0.53 0.44 1.43 0.56 67 53 1.10 10 
NNbr[2X]P 0.45 0.49 1.13 0.43 44 74 1.53 9 
NNbr[2X]Q 0.40 0.41 1.61 0.92 49 70 1.64 10 
NNbr[2X]R 0.46 0.40 1.44 0.51 45 75 2.64 9 
NNbr[2X]S 0.49 0.31 1.15 0.64 52 69 0.84 10 
NNbr[2X]T 0.63 0.31 1.37 0.41 65 58 0.86 11 
NNbr[2X]U 0.58 0.77 0.94 0.20 88 67 0.57 11 
NNbr[2X]V 0.64 0.54 0.98 0.34 70 59 0.49 11 

Average 0.55 0.47 1.32 0.57 61 64 1.33 11 
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Table E.9 SBR 1 Step 1 ranking results for each model   

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] Sum Rank 

A 13 16 11 6 7 1 15 3 72 16 
B 17 5 6 2 1 3 7 6 47 20 
C 16 4 16 5 10 10 4 14 79 15 
D 10 11 5 4 8 5 17 5 65 18 
E 9 15 13 20 13 14 13 8 105 11 
F 15 1 4 14 9 7 2 7 59 19 
G 19 21 12 16 20 11 12 13 124 4 
H 22 6 8 19 19 2 21 11 108 9 
I 5 14 2 10 15 4 1 15 66 17 
J 3 8 1 7 4 6 6 1 36 22 
K 11 13 6 8 22 17 16 19 112 8 
L 6 22 3 18 21 19 5 20 114 6 
M 2 10 21 21 18 20 19 16 127 3 
N 4 3 15 13 12 8 18 18 91 12 
O 1 12 22 9 3 13 10 10 80 14 
P 19 20 9 17 16 15 8 9 113 7 
Q 12 2 10 1 5 9 3 4 46 21 
R 8 17 16 21 2 12 10 2 88 13 
S 14 18 14 12 6 16 14 12 106 10 
T 7 19 18 11 17 22 20 17 131 1 
U 21 9 20 3 14 21 9 22 119 5 
V 18 7 19 15 11 18 22 21 131 1 
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Table E.10 SBR 2 Rlin results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

RlinA 0.78 0.78 1.58 1.66 49 63 1.82 11 
RlinB 0.75 0.75 0.92 0.70 86 47 0.83 11 
RlinC 0.73 0.73 1.77 1.79 49 62 2.03 11 
RlinD 0.78 0.78 1.22 0.88 89 44 0.60 12 
RlinE 0.68 0.68 1.39 1.65 41 55 2.15 12 
RlinF 0.74 0.74 1.08 0.86 60 55 1.41 11 
RlinG 0.75 0.75 1.04 0.82 52 63 1.93 9 
RlinH 0.73 0.73 0.96 0.76 70 54 1.62 9 
RlinI 0.69 0.69 1.04 0.75 82 49 0.72 11 
RlinJ 0.68 0.68 1.03 0.77 85 47 0.82 11 
RlinK 0.61 0.77 1.94 1.92 21 59 3.1 9 
RlinL 0.46 0.48 1.39 1.04 27 77 2.99 8 

Average 0.70 0.71 1.28 1.13 59 56 1.67 10 

 

Table E.11 SBR 2 Rreg results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-

N/l) 

SC 

RregA 0.75 0.77 1.45 1.46 48 61 2.06 11 
RregB 0.79 0.74 0.92 0.71 86 47 0.84 11 
RregC 0.70 0.72 1.65 1.62 48 61 2.02 11 
RregD 0.64 0.66 1.11 0.84 87 44 0.71 11 
RregE 0.59 0.66 1.28 1.31 66 50 1.13 11 
RregF 0.74 0.77 1.40 1.34 47 60 1.97 11 
RregG 0.75 0.78 1.37 1.34 49 60 1.90 11 
RregH 0.79 0.76 0.91 0.70 86 45 0.83 11 
RregI 0.74 0.67 0.99 0.76 87 46 0.86 11 
RregJ 0.61 0.67 1.26 0.79 88 43 0.88 12 
RregK 0.61 0.68 1.45 1.30 72 50 1.01 11 
RregL 0.68 0.80 1.11 0.82 82 47 0.82 11 

Average 0.70 0.72 1.24 1.08 71 51 1.25 11 
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Table E.12 SBR 2 NNlm results 
S

o
ft

se
n

so
r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNlmA 0.78 0.92 1.12 0.68 84 50 0.67 11 
NNlmB 0.82 0.89 1.11 0.83 76 52 0.62 11 
NNlmC 0.74 0.84 1.14 0.79 79 48 0.72 11 
NNlmD 0.74 0.76 0.97 0.69 81 47 0.56 11 
NNlmE 0.72 0.84 1.15 0.84 79 47 0.75 11 
NNlmF 0.84 0.91 0.89 0.57 72 53 1.06 10 
NNlmG 0.78 0.80 0.93 1.13 77 50 0.75 11 
NNlmH 0.86 0.90 0.91 0.69 80 48 0.66 11 
NNlmI 0.77 0.84 0.92 0.65 79 50 0.66 11 
NNlmJ 0.80 0.88 1.05 0.78 86 46 0.45 12 
NNlmK 0.65 0.87 1.15 0.83 77 47 0.80 12 
NNlmL 0.76 0.80 1.01 0.70 76 49 0.67 11 

Average 0.77 0.85 1.03 0.77 79 49 0.70 11 

 

Table E.13 SBR 2 NNlm[0.5X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNlm[0.5X]A 0.82 0.89 0.96 0.57 75 52 0.94 10 
NNlm[0.5X]B 0.82 0.85 1.03 0.84 78 52 0.72 11 
NNlm[0.5X]C 0.75 0.79 1.08 0.79 80 47 0.84 11 
NNlm[0.5X]D 0.73 0.76 1.00 0.69 77 54 0.63 11 
NNlm[0.5X]E 0.62 0.74 1.20 0.96 83 46 0.78 12 
NNlm[0.5X]F 0.84 0.86 0.89 0.62 72 51 1.06 10 
NNlm[0.5X]G 0.82 0.84 0.84 0.61 81 48 0.73 11 
NNlm[0.5X]H 0.83 0.86 1.01 0.78 79 50 0.6 11 
NNlm[0.5X]I 0.74 0.70 1.00 0.75 83 47 0.66 11 
NNlm[0.5X]J 0.79 0.88 1.09 0.83 87 45 0.37 12 
NNlm[0.5X]K 0.64 0.82 1.23 0.89 85 44 0.71 12 
NNlm[0.5X]L 0.83 0.85 0.92 0.67 74 51 0.75 11 

Average 0.77 0.82 1.02 0.75 80 49 0.73 11 
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Table E.14 SBR 2 NNlm[2X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNlm[2X]A 0.68 0.76 1.94 1.34 74 50 0.51 11 
NNlm[2X]B 0.79 0.85 1.10 0.73 74 53 0.71 11 
NNlm[2X]C 0.70 0.71 1.44 1.18 71 51 1.27 10 
NNlm[2X]D 0.73 0.75 1.03 0.72 77 53 0.65 11 
NNlm[2X]E 0.63 0.72 1.26 0.91 66 52 1.29 10 
NNlm[2X]F 0.89 0.95 0.82 0.53 69 57 1.12 10 
NNlm[2X]G 0.83 0.90 1.02 0.86 77 52 0.67 11 
NNlm[2X]H 0.84 0.89 0.94 0.73 77 53 0.66 11 
NNlm[2X]I 0.77 0.82 1.52 0.95 79 48 0.56 12 
NNlm[2X]J 0.81 0.87 1.05 0.85 76 50 0.68 11 
NNlm[2X]K 0.73 0.88 1.15 0.82 76 50 0.74 11 
NNlm[2X]L 0.80 0.88 0.94 0.64 76 52 0.77 11 

Average 0.77 0.83 1.18 0.86 74 52 0.80 11 

 

Table E.15 SBR 2 NNbr[X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNbr[X]A 0.83 0.85 1.28 1.03 76 51 0.92 11 
NNbr[X]B 0.82 0.90 1.08 0.77 69 57 1.18 10 
NNbr[X]C 0.76 0.87 1.39 0.76 77 50 1.08 11 
NNbr[X]D 0.73 0.78 0.97 0.69 77 52 0.57 11 
NNbr[X]E 0.67 0.83 1.23 0.88 72 49 0.99 11 
NNbr[X]F 0.86 0.92 0.81 0.56 77 51 0.66 11 
NNbr[X]G 0.88 0.92 0.96 0.68 78 51 0.75 11 
NNbr[X]H 0.87 0.91 0.92 0.64 79 51 0.59 11 
NNbr[X]I 0.77 0.83 1.00 0.70 88 44 0.45 12 
NNbr[X]J 0.72 0.84 1.2 0.83 87 44 0.61 12 
NNbr[X]K 0.64 0.88 1.12 0.81 86 46 0.54 12 
NNbr[X]L 0.81 0.85 0.93 0.67 78 49 0.65 11 

Average 0.78 0.87 1.07 0.75 79 50 0.75 11 
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Table E.16 SBR 2 NNbr[0.5X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNbr[0.5X]A 0.81 0.88 1.18 0.92 77 49 0.63 11 
NNbr[0.5X]B 0.84 0.86 1.02 0.73 81 47 0.71 11 
NNbr[0.5X]C 0.79 0.91 0.90 0.61 93 46 0.44 12 
NNbr[0.5X]D 0.74 0.77 0.97 0.69 81 51 0.58 11 
NNbr[0.5X]E 0.64 0.82 1.23 0.86 79 47 0.65 11 
NNbr[0.5X]F 0.85 0.87 0.89 0.67 92 46 0.46 12 
NNbr[0.5X]G 0.84 0.87 0.87 0.65 79 48 0.64 12 
NNbr[0.5X]H 0.85 0.87 0.99 0.78 79 48 0.63 11 
NNbr[0.5X]I 0.70 0.66 1.08 0.81 92 43 0.39 12 
NNbr[0.5X]J 0.74 0.67 1.11 0.90 86 45 0.93 11 
NNbr[0.5X]K 0.65 0.87 1.15 0.83 77 47 0.78 12 
NNbr[0.5X]L 0.79 0.80 0.95 0.69 78 48 0.67 11 

Average 0.77 0.82 1.03 0.76 83 47 0.63 11 

 

Table E.17 SBR 2 NNbr[2X] results 

S
o

ft
se

n
so

r
 

 Average 

R
2
 in 

last 200 

min 

 Average 

RMSE 

in last 

200 min 

Averages at 2 mg NH4-N/l trigger 

Average 

R
2
 

Average 

RMSE 
NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

SC 

NNbr[2X]A 0.66 0.72 1.53 1.26 71 51 1.17 11 
NNbr[2X]B 0.77 0.81 1.54 0.76 79 51 0.65 11 
NNbr[2X]C 0.73 0.88 1.90 1.68 77 49 0.79 11 
NNbr[2X]D 0.75 0.78 0.98 0.71 80 48 0.73 11 
NNbr[2X]E 0.64 0.78 1.22 0.88 77 47 0.70 11 
NNbr[2X]F 0.88 0.92 0.85 0.61 74 51 0.77 11 
NNbr[2X]G 0.80 0.86 1.39 1.02 79 48 0.60 12 
NNbr[2X]H 0.84 0.88 0.92 0.64 70 57 1.13 10 
NNbr[2X]I 0.79 0.84 1.14 0.88 83 48 0.53 12 
NNbr[2X]J 0.75 0.82 1.16 0.86 86 45 0.43 12 
NNbr[2X]K 0.68 0.84 1.14 0.83 63 51 1.29 9 
NNbr[2X]L 0.80 0.84 1.17 1.04 77 52 0.64 11 

Average 0.76 0.83 1.25 0.93 76 50 0.79 11 
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Table E.18 SBR 2 Step 1 ranking results   

Softsensor Rlin Rreg 
NNlin[X

] 

NNlin[0.5X

] 

NNlin[2X

] 
NNbr[X] 

NNbr[0.5X

] 

NNbr[2X

] 
Sum Rank 

A 5 1 12 5 8 3 6 1 41 8 
B 11 10 7 6 5 4 5 10 58 5 
C 4 2 6 3 2 2 12 3 34 10 
D 12 9 8 10 11 7 10 6 73 3 
E 3 4 3 1 1 1 3 4 20 12 
F 8 3 4 2 7 9 11 8 52 7 
G 6 5 2 9 10 10 7 9 58 5 
H 7 11 10 11 12 12 8 5 76 1 
I 10 8 9 8 9 11 9 11 75 2 
J 9 7 11 12 4 5 1 12 61 4 
K 1 6 1 7 3 8 2 2 30 11 
L 2 11 5 4 6 6 4 7 45 9 
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Table E.19 PFBR 1 Rlin results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

RlinA 0.677 0.090 64 22 0.22 
RlinB 0.680 0.102 69 7 0.13 
RlinC 0.682 0.102 70 6 0.13 
RlinD 0.679 0.099 69 6 0.12 
RlinE 0.550 0.210 26 56 0.66 
RlinF 0.678 0.093 68 11 0.13 
RlinG 0.672 0.096 62 22 0.21 
RlinH 0.678 0.096 69 7 0.12 
RlinI 0.672 0.093 69 6 0.11 
RlinJ 0.678 0.114 67 12 0.15 
RlinK 0.582 0.126 65 8 0.14 
RlinL 0.678 0.098 69 7 0.11 
RlinM 0.678 0.098 69 7 0.11 
RlinN 0.649 0.203 29 66 0.56 
RlinO 0.644 0.195 29 66 0.55 
RlinP 0.681 0.105 70 3 0.12 
RlinQ 0.681 0.103 67 3 0.13 
RlinR 0.679 0.102 67 21 0.12 
RlinS 0.677 0.101 69 6 0.12 
RlinT 0.588 0.204 29 66 0.60 
RlinU 0.686 0.103 69 3 0.13 
RlinV 0.681 0.105 69 3 0.14 

Average 0.661 0.120 61 19 0.22 
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Table E.20 PFBR 1 Rreg results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

RregA 0.671 0.097 66 7 0.11 
RregB 0.668 0.099 65 6 0.12 
RregC 0.669 0.099 67 6 0.12 
RregD 0.674 0.099 71 7 0.10 
RregE 0.673 0.104 66 10 0.12 
RregF 0.677 0.095 68 7 0.12 
RregG 0.671 0.099 67 6 0.11 
RregH 0.679 0.098 69 7 0.11 
RregI 0.667 0.096 69 6 0.10 
RregJ 0.675 0.099 66 6 0.12 
RregK 0.685 0.101 70 6 0.14 
RregL 0.679 0.099 67 3 0.14 
RregM 0.679 0.098 67 6 0.11 
RregN 0.680 0.164 66 7 0.20 
RregO 0.679 0.101 71 1 0.12 
RregP 0.667 0.103 67 4 0.14 
RregQ 0.681 0.103 69 6 0.13 
RregR 0.679 0.102 69 7 0.12 
RregS 0.677 0.101 69 8 0.12 
RregT 0.677 0.102 68 4 0.12 
RregU 0.676 0.101 67 6 0.15 
RregV 0.675 0.103 67 3 0.14 

Average 0.75 0.103 68 6 0.13 
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Table E.21 PFBR 1 NNlm[X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNlm[X]A 0.689 0.119 68 10 0.12 
NNlm[X]B 0.707 0.115 71 10 0.12 
NNlm[X]C 0.559 0.111 65 11 0.10 
NNlm[X]D 0.668 0.106 65 10 0.12 
NNlm[X]E 0.650 0.112 68 8 0.10 
NNlm[X]F 0.627 0.110 71 11 0.10 
NNlm[X]G 0.682 0.101 64 8 0.13 
NNlm[X]H 0.674 0.094 68 8 0.09 
NNlm[X]I 0.666 0.087 70 8 0.10 
NNlm[X]J 0.681 0.092 66 6 0.11 
NNlm[X]K 0.660 0.107 65 6 0.17 
NNlm[X]L 0.681 0.094 67 7 0.10 
NNlm[X]M 0.685 0.097 65 8 0.11 
NNlm[X]N 0.677 0.098 67 6 0.14 
NNlm[X]O 0.678 0.097 68 3 0.13 
NNlm[X]P 0.665 0.099 65 11 0.12 
NNlm[X]Q 0.741 0.096 63 8 0.14 
NNlm[X]R 0.682 0.106 66 4 0.14 
NNlm[X]S 0.648 0.099 64 12 0.15 
NNlm[X]T 0.682 0.105 67 4 0.14 
NNlm[X]U 0.667 0.101 6 7 0.13 
NNlm[X]V 0.677 0.101 66 8 0.10 

Average 0.670 0.102 64 8 0.121 
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Table E.22 PFBR 1 NNlm[0.5X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNlm[0.5X]A 0.6513 0.099 65 12 0.09 
NNlm[0.5X]B 0.6839 0.099 67 11 0.11 
NNlm[0.5X]C 0.6095 0.112 70 7 0.10 
NNlm[0.5X]D 0.6938 0.096 62 10 0.12 
NNlm[0.5X]E 0.5930 0.109 64 10 0.12 
NNlm[0.5X]F 0.6574 0.097 67 8 0.11 
NNlm[0.5X]G 0.680 0.092 62 8 0.13 
NNlm[0.5X]H 0.673 0.093 62 8 0.13 
NNlm[0.5X]I 0.662 0.095 68 10 0.11 
NNlm[0.5X]J 0.680 0.093 65 7 0.11 
NNlm[0.5X]K 0.715 0.102 65 6 0.13 
NNlm[0.5X]L 0.683 0.096 65 7 0.12 
NNlm[0.5X]M 0.677 0.096 64 8 0.12 
NNlm[0.5X]N 0.676 0.096 67 4 0.14 
NNlm[0.5X]O 0.673 0.098 67 4 0.13 
NNlm[0.5X]P 0.666 0.103 65 6 0.12 
NNlm[0.5X]Q 0.683 0.101 68 4 0.13 
NNlm[0.5X]R 0.672 0.110 65 8 0.14 
NNlm[0.5X]S 0.673 0.100 67 10 0.12 
NNlm[0.5X]T 0.677 0.100 65 8 0.12 
NNlm[0.5X]U 0.663 0.098 62 10 0.15 
NNlm[0.5X]V 0.670 0.100 64 11 0.12 

Average 0.669 0.099 65 8 0.12 
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Table E.23 PFBR 1 NNlm[2X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNlm[2X]A 0.616 0.131 69 12 0.15 
NNlm[2X]B 0.520 0.137 57 14 0.22 
NNlm[2X]C 0.617 0.118 68 10 0.17 
NNlm[2X]D 0.569 0.127 68 8 0.13 
NNlm[2X]E 0.506 0.129 66 10 0.18 
NNlm[2X]F 0.550 0.193 75 11 0.10 
NNlm[2X]G 0.674 0.099 66 7 0.10 
NNlm[2X]H 0.671 0.091 60 7 0.15 
NNlm[2X]I 0.632 0.101 70 10 0.10 
NNlm[2X]J 0.679 0.098 66 11 0.69 
NNlm[2X]K 0.547 0.129 62 15 0.15 
NNlm[2X]L 0.678 0.096 67 7 0.10 
NNlm[2X]M 0.684 0.095 67 7 0.09 
NNlm[2X]N 0.600 0.130 68 5.5 0.12 
NNlm[2X]O 0.670 0.104 66 11 0.14 
NNlm[2X]P 0.673 0.100 64 11 0.12 
NNlm[2X]Q 0.681 0.111 66 7 0.12 
NNlm[2X]R 0.640 0.116 64 8 0.15 
NNlm[2X]S 0.663 0.095 67 11 0.12 
NNlm[2X]T 0.604 0.124 69 6 0.11 
NNlm[2X]U 0.586 0.147 68 8 0.11 
NNlm[2X]V 0.672 0.101 64 11 0.13 

Average 0.624 0.117 66 9 0.16 
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Table E.24 PFBR 1 NNbr[X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNbr[X]A 0.590 0.125 66 10 0.16 
NNbr[X]B 0.641 0.121 62 10 0.16 
NNbr[X]C 0.626 0.119 67 8 0.15 
NNbr[X]D 0.666 0.106 70 7 0.10 
NNbr[X]E 0.610 0.115 67 10 0.14 
NNbr[X]F 0.584 0.104 77 7 0.10 
NNbr[X]G 0.641 0.095 69 6 0.09 
NNbr[X]H 0.677 0.095 56 15 0.13 
NNbr[X]I 0.656 0.086 73 10 0.09 
NNbr[X]J 0.677 0.093 66 11 1.78 
NNbr[X]K 0.617 0.109 66 7 0.14 
NNbr[X]L 0.682 0.095 64 7 0.12 
NNbr[X]M 0.685 0.099 64 6 0.13 
NNbr[X]N 0.675 0.100 69 1 0.14 
NNbr[X]O 0.674 0.098 66 10 0.13 
NNbr[X]P 0.648 0.103 65 10 0.11 
NNbr[X]Q 0.725 0.100 65 7 0.12 
NNbr[X]R 0.646 0.116 69 3 0.14 
NNbr[X]S 0.668 0.100 68 8 0.11 
NNbr[X]T 0.610 0.121 65 8 0.13 
NNbr[X]U 0.615 0.105 68 7 0.08 
NNbr[X]V 0.667 0.101 66 7 0.12 

Average 0.649 0.105 67 8 0.20 
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Table E.25 PFBR 1 NNbr[0.5X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNbr[0.5X]A 0.677 0.100 69 11 0.12 
NNbr[0.5X]B 0.721 0.095 69 6 0.086 
NNbr[0.5X]C 0.660 0.103 59 7 0.12 
NNbr[0.5X]D 0.646 0.107 66 10 0.09 
NNbr[0.5X]E 0.623 0.112 68 8 0.11 
NNbr[0.5X]F 0.651 0.094 73 7 0.10 
NNbr[0.5X]G 0.678 0.091 67 7 0.09 
NNbr[0.5X]H 0.677 0.092 63 7 0.13 
NNbr[0.5X]I 0.663 0.089 68 7 0.09 
NNbr[0.5X]J 0.668 0.098 64 7 0.13 
NNbr[0.5X]K 0.657 0.099 66 7 0.14 
NNbr[0.5X]L 0.684 0.096 65 7 0.12 
NNbr[0.5X]M 0.683 0.095 64 8 0.12 
NNbr[0.5X]N 0.677 0.095 69 4 0.11 
NNbr[0.5X]O 0.661 0.100 57 17 0.13 
NNbr[0.5X]P 0.674 0.100 63 11 0.13 
NNbr[0.5X]Q 0.673 0.099 65 11 0.12 
NNbr[0.5X]R 0.673 0.108 65 7 0.12 
NNbr[0.5X]S 0.671 0.100 66 6 0.14 
NNbr[0.5X]T 0.674 0.107 69 6 0.13 
NNbr[0.5X]U 0.647 0.103 68 7 0.09 
NNbr[0.5X]V 0.672 0.101 63 11 0.13 

Average 0.669 0.100 66 8 0.12 

 

 

 

 

 

 

 

 

 



304 
 

Table E.26 PFBR 1 NNbr[2X] results 

S
o

ft
se

n
so

r
 

Average 

R
2
 in 

last 150 

min 

Average 

RMSE 

in last 

150 min 

Averages at 0.3 mg NH4-N/l trigger 

NH4rem 

(%) 

Tsave 

(%) 

aberror 

(mg NH4-N/l) 

NNbr[2X]A 0.535 0.133 61 15 0.18 
NNbr[2X]B 0.501 0.146 63 12 0.23 
NNbr[2X]C 0.515 0.163 62 12 0.20 
NNbr[2X]D 0.493 0.137 64 14 0.19 
NNbr[2X]E 0.534 0.125 70 6 0.11 
NNbr[2X]F 0.617 0.128 66 14 0.17 
NNbr[2X]G 0.659 0.115 62 14 0.21 
NNbr[2X]H 0.629 0.099 64 7 0.13 
NNbr[2X]I 0.616 0.100 65 7 0.12 
NNbr[2X]J 0.661 0.089 67 7 0.10 
NNbr[2X]K 0.558 0.111 62 12 0.13 
NNbr[2X]L 0.674 0.096 67 4 0.13 
NNbr[2X]M 0.683 0.094 69 8 0.07 
NNbr[2X]N 0.612 0.123 70 4 0.11 
NNbr[2X]O 0.676 0.099 68 6 0.13 
NNbr[2X]P 0.647 0.105 65 6 0.15 
NNbr[2X]Q 0.678 0.107 64 8 0.13 
NNbr[2X]R 0.659 0.109 65 10 0.14 
NNbr[2X]S 0.652 0.102 67 7 0.12 
NNbr[2X]T 0.611 0.130 68 6 0.12 
NNbr[2X]U 0.560 0.118 68 8 0.11 
NNbr[2X]V 0.680 0.099 65 7 0.12 

Average 0.611 0.115 66 9 0.14 
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Table E.27 PFBR 1 Step 1 ranking results for each model   

Softsensor Rlin Rreg NNlin[X] NNlin[0.5X] NNlin[2X] NNbr[X] NNbr[0.5X] NNbr[2X] Sum Rank 

A 9 16 13 19 7 2 16 4 86 10 

B 12 6 15 21 1 1 22 1 79 14 

C 13 10 10 16 5 3 3 2 62 20 

D 17 22 11 13 10 18 14 3 108 6 

E 1 7 14 4 2 6 11 15 60 21 

F 11 19 19 18 16 17 19 6 125 4 

G 8 17 7 9 19 21 21 5 107 7 

H 21 21 22 7 9 14 10 11 115 5 

I 18 20 20 22 21 22 20 13 156 1 

J 6 14 18 20 6 9 7 21 101 8 

K 5 12 1 7 3 4 4 8 44 22 

L 22 5 21 17 20 14 15 18 132 3 

M 20 18 17 14 22 10 17 22 140 2 

N 3 2 8 6 8 8 18 19 72 17 

O 4 11 12 10 12 12 2 14 77 15 

P 15 3 9 3 17 16 6 7 76 16 

Q 14 8 6 5 14 13 12 10 82 12 

R 19 15 3 2 4 6 8 9 66 19 

S 16 13 2 14 18 19 1 16 99 9 

T 2 9 4 11 15 5 9 12 67 18 

U 10 4 5 1 13 19 13 17 82 12 

V 7 1 16 12 11 11 5 20 83 11 

 

 

 

 

 


