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ABSTRACT 
During this research study, a pumped flow biofilm reactor (PFBR) technology 

developed at NUI Galway for decentralised wastewater treatment was examined at 

laboratory scale and field scale. The PFBR technology comprised two reactor tanks 

(Feed and Discharge Reactors), each containing stationary biofilm media modules, with 

aeration provided by alternately transferring the wastewater between the two reactor 

tanks. The aims of this research include: (i) to investigate the characteristics of the 

PFBR in nutrient removal when treating high strength wastewater; (ii) to examine the 

emission and generation of nitrous oxide (N2O) in the PFBR when treating wastewater; 

and (iii) to characterise a field-scale PFBR when treating municipal wastewater arising 

from a typical Irish town at the NUI Galway Water Research Facility (WRF) in terms of 

performance, energy consumption, and sludge yield. 

 

The laboratory-scale PFBR was operated while treating a high strength synthetic 

domestic wastewater containing a high phosphorus concentration in a 15-hour treatment 

cycle and monitored for carbon, nitrogen (N) and phosphorus (P) removal over a study 

period of 195 days. A number of detailed phase studies were also carried out. On 

average, the total chemical oxygen demand (CODt), filtered total nitrogen (TNf) and 

ammonium-nitrogen (NH4
+-N) removal efficiencies were 97%, 82% and 99%, 

respectively. Enhanced biological phosphorus removal was observed with an average 

orthophosphate-phosphorus removal of 43% achieved. Detailed analysis on P release 

and uptake rates were also carried out and showed that with an extended aeration period, 

further P could be removed. 

 

The generation and emission of N2O in the laboratory-scale PFBR was also investigated 

while treating a high-strength synthetic domestic wastewater. Carbon and nutrient (N 

and P) removals during a phase study (when operating at steady-state) were examined 

and compared with the nutrient removal study. Mass transfer coefficients (K), 

describing the transfer of soluble N2O from the liquid phase to the atmosphere due to 

molecular diffusion in quiescent conditions and enhanced diffusion in bulk fluid 

circulation conditions, were calculated. The overall generation (G) and emission (Q) of 



x 
 

N2O in the PFBR while treating synthetic wastewater was then calculated and it was 

determined that 2.0% of the influent total nitrogen was removed through N2O emission. 

 

The field-scale PFBR was operated and examined during two studies (Studies 1 and 2) 

treating 25-29 m3 municipal wastewater per day at the NUI Galway WRF. In the 100-

day Study 1, an average 5-day biochemical oxygen demand (BOD5) removal efficiency 

of 94% was achieved, while in 34-day Study 2, the BOD5 removal efficiency was up to 

95%. Suspended solids (SS) effluent concentrations were 14 and 9 mg SS/l in Studies 1 

and 2, respectively. NH4
+-N removal efficiencies for Studies 1 and 2 were 80% and 

82%, respectively. A number of additional parameters were monitored at the field-scale 

PFBR, including: energy; flow; dissolved oxygen; oxidation-reduction potential; and 

pH, as well as operational and maintenance requirements.  

 

The PFBR has been shown to offer a viable solution for decentralised wastewater 

treatment due to ease of operation, simple maintenance, low running costs and low 

sludge yield. 
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CHAPTER ONE 
 

Introduction 
 

1.1 Background 
 

Ireland has recently been found in breach of the Urban Wastewater Treatment Directive 

(91/271/EEC) by the European Court of Justice (2011) for failing to provide adequate 

treatment for agglomerations in excess of 15,000 population equivalents (PE) by the 31st 

December 2000, and faces substantial cost and fines as a result. This judgement shows 

the importance that wastewater treatment needs to be given in Ireland and Europe. 

Numerous towns and villages in Ireland have inadequate wastewater treatment systems 

in place to deal with the current biological and hydraulic loadings being placed on them 

and the country runs the risk of appearing again before the European Courts of Justice 

for further breaches of the relevant water directives.  

 

It is evident therefore that efficient, cost effective and indigenous treatment technologies 

need to be developed to help ensure the water directives, the major one being the Water 

Framework Directive (2000/60/EC), are abided by and that the environment is protected. 

Such a technology, the pumped flow biofilm reactor (PFBR), was developed in the 

Department of Civil Engineering, National University of Ireland, Galway (NUI Galway) 

(Rodgers et al., 2004a) to treat wastewater arising from small to medium 

agglomerations of up to (and over) 2,000 PE to meet local and European standards. The 

main wastewater constituents under consideration for removal with the PFBR 

technology are organic matter (organic carbon), nitrogen and phosphorus.  

 

Nitrogen (N) and phosphorous (P) are essential for the growth of plants, algae and other 

organisms. Excess N and P are usually found in wastewater effluent streams from 

treatment plants that do not have dedicated N and P removal processes in operation. 

Eutrophication of surface waters is a major issue in Europe (Hering et al., 2010). Urban 
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wastewater discharges, despite recent improvements, still account for 50% phosphorus 

and 30% nitrogen emissions to freshwater (European Environment Agency, 2010). Up 

to 88% of wastewater treatment plants in Ireland do not currently have the capability to 

remove excess N and P (EPA, 2007). The PFBR technology has this capability. 

 

1.2 Objectives 
 
This PhD research project follows on from two previous studies (O’Reilly, 2005; Wu, 

2008) and their associated journal publications (see Section 2.6) in which the PFBR 

technology was initially developed for organic matter and N removal (O’Reilly, 2005) 

and further developed to achieve P removal (Wu, 2008). The main objectives of this 

study are outlined below: 

1. In the previous studies (Wu, 2008), effective P removal was achieved with an 

aeration time of 12 hours. It was proposed to further refine the removal of P 

within the PFBR at laboratory scale to optimise the system making it more 

attractive for practical applications.  

2. Nitrous oxide (N2O) is a potent greenhouse gas and is generated in wastewater 

treatment as both intermediate- and by-products of the nitrogen removal process. 

An investigation into the generation and emission of N2O in the PFBR was 

proposed to determine the fraction of influent N emitted as N2O with its 

performance compared with other wastewater treatment systems. 

3. To promote the adoption of the PFBR at a practical scale, the development of a 

field-scale on-site PFBR was required to examine its performance in the removal 

of nutrients from wastewater under commercially viable operating conditions.  

 

1.3 Procedures 
 
A laboratory-scale PFBR system was located in a temperature controlled room in the 

Environmental Engineering Laboratories at NUI Galway where the temperature was 

maintained around 10 oC. The system was operated as a sequencing batch biofilm 

reactor and fed with synthetic wastewater similar in strength to strong 
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domestic/municipal wastewater. The laboratory-scale system was operated for the 

nutrient removal and N2O studies. The same general operating conditions were 

maintained in both studies where a treatment cycle duration of 15 hours was used with a 

6 hour anaerobic phase and a 9 hour aerobic phase. 

 

The full-scale PFBR system was constructed as part of the NUI Galway WRF. A side-

stream of the municipal wastewater entering the Tuam Wastewater Treatment Plant was 

diverted to the WRF. A number of operational regimes were studied and are presented 

herein. 

 

1.4 Structure of dissertation 
 
Chapter 2 presents a review of wastewater treatment, common wastewater 

characteristics and process kinetics, an overview of the specific issues surrounding 

decentralised wastewater treatment and a review of the research work carried out on the 

PFBR to-date. A detailed description of the laboratory apparatus and the field-scale 

PFBR system is presented in Chapter 3.  Chapters 4 and 5 detail the nutrient removal 

study and N2O generation and emission study, respectively, in the laboratory-scale 

PFBR. Chapter 6 presents the full-scale PFBR system for nutrient removal under a 

number of operational regimes. Finally, Chapter 7 presents the conclusions drawn from 

both laboratory and field-scale studies with recommendations for further research.  
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CHAPTER TWO 
 

Literature review 
 

2.1 Introduction 
 

The collection of wastewater and its treatment to required and acceptable standards 

prior to discharge provides a vital public service often undervalued and removed from 

the public consciousness. Through the removal of organic contaminant, solids, nutrients, 

pathogens and toxic components from wastewaters, the aquatic environment, and 

consequently human health is protected along with addressing associated socio-

economic concerns. Providing a sewered collection system that conveys wastewater for 

centralised treatment is most economical in densely populated areas where the 

consequential risk of large-scale serious pollution is at its greatest. For small population 

centres using decentralised wastewater treatment systems, the need for effective and 

efficient technologies is often more acute due to the possible localised negative 

environmental, public health and economic effects of a failed treatment system. 

 

Initially, this chapter briefly puts wastewater treatment in a historical context and 

reviews the establishment of relevant legislation currently in place in Europe and 

Ireland. Typical wastewater characteristics and treatment process kinetics are presented 

along with a review of decentralised wastewater treatment and monitoring. Finally, 

previous research work carried out on the pumped flow biofilm reactor, a technology 

developed in NUI Galway that addresses the requirements of decentralised wastewater 

treatment, is reviewed. 
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2.2 Historical background 

 

The ancient Romans recognised the importance of the provision of a functioning sewer 

system for all citizens by the installation of public latrines where the waste was 

conveyed from public areas to prevent disease and improve public health (Lofrano and 

Brown, 2010). Earlier, the Greeks had sewer systems in place at the Palace of Minos in 

Knossos that are still in use today, 4,000 years later (Angelakis, et al., 2005). However, 

after the collapse of the Roman Empire, no improvements in dealing with wastewater 

were made until the 19th century when treatment techniques were developed. In that 

intervening period, the public management of water regressed to such an extent that all 

water was considered ‘bad’ due to its association with disease (Aiello et al., 2008).   

 

The historical provision of wastewater treatment was largely driven by social, political 

and economic needs where sanitation and access to clean water were seen as critical to 

improving public health.  While primary wastewater treatment has its roots in ancient 

times, secondary wastewater treatment only began to appear in the late 19th century as 

attached growth systems with the development of filtration processes and trickling 

filters (Cooper, 2007). The 20th century saw major advancements in wastewater 

treatment, starting with activated sludge processes in the early part of the century, with 

advancements continuing in an effort to meet the ever increasing regulations associated 

with wastewater and effluent discharge. 

  

2.3 Regulations relating to wastewater treatment 
 

The concept of biochemical oxygen demand (BOD) was introduced in the Eight Report 

(1912) of the Royal Commission on Sewage Disposal and established a standard and a 

test to be applied for influent and effluent wastewater. These tests allowed governments 

to legislate on wastewater treatment. Gradually (and slowly due to the two World Wars), 

widespread regulations were put in place throughout much of the western world 

(Lofrano and Brown, 2010).  
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2.3.1 European directives 

Common European-wide policies on water legislation were first put into effect between 

1975 and 1980 where standards were set for rivers and lakes used for drinking water 

abstraction. The directives adopted at that time were: 

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

• Bathing Waters Directive (76/160/EEC, amended as 2006/7/EC); 

• Dangerous Substances Directive (76/464/EEC, amended as 2006/11/EC) b; 

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

• Shellfish Waters Directive (79/923/EEC) b; 

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

• Drinking Water Directive (80/778/EEC, repealed by 98/83/EC). 
Note: a directive repealed by the Water Framework Directive (2000/60/EC, see Section 2.3.1.2); b 
directive due to be repealed by 2000/60/EC in 2013. 
 

A second round of European directives were introduced between 1990 and 1996 and 

were as follows: 

• Urban Wastewater Treatment Directive (91/271/EEC, amended as 98/15/EEC); 

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

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

2008/1/EC). 

 

These directives were adopted by all European countries in the then European 

Economic Community (EEC, now European Union, EU) and written into the individual 

countries’ laws. However, with so many individual directives dealing with water, it was 

decided during the 1990s that a new approach to water regulation needed to be taken. 

As a result, the Water Framework Directive (2000/60/EC) was adopted in the year 2000 

making it one of two main directives most relevant to wastewater treatment; the other 

being the Urban Wastewater Treatment Directive (91/271/EEC). 

2.3.1.1 Urban Wastewater Treatment Directive 

The Urban Wastewater Treatment Directive (UWWTD, 91/271/EEC) has been one of 

the main standards for wastewater effluent discharges in Europe since its adoption on 

21st May 1991. The directive relates to agglomerations of 2,000 PE and above with set 
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time limits in place to ensure that collection systems should be put in place and 

discharges should be subject to secondary treatment, i.e., 31st December 2000 for 

agglomerations over 15,000 PE, 31st December 2005 for agglomerations between 

10,000 and 15,000 PE, and 31st December 2005 for discharges to fresh water and 

estuaries from agglomerations between 2,000 and 10,000 PE. Many European countries 

sought (and were granted) derogations from the deadlines in the directive. However, 

many countries were also found in breach of the UWWTD and were brought to the 

European Court of Justice where they received convictions and substantial fines 

(European Court of Justice, 2011). Examples include: Belgium (2000); Spain (2003); 

France (2004); Ireland (2007 and 2009); Sweden (2007); and, Cyprus (2008).   

 

Discharge limits set out in the UWWTD (Tables 2.1 and 2.2) were applied to 

agglomerations of 2,000 PE and over in all member countries with the 12 accession 

states given an extended time frame on their joining of the EU in 2004 and 2007 

(European Commission, 2011). Until recently, and at their discretion, local authorities 

have applied discharge limits for population centres under 2,000 PE using the UWWTD 

as a minimum standard. 

 

Table 2.1 Regulations concerning discharges from urban wastewater treatment plants a 
(91/271/EEC) 

Parameters Concentration Minimum percentage of 
reduction b 

Biochemical oxygen 
demand (BOD5 at 20°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 

35 mg/l in high mountain regions 
for agglomerations with more than 
10,000 PE  

60 mg/l in high mountain regions 
for agglomerations whose size falls 
between 2,000 and 10,000 PE 

90% c 

90% in high mountain regions for 
agglomerations of more than 
10,000 PE 

70% in high mountain regions for 
agglomerations whose size falls 
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. 
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Table 2.2 Requirements for discharges from urban wastewater treatment plants to 
sensitive areas (91/271/EEC) 

Parameters Concentration Minimum percentage of 
reduction a 

Total Phosphorous 2 mg/l (10,000 – 100,000 PE) 
1 mg/l (> 100,000 PE) 

80% 

Total Nitrogen b 15 mg/l (10,000 – 100,000 PE) 
10 mg/l (> 100,000 PE) 

70 – 80% 

Notes: a reduction in relation to the load of the influent; b total nitrogen means the sum of total Kjeldahl 
nitrogen (organic and ammoniacal nitrogen), nitrate-nitrogen and nitrite-nitrogen. 
 

While the UWWTD is still in effect for discharges from wastewater treatment plants, 

the Water Framework Directive (2000/60/EC) has an overriding stipulation that the 

ecological status of the receiving water body and river basin as a whole needs to be 

considered, often resulting in the actual discharge limits applied being more stringent 

that those set out in the UWWTD.  

2.3.1.2 Water Framework Directive 

During the 1990s in Europe, it was decided that a general framework would need to be 

put in place to consolidate the water related directives and was know as the Water 

Framework Directive (WFD, 2000/60/EC). The WFD allows for a holistic approach to 

be taken on water regulation by establishing a legal framework to protect and restore 

water quality. Each territory in Europe has been divided into River Basin Districts 

(RBDs) and are made up of one or more neighbouring river basins together with their 

associated ground, surface and coastal waters. The RBDs are based on the rivers’ 

natural, geographical and hydrological formations rather than on national or political 

boundaries, beginning at the water body source and continues through to the coast.  

 

The surface water ecological status of the RBD will be classified as ‘high’, ‘good’, 

‘moderate’, ‘poor’, and ‘bad’. The objectives of the WFD include: (i) to prevent 

deterioration of and protect ‘high status’ where it exists; and, (ii) to restore all water 

bodies to ‘good status’ by 2015. A surface water ‘high status’ is defined as a water body 

with no external anthropogenic pressures or influences. When setting discharge limits 

for wastewater treatment plants, the assimilation capacity of the entire RBD 
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downstream of that point must be taken into consideration by the local regulator in that 

territory. 

 

The WFD provides a basis for a coherent and uniform water policy in Europe with 

existing directives being considered as subsidiary (with many being repealed). The 

WFD can be seen as a minimum directive setting minimum standards; this does not 

prevent individual member states from introducing stricter national regulations where 

necessary.  

 

2.3.2 Regulation at a national level 

The Water Services Act (2007) in Ireland provides a comprehensive review of existing 

Irish water legislation through consolidation and updating of existing instruments. Some 

of the main changes brought about by the Act are: (i) the amendment of the 

Environmental Protection Agency Act (1992) to assign responsibility for supervision of 

sanitary authorities to the Environmental Protection Agency (EPA); and, (ii) the 

introduction of a licensing system to regulate the operations of group water services 

schemes (e.g., wastewater treatment plants).  

 

Wastewater discharge licences were introduced in 2007 for wastewater treatment plants 

of 10,000 PE or above and on a phased basis thereafter taking account of PE ranges: 

2,001 – 10,000; 1,001 – 2,000; and 500 – 1,000 by June 2009 (Waste Water Discharge 

(Authorisation) Regulations, 2007). For discharges of less than 500 PE, an application 

for a ‘certificate of authorisation’ is required (EPA, 2011). Each authority must apply 

for a licence (or certificate of authorisation) for each wastewater treatment plant and the 

licence (certificate) conditions are determined on an individual basis taking into 

consideration the assimilation capacity of the receiving water body with a goal to 

maintain a ‘high status’ (if it already exists) or achieve a ‘good status’ under the WFD 

(2000/60/EC).  
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2.4 Wastewater characteristics and treatment processes 

 

Wastewater arising from small population centres (such as those served by decentralised 

wastewater treatment systems) typically comprises wastewaters from individual houses, 

commercial activities, and institutions such as schools and hospitals (Gray, 2004). The 

proportion of industrial wastewater (arising from manufacturing and processing 

activities) in wastewater flows entering decentralised wastewater treatment plants is 

usually lower than that entering large centralised wastewater treatment plants.  

 

2.4.1 Wastewater constituents and removal kinetics 

Wastewater typically comprises a mixture of various organic and inorganic materials 

and about 99.9% water (Gray, 2004). The levels of pollutant constituents in 

domestic/municipal wastewater are usually measured in terms of the following: 

1. solids – measured as suspended solids (SS) or total SS (TSS); 

2. organic carbon – measured as 5-day biochemical oxygen demand (BOD5) and 

chemical oxygen demand (COD); 

3. nitrogen (N) – measured as total N (TN), ammonium-nitrogen (NH4
+-N), 

nitrate-nitrogen (NO3
--N), and nitrite-nitrogen (NO2

--N); and, 

4. phosphorus (P) – measured as total P (TP) and inorganic P usually in the form 

of orthophosphate-phosphorus (PO4
3--P). 

 

The level of bacterial contamination is often monitored in terms of bacterial counts 

when the water is destined for reuse or discharge to sensitive waters and is measured in 

terms of coliforms (total coliforms and fecal coliforms). Table 2.3 presents a range of 

wastewater constituent concentrations for domestic and decentralised populations. 
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Table 2.3 Range of wastewater characteristics from domestic and decentralised 
populations 

Parameter 

Concentrations (mg/l) a 

Crites and 
Tchobanoglous 

(1998) 

Gray 
(2004) 

UK 

Gray 
(2004) 
USA 

Henze et 
al. 

(2002) 

Tchobanoglous et 
al. (2003) 

US EPA 
(2002) 

TSS 100-350 (210) 127 220 120-450 120-400 (210) 155-330  
BOD5 110-400 (210) 326 250 150-530 110-350 (190)  155-286  
Total COD b 250-1000 (500) 650 500 210-740 250–800 (430)  500-660 
Total N 20-85 (35) 66 40 20-80 20-70 (40) 26-75  
  Organic N 8-35 (13) 19 25 8-30 8-25 (15)  - 
  NH4

+-N 12-50 (22) 47 25 12-50 12-45 (25)  4-13  
  NO2

--N  0-0 (0) 0 0 0.01 0-0 (0) < 1 
  NO3

--N 0-0 (0) - - 0.5 0-0 (0) < 1 
Total P 4-15 (7) 15 12 4-10 4-12 (7)  6-12  
  Organic P 1-5 (2) 3 2 1-3 1-4 (2)  - 
  Inorganic P 3-10 (5) 12 10 3-7 3-8 (5) - 
Total coliformc 106-109 (107-108) - - 108 106-1010 (107-109) 108-1010 

Fecal coliformc 103-107 (104-105) - - 107 103-108 (104-106) 106-108 

Note: a mean values in parenthesis; b Total COD = CODt; c No./100 ml 

2.4.1.1 Solids  

Solids removal from wastewater is usually carried out in the processes listed below.  

1. Course screening: removal of large objects (> 25-50 mm in size) typically using 

vertical bar screens. 

2. Fine screening: removal of large solids and rags (6 – 25 mm in size). 

3. Primary settlement: large organic and inorganic solids settle out of wastewater 

in primary settlement tanks, thus reducing the load to the biological treatment 

stages. Hydrolysis of organic solids also occurs, converting particulate organic 

matter into soluble form making it available for heterotrophic microbial growth. 

4. Biological degradation: fine particles (organic and biodegradable) in the 

wastewater are attached to the biomass within the biological treatment reactors 

and are degraded. Some non-biodegradable particles attached to the biomass are 

settled in final clarification. 

5. Final clarification: settlement of biomass, i.e. activated sludge flocs or detached 

biofilm generated in the biological treatment stage.  
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 2.4.1.2 Organic matter 

Biodegradable organic matter in wastewater is usually expressed in terms of BOD5 and 

COD and is removed from wastewater through biological degradation by the aerobic or 

anaerobic growth of heterotrophic bacteria using soluble organic carbon as an energy 

source. Factors limiting heterotrophic activity include: the availability of sufficient 

nutrients (N and P) and oxygen; temperature; and pH (Henze et al., 2002).   

 2.4.1.3 Nitrogen 

Nitrogen is an essential element for plant and microorganism growth. The required C:N 

(carbon:nitrogen) ratio for microorganism growth in a biological wastewater treatment 

system is reported as being less than or equal to 18:1 with less efficient N removal 

occurring at ratios greater that 22:1 (Gray, 2004). In domestic and municipal 

wastewaters, this ratio is usually lower than 18:1 resulting in excess N being released in 

effluent discharges to water courses and contributing to eutrophication. N fractions in 

wastewater can be divided as shown in Equation 2.1 (Henze et al., 2000): 

CTN = SNOX + SNH4 + SI,N + XS,N + XI,N    [Eq. 2.1] 

where:  CTN = total nitrogen;  

SNOX = nitrate + nitrite nitrogen;  

SNH4 = ammonium + ammonia nitrogen;  

SI,N = dissolved inert organic nitrogen;  

XS,N = suspended easily degradable organic nitrogen; and, 

XI,N = suspended inert (organic) nitrogen. 

 

NH4
+-N forms the major part of TN in raw domestic/municipal wastewater with the 

remainder mainly made up of organic N (Henze et al., 2000). Oxidised N (NO3
--N and 

NO2
--N) is usually not found in raw domestic/municipal wastewater or only found in 

low concentrations. Organic N is converted to NH4
+-N in the early stages of wastewater 

treatment through ammonification (Strock, 2008) and hydrolysis.   

 

Conventional biological removal of excess N from wastewater is achieved through the 

following processes: nitrification; denitrification; and, anaerobic ammonium oxidisation.   
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2.4.1.3.1 Nitrification 

Nitrification is the conversion of ammonium to nitrate under aerobic conditions by 

autotrophic bacteria and occurs in two sucessive steps: (i) the oxidising of ammonium to 

nitrite by ammonium oxidising bacteria (AOB), such as nitrosomonas bacteria; and (ii) 

the oxidising of nitrite to nitrate by nitrite oxidising bacteria (NOB), such as nitrobactor 

bacteria. The oxidisation of NH4
+ to NO3

- can be described by the following expression: 

−+−++  → → 324
22 NONONH ONOBOAOB ss

 

AOB and NOB develop at a slow rate in comparison to heterotrophic bacteria and are 

influenced by a number of environmental factors: (i) temperature; (ii) organic matter 

concentration; (iii) substrate (NH4
+, NO2

- or NO3
-) concentration; (vi) dissolved oxygen 

concentration; (v) pH; and (vi) toxic substances (Ward, 2008; Henze et al., 2002). 

Clifford et al. (2010) demonstrated that the ammonium oxidisation rate was a factor of 3 

greater at 16 oC than 7 oC. 

2.4.1.3.2 Denitrification 

After the formation of NO3
--N during the nitrification process, NO3

--N is removed from 

wastewater through the heterotrophic denitrification process in anoxic conditions, i.e., 

in an O2 poor/NO3
--N rich environment, where NO3

--N is converted into nitrogen gas 

(N2). The reaction pathway is described as follows (Tchobanoglous, et al., 2003):   

NO3
- → NO2

- → NO- → N2O →N2 

where NO2
- = nitrite; NO = nitric oxide; and N2O = nitrous oxide 

 

A large portion of denitrification is thought to occur through the activity of 

heterotrophic bacteria under anoxic conditions with the availability of readily 

biodegradable carbon sources (Skiba, 2008) where NO3
- is the electron acceptor. 

Heterotrophic bacteria will not denitrify in the presence of oxygen as the bacteria will 

respire with available free O2 instead of NO3
--N.  
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2.4.1.3.3 Anaerobic ammonium oxidisation (anammox) 

Denitrification can also occur when certain microorganisms in anaerobic conditions use 

NO2
- as the electron acceptor instead of oxygen and NH4

+ as the electron donor to 

produce N2 (Step (8), Figure 2.1). The process can be described by the following 

simplified expression (Penton, 2009): 

NH4
+-N + NO2

- → N2 + 2H2O 

This process, known as anaerobic ammonium oxidation (anammox), is seen as more 

efficient than conventional biological nitrogen removal as there is no need to oxidise 

NO2
- to NO3

- in the nitrification process, saving oxygen consumption, and there is also 

no requirement for an organic carbon source as the electron donor. However, the 

doubling rate of anammox bacteria is around 11 days, much slower than that of nitrifiers 

at around 1 day (Jung et al., 2007; Jetten et al., 1999), and the anammox process only 

operates efficiently at temperatures in excess of 20 oC (Jetten et al., 1999).  

 

 
Figure 2.1 Biological nitrogen conversions (Kampschreur et al., 2009). (1) aerobic 
ammonium oxidation; (2) aerobic nitrite oxidation; (3) nitrate reduction to nitrite; (4) 
nitrite reduction to nitric oxide; (5) nitric oxide reduction to nitrous oxide; (6) nitrous 
oxide reduction to dinitrogen gas; (7) nitrogen fixation; (8) ammonium oxidation with 
nitrite to nitrogen gas (anammox) 
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2.4.1.3.4 Nitrous oxide 

Nitrous oxide (N2O) is a by-product of the nitrification process (Step (1), Figure 2.1) 

and is an intermediate product of the denitrification process (Tallec et al., 2008) as 

shown in Steps (5) and (6) in Figure 2.1.  

 

N2O generation is dependent on a number of parametric concentrations, such as: (i) TN; 

(ii) NH4
+-N; (iii) BOD5; and (iv) bulk fluid DO (Lu and Chandran, 2010). Generally, a 

decrease in DO concentration results in an increase in N2O production in the 

nitrification process (Kampschreur et al., 2008). In the denitrification process, the 

COD:N ratio also affects the production of N2O with studies showing that a decrease in 

the ratio from 7 to 3 results in an increase of N2O emission from 1.0% to 5.1% of the 

influent N loading rate (Alinsafi et al., 2008). Increasing the COD:N ratio by the 

addition of an external carbon source, such as methanol, has been shown to decrease 

N2O emission (Park et al., 2000).  

 

N2O is a known greenhouse gas with a global warming potential (GWP) almost 300 

times that of carbon dioxide (CO2) over a 20 – 100 year period (Denman, et al., 1996). 

The 4th Assessment Report of Working Group 1 to the Intergovernmental Panel on 

Climate Change (IPCC) has estimated that globally 0.2 Tg N2O-N/yr emitted is 

attributed to ‘human excreta’ and that this represents about 3% of the total N2O emitted 

through anthropogenic activities with a further 25% attributed to ‘rivers, estuaries and 

costal zones’ due to the anthropogenic input of N into these systems (Denman et al., 

2007). These figures, in many cases are estimates and often don’t accurately account for 

the actual N2O emissions. 

 

Research work on establishing the levels of N2O generated and emitted from different 

wastewater treatment processes is gaining momentum, with many research groups 

producing publications on the subject. Factors such as the process type, nitrogen loading 

rates and other influent characteristics are useful tools in establishing the N2O emission 

potential of different treatment processes (Kampschreur et al., 2009; Park et al., 2000; 

Tallec et al., 2006a; Tallec et al., 2006b).      
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 2.4.1.4 Phosphorus 

Phosphorus is another essential element for the growth of microorganisms and plants. 

However, it is also one of the key nutrients that increases the fertility status of surface 

waters and can cause accelerated growth of algae and water plants (i.e., eutrophication). 

P in wastewater can be divided into the following fractions in the equation (Henze et al., 

2000): 

CTP = SPO4 + Sp-P + Sorg.P + Xorg.P     [Eq. 2.2] 

where:  CTP = total phosphorus;  

SPO4 = dissolved inorganic orthophosphate phosphorus;  

Sp-P = dissolved inorganic polyphosphate phosphorus;  

Sorg.P = dissolved organic phosphorus; and,  

Xorg.P = suspended organic phosphorus 

 

Orthophosphates are the only form of phosphorus that is used readily by most plants 

and microorganisms (Crites and Tchobanoglous, 1998) and are usually found as PO4
3-, 

HPO4
2-, H2PO4

- or H3PO4, depending on pH. Polyphosphates (molecules with 2 or more 

P atoms) must undergo hydrolysis prior to further biological breakdown 

(Tchobanoglous et al., 2003). 

 

Two common sources of P pollution in water bodies are municipal and industrial 

wastewater discharges, and agricultural run-off. Municipal wastewater P contains 

phosphates from human sources, detergents, food waste and other products. The 

widespread removal of phosphates from washing detergents has had the effect of 

reducing the overall phosphorus concentrations in domestic wastewaters (US EPA, 

2002). The concentrations of P in agricultural run-off depend on practices, crop type 

and climate with transport from soils to surface (and subsurface) waters taking place in 

both dissolved and particulate form (Valsami-Jones, 2004). The extensive use of P-

based fertiliser is seen as the major source of P in agricultural run-off (Evans and 

Johnston, 2004).  
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In wastewater, P is removed through the conversion of phosphate ions in the wastewater 

into a solid fraction (de-Bashan and Bashan, 2004); this is achieved through two main 

processes: biological phosphorus removal and chemical phosphorus removal. 

2.4.1.4.1 Biological phosphorus removal 

Phosphorus is a vital constituent of wastewater for cell synthesis in biological 

wastewater treatment systems with C:P ratios of 90-150:1 required for optimum 

microorganism growth (Gray, 2004). As with N, this ratio is usually exceeded in raw 

domestic/municipal wastewater with the excess P remaining in the effluent discharges 

unless dedicated removal mechanisms are implemented. Biological phosphorus removal 

from wastewater is achieved through the selective enrichment of phosphate 

accumulation organisms (PAOs) that take phosphate into their cells and are ultimately 

removed from biological systems through desludging. This selective enrichment process 

is known as enhanced biological phosphorus removal (EBPR). 

 

EBPR occurs in two distinct stages when anaerobic and aerobic conditions prevail, 

respectively. In the initial stage in anaerobic conditions, PAOs uptake easily degradable 

organic carbon substrates and combine them with glycogen (GLY) to form 

polyhydroxyalkanoates (PHA), of which poly-β-hydroxybutyrates (PHB) are the most 

common, although poly-β-hydroxyvalerates (PHV) have been reported (Hood and 

Randall, 2001; Oehmen et al., 2005). Phosphate is released from polyphosphate (PP) 

into the bulk fluid during the formation of PHA (Figure 2.2), releasing energy to 

support PHA formation.  

 



 
Chapter 2  Literature review 

 18 

 
Figure 2.2 Metabolism in EBPR of PAOs under anaerobic and aerobic conditions 
(adapted from Henze et al., 2002) 
  

In aerobic conditions, the PAOs containing the stored PHA replenish their internal 

phosphate reserve by taking up the available phosphate, which is more than that 

released during the preceding anaerobic conditions (McGrath and Quinn, 2004). Sludge 

containing PAOs, rich in P, is removed from the process at the end of the aerobic stage. 

Studies have reported P removals of between 80 – 90% using the EBPR process (Water 

Environment Federation, 1998). A maximum P removal efficiency of 92% was 

achieved in a laboratory study conducted using the pumped flow biofilm reactor 

(Rodgers et al., 2008b) (Section 2.6.2.1.3). 
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2.4.1.4.2 Chemical phosphorus removal 

Phosphorus is removed chemically from wastewaters by the addition of metal ion 

coagulants to transfer dissolved orthophosphates into phosphate precipitates of low 

solubility (Parson and Berry, 2004).  The most common metal salts used to precipitate P 

are di- and tri-valent (II and III) iron chlorides and sulphides, and tri-valent aluminium 

(III) salts (Donnert and Salecker, 1999). The formed phosphorus precipitates are 

removed after settlement. An example of the reaction between iron (III) chloride (ferric 

chloride) and phosphate is as follows: 

−− ↓→+ ClFePOPOFeCl 34
3
43  

Dosing rates of metal salts depend on a number of parameters, including: (i) water 

quality; (ii) type of metal ion; (iii) mixing conditions; and (iv) expected quality of the 

treated water. Figure 2.3 shows the relationship between dosing rates (in terms of molar 

ratios) of ferric chloride and P removal efficiencies.   

 

 

Figure 2.3 Phosphorus removal efficiencies at varying doses of ferric chloride (Parson 
and Berry, 2004). 
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2.5 Decentralised wastewater treatment and monitoring 

 

Decentralised wastewater treatment can be defined as treatment provided for 

wastewaters arising from an individual house, a cluster of houses or a small community 

(Gikas and Tchobanoglous, 2009). In Ireland, these small communities are usually 

villages and small towns, and are in the region of up to 2,000 PE. As budgets for 

decentralised wastewater treatment systems are usually restricted, the technologies 

employed need to be efficient and cost-effective as economics is generally the most 

important criteria in the decision making process (Onkal Engin and Demir, 2006). 

 

2.5.1 Unique issues surrounding decentralised wastewater treatment 

The treatment of wastewater from small towns generates different problems to those 

encountered in larger conurbations. While the physical, chemical and biological 

processes may be similar, it is sometimes necessary to approach the design of the small-

town facility differently to ensure that the system works efficiently, economically and 

with minimum supervision. Some of the problems with, and approaches to, small-town 

wastewater treatment systems are discussed below.  

 2.5.1.1 Wastewater flows 

Flows entering a wastewater treatment plant are often defined as being multiples of 

average dry weather flow (DWF), which in turn is defined as the average daily flow 

during dry weather conditions (Crites and Tchobanoglous, 1998).  In residential areas, 

the wastewater flow rate is primarily a function of the population. Fluctuating diurnal 

flow patterns (Figure 2.4) are a common feature of small wastewater treatment plants 

(Pujol & Liénard, 1990) and depend on the activity of the population. For small 

population centres, more pronounced peaks and troughs in influent flow rates occur than 

in large centralised wastewater treatment plants, often with high flows in the morning 

and evening, and with low flow at night (Figure 2.4). These fluctuations can decrease 

the residence time in continuous flow type wastewater treatment systems and reduce 

performance. Design guidelines are published in many countries to aid engineers in 

designing and predicting the flows and contaminant concentrations that must be treated. 



 
Chapter 2  Literature review 

 21 

The presence of infiltration water can have a large diluting effect on the influent 

constituent concentrations in wastewater arising from decentralised populations due to 

the relatively low inflows associated with the actual population. Where infiltration 

exists, there is a risk that stormwater may also enter the collection system at the same 

locations. It is therefore important to ensure that locations of high infiltration are 

identified and remediated.  

 

 
Figure 2.4 Typical diurnal flow variation of decentralised wastewater (Crites and 
Tchobanoglous, 1998) with little or no infiltration 
 

The introduction of a balancing tank in the system with a controlled dosing arrangement 

to the biological reactors can reduce any shock loading and improve the performance of 

the plant (Kaballo, 1997). A large balancing tank can also act as a primary settlement 

tank and aid in the hydrolysis of solids leading to a possible reduction in final sludge 

amounts and a more useful and treatable substrate.  
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2.5.1.2  Storm flows 

Dealing with storm flows entering a decentralised wastewater treatment plant is critical 

to the successful operation of the employed treatment process. The UWWTD 

(91/271/EEC) requires that collection systems shall be constructed having regard to “the 

limitation of pollution of receiving waters due to storm water overflows” (S.I. 

254/2001).  

 

Where surface water enters the sewer of a decentralised system, the effects from storm 

events can often be more sudden and severe than in larger systems due to: (i) large 

flows entering a relatively small collection network; and (ii) the location of the 

catchment area being closer to the treatment plant than centralised systems, thus 

condensing the surge inflows. Depending on the collection system, flows in excess of 3 

DWF are highly likely to be associated with storm events (Barnes and Wilson, 1976) 

and when allowed to overflow in a controlled manner are know as combined sewer 

overflow (CSO). These storm flows are dealt with differently from normal wastewater 

inflow with a common approach being that a certain amount of containment is provided 

in the form of holding tanks. Depending on a number of factors, including receiving 

water flows and quality, flows in excess of 7.5 DWF are considered safe to directly 

discharge to the receiving water as: (i) the inflow is considered dilute enough not to 

require treatment additional to preliminary treatment; and (ii) the receiving water is ‘in-

flood’ due to the same storm event that causes the flows in excess of > 7.5 DWF 

(Barnes and Wilson, 1976). Zabel et al. (2001) carried out a review of the approaches 

taken by European countries in relation to stormwater retention, treatment and discharge, 

which are summarised in Table 2.4. Options to mitigate the surges associated with 

storm events include: increasing the hydraulic capacity within the collection system; 

storing excess flows in holding tanks; and, reducing flows by identifying 

infiltration/surface water entry points to the collection system (DoEHLG, 2003).  

 



 
Chapter 2  Literature review 

 23 

Table 2.4 Overview of CSO design criteria in certain European countries (adapted from 
Zabel et al., 2001; ATV, 1992) 

Country Design criteria and practice a 

Belgium Minimum CSO setting: traditionally 2-5 DWFmean (5-10 DWFmean for new 
systems). 7 overflw events per year for new CSOs in Flanders 

Denmark Overflow frequency related to nature of receiving water. Traditionally 5 
DWFpeak (equivalent to 8-10 DWFmean). EQS and modelling approaches being 
introduced 

France CSO setting: 3 DWFpeak (equivalent to 4-6 DWFmean). EQS and modelling 
approaches being introduced  

Germany Minimum CSO setting: 7 DWF where no storage is provided. 2 DWFmean plus 
return to treatment. ATV Guideline A128 (1992) requirement of 90% of load 
to treatment 

Greece CSO setting: 3-6 DWFmean 

Ireland CSO setting: traditionally 6 DWFmean, more recently UK Formula A. EQS and 
modelling approaches being introduced 

Italy CSO setting: 3-5 DWFmean 

Luxembourg ATV Guideline A128 (1992) now the main design procedure. Traditionally 
min. CSO: 3 DWFpeak (equivalent to 4-6 DWFmean) 

Netherlands Locally negotiated overflow frequency – usually 3-10 times/yr. EQS and 
modelling approaches being introduced 

Portugal New CSO setting: 6 DWFmean 

Spain New CSO setting: 3-5 DWFmean 

UK – England/Wales Traditionally CSO setting: 6 DWFmean to treatment (3 DWFmean to full 
treatment, 3 DWFmean to storm tanks). Formula A: Setting = DWF + 1360P + 
2E (litres/day), where P = population, E = industrial effluent. Being replaced 
by EQS and modelling approaches being introduced 

UK – Scotland Similar to UK (England/Wales) taking into account receiving water dilutions 
Notes: a EQS = environmental quality status, taken from the WFD (2000/60/EC);  

 

Wastewater entering the NUI Galway Water Research Facility (where the field-scale 

study was carried out, see Chapters 3 and 6) originated from a combined sewer network 

and often contained significant amounts of storm water.  

2.5.1.3  Sludge  

Sludge is a collective term used for the solids and biosolids by-product associated with 

wastewater treatment and typically contains 0.25–12% solids by weight 

(Tchobanoglous et al., 2003). 
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2.5.1.3.1 Sludge production 

Each stage of the wastewater treatment process produces sludge at different rates with 

the process type also affecting the rate of production. Sludge production rates in 

common processes associated with decentralised wastewater treatment are presented in 

Tables 2.5 and 2.6. 

 

Table 2.5 Sludge production in individual wastewater treatment processes (adapted 
from Casey and O’Connor, 1980) 

Process stage 
Quantity 

(g/PE·day) 
Solids content 
(% by weight) 

Volume 
(l/PE·day) 

Primary sedimentation 44-55 5-8 0.6-1.1 

Biofiltration of settled sewage 13-20 5-7 0.2-0.4 
Standard-rate activated sludge   
(pre-settled sewage) 20-35 0.75-1.5 1.3-4.7 

Extended aeration  22-50 0.75-1.5 1.7-6.7 

Tertiary sand filtration 3-5 0.01-0.02 15.0-50.0 
Phosphorus precipitation (Al or Fe) 8-12 1-2 0.4-1.2 
 

Table 2.6 Quantities of sludge produced from selected wastewater treatment processes 
(adapted from Tchobanoglous et al., 2003) 

Treatment process  
Dry solids (kg/103 m3) 

Range Typical 

Primary sedimentation 110-170 150 
Activated sludge (waste biosolids) 70-100 80 

Trickling filter (waste biosolids) 60-100 70 
Extended aeration (waste biosolids) 80-120 100 

Filtration 12-24 20 
 

When selecting a wastewater treatment process, a useful parameter is the sludge yield 

coefficient (Y), which relates the production of biomass (in terms of suspended solids, 

SS, or volatile SS, VSS) to the quantity of substrate removed (in terms of BOD5 or 

COD) within the secondary treatment process. Yield coefficients for attached growth 

systems are usually lower than those for suspended growth systems (Henze, et al., 

2002).  
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A study carried out by Shultz et al. (1982) on 16 activated sludge wastewater treatment 

plants found that the range of sludge production rates was 0.60 – 1.22 g TSS/g BOD 

removed with an average production rate of 0.86 g TSS/g BOD removed. Ginestet and 

Camacho (2007) reported an average sludge production yield of 0.315 g TSS/g COD 

removed in at least 30 control runs on activated sludge pilot plants using mainly settled 

wastewater during a study on reducing sludge production.  

 

When optimising a hybrid activated sludge suspended-growth and fixed-growth system 

for minimum sludge production, Fouad and Bhargava (2005) found that the observed 

sludge yield (Yobs) of the hybrid system under examination ranged between 0.15 and 

0.25 g VSS/g COD removed. They further found that values for pure suspended and 

attached growth were 0.29 and 0.19 g VSS/g COD removed, respectively. Zhan et al. 

(2006) reported a biomass yield coefficient of 0.18 g VS/g COD removed in a 

laboratory-scale pumped flow biofilm reactor.  

   

2.5.2 Monitoring decentralised wastewater treatment facilities 

With strict regulation and enforcement of wastewater discharge standards in place 

through the implementation of the WFD (2000/60/EC), it is critical that adequate 

monitoring is undertaken to ensure the required standards are consistently met. 

Monitoring discharges allows operators to identify operational issues arising and 

provides operators with the opportunity to mitigate these issues by taking action before 

major problems occur. This is particularly relevant to decentralised wastewater 

treatment plants as: (i) they are equally governed in Ireland by EPA discharge licences 

(EPA, 2011); and, (ii) the small size of these facilities usually results in the limited 

deployment of operations personnel (GCC, 2011; OCC, 2011). Also, the WFD sets out 

monitoring requirements for waters through 3 monitoring program modes: (i) 

surveillance monitoring; (ii) operational monitoring; and, (iii) investigative monitoring 

(Allan et al., 2006). Thus the use of instrumentation, control, telemetry and monitoring 

equipment is now seen as key to protecting the environment, meeting the WFD 
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requirements, and reducing the operating and monitoring costs associated with the 

implementation of new regulations (Jeppsson et al., 2002). 

 
Real-time monitoring can be defined as the use of autonomous monitoring and 

analysing equipment that is capable of reporting from a remote location to a central hub. 

Monitoring locations can be at a micro scale (in-process; effluent prior to leaving a 

wastewater treatment plant; or, immediately within the receiving waters – both upstream 

and downstream of the discharge outfall) or at a macro scale (a water body such as a 

lake or bay). Roig et al. (2007) compiled a report on water quality monitoring in the 

River Hardt, France, and found that real-time remote monitoring using probes provided 

cost effective, reliable analysis.  

 
Lynggaard-Jensen (1999) reviewed the use of real-time sensors for process control in 

wastewater treatment and concluded that sensor development work would be needed to 

produce affordable and reliable sensors that require minimal maintenance. Recent 

reviews have highlighted the advancement of real-time remote monitoring for water 

bodies and wastewater treatment systems and highlighted that the use of real-time 

sensors can be cost effective and provide a good risk management tool (Maclennan and 

Nutt, 2009; Glasgow et al., 2004). 

 
Commonly used autonomous sensors and probes include BOD, COD, DO, NH4

+-N, 

NO3
--N, oxidation-reduction potential (ORP), pH, SS, and turbidity. A number of real-

time monitoring sensors and probes were installed in the field-scale pumped flow 

biofilm reactor at the NUI Galway WRF (see Chapters 3 and 6). These sensors and 

probes, including ORP, DO and pH, primarily used for monitoring purposes, were 

remotely accessed through a 3G broadband internet connection. Water level sensors and 

a flow meter were also used. From the studies carried out at the WRF, the benefits of 

employing these real-time remote monitoring sensors were clear. 
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2.6 Review of a decentralised wastewater treatment 
technology: the pumped flow biofilm reactor (PFBR)  
 
 
The pumped flow biofilm reactor (PFBR) was first developed by Rodgers et al. (2004a) 

and studies were carried out at laboratory-scale and at a number of pilot-scale systems. 

The technology was initially known as an alternating pumped sequencing batch biofilm 

reactor (APSBBR), an alternating pumped flow sequencing batch biofilm reactor 

(APFSBBR), and finally shortened to a pumped flow biofilm reactor (PFBR).  

 

The PFBR comprises two reactor tanks (Feed and Discharge Reactors), each containing 

a stationary biofilm media module upon which biofilm adheres. The PFBR system 

operates as a sequencing batch biofilm reactor (SBBR) with an operation cycle that 

includes fill, anaerobic/anoxic/aerobic, settle and draw phases. Aeration is achieved by 

transferring bulk fluid between the two reactors using pumps (and a motorised valve in 

field-scale systems) during aeration phases. Anoxic and/or anaerobic conditions are 

effected by holding the wastewater in either reactor for a defined period of time. Treated 

effluent is discharged from the Discharge Reactor at the end of a treatment cycle. 

 

2.6.1 Principles of the PFBR 

The PFBR is an attached growth (biofilm) process operated as a sequencing batch 

reactor (SBR), i.e., a SBBR type system. Advantages of the attached growth biofilm 

systems are outlined as follows: low energy requirements; simple operation with less 

equipment maintenance; no sludge bulking problems with better sludge thickening 

properties; compact operation due to the use of high specific surface area biofilm media; 

greater volumetric loading rates; co-existence of aerobic and anoxic microorganisms 

within the one ecosystem; and low sensitivity with good recovery from shock loadings 

(Di Iaconi et al., 2002; Rodgers and Zhan, 2004). The high biomass concentration and 

stable activity are two main advantages of SBBR process (Singh and Srivastava, 2011). 

SBBRs typically use either a biofilm media carrier with a specific gravity close to that 

of water (Ødegaard et al., 1994; Pastorelli et al., 1997; Rusten et al., 1992) or stationary 
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biofilm media (Di Iaconi et al., 2002; Mann and Stephenson, 1997). In most cases, the 

biofilm media is constantly submerged with oxygen supplied through forced aeration 

means.  

 

 
Figure 2.5 Photograph of biofilm in the laboratory-scale PFBR adhered to the biofilm 
plastic media and alternately exposed to atmospheric oxygen 
 

In the PFBR, aeration is achieved by alternately exposing the stationary biofilm media 

in either of its two reactors to air and wastewater through the movement of water using 

hydraulic pumps between the two reactor tanks. While exposed to air, the 

microorganisms in the biofilm (Figure 2.5) have access to ample atmospheric oxygen 

(Figure 2.6a). While submerged in wastewater, the microorganisms in the biofilm have 

access to organic carbon and nutrients, such as nitrogen and phosphorus (Figure 2.6b).  
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Figure 2.6 (a) Biofilm exposed to atmospheric oxygen and (b) biofilm submerged with 
access to nutrients  
 

A number of advantages have been identified in the PFBR process, including: low 

sludge yield; co-existence of microbial populations; and low energy requirements. 

During a laboratory study of the PFRB treating synthetic agricultural wastewater in a 

24.5 hr treatment cycle at 5.4 g COD/m2·d, Zhan et al. (2006) observed a sludge yield 

of 0.18 g VS/g COD removed. In a field-scale study (presented in Chapter 6), a sludge 

yield was estimated to be 0.13 g SS/g COD removed (O’Reilly et al., 2010; O’Reilly et 

al., 2011b). When investigating the spatial distribution of AOB and PAOs, Wu et al. 

(2009) found that AOB were restricted to areas within the reactors that were 

continuously aerobic while PAOs were found in areas where conditions altered between 

anaerobic and aerobic during a treatment cycle. The energy demand for a field-scale 

PFBR monitored by O’Reilly et al. (2011b) (presented in Chapter 6) was found to be 

1.25 -1.76 kWh/kg BOD5, removed.  
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2.6.2 PFBR in practice 

The PFBR has been tested at laboratory-scale and at field-scale for a variety of loading 

conditions and wastewater types. 

 

2.6.2.1 Laboratory-scale studies 

2.6.2.1.1 COD removal 

All laboratory-scale PFBR studies showed good COD removal and are summarised in 

Table 2.7. 

 
Table 2.7 CODt removal in laboratory-scale PFBR studies 

Study Wastewater a 
COD Loading rate b 

Removals Reference Inf 
(mg/l) 

Eff 
(mg/l) (g CODt/m2·d) 

1 Domestic 346 48 1.8 86% O’Reilly, 2005 
2 Domestic 1,021 72 4.2 93% O’Reilly, 2005 

3 Domestic 1,069 46 3.2 96% Wu, 2008 

4 Agricultural 3,095 191 3.7 94% O’Reilly, 2005 

5 Agricultural 3,095 291 5.5 91% O’Reilly, 2005 
6 Agricultural 3,095 282 11.9 91% O’Reilly, 2005 

Note: a synthetic wastewater was used in all laboratory studies; b loading rate calculated on the biofilm 
media surface area provided 
 

2.6.2.1.2 Nitrogen removal 

As with COD, good nitrogen removal was also observed in the laboratory-scale PFBR 

studies with complete nitrification occurring in most studies with a marked reduction in 

TN observed (Table 2.8). 
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Table 2.8 Nitrogen removal in laboratory-scale PFBR studies 

Study Wastewatera TN / NH4-N Loading rateb Removals Reference 

  Inf  
(mg/l) 

Eff 
(mg/l) (g CODt/m2·d) (TN / NH4-N)  

1 Domestic 33/18 15 / 0.4 1.8 55% / 98% O’Reilly, 2005 
2 Domestic 97 / 54 18 / 5.5 4.2 81% / 90% O’Reilly, 2005 

3 Domestic 133 / 74 27 / 0.4 3.2 80% / 99% Wu, 2008 

4 Agricultural 270 / 144 73 / 0.8 3.7 73% / 99% O’Reilly 

5 Agricultural 275 / 144 55 / 25 5.5 80% / 83% O’Reilly 
6 Agricultural 276 / 144 149 / 124 11.9 46% / 14% O’Reilly 

Note: a synthetic wastewater was used in all laboratory studies; b loading rate calculated on the biofilm 
media surface area provided 

2.6.2.1.3  Phosphorus removal 

Phosphorus removal was examined in one laboratory-scale PFBR study (Rodgers et al., 

2008b; Wu, 2008). At a loading rate of 0.06 g TP/m2·d, a 92% removal efficiency was 

recorded using a 18 hour treatment cycle (6 hrs anaerobic, 12 hrs aerobic). Part of the 

current study presented in this thesis was to further examine and improve P removal in 

the laboratory-scale PFBR at a loading rate of 0.08 g PO4
3--P/m2·d using a 15 hour 

treatment cycle (6 hours anaerobic, 9 hours aerobic).  

2.6.2.1.4 Bacterial analysis 

Bacterial analysis was carried out using fluorescence in-situ hybridisation (FISH) 

technique and microsensor techniques (Wu, 2008; Wu et al., 2009). AOB were found to 

reside mainly in the Discharge Reactor where aerobic conditions were mainly present 

while PAOs were found in both Feed and Discharge Reactors demonstrating that PAOs 

enrichment can be realised in aerobic conditions. 

2.6.2.2 Field-scale studies 

The PFBR was operated at two field sites (16 PE and 300 PE) for COD removal and 

nitrification with limited data available for both (O’Reilly et al., 2008a). At 16 PE, with 

the two reactors arranged one above the other, maximum CODt, TN and NH4
+-N 

removals of 60%, 47%, and 50% were achieved at a removal rate of 4.6 g CODt/m2·d. 

During a study on a 300 PE PFBR plant, maximum CODt, TN and NH4
+-N removals of 

76%, 40%, and 44% were achieved at an organic loading rate of 5.1 g CODt/m2·d.  
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2.7 Summary 
 

This chapter presented a brief historical background to wastewater treatment, the origins 

of the associated legislation and its relevance in the context of decentralised wastewater 

treatment. Typical wastewater characteristics were described along with relevant 

removal mechanisms. Finally, issues specific to decentralised wastewater treatment 

were reviewed with a general overview given on the PFBR – an NUI Galway developed 

technology suitable for decentralised wastewater treatment.  
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CHAPTER THREE 
 

Experimental apparatus and systems operation 
 

 

3.1 Introduction 
 

A novel wastewater treatment technology – the pumped flow biofilm reactor (PFBR) – 

has been developed and patented in Civil Engineering, NUI Galway. The two-reactor-

tank technology has been tested at laboratory-scale, and also at field-scale for 

populations ranging from 15 – 300 population equivalents (PE) (O’Reilly et al., 2008a, 

2008b; O’Reilly et al., 2008c; O’Reilly, 2005; Rodgers et al., 2009a; Rodgers et al., 

2009b; Rodgers et al., 2008b; Rodgers et al., 2006; Rodgers et al., 2004a; Wu et al., 

2009; Wu, 2008; Zhan et al., 2006). Hydraulic pumps are used to circulate the 

wastewater from one reactor tank to the other. Aeration is achieved by exposing the 

biofilm (attached to stationary plastic biofilm media modules) in each of the two reactor 

tanks alternately to atmospheric air and wastewater, thereby eliminating the need for 

forced aeration. Anoxic and/or anaerobic conditions can be achieved by keeping the 

biofilm media immersed in the wastewater for certain periods of time. By operating the 

system in sequencing batch reactor (SBR) mode at European Union (EU) and British 

Standards (BS) design loadings, the following can be achieved: 5-day biochemical 

oxygen demand (BOD5), chemical oxygen demand (COD) and suspended solids (SS) 

removal; nitrification; denitrification; and, enhanced biological phosphorus removal. 

 

During this study, the PFBR was operated at both laboratory-scale and field-scale under 

various operating conditions with a range of parameters tested and monitored. Three 

individual studies were carried out and are listed in Table 3.1. 
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Table 3.1 Details of the laboratory-scale and field-scale PFBR systems 

System tested Study description Chapter 

Laboratory-scale PFBR  

Nutrient removal from high strength synthetic 
domestic wastewater with a high phosphorus 
concentrations 

4 

Investigation of nitrous oxide generation and 
emission  

5 

Field-scale PFBR Operation of a field-scale PFBR at the NUI 
Galway Water Research Facility 

6 

 

This chapter describes the experimental apparatus and system operation strategies that 

were: (i) common for both laboratory-scale PFBR studies; and, (ii) used in the field-

scale PFBR studies.  

 

3.2 Laboratory-scale pumped flow biofilm reactor 

 

The laboratory-scale PFBR was located in a temperature controlled room in the 

Environmental Engineering Laboratories, Civil Engineering, NUI Galway, where the 

ambient air temperature was maintained between 10 and 11 oC. This was similar to a 

reported average annual wastewater temperature in Ireland and the UK (Gray, 2004) 

and limited the effects of varying seasonal temperatures on the biological processes. 

Synthetic wastewater was prepared every two days during operation using an adapted 

recipe from Ødegaard and Rusten (1980) (described in the relevant chapters) and stored 

beside the laboratory unit in the temperature controlled room. Influent wastewater 

samples were taken randomly to provide a representative average of the influent 

parameter concentrations. Both influent and effluent wastewater samples were tested for 

the following parameters in accordance with standard procedures detailed in Appendix 

B (APHA et al., 2005): suspended solids; chemical oxygen demand (unfiltered and 

filtered samples); total nitrogen (unfiltered and filtered samples); ammomium-nitrogen 

(filtered samples); nitrate-nitrogen (filtered samples); nitrite-nitrogen (filtered samples); 

and orthophosphate-phosphorus (filtered samples). This section describes the 

laboratory-scale PFBR in detail. 
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3.2.1 Laboratory apparatus 

The laboratory-scale PFBR comprised two reactor tanks – Feed Reactor and Discharge 

Reactor – each containing a stationary plastic biofilm module (the general arrangement 

is shown in Figure 3.1). Typically, a peristaltic pump (not shown) pumped a new batch 

of synthetic wastewater to the Feed Reactor at the beginning of each treatment cycle. 

During aeration periods, two magnetically coupled pumps, rated at 35 l/min and 

positioned beneath the reactors, conveyed the bulk fluid (equivalent to one reactor 

volume) from one reactor to the other. Treated effluent was discharged at the end of a 

treatment cycle through the solenoid valve located in the Discharge Reactor. Water float 

level switches (two located in the Feed Reactor and one located in the Discharge 

Reactor) were used by a programmable logic controller (PLC), along with manually 

inputted times, to automate the operation of the system (Figures 3.1 and 3.2). 

 

The two reactors were identical in size and measured 260 mm by 260 mm in plan and 

400 mm high. The bottom circulation float level switch in a reactor was activated when 

the bulk fluid was pumped from that reactor (the first reactor) to the second reactor and 

the stationary biofilm media modules were fully exposed to: (i) atmospheric air in the 

first reactor; and, (ii) bulk fluid in the second reactor (see Figures 3.1 and 3.2). At this 

point, a residual bulk fluid volume of about 2.5 l was retained at the base of the first 

reactor. In a clean reactor (including a clean biofilm media module inside the reactor), 

the volume of the bulk fluid between the bottom float level switch of the Feed Reactor 

to the feed water level was 10 l, and of the Discharge Reactor to the decant level was 

9.6 l, resulting in an initial volume of 19.6 l available for transferring between the two 

reactors during aeration periods. Over time, as the system treated the synthetic 

wastewater and as biofilm mass accumulated on the biofilm media modules, the volume 

of the bulk fluid being transferred between the two reactors gradually reduced. 

Consequently, the fill volume, i.e., the volume of treated water, decreased over time.  
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Figure 3.1 Section view (left) and elevation view (right) of the laboratory-scale PFBR (media not shown for clarity) 
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Figure 3.2 Section view of a model laboratory-scale PFBR showing biofilm media modules, float level switches, and feed and circulation 
pipework 
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The biofilm media modules in each reactor, positioned 70 mm from the reactor base on 

a media module stand, remained stationary at all times while the bulk fluid was pumped 

to and from each reactor. The free space beneath the modules allowed the bottom 

circulation float level switches operate freely (Figure 3.2) and ensured that any sludge 

accumulated at the base of the reactors was kept separate from the biofilm media 

modules. Each module, comprising 14 mm diameter vertical columns (Figure 3.3) 

measured 200 mm x 200 mm in plan and 180 mm high and had a specific surface area 

of about 290 m2/m3. Considering both modules and the surface area of the internal tank 

walls, a total surface area of 4.6 m2 was provided for biofilm colonisation.  

 

 
Figure 3.3 Picture of a biofilm media module used in the laboratory-scale PFBR 

 
 

3.2.2 System control 

Control of the laboratory-scale PFBR, which was operated as a sequencing batch 

biofilm reactor (SBBR), was maintained using a PLC and allowed the following typical 

SBR phases to be effected: fill; anaerobic (and/or anoxic); aerobic; settle; and draw. 

Table 3.2 depicts the 15-hour (900 minute) treatment cycle used in both laboratory-scale 

PFBR studies, and details the treatment phase durations and water levels during each 

phase. Treatment cycle phase times were adapted from previous laboratory studies (Wu, 

2008). 
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Table 3.2 Reactor control in a full 15-hour (900 minute) treatment cycle 

Step Phase Duration 
(minutes) Water positions during each phase a 

 
1 

 
Fill 

 
5 

 
 
2 

 
Anaerobic b 

 
355 

   
 
3 

 
Aerobic 

 
525 

         
One circulation (from FR to DR and from DR to FR) = 2 
minutes and is repeated for the duration of the aerobic phase 

 
4 

 
Settle 

 
10 

  
 
5 

 
Draw 

 
5 

   
 Total: 900 minutes 

Note: a FR = Feed Reactor; DR = Discharge Reactor; b The term ‘Anaerobic Phase’ was used to describe 
the period when anaerobic conditions were allowed to develop 
 

The PLC controlling the laboratory-scale PFBR used input signals from the three float 

level switches and manually inputted times to execute the treatment cycle operation. 

The desired treatment cycle logic was written into a PLC program using GX Developer 

software (MELSOFT, 2011). A screen-shot of the PLC program is shown in Figure 3.4 

where the programming logic for the combined fill/anaerobic phase is shown (totalling 

360 minutes). This type of programming is is known as ‘ladder logic’ with each line in 

the program performing a specific task. In the example presented, M510 (seen on the 

top left of Figure 3.4) is termed an ‘internal operating flag’ and is used to initiate a 

sequence of actions; in this case, the combined fill/anaerobic phase.  

 

FR DR

FR DR

FR DR FR DR

FR DR

FR DR
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Figure 3.4 Screen-shot from the PLC software of the fill/anaerobic phase 

 

When M510 was activated or ‘SET’ (by an instruction in the program immediately 

preceding the shown example), a series of conditions needed to be ‘True’ before a 

physical action was taken. For instance, the Fill Pump began to pump synthetic 

wastewater to the Feed Reactor (M11). These conditions included whether the fill float 



 
 
Chapter 3  Experimental apparatus
  
   

41 
 

level switch had been reached (M101), or that the Fill Pump had already performed its 

desired function (M511). When the fill float level switch was reached, the pump 

stopped. A timer (T11) began counting when M510 was activated until the set time had 

elapsed (in this instance, the duration was 6000 tenths of a second (K6000), or 10 

minutes) and ultimately registered one count on the counter, C1. When 35 counts had 

been registered (K35), a final timer (T12) ended the fill/anaerobic phase with a time of 

9.5 minutes (K5700) giving a total time of 359.5 minutes with the remaining 0.5 

minutes used in the following section of the program, giving a total time for the 

fill/anaerobic phase of 360 minutes (Table 3.2). The remainder of the program 

(presented in Appendix C) was written in this fashion with each of the anoxic (if 

required), aerobic, settle and draw phases given unique internal operation flags. 
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3.3 Field-scale pumped flow biofilm reactor 

 
The field-scale PFBR was installed as part of the NUI Galway Water Research Facility 

(WRF), located at the Galway County Council Wastewater Treatment Plant, Tuam, Co. 

Galway (TWWTP) (Figure 3.5). The field-scale PFBR comprised primary settlement 

and secondary treatment and was designed and constructed using: (i) operational data 

from previous laboratory and field studies (O’Reilly et al., 2008a, 2008b; O’Reilly et al., 

2008c; O’Reilly, 2005; Rodgers et al., 2009a; Rodgers et al., 2009b; Rodgers et al., 

2008b; Rodgers et al., 2006; Rodgers et al., 2004a; Zhan et al., 2006); (ii) EPA 

guidelines (EPA, 1999); and, (iii) past experience. Influent wastewater to the WRF was 

pumped from the inlet channel of the TWWTP with effluent returning to the TWWTP 

prior to its primary settlement tanks. Influent and effluent water samples were regularly 

taken and tested in the Environmental Engineering Laboratories at NUI Galway. 

Extensive monitoring equipment was installed in the field-scale PFBR allowing detailed 

analysis of set parameters to be carried out. All monitoring and control equipment was 

combined in one PLC with a human machine interface (HMI) allowing ease of access to 

both the plant operation and logged data either on-site or through remote interrogation 

capabilities. Related publication abstracts are provided in Appendix A (O’Reilly et al., 

2011a; O’Reilly et al., 2011b; Clifford et al., 2011b). 

 

 
Figure 3.5 Graphical location of the WRF (Google, 2011)  

 

NUI Galway 

WRF, Tuam Co. Galway 
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3.3.1 Water Research Facility (WRF) 

The WRF, located on the site of the TWWTP, is a full-scale test-bed for novel 

wastewater and water treatment technologies. Core funding to establish the facility was 

provided by the Irish Environmental Protection Agency (EPA) through its Science, 

Technology, Research and Innovation for the Environment (STRIVE) Programme, and 

by NUI Galway. Additional critical support came from Galway County Council, who 

provided the site and carried out civil engineering works, and from a range of industrial 

partners including the main contractors, who contributed resources and equipment. By 

using influent wastewater taken from a medium sized town, the facility provides the 

opportunity to evaluate novel water, wastewater and waste treatment technologies under 

realistic conditions. The main wastewater treatment process currently employed at the 

WRF is the PFBR.  

 

3.3.1.1 Facility layout  

Overall, the WRF covers an area of over 700 m2, upon which a number of activities take 

place. Figure 3.6 presents the layout of the WRF. Once on-site, settled influent 

wastewater is pumped as required from the primary settlement tanks, which are part of 

the field-scale PFBR system, to the following technologies being trialled: 

1. Pumped flow biofilm reactor (PFBR); 

2. Horizontal flow biofilm reactor (HFBR, Rodgers at al., 2004b); and 

3. Air suction flow biofilm reactor (ASF-BR, Rodgers at al., 2008a). 

Secondary sludge can be treated in the woodchip filters (Rodgers et al., 2009a). 

 

Effluent discharged from the field-scale PFBR is directed to an Effluent Distribution 

Tank where it is made available for tertiary treatment in a series of pressurised filters 

(e.g., sand, activated carbon, and zeolite) and ultra-violet disinfection. Final effluents 

from all trialled technologies are collected in the Effluent Collection Tank and returned 

by gravity to the primary treatment stage of the TWWTP. This ensures that the WRF 

poses no risk to the environment in terms of unregulated or untreated discharges to 
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receiving waters and allows researchers maximum flexibility when operating and testing 

different technologies. 

 

 
Figure 3.6 Schematic layout of the WRF with additional trialled technologies 
highlighted 
 

3.3.1.2 Influent wastewater  

Influent wastewater was pumped to the WRF from the near-by TWWTP. The TWWTP 

was commissioned in 1996 with a design PE of 24,834 and has a current estimated load 

of 22,440 PE (EPA, 2010). A parallel dual-stream conventional activated sludge process 

with chemical phosphorus removal is employed at TWWTP. The secondary effluent is 

passed through a sand filter to effect tertiary treatment (Figure 3.7).  
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Figure 3.7 Schematic of TWWTP showing the extraction point location for the WRF 
 

Prior to entering the TWWTP, raw municipal wastewater passes through a basic 25 mm 

bar screen at a pumping station about 1 km upstream of the plant and is then pumped to 

the TWWTP. A portion of this inflow is pumped with the Influent Pump (Figure 3.8a) 

at user defined intervals to the WRF from the influent channel of the TWWTP prior to 

the storm over-flow location and primary settlement tanks (Extraction Point in Figure 

3.7). Wastewater entering the WRF is pumped to the primary settlement tanks of the 

field-scale PFBR system, entering near the top of Primary Settlement Tank 1. From 

there, it is also available for technologies being tested at the WRF that require settled 

influent wastewater. Primary sludge storage is provided for in the base of the primary 

settlement tanks and the balance tanks.  

 

            
Figure 3.8 Influent Pump (a) during installation in the TWWTP influent channel, and 
associated flow meter (b) 
 
A PLC program, coupled with a submersible centrifugal pump (Influent Pump, Figure 

3.8a) with the capacity to pump wastewater to the WRF primary settlement tanks at 
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about 5.5 l/sec, and an electromagnetic flow meter (Flow Meter, Figure 3.8b) enable the 

determination of user-defined volumes entering the WRF every half hour over 48 half-

hour segments (i.e., 24 hours, Figure 3.9). For example, inputting low volumes during 

night time half-hour segments and higher volumes during day time half-hour segments 

allows users to define diurnal flow patterns to the plant (if required) mimicking typical 

flows entering small decentralised wastewater treatment plants.  

 

 
Figure 3.9 HMI screen-shot of the influent pumping schedule interface   

 

When the maximum water levels in the primary settlement and balance tanks are 

reached (in this case, 95%), no further inflow is permitted until the water levels drop 

below 90% as the settled wastewater is conveyed onwards for secondary treatment in 

either the field-scale PFBR or one of the alternative technologies being trialled at the 

WRF. For the duration of the field-scale PFBR study relating to this thesis, a regular 24 

hr inflow was maintained, i.e., influent wastewater was delivered to the Primary 

Settlement Tanks and Balance Tank to ensure sufficient wastewater was available every 

PFBR treatment cycle. This flow pattern was maintained because the reactors’ 

biological treatment efficiency in particular was being examined in this study rather 

than the primary settlement/balance tanks’ ability to handle diurnal flow patterns. 
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Upon entering Primary Settlement Tank 1, influent wastewater passes through a 

stainless steel basket, measuring 500 mm x 450 mm in plan and 750 mm deep with a 6 

mm mesh (Figure 3.11a) and installed directly under the inlet in Primary Settlement 

Tank 1. The basket is used to prevent any large solids from entering the field-scale 

PFBR system and is emptied periodically (Figure 3.11b). 

 

 
Figure 3.10 Typical inflow pattern maintained during the field-scale PFBR study at the 
WRF 
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Figure 3.11 Stainless steel influent basket pre-installation (a) and being removed for 
cleaning after a period of use (b) 
 

3.3.2 Field-scale PFBR at the WRF 

3.3.2.1 Plant layout 

The field-scale PFBR system comprises 7 identical cylindrical-shaped pre-cast concrete 

tanks (with a base diameter of 2.89 m and a height of 3.85 m) and includes primary 

settlement with primary sludge storage, secondary treatment and separate secondary 

sludge storage (Figures 3.6 and 3.12). Raw influent wastewater pumped to Primary 

Settlement Tank 1 flows by gravity to Primary Settlement Tank 2 and then to the 

Balance Tank. Settled wastewater is pumped at the beginning of each treatment cycle 

from the Balance Tank to the Feed Reactor for secondary treatment. Treated effluent 

from the Discharge Reactor is pumped to the Clarifier at the end of each treatment cycle 

and flows by gravity from the Clarifier through the Effluent Distribution and Effluent 

Collection Tanks (not under examination during this study); thereafter it ultimately 

returns to the TWWTP. Table 3.3 characterises the 7 tanks used in the field-scale PFBR 

system, each tank having a total volume of 22.4 m3 and a working volume of 20.9 m3, 

excluding the freeboard volume.  

 

(a) (b) 
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Figure 3.12 Picture of the field-scale PFBR at the WRF (facing north) with the 
Secondary Sludge Holding Tank on the left and the Clarifier on the right 

 

Table 3.3 Characteristics of the field-scale PFBR process tank 

Tanks Equipment Instrumentation a 

Sludge Holding Tank - - 
Primary Settlement Tank 1 
 

• Flow Meter on inlet • 1 x DO probe 
• 1 x pH probe 

Primary Settlement Tank 2 
 

- 
 

• 1 x DO probe 
• 1 x pH probe 

Balance Tank 
 
 

• Feed Pump • 1 x DO probe 
• 1 x pH probe 
• 1 x Level sensor 

Feed Reactor 
 
 
 

• 11.5 m3 biofilm media 
• Circulation Pump 1 
• Feed Reactor Sludge Pump 
• Motorised Valve 

• 3 x DO probes 
• 3 x ORP probes 
• 3 x pH probes 
• 1 x Level sensor 

Discharge Reactor 
 
 

• 11.5 m3 biofilm media 
• Circulation Pump 2 
• Discharge Pump  
• Discharge Reactor Sludge Pump 

• 3 x DO probes 
• 3 x ORP probes 
• 3 x pH probes 
• 1 x Level sensor 

Clarifier  
 
 

• Clarifier Sludge Pump • 1 x DO probe 
• 1 x ORP probe 
• 1 x pH probe 

Note: a DO = dissolved oxygen; ORP = oxidation-reduction potential 

 

The set-up of the PFBR system relating to this thesis is detailed below. 
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3.3.2.2 Reactor set-up 

Two reactors (Feed and Discharge Reactors) were positioned side-by-side and 

connected with a motorised valve (Figure 3.13). About 11.5 m3 of stationary biofilm 

media modules (with a specific surface area of 180 m2/m3) were placed in each reactor 

and maintained 600 mm from the base of the reactor tanks using a media stand 

fabricated from stainless steel. These biofilm media modules with vertical trapezoidal 

tubes (Figures 3.14a and 3.14b) were supplied with dimensions of 0.3 m x 0.6 m x 2.4 

m long and cut to shape to fit into the reactors as shown in Figure 3.15.  

 

A set of dissolved oxygen (DO), oxidation-reduction potential (ORP) and pH probes 

were installed at 3 different positions in each reactor: (i) about 500 mm above the base 

of the reactor; (ii) at the middle of the reactor; and, (iii) about 300 mm below the top 

water level. The bottom set was installed below the bottom water level (Figure 3.13) 

and was always immersed in the bulk fluid. The middle and top sets were exposed to air 

each time the reactor was empty.  
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Figure 3.13 Section view of the Feed and Discharge Reactors showing the location of the motorised valve 
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Figure 3.14 Biofilm media module (a) as used in the field-scale PFBR with module and 
vertical tube dimensions (b) 
 

 

 
 

Figure 3.15 Plan view of a reactor tank showing biofilm media module layout  
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3.3.2.3 Plant operation and control 

As with the laboratory-scale PFBR, the field-scale PFBR was operated as a SBBR. 

Aerobic conditions were established by moving the bulk fluid between the reactors 

using two circulation pumps and a motorised valve linking the reactors (Figure 3.13). 

When one reactor was full and the other was empty, the motorised valve opened 

allowing the water levels in both reactors to equalise by gravity. Once equalised, the 

motorised valve closed and a circulation pump transferred the remaining water to the 

reactor that was originally empty. As one reactor was full with the bulk fluid, the 

biofilm attached to the stationary media modules in that reactor had access to organic 

carbon and nutrients in the wastewater, achieving carbonaceous oxidation and nutrient 

removal. Simultaneously, the biofilm in the other reactor was exposed to the 

atmosphere providing the bacteria with an ample supply of atmospheric oxygen. Anoxic 

and/or anaerobic conditions could be incorporated in the treatment cycle by holding the 

bulk fluid in either reactor for a period of time and allowing limited DO concentrations 

to develop in the bulk fluid. 

 
Control of the field-scale PFBR was managed from the Control Room (shown in Figure 

3.6), from where all power and control signal cabling was routed. A comprehensive 

PLC program was used in conjunction with inputs from level sensors, pump controllers, 

and user inputted information to control the plant operation. Data from the 32 probes 

and sensors, the flow meter and energy meter were logged by the PLC (Figure 3.16a) 

and were accessible (along with the control program) through a human machine 

interface (HMI, Figure 3.16b) - a touch screen control interface.  

 

   
Figure 3.16 Photographs of PLC with input and output cards (a), and control panel with 
HMI on the left side (b) 

(a) (b) 



 
Chapter 3  Experimental apparatus
  
    

54 
 

An example of the logic for the main process control program is presented in Figure 

3.17. The user defined values (% reactor tank volumes, times and cycle counts) were 

inputted by touching each number on the screen and entering the required value. The 

shown example had a total cycle time of about 7 hours. This included an anoxic phase 

of 60 minutes (Step 4), an aeration phase of about 340 minutes (Steps 5 – 10 x 8 Cycle 

Counts) and a final settle phase of 30 minutes (Step 14). Flexibility was built into the 

program to allow for a combination of the following phases (as well as fill/draw and 

settle): anoxic + aerobic; anaerobic + aerobic; or anaerobic + anoxic + aerobic. During 

the field-scale PFBR studies, the following combinations were used during the studies 

presented in Chapter 6: anaerobic + aerobic; aerobic; and anoxic + aerobic.  

 

   
Figure 3.17 HMI screen-shot of an example of the PLC program showing the process 
control logic 
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3.3.2.4 Plant monitoring 

A total of 32 probes, sensors and meters were installed in the field-scale PFBR and 

included: DO, ORP and pH probes (Figure 3.18, probes physically measured about 400 

mm in length and 40-60 mm in diameter); level sensors; and flow and energy meters 

(Table 3.3).   

 

        
Figure 3.18 Photographs of DO probe (a), and ORP/pH probe (b) (Hache Lange, 2011)  
 

Probe and sensor data were logged by the PLC every 5 minutes and automatically 

backed up to a USB storage device. The resultant trends from the probes were available 

for viewing on the HMI (Figure 3.19). Detailed analysis of the trend data was carried 

out off-site using Micrsoft Excel spreadsheet software. Energy and flow data from the 

field-scale PFBR was also logged by the PLC and was used to calculate hydraulic and 

biological loading rates, energy usage, etc.  

 

 
Figure 3.19 Logged water level sensor data graphically displayed on the HMI 

(a) (b) 



 
Chapter 3  Experimental apparatus
  
    

56 
 

Figure 3.19 presents the level sesor data from the Balance Tank, the Feed Reactor 

(Reactor No. 1 in Figure 3.19) and Discharge Reactor (Reactor No. 2 in Figure 3.19); 

the data shows the water levels rising and falling in the Feed and Discharge Reactors as 

the water was circulated between them. The level sensors installed at the base of these 

tanks were pressure sensitive allowing the PLC, once calibrated, to determine the height 

of water above them.  

 

3.4 Summary 
 

The PFBR was operated and tested at laboratory-scale and field-scale during this study. 

The appartus and experimental system set-up of the laboraotry-scale and field-scale 

PFBR systems were described in detail.  
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CHAPTER FOUR 
 

Nutrient removal from a high strength synthetic 
domestic wastewater in a laboratory-scale pumped 

flow biofilm reactor 
 

4.1 Introduction 

 

The laboratory-scale pumped flow biofilm reactor (PFBR – as described in Chapter 3) 

was operated using a high strength synthetic domestic wastewater with a high 

phosphorus influent concentration and monitored for carbon, nitrogen and phosphorus 

removal over a study period of 195 days. Operated as a sequencing batch biofilm 

reactor (SBBR), the PFBR had dedicated anaerobic and aerobic phases that were used to 

remove phosphorus, carbon and ammonium-nitrogen (NH4
+-N). In addition, anoxic 

zones were developed within the biofilm during the treatment cycle facilitating 

denitrification.  

 

In particular, influent orthophosphate-phosphorus (PO4
3--P) concentrations averaged 

29.9 mg/l during this study representing a high influent phosphorus concentration with 

the aim to further examine and quantify the PFBR system’s capacity at removing 

phosphorus from wastewaters.   

 

4.2 Apparatus 

 
The set-up of the laboratory-scale PFBR was described in Section 3.2, Chapter 3. 

Procedures, materials and methods, and set-up unique to this study are described in this 

section. 
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4.2.1 Synthetic wastewater  

Synthetic wastewater feed, simulating a high strength domestic wastewater, was 

prepared every two days using the recipe shown in Table 4.1 with average 

concentrations given in Table 4.2. The recipe was amended from a feed used by 

Ødegaard and Rusten (1980). An average feed volume of 6.4 litres was pumped into the 

Feed Reactor at the beginning of each treatment cycle. 

 

Table 4.1 Composition of synthetic wastewater used in the study 

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 (MnSO4·H2O)  8 
 

All parameters were tested in accordance with standard procedures (APHA, et al., 2005; 

Appendix B). The biofilm media surface area loading rates presented in Table 4.2 were 

calculated using the following derived equation:  

  𝐵𝐴 =  𝑆𝑖 × 𝑄𝑑𝑖
𝐴

               [Eq. 4.1] 

where: BA = biofilm media surface area loading rate (g/m2·d); Si = influent parameter concentration (mg/l 

or g/m3); Qdi = average daily volume treated (m3/d); and, A = biofilm media surface area (m2). 

 

 

 

 



 
Chapter 4  Laboratory-scale EBPR 

 59 

Table 4.2 Average influent concentrations and loading rates  
Parameter a Concentration 

(mg/l) 
Biofilm media 
surface area 

loading rates b 

Total chemical oxygen demand, unfiltered (CODt)  1333 ± 60 3.4 g CODt/m2·d 
Chemical oxygen demand, filtered (CODf) 1057 ± 75 2.7 g CODf/m2·d 
Total nitrogen, unfiltered (TNt) 135 ± 6.9 0.35 g TNt/m2·d 
Total nitrogen, filtered (TNf) 90 ± 11.5 0.23 g TNf/m2·d 
Ammonium-nitrogen (NH4

+-N) 80 ± 14.8 0.2 g NH4
+-N/m2·d 

Nitrate-nitrogen (NO3
--N) 0.9 ± 1.3 - 

Nitrite-nitrogen (NO2
--N) 0.1± 0.2 - 

Suspended solids (SS) 194 ± 60 - 
Orthophosphate-phosphorus (PO4

3--P) 29.9 ± 1.7 0.08 g PO4
3--P/m2·d 

Note: a all parameter were measured using filtered samples except where noted; b based on an average 
feed volume of 10.2 l/d and on a total biofilm plastic media surface area of 4.6 m2 (Equation 4.1). 

 

4.2.2 System operation  

During the 195-day study, influent and effluent samples were taken and analysed for the 

parameters listed in Table 4.2 at least once per week. Four phase studies, presented 

hereunder, were conducted during this study on Days 70, 84, 122 and 127. During these 

studies, samples were taken from both reactors every 10 – 30 minutes during the 

anaerobic and aerobic phases, and analysed. 
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4.3 Overall PFBR performance  

 

The overall performance of the laboratory-scale PFBR in terms of COD, nitrogen and 

phosphorus removal is presented hereunder with detailed tabulated data available in 

Appendix D. 

 
The average influent total and filtered COD (CODt and CODf, respectively) 

concentrations during the study were 1333 mg CODt/l and 1057 mg CODf/l, 

representing a biofilm media surface area organic loading rate of 3.4 mg CODt/m2·d. 

The difference between CODt and CODf can be attributed to the suspended solids 

present in the synthetic influent wastewater. During the early stage of the study, before 

Day 37, the average total and filtered COD removal efficiencies were 75% and 85%, 

respectively. After Day 38, effluent COD concentrations began to stabilise when 

effluent concentrations averaged 35.9 mg CODt/l and 20.4 mg CODf/l, giving average 

removal efficiencies of 97% and 98%, respectively (Figure 4.1).  

 
Pseudo steady-state total nitrogen (TN) removal was reached after Day 38 when the 

average filtered influent concentration of 90 mg TNf/l was reduced to 16 mg TNf/l in the 

effluent (82% removal efficiency). The initial 37-day period showed a general trend of 

improvement the effluent TN concentrations as the biomass population became 

established (Figure 4.2).   
 

 
Figure 4.1 Influent and effluent COD concentrations versus operation time 
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Figure 4.2 Influent and effluent filtered TN concentrations versus operation time  

 

Efficient nitrification was achieved by Day 20, representing a 99% NH4
+-N removal 

efficiency from an average influent concentration of 80.2 mg/l to an average effluent 

concentration of 0.5 mg/l after Day 20 (Figure 4.3). By Day 40, effluent NO3
--N and 

TNf concentrations were similar indicating that nearly all the nitrogen in the bulk fluid 

was oxidised.  

 
Figure 4.3 Filtered effluent nitrogen concentrations versus operation time 
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An overall average PO4
3--P removal efficiency of 44% was achieved during the 

COD/nitrogen pseudo steady-state period in this study with effluent concentrations 

averaging 16.7 mg PO4
3--P/l.  

 

A summary of the overall performance during this study is presented in Table 4.3. 

 

Table 4.3 Performance summary during the pseudo steady-state 

Parameter Influent 
(mg/l) 

Effluent 
(mg/l) 

% removal 

CODt 1333 ± 60 35.9 ± 11.7 97% 
CODf 1057 ± 75 20.4 ± 8.5 98% 
TNt 135 ± 6.9 34 ± 9.5 75% 
TNf 90 ± 11.5 16.1 ± 3.1 82% 
NH4

+-N 80.2 ± 14.8 0.5 ± 0.4 99% 
NO3

--N 0.9 ± 1.3 14.4 ± 2.6 - 
NO2

--N 0.1 ± 0.2 0.3 ± 0.4 - 
PO4

3--P 29.9 ± 1.7 16.7 ± 0.9 44% 
 

 

 

4.4 Phase studies  

 
Four phase studies were carried out during the laboratory-scale PFBR study on Days 70, 

84, 122 and 127 (i.e., Phase Studies (PS) 1, 2, 3 and 4, respectively). During these 

studies, samples were taken from both reactor tanks, filtered using a syringe filter and 

analysed for NO3
--N, NO2

--N, NH4
+-N, PO4

3--P and COD concentrations. No COD 

analysis was carried out during PS 3 due to the stable nature of the COD removal in the 

preceding phase studies. Plots of each individual phase study with tabulated data are 

presented in Appendix D. 
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4.4.1 Dissolved oxygen 

During the fill phase at the start of a treatment cycle (i.e., the beginning of the anaerobic 

phase), a new batch of synthetic wastewater was added to the Feed Reactor and 

thereafter the DO concentration dropped to zero (Figure 4.4). During this period in the 

Discharge Reactor (not shown in Figure 4.4), DO decreased steadily from saturation 

(after the previous aerobic phase) to about 2 mg/l, prior to the beginning of the next 

aerobic phase.  

 

The bulk fluid was then pumped between the reactors during the aerobic phase. The 

alternate exposure of the biofilm in each reactor to the air during the aerobic phase was 

the main aeration mechanism by which diffusion of atmospheric oxygen directly into 

the biofilm occurred (as described in Section 2.6, Chapter 2). A typical DO profile 

(taken during PS 2 on Day 84) in the Feed Reactor, where the anaerobic phase occurred, 

is presented in Figure 4.4. At the beginning of the aerobic phase, the DO concentration 

is seen to remain at around 2 mg/l for the first 40 minutes in Figure 4.4 where the data 

resolution of the measuring probe was 5 minutes. It was believed that the actual DO was 

much lower and further studies carried out using an O2 microsensor with a resolution of 

0.5 seconds (and presented in Figure 5.10, Chapter 5) confirmed that the average DO 

during the initial aeration period was close to zero. These DO conditions, combined 

with the vigorous mixing during this period, allowed a number of processes to occur 

rapidly; namely carbonaceous oxidation, denitrification and P release (each described in 

the relevant sections below). DO increased to saturation after a period of about 100 

minutes, remaining there until the end of that phase; this indicated that excess oxygen 

was available.  
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Figure 4.4 Dissolved oxygen profile in the Feed Reactor during a phase study (PS 2 on 
Day 84) 
 

4.4.2 Chemical oxygen demand 

COD was observed to reduce in five general stages: (i) feed dilution; (ii) anaerobic 

biodegradation; (iii) aerobic dilution; (iv) initial rapid carbonaceous oxidation; and, to a 

lesser extent, (v) residual slow carbonaceous oxidation (Figure 4.5). Of these five stages, 

two stages were caused by dilution and three stages were associated with microbial 

activity contributing to the removal of COD. Figure 4.6 presents CODt plotted profiles 

for PS 1, 2 and 4 (no COD analysis was carried out during PS 3 due to the stable nature 

of COD removal in the preceding phase studies; the stable COD removal was confirmed 

in PS 4). Overall average percentage removals for each stage are summarised in Table 

4.4.  

 
Figure 4.5 Graphical representations of the five COD removal stages during a treatment 
cycle (units in minutes) 
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Figure 4.6 Combined CODt profiles from Phase Studies 1, 2 and 4 

4.4.2.1 Feed dilution (Minutes 0 – 10) 
Prior to the fill phase of a treatment cycle, a residual volume of treated wastewater from 

the previous treatment cycle, about 2.5 litres with an average CODt concentration of 35 

mg/l, remained at the base of the Feed Reactor beneath the biofilm media module. After 

the synthetic wastewater was introduced (averaging 6.4 litres per treatment cycle with 

an average CODt concentration of 1307 mg/l), the following mass balance equation 

could be applied to calculate the theoretical combined bulk fluid CODt concentration 

within the Feed Reactor: 

fr

fCODfrCODr
FRCOD VV

SVSV
S

+

×+×
=

)()( ,,
,    [Eq 4.2] 

where: SCOD, FR is the theoretical combined bulk fluid CODt concentration after the fill phase; Vr and SCOD, 

r are the residual bulk fluid volume and CODt concentration, respectively, in the Feed Reactor prior to the 

fill phase; and, Vf and SCOD, f are the fill wastewater volume and CODt concentration, respectively, which 

was fed into the Feed Reactor during the fill phase.  

 

Using Equation 4.2, a theoretical combined CODt bulk fluid concentration after the fill 

phase was calculated as 949 mg/l (representing a 27% reduction from the influent CODt 

concentration). The slightly higher average observed concentration for this period for 

PS 1, 2 and 4 of 982 mg CODt/l (representing a 25% reduction from the influent CODt 
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concentration) could be explained by the lack of mixing during the fill phase preventing 

the complete mixing of the residual bulk fluid and fill wastewater to occur.   

4.4.2.2 Anaerobic biodegradation (Minutes 10 – 360) 
A further 10% of CODt was removed on average during the anaerobic phase in the Feed 

Reactor through anaerobic biodegradation and uptake of organic carbon by PAOs for P 

release. The CODt reduction kinetics are described by the following linear equation with 

respect to time (Equation 4.3) in which a CODt removal rate of 0.36 mg CODt/l·min, 

due to biological activity, was observed: 

CODt AnB = -0.36 t + 987 (R2 = 0.80)  [Eq. 4.3] 

where CODt AnB is the bulk fluid COD concentration with respect to time (10 < t < 360, in minutes) 

during the anaerobic biodegradation stage. 

 

As expected, there was little activity in the Discharge Reactor during this period in 

terms of COD removal as the biodegradable organic matter in the treated wastewater 

remaining in the Discharge Reactor was low (between 18 and 37 mg CODt/l for the 

three phase studies). 

4.4.2.3 Aerobic dilution (Minutes 360 – 365) 
The largest (and quickest) decrease in CODt was observed during the aerobic dilution 

stage when circulation of the bulk fluid between the Feed and Discharge Reactors began 

(at Minute 360). The bulk fluid volumes in both reactors prior to the aerobic phase were 

approximately equal and the Discharge Reactor bulk fluid CODt concentration was 

relatively low (averaging 31 mg CODt/l for PS 1, 2 and 4). Adapting Equation 4.2 

allows for the calculation of the theoretical combined CODt after the aerobic dilution 

stage based on the assumption that there would be no biodegradation of organic matter 

occurring during this stage, as shown in Equation 4.4: 

DRFR

DRCODDRFRCODFR
cCOD VV

SVSV
S

+

×+×
=

)()( ,,
,    [Eq 4.4] 

where: SCOD, c is the theoretical mixed bulk fluid CODt concentration after a bulk fluid transfer during the 

aerobic dilution stage; VFR and SCOD, FR are the Feed Reactor bulk fluid volume and CODt concentration, 

respectively, in the Feed Reactor prior to the aerobic dilution stage; and, VDR and SCOD, DR are the 
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Discharge Reactor bulk fluid volume and CODt concentration, respectively, prior to the aerobic dilution 

stage.  

 

Equation 4.4 was applied each time the bulk fluid was transferred from one reactor to 

the other at the beginning of the aerobic phase using the final anaerobic phase bulk fluid 

CODt concentrations in the Feed and Discharge Reactors of 879 and 23 mg/l, 

respectively. Theoretically, complete dilution was shown to be achieved (with SCOD, c 

stabilised) after three transfers between the reactors, and occurred in less than 3 minutes. 

This gave a theoretical average CODt bulk fluid concentration of 451 mg/l due to 

dilution alone representing a reduction of 49% in comparison with the CODt 

concentration at the end of the anaerobic phase, or an overall reduction of 33% when 

comparing to the influent CODt concentration.  

4.4.2.4 Initial rapid carbonaceous oxidation (Minutes 365 – 460) 
As the bulk fluid was aerated during the early stage of the aerobic phase, oxygen 

became available for the heterotrophic bacteria within the biofilm to degrade organic 

matter in the wastewater. As can be seen in Figure 4.4, DO concentrations reached 

saturation after the COD was largely reduced to residual levels. The rapid oxidisation of 

the organic carbon accounted for a further 27% average overall reduction in CODt and 

can be described with a linear equation with respect to time (Equation 4.5). The rate of 

CODt removal during this period was up to 3.34 mg CODt/l·min, which was the highest 

observed in the treatment cycle. 

CODt COi = -3.34 t + 1645 (R2 = 0.80)  [Eq. 4.5] 

where CODt COi is the bulk fluid CODt concentration with respect to time (365 < t < 460, in minutes) 

during the initial rapid carbonaceous oxidation stage. 

 

The first samples in the aerobic phase were taken, on average, 13 minutes after the start 

of that phase, and had an average CODt concentration of 427 mg/l. Using the CODt 

removal rate in the initial rapid oxidation stage, 3.34 mg CODt/l·min (Equation 4.5), 

and the theoretical combined CODt bulk fluid concentration of 451 mg/l (Section 

4.4.2.3), a theoretical CODt bulk fluid concentration of 408 mg/l was calculated 
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providing a reasonable comparison with the average measured CODt concentration at 

that point (427 mg CODt/l). 

4.4.2.5 Residual slow carbonaceous oxidation (Minutes 460 – 890) 
Finally, an overall average of 4% CODt was removed during the remaining aeration 

time as nitrification and/or P-uptake were occurring. The residual carbonaceous 

oxidation can be described by the following linear equation with respect to time 

(Equation 4.6) from which a CODt removal rate of 0.15 mg CODt/l·min was calculated: 

CODt COr = -0.15 t + 161 (R2 = 0.77)  [Eq. 4.6] 

where CODt COr is the bulk fluid CODt concentration with respect to time (460 < t < 890, in minutes) 

during the residual slow carbonaceous oxidation stage. 

 

The five stages contributing to COD reduction during a treatment cycle are summarised 

in Table 4.4. 

 

Table 4.4 Summary of COD reduction stages during a treatment cycle 

 
COD reduction stages 

Average 
CODt 

reduction 
(mg/l) 

CODt removal rates  
(mg CODt/l·min) 

Overall 
average 

percentage 
reduction a 

1 Feed dilution 326 - 25% 

2 Anaerobic biodegradation 126 0.36 10% 

3 Aerobic dilution 430 - 33% 

4 Initial rapid carbonaceous 
oxidation 358 3.34 27% 

5 Residual slow 
carbonaceous oxidation 54 0.15 4% 

    99% 

Note: a based on an aver age influent CODt concentration for PS 1, 2 and 4 of 1307 mg/l 

 

4.4.3 Ammonium-nitrogen 

The NH4
+-N profile within a treatment cycle during the laboratory-scale PFBR study 

was different from that of COD and can be divided into three general stages: feed 
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dilution; aerobic dilution; and, ammonium oxidation. Of these three stages, only 

ammonium oxidation is related to microbial activity. Figure 4.7 combines NH4
+-N data 

from all 4 phase studies.  

 

 

Figure 4.7 Combined NH4
+-N profiles from Phase Studies 1 – 4 

 
The average feed dilution in the Feed Reactor was 28% for PS 1, 3 and 4, similar to that 

observed during the COD removal. The influent NH4
+-N was higher for PS 2 (due to 

variances when preparing the synthetic wastewater on Day 84 for PS 2). Therefore, 

there was no obvious feed dilution observed in PS 2 when compared to the average 

influent NH4
+-N concentration.  

 

An average increase in NH4
+-N concentration of around 6% was observed during the 

anaerobic phase for PS 1, 3 and 4 when some of the organic nitrogen contained in the 

influent wastewater was probably converted into NH4
+-N through ammonification. No 

noticeable increase was observed during PS 2; again, possibly due to variances in the 

synthetic wastewater feed on Day 84. For all phase studies, no changes in the NH4
+-N 

concentration were found in the Discharge Reactor during the anaerobic phase where 

treated wastewater from the previous treatment cycle was present with NH4
+-N 

concentrations remaining close to zero (averaging 0.38 mg NH4
+-N/l for all four phase 

studies). 
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Aerobic dilution occurred when the bulk fluid in the Feed and Discharge Reactors was 

combined at the start of the aerobic phase and an immediate average dilution of about 

50% was observed for all 4 phase studies (similar to that observed for CODt) as the 

volumes in the two reactors were about even prior to them being combined.  

 

The final NH4
+-N removal mechanism during the aerobic phase was through 

ammonium oxidation. During PS 1, an ammonium oxidisation kinetic as described in 

Equation 4.7 was observed. The NH4
+-N removal rate was equal to 0.06 mg NH4

+-

N/l·min.  

NH4
+-N oxidised, PS1 = -0.06 t + 50.3 (R2 = 0.99)  [Eq. 4.7] 

where NH4
+-N oxidised, PS1 is the bulk fluid NH4

--N concentration for PS 1 with respect to time (t, in minutes) 

during the aerobic phase (Minutes 412 - 762). 

An ammonium oxidation rate almost twice that of PS 1 was achieved for the combined 

PS 2 – 4 as the ammonium oxidising bacteria (AOB) and nitrite oxidising bacteria 

(NOB) became more established within the reactors. The average maximum ammonium 

oxidation kinetics for PS 2 – 4 is described in Equation 4.8: 

 NH4
+-N oxidised = -0.11 t + 68.5 (R2 = 0.95)  [Eq. 4.8] 

where NH4
+-N oxidised is the bulk fluid NH4

--N concentration for PS 2 - 4 with respect to time (t, in minutes) 

during the aerobic phase (Minutes 389 - 472). 

During the aerobic phase, NH4
+-N was removed in PS 1 at a rate of 0.06 mg/l·min 

(Equation 4.7), or 0.7 mg/min (when a bulk fluid volume of 2.5 l below each module 

and 6.4 l of feed wastewater, i.e. 11.2 l, was considered), and in PS 2 – 4 at an average 

rate of 0.11 mg/l·min (Equation 4.8), or 1.25 mg/min. In all cases, final NH4
+-N 

concentrations at the end of the aerobic phase were less than 0.5 mg NH4
+-N/l. These 

final effluent concentrations were achieved through the use of an extended aerobic 

phase with NH4
+-N removal achieved before the aerobic phase had ended, even for the 

lower removal rate (for example, observed in PS 1), representing overall NH4
+-N 

removal efficiencies of over 99% and a maximum removal rate of 0.23 g NH4
+-N/m2·d. 
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4.4.4 Nitrate-nitrogen 

NO3
--N was formed and removed during a laboratory-scale PFBR treatment cycle by 

the nitrification and denitrification processes, respectively. Combined plots of NO3
--N 

during PS 1 – 4 are presented in Figure 4.8 where incidences of the nitrification and 

denitrification processes can be identified.  

 
During the first 6 hours of a treatment cycle, treated wastewater rich in NO3

--N from the 

previous treatment cycle remained quiescent in the Discharge Reactor. During this time, 

the DO concentration of the bulk fluid decreased steadily from saturation concentration 

to about 2 mg DO/l by the end of this period. However, DO concentrations within the 

biofilm may be lower resulting in pockets of anoxic conditions developing and some 

denitrification occurring (Henze, et al., 2002). This could explain the observed decrease 

in NO3
--N in the Discharge Reactor towards the end of this quiescent period (Figure 

4.8). However, with DO concentrations in the bulk fluid as high as 2 mg/l, the 

denitrification effect was not significant. 

 

 
Figure 4.8 Combined NO3

--N concentrations versus operation time from Phase Studies 
1 – 4 

 

Prior to the fill phase in the Feed Reactor, a residual volume of the bulk fluid (about 2.5 

litres) rich in NO3
--N from the previous treatment cycle (with an average concentration 

of 15.1 mg NO3
--N/l) remained at the base of the reactor below the biofilm module. 

Approximately 6.4 litres of synthetic wastewater containing an NO3
--N concentration of 
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0.49 mg/l was pumped into the Feed Reactor. It is possible again to use a similar mass 

balance equation as was used in Equations 4.2 and 4.4 to calculate the theoretical NO3
--

N concentration after the fill phase with the assumption that there was no denitrification 

occurring: 

fr

fNNOfrNNOr

FRNNO VV

SVSV
S

+

×+×
= −−

−

−−

−

,,

,
33

3
  [Eq. 4.9] 

where: SNO3-N, FR is the theoretical combined bulk fluid NO3
--N concentration after the fill phase in the 

Feed Reactor; Vr and SNO3-N, r are the residual bulk fluid volume and NO3
--N concentration, respectively, 

in the Feed Reactor prior to the fill phase; and, Vf and SNO3-N, f are the fill wastewater volume and NO3
--N 

concentration, respectively, which was fed into the Feed Reactor during the fill phase.  

 

A theoretical combined NO3
--N bulk fluid concentration of 4.6 mg/l was calculated 

using Equation 4.9, the same average experimental value recorded for PS 1 – 4 

combined. A steady reduction in NO3
--N was recorded in the Feed Reactor for all phase 

studies during this period when DO concentrations dropped to zero after the fill phase 

(Figure 4.4) with an average concentration of 1.34 mg NO3
--N/l obtained at the end of 

the anaerobic phase.  

 

Although the first 6 hours were entitled an ‘anaerobic phase’ NO3
--N was present in the 

Feed Reactor allowing anoxic conditions to exist and denitrification to take place. The 

change in NO3
--N can be described as follows (Equation 4.10): 

NO3
--N denitrify AnP = -0.01 t + 5.1 (R2 = 0.85)  [Eq. 4.10] 

where NO3
--N denitrify AnP is the bulk fluid NO3

--N concentration with respect to time (t, in minutes) during 

the anaerobic phase (Minutes 20 - 350).  

As the bulk fluid from the Feed and Discharge Reactors was circulated between the 

reactors at the beginning of the aerobic phase, the dilution effect was calculated to have 

stabilised (adapting Equation 4.4) after three transfers between the reactors (about 3 

minutes of mixing) with a theoretical mixed bulk fluid concentration of 7.5 mg NO3
--

N/l.  
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As can be seen from Figure 4.8, a marked reduction of NO3
--N was recorded during the 

first 60 – 90 minutes of the aerobic phase. It was likely that DO within the biofilm 

remained low for this period despite the bulk fluid DO concentration rising. 

Measurement of DO using an O2 microsensor with a resolution of 0.5 seconds (Section 

4.4.1; Figure 5.10, Chapter 5) shows that the actual DO during the initial aeration 

period was close to zero. With a now easily biodegradable carbon source available, the 

heterotrophic bacteria in both reactors used NO3
--N as the electron acceptor to produce 

N2. Denitrification can be seen to occur at the following kinetics relative to time 

(Equation 4.11): 

 NO3
--N denitrify AP = -0.09 t + 39.9  (R2 = 0.84)  [Eq. 4.11] 

where NO3
--N denitrify AP is the bulk fluid NO3

--N concentration with respect to time (t, in minutes) during 

the aerobic phase (Minutes 367 - 427).  

When comparing Equations 4.10 and 4.11, it can be seen that the rate of denitrification 

during the initial circulation in the aerobic phase (0.09 mg NO3
--N/l·min) was 9 times 

that of the previous phase (0.01 mg NO3
--N/l·min) as conditions for denitrification were 

more favourable during the mixing stage. 

 

The average NO3
--N concentration measured in the mixed bulk fluid about 6 minutes 

after the aerobic phase commenced was 7.1 mg NO3
--N/l. Taking account of the 

theoretical mixed bulk fluid concentration after aerobic dilution was complete (i.e. 7.5 

mg NO3
--N/l), and with NO3

--N being denitrified at a rate defined in Equation 4.11 at 

the beginning of the aerobic phase, a theoretical concentration for 6 minutes after the 

aerobic phase started would have been 7.0 mg NO3
--N/l; representing a good correlation 

with the measured experimental data (i.e., 7.1 mg NO3
--N/l). 

 

The autotrophic bacteria responsible for the conversion of NH4
+-N ultimately to NO3

--N 

are usually out-competed by heterotrophic bacteria in aerobic conditions when organic 

carbon is present. As the aerobic phase commenced, there was a rapid reduction in both 

organic carbon and NO3
--N (through denitrification) – both as a result of the 

heterotrophic bacteria’s activity. Once the organic carbon had been depleted (coinciding 

with the end of denitrification that occurred at the beginning of the aerobic phase), the 
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autotrophic bacteria could now begin to oxidise NH4
+-N and convert it to NO3

--N. The 

following equation (Equation 4.12) describes the conversion of NH4
+-N to NO3

--N for 

the remainder of the aerobic phase when the average effluent concentration for PS 1 – 4 

was 15.1 mg NO3
--N/l: 

 NO3
--N nitrification = 0.031 t + 12.7 (R2 = 0.95)  [Eq. 4.12] 

where NO3
--N nitrification  is the bulk fluid NO3

--N concentration with respect to time (t, in minutes) during 

the aerobic phase (Minutes 522 - 900). 

The NO3
--N generation rate of 0.03 mg NO3

--N/l·min was found to be less than the 

NH4
+-N oxidation rate of 0.11 mg NH4

+-N/l·min (PS 2 - 4, Equation 4.8). This could be 

due to: (i) utilisation of NH4
+-N for biomass assimilation; and (ii) occurrence of 

simultaneous nitrification and denitrification.  

 

4.4.5 Orthophosphate-phosphorus 

The performance of the laboratory-scale PFBR system for enhanced biological removal 

(EBPR) was monitored during the 4 phase studies. Overall, a steady improvement in 

both P release during anaerobic conditions and P uptake during aerobic conditions was 

observed. EBPR in PS1 and 2 was poor but was found to improve in PS 3 and 4. 

 

Anaerobic conditions may not have fully developed in the Feed Reactor during the 

anaerobic phase; this can be observed from Figure 4.4 (plot of DO versus time) 

Although the DO concentration decreased to zero about 60 minutes after the fill phase, 

NO3
--N was present in the bulk fluid in low concentrations and may have hindered the 

initial release of P during this time. Kroiss and Negm (1994) have found that as NO3
--N 

concentrations increase, the P release rate decreases. Coma et al. (2010) also 

demonstrated that with NO3
--N present during ‘anaerobic’ conditions, denitrification 

can occur resulting in a reduction in available biodegradable organic matter for PAOs 

during P release. It was only when the access to oxygen and NO3
--N becomes restricted 

that easily biodegradable organic matter was uptaken by the PAOs and they 

consequently released P. Figure 4.9 presents PO4
3--P data for PS 3 and 4, the best 

performing phase studies in terms of P release and uptake.  
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4.4.5.1 Phosphorus release  
No noticeable change in PO4

3--P concentrations was observed in the half full Discharge 

Reactor (treated wastewater from the previous treatment cycle) during the quiescent 6 

hour period after the fill phase. P release was seen to occur during the anaerobic phase 

in the Feed Reactor and continued into the aerobic phase for between 40 – 60 minutes in 

the two reactors as anaerobic conditions may have continued to prevail within pockets 

of the biofilm and the mixing enhanced the diffusion of organic matter into the biofilm 

to aid the P release. During this period, DO was shown to be close to zero (Figure 5.10, 

Chapter 5) before increasing to > 6 mg DO/l and higher for the reminder of the aerobic 

phase (Figure 4.4). This P release for PS 3 and 4 could be described by the following 

equations from Figure 4.8: 

PO4
3--P release, PS 3 = 0.022 t + 29.7  (R2 = 0.83) [Eq. 4.13] 

PO4
3--P release, PS 4 = 0.024 t + 28.9  (R2 = 0.89) [Eq. 4.14] 

where PO4
3--P release  is the bulk fluid PO4

3--P concentration with respect to time (t, in minutes) (Minutes 9 

- 381 for PS 3 and Minutes 10 - 427 for PS 4). 

 

From Equations 4.13 and 4.14, the P release rates for PS 3 and 4 were equal to 0.022 

and 0.024 mg PO4
3--P/l·min, respectively, or 22 and 24 µg PO4

3--P/l·min, respectively. 

4.4.5.2 Phosphorus uptake  
Once the PAOs within the biofilm were exposed to aerobic conditions, they began 

taking soluble PO4
3--P into their cells to a higher degree than they originally released in 

anaerobic conditions. The P uptake kinetics for PS 3 (Equation 4.15) and PS 4 

(Equation 4.160 can be described as follows:  

PO4
3--P uptake = -0.051 t +60.5  (R2 = 0.99) [Eq. 4.15] 

PO4
3--P uptake = -0.054 t +62.6  (R2 = 0.98) [Eq. 4.16] 

where PO4
3--P uptake is the bulk fluid PO4

3--P concentration with respect to time (t, in minutes) (Minutes 

381 - 900 for PS 3 and Minutes 427 - 900 for PS 4). 

 

From Equations 4.15 and 4.16, the P uptake rates for PS 3 and 4 were equal to 0.051 

and 0.054 mg PO4
3--P/l·min, respectively, or 51 and 54 µg PO4

3--P/l·min, respectively. 
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Figure 4.9 P release and uptake during Phase Studies 3 and 4 

 

4.4.5.3 EBPR improvement over time  
Figure 4.10 plots the improvement in P release and uptake over the 57 days between PS 

1 to PS 4 in terms of P release and uptake rates. No P release was found in the anaerobic 

phase during PS 1; therefore, a negative P release value (-4.1 µg PO4
3--P/l·min) was 

detected. However, a steady increase in the release rate was observed over the 

remaining phase studies with a maximum release rate of 24 µg PO4
3--P/l·min in PS 4 

(Equation 4.14) leading to the establishment of a linear relationship showing the rate of 

improvement to be equal to 0.49 µg PO4
3--P /l·min·day: 

 µ P release = 0.49 td – 37.7  (R2 = 0.99)  [Eq. 4.17] 

where, µ P release is the PO4
3--P release rate (µg PO4

3--P/l·min) with respect to operation time (td, in days). 
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Similarly, an obvious improvement was seen in the P uptake rates ranging from -3.4 µg 

PO4
3--P/l·min on Day 70 (PS 1) to -54 µg PO4

3--P/l·min on Day 127 (Equation 4.16, the 

negative value indicated that P was being removed from the bulk fluid) forming the 

linear relationship given in Equation 4.18 and shows the rate of improvement to be 

equal to 0.71 µg PO4
3--P /l·min·day. 

µ P uptake = -0.71 td + 35.8  (R2 = 0.99)  [Eq. 4.18] 

where, µ P uptake is the PO4
3--P uptake rate (µg PO4

3--P/l·min) with respect to operation time (td, in days). 

 

These findings show that in the PFBR system, it would take a relatively long time to 

develop PAOs in the biofilm. In contrast, pseudo steady-state organic matter removal 

and nitrification was quickly reached.  

 

 
Figure 4.10 P release and uptake rates versus operation time using data obtained from 
the four phase studies  
 

4.4.5.4 Discussion 
The best overall PO4

3--P removal was recorded in PS 4 with a removal efficiency of 43% 

corresponding to a biofilm media surface area removal rate of 0.034 g PO4
3--P/m2·d. By 

Day 127, the P uptake rate was 54 µg PO4
3--P/l·min, or 3.2 mg PO4

3--P/l·hr. During the 

following study (Chapter 5) when the laboratory-scale PFBR continued to operate under 
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similar conditions allowing a larger number of PAOs to develop, the P uptake rate was 

observed at 4.7 mg PO4
3--P/l·hr. Both studies utilised a 9 hour aeration period. 

Extrapolating these release rates to a 12 hour aeration period would yield the following 

final PO4
3--P bulk fluid concentrations at the end of the aeration phase for Chapters 4 

and 5, respectively: 7 mg PO4
3--P /l and 0 mg PO4

3--P /l. In studies on P removal using a 

laboratory-scale PFBR, Wu (2008) found similar P-release rates in anaerobic conditions 

as those observed in Chapter 5 of this study and recorded final average effluent bulk 

fluid P concentrations of 1.6 mg/l. Microbial analysis carried out by Wu (2008) also 

suggested that sufficient PAOs were present in both reactors to effect EBPR. 

 

4.5 Summary 
 
The performance of a laboratory-scale PFBR treating high strength synthetic domestic 

wastewater with a high phosphorus concentration was examined over a period of 195 

days. The PFBR was operated using a treatment cycle duration of 15 hours comprising a 

6 hour anaerobic phase and a 9 hour aerobic phase. During the study, influent and 

effluent samples were analysed for a range of parameters. Four phase studies were 

conducted where frequent water samples were taken during individual treatment cycles 

and analysed. Overall, efficient COD removals were obtained from an average influent 

concentration of 1333 mg CODt/l giving an average removal efficiency of 97% CODt at 

a biofilm media surface area organic loading rate of 3.4 g CODt/m2·d. Efficient TN and 

NH4
+-N removals were also achieved with average effluent concentrations of 16 mg 

TNf/l and 0.5 mg NH4
+-N/l corresponding to 82% TNf and 99% NH4

+-N removal 

efficiencies at media surface area loading rates of 0.23 g TNf/m2∙d and 0.2 g NH4
+-

N/m2∙d. Average removal efficiencies of PO4
3--P were up to 43% along with maximum 

P release and uptake rates of 24 and 71 µg PO4
3--P/l·min, respectively, indicating that 

enhanced biological phosphorus removal was achieved. This study showed that it took a 

relatively long period to develop PAOs in the biofilm.   
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CHAPTER FIVE 
 

Investigation of nitrous oxide generation and 
emission in a laboratory-scale pumped flow biofilm 

reactor 
 

5.1 Introduction 
 

The generation and emission of nitrous oxide (N2O) was investigated in a laboratory-

scale pumped flow biofilm reactor (PFBR – as described in Chapter 3) treating a high 

strength synthetic domestic wastewater. N2O, a potent greenhouse gas, is an often 

overlooked by-product of the biological nitrogen removal process for wastewater 

treatment, in particular in the reduction of nitrate-nitrogen (NO3
--N) and nitrite-nitrogen 

(NO2
--N) to nitrogen gas (N2) by heterotrophic bacteria during denitrification and, to a 

lesser extent, during the ammonium-nitrogen (NH4
+-N) oxidisation process (Henze et 

al., 2002).  

 

Operating in a similar mode as in the previous study (Chapter 4), the laboratory-scale 

PFBR was monitored using N2O and oxygen (O2) microsensors during normal operation. 

Detailed phase studies were also conducted; organic carbon and nutrient parameters 

were analysed on samples taken at 1 – 15 minute intervals during complete treatment 

cycles. At the end of the study, the laboratory-scale PFBR was cleaned of all biomass 

and monitored for N2O emissions through enhanced diffusion via the movement of 

clean water (with a known concentration of dissolved N2O) between the two reactors 

and through molecular diffusion during quiescent periods. 

 

In this chapter, N2O generation and emission will be quantified for the laboratory-scale 

PFBR while treating synthetic wastewater and comparisons made with other wastewater 

treatment systems.  
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5.2 Material and methods 

 

The experimental set-up of the laboratory-scale PFBR during the N2O emission study 

was similar to that in the previous study (Chapter 4) and was described in Chapters 3 

and 4. Variations and additions to the operation and monitoring of the system during the 

N2O emission study are detailed in the following sub-sections.  

 

5.2.1 System overview 

During the N2O emission study, the laboratory-scale PFBR was fed with a synthetic 

wastewater adapted from that used by Ødegaard and Rusten (1980), varying slightly 

from that used in the previous study (Chapter 4) and having the following average 

characteristics: total chemical oxygen demand (CODt) 1247 mg/l; filtered chemical 

oxygen demand (CODf) 1094 mg/l; total nitrogen (TNt) 149 mg/l; filtered total nitrogen 

(TNf) 137 mg/l; and orthophosphate-phosphorus (PO4
3--P) 19.9 mg/l. Biochemical 

oxygen demand (BOD) was not measured as COD is used if the ASM (activated sludge 

models, Henze et al., 2000) models are to be applied using the data generated during 

these studies. A lower influent P concentration was maintained during the N2O emission 

study to bring the synthetic influent wastewater closer to a high strength 

domestic/municipal wastewater. An average volume of 5.3 l of wastewater was fed into 

the system during the fill phase of each treatment cycle that lasted 15 hours (900 

minute). Each treatment cycle had the following phases: fill (5 minutes); anaerobic (355 

minutes); aerobic (525 minutes); settle (10 minutes); and, draw (5 minutes).   

 

5.2.2 Phase study analysis 

Phase studies were carried out during the N2O emission study where frequent bulk fluid 

samples were taken over a 900 minute treatment cycle and tested for the following 

parameters in accordance with standard procedures (APHA, et al., 2005; Appendix B): 

CODt; PO4
3--P; filtered TN (TNf); NH4

+-N; NO3
--N; and NO2

--N. The resultant data 

were collated and plotted to demonstrate parameter trends and treatment kinetics during 
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the anaerobic and aerobic phases of a treatment cycle. Full parametric data sets and 

individual parameter plots for the phase studies are provided in Appendix E. 

 

5.2.3 Microsensor monitoring 

Dissolved N2O and O2 concentrations were measured in the bulk fluid in both the Feed 

Reactor and Discharge Reactor during a number of treatment cycles using proprietary 

N2O and O2 microsensors, respectively, so as to determine N2O generation rates under 

pseudo steady-state operation conditions. To quantify N2O emission rates from the 

laboratory-scale PFBR via molecular diffusion or enhanced diffusion, both parameters 

were separately measured while operating the laboratory-scale PFBR using clean water 

when all biofilm had been removed from the biofilm modules and sludge had been 

removed from the two reactor tanks. This allowed for the calculation of the mass 

transfer coefficients of molecular diffusion and enhanced diffusion, K. The movement 

of water between the two reactors would enhance the mass transfer of N2O to the 

atmosphere.  

 

Both the N2O and O2 microsensors were Unisence miniature Clark-type sensors 

constructed of glass (Figures 5.1a and 5.1b) based on the diffusion of N2O and O2, 

respectively, through a membrane in the sensor tip.  

 



 
Chapter 5  Nitrous oxide emission investigation 

 82 

(a)         (b) 

Figure 5.1 An N2O microsensor used in the N2O study (a) and microsensor schematic (b) 
(Unisence, 2011)  

 
The diffused dissolved gas (N2O and O2) was reduced at a cathode within the sensor tip 

generating an electric current that was converted to a recordable signal using a Unisence 

picoammeter (PA2000, Figure 5.2a). An analogue/digital (A/D) converter (Figure 5.2b) 

was used to convert the signal to a digital format conveyed via a USB cable for Profix 

software running on a personal computer (Figure 5.3).    

 

 

 
Figure 5.2 A Unisense picoammeter PA2000 used for microsensor signal conversion (a) 
and an A/D converter (b)  
 

(a) (b) 
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Figure 5.3 Screenshot of Profix V3.09 software used to read and log signals from the 
microsensors 
 

Prior to deployment in the laboratory-scale PFBR reactors, the microsensors were 

polarised (to remove any O2 build up in the electrolyte within the sensor tip) and 

calibrated. A two point calibration was used as the microsensors respond linearly to 

changes in concentration within the measuring range of this study. For the zero reading 

of the N2O calibration, the sensor was placed in N2O free water (i.e., aerated tap water) 

in a calibration chamber (Figure 5.4), while a sample taken from N2O saturated water 

(i.e., distilled water bubbled with compressed N2O for about 10 minutes) and diluted to 

the required concentration provided the second point for calibration. A solution of 

sodium ascorbate (C6H7NaO6) and sodium hydroxide (NaOH) was prepared with both 

at 0.1 M concentration, to provide a zero reading for the O2 sensor calibration, while 

compressed air was bubbled vigorously through tap water for the saturation reading 

(taking account of temperature). 
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Figure 5.4 Calibration chamber used when performing two point calibration of the 
microsensors (Unisense, 2011)  
 

The sensors were then mounted, in turn, in the Feed and Discharge Reactors where 

dissolved N2O and O2 readings were logged every 0.5 seconds for the monitoring 

periods. Concentration profiles were generated for each parameter and are presented in 

the following sections. Detailed microsensor data and calculations are provided in 

Appendix E.  

 

5.3 Phase study results 

 
 
Data from a typical pseudo steady-state phase study carried out during the N2O 

emission study are presented in the sub-sections below. 

 

5.3.1 Chemical oxygen demand 

COD removal during this study was largely in line with that recorded during the 

previous study (Chapter 4). Five distinct COD reduction stages were identified during a 

treatment cycle: feed dilution; anaerobic degradation; aerobic dilution; initial rapid 

carbonaceous oxidation; and, residual slow carbonaceous oxidation (Figure 5.5). Of the 

five stages identified, COD reduction during the anaerobic degradation stage of this 

study was most notably different from the previous study.  
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The recorded CODt removal rate in the Feed Reactor during the anaerobic degradation 

stage in the present study (N2O emission) was over twice that in the previous study 

(Table 5.1). One explanation for this was the higher PO4
3+-P release rate in the Feed 

Reactor during the anaerobic phase. A higher P release by phosphorus accumulating 

organisms (PAOs) under anaerobic conditions in the present study utilised more easily 

biodegradable organic carbon (measured in terms of COD) resulting in a steady 

reduction in CODt concentrations in the bulk fluid in the Feed Reactor during the 

anaerobic phase. Table 5.1 summarises the noted variances between this study and the 

previous study during the anaerobic phase. 

 

Table 5.1 Comparison of COD removal and P release kinetics in the Feed Reactor 
during the anaerobic phase in the present study and previous study  

 N2O emission study 
(present study) 

Previous study 
(Chapter 4) 

CODt removal  CODt = -0.74 t + 759 a CODt = -0.34 t + 981 b 
PO4

3--P release rate (µg PO4
3--P/l·min) 113 c 24.0 d 

PO4
3--P/CODt  (g PO4

3--Preleased/g CODt removed) 0.15 0.07 
PO4

3--P uptake rate (µg PO4
3--P/l·min) 78.3 c 54.0 d 

Notes: a Figure 5.5 (0 < t < 360); b Equation 4.6, Chapter 4; c Section 5.3.2; d Section 4.4.5, Chapter 4 

 

 
Figure 5.5 Profiles of CODt and PO4

3--P during the phase study (FR = Feed Reactor; DR = 
Discharge Reactor) 
 

CODt = -0.74 t + 759
R² = 0.95

0

10

20

30

40

50

60

0

200

400

600

800

1000

1200

0 100 200 300 400 500 600 700 800 900

PO
43-

-P
 (m

g/
l)

CO
D t

(m
g/

l)

Time (minutes)

CODt and PO4
3--P  typical phase study profile 

COD - FR COD - DR COD - mixed PO4-P - FR PO4-P - DR PO4-P - mixed

Aerobic (mixed bulk fluid)Anaerobic



 
Chapter 5  Nitrous oxide emission investigation 

 86 

For CODt reduction in the aeration dilution stage, dilution volumes differed in this study 

as a lower average feed volume was observed due to a combination of biofilm growth 

and a slight adjustment to the fill level in the Feed Reactor (5.3 l in this study versus 6.4 

l in the previous study). The volume of treated wastewater remaining in the Discharge 

Reactor after the draw phase was unchanged for both studies. Prior to the aerobic 

dilution stage, a lower volume containing the high CODt concentrations was present in 

the Feed Reactor. When bulk fluid circulation started at the beginning of the aerobic 

phase, the ratio of the low strength wastewater volume (in the Discharge Reactor) to the 

high strength wastewater volume (in the Feed Reactor) was greater than that in the 

previous study.  

 

5.3.2 Orthophosphate-phosphorus 

Good PO4
3--P release was observed in the Feed Reactor during the anaerobic phase 

where PO4
3--P concentrations increased from a low of 15 mg/l (about 30 minutes after 

the fill phase when DO in the bulk fluid was depleted and anaerobic conditions were 

fully established) to over 50 mg/l by the end of the anaerobic phase (Figure 5.5). This 

represented a release rate of 113 µg PO4
3--P/l·min (Table 5.1) or 6.78 mg PO4

3--P/l·hr 

and compares well with that recorded by Wu (2008) (6.8 mg PO4
3--P/l·hr) when treating 

a similar strength influent in a laboratory-scale PFBR. The higher P release rate in this 

study when compared to the previous study (Table 5.1) could be explained by the 

presence of a larger number of PAOs. The laboratory-scale PFBR had been operating 

for a longer period (i.e., operation continued after the previous study) prior to this 

reported phase study being carried out. This would have resulted in further enrichment 

of the PAOs. 

 

In the aerobic phase as the bulk fluid was mixed and circulated between the two reactors, 

P uptake was only seen to begin after sufficient oxygen was available for the PAOs. 

Figure 5.10 demonstrates the low DO concentrations in the bulk fluid during the initial 

aerobic period. For the remainder of the aerobic phase, P was steadily taken into the 

PAOs cells until a final effluent concentration of 9.9 mg PO4
3--P/l was achieved 

representing a removal efficiency of 50% - improved slightly from the previous study 
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(removal efficiency of 43%). The rate of P uptake by the PAOs was also higher with 

78.3 µg PO4
3--P/l·min taken into the PAO cells during the aerobic phase of this study 

compared with a maximum of 54.0 µg PO4
3--P/l·min in the previous study. As with P 

release, this can be explained due to further PAO enrichment in system from the 

previous study.  

 

5.3.3 Nitrogen  

Little nitrogen activity was found during the anaerobic phase with all monitored 

nitrogen parameters remaining largely unchaged in both reactors (Figure 5.6). Only a 

slight reduction in NO3
--N was recorded in the Discharge Reactor during the anaerobic 

phase; this reduction was more pronounced in the previous study. While definite NO3
--

N reduction was observed in the Feed Reactor during the anaerobic phase in the 

previous study (at a rate of 0.01 mg NO3
--N/l·min), the NO3

--N concentration during 

this study was close to zero for the entire anaerobic phase. The lower effluent NO3
--N 

concentration after the aerobic phase from the preceeding operational cycle in this study 

may have contributed to a lower NO3
--N concentation after the fill phase when 

compared to the same treatement cycle period during the previous study. 

 

 
Figure 5.6 Nitrogen phase study profile (Note: Feed Reactor TNf and NH4

+-N data are plotted on 
the secondary Y-axis; FR = Feed Reactor; DR = Discharge Reactor) 
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The detailed monitoring of DO in this study resulted in the obsevation of different DO 

profiles in the Feed and Discharge Reactors when bulk fluid circulation between the two 

reactors started at the begining of the aerobic phase. After the initial aeration dilution 

stage, rapid denitrification was observed as NO3
--N was quickly depleted, as can be 

seen from Figure 5.6. This coincided with low DO in the Discharge Reactor during this 

period (see Section 5.4.2.2) allowing NO3
- to be used as an electron acceptor in the 

denitrification process. As a consequence, the TNf concentrations were reduced 

significantly during this period.  

 

As the overall DO concentrations in both reactors increased after the initial aeration 

stage, NH4
+-N was oxidised and ultimately converted to NO3

--N through the 

nitrification process where complete nitrification was achieved after about 300 minutes 

of aeration. 

 

5.4 Nitrous oxide monitoring 
 

Dissolved N2O and O2 concentrations in the bulk fluid were monitored under two main 

operating conditions:  

1. normal operating conditions when the laboratory-scale PFBR was treating the high-

strength synthetic domestic wastewater; and,  

2. operating clean reactors filled with clean tap water containing soluble N2O, where 

all biomass had been removed. 

In the second case, the mass transfer coefficients, K, and N2O emission rates due to 

molecular diffusion and enhanced diffusion through bulk fluid circulation were 

determined, while in the first case N2O generation and emission rates when treating 

wastewater were calculated.  

 

5.4.1 N2O monitoring using a clean N2O solution 

Prior to the commencement of the clean water monitoring experiment, all reactor tanks, 

pumps, pipes and media modules in the laboratory-scale PFBR were thoroughly cleaned 
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of all biomass (including biofilm and settled sludge). The monitoring took place during 

two operational conditions: quiescent (equivalent to the anaerobic phase); and bulk fluid 

circulation (namely pumping water between the two reactors, equivalent to the aerobic 

phase). During quiescent periods, the water levels in both reactors were at the half way 

points, each containing volumes of 12.6 l and 13.0 l, respectively. The N2O saturation 

solution was obtained by bubbling N2O gas into a conical flask containing 250 ml of tap 

water for 10 minutes. From this N2O saturated solution, 5 ml was taken and added to 

one of the aforementioned clean volumes in a separate tank and mixed to achieve a bulk 

fluid N2O concentration of about 10 µM. 

5.4.1.1 Quiescent clean water monitoring 

The decrease in dissolved N2O concentrations in the clean N2O solution due to 

molecular diffusion was monitored in the laboratory-scale PFBR while conditions were 

quiescent and similar to that experienced in both Feed and Discharge Reactors during 

the anaerobic phase. Molecular diffusion can be seen as the natural diffusion of a gas 

from a high concentration (i.e., quiescent N2O supplemented clean water) to a low 

concentration (i.e., atmospheric air).  

 

As both reactors had identical geometry and were clean, measurements were taken from 

one reactor only. Monitoring began after the N2O supplemented tap water was added to 

a clean, empty reactor and continued until the dissolved N2O concentration in the water 

reached 0 µM N2O (Figure 5.7).  
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Figure 5.7 Quiescent clean water N2O monitoring 

 

Dissolved N2O concentrations in the supplemented tap water were logged for about 20 

hours until the dissolved N2O had been fully depleted. ‘Spikes’ in the logged data, 

where readings temporarily left the overall trend, were encountered due to: (i) the 

sensitivity of the sensors and surrounding electronic interference; and (ii) the duration 

of continuous logging. The circular data points in Figure 5.7 were used to represent the 

overall trend of N2O emission (via molecular diffusion) to the atmosphere under 

quiescent conditions; these data points were also used in calculating the mass transfer 

coefficient due to molecular diffusion, Km-dif  (Section 5.5.1).  

5.4.1.2 Bulk fluid circulation clean water monitoring 

The decrease in dissolved N2O concentrations due to enhanced diffusion was also 

monitored during bulk fluid circulation periods in the laboratory-scale PFBR, i.e., when 

the bulk fluid was alternately pumped from one reactor to the other. Enhanced diffusion 

can be seen as the additional diffusion effect caused by the pumping of water between 

the two reactors.  

 

Initially, one reactor (in which the N2O sensor was installed, i.e., monitoring reactor) 

was full with N2O supplemented tap water with a dissolved N2O concentration of 10 

µM N2O, while the second reactor was empty. The water was pumped between the two 

reactors in the same manner as during the aerobic phase when the PFBR was treating 
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wastewater. The troughs in the logged data plot (Figure 5.8) indicate exposure of the 

sensor during periods when the monitoring reactor was drained.  

 

 

Figure 5.8 Profile of dissolved N2O in clean water during bulk fluid circulation  

 

The circular data points in Figure 5.8 represent the stabilised dissolved N2O 

concentrations reached each time the monitoring reactor was filled during the bulk fluid 

circulation period. These data points were used in calculating the mass transfer 

coefficient due to enhanced diffusion, Ke-dif (Section 5.5.1). As the water was circulated 

between the two reactors, the dissolved N2O was rapidly emitted to the atmosphere 

through enhanced diffusion as: (i) when discharged into each reactor, the circulation 

water was directed onto a splash plate positioned at a height of about 50 mm above the 

top water level (Figure 3.1, Chapter 3); and (ii) the resultant film of water across the top 

of each reactor provided a large surface area for enhance diffusion to occur. 

5.4.2 Monitoring under normal operating conditions 

When the laboratory-scale PFBR was operated under a normal pseudo steady-state 

(described in Section 5.3), dissolved N2O and DO bulk fluid concentrations were 

measured in each reactor separately with readings taken every 0.5 seconds. This high 

resolution measurement provided a detailed view of N2O and DO concentration profiles 

in the reactors during a full treatment cycle. 
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5.4.2.1 Feed Reactor  

After the fill phase, the dissolved N2O concentrations in the Feed Reactor bulk fluid 

initially increased quickly to around 3 µM, then increased steadily to and levelled at 

between 5 and 6 µM before reaching a high of 6.6 µM, and then gradually decreased to 

about 0.5 µM by the end of the anaerobic phase (Figure 5.9). The scale of increase in 

dissolved N2O concentrations during this period was unexpected as no nitrate was 

detectable in the bulk fluid. One explanation for the detection of N2O may be that NO3
--

N (although not detectable in the bulk fluid) remained inside the biofilm and was 

denitrified in-situ due to the presence of easily biodegradable carbon. The decrease of 

soluble N2O towards the end of the anaerobic phase probably resulted from the 

reduction of N2O to N2 by heterotrophic denitrifying bacteria.  

 

 

Figure 5.9Profiles of dissolved N2O and DO in the Feed Reactor 
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During the initial aerobic phase, the dissolved N2O concentrations increased quickly 

and this is further discussed in Section 5.4.2.3. For the remaining aerobic period, the 

dissolved N2O concentrations fell gradually to zero by the end of the aerobic phase. 

This residual dissolved N2O in the bulk fluid can be attributed to the oxidisation of 

NH4
+-N to NO3

--N as nitrification was occurring during this period; the dissolved N2O 

concentration can be seen to reduce coinciding with the depletion of NH4
+-N after about 

300 minutes of aeration. 

5.4.2.2 Discharge Reactor  

While anaerobic conditions were established in the Feed Reactor, anoxic conditions 

prevailed in the Discharge Reactor. Little soluble N2O was detected in the Discharge 

Reactor during this phase (Figure 5.10). Although there was NO3
--N present in the bulk 

fluid (about 7 mg NO3
--N/l), no noticeable denitrification seemed to occur (probably 

due to the lack of organic carbon) resulting in the corresponding low concentrations of 

soluble N2O in the bulk fluid.  
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Figure 5.10 Profiles of dissolved N2O and DO in the Discharge Reactor 

 

As the bulk fluid in both reactors was circulated at the beginning of the aerobic phase, a 

similar N2O profile was observed in the Discharge Reactor as in the Feed Reactor for 

this period. This initial aerobic period is further discussed in Section 5.4.2.3 for both 

Feed and Discharge Reactors. As with the Discharge Reactor, the reducing residual N2O 

concentrations in the circulated bulk fluid, as measured in the Feed Reactor, for the 

remainder of the phase was attributed to the enhanced diffusion of dissolved N2O from 

the water to the air and coincided with the full depletion of NH4
+-N after about 300 

minutes of aeration. 
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5.4.2.3 Discussion 

As the bulk fluid from both reactors was combined at the beginning of the aerobic phase, 

a number of processes occurred simultaneously in both reactors. In the Discharge 

Reactor, the DO remained low for the initial aerobic period (Minutes 360 - 410, Figures 

5.11a) suggesting that there was a substantial utilisation of O2 during that period. The 

DO in the Feed Reactor during the initial aerobic period however, rose quickly to an 

average of about 4.5 mg DO/l. This was consistent with that observed by Wu et al. 

(2009) in the Feed Reactor when conducting a study on P removal in a laboratory-scale 

PFBR using similar wastewater. 

 

From Figures 5.5 and 5.6, COD, NH4
+-N and NO3

--N are seen to decrease 

simultaneously during this period. Both carbonaceous oxidation and nitrification were 

likely to occur in the Discharge Reactor where DO was utilised. Denitrification also 

occurred during this period as NO3
--N in the bulk fluid decreased. The detection of 

dissolved N2O in the bulk fluid in both reactors confirmed this.  

 

 
Figure 5.11 Profiles of dissolved N2O (a) and DO (b) during the initial aerobic period in 
the Discharge Reactor 
 

The dissolved N2O concentration in the bulk fluid at the end of the treatment cycle was 

0 µM meaning that the PFBR would not discharge soluble N2O into receiving water 

bodies.   

 

(a) (b) 
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5.5 N2O emission and generation rates 

 

5.5.1 Mass transfer coefficients 

The mass transfer coefficients, K, associated with N2O emissions from the water to the 

atmosphere were determined for both quiescent and bulk fluid circulation conditions 

using a linear equation (Equation 5.1): 

ONe KCr
2

−=         [Eq. 5.1] 

where, re is the N2O emission rate (µM/min); CN2O is the soluble N2O concentration (µM); and, K is the 

mass transfer coefficient (min-1).  

 

In the clean water monitoring experiment where N2O generation was nil, re was equal to 

the accumulation rate of N2O in the bulk fluid, 
dt

dC ON2 , which is shown in Figures 5.12a 

and 5.12b. In quiescent conditions, the mass transfer coefficient due to molecular 

diffusion, Km-dif, was calculated as 0.002 min-1 (R2
 = 0.49, Figure 5.12a) for clean water. 

The statistical significance, P, was calculated to be 0.015 indicating that the correlation 

between the two parameters was very significant (P < 0.05), and the calculated 

parameter (Km-dif) can be used for the following calculations. In bulk fluid circulation 

conditions, the mass transfer coefficient due to enhanced diffusion, Ke-dif, was calculated 

as 0.16 min-1 (R2 = 0.99, Figure 5.12b).  
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Figure 5.12 N2O emission rate versus concentration for (a) quiescent and (b) bulk fluid 
circulation conditions 
 

From the calculated mass transfer coefficients, Ke-dif was found to be 80 times as much 

as Km-dif showing that N2O emissions through enhanced diffusion in the aerobic phase 

played a major role in the overall N2O emission in the laboratory-scale PFBR.   

 

5.5.2 N2O emission, accumulation and generation 

The amount of N2O emitted during the quiescent and bulk fluid circulation conditions 

can be calculated separately using the following equation: 

∫−=
2

1

t

t
edtrVQ         [Eq. 5.2] 

where, Q is quantity of N2O emitted from t1 to t2 in mg; V is the volume of the bulk fluid. 

 

The emission rates, re, for quiescent and bulk fluid circulation states in the Feed and 

Discharge Reactors while operating under normal steady-state conditions when treating 

the synthetic wastewater were calculated using the mass transfer coefficients (Km-dif and 

Ke-dif, respectively, Equation 5.1). N2O emission (Q) was quantified using Equation 5.2.  
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The accumulation rate of N2O with respect to time (t) can be described by the following 

equation (Equation 5.3): 

dt
dC

r ON
c

2=         [Eq. 5.3] 

where, rc is the accumulation rate of N2O in the bulk fluid in µM/min.  

The rate of N2O generation in the reactors can then be expressed with the following 

mass balance equation: 

rg = rc - re         [Eq 5.4] 

where, rg is the N2O generation rate in µM/min. 

 

Once the generation rate was calculated, the amount of N2O generated within the 

reactors during a normal treatment cycle was quantified using the following equation: 

∫=
2

1

t

t
gdtrVG         [Eq. 5.5] 

where, G is the overall amount of N2O generated from t1 to t2 in mg; V is the volume of the bulk fluid. 

 

Details on the N2O emission and generation amounts in an operation cycle are given in 

Table 5.2. The total quantity of N2O emitted was found to be almost exactly the amount 

generated, i.e., when the laboratory-scale PFBR was operating in qseudo steady-state, 

any N2O generated was emitted.  

 

Table 5.2 Quantities of N2O generated and emitted in the laboratory-scale PFBR in an 
operation cycle 

N2O generation and 
emission Units Conditions a 

Total Quiescent Mixed 
Generation: G mg N2O b 1.14 21.33 22.47 

Emission: Q mg N2O b -1.19 c -21.55 c -22.74 c 

Notes: a data from the Feed and Discharge Reactors were combined to give overall figures for the 
laboratory-scale PFBR; b mg N2O calculated using an average influent volume of 5.3 l/cycle and a 
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molecular weight for N2O of 44.01 g/mol; c the negative sign indicates the diffusion of N2O from the 
system to the air. 
 

As noted in the Section 5.3.3 above, little nitrogen removal was noted in both the Feed 

and Discharge Reactors during the quiescent anaerobic phase. This can also be seen 

from the figures presented in Table 5.2 which shows that about 5% of the total N2O 

emitted during the treatment cycle occurred during the anaerobic phase. N2O was 

therefore mainly generated and emitted during the initial aerobic phase when 

heterotrophic bacteria under micro anoxic conditions denitrified NO3
--N available and 

during the remaining aerobic phase when the AOBs oxidised NH4
+-N to NO2

--N.     

 

A total of about 22.74 mg N2O was emitted from the laboratory-scale PFBR (Table 5.2) 

when operating under pseudo steady-state conditions, equating to about 14.5 mg N (i.e., 

N2O-N). Filtered TN (TNf) was removed from the laboratory-scale PFBR at an 

efficiency of 93% (128 mg TNf/l or 678 mg N removed at an average influent volume of 

5.3 l/cycle). This equates to 2.1% TNf removed as N2O-N. The N2O emission rate for 

the laboratory-scale PFBR compare well with literature (as presented in Table 5.3). 

 

Table 5.3 Nitrous oxide emission comparisons 

% TN inf 
as N2O-N 

% TN 
removed as 
N2O-N 

TN Inf   

(TN removed) 
Process Wastewater Reference 

2.0% 2.1% 
137 mg/l  
(128 mg/l) 

PFBR 
(laboratory) 

Domestic 
(synthetic) This study 

2.7% 3.5% 
69 mg/l  
(53 mg/l) 

SBR 
(laboratory) 

Domestic 
(synthetic) 

Liu et al., 
2008 

0.6% 0.6% 
79 mg/l  
(1.2 mg/l) 

SBR 
(laboratory) 

Domestic 
(semi-
synthetic) 

Zhang et 
al., 2010 

- 1.0-7.1% 
47-58 mg/l  
(12-18 mg/l) 

SBR (full-
scale) Municipal Foley et al., 

2010 

0.5%-
>20% - 1,800 mg NH4

+-
N/l 

SBR 
(laboratory) 

High strength 
(synthetic) 

Itokawa et 
al., 2001 

>50% - - SBR 
(laboratory) 

Domestic 
(synthetic) 

Lemaire et 
al., 2006 
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5.6 Summary 

 
A laboratory-scale PFBR was monitored to determine nitrous oxide generation and 

emission while operating under pseudo steady-state conditions. N2O and O2 

microsensors were installed in the Feed and Discharge Reactors with readings 

continuously logged for the duration of a number of treatment cycles. Mass transfer 

coefficients (K) were calculated when operating a clean laboratory-scale PFBR using 

clean water with dissolved N2O in quiescent and bulk fluid circulation conditions (Km-dif 

= 0.002 min-1 and Ke-dif = 0.16 min-1, respectively); the mass transfer coefficients were 

then used to calculate the overall quantity of N2O generated in (G) and emitted from (Q) 

the laboratory-scale PFBR. In an operation cycle while treating a high strength synthetic 

domestic wastewater, G was calculated as 22.47 mg N2O and Q was calculated as 22.74 

mg N2O). It was determined that 2.0% influent TN was removed through N2O emission, 

comparing very well with other SBR laboratory-scale systems treating 

domestic/municipal wastewater. 
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CHAPTER SIX 
 

Field-scale pumped flow biofilm reactor at the  
NUI Galway Water Research Facility  

 
 

6.1 Introduction 

 

A field-scale pumped flow biofilm reactor (PFBR) was installed as part of the NUI 

Galway Water Research Facility (WRF, see Chapter 3), located at the 25,000 population 

equivalent (PE) Galway County Council Wastewater Treatment Plant (TWWTP), Tuam, 

Co. Galway. The field-scale PFBR’s performance was examined while treating a 

wastewater side-stream originating from a medium sized Irish town with some 

industrial activity. The TWWTP also received leachate from a nearby municipal waste 

landfill. 

 

The field-scale PFBR comprised primary settlement and secondary treatment, and was 

designed and constructed using findings from previous laboratory and field studies 

(O’Reilly 2005; O’Reilly et al., 2008a; Rodgers et al., 2006; Zhan et al., 2006) and EPA 

guidelines (EPA, 1999). A side-stream of the influent wastewater (comprising a mixture 

of municipal wastewater and landfill leachate) entering the TWWTP was pumped to the 

WRF with effluent returning prior to the TWWTP primary settlement tanks. Extensive 

monitoring equipment, such as dissolved oxygen (DO), oxidation-reduction potential 

(ORP) and pH probes, and flow and energy meters, was also installed in the field-scale 

PFBR allowing detailed analysis of set parameters to be carried out. All monitoring and 

control equipment was combined in one programmable logic controller (PLC) with a 

human machine interface (HMI). 

 

In this chapter, the performance of the field-scale PFBR at the WRF was examined in 

two studies:   
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• Study 1: 100-day study operating at 200 PE with the inclusion of a dedicated 

anaerobic period followed by an aerobic period to encourage the establishment 

of enhanced biological phosphorus removal (EBPR) (Setting 1), and at 164 PE 

without a dedicated aerobic period (Setting 2). In Study 1, the cycle duration 

was controlled at about 430 minutes (431±2.1 minutes in Setting 1 and 428±2.5 

in Setting 2); and, 

• Study 2: 34 day study operating at 161 PE with an anoxic period followed by an 

aerobic period to encourage nitrogen removal. The cycle duration in Study 2 was 

464±6.0 minutes 

 

 

6.2 Material and methods 

 

6.2.1 System set-up 

The field-scale PFBR installed at the NUI Galway WRF comprises: Primary Settlement 

Tanks 1 and 2; Balance Tank; Feed and Discharge Reactors; and, a Clarifier. As in the 

laboratory-scale studies, the two linked reactor tanks (Feed and Discharge Reactors) 

were located side-by-side and each contained stationary plastic biofilm media modules. 

At any one time, no more than one reactor volume of water was in the two-tank reactor 

system. During aeration periods, water was cycled between the reactors using gravity 

and hydraulic pumps, thereby alternately exposing the biofilm in each reactor to 

wastewater and atmospheric air as the reactors were filled and emptied, respectively. 

The detail of the treatment system is described in Section 3, Chapter 3. 

 

The field-scale PFBR operated as a sequencing batch biofilm reactor (SBBR) type 

process; typical treatment phases in use during Studies 1 and 2 are detailed in Table 6.1. 

Combining these phases and introducing rest periods could allow the user to achieve 

organic carbon, suspended solids, nitrogen, and phosphorus removal. During Study 1 

(100 days), the field-scale PFBR was operated and examined during 2 different 

operational settings; Setting 1 for 48 days and Setting 2 for 52 days. Both settings used 

the following treatment phases: fill/draw; aerate; and settle (Table 6.1). An anaerobic 
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period was included in the treatment cycle during Setting 1 to encourage the 

establishment of phosphorus accumulating organisms (PAOs) within the system. After 

the initial 48 days (Setting 1), the operation was changed to optimise nitrification 

(Setting 2). During Study 2 (34 days), the field-scale PFBR was operated with a 

combination of anoxic and aerobic phases in the treatment cycle to further encourage 

nitrogen removal (Table 6.1).   

 

The field-scale PFBR was controlled by a PLC which allowed the users to vary control 

parameters such as: pumping durations; water levels; pause times; and aeration cycle 

counts. The PLC also received signals from a number of DO, ORP and pH probes 

installed at three different depths in each reactor. This data was used to generate DO, 

ORP and pH concentration profiles during individual treatment cycles.   
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Table 6.1 Description of the treatment process in Studies 1 and 2 for the field-scale PFBR (biofilm media not shown for clarity) 

Phases Description Study 1a Study 2a 

Initial set-up Two reactor tanks (DR and FR) were located side-by-side: DR was full and FR was empty at the start 
of a treatment cycle (Study 1); DR and FR were both half full with treated wastewater (Study 2).   

       DR    FR 
 

        DR    FR 

Fill/Draw Simultaneously, treated effluent was discharged from DR and settled influent wastewater was pumped 
into FR.    

Anaerobic b Influent wastewater remained quiescent in FR to encourage anaerobic conditions to develop. 
 

- 

Anoxic  The mixture of treated wastewater and influent wastewater remained quiescent in FR to encourage 
anoxic conditions to develop. - 

 

Aerobic c 

Equalisation A motorised valve was opened allowing water from DR to flow by gravity into FR. - 
 

Transfer to DR The water in FR was pumped to FR. The water remained quiescent in DR for 9 
minutes.  

Equalisation A motorised valve was opened allowing water from DR to flow by gravity into FR. 
 

Transfer to FR The remaining water in DR was pumped to FR where it remained quiescent in FR for 
9 minutes.  

Equalisation A motorised valve was opened allowing water from FR to flow by gravity into DR. 

 
Settle Water was pumped to DR and remained quiescent for a brief settlement period (Study 1). 

Water remained quiescent for a brief settlement period (Study 2).   
Notes: a Discharge Reactor (DR) shown on left side and Feed Reactor shown on right side; b anaerobic phase was included for only Setting 1 in Study 1; c aerobic steps 

were repeated a number of times (to complete an aeration circulation cycle) during each treatment cycle (see Table 6.2) 
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6.2.2 System operation 

Study 1 of the field-scale PFBR comprised two separate experimental regimes, 

Setting 1 and Setting 2, while Study 2 comprised a single regime. Table 6.2 

presents the operation conditions for both studies. Municipal wastewater was 

pumped to Primary Settlement Tank 1 at regular intervals from TWWTP and 

flowed by gravity to Primary Settlement Tank 2 and then to the Balance Tank. 

Settled influent wastewater was pumped from the Balance Tank to the Feed 

Reactor at the beginning of each treatment cycle.  

 
Table 6.2 Field-scale PFBR operation conditions (standard deviations) 

Parameter Units 
Study 1 

Study 2 Setting 1 Setting 2 
Study duration days 48 52 34 
   Fill/Draw time minutes 8  9 12 
   Anaerobic time minutes 134  0 n/a 
   Anoxic time minutes n/a n/a 60 
   Aerobic time minutes 275  398 360 
   No. of Aerobic Cycles No. of cycles 5 7 8 
   Settle time  minutes 14  21 30 
Total cycle time  minutes 431 (2.1)  428 (2.5) 462 (6.0) 
     

Average daily flow  m3/d 29.2 (2.8) 26.4 (1.6) 24.8 (1.0) 
Average volume/cycle m3 8.74 7.85 7.95 
Reactor volume  m3/reactor 20.56 20.56 20.56 
Hydraulic retention time  days 1.41 1.56 1.63 
Average organic loading rate a g BOD5/m2∙d  1.37 1.25 1.81 
Per capita BOD5 loading b PE 200 164 161 
Note: a a total media surface area of about 4250 m2 was provided in Feed and Discharge Reactors; 

b using Primary Settlement Tank 1 BOD5 data and 60 g/PE ∙d 
 

One of the main differences between Settings 1 and 2 in Study 1 (Table 6.2) was 

the absence of an anaerobic period and the increased aeration time in Setting 2 – 

398 minutes versus 275 minutes in Setting 1. An anoxic phase was substituted 

into the treatment cycle during Study 2, achieved by altering the initial conditions 

in the reactors before the fill/draw phase (Table 6.1). The average cycle durations 

for Study 1 (Settings 1 and 2) and Study 2 were 431, 428 and 462 minutes, 
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respectively. The aeration times were determined by considering the hydraulic and 

corresponding organic loading rates applied to the field-scale PFBR. 

 
Throughout Studies 1 and 2, daily wastewater samples were taken from the 

Balance Tank at the beginning of a treatment cycle and from the Discharge 

Reactor at the end of the corresponding settlement phase using refrigerated 

automatic samplers. Grab samples were also taken from Primary Settlement 

Tanks 1 and 2 with samples analysed in accordance with the standard procedures 

(APHA et al., 2005; Appendix B) for the following parameters: 5-day 

biochemical oxygen demand (BOD5), chemical oxygen demand (COD), 

ammonium-nitrogen (NH4
+-N), nitrite-nitrogen (NO2

--N), nitrate-nitrogen (NO3
--

N), orthophosphate-phosphorus (PO4
3--P) and suspended solids (SS).  

 

Three phase studies were conducted during Study 1: one during Setting 1 and two 

during Setting 2. One phase study was undertaken during Study 2. During the 

phase studies, samples were taken at frequent intervals during the individual 

treatment cycles and tested for the aforementioned parameters (except for the 

phase study during Study 2 where only NH4
+-N, NO3

--N and NO2
--N were tested). 

DO, ORP and pH profiles for the four phase studies were also recorded using the 

PLC. Water temperature was not monitored during these studies. 

 

All data from the field-scale PFBR studies are presented in Appendix F. 

 

6.3 Overall results 

 

6.3.1 Organic Carbon 

Organic carbon was analysed as BOD5 (influent samples), carbonaceous BOD5 

(cBOD5 effluent samples) and total and filtered COD (CODt and CODf, 

respectively) and the data are presented in Figures 6.3a and 6.3b. The CODt (125 

mg/l) and cBOD5 (25 mg/l) indicators in Figures 6.3a and 6.3b are the European 
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Union Urban Wastewater Treatment Directive (EU UWWTD, Directive 

91/271/EEC) discharge limits for municipal wastewater.  

   

 
Figure 6.3 Influent and effluent organic carbon during Study 1 (a) and Study 2 (b) 
(Influent samples were taken from the Balance Tank and effluent sample were taken from the Discharge 
Reactor) 
 

In Study 1, the absence of the anaerobic phase and increased aeration time during 

Setting 2 showed an improved performance in the average BOD5 removal with a 

removal efficiency of 88%, compared with 74% during Setting 1. In Setting 2, 

between Days 70 and 100, the average effluent cBOD5 and CODt concentrations 

were 14 mg/l and 50 mg/l, representing removal efficiencies of 94% and 80% 

(Table 6.3), respectively.  
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In Study 2, a more uniform performance in terms of BOD5 removal was achieved 

with average effluent BOD5 concentrations below the EU UWWTD limit of 25 

mg BOD5/l for the 34-day study period and an average removal efficiency of 95% 

recorded.   

 

Table 6.3 Average influent and effluent organic carbon concentrations during 
Studies 1 and 2 a (units in mg/l) 

   BOD5 Total COD Filtered COD 

Study 1 

Setting 1 
Influent b 199 (79) 262 (42) 187 (48) 
Effluent c 43 (5) 86 (17) 66 (10) 

% removal 74% 67% 65% 

Setting 2 
Influent b 201 (63) 208 (60) 112 (51) 
Effluent c 24 (15) 69 (21) 41 (15) 

% removal 88% 67% 63% 

Study 2 
Influent b 279 (92) 310 (47) 144 (41) 
Effluent c 13 (6) 62 (18) 33 (10) 

% removal 95% 80% 77% 

Note: a standard deviations given in parenthesis; b samples taken from the Balance Tank; c samples 
taken from the Discharge Reactor at end of a treatment cycle  
 

When the organic carbon values from Primary Settlement Tank 1 were considered 

the performance of the PFBR system as a whole (including primary settlement) 

was evaluated. Removal efficiencies for CODt and BOD5 increased to 87% and 

90%, and 86% and 94% for Settings 1 and 2 (Study 1), respectively. Similarly, for 

Study 2, removal efficiencies for CODt and BOD5 were 82% and 96%, 

respectively. This represented organic loading rates for the PFBR system as a 

whole of 2.8 and 2.3 g BOD5/m2∙d for Settings 1 and 2 (Study 1), respectively and 

2.3 g BOD5/m2∙d for Study 2. The field-scale PFBR consistently complied with 

the EU UWWTD discharge limit for COD of 125 mg/l and after operation 

optimisation during Setting 2 (and during the entire Study 2) was able to meet the 

BOD5 discharge limit of 25 mg/l. The improved performance in BOD5 removal 

during Study 2 was attributed to two factors: (i) longer aeration duration (360 

minutes) in a treatment cycle during Study 2 in comparison to Setting 1, Study 1 

(275 minutes); and (ii) the quantity of leachate being processed by TWWTP was 

reduced during Study 2.   

  



 
Chapter 6  Field-scale pumped flow biofilm reactor 
    

 109 

6.3.2 Nitrogen 

In Study 1, the additional aeration time provided during Setting 2 resulted in an 

increase in the nitrification efficiency. Little NO3
--N was evident in the effluent 

during Setting 1 (Figure 6.4a) where average DO concentrations were lower 

during the aeration phase than in Setting 2 (see DO profiles in Figure 6.10). 

Efficient NH4
+-N removal was achieved in Setting 2 with an average removal 

efficiency of 72% (Table 6.4a). This efficiency improved between Days 70 and 

100 with an average removal efficiency of 80% achieved.  

 

 
Figure 6.4 Influent and effluent nitrogen during Study 1 (a) and Study 2 (b) (Influent 
samples were taken from the Balance Tank and effluent sample were taken from the Discharge Reactor) 
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In Study 2, an average overall reduction of 60% NH4
+-N was achieved (Figure 

6.4b) with an improved performance observed during the last 10 days of operation 

(average removal of 70%).  

   

Definitive denitrification rates were undetermined during Studies 1 and 2 as no 

total nitrogen data was available. However, it was reasonable to assume that some 

denitrification occurred due to the high NH4
+-N removals and relatively low NO3

--

N concentrations in the effluent. It may be possible that simultaneous nitrification 

and denitrification (SND) was occurring within the biofilm; with no total nitrogen 

data, it was difficult to quantify.  

 
Table 6.4 Average influent and effluent nitrogen concentrations during Studies 1 
and 2 a (units in mg/l) 

   NH4
+-N NO3

--N 

Study 1 

Setting 1 
Influent b 34.7 (9.9) 0 (0.02) 
Effluent c 20.9 (4.9) 0.93 (0.57) 

% removal 40% - 

Setting 2 
Influent b 24.7 (5.8) 0.03 (0.06) 
Effluent c 7.0 (3.0) 3.12 (0.97) 

% removal 72% - 

Study 2 
Influent b 32.0 (8.5) 0.03 (0.12) 
Effluent c 12.9 (4.8) 3.25 (1.23) 

% removal 60% - 

Note: a standard deviations given in parenthesis; b samples taken from the Balance Tank; c samples 
taken from the  Discharge Reactor effluent 
 

6.3.3 Orthophosphate-phosphorus 

One of the initial aims of Study 1 was to examine the performance of the field-

scale PFBR at removing phosphorus through enhanced biological phosphorus 

removal (EBPR). However, as could be seen from Figure 6.5, little or no 

phosphorus removal occurred during the period when the anaerobic phase was in 

effect (i.e., Setting 1), with an average PO4
3--P removal of 18% recorded. Not 

having seeded the plant with an external sludge containing phosphate 

accumulating organisms (PAOs) may be the major reason for poor PO4
3--P 

removal. During the laboratory-scale study presented in Chapter 4, it was found 
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that the sufficient enrichment of PAOs under controlled conditions took a 

relatively long time (> 80 days). Other contributing factors for the lack of PAOs 

enrichment could be attributed to: (i) landfill leachate in the influent; and, (ii) the 

DO concentration during the ‘anaerobic’ phase not reaching zero until after 100 

minutes (Figure 6.10). Operating the field-scale PFBR for a longer period and 

having initially seeded the reactors with sludge containing PAOs may allow PAOs 

to develop within the reactors. If the influent wastewater contains a higher readily 

biodegradable organic carbon level, it may aid in the reduction of DO during the 

‘anaerobic’ phase. No PO4
3--P data was collected during Study 2. 

 

 
Figure 6.5 Influent and effluent orthophosphate-phosphorus during Study 1 (Influent 
samples were taken from the Balance Tank and effluent sample were taken from the Discharge Reactor) 
 

Where effluent P concentrations need to be reduced to meet discharge standards, a 

number of options are available that can be readily added-on the PFBR system. 

These include: iron salts or lime dosing on discharge from the Discharge Reactor 

to precipitate P; and use of adsorbents such as iron oxide coated resins, zeolite, etc.  

6.3.3 Suspended solids (SS) 

Excellent SS removals were achieved in Setting 2 of Study 1, and in particular, at 

the end of Setting 2 (between Days 70 and 100), when an average effluent 

concentration of 14 mg SS/l and an average removal efficiency of 79% were 

achieved in comparison with 53 mg SS/l and 40% during Setting 1 and 22 mg/l 
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and 70% during Setting 2 as a whole (Figure 6.6). The average effluent SS 

concentrations during the last 40 days of Setting 2 remained well within the EU 

WWTD discharge limit for SS of 35 mg/l.  

 

 
Figure 6.6 Influent and effluent suspended solids during Study 1 (a) and Study 2 
(b) (Influent samples were taken from the Balance Tank and effluent sample were taken from the Discharge 
Reactor) 
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order to demonstrate the sequencing batch reactor element of the PFBR process 

(i.e., the possibility of operating without a separate clarifier).  

 

6.4 Phase studies 
Three phase studies (PS 1, 2 and 3) were undertaken during Study 1 of the field-

scale PFBR: one during Setting 1 (PS 1, Day 37); and, two during Setting 2 (PS 2, 

Day 83 and PS 3, Day 99). During these phase studies, wastewater samples were 

taken at regular intervals from both Feed and Discharge Reactors and analysed for 

COD, NH4
+-N and NO3

--N; data for each Phase Study is presented in Appendix F. 

DO, ORP and pH profiles were also recorded during each phase study with 

readings logged every 5 minutes.   

 

One phase study was carried out at the end of Study 2 when NH4
+-N, NO3

--N and 

NO2
--N were measured. 

 

6.4.1 Organic Carbon 

Limited COD was removed in PS 1 during the anaerobic phase while the bulk 

fluid in the Feed Reactor remained quiescent. As the bulk fluid from both reactors 

was mixed and DO concentrations increased, a 50% reduction in CODt was 

recorded during the aerobic phase. CODf removal occurred throughout PS 1 with 

a 40% removal efficiency observed. Organic carbon removal in the field-scale 

PFBR occurred quickly in Setting 2 when the anaerobic phase was removed and 

replaced with additional aeration time. During PS 2, 71% CODf and 62% CODt 

were removed during the first 22 minutes of the treatment cycle (Figure 6.7) as 

sufficient oxygen was available for the heterotrophic bacteria to effectively 

oxidise the organic carbon in the bulk fluid. Overall, 77% CODt and 76% CODf 

was removed during PS 2. No COD data was available for PS 3 but it could be 

assumed that the PS 3 COD profile would be similar to PS 2 due to having similar 

nitrogen profile trends. 
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Figure 6.7 COD profiles for PS 1 and 2 during Study 1 (the vertical line represents the 
end of the anaerobic phase for PS 1 only) 
 

6.4.2 Nitrogen 

A clear improvement in NH4
+-N removal was evident from the three phase studies 

conducted during Study 1 (Figure 6.8). In PS 2 and 3, NH4
+-N was seen to be 

removed in two distinct periods; initial aeration stage (first 60 minutes), and 

remaining aeration stage (remaining cycle time). NH4
+-N was rapidly reduced as 

the organic carbon was depleted in the initial aeration stage. The supply of oxygen 

to the biofilm after the fill phase and the simultaneous reduction in organic carbon 

allowed the nitrifying autotrophic bacteria to oxidise NH4
+-N. This was most 

effective during PS 3 where the final NH4
+-N concentration at the end of the 

treatment cycle was 0.5 mg/l representing a 97% NH4
+-N removal efficiency, 

compared with 41% for PS 1, and 76% for PS 2. The NH4
+-N oxidation and 

nitrification rates are summarised in Table 6.5. Similar nitrification trends from 

Figure 6.8 show that nitrification was well established on Day 83 (PS 2, where the 

NO3
--N formation rate was 0.006 mg NO3

--N/l∙min) and was confirmed during the 

phase study on Day 99 (the NO3
--N formation rate was 0.009 mg NO3

--N/l∙min). 

The presence of landfill leachate in the influent wastewater may have inhibited the 

growth of nitrifying bacteria in the PFBR. 
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Figure 6.8 Nitrogen profiles phase studies during Study 1 (a) and Study 2 (b) (the 
vertical line represents the end of the anaerobic phase for PS 1 only)  
 

Similar nitrification rates were observed during Study 2 (Figure 6.8b) as in PS 3 

of Study 1 in which the NO3
--N formation rate was 0.01 mg NO3

--N/l∙min (the 

NO3
--N formation rate 0.009 mg NO3

--N/l∙min during PS 3 in Study 1) 

corresponding to a NH4
+-N removal efficiency of 82%. 

 

Quantitative denitrification was undetermined during the phase studies as no total 
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and 3. For the remaining aeration stage, there was a reduction in the sum of NH4
+-

N + NO3
--N + NO2

--N from 14 to 10 mg N/l in PS 2 and from 9 to 6 mg N/l in PS 

3. This latter reduction could be due to denitrification. Henze, et al. (2002) 

reported that denitrification could occur in biofilms while aerobic conditions 

prevail in the bulk fluid as NO3
--N may penetrate deeper into the biofilm than 

oxygen in locations within a reactor where the bulk fluid DO concentrations were 

higher than the bulk fluid NO3
--N concentrations. Biesterfield et al. (2003) 

reported anoxic layers within biofilms in trickling filters even when aqueous O2 

concentrations were as high as 5 mg O2/l. Particularly in the lower sections of the 

field-scale PFBR reactors, the biofilm was exposed less frequently to the 

atmosphere and anoxic conditions would be easily formed.  

 
Table 6.5 Summary of NH4

+-N reduction and NO3
--N increase rates from Studies 

1 and 2 (Figure 6.8a and 6.8b) 

N removal process 
 

 Derived relationships R2
  

Rates 
(mg/l·min
) 

NH4
+-N reduction  

(initial aeration phase) Study 1 
PS 2:  NH4

+-N = -0.18 t + 21.7 0.87 -0.18 
PS 3:  NH4

+-N = -0.25 t + 16.2 0.95 -0.25 

NH4
+-N reduction  

(aeration phase) 
Study 1 

PS 2:  NH4
+-N = -0.019 t + 13.0 0.99 -0.019 

PS 3:  NH4
+-N = -0.014 t + 6.6 0.95 -0.014 

Study 2 NH4
+-N = -0.020 t + 13.1 0.98 -0.02 

NO3
--N increase 

(aeration phase) 
Study 1 

PS 2:   NO3
--N = 0.007 t + 1.2 0.94 -0.007 

PS 3:  NO3
--N = 0.01 t + 2.3 0.93 -0.01 

Study 2 NO3
--N = 0.01 t + 1.30 0.93 -0.01 

 

6.4.3 Sensor probe analysis 

A set of DO, ORP and pH sensor probes was installed near the top, in the middle, 

and near the bottom of each reactor (corresponding to a high, mid and low probe 

in the description below) to measure the concentrations of DO, ORP and pH in the 

bulk fluid. Both the high and mid probes in the two reactor tanks were exposed to 

atmospheric air each time water was transferred from one reactor to the other. The 

low probe remained submerged in water throughout the treatment cycle. Figure 
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6.9 gives typical readings taken from the set of probes in the Feed Reactor during 

the PS 2 treatment cycle (Study 1) in which no anaerobic phase was included.  

 

Figure 6.9 Typical DO, ORP and pH profiles for one treatment cycle in Feed 
Reactor (PS 2, Study 1) 
 

In order to present the bulk fluid parameters during a phase study, the lower 

readings of each probe were used to represent the lowest average parameter level 

recorded (Figure 6.10). An upwards trend in DO and ORP was generally noticed 

for all phase studies during Study 1 as the treatment cycle progressed through the 

aeration phase; the increase in the DO and ORP in the bulk fluid corresponded to 
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decreased organic carbon and NH4
+-N concentrations in the reactors. In the above 

example, the wastewater was transferred between the reactors seven times. The 

average lowest reading between transfers for each set of probes is presented for all 

three Study 1 phase studies in Figure 6.10. Complete probe data sets for each 

Phase Study are presented in Appendix F. 

 

During PS 1, due to an overall shorter aeration duration (with the inclusion of the 

anaerobic phase), the average DO concentrations remained lower throughout the 

treatment cycle than in PS 2 and PS 3 with an average of 3 mg DO/l in the bulk 

fluid by the end of the treatment cycle. For PS 2 and 3, there was a slight decrease 

in average DO concentrations in the first 120 minutes. This can be attributed to 

the fact that as the bulk fluid was transferred between the reactors, complete 

mixing would only have been achieved after at least 3 transfers (as per the 

laboratory-scale PFBR in Section 4.4.2.3, Chapter 4) with one transfer taking 

about 30 minutes. For the remainder of the aerobic phase, DO increased as the 

COD and NH4
+-N concentrations were reduced. The increases in the bulk fluid 

DO concentration between the phase studies coincided with increased NH4
+-N 

reductions and NO3
--N increases. A similar trend to DO was observed for ORP. 

The rate of increase in DO concentrations during the aerobic phase was similar in 

PS 1 - 3 and can be described by the following equations: 

DO ave PS 1 = 0.008 t + 2.32  (R2 = 0.99)  [Eq. 6.1] 

DO ave PS 2 = 0.01 t - 0.44  (R2 = 0.99)  [Eq. 6.2] 

DO ave PS 3 = 0.008 t - 1.30  (R2 = 0.99)  [Eq. 6.3] 

where DO ave is the average lowest DO concentration during the aerobic phase for PS 1 - 3 with 

respect to time, t, in minutes 

 

The optimum pH range for nitrification to take place is between 7 and 9 (Henze et 

al., 2002) with the maximum activity reported at a pH of 8.2 in a submerged 

biofilter (Villaverde et al., 1997). The pH recorded during the phase studies was 
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within this range (at the lower end). In PS 1, a stable pH reading was observed 

during the anaerobic phase with the pH increasing due to mixing in the aerobic 

phase. Some nitrification was observed towards the end of the aerobic phase 

coinciding with a slight decrease in pH. In PS 2, a decrease in pH was observed 

consistent with the fact that pH would decrease when nitrification was occurring. 

However, no decrease in pH was observed during PS 3 when nitrification was 

occurring at its highest rate with NO3
--N being formed at a rate of 0.01 mg NO3

--

N/l·min; this lack of a downward trend in pH was also observed during the Study 

2 phase study. The continuous alternate exposure and submergence of the pH 

probes may not allow for sensitive readings. 
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Figure 6.10 Average DO, ORP and pH profiles for PS 1, 2 and 3 during Study 1 
(the vertical line represents the end of the anaerobic phase for PS 1 only)  
 

During Study 2, the DO concentrations in the Feed Reactor during the anoxic 

period were close to zero, allowing anoxic conditions to develop (Figure 6.11). A 

steady increase in DO concentrations was observed during the aerobic phase and 

was found to be similar to those observed during Study 1 (Equations 6.1 - 6.3). 

The relationship between DO concentrations and time during Study 2 could be 

described with the following equation: 

DO ave = 0.008 t - 1.30
R² = 0.89

DO ave = 0.01 t - 0.44
R² = 0.99
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DO ave = 0.01 t -0.68   (R2 = 0.99)  [Eq. 6.4] 

where DO ave is the average lowest DO concentration during the aerobic phase with respect to time, 

t, in minutes 

As with Study 1, the ORP trends during Study 2 followed those of DO during the 

aerobic phases. 

 
 Figure 6.11 Average DO, ORP and pH profiles in the Study 2 phase study  

 
In theory, when full nitrification is achieved, it would be possible that these cost-

effective, robust sensors could be used to optimise plant control and thus achieve 

energy savings. Further studies could concentrate on reducing the high DO 

concentrations during PS 3 in Study 1 and in the phase study carried out during 

Study 2 while maintaining the treatment efficiency. This could be done by setting 

DO control points with the DO probes and the automatic control technology of the 

PFBR system. Alternatively, introducing rest periods during the aeration phase 

could achieve the same effect. 
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6.6 Energy, sludge observations and maintenance 

 

6.6.1 Energy consumption 

The recorded total energy consumption (kWh) by the field-scale PFBR system 

incorporating primary and secondary treatment included the energy utilised by the 

following system pumps: (i) a 1.5 kW foul pump; (ii) a 1.4 kW feed pump; (iii) 2 

x 2.4 kW circulation pumps; (iv) a 2.4 kW discharge pump; and (v) 3 x 1.0 kW 

sludge pumps. The energy consumption of the control equipment and probes were 

also monitored. Table 6.6 and Figures 6.12a and 6.12b present the energy usage 

data for the field-scale PFBR system with the detailed data set presented in 

Appendix F.  

 
Table 6.6 Energy usage data for the field-scale PFBR system in Studies 1 and 2 
(standard deviations) 

 Study 1 Study 2  Setting 1 Setting 2 
kWh/day 13.4 (1.0) 16.2 (1.1) 14.7 (1.0) 
kWh/PE·yr 24.5 35.8 33.3 
kWh/m3 treated 0.46 0.63 0.59 
kWh/kg BOD5 removed a 1.25 1.76 1.85 

 Note: a calculated using Primary Settlement Tank 1 BOD5 values 
 

With an energy usage of 0.46 – 0.63 kWh/m3 wastewater treated, or 1.25 – 1.85 

kWh/kg BOD5 removed, the PFBR is very competitive in terms of operational 

cost in comparison with, for example, oxidation ditches and activated sludge 

plants, whose energy consumption was 0.44 – 2.07 and 0.30 – 1.89 kWh/m3, 

respectively (as reported by Mizuta and Shimada, 2010). It is reasonable to 

assume that the energy efficiency of the PFBR would be further improved when 

operated at a larger scale and optimised in terms of the tank and pump design. 
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Figure 6.12 Daily energy and flow reading during Study 1 (a) and Study 2 (b) 

 

6.6.2 Flow 

Inflow volumes to the field-scale PFBR were logged every day using the PLC and 

flowmeter. During Study 1, a gradual decline in daily volumes was observed 

(Figure 6.12a) at a rate of 0.03 m3/day. For Study 2, a similar influent volume 

decline was also observed (0.04 m3/day, Figure 6.12b). Assuming all other 

variables remained largely unchanged during the study, these gradual reductions 

in daily inflow could be accounted for through biomass accumulation (i.e., biofilm 

growth and sludge accumulation at the base of the reactors). Therefore, overall 
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average Feed Reactor volume reductions of about 3 m3 in Study 1 (100 days of 

operation) and 1.4 m3 in Study 2 (34 days of opearion), respectively, were 

recorded due to biomass accumulation, resulting in Feed Reactor volume 

decreases of about 14% and 7%, respectively. No desludging took place during 

either study (Section 6.6.3); these figures suggest that desludging should take 

place on a more frequent basis to preserve the capacity of the reactors.  

 

6.6.3 Desludging 

During Study 1, sludge was removed from Feed and Discharge Reactors only 

after the 100-day study was concluded; the sludge was pumped to a sludge 

holding tank. No desludging took place during the study period. Estimates were 

made on the overall sludge production for the study period by considering the 

effluent volumes, effluent SS concentrations, the waste sludge volumes, and the 

waste sludge SS concentration when desludging took place. It was estimated that 

57.4 kg effluent SS exited in the effluent stream during the study when treating 

2,645 m3 municipal wastewater and 11.4 kg SS were removed from the Feed and 

Discharge Reactors due to desludging. This corresponds to an estimated sludge 

yield of about 0.13 g SS/g CODt removed and compares well with a reported average 

of 0.315 g SS/g CODt removed for 30 activated sludge plants from a study conducted 

by Ginestet and Camacho (2007). Low sludge production in the PFBR could be 

attributed to the low sludge yields usually associated with attached growth 

processes – a well established advantage of attached growth systems. 

 

6.6.4 Maintenance 

Due to the employment of no moving parts except for those in hydraulic pumps 

and the motorised valve, no maintenance was necessary on the plant equipment. 

Maintenance was only required to ensure that readings of the DO, ORP and pH 

sensors were not interfered by biofilm growth. Pumps are usually maintained on a 

bi-annual basis or when required. In discussions with various contractors and local 

authorities, the advantage of only having to maintain pumps has been highlighted 
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as a major advantage when compared to other decentralised wastewater treatment 

technologies.  

 

6.7 Summary 
 

During on-site studies treating municipal wastewater, a field-scale PFBR was 

operated and examined during two studies (Studies 1 and 2). During Study 1, two 

different operational settings were examined; Setting 1 for 48 days with the 

inclusion of anaerobic and aerobic phases, and Setting 2 for 52 days with an 

aerobic phase only. Study 2 was operated for 34 days using both anoxic and 

aerobic phases. A maximum BOD5 removal efficiency of 94% was achieved in 

Study 1 (Setting 2) corresponding to an average effluent concentration of 14 mg 

BOD5/l and a settled influent organic loading rate of 1.5 g BOD5/m2·d. An 

average BOD5 removal efficiency of 95% was observed for Study 2 

corresponding to a settled influent organic loading rate of 1.8 g BOD5/m2·d  

Excellent suspended solids removal was also achieved during both studies with 

average effluent values of 14 mg SS/l achieved in Study 1 and 9 mg SS/l in Study 

2. Average NH4
+-N removal efficiencies in Study 1 (Setting 2) and Study 2 of 80% 

and 82% were recorded, respectively. The average energy consumption was 0.46-

0.63 kWh/m3 wastewater treated and 1.25-1.85 kWh/kg BOD5 removed. The 

estimated sludge yield during Study 1 was 0.13 g SS/g CODt removed. The 

operation of the field-scale PFBR was problem-free during Studies 1 and 2. 
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CHAPTER SEVEN 
 

Conclusions 
 

7.1 Overview 
During this research study, the pumped flow biofilm reactor (PFBR), a wastewater 

treatment technology developed at NUI Galway for decentralised wastewater treatment, 

was examined at laboratory scale and field scale. The operation of the laboratory-scale 

PFBR was investigated for the following scenarios: (i) nutrient removal from high 

strength synthetic domestic wastewater with a high influent phosphorus concentration; 

and (ii) generation and emission of nitrous oxide (N2O). The field-scale PFBR was 

operated at the NUI Galway Water Research Facility (WRF) and tested over two study 

periods. Conclusions drawn from both laboratory and field scale studies are presented 

hereunder. 

 

7.2 Laboratory-scale PFBR study conclusions 

 

7.2.1 Laboratory-scale high strength synthetic wastewater study 

The laboratory-scale PFBR was operated while treating a high strength synthetic 

domestic wastewater containing a high phosphorus concentration in a 15-hour treatment 

cycle (5-minute fill phase, 355-minute anaerobic phase, 525-minute aerobic phase, 10-

minute settle phase, and 5-minute draw phase) and monitored for carbon, nitrogen and 

phosphorus removal over a study period of 195 days. The influent wastewater 

characteristics were as follows: CODt of 1333 ± 60 mg/l, TN of 135 ± 6.9 mg/l, NH4
+-N 

of 80 ± 14.8 mg/l and PO4
3--P of 29.9 ± 1.7 mg/l. The following conclusions were 

drawn: 

1. A 97% CODt removal efficiency was obtained at a biofilm media surface area 

organic loading rate of 3.4 g CODt/m2·d. During a treatment cycle, the highest 
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COD removal rate was up to 3.34 mg CODt/l·min during the initial rapid 

carbonaceous oxidation stage.  

2. At biofilm media surface area loading rates of 0.23 g TNf/m2∙d and 0.2 g NH4
+-

N/m2∙d, removal efficiencies of 99% and 82% were recorded for NH4
+-N and 

TNf, respectively, corresponding to average effluent concentrations of 0.5 mg 

NH4
+-N/l and 6 mg TNf/l. The highest NH4

+-N removal rate was 0.11 mg NH4
+-

N /l·min during the initial rapid oxidation stage. The maximum denitrification 

rate during this period was 0.09 mg NO3
--N /l·min. 

3. Average removal efficiencies for PO4
3--P were recorded at 43% along with the 

maximum P release and uptake rates of 24 and 54 µg PO4
3--P/l·min, respectively, 

on Day 127 indicating that enhanced biological phosphorus removal was 

achieved. Also, it was concluded that by extending the aeration phase, additional 

P could be removed. The enrichment of PAOs occurred gradually in the PFBR 

system. 

 

7.2.2 Laboratory-scale nitrous oxide emission and generation study 

The generation and emission of N2O in the laboratory-scale PFBR was investigated 

while treating a high-strength synthetic domestic wastewater. N2O and O2 microsensors 

were installed in the Feed and Discharge Reactors with readings continuously logged in 

a number of treatment cycles. Mass transfer coefficients (K), describing the transfer of 

soluble N2O from the liquid phase to the atmosphere due to molecular diffusion in 

quiescent conditions and enhanced diffusion in bulk fluid circulation conditions, were 

calculated when operating a clean laboratory-scale PFBR using clean water containing 

soluble N2O. The overall generation (G) and emission (Q) of N2O in the PFBR treating 

synthetic wastewater was calculated. The following conclusions were drawn: 

1. Molecular diffusion (Km-dif) and enhanced diffusion (Ke-dif)  mass transfer 

coefficients were calculated as 0.002 min-1 and 0.16 min-1, respectively;  

2. The overall N2O generation in (G), and emission from (Q) the laboratory-scale 

PFBR in an operation cycle was calculated as 22.5 mg N2O and 22.7 mg N2O, 

respectively. It was determined that 2.0% of influent TN was removed through 
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N2O emission, comparing well with other SBR laboratory-scale systems treating 

domestic/municipal wastewater. 

 

7.3 Field-scale PFBR study conclusions 
A field-scale PFBR was installed as part of the NUI Galway Water Research Facility at 

a municipal wastewater treatment plant in Co. Galway. The field-scale PFBR’s 

performance was examined while treating a wastewater side-stream originating from a 

medium sized Irish town with some industrial activity during two studies (Studies 1 and 

2).  During Study 1, when the treatment cycle duration was about 430 minutes, two 

different operational settings were examined; Setting 1 for 48 days with the inclusion of 

anaerobic (134 minutes) and aerobic (274 minutes) phases, and Setting 2 for 52 days 

with an aerobic phase (398 minutes) only. Study 2 was operated for 34 days with a 

treatment cycle duration of 462 minutes, using both anoxic (60 minutes) and aerobic 

(360 minutes) phases. The following conclusions were drawn: 

1. At an influent organic loading rate of 1.5 g BOD5/m2·d, a maximum BOD5 

removal efficiency of 94% was achieved in Study 1 (Setting 2) with an average 

effluent concentration of 14 mg BOD5/l. An average BOD5 removal efficiency 

of 95% was achieved for Study 2 with an average effluent concentration of 13 

mg BOD5/l at an influent organic loading rate of 1.8 g BOD5/m2·d. 

2. Excellent suspended solids removal was achieved during both studies with 

average effluent values of 14 mg SS/l achieved in Study 1 and 9 mg SS/l in 

Study 2.  

3. The maximum NH4
+-N average removal efficiencies were 80% and 82% in 

Study 1 (Setting 2) and Study 2, respectively.  

4. Average energy requirements of 0.46-0.63 kWh/m3 treated wastewater and 1.25-

1.85 kWh/kg BOD5 removed, were recorded for Studies 1 and 2.  

5. The estimated sludge yield during Study 1 was 0.13 g SS/g CODt.  

6. Operation of the field-scale PFBR was problem free during Studies 1 and 2. The 

use of hydraulic pumps and motorised valve as the only process equipment 

proved to be energy efficient and have a low maintenance requirement. 
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7.4 Recommendations for further research 

1. A dynamic mathematical model of the PFBR should be developed to aid future 

design work on the PFBR. An effective model would allow: (i) process 

designers develop the PFBR for a range of influent types; and, (ii) users to 

examine the effects of varying influent concentrations and operation conditions 

on the performance of existing PFBR systems. 

2. The PFBR’s ability to treat industrial and agricultural waste streams (such as 

landfill leachate, slaughter-house wastewater, etc.) should be investigated at 

laboratory and field scales. 

3. The effects of varying water temperature should be studied at laboratory and 

field scale to determine how effective the PFBR is in nitrogen and phosphorus 

removal in periods of temperature fluctuation and low temperature (i.e. during 

winter).  

4. A full-scale PFBR is currently being built at a village in Ireland to cater for a 

design load of 1,000 PE. This plant will operate as a full commercial installation 

and will be managed by the author for a period of time before being handed over 

to the local authority. Utilising a dual-stream process, the full-scale PFBR has 

been designed based on previous laboratory and field scale studies to achieve an 

effluent discharge standard of 5 mg BOD5/l, 5 mg SS/l, 5 mg NH4
+-N/l and 1 mg 

PO4
3--N/l. Research on efficient P removal will be carried out through the 

enrichment of PAOs and/or through dosing with iron salts. 

5. Development work on the optimisation of the PFBR hydraulics will lead to the 

achievement of higher energy efficiencies. Pump design and selection play an 

important role in ensuring the low cost operation of the PFBR. Reactor tank 

design and orientation could also further improve efficiencies. 
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GLOSSARY OF TERMS 
 
 

3G  Third generation 
BOD5  5-day biochemical oxygen demand 

AP  Aerobic Phase 
ASF-BR  Air suction flow biofilm reactor 

APFSBBR  Alternating pumped flow sequencing batch biofilm reactor 
APSBBR  Alternating pumped sequencing batch biofilm reactor 

APHA  American  
NH4

+  Ammonium 

SNH4   ammonium + ammonia nitrogen  
NH4Cl  Ammonium chloride 

AOB  Ammonium oxidising bacteria 
NH4

+-N  Ammonium-nitrogen 

AnB  Anaerobic biodegradation 
AnP  Anaerobic Phase 
A/D  Analogue/digital 
ave  Average 
Qdi  Average daily volume treated 

BOD  Biochemical oxygen demand 
A  Biofilm media surface area 

BA  Biofilm media surface area loading rate 
BS  British Standards 

CaCl2·6H2O  Calcium chloride hexahydrate 
CO2  Carbon dioxide 

cBOD5  carbonaceous 5-day biochemical oxygen demand 
COD  Chemical oxygen demand 
CODf  Chemical oxygen demand, filtered 
CODt   Chemical oxygen demand, total 

Cl  Chloride 
CSO  Combined sewer overflow 

d  Days 
DR   Discharge Reactor 
SI,N   dissolved inert organic nitrogen  

SPO4   dissolved inorganic orthophosphate phosphorus  
Sp-P   dissolved inorganic polyphosphate phosphorus  

Sorg.P   dissolved organic phosphorus  
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DO  Dissolved oxygen 
DWF  Dry weather flow 

Eff  Effluent 
EBPR  Enhanced biological phosphorus removal 

Ke-dif  Enhanced diffusion 
EQS   Environmental quality status 

EC  European Commission 
EEC  European Economic Community 

EU  European Union 
FR  Feed Reactor 

FeCl3  Ferric Chloride 
FePO4  Ferric orthophosphate 

FeSO4·7H2O  Ferrous sulphate heptahydrate 
f  Fill  

FISH  Fluorescence in-situ hybridisation 
GCC  Galway County Council 
GWP  Global warming potential 
GLY  Glycogen 

g  grams 
HFBR  Horizontal flow biofilm reactor 

hr  hours 
HMI  Human machine interface 

Inf   Influent 
Si  Influent parameter concentration 

COi  Initial rapid carbonaceous oxidation 
IPCC  Intergovernmental Panel on Climate Change 
EPA   Irish Environmental Protection Agency 

kg   kilograms 
kW  Kilowatt 

kWh   Kilowatt hour 
l   litres 

MgSO4·7H2O  Magnesium sulphate heptahydrate 
MnSO4·H2O  Manganese sulphate monohydrate 

K  Mass transfer coefficient 
m   metres 

mg   milligrams 
Mm   Millimetres 

Km-dif    Molecular diffusion 
NUI   National University of Ireland 
NO3

-  Nitrate 
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SNOX   nitrate + nitrite nitrogen  
NO3

--N   Nitrate-nitrogen 

NO  Nitric oxide 
NO2

-   Nitrite 

NOB  Nitrite oxidising bacteria 
NO2

--N  Nitrite-nitrogen 

N   Nitrogen 
N2O  Nitrous oxide 

rc  Nitrous oxide accumulation rate  
Q  Nitrous oxide emission 
re  Nitrous oxide emission rate  
G   Nitrous oxide generation 
rg  Nitrous oxide generation rate 

Yobs  Observed sludge yield 
OCC  Offaly County Council 
PO4

3-  Orthophosphate 

PO4
3--P  Orthophosphate-phosphorus 

µ P release  Orthophosphate-phosphorus release rate with respect to time 
µ P uptake  Orthophosphate-phosphorus uptake rate with respect to time 

ORP  Oxidation-reduction potential 
O2  Oxygen 
S  Parameter concentration 

PS  Phase study 
PAO  Phosphate accumulation organism 

P  Phosphorus 
PHA   Polyhydroxyalkanoates 

PP  Polyphosphate 
PHB   Poly-β-hydroxybutyrates 
PHV  Poly-β-hydroxyvalerates 

PE  Population equivalents 
KHCO3  Potassium bicarbonate 

PLC  Programmable logic controller 
PFBR  Pumped flow biofilm reactor 

r  Residual bulk fluid 
COr  Residual slow carbonaceous oxidation stage 

RBD  River Basin District 
STRIVE  Science, Technology, Research and Innovation for the Environment 

Sec  Seconds 
SBBR  Sequencing batch biofilm reactor 
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SBR  Sequencing batch reactor 
SND  simultaneous nitrification and denitrification 

Y  Sludge yield coefficient 
CH3COONa·3H2O  Sodium acetate trihydrate 

C6H7NaO6  Sodium ascorbate  
NaHCO3  Sodium bicarbonate 

NaOH  Sodium hydroxide 
Na2HPO4·12H2O  Sodium phosphate dibasic dodecahydrate 

CN2O  Soluble nitrous oxide concentration 
P  Statistical significance 

S.I.   Statutory Instrument 
XS,N   suspended easily degradable organic nitrogen  
XI,N   suspended inert (organic) nitrogen  

Xorg.P  suspended organic phosphorus 
SS  Suspended solids 

t  Time 
td  Time in days 

TN   Total Nitrogen 
CTN   total nitrogen  
TNf  Total nitrogen, filtered 
TNt  Total nitrogen, unfiltered 
TP   Total Phosphorus 

CTP   total phosphorus  
TSS  Total suspended solids 

TWWTP  Tuam Wastewater Treatment Plant 
UK  United Kingdom 

US EPA  United States Environmental Protection Agency 
USA  United States of America 

UWWTD  Urban Wastewater Treatment Directive 
CH4N2O  Urea 

VS  Volatile solids 
VSS  Volatile suspended solids 

V  Volume 
WFD  Water Framework Directive 
WRF  Water Research Facility 
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A.1 Treatment and monitoring of nutrients, odour and sludge at
a small-town demonstration wastewater treatment system

O’Reilly, E.1*, Clifford, E.1, Rodgers, M.2 and O’Donoghue, P.1
1 Civil Engineering NUI GALWAYeoghan.clifford@nuigalway.ie (* corresponding author);

edmond.oreilly@nuigalway.ie

2 Rodgers Morgan Environmental Ltd, Galway michaelrodgers64@gmail.com

EPA STRIVE Final Project Report (2006-ET-LS-12-M3) in press

EXECUTIVE SUMMARY

The treatment of wastewater from small towns with population equivalents (PEs)
in the range 200 – 5,000 PE gives rise to problems different to those encountered
in the treatment of wastewater from larger conurbations. While the physical,
chemical and biological processes can be similar for small and large population
systems, it may be necessary, due to, for example, large flow and concentration
variations, to design small-town systems differently to ensure that they work
efficiently, economically and with minimum supervision. In order to develop
design guidelines for sustainable small-town treatment systems, it was considered
necessary to construct a facility capable of examining proprietary and novel
technologies that: (i) are simple, robust and cheap to build and operate; (ii) can
remove organic carbon, nutrients (nitrogen (N) and phosphorus(P)), solids,
odours, microorganisms, fats, oils, greases, and recalcitrant compounds (slowly or
non biodegradable compounds such as antibiotics, pesticides and hydrocarbons)
from typical Irish wastewater streams to high standards; (iii) treat resultant
sludges on-site or locally; and, (iv) can be monitored and controlled remotely.
Such a facility was proposed, designed, constructed, commissioned and operated
by researchers in Civil Engineering, NUI Galway – at Galway County Council’s
Tuam Wastewater Treatment Plant (TWWTP) – and is known as the NUI
Galway/EPA Water Research Facility (WRF).
In this study, the WRF treated a controllable portion of the municipal wastewater
entering TWWTP. The Pumped Flow Biofilm Reactor (PFBR) system – a
wastewater technology previously invented and developed by the project team –
was installed and operated at the WRF, and was tested under a series of biological
and hydraulic loading rates to establish optimum operating conditions for
achieving high quality secondary treatment. Maximum 5-day biochemical oxygen
demand (BOD5), suspended solids (SS) and ammonium-nitrogen (NH4-N)
removals of 96 %, 93 % and 88 %, respectively, were achieved giving average
effluent concentrations of 12 mg BOD5/l, 11 mg SS/l and 4.7 mg NH4-N/l. A
number of other novel waste, water and wastewater treatment technologies were
also installed at the WRF. These technologies included a single house wastewater
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treatment system; a sludge woodchip filter system; a new small/medium scale
wastewater treatment system; and a tertiary treatment system. The performances
of these technologies are also described in this report. The WRF now has the
potential to treat the influent wastewater to non-potable reuse standards.

The WRF is a world class infrastructure for research and technology development.
Some of the main features of the facility include:
• access to raw wastewater allowing for technologies to be trialled for primary,

secondary and tertiary wastewater treatment. The treatment facility can
process up to 50 m3/day of wastewater;

• the PFBR can be accessed, monitored and controlled remotely and in real
time;

• an ideal site for testing new sensors and analysers for water and gaseous
contaminant monitoring. Such sensors can be tested on wastewaters at various
stages of treatment;

• an ideal facility for piloting (i) new SMART monitoring, control and alarm
systems, (ii) web based platforms, and (iii) cost effective telemetry systems
for decentralised water and wastewater treatment facilities;

• a unique and highly flexible mobile remote monitoring centre (MRMC) can be
deployed to technologies on site or can be leased for use elsewhere. The
system can provide real-time, in-situ and remote measurement of water,
wastewater and gaseous parameters. The research team have real-time access
to data from the MRMC thus allowing instantaneous feedback on process
efficiency;

• access to wastewater sludge allowing new sludge treatment methods to be
tested;

• an easily accessible site at Tuam, Co. Galway;
• samples are regularly taken and monitored and can be tested at the

Environmental Engineering Laboratories, NUI Galway; and,
• experienced NUI Galway research staff to operate and maintain the research

facility.

The NUI Galway/EPA WRF provides a unique research facility with advantages
that include: (i) increased opportunities for successful research funding proposals;
(ii) world class applied and fundamental research; (iii) education and training of
graduate, postgraduate and post doctoral researchers; (iv) increased collaboration
between industries, research and policy institutes third level institutions; (v)
public education and technical education and training of stakeholders; (vi) high
profile dissemination (including via international peer reviewed journal and
conference publications, trade publications and broadcast media) of issues
regarding water, wastewater and environmental technologies; (vi) policy
planning; (vii) developing and testing novel indigenous environmental
technologies and products; and, (viii) attracting visiting academics and students
from leading international institutions.

Abstract associated with Chapters 3 and 6.
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A.2 A unique full scale water research facility for applied and
fundamental research, technology development, education
and public outreach

Eoghan Clifford1,* Edmond O’Reilly1 and Michael Rodgers2

1 Civil Engineering NUI GALWAYeoghan.clifford@nuigalway.ie (* corresponding author);

edmond.oreilly@nuigalway.ie

2 Rodgers Morgan Environmental Ltd, Galway michaelrodgers64@gmail.com

Abstract
At present in Europe, there is a need, driven mainly by EU environmental
legislation, for sustainable, robust and economic water, wastewater and sludge
treatment technologies. Furthermore these technologies are required to be
increasingly energy efficient, employ new monitoring and control techniques and
have reduced maintenance. This will present many opportunities for the water and
wastewater industries, cognate companies and research organisations. Local
authorities, universities and other stakeholders will also be required to educate and
train students and staff in the use and operation of new technologies.
To meet these challenges NUI Galway, with funding from the EPA, and support
from Galway County Council, have developed the NUI Galway/EPA Water
Research Facility (WRF). The WRF is a full-scale test bed for innovative
wastewater and water treatment technologies and comprises a full-scale
wastewater treatment plant (treating up to 50 m3/day), a tertiary treatment facility
(treating up to 2 m3/hr) capable of supporting a number of technologies such as
automatic sand filtration, activated carbon systems, chlorine dosing, UV etc., and
remote operating, monitoring and control processes.

Keywords
Water Research Facility, WRF, educational facility, full-scale test bed, technology
development, water and wastewater infrastructure

Invited for oral presentation at the ICEE International Conference on
Engineering Education, 21-26th August 2011. Belfast, Northern Ireland.

Abstract associated with Chapter 3
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A.3 Operation of a full-scale pumped flow biofilm reactor (PFBR)
under two aeration regimes

E. O’Reilly1 *, M. Rodgers1 and E. Clifford1

1 College of Engineering and Informatics, National University of Ireland, Galway (NUI Galway),
University Road, Galway, Ireland

* corresponding author: edmond.oreilly@nuigalway.ie; +353 91 492762

ABSTRACT
A novel wastewater treatment technology suitable for centralised and
decentralised wastewater treatment has been developed, extensively tested at
laboratory-scale, and trialled at a number of sites for populations ranging from 15
– 400 population equivalents (PE). The two-reactor-tank pumped flow biofilm
reactor (PFBR) is characterised by: (i) its simple construction; (ii) its ease of
operation and maintenance; (iii) low operating costs; (iv) low sludge production;
and (v) comprising no moving parts or compressors, other than hydraulic pumps.
By operating the system in a sequencing batch biofilm reactor (SBBR) mode, the
following treatment can be achieved: 5-day biochemical oxygen demand (BOD5),
chemical oxygen demand (COD) and total suspended solids (TSS) reduction;
nitrification and denitrification. During a 100-day full-scale plant study treating
municipal wastewater and operating at 165 PE and 200 PE (Experiments 1 and 2,
respectively), maximum average removals of 94 % BOD5, 86 % TSS and 80 %
ammonium-nitrogen (NH4-N) were achieved. During the latter part of Experiment
2, effluent concentrations averaged: 14 mg BOD5/l; 32 mg CODfiltered/l; 14 mg
TSS/l; 4.4 mg NH4-N/l; and 4.0 mg NO3-N/l (nitrate-nitrogen). The average
energy consumption was between 0.46 – 0.63 kWh/m3

treated or 1.25 – 1.76
kWh/kg BOD5 removed. No maintenance was required during these experiments.
The PFBR technology offers a low energy, minimal maintenance technology for
the treatment of municipal wastewater.

KEYWORDS
Pumped flow biofilm reactor; decentralised wastewater treatment; attached
growth; nitrification; denitrification; low energy requirement.

Water Science and Technology (Accepted, March 2011)

Abstract associated with Chapter 6
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A.4 Municipal wastewater treatment using a full-scale pumped
flow biofilm reactor (PFBR)

E. O’Reilly1, E. Clifford1 and M. Rodgers1

1 Civil Engineering, National University of Ireland, Galway (NUI Galway), University Road,
Galway, Ireland (E-mail: edmond.oreilly@nuigalway.ie; eoghan.clifford@nuigalway.ie;
michael.rodgers@nuigalway.ie)

ABSTRACT
A novel wastewater treatment technology, suitable for centralised and
decentralised wastewater treatment and known as a pumped flow biofilm
reactor (PFBR), has been developed and patented in the National
University of Ireland, Galway (NUI Galway). This two-reactor-tank
technology has been extensively tested at laboratory-scale and trialled at a
number of sites for populations ranging from 15 – 400 population
equivalents (PE). Hydraulic pumps are used to cycle the wastewater from
one reactor tank to the other. A biofilm process, the system is
characterised by: (i) its ease of operation and maintenance; (ii) low
operating costs; (iii) low sludge production; and (iv) comprising no
moving parts or compressors, other than hydraulic pumps. Aeration is
achieved by alternately exposing the biofilm (attached to plastic media
modules) in each of the two reactor tanks to atmospheric air, thereby
eliminating the need for forced aeration. By operating the system in a
sequencing batch reactor (SBR) mode, the following treatment can be
achieved: 5-day biological oxygen demand (BOD5), chemical oxygen
demand (COD) and suspended solids (SS) reduction; nitrification and
denitrification. During an 80-day full-scale plant study operating at 150 PE
treating municipal wastewater, average removals of 97 % BOD5, 95 % SS
and 81 % ammonium-nitrogen (NH4-N) were achieved. Effluent
concentrations averaged: 8 mg BOD5/l; 45 mg COD/l; 5 mg SS/l; 6 mg
NH4-N/l; and 5 mg NO3-N/l (nitrate-nitrogen). The average energy
consumption was 16 kWh/day – or about 0.6 kWh/m3 treated.

Keywords: Pumped flow biofilm reactor; decentralised wastewater treatment; attached growth;
nitrification; denitrification.

Presented by the 1st author at the WEF/IWA Biofilm Reactor Technology Conference
2010, Portland Oregon, USA. 15th – 18th August 2010.
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B.1 Analytical methods

The analytical methods and procedures used for examination of contaminants under

consideration during the course of the study are presented below.

B1.1 5-day biochemical oxygen demand (BOD5)

BOD5 was measured in accordance with the Standard Methods for the Examination

of Water and Wastewater (1995), 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 tablets were used in the

procedure and the results are given in units of mg B0D5/l.

B.1.2 Chemical oxygen demand (COD)

COD was measured in accordance using the Closed Reflux Titrimetric Method in

accordance with the Standard Methods for the Examination of Water and Wastewater

(1995), method 5220-C. Volumes of potassium dichromate (K2Cr2O2) and ferrous

ammonium sulphate (FAS) reagents were made for both high (0 - 1000 mg/l) and low

(0 - 400 mg/l) range samples. The sulphuric acid reagent and the ferrion indicator

reagent used were the same for both high and low range tests. Results are given in

units of mg COD/l.

B.1.3 Dissolved oxygen (DO)

DO was measured using a Wissenschaftlich Technische Werkstatten (WTW) model

CellOx 325 electrode which was connected to a WTW 330 meter. The probe was

inserted into samples as soon as they were taken from the sheets. The probe was

calibrated before each use. Results are given in units of mg O2/l.
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B.1.4 Nitrogen

B.1.4.1 Total nitrogen (TN)

TN is the total amount of nitrogen present in a sample. It was measured using the

HACH TNT Persuphate Digestion Method (method 10071) with the HACH DR/2000

spectrophotometer. Results are expressed in mg TN/l.

B.1.4.2 Ammonium-nitrogen (NH4
+-N)

NH4
+-N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient

Analyser. 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.

B.1.4.3 Nitrite-nitrogen (NO2
--N)

NO2
--N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient

Analyser. 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.

B.1.4.4 Nitrate-nitrogen (NO3
--N)

NO3
--N was measured using a Thermo Clinical Labsystems, Konelab 20 Nutrient

Analyser. The principle behind the analysis is the 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
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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.

B.1.5 Orthophosphate-phosphorus (PO4
3--P)

PO4
3--P was measured 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 conditions to

form a complex 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 absorbance is proportional to the amount of orthophosphate in the sample.

Reagents were made up in the laboratory and the Konelab before use on each given

day. The results are presented in mg PO4
3--P/l.

B.1.6 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 (1995), method 2540-D.
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C.1 Fill and anaerobic phases

Laboratory

C1

C.1 Fill and anaerobic phases

Laboratory PLC program
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C.2 Aerobic phase
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C.3 Settle phase
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C.4 Discharge phase
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D.1.1 Laboratory-scale Nutrient Removal Study COD data

Day
Filtered

(mg/l)

Total

(mg/l)
Day

Filtered

(mg/l)

Total

(mg/l)
Day

Filtered

(mg/l)

Total

(mg/l)
Day

Filtered

(mg/l)

Total

(mg/l)

1 1082 1338 1 130 160 93 10 29 190 17 25
2 1330 1468 2 145 164 94 13 40 191 18 29
6 1128 1142 6 148 155 97 11 27 192 19 31

10 1033 1291 7 126 165 98 12 28 195 21 29
16 1068 1245 8 120 139 99 12 29
17 1003 1267 9 77 116 100 13 24
23 1119 1353 10 83 113 104 12 37
24 973 1390 13 120 150 105 14 31
31 1273 1408 14 117 303 106 14 27
56 1042 1359 15 83 143 107 12 35
64 1014 1303 16 107 164 108 14 33
65 1000 1299 17 89 198 111 13 32
66 971 1324 20 78 318 112 11 32
69 999 1418 21 72 307 113 19 29
70 948 1311 22 58 291 114 17 33
78 1001 1356 23 67 332 115 17 30
80 1023 1365 24 56 199 118 18 26
83 910 1315 27 50 190 119 16 31
93 1030 1326 28 45 137 120 15 34
98 1111 1260 29 41 114 121 16 37
99 1114 1312 30 41 125 122 23 39

111 1091 1220 31 42 134 125 20 32
113 999 1317 34 60 75 126 10 39
114 1024 1297 35 44 97 127 17 32
115 1079 1326 36 41 78 128 13 41
118 1102 1368 37 46 51 129 15 37
119 1117 1379 38 39 52 133 19 36
120 1039 1286 41 35 43 134 12 29
126 1073 1297 42 40 44 135 16 37
127 1096 1317 43 37 44 140 14 33
129 987 1264 44 37 75 141 12 28
133 973 1365 55 27 32 142 17 39
134 970 1351 56 29 33 143 22 43
135 1039 1362 63 16 44 146 29 45
140 1123 1259 65 12 17 147 30 47
142 1071 1346 66 14 19 148 31 50
146 1001 1410 69 25 38 149 26 43
148 986 1416 70 39 71 167 23 27
149 1069 1377 71 36 56 168 29 31
167 1089 1326 72 31 51 169 26 30
168 1096 1401 73 19 89 170 19 23
170 1102 1432 76 16 41 174 22 25
175 1097 1377 78 19 31 175 24 29
177 1126 1412 79 13 32 176 27 42
178 1117 1397 80 19 21 177 32 39
183 1011 1296 83 18 22 178 23 32
184 1132 1317 84 12 21 183 19 29
185 1069 1320 85 36 44 184 17 37
190 1037 1279 86 16 44 185 23 41
192 987 1299 90 11 28 188 19 35
195 1007 1302 91 9 30 189 21 27

Influent COD Effluent COD

D1
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D.1.2 Laboratory-scale Nutrient Removal Study TN data

Day
Filtered

(mg/l)
Day

Filtered

(mg/l)
Day

Filtered

(mg/l)

1 124 1 75 127 20
2 120 2 57 128 21

10 107 7 40 129 19
16 95 8 42 133 16
93 101 9 42 134 14
98 108 10 42 135 12
99 102 13 43 140 13

111 102 15 46 141 10
113 86 20 35 142 17
114 85 21 32 143 16
115 87 22 30 146 17
118 84 23 35 147 17
119 81 24 40 148 17
120 76 28 40 149 17
126 82 29 30 167 17
127 84 30 35 168 18
129 79 31 37 169 19
133 81 34 27 170 17
134 74 36 37 174 18
135 79 37 21 175 19
140 87 38 10 176 18
142 77 41 14 177 17
146 76 42 12 178 16
148 85 43 12 183 21
149 84 44 21 184 17
167 85 56 22 185 19
168 87 90 14 188 23
170 87 91 17 189 19
175 89 93 15 190 19
177 90 94 17 191 20
178 90 97 17 192 17
183 92 98 17 195 18
184 93 99 15
185 94 100 16
190 96 104 17
192 95 105 15
195 95 106 15

107 14
108 14
111 14
112 13
113 17
114 15
115 14
118 10
119 13
120 12
121 17
122 14
125 16
126 17

Influent TN Effluent TN

D2
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D.1.3 Laboratory-scale Nutrient Removal Study nitrogen data

Day
NH4

+-N

(mg/l)
Day

NO2
--N

(mg/l)
Day

NO3
--N

(mg/l)
1 103.00 1 0.00 1 0.15
2 63.97 2 0.00 2 0.52
6 82.01 6 0.00 6 1.46

10 53.88 10 0.54 10 3.60
16 57.22 16 0.23 16 3.70
17 108.66 17 0.14 23 1.10
23 102.00 23 0.15 31 1.67
24 48.71 24 0.73 65 0.90
31 69.28 31 0.33 93 0.00
56 55.98 56 0.00 98 0.37
64 50.46 64 0.52 99 0.20
65 61.45 65 0.10 113 6.90
66 50.47 66 0.06 114 1.04
69 77.67 69 0.00 115 0.28
70 52.19 70 0.06 118 0.55
71 77.37 71 0.06 119 0.09
78 77.64 78 0.04 120 0.14
80 75.56 80 0.04 126 0.74
83 64.56 83 0.37 127 0.49
93 103.54 93 0.23 129 1.03
98 97.50 98 0.10 133 0.61
99 97.40 99 0.10 135 1.29

113 84.30 113 0.10 140 0.25
114 84.90 114 0.16 142 0.33
115 86.30 115 0.02 146 1.09
118 83.20 118 0.05 148 1.01
119 80.10 119 0.01 149 0.57
120 76.40 120 0.06 167 0.90
126 81.90 126 0.16 168 1.00
127 83.20 127 0.11 170 0.20
129 79.40 129 0.27 175 0.70
133 81.20 133 0.09 177 1.30
134 74.30 134 0.33 178 0.20
135 79.20 135 0.21 183 1.30
140 85.40 140 0.05 184 0.20
142 77.20 142 0.07 185 0.30
146 76.30 146 0.11 190 1.20
148 82.90 148 0.09 192 0.20
149 83.40 149 0.13 195 0.40
167 84.20 167 0.00
168 85.60 168 0.10
170 84.90 170 0.00
175 86.70 175 0.00
177 88.70 177 0.00
178 89.20 178 0.00
183 89.20 183 0.00
184 91.30 184 0.00
185 92.60 185 0.00
190 97.60 190 0.00
192 94.30 192 0.00
195 95.60 195 0.00

Influent nitrogen

D3
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Day
NH4

+-N

(mg/l)
Day

NH4
+-N

(mg/l)
Day

NO2
--N

(mg/l)
Day

NO2
--N

(mg/l)
Day

NO3
--N

(mg/l)
Day

NO3
--N

(mg/l)
1 20.00 113 0.59 1 5.08 111 0.53 1 16.21 99 14.02
2 28.20 114 0.63 2 3.29 112 0.64 2 10.57 100 14.09
6 15.14 115 0.73 6 3.08 113 0.23 6 12.82 104 15.38
7 20.50 118 0.25 7 2.88 114 0.33 7 15.12 105 14.37
8 20.27 119 0.62 8 3.03 115 0.37 8 14.46 106 12.62
9 19.79 120 0.77 9 3.51 118 0.26 9 17.54 107 12.77

10 18.48 121 0.78 10 3.62 119 0.17 10 18.43 108 12.07
13 30.51 122 0.29 13 4.05 120 0.23 13 22.81 111 10.89
14 22.40 125 0.34 14 4.11 121 0.36 14 21.58 112 11.56
15 15.31 126 1.10 15 4.12 122 0.29 15 22.70 113 16.07
16 9.69 127 0.70 16 3.61 125 0.31 16 23.70 114 14.77
17 5.71 128 0.60 17 2.33 126 0.31 17 25.39 115 14.23
20 0.79 129 0.77 20 0.26 127 0.28 20 22.70 118 9.84
21 1.37 133 0.89 21 1.11 128 0.33 21 26.41 119 12.73
22 0.73 134 0.97 22 1.32 129 0.56 22 24.94 120 12.87
23 0.63 135 0.73 23 0.44 133 0.27 23 23.34 121 16.04
24 0.70 140 0.59 24 1.02 134 0.61 24 24.03 122 13.61
27 0.57 141 0.23 27 0.50 135 0.33 27 24.67 125 16.09
28 0.40 142 0.71 28 1.73 140 0.22 28 24.57 126 15.49
29 0.43 143 0.35 29 1.04 141 0.39 29 25.01 127 18.02
30 0.38 146 0.29 30 2.33 142 0.32 30 23.32 128 19.37
31 0.40 147 0.31 31 1.97 143 0.29 31 23.82 129 16.84
38 2.07 148 0.56 38 0.13 146 0.19 34 20.49 133 14.63
41 2.01 149 0.28 41 0.12 147 0.23 36 20.59 134 13.49
42 1.78 167 0.70 42 0.14 148 0.57 37 22.68 135 9.97
43 1.37 168 0.40 43 0.08 149 0.42 38 23.07 140 11.38
44 1.17 169 0.90 44 0.11 167 0.01 42 22.78 141 9.71
55 0.86 170 0.30 55 0.14 168 0.12 43 23.02 142 15.98
56 0.88 174 0.20 56 0.12 169 0.08 44 20.20 143 14.81
73 1.40 175 0.20 73 0.09 170 0.01 55 22.60 146 16.31
76 0.04 176 0.40 76 0.04 174 0.02 56 22.78 147 15.67
78 0.04 177 0.10 78 0.05 175 0.02 65 17.89 148 15.53
79 0.03 178 0.30 79 0.06 176 0.03 66 18.60 149 15.58
80 0.08 183 0.30 80 0.05 177 0.01 69 16.91 167 17.19
85 0.91 184 0.50 83 0.10 178 0.09 70 17.92 168 18.78
86 0.40 185 0.70 84 0.07 183 0.02 71 17.66 169 19.02
90 0.15 188 0.50 85 0.06 184 0.01 73 20.45 170 17.29
91 0.08 189 0.20 86 0.07 185 0.03 76 17.67 174 17.88
93 0.10 190 0.10 90 0.06 188 0.02 78 19.02 175 18.08
94 0.12 191 0.70 91 0.09 189 0.01 79 19.42 176 18.27
97 0.09 192 0.20 93 0.09 190 0.03 80 19.05 177 17.19
98 0.09 195 0.50 94 0.10 191 0.03 83 16.48 178 16.31
99 0.15 97 0.19 192 0.01 84 17.48 183 15.28

100 0.22 98 0.18 195 0.01 85 17.94 184 13.99
104 0.18 99 0.24 86 17.02 185 13.87
105 0.11 100 0.25 90 12.44 188 10.88
106 0.10 104 0.82 91 14.26 189 11.29
107 0.09 105 0.25 93 14.43 190 9.87
108 0.14 106 0.17 94 15.67 191 10.37
111 0.19 107 0.28 97 15.16 192 11.19
112 0.21 108 0.28 98 13.22 195 11.69

Effluent nitrogen

D4
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D.1.4 Laboratory-scale Nutrient Removal Study steady-state PO4
3--P data

Day
PO4

3--P

(mg/l)
Day

PO4
3--P

(mg/l)
113 27.9 113 15.9
115 29.2 114 16.2
118 31.4 115 16.9
119 28.6 118 15.3
120 30.6 119 17.3
126 31.2 120 17.6
127 28.5 121 16.5
133 29.7 125 17.2
140 27.5 126 17.9
142 31.3 134 17.9
146 30.2 135 17.4
148 32.1 142 17.4
149 30.6 143 16.3
167 29.3 146 15.8
168 29.7 147 15.9
170 31.6 148 16.7
175 32.7 149 18.4
177 29.2 167 16.3
178 28.7 168 16.9
183 32.1 169 16.9
184 27.6 170 17.1
185 27.9 174 17.4
190 33.4 175 17.9
192 27.6 176 17.8
195 28.3 177 15.2

Influent P Effluent P
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D.2.1 Laboratory-scale Nutrient Removal Phase Study 1 data

DR FR DR FR DR FR DR FR DR FR DR FR DR FR
Feed 0

20 0.19 53.5 17.51 5.33 0.58 0.08 16.93 5.25 18.19 31.22
30 0.18 51.1 17.39 5.66 0.55 0.09 16.84 5.57 17.98 30.11
40 0.18 51.7 17.30 5.46 0.54 0.09 16.76 5.37 17.96 30.27
55 40 981 16 855 0.16 53.2 17.20 4.72 0.52 0.07 16.68 4.65 17.52 30.00
70 0.16 52.8 17.37 4.99 0.48 0.08 16.89 4.91 17.90 30.35
85 0.20 52.5 16.70 4.76 0.51 0.07 16.19 4.69 17.44 29.57

115 47 912 15 908 0.25 54.0 16.62 4.96 0.39 0.07 16.23 4.89 17.51 30.99
145 0.21 52.3 16.02 4.00 0.37 0.05 15.65 3.95 17.24 29.87
175 53 942 22 852 0.19 55.3 16.38 3.79 0.39 0.05 15.99 3.74 17.55 30.50
220 24 905 11 794 0.19 56.1 15.63 3.42 0.28 0.04 15.35 3.38 17.56 30.19
250 0.16 56.5 15.64 3.17 0.28 0.03 15.36 3.14 16.04 29.92
280 34 888 16 819 0.17 58.1 15.34 2.65 0.27 0.02 15.07 2.63 15.98 29.92
310 0.15 52.5 14.82 0.22 0.06 14.60 0.00 17.45 28.69
325 0.21 60.6 14.56 2.45 0.18 0.00 14.38 2.45 17.57 30.07
340 21 889 15 839 0.19 59.8 14.05 2.46 0.18 0.00 13.87 2.46 17.53 29.91
355 0.21 60.9 13.55 2.09 0.16 0.00 13.39 2.09 17.33 30.36
365 0.24 61.0 13.38 2.16 0.14 0.01 13.24 2.15 17.39 29.82
367 30.56 7.17 0.06 7.11 25.04
377 377 259 28.02 5.95 1.83 4.12 23.90
387 27.39 3.13 0.09 3.04 23.43
397 26.08 2.32 0.09 2.23 22.86
412 25.64 1.24 0.13 1.11 22.77
427 24.74 0.97 0.19 0.78 22.40
442 239 51 24.15 1.13 0.40 0.73 22.09
457 21.98 1.57 0.67 0.90 21.34
472 20.94 1.42 0.15 1.27 22.88
482 20.48 1.05 0.19 0.86 22.90
492 19.17 1.04 0.27 0.77 22.98
507 19.50 1.26 0.47 0.79 22.38
522 77 34 18.50 1.75 0.72 1.03 22.08
537 17.74 2.45 1.02 1.43 22.42
582 58 27 15.19 4.83 1.66 3.17 22.11
612 60 18 12.85 6.59 2.01 4.58 21.59
642 44 14 11.30 8.65 2.39 6.26 21.15
702 74 18 7.66 9.70 2.89 6.81 20.45
762 3.74 13.59 3.30 10.29 19.62
815 1.30 16.13 2.81 13.32 19.28
845 20 47 0.49 16.74 1.86 14.88 19.43
875 0.22 17.25 0.96 16.29 18.62
890 0.18 17.39 0.69 16.70 18.48
905 32 15 0.16 17.00 0.60 16.40 17.82
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366 0
366 1200
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Figure D.2.3 Phase Study 1 Phosphorus data

0

200

400

600

800

1000

1200

0 100 200 300 400 500 600 700 800 900

C
O

D
(m

g/
l)

Time (minutes)

Phase Study 1 - COD profile

COD-FR CODf-FR COD-DR CODf-DR COD-mixed CODf-mixed

Anaerobic Aerobic

0

10

20

30

40

50

60

70

0 100 200 300 400 500 600 700 800 900

N
it

ro
ge

n
(m

g/
l)

Time (minutes)

Phase Study 1 - Nitrogen profile
NH4-FR NO2-FR NO3-FR NH4-DR NO2-DR NO3-DR NH4-mixed NO2-mixed NO3-mixed

Anaerobic Aerobic

0

5

10

15

20

25

30

35

0 100 200 300 400 500 600 700 800 900

P
O

4
3

- -
P

(m
g/

l)

Time (minutes)

Phase Study 1 - PO4
3--P profile

PO4-FR PO4-DR PO4-mixed

Anaerobic Aerobic

D7



Appendix D Laboratory-scale Nutrient Removal

D.2.2 Laboratory-scale Nutrient Removal Phase Study 2 data

DR FR DR FR DR FR DR FR DR FR DR FR DR FR
Feed 0

4 944 0.56 77.1 14.55 4.45 0.02 0.00 14.53 4.45 17.29 30.68
19 0.43 74.1 14.72 4.76 0.02 0.00 14.70 4.76 17.83 30.25
49 962 872 0.58 76.5 15.02 4.24 0.02 0.00 15.00 4.24 17.79 31.43
79 0.66 74.4 15.60 3.97 0.02 0.00 15.58 3.97 17.99 30.45

139 18 906 18 846 0.60 72.2 15.73 3.42 0.00 0.20 15.73 3.22 17.73 29.93
199 903 825 0.57 73.0 14.85 3.27 0.01 0.36 14.84 2.91 18.42 30.82
259 19 878 30 814 0.60 71.8 14.49 2.65 0.00 0.53 14.49 2.12 17.49 31.30
289 0.62 70.4 14.57 2.51 0.00 0.62 14.57 1.89 18.10 30.82
314 873 798 0.54 71.5 13.87 2.43 0.00 0.71 13.87 1.72 18.04 32.08
334 1.52 69.5 12.94 2.22 0.00 0.73 12.94 1.49 18.43 31.05
354 16 856 1.29 74.5 13.60 2.11 0.00 0.80 13.60 1.31 18.41 32.05
365 31.61 7.67 0.20 7.47 28.74
384 412 29.58 6.38 0.20 6.18 29.15
389 414 25.16 5.27 0.16 5.11 28.95
399 367 225 23.32 3.91 0.15 3.76 29.20
409 308 168 21.70 2.42 0.14 2.28 28.55
424 203 101 19.69 1.50 0.16 1.34 27.33
439 18.25 1.33 0.30 1.03 27.54
454 169 44 16.59 1.98 0.69 1.29 28.11
469 15.65 2.30 0.91 1.39 27.55
499 100 24 10.82 4.02 1.59 2.43 27.36
529 8.62 5.68 1.97 3.71 26.61
559 93 20 4.04 7.51 2.49 5.02 25.90
589 2.08 9.49 2.88 6.61 24.94
649 73 24 1.88 11.05 3.42 7.63 23.27
679 0.82 11.85 3.18 8.67 21.82
694 0.84 12.85 2.98 9.87 21.73
849 31 30 0.40 14.68 0.08 14.60 18.25
864 42 21 0.41 14.72 0.05 14.67 18.05
879 0.42 15.41 0.03 15.38 17.84
885 35 21 0.43 14.57 0.02 14.55 17.54
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Appendix D Laboratory-scale Nutrient Removal

366 0
366 1200

Figure D.2.4 Phase Study 2 COD data 366 0
366 80

Figure D.2.5 Phase Study 2 Nitrogen data 366 0
366 35

Figure D.2.6 Phase Study 2 Phosphorus data
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Appendix D Laboratory-scale Nutrient Removal

D.2.3 Laboratory-scale Nutrient Removal Phase Study 3 data

DR FR DR FR DR FR DR FR DR FR
Feed 0 0.46 16.20 0.64 15.56 19.49

5

9 59.8 4.26 0.10 4.16 32.70
39 0.48 55.7 16.12 4.73 0.61 0.14 15.51 4.59 19.22 30.20
69 0.40 56.8 15.42 4.60 0.53 0.17 14.89 4.43 18.76 30.65

129 0.42 59.9 16.17 4.03 0.48 0.32 15.69 3.71 19.89 31.30
189 0.52 59.3 15.64 3.09 0.46 0.49 15.18 2.60 19.51 32.40
249 0.41 52.9 15.33 3.84 0.42 0.45 14.91 3.39 19.42 31.08
309 0.48 59.9 14.61 2.10 0.34 0.78 14.27 1.32 19.64 35.63
335 0.48 59.8 14.42 1.94 0.32 0.73 14.10 1.21 19.79 36.41
350 0.42 59.4 14.34 1.93 0.34 0.74 14.00 1.19 19.13 35.81
365 22.10 7.06 0.22 6.84 34.77
371 25.76 5.85 0.25 5.60 38.89
381 24.46 4.59 0.34 4.25 40.09
396 21.65 2.94 0.40 2.54 39.71
426 18.90 1.78 0.42 1.36 39.67
456 15.56 2.51 0.75 1.76 38.62
471 14.97 2.77 0.85 1.92 37.44
486 13.72 3.24 0.97 2.27 36.15
501 12.51 3.85 1.11 2.74 35.19
516 12.01 4.43 1.23 3.20 34.88
546 10.86 5.26 1.38 3.88 32.26
606 8.19 7.31 1.69 5.62 28.98
666 5.51 9.31 1.93 7.38 25.52
696 4.41 12.01 2.01 10.00 24.68
726 3.04 12.74 1.98 10.76 22.93
786 1.57 13.84 1.67 12.17 21.00
846 0.05 14.27 0.90 13.37 18.76
906 0.46 14.76 0.69 14.07 18.01
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Appendix D Laboratory-scale Nutrient Removal

365 70

Figure D.2.7 Phase Study 3 Nitrogen data 365 0
365 45

Figure D.2.8 Phase Study 3 Phosphorus data
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Appendix D Laboratory-scale Nutrient Removal

D.2.4 Laboratory-scale Nutrient Removal Phase Study 4 data

DR FR DR FR DR FR DR FR DR FR DR FR DR FR
Feed 0 36 10 0.18 15.19 0.72 14.47 17.08

5

10 945 815 57.5 4.12 0.05 4.07 29.80
40 0.21 57.6 15.09 4.37 0.71 0.07 14.38 4.30 16.73 31.68
70 36 988 15 932 0.25 57.8 15.20 4.38 0.56 0.12 14.64 4.26 17.01 31.58

130 0.22 59.9 15.13 3.93 0.53 0.20 14.60 3.73 16.87 31.99
190 31 978 18 913 0.30 60.5 14.91 3.90 0.49 0.32 14.42 3.58 17.11 33.44
250 976 908 0.21 61.0 14.83 2.90 0.47 0.48 14.36 2.42 16.87 33.39
310 0.22 60.7 14.51 2.65 0.44 0.45 14.07 2.20 16.87 33.79
335 28 922 15 843 0.29 60.8 13.98 1.48 0.39 0.78 13.59 0.70 16.83 36.10
350 36 928 14 847 0.24 60.7 14.12 1.48 0.37 0.77 13.75 0.71 17.17 36.64
365 492 422 36.64 7.06 0.30 6.76 37.63
367 382 313 29.76 5.70 0.32 5.38 38.23
382 300 244 27.07 4.21 0.22 3.99 37.45
397 249 163 23.71 3.78 0.36 3.42 39.68
412 196 101 23.19 2.52 0.36 2.16 39.67
427 147 101 20.45 1.61 0.40 1.21 40.40
442 116 41 17.86 2.83 0.42 2.41 40.04
457 99 30 15.13 3.22 0.69 2.53 39.13
472 98 23 14.82 4.75 1.06 3.69 38.01
532 97 20 8.09 6.55 1.36 5.19 33.14
592 6.46 8.68 1.85 6.83 29.13
652 71 15 4.42 10.10 1.99 8.11 25.50
712 2.36 12.75 2.03 10.72 22.61
772 47 10 1.55 13.31 1.98 11.33 20.03
802 1.17 13.30 1.69 11.61 19.36
832 1.12 14.07 1.01 13.06 18.21
862 0.98 13.90 0.99 12.91 17.39
892 39 10 0.79 14.06 0.89 13.17 16.85
905 36 12 0.37 14.82 0.71 14.11 16.37
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Appendix D Laboratory-scale Nutrient Removal

365 0
365 1200

Figure D.2.9 Phase Study 4 COD data 365 0
365 70

Figure D.2.10 Phase Study 4 Nitrogen data 365 0
365 45

Figure D.2.11 Phase Study 4 Phosphorus data
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APPENDIX E

Laboratory-scale N2O emission study data

additional data provided on attached CD where noted



Appendix E Nitrous oxide study

E.1.1 N2O Phase Study: COD and PO4
3-

-P data

DR FR DR FR DR FR
Feed 0 48 929 10 900 10.56 19.49

6 771 740 16.62

30 11.43 14.63

60 11.04 17.17

120 11.07 31.3

180 20 592 8 214 11.37 31.25

240 11.74

300 11.96 51.52

330 11.62 50.96

345 12.04

355 23 512 30 510 11.99

360 37.64

361 179 168 52.13

362

363

364

366

369 146 40

372

375

378

382

386 126 16 49.73

390

400

410 50.52

420 85 16 48.8

430 45.27

440 42.11

450 42.45

460 42.14

470 40.03

480 77 22 37.73

495 36.6

510 33.66

525 33.89

540 62 18 31.24

570 30.33

600 24.97

660 58 14 22.94

720 21.1

768 54 104 14.34

810 12.49

840 65 80 11.3

870 10.43

900 55 26 9.912
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Appendix E Nitrous oxide study

E.1.2 N2O Phase Study: nitrogen data

DR FR DR FR DR FR DR FR DR FR DR FR
Feed 0 9 65 11 53 1.473 134 7.221 -0.14 0.04 0.01 7.184 0

6 101 83 134 -0.1 0.04 0

30 0.815 66.1 7.31 0.39 0.09 0.34 7.221 0.06

60 0.32 72.8 7.373 -0.09 0.08 0.04 7.297 0

120 0.452 67 7.163 -0 0.05 0.1 7.113 0

180 8 84 11 86 0.49 71 6.931 -0.1 0.06 0.01 6.873 0

240 1.359 59.5 6.641 -0.03 0.08 0.05 6.565 0

300 0.768 66.6 6.82 -0.12 0.06 0.01 6.757 0

330 0.584 62.4 6.505 -0.12 0.06 0.01 6.449 0

345 0.708 64.7 6.562 -0.08 0.06 0.04 6.502 0

355 10 80 9 86 0.958 66.9 6.547 -0.1 0.07 0.01 6.48 0

360 16.53 3.938 0.25 3.688

361 40 46 30.82

362 1.645 1.595

363 0.2

364 24.02 1.102 0.992

366

369 35 27 21.65 0.515 0.05 0.464

372

375 18.52 0.08

378 0.632 0.571

382 0.08

386 33 23 17.62 0.624 0.53

390 0.04

400 16.56 0.518 0.15 0.373

410 1.97 0.54 1.432

420 27 29 15.16 3.574 1.04 2.535

430

440 13.89 4.903 1.37 3.529

450

460 12.34 5.71 1.52 4.191

470

480 33 25 10.98 6.752 1.76 4.989

495
510 8.132 8.001 1.92 6.077

525
540 22 22 6.126 9.707 2.3 7.407

570 9.723 2.03 7.698

600 3.146 10.55 2.27 8.276

660 24 31 0.619 12.92 1.62 11.3

720 0.35 11.52 0.48 11.04

768 19 12 0.347 9.364 0.16 9.203

810 0.252 8.976 0.08 8.901

840 11 6 0.35 7.89 0.09 7.802

870 0.258 8.352 0.05 8.306

900 11 7 0.262 8.224 0.05 8.172
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Appendix E Nitrous oxide study

366 0

366 1200

Figure E.1.1 N2O Phase Study COD data

366 0
366 80

Figure E.1.2 N2O Phase Study Nitrogen data
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Figure E.1.3 N2O Phase Study Phosphorus data
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Appendix E Nitrous oxide study

E.2.1 N2O quiescent clean water monitoring - logged and screened data

Logged data Screened data

Time N2O Time N2O Time N2O Time N2O Time N2O

(Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM)

0 10.00 254 7.05 507 4.85 759 1.94 0 10.00

6 9.86 260 6.89 513 4.62 765 2.36 18 9.67

12 9.74 266 6.25 519 4.42 771 2.83 36 9.34

18 9.67 272 5.61 525 4.20 777 3.13 55 9.06

24 9.69 278 4.99 531 3.72 783 3.33 73 8.77

30 9.53 284 4.73 537 3.22 789 3.33 91 8.59

36 9.34 290 4.77 543 3.29 795 3.25 109 8.40

42 9.20 296 4.70 549 3.35 801 2.95 127 8.28

49 8.98 302 4.84 555 3.27 807 2.62 145 7.97

55 9.06 308 5.06 561 2.98 813 2.27 218 7.35

61 8.98 314 5.21 567 2.96 819 2.00 248 6.84

67 8.72 320 5.14 573 2.83 825 1.80 266 6.25

73 8.77 326 4.97 579 2.85 831 1.54 314 5.21

79 8.68 332 4.97 585 2.71 837 1.38 332 4.97

85 8.77 338 4.75 591 2.64 843 1.36 350 4.74

91 8.59 344 4.74 597 2.62 849 1.12 368 4.56

97 8.61 350 4.74 603 2.58 855 1.09 387 4.19

103 8.41 356 4.75 609 2.69 861 1.01 405 4.11

109 8.40 362 4.62 615 2.46 867 0.91 423 4.15

115 8.36 368 4.56 621 2.32 873 0.83 441 3.82

121 8.31 374 4.34 627 2.23 879 0.76 537 3.22

127 8.28 380 4.22 633 2.27 885 0.70 555 3.27

133 8.20 387 4.19 639 2.24 891 0.65 573 2.83

139 8.04 393 4.32 645 2.12 897 0.54 591 2.64

145 7.97 399 4.26 651 2.01 903 0.38 609 2.69

151 8.13 405 4.11 657 1.97 909 0.31 627 2.23

157 8.36 411 4.01 663 2.03 915 0.20 645 2.12

163 8.67 417 4.07 669 2.01 921 0.14 663 2.03

169 8.86 423 4.15 675 1.96 927 0.09 681 1.89

175 9.05 429 4.04 681 1.89 699 1.74

181 9.07 435 3.97 687 1.85 717 1.62

187 8.92 441 3.82 693 1.82 735 1.59

193 8.73 447 3.58 699 1.74 747 1.59

200 8.50 453 3.72 705 1.64 837 1.38

206 8.23 459 4.30 711 1.66 855 1.09

212 7.76 465 4.73 717 1.62 873 0.83

218 7.35 471 5.25 723 1.66 891 0.65

224 6.91 477 5.66 729 1.63 909 0.31

230 6.71 483 5.68 735 1.59 927 0.09

236 6.68 489 5.53 741 1.60

242 6.73 495 5.31 747 1.59

248 6.84 501 5.07 753 1.69
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Appendix E Nitrous oxide study

E.2.2 N2O mixed clean water monitoring - logged and screened data

Logged data Screened data

Time N2O Time N2O Time N2O Time N2O Time N2O Time N2O Time N2O

(Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM) (Min) (µM)

0.0 10.07 7.0 2.11 14.0 0.43 21.0 0.39 28.0 0.07 35.0 0.04 0.3 10.24

0.2 10.08 7.2 2.84 14.2 0.31 21.2 0.39 28.2 0.14 35.2 0.04 1.8 7.90

0.3 10.24 7.3 2.94 14.3 0.25 21.3 0.39 28.3 0.15 35.3 0.02 3.3 6.12

0.5 2.78 7.5 2.99 14.5 0.72 21.5 0.25 28.5 0.14 35.5 0.00 4.8 4.76

0.7 1.53 7.7 3.00 14.7 0.90 21.7 0.17 28.7 0.14 35.7 0.03 6.3 3.83

0.8 1.15 7.8 3.03 14.8 0.92 21.8 0.13 28.8 0.15 35.8 0.03 7.8 3.03

1.0 5.37 8.0 0.93 15.0 0.95 22.0 0.17 29.0 0.16 36.0 0.04 9.3 2.40

1.2 7.47 8.2 0.59 15.2 0.94 22.2 0.31 29.2 0.08 36.2 0.04 10.8 1.86

1.3 7.68 8.3 0.46 15.3 0.97 22.3 0.34 29.3 0.07 36.3 0.02 12.3 1.37

1.5 7.76 8.5 1.70 15.5 0.39 22.5 0.33 29.5 0.05 36.5 0.02 13.8 1.17

1.7 7.78 8.7 2.23 15.7 0.27 22.7 0.33 29.7 0.09 36.7 0.03 15.3 0.97

1.8 7.90 8.8 2.31 15.8 0.22 22.8 0.33 29.8 0.11 36.8 0.01 16.8 0.78

2.0 2.09 9.0 2.35 16.0 0.53 23.0 0.23 30.0 0.09 37.0 0.00 18.3 0.63

2.2 1.21 9.2 2.37 16.2 0.72 23.2 0.15 30.2 0.12 37.2 0.01 19.8 0.49

2.3 0.93 9.3 2.40 16.3 0.75 23.3 0.11 30.3 0.10 37.3 0.02 21.3 0.39

2.5 4.44 9.5 0.76 16.5 0.75 23.5 0.12 30.5 0.12 37.5 0.02 22.8 0.33

2.7 5.90 9.7 0.49 16.7 0.75 23.7 0.25 30.7 0.08 37.7 0.02 24.3 0.24

2.8 6.06 9.8 0.38 16.8 0.78 23.8 0.26 30.8 0.05 37.8 0.02 25.8 0.21

3.0 6.08 10.0 1.33 17.0 0.34 24.0 0.26 31.0 0.05 38.0 0.00 27.3 0.18

3.2 6.07 10.2 1.78 17.2 0.24 24.2 0.26 31.2 0.08 38.2 0.02 28.8 0.15

3.3 6.12 10.3 1.82 17.3 0.19 24.3 0.24 31.3 0.08 30.3 0.10

3.5 1.68 10.5 1.82 17.5 0.41 24.5 0.21 31.5 0.09 31.8 0.08

3.7 1.03 10.7 1.82 17.7 0.58 24.7 0.13 31.7 0.09 33.3 0.07

3.8 0.79 10.8 1.86 17.8 0.60 24.8 0.10 31.8 0.08 34.8 0.04

4.0 3.50 11.0 0.62 18.0 0.63 25.0 0.09 32.0 0.10 36.3 0.02

4.2 4.61 11.2 0.40 18.2 0.63 25.2 0.19 32.2 0.07

4.3 4.78 11.3 0.32 18.3 0.63 25.3 0.22 32.3 0.04

4.5 4.74 11.5 1.00 18.5 0.32 25.5 0.22 32.5 0.03

4.7 4.75 11.7 1.39 18.7 0.22 25.7 0.20 32.7 0.04

4.8 4.76 11.8 1.44 18.8 0.17 25.8 0.21 32.8 0.06

5.0 1.38 12.0 1.44 19.0 0.29 26.0 0.20 33.0 0.07

5.2 0.85 12.2 1.43 19.2 0.47 26.2 0.12 33.2 0.07

5.3 0.66 12.3 1.37 19.3 0.48 26.3 0.10 33.3 0.07

5.5 2.74 12.5 0.49 19.5 0.49 26.5 0.10 33.5 0.07

5.7 3.59 12.7 0.33 19.7 0.48 26.7 0.15 33.7 0.04

5.8 3.72 12.8 0.28 19.8 0.49 26.8 0.17 33.8 0.03

6.0 3.76 13.0 0.91 20.0 0.28 27.0 0.18 34.0 0.02

6.2 3.79 13.2 1.12 20.2 0.19 27.2 0.18 34.2 0.03

6.3 3.83 13.3 1.16 20.3 0.16 27.3 0.18 34.3 0.06

6.5 1.15 13.5 1.17 20.5 0.21 27.5 0.17 34.5 0.05

6.7 0.72 13.7 1.17 20.7 0.38 27.7 0.11 34.7 0.05

6.8 0.57 13.8 1.17 20.8 0.39 27.8 0.09 34.8 0.04
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Appendix E Nitrous oxide study

E.3.1 N2O & DO monitoring during normal operation - sample anaerobic phase data

- additional data provided on attached CD

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

0.0 6.92 -0.19 7.2 6.82 -0.36 14.3 0.00 2.33 21.5 0.00 1.98 28.7 0.00 2.16

0.2 6.92 -0.20 7.3 6.78 -0.36 14.5 0.00 2.31 21.7 0.00 1.98 28.8 0.00 2.15

0.3 6.91 -0.21 7.5 6.69 -0.36 14.7 0.00 2.29 21.8 0.00 1.98 29.0 0.00 2.14

0.5 6.91 -0.21 7.7 6.52 -0.33 14.8 0.00 2.28 22.0 0.00 1.99 29.2 0.00 2.14

0.7 6.92 -0.22 7.8 6.29 -0.28 15.0 0.00 2.26 22.2 0.00 1.99 29.3 0.00 2.13

0.8 6.91 -0.23 8.0 6.03 -0.10 15.2 0.00 2.25 22.3 0.00 2.00 29.5 0.00 2.12

1.0 6.92 -0.23 8.2 5.76 0.08 15.3 0.00 2.24 22.5 0.00 2.01 29.7 0.00 2.12

1.2 6.92 -0.24 8.3 5.50 0.25 15.5 0.00 2.22 22.7 0.00 2.02 29.8 0.00 2.11

1.3 6.92 -0.24 8.5 5.22 0.39 15.7 0.00 2.20 22.8 0.00 2.04 30.0 0.00 2.10

1.5 6.92 -0.25 8.7 4.94 0.52 15.8 0.00 2.20 23.0 0.00 2.06 30.2 0.00 2.09

1.7 6.92 -0.26 8.8 4.67 0.60 16.0 0.00 2.19 23.2 0.00 2.08 30.3 0.00 2.09

1.8 6.93 -0.26 9.0 4.40 0.63 16.2 0.00 2.17 23.3 0.00 2.11 30.5 0.00 2.09

2.0 6.92 -0.26 9.2 4.14 0.68 16.3 0.00 2.18 23.5 0.00 2.12 30.7 0.00 2.08

2.2 6.92 -0.26 9.3 3.89 0.75 16.5 0.00 2.18 23.7 0.00 2.14 30.8 0.00 2.08

2.3 6.92 -0.26 9.5 3.65 0.83 16.7 0.00 2.18 23.8 0.00 2.15 31.0 0.00 2.08

2.5 6.93 -0.27 9.7 3.43 0.94 16.8 0.00 2.20 24.0 0.00 2.16 31.2 0.00 2.08

2.7 6.92 -0.28 9.8 3.22 1.01 17.0 0.00 2.22 24.2 0.00 2.16 31.3 0.00 2.08

2.8 6.93 -0.29 10.0 3.01 1.04 17.2 0.00 2.25 24.3 0.00 2.18 31.5 0.00 2.10

3.0 6.93 -0.29 10.2 2.81 1.12 17.3 0.00 2.27 24.5 0.00 2.18 31.7 0.00 2.10

3.2 6.93 -0.29 10.3 2.61 1.31 17.5 0.00 2.28 24.7 0.00 2.19 31.8 0.00 2.10

3.3 6.93 -0.30 10.5 2.41 1.66 17.7 0.00 2.29 24.8 0.00 2.19 32.0 0.00 2.10

3.5 6.93 -0.30 10.7 2.22 2.07 17.8 0.00 2.31 25.0 0.00 2.20 32.2 0.00 2.12

3.7 6.93 -0.30 10.8 2.03 2.45 18.0 0.00 2.33 25.2 0.00 2.21 32.3 0.00 2.11

3.8 6.93 -0.31 11.0 1.84 2.73 18.2 0.00 2.34 25.3 0.00 2.22 32.5 0.00 2.13

4.0 6.93 -0.31 11.2 1.66 2.87 18.3 0.00 2.35 25.5 0.00 2.21 32.7 0.00 2.14

4.2 6.93 -0.32 11.3 1.48 2.94 18.5 0.00 2.36 25.7 0.00 2.22 32.8 0.00 2.15

4.3 6.93 -0.32 11.5 1.31 2.96 18.7 0.00 2.35 25.8 0.00 2.23 33.0 0.00 2.20

4.5 6.93 -0.33 11.7 1.13 2.95 18.8 0.00 2.33 26.0 0.00 2.23 33.2 0.00 2.26

4.7 6.92 -0.33 11.8 0.97 2.94 19.0 0.00 2.30 26.2 0.00 2.24 33.3 0.00 2.08

4.8 6.92 -0.34 12.0 0.80 2.92 19.2 0.00 2.27 26.3 0.00 2.24 33.5 0.00 2.15

5.0 6.92 -0.34 12.2 0.64 2.89 19.3 0.00 2.22 26.5 0.00 2.24 33.7 0.00 2.22

5.2 6.91 -0.34 12.3 0.48 2.86 19.5 0.00 2.18 26.7 0.00 2.25 33.8 0.00 2.26

5.3 6.91 -0.33 12.5 0.33 2.81 19.7 0.00 2.15 26.8 0.00 2.23 34.0 0.00 2.27

5.5 6.91 -0.33 12.7 0.19 2.76 19.8 0.00 2.12 27.0 0.00 2.23 34.2 0.00 2.27

5.7 6.90 -0.34 12.8 0.07 2.69 20.0 0.00 2.09 27.2 0.00 2.22 34.3 0.00 2.29

5.8 6.90 -0.34 13.0 0.00 2.62 20.2 0.00 2.07 27.3 0.00 2.21 34.5 0.00 2.28

6.0 6.90 -0.34 13.2 0.00 2.55 20.3 0.00 2.05 27.5 0.00 2.21 34.7 0.00 2.29

6.2 6.89 -0.34 13.3 0.00 2.49 20.5 0.00 2.03 27.7 0.00 2.20 34.8 0.00 2.29

6.3 6.89 -0.35 13.5 0.00 2.45 20.7 0.00 2.01 27.8 0.00 2.19 35.0 0.00 2.30

6.5 6.89 -0.34 13.7 0.00 2.42 20.8 0.00 2.00 28.0 0.00 2.19 35.2 0.00 2.30

6.7 6.88 -0.35 13.8 0.00 2.38 21.0 0.00 1.99 28.2 0.00 2.18 35.3 0.00 2.30

6.8 6.87 -0.35 14.0 0.00 2.37 21.2 0.00 2.00 28.3 0.00 2.17 35.5 0.00 2.30

7.0 6.85 -0.36 14.2 0.00 2.34 21.3 0.00 1.99 28.5 0.00 2.16 35.7 0.00 2.30
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

35.8 0.00 2.31 43.0 0.00 2.38 50.2 0.00 2.98 57.3 0.00 3.72 64.5 0.00 4.18

36.0 0.00 2.31 43.2 0.00 2.39 50.3 0.00 3.00 57.5 0.00 3.74 64.7 0.00 4.19

36.2 0.00 2.31 43.3 0.00 2.40 50.5 0.00 3.02 57.7 0.00 3.75 64.8 0.00 4.20

36.3 0.00 2.32 43.5 0.00 2.40 50.7 0.00 3.04 57.8 0.00 3.76 65.0 0.00 4.21

36.5 0.00 2.33 43.7 0.00 2.42 50.8 0.00 3.06 58.0 0.00 3.79 65.2 0.00 4.22

36.7 0.00 2.33 43.8 0.00 2.41 51.0 0.00 3.07 58.2 0.00 3.79 65.3 0.00 4.23

36.8 0.00 2.34 44.0 0.00 2.42 51.2 0.00 3.09 58.3 0.00 3.80 65.5 0.00 4.24

37.0 0.00 2.33 44.2 0.00 2.43 51.3 0.00 3.11 58.5 0.00 3.82 65.7 0.00 4.25

37.2 0.00 2.33 44.3 0.00 2.43 51.5 0.00 3.12 58.7 0.00 3.82 65.8 0.00 4.26

37.3 0.00 2.34 44.5 0.00 2.45 51.7 0.00 3.14 58.8 0.00 3.83 66.0 0.00 4.27

37.5 0.00 2.35 44.7 0.00 2.46 51.8 0.00 3.16 59.0 0.00 3.86 66.2 0.00 4.27

37.7 0.00 2.34 44.8 0.00 2.47 52.0 0.00 3.17 59.2 0.00 3.87 66.3 0.00 4.28

37.8 0.00 2.33 45.0 0.00 2.48 52.2 0.00 3.19 59.3 0.00 3.88 66.5 0.00 4.29

38.0 0.00 2.34 45.2 0.00 2.50 52.3 0.00 3.22 59.5 0.00 3.89 66.7 0.00 4.30

38.2 0.00 2.33 45.3 0.00 2.50 52.5 0.00 3.24 59.7 0.00 3.90 66.8 0.00 4.31

38.3 0.00 2.34 45.5 0.00 2.52 52.7 0.00 3.24 59.8 0.00 3.91 67.0 0.00 4.32

38.5 0.00 2.34 45.7 0.00 2.52 52.8 0.00 3.26 60.0 0.00 3.93 67.2 0.00 4.33

38.7 0.00 2.35 45.8 0.00 2.54 53.0 0.00 3.28 60.2 0.00 3.95 67.3 0.00 4.35

38.8 0.00 2.34 46.0 0.00 2.55 53.2 0.00 3.30 60.3 0.00 3.95 67.5 0.00 4.36

39.0 0.00 2.34 46.2 0.00 2.57 53.3 0.00 3.32 60.5 0.00 3.96 67.7 0.00 4.37

39.2 0.00 2.35 46.3 0.00 2.58 53.5 0.00 3.33 60.7 0.00 3.97 67.8 0.00 4.38

39.3 0.00 2.35 46.5 0.00 2.58 53.7 0.00 3.35 60.8 0.00 3.98 68.0 0.00 4.39

39.5 0.00 2.35 46.7 0.00 2.60 53.8 0.00 3.38 61.0 0.00 3.99 68.2 0.00 4.41

39.7 0.00 2.35 46.8 0.00 2.62 54.0 0.00 3.40 61.2 0.00 4.00 68.3 0.00 4.42

39.8 0.00 2.36 47.0 0.00 2.63 54.2 0.00 3.42 61.3 0.00 4.00 68.5 0.00 4.42

40.0 0.00 2.36 47.2 0.00 2.65 54.3 0.00 3.43 61.5 0.00 4.00 68.7 0.00 4.44

40.2 0.00 2.38 47.3 0.00 2.66 54.5 0.00 3.45 61.7 0.00 4.03 68.8 0.00 4.46

40.3 0.00 2.37 47.5 0.00 2.68 54.7 0.00 3.46 61.8 0.00 4.04 69.0 0.00 4.47

40.5 0.00 2.38 47.7 0.00 2.70 54.8 0.00 3.47 62.0 0.00 4.06 69.2 0.00 4.48

40.7 0.00 2.37 47.8 0.00 2.71 55.0 0.00 3.49 62.2 0.00 4.07 69.3 0.00 4.50

40.8 0.00 2.38 48.0 0.00 2.74 55.2 0.00 3.51 62.3 0.00 4.07 69.5 0.00 4.52

41.0 0.00 2.37 48.2 0.00 2.75 55.3 0.00 3.53 62.5 0.00 4.09 69.7 0.00 4.53

41.2 0.00 2.37 48.3 0.00 2.77 55.5 0.00 3.56 62.7 0.00 4.09 69.8 0.00 4.54

41.3 0.00 2.37 48.5 0.00 2.80 55.7 0.00 3.56 62.8 0.00 4.10 70.0 0.00 4.56

41.5 0.00 2.37 48.7 0.00 2.82 55.8 0.00 3.57 63.0 0.00 4.11 70.2 0.00 4.56

41.7 0.00 2.37 48.8 0.00 2.83 56.0 0.00 3.60 63.2 0.00 4.12 70.3 0.00 4.59

41.8 0.00 2.37 49.0 0.00 2.85 56.2 0.00 3.61 63.3 0.00 4.13 70.5 0.00 4.60

42.0 0.00 2.37 49.2 0.00 2.86 56.3 0.00 3.63 63.5 0.00 4.14 70.7 0.00 4.62

42.2 0.00 2.37 49.3 0.00 2.89 56.5 0.00 3.64 63.7 0.00 4.15 70.8 0.00 4.64

42.3 0.00 2.37 49.5 0.00 2.90 56.7 0.00 3.66 63.8 0.00 4.15 71.0 0.00 4.66

42.5 0.00 2.37 49.7 0.00 2.92 56.8 0.00 3.68 64.0 0.00 4.16 71.2 0.00 4.67

42.7 0.00 2.38 49.8 0.00 2.94 57.0 0.00 3.69 64.2 0.00 4.17 71.3 0.00 4.69

42.8 0.00 2.38 50.0 0.00 2.96 57.2 0.00 3.71 64.3 0.00 4.18 71.5 0.00 4.70
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

71.7 0.00 4.72 78.8 0.00 5.55 86.0 0.00 5.52 93.2 0.00 5.44 100.3 0.00 5.38

71.8 0.00 4.73 79.0 0.00 5.56 86.2 0.00 5.53 93.3 0.00 5.44 100.5 0.00 5.37

72.0 0.00 4.75 79.2 0.00 5.56 86.3 0.00 5.52 93.5 0.00 5.44 100.7 0.00 5.37

72.2 0.00 4.78 79.3 0.00 5.55 86.5 0.00 5.52 93.7 0.00 5.44 100.8 0.00 5.38

72.3 0.00 4.80 79.5 0.00 5.55 86.7 0.00 5.52 93.8 0.00 5.44 101.0 0.00 5.37

72.5 0.00 4.81 79.7 0.00 5.56 86.8 0.00 5.51 94.0 0.00 5.43 101.2 0.00 5.36

72.7 0.00 4.83 79.8 0.00 5.56 87.0 0.00 5.52 94.2 0.00 5.43 101.3 0.00 5.37

72.8 0.00 4.85 80.0 0.00 5.57 87.2 0.00 5.51 94.3 0.00 5.43 101.5 0.00 5.37

73.0 0.00 4.87 80.2 0.00 5.56 87.3 0.00 5.51 94.5 0.00 5.43 101.7 0.00 5.37

73.2 0.00 4.89 80.3 0.00 5.56 87.5 0.00 5.52 94.7 0.00 5.43 101.8 0.00 5.37

73.3 0.00 4.92 80.5 0.00 5.57 87.7 0.00 5.52 94.8 0.00 5.43 102.0 0.00 5.37

73.5 0.00 4.94 80.7 0.00 5.57 87.8 0.00 5.51 95.0 0.00 5.43 102.2 0.00 5.35

73.7 0.00 4.96 80.8 0.00 5.56 88.0 0.00 5.51 95.2 0.00 5.42 102.3 0.00 5.36

73.8 0.00 4.99 81.0 0.00 5.56 88.2 0.00 5.50 95.3 0.00 5.41 102.5 0.00 5.36

74.0 0.00 5.01 81.2 0.00 5.56 88.3 0.00 5.50 95.5 0.00 5.42 102.7 0.00 5.36

74.2 0.00 5.04 81.3 0.00 5.56 88.5 0.00 5.50 95.7 0.00 5.41 102.8 0.00 5.37

74.3 0.00 5.07 81.5 0.00 5.56 88.7 0.00 5.50 95.8 0.00 5.42 103.0 0.00 5.35

74.5 0.00 5.10 81.7 0.00 5.56 88.8 0.00 5.50 96.0 0.00 5.41 103.2 0.00 5.35

74.7 0.00 5.12 81.8 0.00 5.55 89.0 0.00 5.50 96.2 0.00 5.41 103.3 0.00 5.35

74.8 0.00 5.15 82.0 0.00 5.56 89.2 0.00 5.50 96.3 0.00 5.41 103.5 0.00 5.34

75.0 0.00 5.18 82.2 0.00 5.56 89.3 0.00 5.49 96.5 0.00 5.41 103.7 0.00 5.35

75.2 0.00 5.28 82.3 0.00 5.56 89.5 0.00 5.49 96.7 0.00 5.41 103.8 0.00 5.34

75.3 0.00 5.28 82.5 0.00 5.56 89.7 0.00 5.49 96.8 0.00 5.41 104.0 0.00 5.34

75.5 0.00 5.29 82.7 0.00 5.55 89.8 0.00 5.49 97.0 0.00 5.41 104.2 0.00 5.33

75.7 0.00 5.30 82.8 0.00 5.55 90.0 0.00 5.48 97.2 0.00 5.41 104.3 0.00 5.34

75.8 0.00 5.33 83.0 0.00 5.55 90.2 0.00 5.47 97.3 0.00 5.41 104.5 0.00 5.34

76.0 0.00 5.35 83.2 0.00 5.55 90.3 0.00 5.48 97.5 0.00 5.41 104.7 0.00 5.33

76.2 0.00 5.37 83.3 0.00 5.55 90.5 0.00 5.48 97.7 0.00 5.40 104.8 0.00 5.32

76.3 0.00 5.39 83.5 0.00 5.55 90.7 0.00 5.48 97.8 0.00 5.40 105.0 0.00 5.32

76.5 0.00 5.41 83.7 0.00 5.54 90.8 0.00 5.47 98.0 0.00 5.40 105.2 0.00 5.32

76.7 0.00 5.44 83.8 0.00 5.55 91.0 0.00 5.47 98.2 0.00 5.40 105.3 0.00 5.33

76.8 0.00 5.46 84.0 0.00 5.56 91.2 0.00 5.48 98.3 0.00 5.39 105.5 0.00 5.32

77.0 0.00 5.47 84.2 0.00 5.55 91.3 0.00 5.48 98.5 0.00 5.40 105.7 0.00 5.31

77.2 0.00 5.48 84.3 0.00 5.55 91.5 0.00 5.48 98.7 0.00 5.39 105.8 0.00 5.32

77.3 0.00 5.50 84.5 0.00 5.55 91.7 0.00 5.48 98.8 0.00 5.39 106.0 0.00 5.32

77.5 0.00 5.52 84.7 0.00 5.54 91.8 0.00 5.46 99.0 0.00 5.38 106.2 0.00 5.32

77.7 0.00 5.52 84.8 0.00 5.54 92.0 0.00 5.46 99.2 0.00 5.38 106.3 0.00 5.31

77.8 0.00 5.52 85.0 0.00 5.54 92.2 0.00 5.45 99.3 0.00 5.38 106.5 0.00 5.31

78.0 0.00 5.53 85.2 0.00 5.54 92.3 0.00 5.45 99.5 0.00 5.38 106.7 0.00 5.31

78.2 0.00 5.54 85.3 0.00 5.54 92.5 0.00 5.45 99.7 0.00 5.39 106.8 0.00 5.31

78.3 0.00 5.55 85.5 0.00 5.54 92.7 0.00 5.45 99.8 0.00 5.39 107.0 0.00 5.32

78.5 0.00 5.55 85.7 0.00 5.54 92.8 0.00 5.45 100.0 0.00 5.38 107.2 0.00 5.30

78.7 0.00 5.55 85.8 0.00 5.53 93.0 0.00 5.45 100.2 0.00 5.38 107.3 0.00 5.30
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

107.5 0.00 5.29 114.7 0.00 5.19 121.8 0.00 5.21 129.0 0.00 5.31 136.2 0.00 5.31

107.7 0.00 5.30 114.8 0.00 5.20 122.0 0.00 5.21 129.2 0.00 5.30 136.3 0.00 5.31

107.8 0.00 5.29 115.0 0.00 5.19 122.2 0.00 5.21 129.3 0.00 5.30 136.5 0.00 5.30

108.0 0.00 5.29 115.2 0.00 5.18 122.3 0.00 5.21 129.5 0.00 5.31 136.7 0.00 5.31

108.2 0.00 5.29 115.3 0.00 5.18 122.5 0.00 5.22 129.7 0.00 5.31 136.8 0.00 5.31

108.3 0.00 5.29 115.5 0.00 5.18 122.7 0.00 5.21 129.8 0.00 5.31 137.0 0.00 5.30

108.5 0.00 5.29 115.7 0.00 5.17 122.8 0.00 5.21 130.0 0.00 5.30 137.2 0.00 5.30

108.7 0.00 5.29 115.8 0.00 5.18 123.0 0.00 5.22 130.2 0.00 5.28 137.3 0.00 5.31

108.8 0.00 5.28 116.0 0.00 5.18 123.2 0.00 5.22 130.3 0.00 5.28 137.5 0.00 5.31

109.0 0.00 5.28 116.2 0.00 5.17 123.3 0.00 5.23 130.5 0.00 5.28 137.7 0.00 5.30

109.2 0.00 5.27 116.3 0.00 5.17 123.5 0.00 5.23 130.7 0.00 5.28 137.8 0.00 5.30

109.3 0.00 5.27 116.5 0.00 5.17 123.7 0.00 5.23 130.8 0.00 5.29 138.0 0.00 5.31

109.5 0.00 5.28 116.7 0.00 5.16 123.8 0.00 5.24 131.0 0.00 5.28 138.2 0.00 5.31

109.7 0.00 5.27 116.8 0.00 5.17 124.0 0.00 5.24 131.2 0.00 5.28 138.3 0.00 5.30

109.8 0.00 5.26 117.0 0.00 5.18 124.2 0.00 5.24 131.3 0.00 5.29 138.5 0.00 5.31

110.0 0.00 5.26 117.2 0.00 5.18 124.3 0.00 5.23 131.5 0.00 5.29 138.7 0.00 5.31

110.2 0.00 5.26 117.3 0.00 5.17 124.5 0.00 5.24 131.7 0.00 5.28 138.8 0.00 5.31

110.3 0.00 5.25 117.5 0.00 5.17 124.7 0.00 5.24 131.8 0.00 5.29 139.0 0.00 5.31

110.5 0.00 5.26 117.7 0.00 5.17 124.8 0.00 5.24 132.0 0.00 5.29 139.2 0.00 5.31

110.7 0.00 5.25 117.8 0.00 5.17 125.0 0.00 5.25 132.2 0.00 5.29 139.3 0.00 5.31

110.8 0.00 5.25 118.0 0.00 5.18 125.2 0.00 5.25 132.3 0.00 5.30 139.5 0.00 5.31

111.0 0.00 5.25 118.2 0.00 5.17 125.3 0.00 5.26 132.5 0.00 5.30 139.7 0.00 5.31

111.2 0.00 5.25 118.3 0.00 5.17 125.5 0.00 5.26 132.7 0.00 5.30 139.8 0.00 5.31

111.3 0.00 5.24 118.5 0.00 5.17 125.7 0.00 5.26 132.8 0.00 5.29 140.0 0.00 5.31

111.5 0.00 5.24 118.7 0.00 5.17 125.8 0.00 5.26 133.0 0.00 5.29 140.2 0.00 5.31

111.7 0.00 5.24 118.8 0.00 5.18 126.0 0.00 5.27 133.2 0.00 5.30 140.3 0.00 5.31

111.8 0.00 5.23 119.0 0.00 5.17 126.2 0.00 5.26 133.3 0.00 5.29 140.5 0.00 5.30

112.0 0.00 5.23 119.2 0.00 5.18 126.3 0.00 5.27 133.5 0.00 5.30 140.7 0.00 5.30

112.2 0.00 5.23 119.3 0.00 5.18 126.5 0.00 5.26 133.7 0.00 5.29 140.8 0.00 5.31

112.3 0.00 5.23 119.5 0.00 5.17 126.7 0.00 5.26 133.8 0.00 5.29 141.0 0.00 5.31

112.5 0.00 5.23 119.7 0.00 5.18 126.8 0.00 5.27 134.0 0.00 5.29 141.2 0.00 5.31

112.7 0.00 5.22 119.8 0.00 5.19 127.0 0.00 5.26 134.2 0.00 5.29 141.3 0.00 5.30

112.8 0.00 5.22 120.0 0.00 5.18 127.2 0.00 5.28 134.3 0.00 5.30 141.5 0.00 5.29

113.0 0.00 5.22 120.2 0.00 5.18 127.3 0.00 5.28 134.5 0.00 5.30 141.7 0.00 5.31

113.2 0.00 5.22 120.3 0.00 5.19 127.5 0.00 5.27 134.7 0.00 5.30 141.8 0.00 5.31

113.3 0.00 5.21 120.5 0.00 5.19 127.7 0.00 5.28 134.8 0.00 5.30 142.0 0.00 5.31

113.5 0.00 5.21 120.7 0.00 5.19 127.8 0.00 5.28 135.0 0.00 5.30 142.2 0.00 5.30

113.7 0.00 5.20 120.8 0.00 5.19 128.0 0.00 5.28 135.2 0.00 5.30 142.3 0.00 5.31

113.8 0.00 5.20 121.0 0.00 5.20 128.2 0.00 5.28 135.3 0.00 5.31 142.5 0.00 5.31

114.0 0.00 5.21 121.2 0.00 5.20 128.3 0.00 5.29 135.5 0.00 5.30 142.7 0.00 5.31

114.2 0.00 5.20 121.3 0.00 5.20 128.5 0.00 5.30 135.7 0.00 5.31 142.8 0.00 5.31

114.3 0.00 5.19 121.5 0.00 5.20 128.7 0.00 5.30 135.8 0.00 5.32 143.0 0.00 5.31

114.5 0.00 5.20 121.7 0.00 5.21 128.8 0.00 5.31 136.0 0.00 5.31 143.2 0.00 5.31
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

143.3 0.00 5.31 150.5 0.00 5.31 157.7 0.00 5.27 164.8 0.00 5.21 172.0 0.00 5.15

143.5 0.00 5.30 150.7 0.00 5.31 157.8 0.00 5.27 165.0 0.00 5.21 172.2 0.00 5.15

143.7 0.00 5.31 150.8 0.00 5.31 158.0 0.00 5.27 165.2 0.00 5.21 172.3 0.00 5.15

143.8 0.00 5.32 151.0 0.00 5.30 158.2 0.00 5.27 165.3 0.00 5.20 172.5 0.00 5.14

144.0 0.00 5.31 151.2 0.00 5.31 158.3 0.00 5.27 165.5 0.00 5.20 172.7 0.00 5.15

144.2 0.00 5.32 151.3 0.00 5.30 158.5 0.00 5.27 165.7 0.00 5.21 172.8 0.00 5.14

144.3 0.00 5.31 151.5 0.00 5.30 158.7 0.00 5.26 165.8 0.00 5.20 173.0 0.00 5.13

144.5 0.00 5.31 151.7 0.00 5.30 158.8 0.00 5.28 166.0 0.00 5.20 173.2 0.00 5.14

144.7 0.00 5.31 151.8 0.00 5.30 159.0 0.00 5.27 166.2 0.00 5.19 173.3 0.00 5.14

144.8 0.00 5.31 152.0 0.00 5.31 159.2 0.00 5.26 166.3 0.00 5.19 173.5 0.00 5.14

145.0 0.00 5.32 152.2 0.00 5.30 159.3 0.00 5.26 166.5 0.00 5.18 173.7 0.00 5.13

145.2 0.00 5.32 152.3 0.00 5.30 159.5 0.00 5.25 166.7 0.00 5.19 173.8 0.00 5.13

145.3 0.00 5.31 152.5 0.00 5.30 159.7 0.00 5.26 166.8 0.00 5.18 174.0 0.00 5.13

145.5 0.00 5.31 152.7 0.00 5.31 159.8 0.00 5.26 167.0 0.00 5.18 174.2 0.00 5.12

145.7 0.00 5.31 152.8 0.00 5.29 160.0 0.00 5.26 167.2 0.00 5.18 174.3 0.00 5.12

145.8 0.00 5.31 153.0 0.00 5.31 160.2 0.00 5.25 167.3 0.00 5.18 174.5 0.00 5.14

146.0 0.00 5.31 153.2 0.00 5.30 160.3 0.00 5.25 167.5 0.00 5.17 174.7 0.00 5.13

146.2 0.00 5.31 153.3 0.00 5.30 160.5 0.00 5.25 167.7 0.00 5.17 174.8 0.00 5.14

146.3 0.00 5.31 153.5 0.00 5.29 160.7 0.00 5.25 167.8 0.00 5.17 175.0 0.00 5.14

146.5 0.00 5.30 153.7 0.00 5.29 160.8 0.00 5.24 168.0 0.00 5.18 175.2 0.00 5.13

146.7 0.00 5.30 153.8 0.00 5.30 161.0 0.00 5.25 168.2 0.00 5.17 175.3 0.00 5.12

146.8 0.00 5.31 154.0 0.00 5.30 161.2 0.00 5.24 168.3 0.00 5.17 175.5 0.00 5.12

147.0 0.00 5.30 154.2 0.00 5.30 161.3 0.00 5.24 168.5 0.00 5.17 175.7 0.00 5.12

147.2 0.00 5.31 154.3 0.00 5.30 161.5 0.00 5.24 168.7 0.00 5.16 175.8 0.00 5.12

147.3 0.00 5.30 154.5 0.00 5.29 161.7 0.00 5.24 168.8 0.00 5.15 176.0 0.00 5.12

147.5 0.00 5.30 154.7 0.00 5.29 161.8 0.00 5.24 169.0 0.00 5.16 176.2 0.00 5.12

147.7 0.00 5.30 154.8 0.00 5.29 162.0 0.00 5.24 169.2 0.00 5.16 176.3 0.00 5.11

147.8 0.00 5.31 155.0 0.00 5.29 162.2 0.00 5.24 169.3 0.00 5.16 176.5 0.00 5.12

148.0 0.00 5.30 155.2 0.00 5.28 162.3 0.00 5.23 169.5 0.00 5.16 176.7 0.00 5.12

148.2 0.00 5.30 155.3 0.00 5.29 162.5 0.00 5.23 169.7 0.00 5.16 176.8 0.00 5.12

148.3 0.00 5.30 155.5 0.00 5.28 162.7 0.00 5.23 169.8 0.00 5.16 177.0 0.00 5.12

148.5 0.00 5.30 155.7 0.00 5.28 162.8 0.00 5.23 170.0 0.00 5.15 177.2 0.00 5.12

148.7 0.00 5.30 155.8 0.00 5.28 163.0 0.00 5.22 170.2 0.00 5.15 177.3 0.00 5.12

148.8 0.00 5.31 156.0 0.00 5.28 163.2 0.00 5.22 170.3 0.00 5.14 177.5 0.00 5.12

149.0 0.00 5.30 156.2 0.00 5.29 163.3 0.00 5.23 170.5 0.00 5.15 177.7 0.00 5.12

149.2 0.00 5.30 156.3 0.00 5.28 163.5 0.00 5.23 170.7 0.00 5.16 177.8 0.00 5.11

149.3 0.00 5.30 156.5 0.00 5.28 163.7 0.00 5.22 170.8 0.00 5.15 178.0 0.00 5.11

149.5 0.00 5.31 156.7 0.00 5.28 163.8 0.00 5.22 171.0 0.00 5.15 178.2 0.00 5.11

149.7 0.00 5.31 156.8 0.00 5.27 164.0 0.00 5.22 171.2 0.00 5.16 178.3 0.00 5.12

149.8 0.00 5.31 157.0 0.00 5.28 164.2 0.00 5.22 171.3 0.00 5.14 178.5 0.00 5.11

150.0 0.00 5.31 157.2 0.00 5.27 164.3 0.00 5.22 171.5 0.00 5.15 178.7 0.00 5.11

150.2 0.00 5.31 157.3 0.00 5.28 164.5 0.00 5.22 171.7 0.00 5.15 178.8 0.00 5.11

150.3 0.00 5.31 157.5 0.00 5.28 164.7 0.00 5.23 171.8 0.00 5.15 179.0 0.00 5.11
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

179.2 0.00 5.11 186.3 0.00 5.09 193.5 0.00 5.05 200.7 0.00 5.17 207.8 0.00 5.44

179.3 0.00 5.11 186.5 0.00 5.09 193.7 0.00 5.06 200.8 0.00 5.18 208.0 0.00 5.45

179.5 0.00 5.11 186.7 0.00 5.08 193.8 0.00 5.06 201.0 0.00 5.18 208.2 0.00 5.46

179.7 0.00 5.10 186.8 0.00 5.08 194.0 0.00 5.06 201.2 0.00 5.19 208.3 0.00 5.47

179.8 0.00 5.10 187.0 0.00 5.08 194.2 0.00 5.06 201.3 0.00 5.19 208.5 0.00 5.48

180.0 0.00 5.09 187.2 0.00 5.07 194.3 0.00 5.06 201.5 0.00 5.19 208.7 0.00 5.48

180.2 0.00 5.10 187.3 0.00 5.07 194.5 0.00 5.06 201.7 0.00 5.20 208.8 0.00 5.50

180.3 0.00 5.11 187.5 0.00 5.07 194.7 0.00 5.06 201.8 0.00 5.21 209.0 0.00 5.51

180.5 0.00 5.10 187.7 0.00 5.08 194.8 0.00 5.06 202.0 0.00 5.21 209.2 0.00 5.52

180.7 0.00 5.10 187.8 0.00 5.07 195.0 0.00 5.07 202.2 0.00 5.22 209.3 0.00 5.53

180.8 0.00 5.11 188.0 0.00 5.07 195.2 0.00 5.07 202.3 0.00 5.22 209.5 0.00 5.54

181.0 0.00 5.10 188.2 0.00 5.07 195.3 0.00 5.07 202.5 0.00 5.23 209.7 0.00 5.55

181.2 0.00 5.10 188.3 0.00 5.07 195.5 0.00 5.05 202.7 0.00 5.24 209.8 0.00 5.57

181.3 0.00 5.10 188.5 0.00 5.06 195.7 0.00 5.06 202.8 0.00 5.25 210.0 0.00 5.57

181.5 0.00 5.11 188.7 0.00 5.05 195.8 0.00 5.06 203.0 0.00 5.25 210.2 0.00 5.58

181.7 0.00 5.11 188.8 0.00 5.05 196.0 0.00 5.07 203.2 0.00 5.25 210.3 0.00 5.61

181.8 0.00 5.12 189.0 0.00 5.05 196.2 0.00 5.06 203.3 0.00 5.26 210.5 0.00 5.61

182.0 0.00 5.11 189.2 0.00 5.05 196.3 0.00 5.07 203.5 0.00 5.26 210.7 0.00 5.62

182.2 0.00 5.11 189.3 0.00 5.05 196.5 0.00 5.07 203.7 0.00 5.26 210.8 0.00 5.64

182.3 0.00 5.11 189.5 0.00 5.05 196.7 0.00 5.07 203.8 0.00 5.27 211.0 0.00 5.65

182.5 0.00 5.12 189.7 0.00 5.05 196.8 0.00 5.07 204.0 0.00 5.28 211.2 0.00 5.66

182.7 0.00 5.12 189.8 0.00 5.03 197.0 0.00 5.07 204.2 0.00 5.28 211.3 0.00 5.68

182.8 0.00 5.12 190.0 0.00 5.04 197.2 0.00 5.08 204.3 0.00 5.29 211.5 0.00 5.68

183.0 0.00 5.13 190.2 0.00 5.05 197.3 0.00 5.08 204.5 0.00 5.30 211.7 0.00 5.70

183.2 0.00 5.12 190.3 0.00 5.05 197.5 0.00 5.08 204.7 0.00 5.30 211.8 0.00 5.70

183.3 0.00 5.12 190.5 0.00 5.05 197.7 0.00 5.09 204.8 0.00 5.31 212.0 0.00 5.72

183.5 0.00 5.13 190.7 0.00 5.04 197.8 0.00 5.10 205.0 0.00 5.32 212.2 0.00 5.73

183.7 0.00 5.13 190.8 0.00 5.05 198.0 0.00 5.09 205.2 0.00 5.31 212.3 0.00 5.75

183.8 0.00 5.12 191.0 0.00 5.04 198.2 0.00 5.10 205.3 0.00 5.33 212.5 0.00 5.75

184.0 0.00 5.12 191.2 0.00 5.04 198.3 0.00 5.11 205.5 0.00 5.33 212.7 0.00 5.77

184.2 0.00 5.13 191.3 0.00 5.03 198.5 0.00 5.12 205.7 0.00 5.33 212.8 0.00 5.79

184.3 0.00 5.12 191.5 0.00 5.04 198.7 0.00 5.12 205.8 0.00 5.34 213.0 0.00 5.80

184.5 0.00 5.12 191.7 0.00 5.05 198.8 0.00 5.12 206.0 0.00 5.35 213.2 0.00 5.81

184.7 0.00 5.12 191.8 0.00 5.05 199.0 0.00 5.13 206.2 0.00 5.36 213.3 0.00 5.82

184.8 0.00 5.11 192.0 0.00 5.04 199.2 0.00 5.13 206.3 0.00 5.36 213.5 0.00 5.84

185.0 0.00 5.11 192.2 0.00 5.04 199.3 0.00 5.14 206.5 0.00 5.37 213.7 0.00 5.86

185.2 0.00 5.11 192.3 0.00 5.05 199.5 0.00 5.14 206.7 0.00 5.38 213.8 0.00 5.86

185.3 0.00 5.10 192.5 0.00 5.06 199.7 0.00 5.14 206.8 0.00 5.39 214.0 0.00 5.89

185.5 0.00 5.11 192.7 0.00 5.05 199.8 0.00 5.14 207.0 0.00 5.39 214.2 0.00 5.91

185.7 0.00 5.11 192.8 0.00 5.05 200.0 0.00 5.14 207.2 0.00 5.40 214.3 0.00 5.92

185.8 0.00 5.11 193.0 0.00 5.05 200.2 0.00 5.15 207.3 0.00 5.40 214.5 0.00 5.93

186.0 0.00 5.10 193.2 0.00 5.06 200.3 0.00 5.16 207.5 0.00 5.42 214.7 0.00 5.95

186.2 0.00 5.10 193.3 0.00 5.06 200.5 0.00 5.17 207.7 0.00 5.42 214.8 0.00 5.96
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

215.0 0.00 5.97 222.2 0.00 6.55 229.3 0.00 6.63 236.5 0.00 5.99 243.7 0.00 4.89

215.2 0.00 5.99 222.3 0.00 6.55 229.5 0.00 6.63 236.7 0.00 5.96 243.8 0.00 4.87

215.3 0.00 6.01 222.5 0.00 6.57 229.7 0.00 6.60 236.8 0.00 5.93 244.0 0.00 4.85

215.5 0.00 6.03 222.7 0.00 6.57 229.8 0.00 6.59 237.0 0.00 5.89 244.2 0.00 4.84

215.7 0.00 6.05 222.8 0.00 6.57 230.0 0.00 6.58 237.2 0.00 5.86 244.3 0.00 4.82

215.8 0.00 6.07 223.0 0.00 6.58 230.2 0.00 6.57 237.3 0.00 5.82 244.5 0.00 4.80

216.0 0.00 6.08 223.2 0.00 6.59 230.3 0.00 6.56 237.5 0.00 5.79 244.7 0.00 4.78

216.2 0.00 6.10 223.3 0.00 6.58 230.5 0.00 6.54 237.7 0.00 5.75 244.8 0.00 4.76

216.3 0.00 6.11 223.5 0.00 6.60 230.7 0.00 6.54 237.8 0.00 5.70 245.0 0.00 4.74

216.5 0.00 6.13 223.7 0.00 6.60 230.8 0.00 6.53 238.0 0.00 5.67 245.2 0.00 4.71

216.7 0.00 6.14 223.8 0.00 6.60 231.0 0.00 6.51 238.2 0.00 5.64 245.3 0.00 4.70

216.8 0.00 6.16 224.0 0.00 6.61 231.2 0.00 6.50 238.3 0.00 5.60 245.5 0.00 4.68

217.0 0.00 6.17 224.2 0.00 6.62 231.3 0.00 6.50 238.5 0.00 5.56 245.7 0.00 4.66

217.2 0.00 6.19 224.3 0.00 6.62 231.5 0.00 6.49 238.7 0.00 5.53 245.8 0.00 4.64

217.3 0.00 6.21 224.5 0.00 6.63 231.7 0.00 6.48 238.8 0.00 5.49 246.0 0.00 4.62

217.5 0.00 6.22 224.7 0.00 6.63 231.8 0.00 6.47 239.0 0.00 5.45 246.2 0.00 4.60

217.7 0.00 6.23 224.8 0.00 6.62 232.0 0.00 6.47 239.2 0.00 5.42 246.3 0.00 4.59

217.8 0.00 6.25 225.0 0.00 6.62 232.2 0.00 6.45 239.3 0.00 5.39 246.5 0.00 4.56

218.0 0.00 6.26 225.2 0.00 6.63 232.3 0.00 6.45 239.5 0.00 5.36 246.7 0.00 4.55

218.2 0.00 6.27 225.3 0.00 6.64 232.5 0.00 6.45 239.7 0.00 5.33 246.8 0.00 4.54

218.3 0.00 6.28 225.5 0.00 6.63 232.7 0.00 6.44 239.8 0.00 5.30 247.0 0.00 4.52

218.5 0.00 6.30 225.7 0.00 6.64 232.8 0.00 6.43 240.0 0.00 5.27 247.2 0.00 4.50

218.7 0.00 6.31 225.8 0.00 6.65 233.0 0.00 6.42 240.2 0.00 5.25 247.3 0.00 4.48

218.8 0.00 6.33 226.0 0.00 6.65 233.2 0.00 6.42 240.3 0.00 5.23 247.5 0.00 4.47

219.0 0.00 6.34 226.2 0.00 6.65 233.3 0.00 6.40 240.5 0.00 5.20 247.7 0.00 4.45

219.2 0.00 6.36 226.3 0.00 6.66 233.5 0.00 6.39 240.7 0.00 5.18 247.8 0.00 4.43

219.3 0.00 6.38 226.5 0.00 6.67 233.7 0.00 6.37 240.8 0.00 5.16 248.0 0.00 4.41

219.5 0.00 6.38 226.7 0.00 6.67 233.8 0.00 6.35 241.0 0.00 5.13 248.2 0.00 4.39

219.7 0.00 6.39 226.8 0.00 6.67 234.0 0.00 6.34 241.2 0.00 5.11 248.3 0.00 4.37

219.8 0.00 6.40 227.0 0.00 6.67 234.2 0.00 6.33 241.3 0.00 5.09 248.5 0.00 4.36

220.0 0.00 6.42 227.2 0.00 6.66 234.3 0.00 6.31 241.5 0.00 5.07 248.7 0.00 4.35

220.2 0.00 6.43 227.3 0.00 6.67 234.5 0.00 6.29 241.7 0.00 5.06 248.8 0.00 4.33

220.3 0.00 6.44 227.5 0.00 6.67 234.7 0.00 6.27 241.8 0.00 5.04 249.0 0.00 4.31

220.5 0.00 6.45 227.7 0.00 6.66 234.8 0.00 6.25 242.0 0.00 5.02 249.2 0.00 4.30

220.7 0.00 6.46 227.8 0.00 6.66 235.0 0.00 6.22 242.2 0.00 5.01 249.3 0.00 4.29

220.8 0.00 6.47 228.0 0.00 6.67 235.2 0.00 6.20 242.3 0.00 4.99 249.5 0.00 4.27

221.0 0.00 6.48 228.2 0.00 6.66 235.3 0.00 6.18 242.5 0.00 4.98 249.7 0.00 4.26

221.2 0.00 6.50 228.3 0.00 6.66 235.5 0.00 6.16 242.7 0.00 4.97 249.8 0.00 4.24

221.3 0.00 6.50 228.5 0.00 6.66 235.7 0.00 6.13 242.8 0.00 4.95 250.0 0.00 4.23

221.5 0.00 6.51 228.7 0.00 6.65 235.8 0.00 6.11 243.0 0.00 4.94 250.2 0.00 4.21

221.7 0.00 6.51 228.8 0.00 6.65 236.0 0.00 6.08 243.2 0.00 4.93 250.3 0.00 4.20

221.8 0.00 6.53 229.0 0.00 6.65 236.2 0.00 6.05 243.3 0.00 4.91 250.5 0.00 4.18

222.0 0.00 6.54 229.2 0.00 6.64 236.3 0.00 6.02 243.5 0.00 4.90 250.7 0.00 4.17
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

250.8 0.00 4.16 258.0 0.00 3.45 265.2 0.00 2.71 272.3 0.00 2.08 279.5 0.00 1.64

251.0 0.00 4.13 258.2 0.00 3.43 265.3 0.00 2.69 272.5 0.00 2.05 279.7 0.00 1.62

251.2 0.00 4.12 258.3 0.00 3.41 265.5 0.00 2.68 272.7 0.00 2.05 279.8 0.00 1.61

251.3 0.00 4.10 258.5 0.00 3.40 265.7 0.00 2.66 272.8 0.00 2.03 280.0 0.00 1.61

251.5 0.00 4.09 258.7 0.00 3.39 265.8 0.00 2.65 273.0 0.00 2.01 280.2 0.00 1.60

251.7 0.00 4.06 258.8 0.00 3.36 266.0 0.00 2.64 273.2 0.00 2.01 280.3 0.00 1.60

251.8 0.00 4.04 259.0 0.00 3.35 266.2 0.00 2.63 273.3 0.00 2.00 280.5 0.00 1.59

252.0 0.00 4.02 259.2 0.00 3.33 266.3 0.00 2.62 273.5 0.00 1.99 280.7 0.00 1.58

252.2 0.00 4.00 259.3 0.00 3.31 266.5 0.00 2.59 273.7 0.00 1.97 280.8 0.00 1.58

252.3 0.00 3.98 259.5 0.00 3.28 266.7 0.00 2.58 273.8 0.00 1.95 281.0 0.00 1.57

252.5 0.00 3.96 259.7 0.00 3.27 266.8 0.00 2.58 274.0 0.00 1.95 281.2 0.00 1.57

252.7 0.00 3.94 259.8 0.00 3.25 267.0 0.00 2.56 274.2 0.00 1.94 281.3 0.00 1.56

252.8 0.00 3.92 260.0 0.00 3.23 267.2 0.00 2.54 274.3 0.00 1.93 281.5 0.00 1.55

253.0 0.00 3.90 260.2 0.00 3.22 267.3 0.00 2.54 274.5 0.00 1.92 281.7 0.00 1.55

253.2 0.00 3.89 260.3 0.00 3.19 267.5 0.00 2.52 274.7 0.00 1.90 281.8 0.00 1.54

253.3 0.00 3.87 260.5 0.00 3.18 267.7 0.00 2.51 274.8 0.00 1.90 282.0 0.00 1.54

253.5 0.00 3.86 260.7 0.00 3.16 267.8 0.00 2.49 275.0 0.00 1.88 282.2 0.00 1.52

253.7 0.00 3.84 260.8 0.00 3.13 268.0 0.00 2.47 275.2 0.00 1.88 282.3 0.00 1.52

253.8 0.00 3.82 261.0 0.00 3.11 268.2 0.00 2.45 275.3 0.00 1.87 282.5 0.00 1.51

254.0 0.00 3.81 261.2 0.00 3.09 268.3 0.00 2.43 275.5 0.00 1.86 282.7 0.00 1.50

254.2 0.00 3.80 261.3 0.00 3.07 268.5 0.00 2.42 275.7 0.00 1.84 282.8 0.00 1.50

254.3 0.00 3.79 261.5 0.00 3.05 268.7 0.00 2.40 275.8 0.00 1.84 283.0 0.00 1.49

254.5 0.00 3.77 261.7 0.00 3.04 268.8 0.00 2.38 276.0 0.00 1.83 283.2 0.00 1.48

254.7 0.00 3.76 261.8 0.00 3.03 269.0 0.00 2.36 276.2 0.00 1.82 283.3 0.00 1.47

254.8 0.00 3.74 262.0 0.00 3.00 269.2 0.00 2.34 276.3 0.00 1.81 283.5 0.00 1.47

255.0 0.00 3.72 262.2 0.00 2.98 269.3 0.00 2.33 276.5 0.00 1.80 283.7 0.00 1.46

255.2 0.00 3.71 262.3 0.00 2.96 269.5 0.00 2.32 276.7 0.00 1.80 283.8 0.00 1.45

255.3 0.00 3.71 262.5 0.00 2.95 269.7 0.00 2.29 276.8 0.00 1.79 284.0 0.00 1.44

255.5 0.00 3.68 262.7 0.00 2.94 269.8 0.00 2.27 277.0 0.00 1.78 284.2 0.00 1.42

255.7 0.00 3.67 262.8 0.00 2.92 270.0 0.00 2.27 277.2 0.00 1.77 284.3 0.00 1.42

255.8 0.00 3.66 263.0 0.00 2.89 270.2 0.00 2.25 277.3 0.00 1.76 284.5 0.00 1.41

256.0 0.00 3.64 263.2 0.00 2.88 270.3 0.00 2.24 277.5 0.00 1.75 284.7 0.00 1.40

256.2 0.00 3.63 263.3 0.00 2.87 270.5 0.00 2.21 277.7 0.00 1.73 284.8 0.00 1.39

256.3 0.00 3.61 263.5 0.00 2.86 270.7 0.00 2.21 277.8 0.00 1.73 285.0 0.00 1.39

256.5 0.00 3.59 263.7 0.00 2.84 270.8 0.00 2.20 278.0 0.00 1.72 285.2 0.00 1.37

256.7 0.00 3.58 263.8 0.00 2.82 271.0 0.00 2.19 278.2 0.00 1.71 285.3 0.00 1.36

256.8 0.00 3.56 264.0 0.00 2.81 271.2 0.00 2.17 278.3 0.00 1.71 285.5 0.00 1.36

257.0 0.00 3.54 264.2 0.00 2.79 271.3 0.00 2.15 278.5 0.00 1.69 285.7 0.00 1.34

257.2 0.00 3.53 264.3 0.00 2.77 271.5 0.00 2.14 278.7 0.00 1.68 285.8 0.00 1.33

257.3 0.00 3.52 264.5 0.00 2.77 271.7 0.00 2.13 278.8 0.00 1.68 286.0 0.00 1.32

257.5 0.00 3.50 264.7 0.00 2.75 271.8 0.00 2.11 279.0 0.00 1.66 286.2 0.00 1.31

257.7 0.00 3.48 264.8 0.00 2.73 272.0 0.00 2.09 279.2 0.00 1.65 286.3 0.00 1.29

257.8 0.00 3.46 265.0 0.00 2.72 272.2 0.00 2.08 279.3 0.00 1.65 286.5 0.00 1.30
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

286.7 0.00 1.29 293.8 0.00 0.92 301.0 0.00 0.72 308.2 0.00 0.59 315.3 0.00 0.54

286.8 0.00 1.27 294.0 0.00 0.92 301.2 0.00 0.71 308.3 0.00 0.59 315.5 0.00 0.54

287.0 0.00 1.26 294.2 0.00 0.90 301.3 0.00 0.71 308.5 0.00 0.58 315.7 0.00 0.54

287.2 0.00 1.25 294.3 0.00 0.90 301.5 0.00 0.70 308.7 0.00 0.58 315.8 0.00 0.54

287.3 0.00 1.25 294.5 0.00 0.89 301.7 0.00 0.70 308.8 0.00 0.58 316.0 0.00 0.54

287.5 0.00 1.24 294.7 0.00 0.88 301.8 0.00 0.70 309.0 0.00 0.58 316.2 0.00 0.53

287.7 0.00 1.23 294.8 0.00 0.88 302.0 0.00 0.69 309.2 0.00 0.58 316.3 0.00 0.54

287.8 0.00 1.22 295.0 0.00 0.87 302.2 0.00 0.69 309.3 0.00 0.57 316.5 0.00 0.53

288.0 0.00 1.22 295.2 0.00 0.86 302.3 0.00 0.68 309.5 0.00 0.58 316.7 0.00 0.53

288.2 0.00 1.20 295.3 0.00 0.87 302.5 0.00 0.68 309.7 0.00 0.57 316.8 0.00 0.54

288.3 0.00 1.20 295.5 0.00 0.85 302.7 0.00 0.68 309.8 0.00 0.57 317.0 0.00 0.54

288.5 0.00 1.19 295.7 0.00 0.86 302.8 0.00 0.67 310.0 0.00 0.57 317.2 0.00 0.53

288.7 0.00 1.19 295.8 0.00 0.85 303.0 0.00 0.66 310.2 0.00 0.57 317.3 0.00 0.53

288.8 0.00 1.18 296.0 0.00 0.84 303.2 0.00 0.66 310.3 0.00 0.57 317.5 0.00 0.53

289.0 0.00 1.17 296.2 0.00 0.84 303.3 0.00 0.65 310.5 0.00 0.57 317.7 0.00 0.53

289.2 0.00 1.17 296.3 0.00 0.84 303.5 0.00 0.65 310.7 0.00 0.57 317.8 0.00 0.53

289.3 0.00 1.16 296.5 0.00 0.84 303.7 0.00 0.64 310.8 0.00 0.56 318.0 0.00 0.53

289.5 0.00 1.16 296.7 0.00 0.83 303.8 0.00 0.64 311.0 0.00 0.57 318.2 0.00 0.52

289.7 0.00 1.15 296.8 0.00 0.82 304.0 0.00 0.64 311.2 0.00 0.56 318.3 0.00 0.52

289.8 0.00 1.14 297.0 0.00 0.82 304.2 0.00 0.64 311.3 0.00 0.56 318.5 0.00 0.52

290.0 0.00 1.13 297.2 0.00 0.82 304.3 0.00 0.63 311.5 0.00 0.56 318.7 0.00 0.52

290.2 0.00 1.12 297.3 0.00 0.82 304.5 0.00 0.62 311.7 0.00 0.56 318.8 0.00 0.52

290.3 0.00 1.12 297.5 0.00 0.81 304.7 0.00 0.63 311.8 0.00 0.56 319.0 0.00 0.52

290.5 0.00 1.11 297.7 0.00 0.81 304.8 0.00 0.62 312.0 0.00 0.56 319.2 0.00 0.52

290.7 0.00 1.10 297.8 0.00 0.80 305.0 0.00 0.63 312.2 0.00 0.56 319.3 0.00 0.52

290.8 0.00 1.09 298.0 0.00 0.79 305.2 0.00 0.62 312.3 0.00 0.56 319.5 0.00 0.51

291.0 0.00 1.09 298.2 0.00 0.79 305.3 0.00 0.62 312.5 0.00 0.57 319.7 0.00 0.52

291.2 0.00 1.08 298.3 0.00 0.78 305.5 0.00 0.61 312.7 0.00 0.56 319.8 0.00 0.52

291.3 0.00 1.07 298.5 0.00 0.78 305.7 0.00 0.61 312.8 0.00 0.56 320.0 0.00 0.51

291.5 0.00 1.07 298.7 0.00 0.78 305.8 0.00 0.60 313.0 0.00 0.57 320.2 0.00 0.51

291.7 0.00 1.05 298.8 0.00 0.78 306.0 0.00 0.60 313.2 0.00 0.56 320.3 0.00 0.51

291.8 0.00 1.04 299.0 0.00 0.78 306.2 0.00 0.60 313.3 0.00 0.56 320.5 0.00 0.51

292.0 0.00 1.03 299.2 0.00 0.76 306.3 0.00 0.60 313.5 0.00 0.56 320.7 0.00 0.51

292.2 0.00 1.02 299.3 0.00 0.76 306.5 0.00 0.60 313.7 0.00 0.57 320.8 0.00 0.51

292.3 0.00 1.01 299.5 0.00 0.76 306.7 0.00 0.60 313.8 0.00 0.55 321.0 0.00 0.51

292.5 0.00 1.00 299.7 0.00 0.75 306.8 0.00 0.59 314.0 0.00 0.55 321.2 0.00 0.50

292.7 0.00 0.99 299.8 0.00 0.75 307.0 0.00 0.59 314.2 0.00 0.55 321.3 0.00 0.50

292.8 0.00 0.98 300.0 0.00 0.74 307.2 0.00 0.60 314.3 0.00 0.55 321.5 0.00 0.50

293.0 0.00 0.98 300.2 0.00 0.75 307.3 0.00 0.59 314.5 0.00 0.55 321.7 0.00 0.50

293.2 0.00 0.95 300.3 0.00 0.74 307.5 0.00 0.59 314.7 0.00 0.55 321.8 0.00 0.49

293.3 0.00 0.94 300.5 0.00 0.73 307.7 0.00 0.59 314.8 0.00 0.55 322.0 0.00 0.49

293.5 0.00 0.95 300.7 0.00 0.73 307.8 0.00 0.59 315.0 0.00 0.55 322.2 0.00 0.49

293.7 0.00 0.93 300.8 0.00 0.72 308.0 0.00 0.59 315.2 0.00 0.53 322.3 0.00 0.48
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

322.5 0.00 0.48 329.7 0.00 0.43 336.8 0.00 0.42 344.0 0.00 0.40 351.2 0.00 0.38

322.7 0.00 0.48 329.8 0.00 0.43 337.0 0.00 0.42 344.2 0.00 0.41 351.3 0.00 0.38

322.8 0.00 0.48 330.0 0.00 0.43 337.2 0.00 0.42 344.3 0.00 0.40 351.5 0.00 0.38

323.0 0.00 0.48 330.2 0.00 0.43 337.3 0.00 0.41 344.5 0.00 0.40 351.7 0.00 0.37

323.2 0.00 0.48 330.3 0.00 0.42 337.5 0.00 0.41 344.7 0.00 0.40 351.8 0.00 0.37

323.3 0.00 0.48 330.5 0.00 0.43 337.7 0.00 0.42 344.8 0.00 0.40 352.0 0.00 0.37

323.5 0.00 0.48 330.7 0.00 0.43 337.8 0.00 0.41 345.0 0.00 0.40 352.2 0.00 0.38

323.7 0.00 0.47 330.8 0.00 0.42 338.0 0.00 0.41 345.2 0.00 0.40 352.3 0.00 0.38

323.8 0.00 0.47 331.0 0.00 0.42 338.2 0.00 0.41 345.3 0.00 0.40 352.5 0.00 0.37

324.0 0.00 0.48 331.2 0.00 0.43 338.3 0.00 0.41 345.5 0.00 0.40 352.7 0.00 0.37

324.2 0.00 0.47 331.3 0.00 0.42 338.5 0.00 0.41 345.7 0.00 0.40 352.8 0.00 0.38

324.3 0.00 0.47 331.5 0.00 0.42 338.7 0.00 0.41 345.8 0.00 0.39 353.0 0.00 0.38

324.5 0.00 0.47 331.7 0.00 0.42 338.8 0.00 0.41 346.0 0.00 0.39 353.2 0.00 0.37

324.7 0.00 0.48 331.8 0.00 0.42 339.0 0.00 0.41 346.2 0.00 0.39 353.3 0.00 0.38

324.8 0.00 0.48 332.0 0.00 0.42 339.2 0.00 0.41 346.3 0.00 0.39 353.5 0.00 0.37

325.0 0.00 0.48 332.2 0.00 0.43 339.3 0.00 0.41 346.5 0.00 0.39 353.7 0.00 0.37

325.2 0.00 0.47 332.3 0.00 0.42 339.5 0.00 0.42 346.7 0.00 0.40 353.8 0.00 0.37

325.3 0.00 0.47 332.5 0.00 0.41 339.7 0.00 0.42 346.8 0.00 0.39 354.0 0.00 0.37

325.5 0.00 0.47 332.7 0.00 0.42 339.8 0.00 0.42 347.0 0.00 0.39 354.2 0.00 0.37

325.7 0.00 0.46 332.8 0.00 0.42 340.0 0.00 0.41 347.2 0.00 0.40 354.3 0.00 0.37

325.8 0.00 0.47 333.0 0.00 0.43 340.2 0.00 0.41 347.3 0.00 0.39 354.5 0.00 0.37

326.0 0.00 0.46 333.2 0.00 0.42 340.3 0.00 0.42 347.5 0.00 0.39 354.7 0.00 0.37

326.2 0.00 0.46 333.3 0.00 0.42 340.5 0.00 0.41 347.7 0.00 0.39 354.8 0.00 0.38

326.3 0.00 0.46 333.5 0.00 0.42 340.7 0.00 0.41 347.8 0.00 0.39 355.0 0.00 0.37

326.5 0.00 0.45 333.7 0.00 0.42 340.8 0.00 0.40 348.0 0.00 0.38 355.2 0.00 0.37

326.7 0.00 0.46 333.8 0.00 0.42 341.0 0.00 0.41 348.2 0.00 0.39 355.3 0.00 0.38

326.8 0.00 0.46 334.0 0.00 0.42 341.2 0.00 0.41 348.3 0.00 0.38 355.5 0.00 0.38

327.0 0.00 0.45 334.2 0.00 0.42 341.3 0.00 0.41 348.5 0.00 0.39 355.7 0.00 0.37

327.2 0.00 0.45 334.3 0.00 0.41 341.5 0.00 0.41 348.7 0.00 0.39 355.8 0.00 0.37

327.3 0.00 0.45 334.5 0.00 0.42 341.7 0.00 0.41 348.8 0.00 0.38 356.0 0.00 0.37

327.5 0.00 0.45 334.7 0.00 0.42 341.8 0.00 0.41 349.0 0.00 0.39 356.2 0.00 0.38

327.7 0.00 0.45 334.8 0.00 0.42 342.0 0.00 0.40 349.2 0.00 0.38 356.3 0.00 0.38

327.8 0.00 0.44 335.0 0.00 0.42 342.2 0.00 0.41 349.3 0.00 0.38 356.5 0.00 0.37

328.0 0.00 0.44 335.2 0.00 0.42 342.3 0.00 0.41 349.5 0.00 0.38 356.7 0.00 0.36

328.2 0.00 0.45 335.3 0.00 0.41 342.5 0.00 0.40 349.7 0.00 0.38 356.8 0.00 0.37

328.3 0.00 0.44 335.5 0.00 0.41 342.7 0.00 0.40 349.8 0.00 0.39 357.0 0.00 0.37

328.5 0.00 0.44 335.7 0.00 0.42 342.8 0.00 0.41 350.0 0.00 0.38 357.2 0.00 0.37

328.7 0.00 0.44 335.8 0.00 0.42 343.0 0.00 0.41 350.2 0.00 0.38 357.3 0.00 0.37

328.8 0.00 0.44 336.0 0.00 0.42 343.2 0.00 0.41 350.3 0.00 0.39 357.5 0.00 0.37

329.0 0.00 0.44 336.2 0.00 0.42 343.3 0.00 0.40 350.5 0.00 0.38 357.7 0.00 0.37

329.2 0.00 0.44 336.3 0.00 0.42 343.5 0.00 0.41 350.7 0.00 0.38 357.8 0.00 0.37

329.3 0.00 0.43 336.5 0.00 0.42 343.7 0.00 0.41 350.8 0.00 0.37 358.0 0.00 0.37

329.5 0.00 0.43 336.7 0.00 0.42 343.8 0.00 0.41 351.0 0.00 0.38 358.2 0.00 0.37
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Appendix E Nitrous oxide study

Time DO N2O Time DO N2O Time DO N2O Time DO N2O Time DO N2O

(Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM) (Min) (mg/l) (µM)

358.3 0.00 0.37 365.5 1.77 1.86 372.7 5.16 2.12 379.8 4.16 0.28 387.0 4.32 1.65

358.5 0.00 0.37 365.7 2.09 2.15 372.8 5.08 1.27 380.0 4.13 0.72 387.2 4.50 1.68

358.7 0.00 0.36 365.8 3.03 2.24 373.0 4.94 0.59 380.2 4.24 1.47 387.3 4.52 1.68

358.8 0.00 0.38 366.0 3.40 2.28 373.2 4.80 0.39 380.3 4.33 1.73 387.5 4.48 1.50

359.0 0.00 0.37 366.2 3.56 2.20 373.3 4.65 0.38 380.5 4.48 1.80 387.7 4.39 0.74

359.2 0.03 0.37 366.3 3.57 1.25 373.5 4.64 1.06 380.7 4.50 1.81 387.8 4.27 0.37

359.3 0.23 0.37 366.5 3.52 0.61 373.7 4.68 1.80 380.8 4.43 1.82 388.0 4.14 0.31

359.5 0.29 0.37 366.7 3.41 0.40 373.8 4.77 2.04 381.0 4.32 1.23 388.2 4.07 0.45

359.7 0.25 0.38 366.8 3.39 0.37 374.0 5.15 2.11 381.2 4.19 0.54 388.3 4.23 1.18

359.8 0.19 0.38 367.0 4.40 1.20 374.2 5.30 2.13 381.3 4.04 0.37 388.5 4.32 1.52

360.0 0.12 0.38 367.2 4.65 1.96 374.3 5.30 1.95 381.5 3.88 0.45 388.7 4.50 1.64

360.2 0.05 0.31 367.3 4.82 2.23 374.5 5.25 1.06 381.7 3.88 0.91 388.8 4.66 1.66

360.3 0.00 0.24 367.5 4.97 2.32 374.7 5.13 0.53 381.8 4.07 1.52 389.0 4.64 1.64

360.5 0.09 0.58 367.7 4.96 2.35 374.8 4.99 0.42 382.0 4.29 1.73 389.2 4.57 1.31

360.7 0.25 0.87 367.8 4.90 2.08 375.0 4.87 0.50 382.2 4.55 1.79 389.3 4.47 0.60

360.8 0.47 0.95 368.0 4.77 1.01 375.2 4.99 1.34 382.3 4.62 1.78 389.5 4.35 0.33

361.0 0.63 0.98 368.2 4.62 0.47 375.3 5.33 1.83 382.5 4.61 1.73 389.7 4.22 0.35

361.2 0.63 1.02 368.3 4.45 0.37 375.5 5.55 1.98 382.7 4.54 1.08 389.8 4.13 0.51

361.3 0.58 1.02 368.5 4.35 0.57 375.7 5.64 2.00 382.8 4.43 0.52 390.0 4.37 1.19

361.5 0.52 0.55 368.7 4.46 1.58 375.8 5.58 2.00 383.0 4.30 0.35 390.2 4.57 1.50

361.7 0.44 0.27 368.8 4.66 2.09 376.0 5.47 1.83 383.2 4.16 0.34 390.3 4.69 1.59

361.8 0.35 0.21 369.0 5.06 2.23 376.2 5.33 0.94 383.3 4.12 0.98 390.5 4.81 1.61

362.0 0.30 0.37 369.2 5.19 2.28 376.3 5.16 0.45 383.5 4.18 1.52 390.7 4.78 1.61

362.2 0.46 0.97 369.3 5.25 2.30 376.5 4.99 0.34 383.7 4.28 1.68 390.8 4.70 1.29

362.3 0.65 1.24 369.5 5.25 1.88 376.7 4.83 0.47 383.8 4.54 1.71 391.0 4.60 0.62

362.5 1.28 1.32 369.7 5.21 0.88 376.8 4.78 1.29 384.0 4.55 1.71 391.2 4.47 0.35

362.7 1.55 1.33 369.8 5.11 0.46 377.0 4.77 1.75 384.2 4.49 1.61 391.3 4.34 0.28

362.8 1.60 1.33 370.0 5.01 0.35 377.2 4.79 1.93 384.3 4.39 0.86 391.5 4.38 0.57

363.0 1.54 0.98 370.2 5.09 0.69 377.3 4.95 1.93 384.5 4.26 0.41 391.7 - 1.23

363.2 1.46 0.50 370.3 5.14 1.70 377.5 4.94 1.92 384.7 4.11 0.29 391.8 - 1.50

363.3 1.34 0.36 370.5 5.18 2.09 377.7 4.85 1.57 384.8 3.96 0.33 392.0 - 1.57

363.5 1.22 0.41 370.7 5.28 2.19 377.8 4.72 0.70 385.0 3.94 1.08 392.2 - 1.56

363.7 1.16 0.77 370.8 5.35 2.23 378.0 4.56 0.38 385.2 3.99 1.54 392.3 - 1.55

363.8 1.28 1.57 371.0 5.33 2.24 378.2 4.40 0.33 385.3 4.18 1.67 392.5 - 1.10

364.0 1.60 1.86 371.2 5.26 1.69 378.3 4.28 0.61 385.5 4.41 1.70 392.7 - 0.49

364.2 1.87 1.95 371.3 5.13 0.83 378.5 4.27 1.46 385.7 4.48 1.68 392.8 - 0.29

364.3 1.94 2.02 371.5 4.98 0.51 378.7 4.40 1.80 385.8 4.45 1.51 393.0 - 0.30

364.5 1.92 2.13 371.7 4.83 0.42 378.8 4.56 1.88 386.0 4.38 0.76 393.2 5.14 0.63

364.7 1.86 1.42 371.8 4.83 0.80 379.0 4.68 1.88 386.2 4.28 0.35 393.3 5.10 1.25

364.8 1.77 0.66 372.0 4.90 1.71 379.2 4.66 1.86 386.3 4.17 0.29 393.5 5.07 1.48

365.0 1.66 0.37 372.2 5.03 2.04 379.3 4.58 1.29 386.5 4.06 0.36 393.7 5.09 1.56

365.2 1.55 0.31 372.3 5.15 2.13 379.5 4.46 0.57 386.7 4.02 1.09 393.8 5.10 1.58

365.3 1.61 0.95 372.5 5.21 2.15 379.7 4.31 0.31 386.8 4.05 1.51 394.0 5.02 1.57
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Appendix E Nitrous oxide study

E.4 N2O mass transfer coefficient data

Molecular diffusion (quiescent) Enhanced diffusion (mixed)

Time N2O dC/dt Time N2O dC/dt

(Min) (µM) (µM/min) (Min) (µM) (µM/min)

0 10.003 -0.019 0.3 10.241 -1.560

18 9.669 -0.018 1.8 7.901 -1.372

36 9.337 -0.017 3.3 6.125 -1.047

55 9.057 -0.015 4.8 4.759 -0.766

73 8.773 -0.013 6.3 3.827 -0.575

91 8.592 -0.010 7.8 3.035 -0.477

109 8.401 -0.009 9.3 2.395 -0.393

127 8.276 -0.012 10.8 1.855 -0.342

145 7.975 -0.010 12.3 1.370 -0.230

218 7.350 -0.011 13.8 1.167 -0.132

248 6.843 -0.023 15.3 0.972 -0.128

266 6.255 -0.025 16.8 0.782 -0.116

314 5.211 -0.019 18.3 0.626 -0.099

332 4.975 -0.013 19.8 0.487 -0.077

350 4.740 -0.012 21.3 0.393 -0.051

368 4.556 -0.015 22.8 0.334 -0.049

387 4.191 -0.012 24.3 0.245 -0.043

405 4.112 -0.001 25.8 0.206 -0.022

423 4.153 -0.008 27.3 0.177 -0.019

441 3.816 -0.008 28.8 0.150 -0.026

537 3.217 -0.005 30.3 0.099 -0.024

555 3.267 -0.011 31.8 0.078 -0.011

573 2.829 -0.017 33.3 0.067 -0.011

591 2.637 -0.004 34.8 0.045 -0.014

609 2.694 -0.011 36.3 0.024 -0.013

627 2.230 -0.016

645 2.117 -0.005

663 2.034 -0.006

681 1.890 -0.008

699 1.740 -0.007

717 1.624 -0.004

735 1.587 -0.001

747 1.588 -0.002

837 1.385 -0.005

855 1.086 -0.015

873 0.834 -0.012

891 0.654 -0.015

909 0.306 -0.016

927 0.090 -0.012
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Appendix E Nitrous oxide study

E.5.1 Sample nitrous oxide emission and production calculations - additional data is provided on the attached CD
(rc = µM/min; re = µM/min; Q = µM; rp = µM/min; G = µM)

Discharge Reactor anaerobic phase calculations (quiescent)
Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

0.00 0.41 0.01 0.00 0.00 0.01 0.00 5.33 0.41 -0.01 0.00 0.00 -0.01 0.00 10.7 0.41 0.01 0.00 0.00 0.01 0.00 16.0 0.41 -0.03 0.00 0.00 -0.03 0.00

0.17 0.41 -0.01 0.00 0.00 -0.01 0.00 5.50 0.41 0.01 0.00 0.00 0.01 0.00 10.8 0.41 0.02 0.00 0.00 0.02 0.00 16.2 0.41 0.00 0.00 0.00 0.00 -0.01

0.33 0.40 0.01 0.00 0.00 0.01 0.00 5.67 0.42 0.00 0.00 0.00 0.00 0.00 11.0 0.42 -0.01 0.00 0.00 0.00 0.00 16.3 0.41 -0.01 0.00 0.00 -0.01 0.00

0.50 0.41 0.02 0.00 0.00 0.02 0.00 5.83 0.41 -0.02 0.00 0.00 -0.02 0.01 11.2 0.41 0.00 0.00 0.00 0.00 0.00 16.5 0.41 -0.01 0.00 0.00 -0.01 0.00

0.67 0.41 0.00 0.00 0.00 0.00 0.01 6.00 0.41 0.03 0.00 0.00 0.03 0.00 11.3 0.42 0.00 0.00 0.00 0.00 0.00 16.7 0.40 0.02 0.00 0.00 0.02 0.00

0.83 0.41 0.02 0.00 0.00 0.02 0.00 6.17 0.42 0.01 0.00 0.00 0.01 0.01 11.5 0.41 -0.02 0.00 0.00 -0.02 0.00 16.8 0.41 0.03 0.00 0.00 0.03 0.00

1.00 0.42 0.00 0.00 0.00 0.00 0.00 6.33 0.41 0.03 0.00 0.00 0.03 0.00 11.7 0.41 -0.01 0.00 0.00 -0.01 -0.01 17.0 0.41 0.00 0.00 0.00 0.00 0.01

1.17 0.41 -0.01 0.00 0.00 -0.01 0.00 6.50 0.43 0.00 0.00 0.00 0.00 0.00 11.8 0.41 -0.01 0.00 0.00 -0.01 0.00 17.2 0.41 0.02 0.00 0.00 0.02 0.00

1.33 0.41 -0.01 0.00 0.00 -0.01 0.00 6.67 0.41 -0.04 0.00 0.00 -0.04 0.00 12.0 0.41 0.02 0.00 0.00 0.02 0.00 17.3 0.42 -0.02 0.00 0.00 -0.02 0.00

1.50 0.41 -0.01 0.00 0.00 -0.01 0.00 6.83 0.41 0.01 0.00 0.00 0.01 -0.01 12.2 0.41 0.01 0.00 0.00 0.02 0.00 17.5 0.40 -0.02 0.00 0.00 -0.02 0.00

1.67 0.41 -0.01 0.00 0.00 -0.01 0.00 7.00 0.42 0.00 0.00 0.00 0.00 0.00 12.3 0.41 0.00 0.00 0.00 0.00 0.00 17.7 0.41 0.02 0.00 0.00 0.02 -0.01

1.83 0.41 0.01 0.00 0.00 0.01 0.00 7.17 0.41 0.01 0.00 0.00 0.01 0.00 12.5 0.41 -0.01 0.00 0.00 -0.01 0.00 17.8 0.41 -0.02 0.00 0.00 -0.02 0.01

2.00 0.41 0.00 0.00 0.00 0.00 0.00 7.33 0.42 0.00 0.00 0.00 0.01 0.00 12.7 0.41 -0.01 0.00 0.00 -0.01 0.00 18.0 0.41 0.02 0.00 0.00 0.02 0.00

2.17 0.41 0.00 0.00 0.00 0.00 0.00 7.50 0.42 -0.02 0.00 0.00 -0.02 0.00 12.8 0.41 0.00 0.00 0.00 0.00 0.00 18.2 0.42 0.02 0.00 0.00 0.02 0.00

2.33 0.41 0.01 0.00 0.00 0.01 0.00 7.67 0.41 0.00 0.00 0.00 0.00 0.00 13.0 0.41 0.01 0.00 0.00 0.01 0.00 18.3 0.41 -0.02 0.00 0.00 -0.02 0.00

2.50 0.41 0.00 0.00 0.00 0.00 0.00 7.83 0.42 0.00 0.00 0.00 0.00 0.00 13.2 0.41 0.00 0.00 0.00 0.00 0.00 18.5 0.41 -0.01 0.00 0.00 -0.01 0.00

2.67 0.41 0.00 0.00 0.00 0.00 0.00 8.00 0.41 -0.02 0.00 0.00 -0.01 0.00 13.3 0.41 -0.02 0.00 0.00 -0.02 0.00 18.7 0.41 0.03 0.00 0.00 0.03 0.00

2.83 0.41 0.00 0.00 0.00 0.00 0.00 8.17 0.41 0.02 0.00 0.00 0.02 0.00 13.5 0.40 -0.01 0.00 0.00 -0.01 0.00 18.8 0.42 0.03 0.00 0.00 0.03 0.00

3.00 0.41 0.00 0.00 0.00 0.00 0.00 8.33 0.42 0.00 0.00 0.00 0.00 0.00 13.7 0.41 0.04 0.00 0.00 0.04 0.00 19.0 0.42 -0.04 0.00 0.00 -0.04 0.00

3.17 0.41 -0.01 0.00 0.00 0.00 0.00 8.50 0.41 -0.02 0.00 0.00 -0.02 0.00 13.8 0.42 0.00 0.00 0.00 0.00 0.00 19.2 0.41 -0.04 0.00 0.00 -0.04 -0.01

3.33 0.41 -0.01 0.00 0.00 -0.01 0.00 8.67 0.41 -0.01 0.00 0.00 0.00 0.00 14.0 0.41 -0.03 0.00 0.00 -0.03 0.00 19.3 0.41 -0.02 0.00 0.00 -0.02 -0.01

3.50 0.41 0.03 0.00 0.00 0.03 0.01 8.83 0.41 0.02 0.00 0.00 0.02 0.00 14.2 0.41 0.02 0.00 0.00 0.02 0.00 19.5 0.40 0.00 0.00 0.00 0.00 0.00

3.67 0.42 0.05 0.00 0.00 0.05 0.00 9.00 0.42 0.01 0.00 0.00 0.01 0.00 14.3 0.42 0.01 0.00 0.00 0.01 0.00 19.7 0.41 -0.01 0.00 0.00 -0.01 0.00

3.83 0.42 -0.01 0.00 0.00 -0.01 0.00 9.17 0.41 -0.02 0.00 0.00 -0.02 0.00 14.5 0.41 -0.02 0.00 0.00 -0.02 0.00 19.8 0.40 -0.02 0.00 0.00 -0.02 0.00

4.00 0.42 -0.02 0.00 0.00 -0.02 0.00 9.33 0.41 -0.01 0.00 0.00 -0.01 0.00 14.7 0.41 0.02 0.00 0.00 0.02 0.00 20.0 0.40 0.00 0.00 0.00 0.01 0.00

4.17 0.42 0.01 0.00 0.00 0.01 -0.01 9.50 0.41 0.04 0.00 0.00 0.04 0.00 14.8 0.41 0.02 0.00 0.00 0.02 0.00 20.2 0.40 0.00 0.00 0.00 0.00 0.00

4.33 0.42 -0.01 0.00 0.00 -0.01 0.00 9.67 0.42 0.03 0.00 0.00 0.03 0.00 15.0 0.42 -0.01 0.00 0.00 0.00 0.00 20.3 0.40 -0.02 0.00 0.00 -0.02 0.00

4.50 0.41 -0.01 0.00 0.00 -0.01 0.00 9.83 0.42 -0.05 0.00 0.00 -0.04 0.00 15.2 0.41 -0.01 0.00 0.00 -0.01 0.00 20.5 0.39 -0.01 0.00 0.00 -0.01 0.00

4.67 0.41 -0.02 0.00 0.00 -0.02 0.00 10.0 0.41 -0.01 0.00 0.00 -0.01 -0.01 15.3 0.42 0.00 0.00 0.00 0.00 0.00 20.7 0.39 0.00 0.00 0.00 0.00 0.00

4.83 0.41 -0.01 0.00 0.00 -0.01 0.00 10.2 0.42 0.01 0.00 0.00 0.01 -0.01 15.5 0.41 -0.01 0.00 0.00 0.00 0.00 20.8 0.39 0.01 0.00 0.00 0.01 0.00

5.00 0.41 0.01 0.00 0.00 0.01 0.00 10.3 0.41 -0.03 0.00 0.00 -0.03 0.00 15.7 0.42 0.02 0.00 0.00 0.03 0.00 21.0 0.40 0.02 0.00 0.00 0.02 0.00

5.17 0.41 0.00 0.00 0.00 0.00 0.00 10.5 0.41 0.00 0.00 0.00 0.00 0.00 15.8 0.42 -0.02 0.00 0.00 -0.02 0.00 21.2 0.40 -0.01 0.00 0.00 -0.01 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

21.3 0.39 -0.02 0.00 0.00 -0.02 0.00 27.2 0.38 0.01 0.00 0.00 0.01 0.00 33.0 0.37 -0.01 0.00 0.00 -0.01 0.00 38.8 0.36 0.00 0.00 0.00 0.00 0.00

21.5 0.39 0.00 0.00 0.00 0.00 -0.01 27.3 0.38 -0.02 0.00 0.00 -0.02 0.00 33.2 0.36 -0.01 0.00 0.00 -0.01 0.00 39.0 0.36 0.02 0.00 0.00 0.02 0.00

21.7 0.39 -0.02 0.00 0.00 -0.02 0.00 27.5 0.38 0.02 0.00 0.00 0.02 0.00 33.3 0.37 0.02 0.00 0.00 0.02 0.00 39.2 0.36 0.00 0.00 0.00 0.00 0.00

21.8 0.38 0.02 0.00 0.00 0.02 0.00 27.7 0.39 0.00 0.00 0.00 0.00 0.00 33.5 0.37 -0.02 0.00 0.00 -0.02 0.00 39.3 0.36 -0.01 0.00 0.00 -0.01 0.00

22.0 0.40 0.02 0.00 0.00 0.02 0.00 27.8 0.38 0.00 0.00 0.00 0.00 0.01 33.7 0.36 -0.01 0.00 0.00 0.00 -0.01 39.5 0.36 0.02 0.00 0.00 0.02 0.00

22.2 0.39 -0.01 0.00 0.00 -0.01 0.01 28.0 0.39 0.04 0.00 0.00 0.04 0.00 33.8 0.37 -0.01 0.00 0.00 -0.01 0.00 39.7 0.36 0.00 0.00 0.00 0.00 0.00

22.3 0.39 0.02 0.00 0.00 0.02 0.00 28.2 0.39 -0.01 0.00 0.00 -0.01 0.00 34.0 0.36 0.00 0.00 0.00 0.00 0.01 39.8 0.36 -0.03 0.00 0.00 -0.03 0.00

22.5 0.40 0.00 0.00 0.00 0.00 0.00 28.3 0.38 -0.04 0.00 0.00 -0.04 -0.01 34.2 0.37 0.07 0.00 0.00 0.07 0.00 40.0 0.35 -0.02 0.00 0.00 -0.02 0.00

22.7 0.39 -0.01 0.00 0.00 -0.01 0.00 28.5 0.37 -0.04 0.00 0.00 -0.04 -0.01 34.3 0.38 0.01 0.00 0.00 0.01 0.00 40.2 0.35 0.02 0.00 0.00 0.02 0.00

22.8 0.39 -0.02 0.00 0.00 -0.02 0.00 28.7 0.37 0.01 0.00 0.00 0.01 -0.01 34.5 0.37 -0.05 0.00 0.00 -0.05 0.00 40.3 0.36 0.01 0.00 0.00 0.01 0.00

23.0 0.39 -0.01 0.00 0.00 -0.01 0.00 28.8 0.38 0.00 0.00 0.00 0.00 0.00 34.7 0.36 0.00 0.00 0.00 0.00 -0.01 40.5 0.36 -0.01 0.00 0.00 -0.01 0.00

23.2 0.39 0.02 0.00 0.00 0.02 0.00 29.0 0.37 0.01 0.00 0.00 0.01 0.01 34.8 0.37 0.01 0.00 0.00 0.01 0.00 40.7 0.35 -0.02 0.00 0.00 -0.02 0.00

23.3 0.39 0.02 0.00 0.00 0.02 0.00 29.2 0.38 0.03 0.00 0.00 0.03 0.01 35.0 0.37 -0.01 0.00 0.00 -0.01 0.00 40.8 0.35 0.00 0.00 0.00 0.00 0.00

23.5 0.39 0.00 0.00 0.00 0.00 0.00 29.3 0.38 0.02 0.00 0.00 0.02 0.00 35.2 0.37 0.00 0.00 0.00 0.00 0.00 41.0 0.36 0.00 0.00 0.00 0.00 0.00

23.7 0.39 0.00 0.00 0.00 0.00 0.00 29.5 0.39 -0.02 0.00 0.00 -0.02 0.00 35.3 0.36 0.00 0.00 0.00 0.00 0.00 41.2 0.35 -0.02 0.00 0.00 -0.02 0.00

23.8 0.39 -0.01 0.00 0.00 -0.01 0.00 29.7 0.37 -0.04 0.00 0.00 -0.04 0.00 35.5 0.37 0.00 0.00 0.00 0.00 0.00 41.3 0.35 0.01 0.00 0.00 0.01 -0.01

24.0 0.39 -0.02 0.00 0.00 -0.01 0.00 29.8 0.37 0.00 0.00 0.00 0.01 -0.01 35.7 0.36 -0.01 0.00 0.00 -0.01 0.00 41.5 0.35 -0.03 0.00 0.00 -0.03 0.00

24.2 0.39 0.00 0.00 0.00 0.00 0.00 30.0 0.37 -0.01 0.00 0.00 -0.01 0.00 35.8 0.36 -0.01 0.00 0.00 -0.01 0.00 41.7 0.34 -0.01 0.00 0.00 -0.01 0.00

24.3 0.39 -0.02 0.00 0.00 -0.01 0.00 30.2 0.37 -0.01 0.00 0.00 -0.01 0.00 36.0 0.36 0.00 0.00 0.00 0.00 0.00 41.8 0.35 0.02 0.00 0.00 0.03 -0.01

24.5 0.38 -0.02 0.00 0.00 -0.02 0.00 30.3 0.37 -0.01 0.00 0.00 -0.01 0.00 36.2 0.36 0.01 0.00 0.00 0.01 0.00 42.0 0.35 -0.02 0.00 0.00 -0.02 0.00

24.7 0.38 -0.01 0.00 0.00 -0.01 0.00 30.5 0.37 0.01 0.00 0.00 0.01 0.00 36.3 0.36 0.01 0.00 0.00 0.01 0.00 42.2 0.34 -0.02 0.00 0.00 -0.02 0.00

24.8 0.38 0.00 0.00 0.00 0.00 0.00 30.7 0.37 0.01 0.00 0.00 0.01 0.01 36.5 0.36 -0.01 0.00 0.00 -0.01 0.00 42.3 0.34 0.01 0.00 0.00 0.01 0.00

25.0 0.38 -0.01 0.00 0.00 -0.01 0.00 30.8 0.37 0.02 0.00 0.00 0.02 0.00 36.7 0.36 -0.01 0.00 0.00 -0.01 0.00 42.5 0.34 0.02 0.00 0.00 0.02 0.00

25.2 0.38 -0.01 0.00 0.00 -0.01 0.00 31.0 0.38 0.01 0.00 0.00 0.01 0.00 36.8 0.36 -0.01 0.00 0.00 -0.01 0.00 42.7 0.35 0.01 0.00 0.00 0.02 0.00

25.3 0.38 0.02 0.00 0.00 0.02 0.00 31.2 0.37 -0.02 0.00 0.00 -0.02 0.00 37.0 0.36 0.00 0.00 0.00 0.01 0.00 42.8 0.35 -0.01 0.00 0.00 -0.01 0.00

25.5 0.38 0.02 0.00 0.00 0.02 0.00 31.3 0.37 -0.02 0.00 0.00 -0.02 -0.01 37.2 0.36 0.00 0.00 0.00 0.00 0.00 43.0 0.34 -0.03 0.00 0.00 -0.03 0.00

25.7 0.38 0.01 0.00 0.00 0.01 0.01 31.5 0.37 -0.03 0.00 0.00 -0.02 0.00 37.3 0.36 0.00 0.00 0.00 0.00 0.00 43.2 0.34 0.01 0.00 0.00 0.01 0.00

25.8 0.39 0.02 0.00 0.00 0.02 0.00 31.7 0.36 0.01 0.00 0.00 0.01 0.00 37.5 0.36 0.00 0.00 0.00 0.00 0.00 43.3 0.35 0.01 0.00 0.00 0.01 0.00

26.0 0.39 0.00 0.00 0.00 0.00 0.01 31.8 0.37 0.01 0.00 0.00 0.02 0.00 37.7 0.36 0.00 0.00 0.00 0.00 0.00 43.5 0.34 -0.02 0.00 0.00 -0.02 0.00

26.2 0.39 0.01 0.00 0.00 0.02 0.00 32.0 0.37 -0.01 0.00 0.00 -0.01 0.00 37.8 0.36 0.02 0.00 0.00 0.02 -0.01 43.7 0.34 -0.02 0.00 0.00 -0.02 0.00

26.3 0.39 0.00 0.00 0.00 0.00 0.00 32.2 0.36 0.00 0.00 0.00 0.00 0.00 38.0 0.36 -0.04 0.00 0.00 -0.04 0.00 43.8 0.34 0.00 0.00 0.00 0.00 0.00

26.5 0.38 -0.03 0.00 0.00 -0.03 0.00 32.3 0.37 0.00 0.00 0.00 0.00 0.00 38.2 0.35 -0.03 0.00 0.00 -0.03 0.00 44.0 0.34 0.00 0.00 0.00 0.00 0.00

26.7 0.38 -0.01 0.00 0.00 -0.01 -0.01 32.5 0.36 -0.01 0.00 0.00 -0.01 0.00 38.3 0.35 0.02 0.00 0.00 0.02 0.00 44.2 0.34 0.00 0.00 0.00 0.00 0.00

26.8 0.38 -0.01 0.00 0.00 -0.01 0.00 32.7 0.36 0.01 0.00 0.00 0.01 0.00 38.5 0.35 0.01 0.00 0.00 0.01 0.00 44.3 0.34 0.00 0.00 0.00 0.00 0.00

27.0 0.38 0.01 0.00 0.00 0.01 0.00 32.8 0.37 0.02 0.00 0.00 0.02 0.00 38.7 0.36 0.01 0.00 0.00 0.01 0.00 44.5 0.34 -0.01 0.00 0.00 -0.01 0.00
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Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

44.7 0.34 -0.02 0.00 0.00 -0.01 0.00 50.5 0.31 0.02 0.00 0.00 0.02 0.00 56.3 0.30 0.00 0.00 0.00 0.00 0.00 62.2 0.29 -0.01 0.00 0.00 -0.01 0.00

44.8 0.33 0.00 0.00 0.00 0.00 0.00 50.7 0.32 0.01 0.00 0.00 0.01 0.00 56.5 0.31 0.01 0.00 0.00 0.01 0.00 62.3 0.29 0.01 0.00 0.00 0.01 0.00

45.0 0.34 0.02 0.00 0.00 0.02 0.00 50.8 0.31 0.00 0.00 0.00 0.00 0.01 56.7 0.31 0.01 0.00 0.00 0.01 0.00 62.5 0.29 0.00 0.00 0.00 0.01 0.00

45.2 0.34 0.00 0.00 0.00 0.00 0.00 51.0 0.32 0.03 0.00 0.00 0.03 -0.01 56.8 0.31 -0.02 0.00 0.00 -0.02 0.00 62.7 0.29 -0.02 0.00 0.00 -0.02 0.00

45.3 0.34 -0.01 0.00 0.00 -0.01 0.00 51.2 0.32 -0.04 0.00 0.00 -0.04 0.00 57.0 0.30 -0.01 0.00 0.00 -0.01 0.00 62.8 0.28 -0.03 0.00 0.00 -0.03 -0.01

45.5 0.34 0.01 0.00 0.00 0.01 0.00 51.3 0.31 -0.03 0.00 0.00 -0.03 -0.01 57.2 0.30 0.00 0.00 0.00 0.00 -0.01 63.0 0.28 -0.02 0.00 0.00 -0.02 0.00

45.7 0.34 -0.01 0.00 0.00 -0.01 0.00 51.5 0.31 0.01 0.00 0.00 0.01 0.00 57.3 0.30 -0.02 0.00 0.00 -0.02 0.00 63.2 0.28 0.02 0.00 0.00 0.02 0.00

45.8 0.33 -0.03 0.00 0.00 -0.02 0.00 51.7 0.31 0.02 0.00 0.00 0.02 0.00 57.5 0.30 0.01 0.00 0.00 0.01 0.00 63.3 0.29 0.01 0.00 0.00 0.01 0.00

46.0 0.33 0.00 0.00 0.00 0.00 0.00 51.8 0.32 0.02 0.00 0.00 0.02 0.00 57.7 0.30 0.00 0.00 0.00 0.00 0.00 63.5 0.28 -0.01 0.00 0.00 -0.01 0.00

46.2 0.33 0.00 0.00 0.00 0.00 0.00 52.0 0.32 0.00 0.00 0.00 0.00 0.00 57.8 0.30 -0.01 0.00 0.00 -0.01 0.00 63.7 0.28 -0.02 0.00 0.00 -0.02 0.00

46.3 0.33 -0.01 0.00 0.00 -0.01 0.00 52.2 0.32 0.00 0.00 0.00 0.00 0.00 58.0 0.30 -0.01 0.00 0.00 -0.01 0.00 63.8 0.28 0.02 0.00 0.00 0.02 0.00

46.5 0.33 -0.02 0.00 0.00 -0.02 0.00 52.3 0.32 0.00 0.00 0.00 0.00 0.00 58.2 0.29 -0.02 0.00 0.00 -0.02 0.00 64.0 0.29 0.03 0.00 0.00 0.03 0.00

46.7 0.33 -0.01 0.00 0.00 -0.01 0.00 52.5 0.32 -0.02 0.00 0.00 -0.02 -0.01 58.3 0.29 -0.01 0.00 0.00 0.00 0.00 64.2 0.29 -0.03 0.00 0.00 -0.03 0.01

46.8 0.33 -0.01 0.00 0.00 -0.01 0.00 52.7 0.31 -0.03 0.00 0.00 -0.03 0.00 58.5 0.29 0.00 0.00 0.00 0.00 0.00 64.3 0.28 0.01 0.00 0.00 0.01 0.00

47.0 0.32 0.01 0.00 0.00 0.01 0.00 52.8 0.31 0.00 0.00 0.00 0.00 0.00 58.7 0.29 0.00 0.00 0.00 0.00 0.00 64.5 0.29 0.01 0.00 0.00 0.01 0.00

47.2 0.33 0.01 0.00 0.00 0.01 0.00 53.0 0.31 0.02 0.00 0.00 0.02 0.00 58.8 0.29 0.00 0.00 0.00 0.00 0.00 64.7 0.29 -0.01 0.00 0.00 0.00 0.00

47.3 0.33 0.01 0.00 0.00 0.01 0.00 53.2 0.31 0.00 0.00 0.00 0.00 0.00 59.0 0.29 -0.01 0.00 0.00 -0.01 0.00 64.8 0.29 0.00 0.00 0.00 0.00 0.00

47.5 0.33 -0.01 0.00 0.00 -0.01 0.00 53.3 0.31 -0.02 0.00 0.00 -0.02 0.00 59.2 0.29 -0.01 0.00 0.00 -0.01 0.00 65.0 0.29 -0.02 0.00 0.00 -0.02 0.00

47.7 0.32 -0.02 0.00 0.00 -0.02 0.00 53.5 0.31 0.01 0.00 0.00 0.01 0.00 59.3 0.29 0.00 0.00 0.00 0.00 0.00 65.2 0.28 0.01 0.00 0.00 0.01 0.00

47.8 0.33 0.01 0.00 0.00 0.01 0.00 53.7 0.31 0.01 0.00 0.00 0.01 0.00 59.5 0.29 0.02 0.00 0.00 0.02 0.00 65.3 0.29 0.02 0.00 0.00 0.02 0.00

48.0 0.33 -0.01 0.00 0.00 -0.01 0.00 53.8 0.31 -0.02 0.00 0.00 -0.02 0.00 59.7 0.29 0.03 0.00 0.00 0.03 0.00 65.5 0.29 -0.03 0.00 0.00 -0.03 0.00

48.2 0.32 -0.01 0.00 0.00 -0.01 0.00 54.0 0.31 -0.02 0.00 0.00 -0.02 0.00 59.8 0.30 0.00 0.00 0.00 0.00 0.00 65.7 0.28 -0.02 0.00 0.00 -0.02 0.00

48.3 0.32 0.01 0.00 0.00 0.01 0.00 54.2 0.31 0.01 0.00 0.00 0.01 0.00 60.0 0.30 -0.01 0.00 0.00 -0.01 0.00 65.8 0.28 0.01 0.00 0.00 0.01 0.00

48.5 0.33 0.02 0.00 0.00 0.02 0.00 54.3 0.31 0.01 0.00 0.00 0.01 0.00 60.2 0.30 0.00 0.00 0.00 0.00 0.00 66.0 0.28 0.00 0.00 0.00 0.00 0.00

48.7 0.33 -0.01 0.00 0.00 -0.01 0.00 54.5 0.31 -0.01 0.00 0.00 -0.01 0.00 60.3 0.30 -0.02 0.00 0.00 -0.02 0.00 66.2 0.28 0.00 0.00 0.00 0.00 0.00

48.8 0.32 -0.03 0.00 0.00 -0.03 0.00 54.7 0.30 -0.01 0.00 0.00 -0.01 0.00 60.5 0.29 -0.01 0.00 0.00 0.00 0.00 66.3 0.28 -0.01 0.00 0.00 -0.01 0.00

49.0 0.32 0.00 0.00 0.00 0.00 0.00 54.8 0.31 0.03 0.00 0.00 0.03 0.00 60.7 0.29 0.01 0.00 0.00 0.01 0.00 66.5 0.28 -0.01 0.00 0.00 -0.01 -0.01

49.2 0.32 0.02 0.00 0.00 0.02 0.00 55.0 0.31 0.00 0.00 0.00 0.00 0.00 60.8 0.29 0.00 0.00 0.00 0.00 0.00 66.7 0.28 -0.02 0.00 0.00 -0.02 0.00

49.3 0.33 0.00 0.00 0.00 0.01 0.00 55.2 0.31 -0.04 0.00 0.00 -0.04 0.00 61.0 0.29 -0.01 0.00 0.00 -0.01 0.00 66.8 0.27 -0.02 0.00 0.00 -0.02 0.00

49.5 0.32 -0.04 0.00 0.00 -0.04 0.00 55.3 0.30 0.00 0.00 0.00 0.00 -0.01 61.2 0.29 0.00 0.00 0.00 0.00 0.00 67.0 0.27 0.00 0.00 0.00 0.00 0.00

49.7 0.31 -0.02 0.00 0.00 -0.02 0.00 55.5 0.31 0.00 0.00 0.00 0.00 0.00 61.3 0.29 0.03 0.00 0.00 0.03 0.00 67.2 0.27 0.00 0.00 0.00 0.00 0.00

49.8 0.32 0.02 0.00 0.00 0.02 0.00 55.7 0.30 0.00 0.00 0.00 0.00 0.00 61.5 0.30 -0.01 0.00 0.00 -0.01 0.00 67.3 0.27 0.00 0.00 0.00 0.00 0.00

50.0 0.32 0.00 0.00 0.00 0.00 0.00 55.8 0.31 -0.01 0.00 0.00 -0.01 0.00 61.7 0.29 -0.02 0.00 0.00 -0.02 0.00 67.5 0.27 -0.01 0.00 0.00 -0.01 0.00

50.2 0.32 0.00 0.00 0.00 0.00 0.00 56.0 0.30 0.00 0.00 0.00 0.00 0.00 61.8 0.29 0.01 0.00 0.00 0.01 -0.01 67.7 0.27 0.00 0.00 0.00 0.00 0.00

50.3 0.32 -0.02 0.00 0.00 -0.02 0.00 56.2 0.31 0.01 0.00 0.00 0.01 0.00 62.0 0.29 -0.02 0.00 0.00 -0.02 0.00 67.8 0.27 0.00 0.00 0.00 0.00 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

68.0 0.27 -0.02 0.00 0.00 -0.02 0.00 73.8 0.25 0.00 0.00 0.00 0.00 0.00 79.7 0.25 0.01 0.00 0.00 0.01 0.00 85.5 0.24 -0.01 0.00 0.00 -0.01 0.00

68.2 0.27 -0.02 0.00 0.00 -0.02 0.00 74.0 0.26 0.02 0.00 0.00 0.02 0.00 79.8 0.25 0.01 0.00 0.00 0.01 0.00 85.7 0.24 0.01 0.00 0.00 0.01 0.00

68.3 0.26 0.00 0.00 0.00 0.00 0.00 74.2 0.26 -0.03 0.00 0.00 -0.03 0.00 80.0 0.25 -0.01 0.00 0.00 -0.01 0.00 85.8 0.24 0.04 0.00 0.00 0.04 0.00

68.5 0.27 0.00 0.00 0.00 0.01 0.00 74.3 0.25 -0.01 0.00 0.00 -0.01 0.00 80.2 0.25 -0.01 0.00 0.00 -0.01 0.00 86.0 0.25 0.01 0.00 0.00 0.01 0.00

68.7 0.26 0.01 0.00 0.00 0.01 0.00 74.5 0.26 0.02 0.00 0.00 0.02 0.00 80.3 0.24 -0.01 0.00 0.00 -0.01 0.00 86.2 0.25 -0.03 0.00 0.00 -0.03 0.00

68.8 0.27 0.01 0.00 0.00 0.01 0.00 74.7 0.26 0.00 0.00 0.00 0.01 0.00 80.5 0.25 0.00 0.00 0.00 0.00 0.00 86.3 0.24 0.00 0.00 0.00 0.00 -0.01

69.0 0.27 0.00 0.00 0.00 0.00 0.00 74.8 0.26 0.00 0.00 0.00 0.00 0.00 80.7 0.24 0.00 0.00 0.00 0.00 0.00 86.5 0.25 0.00 0.00 0.00 0.00 0.00

69.2 0.27 0.01 0.00 0.00 0.01 0.00 75.0 0.26 -0.01 0.00 0.00 -0.01 0.00 80.8 0.25 -0.02 0.00 0.00 -0.02 0.00 86.7 0.24 -0.03 0.00 0.00 -0.03 0.00

69.3 0.27 0.00 0.00 0.00 0.00 0.00 75.2 0.26 0.02 0.00 0.00 0.02 0.00 81.0 0.24 -0.01 0.00 0.00 -0.01 -0.01 86.8 0.24 0.02 0.00 0.00 0.02 0.00

69.5 0.27 0.02 0.00 0.00 0.02 0.00 75.3 0.27 -0.01 0.00 0.00 -0.01 -0.01 81.2 0.24 -0.02 0.00 0.00 -0.02 0.00 87.0 0.25 0.02 0.00 0.00 0.02 0.00

69.7 0.27 0.00 0.00 0.00 0.00 0.00 75.5 0.25 -0.05 0.00 0.00 -0.05 0.00 81.3 0.23 0.01 0.00 0.00 0.01 0.00 87.2 0.24 -0.02 0.00 0.00 -0.02 0.00

69.8 0.27 -0.04 0.00 0.00 -0.04 0.00 75.7 0.25 0.00 0.00 0.00 0.01 0.00 81.5 0.24 0.04 0.00 0.00 0.04 0.00 87.3 0.24 -0.01 0.00 0.00 -0.01 0.00

70.0 0.26 0.00 0.00 0.00 0.00 0.00 75.8 0.25 0.02 0.00 0.00 0.03 0.00 81.7 0.24 -0.01 0.00 0.00 -0.01 0.01 87.5 0.24 0.00 0.00 0.00 0.00 0.00

70.2 0.27 0.01 0.00 0.00 0.01 0.00 76.0 0.26 0.00 0.00 0.00 0.00 0.00 81.8 0.24 -0.01 0.00 0.00 -0.01 0.00 87.7 0.24 0.00 0.00 0.00 0.00 0.00

70.3 0.26 -0.03 0.00 0.00 -0.03 0.00 76.2 0.25 -0.01 0.00 0.00 -0.01 0.00 82.0 0.24 -0.01 0.00 0.00 -0.01 0.00 87.8 0.24 0.00 0.00 0.00 0.01 0.00

70.5 0.26 0.00 0.00 0.00 0.00 0.00 76.3 0.26 0.01 0.00 0.00 0.01 0.00 82.2 0.24 -0.01 0.00 0.00 -0.01 0.00 88.0 0.24 0.00 0.00 0.00 0.00 0.00

70.7 0.27 0.02 0.00 0.00 0.02 0.00 76.5 0.26 0.03 0.00 0.00 0.03 0.00 82.3 0.24 -0.01 0.00 0.00 -0.01 0.00 88.2 0.24 -0.02 0.00 0.00 -0.02 0.00

70.8 0.27 0.01 0.00 0.00 0.01 0.00 76.7 0.27 0.00 0.00 0.00 0.00 0.00 82.5 0.24 0.01 0.00 0.00 0.01 0.00 88.3 0.23 -0.01 0.00 0.00 -0.01 0.00

71.0 0.27 0.00 0.00 0.00 0.00 0.00 76.8 0.26 -0.04 0.00 0.00 -0.04 0.00 82.7 0.24 0.03 0.00 0.00 0.03 0.00 88.5 0.24 0.02 0.00 0.00 0.02 0.00

71.2 0.27 0.00 0.00 0.00 0.00 0.00 77.0 0.25 0.01 0.00 0.00 0.01 0.00 82.8 0.24 0.00 0.00 0.00 0.00 0.00 88.7 0.24 -0.01 0.00 0.00 -0.01 0.01

71.3 0.27 -0.01 0.00 0.00 -0.01 0.00 77.2 0.26 0.03 0.00 0.00 0.03 0.00 83.0 0.24 -0.01 0.00 0.00 -0.01 0.00 88.8 0.24 0.01 0.00 0.00 0.01 0.00

71.5 0.27 -0.02 0.00 0.00 -0.02 0.00 77.3 0.26 0.01 0.00 0.00 0.01 0.00 83.2 0.24 -0.01 0.00 0.00 0.00 0.00 89.0 0.24 0.02 0.00 0.00 0.02 0.00

71.7 0.26 -0.01 0.00 0.00 -0.01 0.00 77.5 0.26 -0.03 0.00 0.00 -0.03 0.00 83.3 0.24 -0.01 0.00 0.00 -0.01 0.00 89.2 0.24 -0.04 0.00 0.00 -0.04 0.00

71.8 0.26 0.01 0.00 0.00 0.01 0.00 77.7 0.25 -0.03 0.00 0.00 -0.03 -0.01 83.5 0.24 0.01 0.00 0.00 0.01 0.00 89.3 0.23 -0.02 0.00 0.00 -0.02 0.00

72.0 0.26 -0.01 0.00 0.00 -0.01 0.00 77.8 0.25 -0.01 0.00 0.00 -0.01 0.00 83.7 0.24 0.03 0.00 0.00 0.03 0.00 89.5 0.24 0.05 0.00 0.00 0.05 0.00

72.2 0.26 0.00 0.00 0.00 0.00 0.00 78.0 0.25 0.00 0.00 0.00 0.00 0.00 83.8 0.25 -0.01 0.00 0.00 -0.01 0.00 89.7 0.25 0.02 0.00 0.00 0.02 0.00

72.3 0.27 0.00 0.00 0.00 0.01 0.00 78.2 0.25 0.00 0.00 0.00 0.00 0.00 84.0 0.24 -0.03 0.00 0.00 -0.03 0.00 89.8 0.24 -0.02 0.00 0.00 -0.02 0.00

72.5 0.26 -0.01 0.00 0.00 -0.01 0.00 78.3 0.25 -0.02 0.00 0.00 -0.02 0.00 84.2 0.24 -0.02 0.00 0.00 -0.01 -0.01 90.0 0.24 -0.01 0.00 0.00 -0.01 0.00

72.7 0.26 0.00 0.00 0.00 0.00 0.00 78.5 0.25 -0.02 0.00 0.00 -0.02 0.00 84.3 0.23 -0.01 0.00 0.00 -0.01 0.00 90.2 0.24 -0.01 0.00 0.00 -0.01 0.00

72.8 0.26 0.01 0.00 0.00 0.01 0.00 78.7 0.24 0.00 0.00 0.00 0.00 0.00 84.5 0.23 0.02 0.00 0.00 0.02 0.00 90.3 0.24 -0.01 0.00 0.00 -0.01 0.00

73.0 0.27 -0.01 0.00 0.00 -0.01 0.00 78.8 0.25 0.03 0.00 0.00 0.04 0.00 84.7 0.24 0.01 0.00 0.00 0.01 0.01 90.5 0.24 0.00 0.00 0.00 0.00 0.00

73.2 0.26 0.00 0.00 0.00 0.00 0.00 79.0 0.26 0.02 0.00 0.00 0.02 0.00 84.8 0.24 0.03 0.00 0.00 0.03 0.00 90.7 0.24 0.02 0.00 0.00 0.02 0.00

73.3 0.27 0.01 0.00 0.00 0.01 0.00 79.2 0.25 -0.02 0.00 0.00 -0.02 0.00 85.0 0.25 0.02 0.00 0.00 0.02 0.00 90.8 0.24 0.01 0.00 0.00 0.01 0.00

73.5 0.26 -0.01 0.00 0.00 -0.01 0.00 79.3 0.25 -0.01 0.00 0.00 -0.01 0.00 85.2 0.24 -0.03 0.00 0.00 -0.03 0.00 91.0 0.24 0.00 0.00 0.00 0.00 0.00

73.7 0.26 -0.02 0.00 0.00 -0.02 0.00 79.5 0.25 -0.01 0.00 0.00 -0.01 0.00 85.3 0.24 -0.01 0.00 0.00 -0.01 -0.01 91.2 0.24 -0.01 0.00 0.00 -0.01 -0.01
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

91.3 0.24 -0.03 0.00 0.00 -0.03 0.00 97.2 0.25 0.02 0.00 0.00 0.02 0.00 103.0 0.26 0.02 0.00 0.00 0.02 0.00 108.8 0.27 -0.01 0.00 0.00 -0.01 0.00

91.5 0.23 -0.01 0.00 0.00 -0.01 0.00 97.3 0.25 0.00 0.00 0.00 0.00 0.00 103.2 0.26 0.03 0.00 0.00 0.03 0.00 109.0 0.27 0.01 0.00 0.00 0.01 0.00

91.7 0.24 0.03 0.00 0.00 0.03 0.00 97.5 0.25 0.00 0.00 0.00 0.00 0.00 103.3 0.26 -0.01 0.00 0.00 -0.01 0.00 109.2 0.27 0.02 0.00 0.00 0.02 0.00

91.8 0.24 0.03 0.00 0.00 0.03 0.01 97.7 0.25 0.02 0.00 0.00 0.02 0.00 103.5 0.26 0.00 0.00 0.00 0.00 0.00 109.3 0.28 0.00 0.00 0.00 0.00 0.00

92.0 0.24 0.00 0.00 0.00 0.00 0.00 97.8 0.26 0.01 0.00 0.00 0.01 0.00 103.7 0.26 0.02 0.00 0.00 0.02 0.00 109.5 0.27 -0.03 0.00 0.00 -0.03 0.00

92.2 0.24 0.00 0.00 0.00 0.00 0.00 98.0 0.26 -0.01 0.00 0.00 -0.01 0.00 103.8 0.26 0.00 0.00 0.00 0.00 0.00 109.7 0.27 -0.01 0.00 0.00 -0.01 0.00

92.3 0.24 0.00 0.00 0.00 0.00 0.00 98.2 0.25 0.01 0.00 0.00 0.01 0.00 104.0 0.27 -0.02 0.00 0.00 -0.02 0.00 109.8 0.27 0.03 0.00 0.00 0.03 0.00

92.5 0.24 0.01 0.00 0.00 0.01 0.00 98.3 0.26 0.02 0.00 0.00 0.02 0.00 104.2 0.26 0.00 0.00 0.00 0.00 0.00 110.0 0.27 0.02 0.00 0.00 0.02 0.01

92.7 0.25 -0.03 0.00 0.00 -0.03 0.00 98.5 0.26 -0.01 0.00 0.00 0.00 0.00 104.3 0.26 0.02 0.00 0.00 0.02 0.00 110.2 0.28 0.01 0.00 0.00 0.01 0.00

92.8 0.24 -0.02 0.00 0.00 -0.02 0.00 98.7 0.26 -0.01 0.00 0.00 -0.01 0.00 104.5 0.27 0.00 0.00 0.00 0.00 0.00 110.3 0.28 -0.01 0.00 0.00 0.00 0.00

93.0 0.24 0.00 0.00 0.00 0.00 0.00 98.8 0.26 -0.02 0.00 0.00 -0.02 0.00 104.7 0.27 -0.02 0.00 0.00 -0.02 0.00 110.5 0.27 -0.02 0.00 0.00 -0.02 0.00

93.2 0.24 -0.01 0.00 0.00 0.00 0.00 99.0 0.25 -0.02 0.00 0.00 -0.01 0.00 104.8 0.26 0.01 0.00 0.00 0.01 0.00 110.7 0.27 0.01 0.00 0.00 0.01 0.00

93.3 0.24 0.01 0.00 0.00 0.01 0.00 99.2 0.25 0.01 0.00 0.00 0.01 0.00 105.0 0.27 0.01 0.00 0.00 0.01 0.00 110.8 0.28 0.02 0.00 0.00 0.02 0.00

93.5 0.24 0.00 0.00 0.00 0.00 0.00 99.3 0.26 0.00 0.00 0.00 0.00 0.00 105.2 0.26 0.01 0.00 0.00 0.01 0.00 111.0 0.28 0.00 0.00 0.00 0.00 0.00

93.7 0.24 -0.01 0.00 0.00 -0.01 0.00 99.5 0.25 0.00 0.00 0.00 0.00 0.00 105.3 0.27 0.00 0.00 0.00 0.00 0.00 111.2 0.28 -0.01 0.00 0.00 0.00 0.00

93.8 0.24 -0.01 0.00 0.00 -0.01 0.00 99.7 0.26 0.02 0.00 0.00 0.02 0.00 105.5 0.27 0.00 0.00 0.00 0.00 0.00 111.3 0.28 -0.02 0.00 0.00 -0.02 0.00

94.0 0.23 -0.01 0.00 0.00 -0.01 0.00 99.8 0.26 0.00 0.00 0.00 0.00 0.00 105.7 0.27 -0.01 0.00 0.00 -0.01 0.00 111.5 0.27 0.01 0.00 0.00 0.01 0.00

94.2 0.24 0.04 0.00 0.00 0.04 0.01 100.0 0.26 0.01 0.00 0.00 0.01 0.00 105.8 0.26 0.01 0.00 0.00 0.01 0.00 111.7 0.28 0.02 0.00 0.00 0.02 0.00

94.3 0.24 0.06 0.00 0.00 0.06 0.01 100.2 0.26 0.00 0.00 0.00 0.00 0.00 106.0 0.27 0.00 0.00 0.00 0.00 0.00 111.8 0.28 -0.01 0.00 0.00 -0.01 0.00

94.5 0.25 0.02 0.00 0.00 0.02 0.01 100.3 0.26 -0.03 0.00 0.00 -0.03 0.00 106.2 0.26 -0.01 0.00 0.00 -0.01 0.00 112.0 0.27 0.00 0.00 0.00 0.00 0.00

94.7 0.25 -0.01 0.00 0.00 -0.01 0.00 100.5 0.25 -0.01 0.00 0.00 -0.01 0.00 106.3 0.27 0.01 0.00 0.00 0.02 0.00 112.2 0.28 0.03 0.00 0.00 0.03 0.00

94.8 0.25 -0.01 0.00 0.00 -0.01 0.00 100.7 0.25 0.02 0.00 0.00 0.02 0.00 106.5 0.27 -0.01 0.00 0.00 -0.01 0.00 112.3 0.28 0.01 0.00 0.00 0.01 0.00

95.0 0.25 0.00 0.00 0.00 0.00 0.00 100.8 0.26 0.01 0.00 0.00 0.01 0.00 106.7 0.26 -0.01 0.00 0.00 -0.01 0.00 112.5 0.28 -0.01 0.00 0.00 -0.01 0.00

95.2 0.25 -0.02 0.00 0.00 -0.02 0.00 101.0 0.25 -0.01 0.00 0.00 -0.01 0.00 106.8 0.26 0.01 0.00 0.00 0.01 0.00 112.7 0.28 0.00 0.00 0.00 0.00 0.00

95.3 0.24 0.00 0.00 0.00 0.00 0.00 101.2 0.26 0.02 0.00 0.00 0.02 0.00 107.0 0.27 0.01 0.00 0.00 0.01 0.00 112.8 0.28 0.01 0.00 0.00 0.01 0.00

95.5 0.25 0.02 0.00 0.00 0.02 0.00 101.3 0.26 0.03 0.00 0.00 0.03 0.00 107.2 0.27 -0.01 0.00 0.00 -0.01 0.00 113.0 0.28 -0.01 0.00 0.00 -0.01 0.00

95.7 0.25 0.00 0.00 0.00 0.00 0.00 101.5 0.26 -0.01 0.00 0.00 0.00 0.00 107.3 0.26 0.00 0.00 0.00 0.00 0.00 113.2 0.28 0.01 0.00 0.00 0.01 0.00

95.8 0.25 0.00 0.00 0.00 0.01 0.00 101.7 0.26 -0.02 0.00 0.00 -0.02 0.00 107.5 0.27 0.01 0.00 0.00 0.01 0.00 113.3 0.28 0.02 0.00 0.00 0.02 0.00

96.0 0.25 -0.02 0.00 0.00 -0.01 0.00 101.8 0.26 -0.01 0.00 0.00 0.00 -0.01 107.7 0.26 0.00 0.00 0.00 0.00 0.00 113.5 0.28 -0.01 0.00 0.00 -0.01 0.00

96.2 0.24 -0.02 0.00 0.00 -0.02 0.00 102.0 0.26 -0.01 0.00 0.00 -0.01 0.00 107.8 0.27 0.00 0.00 0.00 0.00 0.00 113.7 0.28 0.00 0.00 0.00 0.00 0.00

96.3 0.24 0.00 0.00 0.00 0.01 0.00 102.2 0.25 0.00 0.00 0.00 0.00 0.00 108.0 0.27 0.01 0.00 0.00 0.01 0.00 113.8 0.28 0.02 0.00 0.00 0.02 0.00

96.5 0.25 0.01 0.00 0.00 0.01 0.00 102.3 0.26 0.00 0.00 0.00 0.00 0.00 108.2 0.27 -0.02 0.00 0.00 -0.02 0.00 114.0 0.29 -0.01 0.00 0.00 -0.01 0.00

96.7 0.24 0.02 0.00 0.00 0.02 0.00 102.5 0.25 0.00 0.00 0.00 0.00 0.00 108.3 0.26 -0.01 0.00 0.00 -0.01 0.00 114.2 0.28 -0.01 0.00 0.00 -0.01 0.00

96.8 0.25 0.01 0.00 0.00 0.01 0.00 102.7 0.26 0.01 0.00 0.00 0.01 0.00 108.5 0.27 0.04 0.00 0.00 0.04 0.00 114.3 0.28 -0.01 0.00 0.00 -0.01 0.00

97.0 0.25 -0.01 0.00 0.00 -0.01 0.01 102.8 0.26 0.00 0.00 0.00 0.00 0.00 108.7 0.27 0.00 0.00 0.00 0.00 0.01 114.5 0.28 0.01 0.00 0.00 0.01 0.00

E22



Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

114.7 0.29 0.01 0.00 0.00 0.01 0.00 120.5 0.29 0.04 0.00 0.00 0.04 0.00 126.3 0.30 0.00 0.00 0.00 0.00 0.00 132.2 0.30 -0.01 0.00 0.00 -0.01 0.00

114.8 0.28 -0.03 0.00 0.00 -0.02 0.00 120.7 0.30 0.01 0.00 0.00 0.01 0.00 126.5 0.29 0.00 0.00 0.00 0.00 0.00 132.3 0.29 0.01 0.00 0.00 0.01 0.00

115.0 0.28 0.00 0.00 0.00 0.00 0.00 120.8 0.29 -0.01 0.00 0.00 -0.01 0.00 126.7 0.30 0.00 0.00 0.00 0.00 0.00 132.5 0.30 0.01 0.00 0.00 0.02 0.00

115.2 0.28 0.00 0.00 0.00 0.00 0.00 121.0 0.29 0.00 0.00 0.00 0.00 0.00 126.8 0.30 0.00 0.00 0.00 0.00 0.00 132.7 0.30 -0.01 0.00 0.00 -0.01 0.00

115.3 0.28 -0.01 0.00 0.00 -0.01 0.00 121.2 0.29 0.01 0.00 0.00 0.01 0.00 127.0 0.30 -0.01 0.00 0.00 -0.01 0.00 132.8 0.30 0.00 0.00 0.00 0.00 0.00

115.5 0.27 0.00 0.00 0.00 0.00 0.00 121.3 0.29 0.01 0.00 0.00 0.01 0.00 127.2 0.29 -0.01 0.00 0.00 0.00 0.00 133.0 0.30 0.02 0.00 0.00 0.02 0.00

115.7 0.28 0.01 0.00 0.00 0.01 0.00 121.5 0.29 0.00 0.00 0.00 0.00 0.00 127.3 0.29 -0.01 0.00 0.00 -0.01 0.00 133.2 0.31 -0.01 0.00 0.00 -0.01 0.00

115.8 0.28 0.02 0.00 0.00 0.02 0.00 121.7 0.29 0.00 0.00 0.00 0.01 0.00 127.5 0.29 0.00 0.00 0.00 0.00 0.00 133.3 0.29 -0.01 0.00 0.00 -0.01 0.00

116.0 0.28 0.01 0.00 0.00 0.01 0.00 121.8 0.30 -0.01 0.00 0.00 -0.01 0.00 127.7 0.29 0.02 0.00 0.00 0.02 0.00 133.5 0.30 0.00 0.00 0.00 0.00 0.00

116.2 0.28 0.01 0.00 0.00 0.01 0.00 122.0 0.29 -0.03 0.00 0.00 -0.03 0.00 127.8 0.29 0.00 0.00 0.00 0.00 0.00 133.7 0.30 -0.01 0.00 0.00 -0.01 0.00

116.3 0.29 0.00 0.00 0.00 0.00 0.00 122.2 0.29 0.02 0.00 0.00 0.02 0.00 128.0 0.29 0.00 0.00 0.00 0.00 0.00 133.8 0.30 0.00 0.00 0.00 0.00 0.00

116.5 0.28 -0.02 0.00 0.00 -0.02 0.00 122.3 0.29 0.01 0.00 0.00 0.01 0.00 128.2 0.29 0.00 0.00 0.00 0.00 0.00 134.0 0.30 -0.01 0.00 0.00 -0.01 0.00

116.7 0.28 -0.01 0.00 0.00 -0.01 -0.01 122.5 0.29 -0.01 0.00 0.00 -0.01 0.00 128.3 0.29 0.01 0.00 0.00 0.01 0.00 134.2 0.29 0.01 0.00 0.00 0.01 0.00

116.8 0.28 -0.03 0.00 0.00 -0.03 0.00 122.7 0.29 0.00 0.00 0.00 0.00 0.00 128.5 0.30 0.01 0.00 0.00 0.01 0.00 134.3 0.30 0.03 0.00 0.00 0.03 0.00

117.0 0.27 0.02 0.00 0.00 0.02 0.00 122.8 0.29 0.01 0.00 0.00 0.01 0.00 128.7 0.30 0.01 0.00 0.00 0.01 0.00 134.5 0.30 0.01 0.00 0.00 0.01 0.00

117.2 0.29 0.04 0.00 0.00 0.04 0.00 123.0 0.29 0.00 0.00 0.00 0.00 0.00 128.8 0.30 0.00 0.00 0.00 0.00 0.00 134.7 0.30 -0.01 0.00 0.00 -0.01 0.00

117.3 0.28 -0.02 0.00 0.00 -0.02 0.01 123.2 0.29 0.00 0.00 0.00 0.00 0.00 129.0 0.30 -0.02 0.00 0.00 -0.02 0.00 134.8 0.30 0.01 0.00 0.00 0.01 0.00

117.5 0.28 0.00 0.00 0.00 0.00 0.00 123.3 0.29 0.00 0.00 0.00 0.00 0.00 129.2 0.29 0.00 0.00 0.00 0.00 0.00 135.0 0.30 0.01 0.00 0.00 0.01 0.00

117.7 0.28 0.01 0.00 0.00 0.01 0.00 123.5 0.29 0.00 0.00 0.00 0.01 0.00 129.3 0.30 0.02 0.00 0.00 0.02 0.00 135.2 0.30 -0.01 0.00 0.00 -0.01 0.00

117.8 0.28 -0.02 0.00 0.00 -0.02 0.00 123.7 0.30 0.01 0.00 0.00 0.01 0.00 129.5 0.30 0.00 0.00 0.00 0.00 0.00 135.3 0.30 -0.01 0.00 0.00 -0.01 0.00

118.0 0.28 -0.01 0.00 0.00 -0.01 0.00 123.8 0.30 0.00 0.00 0.00 0.00 0.00 129.7 0.30 -0.01 0.00 0.00 -0.01 0.00 135.5 0.30 0.03 0.00 0.00 0.03 0.00

118.2 0.28 0.01 0.00 0.00 0.02 0.00 124.0 0.29 0.00 0.00 0.00 0.00 0.00 129.8 0.29 0.00 0.00 0.00 0.00 0.00 135.7 0.31 0.03 0.00 0.00 0.03 0.00

118.3 0.28 -0.02 0.00 0.00 -0.02 0.00 124.2 0.30 0.00 0.00 0.00 0.01 -0.01 130.0 0.30 0.01 0.00 0.00 0.01 0.00 135.8 0.31 0.00 0.00 0.00 0.00 0.00

118.5 0.27 0.00 0.00 0.00 0.00 0.00 124.3 0.30 -0.04 0.00 0.00 -0.04 0.00 130.2 0.30 0.02 0.00 0.00 0.02 0.00 136.0 0.31 -0.01 0.00 0.00 -0.01 0.00

118.7 0.28 0.01 0.00 0.00 0.01 0.00 124.5 0.28 -0.02 0.00 0.00 -0.01 0.00 130.3 0.30 0.00 0.00 0.00 0.00 0.00 136.2 0.31 -0.03 0.00 0.00 -0.02 0.00

118.8 0.27 -0.01 0.00 0.00 -0.01 0.01 124.7 0.29 0.02 0.00 0.00 0.02 0.00 130.5 0.30 -0.02 0.00 0.00 -0.02 0.00 136.3 0.30 -0.02 0.00 0.00 -0.02 -0.01

119.0 0.28 0.04 0.00 0.00 0.04 0.00 124.8 0.29 0.00 0.00 0.00 0.00 0.01 130.7 0.29 0.01 0.00 0.00 0.01 0.00 136.5 0.30 -0.01 0.00 0.00 -0.01 0.00

119.2 0.29 0.01 0.00 0.00 0.01 0.01 125.0 0.29 0.02 0.00 0.00 0.02 0.00 130.8 0.30 0.01 0.00 0.00 0.01 0.00 136.7 0.30 -0.01 0.00 0.00 -0.01 0.00

119.3 0.28 0.01 0.00 0.00 0.01 0.00 125.2 0.30 0.02 0.00 0.00 0.02 0.00 131.0 0.30 0.00 0.00 0.00 0.01 0.00 136.8 0.30 0.01 0.00 0.00 0.01 0.00

119.5 0.29 0.01 0.00 0.00 0.01 0.00 125.3 0.30 -0.01 0.00 0.00 -0.01 0.00 131.2 0.30 0.02 0.00 0.00 0.02 0.00 137.0 0.30 0.00 0.00 0.00 0.00 0.00

119.7 0.29 -0.01 0.00 0.00 0.00 0.00 125.5 0.29 -0.03 0.00 0.00 -0.03 0.00 131.3 0.30 -0.01 0.00 0.00 -0.01 0.00 137.2 0.30 -0.01 0.00 0.00 -0.01 0.00

119.8 0.29 0.00 0.00 0.00 0.00 0.00 125.7 0.29 0.01 0.00 0.00 0.01 0.00 131.5 0.30 -0.03 0.00 0.00 -0.03 0.00 137.3 0.30 0.02 0.00 0.00 0.02 0.00

120.0 0.29 0.00 0.00 0.00 0.00 0.00 125.8 0.30 0.03 0.00 0.00 0.03 0.00 131.7 0.29 0.00 0.00 0.00 0.00 0.00 137.5 0.30 0.01 0.00 0.00 0.01 0.00

120.2 0.29 -0.01 0.00 0.00 -0.01 0.00 126.0 0.30 -0.01 0.00 0.00 -0.01 0.01 131.8 0.30 0.01 0.00 0.00 0.01 0.00 137.7 0.30 -0.01 0.00 0.00 0.00 0.00

120.3 0.28 -0.01 0.00 0.00 -0.01 0.01 126.2 0.29 0.00 0.00 0.00 0.00 0.00 132.0 0.30 0.00 0.00 0.00 0.00 0.00 137.8 0.30 0.00 0.00 0.00 0.00 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

138.0 0.30 -0.01 0.00 0.00 -0.01 0.00 143.8 0.29 0.00 0.00 0.00 0.01 0.00 149.7 0.28 0.00 0.00 0.00 0.00 0.00 155.5 0.26 0.00 0.00 0.00 0.00 0.00

138.2 0.30 0.00 0.00 0.00 0.00 0.00 144.0 0.29 0.01 0.00 0.00 0.01 0.00 149.8 0.28 -0.01 0.00 0.00 -0.01 0.00 155.7 0.26 -0.02 0.00 0.00 -0.02 0.00

138.3 0.30 0.03 0.00 0.00 0.03 0.00 144.2 0.29 0.00 0.00 0.00 0.00 0.00 150.0 0.28 0.00 0.00 0.00 0.00 0.00 155.8 0.26 -0.03 0.00 0.00 -0.03 0.00

138.5 0.31 0.00 0.00 0.00 0.00 0.01 144.3 0.29 -0.01 0.00 0.00 -0.01 0.00 150.2 0.28 0.00 0.00 0.00 0.00 0.00 156.0 0.25 0.00 0.00 0.00 0.00 0.00

138.7 0.30 0.00 0.00 0.00 0.00 0.00 144.5 0.29 0.00 0.00 0.00 0.00 0.00 150.3 0.28 -0.03 0.00 0.00 -0.03 0.00 156.2 0.25 0.01 0.00 0.00 0.01 0.00

138.8 0.31 0.01 0.00 0.00 0.01 0.00 144.7 0.29 0.00 0.00 0.00 0.00 0.00 150.5 0.27 0.00 0.00 0.00 0.00 0.00 156.3 0.26 0.00 0.00 0.00 0.00 0.00

139.0 0.31 0.00 0.00 0.00 0.00 0.00 144.8 0.29 0.01 0.00 0.00 0.01 0.00 150.7 0.28 0.02 0.00 0.00 0.02 0.00 156.5 0.25 0.01 0.00 0.00 0.01 0.00

139.2 0.31 -0.01 0.00 0.00 -0.01 0.00 145.0 0.29 0.00 0.00 0.00 0.00 0.00 150.8 0.27 0.01 0.00 0.00 0.01 0.01 156.7 0.26 0.01 0.00 0.00 0.01 0.00

139.3 0.30 -0.02 0.00 0.00 -0.02 0.00 145.2 0.29 0.01 0.00 0.00 0.01 0.00 151.0 0.28 0.01 0.00 0.00 0.02 0.00 156.8 0.26 -0.02 0.00 0.00 -0.02 0.00

139.5 0.30 0.00 0.00 0.00 0.00 0.00 145.3 0.30 0.00 0.00 0.00 0.00 0.00 151.2 0.28 0.00 0.00 0.00 0.00 0.00 157.0 0.26 0.00 0.00 0.00 0.00 0.00

139.7 0.30 0.00 0.00 0.00 0.00 0.00 145.5 0.29 -0.02 0.00 0.00 -0.02 0.00 151.3 0.28 -0.04 0.00 0.00 -0.04 0.00 157.2 0.26 0.02 0.00 0.00 0.02 0.00

139.8 0.30 -0.01 0.00 0.00 -0.01 0.00 145.7 0.29 0.01 0.00 0.00 0.01 0.00 151.5 0.27 -0.01 0.00 0.00 -0.01 0.00 157.3 0.26 0.02 0.00 0.00 0.02 0.00

140.0 0.30 -0.02 0.00 0.00 -0.02 0.00 145.8 0.30 0.01 0.00 0.00 0.01 0.00 151.7 0.28 0.02 0.00 0.00 0.02 0.00 157.5 0.26 -0.03 0.00 0.00 -0.03 0.00

140.2 0.30 0.01 0.00 0.00 0.01 0.00 146.0 0.29 -0.02 0.00 0.00 -0.02 0.00 151.8 0.27 -0.02 0.00 0.00 -0.02 0.00 157.7 0.25 -0.03 0.00 0.00 -0.03 -0.01

140.3 0.30 -0.01 0.00 0.00 -0.01 0.00 146.2 0.29 -0.03 0.00 0.00 -0.03 0.00 152.0 0.27 -0.02 0.00 0.00 -0.02 0.00 157.8 0.25 -0.01 0.00 0.00 -0.01 -0.01

140.5 0.29 -0.02 0.00 0.00 -0.02 0.00 146.3 0.29 0.00 0.00 0.00 0.00 -0.01 152.2 0.27 0.01 0.00 0.00 0.01 -0.01 158.0 0.25 -0.01 0.00 0.00 -0.01 0.00

140.7 0.30 0.02 0.00 0.00 0.02 0.00 146.5 0.29 -0.01 0.00 0.00 0.00 0.00 152.3 0.27 -0.01 0.00 0.00 -0.01 -0.01 158.2 0.25 0.00 0.00 0.00 0.00 0.00

140.8 0.30 0.02 0.00 0.00 0.02 0.00 146.7 0.28 0.01 0.00 0.00 0.01 0.00 152.5 0.26 -0.05 0.00 0.00 -0.04 0.00 158.3 0.25 0.00 0.00 0.00 0.01 0.00

141.0 0.30 0.00 0.00 0.00 0.00 0.00 146.8 0.29 -0.02 0.00 0.00 -0.02 0.00 152.7 0.26 0.03 0.00 0.00 0.03 0.00 158.5 0.25 -0.01 0.00 0.00 -0.01 0.00

141.2 0.30 -0.03 0.00 0.00 -0.03 0.00 147.0 0.28 -0.03 0.00 0.00 -0.03 0.00 152.8 0.27 0.03 0.00 0.00 0.03 0.00 158.7 0.25 0.02 0.00 0.00 0.02 0.00

141.3 0.29 0.00 0.00 0.00 0.00 0.00 147.2 0.28 0.00 0.00 0.00 0.00 -0.01 153.0 0.27 0.00 0.00 0.00 0.00 0.00 158.8 0.26 0.02 0.00 0.00 0.02 0.00

141.5 0.30 0.00 0.00 0.00 0.00 0.00 147.3 0.28 -0.01 0.00 0.00 -0.01 0.01 153.2 0.27 -0.01 0.00 0.00 0.00 0.00 159.0 0.25 -0.01 0.00 0.00 -0.01 0.00

141.7 0.29 -0.02 0.00 0.00 -0.02 0.00 147.5 0.28 0.03 0.00 0.00 0.03 0.00 153.3 0.27 -0.01 0.00 0.00 -0.01 0.00 159.2 0.25 0.01 0.00 0.00 0.01 -0.01

141.8 0.30 0.01 0.00 0.00 0.01 -0.01 147.7 0.29 0.00 0.00 0.00 0.00 0.00 153.5 0.27 -0.02 0.00 0.00 -0.02 0.00 159.3 0.26 -0.02 0.00 0.00 -0.02 0.00

142.0 0.30 -0.02 0.00 0.00 -0.02 0.00 147.8 0.28 -0.01 0.00 0.00 -0.01 0.00 153.7 0.26 0.00 0.00 0.00 0.00 0.00 159.5 0.25 -0.01 0.00 0.00 0.00 0.00

142.2 0.29 0.01 0.00 0.00 0.01 0.00 148.0 0.28 0.03 0.00 0.00 0.03 -0.01 153.8 0.26 0.01 0.00 0.00 0.01 0.00 159.7 0.25 0.02 0.00 0.00 0.02 0.00

142.3 0.30 0.00 0.00 0.00 0.00 0.00 148.2 0.29 -0.03 0.00 0.00 -0.03 0.01 154.0 0.27 0.00 0.00 0.00 0.00 0.00 159.8 0.25 -0.01 0.00 0.00 -0.01 0.00

142.5 0.29 -0.01 0.00 0.00 -0.01 0.00 148.3 0.27 0.01 0.00 0.00 0.01 0.00 154.2 0.27 -0.01 0.00 0.00 -0.01 0.00 160.0 0.25 -0.02 0.00 0.00 -0.01 -0.01

142.7 0.29 0.00 0.00 0.00 0.00 0.00 148.5 0.29 0.04 0.00 0.00 0.04 -0.01 154.3 0.26 -0.03 0.00 0.00 -0.03 0.00 160.2 0.25 -0.03 0.00 0.00 -0.03 0.00

142.8 0.29 -0.01 0.00 0.00 -0.01 0.00 148.7 0.29 -0.04 0.00 0.00 -0.04 0.00 154.5 0.26 0.00 0.00 0.00 0.00 0.00 160.3 0.24 0.00 0.00 0.00 0.00 0.00

143.0 0.29 0.00 0.00 0.00 0.00 0.00 148.8 0.28 -0.02 0.00 0.00 -0.02 -0.01 154.7 0.26 0.02 0.00 0.00 0.02 0.00 160.5 0.25 0.01 0.00 0.00 0.01 0.00

143.2 0.29 -0.01 0.00 0.00 -0.01 0.00 149.0 0.28 0.00 0.00 0.00 0.00 0.00 154.8 0.26 0.01 0.00 0.00 0.01 0.01 160.7 0.25 0.00 0.00 0.00 0.00 0.00

143.3 0.29 0.00 0.00 0.00 0.00 0.00 149.2 0.28 0.00 0.00 0.00 0.00 0.00 155.0 0.27 0.01 0.00 0.00 0.01 0.00 160.8 0.25 -0.01 0.00 0.00 -0.01 0.00

143.5 0.29 0.01 0.00 0.00 0.01 0.00 149.3 0.28 0.01 0.00 0.00 0.01 0.00 155.2 0.27 0.00 0.00 0.00 0.00 0.00 161.0 0.24 -0.03 0.00 0.00 -0.03 0.00

143.7 0.29 0.01 0.00 0.00 0.01 0.00 149.5 0.28 0.00 0.00 0.00 0.00 0.00 155.3 0.26 -0.01 0.00 0.00 -0.01 0.00 161.2 0.24 0.01 0.00 0.00 0.01 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

161.3 0.25 0.03 0.00 0.00 0.03 0.00 167.2 0.23 -0.01 0.00 0.00 -0.01 0.00 173.0 0.22 -0.01 0.00 0.00 -0.01 0.00 178.8 0.20 -0.01 0.00 0.00 -0.01 0.00

161.5 0.25 -0.02 0.00 0.00 -0.02 0.00 167.3 0.23 -0.02 0.00 0.00 -0.01 0.00 173.2 0.21 -0.01 0.00 0.00 -0.01 0.00 179.0 0.20 0.01 0.00 0.00 0.01 0.00

161.7 0.24 -0.01 0.00 0.00 -0.01 0.00 167.5 0.22 0.00 0.00 0.00 0.00 0.00 173.3 0.21 0.00 0.00 0.00 0.00 0.00 179.2 0.20 0.00 0.00 0.00 0.00 0.00

161.8 0.24 0.01 0.00 0.00 0.01 0.00 167.7 0.23 0.00 0.00 0.00 0.00 0.00 173.5 0.21 0.00 0.00 0.00 0.01 0.00 179.3 0.20 0.00 0.00 0.00 0.00 0.00

162.0 0.24 0.00 0.00 0.00 0.00 0.00 167.8 0.22 -0.01 0.00 0.00 -0.01 0.00 173.7 0.21 0.01 0.00 0.00 0.01 0.00 179.5 0.20 -0.01 0.00 0.00 -0.01 0.00

162.2 0.24 0.00 0.00 0.00 0.00 0.00 168.0 0.23 0.02 0.00 0.00 0.02 0.00 173.8 0.22 0.01 0.00 0.00 0.01 0.00 179.7 0.20 0.02 0.00 0.00 0.02 0.00

162.3 0.24 -0.02 0.00 0.00 -0.02 0.00 168.2 0.23 0.00 0.00 0.00 0.00 0.00 174.0 0.22 -0.02 0.00 0.00 -0.02 0.00 179.8 0.21 0.02 0.00 0.00 0.02 0.00

162.5 0.24 0.01 0.00 0.00 0.01 0.00 168.3 0.23 -0.02 0.00 0.00 -0.02 0.00 174.2 0.21 -0.01 0.00 0.00 -0.01 0.00 180.0 0.20 -0.01 0.00 0.00 -0.01 0.00

162.7 0.24 0.01 0.00 0.00 0.01 0.00 168.5 0.22 -0.02 0.00 0.00 -0.02 0.00 174.3 0.21 0.01 0.00 0.00 0.01 0.00 180.2 0.21 0.01 0.00 0.00 0.01 0.00

162.8 0.24 -0.01 0.00 0.00 -0.01 0.00 168.7 0.22 0.00 0.00 0.00 0.00 0.00 174.5 0.21 0.01 0.00 0.00 0.01 0.00 180.3 0.21 0.00 0.00 0.00 0.00 0.00

163.0 0.24 -0.01 0.00 0.00 -0.01 0.00 168.8 0.22 0.03 0.00 0.00 0.03 0.00 174.7 0.22 0.01 0.00 0.00 0.01 0.00 180.5 0.21 -0.02 0.00 0.00 -0.02 0.00

163.2 0.24 0.01 0.00 0.00 0.01 0.00 169.0 0.23 0.02 0.00 0.00 0.02 0.00 174.8 0.21 -0.02 0.00 0.00 -0.02 0.00 180.7 0.20 -0.01 0.00 0.00 -0.01 0.00

163.3 0.24 0.02 0.00 0.00 0.02 0.00 169.2 0.23 -0.02 0.00 0.00 -0.02 0.00 175.0 0.21 0.01 0.00 0.00 0.01 0.00 180.8 0.20 0.02 0.00 0.00 0.02 0.00

163.5 0.25 -0.03 0.00 0.00 -0.03 0.00 169.3 0.22 0.00 0.00 0.00 0.00 0.00 175.2 0.22 -0.01 0.00 0.00 -0.01 0.00 181.0 0.20 0.00 0.00 0.00 0.00 0.00

163.7 0.23 -0.02 0.00 0.00 -0.02 0.00 169.5 0.22 0.02 0.00 0.00 0.02 0.00 175.3 0.21 -0.03 0.00 0.00 -0.03 0.00 181.2 0.20 -0.01 0.00 0.00 0.00 0.00

163.8 0.24 0.02 0.00 0.00 0.02 0.00 169.7 0.23 -0.01 0.00 0.00 -0.01 0.00 175.5 0.21 0.01 0.00 0.00 0.01 0.00 181.3 0.20 0.00 0.00 0.00 0.00 0.00

164.0 0.24 0.01 0.00 0.00 0.01 0.00 169.8 0.22 -0.02 0.00 0.00 -0.02 -0.01 175.7 0.21 0.02 0.00 0.00 0.02 0.00 181.5 0.20 0.00 0.00 0.00 0.00 0.00

164.2 0.24 0.01 0.00 0.00 0.01 0.00 170.0 0.22 -0.02 0.00 0.00 -0.02 0.00 175.8 0.21 0.00 0.00 0.00 0.00 0.00 181.7 0.20 0.00 0.00 0.00 0.00 0.00

164.3 0.24 -0.02 0.00 0.00 -0.02 0.00 170.2 0.21 0.00 0.00 0.00 0.00 0.00 176.0 0.21 -0.03 0.00 0.00 -0.03 0.00 181.8 0.20 0.00 0.00 0.00 0.00 0.00

164.5 0.23 0.00 0.00 0.00 0.00 0.00 170.3 0.22 0.02 0.00 0.00 0.02 0.00 176.2 0.20 0.00 0.00 0.00 0.00 0.00 182.0 0.20 -0.01 0.00 0.00 0.00 0.00

164.7 0.24 0.00 0.00 0.00 0.00 -0.01 170.5 0.22 -0.01 0.00 0.00 -0.01 0.00 176.3 0.21 0.00 0.00 0.00 0.00 0.00 182.2 0.20 0.00 0.00 0.00 0.00 0.00

164.8 0.24 -0.03 0.00 0.00 -0.03 0.00 170.7 0.22 0.01 0.00 0.00 0.01 0.00 176.5 0.21 0.01 0.00 0.00 0.01 0.00 182.3 0.20 0.02 0.00 0.00 0.02 0.00

165.0 0.23 0.00 0.00 0.00 0.00 -0.01 170.8 0.22 -0.01 0.00 0.00 -0.01 0.00 176.7 0.21 0.01 0.00 0.00 0.01 0.00 182.5 0.20 0.00 0.00 0.00 0.00 0.00

165.2 0.24 0.00 0.00 0.00 0.00 0.00 171.0 0.22 -0.01 0.00 0.00 -0.01 0.00 176.8 0.21 0.00 0.00 0.00 0.00 0.00 182.7 0.20 0.00 0.00 0.00 0.00 0.00

165.3 0.23 -0.02 0.00 0.00 -0.01 0.00 171.2 0.22 0.01 0.00 0.00 0.01 0.00 177.0 0.21 0.01 0.00 0.00 0.01 0.00 182.8 0.20 -0.01 0.00 0.00 -0.01 0.00

165.5 0.23 0.02 0.00 0.00 0.02 0.00 171.3 0.22 0.01 0.00 0.00 0.01 0.00 177.2 0.21 -0.02 0.00 0.00 -0.02 0.00 183.0 0.20 -0.02 0.00 0.00 -0.02 0.00

165.7 0.24 0.00 0.00 0.00 0.00 0.00 171.5 0.22 0.00 0.00 0.00 0.00 0.00 177.3 0.21 0.00 0.00 0.00 0.00 0.00 183.2 0.20 0.01 0.00 0.00 0.01 0.00

165.8 0.23 -0.04 0.00 0.00 -0.03 0.00 171.7 0.22 0.00 0.00 0.00 0.00 0.00 177.5 0.21 0.03 0.00 0.00 0.03 0.00 183.3 0.20 0.00 0.00 0.00 0.00 0.00

166.0 0.23 -0.01 0.00 0.00 -0.01 0.00 171.8 0.22 -0.02 0.00 0.00 -0.02 0.00 177.7 0.22 -0.02 0.00 0.00 -0.02 0.00 183.5 0.20 -0.01 0.00 0.00 -0.01 0.00

166.2 0.23 0.01 0.00 0.00 0.01 0.00 172.0 0.21 0.00 0.00 0.00 0.00 0.00 177.8 0.21 -0.02 0.00 0.00 -0.02 0.00 183.7 0.20 0.01 0.00 0.00 0.01 0.00

166.3 0.23 0.01 0.00 0.00 0.01 0.00 172.2 0.22 0.03 0.00 0.00 0.03 0.00 178.0 0.21 0.01 0.00 0.00 0.01 0.00 183.8 0.20 0.02 0.00 0.00 0.02 0.00

166.5 0.23 0.01 0.00 0.00 0.01 0.00 172.3 0.22 0.01 0.00 0.00 0.01 0.00 178.2 0.21 -0.01 0.00 0.00 -0.01 0.00 184.0 0.20 0.00 0.00 0.00 0.00 0.00

166.7 0.23 -0.03 0.00 0.00 -0.03 0.00 172.5 0.22 -0.01 0.00 0.00 -0.01 0.00 178.3 0.21 -0.02 0.00 0.00 -0.02 0.00 184.2 0.20 -0.01 0.00 0.00 -0.01 0.00

166.8 0.22 0.01 0.00 0.00 0.01 0.00 172.7 0.22 -0.02 0.00 0.00 -0.02 0.00 178.5 0.20 -0.02 0.00 0.00 -0.02 0.00 184.3 0.20 -0.02 0.00 0.00 -0.02 0.00

167.0 0.23 0.01 0.00 0.00 0.02 0.00 172.8 0.22 -0.01 0.00 0.00 -0.01 -0.01 178.7 0.20 -0.01 0.00 0.00 -0.01 0.00 184.5 0.19 0.00 0.00 0.00 0.00 0.00

E25



Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

184.7 0.20 0.03 0.00 0.00 0.03 0.00 190.5 0.18 -0.02 0.00 0.00 -0.02 0.00 196.3 0.17 -0.01 0.00 0.00 -0.01 0.00 202.2 0.15 0.00 0.00 0.00 0.00 0.00

184.8 0.20 -0.02 0.00 0.00 -0.02 0.01 190.7 0.18 0.02 0.00 0.00 0.02 0.00 196.5 0.17 0.00 0.00 0.00 0.00 0.00 202.3 0.15 -0.01 0.00 0.00 -0.01 0.00

185.0 0.20 0.02 0.00 0.00 0.02 0.01 190.8 0.18 -0.01 0.00 0.00 -0.01 0.00 196.7 0.16 -0.01 0.00 0.00 -0.01 0.00 202.5 0.15 0.00 0.00 0.00 0.00 0.00

185.2 0.21 0.05 0.00 0.00 0.05 0.00 191.0 0.18 -0.01 0.00 0.00 -0.01 0.00 196.8 0.17 0.02 0.00 0.00 0.02 0.00 202.7 0.15 -0.02 0.00 0.00 -0.02 0.00

185.3 0.21 -0.01 0.00 0.00 0.00 0.00 191.2 0.18 -0.01 0.00 0.00 -0.01 0.00 197.0 0.17 0.00 0.00 0.00 0.00 0.00 202.8 0.14 -0.01 0.00 0.00 -0.01 0.00

185.5 0.21 -0.04 0.00 0.00 -0.04 -0.01 191.3 0.18 0.01 0.00 0.00 0.01 0.00 197.2 0.17 -0.01 0.00 0.00 -0.01 0.00 203.0 0.15 0.00 0.00 0.00 0.00 0.00

185.7 0.20 -0.07 0.00 0.00 -0.07 -0.01 191.5 0.18 -0.01 0.00 0.00 -0.01 0.00 197.3 0.17 0.00 0.00 0.00 0.00 0.00 203.2 0.14 -0.01 0.00 0.00 -0.01 0.00

185.8 0.19 0.00 0.00 0.00 0.00 0.00 191.7 0.17 -0.01 0.00 0.00 -0.01 0.00 197.5 0.17 0.01 0.00 0.00 0.01 0.00 203.3 0.15 0.02 0.00 0.00 0.02 0.00

186.0 0.20 0.06 0.00 0.00 0.06 0.00 191.8 0.18 0.01 0.00 0.00 0.01 0.00 197.7 0.17 -0.02 0.00 0.00 -0.02 0.00 203.5 0.15 0.00 0.00 0.00 0.00 0.00

186.2 0.21 0.02 0.00 0.00 0.02 0.00 192.0 0.17 0.02 0.00 0.00 0.02 0.00 197.8 0.16 -0.01 0.00 0.00 -0.01 0.00 203.7 0.15 -0.02 0.00 0.00 -0.01 0.00

186.3 0.20 -0.07 0.00 0.00 -0.07 0.00 192.2 0.18 0.01 0.00 0.00 0.01 0.00 198.0 0.16 0.00 0.00 0.00 0.00 -0.01 203.8 0.15 0.00 0.00 0.00 0.00 -0.01

186.5 0.18 0.00 0.00 0.00 0.00 0.00 192.3 0.18 -0.04 0.00 0.00 -0.04 0.00 198.2 0.16 -0.03 0.00 0.00 -0.03 0.00 204.0 0.15 -0.02 0.00 0.00 -0.02 0.00

186.7 0.20 0.08 0.00 0.00 0.08 0.00 192.5 0.17 0.01 0.00 0.00 0.01 0.00 198.3 0.16 0.01 0.00 0.00 0.01 0.00 204.2 0.14 0.00 0.00 0.00 0.00 0.00

186.8 0.21 0.00 0.00 0.00 0.00 0.00 192.7 0.18 0.02 0.00 0.00 0.02 0.00 198.5 0.16 0.01 0.00 0.00 0.01 0.00 204.3 0.15 0.00 0.00 0.00 0.00 0.00

187.0 0.20 -0.08 0.00 0.00 -0.08 0.01 192.8 0.18 -0.01 0.00 0.00 -0.01 0.00 198.7 0.16 0.01 0.00 0.00 0.01 0.00 204.5 0.14 -0.01 0.00 0.00 0.00 0.00

187.2 0.18 0.03 0.00 0.00 0.03 0.00 193.0 0.18 -0.01 0.00 0.00 -0.01 0.00 198.8 0.17 0.00 0.00 0.00 0.00 0.00 204.7 0.15 0.01 0.00 0.00 0.01 0.00

187.3 0.21 0.08 0.00 0.00 0.08 0.00 193.2 0.18 0.00 0.00 0.00 0.00 0.00 199.0 0.16 -0.02 0.00 0.00 -0.02 0.00 204.8 0.14 -0.02 0.00 0.00 -0.02 0.00

187.5 0.21 -0.04 0.00 0.00 -0.04 0.01 193.3 0.18 -0.01 0.00 0.00 -0.01 0.00 199.2 0.16 0.00 0.00 0.00 0.00 0.00 205.0 0.14 0.01 0.00 0.00 0.01 0.00

187.7 0.20 0.00 0.00 0.00 0.00 0.00 193.5 0.17 0.00 0.00 0.00 0.00 0.00 199.3 0.16 0.00 0.00 0.00 0.00 0.00 205.2 0.15 0.00 0.00 0.00 0.00 0.00

187.8 0.21 0.02 0.00 0.00 0.02 -0.01 193.7 0.18 0.01 0.00 0.00 0.01 0.00 199.5 0.16 -0.01 0.00 0.00 -0.01 0.00 205.3 0.14 -0.03 0.00 0.00 -0.03 0.00

188.0 0.21 -0.06 0.00 0.00 -0.06 0.00 193.8 0.18 -0.01 0.00 0.00 -0.01 0.00 199.7 0.16 0.00 0.00 0.00 0.00 0.00 205.5 0.14 0.00 0.00 0.00 0.00 0.00

188.2 0.19 0.00 0.00 0.00 0.00 -0.01 194.0 0.17 0.00 0.00 0.00 0.00 0.00 199.8 0.16 0.00 0.00 0.00 0.00 0.00 205.7 0.14 0.01 0.00 0.00 0.01 0.00

188.3 0.21 0.01 0.00 0.00 0.01 -0.01 194.2 0.18 -0.02 0.00 0.00 -0.02 0.00 200.0 0.15 -0.02 0.00 0.00 -0.02 0.00 205.8 0.14 -0.01 0.00 0.00 -0.01 0.00

188.5 0.19 -0.05 0.00 0.00 -0.05 0.00 194.3 0.17 -0.03 0.00 0.00 -0.03 0.00 200.2 0.16 0.02 0.00 0.00 0.02 0.00 206.0 0.14 -0.02 0.00 0.00 -0.02 0.00

188.7 0.19 -0.01 0.00 0.00 -0.01 -0.01 194.5 0.17 0.01 0.00 0.00 0.01 0.00 200.3 0.16 0.00 0.00 0.00 0.00 0.01 206.2 0.14 0.01 0.00 0.00 0.01 0.00

188.8 0.19 -0.02 0.00 0.00 -0.02 0.00 194.7 0.17 0.00 0.00 0.00 0.00 0.00 200.5 0.16 0.02 0.00 0.00 0.02 0.00 206.3 0.14 0.01 0.00 0.00 0.01 0.00

189.0 0.18 0.02 0.00 0.00 0.02 -0.01 194.8 0.17 -0.01 0.00 0.00 -0.01 0.00 200.7 0.17 0.01 0.00 0.00 0.01 0.00 206.5 0.14 -0.01 0.00 0.00 -0.01 0.00

189.2 0.20 -0.01 0.00 0.00 -0.01 0.00 195.0 0.17 0.01 0.00 0.00 0.01 0.00 200.8 0.16 -0.02 0.00 0.00 -0.02 0.00 206.7 0.13 0.02 0.00 0.00 0.02 0.00

189.3 0.18 0.00 0.00 0.00 0.00 0.00 195.2 0.17 0.01 0.00 0.00 0.01 0.00 201.0 0.16 -0.03 0.00 0.00 -0.03 -0.01 206.8 0.15 0.01 0.00 0.00 0.01 0.00

189.5 0.20 -0.01 0.00 0.00 -0.01 0.00 195.3 0.17 0.01 0.00 0.00 0.01 0.00 201.2 0.15 -0.03 0.00 0.00 -0.02 0.00 207.0 0.14 -0.03 0.00 0.00 -0.03 0.00

189.7 0.18 0.00 0.00 0.00 0.00 0.00 195.5 0.17 -0.01 0.00 0.00 -0.01 0.00 201.3 0.15 0.00 0.00 0.00 0.00 0.00 207.2 0.14 0.01 0.00 0.00 0.01 0.00

189.8 0.20 0.04 0.00 0.00 0.04 -0.01 195.7 0.17 -0.01 0.00 0.00 -0.01 0.00 201.5 0.15 0.01 0.00 0.00 0.01 0.00 207.3 0.14 0.01 0.00 0.00 0.01 0.00

190.0 0.19 -0.07 0.00 0.00 -0.07 0.01 195.8 0.17 -0.01 0.00 0.00 -0.01 0.00 201.7 0.15 0.00 0.00 0.00 0.00 0.00 207.5 0.14 0.00 0.00 0.00 0.00 0.00

190.2 0.17 0.00 0.00 0.00 0.00 -0.01 196.0 0.17 0.01 0.00 0.00 0.01 0.00 201.8 0.15 0.00 0.00 0.00 0.00 0.00 207.7 0.14 -0.01 0.00 0.00 -0.01 0.00

190.3 0.19 0.01 0.00 0.00 0.01 0.00 196.2 0.17 0.00 0.00 0.00 0.00 0.00 202.0 0.15 0.00 0.00 0.00 0.01 0.00 207.8 0.14 -0.02 0.00 0.00 -0.02 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

208.0 0.13 -0.02 0.00 0.00 -0.02 -0.01 213.8 0.13 0.00 0.00 0.00 0.00 0.00 219.7 0.12 -0.02 0.00 0.00 -0.02 0.00 225.5 0.11 -0.02 0.00 0.00 -0.02 0.00

208.2 0.13 -0.02 0.00 0.00 -0.02 0.00 214.0 0.13 0.00 0.00 0.00 0.00 0.00 219.8 0.12 -0.04 0.00 0.00 -0.04 0.00 225.7 0.10 -0.02 0.00 0.00 -0.02 0.00

208.3 0.13 -0.01 0.00 0.00 -0.01 0.00 214.2 0.13 0.00 0.00 0.00 0.00 0.00 220.0 0.11 0.00 0.00 0.00 0.00 0.00 225.8 0.10 0.01 0.00 0.00 0.01 0.00

208.5 0.13 0.01 0.00 0.00 0.01 0.00 214.3 0.13 -0.02 0.00 0.00 -0.02 0.00 220.2 0.12 0.03 0.00 0.00 0.03 0.00 226.0 0.10 0.00 0.00 0.00 0.00 0.00

208.7 0.13 0.01 0.00 0.00 0.01 0.00 214.5 0.12 -0.02 0.00 0.00 -0.01 0.00 220.3 0.12 0.01 0.00 0.00 0.01 0.01 226.2 0.10 0.00 0.00 0.00 0.00 0.00

208.8 0.13 0.01 0.00 0.00 0.01 0.00 214.7 0.13 0.01 0.00 0.00 0.01 0.00 220.5 0.12 0.01 0.00 0.00 0.01 0.00 226.3 0.10 -0.01 0.00 0.00 -0.01 0.00

209.0 0.13 -0.01 0.00 0.00 -0.01 0.00 214.8 0.13 -0.01 0.00 0.00 -0.01 0.00 220.7 0.12 -0.01 0.00 0.00 -0.01 0.00 226.5 0.10 -0.02 0.00 0.00 -0.02 0.00

209.2 0.13 0.01 0.00 0.00 0.01 0.00 215.0 0.12 0.00 0.00 0.00 0.00 0.00 220.8 0.12 -0.02 0.00 0.00 -0.02 0.00 226.7 0.09 0.01 0.00 0.00 0.01 0.00

209.3 0.14 0.03 0.00 0.00 0.03 0.00 215.2 0.13 0.02 0.00 0.00 0.02 0.00 221.0 0.12 0.00 0.00 0.00 0.00 0.00 226.8 0.10 0.03 0.00 0.00 0.03 0.00

209.5 0.14 0.02 0.00 0.00 0.02 0.00 215.3 0.13 -0.01 0.00 0.00 -0.01 0.00 221.2 0.12 0.01 0.00 0.00 0.01 0.00 227.0 0.10 -0.01 0.00 0.00 -0.01 0.00

209.7 0.14 0.00 0.00 0.00 0.00 0.00 215.5 0.13 0.00 0.00 0.00 0.00 0.00 221.3 0.12 0.01 0.00 0.00 0.01 0.00 227.2 0.10 -0.01 0.00 0.00 -0.01 0.00

209.8 0.14 -0.02 0.00 0.00 -0.02 0.00 215.7 0.13 0.02 0.00 0.00 0.02 0.00 221.5 0.12 0.00 0.00 0.00 0.00 0.00 227.3 0.10 0.01 0.00 0.00 0.01 0.00

210.0 0.13 -0.02 0.00 0.00 -0.02 0.00 215.8 0.13 -0.02 0.00 0.00 -0.02 0.00 221.7 0.12 -0.01 0.00 0.00 -0.01 0.00 227.5 0.10 0.01 0.00 0.00 0.01 0.00

210.2 0.13 0.01 0.00 0.00 0.01 0.00 216.0 0.12 -0.02 0.00 0.00 -0.02 0.00 221.8 0.12 0.00 0.00 0.00 0.00 0.00 227.7 0.10 -0.01 0.00 0.00 -0.01 0.00

210.3 0.14 0.01 0.00 0.00 0.01 0.00 216.2 0.12 -0.01 0.00 0.00 -0.01 0.00 222.0 0.12 0.00 0.00 0.00 0.00 0.00 227.8 0.10 0.00 0.00 0.00 0.00 0.00

210.5 0.14 0.00 0.00 0.00 0.00 0.00 216.3 0.12 0.01 0.00 0.00 0.01 0.00 222.2 0.12 0.00 0.00 0.00 0.00 0.00 228.0 0.10 0.00 0.00 0.00 0.00 0.00

210.7 0.14 0.00 0.00 0.00 0.00 0.00 216.5 0.13 0.01 0.00 0.00 0.01 0.00 222.3 0.12 -0.01 0.00 0.00 -0.01 0.00 228.2 0.10 -0.02 0.00 0.00 -0.02 0.00

210.8 0.14 -0.03 0.00 0.00 -0.03 0.00 216.7 0.12 -0.02 0.00 0.00 -0.02 0.00 222.5 0.11 0.00 0.00 0.00 0.00 0.00 228.3 0.10 0.00 0.00 0.00 0.00 -0.01

211.0 0.13 -0.01 0.00 0.00 -0.01 0.00 216.8 0.12 0.01 0.00 0.00 0.01 0.00 222.7 0.12 0.00 0.00 0.00 0.00 0.00 228.5 0.10 -0.03 0.00 0.00 -0.03 0.00

211.2 0.13 0.02 0.00 0.00 0.02 0.00 217.0 0.13 0.01 0.00 0.00 0.01 0.00 222.8 0.11 -0.03 0.00 0.00 -0.03 0.00 228.7 0.09 -0.02 0.00 0.00 -0.02 0.00

211.3 0.14 0.01 0.00 0.00 0.01 0.00 217.2 0.12 -0.01 0.00 0.00 -0.01 0.00 223.0 0.11 -0.02 0.00 0.00 -0.02 -0.01 228.8 0.09 0.04 0.00 0.00 0.04 0.00

211.5 0.13 0.01 0.00 0.00 0.01 0.00 217.3 0.12 0.00 0.00 0.00 0.00 0.00 223.2 0.11 0.00 0.00 0.00 0.00 0.00 229.0 0.10 0.02 0.00 0.00 0.02 0.00

211.7 0.14 -0.01 0.00 0.00 -0.01 0.00 217.5 0.12 0.01 0.00 0.00 0.01 0.00 223.3 0.11 0.01 0.00 0.00 0.01 0.00 229.2 0.10 -0.03 0.00 0.00 -0.03 0.00

211.8 0.13 -0.02 0.00 0.00 -0.02 0.00 217.7 0.13 0.01 0.00 0.00 0.01 0.00 223.5 0.11 0.01 0.00 0.00 0.01 0.00 229.3 0.09 -0.02 0.00 0.00 -0.02 0.00

212.0 0.13 -0.01 0.00 0.00 -0.01 0.00 217.8 0.13 -0.01 0.00 0.00 -0.01 0.00 223.7 0.11 -0.01 0.00 0.00 -0.01 0.00 229.5 0.09 0.01 0.00 0.00 0.01 0.00

212.2 0.13 0.00 0.00 0.00 0.00 0.00 218.0 0.12 -0.04 0.00 0.00 -0.04 0.00 223.8 0.11 -0.02 0.00 0.00 -0.02 0.00 229.7 0.10 0.02 0.00 0.00 0.02 0.00

212.3 0.13 -0.01 0.00 0.00 -0.01 0.00 218.2 0.11 0.00 0.00 0.00 0.00 0.00 224.0 0.10 0.02 0.00 0.00 0.02 0.00 229.8 0.10 -0.02 0.00 0.00 -0.02 0.00

212.5 0.13 0.00 0.00 0.00 0.01 0.00 218.3 0.12 0.04 0.00 0.00 0.04 0.00 224.2 0.11 0.03 0.00 0.00 0.03 0.00 230.0 0.09 -0.02 0.00 0.00 -0.02 0.00

212.7 0.13 0.01 0.00 0.00 0.01 0.00 218.5 0.13 -0.01 0.00 0.00 -0.01 0.00 224.3 0.11 -0.02 0.00 0.00 -0.02 0.00 230.2 0.09 0.00 0.00 0.00 0.00 0.00

212.8 0.13 -0.01 0.00 0.00 -0.01 0.00 218.7 0.12 -0.03 0.00 0.00 -0.03 0.00 224.5 0.10 0.00 0.00 0.00 0.00 0.00 230.3 0.09 0.00 0.00 0.00 0.00 0.00

213.0 0.13 0.00 0.00 0.00 0.00 0.00 218.8 0.12 0.00 0.00 0.00 0.00 0.00 224.7 0.11 0.01 0.00 0.00 0.01 0.00 230.5 0.09 0.01 0.00 0.00 0.01 0.00

213.2 0.13 -0.01 0.00 0.00 -0.01 0.00 219.0 0.12 0.02 0.00 0.00 0.02 0.00 224.8 0.11 0.01 0.00 0.00 0.01 0.00 230.7 0.09 -0.02 0.00 0.00 -0.02 0.00

213.3 0.13 -0.01 0.00 0.00 -0.01 0.00 219.2 0.12 -0.02 0.00 0.00 -0.02 0.00 225.0 0.11 0.00 0.00 0.00 0.00 0.00 230.8 0.09 0.00 0.00 0.00 0.00 0.00

213.5 0.13 0.02 0.00 0.00 0.02 0.00 219.3 0.11 0.00 0.00 0.00 0.00 0.00 225.2 0.11 -0.02 0.00 0.00 -0.02 0.00 231.0 0.09 0.04 0.00 0.00 0.04 0.00

213.7 0.13 0.01 0.00 0.00 0.01 0.00 219.5 0.12 0.03 0.00 0.00 0.03 0.00 225.3 0.11 0.00 0.00 0.00 0.00 -0.01 231.2 0.10 0.01 0.00 0.00 0.01 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

231.3 0.10 -0.02 0.00 0.00 -0.02 0.00 237.2 0.08 -0.02 0.00 0.00 -0.02 0.00 243.0 0.07 0.00 0.00 0.00 0.00 0.00 248.8 0.05 -0.02 0.00 0.00 -0.01 0.00

231.5 0.09 -0.01 0.00 0.00 -0.01 0.00 237.3 0.08 -0.01 0.00 0.00 -0.01 0.00 243.2 0.07 0.00 0.00 0.00 0.00 0.00 249.0 0.05 -0.02 0.00 0.00 -0.02 0.00

231.7 0.09 0.01 0.00 0.00 0.01 0.00 237.5 0.08 0.00 0.00 0.00 0.00 0.00 243.3 0.07 0.01 0.00 0.00 0.01 0.00 249.2 0.05 -0.01 0.00 0.00 -0.01 -0.01

231.8 0.10 -0.01 0.00 0.00 -0.01 0.00 237.7 0.07 -0.01 0.00 0.00 -0.01 0.00 243.5 0.07 -0.01 0.00 0.00 -0.01 0.00 249.3 0.04 -0.01 0.00 0.00 -0.01 0.00

232.0 0.09 0.00 0.00 0.00 0.00 0.00 237.8 0.07 0.00 0.00 0.00 0.00 0.00 243.7 0.06 -0.03 0.00 0.00 -0.03 0.00 249.5 0.04 0.00 0.00 0.00 0.00 0.00

232.2 0.09 0.01 0.00 0.00 0.01 0.00 238.0 0.08 0.03 0.00 0.00 0.03 0.00 243.8 0.06 -0.01 0.00 0.00 -0.01 -0.01 249.7 0.04 0.01 0.00 0.00 0.01 0.00

232.3 0.09 0.00 0.00 0.00 0.00 0.00 238.2 0.08 -0.01 0.00 0.00 -0.01 0.00 244.0 0.06 -0.01 0.00 0.00 -0.01 0.00 249.8 0.04 -0.01 0.00 0.00 -0.01 0.00

232.5 0.09 -0.01 0.00 0.00 -0.01 0.00 238.3 0.07 -0.02 0.00 0.00 -0.02 0.00 244.2 0.06 0.01 0.00 0.00 0.01 0.00 250.0 0.04 0.00 0.00 0.00 0.00 0.00

232.7 0.09 0.01 0.00 0.00 0.01 0.00 238.5 0.08 0.02 0.00 0.00 0.02 0.00 244.3 0.06 0.01 0.00 0.00 0.01 0.00 250.2 0.04 0.01 0.00 0.00 0.01 0.00

232.8 0.10 0.02 0.00 0.00 0.02 0.00 238.7 0.08 0.01 0.00 0.00 0.01 0.01 244.5 0.07 0.00 0.00 0.00 0.00 0.00 250.3 0.04 0.01 0.00 0.00 0.01 0.00

233.0 0.10 -0.01 0.00 0.00 -0.01 0.00 238.8 0.08 0.01 0.00 0.00 0.01 0.00 244.7 0.07 0.01 0.00 0.00 0.01 0.00 250.5 0.05 0.02 0.00 0.00 0.02 0.00

233.2 0.09 -0.02 0.00 0.00 -0.02 0.00 239.0 0.08 -0.02 0.00 0.00 -0.02 0.00 244.8 0.07 -0.01 0.00 0.00 -0.01 0.00 250.7 0.05 0.02 0.00 0.00 0.02 0.00

233.3 0.09 -0.01 0.00 0.00 0.00 0.00 239.2 0.08 -0.02 0.00 0.00 -0.02 0.00 245.0 0.06 -0.04 0.00 0.00 -0.04 0.00 250.8 0.05 -0.02 0.00 0.00 -0.02 0.00

233.5 0.09 -0.01 0.00 0.00 -0.01 0.00 239.3 0.08 0.02 0.00 0.00 0.02 0.00 245.2 0.06 0.01 0.00 0.00 0.01 0.00 251.0 0.05 -0.02 0.00 0.00 -0.02 0.00

233.7 0.09 0.03 0.00 0.00 0.03 0.00 239.5 0.08 0.04 0.00 0.00 0.04 0.00 245.3 0.06 0.02 0.00 0.00 0.02 0.00 251.2 0.05 0.03 0.00 0.00 0.03 0.00

233.8 0.10 0.02 0.00 0.00 0.02 0.00 239.7 0.09 -0.02 0.00 0.00 -0.02 0.00 245.5 0.06 -0.02 0.00 0.00 -0.02 0.00 251.3 0.05 0.01 0.00 0.00 0.01 0.01

234.0 0.09 -0.02 0.00 0.00 -0.02 0.00 239.8 0.08 -0.03 0.00 0.00 -0.03 -0.01 245.7 0.06 0.00 0.00 0.00 0.00 0.00 251.5 0.05 0.00 0.00 0.00 0.00 0.00

234.2 0.09 -0.02 0.00 0.00 -0.02 -0.01 240.0 0.08 -0.02 0.00 0.00 -0.02 0.00 245.8 0.06 -0.01 0.00 0.00 -0.01 0.00 251.7 0.06 -0.01 0.00 0.00 -0.01 0.00

234.3 0.09 -0.02 0.00 0.00 -0.02 0.00 240.2 0.07 0.01 0.00 0.00 0.01 0.00 246.0 0.06 -0.01 0.00 0.00 -0.01 0.00 251.8 0.05 -0.02 0.00 0.00 -0.02 -0.01

234.5 0.08 0.01 0.00 0.00 0.01 0.00 240.3 0.08 0.03 0.00 0.00 0.03 0.00 246.2 0.06 0.01 0.00 0.00 0.01 0.00 252.0 0.05 -0.02 0.00 0.00 -0.02 -0.01

234.7 0.09 0.00 0.00 0.00 0.00 0.00 240.5 0.08 -0.02 0.00 0.00 -0.02 0.00 246.3 0.06 0.00 0.00 0.00 0.00 0.00 252.2 0.04 -0.04 0.00 0.00 -0.04 -0.01

234.8 0.08 -0.02 0.00 0.00 -0.02 0.00 240.7 0.07 -0.01 0.00 0.00 -0.01 -0.01 246.5 0.06 0.00 0.00 0.00 0.00 0.00 252.3 0.04 -0.01 0.00 0.00 -0.01 0.00

235.0 0.08 0.00 0.00 0.00 0.00 0.00 240.8 0.08 -0.01 0.00 0.00 -0.01 0.00 246.7 0.06 -0.02 0.00 0.00 -0.02 0.00 252.5 0.04 0.02 0.00 0.00 0.02 0.00

235.2 0.08 0.00 0.00 0.00 0.00 0.00 241.0 0.07 0.00 0.00 0.00 0.00 0.00 246.8 0.05 0.00 0.00 0.00 0.00 0.00 252.7 0.04 0.01 0.00 0.00 0.01 0.00

235.3 0.08 -0.01 0.00 0.00 -0.01 0.00 241.2 0.08 0.00 0.00 0.00 0.00 0.00 247.0 0.06 0.01 0.00 0.00 0.01 0.00 252.8 0.04 0.00 0.00 0.00 0.00 0.00

235.5 0.08 -0.01 0.00 0.00 -0.01 0.00 241.3 0.07 -0.01 0.00 0.00 -0.01 0.00 247.2 0.05 -0.02 0.00 0.00 -0.02 0.00 253.0 0.04 0.02 0.00 0.00 0.02 0.00

235.7 0.08 0.00 0.00 0.00 0.00 0.00 241.5 0.07 -0.01 0.00 0.00 -0.01 0.00 247.3 0.05 0.01 0.00 0.00 0.01 0.00 253.2 0.04 0.02 0.00 0.00 0.02 0.00

235.8 0.08 0.00 0.00 0.00 0.00 0.00 241.7 0.06 -0.02 0.00 0.00 -0.02 0.00 247.5 0.06 0.00 0.00 0.00 0.00 0.00 253.3 0.05 -0.01 0.00 0.00 -0.01 0.00

236.0 0.08 -0.01 0.00 0.00 -0.01 0.00 241.8 0.07 0.01 0.00 0.00 0.01 0.00 247.7 0.05 -0.03 0.00 0.00 -0.03 0.00 253.5 0.04 -0.03 0.00 0.00 -0.03 0.00

236.2 0.07 0.00 0.00 0.00 0.00 0.00 242.0 0.07 -0.01 0.00 0.00 -0.01 0.00 247.8 0.05 0.00 0.00 0.00 0.00 0.00 253.7 0.04 -0.01 0.00 0.00 -0.01 0.00

236.3 0.08 0.01 0.00 0.00 0.01 0.00 242.2 0.06 0.01 0.00 0.00 0.01 0.00 248.0 0.05 0.01 0.00 0.00 0.01 0.00 253.8 0.04 0.02 0.00 0.00 0.02 0.00

236.5 0.08 0.01 0.00 0.00 0.01 0.00 242.3 0.07 0.00 0.00 0.00 0.00 0.00 248.2 0.05 0.00 0.00 0.00 0.00 0.00 254.0 0.04 -0.01 0.00 0.00 -0.01 0.00

236.7 0.09 0.01 0.00 0.00 0.01 0.00 242.5 0.06 0.00 0.00 0.00 0.00 0.00 248.3 0.05 -0.01 0.00 0.00 -0.01 0.00 254.2 0.03 -0.01 0.00 0.00 -0.01 0.00

236.8 0.08 -0.01 0.00 0.00 -0.01 0.00 242.7 0.07 0.02 0.00 0.00 0.02 0.00 248.5 0.05 0.00 0.00 0.00 0.00 0.00 254.3 0.04 -0.01 0.00 0.00 -0.01 -0.01

237.0 0.08 0.00 0.00 0.00 0.00 0.00 242.8 0.07 -0.01 0.00 0.00 -0.01 0.00 248.7 0.05 0.01 0.00 0.00 0.01 0.00 254.5 0.03 -0.04 0.00 0.00 -0.04 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

254.7 0.03 0.00 0.00 0.00 0.00 -0.01 260.5 0.02 0.03 0.00 0.00 0.03 0.00 266.3 0.01 0.01 0.00 0.00 0.01 0.00 272.2 0.00 0.00 0.00 0.00 0.00 0.00

254.8 0.03 0.00 0.00 0.00 0.00 0.00 260.7 0.03 0.02 0.00 0.00 0.02 0.00 266.5 0.02 0.03 0.00 0.00 0.03 0.00 272.3 0.01 0.00 0.00 0.00 0.00 0.00

255.0 0.03 0.00 0.00 0.00 0.00 0.00 260.8 0.03 -0.02 0.00 0.00 -0.02 0.00 266.7 0.02 0.01 0.00 0.00 0.01 0.00 272.5 0.00 -0.01 0.00 0.00 -0.01 0.01

255.2 0.03 0.00 0.00 0.00 0.01 0.00 261.0 0.02 0.00 0.00 0.00 0.00 0.00 266.8 0.02 -0.03 0.00 0.00 -0.03 0.00 272.7 0.00 0.03 0.00 0.00 0.03 0.00

255.3 0.03 -0.01 0.00 0.00 -0.01 0.00 261.2 0.03 0.00 0.00 0.00 0.00 0.00 267.0 0.01 -0.03 0.00 0.00 -0.03 -0.01 272.8 0.01 0.00 0.00 0.00 0.00 0.01

255.5 0.03 0.01 0.00 0.00 0.01 0.00 261.3 0.03 -0.03 0.00 0.00 -0.03 0.00 267.2 0.01 -0.01 0.00 0.00 -0.01 -0.01 273.0 0.00 0.00 0.00 0.00 0.00 0.00

255.7 0.04 0.00 0.00 0.00 0.00 0.00 261.5 0.02 -0.01 0.00 0.00 -0.01 0.00 267.3 0.01 0.00 0.00 0.00 0.00 0.00 273.2 0.01 0.02 0.00 0.00 0.02 0.00

255.8 0.03 -0.02 0.00 0.00 -0.02 0.00 261.7 0.02 0.01 0.00 0.00 0.01 0.00 267.5 0.01 0.01 0.00 0.00 0.01 0.00 273.3 0.01 0.01 0.00 0.00 0.01 0.01

256.0 0.03 0.00 0.00 0.00 0.00 0.00 261.8 0.02 -0.01 0.00 0.00 -0.01 0.00 267.7 0.01 0.00 0.00 0.00 0.00 0.00 273.5 0.01 0.01 0.00 0.00 0.01 0.00

256.2 0.03 0.00 0.00 0.00 0.00 0.00 262.0 0.02 0.02 0.00 0.00 0.02 0.00 267.8 0.01 0.00 0.00 0.00 0.00 0.00 273.7 0.02 -0.01 0.00 0.00 -0.01 0.00

256.3 0.03 0.01 0.00 0.00 0.01 0.00 262.2 0.03 0.01 0.00 0.00 0.01 0.00 268.0 0.01 -0.01 0.00 0.00 -0.01 0.00 273.8 0.01 -0.02 0.00 0.00 -0.02 0.00

256.5 0.03 0.01 0.00 0.00 0.01 0.00 262.3 0.02 -0.01 0.00 0.00 -0.01 0.00 268.2 0.01 0.00 0.00 0.00 0.00 0.00 274.0 0.01 -0.01 0.00 0.00 -0.01 0.00

256.7 0.03 0.00 0.00 0.00 0.00 0.00 262.5 0.02 0.01 0.00 0.00 0.01 0.00 268.3 0.01 0.00 0.00 0.00 0.00 0.00 274.2 0.01 0.02 0.00 0.00 0.02 0.00

256.8 0.03 0.01 0.00 0.00 0.01 0.00 262.7 0.02 -0.01 0.00 0.00 -0.01 0.00 268.5 0.01 0.00 0.00 0.00 0.00 0.00 274.3 0.02 0.02 0.00 0.00 0.02 0.00

257.0 0.04 -0.02 0.00 0.00 -0.02 0.00 262.8 0.02 0.00 0.00 0.00 0.00 0.00 268.7 0.01 0.03 0.00 0.00 0.03 0.00 274.5 0.01 0.01 0.00 0.00 0.01 0.01

257.2 0.03 -0.01 0.00 0.00 -0.01 -0.01 263.0 0.02 0.00 0.00 0.00 0.00 0.00 268.8 0.01 0.00 0.00 0.00 0.00 0.00 274.7 0.02 0.01 0.00 0.00 0.01 0.00

257.3 0.03 -0.01 0.00 0.00 -0.01 -0.01 263.2 0.02 -0.02 0.00 0.00 -0.02 0.00 269.0 0.01 -0.01 0.00 0.00 -0.01 0.00 274.8 0.02 -0.02 0.00 0.00 -0.02 0.00

257.5 0.02 -0.02 0.00 0.00 -0.02 0.00 263.3 0.02 0.01 0.00 0.00 0.01 -0.01 269.2 0.01 -0.02 0.00 0.00 -0.02 0.00 275.0 0.01 -0.01 0.00 0.00 -0.01 0.00

257.7 0.02 0.03 0.00 0.00 0.03 0.00 263.5 0.02 -0.02 0.00 0.00 -0.02 0.00 269.3 0.00 0.01 0.00 0.00 0.01 0.00 275.2 0.02 0.01 0.00 0.00 0.01 0.00

257.8 0.03 0.00 0.00 0.00 0.00 0.00 263.7 0.01 -0.01 0.00 0.00 -0.01 0.00 269.5 0.01 0.01 0.00 0.00 0.01 0.00 275.3 0.01 -0.01 0.00 0.00 -0.01 0.00

258.0 0.02 -0.03 0.00 0.00 -0.03 0.00 263.8 0.02 0.01 0.00 0.00 0.01 0.00 269.7 0.01 -0.03 0.00 0.00 -0.03 0.00 275.5 0.01 -0.01 0.00 0.00 -0.01 0.00

258.2 0.02 0.00 0.00 0.00 0.00 0.00 264.0 0.02 0.00 0.00 0.00 0.00 0.01 269.8 0.00 0.02 0.00 0.00 0.02 0.00 275.7 0.01 0.00 0.00 0.00 0.00 0.00

258.3 0.02 0.00 0.00 0.00 0.00 0.00 264.2 0.02 0.02 0.00 0.00 0.02 0.00 270.0 0.01 0.03 0.00 0.00 0.03 0.00 275.8 0.01 0.00 0.00 0.00 0.00 0.00

258.5 0.02 0.02 0.00 0.00 0.02 0.00 264.3 0.02 -0.01 0.00 0.00 -0.01 0.00 270.2 0.01 -0.01 0.00 0.00 -0.01 0.00 276.0 0.01 0.01 0.00 0.00 0.01 0.00

258.7 0.03 0.01 0.00 0.00 0.01 0.00 264.5 0.02 -0.02 0.00 0.00 -0.02 0.00 270.3 0.01 -0.02 0.00 0.00 -0.02 0.00 276.2 0.02 -0.01 0.00 0.00 -0.01 0.00

258.8 0.03 -0.02 0.00 0.00 -0.02 0.00 264.7 0.01 -0.01 0.00 0.00 -0.01 0.00 270.5 0.01 0.02 0.00 0.00 0.02 0.00 276.3 0.01 -0.01 0.00 0.00 -0.01 0.00

259.0 0.03 0.00 0.00 0.00 0.00 0.00 264.8 0.01 0.02 0.00 0.00 0.02 0.00 270.7 0.01 0.01 0.00 0.00 0.01 0.00 276.5 0.01 0.00 0.00 0.00 0.00 0.00

259.2 0.03 0.00 0.00 0.00 0.00 0.00 265.0 0.02 0.01 0.00 0.00 0.01 0.00 270.8 0.01 -0.01 0.00 0.00 -0.01 0.00 276.7 0.01 -0.01 0.00 0.00 -0.01 0.00

259.3 0.03 -0.01 0.00 0.00 -0.01 0.00 265.2 0.02 -0.03 0.00 0.00 -0.03 0.00 271.0 0.01 0.01 0.00 0.00 0.01 0.00 276.8 0.01 0.01 0.00 0.00 0.01 0.00

259.5 0.02 -0.01 0.00 0.00 -0.01 0.00 265.3 0.01 -0.01 0.00 0.00 -0.01 0.00 271.2 0.01 -0.01 0.00 0.00 -0.01 0.00 277.0 0.01 0.00 0.00 0.00 0.00 0.01

259.7 0.02 0.02 0.00 0.00 0.02 0.00 265.5 0.01 0.04 0.00 0.00 0.04 0.00 271.3 0.01 -0.01 0.00 0.00 -0.01 0.00 277.2 0.01 0.02 0.00 0.00 0.02 0.01

259.8 0.03 0.01 0.00 0.00 0.01 0.00 265.7 0.02 0.02 0.00 0.00 0.02 0.00 271.5 0.01 -0.01 0.00 0.00 -0.01 0.00 277.3 0.02 0.04 0.00 0.00 0.04 0.00

260.0 0.03 -0.02 0.00 0.00 -0.02 0.00 265.8 0.02 -0.01 0.00 0.00 -0.01 0.00 271.7 0.00 -0.01 0.00 0.00 -0.01 0.00 277.5 0.02 -0.03 0.00 0.00 -0.03 0.00

260.2 0.03 -0.01 0.00 0.00 -0.01 0.00 266.0 0.02 -0.02 0.00 0.00 -0.02 -0.01 271.8 0.01 0.01 0.00 0.00 0.01 -0.01 277.7 0.01 -0.01 0.00 0.00 -0.01 -0.01

260.3 0.02 -0.01 0.00 0.00 -0.01 0.00 266.2 0.01 -0.03 0.00 0.00 -0.03 0.00 272.0 0.01 -0.02 0.00 0.00 -0.02 0.00 277.8 0.02 -0.01 0.00 0.00 -0.01 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

278.0 0.01 -0.02 0.00 0.00 -0.02 0.00 283.8 0.02 -0.01 0.00 0.00 -0.01 0.00 289.7 0.02 0.00 0.00 0.00 0.00 0.00 295.5 0.04 -0.03 0.00 0.00 -0.03 0.00

278.2 0.01 0.03 0.00 0.00 0.03 0.00 284.0 0.01 -0.01 0.00 0.00 -0.01 0.00 289.8 0.04 0.04 0.00 0.00 0.04 0.00 295.7 0.03 0.02 0.00 0.00 0.02 0.00

278.3 0.02 0.03 0.00 0.00 0.03 0.00 284.2 0.02 0.03 0.00 0.00 0.03 0.00 290.0 0.03 -0.02 0.00 0.00 -0.02 0.01 295.8 0.05 0.02 0.00 0.00 0.02 0.00

278.5 0.02 -0.01 0.00 0.00 -0.01 0.00 284.3 0.02 0.01 0.00 0.00 0.01 0.00 290.2 0.03 0.01 0.00 0.00 0.01 0.00 296.0 0.04 0.01 0.00 0.00 0.01 0.00

278.7 0.02 -0.01 0.00 0.00 -0.01 0.00 284.5 0.02 -0.01 0.00 0.00 -0.01 0.00 290.3 0.04 0.00 0.00 0.00 0.00 0.00 296.2 0.05 -0.01 0.00 0.00 -0.01 0.00

278.8 0.02 0.01 0.00 0.00 0.01 0.00 284.7 0.02 0.02 0.00 0.00 0.02 0.00 290.5 0.03 -0.02 0.00 0.00 -0.02 0.00 296.3 0.04 -0.03 0.00 0.00 -0.03 0.00

279.0 0.02 0.01 0.00 0.00 0.01 0.00 284.8 0.02 0.00 0.00 0.00 0.00 0.00 290.7 0.03 0.00 0.00 0.00 0.00 0.00 296.5 0.04 0.01 0.00 0.00 0.01 0.00

279.2 0.02 0.01 0.00 0.00 0.01 0.00 285.0 0.02 0.01 0.00 0.00 0.01 0.00 290.8 0.03 0.00 0.00 0.00 0.00 0.00 296.7 0.04 0.03 0.00 0.00 0.03 0.00

279.3 0.02 0.00 0.00 0.00 0.00 0.00 285.2 0.03 0.00 0.00 0.00 0.00 0.01 291.0 0.03 -0.02 0.00 0.00 -0.02 0.00 296.8 0.05 0.02 0.00 0.00 0.02 0.00

279.5 0.02 -0.03 0.00 0.00 -0.03 0.00 285.3 0.02 0.02 0.00 0.00 0.02 0.00 291.2 0.03 -0.01 0.00 0.00 -0.01 0.00 297.0 0.05 -0.02 0.00 0.00 -0.02 0.00

279.7 0.01 0.00 0.00 0.00 0.00 0.00 285.5 0.03 0.02 0.00 0.00 0.02 0.00 291.3 0.03 0.01 0.00 0.00 0.01 0.00 297.2 0.04 -0.01 0.00 0.00 -0.01 0.00

279.8 0.02 0.01 0.00 0.00 0.01 0.00 285.7 0.03 0.00 0.00 0.00 0.00 0.00 291.5 0.03 0.02 0.00 0.00 0.02 0.00 297.3 0.04 0.00 0.00 0.00 0.00 0.00

280.0 0.02 -0.01 0.00 0.00 -0.01 0.00 285.8 0.03 -0.02 0.00 0.00 -0.02 0.00 291.7 0.03 0.00 0.00 0.00 0.00 0.00 297.5 0.04 -0.01 0.00 0.00 -0.01 0.00

280.2 0.02 -0.01 0.00 0.00 -0.01 0.00 286.0 0.02 -0.01 0.00 0.00 -0.01 0.00 291.8 0.03 -0.01 0.00 0.00 -0.01 0.00 297.7 0.04 0.00 0.00 0.00 0.00 0.00

280.3 0.02 -0.01 0.00 0.00 -0.01 0.00 286.2 0.03 0.02 0.00 0.00 0.02 0.00 292.0 0.03 0.01 0.00 0.00 0.01 0.00 297.8 0.04 0.00 0.00 0.00 0.00 0.00

280.5 0.01 -0.01 0.00 0.00 -0.01 0.00 286.3 0.03 -0.01 0.00 0.00 -0.01 0.00 292.2 0.04 0.02 0.00 0.00 0.02 0.00 298.0 0.04 -0.01 0.00 0.00 -0.01 0.00

280.7 0.01 0.03 0.00 0.00 0.03 0.00 286.5 0.03 -0.01 0.00 0.00 -0.01 0.00 292.3 0.04 -0.01 0.00 0.00 -0.01 0.00 298.2 0.04 -0.01 0.00 0.00 -0.01 0.00

280.8 0.03 0.03 0.00 0.00 0.03 0.00 286.7 0.02 -0.01 0.00 0.00 -0.01 0.00 292.5 0.03 -0.01 0.00 0.00 -0.01 0.00 298.3 0.04 0.00 0.00 0.00 0.00 0.00

281.0 0.02 -0.01 0.00 0.00 -0.01 0.00 286.8 0.02 0.02 0.00 0.00 0.02 0.00 292.7 0.03 0.00 0.00 0.00 0.00 0.00 298.5 0.04 0.01 0.00 0.00 0.01 0.00

281.2 0.02 -0.02 0.00 0.00 -0.02 0.00 287.0 0.03 0.02 0.00 0.00 0.02 0.01 292.8 0.03 0.01 0.00 0.00 0.01 0.01 298.7 0.04 -0.01 0.00 0.00 -0.01 0.00

281.3 0.02 0.01 0.00 0.00 0.01 0.00 287.2 0.03 0.01 0.00 0.00 0.01 0.00 293.0 0.04 0.03 0.00 0.00 0.03 0.00 298.8 0.04 -0.01 0.00 0.00 -0.01 0.00

281.5 0.02 0.01 0.00 0.00 0.01 0.00 287.3 0.03 -0.02 0.00 0.00 -0.02 -0.01 293.2 0.04 0.00 0.00 0.00 0.00 0.00 299.0 0.04 0.02 0.00 0.00 0.02 0.00

281.7 0.02 0.00 0.00 0.00 0.00 0.00 287.5 0.02 -0.04 0.00 0.00 -0.04 0.00 293.3 0.04 -0.01 0.00 0.00 -0.01 0.00 299.2 0.04 0.02 0.00 0.00 0.02 0.00

281.8 0.02 -0.01 0.00 0.00 -0.01 0.00 287.7 0.02 -0.01 0.00 0.00 -0.01 -0.01 293.5 0.04 -0.01 0.00 0.00 -0.01 -0.01 299.3 0.04 -0.01 0.00 0.00 -0.01 0.00

282.0 0.02 -0.03 0.00 0.00 -0.03 0.00 287.8 0.02 0.01 0.00 0.00 0.01 0.00 293.7 0.03 -0.03 0.00 0.00 -0.03 0.00 299.5 0.04 -0.03 0.00 0.00 -0.03 0.00

282.2 0.01 0.00 0.00 0.00 0.00 0.00 288.0 0.02 0.01 0.00 0.00 0.01 0.00 293.8 0.03 0.02 0.00 0.00 0.02 0.00 299.7 0.04 -0.01 0.00 0.00 -0.01 0.00

282.3 0.02 0.05 0.00 0.00 0.05 0.00 288.2 0.02 0.02 0.00 0.00 0.02 0.00 294.0 0.04 0.02 0.00 0.00 0.02 0.00 299.8 0.04 0.03 0.00 0.00 0.03 0.01

282.5 0.03 0.01 0.00 0.00 0.01 0.00 288.3 0.03 0.01 0.00 0.00 0.01 0.01 294.2 0.04 -0.02 0.00 0.00 -0.02 0.01 300.0 0.05 0.05 0.00 0.00 0.05 0.01

282.7 0.03 -0.02 0.00 0.00 -0.02 0.01 288.5 0.03 0.03 0.00 0.00 0.03 0.00 294.3 0.04 0.01 0.00 0.00 0.01 0.00 300.2 0.05 0.02 0.00 0.00 0.02 0.00

282.8 0.02 0.02 0.00 0.00 0.02 0.00 288.7 0.04 0.01 0.00 0.00 0.01 0.00 294.5 0.04 0.00 0.00 0.00 0.00 0.00 300.3 0.05 -0.04 0.00 0.00 -0.04 0.01

283.0 0.03 0.01 0.00 0.00 0.01 0.00 288.8 0.03 -0.04 0.00 0.00 -0.04 0.00 294.7 0.04 0.00 0.00 0.00 0.00 0.00 300.5 0.04 0.02 0.00 0.00 0.02 0.00

283.2 0.02 -0.04 0.00 0.00 -0.04 0.00 289.0 0.02 -0.01 0.00 0.00 -0.01 0.00 294.8 0.04 0.03 0.00 0.00 0.03 0.00 300.7 0.06 0.01 0.00 0.00 0.01 0.00

283.3 0.02 0.01 0.00 0.00 0.01 -0.01 289.2 0.03 0.03 0.00 0.00 0.03 0.00 295.0 0.05 0.01 0.00 0.00 0.01 0.00 300.8 0.04 -0.03 0.00 0.00 -0.03 0.00

283.5 0.02 -0.01 0.00 0.00 -0.01 0.00 289.3 0.03 0.03 0.00 0.00 0.03 0.00 295.2 0.04 -0.01 0.00 0.00 -0.01 0.00 301.0 0.04 0.00 0.00 0.00 0.00 0.00

283.7 0.02 -0.02 0.00 0.00 -0.02 0.00 289.5 0.04 -0.04 0.00 0.00 -0.04 0.01 295.3 0.04 -0.01 0.00 0.00 -0.01 -0.01 301.2 0.04 0.01 0.00 0.00 0.01 0.00
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Appendix E Nitrous oxide study

Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

324.7 0.09 0.01 0.00 0.00 0.01 0.00 330.5 0.09 0.01 0.00 0.00 0.01 0.00 336.3 0.08 0.02 0.00 0.00 0.02 0.00 342.2 0.08 -0.02 0.00 0.00 -0.02 0.00

324.8 0.09 -0.01 0.00 0.00 -0.01 0.00 330.7 0.09 0.01 0.00 0.00 0.01 0.00 336.5 0.09 0.00 0.00 0.00 0.00 0.00 342.3 0.07 0.01 0.00 0.00 0.01 0.00

325.0 0.08 0.00 0.00 0.00 0.00 0.00 330.8 0.09 -0.01 0.00 0.00 -0.01 0.00 336.7 0.08 -0.02 0.00 0.00 -0.02 0.00 342.5 0.08 0.01 0.00 0.00 0.01 0.00

325.2 0.08 0.01 0.00 0.00 0.01 0.00 331.0 0.09 -0.01 0.00 0.00 -0.01 0.00 336.8 0.08 0.01 0.00 0.00 0.01 0.00 342.7 0.08 0.00 0.00 0.00 0.00 0.00

325.3 0.09 0.01 0.00 0.00 0.01 0.00 331.2 0.09 0.00 0.00 0.00 0.00 0.00 337.0 0.08 -0.01 0.00 0.00 -0.01 0.00 342.8 0.08 0.00 0.00 0.00 0.00 0.00

325.5 0.09 0.01 0.00 0.00 0.01 0.00 331.3 0.09 0.01 0.00 0.00 0.01 0.00 337.2 0.08 0.02 0.00 0.00 0.02 0.00 343.0 0.08 0.01 0.00 0.00 0.01 0.00

325.7 0.09 -0.02 0.00 0.00 -0.02 0.00 331.5 0.09 0.01 0.00 0.00 0.01 0.00 337.3 0.09 0.01 0.00 0.00 0.01 0.00 343.2 0.08 -0.01 0.00 0.00 -0.01 0.00

325.8 0.08 -0.03 0.00 0.00 -0.03 0.00 331.7 0.09 0.00 0.00 0.00 0.00 0.00 337.5 0.09 -0.01 0.00 0.00 -0.01 0.00 343.3 0.08 0.01 0.00 0.00 0.01 0.00

326.0 0.08 -0.01 0.00 0.00 -0.01 0.00 331.8 0.09 -0.01 0.00 0.00 -0.01 0.00 337.7 0.08 0.00 0.00 0.00 0.00 0.00 343.5 0.09 0.02 0.00 0.00 0.02 0.00

326.2 0.08 0.00 0.00 0.00 0.00 0.00 332.0 0.09 -0.01 0.00 0.00 -0.01 0.00 337.8 0.09 0.00 0.00 0.00 0.00 0.00 343.7 0.08 -0.01 0.00 0.00 -0.01 0.00

326.3 0.08 0.00 0.00 0.00 0.00 0.00 332.2 0.08 0.00 0.00 0.00 0.00 0.00 338.0 0.08 0.00 0.00 0.00 0.00 0.00 343.8 0.08 -0.01 0.00 0.00 -0.01 0.00

326.5 0.08 0.00 0.00 0.00 0.00 0.00 332.3 0.09 0.02 0.00 0.00 0.02 0.00 338.2 0.09 -0.01 0.00 0.00 -0.01 0.00 344.0 0.08 0.01 0.00 0.00 0.01 0.00

326.7 0.08 0.02 0.00 0.00 0.02 0.00 332.5 0.09 0.00 0.00 0.00 0.00 0.00 338.3 0.08 0.00 0.00 0.00 0.00 0.00 344.2 0.08 -0.01 0.00 0.00 -0.01 -0.01

326.8 0.08 -0.01 0.00 0.00 -0.01 0.00 332.7 0.09 0.00 0.00 0.00 0.00 0.00 338.5 0.08 0.02 0.00 0.00 0.02 0.00 344.3 0.08 -0.05 0.00 0.00 -0.05 0.00

327.0 0.08 0.00 0.00 0.00 0.00 0.00 332.8 0.09 0.01 0.00 0.00 0.01 0.00 338.7 0.09 -0.01 0.00 0.00 -0.01 0.01 344.5 0.07 -0.01 0.00 0.00 -0.01 0.00

327.2 0.08 0.03 0.00 0.00 0.03 0.00 333.0 0.09 -0.01 0.00 0.00 -0.01 0.00 338.8 0.08 0.01 0.00 0.00 0.01 0.00 344.7 0.07 0.03 0.00 0.00 0.03 0.00

327.3 0.09 0.02 0.00 0.00 0.02 0.00 333.2 0.09 -0.02 0.00 0.00 -0.02 0.00 339.0 0.09 0.01 0.00 0.00 0.01 0.00 344.8 0.08 0.01 0.00 0.00 0.02 0.00

327.5 0.09 0.00 0.00 0.00 0.00 0.00 333.3 0.08 0.00 0.00 0.00 0.00 0.00 339.2 0.09 -0.04 0.00 0.00 -0.04 0.00 345.0 0.08 0.00 0.00 0.00 0.00 0.00

327.7 0.09 -0.01 0.00 0.00 -0.01 0.00 333.5 0.09 0.00 0.00 0.00 0.00 0.00 339.3 0.08 0.01 0.00 0.00 0.01 0.00 345.2 0.08 -0.01 0.00 0.00 -0.01 0.00

327.8 0.09 -0.01 0.00 0.00 -0.01 0.00 333.7 0.08 -0.01 0.00 0.00 -0.01 0.00 339.5 0.09 0.01 0.00 0.00 0.01 0.00 345.3 0.07 -0.01 0.00 0.00 -0.01 0.00

328.0 0.08 0.00 0.00 0.00 0.00 0.00 333.8 0.08 0.02 0.00 0.00 0.02 0.00 339.7 0.08 -0.03 0.00 0.00 -0.03 0.00 345.5 0.07 0.01 0.00 0.00 0.01 0.00

328.2 0.09 -0.01 0.00 0.00 -0.01 0.00 334.0 0.09 0.01 0.00 0.00 0.01 0.00 339.8 0.08 -0.01 0.00 0.00 -0.01 0.00 345.7 0.08 0.01 0.00 0.00 0.01 0.00

328.3 0.08 0.00 0.00 0.00 0.00 0.00 334.2 0.09 0.00 0.00 0.00 0.00 0.00 340.0 0.08 0.03 0.00 0.00 0.03 0.00 345.8 0.08 -0.01 0.00 0.00 -0.01 0.00

328.5 0.09 0.01 0.00 0.00 0.01 0.00 334.3 0.09 -0.02 0.00 0.00 -0.02 -0.01 340.2 0.09 0.02 0.00 0.00 0.02 0.01 346.0 0.07 0.01 0.00 0.00 0.01 0.00

328.7 0.09 0.00 0.00 0.00 0.00 0.01 334.5 0.08 -0.03 0.00 0.00 -0.03 0.00 340.3 0.09 0.01 0.00 0.00 0.01 0.00 346.2 0.08 0.00 0.00 0.00 0.00 0.00

328.8 0.09 0.02 0.00 0.00 0.02 0.00 334.7 0.08 0.00 0.00 0.00 0.00 0.00 340.5 0.09 0.00 0.00 0.00 0.00 0.00 346.3 0.07 0.01 0.00 0.00 0.01 0.00

329.0 0.09 0.00 0.00 0.00 0.00 0.00 334.8 0.08 0.02 0.00 0.00 0.02 0.00 340.7 0.09 -0.01 0.00 0.00 -0.01 0.00 346.5 0.09 0.01 0.00 0.00 0.01 0.00

329.2 0.09 -0.01 0.00 0.00 -0.01 0.00 335.0 0.09 0.00 0.00 0.00 0.00 0.00 340.8 0.09 -0.01 0.00 0.00 -0.01 0.00 346.7 0.08 -0.02 0.00 0.00 -0.02 0.00

329.3 0.09 -0.01 0.00 0.00 -0.01 0.00 335.2 0.08 -0.01 0.00 0.00 -0.01 0.00 341.0 0.09 -0.01 0.00 0.00 -0.01 -0.01 346.8 0.08 0.02 0.00 0.00 0.02 -0.01

329.5 0.09 -0.01 0.00 0.00 -0.01 0.00 335.3 0.08 0.00 0.00 0.00 0.00 0.00 341.2 0.08 -0.02 0.00 0.00 -0.02 0.00 347.0 0.08 -0.03 0.00 0.00 -0.03 0.00

329.7 0.09 -0.02 0.00 0.00 -0.02 0.00 335.5 0.08 -0.01 0.00 0.00 -0.01 0.00 341.3 0.08 -0.01 0.00 0.00 -0.01 0.00 347.2 0.07 -0.03 0.00 0.00 -0.03 0.00

329.8 0.08 0.01 0.00 0.00 0.01 0.00 335.7 0.08 0.00 0.00 0.00 0.00 0.00 341.5 0.08 0.00 0.00 0.00 0.00 -0.01 347.3 0.07 0.01 0.00 0.00 0.01 0.00

330.0 0.09 0.04 0.00 0.00 0.04 0.00 335.8 0.08 0.01 0.00 0.00 0.01 0.00 341.7 0.08 -0.02 0.00 0.00 -0.02 0.00 347.5 0.07 0.01 0.00 0.00 0.01 0.00

330.2 0.09 0.00 0.00 0.00 0.00 0.00 336.0 0.08 0.00 0.00 0.00 0.00 0.00 341.8 0.07 0.02 0.00 0.00 0.02 0.00 347.7 0.07 0.02 0.00 0.00 0.02 0.00

330.3 0.09 -0.02 0.00 0.00 -0.02 0.00 336.2 0.08 -0.01 0.00 0.00 -0.01 0.00 342.0 0.08 0.02 0.00 0.00 0.02 0.00 347.8 0.08 0.00 0.00 0.00 0.00 0.00
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Mins N2O rc re Q rp G Mins N2O rc re Q rp G Mins N2O rc re Q rp G

348.0 0.07 -0.01 0.00 0.00 -0.01 0.00 353.8 0.07 -0.03 0.00 0.00 -0.02 0.00 359.7 0.07 0.04 0.00 0.00 0.04 0.01

348.2 0.08 -0.01 0.00 0.00 -0.01 -0.01 354.0 0.06 0.01 0.00 0.00 0.01 0.00 359.8 0.08 0.03 0.00 0.03

348.3 0.07 -0.02 0.00 0.00 -0.02 0.00 354.2 0.07 0.01 0.00 0.00 0.01 0.00

348.5 0.07 0.01 0.00 0.00 0.01 0.00 354.3 0.07 -0.02 0.00 0.00 -0.02 0.00

348.7 0.07 0.01 0.00 0.00 0.01 0.00 354.5 0.06 -0.02 0.00 0.00 -0.02 0.00

348.8 0.07 0.00 0.00 0.00 0.00 0.00 354.7 0.06 0.00 0.00 0.00 0.00 0.00

349.0 0.07 -0.02 0.00 0.00 -0.02 0.00 354.8 0.07 0.00 0.00 0.00 0.00 0.00

349.2 0.06 -0.02 0.00 0.00 -0.02 0.00 355.0 0.06 0.01 0.00 0.00 0.01 0.00

349.3 0.06 0.00 0.00 0.00 0.00 0.00 355.2 0.07 0.00 0.00 0.00 0.00 0.00

349.5 0.06 0.02 0.00 0.00 0.02 0.00 355.3 0.06 -0.01 0.00 0.00 -0.01 0.00

349.7 0.07 0.01 0.00 0.00 0.01 0.00 355.5 0.06 0.01 0.00 0.00 0.01 0.00

349.8 0.07 -0.01 0.00 0.00 -0.01 0.00 355.7 0.07 0.01 0.00 0.00 0.01 0.00

350.0 0.07 -0.01 0.00 0.00 -0.01 0.00 355.8 0.07 0.00 0.00 0.00 0.00 0.00

350.2 0.07 -0.02 0.00 0.00 -0.02 0.00 356.0 0.07 0.01 0.00 0.00 0.01 0.00

350.3 0.06 0.01 0.00 0.00 0.01 0.00 356.2 0.07 -0.01 0.00 0.00 -0.01 -0.01

350.5 0.07 0.01 0.00 0.00 0.01 0.00 356.3 0.06 -0.04 0.00 0.00 -0.04 0.00

350.7 0.07 0.00 0.00 0.00 0.00 0.01 356.5 0.06 0.01 0.00 0.00 0.01 -0.01

350.8 0.07 0.02 0.00 0.00 0.02 0.00 356.7 0.06 0.00 0.00 0.00 0.00 0.00

351.0 0.07 -0.01 0.00 0.00 -0.01 0.00 356.8 0.06 0.00 0.00 0.00 0.00 0.01

351.2 0.07 0.00 0.00 0.00 0.00 0.00 357.0 0.06 0.03 0.00 0.00 0.03 0.00

351.3 0.07 0.02 0.00 0.00 0.02 0.00 357.2 0.07 0.02 0.00 0.00 0.02 0.01

351.5 0.07 0.01 0.00 0.00 0.01 0.00 357.3 0.07 0.00 0.00 0.00 0.00 0.00

351.7 0.07 0.00 0.00 0.00 0.00 0.00 357.5 0.07 -0.01 0.00 0.00 -0.01 0.00

351.8 0.07 -0.02 0.00 0.00 -0.02 0.00 357.7 0.07 0.01 0.00 0.00 0.01 0.00

352.0 0.07 0.00 0.00 0.00 0.00 0.00 357.8 0.07 0.01 0.00 0.00 0.01 0.00

352.2 0.07 0.02 0.00 0.00 0.02 -0.01 358.0 0.07 -0.02 0.00 0.00 -0.02 0.00

352.3 0.07 -0.03 0.00 0.00 -0.03 0.00 358.2 0.06 0.00 0.00 0.00 0.00 0.00

352.5 0.06 -0.04 0.00 0.00 -0.04 0.00 358.3 0.07 0.02 0.00 0.00 0.02 0.00

352.7 0.06 0.00 0.00 0.00 0.00 0.00 358.5 0.07 0.00 0.00 0.00 0.00 0.00

352.8 0.06 0.02 0.00 0.00 0.02 0.00 358.7 0.07 -0.02 0.00 0.00 -0.02 0.00

353.0 0.07 0.02 0.00 0.00 0.02 0.00 358.8 0.06 0.00 0.00 0.00 0.00 0.00

353.2 0.07 0.01 0.00 0.00 0.01 0.00 359.0 0.06 -0.01 0.00 0.00 -0.01 0.00

353.3 0.07 0.01 0.00 0.00 0.01 0.00 359.2 0.06 0.00 0.00 0.00 0.00 0.00

353.5 0.07 0.01 0.00 0.00 0.01 0.00 359.3 0.06 0.01 0.00 0.00 0.01 0.00

353.7 0.07 -0.01 0.00 0.00 -0.01 0.00 359.5 0.06 0.03 0.00 0.00 0.03 0.01
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Appendix F Field-scale PFBR data

F.1.1 Study 1 Setting 1 control program set-up

Cycle stage
Step

No.
Value Unit

50 %
48 %

ANAEROBIC STEP 2: 134 min

TRANSFER STEP 3: 5 %

ANOXIC STEP 4: 1 min

EQAULISE STEP 5: 10 min

EMPTY FR STEP 6: 5 %

DR REST STEP 7: 9 min

EQUALISE STEP 8: 10 min

EMPTY DR STEP 9: 5 %

FR REST STEP 10: 9 min

CYCLE COUNT STEP 11: 5 cycles

EQUALISE STEP 12: 11 min

P-SETUP 1 STEP 13: 5 %

FINAL REST STEP 14: 14 min

TOTAL TREATMENT CYCLE TIME 431 min

Notes: 1 Option given to skip Step 13 when P-removal is not in use; TWL = top water level;
MWL = mid water level; BWL = bottom water level

Action decription

FILL-DRAW STEP 1:
Run PU-02 until P-02WL in Feed Reactor is reached
Run PU-05 until P-05WL is Discharge Reactor is reached

Open Valve BV-01 for time T5

Rest for time T1

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T2

Open Valve BV-01 for time T3

Run PU-03 until P-03WL is Discharge Reactor is reached

Rest for time T4

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T6

Repeat Steps 5 to 10 for counter C1 then Step 12

Layout

Open Valve BV-01 for time T7

Run PU-03 until P-03WL is Discharge Reactor is reached

Rest for time T8

PU-03 PU-04

PU-05PU-02

BV-01

TWL

BWL

Feed Reactor Discharge Reactor

MWL

TWL

BWL

MWL

F1



Appendix F Field-scale PFBR data

F.1.2 Study 1 Setting 2 control program set-up

Cycle stage
Step

No.
Value Unit

50 %
48 %

ANAEROBIC STEP 2: 2 min

TRANSFER STEP 3: 5 %

ANOXIC STEP 4: 9 min

EQAULISE STEP 5: 11 min

EMPTY FR STEP 6: 5 %

DR REST STEP 7: 9 min

EQUALISE STEP 8: 11 min

EMPTY DR STEP 9: 5 %

FR REST STEP 10: 9 min

CYCLE COUNT STEP 11: 7 cycles

EQUALISE STEP 12: 11 min

P-SETUP 1 STEP 13: 5 %

FINAL REST STEP 14: 21 min

TOTAL TREATMENT CYCLE TIME 428 min

Notes: 1 Option given to skip Step 13 when P-removal is not in use; TWL = top water level;
MWL = mid water level; BWL = bottom water level

Action decription

FILL-DRAW STEP 1:
Run PU-02 until P-02WL in Feed Reactor is reached
Run PU-05 until P-05WL is Discharge Reactor is reached

Open Valve BV-01 for time T5

Rest for time T1

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T2

Open Valve BV-01 for time T3

Run PU-03 until P-03WL is Discharge Reactor is reached

Rest for time T4

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T6

Repeat Steps 5 to 10 for counter C1 then Step 12

Layout

Open Valve BV-01 for time T7

Run PU-03 until P-03WL is Discharge Reactor is reached

Rest for time T8

PU-03 PU-04

PU-05PU-02

BV-01

TWL

BWL

Feed Reactor Discharge Reactor

MWL

TWL

BWL

MWL

F2



Appendix F Field-scale PFBR data

F.1.3 Study 2 control program set-up

Cycle stage
Step

No.
Value Unit

95 %
5 %

ANAEROBIC STEP 2: 1 min

TRANSFER STEP 3: 5 %

ANOXIC STEP 4: 60 min

EQAULISE STEP 5: 11 min

EMPTY FR STEP 6: 5 %

DR REST STEP 7: 5 min

EQUALISE STEP 8: 11 min

EMPTY DR STEP 9: 5 %

FR REST STEP 10: 5 min

CYCLE COUNT STEP 11: 8 cycles

EQUALISE STEP 12: 11 min

P-SETUP 1 STEP 13: 5 %

FINAL REST STEP 14: 30 min

TOTAL TREATMENT CYCLE TIME 462 min

Notes: 1 Option given to skip Step 13 when P-removal is not in use; TWL = top water level;
MWL = mid water level; BWL = bottom water level

Action decription

FILL-DRAW STEP 1:
Run PU-02 until P-02WL in Feed Reactor is reached
Run PU-05 until P-05WL is Discharge Reactor is reached

Rest for time T1

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T2

Open Valve BV-01 for time T3

Run PU-03 until P-03WL is Discharge Reactor is reached

Open Valve BV-01 for time T7

Run PU-03 until P-03WL is Discharge Reactor is reached

Rest for time T8

Layout

Rest for time T4

Open Valve BV-01 for time T5

Run PU-04 until P-04WL is Discharge Reactor is reached

Rest for time T6

Repeat Steps 5 to 10 for counter C1 then Step 12

PU-03 PU-04

PU-05PU-02

BV-01

TWL

BWL

Feed Reactor Discharge Reactor

MWL

TWL

BWL

MWL
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Appendix F Field-scale data

F.2.1 Field-scale PFBR - Balance Tank data (Study 1)

Date + Time
Day

No.

Filtered

COD

Total

COD
BOD5 NH4-N NO3-N SS

28/05/2009 21:20 9.5 162 319 24.0 0.00 128
31/05/2009 14:10 12.2 129 288 115 19.7 0.00 56
05/06/2009 16:05 17.3 179 200 30.2 0.00 144
09/06/2009 14:30 21.2 109 170 42.8 0.02 80
10/06/2009 14:00 22.2 210 40.6 0.00 117
10/06/2009 18:30 22.4 243 44.2 0.00 73
11/06/2009 08:30 23.0 257 320 46.6 0.00 77

11/06/2009 16:00 23.3 265 47.6 0.00 80
12/06/2009 13:02 24.2 138 214 49.5 0.00 67

13/06/2009 11:00 25.1 155 227 49.1 0.00 100

14/06/2009 15:25 26.3 138 304 38.7 0.00 73

15/06/2009 06:00 26.9 144 263 34.5 0.00 80

15/06/2009 13:20 27.2 165 222 32.8 0.00 50

15/06/2009 20:30 27.5 185 130 22.4 0.08 147

16/06/2009 03:40 27.8 213 25.0 0.00 80

16/06/2009 10:50 28.1 231 25.9 0.00 63

17/06/2009 01:15 28.7 186 22.9 0.00 103

17/06/2009 08:25 29.0 260 29.8 0.00 83

17/06/2009 15:40 29.3 249 32.8 0.00 100
29/06/2009 12:48 41.2 27.8 0.01
07/07/2009 15:42 49.3 21.3 0.15 72

08/07/2009 13:01 50.2 73 134 80 23.3 0.04 76
09/07/2009 10:19 51.1 24.2 0.02 76

10/07/2009 00:32 51.6 84 173 150 27.3 0.03 96

13/07/2009 14:18 55.2 97 174 200 27.0 0.00 73
14/07/2009 11:40 56.1 27.3 0.00 53
15/07/2009 09:03 57.0 24.7 0.00 60

16/07/2009 13:33 58.2 115 166 200 25.3 0.00 60
17/07/2009 03:48 58.8 26.0 0.00 103
20/07/2009 15:41 62.3 20.5 0.11 65

21/07/2009 13:04 63.2 96 197 220 28.5 0.00 62
22/07/2009 10:28 64.1 29.6 0.00 80
23/07/2009 14:59 65.2 31.1 0.00 80

24/07/2009 05:15 65.8 122 233 200 29.7 0.00 66

27/07/2009 18:55 69.4 91 180 18.8 0.00 60

28/07/2009 09:11 70.0 97 190 18.8 0.00 66

29/07/2009 13:43 71.2 98 17.3 0.00 48

30/07/2009 11:06 72.1 89 15.7 0.00 50

31/07/2009 01:22 72.7 111 20.6 0.00 50

04/08/2009 19:18 77.4 64 150 14.3 0.27 42
05/08/2009 09:34 78.0 15.6 0.13 56

06/08/2009 14:05 79.2 128 250 22.9 0.04 68
07/08/2009 04:21 79.8 35.7 0.05 78
10/08/2009 10:41 83.0 23.7 0.33

11/08/2009 08:04 84.0 127 283 280 28.1 0.01 96
12/08/2009 12:35 85.1 28.2 0.01 98

13/08/2009 09:59 86.0 283 315 310 31.3 0.01 98
14/08/2009 00:14 86.6 34.6 0.02 94
27/08/2009 05:01 99.8 0.47
27/08/2009 12:01 100.1 17.7 0.00
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Appendix F Field-scale data

F.2.2 Full-scale PFBR - Discharge Reactor data (Study 1)

Date + Time
Day

No.

Filtered

COD

Total

COD
BOD5 NH4-N NO3-N SS

28/05/2009 21:20 9.5 60 40 17.6 1.19 96
29/05/2009 04:20 9.8 63 16.5 0.59 64
29/05/2009 11:40 10.1 55 16.5 1.07 68
30/05/2009 14:30 11.2 73 21.6 0.00 32

31/05/2009 14:10 12.2 65 35 20.4 0.04 28

01/06/2009 19:00 13.4 61 85 15.3 0.07 20

02/06/2009 16:40 14.3 50 15.0 0.05 8

03/06/2009 14:30 15.2 44 14.7 0.80 24

04/06/2009 11:30 16.1 52 123 45 20.7 1.02 80

05/06/2009 09:00 17.0 54 22.0 1.71 48

05/06/2009 16:05 17.3 82 22.9 1.18 76

09/06/2009 14:30 21.2 56 46 22.6 0.36 30

11/06/2009 16:00 23.3 75 26.7 2.22 70

11/06/2009 23:00 23.6 64 71 29.0 1.52 60

12/06/2009 20:40 24.5 71 84 32.4 1.04 52

13/06/2009 18:00 25.4 63 83 32.8 1.13 78

14/06/2009 22:50 26.6 57 74 23.7 1.21 74

15/06/2009 13:20 27.2 59 80 22.7 1.24 46

15/06/2009 20:30 27.5 75 45 19.7 1.38 27

16/06/2009 03:40 27.8 73 18.9 1.10 47

16/06/2009 10:50 28.1 74 18.2 0.87 67

16/06/2009 18:05 28.4 74 47 18.2 0.81 47

17/06/2009 01:15 28.7 101 17.5 1.03 60

17/06/2009 08:25 29.0 72 18.4 1.04 63

17/06/2009 15:40 29.3 86 40 20.1 1.59 53

29/06/2009 12:48 41.2 16.5 0.40

07/07/2009 22:48 49.6 7.4 3.42 30

08/07/2009 20:07 50.5 58 80 14 7.5 3.37 22

09/07/2009 17:25 51.4 7.8 3.30 30

10/07/2009 07:38 51.9 58 87 20 12.3 3.00 38

13/07/2009 21:25 55.5 53 92 12.9 1.68 27

14/07/2009 18:48 56.4 14.6 2.96 38

15/07/2009 16:10 57.3 6.9 1.03 20

16/07/2009 20:40 58.5 51 99 46 7.9 0.51 48

17/07/2009 10:35 59.1 8.6 1.03 82

20/07/2009 22:49 62.6 6.6 3.29 14

21/07/2009 20:12 63.5 51 63 46 8.2 3.36 13

22/07/2009 17:36 64.4 9.0 3.27 8

23/07/2009 22:07 65.5 8.8 3.76 11

24/07/2009 12:23 66.1 59 67 38 8.0 4.13 11

28/07/2009 02:03 69.7 27 6 3.6 3.28 14

28/07/2009 16:19 70.3 26 10 3.8 3.64 28

29/07/2009 20:51 71.5 29 4.0 2.94 14

30/07/2009 18:14 72.4 27 2.9 3.33 14

31/07/2009 08:30 73.0 25 4.1 3.63 10

05/08/2009 02:26 77.7 27 51 2.8 3.90 4

05/08/2009 16:42 78.3 3.3 3.69 12

06/08/2009 21:13 79.5 19 30 4.8 3.55 16

07/08/2009 11:28 80.1 6.1 4.50 10

10/08/2009 03:41 82.8 7.3 4.17

10/08/2009 10:41 83 4.88 4.26

11/08/2009 15:12 84.3 58 60 15 6.47 3.57 12
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Appendix F Field-scale data

. . . . continued

Date + Time
Day

No.

Filtered

COD

Total

COD
BOD5 NH4-N NO3-N SS

12/08/2009 19:43 85.4 6.98 3.39 20

13/08/2009 17:07 86.3 51 60 25 6.79 3.52 18

27/08/2009 05:01 99.8 1.34 5.90

27/08/2009 12:01 100.1 0.5 6.53Se
tt

in
g

2
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Appendix F Field-scale data

F.2.3 Field-scale PFBR - Balance Tank data (Study 2)

Date + Time
Day

No.

Filtered

COD

Total

COD
BOD5 NH4-N NO3-N SS

24/07/2010 18:14 0.0 18.4 0.00 125
25/07/2010 09:35 0.6 25.0 0.00 100
25/07/2010 16:16 0.9 30.3 0.00 110
26/07/2010 07:36 1.6 28.7 0.00 93
27/07/2010 12:51 2.8 154 276 280 25.6 0.00 80
28/07/2010 04:05 3.4 138 300 200 26.1 0.00 67
28/07/2010 19:19 4.0 27.8 0.00 67

29/07/2010 10:32 4.7 31.4 0.00 70
30/07/2010 01:46 5.3 33.9 0.00 77

31/07/2010 08:22 6.6 34.1 0.07 65

01/08/2010 07:13 7.5 35.7 0.02 50

02/08/2010 13:14 8.8 28.4 0.00 40

03/08/2010 12:23 9.8 140 337 230 23.4 0.00 40

04/08/2010 03:47 10.4 150 321 110 24.0 0.00 55

05/08/2010 11:18 11.7 102 326 280 33.9 0.00 63

06/08/2010 10:13 12.7 24.3 0.00 57

07/08/2010 09:08 13.6 159 382 300 28.8 0.00 60

08/08/2010 08:03 14.6 34.9 0.00 53

08/08/2010 23:20 15.2 38.2 0.00 57
11/08/2010 13:52 17.8 37.7 0.02
12/08/2010 12:29 18.8 92 204 160 34.9 0.70

13/08/2010 11:27 19.7 160 276 380 29.4 0.00
14/08/2010 10:25 20.7 22.2 0.00

16/08/2010 17:18 23.0 88 348 320 24.5 0.00 70

17/08/2010 08:45 23.6 28.5 0.24 43
18/08/2010 15:40 24.9 144 328 410 39.1 0.00 83
19/08/2010 07:08 25.5 40.4 0.00 87

20/08/2010 14:03 26.8 34.4 0.00 90
23/08/2010 11:40 29.7 164 308 290 36.6 0.00 83
24/08/2010 10:51 30.7 38.0 0.00 70

25/08/2010 10:02 31.7 242 390 41.6 0.00 80
26/08/2010 09:13 32.6 54.6 0.00 77
27/08/2010 00:41 33.3 42.3 0.11 93
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Appendix F Field-scale data

F.2.4 Field-scale PFBR - Discharge Reactor data (Study 2)

Date + Time
Day

No.

Filtered

COD

Total

COD
BOD5 NH4-N NO3-N SS

27/07/2010 20:18 3.1 34 48 6 9.8 1.57 6
28/07/2010 11:32 3.7 32 48 4 9.3 1.94 8
29/07/2010 02:45 4.4 8 9.5 1.83 14
29/07/2010 17:59 5.0 12 13.2 1.85 12
30/07/2010 09:13 5.6 8 15.3 2.15 14
31/07/2010 15:49 6.9 16.9 3.37 7
01/08/2010 14:10 7.8 18.2 2.98 8
02/08/2010 13:14 8.8 16
02/08/2010 21:09 9.1 12.9 3.31 5
03/08/2010 12:23 9.8 18
03/08/2010 20:00 10.1 28 47 9.5 2.69 10
04/08/2010 03:47 10.4 18
04/08/2010 11:24 10.7 28 47 8.3 2.12 7
05/08/2010 18:47 12.0 33 96 6 11.8 0.00 13
06/08/2010 17:42 13.0 10 7
07/08/2010 16:37 13.9 42 84 14 15.4 5.12 10
08/08/2010 15:32 14.9 14 16.1 0.68 10
09/08/2010 06:48 15.5 48 90 14.1 4.10 7
11/08/2010 21:01 18.1 49 53 16.5 5.04
12/08/2010 19:58 19.1 54 57 17.8 4.64
13/08/2010 17:56 20.0 16.8 3.09
14/08/2010 17:52 21.0 26 60 14.8 3.31
15/08/2010 16:52 21.9 15.0 4.94
17/08/2010 01:17 23.3 26 34 18 8.6 2.70
17/08/2010 16:34 23.9 20 10.4 2.95
18/08/2010 23:29 25.2 30 55 23 14.7 4.41
19/08/2010 14:57 25.9 15.7 4.59
20/08/2010 21:52 27.2 34 57 13.7 2.85
23/08/2010 19:14 30.0 28 63 13 8.9 3.46 23
24/08/2010 18:35 31.0 12 8.0 3.18 20
25/08/2010 17:46 32.0 23 82 20 9.2 3.18 17
26/08/2010 16:57 32.9 11.7 3.61 23
27/08/2010 08:25 33.6 19 70 13.3 4.02 20
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Appendix F Field-scale PFBR data

F.2.5 Full-scale PFBR - Inflow and energy data (Sudy 1)

Day Daily flow Daily energy Day Daily flow Daily energy

(No.) (m3) (kWh) (No.) (m3) (kWh)
3 32 12 48 26 15
4 29 14 49 27 17
5 27 13 50 27 16
6 28 12 51 28 16
7 30 13 52 27 16
8 29 13 53 27 16
9 28 13 54 27 16

10 13 55 26 16
11 32 14 56
12 31 12 57 25
13 28 14 58 16
14 27 13 59 27 16
15 28 13 60 28 16
16 28 14 61 27 16
17 29 13 63 27 16
18 28 12 64 27 16
19 28 14 65 26 16
20 27 13 66 27 16
21 28 13 67 28 16
22 27 13 68 27 17
23 28 13 74 26 16
24 28 13 75 28 16
25 28 13 76 26 16
26 27 13 77 26 16
27 28 14 78 27 16
28 28 13 79 26 16
29 26 14 80 27 16
30 28 13 81 26 16
32 26 13 82 27 16
33 28 13 83 27 15
34 28 84 26 16
35 28 14 85 27 16
36 35 86 26 15
37 34 14 87 26 17
38 35 14
39 34 13
40 35 13
41 34 14
42 35 14
43 32 14
44 27 13
45 27 14
46 27 13
47 27 14
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Appendix F Field-scale PFBR data

F.2.6 Full-scale PFBR - Inflow and energy data (Sudy 2)

Day Daily flow Daily energy

(No.) (m3) (kWh)
0 25 15
1 25 15
2 27 16
3 27 15
4 25 15
5 24 15
6 24 15
7 25 15
8 26 15
9 26 15

10 25 15
11 26 15
12 24 16
13 24 15
14 24 15
15 24 15
16 25 15
17 25 15
18 25 15
19 24 15
20 25 16
21 25 15
22 24 15
24 24 15
25 26 12
27 26 12
28 25 12
29 24 14
30 24 15
31 25 15
32 23 14
33 24 15
34 23 14
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Appendix F Field-scale PFBR data

F.3.1 Phase Study 1 data - Day 37 (Setting 1, Study 1)

DR FR DR FR DR FR DR FR DR FR DR FR DR FR

Inflent BT 0

Feed start 0 69 167 17.18 2.25 0.47 1.78 3.23
Feed end 11 99 244 17.08 26.72 1.73 0.00 0.37 0.01 1.36 0.00 3.27 3.01

21 17.86 27.03 2.39 0.05 0.58 0.02 1.81 0.00 3.21 2.92
51 66 92 129 248 17.55 26.58 2.38 0.03 0.50 0.03 1.87 0.00 3.06 2.85
81 17.64 26.22 2.35 0.02 0.51 0.03 1.84 0.00 3.15 3.01

111 18.02 25.67 2.12 0.00 0.54 0.03 1.58 0.00 3.17 2.93
Anaer. end 138 67 89 124 260 18.51 26.65 1.83 0.00 0.53 0.02 1.30 0.00 3.13 2.97
T-fer end 147 89 230 24.93 0.00 0.02 0.00 3.02
DR full 171 19.64 0.00 0.01 0.00 3.28
FR full 197 73 180 21.38 0.00 0.01 0.00 3.33
DR full 222 19.63 0.00 0.02 0.00 3.45
FR full 248 70 161 19.53 0.00 0.01 0.00 3.48
DR full 274 18.75 0.00 0.03 0.00 3.41
FR full 301 72 134 18.65 0.12 0.13 0.00 3.39
DR full 324 17.60 0.89 0.47 0.00 3.25
FR full 350 69 128 17.53 1.00 0.43 0.00 3.28
DR full 375 17.29 1.40 0.44 0.00 3.14
FR full 401 66 136 16.62 1.39 0.38 1.01 3.01
DR full 431 69 125 16.47 1.88 0.40 1.47 2.99

Rest Rest end 432

Comment

M
in

s CODf COD NH4-N TON NO2-N NO3-N PO4-P
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Appendix F Field-scale PFBR data

F.3.2 Phase Study 2 data - Day 83 (Setting 2, Study 1)

DR FR DR FR DR FR DR FR DR FR DR FR DR FR

Inflent BT 0
Feed start 0
Feed end 7 149 107 19.46 6.81 0.45 4.81 0.04 0.40 0.41 4.41 3.89 3.73
FR full 22 109 72 16.21 6.49 1.23 4.82 0.61 0.42 0.62 4.40 3.40 3.78
Equal 34 12.26 3.48 2.15 1.33 3.46
DR full 49 12.26 2.10 1.36 0.74 3.84
Equal 60 12.43 2.71 0.79 1.92 3.97
FR full 73 89 61 11.90 2.82 1.45 1.37 3.88
Equal 86 11.04 2.76 1.29 1.47 3.90
DR full 100 10.45 2.59 0.56 2.03 3.84
Equal 112 10.67 2.61 0.40 2.21 3.81
FR full 127 77 56 10.46 2.60 0.37 2.23 3.81
Equal 138 9.84 2.69 0.39 2.30 3.83
DR full 153 9.28 2.78 0.44 2.34 3.75
Equal 164 9.63 2.59 0.40 2.19 3.76
FR full 179 72 59 9.52 2.70 0.38 2.32 3.78
Equal 191 8.94 2.71 0.37 2.34 3.77
DR full 205 8.30 3.02 0.40 2.62 3.66
Equal 217 8.86 2.97 0.35 2.62 3.70
FR full 231 75 56 8.51 2.92 0.37 2.55 3.75
Equal 243 8.04 3.09 0.34 2.75 3.74
DR full 258 7.58 3.38 0.36 3.02 3.38
Equal 271 7.65 3.31 0.34 2.97 4.25
FR full 284 77 56 7.52 3.31 0.39 2.92 4.20
Equal 296 7.18 3.44 0.34 3.10 4.06
DR full 310 6.74 3.70 0.34 3.36 3.94
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s COD CODf NH4-N TON PO4-P

0.12 0.33 3.46284 250 23.68 0.45
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Appendix F Field-scale PFBR data

. . . . continued

DR FR DR FR DR FR DR FR DR FR DR FR DR FR

Equal 322 6.89 3.68 0.32 3.36 3.91

FR full 336 76 51 6.77 3.64 0.34 3.30 3.78
Equal 348 6.44 3.91 0.35 3.56 3.82
DR full 363 6.13 3.99 0.34 3.65 3.78
Equal 374
FR full 388 66 59 5.94 4.02 0.33 3.69 3.76
Equal 400 5.71 4.28 0.34 3.94 3.84
FR to DR 415 5.39 4.63 0.37 4.26 3.83

Rest Rest end 428 72 4.88 4.20 0.32 3.88 3.99
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Appendix F Field-scale PFBR data

F.3.3 Phase Study 3 data - Day 99 (Setting 2, Study 1)

FR DR FR DR FR DR FR DR FR DR

Inf BT/Eff 0

Feed start 0
Feed end 7 13.20 2.31 0.20 5.93 0.05 0.41 0.15 5.52 1.08 1.45
FR full-end 23 9.90 1.90 0.37 1.53 1.44
DR full-end 48 5.03 4.07 0.04 4.04 1.39
FR full-end 74 5.75 3.68 0.31 3.37 1.46
DR full-end 100 5.29 2.91 0.33 2.58 1.59
FR full-end 126 5.36 3.67 0.31 3.36 1.47
DR full-end 152 3.87 4.12 0.30 3.82 2.62
FR full-end 177 4.45 4.29 0.33 3.96 2.47
DR full-end 203 3.81 4.42 0.30 4.12 2.23
FR full-end 231 3.19 4.87 0.37 4.50 2.21
DR full-end 257 3.12 5.30 0.34 4.96 2.08
FR full-end 283 2.68 5.70 0.38 5.32 1.99
DR full-end 309 1.18 6.87 0.50 6.37 1.95
FR full-end 335 2.51 5.74 0.41 5.33 2.01
DR full-end 362 2.03 6.45 0.46 5.99 1.93
FR full-end 388 1.66 6.59 0.46 6.13 1.95
FR to DR 414 0.50 7.09 0.56 6.53 1.70

Rest Rest end 426 6.12 0.41 5.71 1.96

Comment

M
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s NH4-N TON
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Appendix F Field-scale PFBR data

F.3.4 Phase Study data - (Study 2)

FR DR FR DR FR DR FR DR

Inf BT 0

Feed start 0
Feed end 12
Anox 1 48 5.12 0 0.73 0
Anox end 72
DR full-end 90 12.33 0 0 0
FR full-end 112 11.04 0 0 0
DR full-end 134 10.3 0 0.31 0
FR full-end 156 9.91 1.02 0.79 0
DR full-end 172 9.45 1.09 0.79 0
FR full-end 194 8.99 1.25 0.24 1.01
DR full-end 216 8.53 1.46 0.18 1.28
FR full-end 238 8.07 1.54 0.16 1.38
DR full-end 260 7.62 2.05 0.16 1.89
FR full-end 279 7.6 1.9 0.15 1.75
DR full-end 300 6.9 2.21 0.16 2.05
FR full-end 322 6.5 2.21 0.16 2.05
DR full-end 343 6.18 2.55 0.16 2.39
FR full-end 364 5.93 2.71 0.16 2.55
DR full-end 385 5.52 3.02 0.18 2.84
FR full-end 406 5.29 3.1 0.18 2.92
Equal 422 4.62 3.7 0.21 3.49

Rest Discharge 452 4.78 3.43 0.18 3.25

Comment

M
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s NH4-N NO3-N

25.97 0 0 0
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Appendix F Field-scale PFBR data

F.4.1.1.1 Feed Reactor DO data - Phase Study 1 (Setting 1, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

0 9.12 8.84 2.01 150 9.19 2.25 1.10 300 2.67 2.84 2.72
5 9.31 9.41 0.94 155 2.91 3.96 2.23 305 1.92 2.24 2.17

10 9.25 9.43 4.47 160 8.63 3.32 0.71 310 2.48 1.61 1.31
15 9.25 6.41 4.83 165 9.30 2.76 0.13 315 9.29 0.94 0.37
20 9.25 4.65 4.44 170 9.31 8.15 0.00 320 9.35 1.86 0.00
25 9.30 4.06 4.19 175 9.30 9.08 0.00 325 9.38 9.10 0.00
30 9.29 3.58 4.01 180 9.23 9.27 0.27 330 9.30 9.47 0.00
35 9.27 3.25 3.77 185 9.18 9.32 3.92 335 9.25 9.48 3.91
40 9.25 2.79 3.43 190 9.12 6.25 2.53 340 9.23 9.41 3.67
45 9.26 2.56 3.08 195 6.81 3.26 2.92 345 9.23 4.03 3.59
50 9.26 2.28 2.86 200 2.15 2.60 2.94 350 3.18 3.04 3.71
55 9.24 1.98 2.51 205 1.59 2.13 2.17 355 2.42 2.76 3.19
60 9.21 1.70 2.05 210 7.71 1.63 1.12 360 1.96 2.35 2.65
65 9.21 1.56 1.71 215 9.37 1.01 0.24 365 9.15 1.88 1.81
70 9.21 1.49 1.43 220 9.39 6.25 0.00 370 9.37 1.50 1.20
75 9.23 1.25 1.04 225 9.37 9.34 0.00 375 9.38 8.81 0.71
80 9.18 1.13 0.77 230 9.37 9.51 0.00 380 9.34 9.34 0.31
85 9.21 0.94 0.59 235 9.25 9.43 4.40 385 9.32 9.46 3.25
90 9.19 0.81 0.38 240 9.19 8.97 2.76 390 9.30 9.44 4.63
95 9.21 0.60 0.15 245 9.15 3.67 3.30 395 9.27 5.02 4.15

100 9.25 0.48 0.04 250 2.43 2.93 3.13 400 4.57 4.14 3.70
105 9.27 0.33 0.00 255 1.74 2.44 2.70 405 3.34 3.87 3.50
110 9.24 0.26 0.00 260 6.16 1.93 1.74 410 2.95 3.66 3.25
115 9.23 0.18 0.00 265 9.36 1.33 0.65 415 9.05 3.16 2.67
120 9.24 0.11 0.00 270 9.37 4.13 0.12 420 9.38 2.81 2.24
125 9.22 0.06 0.00 275 9.40 9.08 0.00 425 9.38 8.79 1.77
130 9.22 0.04 0.00 280 9.35 9.41 0.00 430 9.40 9.35 1.22
135 9.21 0.03 0.00 285 9.24 9.42 4.98 435 9.39 9.49 1.00
140 9.18 0.01 0.00 290 9.24 9.39 3.09
145 9.17 0.01 0.00 295 9.23 3.75 3.56

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.1.1 Phase Study 1 Feed Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.1.1.2 Discharge Reactor DO data - Phase Study 1 (Setting 1, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

0 4.22 2.97 2.97 150 9.09 2.10 0.00 300 9.15 8.78 0.27
5 4.34 2.78 2.74 155 9.07 9.12 0.03 305 9.18 9.08 0.07

10 6.47 2.64 2.49 160 9.02 9.10 1.91 310 9.11 9.12 0.74
15 8.89 2.20 2.28 165 9.00 3.46 1.65 315 9.12 9.02 1.38
20 9.20 2.01 1.85 170 5.40 2.79 2.51 320 9.06 4.03 1.82
25 9.20 1.81 1.60 175 1.83 1.71 2.38 325 2.42 2.39 2.73
30 9.23 1.69 1.45 180 1.65 1.36 1.99 330 1.93 1.95 2.44
35 9.20 1.55 1.30 185 7.87 0.75 1.52 335 2.27 1.62 2.12
40 9.25 1.41 1.17 190 9.20 0.13 1.11 340 8.65 1.19 1.69
45 9.24 1.21 1.02 195 9.25 8.07 0.66 345 9.01 1.53 1.42
50 9.21 1.05 0.86 200 9.25 9.13 0.25 350 9.14 7.95 0.93
55 9.20 0.98 0.72 205 9.19 9.18 0.05 355 9.18 8.77 0.48
60 9.19 0.85 0.56 210 9.11 9.17 1.50 360 9.12 8.97 0.82
65 9.19 0.63 0.40 215 9.10 8.00 1.59 365 9.09 9.01 2.02
70 9.16 0.47 0.19 220 8.68 3.57 2.44 370 9.09 4.61 2.25
75 9.14 0.28 0.02 225 2.00 2.01 2.54 375 3.53 3.09 3.75
80 9.15 0.11 0.01 230 1.78 1.68 2.17 380 2.53 2.59 3.49
85 9.11 0.01 0.00 235 6.46 1.21 1.68 385 2.35 2.33 3.18
90 9.10 0.00 0.00 240 8.96 0.65 1.16 390 8.47 1.96 2.83
95 9.14 0.00 0.00 245 9.15 5.95 0.68 395 9.02 1.57 2.58

100 9.13 0.00 0.00 250 9.18 8.93 0.27 400 9.15 8.24 2.04
105 9.14 0.00 0.00 255 9.16 9.09 0.07 405 9.20 8.92 1.52
110 9.12 0.00 0.00 260 9.12 9.11 1.04 410 9.25 9.09 1.37
115 9.10 0.00 0.00 265 9.07 8.15 1.48 415 9.14 9.11 2.67
120 9.11 0.00 0.00 270 9.01 3.87 2.16 420 9.17 4.76 2.97
125 9.08 0.00 0.00 275 2.10 2.15 2.58 425 4.84 3.90 4.76
130 9.09 0.00 0.00 280 1.69 1.74 2.21 430 3.32 3.34 4.55
135 9.06 0.00 0.01 285 4.50 1.18 1.74 435 3.29 3.15 4.38
140 9.09 0.00 0.00 290 8.69 0.49 1.26
145 9.08 0.00 0.00 295 9.07 3.49 0.76

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.1.2 Phase Study 1 Discharge Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.1.2.1 Feed Reactor ORP data - Phase Study 1 (Setting 1, Study 1)

ORP-1 ORP-2 ORP-3 ORP-1 ORP-2 ORP-3 ORP-1 ORP-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

0 -95 -136 -404 150 77 -318 -271 300 -42 -85 -58
5 -80 -134 -342 155 -184 -324 -298 305 -58 -92 -77

10 -85 -144 -376 160 6 -287 -312 310 -50 -104 -98
15 -85 -334 -186 165 30 -278 -339 315 5 -142 -126
20 -117 -266 -231 170 40 -95 -342 320 18 -90 -159
25 -14 -265 -234 175 5 -98 -66 325 22 -44 -13
30 -5 -268 -238 180 -8 -90 -139 330 32 -32 18
35 53 -271 -242 185 -35 -148 -155 335 31 -26 -37
40 83 -276 -246 190 21 -96 -158 340 43 -19 -17
45 81 -281 -252 195 -108 -177 -130 345 48 -42 -20
50 79 -288 -258 200 -117 -152 -128 350 -7 -54 -20
55 79 -296 -268 205 -130 -148 -151 355 -19 -55 -27
60 75 -308 -278 210 -26 -167 -166 360 -27 -57 -37
65 72 -327 -294 215 4 -203 -218 365 8 -61 -30
70 66 -357 -320 220 25 -84 -247 370 19 -64 -33
75 66 -365 -339 225 32 -71 -25 375 25 -32 -9
80 67 -368 -343 230 41 -51 2 380 33 -23 22
85 64 -369 -345 235 48 -49 -68 385 31 -15 -14
90 70 -370 -346 240 57 -40 -73 390 44 -11 8
95 70 -371 -347 245 72 -109 -66 395 51 -18 4

100 70 -371 -347 250 -68 -115 -80 400 17 -34 9
105 69 -371 -347 255 -104 -122 -103 405 7 -32 4
110 72 -372 -348 260 -40 -140 -123 410 2 -33 3
115 71 -373 -347 265 3 -176 -171 415 12 -35 -24
120 73 -372 -348 270 19 -83 -205 420 18 -37 -4
125 74 -373 -348 275 25 -59 -12 425 24 -29 -7
130 75 -373 -349 280 29 -41 11 430 30 -23 -5
135 75 -373 -349 285 30 -37 -57 435 36 -15 2
140 75 -374 -349 290 39 -30 -51
145 76 -374 -349 295 47 -74 -50

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.1.3 Phase Study 1 Feed Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.1.2.2 Discharge Reactor ORP data - Phase Study 1 (Setting 1, Study 1)

ORP-1 ORP-2 ORP-3 ORP-1 ORP-2 ORP-3 ORP-1 ORP-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

0 -45 -117 -366 150 86 -56 -156 300 16 -2 -50
5 -78 -127 -373 155 72 -42 -69 305 21 8 -19

10 -42 -64 38 160 -76 -72 -204 310 16 15 -77
15 82 -80 21 165 -40 -89 -231 315 23 22 -71
20 94 -73 20 170 -200 -120 -235 320 -10 18 -77
25 103 -67 13 175 -207 -131 -232 325 -60 15 -69
30 107 -62 10 180 -211 -136 -233 330 -55 13 -68
35 115 -59 6 185 -32 -142 -260 335 -45 11 -73
40 110 -55 2 190 4 -146 -277 340 1 9 -75
45 111 -52 -3 195 12 -100 -282 345 14 8 -86
50 109 -52 -7 200 11 -72 -50 350 18 16 -46
55 111 -50 -11 205 22 -51 -23 355 25 22 -10
60 109 -50 -21 210 -1 -36 -112 360 27 29 -36
65 105 -52 -46 215 9 -28 -123 365 34 36 -34
70 93 -53 -69 220 -67 -34 -120 370 27 36 -38
75 90 -54 -84 225 -106 -38 -111 375 -12 35 -33
80 88 -56 -94 230 -101 -41 -118 380 -14 34 -35
85 88 -58 -103 235 -37 -46 -137 385 -15 33 -32
90 89 -59 -111 240 -5 -52 -178 390 10 32 -32
95 90 -61 -116 245 10 -39 -200 395 20 30 -34

100 91 -62 -121 250 16 -24 -49 400 23 34 -39
105 84 -65 -125 255 23 -12 -19 405 27 38 -8
110 83 -65 -128 260 10 -3 -92 410 32 43 -5
115 85 -67 -133 265 19 4 -95 415 38 49 -12
120 82 -69 -136 270 -24 -1 -101 420 36 51 -15
125 84 -70 -140 275 -81 -5 -96 425 9 50 -9
130 83 -70 -144 280 -77 -7 -108 430 7 50 -6
135 83 -71 -148 285 -45 -10 -119 435 9 49 -4
140 83 -74 -150 290 0 -17 -149
145 86 -74 -153 295 12 -13 -171

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.1.4 Phase Study 1 Discharge Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.1.3.1 Feed Reactor pH data - Phase Study 1 (Setting 1, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

0 7.56 7.79 7.73 150 8.17 7.56 7.55 300 7.64 7.75 7.70
5 7.45 7.80 7.76 155 7.56 7.54 7.53 305 7.63 7.73 7.70

10 7.30 7.64 7.75 160 8.28 7.58 7.54 310 8.20 7.74 7.70
15 7.19 7.55 7.63 165 8.26 7.61 7.57 315 8.34 7.71 7.71
20 7.22 7.48 7.47 170 8.23 8.50 7.57 320 8.32 8.53 7.71
25 7.84 7.49 7.47 175 8.13 8.21 7.98 325 8.22 8.62 7.91
30 7.88 7.50 7.47 180 8.17 8.12 7.94 330 8.14 8.46 8.21
35 8.20 7.50 7.48 185 7.96 7.89 7.68 335 8.10 8.19 7.72
40 8.15 7.49 7.48 190 8.08 7.70 7.68 340 8.03 8.10 7.72
45 8.06 7.49 7.49 195 7.56 7.69 7.67 345 7.99 7.72 7.72
50 8.10 7.49 7.48 200 7.61 7.68 7.69 350 7.61 7.74 7.71
55 8.09 7.51 7.46 205 7.58 7.67 7.67 355 7.62 7.70 7.70
60 8.06 7.49 7.48 210 8.26 7.67 7.66 360 7.61 7.69 7.71
65 8.10 7.49 7.48 215 8.28 7.67 7.67 365 8.32 7.68 7.69
70 8.09 7.48 7.47 220 8.18 8.58 7.68 370 8.27 8.30 7.68
75 8.09 7.48 7.48 225 8.14 8.50 7.89 375 8.08 8.61 8.42
80 8.13 7.49 7.47 230 8.09 8.31 8.08 380 8.12 8.44 8.28
85 8.04 7.49 7.46 235 8.12 7.96 7.71 385 8.20 8.14 7.72
90 8.06 7.48 7.47 240 8.14 8.02 7.72 390 8.06 8.04 7.72
95 8.06 7.50 7.48 245 7.95 7.71 7.72 395 7.96 7.71 7.72

100 8.09 7.48 7.47 250 7.64 7.73 7.70 400 7.61 7.71 7.68
105 8.09 7.49 7.48 255 7.63 7.70 7.69 405 7.60 7.69 7.68
110 8.10 7.48 7.47 260 8.28 7.71 7.70 410 7.60 7.68 7.70
115 8.09 7.50 7.46 265 8.34 7.72 7.68 415 8.32 7.68 7.66
120 8.10 7.50 7.46 270 8.29 8.55 7.68 420 8.31 7.68 7.67
125 8.10 7.49 7.49 275 8.16 8.48 7.75 425 8.06 8.61 8.34
130 8.12 7.50 7.49 280 8.10 8.37 8.00 430 8.13 8.48 8.36
135 8.12 7.50 7.49 285 8.14 8.06 7.74 435 8.14 8.37 8.29
140 8.11 7.50 7.48 290 8.20 7.94 7.74
145 8.11 7.50 7.47 295 7.96 7.72 7.74

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.1.5 Phase Study 1 Feed Reactor pH profile
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Appendix F Field-scale PFBR data

F.4.1.3.2 Discharge Reactor pH data - Phase Study 1 (Setting 1, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

0 7.69 7.61 7.68 150 8.34 8.46 7.63 300 8.58 8.48 8.03
5 7.67 7.61 7.64 155 8.40 8.53 8.33 305 8.68 8.33 8.20

10 8.22 7.59 7.68 160 8.22 8.19 7.67 310 8.44 8.27 7.77
15 8.83 7.66 7.66 165 8.05 7.64 7.63 315 8.26 8.09 7.74
20 8.65 7.65 7.68 170 7.74 7.64 7.64 320 8.15 7.71 7.74
25 8.56 7.64 7.68 175 7.59 7.65 7.65 325 7.72 7.71 7.72
30 8.44 7.65 7.65 180 7.67 7.65 7.64 330 7.75 7.70 7.71
35 8.34 7.65 7.65 185 8.28 7.67 7.65 335 8.14 7.72 7.72
40 8.35 7.65 7.66 190 8.18 7.66 7.63 340 8.47 7.70 7.71
45 8.39 7.67 7.66 195 8.36 8.58 7.64 345 8.49 8.45 7.70
50 8.44 7.66 7.66 200 8.54 8.34 8.07 350 8.56 8.58 8.50
55 8.50 7.64 7.65 205 8.56 8.27 8.19 355 8.45 8.34 8.37
60 8.51 7.63 7.67 210 8.37 8.16 7.72 360 8.33 8.29 7.75
65 8.55 7.63 7.65 215 8.34 7.69 7.71 365 8.15 8.10 7.75
70 8.58 7.63 7.65 220 6.75 7.69 7.72 370 8.14 7.71 7.74
75 8.66 7.63 7.63 225 7.74 7.70 7.70 375 7.74 7.71 7.72
80 8.62 7.63 7.65 230 7.72 7.70 7.70 380 7.74 7.68 7.69
85 8.52 7.62 7.64 235 8.39 7.71 7.69 385 7.73 7.70 7.70
90 8.52 7.62 7.63 240 8.39 7.69 7.68 390 7.99 7.68 7.68
95 8.55 7.64 7.64 245 8.41 8.54 7.69 395 7.86 7.76 7.67

100 8.55 7.64 7.63 250 8.47 8.47 7.96 400 8.35 8.52 8.46
105 8.70 7.62 7.63 255 8.39 8.25 8.04 405 8.29 8.41 8.41
110 8.61 7.62 7.64 260 8.24 8.18 7.75 410 8.42 8.32 7.77
115 8.43 7.62 7.64 265 8.46 7.74 7.74 415 8.42 8.12 7.74
120 8.51 7.62 7.63 270 8.07 7.69 7.73 420 8.55 7.68 7.74
125 8.40 7.64 7.64 275 7.81 7.72 7.74 425 7.92 7.71 7.69
130 8.38 7.62 7.64 280 7.76 7.71 7.72 430 7.95 7.70 7.72
135 8.33 7.62 7.63 285 8.37 7.71 7.72 435 7.79 7.68 7.70
140 8.37 7.64 7.63 290 8.38 7.73 7.72
145 8.31 7.62 7.65 295 8.31 8.55 7.69

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.1.5 Phase Study 1 Discharge Reactor pH profile
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Appendix F Field-scale PFBR data

F.4.2.1.1 Feed Reactor DO data - Phase Study 2 (Setting 2, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

4 9.13 8.93 4.35 149 9.20 8.13 0.53 294 9.14 2.07 3.07
9 9.13 5.26 4.28 154 9.13 8.57 1.13 299 9.13 1.85 2.80

14 6.80 4.64 4.93 159 9.11 8.72 5.09 304 9.13 7.74 2.06
19 4.06 2.32 3.28 164 9.13 7.63 3.14 309 9.07 8.46 2.17
24 3.48 1.37 2.90 169 9.09 3.30 3.75 314 9.07 8.59 4.85
29 8.62 0.60 2.35 174 2.84 2.42 3.84 319 9.06 8.67 5.48
34 9.24 0.22 1.89 179 2.32 1.82 3.19 324 9.07 5.02 4.81
39 9.27 5.44 1.41 184 4.50 1.25 2.98 329 5.33 4.53 4.17
44 9.28 8.58 0.82 189 9.15 0.69 2.47 334 4.03 4.02 3.84
49 9.24 8.79 0.96 194 9.18 0.34 1.99 339 3.82 3.52 3.57
54 9.13 8.86 5.00 199 9.16 7.48 1.41 344 8.91 2.78 3.71
59 9.17 8.27 3.36 204 9.12 8.46 1.54 349 9.18 2.25 3.33
64 9.19 2.88 3.91 209 9.07 8.69 4.03 354 9.16 6.37 2.58
69 2.59 1.31 3.41 214 9.08 8.78 4.72 359 9.18 8.48 2.24
74 1.92 0.36 2.69 219 9.09 4.11 3.75 364 9.18 8.67 2.83
79 2.60 0.09 2.21 224 5.23 3.76 3.90 369 9.15 8.73 6.35
84 9.18 0.04 1.53 229 3.60 3.05 3.53 374 9.19 7.53 5.42
89 9.23 0.00 0.87 234 3.22 2.53 3.09 379 9.23 5.42 5.60
94 9.27 8.00 0.39 239 8.88 1.93 2.90 384 4.79 4.66 3.97
99 9.18 8.67 0.64 244 9.15 1.44 2.50 389 4.35 4.19 3.97

104 9.13 8.78 3.09 249 9.14 5.54 2.03 394 7.38 3.51 4.10
109 9.18 8.88 3.64 254 9.11 8.29 1.56 399 9.10 2.97 3.74
114 9.15 2.90 2.21 259 9.08 8.61 2.02 404 9.12 3.64 3.22
119 5.12 2.16 3.24 264 9.08 8.68 5.90 409 9.14 8.05 2.51
124 2.27 1.02 3.39 269 9.09 7.03 4.53 414 9.07 8.75 2.61
129 1.93 0.35 2.82 274 9.05 4.47 4.81 419 9.07 8.89 2.10
134 8.69 0.07 1.96 279 3.92 3.69 3.91 424 9.10 8.98 1.49
139 9.20 0.02 1.09 284 3.49 3.22 3.78 429 9.06 8.96 2.61
144 9.18 4.50 0.55 289 6.24 2.73 3.37

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.2.1 Phase Study 2 Feed Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.2.1.2 Discharge Reactor DO data - Phase Study 2 (Setting 2, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

4 3.42 3.66 3.67 149 2.57 2.14 1.96 294 8.78 8.64 2.61
9 8.82 3.14 3.16 154 2.50 1.76 1.69 299 8.82 5.25 2.98

14 8.87 7.80 2.76 159 7.01 1.37 1.40 304 4.11 3.88 3.91
19 8.89 8.85 2.75 164 8.38 1.05 1.12 309 3.84 3.25 3.82
24 8.87 8.83 2.54 169 8.67 3.74 0.84 314 3.75 2.95 3.63
29 8.80 8.82 3.29 174 8.85 8.41 0.52 319 8.60 2.71 3.35
34 8.81 7.29 2.93 179 8.89 8.72 0.34 324 8.63 2.00 3.15
39 8.74 3.89 3.17 184 8.88 8.77 0.81 329 8.62 7.84 2.69
44 3.04 2.80 3.11 189 8.92 8.83 1.67 334 8.69 8.59 2.47
49 2.93 2.47 2.71 194 8.93 4.50 1.91 339 8.75 8.68 2.35
54 7.13 2.16 2.29 199 3.58 3.02 2.83 344 8.70 8.72 2.90
59 8.86 1.72 1.80 204 2.90 2.53 2.72 349 8.76 5.68 3.27
64 8.94 3.80 1.37 209 2.76 2.08 2.49 354 6.55 5.18 4.35
69 9.01 8.73 0.76 214 8.41 1.71 2.24 359 4.24 4.10 4.54
74 9.00 8.96 0.35 219 8.48 1.30 1.98 364 4.12 3.92 4.44
79 8.96 8.95 1.07 224 8.66 7.68 1.62 369 8.14 3.68 4.12
84 9.01 9.01 1.75 229 8.66 8.67 1.33 374 8.84 3.39 3.91
89 8.99 3.55 1.50 234 8.71 8.79 1.17 379 8.83 6.08 3.56
94 3.30 2.39 2.27 239 8.76 8.82 1.84 384 8.85 8.37 3.14
99 2.46 1.66 1.86 244 8.80 6.82 2.25 389 8.86 8.57 3.00

104 2.27 1.23 1.43 249 7.09 4.44 3.24 394 8.81 8.65 3.29
109 8.55 0.88 0.93 254 3.43 3.50 3.43 399 8.83 7.82 3.73
114 8.85 0.48 0.48 259 3.34 3.20 3.27 404 8.84 5.99 4.43
119 8.99 7.06 0.14 264 7.71 2.88 3.02 409 4.72 4.50 5.26
124 8.99 8.61 0.03 269 8.65 2.57 2.75 414 4.64 4.10 5.17
129 9.00 8.83 0.01 274 8.67 4.99 2.47 419 4.65 3.97 5.10
134 8.96 8.88 1.12 279 8.75 8.00 2.10 424 4.71 3.38 5.02
139 8.98 4.38 1.32 284 8.81 8.44 1.92 429 4.47 3.09 4.89
144 8.24 3.05 1.82 289 8.80 8.68 2.11

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.2.2 Phase Study 2 Discharge Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.2.2.1 Feed Reactor ORP data - Phase Study 2 (Setting 2, Study 1)

ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

4 -237 -211 -219 149 7 -57 -11 294 7 -16 15
9 -217 -252 -227 154 13 -52 3 299 18 -31 15

14 -216 -248 -188 159 4 -24 -14 304 17 -20 9
19 -189 -248 -218 164 15 -11 -20 309 17 -30 22
24 -185 -237 -223 169 28 -41 -22 314 16 -14 26
29 -70 -238 -225 174 -20 -100 -25 319 28 -4 35
34 -37 -229 -231 179 -35 -77 -63 324 30 9 33
39 -23 -89 -236 184 -40 -70 -54 329 33 -5 33
44 -25 -70 -50 189 -8 -72 -39 334 26 -3 29
49 -41 -65 -46 194 7 -72 -40 339 23 0 3
54 -102 -122 -157 199 8 -41 -20 344 0 0 27
59 -66 -64 -157 204 7 -36 13 349 -6 0 29
64 -103 -179 -133 209 8 -31 5 354 -3 -23 21
69 -138 -155 -113 214 17 -6 9 359 -13 -13 20
74 -121 -132 -116 219 22 -7 4 364 1 -21 41
79 -106 -128 -104 224 15 -68 5 369 5 4 38
84 -31 -139 -104 229 -1 -43 -3 374 -2 16 42
89 -18 -156 -134 234 -5 -35 -39 379 22 10 42
94 -14 -58 -55 239 -8 -34 -5 384 26 7 41
99 -12 -46 -1 244 13 -35 -1 389 26 9 26

104 -26 -29 -34 249 15 -33 -15 394 -7 10 33
109 -2 -17 -40 254 16 -30 15 399 -10 9 39
114 10 -32 -56 259 16 -46 23 404 -22 -16 37
119 -33 -96 -54 264 20 -13 24 409 -26 -16 27
124 -66 -93 -79 269 29 12 26 414 -14 -6 34
129 -84 -97 -118 274 32 -5 24 419 -19 -5 40
134 -35 -107 -89 279 20 -37 22 424 -23 -1 46
139 -12 -123 -100 284 15 -22 -4
144 -2 -64 -135 289 -2 -17 0

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.2.3 Phase Study 2 Feed Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.2.2.2 Discharge Reactor ORP data - Phase Study 2 (Setting 2, Study 1)

ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

4 -17 -72 64 149 -34 14 -82 294 62 67 9
9 112 -46 61 154 -33 11 -90 299 53 70 6

14 121 6 59 159 -2 2 -96 304 30 69 10
19 123 20 9 164 25 -3 -107 309 38 70 12
24 128 -22 -46 169 40 8 -108 314 35 68 12
29 -124 -28 -204 174 38 23 -37 319 47 65 9
34 -89 -102 -209 179 49 33 -20 324 58 64 9
39 -141 -138 -219 184 43 41 -69 329 57 67 1
44 -197 -150 -222 189 51 45 -45 334 61 69 14
49 -194 -159 -221 194 27 43 -46 339 60 73 16
54 -51 -180 -220 199 -7 41 -39 344 65 76 19
59 -7 -201 -223 204 -2 41 -37 349 67 78 21
64 12 -117 -216 209 0 38 -36 354 51 79 18
69 14 -51 -60 214 26 32 -40 359 48 78 22
74 28 -26 -33 219 46 30 -41 364 51 79 22
79 21 -9 -113 224 45 41 -36 369 53 76 21
84 34 2 -99 229 49 48 -14 374 55 75 21
89 14 -8 -108 234 54 54 -20 379 55 73 21
94 -52 -12 -100 239 58 57 -11 384 61 77 10
99 -53 -25 -116 244 57 59 -8 389 65 78 13

104 -53 -44 -126 249 28 59 -11 394 70 82 29
109 17 -66 -137 254 19 59 -8 399 69 88 30
114 31 -81 -152 259 26 55 -7 404 67 87 26
119 35 -21 -153 264 31 52 -7 409 53 87 31
124 38 1 -42 269 47 50 -9 414 58 86 30
129 48 15 -145 274 53 51 -10 419 59 87 31
134 41 23 -88 279 56 57 0 424 59 85 32
139 45 24 -86 284 61 62 8 429 55 83 32
144 -1 19 -84 289 63 65 7

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.2.3 Phase Study 2 Discharge Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.2.3.1 Feed Reactor pH data - Phase Study 2 (Setting 2, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

4 7.46 8.09 7.78 149 7.48 7.95 7.78 294 7.46 7.67 7.60
9 7.37 7.59 7.61 154 7.43 7.78 7.94 299 7.43 7.74 7.61

14 7.31 7.71 7.61 159 7.40 7.70 7.78 304 7.46 7.91 7.69
19 7.42 7.76 7.63 164 7.40 7.67 7.70 309 7.46 7.76 7.87
24 7.43 7.77 7.65 169 7.41 7.72 7.67 314 7.42 7.75 7.80
29 7.49 7.75 7.64 174 7.45 7.72 7.65 319 7.41 7.70 7.67
34 7.48 7.75 7.64 179 7.47 7.72 7.65 324 7.42 7.63 7.62
39 7.50 8.00 7.61 184 7.48 7.73 7.64 329 7.38 7.65 7.61
44 7.52 7.91 7.81 189 7.52 7.73 7.64 334 7.40 7.65 7.60
49 7.49 7.79 7.95 194 7.43 7.75 7.64 339 7.41 7.65 7.59
54 7.42 7.64 7.84 199 7.43 8.03 7.67 344 7.47 7.64 7.60
59 7.42 7.68 7.76 204 7.42 7.91 7.85 349 7.46 7.63 7.61
64 7.43 7.83 7.74 209 7.38 7.72 7.83 354 7.51 7.91 7.61
69 7.47 7.83 7.72 214 7.39 7.71 7.71 359 7.54 7.77 7.79
74 7.53 7.84 7.70 219 7.41 7.67 7.65 364 7.54 7.77 7.91
79 7.55 7.84 7.71 224 7.35 7.69 7.64 369 7.50 7.75 7.71
84 7.59 7.84 7.71 229 7.42 7.68 7.61 374 7.53 7.74 7.65
89 7.50 7.78 7.71 234 7.44 7.68 7.60 379 7.57 7.66 7.60
94 7.49 8.10 7.70 239 7.51 7.67 7.62 384 7.46 7.63 7.59
99 7.48 7.99 7.80 244 7.44 7.67 7.63 389 7.44 7.64 7.57

104 7.41 7.83 7.77 249 7.44 7.97 7.61 394 7.46 7.64 7.57
109 7.43 7.71 7.74 254 7.45 7.79 7.79 399 7.48 7.63 7.58
114 7.41 7.76 7.69 259 7.41 7.76 7.86 404 7.52 7.78 7.58
119 7.38 7.79 7.68 264 7.40 7.71 7.72 409 7.57 7.84 7.68
124 7.48 7.81 7.68 269 7.41 7.69 7.64 414 7.54 7.81 7.86
129 7.52 7.79 7.65 274 7.40 7.67 7.65 419 7.53 7.82 7.96
134 7.56 7.79 7.68 279 7.41 7.66 7.61 424 7.53 7.80 8.01
139 7.54 7.77 7.69 284 7.42 7.65 7.60 429 7.52 7.83 7.91
144 7.45 8.02 7.69 289 7.44 7.65 7.59

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.2.5 Phase Study 2 Feed Reactor pH profile
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Appendix F Field-scale PFBR data

F.4.2.3.2 Discharge Reactor pH data - Phase Study 2 (Setting 2, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

4 7.79 7.56 7.68 149 7.66 7.69 7.79 294 7.63 7.64 7.79
9 7.93 7.56 7.67 154 7.69 7.69 7.76 299 7.65 7.63 7.75

14 7.98 8.04 7.67 159 7.97 7.68 7.74 304 7.56 7.57 7.73
19 7.94 8.02 7.74 164 7.85 7.68 7.72 309 7.58 7.60 7.70
24 7.90 8.03 7.76 169 7.80 8.01 7.72 314 7.71 7.60 7.69
29 7.66 7.95 7.76 174 7.78 7.84 7.72 319 7.85 7.57 7.67
34 7.70 7.83 7.75 179 7.68 7.81 7.83 324 7.74 7.57 7.65
39 7.50 7.76 7.75 184 7.64 7.77 7.85 329 7.88 7.89 7.66
44 7.73 7.77 7.74 189 7.64 7.69 7.80 334 7.72 7.77 7.75
49 7.76 7.75 7.74 194 7.62 7.64 7.76 339 7.76 7.74 7.81
54 8.08 7.74 7.73 199 7.58 7.63 7.74 344 7.75 7.69 7.80
59 7.93 7.74 7.71 204 7.63 7.64 7.73 349 7.75 7.57 7.75
64 7.78 8.04 7.71 209 7.67 7.64 7.71 354 7.60 7.60 7.71
69 7.78 7.90 7.74 214 7.90 7.63 7.71 359 7.57 7.56 7.71
74 7.68 7.66 7.82 219 7.78 7.64 7.68 364 7.55 7.57 7.69
79 7.54 7.72 7.90 224 7.83 7.97 7.68 369 7.90 7.58 7.67
84 7.55 7.86 7.86 229 7.75 7.70 7.77 374 7.93 7.55 7.64
89 7.53 7.72 7.83 234 7.69 7.71 7.86 379 7.92 7.94 7.64
94 7.64 7.75 7.81 239 7.64 7.71 7.85 384 7.90 7.76 7.70
99 7.72 7.76 7.80 244 7.64 7.60 7.79 389 7.85 7.81 7.80

104 7.74 7.74 7.77 249 7.58 7.62 7.77 394 7.78 7.85 7.83
109 7.98 7.74 7.76 254 7.60 7.60 7.72 399 7.87 7.74 7.77
114 7.81 7.74 7.74 259 7.59 7.62 7.72 404 7.75 7.60 7.75
119 7.86 8.05 7.71 264 7.93 7.60 7.70 409 7.57 7.55 7.69
124 7.75 7.68 7.79 269 7.81 7.60 7.67 414 7.56 7.57 7.68
129 7.67 7.67 7.88 274 7.81 7.96 7.65 419 7.54 7.55 7.66
134 7.59 7.72 7.88 279 7.80 7.78 7.72 424 7.56 7.54 7.65
139 7.63 7.64 7.83 284 7.76 7.71 7.79 429 7.59 7.56 7.66
144 7.66 7.69 7.80 289 7.65 7.71 7.82

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.2.6 Phase Study 2 Discharge Reactor pH profile
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Appendix F Field-scale PFBR data

F.4.3.1.1 Feed Reactor DO data - Phase Study 3 (Setting 2, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

2 9.58 4.92 4.64 147 9.52 9.71 2.90 292 9.58 7.83 4.36
7 7.26 5.47 5.48 152 9.53 9.67 6.22 297 9.60 9.70 3.76

12 5.31 5.17 4.57 157 9.50 6.37 5.32 302 9.62 9.81 4.07
17 5.24 4.99 3.73 162 9.17 5.51 5.52 307 9.64 9.95 7.47
22 8.86 4.70 3.36 167 4.65 5.06 4.15 312 9.66 9.51 7.06
27 9.54 4.23 2.45 172 4.71 4.87 4.34 317 9.69 7.11 6.99
32 9.65 8.73 2.12 177 7.88 4.67 4.49 322 6.37 6.43 5.58
37 9.63 9.78 1.75 182 9.45 4.49 4.19 327 6.16 6.10 5.80
42 9.61 9.84 3.11 187 9.51 6.14 3.79 332 6.01 5.82 6.04
47 9.63 9.87 6.01 192 9.53 9.66 2.73 337 9.39 5.61 5.23
52 9.64 7.38 4.89 197 9.52 9.71 2.50 342 9.64 5.47 5.03
57 9.62 5.18 5.14 202 9.50 9.72 6.41 347 9.68 9.57 4.16
62 4.33 4.69 4.15 207 9.53 9.66 6.42 352 9.72 9.84 4.02
67 4.06 4.31 4.27 212 9.58 6.26 5.99 357 9.75 9.98 6.05
72 6.33 4.14 4.01 217 5.82 5.45 4.72 362 9.72 10.05 7.70
77 9.50 3.79 3.59 222 5.29 5.53 4.99 367 9.75 7.20 6.89
82 9.56 3.81 3.02 227 5.34 5.42 5.05 372 8.21 7.06 6.55
87 9.56 9.54 2.23 232 9.34 5.06 4.88 377 6.68 6.77 6.17
92 9.57 9.67 2.74 237 9.53 4.86 4.42 382 6.32 6.74 6.39
97 9.52 9.70 5.18 242 9.60 9.36 3.74 387 8.84 5.97 6.10

102 9.54 9.67 5.45 247 9.61 9.76 3.80 392 9.40 5.89 5.60
107 9.55 5.62 4.52 252 9.64 9.79 5.21 397 9.68 8.76 5.17
112 5.44 4.76 3.77 257 9.65 9.84 7.16 402 9.72 9.77 4.45
117 4.37 4.65 3.70 262 9.65 6.74 6.37 407 9.66 9.92 4.50
122 4.25 4.32 3.56 267 8.32 6.51 6.29 412 9.74 9.97 4.49
127 9.12 3.80 3.65 272 5.76 6.19 5.36 417 9.75 10.04 3.99
132 9.50 3.32 3.31 277 5.83 6.07 5.49 422 9.73 10.23 5.10
137 9.51 8.88 2.62 282 8.73 5.71 5.62 427 9.69 5.54 4.57
142 9.53 9.68 2.12 287 9.47 5.57 4.91

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.3.1 Phase Study 3 Feed Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.3.1.2 Discharge Reactor DO data - Phase Study 3 (Setting 2, Study 1)

DO-1 DO-2 DO-3 DO-1 DO-2 DO-3 DO-1 DO-2 DO-3
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l)

2 8.65 4.73 5.09 147 4.03 3.81 4.98 292 8.93 6.61 7.03
7 9.02 9.05 4.81 152 6.94 3.56 4.63 297 5.57 5.41 7.12

12 9.20 9.36 3.45 157 7.57 3.26 4.34 302 5.57 5.35 6.78
17 9.26 9.44 2.89 162 8.12 7.48 3.91 307 7.44 5.23 6.41
22 9.29 9.45 4.82 167 8.49 9.26 3.21 312 8.33 5.03 6.09
27 9.30 6.11 4.34 172 8.76 9.32 3.03 317 8.64 6.58 5.73
32 7.93 4.91 4.92 177 8.97 9.33 4.03 322 8.74 9.30 4.50
37 4.08 3.81 4.93 182 9.05 7.38 5.08 327 8.72 9.41 4.13
42 4.03 3.62 4.60 187 9.08 6.04 5.72 332 8.93 9.45 4.63
47 5.55 3.38 4.22 192 4.80 4.73 6.20 337 8.85 9.47 6.25
52 7.33 3.11 3.87 197 4.70 4.54 5.97 342 8.87 7.04 6.52
57 7.81 6.09 3.45 202 5.32 4.43 5.64 347 6.17 6.15 7.48
62 8.10 9.22 2.75 207 7.47 4.25 5.21 352 5.88 5.99 7.09
67 8.27 9.29 2.37 212 7.66 4.45 4.95 357 5.72 5.73 6.80
72 8.35 9.35 2.56 217 7.98 9.10 4.11 362 7.89 5.43 6.48
77 8.67 8.26 3.63 222 8.38 9.30 3.73 367 8.25 5.15 6.21
82 8.81 5.26 3.98 227 8.71 9.32 3.62 372 8.48 8.77 5.40
87 4.20 3.86 4.95 232 8.87 9.37 5.23 377 8.55 9.30 4.83
92 3.90 3.55 4.66 237 8.89 6.22 5.65 382 8.64 9.44 4.51
97 3.89 3.48 4.39 242 6.09 5.77 6.86 387 8.93 9.52 6.20

102 7.34 3.28 4.01 247 5.25 5.07 6.60 392 8.91 7.51 6.62
107 7.95 2.89 3.72 252 5.16 4.89 6.39 397 8.47 7.01 7.60
112 8.00 9.00 3.14 257 6.98 4.79 5.99 402 6.19 6.06 7.32
117 8.11 9.30 2.60 262 7.58 4.60 5.57 407 6.08 5.72 7.03
122 8.53 9.30 2.29 267 7.93 8.54 4.94 412 5.88 5.76 6.85
127 8.63 9.33 3.84 272 8.32 9.30 4.15 417 5.74 5.64 6.76
132 8.78 4.97 4.20 277 8.23 9.36 4.10 422 6.51 5.39 6.48
137 6.04 4.96 5.34 282 8.52 9.41 5.51 427 8.04 4.87 5.41
142 4.12 3.97 5.26 287 8.47 7.18 6.29

Notes: DO-1 = top probe; DO-2 = middle probe; DO-3 = bottom probe

Figure F.4.3.2 Phase Study 3 Discharge Reactor DO profile
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Appendix F Field-scale PFBR data

F.4.3.2.1 Feed Reactor ORP data - Phase Study 3 (Setting 2, Study 1)

ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

2 -136.2 -233.0 -194.2 147 45.6 22.6 78.6 292 51.8 32.8 80.4
7 -157.6 -218.6 -100.0 152 49.8 31.6 71.4 297 51.6 44.0 85.8

12 -149.2 -212.8 -157.4 157 52.2 36.8 70.8 302 56.0 52.4 98.6
17 -149.4 -203.6 -163.0 162 63.2 8.0 70.0 307 62.2 54.4 88.4
22 -36.2 -193.4 -165.8 167 43.0 4.0 71.2 312 64.4 57.0 102.4
27 -7.4 -182.0 -161.6 172 36.8 3.2 74.6 317 67.4 53.2 98.2
32 7.6 -59.0 -149.0 177 32.0 3.4 73.6 322 73.6 42.2 100.2
37 14.4 -40.6 17.2 182 38.4 3.4 71.2 327 70.0 42.6 105.2
42 28.4 -31.8 45.4 187 45.6 13.6 72.2 332 63.6 42.8 103.0
47 1.0 -67.6 -15.4 192 46.0 37.0 73.2 337 55.2 42.6 103.2
52 15.2 -45.8 -8.0 197 49.4 44.8 88.2 342 58.6 40.0 96.6
57 21.4 -79.6 4.8 202 54.8 49.0 79.2 347 57.2 40.4 89.0
62 -39.2 -71.8 9.6 207 58.0 59.4 88.8 352 59.8 44.4 98.2
67 -49.2 -67.6 14.4 212 59.4 46.6 83.4 357 61.2 46.6 76.2
72 -31.4 -64.8 18.8 217 64.0 31.4 83.2 362 69.0 47.6 102.2
77 -1.4 -65.4 19.2 222 59.0 28.0 86.2 367 68.2 55.6 106.2
82 11.4 -52.6 9.8 227 54.2 26.4 87.6 372 77.2 46.6 104.0
87 18.8 -34.6 33.6 232 48.8 25.6 82.6 377 75.8 47.0 108.8
92 27.6 -19.6 62.0 237 53.6 26.2 80.8 382 72.0 46.6 112.0
97 33.0 -10.6 46.8 242 52.8 43.4 77.2 387 57.2 45.6 108.6

102 37.2 -2.0 49.2 247 54.0 51.6 89.0 392 59.6 46.0 108.2
107 38.4 -17.2 42.4 252 59.4 55.6 88.2 397 62.4 37.2 109.2
112 24.2 -30.8 43.0 257 65.4 60.0 95.4 402 60.4 42.4 106.0
117 4.0 -34.6 47.4 262 66.6 64.0 96.4 407 64.4 44.2 103.6
122 -2.4 -36.4 43.4 267 73.2 41.8 91.4 412 65.4 48.6 103.4
127 11.4 -35.6 48.4 272 68.0 38.2 95.0 417 66.6 50.8 103.0
132 21.8 -36.8 44.8 277 62.2 36.6 98.2
137 36.2 -7.2 40.0 282 49.2 36.4 96.4
142 40.2 15.8 66.2 287 50.4 36.8 60.6

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.3.3 Phase Study 3 Feed Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.3.2.2 Discharge Reactor ORP data - Phase Study 3 (Setting 2, Study 1)

ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3 ORP-1 OPR-2 ORP-3
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

2 124.6 118.4 82.8 147 48.2 103.8 14.6 292 92.6 129.6 47.6
7 129.4 119.6 82.4 152 57.4 103.4 15.8 297 85.6 129.6 51.0

12 137.6 122.0 54.6 157 68.2 103.0 16.6 302 87.2 130.8 52.8
17 86.6 114.4 37.8 162 79.8 103.4 17.6 307 83.6 130.2 55.2
22 -25.2 98.4 -132.8 167 77.4 104.4 20.0 312 86.0 131.2 56.0
27 -11.0 85.6 -134.4 172 86.2 106.8 30.2 317 86.4 129.0 57.0
32 -96.0 59.8 -142.4 177 93.0 108.4 33.2 322 87.2 128.4 39.2
37 -92.2 59.0 -127.0 182 96.6 112.8 35.0 327 93.2 128.4 45.4
42 -79.0 59.6 -109.8 187 99.8 114.0 31.6 332 97.2 130.4 52.6
47 3.2 62.0 -94.0 192 71.2 114.8 35.4 337 97.0 130.8 56.4
52 36.2 62.2 -79.2 197 71.2 115.8 36.6 342 103.0 134.6 55.6
57 51.2 66.6 -67.8 202 68.4 115.6 38.0 347 100.8 135.2 56.8
62 37.2 71.0 -13.2 207 78.8 115.2 39.8 352 95.0 134.8 57.4
67 58.8 76.4 15.0 212 83.6 113.4 40.4 357 90.8 135.8 58.6
72 60.8 81.4 -10.2 217 80.2 114.4 27.2 362 79.4 135.6 60.2
77 67.0 86.8 -15.2 222 85.0 115.8 32.8 367 78.6 136.6 62.0
82 65.2 86.4 -16.8 227 91.8 119.0 19.4 372 78.6 131.8 59.0
87 23.6 86.6 -15.2 232 99.8 119.8 39.8 377 80.0 130.2 46.2
92 19.6 88.0 -15.0 237 102.4 123.0 44.6 382 82.0 131.4 62.0
97 17.6 87.6 -15.4 242 90.2 122.6 43.4 387 82.0 133.6 61.6

102 48.0 88.0 -13.2 247 83.2 124.2 47.0 392 80.2 138.8 63.6
107 61.2 87.8 -12.6 252 82.6 123.4 49.6 397 101.8 139.2 62.2
112 68.2 90.6 -11.2 257 83.4 124.6 51.0 402 125.6 140.0 64.4
117 71.6 93.0 13.0 262 86.2 124.0 51.2 407 108.2 140.2 65.8
122 77.2 96.0 14.2 267 89.0 121.0 49.6 412 97.8 140.0 67.2
127 81.2 99.0 6.8 272 82.6 122.0 37.0 417 98.2 139.4 68.2
132 83.4 102.2 6.2 277 89.6 123.6 43.6 422 83.4 138.8 69.2
137 61.2 103.2 9.2 282 95.4 126.2 47.4
142 46.4 103.8 11.0 287 98.2 129.8 52.4

Notes: ORP-1 = top probe; ORP-2 = middle probe; OPR-3 = bottom probe

Figure F.4.3.3 Phase Study 3 Discharge Reactor ORP profile
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Appendix F Field-scale PFBR data

F.4.3.3.1 Feed Reactor pH data - Phase Study 3 (Setting 2, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

2 7.87 7.63 7.54 147 8.62 8.65 7.91 292 8.34 8.60 7.86
7 7.70 7.83 7.82 152 8.43 8.63 7.94 297 8.33 8.67 8.58

12 7.74 7.83 7.67 157 8.42 8.04 7.90 302 8.02 8.67 8.65
17 7.72 7.82 7.67 162 8.11 8.00 7.93 307 8.16 8.66 7.95
22 8.16 7.81 7.63 167 7.84 7.97 7.89 312 8.04 7.69 7.93
27 8.33 7.81 7.65 172 7.84 7.99 7.88 317 8.05 8.02 7.91
32 8.43 8.36 7.66 177 8.20 7.98 7.90 322 7.84 8.00 7.87
37 8.31 8.35 8.53 182 8.38 7.96 7.88 327 7.84 7.97 7.86
42 8.28 8.37 8.55 187 8.51 8.56 7.89 332 8.09 7.96 7.90
47 8.31 8.38 7.83 192 8.45 8.59 8.45 337 8.28 7.96 7.89
52 8.39 8.09 7.83 197 8.28 8.63 8.53 342 8.36 7.98 7.86
57 8.39 7.92 7.84 202 8.32 8.67 7.95 347 8.25 8.40 8.45
62 7.78 7.93 7.84 207 8.19 8.53 7.92 352 8.19 8.31 8.64
67 7.79 7.91 7.82 212 8.42 8.00 7.93 357 8.59 8.35 7.95
72 8.12 7.89 7.84 217 7.82 7.97 7.89 362 8.37 8.30 7.95
77 8.31 7.90 7.83 222 7.82 7.94 7.84 367 8.31 8.02 7.92
82 8.44 8.34 7.82 227 7.84 7.95 7.90 372 7.91 8.00 7.88
87 8.53 8.45 8.50 232 8.30 7.97 7.88 377 7.85 7.96 7.89
92 8.53 8.52 8.56 237 8.21 7.96 7.86 382 7.84 7.98 7.90
97 8.50 8.53 7.93 242 8.26 8.63 8.33 387 8.35 7.96 7.90

102 8.52 8.59 7.88 247 8.17 8.67 8.60 392 8.28 7.99 7.90
107 8.55 7.98 7.88 252 8.70 8.77 7.92 397 8.07 8.61 7.86
112 7.84 7.98 7.88 257 8.11 8.68 7.95 402 8.12 8.64 8.59
117 7.83 7.97 7.89 262 8.29 8.03 7.90 407 8.13 8.64 8.62
122 7.86 7.95 7.91 267 7.90 7.99 7.90 412 8.13 8.63 8.66
127 8.30 7.97 7.89 272 7.81 7.95 7.88 417 8.01 8.73 8.63
132 8.42 7.98 7.91 277 7.84 7.97 7.87 422 8.51 7.69 7.58
137 8.51 8.61 7.87 282 8.25 7.98 7.86
142 8.53 8.65 8.47 287 8.46 7.95 7.86

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.3.5 Phase Study 3 Feed Reactor pH profile
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Appendix F Field-scale PFBR data

F.4.3.3.2 Discharge Reactor pH data - Phase Study 3 (Setting 2, Study 1)

pH-1 pH-2 pH-3 pH-1 pH-2 pH-3 pH-1 pH-2 pH-3
pH pH pH pH pH pH pH pH pH

2 8.50 7.82 7.88 147 7.91 7.87 7.90 292 8.30 7.84 7.96
7 8.59 8.47 8.28 152 8.22 7.86 7.90 297 7.92 7.84 7.92

12 8.55 8.41 8.47 157 8.35 7.86 7.90 302 7.90 7.85 7.90
17 8.54 8.42 8.52 162 8.39 8.51 7.89 307 7.83 7.85 7.91
22 8.49 8.42 7.81 167 8.46 8.47 8.60 312 7.96 7.84 7.89
27 8.52 7.81 7.79 172 8.36 8.48 8.62 317 7.97 8.34 7.87
32 7.82 7.79 7.80 177 8.43 8.50 7.95 322 8.03 8.32 8.60
37 7.83 7.81 7.78 182 8.47 8.08 7.95 327 8.05 8.41 8.62
42 7.82 7.82 7.79 187 8.49 7.88 7.97 332 8.10 8.47 7.94
47 8.10 7.82 7.78 192 7.90 7.90 7.93 337 8.09 8.31 7.96
52 8.22 7.81 7.79 197 7.91 7.85 7.92 342 8.25 7.92 7.97
57 8.34 8.37 7.79 202 8.16 7.87 7.90 347 7.95 7.87 7.94
62 8.46 8.32 8.55 207 8.13 7.85 7.89 352 7.92 7.87 7.91
67 8.44 8.23 8.61 212 8.18 8.28 7.89 357 7.95 7.88 7.90
72 8.28 8.27 7.91 217 8.27 8.47 8.56 362 7.44 7.86 7.89
77 8.28 8.23 7.90 222 8.31 8.43 8.66 367 7.43 7.87 7.88
82 8.34 7.88 7.93 227 8.31 8.46 7.91 372 7.51 8.42 8.35
87 7.90 7.89 7.89 232 8.32 8.43 7.94 377 7.61 8.33 8.62
92 7.89 7.88 7.89 237 8.38 7.91 7.92 382 7.66 8.47 8.63
97 8.07 7.89 7.89 242 7.91 7.90 7.91 387 7.60 8.46 7.96

102 8.22 7.87 7.88 247 7.91 7.87 7.92 392 7.57 7.93 7.95
107 8.33 7.88 7.88 252 7.90 7.88 7.90 397 7.97 7.85 7.96
112 8.43 8.44 8.25 257 8.05 7.85 7.89 402 7.98 7.85 7.93
117 8.47 8.25 8.10 262 8.16 7.86 7.89 407 7.97 7.87 7.93
122 8.48 8.18 7.95 267 8.15 8.46 7.95 412 7.94 7.89 7.90
127 8.40 8.32 7.97 272 8.21 8.38 8.65 417 7.93 7.88 7.93
132 8.47 7.93 7.94 277 8.17 8.37 8.65 422 8.04 7.87 7.87
137 7.93 7.88 7.95 282 8.13 8.45 7.95
142 7.92 7.88 7.91 287 8.17 7.96 7.95

Notes: pH-1 = top probe; pH-2 = middle probe; pH-3 = bottom probe

Figure F.4.3.6 Phase Study 3 Discharge Reactor pH profile
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