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opportunities to increase the process energy efficiency of Singapore’s Water 

Reclamation Plants (WRP), with complete process energy self-sufficiency being 

the stretch goal for the future. 

This report also serves to develop a research roadmap for the WRPs by 

reviewing potential technologies and identifying research gaps. Strategies have 

been developed for technology development, both for existing and future 

WRPs, with the goal of achieving water and energy sustainability in Singapore. 
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Executive summary 

 

According to the used water master plan, the upcoming 176 MGD WRP in Tuas 

(West) is scheduled to be commissioned by 2022, and thus the design must be 

ready by 2016. In light of the rising population, energy costs and sludge 

disposal costs, the “business-as-usual” approach is not sustainable. It is thus 

essential that urgent research and development of new technologies and 

strategies be undertaken, in order to find and implement more sustainable 

solutions. This report serves as a first step towards this goal by providing a 

comprehensive technology review, analysis of possible WRP designs, as well 

as a technology roadmap for recommended technologies. This report focuses 

on developing strategies to achieve increasing levels of process energy 

efficiency for domestic used water treatment, with the stretch goal of process 

energy self-sufficiency in the future.  

During the production of this report, a comprehensive scan of over 80 

technologies in literature was carried out. From this list, a group of the 10 most 

relevant technologies were shortlisted, which can be classified under the three 

strategic functions of (1) early capture of organics from the influent for 

anaerobic conversion into energy, (2) reduction of aeration requirements, or (3) 

Increasing the energy generating capacity of the plant. Through a series of 

technology combinations based on their strategic role, several WRP 

configurations were developed and analysed. The recommended WRP 

configurations and targets are as follows: 

Within the short-term (5-10 years) for brownfield projects, the upgrading of 

existing WRPs can potentially improve the process energy efficiency from the 

current 25% to over 40%. Recommended technologies for reduction of aeration 

requirements include: advanced sensors and controls, Variable Frequency 

Drives (VFD) or Inlet Vane (IV) blower controls, fine bubble diffusers, low 

energy Membrane Bioreactor (MBR), and Anammox in the side-stream. 

Recommended technologies for improvement of local energy generating 
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capacity include: solids pre-conditioning, and upgrading to high efficiency 

biogas engines (38% electrical conversion). Upgrading of the primary treatment 

units to Biosorption Enhanced Primary Treatment (Bio-EPT) or Upflow Activated 

Sludge Blanket (UASB) is not recommended due to the high cost of retrofit and 

disruption of plant operations. 

Within the short-term (5-10 years) for new WRPs built on greenfield land, there 

is a potential to achieve over 80% process energy efficiency. In addition to the 

recommended technologies for brownfield projects, the recommended strategy 

is a Bio-EPT + MBR configuration. The Bio-EPT serves to divert influent 

organics to the anaerobic digesters, where it can be converted into more biogas 

for conversion into energy. Additionally, the Bio-EPT reduces the organic load 

on the secondary treatment process which, together with other aeration energy 

reduction technologies, serves to reduce the overall energy requirements of the 

WRP.  

For greenfield projects built in the long-term (>10 years), there is a potential to 

achieve complete process energy self-sufficiency using emerging technologies 

such as anaerobic MBR (AnMBR) and main-stream Anammox. However, this is 

subject to the successful development and full-scale implementation of these 

technologies in the future. 

This report has been divided into three major parts for ease of reading. The 

main report is presented in Part I, and covers the detailed analysis of the 

configurations described above, as well as recommendations for the technology 

roadmap towards energy self-sufficient WRPs. Part II covers a brief description 

of the shortlisted technologies used in the main report, as well as further 

considerations such as technologies for industrial used water reclamation. 

Finally, Part III covers the concluding remarks as well as the Appendix section, 

where detailed reviews on the principles, advantages and challenges for every 

technology investigated during the literature scan is provided. The Appendix will 

be subsequently made available in soft format. 

 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

iv 

 

Table of Contents 

Section Topic Page 

   

Preface i 

Executive summary ii 

Table of Contents iv 

Nomenclature viii 

List of Tables xi 

List of Figures xii 

  

PART I – Main Report 1 

   

Chapter 1 Introduction 2 

1.1 Background 2 

1.2 Objectives of the report 4 

1.3 Scope and Focus of the report 6 

1.4 Methodology and Structure of Literature Review 7 

   

Chapter 2 The current landscape of Used Water treatment 10 

2.1 Singapore landscape 10 

2.1.1 - Water Reclamation Plants in Singapore 10 

2.1.2 - NEWater production 14 

2.2 Global landscape 16 

2.2.1 - Global trends in Used Water treatment 

technologies 

16 

2.2.2 - Strass Wastewater Treatment Plant case study 19 

   



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

v 

 

Chapter 3 Analysis of Process Configurations 26 

3.1 Outline of chapter 26 

3.2 Assessment criteria 27 

3.2.1 - Policy considerations 27 

3.2.2 - Application for Brownfield and Greenfield scenarios 29 

3.2.3 - Operational considerations 29 

3.2.4 - Scope of review 30 

3.2.5 - Environmental considerations 31 

3.3 Analysis of process strategies 31 

3.3.1 - Comparison between Strass WWTP and 

conventional WRP activated sludge process 

34 

3.3.2 - Brownfield upgrades 35 

3.3.3 - Greenfield EPT process designs 35 

3.3.4 - Greenfield UASB process designs 36 

3.3.5 - Future main-stream Anammox process designs 36 

3.4 Comparison of key process configurations 37 

3.4.1 - Current state of technology 39 

3.4.2 - Short-term (5-10 years) technologies 42 

3.4.3 - Long-term (>10 years) Future Plants 46 

3.4.4 - Advantages and Challenges of key process 

configurations 

47 

3.5 Chapter summary and conclusions 52 

   

   

Chapter 4 Conclusions and Recommendations  

4.1 Summary of Technology Review 53 

4.1.1 - Strategy towards WRP process energy self-

sufficiency 

53 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

vi 

 

4.1.2 - Process configurations for Brownfield plant 

upgrades, Greenfield implementations and future 

WRPs 

54 

4.2 Technology roadmap 59 

   

PART II – Shortlisted Technologies 67 

   

Chapter 5 Potential Technologies for adoption – Liquids stream 68 

5.1 Biosorption Enhanced Pre-treatment Treatment (EPT) 68 

5.2 Upflow Anaerobic Sludge Blanket (UASB) 71 

5.3 Anaerobic Membrane Bioreactor (AnMBR) 74 

5.4 Nitrite-shunt (partial nitrification) 76 

5.5 Anammox (side-stream and main-stream) 80 

5.6 Advanced aeration systems 85 

   

Chapter 6 Potential Technologies for adoption – Solids stream 88 

6.1 Solids Pre-conditioning (Sludge Pre-conditioning) 88 

6.2 Thermophilic anaerobic digestion 94 

6.3 Combined Heat and Power (CHP) System 97 

6.4 Advanced Thermal Treatment (ATT) – Pyrolysis and 

Gasification 

102 

   

Chapter 7 Further considerations 106 

7.1 Industrial Used Water Treatment 106 

7.2 Phosphorous recovery 112 

7.3 Dissolved Methane stripping and recovery 114 

   



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

vii 

 

PART III – Final Remarks and Further Reading 117 

   

Chapter 8 Final Remarks 118 

8.1 Report summary 118 

8.2 Further R&D considerations 119 

8.2.1 - Technologies and issues beyond the scope of the 

report 

119 

   

References 123 

  

 

 
 
 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

viii 

 

Nomenclature 

Abbreviation Description First page 

referenced 

AD Anaerobic Digester 18 

Anammox Anaerobic Ammonium Oxidation 17 

AnMBR Anaerobic Membrane Bioreactor 17 

AS-MBR Activated Sludge Membrane Bioreactor 109 

ASP Activated Sludge Process 10 

ATT Advanced Thermal Treatment 19 

BGE Biogas engines 33 

Bio-EPT Biosorption Enhanced Primary Treatment 33 

BOD5 Biochemical Oxygen Demand (5 days) 21 

CHP Combined Heat and Power engine 17 

COD Chemical Oxygen Demand 17 

CWRP Changi Water Reclamation Plant 10 

DAF Dissolved Air Flotation 28 

DEMON® DEamMONification (a type of Anammox process) 23 

DFE Dual Fuel Engine 12 

DHS Downflow Hanging Sponge (reactor) 61 

DTSS Deep Tunnel Sewerage System 10 

EBPR Enhanced Biological Phosphorus Removal 109 

EPT Enhanced Primary Treatment 17 

FST Final Settling Tank 11 

GHG Greenhouse Gas 31 

HTP High Temperature Pyrolysis 106 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

ix 

 

ISSA Incinerated Sewage Sludge Ash 30 

IV Inlet Vane (blower control) 17 

IW Industrial Water 112 

JHB Johannesburg (EBPR process) 111 

JWRP Jurong WRP 10 

KWRP Kranji Water Reclamation Plant 10 

LTHW Low Temperature Hot Water 98 

MBR Membrane Bioreactor 14 

MF Microfiltration 14 

MLE Modified Ludzack-Ettinger (ASP configuration) 110 

MLSS Mixed Liquor Suspended Solids 60 

MUCT Modified University of Cape Town (EBPR process) 111 

PST Primary Settling Tank 11 

RAS Return Activated Sludge 11 

RO Reverse Osmosis 14 

SBR Sequencing Batch Reactor 23 

sCOD Soluble Chemical Oxygen Demand 93 

SRT Solids Retention Time 12 

tCOD Total Chemical Oxygen Demand 93 

TPAD Temperature Phased Anaerobic Digestion 95 

TSS Total Suspended Solids 91 

UASB Upflow Activated Sludge Blanket 17 

UF Ultrafiltration 14 

UPWRP Ulu Pandan Water Reclamation Plant 10 

UV Ultraviolet (disinfection) 14 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

x 

 

VFAs Volatile Fatty Acids 28 

VFD Variable Frequency Drive (blower control) 17 

VSS Volatile Suspended Solids 90 

WAS Waste Activated Sludge 11 

WRP Water Reclamation Plant 2 

WWTP Wastewater Treatment Plant 9 

 
 
 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

xi 

 

List of Tables 

Tables Description Page no. 

Table 2.1 General information about UPWRP 12 

Table 2.2 Typical used water characteristics that may apply for Strass 
WWTP (adapted from Jonasson, 2007). 

21 

Table 2.3 Comparison of overall energy data between Strass WWTP 
and UPWRP 

24 

Table 2.4 Comparison of process energy data between Strass 
WWTP and UPWRP 

24 

Table 3.1 Possible configurations of shortlisted technologies for 
the reclamation of domestic used water 

33 

Table 3.2 Comparison of key process configurations 38 

Table 3.3 COD mass balance comparison between Strass 
WWTP and UPWRP 

41 

Table 3.4 Advantages and Challenges of key process 
configurations 

48 

Table 4.1 Brownfield upgrade comparison table 55 

Table 4.2 Bio-EPT with MBR comparison table 56 

Table 4.3 Future configurations comparison table 58 

Table 4.4 Summary of technologies recommended for 
development 

59 

Table 4.5 Technology roadmap towards energy self-sufficient 
WRPs 

64 

Table 4.6 Recommended technologies for adoption in individual 
WRPs 

65 

Table 6.1 Overview of CHP Technologies (EPA, 2008) 100 

 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

xii 

 

List of Figures 

Figures Description Page no. 

Figure 1.1 Current and targeted future process energy 
efficiencies 

5 

Figure 1.2 Scope of technologies covered in this report. 6 

Figure 1.3 Methodology of literature review 8 

Figure 2.1 Aerial photograph of Ulu Pandan WRP, Singapore 11 

Figure 2.2 Process schematics of a typical WRP in Singapore 12 

Figure 2.3 Typical energy consumption pattern of UPWRP 13 

Figure 2.4 Photograph of Bedok NEWater factory 15 

Figure 2.5 Process overview of a NEWater factory 15 

Figure 2.6 Typical energy consumption pattern in a NEWater 
factory 

15 

Figure 2.7 Photograph of Strass WWTP, Austria 20 

Figure 2.8 Process overview of Strass WWTP 21 

Figure 3.1 Process flow diagram of conventional and shortlisted 
technologies 

32 

Figure 3.2 Theoretical and actual electrical energy recoverable 
from used water 

40 

Figure 3.3 Solubility curve of dissolved methane in distilled water 
at 1 atmosphere 

45 

Figure 4.1 Recommended Brownfield WRP process upgrades for 
domestic used water 

55 

Figure 4.2 Recommended WRP in Tuas process configuration for 
domestic used water 

56 

Figure 4.3 Recommended WRP in Tuas process configuration for 
industrial used water 

57 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

xiii 

 

Figure 7.1 Schematic diagram of the integrated UASB-MBR-RO 
pilot-scale process (MLE configuration) 

108 

Figure 7.2 Photo of pilot-scale facilities on-site 109 

 
 
 
 
 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

1 

 

 
 
 
 

PART I 
 

Main Report 
 
 

Chapter 1 Introduction 

Chapter 2 The current landscape of Used 
Water treatment 

Chapter 3 Analysis of Process 
Configurations 

Chapter 4 Conclusions and 
Recommendations 

 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

2 

 

 
Chapter 1 

 

Introduction 

 

 

1.1 Background  

Currently, about 322 million gallons per day (MGD) of used water is generated 

by residential, institutional, commercial and industrial establishments daily. Of 

this, approximately 80% of the used waters are from domestic sources. This 

domestic used water is collected in the extensive sewage network before going 

to the various Water Reclamation Plants (WRPs), where it is biologically 

converted into biogas, sludge and treated effluent. The biogas is combusted for 

energy recovery, while the waste sludge is mixed with municipal solid waste 

before incineration and landfilling. Most of the treated domestic effluent, if not 

used for NEWater production, is being discharged through sea outfall; however, 

an increasing portion is being reclaimed as NEWater as part of PUB’s efforts to 

close the water loop. 

Almost all of the used water treatment facilities around the world, including 

those in Singapore, are net energy consumers – i.e. they draw electrical power 

off the power grid to create conditions suitable for the rapid biological 

degradation of organics in the used water, as well as for the removal of 

nutrients to prevent eutrophication in the effluent receiving water body. Energy 

consumption is a major concern as it constitutes a significant portion of the 

treatment costs. For the WRPs in Singapore, the current average net energy 

consumption of 0.648 kWh/m3 accounts for up to 22% of the plant’s total 

operational costs. Excluding non-process energy requirements (such as air 
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conditioning, lighting, ventilation and inlet pumping) from this figure, the energy 

used for process operations amounts to 153 GWh/year. In addition, used water 

treatment currently generates about 49,700 dry tonnes of sludge per year to be 

disposed of. 

Used water generation is estimated to increase to 589 MGD by 2061, over 75% 

more than the current level. Based on the “business-as-usual” approach, the 

future process energy demand is projected to reach 300 GWh/year, doubling 

the current energy consumption. In addition, an increased sludge production to 

over 90,000 dry tonnes of sludge per year will further amplify the energy 

required for its disposal. This sludge production rate is not sustainable in the 

long run due to the increasing shortage of landfill sites. Both the currently 

employed sludge minimisation processes of sludge drying and incineration, as 

well as the currently available alternative treatment technologies on the market, 

are very energy intensive and expensive. 

Further adding to the urgency is the upcoming WRP in Tuas (West) which, 

according to the used water master plan is to be commissioned by 2022, and 

thus the process design must ready by 2016. In line with this schedule, a 5 

MGD demonstration plant is being planned to begin operations in 2015 to 

identify scaling up issues and to train future operators of the WRP in Tuas. An 

energy efficient process design for the WRP in Tuas must, therefore, be ready 

by 2015 for the demonstration plant. A 0.22 MGD Integrated Validation Plant is 

currently being built to investigate and develop such a process design, based 

on the technologies shortlisted in this technology review. 

From the above considerations, it is essential that urgent developments be 

made to the current used water treatment system to introduce new technologies 

and new strategies to mitigate escalating energy consumption. To meet these 

challenges, PUB will need to leverage on research and development (R&D) for 

new used water treatment solutions.  
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1.2 Objectives of the report 

In light of the challenges and needs described in section 1.1, the purpose of this 

report is to provide an updated review of emerging used water treatment 

technologies for adoption in the WRPs, with the focus on developing strategies 

to achieve increasing levels of process energy efficiency and minimisation of 

waste sludge production. The three key criteria used to evaluate the 

technologies and process configurations are: 

 

1) Product water quality – the ability and robustness of the 

technology/system to consistently produce treated effluent of quality 

suitable for use as NEWater feedstock;  

2) Energy sustainability – minimisation of the process energy 

requirements and maximisation of energy recovery rates; and 

3) Environmental sustainability – with a focus on the waste sludge 

aspect, such as the amount and type of waste sludge produced, which 

affects the disposal costs and future landfill requirements. 

 

Using these criteria as the basis to shortlist and analyse the most relevant used 

water technologies for PUB, the following energy efficiency targets and 

corresponding sludge reduction targets have been developed (Figure 1.1): 
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Figure 1.1 Current and targeted future process energy efficiencies

 

• Brownfield upgrade

established and demo scale technologies to over 40

efficiency with about 10% reduction in sludge production compared to 

current processes. 

• Greenfield mid-term target

years, for instance the future design of the WRP

pilot/demo scale technologies to achieve over 80% process energy 

efficiency with about 5% reduction in sludge production compared to 

current processes. 

• Greenfield long-term target

lab tested (or being proposed) for the achievement

energy self-sufficiency and beyond, with up to 40% reduction in sludge 

production compared to current processes

25%

0%

20%

40%

60%

80%

100%

120%

Current

P
ro

ce
ss

 E
n

e
rg

y
 E

ff
ic

ie
n

cy
 T

a
rg

e
t 

(%
)

2012
Current 

performance

EVIEW ON USED WATER TREATMENT TECHNOLOGIES 

5 

Figure 1.1 Current and targeted future process energy efficiencies 

upgrade target (2017) – Upgrading of existing WRPs using 

established and demo scale technologies to over 40% process energy 

efficiency with about 10% reduction in sludge production compared to 

 

term target (2022) – Design of new WRPs in about 5 

years, for instance the future design of the WRP in Tuas, using current 

le technologies to achieve over 80% process energy 

efficiency with about 5% reduction in sludge production compared to 

 

term target – By using technologies currently being 

lab tested (or being proposed) for the achievement of 100%

sufficiency and beyond, with up to 40% reduction in sludge 

production compared to current processes. 
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efficiency with about 10% reduction in sludge production compared to 

Design of new WRPs in about 5 
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le technologies to achieve over 80% process energy 

efficiency with about 5% reduction in sludge production compared to 

By using technologies currently being 

100% process 

sufficiency and beyond, with up to 40% reduction in sludge 
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1.3 Scope and Focus 

The field of used water treatment covers a

related disciplines outside of the WRP, such as policies, sewerage and 

limnology. In order to keep this

restricted to technologies applicable within the boundaries of the WRP, ranging 

from the point of raw influent

WRP as effluent for discharge 

NEWater. As for the solids stream

minimization of waste sludge

the confines of these considerations, technologies related to all treatment 

streams, including gaseous, liquid, solid and recovered product streams, have 

been investigated (Figure 1.2).

 

Figure 1.2 Scope of technologies covered in this 
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and Focus of the report 

The field of used water treatment covers a vast number of technologies

disciplines outside of the WRP, such as policies, sewerage and 

In order to keep this report focused, the scope of this report has been 

technologies applicable within the boundaries of the WRP, ranging 

from the point of raw influent entry into the WRP to the point of exit from the 

WRP as effluent for discharge into the sea or for further purification 

the solids stream, the scope covers technologies for 

sludge, up to the point of disposal from the WRP

the confines of these considerations, technologies related to all treatment 

streams, including gaseous, liquid, solid and recovered product streams, have 

(Figure 1.2). 

Figure 1.2 Scope of technologies covered in this report. 

ECHNOLOGIES  

number of technologies and 
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scope of this report has been 
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entry into the WRP to the point of exit from the 

purification into 

, the scope covers technologies for 

m the WRP. Within 

the confines of these considerations, technologies related to all treatment 

streams, including gaseous, liquid, solid and recovered product streams, have 
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As the focus of this report is on process energy optimisation within the WRP, 

excluded from the scope of this report are upstream considerations, such as 

source control, urine separation and sewer network management. Downstream 

considerations that are out of the scope of this report include technologies 

relating to NEWater production, effluent discharge methods, and landfill 

management.  

Excluded also from this report are the non-process systems (such as pumping 

and odour treatment) of the WRP. While improvements in non-process systems 

are also important for improving the overall energy balance of the plant, these 

requirements are highly dependent on local circumstances. For example, a 

WRP situated near to a residential zone may require a compact and covered 

design due to the necessity of odour treatment, which will invariably incur higher 

energy demand than an equivalent plant with no such requirements. While 

these technologies have been given consideration over the course of the 

comprehensive literature survey, they will not be covered in detail in this report. 

 

1.4 Methodology and Structure of Literature Review 

A comprehensive review of the state-of-the-art technologies was undertaken, 

with several iterations done to ensure the rigorousness of the selection, based 

on expert opinion and the context of applicability to PUB’s operations. The 

methodology of the literature review is shown in Figure 1.3 and described as 

follows:  

A review of the current status of used water reclamation in Singapore was first 

taken in order to establish the baseline from which improvements can be made. 

This was then compared against global trends and technology roadmaps in the 

literature in order to identify gaps in the local knowledge base.  
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Figure 1.3 Methodology of literature review

 

From the review of the global trends and roadmaps, the following 3 

key strategies were identified

energy efficiency: 

(1) Early capture of organics from the influent for a

energy; 

(2) Improvements in process energy efficiency (

(3) Improvements in energy recovery (

 

A total of 80 technologies 

potential application in Singapore

advice regarding the relevance and effectiveness of these technologies. The 
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Methodology of literature review 

From the review of the global trends and roadmaps, the following 3 

key strategies were identified and adopted with the aim of improving process 

Early capture of organics from the influent for anaerobic conversion into 

process energy efficiency (aeration efficiency)

energy recovery (biogas yield).  

80 technologies were reviewed and several were shortlisted for

application in Singapore. Used water experts were consulted for their 

advice regarding the relevance and effectiveness of these technologies. The 

ECHNOLOGIES  

 

From the review of the global trends and roadmaps, the following 3 recurring 

aim of improving process 

naerobic conversion into 

); and  

were shortlisted for 

Used water experts were consulted for their 

advice regarding the relevance and effectiveness of these technologies. The 
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process of reviewing and shortlisting was reiterated several times, until a final 

list of 10 shortlisted technologies was developed. A detailed description of these 

technologies can be found in Chapters 5 and 6.  

From these 10 shortlisted technologies, 17 possible configurations or 

permutations were drawn up, of which 8 of the most relevant configurations are 

assessed in detail in Chapter 3. These shortlisted configurations were 

benchmarked against the Strass wastewater treatment plant (WWTP), which is 

the current global benchmark for 100% energy self sufficiency. 

In addition, as the proposed WRP in Tuas will have a separate industrial used 

water stream, a proposed industrial used water treatment process is covered in 

Chapter 7. Chapter 7 also covers additional considerations for technologies and 

systems outside the scope of this report. These topics do not form part of the 

energy efficiency review, but are important nonetheless for a holistic 

understanding of PUB’s aim to close the water loop. 
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Chapter 2 

The current landscape of Used Water 

treatment 

 

 

2.1 Singapore landscape 

 

2.1.1 Water Reclamation Plants in Singapore 

In Singapore, treatment of used water is carried out at WRPs using the 

biological activated sludge process (ASP). Currently, there are four WRPs, 

namely: Changi (CWRP), Jurong (JWRP), Kranji (KWRP) and Ulu Pandan 

(UPWRP). The WRPs treat used water from both domestic and industrial 

sources. Changi, Kranji and Ulu Pandan WRPs supply effluent for NEWater 

production. These three WRPs are also covered and have odour removal 

facilities. This is to minimise odour emission and to free up land around the 

WRPs for higher-value development. 

Although all the WRPs use conventional activated sludge process, there are 

local differences between them. For example, Jurong WRP treats high strength 

industrial used water, while Changi WRP has a sizeable influent pumping 

station due to the Deep Tunnel Sewerage System (DTSS) and employs a 

drying system to produce dried sludge with 95% dried solids. In order not to let 

local variability between the WRPs unnecessarily complicate the analysis, this 

review will consider Ulu Pandan WRP (UPWRP) as the reference plant. This 
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approach is consistent with that adopted by (Cao 2011b) in his analysis of 

Singapore’s WRPs. General information about UPWRP can be found in Table 

2.1, while Figure 2.2 provides simplified process schematics of a typical WRP in 

Singapore, using UPWRP as a model. 

 

Liquid treatment: In UPWRP, the influent used water first goes through the 

mechanical screen and vortex grit chamber to remove debris and grit before it is 

sent to the Primary Settling Tank (PST) that removes part of the organic load as 

primary sludge by sedimentation. The aeration unit, where the activated sludge 

process is operated, allows for the aerobic biodegradation of the organic 

pollutants. At the Final Settling Tank (FST), part of the sludge is returned to the 

aeration unit as return activated sludge (RAS), and the remaining sludge is 

collected as waste activated sludge (WAS). The clear supernatant water from 

the FST is discharged as the treated secondary effluent from the WRP. A part 

of this effluent is used as feedstock for NEWater production. 

 

Figure 2.1: Aerial photograph of Ulu Pandan WRP, Singapore. 
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Table 2.1 General information about UPWRP.

 

Ulu Pandan Water Reclamation Plant

Design capacity 
Treated flow 
Area occupied 
Effluent supplied for NEWater production
Hydraulic Retention time (HRT)
Solids Retention Time (SRT)
First commissioned 
Last Phase of expansion 

Catchments: 

≈ 9,600 hectares comprising Queenstown, Clementi, Pasir Panjang, Telok 
Blangah, Jurong East, Bukit Batok, Bukit Timah and Marina South.
 

 

 

Figure 2.2:  Process schematics 

Settling Tanks; FST: Final Settling 
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Table 2.1 General information about UPWRP. 

Ulu Pandan Water Reclamation Plant 

361,000 m3/d 
≈ 352,000 m3/d (as of 2010)
46 hectares 

Effluent supplied for NEWater production 200,000 m3/d 
Hydraulic Retention time (HRT) 7 h 
Solids Retention Time (SRT) 5 d 

1961 
2000 

9,600 hectares comprising Queenstown, Clementi, Pasir Panjang, Telok 
Blangah, Jurong East, Bukit Batok, Bukit Timah and Marina South. 

Process schematics of a typical WRP in Singapore (PST: Primary 

Settling Tanks; FST: Final Settling Tanks; DFE: Dual Fuel Engine) 

ECHNOLOGIES  

/d (as of 2010) 

9,600 hectares comprising Queenstown, Clementi, Pasir Panjang, Telok 

 

Primary 
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Solids treatment: The solids stream treatment commences with the collection 

and thickening of the collected primary sludge and 

the anaerobic digester, organic substances in the sludge are broken down in an 

oxygen-deficient environment 

days. The digested sludge is then dewatered with centrifuges to around 

dried solids, while the dewatering centrate retur

UPWRP produces approximately 160 t

sludge disposal is achieved by 

dry solids content prior to incineration. The slud

per ton of sludge disposed, which includes $60 for incineration and around $10 

for transport.  

Energy recovery: The digestion process converts the organic matter into 

biogas, which is used to power dual

with conversion efficiencies

(In-Plant Power Generation) is used to 

required for the operation of the plant.

suitable to be supplied to equipment which works on constant loading.  

Figure 2.3:  Typical energy consumption pattern of UPWRP
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The solids stream treatment commences with the collection 

and thickening of the collected primary sludge and waste activated sludge.

the anaerobic digester, organic substances in the sludge are broken down in an 

deficient environment through retention in the digesters for 20 

The digested sludge is then dewatered with centrifuges to around 

e dewatering centrate returns to the headworks of UPWRP

produces approximately 160 tonnes/day of dewatered sludge and 

sludge disposal is achieved by mixing with municipal solids waste to elevate the 

incineration. The sludge disposal cost is around $ 70 

per ton of sludge disposed, which includes $60 for incineration and around $10 

The digestion process converts the organic matter into 

is used to power dual-fuel engines (DFE) to generate electr

with conversion efficiencies of typically 25% – 30%. The electricity generated

Plant Power Generation) is used to supplement the electrical energy 

required for the operation of the plant. The in-plant generated power is o

suitable to be supplied to equipment which works on constant loading.  

:  Typical energy consumption pattern of UPWRP 

ECHNOLOGIES  

The solids stream treatment commences with the collection 

waste activated sludge. In 

the anaerobic digester, organic substances in the sludge are broken down in an 

in the digesters for 20 – 30 

The digested sludge is then dewatered with centrifuges to around 22% 

ns to the headworks of UPWRP. 

dewatered sludge and 

mixing with municipal solids waste to elevate the 

ge disposal cost is around $ 70 

per ton of sludge disposed, which includes $60 for incineration and around $10 

The digestion process converts the organic matter into 

(DFE) to generate electricity 

generated 

the electrical energy 

plant generated power is only 

suitable to be supplied to equipment which works on constant loading.    
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An overview of the typical energy consumption pattern of UPWRP is shown in 

Figure 2.3, where: 

1) Process energy requirements refer to: Primary Settling Tanks, Final 

Settling Tanks, Biological process, Sludge Thickening, Digestion, Power 

Generation, Sludge Dewatering and Drying (where applicable)  

2) Non-Process 1 energy requirements refer to: Inlet and effluent pumping 

and Equalisation tanks, NEWater feedstock, Industrial Water production 

and Greasy Waste Treatment (where applicable)  

3) Non-Process 2 energy requirements refer to: Odour Removal, Building 

Air-Conditioning & Mechanical Ventilation and Lightings  

 

2.1.2 NEWater production 

In Singapore, an increasing fraction of the treated effluent from WRPs is being 

further treated in facilities known as NEWater factories using advanced 

technologies comprising micro-/ultrafiltration (MF/UF), reverse osmosis (RO) 

and ultraviolet disinfection (UV) to produce high grade water called NEWater. A 

typical process scheme is shown in Figure 2.5. Currently, NEWater meets 30% 

of Singapore’s current water demand, and there are plans to increase this 

supply to 50% by 2060 (PUB 2010b). 

Figure 2.6 shows a typical energy consumption pattern in a NEWater factory, 

where the reference energy consumption value for the entire process is 0.7 

kWh/m3. The MF/UF system has energy consumption between 0.10 and 0.15 

kWh/m3 (DHI-NTU 2009; PUB 2010a). For the purpose of comparing against 

the membrane bioreactor (MBR) technology for NEWater production, the 

reference energy consumption for MF/UF system has been taken as 0.13 

kWh/m3. 
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Figure 2.4: Photograph of Bedok NEWater factory

 

 

Figure 2.5: Process overview of a NEWater factory

 

 

 

 

 

Figure 2.6:  Typical energy consumption pattern in a NEWater factory
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Photograph of Bedok NEWater factory 

rocess overview of a NEWater factory 

 

Typical energy consumption pattern in a NEWater factory 

ECHNOLOGIES  
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Although technologies related to the NEWater process fall outside of the scope 

of this review, the reference energy consumption of 0.13 kWh/m3 for UF/MF 

process is important for process analysis in chapter 3. This is because one of 

PUB’s goals is to increase NEWater production. During the technology review, it 

was found that the membrane bioreactor (MBR) is able to replace both the FST 

and MF/UF stages to produce an effluent with quality suitable for direct RO 

filtration in the NEWater factory, at a lower combined energy cost and smaller 

footprint. Due to these benefits, all future process configurations in Singapore’s 

WRPs have been assumed to utilise MBR technology. In order to present an 

equal analysis between the future MBR process configurations with the current 

WRPs and Strass WWTP (both of which treat domestic used water to FST 

effluent quality only), a value of 0.13 kWh/m3 has been added to the energy 

consumption figure for current WRPs and Strass WWTP during the analysis in 

Chapter 3. 

 

2.2 Global landscape 

 

2.2.1 Global trends in Used Water Treatment technologies 

In general, the following 5 global trends in used water treatment technologies 

towards achieving energy self-sufficiency can be observed: 

 

1) Early capture of organics from the influent for anaerobic conversion 

into energy. The aeration process used to biologically degrade organics 

in a conventional used water treatment plant is typically the largest energy 

consumer, up to 42.4% in the case of UPWRP. Hence, reducing the 

organic loading on the aeration system will improve the energy balance of 

a plant. Currently, there are two main ways to achieve this: 
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i. Enhanced Primary / Pre- Treatment (EPT) – This involves 

removing as much organics as possible at the earliest stage 

(typically in association with the Primary Settling Tanks) to 

achieve the twin goals of a) reducing aeration requirements in the 

Secondary treatment, and b) transferring energy-rich sludge to the 

anaerobic digesters for enhanced biogas production. Trends in 

this area include the A-stage process (Biosorption) as practiced at 

Strass WWTP, chemical and adsorbent pre-concentration 

methods, and physical filtration methods. 

ii. Anaerobic pre-treatment – Here, the organics are not pre-

concentrated instead it is diverted from the main-stream to the 

anaerobic reactors and directly converted into biogas in the 

anaerobic main-stream processes. Examples include Upflow 

Anaerobic Sludge Blanket (UASB) and Anaerobic MBR (AnMBR). 

2) Reduction of aeration requirements – Currently, biological nitrification 

and denitrification processes remain the most cost effective method of 

nitrogen removal. Consequently, aeration processes will continue to be 

employed in future plants. Aeration efficiency may be improved by 

installing fine bubble diffusers, inlet vane (IV) control or variable frequency 

drive (VFD) for pumps and blowers, high efficiency combined heat and 

power (CHP) engines and sophisticated control systems to regulate them. 

Innovative methods for nutrient removal, such as the Anammox process, 

can also indirectly reduce aeration requirements. 

 

3) Energy recovery via biogas generation. From the organic content in raw 

domestic used water, it is estimated that one cubic metre contains about 2 

kWh-equivalent of energy (Keller, 2008) depending on the Chemical 

Oxygen Demand (COD) concentration and that 18% of the influent energy 

value is sufficient to operate most conventional used water treatment 

plants (Johnson et al., 2009). Biogas generation and subsequent 
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conversion to electricity and heat via CHP engines remains the current 

best practice for energy recovery in a WRP. Trends in this areas include: 

i. Improvements in Anaerobic Digester (AD) operation for better 

biogas generation – this includes improvements to feed sludge 

quality, such as using organics-rich EPT sludge, and applying 

solids pre-conditioning (e.g. ultrasonic sludge disintegration), as 

well as improvements to AD efficiency, such as operating in the 

thermophilic range. However, the effectiveness of solids pre-

conditioning and thermophilic digestion remains a topic of debate 

and research. 

ii. Improvements in CHP operation – When biogas is combusted to 

drive an engine, a significant fraction of the energy is converted 

into waste heat. A CHP engine improves on the conventional 

engine by capturing and recycling this heat, thus improving the 

overall energy efficiency of the plant. In the UK, AD methane-

powered CHP recovers only 11% of the influent energy value, 

which is already about half the energy required to operate a 

conventional WWTP (Johnson et al., 2009).  

4) Best practices in energy management – This includes achieving energy 

efficiency for the non-process systems not directly related to treatment, 

such as inlet and effluent pumping, Equalisation tanks, NEWater 

feedstock, Industrial Water production and Greasy Waste Treatment, as 

well as Odour Removal, Building Air-Conditioning, Mechanical Ventilation 

and Lightings. There is, however, a limitation in the implementation of best 

practices across all used water treatment facilities, as these practices are 

dependent on local circumstances. For example, WRPs with compact and 

covered design will invariably have higher energy demand for non-process 

items.  

 

5) Resource recovery – In addition to energy self-sufficiency, resource 

recovery is of prime importance for the development of sustainable WRPs. 
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Due to increasingly stringent landfill regulations and the growing shortage 

of resources (e.g. phosphorus and nitrogen), a WRP could potentially 

serve important functions for producing a wide range of resources 

covering water, biofuels, nutrients and minerals. Trends in this area 

include: 

i. Water reclamation – Membrane Bioreactor (MBR) and other 

membrane-based technologies for water reclamation,  

ii. Biofuels – Upgrading of biogas to remove sulphur, halogenated 

hydrocarbons and siloxanes and thereby enhance heat value of 

the biogas, advanced thermal treatment (ATT) for converting 

biosolids into biofuels, and 

iii. Nutrient and Mineral resources – Recovery of phosphorus and 

nitrogen as fertilizer additives, ATT technologies for recovery of 

minerals and by-products for reuse as construction material. 

 

2.2.2 Strass Waste Water Treatment Plant case study 

The Strass WWTP in Austria (Figure 2.7) is often used as the international 

benchmark in terms of energy efficiency for used water treatment. The Strass 

WWTP is distinctive, because it has proven that energy self-sufficiency is a 

feasible concept for used water treatment. The total energy consumption of the 

Plant is 0.314 kWh/m3, and the energy recovered from In-Plant power 

generation is 0.34 kWh/m3. The plant therefore produces more electrical energy 

than it requires for its operation at 108% energy recovery (Wett et al. 2007). 

This section introduces the Strass WWTP and explores its key technical 

features to understand how these may contribute to its high energy efficiency. 
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Figure 2.7: Photograph of Strass WWTP, Austria. 

 

The Strass WWTP serves 31 communities in the Achental and Zillertal valleys 

east of Innsbruck, Austria. It provides used water treatment for a population that 

ranges from approximately 60,000 PE (Population Equivalent) in the summer to 

250,000 PE during the winter tourist season, and has treatment requirements 

that include organic and nitrogen removal. The hydraulic flow to the plant is 

variable, and may range from 17,000 m3/d to 38,000 m3/d depending on 

season, with an average flow of 26,500 m3/d. In terms of its average flow, the 

Strass WWTP is about 13 – 14 times smaller compared to UPWRP1.  

A process overview of the Strass WWTP is shown in Figure 2.8, while the 

typical used water characteristics and plant performance is shown in Table 2.2. 

 

                                                             
1
 Source: http://www.aiz.at/betriebsdaten.htm, downloaded from the worldwide web on 16 April 2012 
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Figure 2.8:  Process overview of Strass WWTP

 

Table 2.2: Typical used water 

(adapted from Jonasson, 2007)

Parameter 

BOD5 

COD 

Total Nitrogen, N 

Phosphorus, P 

NH4-N 

# Based on Austria’s emission legislation values

COD – Chemical Oxygen Demand

BOD5 – Biochemical Oxygen Demand (5 days)
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rocess overview of Strass WWTP.  

Typical used water characteristics that may apply for Strass WWTP

2007). 

Influent Effluent# 

291 mg/L 15 mg/L 

605 mg/L 75 mg/L 

44 mg/L ≥ 70%, T > 12°C 

7.5 mg/L 1-2 mg/L 

26 mg/L 5 mg/L, T > 12°C 

# Based on Austria’s emission legislation values 

Chemical Oxygen Demand 

Biochemical Oxygen Demand (5 days) 

ECHNOLOGIES  

 

characteristics that may apply for Strass WWTP 
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The key technical features that differentiate Strass WWTP from PUB’s WRPs 

include the following (Jonasson 2007; Wett et al. 2007; Fillmore 2010; 

http://www.aiz.at/betriebsdaten.htm): 

1) The Strass WWTP has a two-stage biological treatment known as the A-

stage and the B-stage with specific treatment objectives. The A-stage 

(indicated as #1 in Figure 2.8) works on high-rate entrapment of organics 

without excessive aerobic stabilisation. This is achieved by operating the 

plant at reduced solids retention time (SRT) and hydraulic retention time 

(HRT) of around 0.5 d and 0.5 h, respectively. The A-stage allows organic 

compounds to be quickly removed by adsorption onto solids and 

immediately conveyed through thickening and digestion to produce biogas 

for power generation. The A-stage has been highly effective and could 

remove 55% to 65% of the influent organic load compared to around 40% 

achieved in the PST of UPWRP. 

 

2) The B-stage (indicated as #2 in Figure 2.8) is the most energy intensive 

unit process that has an electricity demand at 47% of the total 

consumption. It is operated as a conventional activated sludge process 

with SRT and HRT around 10 d and 10 h, respectively, with a volume of 

10,456 m3. As a result of the enhanced pre-treatment achieved by the A-

stage, a significantly reduced organic load enters the subsequent B-stage 

for nutrient removal and for further aerobic treatment to produce effluent 

that meets discharge standards. Furthermore, the B-stage employs a 

“swing zone” control strategy for aeration to minimise air supply and 

energy requirements. This control strategy works on intermittent aeration 

of the swing zones by operating between two set-points of the on-line 

ammonia control to maximise denitrification volume while still achieving full 

nitrification in relation to the instantaneous actual load.   

 

3) Strass WWTP has a relatively high In-Plant power generation at 0.34 

kWh/m3 compared to UPWRP’s 0.11 kWh/m3. This is not only due to the 
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use of high-efficient co-generation engine units that provide 340 kW of 

power with average conversion efficiency of 38% (as compared to typical 

conversion efficiency of 25% - 30% at UPWRP), but also due to the higher 

anaerobic digester temperature at around 35°C for enhanced biogas 

production (indicated as #3 in Figure 2.8).  

 

4) Strass WWTP applies the DEMON® process (DEamMONification), a type 

of Anaerobic Ammonia Oxidation (Anammox) process, on the side-stream 

of the Plant (indicated as #4 in Figure 2.8). The Anammox process is 

conducted using Sequencing Batch Reactor (SBR) and is able to remove 

nitrogen without the need for organic carbon source while concomitantly 

exerting significantly less oxygen demand. The application of the 

Anammox process achieves two favourable outcomes: a) aeration energy 

requirement for nitrification of the side-stream ammonia is reduced, and b) 

the organic carbon that would be required for denitrification of the side-

stream was now available for conversion to biogas in the digesters. 

 

Aside from the above key technical features, there are other non-technical 

factors that contribute to the success of Strass WWTP. These include (Fillmore 

2010): 

� A highly educated, well-paid workforce operations staff who are 

experienced tradesmen and/or university graduates with degrees. It may 

be noted that the plant superintendent was a licensed, Ph.D. engineer; 

� High level of automation that allowed for a smaller, more specialized 

operations team; 

� Use of advanced process analysis tools for process optimization; 

� Tolerance for process risk, such that the plant could be operated 

dynamically by providing the necessary level of treatment and minimising 

resource consumption; 

� Quantification of gains with extensive sub-metering in the plant.  
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Table 2.3: Comparison of overall energy data between Strass WWTP and UPWRP. 

Plant Process 

Energy 

Non-

Process 1 

Energy 

Non-

Process 2 

Energy 

Total energy 

consumption 

Energy 

recovered 

Net energy 

requirement 

Energy 

recovered as 

% of total 

 [kWh/m
3
] [kWh/m

3
] [kWh/m

3
] [kWh/m

3
] [kWh/m

3
] [kWh/m

3
] [%] 

UPWRP 0.306 0.13 0.07 0.506 0.11 0.396 21.7 

Strass  

WWTP 
0.211 0.09 0.01 0.311 0.34 -0.029 109.3 

 

Table 2.3 provides a comparison of energy data between Strass WWTP and 

UPWRP. The table shows that the greater energy efficiency achieved in Strass 

WWTP as compared to UPWRP is due to a number of factors, including process (0.1 

kWh/m3 less in Strass WWTP), non-processes (combined difference of 0.1 kWh/m3 

less in Strass WWTP) and energy recovery from In-Plant generation (0.23 kWh/m3 

more in Strass WWTP).  

To improve on the energy efficiency of the WRPs, it is important that efforts are 

directed at all of these factors. However, as explained in section 1.3, non-process 

energy requirements have been excluded from the scope of this report because it is 

highly site-specific and dependent on the local conditions. 

 

Table 2.4: Comparison of process energy data between Strass WWTP and UPWRP. 

Process 
configuration 

Process energy consumption (kWh/m
3
) 

Sludge 
generation 
(Dry tonne) 

Total consumption 
(standardized to 
MF/UF permeate 
effluent quality) 

In-plant 
power 

generation 

Net energy 
consumption 

Process 
energy 

efficiency 
(%) 

Per 100,000 

m
3

 used 
water 

UPWRP   0.436 (0.306 + 0.13) -0.11 0.326 25.2% 9.3 

Strass WWTP 0.341 (0.211 + 0.13)  -0.34  0.001 99.7% 18.8 
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From Table 2.4, we can compare the process energy efficiencies of UPWRP and 

Strass WWTP, which have been normalised to MF/UF permeate effluent quality for 

purposes of this discussion. UPWRP has a process energy efficiency of about 25% 

while for Strass WWTP it is close to 100% even when the MF/UF factor has been 

added in. The most significant contributor to the energy balance is the diversion of 

organics to the anaerobic digester using the A-stage process, resulting in three times 

the energy recovery of UPWRP. However, the sludge production of Strass WWTP is 

actually double of the yield of UPWRP due to the operation of the A-stage process, 

but disposal costs are mitigated through composting of a portion of waste sludge, as 

well as through the installation of a sludge dryer in the future. 

In the next chapter, we shall briefly discuss the various process configurations that 

will enable us to move closer to Strass WWTP level of efficiency and beyond. 
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Chapter 3 

Analysis of Process Configurations 

 

 

3.1 Outline of chapter 

In chapter 2 a comparison between Singapore’s WRPs and Strass WWTP (the 

current global benchmark for energy efficient used water treatment practices) was 

given in order to identify potential areas for improvements in WRP process design. 

Using the literature review methodology described in section 1.4, 10 technologies 

have been shortlisted for further process analysis. 

This chapter presents an analysis of these technologies in various combinations and 

configurations. In order to focus on the relevant options from among the large 

number of possible combinations, the organisation and scope of the analysis has 

been defined as follows: 

(i) Assessment criteria – Several criteria, such as final product water quality, 

Brownfield and Greenfield scenarios, maturity of technologies, and priority of 

different criteria, have been used to shortlist suitable technologies for 

consideration and to develop process configurations for short and long term 

adoption. These assessment criteria are described in detail in Section 3.2. 

(ii) Organisation of technologies by strategic function – As described in 

section 1.4, the following general strategies can be adopted for the 

development of energy efficient used water reclamation plants:  
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1) Early capture of organics from the influent for anaerobic conversion 

into energy.  

2) Reduction of aeration requirements 

3) Improvement of energy recovery via biogas generation 

 

The shortlisted technologies have been categorized according to their 

strategic function in these areas and, through a process of combining these 

technologies for synergistic benefits, a list of 17 possible process 

configurations were drawn up and briefly discussed in Section 3.3.  From this 

list, 8 of the most relevant process configurations have been shortlisted for 

detailed calculation and discussion in Section 3.4. 

 

Section 3.5 concludes with a summary of the results of the analysis. Detailed 

descriptions of the shortlisted technologies for the liquids and solids treatment trains 

used in this chapter are covered in chapters 5 and 6 respectively. Further noteworthy 

items for consideration, but outside of the main scope of discussion, are covered in 

Chapter 7. 

 

3.2 Assessment Criteria 

The following assessment criteria were used in this literature review: 

 

3.2.1 Policy considerations: 

• Final product water requirements – The reclamation of domestic used 

water as NEWater is the top priority of future WRP operations. Hence, in all 

the scenarios considered, the final product water quality has been 

standardised to MBR or MF/UF permeate quality for use as RO feedstock. 

• Nutrient removal – The process configurations considered must be able to 

achieve ammonium removal to NEWater feedstock standards. Denitrification 
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is not a priority as the RO membranes are able to reject nitrate ions. However, 

denitrification remains valuable as a method to recover alkalinity that is 

consumed during nitrification and reduce oxygen demand, thus saving the 

cost of chemical pH correction. Biological phosphorus removal is desirable, 

but not a priority. 

• Co-digestion of food waste – Co-digestion of sludge and food waste is able 

to improve biogas generation in the anaerobic digesters, as shown in the case 

of Strass WWTP. However, co-digestion of food waste has been omitted from 

detailed analysis in this review because the management of food waste falls 

outside PUB’s core operations. There are also currently several challenges to 

co-digestion. Firstly, the recycling of food waste in Singapore is still limited, 

with only 102,400 tonnes (16%) recycled in 2010 (NEA, 2011). Most of the 

Food waste generated in Singapore is incinerated (Khoo et. al., 2010). 

Secondly, the segregation and collection of food waste from food 

establishments is a challenge (Ong, 2012). Thirdly, care must be taken not to 

overload the co-digester with food waste, as it may result in rapid build-up of 

VFAs (volatile fatty acids) and souring of the digester (Lim, 2011). That said, 

however, PUB collects greasy waste from grease traps around food 

establishments, which is then fed to anaerobic digesters in Jurong WRP, thus 

serving as a form of co-digestion feedstock. Greasy waste is more readily 

managed than food waste as it is devoid of bulk material. After removal of 

colloidal material using dissolved air-flotation (DAF) the greasy waste, which 

has high calorific content, is a valuable resource for improved biogas 

production in the anaerobic digesters.  

• Increased sensors and automation – In order to improve plant stability and 

response time to events, sensors and automation will likely play a greater role 

in process control and plant management in the future. This would also 

reduce manpower requirements for basic operations and allow the diversion 

of manpower to more strategic process control roles. 
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3.2.2 Application for Brownfield and Greenfield scenarios: 

• Greenfield plants – This refers to the design and construction of a new WRP, 

without consideration of pre-existing structures. According to the Used Water 

Master Plan, the proposed WRP in Tuas is to begin construction in 2016 and 

to be completed by 2022, with a design treatment capacity of 800,000 m3/day 

(176 MGD).  

• Brownfield plants – According to the Used Water Master Plan, Jurong WRP 

and Ulu Pandan WRP will be decommissioned by 2022, while Changi WRP 

will continue to remain in service. This review also covers the potential 

upgrading of these plants to improve their energy efficiency, taking into 

consideration the individual service life of each plant. 

 

3.2.3 Operational considerations: 

• Maturity of technology – The shortlisted technologies have been classified 

as suitable for adoption in the short term (5-10 years) or long term (>10 

years), depending on the maturity of the technologies. Technologies that are 

currently being pilot or demo tested in Singapore are considered ready for 

adoption for WRPs being designed within the next 5-10 years, while 

technologies currently being lab tested in research institutes in Singapore are 

considered ready for pilot testing within the next 5 years, and ready for full-

scale application in about 10 years. 

• Robustness of technology – Due to the final treated product water being 

used as NEWater feedstock, the treatment process needs to be extremely 

robust. It also needs to be simple and easy to operate and maintain, so as to 

reduce the possibility of process failure due to hardware malfunction or 

operator error.    
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3.2.4 Scope of review 

• Segregation of industrial and domestic used water streams – According 

to the Used Water Master Plan for the proposed WRP in Tuas, the domestic 

stream (600,000 m3/day, or 132 MGD) and industrial stream (200,000 m3/day, 

or 44 MGD) will be segregated and each will receive its own dedicated liquids 

and solids treatment systems. The scope of this review will focus on the 

reclamation of domestic used water. A brief discussion of industrial used 

water reclamation is given in Chapter 7. 

• Process Vs Non-process energy requirements – This review covers the 

optimisation of process energy requirements only. While improvements in 

non-process systems (such as pumping and odour treatment) are also 

important for improving the overall energy balance of the plant, these 

requirements are highly dependent on local circumstances. For example, a 

WRP situated near to a residential zone may require a compact and covered 

design due to the necessity of odour treatment, which will invariably cause it 

to have higher energy demand than an equivalent plant with no such 

requirements. 

• Resource recovery – In Singapore’s context, the major resources to be 

recovered are water and biogas, and the technologies related to their 

recovery have been extensively reviewed in this article. While there is 

potential to recover other resources, such as phosphorus for fertilizers, or 

incinerated sewage sludge ash (ISSA) as a concrete additive, there is limited 

local market demand for such products. Thus, the recovery of these resources 

will not be a major consideration in this review. 

  

 

 

 

 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

31 

 

3.2.5 Environmental considerations: 

• Sludge disposal – Minimisation of waste sludge production would reduce 

disposal costs and alleviate the strain on the limited landfill space available. 

• Greenhouse gas emissions – In recent years there has been increasing 

concern about the contribution of used water treatment plants to the release 

of greenhouse gases (GHG) such as methane (CH4) and nitrous oxide (N2O), 

in addition to CO2, to the atmosphere. While the level of GHG emissions from 

various processes is not a high priority in the evaluation of technologies in this 

review, these concerns have been highlighted for future consideration. 

 

3.3 Analysis of process strategies 

The shortlisted technologies described in Chapters 5 and 6 can be classified under 

the functions of: 

(1) Early capture of organics from the influent for anaerobic conversion into 

energy, 

(2) Reduction of aeration requirements, or  

(3) Increasing the energy generating capacity of the plant.  

 

Figure 3.1 shows a process flow diagram of these shortlisted technologies according 

to their strategic role. From this diagram, a number of possible configurations are 

shown in Table 3.1. While reducing aeration requirements and increasing energy 

generation capacity are both fundamental aspects of all the process configurations, 

the processes differ significantly with regards to pre-treatment. All the process 

configurations can be broadly categorised as falling under one of two strategies: 

enhanced pre-treatment treatment strategy, or anaerobic pre-treatment strategy. 

Both strategies seek to optimise the use of energy stored in the influent organics. 
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.1: Process flow diagram of conventional and shortlisted technologies

colour coded by strategic role in increasing process energy efficiency

the organic content in raw domestic used water, it is estimated that 

metre contains about 2 kWh-equivalent of energy (Keller, 2008)

Singapore’s domestic used water has relative lower COD which contains about 1.7 

equivalent of energy. It is estimated that 18% of the influent energy value is 

sufficient to operate most conventional used water treatment plants (Johnson et al., 

2009); some estimates put the influent energy potential, as high as ten times the 

energy needed to treat it (GWRC, 2008). Currently in the UK, cogeneration powered 

anaerobic digestion in a conventional WWTP recovers only 

11% of the influent energy value, which is already about half the energy required to 

operate a conventional WWTP (Johnson et al., 2009). Therefore, effective 

conversion of influent organics is a critical component in the design of energy 
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Table 3.1: Possible configurations of shortlisted technologies for the reclamation of 
domestic used water 

No Brief description of 

main configuration 

Pre- / Primary-

treatment (% 

COD capture) 

Main liquids 

stream 

Waste 

Sludge 

stream 

AD  

type 

Gas to Energy 

(% conversion 

efficiency) 

Side 

liquids 

stream 

Blower  

control 

1 Strass WWTP A-stage (60%) B-stage + FST - Mp. AD CHP (38%+heat) DEMON® VFD 

2 Conventional ASP PST (40%) ASP + FST - Mp. AD DFE (25-30%) - - 

3 Brownfield (basic) PST (40%) ASP + FST Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

4 Brownfield (MBR) PST (40%) MBR Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

5 Brownfield (EPT, MBR) Bio-EPT (60%) MBR Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

6 Brownfield  

(EPT,MBR,N-Shunt) 

Bio-EPT (60%) MBR, N-shunt Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

7 EPT (basic) Bio-EPT (60%) ASP + FST Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

8 EPT (MBR) Bio-EPT (60%) MBR Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

9 EPT (MBR, N-shunt) Bio-EPT (60%) MBR, N-shunt Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

10 EPT  

(MBR, N-shunt, CHP) 

Bio-EPT (60%) MBR, N-shunt Pre-cond. Th. AD CHP (38%+heat) Anammox VFD/IV 

11 UASB (basic) UASB (60%) ASP + FST Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

12 UASB (MBR) UASB (60%) MBR Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

13 UASB (MBR, N-shunt) UASB (60%) MBR, N-shunt Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

14 UASB  

(MBR, N-shunt, CHP) 

UASB (60%) MBR, N-shunt Pre-cond. Th. AD CHP (38%+heat) Anammox VFD/IV 

15 Main-stream Anammox 

(with EPT)  

Bio-EPT + CEPT 

(80%) 

Anammox, MBR Pre-cond. Th. AD CHP (38%+heat) Aug. / no VFD/IV 

16 Main-stream Anammox 

(with AnMBR) 

AnMBR (85%) Anammox, MBR Pre-cond. Th. AD CHP (38%+heat) Aug. / no VFD/IV 

17 WRP in  Tuas  

(domestic stream) 

Bio-EPT (60%) MBR Pre-cond. Mp. AD BGE (38%) Anammox VFD/IV 

 

Terms and Abbreviations: 

A-stage 

AD 

 - Mp. AD 

 - Th. AD 

AnMBR 

ASP 

Aug. 

B-stage 

BGE 

CHP 

A type of Biosorption EPT process 

Anaerobic Digester 

 - Mesophilic Anaerobic Digester (30-38°C) 

 - Thermophilic Anaerobic Digester (50-57°C) 

Anaerobic MBR 

Activated Sludge Process 

Augmentation of main-stream by side-stream 

Activated sludge process, used after A-stage 

Biogas Engines 

Combined Heat and Power generator 

DEMON® 

DFE 

EPT 

 - Bio-EPT 

- CEPT 

FST 

N-shunt 

Pre-cond. 

PST 

VFD/IV 

Deammonification, a type of Anammox process 

Dual Feed Engine 

Enhanced Pre-treatment Treatment 

 - Biosorption Enhanced Pre-treatment  

 - Chemically Enhanced Pre-treatment 

Final Settling Tank / Final Clarifier 

Nitrite-shunt process / partial nitrification 

Solids Pre-conditioning 

Primary Settling Tank / Primary Clarifier 

Variable Frequency Drive / Inlet Vane control 
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Conventional primary sedimentation tanks (PST) are typically able to remove only 

40% of these organics; the remaining organics are degraded in the aeration tanks, 

which accounts for as much as 40-60% of total energy consumption (Gundry, 2008; 

WERF, 2009). The EPT strategy seeks to improve upon this by using biological or 

chemical sludge to adsorb the influent particulate matter. This organics-rich sludge is 

then sent to anaerobic digesters for conversion into biogas (a detailed description of 

the biosorption EPT method has been given in section 5.1). In contrast, the 

anaerobic pre-treatment strategy seeks to directly utilise the influent organics in the 

main-stream. Biodegradable matter is held in the anaerobic reactor, where it is 

hydrolysed and converted by anaerobic bacteria into biogas (a detailed description of 

the UASB and Anaerobic MBR technologies has been given in sections 5.2 and 5.3 

respectively). 

The application of advanced thermal treatment technologies (ATT), such as pyrolysis 

and gasification, for the further treatment of waste sludge has been included in 

Figure 3.1 in order to give a holistic view of how this class of technologies can be 

used to improve the energy balance of a WRP. However, as the application of these 

technologies to waste sludge is not yet mature, there is limited reliable information 

available on the process performance of these technologies. Hence, ATT options 

have been omitted from the configurations list in table 3.1 and subsequent analysis 

in section 3.4. 

 

3.3.1 Comparison between Strass WWTP and conventional WRP 

activated sludge process (Configurations 1 and 2): 

Strass WWTP has a higher organics capture rate in the A-stage (a type of 

biosorption EPT) as compared to the conventional PST. This, together with 

advanced controls and VFD blowers, reduces the aeration requirements in the B-

stage (the activated sludge stage). In addition to the higher COD load in the 

anaerobic digesters, the highly efficient engines also serve to increase the energy 

recovery of the plant. A DEMON® process (a patented Anammox system that runs 

as a Sequencing Batch Reactor process) in the dewatering centrate return stream 
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with high ammonium load further reduces nitrogen load on the main-stream, 

reducing aeration requirements. 

 

3.3.2 Brownfield upgrades (Configurations 3 to 6): 

Configurations 3 to 6 show possible increasing retrofits of Brownfield WRPs towards 

Strass WWTP’s process configuration. In configuration 3, basic upgrades include 

advanced sensors, VFD blowers and fine bubble diffusers, as well as increasing 

power generation efficiency from 25-30% to 38% using biogas engines. A side- 

stream Anammox process reduces the nitrogen load on the main-stream. An 

additional process, solids pre-conditioning, increases the biodegradability of the feed 

sludge to the anaerobic digester, improving biogas yield and improving digested 

sludge dewaterability.  

In configuration 4, in contrast to Strass WWTP, a MBR is used to replace the 

conventional ASP and FST. 

In configurations 5 to 6, the existing PSTs are retrofitted into biosorption EPT 

processes to increase organics capture as is done in Strass WWTP. In the ideal 

case (scenario 6), aeration controls are sufficiently well developed to allow the 

implementation of the nitrite-shunt pathway in the MBR, further reducing aeration 

requirements. 

 

3.3.3 Greenfield EPT process designs (Configurations 7 to 10, and 17 

(WRP in Tuas)): 

Configurations 7 to 10 are possible Greenfield plant process designs based on 

utilising EPT as the pre-treatment process. Configuration 7 is the most basic form of 

the EPT strategy, and is almost identical to the Strass WWTP concept. The 

difference is the inclusion of solids pre-conditioning, such as ultrasonic sludge 

disintegration, which would further increase the biogas yield of the anaerobic 

digester. Also, in this configuration a CHP facility is not included because while 

Strass WWTP is able to utilise the recovered heat for heating purposes during cold 
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seasons, in Singapore’s tropical climate there is no such use for the recovered heat. 

The heat could, however, be used to partially offset the heating requirements of a 

sludge dryer, if such a facility is employed. 

Configurations 8 and 9 utilise the MBR for secondary treatment, with configuration 9 

including the implementation of nitrite-shunt. 

Configuration 10 represents the ideal EPT configuration, where organics-rich EPT 

sludge and pre-conditioned waste activated sludge are digested at thermophilic 

ranges for maximised biogas generation. The biogas is combusted in a CHP facility, 

which uses the recovered heat to offset the heating requirements of the thermophilic 

digester. 

The recommended WRP in Tuas design is based on the EPT strategy, and is 

discussed in detail in section 3.4.2. 

 

3.3.4 Greenfield UASB process designs (Configurations 11 to 14): 

Configurations 11 to 14 are possible Greenfield plant process designs based on 

utilising the UASB as the pre-treatment process. The stepwise improvements from 

basic to ideal scenarios are identical to that of the EPT configurations, except that 

the UASB is used in place of the EPT. A major difference between the EPT and 

UASB strategies is that the UASB directly converts influent organics into biogas. This 

results in a substantially reduced role of the anaerobic digester and overall reduction 

in footprint.  

 

3.3.5 Future main-stream Anammox process designs (Configurations 15 

to 16): 

These two configurations are possible Greenfield plant process designs based on 

main-stream Anammox. The main-stream Anammox, if successfully applied, would 

be the most energy and carbon efficient nitrogen removal process currently known. 

This would also eliminate the usefulness of a side-stream Anammox reactor, unless 
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the side-stream reactor is being used to augment the main-stream reactor with 

Anammox sludge. 

The core function of the pre-treatment process has been changed to remove as 

much organics as possible in order to protect the Anammox reactor from process 

upsets. Using the EPT strategy, a biosorption EPT augmented with additional 

chemical EPT could be used to achieve up to 80% COD removal. This also allows 

even more organics to be diverted to the anaerobic digesters and thus the 

generation of more biogas. Using the anaerobic pre-treatment strategy, an anaerobic 

MBR could be used to remove up to 85% COD, as well as to provide consistent feed 

quality to the Anammox reactor. After the Anammox treatment, a final polishing 

stage using an aerobic MBR is required to remove any residual COD and 

ammonium. 

 

3.4 Comparison of key process configurations 

In Table 3.1, eight configurations of special relevance have been highlighted (in 

yellow) for detailed analysis, and the energy efficiencies of these configurations are 

shown in Table 3.2.  

Strass WWTP and conventional WRP activated sludge process have been 

highlighted for comparison of the current state of technology. For Brownfield 

projects, it is considered that biosorption EPT retrofits may not be economically 

viable, while nitrite-shunt may not be achievable with existing infrastructure. For 

Greenfield projects, both the ideal scenarios for the EPT and UASB strategies have 

been analysed to provide an idea of the maximum energy efficiency achievable with 

short-term (5-10 years) technologies. For long-term scenarios, main-stream 

Anammox is considered to be the technology with the most potential for energy 

savings. Finally, an analysis of a possible WRP in Tuas configuration is given to 

provide an indication of a realistic process energy efficiency target. 
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Table 3.2: Comparison of key process configurations 

No Process configuration Process energy consumption (kWh/m
3
) 

Total consumption 

(standardized to 

MBR/UF permeate 

effluent quality)* 

In-plant 

power 

generation 

Net energy 

consumption 

Overall 

energy 

efficiency 

(%) 

Current Technology – based on full-scale operational plant data 

1 Strass WWTP (benchmark) 0.341 (0.211 + 0.13) (a) -0.34 (b) 0.001 100 % (b) 

2 Conventional ASP (UPWRP as reference) 0.436 (0.306 + 0.13) (a) -0.11 0.326 25 % 

Short-term (5-10 years) – technologies currently being pilot / demo tested in WRPs 

4 Brownfield upgrade (MBR) 0.416 (0.306 + 0.11) (a) -0.181 0.235 44 % 

17 WRP in Tuas concept (Bio-EPT + MBR) 0.321 -0.28 (b, c, d) 0.041 (e) 87 % (e) 

10 EPT-MBR (Ideal configuration) 0.30 -0.28 (b, c) 0.02 93 % 

14 UASB-MBR (Ideal configuration) 0.26 -0.27 (?) (f) -0.01 104 %(?) (f) 

Long-term (>10 years) – technologies currently undergoing (or proposed for) lab tests by Singapore 

research institutes 

15 Main-stream Anammox with EPT (Ideal) 0.29 -0.3 -0.01 103 % 

16 Main-stream Anammox with AnMBR (Ideal) 0.27 -0.39 (?) (f) -0.12 144 %(?) (f) 

Notes and Assumptions: 

(a) The Strass WWTP and PUB WRP secondary effluents are treated to discharge quality, while the future WRP 

in Tuas domestic effluent is to be treated to MBR permeate quality. In order to compare the performance of 

existing plants equally with the future configurations, an equivalent MF/UF process (0.13 kWh/m3) has been 

added to the energy consumption for existing plants. For Brownfield upgrades to MBR process, the MBR 

scouring energy of (0.11 kWh/m3) has been added. 

(b) Strass WWTP receives a relatively higher organic loading as compared to Singapore (Jonasson, 2007, pg 55). 

Using the EPT process, this allows a higher amount of organics to be converted into biogas.  Thus, Strass 

WWTP is able to maintain an in-plant power generation of 0.34 kWh/m3, which is higher than the 0.28 kWh/m3 

achievable by Singapore’s WRPs. 

(c) The improved power generation of the EPT configuration is based on a combination of higher COD fed to the 
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Anaerobic Digester (AD) and use of higher efficiency engines. Using Strass WWTP as a reference, upgrading the 

COD capture from 40% (conventional PST) to 60% (EPT) is projected to improve the CH4-COD fraction from 

17.9% (UPWRP) to 35.9% (Strass). By further increasing engine efficiency from the current 30% to 38% (Strass), 

this would give a projected increase in power generation of 2.54 times. The power generation of such a 

configuration is thus = 0.11 kWh/m3 (UPWRP) x 2.54 = 0.28 kWh/m3. 

(d) Taking into consideration other factors besides energy efficiency, ideally the biogas from WRP in Tuas could 

be sold to an external contractor or co-located power facility. In this scenario, there would not be any in-plant 

power generation. However, for purpose of comparison with the other process configurations, a value of 0.28 

kWh/m3 has been used to demonstrate the energy balance, assuming the external power facility utilise equivalent 

engines with 38% conversion efficiency. 

(e) The target baseline performance for the WRP in Tuas’ net process energy consumption is <0.1 kWh/m3, or 

>80% energy efficiency. This target is based on the utilisation of technologies that are proven / likely to be proven 

within the short term for Singapore conditions. The inclusion of subsequent upgrades (e.g. main-stream 

Anammox, nitrite-shunt, CHP) could potentially result in further improvement to the energy balance, and bring the 

performance closer to scenarios 10 and 15. 

(f) These values are based on the strict assumption that there is an energy efficient method of recovering the 

dissolved CH4 in the anaerobic pre-treatment effluent. Without such a process available, a saturated value of 20 

mg CH4/l exits the anaerobic reactor in dissolved state, and is subsequently stripped to the atmosphere during 

aeration in the secondary treatment system. This would account for as much as 0.225 kWh/m3 of lost energy. 

These losses would rise further if the occurrence of CH4 super-saturation is observed. 

 

3.4.1 Current state of technology (Configurations 1 and 2) 

Although Strass WWTP is reported to have achieved energy-positive status, the 

treatment process is designed to treat domestic used water to discharge limits. In 

Singapore’s case, however, the final product water is to be used as NEWater 

feedstock, and the RO process should receive feed water of MBR or MF/UF 

permeate quality. In order to better compare the energy efficiencies of the different 

configurations, an equivalent MF/UF energy requirement of 0.13 kWh/m3 has been 

added to the energy consumption figures for treatment processes using a secondary 

clarifier. Thus, if Strass WWTP and conventional WRPs were to produce water of 

MF/UF permeate quality, the plants’ respective overall energy efficiencies would be 

100% and 25%. Even so, from Table 3.2 it can be seen that Strass WWTP 

(configuration 1) has both lower energy consumption and higher energy generation 



R&D LITERATURE REVIEW ON 

 

than a conventional WRP (configuration 2). The reasons for this have been covered 

in detail in the Strass WWTP case study in section 2.2.2

 

Figure 3.2 Theoretical and actual 

 

Figure 3.2 shows a comparison of theoretical and actual useful 

recoverable from domestic used water. Dr Andrew Benedek, in his Singapore Water 

Lecture (2008), noted that used water can possibly contain 

Recent literature publications have indicated that used water from Northeast England 

(Heidrich et al., 2011) and Toronto, Canada, (Shizas, 2004) have energy content of 

2.13 kWh/m3 and 1.77kWh/m

Hence, Dr Benedek’s conservative value of 1.7kWh/m

be adopted without going into the experimental determination of energy content in 

Singapore’s used water. 

Based on domestic used water stren

of 1.7 kWh/m3, a theoretical line (a) can be drawn representing the absolute limit of 
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than a conventional WRP (configuration 2). The reasons for this have been covered 

s WWTP case study in section 2.2.2. 

.2 Theoretical and actual electrical energy recoverable from used water

.2 shows a comparison of theoretical and actual useful electrical energy 

recoverable from domestic used water. Dr Andrew Benedek, in his Singapore Water 

that used water can possibly contain 1.7 kWh/m

Recent literature publications have indicated that used water from Northeast England 

(Heidrich et al., 2011) and Toronto, Canada, (Shizas, 2004) have energy content of 

1.77kWh/m3 (assuming that 7.6kJ/L and 6330 kJ/m3) respectively.

Hence, Dr Benedek’s conservative value of 1.7kWh/m3 is a realistic number 

without going into the experimental determination of energy content in 

domestic used water strength of 0.5 g COD/l and an inherent energy value 

, a theoretical line (a) can be drawn representing the absolute limit of 
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than a conventional WRP (configuration 2). The reasons for this have been covered 
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Recent literature publications have indicated that used water from Northeast England 

(Heidrich et al., 2011) and Toronto, Canada, (Shizas, 2004) have energy content of 

) respectively.  

is a realistic number that can 
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energy recovery from domestic used water. In reality, energy losses due to inherent 

system inefficiencies are inevitable. A more realistic scenario is shown in line (c), 

where conventional treatment efficiencies are used as a baseline guide: 40% 

organics capture in the PST; 62% methane concentration in the biogas, with the rest 

converted into by-products such as carbon dioxide and cellular assimilation; and 

30% conversion efficiency of the biogas into useful electricity (Cao, 2011b). An upper 

limit future scenario is shown in line (b), assuming the following improvements: 80% 

organics capture rate (possibly through EPT or anaerobic pre-treatment); 70% 

biogas methane content; and 40% electrical conversion efficiency (Van Lier, 2008). 

Based on these scenarios, a lower reference limit of 0.126 kWh/m3 (1.7 x 40% x 

62% x 30%) and an upper limit of 0.381 kWh/m3 (1.7 x 80% x 70% x 40%) can be 

established. The UPWRP reference energy generation of 0.11 kWh/m3 is close to 

the lower reference limit, as expected due its conventional process configuration, 

while Strass WWTP’s value of 0.34 kWh/m3 is approaching the reference upper limit. 

It must be noted however, that Strass WWTP receives an influent with an average 

COD value 100-150 mg/l higher than UPWRP, thus allowing it to reach a potentially 

higher energy recovery than UPWRP. It is also noteworthy that Strass WWTP 

practices co-digestion of sludge and food waste. While the calorific contribution of 

the food waste has been omitted from this analysis, there remains the possibility of 

food waste contributing to enhanced digestion rates, thus improving the overall 

efficiency of the anaerobic digesters. A comparison of Strass WWTP and UPWRP’s 

COD mass balance in terms of % influent COD is shown in Table 3.3 below.  

 

Table 3.3 COD mass balance comparison between Strass WWTP and UPWRP 

% of influent 

COD ► 

% COD 

removed by 

Primary 

treatment 

% COD fed 

to anaerobic 

digesters 

% COD as 

CH4 in 

biogas 

% COD 

dissimilated 

in activated 

sludge 

% COD 

remaining in 

dewatered 

sludge 

% COD 

remaining in 

secondary 

effluent Plant ▼ 

UPWRP 39.2 44.9 17.9 52.9 22.3 7.0 

Strass WWTP 60.7 74.3 35.9 21.8 37.6 4.7 
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From Table 3.3 it can be seen that the A/B-stage design of Strass WWTP diverts a 

combined primary and secondary sludge flow of 74.3% COD to the anaerobic 

digesters, while in UPWRP this value is 44.9%. Due to the higher biodegradability of 

the A-stage sludge, Strass WWTP is able to convert 35.9% of the influent COD into 

methane, almost twice that of UPWRP’s value of 17.9%. This equates to 13.6% of 

the influent COD converted into electricity for Strass WWTP (35.9% x 38% engine 

efficiency), which is 2.54 times greater than UPWRP’s value of 5.4% (17.9% x 30% 

engine efficiency). 

Assuming that equal performance of the biosorption EPT process (35.9% CH4-COD) 

and improved engines to the efficiency of Strass WWTP’s engines (38%) can be 

replicated in Singapore, the maximum energy recovery capacity would then be 0.28 

kWh/m3 (2.54 x UPWRP’s current power generation capacity of 0.11 kWh/m3). 

 

3.4.2 Short-term (5-10 years) technologies (Configurations 4, 10, 14 and 

17) 

Four scenarios were analysed: Brownfield upgrades of existing WRPs, EPT and 

UASB configurations of Greenfield WRPs, and other options for the WRP in Tuas. 

These scenarios were analysed using technologies currently undergoing pilot or 

demo trials, and would be expected to be ready for adoption within the next 5 years. 

 

(i) Brownfield scenario (Within next 5 years) 

In the Brownfield upgrade scenario (configuration 4), the focus is on the “low hanging 

fruit”, or improving the current process efficiencies by optimising the existing 

facilities. These upgrades will be applicable to existing WRPs such as Changi, Kranji 

and Jurong WRP. Basic upgrades include installation of advanced sensors, blower 

optimisation through VFD and IV control, installation of fine bubble diffusers, as well 

as increasing DFE efficiency from 25-30% to 38% using more efficient biogas 

engines. New facilities include a side-stream Anammox process, which gives about 
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3-5% energy savings, and solids pre-conditioning, which gives a further 10% COD-

CH4 enhancement (relative to the influent). 

An MBR system may be considered, especially for future plant expansions. This is 

due to the consideration that NEWater production is the top priority for domestic 

stream treatment in Singapore, and an MBR is able to provide consistent effluent 

quality for RO feedstock. The MBR also has reduced plant footprint and increased 

automation, both of which are important advantages. An MBR would add 0.11 

kWh/m3 energy consumption due to membrane scouring requirements. However, it 

would offset MF/UF requirements downstream, saving 0.13 kW/m3 and thus resulting 

in net energy savings when the water reclamation system is analysed as a whole. 

The upgraded Brownfield plant would have its energy efficiency increased from 25% 

to 44%. 

Other Brownfield scenarios (configurations 5 and 6) would involve upgrading the 

PST to a biosorption EPT process. While this would further improve the energy 

efficiency of the plant, it would require a significant retrofit of the PST, aeration and 

sludge piping system. In addition, further review of the anaerobic digesters must be 

carried out to ensure that there is sufficient capacity for the increased sludge load. In 

light of these factors, Brownfield upgrades involving biosorption EPT may not be 

economically viable if cost savings through energy efficiency is the objective, 

especially for UPWRP and JWRP, which are due to be decommissioned in 2022. 

 

(ii) Greenfield scenarios (Within 10 years) 

Greenfield scenarios, on the other hand, stand to benefit greatly from the biosorption 

EPT process (configuration 10).  

With an influent organics capture rate of 60%, the EPT process reduces the organic 

load on the secondary treatment by 1/3 (from 60% to 40% of the influent organic 

load). In the ideal case, the use of nitrite-shunt further reduces aeration requirements 

by 25% resulting in an overall 50% reduction (2/3 x 75%) in aeration requirements 

for secondary treatment (not including membrane scouring requirements). As the 

biosorption EPT process uses biological sludge as an adsorption media, it also has 
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some aeration requirements. Using Strass WWTP as a reference, the Strass A-stage 

process (a type of biosorption EPT) consumed an average of 810 kWh/day over 10 

years (1996-2005) (WERF, 2010). Given that the Strass WWTP average capacity of 

23,771 m3/day, this equates to an average EPT energy consumption of 0.034 

kWh/m3, which is small considering the benefits gained in terms of reduced aeration 

requirements and increased biogas yield. Based on the ideal EPT configuration, the 

overall process energy requirements can be brought down from 0.436 kWh/m3 to 

0.300 kWh/m3. This is accompanied by an increase in in-plant power generation 

from 0.11 kWh/m3 to 0.28 kWh/m3 (as described in section 3.4.1), resulting in a net 

process energy efficiency of 93%. 

Anaerobic pre-treatment was also considered as an alternative pre-treatment 

process to biosorption EPT. Amongst the options, UASB was identified as the 

process with the most potential, as it is a well-established process in other countries 

and it is able to replace the PSTs. In addition, due to the slow growth rate of 

anaerobic bacteria in the UASB, savings from reduced sludge disposal costs may be 

gained. 

In the ideal UASB process (configuration 14) a minimum of 60% influent COD 

removal rate is assumed. This puts the savings in aeration energy for secondary 

treatment equal to that of the biosorption EPT process described above, and the 

overall process would have very low process energy requirements of 0.26 kWh/m3. 

Based on the strict assumption that there is an efficient method to strip and recover 

the dissolved methane in the UASB effluent, an energy recovery of 0.27 kWh/m3 

(assuming only minor losses of dissolved methane) would make the overall process 

energy-positive, with a net process energy efficiency of 104%.  

Realistically, however, this figure is likely to be lower due to dissolved methane 

losses in the UASB effluent. As seen in Figure 3.3, at Singapore’s ambient used 

water temperature of 30°C, methane saturation is 20 mg/l. At saturation conditions, 

this accounts for 0.225 kWh/m3 of energy stored as dissolved methane. Without 

employing an effective means of stripping and recovery, the dissolved methane 

would be stripped during aeration in the secondary treatment system and lost to the 

atmosphere as wasted energy generation potential. Furthermore, should methane 

super-saturation be observed, this value may increase up to several times more 
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(Pauss et. al., 1990; Hartley and Lant, 2006). Due to the large flow rates in the main-

stream as compared to the dewatering centrate side-stream, several times more 

methane would be lost by the UASB as compared to the anaerobic digesters, and 

would substantially reduce the energy effectiveness of the UASB process 

configuration. 

 

 

Figure 3.3 Solubility curve of dissolved methane in distilled water at 1 atmosphere 

(adapted from Yamamoto et. al., 1976) 

 

(iv) Proposed WRP in Tuas process configuration (Within 10 years) 

Taking into consideration the assessment criteria in section 3.2 and the analysis of 

the Greenfield scenarios above, the following strategy is recommended for the 

design of the proposed WRP in Tuas: 

• Choice of EPT strategy – Taking into consideration the lost energy 

generation potential if no effective dissolved methane recovery method is 

used for the UASB strategy, the biosorption EPT strategy is the more suitable 

candidate for the WRP in Tuas. In addition, this strategy has already been 

successfully applied at the full scale in Strass WWTP. 
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• Choice of established technologies – Based on the Used Water Master 

Plan, the WRP in Tuas is to begin construction in 2016. The technologies 

likely to be validated under Singapore conditions by that time are: biosorption 

EPT, side-stream Anammox, solids pre-conditioning, advanced sensors, 

VFD/IV blower controls and fine bubble diffusers. Provided that the biogas is 

being combusted on-site for electricity, then biogas engines with 38% 

efficiency will be recommended. 

• Potential long-term retrofits – Nitrite-shunt, CHP engines and thermophilic 

digestion are potential future options for upgrading of the plant and provision 

will be made for their retrofit into the plant. Although nitrite-shunt is currently 

being pilot tested, the confidence of successful application will depend 

strongly on the effectiveness of the advanced sensors and aeration control, 

which must first be validated. Thus, it may not be suitable during the initial 

design stage of the WRP in Tuas. With regards to CHP, due to the preference 

to outsource energy generation to an external party, ideally the raw biogas 

generated could be sold. However, this limits the possibilities of utilising CHP 

heat, such as for thermophilic digestion. Hence, mesophilic digestion is the 

most likely choice for the WRP in Tuas. 

• 80% Energy efficiency goal – Based on the selected design (configuration 

17) for the WRP in Tuas design, a process energy consumption of 0.321 

kWh/m3 and energy recovery of 0.28 kWh/m3 (assuming on-site or off-site 

combustion with 38% efficiency engines) would give an overall energy 

efficiency of 87%. 

 

3.4.3 Long Term (> 10 years) Future Plants (Configurations 15 and 16) 

This section covers the analysis of envisioned process designs of future WRPs if any 

were to be built beyond 10 years time. Two long-term scenarios were analysed for 

emerging technologies currently being tested in the laboratory (or being proposed for 

testing) in research institutes in Singapore. The shortlisted technologies are main-

stream Anammox and anaerobic MBR, both of which are undergoing pilot/full-scale 

trials overseas and are expected to be validated for full scale application in about 10 
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years. The two process configurations analysed in this review are built around the 

main-stream Anammox which, if successfully applied, would be the most energy 

efficient treatment process currently known. 

In the EPT strategy (configuration 15), biosorption EPT augmented with chemical 

EPT is used to capture up to 80% of the influent organics. This high level of removal 

serves to protect the Anammox reactor from process upsets, and diverts even more 

organics to the anaerobic digesters for biogas production. The main-stream 

Anammox allows for 63% reduction in aeration requirements and almost 100% 

reduction in carbon demand. After the Anammox treatment, a final polishing aerobic 

MBR is used to remove any residual COD and ammonium. The large aeration 

savings result in a low process energy requirement of 0.29 kWh/m3. Together with 

an increased energy recovery of 0.30 kWh/m3, the overall process has a net energy 

efficiency of 103%. 

Using the anaerobic pre-treatment strategy, an anaerobic MBR could be used to 

remove up to 85% COD, as well as to provide consistent feed quality to the 

Anammox reactor. This would result in a process energy requirement of 0.27 

kWh/m3, an energy recovery of 0.39 kWh/m3 (which is around the projected upper 

limit of 0.381 kWh/m3) and an overall net energy efficiency of 144%. Again, the 

energy recovery is contingent on the strict assumption that an effective method of 

stripping and recovering the dissolved methane is available and implemented. 

In both cases, main-stream nitrite-shunt is a necessary precursor technology for the 

implementation of main-stream Anammox. Also, the main-stream Anammox would 

eliminate the usefulness of a side-stream Anammox reactor, unless the side-stream 

reactor is being used to augment the main-stream reactor with Anammox sludge. 

 

3.4.4 Advantages and challenges of key process configurations 

In addition to the differences in energy efficiencies between process configurations 

as discussed in the previous sections, each process configuration has its own 

advantages and challenges that should be considered. Table 3.4 summarises some 

of these factors for the eight shortlisted process configurations: 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

48 

 

Table 3.4: Advantages and Challenges of key process configurations 

No Process 

configuration 

Advantages Challenges 

1 Strass WWTP 

(benchmark) 

100%  

energy 

efficiency 

- A/B-stage is a stable, 

proven process under 

Strass conditions. 

- The performance of A-stage / Bio-EPT 

processes is currently not known for Singapore’s 

tropical climate and used water conditions. 

- Final effluent is treated for disposal. In 

Singapore’s case, the necessity for water 

reclamation makes the MBR a more effective 

solution than a B-stage + FST configuration. 

2 Conventional 

ASP (UPWRP 

as reference) 

25%  

energy 

efficiency 

- Stable, proven process 

under Singapore 

conditions. 

- Operators experienced 

with process. 

- Relatively low energy efficiency. 

- Return stream from the dewatering centrifuge 

increases nitrogen load on the main-stream 

treatment processes. 

- Relatively high waste sludge production. 

- MF/UF treatment required prior to RO process 

for production of NEWater. 

4 Brownfield 

upgrade (MBR) 

44%  

energy 

efficiency 

- MBR is a new but 

relatively well 

established process, with 

several membrane 

suppliers available.  

- Stable, consistent MBR 

effluent properties 

suitable for NEWater 

production. 

- Most process energy 

savings comes from 

improving existing 

facilities (e.g. engines, 

VFD) rather than adding 

new facilities. 

- Extensive retrofitting may be required (including 

piping, diffusers, sensor networks, blowers and 

control systems) making the transition period 

challenging for operators.  

- Success of retrofit is highly dependent on the 

effective application and maintenance of the 

sensor instrumentation. 

- Extent of improvement in energy efficiency is 

limited by existing process configuration and 

facilities.  

- Any further retrofit (e.g. Bio-EPT, thermophilic 

AD) would incur high capital costs, making it 

economically unfeasible to attempt retrofitting 

into energy self-sufficiency. 
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17 WRP in Tuas 

concept (Bio-

EPT + MBR) 

87%  

energy 

efficiency 

- Greatly increased 

energy efficiency. 

- Very rapid stabilization 

of Bio-EPT stage due to 

extremely short SRT. 

- Stable, consistent MBR 

effluent properties 

suitable for NEWater 

production. 

- Potential to further 

upgrade MBR with 

nitrite-shunt process in 

the future. 

- Due to limited alkalinity in Singapore’s domestic 

used water, COD removal in the Bio-EPT stage 

should be restricted to about 60%, allowing 

sufficient organic carbon to pass through to the 

anoxic zone for denitrification to replenish the 

alkalinity. Excessive COD removal in the Bio-

EPT stage may result in the necessity for 

alkaline pH correction. 

- Further pilot / demo testing required in order to 

gain experience in handling of the sticky, viscous 

Bio-EPT sludge that is significantly different in 

properties from conventional activated sludge.  

10 EPT-MBR  

93%  

energy 

efficiency 

- High energy efficiency. 

- Reduced waste sludge 

volume due to better 

sludge stabilization in the 

thermophilic AD. 

- Reduction in organic 

carbon requirements in 

the anoxic zone due to 

the application of nitrite-

shunt process may open 

the possibility of 

increasing organics 

capture rate in the Bio-

EPT stage, thus further 

increasing in-plant power 

generation. 

- Due to limited alkalinity in Singapore’s domestic 

used water, COD removal in the Bio-EPT stage 

should be restricted to about 60%. 

- Further pilot / demo testing required in order to 

gain experience in handling of the sticky, viscous 

Bio-EPT sludge that is significantly different in 

properties from conventional activated sludge. 

- Success of nitrite-shunt depends strongly on 

effectiveness of sensors and aeration control. 

- Increased release of N2O, a greenhouse gas, 

from the nitrite-shunt process may be of concern. 

- The increased energy efficiency from the 

thermophilic AD is dependent on the 

effectiveness of heat recovery from the CHP 

system. 

14 UASB-MBR  

104%  

energy 

efficiency 

- The UASB has very 

little operating power 

requirements, making 

this potentially the overall 

most efficient 

configuration 

- By shifting the anaerobic process from the side-

stream Anaerobic Digesters to the main-stream, 

which has a very much larger liquid flow, about 

13-35% (at 35°C) of the methane produced is 

dissolved and subsequently lost to the 

atmosphere, resulting in increased greenhouse 
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implementable within the 

short-term. 

- The UASB process 

produces less waste 

sludge than the PST or 

EPT processes, resulting 

in disposal cost savings. 

- Reduced plant footprint. 

- UASB suitable for 

tropical climates because 

higher temperatures 

enhance biodegradation 

rates. 

- Stable, consistent MBR 

effluent properties 

suitable for NEWater 

production. 

gas emissions and lost energy generation 

potential. 

- The surrounding facilities may become affected 

by corrosive vapours released from the process. 

The need for additional facilities to strip and treat 

these vapours, as well as reinforcing the 

surrounding facilities with corrosion-resistant 

material, may increase the capital, maintenance 

and operating costs, offsetting the energy 

efficiency benefits. 

- Success of nitrite-shunt depends strongly on 

effectiveness of sensors and aeration control. 

- High energy efficiencies achievable only on the 

strict condition that there is an effective way to 

recover dissolved methane from the UASB 

effluent. 

- Increased release of N2O, a greenhouse gas, 

from the nitrite-shunt process may be of concern. 

- The increased energy efficiency from the 

thermophilic AD is dependent on the 

effectiveness of heat recovery from the CHP 

system. 

15 Main-stream 

Anammox with 

EPT  

103%  

energy 

efficiency 

- Very high energy 

efficiency. 

- Reduced waste sludge 

volume due to the slow 

growth rate of Anammox 

bacteria. 

- Elimination of organic 

carbon requirements for 

the Anammox stage 

allows the optimization of 

the EPT process to divert 

60-80% COD to the 

- Main-stream Anammox is currently an 

emerging technology at the pilot / full-scale trial, 

with very limited operating experience currently 

available. 

- Main-stream Anammox likely to be sensitive to 

fluctuations in used water characteristics and 

flow. System upsets may result in long recovery 

periods (weeks). 

- Success of nitrite-shunt and Anammox systems 

depends strongly on the effectiveness of 

sensors, aeration control and pH control. 

- Further pilot / demo testing required in order to 
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anaerobic digesters for 

increased biogas 

generation. 

gain experience in handling of the sticky, viscous 

Bio-EPT sludge that is significantly different in 

properties from conventional activated sludge. 

- The increased energy efficiency from the 

thermophilic AD is dependent on the 

effectiveness of heat recovery from the CHP 

system. 

16 Main-stream 

Anammox with 

AnMBR  

144%  

energy 

efficiency 

- Very high energy 

efficiency. 

- Very low waste sludge 

generation due to the 

slow growth rate of 

anaerobic and Anammox 

bacteria. 

- Elimination of organic 

carbon requirements for 

the Anammox stage 

allows the optimization of 

the AnMBR process to 

utilise up to 85% COD 

for increased biogas 

generation. 

- AnMBR and Anammox are both emerging 

technologies, with very limited operating 

experience currently available.   

- Further R&D is needed to study the fouling 

characteristics of the AnMBR, as well as 

membrane scouring regimes needed. 

- Additional safety measures against explosions 

must be applied should the biogas be used as a 

membrane scouring gas. 

- Loss of dissolved methane may be a concern 

as it is a greenhouse gas. 

- There is a potential for corrosion of surrounding 

facilities. 

- Success of nitrite-shunt and Anammox systems 

depends strongly on the effectiveness of 

sensors, aeration control and pH control. 

- High energy efficiencies achievable only on the 

strict condition that there is an effective way to 

recover dissolved methane from the AnMBR 

effluent. 

- The increased energy efficiency from the 

thermophilic AD is dependent on the 

effectiveness of heat recovery from the CHP 

system. 
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3.5 Chapter summary and conclusions 

Based on a combination of several shortlisted technologies, a number of possible 

process configurations were addressed. Of these, eight relevant configurations were 

analysed in detail to give an understanding of the energy efficiencies potentially 

achievable under current, short-term and long-term conditions. With regards to 

applicability in Singapore WRPs, both Brownfield and Greenfield scenarios were 

analysed, taking into consideration specific local assessment criteria. 

Recommendations were given for potential Brownfield upgrades of existing WRPs, 

as well as for the design of the upcoming WRP in Tuas. 

In conclusion, a biosorption EPT process followed by MBR is generally 

recommended as an energy efficient process design for the reclamation of domestic 

used water as NEWater feedstock. While anaerobic pre-treatment methods such as 

the UASB are also viable, the energy efficiencies of these configurations are 

restricted by the condition that an effective method of stripping and recovering 

dissolved methane must be available. 

From the analysis, process energy efficiencies of over 80% are expected to be 

achievable with Greenfield plants using the EPT or UASB configuration. However, 

due to the limited influent COD and alkalinity, as well as the product water quality 

requirements, complete process energy self-sufficiency is not a realistic target in the 

short-term. In the long-term, main-stream Anammox remains the technology with the 

most potential for achieving energy self-sufficiency. 

In addition to the technologies and issues discussed in this chapter, other issues 

such as industrial used water reclamation and phosphorus recovery, which are not 

within the main scope of this review but are nonetheless important for a holistic 

understanding of how to close the water loop, have been briefly addressed in 

chapter 7. 
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Chapter 4 

Conclusions and Recommendations 

 

 

4.1 Summary of Technology Review 

 

4.1.1 Strategy towards WRP process energy self-sufficiency 

This report was written with aim of providing an updated review of potential used 

water treatment technologies for adoption in the WRPs, with the focus on developing 

strategies to achieve increasing levels of energy efficiency. Relevant technologies 

and process configurations were evaluated based on a number of criteria, the three 

primary ones being: suitable product water quality for NEWater production, energy 

sustainability, and environmental sustainability. 

The main strategy for working towards process energy self-sufficiency involves a 

threefold approach:  

(1) Early capture of organics for anaerobic treatment;  

(2) Improvements in aeration efficiency; and  

(3) Improvements in biogas yield. 

Regarding early capture of organics, both biosorption EPT and UASB options were 

analysed. Although UASB options generally had higher potential energy efficiencies, 

the problem of dissolved methane eventually led to the conclusion that biosorption 

EPT is a more feasible option. 
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As for improvements in aeration energy efficiency, advanced sensor controls, VFD 

blowers, fine bubble diffusers, and side-stream Anammox are recommended. Nitrite-

shunt is a potential short-term upgrade, while main-stream Anammox is a potential 

long-term technology option. In all cases, MBR is recommended in order to produce 

a stable effluent of consistent quality for NEWater production. 

Regarding improvements in energy recovery through biogas, solids pre-conditioning 

and high efficiency biogas engines (38%) are recommended, while CHP and 

thermophilic AD are worth considering. For domestic used water, an upper reference 

limit of 0.381 kWh/m3 of power can be generated under ideal conditions. 

 

4.1.2 Process configurations for Brownfield plant upgrades, Greenfield 

implementations and future WRPs 

It is estimated that Brownfield upgrades can raise the process energy efficiency of 

existing plants from the current 25% to more than 40% using the process upgrades 

highlighted by red borders in Figure 4.1. 

By adopting a side-stream Anammox, high efficiency biogas engines, sludge pre-

conditioning and advanced aeration control, we can potentially achieve up to 43.5% 

process energy efficiency with increased biogas recovery. The side-stream 

Anammox only contributes a small fraction of improvement (3-5%); however, the 

main contribution is in terms of R&D value, as the system will allow PUB staff to be 

equipped with the training and knowledge for potential future main-stream Anammox 

installations.  

The corresponding sludge reduction based on these upgrades will be from 9.3 dry 

tonnes per 100,000m3 of used water treated to 8.4 dry tonnes per 100,000m3 of used 

water treated. These upgrades will be applicable to the proposed plant expansions 

and enhancements to Changi, Kranji and Jurong WRPs. 
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Figure 4.1 Recommended Brownfield 

water 

 

Table 4.1 Brownfield upgrade comparison table

Process 
configuration 

Process energy consumption (kWh/m

Total consumption  
(standardised to MBR/UF 

permeated effluent quality)

Brownfield upgrade 
(MBR) 0.416 (0.306 + 0.11)

UPWRP (Baseline 
reference) 0.436 (0.306 + 0.13)

 

 

For Greenfield projects in the 5

Tuas, it is estimated that a process energy efficiency of 80% is achievable. Complete 

energy self-sufficiency is not a feasible target due to the 

used water to MBR permeate quality. 
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Recommended Brownfield WRP process upgrades for domestic 

Table 4.1 Brownfield upgrade comparison table 

Process energy consumption (kWh/m
3
) 

Sludge generation 

Total consumption  
(standardised to MBR/UF 

permeated effluent quality) 

In-plant 
power 

generation 

Net energy 
consumption 

Process 
energy 

efficiency 

Per 100,000 m

0.416 (0.306 + 0.11) -0.181 0.235 44% 

0.436 (0.306 + 0.13) -0.11 0.326 25% 

projects in the 5 - 10 years time frame such as the proposed WRP in 

, it is estimated that a process energy efficiency of 80% is achievable. Complete 

sufficiency is not a feasible target due to the requirement to treat the 

o MBR permeate quality. Figures 4.2 and 4.3 shows the recommended 

ECHNOLOGIES  

 

for domestic used 

Sludge generation 
(Dry tonne) 

Per 100,000 m
3
 used 

water 

8.4 

9.3 

such as the proposed WRP in 

, it is estimated that a process energy efficiency of 80% is achievable. Complete 

requirement to treat the 

shows the recommended 
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process configurations for the WRP in Tuas 

(segregated) used water streams:

 

Figure 4.2 Recommended WRP

water 

 

Table 4.2 Bio-EPT with MBR comparison table

Process 
configuration 

Process energy consumption (kWh/m

Total consumption  
(standardised to MBR/UF 

permeated effluent quality)

Bio-EPT + MBR 0.321

UPWRP (Baseline 
reference) 0.436 (0.306 + 0.13)
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the WRP in Tuas for both domestic and industrial 

used water streams: 

WRP in Tuas process configuration for domestic used 

EPT with MBR comparison table 

Process energy consumption (kWh/m
3
) 

Sludge generation 

Total consumption  
(standardised to MBR/UF 

permeated effluent quality) 

In-plant 
power 

generation 

Net energy 
consumption 

Process 
energy 

efficiency 

Per 100,000 m

0.321 -0.28 0.041 87% 

0.436 (0.306 + 0.13) -0.11 0.326 25% 

ECHNOLOGIES  

for both domestic and industrial 

 

for domestic used 

Sludge generation 
(Dry tonne) 

Per 100,000 m
3
 used 

water 

8.8 

9.3 
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With the recommended processes highlighted by the red borders in Figure 4.2, 

target is to achieve process energy efficiencies

of the proposed WRP in Tuas. This will be 

organics to biogas through enhanced pre

optimisation of process energy use 

that the reduction in dry sludge production will be only

100,000m3 of used water treated due to the nature of the Biosorption EPT process 

applied. However, there is a possibility that advanced thermal treatment such as 

pyrolysis and gasification can be applied to the dewatered sludge to provide an 

energy neutral solution for sludge

 

Figure 4.3 Recommended WRP

water 
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With the recommended processes highlighted by the red borders in Figure 4.2, 

process energy efficiencies beyond 80% in the domestic stream 

of the proposed WRP in Tuas. This will be done using the increased conversion of 

through enhanced pre-treatment with the corresponding 

optimisation of process energy use in the aerobic MBR system. One drawback is 

he reduction in dry sludge production will be only be about 0.5 dry tonnes per 

of used water treated due to the nature of the Biosorption EPT process 

here is a possibility that advanced thermal treatment such as 

pyrolysis and gasification can be applied to the dewatered sludge to provide an 

sludge minimisation and disposal. 

WRP in Tuas process configuration for industrial used 

ECHNOLOGIES  

With the recommended processes highlighted by the red borders in Figure 4.2, the 

beyond 80% in the domestic stream 

the increased conversion of 

with the corresponding 

One drawback is 

be about 0.5 dry tonnes per  

of used water treated due to the nature of the Biosorption EPT process 

here is a possibility that advanced thermal treatment such as 

pyrolysis and gasification can be applied to the dewatered sludge to provide an 

 

process configuration for industrial used 
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With regards to the industrial stream, the target is to treat the industrial used water to 

the high grade industrial water for supply back to the industries, using the 

recommended processes highlighted by the red borders in Figure 4.3. By using the 

Upflow Anaerobic Sludge Blanket (UASB) reactor and other process optimisations, 

the process energy consumption is projected to be reduced by 0.15 kWh/m3, along 

with a 20% reduction in excess sludge production. The drawback of this process is 

the presence of dissolved methane in the UASB effluent, and the presence of salts in 

the MBR effluent due to the high conductivity (~3000 µS/cm) of the industrial used 

water influent. In order for this proposed process to function efficiently, an effective 

and energy efficient methane stripper post UASB treatment is required to recover the 

dissolved methane in the UASB effluent stream and also to prevent methane 

emission to the atmosphere. Also, a desalting process may be needed in the post 

treatment to reduce the conductivity of the treated effluent so that it is suitable for 

industrial water use. Alternatively, a blending line from the treated domestic used 

water stream may be used to dilute and improve the quality of the treated industrial 

used water stream. 

 

Table 4.3 Future configurations comparison table 

Process configuration 

Process energy consumption (kWh/m
3
) 

Sludge generation 
(Dry tonne) 

Total consumption  
(standardised to 

MBR/UF permeated 
effluent quality) 

In-plant 
power 

generation 

Net energy 
consumption 

Process 
energy 

efficiency 

Per 100,000 m
3
 used 

water 

Main-stream  
Anammox + EPT 

0.29 -0.3 -0.01 103% 6.3 

Main-stream  
Anammox + AnMBR 

0.27 -0.39 -0.12 144% 5.5 

Conventional ASP 
(UPWRP as reference) 

0.436 -0.11 0.326 25% 9.3 

 

In the long-term (>10 years), complete process energy self-sufficiency or even net 

energy positive WRPs may be achievable through a combination of main-stream 

Anammox and either EPT or AnMBR pre-treatment. The possible configurations and 

the energy efficiencies are shown in Table 4.3. With main-stream anammox and 
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AnMBR, it may be possible to have net energy production from the plant processes 

along with a 40% reduction in sludge production per volume of used water treated. 

However, as these are currently emerging technologies, these figures will be 

subjected to the successful maturation and implementation at full scale installations. 

 

 

4.2 Technology Roadmap 

A summary of the status of the technologies discussed in section 4.1 and the 

recommended actions for R&D are listed in Table 4.4, according to the strategic role 

of each technology group (Pre-treatment, Secondary treatment, Energy recovery and 

Other technologies). From this, a WRP technology roadmap has been developed 

according to timeline (Table 4.5) and at each individual WRP (Table 4.6). 

 

Table 4.4: Summary of technologies recommended for development 

Technology Status Notes / Recommendations 

Singapore Worldwide 

Pre-treatment Technologies 

Biosorption EPT Pilot-scale Full-scale 
(e.g. Strass 
WWTP) 

Strongly recommended for further R&D 
 
Pilot plants:  
- “Energy+” plant (KWRP),  
- Integrated Validation Plant (UPWRP)  

Chemical EPT None Full-scale Recommended for lab-scale jar test 
studies to compare with Bio-EPT results. 
 
Conventionally done using polymer and 
ferric chloride coagulants. 

UASB Demo-scale Full-scale Recommended for further investigation of 
industrial used water treatment. 
 
Not recommended for domestic used 
water reclamation. 
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AnMBR Lab-scale Pilot-scale Recommended for further R&D by local 
research institutes. 
 
Focus should be on mitigation of 
membrane fouling. 

Secondary Treatment Technologies 

Advanced 

sensors and 

controls 

Ongoing 
trials  

Full-scale Strongly recommended for further trials. 
Focus is on mitigation of sensor fouling. 
 
Currently ongoing trials at KWRP and 
CWRP. 

VFD / Inlet Vane 

blower controls 

Full-scale Full-scale Strongly recommended for 
implementation. R&D must also be 
combined with sensor and control studies. 

Fine bubble 

diffusers 

Full-scale 
trials 

Full-scale Strongly recommended for further trials. 
Focus is on mitigation of diffuser fouling. 

MBR (aerobic) Demo-scale Full-scale Strongly recommended for further R&D. 
Focus is on determining optimal Mixed 
Liquor Suspended Solids (MLSS) & SRT 
levels, as well as minimising aeration 
requirements for membrane scouring. 

Nitrite-shunt Pilot-scale Full-scale Strongly recommended for further R&D. 
 
Pilot studies: 
- “Energy +” plant (KWRP) 
 

Anammox (side-

stream) 

Pilot-scale Full-scale Strongly recommended for further R&D. 
Although side-stream Anammox does not 
contribute much to energy savings (only 
3-5%), the R&D experience gained will 
open up options for further R&D into 
main-stream Anammox technologies. 
 
Pilot studies: 
- Anammox pilot plant (CWRP) 
- Integrated Validation Plant (UPWRP) 
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Anammox (main-

stream) 

Lab-scale 
(proposed) 

Range from 
Lab-scale to 
Full-scale 
trials 

Strongly recommended for further R&D at 
local research institutions. 
 
To closely monitor full scale trials at: 
- Strass WWTP (Austria) 
- Glarnerland WWTP (Switzerland) 
 
To monitor closely lab scale trials at: 
- Blue Plains (Washington D.C., USA) 
 
STOWA and WERF are currently leading 
amongst the GWRC members, both of 
which have full-scale trial projects. 

Energy Recovery Technologies 

Solids Pre-

conditioning 

Full-scale 
(planned at 
UPWRP) 

Full-scale Recommended to closely monitor the 
performance of ultrasonic sludge 
disintegration at UPWRP, as well as 
monitor the development of other solids 
pre-conditioning options. 
 
Actual effective energy savings from this 
group of technologies remains debated by 
experts. 

Thermophilic AD None Full-scale Recommended for consideration at the 
lab- and pilot- scale. 

High efficiency 

Biogas Engines 

(38% and 

beyond) 

None Full-scale Strongly recommended for further R&D 
and for implementation. 

CHP systems None* Full-scale Recommended for future consideration for 
Greenfield projects. 
 
*Currently only electricity is being 
recovered in dual-fuel engines in UPWRP, 
KWRP and JWRP. In CWRP, biogas is 
combusted only for heat, which is used for 
sludge drying. 

Dissolved 

Methane 

Recovery  

Pilot-scale Full-scale Recommended for further monitoring of 
development of technology. 
 
Downflow Hanging Sponge (DHS) system 
employed in UASB pilot plant (JWRP). 
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Advanced 

Thermal 

Treatment (ATT): 

Gasification and 

Pyrolysis 

None Full-scale Recommended for further monitoring of 
development of technology. 

Other Technologies 

Phosphorus 

recovery 

None Full-scale Recommended for future consideration for 
Greenfield projects, on the assumption 
that phosphorus discharge limits will 
become more stringent. 

Greenhouse gas 
(GHG) emissions 
characterisation 
(N2O, CH4) 

Planned Full-scale 
studies 

An R&D agreement has been signed with 
NUS to conduct N2O emission studies at 
the WRPs. Proposal pending. 
 
Dissolved CH4 emissions recommended 
in order to quantify energy losses from 
UASBs and other anaerobic pre-treatment 
systems. 

Sludge drying Full-scale 
(CWRP) 

Full-scale Although sludge drying is an energy-
consuming process, by raising the dry 
solids content of sludge from 22% DS 
(dewatered sludge) to over 90% DS (dried 
sludge), significant savings in disposal 
costs can be achieved due to the sludge 
volume reduction. 
 
Sludge drying synergises well with CHP 
units, where the recovered heat from the 
CHP is used to partially offset the required 
heat for sludge drying. Sludge drying is 
also a pre-requisite process to prepare 
the sludge (to at least above 50% DS) 
before Pyrolysis or Gasification. 
 
However, care must be taken during the 
storage of dried sludge as it can continue 
to generate heat, especially if in contact 
with ferric chemicals. This may pose an 
explosion and fire hazard. 
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Biogas 
scrubbing & 
upgrading 

Dosing of 
ferric into 
AD to 
suppress 
H2S 
formation 

Full-scale Adding a dehumidifier and activated 
carbon unit to remove siloxanes will 
improve the effective lifespan and 
efficiency of biogas engines. 
 
If biogas is being sold as vehicle fuel or 
piped gas, the methane content must be 
upgraded from 60% to above 95%.  
 
The stripped dissolved biogas from 
anaerobic pre-treatment effluent is 
expected to be dilute in methane (30% or 
less) and requires upgrading to increase 
its concentration to useable levels. 
 

Plant mass 
balance 
modelling and 
optimisation 

Basic mass 
balance 

Full-scale Regular mass balance studies will be able 
to show the impact of plant improvements 
and activities. 
 
Optimisation using modelling techniques 
is subject to the availability of sensor data. 

Co-digestion 
(also called Co-
fermentation) of 
food substrates 

Greasy 
waste 
(JWRP) 

Full-scale Adding food waste to anaerobic digesters 
has been shown to increase the digestion 
effectiveness as well as biogas 
production, at minimal or even no 
increase in final dewatered sludge 
volume. The food waste must be of good 
quality (free of hard matter such as metal 
cutlery) and must be pre-processed into a 
pumpable slurry prior to feeding into the 
anaerobic digester. 
 
Although the benefits are well proven in 
plants such as Strass WWTP, co-
digestion has been omitted from the 
scope of this report as it is not part of the 
used water stream.  
 
However, it is highly recommended for 
further study and consideration for 
inclusion in future plants, where a co-
located food waste pre-processing facility 
can be sited. 
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Table 4.5: Technology roadmap towards energy self-sufficient WRPs 

Timeframe: Existing WRPs 
Ready for 

implementation 
(<5 yrs) 

Short-term  
(5-10 yrs) 

Long-term 
(>10 yrs) 

Primary / 
Pre-
treatment 

- PST (40% COD 
capture) 

 - UASB 

- Bio-EPT and 
Chemical EPT 

- AnMBR 

Secondary 
Treatment 

- Conventional ASP 
(overall 25% energy 
efficiency for 
treatment to MF/UF 
quality) 

- MBR (aerobic) 

- Anammox (side-
stream) 

- Fine bubble 
diffusers 

- Advanced 
sensors and 
VFD/IV blower 
controls 

 

- Anammox 
(main-stream) 

- Nitrite-shunt 

Energy 
recovery 

- AD (mesophilic) 

- DFE (25-30% 
electrical conversion 
efficiency) 

- Heat recovery for 
sludge drying 
(CWRP only) 

- Incineration 
(≈49,700 dry tonnes 
of sludge per year) 

- Solids pre-
conditioning 

- High efficiency 
biogas engines 
(>38% electrical 
efficiency) 

- CHP engine for 
both electricity and 
heat recovery 

- AD (thermophilic) 

 

- ATT (Pyrolysis, 
Gasification) 

- Dissolved 
methane 
recovery 

 

Other 
technologies 

- Sludge drying 
(CWRP) 

- Basic mass 
balance 

- Phosphorus 
recovery 

- GHG studies 

- Sludge drying 

- Biogas scrubbing 
(siloxanes) 

- Regular basic 
mass balance 

- Food waste co-
digestion 

- Plant mass 
balance 
modelling and 
optimisation 

- Biogas 
upgrading 
(increasing 
methane content) 
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Table 4.6: Recommended technologies for adoption in individual WRPs 

WRP 

Technologies recommended for implementation / consideration 

Pre-treatment 
Secondary 
Treatment 

Energy Recovery 
Other 

Technologies 

*Common 
technologies 
for adoption 
in all WRPs 

 - MBR (aerobic). 

- Advanced 
sensors and 
controls. 

- VFD / Inlet Vane 
blower controls. 

- Fine bubble 
diffusers. 

- Anammox (side-
stream). 

- Solids pre-
conditioning. 

- High efficiency 
Biogas engines 
(38%). 

- Regular mass 
balance studies 

- Plant mass 
balance 
modelling and 
optimisation 
(subject to 
availability of 
sensor data) 

Kranji WRP  - N/A - As above* - As above* - As above* 

Ulu Pandan 
WRP 

- N/A - As above* 

- 1000 m3/d 
Integrated 
Validation Plant 
(IVP) to test Bio-
EPT + MBR 
concept. 

- IVP studies: to 
consider options 
for testing of 
nitrite-shunt and 
main-stream 
Anammox. 

- As above* 

- Testing of more 
solids pre-
conditioning 
technologies. 

- As above* 

Changi WRP - N/A - As above* - As above* - As above* 

- P-recovery 
technologies (for 
consideration). 
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Jurong WRP - Bio-EPT for 
industrial used 
water stream 
(pilot studies). 

- UASB 
(pilot/demo 
studies). 

- Methane 
stripping and 
recovery (to 
consider for 
lab/pilot testing). 

- As above* 

- Demo scale plant 
for Bio-EPT + 
MBR concept. 

- As above* 

- Methane 
stripping & 
recovery studies 
(to recover 
dissolved 
methane from 
UASB effluent) 

- Biogas 
scrubbing and 
upgrading studies 
(to improve quality 
of recovered 
dissolved 
methane from 
UASB effluent) 

- As above* 

- GHG emissions 
study to 
characterise loss 
of dissolved 
methane from 
anaerobic pre-
treatment units 
under Singapore 
conditions. 

WRP in Tuas 
(future) 

- Bio-EPT 
(domestic 
stream, also for 
consideration for 
industrial 
stream). 

- UASB 
(industrial 
stream). 

- Methane 
stripping and 
recovery. 

- Potential for 
upgrading to 
AnMBR if the 
technology is 
mature 

- As above* 

- Potential for 
upgrading 
activated sludge 
process to nitrite-
shunt or main-
stream Anammox 
in the future. 

- As above* 

- Thermophilic AD 
(for 
consideration). 

- CHP (for 
consideration). 

- ATT (Pyrolysis / 
Gasification), for 
consideration if 
technology is 
mature. 

- As above* 

- P-recovery 
technologies (for 
consideration). 

- Sludge drying 
(to consider for 
use with CHP) 

- Food waste co-
digestion (for 
consideration)  
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Chapter 5 Potential Technologies for 
adoption – Liquids stream 

Chapter 6 Potential Technologies for 
adoption – Solids stream 

Chapter 7 Further Considerations 
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Chapter 5 

Potential Technologies for adoption  

– Liquids stream 

 

A brief description of the shortlisted used water treatment technologies for the liquid 

train is given in this chapter. Detailed reviews of these technologies will be updated 

in the appendix. 

 

5.1 Biosorption Enhanced Pre-treatment Treatment (EPT) 

Enhanced Pre-treatment Treatment (EPT) is a general class of technologies that 

increase the efficiency of the primary clarifier to capture COD and other pollutants. In 

general, raw municipal used water consists of about 25% COD present in stable and 

soluble forms (< 0.08 µm), 15% of the organic matter as colloids (0.08-1.0 µm), 

about 25% as supracolloidal (1-100 µm) and about 35% as settleable solids (> 100 

µm) (Ødegaard, 1998). Conventional primary clarifiers are only designed to remove 

the settleable fraction. EPT technologies however, allow the primary clarifier to 

further capture the colloidal and supracolloidal particles, thus diverting more COD to 

the anaerobic digesters. This results in higher biogas production from the anaerobic 

digesters, and less aeration demand in the main liquid treatment stream. EPT 

technologies have been recognised as a critical strategic component of the GWRC 

roadmap towards an energy neutral plant (GWRC report, 2010). 
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Principles of the technology 

Several methods of EPT have been tested, including chemical coagulation (Parker 

et. al., 2001), physical filtration and biosorption processes. Among these options, 

chemical and physical methods are relatively more chemical (cost) and/or energy 

intensive. Thus, biosorption appears to be the most suitable EPT method for 

improving plant energy efficiency.  

The Strass WWTP A-stage process is a type of biosorption EPT. The A-stage 

activated sludge process has the features of short sludge retention time (SRT) (≈0.5 

d) and hydraulic retention time (HRT) (≈0.5 h). Under such conditions, the A-stage 

sludge becomes populated by fast-growing microorganisms that produce high 

quantities of sticky extracellular polymeric substances (EPS). When brought into 

contact with raw used water, the sticky A-stage sludge adsorbs particulate matter, 

with up to 55%-65% of the organic load eliminated at this stage (Wett et. al., 2007). 

 

Advantages and challenges of the technology 

In addition to the main advantages of increasing biogas production and reducing 

aeration requirements, a further advantage of biosorption EPT is the potential for 

retrofit into existing conventional treatment facilities (Versprille et. al., 1984) and the 

reduction of any potential toxicity it may impact downstream nitrification process. 

Also, as EPT is designed to work in conjunction with the anaerobic digesters, 

improvements to anaerobic digester operation (such as upgrading to thermophilic 

digestion) synergises well with EPT processes. A future potentially synergistic 

combination of technologies is EPT and main-stream Anammox, where the EPT is 

used to improve the operational stability of the Anammox system by protecting it 

from large organic loadings.  

There are two main challenges of biosorption EPT. Firstly, when treating relatively 

dilute domestic used water stream, care must be taken to retain sufficient organics in 

the used water for effective denitrification. This can be achieved by designing an 

influent bypass line to the secondary treatment process. Secondly, the effectiveness 

of biosorption EPT relies on the settleability of the EPT sludge. Due to the low sludge 
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age, EPT sludge contains high levels of loosely bound EPS (Li and Yang, 2007), 

giving it relatively poor settling and dewatering properties, as well as potential for 

bulking (Sun et. al., 2005). Thus, the properties of biosorption EPT sludge needs to 

be carefully characterised and controlled. 

 

Evaluation of technology 

Biosorption EPT is a well established technology in Europe, with Strass WWTP 

being the most important case study of a successful application. This technology 

shows much potential and is highlighted in several R&D roadmaps in literature as 

one of the fundamental strategies for energy efficient future WRP design. 

In Singapore, there are currently a few pilot projects in the WRPs investigating EPT, 

one of which is the Environment & Water Industry Programme Office (EWI)-funded 

“Energy+” project in Kranji WRP that is being done in collaboration between DHI 

Singapore, NTU and Suez Environnement. The project seeks to replicate the Strass 

WWTP A/B-stage process under Singapore’s used water and climate conditions. 

The project has just completed its baseline studies and is currently undergoing A-

stage (biosorption EPT) studies. 

Another pilot project of note is the Integrated Validation Plant, which seeks to 

validate the combination of biosorption EPT and MBR technologies as a feasible 

concept for the WRP in Tuas. The proposal has been approved and is scheduled to 

begin construction in early 2013. 
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5.2 Upflow Anaerobic Sludge Blanket (UASB) 

The primary objective of anaerobic pre-treatment is to reduce the majority of the 

influent COD (60-80%) in an energy efficient way, leaving a much reduced residual 

COD for the aeration stage. This significantly reduces energy consumption for 

aeration, as well as reduces the volume of waste activated sludge produced and 

allows for direct conversion of influent COD into recoverable biogas. Among the 

anaerobic pre-treatment systems reviewed (including Expanded Granular Sludge 

Bed reactors, Anaerobic filters, etc.), the most suitable configuration appears to be 

the Upflow Anaerobic Sludge Blanket (UASB) as it is suited for treatment of higher 

strength used water with lower energy requirements.  

 

Principles of the technology 

UASBs are anaerobic biological treatment systems employed in the main-stream, 

with typical loading rates of 4 to 15 kg COD/m3/day (Mutombo, 2004). Raw influent is 

fed through the inlet at the bottom of the UASB, passes up through a sludge blanket 

and exits at the top of the reactor. A three phase separator at the top of the reactors 

is used to retain the sludge (by gravity settling in a quiescence zone), extract the 

biogas (from the gas headspace) and allow the treated effluent to exit the reactor. 

UASBs are commonly built to a height of 4.5-6.5m (Mutombo, 2004) with a typical 

upflow velocity of 0.5-1.0 m/h which is maintained by an internal recycle pump that 

recycles the reactor effluent back to the inlet2. By regulating the upflow velocity, the 

system can be controlled such that the sludge is not washed out, but remains as a 

fluid blanket in the lower section of the reactor. When operated at higher upflow 

velocities, anaerobic granular sludge can also be cultivated, conferring additional 

resistance to toxic shocks. Slow degradable particulates are trapped in the blanket 

and degraded over time, while inert solids are readily removed by direct sludge 

wasting (Marchaim, 1992; Jördening and Buchholz, 2008). Like an anaerobic 

digester, part of the degraded organics is converted into biogas, which can then be 

combusted for energy. 
                                                             
2
 Source: Lim S.J., “Comparisons between the UASB and EGSB Reactor”. Downloaded from the worldwide web 

on 29-Sep-2012, http://home.eng.iastate.edu/~tge/ce421-521/seungjoo.pdf 
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Advantages and Challenges of the technology 

In addition to the advantage of reducing organic loading on the secondary treatment 

system, UASBs are able to significantly reduce plant footprint, capital and operating 

costs. This is because UASBs can receive raw sewage, thus removing the need for 

primary clarifiers. It produces 3-20 times less sludge than an equivalent conventional 

activated sludge system when applied to high strength used water, resulting in 

significantly reduced disposal costs (Lew et. al., 2004) and reduced anaerobic 

digester requirements. Furthermore, as the speed and efficiency of anaerobic 

treatment processes improve with increasing temperature, the consistent, warm 

tropical climate in Singapore is favourable for the application of UASBs. 

The greatest challenge facing UASB technology is the presence of dissolved 

methane in the effluent. As much as 13% to 35% (at 35°C) of the methane produced 

is dissolved in the effluent and lost to the atmosphere during the aeration process of 

the subsequent activated sludge treatment (Bandara, 2010). The negative impacts 

are twofold: firstly, the methane lost to the atmosphere is a greenhouse gas, and 

secondly, the methane lost directly translates to lost potential energy recovery. There 

are currently no cost effective means of recovering and upgrading this dissolved 

methane for energy recovery. Besides methane, UASBs can also release corrosive 

vapours into the atmosphere. Special care must be taken in the design and 

operation of UASBs to mitigate corrosion of the surrounding equipment and facilities. 

Furthermore, UASBs require seeding for effective start-up and, in the event of a 

complete sludge washout or system break down, may require a complete re-seeding 

of the reactor (Edelmann et. al., 2004). 

 

Evaluation of technology 

Anaerobic pre-treatment is a well established technology globally, and is especially 

effective in tropical climates such as Brazil. It forms the other fundamental treatment 

strategy besides EPT, in that it captures organics early in the process for conversion 
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into biogas. However, concerns regarding loss of dissolved methane and 

maintenance against corrosion may limit its attractiveness. 

One of the key advantages of the UASB is the ability to treat high strength industrial 

used water. In light of this, several pilot and demo scale plants are being tested in 

Jurong WRP for the treatment of the Tuas industrial stream. The largest of these is 

the EWI-PUB-Meiden funded 1 MGD UASB-MBR demonstration plant by Meiden 

Singapore. The duration of the demonstration study is 26 months starting Q3 2012 

and the scheduled completion is Q1 2015.  

A brief discussion on the role of UASB in industrial used water treatment is covered 

in chapter 7. 

 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

74 

 

5.3 Anaerobic Membrane Bioreactor (AnMBR) 

Background 

The anaerobic membrane bioreactor (AnMBR) is a membrane bioreactor (MBR) that 

is operated under anaerobic conditions. The AnMBR concept is not new, having 

been investigated at the full scale since the mid 1990’s, and some full scale plants 

operating since 2000 (McCarthy, 2010). While it has not received widespread use 

due to inherent challenges in operation and quality of the effluent, in recent years 

there has been renewed interest in the AnMBR as a possible solution in the 

increasing drive towards development of sustainable, energy-neutral used water 

treatment plants. 

 

Advantages and Challenges of the technology 

The impetus behind the development of the AnMBR was to overcome a 

disadvantage of early anaerobic technologies; the long hydraulic retention time 

needed for slow growing methanogenic bacteria that resulted in the necessity of 

large capacity tanks. By employing the excellent biomass retention capabilities of an 

MBR, the AnMBR is able to achieve a substantially smaller plant footprint (Kanai et. 

al., 2010). The second disadvantage the AnMBR seeks to overcome is the relatively 

high blower energy requirements that conventional aerobic MBRs need in order to 

maintain adequate dissolved oxygen (DO) levels in the high mixed liquor biomass 

concentrations and for air scouring of the membranes. By eliminating the need for 

DO, the AnMBR significantly reduces the energy requirements of the plant. The 

emitted biogas is typically used in place of air for membrane scouring, and is also 

recovered as an energy source. 

The main challenges of the AnMBR are: firstly, the mitigation of membrane fouling; 

secondly, the removal of nutrients; and finally, the issue of dissolved methane. 

Membrane scouring can be achieved with biogas scouring or by adding granular 

activated carbon (GAC), although more R&D is required to establish a robust, cost 

effective method. The second challenge is that the AnMBR does not perform nutrient 

removal. Moreover, as is typical of anaerobic treatment systems, residual COD can 
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be high. As such, while the effluent from the AnMBR is particularly suited for 

agricultural applications, it is usually not good enough to meet nutrient discharge 

standards. Finally, the stripping and recovery of dissolved methane in the effluent is 

a common challenge that must be overcome for all anaerobic pre-treatment 

processes. 

 

Evaluation and R&D Collaborations 

AnMBR is an emerging technology that has several challenges to overcome. 

However, if these issues have been overcome and the technology proven 

successful, it could potentially play an important role in the anaerobic pre-treatment 

strategy. While there are no pilot scale plants in Singapore, NUS and NTU have 

expressed interest in developing AnMBRs at the bench scale. 
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5.4 Nitrite-shunt (partial nitrification) 

Background 

Conventional nitrification-denitrification systems operate by oxidizing ammonium fully 

to nitrate in an aeration stage, then reducing the nitrate to nitrogen gas in an anoxic 

stage (Metcalf and Eddy, 2004). This process consumes oxygen (in the nitrification 

step) and carbon (in the denitrification step). In the nitrite-shunt pathway (also known 

as partial nitrification), ammonium is only partially oxidized to nitrite, which is 

subsequently reduced to nitrogen gas. By skipping the nitrate step, both oxygen and 

carbon requirements can be reduced. 

                                                

Conventional system: NH4
+ � NO2

- � NO3
- � NO2

- � NO + N2O � N2 

 

Nitrite-shunt pathway:  NH4
+ � NO2

- � NO3
- � NO2

- � NO + N2O � N2 

 

Principles of the technology 

Conventional nitrification in activated sludge is carried out by two main groups of 

microorganisms. The Ammonium Oxidising Bacteria (AOB) are responsible for 

converting ammonium (NH4
+) to nitrite (NO2

-), and the Nitrite Oxidising Bacteria 

(NOB) are responsible for converting nitrite (NO2
-) to nitrate (NO3

-). In order to exploit 

the nitrite-shunt pathway, operating conditions must be controlled to promote growth 

of AOB and suppress growth of NOB, so that there is an accumulation of nitrite 

instead of nitrate. 

The most important operational parameter to control is reported to be the dissolved 

oxygen (DO) level. AOB have a lower DO saturation concentration as compared to 

NOB, and thus can tolerate lower DO levels (Painter, 1977; Alleman, 1984). Hence, 

a low DO environment can be used to promote the growth of AOB over NOB. In a 

pilot study by Wang et. al. (2007), a maximum nitrite accumulation ratio of 90% was 

Nitrification 

factory

 

Shortcut 

Denitrification 
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observed at a DO of 0.6 mg/l, and in a subsequent pilot study by Ma et. al. (2009), 

Fluorescent In-Situ Hybridization (FISH) tests revealed that the NOB population 

gradually reduced to negligible levels when the system was operated at a DO of 0.4-

0.7 mg/l. However, during trials at Strass WWTP, DO was not found to be a reliable 

control factor, as the NOB were found to be capable of adapting to low DO 

conditions in the long term. 

The second important parameter is temperature. At higher temperatures, AOB have 

a significantly higher growth rate than NOB. Thus, by operating at higher 

temperatures and reducing the SRT, the slower growing NOB can be washed out of 

the system. An operating range of 30°C to 40°C coupled with a SRT in the aerated 

zone of 1-2 days is suitable (Mulder et. al., 2006). 

To a limited extent, pH can be used to control nitrite accumulation. At higher pH, 

there is an increase in the presence of free ammonia (NH3) that may inhibit NOB. As 

a result, NOB prefer lower pH environments than AOB (Painter, 1977; Alleman, 

1984) and thus by operating at a higher pH range, the growth of AOB over NOB can 

be promoted. The importance of pH may be dependent on nitrogen loading. For 

example, the SHARON® (Single reactor High Activity Removal Over Nitrite) process, 

which performs partial nitrification on high nitrogen loaded (0.5 g N/L) dewatering 

centrate at the Rotterdam Dokhaven Wastewater Treatment Plant, operates at a pH 

of 7.5-8.5 and achieves 90% treatment efficiency (Mulder, et al., 2001). However, in 

the pilot study by Wang et. al. (2007) on an Anoxic/Oxic process treating domestic 

used water, pH was not found to be a useful operational parameter to realise partial 

nitrification. 

 

Advantages and Challenges of the technology 

Bypassing the nitratation3 step yields the following key benefits:  

                                                             
3
 Nitratation is the second part of the nitrification where the NOB uses the enzyme nitrite oxidoreductase 

(NOR) to conduct the process. 
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(i) 25% less oxygen is required for nitrification as there is no need to oxidise 

nitrite to nitrate (Hellinga, et al., 1998). As a result, savings can be gained 

from the reduction in air supply;  

(ii) An estimated 40% reduction in carbon demand for denitrification (Giraldo et. 

al., 2011). This allows the available carbon to be better utilised in other 

reactions, such as biological phosphorus removal. Alternatively, when used in 

conjunction with EPT, it would allow more carbon to be captured by the EPT 

process for conversion into biogas. 

(iii) Similarly, a 40% lower waste sludge generation as compared to the 

conventional nitrification / denitrification process (Bott, 2011; Pennsylvania 

Department of Environmental Protection, 2002). 

(iv) Possibility of synergising with main-stream Anammox processes: partial 

nitrification is an essential step before the Anammox process can be carried 

out. In this configuration, only half the ammonium load will need to be 

converted into nitrite, further reducing aeration and operating costs (Bott, 

2011). 

 

The main difficulty in applying partial nitrification is that it is an operationally 

challenging process. Careful control of aeration and pH is necessary in order to 

inhibit NOB growth, and even then a long period of time is still required to wash out 

the NOBs from the activated sludge consortium. In the pilot study by Ma et. al. 

(2009), a lag phase of several SRTs operating a low DO levels is required before the 

onset of the nitrite-shunt pathway. However, once partial nitrification is achieved, the 

system is stable enough such that if DO were to be raised to 2-3 mg/l, there is a lag 

period of one to two SRTs before the recovery of the nitratation pathway. However, 

in light of the unsuccessful inhibition of NOBs under low DO conditions at Strass 

WWTP, further studies are needed to better understand NOB suppression. 

A second challenge is that partial nitrification appears to negatively impact sludge 

settleability (Ma et. al., 2009), potentially limiting the applicability of the nitrite-shunt 

pathway in conventional WRPs that use final clarifiers. However, this may not be a 
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problem for MBR systems where the biomass is effectively separated by membranes 

from the final effluent without utilising a clarification process. 

A third challenge is that continuous aeration can lead to the germination of protozoa, 

which may negatively impact the stability of the system (van Dongen et. al., 2001).  

A final concern with partial nitrification is that the emission of nitrous oxide (N2O) and 

nitric oxide (NO) in such a process are statistically higher than that of a conventional 

full-nitrification process, resulting in a higher carbon-footprint (Ahn et. al., 2011). 

 

Evaluation of technology 

Nitrite-shunt is a promising technology with significant potential to reduce WRP 

energy consumption. It is also a prerequisite technology for the implementation of 

Anammox (both side- and main- stream variants). However, stable operation is still a 

concern and the process requires strict system control. As such, the successful 

application of advanced sensors and aeration controls is a requirement before nitrite-

shunt should be investigated. 

Currently there are two groups investigating nitrite-shunt at the pilot scale in 

Singapore’s WRPs. The second is the DHI-NTU-Suez “Energy+” project at Kranji 

WRP. Both projects are currently monitored to assess the potential for application of 

nitrite-shunt in the short term. 
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5.5 Anammox (side-stream and main-stream) 

Background 

ANaerobic AMMonium OXidation (Anammox) is a process whereby ammonium is 

oxidised using nitrite as an electron acceptor and carbon dioxide as the energy 

source. Utilising this unique process can result in a significant reduction in oxygen 

and carbon requirements as compared to a conventional nitrification-denitrification 

process. Anammox was developed in Delft University of Technology (TUD) 

(Rittmann and MaCarty, 1999) and has been successfully applied at the full scale in 

Strass WWTP for the treatment of high ammonium loaded dewatering centrate 

(Wett, 2007b). In recent years, several research groups have also begun 

investigating the potential of applying Anammox in the main liquid treatment stream 

(Winkler et. Al., 2012; Bott, 2011). 

 

     

Conventional system: NH4
+ � NO2

- � NO3
- � NO2

- � NO + N2O � N2 

Partial nitrification:  NH4
+ � NO2

- 

Anammox pathway:  NH4
+ + NO2

- � N2 

 

Principles of the technology 

The Anammox pathway is always preceded by partial nitrification, which is used to 

convert half of the influent ammonium into nitrite. The Anammox bacteria then take 

one part ammonium and oxidise it with one part nitrite to produce nitrogen gas. Five 

genera of Anammox bacteria have thus far been defined. Anammox bacteria are 

autotrophic, that is, they utilise CO2 as a carbon source instead of organic carbon. 

They are further characterised by their brown-reddish colour, slow maximum specific 

growth rate (µ=0.00648/day) and a long doubling time of 10.6 days (Strous, et al., 

1998; Jetten, et al., 1999) leading to low biomass yields (0.11-0.13 VSS/gNH4
+-N) 

(Strous, et al., 1997). The Anammox operating conditions of pH, temperature, 

Denitrification Nitrification 

factory
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presence of organics and nitrite must be tightly controlled in order for the process to 

be effective. 

Currently, there are several commercial variations of the Anammox process. In a 2-

stage partial nitrification-Anammox system (such as the SHARON®-ANAMMOX® 

process), the generation of nitrite and the Anammox processes occur in separate, 

specialised reactors. The Anammox bacteria are typically grown as granules in 

continuous upflow reactors. In a single-stage system, both AOB and Anammox 

bacteria are cultivated in the same sludge and their activities regulated by aeration 

control. These systems are commonly called deammonification processes. One 

example is the ANITATM-Mox process, where the bacteria are grown on plastic 

biofilm carriers in a moving bed biofilm reactor (MBBR) design. Partial nitrification is 

maintained in the outer layers of the biofilm by carefully controlling the level of 

aeration, while the Anammox processes occur in the deeper, oxygen limited layers of 

the biofilm (Plaza et. al., 2011). Another novel single-stage system is the DEMON 

process used at Strass WWTP (Figdore, 2011), where the partial nitrification and 

Anammox processes are controlled in a sequencing batch reactor (SBR). 

Currently, Anammox has been proven in full scale operations for treatment of 

dewatering centrate in the side-stream, where there is sufficiently high ammonium 

loading to maintain stable growth of the Anammox bacteria population. A full scale 

side-stream Anammox plant in Rotterdam that has been operational since 2006 has 

demonstrated both consistently stable operation as well as ability to quickly recover 

from operating faults (Abma et.al., 2011). However, savings gained from side-stream 

Anammox are limited due to the relatively small flow volume. If Anammox were to be 

successfully applied in the main-stream, the impact of the operation cost savings are 

potentially much more significant (Jetten et al., 2005). As a result, main-stream 

Anammox is regarded as one of the key breakthrough technologies to be developed 

towards achieving energy positive used water treatment (Bott, 2011) and is currently 

being investigated at the lab, pilot and full-scale trials by several research groups 

(Cao, 2011b). 
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Advantages and Challenges of the technology 

The advantages and limitations of side-stream Anammox are as follows: 

• The key benefit of adopting Anammox is to reduce aeration energy 

requirements for nitrogen removal. Full-scale data from Strass WWTP 

indicates that the electrical consumption per kg of N removed in the side-

stream was 1.16 kWh (kg N)-1, several times more efficient as compared to 

6.5 kWh (kg N)-1 for the main-stream (nitrification-denitrification) treatment 

(2Wett, 2007). Oxygen consumption for side-stream nitrogen removal was 

reduced by 50% (Wett et al., 2007a).  

• A second benefit is that the Anammox process requires almost no organic 

carbon input when stringent total nitrogen requirement is required. When 

applied in the side-stream, it eliminates the need for addition of external 

carbon (typically added in the form of methanol). By reducing the nitrogen 

load from the side-stream on the main-stream treatment processes, it also 

frees up the influent organics for use in other important processes such as 

biological phosphorus removal or for conversion into methane in the 

anaerobic digesters.  

• The main limitation of side-stream Anammox is that the side-stream flow is 

relatively small, thus while the Anammox process is energy efficient, the 

actual benefit in light of the full plant process energy usage is only about a 4% 

increase in energy efficiency. However, additional yield in biogas production 

could be gained from the influent organics that were previously used to 

denitrify the side-stream nitrogen load, on the condition that these organics 

could be effectively channeled to the anaerobic digesters (for example, 

through an EPT process). In the case of Strass WWTP, the combined impact 

of side-stream Anammox, A-stage (a type of EPT) and upgrading to high 

efficiency engines was as high as 12% (Wett et. al., 2007). 
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The advantages and challenges of main-stream Anammox are as follows: 

• Similar to the side-stream Anammox, the key benefit of the main-stream 

Anammox is the potential reduction of up to 60% aeration requirements for 

nitrogen removal.  

• The second main benefit, elimination of organic carbon requirements, can be 

maximised in an EPT-Anammox (main-stream) combination, where the EPT 

can be used to channel almost all of the organics to the anaerobic digesters 

for maximum biogas generation. 

• A third benefit is the large reduction in carbon dioxide emissions as compared 

to conventional nitrification-denitrification, which helps to reduce the carbon 

footprint of the plant (van Loosdrecht, 2008). 

• A fourth benefit is the Anammox bacteria’s very long doubling time of 10.6 

days (Strous, et al., 1998; Jetten, et al., 1999), leading to a low biomass yield 

of 0.11-0.13 VSS/gNH4
+-N (Strous, et al., 1997) and savings in sludge 

disposal costs.  

• On the other hand, the low biomass yield also leads to the challenge of long 

process start-up time (up to one year) (Trigo et al., 2006), and uncertainty 

regarding the robustness of the system in quickly recovering from process 

failure events. 

• Another challenge in application of main-stream Anammox is the strict 

operational conditions required, namely an optimum pH range of 6.7 to 8.3, 

optimum temperature range of 20 to 43 ºC (Strous, et al., 1999), as well as 

achieving stable and effective partial nitrification. 

 

Evaluation of technology 

Side-stream Anammox is a relatively recent but already well proven technology. 

Although the energy savings from side-stream Anammox is small due to the small 

flow volume of the dewatering centrate, when applied to a large WRP such as 
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Changi WRP and the upcoming WRP in Tuas, the cost savings can still be 

substantial. The main value of installing a side-stream Anammox is to gain R&D 

experience, which can be used to further R&D efforts into main-stream Anammox 

technologies. 

Of greater importance than the side-stream Anammox is the main-stream Anammox, 

which is currently being regarded by many global experts as the technology with the 

most potential to achieve energy-positive WRPs. While there are several overseas 

groups researching it in various scales from lab to full-scale trials, the technology is 

still emerging and is thus not likely to be available for full-scale adoption in the short 

term.   
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5.6 Advanced aeration systems 

Background 

Aeration is the largest energy consumer of a municipal used water treatment plant, 

accounting for 40-60% of total energy consumption (Gundry, 2008; WERF, 2009). In 

practice, aeration capacity is determined by three factors: (i) oxygen demand (OD) 

(ii) the design of biological process, especially the selection of sludge retention time 

for the aerobic compartment; and (iii) the efficiency of aeration facilities, including 

types of the facilities, control and maintenance. Despite large advances in plant 

process design that have reduced the aeration requirements in the biological stage, 

aeration will continue to play an integral role in future WRPs due to the necessity of 

nutrient removal. Therefore, there is an opportunity for significant improvements in 

energy efficiency through the optimisation of the aeration system. 

 

Principles of the technology 

Optimisation of the aeration system consists of improvements in the following three 

areas: (i) the sensor systems, which govern the aeration control strategy, (ii) the 

ability to control the level of aeration (blower mechanical efficiency and control 

strategy), and (iii) the effectiveness of the diffusers in promoting oxygen mass 

transfer into the liquid phase. 

Dynamic sensor systems – In recent years dynamic control by the application of 

on-line sensors has been widely used in full-scale plants in Europe and United 

States, allowing effective air supply to be regulated under a dynamic state. 

Reportedly, dynamic aeration control through on-line DO and NH4-N measurement 

can save up to 30% of the original aeration energy (Pakenas, 1995).  

Dynamic blower controls – Dynamic sensors can be used to control the level of 

aeration supplied via variable frequency drives (VFD) for centrifugal blowers, and 

inlet vane control for positive displacement blowers (Cao, 2011b). Intermittent 

aeration based on sensor technology has been adopted at the full-scale in Strass 

WWTP, which saved 15% aeration energy (Wett, 2007a). Intermittent mixing 
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(Jonasson, 2007) and optimal air scouring in Zenon membrane processes are other 

examples of aeration control strategies based on dynamic sensor controls. 

Fine bubble diffusers – The specific oxygen supply capacities of various types of 

aerators are quite different: 4.0-8.0 IbO2/hp-hr for fine diffusers (Pakenas, 1995); 2.0-

4.0 IbO2/hp-hr (Pakenas, 1995; Monteith et al., 2007) for coarse diffusers and 

surface aerators. Adoption of fine-pore systems could reduce energy consumption 

from 40 to 50%, and overall life-cycle from 10 to 20% compared to other diffused-air 

systems (Pakenas, 1995). However, regular maintenance and cleaning is essential 

in order to maintain high aeration efficiencies, which may offset its potential benefits. 

 

Advantages and Challenges of the technology 

The direct advantage of dynamic aeration control is the increase in aeration system 

efficiency, which results in energy savings. A secondary benefit from the dynamic 

sensors is the increased operating data available to the plant operators, which may 

enable them to make further optimisations to the plant process. A third benefit is that 

successful implementation of the control system opens up the opportunity to 

investigate advanced biological processes with strict aeration regimes, for example 

the nitrite-shunt process. This, in turn could lead to further energy savings. 

The main challenge of advanced aeration systems is implementing a suitable 

maintenance regime. This is especially so for the sensors, which govern the 

operation of the whole system. Sensors operating within activated sludge in 

particular are at risk of fouling and providing erroneous feedback, which would then 

cause the blowers to supply the wrong amount of aeration. Impacts may range from 

simply oversupplying aeration and offsetting the desired energy savings, to causing 

the effluent to not meet discharge standards, or even alter the whole microbial 

community in the case of sensitive processes like nitrite-shunt and Anammox. Thus, 

robust sensor hardware, a suitable maintenance regime and skilled operators to 

maintain it are essential for the successful application of advanced aeration systems. 
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Evaluation of technology 

Advanced aeration systems are fundamental prerequisites for any future Greenfield 

WRP. Currently, the most challenging aspect remains the maintenance of advanced 

sensors. Trials are currently being carried out in Kranji and Changi WRPs. 
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Chapter 6 

Potential Technologies for adoption 

– Solids stream 

 

 

A brief description of the shortlisted used water treatment technologies for the solids 

train is given in this chapter. Detailed reviews of these technologies will be updated 

in the appendix. 

 

6.1 Solids Pre-conditioning (Sludge Pre-conditioning) 

Background 

Activated sludge processes in general produce large amounts excess waste 

activated sludge (WAS) that must ultimately be disposed of, representing up to 50% 

of the operating costs of a used water treatment plant (Koners et. al., 2007, Appels 

et. al., 2008). Prior to disposal, waste sludge is typically treated with anaerobic 

digestion for energy recovery as biogas, as well as to reduce final sludge volume 

and stabilize the sludge (Appels et. al., 2008). However, WAS is largely composed of 

microbial biomass. While the intracellular material is biodegradable in the anaerobic 

digester, it is also encased in a durable cell wall which must first be hydrolysed 

before it becomes bioavailable. This cell wall is a semi-rigid peptidoglycan cross-

linked structure that provides resistance to osmotic lysis and biodegradation (Appels 

et. al., 2008). The slow rate of WAS hydrolysis is thus a significant bottleneck in 

anaerobic digestion (Rittmann et. al., 2008), resulting in long sludge retention times 

of 20-30 days and low overall degradation efficiency of the organic dry solids of 30-

50% (Appels et. al., 2008). 
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In order to overcome hydrolysis as a limiting factor, various solids pre-conditioning 

technologies are being developed to evoke lysis or disintegration of WAS cells, thus 

releasing and solubilising intracellular material into the water phase and transforming 

refractory organic material into biodegradable species (Appels et. al., 2008). These 

technologies include heat, chemical, mechanical, and ultrasonic methods (Appels et. 

al., 2008). Recent studies have also investigated the potential of enzymatic (Appels 

et. al., 2008), electrical (Rittmann et. al., 2008) and microwave (Grübel and 

Machnicka, 2010) methods as novel sludge disintegration techniques. 

 

Advantages and Challenges of the technology 

All solids pre-conditioning methods seek to achieve two primary effects: a more rapid 

and a more complete degradation of organic matter in the WAS (Phothilangka et. al., 

2008). By achieving a more rapid degradation rate, the loading capacity of the 

anaerobic digester can be increased, or conversely, a smaller anaerobic digester 

can be designed. By achieving a more complete degradation of the organic matter, 

more biogas can be produced for energy recovery and less final digested sludge 

remains. As an alternative to anaerobic digestion, the high organic liquid overflow 

can be diverted to the main-stream anoxic tank to be used as a replacement carbon 

source to eliminate the use of methanol in denitrification4. Furthermore, by rupturing 

the cell walls, intracellular water is allowed to drain out during dewatering, resulting 

in improved dewaterability of the digested sludge and cost savings for sludge 

disposal.  

The key challenge in applying solids pre-conditioning is the generation of 

undesirable by-products, including ammonia and soluble inert organic matter. 

Elevated ammonia levels up to 100% more (from simulation results) result due to 

complete degradation of decay products, causing higher N-loading from the return 

side-stream (Phothilangka et. al., 2008). An energy efficient side-stream nitrogen 

removal process, such as Anammox, would be needed in order not to incur 

additional aeration cost for nitrogen removal in the main-stream. The second 

undesirable by-product, soluble inert COD, is associated with biological inhibition 

                                                             
4
 Source: http://www.opencel.com/news12302010-1.shtml, accessed on 20-Nov-2012 
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(Figdore, 2011) and causes acute inhibition of anaerobic digestion, requiring long 

acclimatization periods before the positive impacts of solids pre-conditioning on 

biogas generation can be seen (Eskicioglu et. al., 2010). 

 

Principles, advantages and challenges of the technology 

A brief summary of the principles of various solids pre-conditioning technologies, as 

well as their specific advantages and challenges, is given below: 

Thermal pre-treatment – under elevated temperatures of 150-200ºC and pressures 

of 600-2500 kPa, the chemical bonds of cell walls and membranes are disrupted. 

Although proven to be an effective method, the optimum conditions and magnitude 

of improvement vary considerably between sludges (Appels et. al., 2008). A further 

consideration is that the WAS feedstock must be preheated to the operating 

temperature (at an input of about 700 kJ/m3) at the expense of using some of the 

biogas produced, or by tapping off the heat captured from a CHP plant (Panter, 

2005). One commercial example is the Cambi process. A full-scale application has 

shown that Volatile Suspended Solids (VSS) destruction was increased to 60% 

compared to 40% without pre-treatment, biogas production from WAS in a mixture 

with primary sludge can be improved by 25%. At the same time dewatering-ability 

was improved, increasing the dry solids concentration from 22% to 30% (Piat, et al., 

2009). However, a side effect of thermal hydrolysis is the production of hardly 

degradable organic compounds and the solubilisation of inert compounds at high 

temperatures (Phothilangka et. al., 2008), which are believed to be associated with 

side-stream biological inhibition (Figdore, 2011). Hence, careful control of operating 

conditions, side-stream loading rates and acclimatisation periods are necessary to 

mitigate impacts on sensitive side-stream processes such as Anammox (Figdore, 

2011). 

Chemical pre-treatment – the addition of acids, bases or oxidants, either at ambient 

or elevated temperatures, can be used to solubilise sludge. The main drawback of 

chemical methods is the necessity to alter pH to extreme levels; the Fenton 

peroxidation (Fe2+ ions used in conjunction with H2O2), for example, operates at an 

optimum pH of 3. This gives rise to higher maintenance requirements because of 
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corrosion (Zhang, 2010) and necessitates WAS re-neutralisation before it can be fed 

to the anaerobic digester, reducing the cost-effectiveness of the process. Among the 

chemical based methods, oxidative treatment is considered the most promising, 

although further research is required to avoid the extreme reaction conditions in 

terms of pressures, temperatures and pH (Appels et. al., 2008). PUB is currently 

collaborating with the Canada’s Ontario’s Ministry of Economic Development and 

Innovation (formerly known as the “Ministry of Research and Innovation” prior to 

2011) to investigate possible synergistic effects of combining oxidants with 

ultrasonication. Ontario’s researchers will investigate ultrasonication combined with 

hydrogen peroxide treatment while PUB led research will investigate ultrasonication 

combined with ozone treatment. 

Mechanical pre-treatment – in this method, high shear stresses are induced 

through pressure and impact forces to physically disintegrate cellular material. 

Several strategies have been reported, including variations of colloid mills using 

grinding discs or beads, Lysat centrifugal technique where tools on the side of the 

rotor impart shear stresses, and high-pressure homogenizers, also known as the 

mechanical jet smash technique. The last method is currently the most widespread, 

and works by pressurising the sludge up to 60 MPa before being depressurised at 

high speed against an impaction ring to create turbulence, cavitation and shearing 

forces on the cell walls (Appels et. al., 2008). The advantage of mechanical systems 

over other methods is that additional heat or chemicals are not required. However, 

the improvement of anaerobic digester performance is relatively low compared to 

other pre-treatment methods, with milling methods achieving about 20% increase in 

VSS destruction (Appels et. al., 2008) and the high-pressure homogenisation 

method achieving an increase of 50% total Suspended Solids (TSS) (Nah et. al., 

2000) or VSS (Choi et. al., 1997) removal efficiency. High-pressure homogenisation 

systems are also relatively complicated (Zhang, 2010) and high stress components 

like the impaction ring and nozzle will require frequent replacement. 

Ultrasonic pre-treatment – the principle of ultrasonic sludge disintegration is the 

induced cavitation process. The ultrasonic waves impart a series of compression and 

expansion waves within the fluid, creating bubble cavities that immediately implode, 

giving rise to local extreme conditions with temperatures up to about 5000 K (Tiehm 
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et. al., 2001) and pressures up to 500 bar (Appels et. al., 2008). Compared with 

other sludge disintegration techniques, the ultrasonic method is the most powerful, 

being capable of achieving 100% sludge disintegration, at the cost of high energy 

input (Appels et. al., 2008; Zhang, 2010). Practically, an improvement of VS 

destruction by 40-55% and enhancement of biogas production by 50% can be 

achieved. Operation and maintenance costs are expected to be minimal, although 

the ultrasound probes require replacement every 1.5 – 2 years, which may reduce 

the cost-effectiveness of the method (Appels et. al., 2008). An ultrasonic sludge 

disintegration demonstration study was carried out in UPWRP in 2005, achieving an 

average of 35% increase in biogas production for the 9 months of operation with a 

net energy gain to power consumption ratio of 2.3. UPWRP is currently preparing for 

full scale implementation of the system. 

Electrical (pulsed) pre-treatment – this method was developed from the well 

established pulsed electric field (PEF) technology that is applied in molecular 

microbiology and food biology. The principle relies on using a rapidly pulsing high 

voltage electric field (20-30 kV) to attack the exposed polar molecules of a bacterial 

cell’s surface, such as phospholipids and the peptidoglycan, tearing the cell apart. A 

key advantage of pulsed electrical sludge disintegration is that, due to the 

susceptibility of bacterial cells to strong electric fields, the treatment time for WAS 

can be in the range of milliseconds (Rittmann et. al., 2008). One such system is the 

OpenCEL system, which is projected to be able to reduce sludge disposal by 40% - 

50% and increases biogas generation by 60% - 75%. There are currently two full-

scale installations, the first in Mesa, Arizona (operational since 2007) and the second 

in Racine, Wisconsin (2011)5. 

Enzymatic pre-treatment – the application of microbial enzymes for WAS 

degradation was first proposed in 2002 for the purpose of pathogen destruction. 

However, it was observed that, as a side effect, the biogas generation was enhanced 

during anaerobic digestion, leading subsequent researchers to propose the use of 

enzyme addition for WAS pre-treatment (Zhang, 2010). The enzymes catalyse 

reactions with the cell wall, causing cell lysis and speeding up hydrolysis of the WAS 

cellular material (Appels et. al., 2008). While there have been some positive lab 

                                                             
5
 Source: http://www.opencel.com/news12302010-1.shtml, accessed on 20-Nov-2012 
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scale results, this technology has not yet been developed for practical application. It 

also remains to be seen if this technology can be applied in a cost-effective manner. 

Microwave pre-treatment – microwaves are a type of electromagnetic wave that 

can be adsorbed by matter through the dielectric effect (causing heating) and 

through ionic conductivity. This property can be used to disintegrate WAS cellular 

material by deforming and depolarising the cell wall, causing lysis and necrocytosis. 

It can also directly affect the water inside the cells, causing heating and selective 

ionization of the water. As WAS contains more than 70% water in its mass, it is thus 

susceptible to the destructive effects of microwave radiation (Grübel and Machnicka, 

2011). Both sub-boiling point and pressurised autoclave vessels with operating 

temperatures up to 190ºC have been studied at the lab scale, with increases in the 

sCOD/tCOD (soluble COD / total COD) ratio in the range of 12-45% (Eskicioglu et. 

al., 2010; Grübel and Machnicka, 2011). 

 

Evaluation of technology 

Solids pre-conditioning is a suitable technology to enhance the biogas generating 

capacity of existing WRPs. However, prior investigations are needed in order to 

determine if the process can cause digester inhibition. A downside of solids pre-

conditioning is that it is most suited for treatment of cellular waste activated sludge, 

and not primary sludge. This may reduce its scope of contribution for future WRP 

configurations utilising EPT or UASB pre-treatment, which reduce the amount of 

secondary waste activated sludge. It is also unknown how much impact solids pre-

conditioning has on further improvement of EPT sludge, which is already highly 

biodegradable. 

A study on ultrasonic sludge disintegration was previously carried out by the 

Technology Department and WRP Department, and a full scale implementation is 

planned for Ulu Pandan WRP. 
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6.2 Thermophilic anaerobic digestion 

Background 

Most conventional high rate anaerobic digesters are designed to operate at ambient 

temperatures in the mesophilic range (30-38°C), with volatile solids destruction in the 

range of 56-65.5%. In recent years, more attention is being paid to the development 

of thermophilic digesters (50-57°C) as a means to improve the digestion process 

(Appels et. al., 2008). This has resulted in various designs and control strategies, of 

which the single stage thermophilic anaerobic digestion and the coupled 

thermophilic-mesophilic digestion (known as Temperature Phased Anaerobic 

Digestion, or TPAD) designs are of particular relevance to the energy efficient WRP 

concept. 

 

Principles of Technology 

Thermophilic digestion is performed by heating the anaerobic digester to 50-57°C to 

cultivate a thermophilic bacteria consortium. At higher temperatures, the solubility of 

organic compounds increase, improving hydrolysis which is the rate-limiting step in 

anaerobic digestion (WEF White Paper, 2004). Also, biochemical reaction rates are 

faster at higher temperatures. These factors make volatile solids reduction faster and 

more complete than at the mesophilic temperature range (Appels et. al., 2008).  

Thermophilic digestion can further be classified into single-stage and multi-stage 

designs. Although the single stage design is the simplest type of thermophilic 

digestion, intense malodour of the digested sludge and dewatering centrate, due to 

elevated volatile fatty acids (VFA) and ammonium content, has been frequently cited 

as a disadvantage of the process (WEF White Paper, 2004). This has led to the 

design of the multi-stage TPAD (the most common configuration being a 

thermophilic digester followed by a mesophilic digester) which reduces the odour of 

the digested biosolids to that of a normal mesophilic digestion product (Schafer et. 

al., 2002). 
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Advantages and Challenges of Technology 

The key advantage of operating an anaerobic digester at thermophilic ranges is the 

increased volatile solids reduction, leading to greater biogas generation rates, 

greater capacity for a given volume (and thus lower footprint designs), and improved 

dewaterability of the digested sludge (Appels et. al., 2008). This leads to potential 

improvements in energy efficiency, as well as savings in sludge disposal costs. 

Another important advantage is the high rate of pathogen destruction, allowing the 

digested sludge cake to qualify as a Class A biosolids according to EPA’s 

regulations and possible reuse as a soil conditioner (Schafer et. al., 2002). 

The challenges of thermophilic digestion are: 

(i) Structural stresses – Greater thermal stress on concrete digesters due to 

higher temperatures (WEF White Paper, 2004). 

(ii) Operational challenges at elevated temperatures – An increased moisture 

content in the biogas results in a substantial increase in condensate. Also, 

mechanical problems such as plugging of heat exchangers may occur due to 

caking (WEF White Paper, 2004). 

(iii) Lower quality dewatering centrate stream – Increased levels of dissolved 

VFAs (Appels et. al., 2008) and free ammonia due to the increased rate of VS 

reduction (WEF White Paper, 2004) will increase COD and ammonia loading 

in the recycle stream. Also, the increase in free ammonia levels can inhibit the 

digestion process (Appels et. al., 2008). 

(iv) Increased sensitivity to temperature fluctuations – sharp or frequent 

fluctuations in operating temperatures can negatively impact the 

methanogenic bacteria, with the possibility of process failure occurring when 

temperature changes in excess of 1°C/day are encountered. This is because 

thermophilic bacteria are more sensitive to temperature fluctuations than 

mesophilic bacteria (Appels et. al., 2008). Thus, careful temperature control is 

critical for the effective operation of a thermophilic digester. 
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(v) Intense malodour – This is due to the presence of VFAs and ammonia in the 

digestate. However, the malodour appears to be temperature sensitive and 

will reduce to normal (mesophilic digestate) levels once cooled to mesophilic 

temperatures, either via holding tanks or the TPAD configuration (Schafer et. 

al., 2002). 

(vi) Heating energy requirements – From an energy efficiency standpoint, a 

challenge in implementation of thermophilic digestion is the high energy input 

requirements (Appels et. al., 2008), which is not necessarily offset by the 

increase in biogas generation. The energy balance can be improved by 

effective utilisation of waste heat, such as for sludge drying or space heating 

requirements (Schafer et. al., 2002). Alternatively, a co-located Combined 

Heat and Power (CHP) system may be able to supply part of the heat 

requirements for the thermophilic digester. 

 

Evaluation of technology 

Thermophilic digestion is a generally well studied technology, though the operational 

challenges involved have limited more widespread applications. In terms of energy 

efficiency, it is not certain if the energy from the additional biogas generated can 

offset the digester heating requirements. However, cost savings can be gained from 

the reduction in sludge volume, which is an attractive advantage. Also, as the 

digester footprint can be reduced, thermophilic digestion may be a viable option for 

Greenfield plants with limited space available. 

Due to the heating requirements, thermophilic digestion synergises well with CHP 

systems, where the recovered heat can be used to partially (or possibly completely) 

offset the heating requirements of the digester. 

 There are currently no ongoing thermophilic digester studies in the WRPs. 
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6.3 Combined Heat and Power (CHP) System 

Background 

In a conventional heat engine, fuel is combusted for electricity only, with over half the 

thermal energy lost to the atmosphere as waste heat. In contrast, the combined heat 

and power (CHP) system, also known as cogeneration, is the simultaneous 

production and utilisation of both electricity and heat, potentially reaching a thermal 

energy recovery of up to 80% (Shipley et. al., 2008). CHP is a reliable, cost-effective 

option for municipal used water treatment plants that have, or are planning to install 

anaerobic digesters (AD), as the two technologies synergise well. Anaerobic digester 

biogas is used as fuel to generate electricity and energy in the CHP system, and the 

thermal energy captured by the CHP system is used to meet digester heat loads and 

for space heating (Cao, 2011b). In general, the electricity generated from biogas of a 

conventional AD and CHP system can meet 1/3 of the electrical needs of a 

conventional municipal sewage treatment plant (Wong et al., 2005). 

 

Principles of the technology 

There are several grades of heat that can be produced depending on the type of 

CHP engine, and some CHP schemes can deliver multiple grades of heat at once. In 

general, the following grades of heat can be defined: Low Temperature Hot Water 

(LTHW) at 80-95°C, hot oil at about 160°C, hot air at 200-550°C, and steam 

(Hodges, 2011).  

The two primary types of conventional electricity generation equipment are 

microturbines and reciprocating gas engines. These conventional engines have a 

biogas-to-electricity conversion efficiency in the range of 20-40%. When combined 

with advanced AD, achieving a power generation of approximately 1 kWh per 1 kg of 

AD feed sludge dry solids is a realistic target (UKWIR, 2009). When operated as a 

CHP, reciprocating engines can further deliver LTHW from the cooling water jacket, 

with the possibility of steam from engines with large electrical generating capacities 

greater than 300 kWe. CHP microturbines can typically deliver hot oil, hot air or 

steam (Hodges, 2011). 
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A more recent engine development is the fuel-cell technology, which can operate on 

hydrogen-rich fuel mixtures known as syngas. Syngas can be generated from 

advanced thermal treatment facilities such as gasification and pyrolysis (Ni et. al., 

2006). There are several types of commercially available fuel cells: low temperature 

(includes phosphoric acid, proton exchange membrane and alkaline types) and high 

temperature (molten carbonate and solid oxide types). 

 

Advantages and challenges of the technology 

In general, upgrading a conventional engine to a CHP system can confer the 

following advantages: 

• Proven technology – CHP has been employed in various forms for over a 

century and it is a proven and effective technology for increasing energy 

efficiency (Shipley et. al., 2008). A survey of CHP applications in the UK 

shows that it is well established with up to 41,985 GWh of delivered heat 

across multiple sectors, including refineries, metal works, food and drink, 

commerce and transport sectors (Hodges, 2011). As an established 

technology, CHP systems are commercially available on the market (Shipley 

et. al., 2008). 

• Economic viability – CHP produces power at a cost below retail electricity as 

it can be fed “free” fuel in the form of biogas from the anaerobic digesters, as 

well as displacing the amount of purchased fuel and electricity for heating 

requirements (Cao, 2011b). Due to the proximity of the CHP to the point of 

use, it also eliminates electrical grid transmission losses (Shipley wt. al., 

2008). 

• Environmental sustainability – CHP increases the overall energy efficiency 

of the plant, therefore lowering external electrical demand. In places where 

this external electrical supply is generated using fossil fuels, the application of 

CHP thus contributes to a net reduction in greenhouse gas emissions (Cao, 

2011b; Shipley et. al., 2008). 
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• Energy security – A CHP combined with an anaerobic digester provides a 

local energy solution for WRPs. This relieves power grid congestion and 

enhances the power reliability of the plant in the event of disruptions to the 

grid (Cao, 2011b; Shipley et. al., 2008). 

However, the following limitations may potentially reduce the effectiveness of CHP 

installations in certain situations: 

• Heat demand requirements – The increase in energy efficiency from CHP 

systems is highly dependent on the ability to effectively utilise the recovered 

heat. While in temperate climates the recovered heat can be used for 

anaerobic digester heat loads and office space heating, in tropical climates 

there is typically no demand for such applications. A possible solution for 

tropical climates is to utilise the recovered heat to further increase anaerobic 

digester operating temperatures, or to offset drying energy requirements, 

depending on the grade and type of heat available from the CHP system.  

• Plant size considerations – While the payback period of an AD-CHP system 

can be as short as six years for large plants, the economic viability reduces as 

plant size decreases. The minimum plant size for an economically feasible 

biogas-to-energy facility is suggested to be not less than 17,000 m3/day 

(Haefke, 2009). 

• Scrubbing and purification of Biogas and CHP flue gases – Before 

anaerobic digester biogas can be used, it must first be cleaned of impurities 

such as siloxanes, CO2 and H2S, which reduces the heating value of the 

biogas and damage downstream equipment (Cao, 2011b). After combustion 

in the CHP, the flue gases will also need to be scrubbed for fly ash and toxic 

substances. These additional costs must be considered before installation of 

an AD-CHP system. 

• Reliability of biogas supply – The efficiency of an AD-CHP system is also 

dependent on a reliable biogas supply. Upsets in AD operation could reduce 

biogas quality or production, in turn reducing the energy output of the CHP. In 
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order to mitigate the impact of such events, the plant will require a reserve 

electrical supply from the power grid, which adds on to costs. 

Specific advantages and challenges of various CHP technologies (EPA, 2008) are 

shown in Table 6.1. 

Table 6.1: Overview of CHP Technologies (EPA, 2008) 

CHP system Advantages  Disadvantages  Available sizes  

Microturbine  Small number of 

moving parts.  

Compact size and light 

weight.  

Low emissions.  

No cooling required.  

High costs.  

Relatively low 

mechanical efficiency.  

Limited to lower 

temperature 

cogeneration 

applications.  

30 kW to 250 kW  

Spark ignition (SI) 

reciprocating 

engine  

High power efficiency 

with part-load 

operational flexibility.  

Fast start-up.  

Relatively low 

investment cost.  

Can be used in island 

mode and have good 

load following 

capability.  

Can be overhauled on 

site with normal 

operators.  

Operate on low-

pressure gas.  

High maintenance 

costs.  

Limited to lower 

temperature 

cogeneration 

applications.  

Relatively high air 

emissions.  

Must be cooled even if 

recovered heat is not 

used.  

High levels of low 

frequency noise.  

< 5 MW in DG 

applications  

Compression 

ignition (CI) 

reciprocating 

engine (dual fuel 

pilot ignition)  

High speed 

(1,200 RPM) 

≤4MW  

Low speed (102-

514 RPM) 4-75 

MW  
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Fuel Cells  Low emissions and low 

noise.  

High efficiency over 

load range.  

Modular design.  

High costs.  

Low durability and 

power density.  

Fuels requiring 

processing unless pure 

hydrogen is used.  

5 kW to 2 MW  

 

 

Evaluation of technology 

CHP is one of the fundamental technologies recommended by global experts to 

increase the energy efficiency of the WRP. However, this is dependent on the ability 

to effectively use the recovered heat. In the Singapore context, due to the tropical 

climate there are no heating requirements for space heating or for digester heating. 

In light of this, CHP may be of limited use in Singapore unless it is paired up with 

alternate heat receivers, such as a thermophilic digester or sludge dryer. Currently, 

in the WRPs heat is not being recovered from the dual-fuel engines. 
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6.4 Advanced Thermal Treatment (ATT) – Pyrolysis and 

Gasification 

Background 

Incineration is currently the most widely practiced method of treating sludge waste. 

However, it requires the treatment of large amounts of flue gas, and the disposal of 

ash remains a concern (Tsang and Sapienza, 2011). Furthermore, the energy 

efficiency is relatively low (10-30%) and the process results in the formation of 

undesirable by-products such as heavy metals in the flue gas, dioxins, furans and 

sulphur dioxide (Ni et al., 2006). 

Advanced Thermal Treatment (ATT) technologies are alternative technologies to 

municipal solid waste (MSW) and waste sludge incineration. ATTs employ high heat 

and pressure to decompose waste into potentially recoverable liquids, gases and 

solids, typically for reuse as fuels. Most ATT are already well established 

technologies for chemical production. However, these technologies are now being 

considered for novel application on waste biosolids in a “waste-to-energy” role (Hill 

et. al., 2010). Amongst these technologies, gasification and pyrolysis form the largest 

groups and are the key ATT being considered for application on waste biosolids. 

The distinction between different groups of ATT can be made by the different end-

products obtained at various temperature ranges and operating conditions. For 

example, the main products of Pyrolysis (300-900°C, no oxygen) are bio-oil and bio-

char, while the main product of Gasification (550-1450°C, limited oxygen supply) is 

syngas. 

 

Principles of the Technology – Gasification 

Gasification involves the reaction of carbon in the used water solids with air, oxygen, 

steam, carbon dioxide, or a mixture of these gases at elevated temperatures (550-

1000°C, with some applications reaching 1450°C). In contrast to combustion 

processes (incineration) that work with excess air, gasification processes operate 

under oxygen-starved conditions, with only enough oxygen added to generate heat 
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to drive the chemical reactions. Under these conditions the process produces heat, 

which can be used to generate power, and the waste matter undergoes partial 

oxidation to form syngas and charcoal, which is then finally reduced to form even 

more syngas. This syngas is composed of H2, CH4, CO, CO2, light and heavy 

hydrocarbons (Ni et. al., 2006). Typically, the majority of the energy is in the form of 

CO, which can be converted into CH4 through the addition of hydrogen (H2) in a 

hydro-gasification process or through specialised catalytic gasification (Johnson et 

al., 2009). Alternatively, the syngas can be further steam reformed and followed by a 

water-gas shift reaction to maximise H2 production (up to 60% by volume) (Ni et al., 

2006). 

The syngas generated through the gasification process may require cleaning prior to 

its use for power generation or for production of hydrogen, liquid fuel, or chemicals. 

According to the heat values of the end products and their uses, four types of syngas 

can be produced, depending on the gasification agent (air, oxygen, or steam), the 

gasifier operating temperature and pressure, and feed characteristics (type, dry 

solids, and volatile solids). While it was reported that gasification would have a net 

energy production of 1.7 GJ/tonne dry solids (Johnson et al., 2009), current 

operational experience with biosolids gasification in used water treatment plants is 

still limited (Hake et al., 2006). 

 

Principles of the Technology – Pyrolysis 

Pyrolysis is a thermal conversion process where a solid fuel is heated in the absence 

of an oxidising agent (in an inert atmosphere) at temperatures varying in the range 

between 300 and 900 °C. Pyrolysis yields mainly CO gas and combustible H2 gas, a 

bio-oil liquid, and a solid residue (char). Two classes of pyrolysis exist: (i) the slow 

heating rate pyrolysis, aimed at producing charcoal (also referred to as 

carbonisation), and (ii) the flash/fast pyrolysis where the sample is heated at high 

heating rates (typically at several hundred degrees per minute) or is suddenly 

exposed to a high temperature in order to produce bio-oil (Johnson et al., 2009). A 

single commercial application of the pyrolysis process currently in use is the 

SlurryCarbTM installation in California. The technology converts biosolids into a fuel 
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called E-fuel and CO2 gas. The plant is designed to process 803 wet tonnes/day. 

Projected energy balances indicate a net energy production of 8.3 GJ/tonne dry 

solids (Kearney, 2008). 

It was reported that High Temperature Pyrolysis (HTP) (operated at temperature> 

12000C) has a higher energy efficiency i.e., energy requirements are 400kWh/t of 

sludge but the process will produce 1200kWh/t of sludge (standard gas engine). The 

off heat energy from pyrolysis is used for sludge drying and therefore not included in 

the energy balance (NEPTUNE, 2010). 

 

Advantages and challenges of the technology 

There are four key advantages of advanced thermal treatment. Firstly, certain types 

of ATT have the potential to be autothermic, that is, the temperature at which the 

reaction proceeds is maintained by the heat of the reaction itself. This allows the 

process to be self-sustaining as long as it is continuously fed fuel in the form of 

biosolids, and creates a net output of energy. Secondly, ATT converts waste 

biosolids into fuels such as syngas and bio-oils, further increasing its net energy 

output. Thirdly, in addition to biofuel, waste biosolids can be converted into products 

of value such as biochar and metals, reducing the final ash and solids landfilling 

cost. Finally, as compared to conventional incineration, because ATT uses much 

less air to drive the reaction, it produces less fly ash and toxic gases that have to be 

scrubbed from the flue gases. Thus overall, ATT is regarded as an environmentally 

sustainable “green technology”. 

There are two main challenges hindering the successful implementation of ATT for 

treatment of waste biosolids. Firstly, although pyrolysis and gasification are proposed 

as potentially energy positive technologies, currently the typical thermal efficiencies 

are only about 70-90% (Wallace, 2008). A key issue is that in order for these 

technologies to be energy efficient, the feedstock must contain a high level of dry 

solids (>50%) (Brown et. al., 2011), which is significantly higher than that found in 

dewatered sludge from WRPs. Thus, the excess heat generated must be used to 

offset heating requirements of the dryer, reducing the overall energy efficiency of the 

system. 
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The second main challenge is that ATT systems are operational issues. For 

example, pyrolytic bio-oils are corrosive in nature and age over time, thus requiring 

expensive corrosion resistant piping and tanks, as well as quick turnover times to 

prevent bio-oil properties from degrading (Wallace, 2008). In gasification systems, 

the presence of tarry vapours in syngas lead to tar condensation on valves and pipe 

surfaces, causing operational problems. Solutions are complex or require very heat 

to thermally crack the tar (Prins, 2005). Full scale ATT installations continue to face 

operational disruptions (Tsang and Sapienza, 2011). 

 

Evaluation of technology 

ATT processes are regarded by some global experts as possibly being the next 

great technological innovation to achieve energy-positive WRPs. A possible 

configuration is to replace the anaerobic digester with an ATT system, thus 

producing syngas and bio-fuels instead of biogas, and with the advantage of very 

little waste product for landfilling. However, in order to achieve net energy generation 

from this setup, the waste sludge being fed to the ATT system must contain >50% 

dry solids, which is challenging for undigested sludge. Using wet sludge, the 

recovered heat from the ATT can only be used to partially offset sludge dryer heat 

requirements, thus resulting in a net energy input. A greater challenge for ATT 

implementation is the poor full-scale track record due to maintenance problems. A 

related challenge is that ATT systems are typically run as a batch process due to the 

problem of repeatedly shutting down and restarting a continuously-fed process for 

frequent maintenance. 

PUB has been in dialogue with companies offering ATT systems. However, ATT 

systems are not likely to be ready for adoption within the short term due to 

infrastructure and process constraints. Although ATT systems are unable to have net 

energy production/recovery, there is a potential for these systems to be an energy 

neutral sludge minimisation method in which savings in sludge disposal can be 

made. 

 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

106 

 

 

Chapter 7 

 

Further considerations 

 

 

7.1 Industrial Used Water Treatment 

Background 

Jurong Water Reclamation Plant (WRP) is the only WRP among the current four 

WRPs in Singapore which receives a significant proportion of industrial used water. 

For the first 6 months of 2012, it treated an average of 185,000 m3 of used water 

daily; about 40% of total used water hydraulic flow originate from various industrial 

sources including petro-chemical, chemical, pharmaceutical, manufacturing, 

electricity generation and food industries, etc., and hence heavily polluted. Based on 

the Used Water Master Plan, Jurong WRP will be decommissioned by 2022, and the 

industrial used water stream from the Tuas and Benoi sectors will be treated in the 

future WRP in Tuas. The industrial stream will be segregated from the domestic 

stream, and will have its own dedicated liquid and solids treatment systems. 

In contrast to domestic used water, which is typically characterised as dilute, 

relatively easy to biodegrade and consistent in composition, the following factors 

must be considered in the design of treatment systems for the industrial used water 

stream at JWRP:   
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i. High COD mass loading: A rough estimation indicated that the COD of the 

industrial streams could vary from 600 to 6,800 mg / l, making it challenging to 

optimise the aeration requirements in a conventional activated sludge process 

and resulting in the necessity to provide strong aeration; 

ii. Refractory and toxic chemicals: Considering the types of industries which 

discharge used water to the treatment plant, it is likely that some chemicals in 

the industrial used water could be refractory and toxic. Early upstream detection 

of these pollutants and possible mitigating measures should be considered in 

the process design;  

iii. Nutrients: The concentrations of ammonia and phosphorus of the industrial 

used water were in the high range of municipal sewage, and their removal 

should be considered in the process design, with special consideration for the 

possible inhibition of nitrification;  

iv. High conductivity: The high conductivity of the industry used water may imply 

high TDS in the final effluent, which may affect its suitability for reuse, 

particularly for cooling water.   

v. High fluctuation in influent quality: The industrial used water influent quality 

received by Jurong WRP varies greatly most of the time.   

vi. Foaming: Sludge overflow affected the normal operation of previous PUB MBR 

site studies, and should be controlled and prevented.  

In the continuing efforts to close the entire water loop by PUB, reuse of used water 

from Jurong WRP has been investigated since 2002 (Tan, 2004). Several pilot-scale 

investigations for the treatment and reuse of the mixed sewage (Qin et al., 2004; Qin 

et al., 2006, Cao et al., 2010) and of the industrial used water (Cao et al., 2009) have 

been carried out. One such study is the 24 m3/day UASB-MBR-RO pilot plant for the 

treatment of industrial used water from the Tuas stream (the most polluted stream 

entering JWRP, with the influent COD sometimes exceeding 5,000 mg/l ) (Cao, 

2011). The duration of the site investigation was between May 2008 and August 

2009. 
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Having considered the aforementioned characteristics of the industrial used water 

stream, an integrated process comprising of a UASB reactor, nutrient removal 

activated sludge-membrane bioreactor (AS-MBR) and RO process was selected for 

the pilot-scale investigation (Fig. 6.1). This is one of the few pilot-scale plants 

reported to use an integrated UASB, nutrient removal AS-MBR and RO process for 

exploring the feasibility of the reuse of industrial used water. One other such system 

was previously tested in Australia, as reported in Daigger et al., 2007. 

The objectives of the pilot-study were: (i) observation of the performance of the 

integrated process; (ii) investigation of the feasibility of employing enhanced 

biological phosphorus removal (EBPR) under different configurations; (iii) biological 

nitrogen removal, especially on the potential inhibitive effects on nitrification; and (iv) 

effluent quality and its feasibility for industrial reuse.  

 

 

Figure 7.1 Schematic diagram of the integrated UASB-MBR-RO pilot-scale process 

(MLE configuration). 
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Figure 7.2 Photo of pilot-scale facilities on-site. 

 

Principles of the technology 

The key drivers for the investigation of UASB for industrial used water treatment 

include: (i) Reduction of the oxygen demand of the subsequent aerobic process, 

which can result in significant aeration savings in the case of high strength industrial 

influent; (ii) Increase in biodegradation of the refractory chemicals from industrial 

sources; and (iii) Reduction of toxic effects of some chemicals on the downstream 
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resulting in significantly reduced disposal costs (Lew et. al., 2004); and (vii) 
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As the UASB is unable to remove nutrients, the subsequent stage in the treatment 

process was the AS-MBR. In addition to the conventional Modified Ludzack-Ettinger 

(MLE) activated sludge process, which is designed for nitrogen removal, the AS-

MBR system was further modified to investigate the performance of Johannesburg 

(JHB) and modified University of Cape Town (MUCT) configurations for enhanced 

biological phosphorus removal. In the last stage of the treatment process, the 

feasibility of upgrading MBR permeate with an RO system was investigated. 

 

Results of study 

The results of the pilot-study showed that the UASB was able to remove up to 70% 

influent COD. However, due to recurrent illegal toxic discharges there were 

incidences where the UASB was completely inhibited. For the MBR process, the 

COD removal efficiency was fairly consistent at about 86%. However, the high 

average soluble COD (sCOD) of 266 mg/l in the MBR permeate indicated the 

presence of refractory chemicals that might reduce the lifespan of downstream RO 

membranes. In general, the overall UASB-AS-MBR process had an average COD 

removal efficiency of 90.1%.  

Very good nitrification performance in the range of 87.2 to 98.3% was observed 

under an SRT of 5 days. However, the process was also susceptible to the impacts 

of inhibitors from illegal discharges, with occasional spikes in nitrite or ammonium 

concentration. The inhibition appeared to be reversible, as evident by the rapid 

recovery of the system, indicating that the MBR process was sufficiently robust for 

industrial used water treatment. On the other hand, the performance of EBPR was 

erratic and unsatisfactory, ranging from 47.6% to 60.9%. This was concluded to be 

mainly due to the warm temperature and high COD to Phosphorus conditions. 

The conductivity and TDS removals of the UASB-MBR process were poor as the 

dissolved components could still pass through the MBR hollow fibre membranes. 

However, the TDS and conductivity removal efficiency of the RO unit was > 90% and 

the quality of the RO permeate was of near-potable quality, which definitely met the 

requirements for industrial reuse.    
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Evaluation of technology 

The MBR permeate is of sufficiently high quality for floor washing and general 

cleaning purposes, but the high conductivity and TDS are the major constraints for 

reuse as cooling water. In order to upgrade the product water to industrial water (IW) 

grade, two possible measures may be taken: (i) direct blending with the MBR 

permeate of the domestic stream, or (ii) partial treatment of a portion of industrial 

stream MBR permeate with RO prior to blending with the MBR permeate of the 

domestic stream. The choice of final product water and the corresponding MBR 

permeate treatment approaches are strongly dependent on the type of end users 

and various economic factors. Due to the presence of high levels of recalcitrant COD 

in the MBR permeate, it was decided that the RO unit would be dropped from the 

final design as the rapid membrane fouling would inflate costs significantly.  

Pilot results have shown that the UASB unit was not able to perform as well as 

expected. Possible causes include: (1) occasional inhibition due to illegal toxic 

discharges, (2) strongly fluctuating industrial used water strength, (3) changes in 

used water characteristics over time, and (4) presence of sulphates, which promote 

the growth of undesirable Sulphate-Reducing Bacteria (SRB) that directly compete 

with methane producing bacteria. Thus, further UASB studies and influent control 

measures are needed before the suitability of the UASB-MBR configuration for 

industrial used water reclamation can be determined. 
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7.2 Phosphorus Recovery 

Background 

Besides energy recovery, the recovery of resources such as water, nutrients and 

solids is also of increasing importance for the modern used water treatment plant. 

One nutrient in particular, phosphorus, has caught the attention of the professional 

used water community in recent years. The global peak in phosphate rock reserves 

– estimated to occur in the next 30 years (Cordell et al., 2009) – is expected to 

detrimentally affect global agricultural yields. As one cubic meter of raw domestic 

used water is estimated to contain sufficient nutrients for at least one square meter 

of agricultural production area per year (Keller, 2008), used water has emerged as 

an attractive source for sustainable phosphorus recovery. 

 

Principles of the technology 

Most of the available technologies for phosphorus recovery involve the precipitation 

of phosphate using magnesium or calcium. Phosphorus recovery through the 

formation of struvite (magnesium ammonium phosphate) from dewatered 

anaerobically digested sludge centrate is currently the most popular due to the high 

concentrations of ammonium and phosphate present in the centrate. Phosphorus 

recovery by struvite also has the added benefit of reducing the side-stream 

ammonium load on the main-stream treatment process, resulting in aeration savings. 

A typical process is able to produce struvite prills (crystalline pellets) of high purity 

and different sizes. One example, the Ostara process, is able to reduce phosphorus 

in the centrate by an average of 82% along with a 14% reduction in ammonia (Baur, 

2011). There are at least 6 commercial technology suppliers including Ostara, 

Paques and Royal Haskoning DHV that are able to implement struvite recovery.  

While there are other methods of phosphorus recovery from waste streams, such as 

incinerated sludge ash, these methods are out of scope of current WRP operations 

and have not been covered in this report. 
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Evaluation of the technology 

Changi WRP currently experiences operational challenges in the centrate pipeline 

due to struvite scaling choking the pipes. Currently, the pipes are being maintained 

through a combination of antiscaling agent (which softens the struvite deposits) and 

routine dismantling for manual cleaning. Although this pipe maintenance regime has 

been effective, it is labour intensive and the whole cleaning operation must occur 

within a very tight window of opportunity when there is no flow through the pipe; 

failure to reassemble the pipe on time would lead to operational delays in the rest of 

the solids handling systems.  

In conclusion, while phosphorus recovery is beneficial for environmental reasons, it 

is economically unfeasible if the main objective of implementation is the mitigation of 

struvite build-up in the centrate pipelines. The harvesting and sale of struvite is also 

economically unfeasible as a business model due to the limited size of the local 

market. Thus, phosphorus recovery can only be considered if funded by green 

initiatives to offset the costs involved.  
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7.3 Dissolved Methane stripping and recovery 

Background 

Although anaerobic pre-treatment systems such as UASB are well established, a 

major drawback that has largely been overlooked is the role of dissolved methane in 

the anaerobically pre-treated effluent (Bandara et. al., 2011). It is estimated that 

dissolved methane accounts for 30-50% of the methane produced in an upflow 

anaerobic sludge blanket (UASB) reactor (Cao, 2011). The loss of dissolved 

methane is believed to result in significant wasted energy recovery potential, while 

simultaneously contributing to a plant’s greenhouse gas emissions (Matsuura et. al., 

2010). This is exacerbated by the high hydraulic loading in the main-stream as 

compared to the much smaller digester centrate side-stream of the conventional 

primary clarifier – anaerobic digester process. Assuming methane saturation in the 

used water is reached in both cases, much more dissolved methane will be lost in an 

anaerobic pre-treatment process due to the much larger volume of used water 

passing through it. 

Among the technologies assessed, the current most applicable are the downflow 

micro-aeration systems (cascade micro-aeration and Downflow Hanging Sponge 

(DHS) reactor) due to their relative simplicity, low cost and compatibility with upflow 

anaerobic systems (e.g. UASB). However, while these systems have the potential to 

significantly improve methane recovery, the methane concentration in the biogas is 

low. Unless mixed with high concentration methane gas or further purified (possibly 

with methane selective membranes), the collected biogas may be of too low a 

methane purity to be useable as an energy source. 

 

Principles of the technology 

Cascade micro-aeration: This method of micro-aeration utilises a conventional gas 

stripping tower design to strip methane. The anaerobically pre-treated effluent is 

allowed to cascade down a series of cross-flow channels in a packed tower, 

increasing the gas-liquid surface contact area. An upflow counter-current air stream 

is used to strip off the methane, which is collected at the top of the tower. The 
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advantage is that this system couples well with an upflow anaerobic pre-treatment 

system (such as a UASB) as the pre-treatment effluent can directly enter the 

stripping tower at the top, reducing pumping requirements. A disadvantage of this 

system is the build up of solids over time in the tower packing, especially in the event 

of sludge washout from the anaerobic pre-treatment system.  

Downflow Hanging Sponge (DHS) reactor: The DHS reactor is very similar in 

design and function to the cascading micro-aeration system, being also a downflow 

packed tower. The key difference is that the DHS additionally utilises aerobic biofilms 

to oxidise residual dissolved methane after the stripping process and also to perform 

nitrification, thus functioning as a trickling filter. While the polyurethane sponge 

media was originally hung in the reactor, subsequent DHS were designed with the 

sponge cubes bound in laschig rings and randomly packed to a sponge-to-reactor 

volume ratio of greater than 30% (GEC, 2005). No clogging of sponge pores was 

observed after one year of continuous operation (Mahmoud et. al., 2010). The 

reactor has a relatively fast start-up time, with methane removal efficiency of up to 

95% achievable within 3 weeks of start-up (Hatamoto et. al., 2010). 

In a UASB-DHS configuration, a combined COD and BOD5 (Biochemical Oxygen 

Demand, 5 days) reduction of over 90% and effluent SS of less than 20 mg/l can be 

achieved (Tawfik et. al., 2006; GEC, 2005). Compared with conventional activated 

sludge treatment, electric power consumption can be reduced to less than 20% and 

sludge production to less than 40% (GEC, 2005). Although the DHS is able to 

perform both nitrification and methane oxidation, methane oxidation was found to 

occur preferentially over ammonia oxidation. In one study, dissolved methane 

removal efficiencies of up to 95% could be achieved with a nitrification efficiency of 

only 10% (Hatamoto et. al., 2010). While substantial nitrification (up to 86% in a 

UASB-DHS reactor study by Tawfik et. al., 2006) can be achieved by substantially 

increasing air supply, this will have the detrimental effect of diluting the biogas 

(Bandara et. al., 2011).  

A solution to this problem is to adopt a 2-stage DHS configuration, with the first stage 

designed for methane stripping and recovery, and the second polishing stage 

designed for biological oxidation. In this way, an average of ≈77% of the influent 

methane could be recovered as useful gas (containing over 30% methane) by 
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adjusting the air supply rate in the first stage. After polishing in the second stage, the 

effluent dissolved methane can be reduced by more than 99% to 0.01 mg COD/l 

(Matsuura et. al., 2010). 

 

Evaluation of technology 

Anaerobic pre-treatment focuses on the early capture of energy-rich components 

from raw sewage and converting it into methane. A major drawback of this method is 

the significant loss of dissolved methane due to super-saturation and the relatively 

high flow rate of the main-stream. As a result, in order for anaerobic pre-treatment to 

be fully effective in terms of energy efficiency, it must be complemented with a 

dissolved methane stripping and recovery post-treatment system. Among these, 

cascade micro-aeration and DHS reactors appear to have the most potential.  

As PUB’s WRPs currently do not employ anaerobic pre-treatment, there are no 

existing applications of methane stripping and recovery technologies. However, in 

light of the ongoing studies to evaluate the feasibility of implementing UASB 

technology for industrial used water treatment, methane stripping and recovery may 

be a suitable topic for future research. 

During SIWW 2010 Prof. Gatze Lettinga was consulted on the management of 

dissolved methane. He proposed the use of a cascade type micro-aeration setup. 
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Chapter 8 

 

Final remarks 

 

 

8.1 Report summary 

This report was written with aim of providing an updated review of potential used 

water treatment technologies for adoption in the WRPs, with the focus on developing 

strategies to achieve increasing levels of energy efficiency.  

In Part I, the current landscape of used water treatment, both locally and globally, 

was described in order to frame the context and scope of this report. An analysis of 

multiple process configurations was done, concluding with a technology roadmap for 

increasing the process energy efficiencies of current and future WRPs. 

In Part II of the report, a brief description of the shortlisted technologies used in the 

process configuration analysis was given. In addition, potential treatment solutions 

for the industrial stream of JWRP and the future WRP in Tuas were discussed. 

Finally, some process technologies that are potentially important, but outside the 

scope of this report, were raised for further consideration. 

In summary, improvements to brownfield WRPs can potentially increase the process 

energy efficiency from 25% to 40% within the next 5 years, while for greenfield 

WRPs such as the upcoming WRP in Tuas, a process energy efficiency of 80% is 

potentially achievable. Due to the increased reclamation of used water for production 

of NEWater being a priority target, the MBR has been recommended as a core 
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process unit in all proposed WRP configurations even though it is relatively more 

energy intensive. As a result, 100% process energy self-sufficiency is currently not a 

feasible target. However, should some current emerging technologies such as main-

stream Anammox be successfully developed, there is the possibility of upgrading 

WRPs with these technologies for future improvements in energy efficiency. 

This report is intended to be a “live” document, and will continue to be updated from 

time to time as new developments in used water treatment technologies arise. 

 

8.2 Further R&D considerations 

8.2.1 Technologies and issues beyond the scope of the report 

Due to the complex interactions and large number of used water technologies, as 

well as space constraints of this report, the focus of this report had been strictly 

restricted to those technologies applicable within the physical boundaries of the 

WRP, and the primary method of analysis based on process energy efficiency. 

However, this is only one component of WRP design; several other factors that still 

need to be considered include: 

1) Non-process requirements – These include lighting, pumping, ventilation 

and odour treatment systems which are not directly involved in the used water 

treatment process, but are nevertheless vital in the effective operation of a 

WRP. Energy savings in some areas such as lighting can be achieved by 

adopting best practices, while in other areas like odour control further R&D 

can be conducted to improve cost and energy efficiency. 

2) Preventive Vs. Predictive maintenance – Currently, maintenance in the 

WRPs is conducted according to maintenance schedules in order to prevent 

breakdown of equipment. Predictive maintenance, on the other hand, utilizes 

sensors and trending to monitor the status of equipment, for example, 

monitoring pressure build-up in the diffuser line to detect the occurrence of 

diffuser membrane fouling. By adopting predictive maintenance, the WRP is 
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able to reduce equipment down time and improve the overall efficiency of the 

plant operations. 

3) Upstream considerations – The treatment effectiveness and energy 

efficiency of a WRP is strongly dependent on the characteristics of the influent 

that the WRP is designed to treat. Should the influent characteristics change 

over time, or was projected differently during the WRP design phase, the 

WRP will likely be operating under sub-optimal conditions. To avoid this, 

further R&D can be done to better understand and control the influent. This 

can include:  

• Preventive measures – e.g. source control policies and upstream 

monitoring sensors for detection of incoming toxic substances. 

Detection of high influent flow during storm events, and the subsequent 

management of flow and treatment capacity within the WRP, can also 

be studied. 

• Predictive measures – e.g. impacts of Deep Tunnel Sewerage System 

(DTSS), greywater recycling, decentralisation etc. on the strength and 

characteristics of the influent. The impact of climate change on 

precipitation and rainwater infiltration rates may also be a topic of 

study. 

4) Expanded role of WRP – Based on the current model, the WRP treats the 

influent used water, while the waste sludge is incinerated and disposed of by 

an externally contracted waste disposal company. However, this arrangement 

is not necessarily optimal as synergistic benefits, such as heat recovery from 

incineration / ATT (gasification / pyrolysis), cannot be effectively exploited. 

Thus, in order to further improve the energy efficiency of the WRP and to 

minimise waste sludge disposal costs, the following expanded roles of the 

WRP might be considered: 

• Sludge management and disposal – by co-locating an incineration or 

ATT facility within the WRP, the recovered heat can be utilized for 

processes such as heating anaerobic digesters, sludge drying and 

membrane distillation. Consideration must be made whether the 
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benefits justify the CAPEX and OPEX of the additional facilities 

required, and whether the facilities should be operated under PUB’s 

scope or as an externally contracted company. 

• Waste product management – The final products of sludge incineration 

/ ATT (gasification / pyrolysis), such as ash and biofuels, have potential 

for further use as Sewage Sludge Ash (SSA) cement additives and 

engine fuel, respectively. 

• Alternative waste streams – There is potential for treatment of 

alternative waste streams to synergise with used water treatment 

processes. One example is the inclusion of food waste as a co-

digestion substrate for increased biogas production. Another under-

utilised waste stream is waste cooking oil from restaurants, which can 

be segregated from the used water stream through direct collection at 

the restaurants. In Fritzens WWTP, Austria, this segregated waste 

cooking oil is purified and subsequently combusted in a biodiesel 

engine which, together with the biogas CHP engine, has allowed the 

plant to reach energy positive status. A similar arrangement may be 

considered for potential adoption in Singapore. 

5) Location considerations – The location of future WRPs has a significant 

impact on the design constraints and opportunities for improved energy 

efficiency. Some of these considerations include: 

• Co-location synergies – By tapping on waste streams of co-located 

facilities, particularly waste heat streams, synergistic benefits can be 

gained, for example, supplying excess heat from CHP engines or 

incineration facilities to a membrane distillation unit. 

• Design constraints and opportunities – Site locations can affect the 

non-process energy demand of a plant. For example, an underground 

WRP would, by necessity, require higher ventilation requirements, and 

may generally have higher maintenance requirements. An example of 

an opportunity is the use of hydraulic head (if available) at the final 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

122 

 

effluent outfall channel for energy recovery with a water turbine. Such a 

system has been successfully implemented in several plants, such as 

the Main Treatment Plant Vienna (MTPV) in Vienna, Austria. 

 

 

  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

123 

 

References 

Abma, W. R. et. al. (2011), Full scale robust ANAMMOX performance and design. 
Proceedings of the Nutrient Recovery and Management 2011 conference, 9-12 Jan 
2011, Miami, Florida, USA. 

Agrawal L. K., Ohashi Y., Mochida E., Okui H., Ueki Y., Harada H. and Ohashi A. 
(1997). Treatment of raw sewage in a temperate climate using a UASB reactor and 
the hanging sponge cube process. Wat. Sci. Tech., 36 (6-7), 433-440. 

Ahn J.-H., Kwan T. W., and Chandran K. (2011) A Comparison of Partial and Full 
Nitrification Processes: Microbial ecology, Biokinetics and Nitrous Oxide Production. 
Proceedings of the Nutrient Recovery and Management 2011 conference, 9-12 
January 2011, Miami, Florida, USA 

Ahn Y.-H., and Speece R. E. (2003) Settleability assessment protocol for anaerobic 
granular sludge and its application. Water SA Vol. 29 No. 4, October 2003 

Åkerman, A. (2005). Feasibility of nitrate-shunt (nitritation) on landfill leachate. 
University of Lund. 

Albertson, O. E. and Sherwood, R. J. (1967). “Phosphate Extraction Process,” paper 

presented at the Pacific Northwest Section of the WPCF, Yakima, Washington. 

Alleman, J. E. (1984). Elevated nitrite occurrence in biological wastewater treatment 
systems. Water Science & Technology , 17, 409-419. 

Alok D. (2011) Torrefaction of biomass. Masters Thesis, Dalhousie University, 
Halifax, Nova Scotia 

Amin, S. (2009). Review on biofuel oil and gas production processes from 
microalgae. Energy Conversion and Management , 50, 1834-1840. 

Anderson M., and Skerratt R.G. (2003) Variability study of incinerated sewage 
sludge ash in relation to future use in ceramic brick manufacture. Br. Ceram. Trans. 
102: 109-113. 

Apel, W. A., Dugan, P. R., Wiebe, M. R., Johnson, E. G., Wolfram, J. H., & Rogers, 
R. D. (1993). Emerging Technologies in Hazardous Waste Managemen. Washington 
D.C.: American Chemical Society. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

124 

 

Appels L., Baeyens J., Degrève J., and Dewil R. (2008) Principles and potential of 
the anaerobic digestion of waste-activated sludge. Progress in Energy and 
Combustion Science 34(2008) 755-781. 

Arauzo J., Radlein D., Piskorz J., and Scott D.S. (1994) A New Catalyst for the 
Catalytic Gasification of Biomass. Energy & Fuels, 1994, 8, 1192-1196. 

Arnaiz C., Elmaleh S., Lebrato J., and Moletta R. (2005) Start up of an anaerobic 
inverse turbulent bed reactor fed with wine distillery wastewater using pre-colonized 
bioparticles. Water Science & Technology, Vol 51, No 1, pp153-158 

Azimi A. A., and Zamanzadeh M. (2004) Determination of design criteria for UASB 
reactors as a wastewater pretreatment system in tropical small communities. Int. J. 
Environ. Sci. Tech., Vol. 1 No. 1, pp. 51-57, Spring 2004 

Baker R.W. (2002) Future Directions of Membrane Gas Separation Technology. Ind. 
Eng. Res. 41 (2002) 1393-1411 

Bandara W.M. (2010) Dissolved methane recovery with a degassing membrane. 
M.Eng thesis, Division of Environmental Engineering, Graduate school of 
Engineering, Hokkaido University 

Bandara W.M., Satoh H., Sasakawa M., Nakahara Y., Takahashi M., Okabe S. 
(2011) Removal of residual dissolved methane gas in an upflow anaerobic sludge 
blanket reactor treating low-strength wastewater at low temperature with degassing 
membrane. Water Research, 45(11) pp 3533-3540 

Banerjee K., and Blumenschein C.D, (2001) High-Speed Microsand Settling: An 
Innovative Process to Control Water Pollution. Proceedings of the 14th Annual 
Technical Conference of American Filtration & Separation Society, May 2001, 
Tampa, Florida 

Bara J.E., Lessmann S., Gabriel C.J., Hatakeyama E.S., Noble R.D., and Gin D.L. 
(2007) Synthesis and performance of polymerizable room-temperature ionic liquids 
as gas separation membranes. Industrial and Engineering Chemistry Research, 46 
(2007) 5397 

Bare, W. J. (1975). Algae Removal Using Dissolved Air. Journal (Water Pollution 
Control Fedration) , 47,153-169. 

Barnard J.L. (2010) Sustainable Nutrient Recovery. Proceedings of the 2010 ACWA 
Annual Conference, Indian Wells, California 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

125 

 

Barnard, J.L. and P.G.J. Meiring (1995). “Algae removal and Effluent polishing 
through enhancement of Waste Stabilization Ponds,” proceedings of the 68th Annual 
Conference & Exposition Water Environment Federation, Session 48. 

Barrer R.M. (1979) The Properties and Applications of Zeolites. Edited by Townsend 
R.P., The City University, London 

de-Bashan, L. E., & Bashan, Y. (2010). Immobilized microalgae for removing 
pollutants: Review of practical aspects. Bioresource Technology , 101, 1611-1627. 
Griffiths, E. W. (2009). Removal and Utilization of Wastewater Nutrients for Algae 
Biomass and Biofuels. All Graduate Theses and Dissertations , 631. 

Behling E., Diaz A., Colina G., Herrera M., Gutierrez E., Chacin E., Franandez N. 
and Forster C. F. (1997). Domestic wastewater treatment using a UASB reactor. 
Bioresource Technol., 61, 239-245. 

Beler-Baykal, B., Oldenburg, M., and Sekoulov, I. (1996) The use of ion exchange in 
ammonia removal under constant and variable loads. Envir. Technol., London, 17, 
717–726. 

Benemann, J. (1996). Hydrogen biotechnology: Progress and prospects. Nature 
Biotechnology , 14, 1101 - 1103. 

Bergman P.C.A., and Kiel J.H.A. (2005) Torrefaction for biomass upgrading. 
Published at the 14th European Biomass Conference & Exhibition, Paris, France, 17-
21 October 2005 

Bersanti, L., & Paolo, G. (2006). Algae: Anatomy, Biochemistry, and Biotechnology. 
Boca Raton, FL: CRC Press. 

Bhide B.D., Voskericyan A., and Ster S.A. (1998) Hybrid processes for the removal 
of acid gases from natural gas. Journal of MembraneScience, 140 (1998) 27 

Binot, B. A., Bol, T., Naveau, H. T., and Nyns, E. J. (1983) Biomethanation by 
immobilized fluidized cells. Preprints of IAWPR, Specialized seminar anaerobic 
treatment of wastewaters in fixed film reactors, 16–18 June, Copenhagen, 211–223. 

BIOPAQ® IC reactor, www.siemens.com. Downloaded from the worldwide web on 
28/9/2011,http://www.water.siemens.com/en/products/biological_treatment/anaerobi
c_wastewater_treatment_systems/Pages/BIOPAQ%20IC%20Reactor.aspx 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

126 

 

Böhnke B. (1977). Das Adsorptions-Belebungsverfahren. Korrespondenz Abwasser, 
24. Jahrg., 2/7 (In German) 

Böhnke B., Bili V., Brautlecht P. (1998). Leistungs- und Kostenvergleich für ein- und 
zweistufige Belebungsverfahren. Korrespondenz Abwasser, 9/98 (In German) 

Booker, N. A., Cooney, E. L., and Priestly, A. J. (1996) Ammonia removal from 
sewage using natural Australian zeolite. Water Sci. and Technol., 34(9), 17–24. 

Bordel, S., Benoit, G., & Raul, M. (2009). Mechanistic Model for the Reclamation of 
Industrial Wastewaters Using Algal-Bacterial Photobioreactors. Environmental 
Science and Technology , 43, 3200-3207. 

Bott C.B. (2011) Nitrogen Removal 3.0: Integration of Anammox into Sidestream and 
Mainstream BNR Processes. Proceedings of the special seminar, December 5, 
2011, Hampton Roads Sanitation District (HRSD), Virginia Beach, Virginia, USA 

Bowers D.L., Wong K.P., Brosnan D.A., and Schwoyer W.L.K. (1991) The VerTech 
aqueous-phase oxidation process. Water Environment amp Technology, Vol.3:11, 
pp 64-68. 

Breck, D. W. (1974). Zeolite molecular sieves: Structure, chemistry, and use, Wiley, 
New York. 

Broadbent F.E. and Reisenauer H.M. (1988) Fate of Wastewater Constituents in Soil 
and Groundwater: Nitrogen and Phosphorous. In: Irrigation with Reclaimed Municipal 
Wastewater – A Guidance Manual, Chapter 12. Edited by Pettygrove G.S. and 
Asano T., Lewis Publishers, Inc. 1988 

Brooks M.A. (1999) Breakpoint chlorination as an alternate means of ammonia-
nitrogen removal at a water reclamation plant. Master of Science Thesis, 
Environmental Sciences and engineering, Virginia Polytechnic Institute and State 
University. 

Brown and Caldwell (2006) FY2006 Tucson Pima County Facility Plan Proposal, 
Chapter 7 Biosolids. Downloaded from the worldwide web on 2/9/2011, 
http://www.pima.gov/wwm/pubs/pdf/FacPlan06_chap/Chap_7.pdf 

Brown T.R., Wright M.M., and Brown R.C. (2011) Estimating profitability of two 
biochar production scenarios: slow pyrolysis vs fast pyrolysis. Biofuels, Bioprod. 
Bioref. 5:54-68 (2011) 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

127 

 

Buffière P., Bergeon J.-P., and Moletta R. (2000) The Inverse Turbulent Bed: A 
Novel Bioreactor for Anaerobic Treatment. Wat. Res. Vol. 34, No. 2, pp 673-677 

Buffière P., Fonade C. and Moletta R. (1998) Mixing and phase hold-up variations 
due to gas production in anaerobic  fluidized bed digesters: influence on reactor 
performance. Biotech. Bioeng. 60(1), 36-43. 

Call, D., & Logan, B. E. (2008). Hydrogen production in a single chamber microbial 
electrolysis cell (MEC) lacking a membrane. Environmental Science & Technology , 
42 (9), 3401-3406. 

Cao, Y.S., Ang C.M.. And Kekre A.K. (2009) Pilot Investigation of Industrial 
Wastewater Treatment and Reuse with an Integrated UASB, activated sludge-
membrane and RO Process in Singapore (CAWT/007-019/R003), Oct., 2009.  

Cao, Y.S., Ang C.M., Schnell, E., Zulkifli I., Kekre, A.K., Ng, S.W., Heindl, F., Ooi, 
K.E., and Wah Y.L. (2010) Pilot-Scale MBR and RO Process for COD, Nitrogen and 
Phosphorus Removals of Mixed Domestic - Industrial Wastewater at 30°C in 
Singapore. WEF-IWA Nutrient Recovery and Management 2011 Inside and Outside 
the Fence January 9-12, 2011.  Miami, Florida, USA. (Accepted for platform 
presentation). 

Cao, Y.S. (2011a) Biological Phosphorous Removal Activated Sludge Process in 
Warm Climates. IWA Publishing, ISBN: 9781843393818. 

Cao, Y. S. (2011b). Mass Flow and Energy Efficiency of Municipal Wastewater 
Treatment Plants, IWA Publishing. 

Cath, T. Y., Childress, A. E., & Elimelech, M. (2006). Forward Osmosis: Principles, 
allplication, and recent developments. Journal of Membrane Science , 281 (2006), 
70-87. 

CCT (Clean Coal Technologies) (2010) Section 5C2. Effective use of Ash in 
Cement/Concrete. Downloaded from the worldwide web on 16/01/2012, 
http://www.briangwilliams.com/clean-coal-technologies/clean-coal-technologies-in-
japan-1.html, http://www.brain-c-jcoal.info/cctinjapan-files/english/cct_english.pdf 

Cema, G. (2009). Comparative study on different Anammox systems. PhD Thesis . 

Centers for Disease Control and Prevention (1996) Spontaneous Abortions Possibly 
Related to Ingestion of Nitrate-Contaminated Well Water. LaGrange County, Indiana, 
1991-1994, Morbidity and Mortality Weekly Report, July 5, 1996 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

128 

 

Chagnon F.J.F., and Harleman D.R.F. (2004) An Introduction to Chemically 
Enhanced Primary Treatment. Department of civil and Environmental Engineering, 
Massachusetts Institute of Technology. 

Chang F.C., Lin J.D., Tsai C.C., and Wang K.S. (2010) Study on cement mortar and 
concrete made with sewage sludge ash. Water Sci. Technol. 2010:62(7), PP 1698-
93 

Chang, F. Y., Gutshall, M. and R . Skradski (1998). “Microsand Enhanced 
Clarification for Wastewater Treatment: Results from Pilot Studies in Primary, 
Tertiary, and CSO Applications,” proceedings of the Water Environment Research 
Foundation, 71st Annual Conference & Exposition, Volume 1, 825-832. 

Cheng, S., & Logan, B. E. (2007). Sustainable and efficient biohydrogen production 
via electrogenesis. PNAS , 104 (47), 18871-18873. 

Choi H.B., Hwang K.Y., and Shin E.B. (1997) Effects on anaerobic digestion of 
waste activated sludge pre-treatment. Water Sci Technol 1997;35:207–11. 

Choo, K., & Lee, C., (1998). Hydrodynamic behavior of anaerobic biosolids during 
crossflow filtration in the membrane anaerobic bioreactor. Water Research , 32 (11), 
3387-3397. 

Chua, G. (2011, 8 12). NUS testing new algae treatment of wastewater. Straits 
Times . 

Cilona A. (2009) Gas transfer membrane for ammonia removal of condensed flue 
gas. Master Thesis, Department of Land and Water Resources Engineering, Royal 
Institute of Technology (KTH), Stockholm, Sweden; and the Department of 
Environmental and Land Planning Engineering – DIIAR section, Politecnico di 
Milano, Milan, Italy.  

Cline, J. D., & Richards, F. A. (1972). Oxygen deficient conidtions and nitrate 
reduction in the eastern tropical Noth Pacific Occean. Limnological Oceanography , 
17, 885-900. 

Codispoti, L. A. (1995). Is the occean losing nitrate? Nature , 276, 724. 

Cooney E.L., Booker N.A., Shallcross D.C., and Stevens G.W. (1999) Ammonia 
Removal from Wastewaters Using Natural Australian Zeolite. II. Pilot-Scale Study 
Using Continuous Packed Column Process. Separation Science and Technology, 34 
(14) pp 2741-2760 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

129 

 

Cordell, D., Drangert, J.-O. and White, S. (2009) The story of phosphorous: Global 
food security and food for thought. Global Environmental Change, Vol 19, Issue 2, P: 
292-305 

Costerton, J.W.; Cheng, K.J.; Geesey, G.G.; Ladd, T.I.; Nickel, J.C.; Dasgupta, M.; 
and Marrie, T.J. (1987) Bacterial Biofilms in Nature and Disease. Annu. Rev. 
Microbiol., 41, 435. 

Craggs, R. J., Sukias, J. P., Tanner, C. T., & Davies-Colley, R. J. (2004). Advanced 
pond system for dairy-farm effluent treatment. N. Z. J. Agriculture Researches , 47, 
449–460. 

Daigger, G. T., & Littleton, H. (1999). Mechanism for simultaneous nitrification - 
denitrification and biological phosphorus removal in Orbal Oxidation ditches and their 
fll-scale application. 21 Century Perspectiveo of Water Supply and sewerage. Hong 
Kong: Water Industries Conference. 

Deutzmann J. S., and Schink B. (2011) Anaerobic Oxidation of Methane in 
Sediments of an Oligotrophic Freshwater Lake (Lake Constance). Appl. Environ. 
Microbiol. doi:10.1128/AEM.00340-11, AEM Accepts, published online ahead of print 
on 6 May 2011, retrieved from the world wide web on 23-04-2012, 
http://aem.asm.org/content/early/2011/05/06/AEM.00340-11.full.pdf 

DHI-NTU (2009). Water for Energy, Energy for Water - Examining policy implications 
for Singapore (Report for PUB). 

Dindore V.Y., Brilman D.W.F., Feron P.H.M., and Versteeg G.F. (2004) CO2 
absorption at elevated pressures using a hollow fiber membrane contactor. Journal 
of Membrane Science, 235 (2004) 99 

Dinsdale R M, Hawkes F R and Hawkes D L (2000), Anaerobic Digestion of short 
chain organic acids in an expended granular sludge bed reactor, Water Research, 9, 
2433-2438. 

Ditzig, J., Liu, H., & Logan, B. E. (2007). Production of hydrogen from domestic 
wastewater using a bioelectrochemically assisted microbial reactor (BEAMR). 
bioelectrochemically assisted microbial reactor (BEAMR) , 32, 2296 – 2304. 

Donald I.W. (2010) Waste Immobilization in Glass and Ceramic Based Hosts: 
Radioactive, Toxic and Hazardous Wastes. Wiley Publishing. Pg 397.  



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

130 

 

van Dongen L.G.J.M., Jetten M.S.M., and van Loosdrecht M.C.M. (2001) The 
Combined Sharon/Anammox process: A sustainable method for N-removal from 
sludge water. Water and Wastewater Practitioner series: STOWA report, IWA 
publishing 

Dunster A.M. (2007) Case Study: Incinerated sewage sludge ash (ISSA) in 
autoclaved aerated concrete (AAC). In: Characterisation of Mineral Wastes, 
Resources and Processing technologies – Integrated waste management for the 
production of construction material. Downloaded from the worldwide web on 
12/01/1012, 
http://www.smartwaste.co.uk/filelibrary/Aeratedconcrete_Incinsewagesludgeash.pdf 

Edelmann W., Baier U., and Engeli H. (2004) Performance of a Dynamic, Pulsating 
Anaerobic Filter while treating Industrial Wastewaters including a comparison with 
UASB reactors. Proceedings of the 10th World congress on anaerobic Digestion, 
2004, Montreal, Canada 

Egli, K., Fanger, U., Alvarez, P., Siegrist, H., van der Meer, J., & Zehnder, A. (2001). 
Enrichment and charcterization of an anammox bacterium from a rotating biological 
contactor treating ammonium-rich leachate. Archives of Microbolgy , 175, 197-207. 

Elston J.T. and Karmarkar D. (2003) Aqueous Ammonia Stripping Technology for 
SCR Applications. Proceedings of the Electric Power 2003 Conference, Houston, 
Texas, March 4-6, 2003 

van de Emde, W. (1971). Vienna-Blumenthal sewage treatment plant. 
Österreichische Wasserwirtschaft , 23, 11-18. 

EPA (1998a) Upgrading medium quality coal mine gas by blending and spiking. In: 
EPA Coalbed Methane Outreach Program Technical Options Series, Air and EPA 
(1998b) Using Coal Mine Methane in Cogeneration Power Systems. In: EPA 
Coalbed Methane Outreach Program Technical Options Series, Air and Radiation. 
Downloaded from the worldwide web on 12/10/2011, 
http://www.epa.gov/cmop/docs/004red.pdf 

EPA (2000) Wastewater Technology Fact Sheet: Ammonia Stripping. EPA 832-F-00-
019, September 2000 

EPA and NREL (1995) Case Studies in Residual Use and Energy Conservation at 
Wastewater Treatment Plants, USEPA and UREL, 1995. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

131 

 

Ericsson, B. (1973). “Chemical Pretreatment before Biological Treatment in Sewage 
Treatment Plants,” Water Research, 7, 227-247. 

Eskicioglu C., Kennedy K.J., and Droste R.L. (2010) Enhanced disinfection and 
methane production from sewage sludge by microwave irradiation. Desalination 251 
(2010) 279-285. 

Ettwig K.F., van Alen T., van de Pas-Schoonen K.T., Jetten M.S.M., and Strous M. 
(2009) Enrichment and Molecular Detection of Denitrifying Methanotrophic Bacteria 
of the NC10 Phylum. APPLIED AND ENVIRONMENTAL MICROBIOLOGY, June 
2009, p. 3656–3662. 

Ettwig K.F., Butler M.K., Le Paslier D., Pelletier E., Mangenot S., Kuypers M.M.M., 
Schreiber F., Dutilh B.E., Zedelius J., de Beer D., Gloerich J., Wessels H.J.C.T., van 
Alen T., Luesken F., Wu M.L., van de Pas-Schoonen K.T., Op den Camp H.J.M., 
Janssen-Megens E.M., Francoijs K.-J., Stunnenberg H., Weissenbach J., Jetten 
M.S.M., and Strous M. (2010) Nitrite-driven anaerobic methane oxidation by 
oxygenic bacteria. Nature, Vol. 464, 25 March 2010, pp. 543-550. 

Ettwig K.F., Shima S., van de Pas-Schoonen K.T., Kahnt J., Medema M.H., op den 
Camp H.J.M., Jetten M.S.M., and Strous M. (2008) Denitrifying bacteria 
anaerobically oxidize methane in the absence of Archaea. Environmental 
Microbiology, 2008, 10(11), 3164-3173. 

Evans, K.M. and Ellis, T.G. (2004) Fundamentals of the Static Granular Bed Reactor. 
Ph D’s Thesis, Iowa State University, IA. 

Ewall M. (2008) Fact sheet: Landfill gas. Downloaded from the worldwide web on 
12/10/2011, http://www.energyjustice.net/lfg/ 

Fagbemi L., Khezami L., and Capart R. (2001) Pyrolysis products from different 
biomasses: Application to the thermal cracking of tar. Applied energy, Vol. 69, Issue 
4, August 2001, PP 293-306. 

Fan L.-S., Muroyama K. and Chern S. H. (1982) Hydrodynamic characteristics of 
inverse fluidisation in liquid-solid and gas-liquid-solid systems. Chem. Eng. J. 24, 
143-150. 

Figdore B., Wett B., Hell M., and Murthy S. (2011) Deammonification of Dewatering 
Sidestream from Thermal Hydrolysis-Mesophilic Anaerobic Digestion Process. 
Proceedings of the Nutrient Recovery and Management 2011 conference, 9-12 
January 2011, Miami, Florida, USA 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

132 

 

Fillmore, L. (2010). Strass im Zillertal WWTP Case Study, Water Environment 
Research Foundation. http://www.aiz.at/betriebsdaten.htm.    Retrieved 16 April 
2012. 

Findley, M. E. (1967). Vaporization through porous membranes. Industrial 
Engineering Chemical Process Desalination Development , 6, 226. 

Fontes C.M.A., Barbosa M.C., Toledo Filho R.D., and Gonçalves J.P. (2004) 
Potentiality of sewage sludge ash as mineral additive in cement mortar and high 
performance concrete. Proceedings of the “Use of Recycled Materials in Buildings 
and Structures” conference, November 2004, Barcelona, Spain. 

Freemantle M. (2005) Membranes for Gas Separation. Cover Story, in: Chemical & 
Engineering News, Vol. 83, no. 40, pp. 49-57 

Fukai H., Aoki T., and Okamoto A. (2011) An experience sharing from Japan – 
advanced waste-to-energy technology for clean environment. Proceedings of the 
Conference on Solid Waste 2011 - Moving Towards Sustainable Resource 
Management, Thermal Technology category, PP 313-316.  Hong Kong SAR, P.R. 
China, 2-6 May 2011. 

Fukuzaki, S.; Chang, Y.; Nishio, N.; and Nagai, S. (1991a) Characteristics of 
Granular Methanogenic Sludge Grown on Lactate in a UASB Reactor. J. Ferment. 
Bioeng., 72, 465. 

Fukuzaki, S.; Nishio, N.; and Nagai, S. (1991b) Chemical Composition and kinetic 
Properties of Granular Methanogenic Sludge Grown on Propinate. J. Ferment. 
Bioeng., 72, 405. 

Fux, C., Bohler, M., Huber, P., Brunner, I., & Siegrist, H. (2002). Biological treatment 
of ammonium-rich wastewater by partial nitritation and subsequent anaerobic 
ammonium oxidation (Anammox) in a pilot plant. Journal Biotechnology , 99 (3), 295-
306. 

Gabelman A., and Hwang S.T. (1999) Hollow fiber membrane contactors. Journal of 
Membrane Science, 159 (1999) 61 

Garcia-Calderon D., Buffière P., Moletta R. and Elmaleh S. (1998) Anaerobic 
digestion of wine distillery wastewater in downflow fluidized bed. Water Res. 32(12), 
3593-3600. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

133 

 

GEC (Global Environment Centre Foundation) (last updated 2009) Ammonia 
Removal Process for Wastewater. Downloaded from NETT21, database of the GEC, 
the world wide web, on 24/10/2011, http://www.gec.jp/water/data/water_08-1.html 

GEC (Global Environment Centre Foundation) (last updated 2005) DHS Down-flow 
Hanging Sponge Reactor (random packing). Downloaded from NETT21, database of 
the GEC, the world wide web, on 7/10/2011, 
http://www.gec.jp/WATER/data/water_13-1.html 

Giraldo E., Jjemba P., Liu Y., Muthukrishnan S. (2011) Presence and Significance of 
ANAMMOX spcs and Ammonia Oxidizing Archea, AOA, in full scale Membrane 
Bioreactors for Total Nitrogen removal. Proceedings of the Nutrient Recovery and 
Management 2011 conference, 9-12 Jan 2011, Miami, Florida, USA. 

Goh, S., Zhang, J., Liu, Y., & Fane, A. G. (2011). Effect of biomass inclusion on the 
performance of membrane distillation (MD) in wastewater reclamation: a comparison 
between the membrane distillation bioreactor (MDBR) and MD. Young Water Talents 
Symposium. Singapore. 

Grady, C. P., Daigger, G. T., & Lim, H. C. (1999). Biological Wastewater Treatment. 
New York: Marcel Dekker. 

Green, M., Mels, A., Lahav, O., and Tarre, S. (1996) Biological ion exchange 
process for ammonium removal from secondary effluent. Water Sci. and Technol., 
34(1-2), 449–458. 

Grotenhuis, J.T.C.; Kissel, J.C.; Plugge, C.M.; Stams, A.J.M.; and Zehnder, A.J.B. 
(1991) Role of Substrate Concentrate in Particle Size Distribution of Methanogenic 
Granular Sludge in UASB Reactors. Water Res., 25, 21. 

Grove, W. R. (1839). On voltaic series and the combination of gases by platinum. 
Philosophical magazine , 127-130. 

Gryta, M. (2000). Concentration of saline wastewater from the production of heparin. 
Desalination , 129, 35-44. 

Gryta, M. (2008). Fouling in direct contact memrbane distillation process. Journal of 
Membrane Science , 325, 383-394. 

Grübel K., and Machnicka A. (2011) Impact of microwave disintegration on activated 
sludge. Ecological Chemistry and Engineering Science, Vol. 18, No. 1 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

134 

 

GWRC Report 2010, Water and Energy in the Urban Water Cycle: Improving Energy 
Efficiency in Municipal Wastewater Treatment 

Haefke C. (2009) Energy Efficiency and CHP Opportunities at WWTPs. Proceedings 
of the Biosolids and Energy Conference, Michigan Water Environment Association, 
East Lansing, Michigan, 3-4 March 2009 

Haider S., Vanrolleghem P.A., Kroiß H. (2000) Low Sludge Age and Its 
Consequences for Metabolism, Storage and Adsorption of Readily Biodegradable 
Substrate. Proceedings 1st World Congress of the International Water Association. 

Harleman D.R.F., and Murcott S.E. (1992) Upgrading and Multi-Stage Development 
of Municipal Wastewater Treatment Plants: Applicability of Chemically Enhanced 
Primary Treatment. Tech. rep., World Bank 1992 

Harleman D.R.F. and Murcott S.E. (2001) An innovative approach to urban 
wastewater treatment in the developing world. Water 21, 2001, pages 44-48 

Hartley, K., Lant, P., 2006.Eliminating non-renewable CO2 emissions from sewage 
treatment: An anaerobic migrating bed reactor pilot plant study, Biotechnology and 
Bioengineering, 95, 384- 398. 

Hasanoğlu A., Romero J., Pérez B., and Plaza A. (2010) Ammonia removal from 
wastewater streams through membrane contactors: Experimental and theoretical 
analysis of operation parameters and configuration. Chemical Engineering Journal, 
Vol. 160, Issue 2, June 2010, PP. 530-537  

Hatamoto, M., Yamamoto, H., Kindaichi, T., Ozaki, N., Ohashi, A. (2010) Biological 
oxidation of dissolved methane in effluents from anaerobic reactors using a down-
flow hanging sponge reactor. Water Research 44(5), 1409-1418. 

Hedström A. (2001) Ion exchange of Ammonium in Zeolites: A Literature Review. 
Journal of Environmental Engineering, Vol. 127, No. 8, August 2001 

Hegger K.J. (2010) Wastewater treatment by novel hybrid biological – ion exchange 
process. Master of Science thesis, Agricultural and Biological Engineering, University 
of Illinois, Urbana, Illinois. 

Heijnen, J.J. (1984) Biological Industrial Wastewater Treatment Minimizing Biomass 
Production and Maximizing Biomass Concentration, Ph.D Thesis, Delft University 
Press. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

135 

 

Heijnen J.J., Enger W.A., Mulder A., Lourens P.A., Keijzers A.A., and Hoeks 
F.W.J.M.M. (1986) Application of Anaerobic Fluidized Bed Reactors in Biological 
Waste Water Treatment. Starch, Vol 38, Issue 12, pp 419-428. 

Hellinga, C., Schellen, A., Mulder, J. W., van Loosdrecht, M., & Heijinen, J. J. (1998). 
The SHARON process : an innovative method for nitrogen removal from ammonium-
rich wastewater. Water Science and Technology , 37 (9), 135-412. 

Higman C., and van der Burgt M. (2008) Gasification, Volume 10, 2nd Ed, Gulf of 
Professional Publishing, PP 16-17.  

Hill T., Mech M.I., and Dowen S. (2010) Pyrolysis and Gasification Briefing. Briefing 
notes produced for UK Without Incineration (UKWIN). 

Hinrichs K.-U., and Boetius A. (2002) The Anaerobic Oxidation of Methane: New 
Insights in Microbial Ecology and Biogeochemistry. Published in: Wefer G., Billett D., 
Hebbeln D., Jørgensen B.B., Schlüter M., van Weering T. (eds), 2002, Ocean Margin 
Systems. Springer-Verlag, Berlin, Heidelberg, pp 457-477 

Hodges R. (2011) Grades and quantities of heat generated by CHP in the UK. AEA 
Energy & Environment. Downloaded from the worldwide web on 15/08/2012, 
http://www.decc.gov.uk/assets/decc/11/stats/publications/energy-
trends/articles/2875-grades-chp-heat-article.pdf  

Hoffman, J. P. (1998). Minireview: Wastewater treatment with suspended and 
nonsuspended algae. nonsuspended algae , 34, 757-763.  

Homung A. (2008) Fast, intermediate or slow pyrolysis for fuels production, power 
generation from various biomasses or as pre-conditioning unit for gasifiers. 
Presentation slides, Imperial College, London 

Hossain M.A., Islam, M.N., and Karim M.R. (2006) Fire resistance of cement mortar 
containing high volume fly ash. Proceedings of the 31st Conference on “Our World in 
Concrete & Structures”, 16-17 August 2006, Singapore. 

Hu S.H. (2010) Enrichment and understanding of denitrifying anaerobic methane 
oxidation (DAMO) organisms. PhD Thesis, School of Chemical Engineering, The 
University of Queensland. Downloaded from the world wide web on 23-04-2012, 
http://espace.library.uq.edu.au/view/UQ:206023 

Huang J.C. and Li L. (2000a) An innovative approach to maximize primary treatment 
performance. Water Science and Technology, 42(12), 209-222 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

136 

 

Huang J.C. and Li L. (2000b) Enhanced primary wastewater treatment by sludge 
recycling. Journal of Environmental Science and Health, Part A: Toxic/Hazardous 
Substances and Environmental Engineering, 35(1), 123-145 

Hydrotech. (n.d.). AnoxKaldnes™ MBBR and Actiflo® fit perfectly in pharmaceutical. 
Retrieved 8 31, 2011, from Hydrotech: http://www.hydrotech.se/en/press-
releases/?news=14551 

Irwin, T., A Primer on Anaerobic Filters – Fundamentals & Applications, 
www.AnaerobicFilters.com, Downloaded from the world wide web on 22/9/2011, 
http://www.engineeringfundamentals.net/AnaerobicFilters/fundamentals.htm  

IUPAC (International Union of Pure and Applied Chemistry) Compendium of 
Chemical Terminology, 2nd Ed (1997). Online version compiled by McNaught A.D. 
and Wilkinson A.. Downloaded from the worldwide web, 7/12/2011, 
http://old.iupac.org/publications/compendium/ 

Iza, J., Garcia, P. A., Sanz, I., and Fdz-Polanco, F. (1987) Granulation results in 
anaerobic fluidized bed reactors, in Granular Anaerobic Sludge: Microbiology and 
Technology, In: Proceedings of the GASMAT Workshop, 25–27, October, 1987, 
Lunteren, the Netherlands. 

Jagessar R.C. and Alleyne O. (2011) Determination of nitrate anions concentrations 
in waste water from selected areas of coastal Guyana via a spectrophotometric 
method. International Journal of Academic Research, Vol. 3 No. 1 January 2011, 
part 2 

Jeison, D., (2007). Anaerobic Membrane Bioreactor for Wastewater Treatment: 
Feasibility and Potential Applications. Wageningen. 

Jesis JS, and Owen RW: (1977) Biological fluid-bed treatment for BOD and nitrogen 
removal. J Water Pollut Control Fed 1977, 49:816-821. 

Jetten M.S.M. (2008) Editorial: The microbiological nitrogen cycle. Environmental 
Microbiology (2008) 10(11), 2903–2909 

Jetten M.S.M., Cirpus I., Kartal B., van Niftrik L., van de Pas-Schoonen K.T., Sliekers 
O., Haaijer S., van der Star W.R.L., Schmid M., van de Vossenberg J. , Schmidt I., 
Harhangi H., van Loosdrecht M.C.M., Kuenen J.G., den Camp H.O. and Strous M. 
(2005) 1994–2004: 10 years of research on the anaerobic oxidation of ammonium. 
Biochemical Society Transactions. 33, Part 1, 119-123. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

137 

 

Jetten, M. M., Strous, M., van de Pas-Schoonen, T., Schalk, J., van Dongen, U., van 
de Graaf, A. A., et al. (1999). The anaerobic oxidation of ammonium. FEMS 
Microbiology Reviews , 22, 421-437. 

Jirachote, P., Anthony, F. G., & Wong, F.-S. (2005). Patent No. US60/693,421. 
United State of America. 

Jonasson M. (2007) Energy Benchmark for Wastewater Treatment Processes – a 
comparison between Sweden and Austria. MS Thesis, Industrial Electrical 
Engineering and Automation (IEA), Lund University, Sweden 

Jördening H.-J., and Buchholz K. (2008) Fixed Film Stationary Bed and Fluidized 
Bed Reactors. Chapter 24, Biotechnology: Environmental Processes I, Vol. 11a, 
second Edition. Published online: 20/3/2008. Downloaded from the worldwide web 
on 7/9/2011, http://www.wiley-vch.de/books/biotech/pdf/v11a_fix.pdf 

Kampschreur, M. J., Poldermans, R., Kleerebezem, R., van der Star, W., Haarhuis, 
R., Abma, W. R., et al. (2009). Emission of nitrous oxide and nitric oxide from a full-
scale single-stage nitritation-anammox reactor. Water Science and Technology , 60 
(12), 3211-3217. 

Kanai, M., Ferre, V., Wakahara, S., Yamamoto, T., and Moro, M., (2010) A novel 
combination of methane fermentation and MBR – Kubota Submerged Anaerobic 
Membrane Bioreactor process. Desalination, 250( )3, 964-967  

Kapalka A., Foti G., and Comninellis C. (2008) Kinetic modelling of the 
electrochemical mineralization of organic pollutants for wastewater treatment. J. 
Appl. Electrochem. 38 (7-16) 

Khoo H.H., Lim T.Z., and Tan R.B.H. (2010) Food waste conversion options in 
Singapore: Environmental impacts based on an LCA perspective. In: Science of the 
Total Environment, 2010 Feb 15; 408(6): 1367-73. 

Khoo H.H., and Tan R.B.H. (2006) Life cycle investigation of CO2 recovery and 
sequestration, Environmental Science and Technology, 40 (2006) 4016 

Kim, B., & Chang, I. (2007). Challenges in microbial fuel cell development and 
operation. Applied Microbiology and Biotechnology , 485-494. 

Kim, J., Cheng, S., Oh, S., & Logan, B. (2007b). Power generation using different 
cation, anion and ultrafiltration membranes in miccrobial fuel cells. Environmetal 
Science & Technology , 98 (13), 2568-2577. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

138 

 

Kim, J.H., Kim, K.Y., Ye, H.G., Lee,E.Y., Shin, C.G., Mccarty, P.L., Bae I.H., (2011). 
Anaerobic fluidized bed membrane bioreactor for wastewater treatment. 
Environmental Science & Technology, 45, 576-581. 

Kim K.W., Kim Y.J., Kim I.T., Park G.I., and Lee E.H. (2006) Electrochemical 
conversion characteristics of ammonia to nitrogen. Water Research 40, pp. 1431-
1441 

Kingsuk D. (2010) Theoretical Study of Air Stripping of Ammonia. Proceedings of the 
FOSET Academic Meet 2010, Chemical Engineering and Bio-Technology, 9-10 April 
2010, West Bengal University of Technology 

Kithome, M., Paul, J. W., Lavkulich, L. M., and Bomke, A. A. (1998) Kinetics of 
ammonium adsorption and desorption by natural zeolite clinoptilolite. Soil Sci. Soc. 
Am. J., 62(3), 622–629. 

Koners U., Schmidt W., Löffler M., Schwartz F., Heinz V., and Knorr D. (2007) 
Impact of Pulsed Electric Field (PEF) application on particle size of activated 
wastewater treatment sludge. Proceedings of the PARTEC 2007 International 
Congress on Particle Technology, Nuremberg, Germany, March 27th-29th. 

Koot, A., & Zeper, J. (1972). Carrousel, a new type of aeration system with low 
organic load. Water Research , 6, 401-406. 

Kraft A. (2008) Electrochemical Water Disinfection: A Short Review – Electrodes 
Using Platinum Group Metal Oxides. Platinum Metals Rev., 2008, 52 (3), 177 

Krull F.F., Hechinger M., Kloeckner W., Verhuelsdonk M., Buchbender F., Giese H., 
and Melin T. (2009) Ionic liquid imbibition of ceramic nanofiltration membranes, 
Colloids and Surfaces A: Pysicochemical and Engineering Aspects, 345 (2009) 182 

Krupp, M., & Widmann, R. (2009). Biohydrogen production by dark fermentation 
experiences of continuous operation in large lab scale. International Journal of 
Hydrogen Energy , 34 (10), 4509-4516. 

Kuhn, R., Pollice, A., Laera, G., Palese, L. L., Lippolis, R. R., & Papa, S. (2007). 
Standard assays and metaproteomes as new approaches for functional 
characterization of membrane bioreactor biomass. 2nd IWA National Young Water 
Professionals Conference, (pp. 59-66). Germany. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

139 

 

Kumar P.S., Hogendoorn J.A., Feron P.H.M., and Versteeg G.F. (2002) New 
absorption liquids for the removal of CO2 from dilute gas streams using membrane 
contactors. Chemical Engineering Science, 57 (2002) 1639 

Kunetz T., Wallis-Lage C., Schiltz M., Johnson T., Barnard J., deBarbadillo C., 
Fitzpatrick J., Shaw A., Shimp G., Pagilla K., and Bunch D. (2010) Blue Sky 
Evaluations Produce Innovative Ideas for the Future of Sustainable Wastewater 
Treatment. WEFTEC 2010, 2-6 October 2010, New Orleans Morial Convention 
Center, New Orleans, Lousiana, U.S.A. 

Laera, G., Pollice, A., Saturno, F., Giordano, C., & Lopez, A. (2005). Zero net growth 
in a membrane bioreactor with complete sludge retention. Water Research , 39, 
5241-5249. 

Lahav, O., and Green, M. (1998) Ammonium removal using ion exchange and 
biological regeneration. Water Res., 32(7), 2019–2028 

Lai K.C.K., Lo I.M.C., and Liu T.T.Z. (2011) Review of MSW thermal treatment 
technologies. Proceedings of the Conference on Solid Waste 2011 - Moving 
Towards Sustainable Resource Management, Thermal Technology category, PP 
317-321.  Hong Kong SAR, P.R. China, 2-6 May 2011.  

Lam C.H.K., Barford J.P., and McKay G. (2010) Utilization of Incineration Waste Ash 
Residues in Portland Cement Clinker. Chemical engineering Transactions, Vol. 21, 
PP. 757-762. 

Lam, P., Lavik, G., Jensen, M.M., van de Vossenberg, J., Schmid, M., Woebken, D., 
Gutiérrez, D., Amann, R., Jetten, M.S.M., and Kuypers, M.M.M. (2009) Revising the 
nitrogen cycle in the Peruvian oxygen minimum zone.  P.N.A.S., 106, 4752-4757. 

Larsdotter, K. (2006). Wastewater treatment with microalgae- a literature review. 
VATTEN , 31-38. 

Lee, J. H., Kim, J.-S., & Lee, H. (2010). EKC 2009 Proceedings of EU-Korea 
Conference on Science and Technology. Springer Proceedings in Physics , 135, 19. 

Lee, J.-H., Lee, D.-G., Park, J.-L., & Kim, J.-Y. (2010). Biohydrogen production from 
a marine brown algae and its bacterial diversity. Korean Journal of Chemical 
Engineering , 91 (3), 245-249. 

Lee, K., & Lee, C.-G. (2001). Effect of Light/Dark Cycles on Wastewater Treatments 
by Microalgae. Biotechnology Bioprocess Engineering , 6, 194-199. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

140 

 

Lee T., Wang W., and Shih P. (2008) Slag-cement mortar made with cement and 
slag vitrified from MSWI fly-ash / scrubber-ash and glass frit. Construction and 
Building Materials, Vol 22, Issue 9, PP 1914-1921. 

Lee, Y. K. (2004). Algal Nutrition: Heterotrophic Carbon Nutrition. Handbook of 
microalgal culture: biotechnology and applied phycology. Richmond, Oxford: 
Blackwell Science. 

Lemaire, R., Liviano, I., Ekström, S., Roselius, C., Chauzy, J., hornberg, D., et al. 
(2011). 1-stage Deammonification MBBR process for reject water sidestream 
treatment: investigation of start-up strategy and carriers design. Nutrient Recovery 
and Management (pp. 1321-1332). Miami: Water Environment Federation. 

Lettinga G. (2010) The Route of Anaerobic Waste (Water) Treatment toward Global 
Acceptance. In: Environmental Anaerobic Technology - Applications and New 
Developments, (Ed) Fang H.H.P., Imperial College Press, Ch.1, pp 1-15  

Lettinga, G., van Velsen, A. F. M., Hobma, S. W., de Zeeuw, W. J., and Klapwijk, A. 
(1980) Use of the upflow sludge blanket (USB) reactor. Biotechnol. Bioeng. 22, 699–
734. 

Lew B., Tarre S., Belavski M., and Green M. (2004) UASB reactor for domestic 
wastewater treatment at low temperatures: a comparison between a classical UASB 
and hybrid UASB-filter reactor. Water Science and Technology, Vol 49 No 11-12 pp 
295-301 

Li J.L., and Chen B.H. (2005) Review of CO2 absorption using chemical solvents in 
hollow fiber membrane contactors. Separation and Purification Technology, 41 
(2005) 109 

Li L., and Liu Y. (2009) Ammonia removal in electrochemical oxidation: mechanism 
and pseudokinetics. Journal of Hazardous Materials, 161, pp. 1010-1016 

Li X.Y., and Yang S.F. (2007) Influence of loosely bound extracellular polymeric 
substances (EPS) on the flocculation, sedimentation and dewaterability of activated 
sludge. Water Research, Vol 41, Issue 5, March 2007, pgs 1022-1030 

Li Y.Z., He Y.L., Ohandja D.G., Ji J., Li J.F., and Zhou T. (2008) Simultaneous 
nitrification-denitrification achieved by an innovative internal-loop airlift MBR: 
Comparative study. Bioresource Technology, Vol 99, Issue 13, pgs 5867-5872 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

141 

 

Liberti, L., Boari, G., Peteruzzelli, D., and Passino, R. (1981) Nutrient removal and 
recovery from wastewater by ion exchange. Water Res., 15, 337–342. 

Liberti, L., Boari, G., and Passino, R. (1982) Advanced wastewater treatment by ion 
exchange. Effluent and Water Treatment J., 22(7), 253–257. 

Liberti, L., Limoni, N., Lopez, A., and Passino, R. (1986). ‘‘The RIMNUT process at 
West Bari for removal of nutrients from wastewater: First demonstration.’’ Resour. 
and Conservation, 12(2), 125–136. 

Lim J.W. (2011) Anaerobic Co-digestion of Brown Water and Food Waste for Energy 
Recovery. Published in the 11th Edition of the World Wide Workshop for Young 
Environmental Scientist (WWW-YES-2011) – Urban Waters: resource or risks?, 
Arcueil: France. 

Lim S.J. (2008) Swine wastewater treatment by the static granular bed reactor. 
M.Sc. Thesis, Iowa State University, Ames, Iowa. 

Lim S.J., Comparisons Between the UASB and the EGSB Reactor. Downloaded 
from the worldwide web on 29/9/2011, http://home.eng.iastate.edu/~tge/ce421-
521/seungjoo.pdf 

Lin K.L., Lin D.F., and Luo H.L. (2007) Sewage Sludge Ash on Pozzolanic Reaction 
of Co-melted Slag Blended Cement. Proceedings of the “Moving Forward: 
Wastewater Biosolids Sustainability: Technical, Managerial, and Public Synergy” 
conference. 24-27 June 2007, Moncton, New Brunswick, Canada. 

Lin S., Suzuki Y., Hatano H., Oya M., and Harada M. (2001) Innovative hydrogen 
production by reaction integrated novel gasification process (HyPr-RING). The 
Journal of the South African Institute of Mining and Metalurgy, Jan/Feb 2001, pp 53-
60 

Liqui-Cel ® Tech Brief (2007) Successful Ammonia Removal from Wastewater Using 
Liqui-Cel ® Membrane Contactors at a European Manufacturing Facility. 

Liu H., Fang H.H.P. (2002) Characterization of electrostatic binding sites of 
extracellular polymers by linear programming analysis of titration data. Biotechnol 
Bioeng 80, 806-11 

Liu H.B., Wen X.H., Zhao F., and Mei Y.J. (2011) Harvest of the carbon source in 
wastewater by the adsorption and desorption of activated sludge. Huang Jing Ke 
Xue, 2011 Apr; 32(4): 1042-7. (Original article in Chinese) 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

142 

 

Liu Y., Li L., and Goel R. (2009) Kinetic study of electrolytic ammonia removal using 
Ti/IrO2 as anode under different experimental conditions. Journal of Hazardous 
Materials 167, pp. 959-965 

Logan, B. E. (2004). Extracting hydrogen and electricity from renewable resources. 
Environmental Science & Techonology , 160A-167A. 

Logan, B. E., Call, D., Cheng, S., Hamelers, H., Sleutels, T., Jeremiasse, A. W., et 
al. (2008). Microbial electrolysis cells for high yield hydrogen gas production from 
organic matters. Environmenal Science & Technology , 42 (23), 8630=8640. 

Lu G. (2002) Catalytic Oxidation of Ammonia to Nitrogen. Ph. D. thesis, 
Technical University of Eindhoven, Eindhoven, The Netherlands. 

Ludwig V., and Fanjoy J. (2008) Waste to Wealth: Award-winning landfills provide 
local and global benefits. Waste Age, updated Apr 1, 2008, 12:00 pm. Downloaded 
from the world wide web on 14/10/2011, 
http://waste360.com/Landfill_Management/waste_wealth_lmop_energy 

Luesken F.A. (2011b) Applied aspects of nitrite-dependent methane oxidation. PhD 
Thesis, Ecological Microbiology, Radboud Universiteit, Nijmegen, Netherlands. 

Luesken F.A., Sa´nchez J., van Alen T.A., Sanabria J., Op den Camp H.J.M., Jetten 
M.S.M., and Kartal B. (2011a) Simultaneous Nitrite-Dependent Anaerobic Methane 
and Ammonium Oxidation Processes. APPLIED AND ENVIRONMENTAL 
MICROBIOLOGY, Oct. 2011, p. 6802–6807 

Ma Y., Peng Y., Wang S., Yuan Z., and Wang X. (2009) Achieving nitrogen removal 
via nitrite in a pilot-scale continuous pre-denitrification plant. Water Research 43 
(2009) 563-572.  

Mach, K.F. and Ellis, T.G. (2000) Development of the Static Granular Bed Reactor. 
Master’s Thesis, Iowa State University, IA. 

Macleod, F.A.; Guiot, S.R.; and Costerton, J.W. (1990) Layered Structure of 
Bacterial Aggregates Produced in an Upflow Anaerobic Sludge Bed and Filter 
Reactor. Appl. Environ. Microbiol., 56, 1598. 

Mahmoud E.K. (2009) Chemically Enhanced Primary Treatment of Textile Industrial 
Effluents. Polish Journal of Environmental Studies, Vol 18 No.4 (2009), pg 651-655 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

143 

 

Mahmoud M., Tawfik A., and El-Gohary F. (2010) Simultaneous Organic and 
Nutrient Removal in a Naturally Ventilated Biotower Treating Presettled Municipal 
Wastewater. J. Environ. Eng. Vol 136, Issue 3 

Majumdar D. (2003) The Blue Baby Syndrome: Nitrate Poisoning in Humans. 
Resonance, October 2003, pp 20-30 

Makinia J. (2010) Mathematical Modelling and Computer Simulation of Activated 
Sludge Systems. IWA Publishing, Publication Date: 01 Sep 2010, ISBN: 
9781843392385. Pg. 13. 

Maloney S.W., and Heine R.L. (2005) Demonstration of the Anaerobic Fluidized Bed 
Reactor for Pinkwater Treatment at McAlester Army Ammunition Plant. Final Report 
prepared by the Construction Engineering Research Laboratory for the U.S. Army 
Corps of Engineers, Washington, DC. 

Ma’mun S., Nilsen R., Svendsen H.F., and Juliussen O. (2005) Solubility of carbon 
dioxide in 30 mass % monoethanolamine and 50 mass % methyldiethanolamine 
solutions. Journal of Chemical and Engineering data, 50 (2005) 630 

Ma’mun S., Dindore V.Y., and Svendsen H.F. (2007) Kinetics of the Reaction of 
Carbon Dioxide with Aqueous Solutions of 2-((2-Aminoethyl)amino)ethanol. Ind. Eng. 
Chem. Res., 46 (2007) 385-394 

Mamais, D., P. A. Pitt, C. Yao Wen, J. Loiacono and D. Jenkins (1994). 
Determination of ferric chloride dose to control struvite precipitation in anaerobic 
sludge digesters. Water Environment Research 66(7): 912-918. 

de Man, A.W.A., van der Last, A.P.M. and Lettinga, G. (1988) In: (E.R. Hall and P.N. 
Hobson, eds.) Anaerobic Digestion. Pergamon Press. 

Marchaim U. (1992) Biogas process for sustainable development. Chapter 6: 
Aerobic versus Anaerobic wastewater treatment. Produced for the Food and 
Agriculture Organization of the United Nations. Downloaded from the FAO corporate 
document repository, the worldwide web on 7/9/2011, 
http://www.fao.org/docrep/T0541E/T0541E08.htm 

Massanet-Nicolau, J., Dinsdale, R., & Guwy, A. (2008). Hydrogen production from 
sewage sludge using mixed microflora inoculum: effect of pH and enzymatic 
pretreatment. Bioresources Technology , 99 (14), 6325-6331. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

144 

 

Matsuura, N., Hatamoto, M., Sumino, H., Syutsubo, K., Yamaguchi, T., Ohashi, A. 
(2010) Closed DHS system to prevent dissolved methane emissions as greenhouse 
gas in anaerobic wastewater treatment by its recovery and biological oxidation. 
Water Science and Technology 61(9), 2407-2415. 

McCarthy, P. (2010). Energy Production from Waste Using The Anaerobic 
Membrane Bioreactor (AnMBR) Process. Water Technologies Symposium 2010. 
Fairmont Banff Springs. 

McCarty, P. L. (1964) Anaerobic Waste Treatment Fundamentals. Public Works, 
September, 107–112, October, 123–126, November 91–94, December, 95–99. 

McCutcheon, J. R., & Elimelech, M. (2006). Influence of concentrative and dilutive 
internal concentration polarization on flux behavior in forward osmosis. Journal of 
Membrane Science , 284 (2006), 237-247. 

Merlo R., Wong J., Occiano V., Sandera K., Pai A., Sen S., Jimenez J., Parker D., 
and Burcham J. (2011) Analysis of Organic Nitrogen Removal in Municipal 
Wastewater by Reverse Osmosis. Proceedings of the Nutrient Recovery and 
Management 2011 conference, 9-12 January 2011, Miami, Florida, USA 

Metcalf and Eddy Inc. (2003) Wastewater Engineering: treatment, disposal and 
reuse (4th Edition). Revised by George Tchobanoglous and Franklin L. Burton. 
McGraw-Hill, Inc. Singapore 

Metcalf & Eddy, Inc. (2004). Wastewater Engineering: Treatment and Reuse. New 
York: The McGraw-Hill Companies Inc. 

Miladinovic N., Boyer-Souchet F., Larsen H.F. (2010) Sewage Sludge Treatment by 
Ultrahigh-Temperature Pyrolysis. Proceedings of the Project Neptune End-user 
workshop, 27 January 2010, Gent, Belgium 

Monzó J., Payá J., Borrachero M.V., and Córcoles A. (1996) Use of sewage sludge 
ash (SSA)-cement admixtures in mortars. Cement and Concrete Research, Vol. 26, 
Issue 9, September 1996, PP. 1389-1398. 

Moore T.T., and Koros W.J. (2007) Gas sorption in polymers, molecular sieves, and 
mixed matrix membranes. Journal of Applied Polymer Science, 104 (2007) 4053-
4059 

Morgan, J.W.; Evison, L.M.; and Forster, C.F. (1991) The Internal Architecture of 
Anaerobic Sludge Granules. J. Chem. Technol. Biotechnol., 50, 211. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

145 

 

Mulder, A., van de Graaf, A. A., Robertson, L. A., & Kuenen, J. G. (1995). Anaerobic 
Ammonium oxidation discovered in a denitrifying fluidized bed reactor. FEMS 
Microbiology Ecology , 16, 177-184. 

Mulder J.W., Duin J.O.J., Goverde J., Poiesz W.G., van Veldhuizen H.M., van 
Kempen R., and Roeleveld P. (2006) Full-scale experience with the SHARON 
process through the eyes of the operators. Proceedings of the WEFTEC conference, 
Oct 21-25, 2006, Dallas, Texas, USA 

Mulder, J. W., van Loosdrecht, M., Hellinga, C., & van Kempen, R. (2001). Full-scale 
application of the SHARON process for treatment of rejection water of digested 
sludge dewatering. Water Science and Technology , 43 (11), 127-134. 

Mutombo D.T. (2004) Internal Circulation Reactor: Pushing the limits of Anaerobic 
Industrial Effluents Treatment Technologies. Proceedings of the 2004 Water Institute 
of Southern Africa (WISA) Biennial Conference, 2-6 May 2004, Cape Town, South 
Africa. 

Nah I.W., Kang Y.W., Hwang K.Y., and Song W.K. (2000) Mechanical pre-treatment 
of waste activated sludge for anaerobic digestion process. Water Res 
2000;34:2362–8. 

Naskeo Environnement (2009) The Biogas. Downloaded from the worldwide web on 
12/10/2011, http://www.biogas-renewable-energy.info/biogas_composition.html 

Nath K. and Das D. (2003) Hydrogen from biomass. Current Science, Vol. 85 no. 3 

NEA (2011) Waste Management in Singapore. Proceedings of the 2011 R3C 
International Symposium on New Developments in Waste Management. Nanyang 
Executive Centre, Singapore. 

Ni M., Leung D.Y.C., Leung M.K.H., and Sumathy K. (2006) An overview of 
hydrogen production from biomass. Fuel Processing Technology 87 (2006) 461-472 

Nicolella, C.; van Loosdrecht, M.C.M.; and Heijnen, J.J. (2000) Wastewater 
Treatment with Particulate Biofilm Reactors. J. Biotechnol., 80, 1. 

Namioka T., Morohashi Y., and Yoshikawa K. (2011) Mechanisms of Malodour 
Reduction in Dewatered Sewage Sludge by Means of The Hydrothermal 
Torrefaction. Journal of Environment and Engineering, Vol. 6, No. 1, 2011 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

146 

 

Noble R.D. and Stern S.A. (Eds) (2003) Membrane Separations Technology 
Principles and Applications. Membrane Science and Technology Series 2, Third 
edition, pp. 478-483. Elsevier Science B.V., Amsterdam, The Netherlands. 

de la Noue, J., & Proulx, D. (1988). Biological tertiary treatment of urban 
wastewaters with chitosan-immobilized Phormidium. Applied Microbiology 
Biotechnology , 29, 292-297. 

Ødegaard, H. (1992). Rensing av avløpsvann, Tapir forlag, Trondheim, Norway (in 
Norwegian). 

Ødegaard H. (1992) Norwegian Experience with Chemical Treatment of Raw 
Wastewater. Wat. Sci. Tech., 25 (12), 255-265. 

Ødegaard H. (1998) Optimized particle separation in the primary step of wastewater 
treatment. Water Science and Technology, 37(10), 43-53. 

Olguin, E. J. (2003). Phycoremediation: key issues for cost-effective nutrient removal 
processes. Biotechnology Advances , 22, 81-91. 

Ong S.E. (05 July 2012) Ways to ‘recycle’ food waste in land-scarce Singapore. The 
Straits Times. Downloaded from the world wide web on 14/9/2012, 
http://www.timesdirectories.com/environmental/news/ways%20to%20recycle%20foo
d%20waste%20in%20land%20scarce%20singapore/818790 

Ong S.-A., Toorisaka E., Hirata M., and Hano T. (2010) Adsorption and toxicity of 
heavy metals on activated sludge. ScienceAsia 36 (2010): 204-209 

Oswald, W. J., Gotaas, H. B., Ludwig, H. F., & Lynch, V. (1953). Algae symbiosis in 
oxidation ponds. Sewage and Industrial Wastes , 25 (6), 692-705. 

Painter, H. A. (1977). Microbial transformations of inorganic nitrogen. Progress of 
Water Technology , 8 (4-5), 3-29. 

Park, H., Wells, G., H, Bae, S.Criddle, C.Francis (2006) Occurrence of Ammonia 
Oxidizing Archaea in Wastewater Treatment Plant Bioreactors, Applied Env.Micro., 
Aug, 5643 

Parker D., Barnard J., Daigger G., Tekippe R., and Wahlberg E. (2001) The future of 
chemically enhanced primary treatment: evolution, not revolution. Water 21, June 
edition. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

147 

 

Parkin, G.F. and Speece, R.E. (1983) Attached versus Suspended Growth 
Anaerobic Reactors:  Response to Toxic Substances. Water Science and Tech., 15, 
261 (1983) 

Parthiban R., Iyer P.V.R., and Sekaran G. (2008) Anaerobic Tapered Fluidized Bed 
Reactor for Treatment of Sago Industry Effluent. Indian Chemical Engineer, Vol 50, 
No 4, October-December 2008, pp 323-333. 

Pauss, A., Andre, G., Perrier, M., Guiot, S.R. (1990) Liquid-to-gas mass transfer in 
anaerobic processes: Inevitable transfer limitations of methane and hydrogen in the 
biomethanation process. Applied and Environmental Microbiology 56(6), 1636-1644. 

Pennsylvania Department of Environmental Protection . (2002, 11 7). The 
SHARON® High-Rate Nitrogen Removal System: An Innovative Wastewater 
Treatment Process. Retrieved 8 31, 2011, from Pennsylvania Department of 
Environmental Protection : 
http://www.dep.state.pa.us/dep/deputate/watermgt/wsm/wsm_tao/InnovTech/ProjRe
views/SharonHiRate.htm 

Perrin, T. S., Drost, D. T., Boettinger, J. L., and Norton, J. M. (1998) Ammonium-
loaded clinoptilolite: A slow-release nitrogen fertilizer for sweet corn. J. Plant 
Nutrition, 31(3), 515–530. 

Petruy, R. and Lettinga, G. (1997) Digestion of a Milk-fat Emulsion. Bioresour. 
Technol., 61, 141. 

Phattaranawik, J., Anthony, F. G., Pasquier, A.C.S., and Bing, W. (2008). A novel 
membrane bioreactor based on membrane distillation. Desalination , 223, 386-395. 

Phothilangka P., Schoen M.A., and Wett B. (2008) Benefits and drawbacks of 
thermal pre-hydrolysis for operational performance of wastewater treatment plants. 
Water Sci Technol. 2008;58(8):1547-53. 

Plaza E., Stridh S., Örnmark J., Kanders L., Trela J. (2011) Swedish Experience of 
the Deammonification Process in a Biofilm System. Proceedings of the Nutrient 
Recovery and Management 2011 conference, 9-12 Jan 2011, Miami, Florida, USA. 

Pretorius,W. A. (1971) Kinetics of anaerobic fermentation. Wat. Res. 5, 681. 

Prins M.J. (2005) Thermodynamic analysis of biomass gasification and torrefaction. 
Ph. D thesis, Technische Universiteit Eindhoven. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

148 

 

PUB (2010a). Bedok NEWater Factory - Presentation to IAP. 

PUB (2010b). Water for All: Conserve, Value, Enjoy - Meeting our water needs for 
the next 50 years. 

Qin J.J., Kekre K (2004) A pilot study for sewage effluent reclamation 
at Jurong water reclamation plant. Project report No. 
CAWT/2002/022/R12 March 2004. 

Qin J.J., Kekre K., and Tau G.H. (2006) Pilot Study on the evaluation of 
HUBER Vacuum Rotation Membrane Biological Reactor for Water 
Reclamation. Final Report–Oct. 2006 (CAWT/2005/027/R). 

Qureshi N., Annous B.A., Ezeji T.C., Karcher P., and Maddox I.S. (2005) Biofilm 
reactors for industrial bioconversion process: employing potential of enhanced 
reaction rates. Microbial Cell Factories 2005, 4:24, pg 6. 

Rachwal, A. J., Johnstone, D., Hanbury, M. J., & Carmichael, W. F. (1983). An 
inensive evaluation of the Carrousel system. In F. Barnes, & D. Johnstone, Oxidation 
Diteches in Wastewater Treatment (pp. 132-172). London: Pitman Books Ltd. 

Radiation. Downloaded from the worldwide web on 12/10/2011, 
http://www.epa.gov/cmop/docs/013red.pdf 

Raghoebarsing A.A., Pol A., van de Pas-Schoonen K.T., Smolders A.J., Ettwig K.F., 
Rijpstra W.I. et al. (2006) A microbial consortium couples anaerobic methane 
oxidation to denitrification. Nature 440: 918-921. 

Rajvanshi A.K. (1986) Biomass gasification. In: Alternative Energy in Agriculture, Vol 
2, CRC Press, 1986, Chapter 4, pgs. 83-102. Edited by D. Yogi Goswami. 

Relea F., Jiménez E., González E., Cabré J., Ayats A., Haberbauer M., Broto F., 
Comellas L., Ribas C., Gotor G., Roig E., and Vallmitjana N. (2011) MICROPHILOX 
Energy recovery from Landfill’s Biogas by the use of microturbines and biological 
removal of hydrogen sulphide and siloxanes. Proceedings of the Thirteenth 
International Waste Management and Landfill Symposium, Sardinia, 3-7 October 
2011. 

Richards, F. A. (1965). Anoxic basins are fjord, in: Chemical Oceanoraphy. London: 
Academic Press. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

149 

 

Rinzema A., Alphenaar A., and Lettinga G. (1993) Anaerobic digestion of long-chain 
fatty acids in UASB and expanded granular sludge bed reactors. Process 
Biochemistry, Vol. 28 Issue 8, PP. 527-537 

Rittmann B.E., Lee H-S., Zhang H., Alder J., Banaszak J.E., and Lopez R. (2008) 
Full-scale application of focused-pulsed pre-treatment for improving biosolids 
digestion and conversion to methane. Water Science & Technology, 58.10, 2008 

Rittmann B.E. and McCarty P. L. (2001) Environmental Biotechnology: Principles 
and Applications. McGraw-Hill. New York. 

Robarts, R., M. Waiser, M. Arts, and M. Evans. (2005) Seasonal and diel changes of 
dissolved oxygen in a hypertrophic prairie lake. Lakes and Reservoirs: Research and 
Management 10(3): 167-177. 

Roberston, L. A., van Niel, E. W., Torremans, R. A., & Kuenen, G. J. (1988). 
Simultaneous Nitrification and Denitrification in Aerobic Chemostat Cultures of 
Thiosphaera pantotropha. Applied Environmental Microbiology , 54 (11), 2812-2818. 

Roberts M. (2009) Grand Canyon National Park, Arizona Wastewater Treatment 
Plant Energy Use Evaluation. Water/Energy Best Practices Guide for Rural Arizona’s 
Water and Wastewater Systems, co-sponsored by Arizona Water Institute (AWI) and 
Grand Canyon National Park. 

Romero M., Rawlings R.D., and Rincón J.Ma. (1999) Development of a new glass-
ceramic by means of controlled vitrification and crystallisation of inorganic wastes 
from urban incineration. Journal of the European Ceramic Society, Volume 19, Issue 
12, October 1999, PP 2049-2058. 

Rosenberg, S., Krüger, U., Manz, W., Szewzyk, U., & Kraume, M. (2002). 
Performance of a bioreactor with submerged membranes for aerobic treatment of 
municipal waste water. Water Research , 36, 413-420. 

Rosenwinkel, K., & Cornelius, A. (2005). Deammonification in the Moving-Bed 
process for the treatment of wastewater with high ammonia content. Chemical 
Engineering Technology , 28 (1). 

Roth, M.J. and Ellis, T.G. (2003) Development of the Static Granular Bed Reactor for 
Full-scale Application. Master’s Thesis, Iowa State University, IA. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

150 

 

Sahu, A. K., & Rusten, B. (2011). Microalgae Growth For Nutrient Recovery From 
Sludge Liquor and Production of Renewable Bioenergy. Nutrients Recovery and 
Management (pp. 193-204). Miami Florida: Water Environment Federation. 

Sandino, J. and C. Yee-Batista (2000) Evaluation of UASB Effluent Polishing 
Alternatives for Municipal Application. CD ROM proceedings of the 73rd Annual 
Conference & Exposition on Water Quality and Wastewater Treatment, Anaheim, 
CA, October 14-18, 2000. 

SCA (Slag Cement Association) (2002a) Slag Cement and Fly Ash. No. 1, What is 
Slag Cement?. Downloaded from the worldwide web on 12/01/2012, 
http://www.slagcement.org/pdf/no1%20Slag%20Cement.pdf 

SCA (Slag Cement Association) (2002b) Slag Cement and Fly Ash. No. 11, Slag 
cement in concrete. Downloaded from the worldwide web on 12/01/2012, 
http://www.slagcement.org/pdf/no11%20Slag%20Cement%20and%20Fly%20Ash.pd
f 

Schafer P.L., Farrell J.B., Newman G., and Vandenburgh S. (2002) Advanced 
Anaerobic Digestion Performance Comparisons. Proceedings of the WEFTEC 2002 
Conference, Chicago, Illinois, 28 Oct – 2 Nov 2002 

Schanbacher F. (2009) Anaerobic Digestion: Overview & Opportunities. Proceedings 
of the Waste to Energy Workshop: Advances and Opportunities for Ohio’s Livestock 
& Food Processing Industries. OARDC, Wooster, OH, April 7, 2009. 

Schmidt, J.E. and Ahring, B.K. (1996) Granular Sludge Formation in Upflow 
Anaerobic Sludge Blanket (UASB) Reactors. Biotechnol. Bioeng., 49, 229. 

Schoeman J.J. (2009) Nitrate-nitrogen removal with small-scale reverse osmosis, 
electrodialysis and ion-exchange units in rural areas. Water SA Vol. 35 No. 5 
October 2009 

Schwarz A., Hammer J., Mösche M., Jordening H.-J., Buchholz K. and Reuss M. 
(1998) Interactions between reaction engineering and fluid dynamics for an industrial 
scale fluidized bed reactor for anaerobic wastewater treatment. In Proc. Waste 
Decision '98, Narbonne, France. 

Scovazzo P., Kieft J., Finan D.A., Koval C., DuBois D., and Noble R. (2004) Gas 
separations using non-hexafluorophosphate [PF6]

- anion supported ionic liquid 
membranes. Journal of Membrane Science, 238 (2004) 57 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

151 

 

Seed L., Yetman D.D., Key S.W., and Shelp G.S. (2003) A Novel Ion-
Exchange/Electrochemical Technology for the Treatment of Ammonia in 
Wastewater. Proceedings of the 32nd Annual WEAO Technical Symposium and 
OPCEA Exhibition 2003. 

Semmens, M. J., Wang, J. T., and Booth, A. C. (1977a) Biological regeneration of 
ammonium-saturated clinoptilolite II. Mechanism of regeneration and influence of salt 
concentration. Envir. Sci. and Technol., 11(3), 260–265. 

Semmens, M. J., Wang, J. T., and Booth, A. C. (1977b) Nitrogen removal by ion 
exchange: Biological regeneration of clinoptilolite. J. Water Pollution Control Fedn., 
49, 2431–2444. 

Semmens, M. J., and Porter, P. S. (1979) Ammonium removal by ion exchange: 
Using biologically restored regenerant. J. WPCF, 51(12), 2928–2940. 

Send, R. C., Grizzard, T. J., & Rumke, D. R. (1992). Process design and operational 
and modification of oxidation ditches for biological nutrient removal. Water Science & 
Technology , 25, 249-256. 

Sherman J.D. (1999) Synthetic zeolites and other microporous oxide molecular 
sieves. Proc. Natl. Acad. Sci. USA, Vol. 96, pp. 3471-3478, March 1999 

Shih K. (2011) Phase transformation of metals in reusing the incineration ash of 
chemically enhanced primary treatment sludge as ceramic raw materials. 
Proceedings of the Conference on Solid Waste 2011 - Moving Towards Sustainable 
Resource Management, Thermal Technology category, PP 334-338.  Hong Kong 
SAR, P.R. China, 2-6 May 2011. 

Shimodaira C. and Yushina Y. (1983) Biological wastewater treatment with downflow 
fluidized bed reactor. In Proc. of the 3rd Pacific Chemical Engineering Congress, 
Seoul, Korea, pp. 237-242. 

Shipley A., Hampson A., Hedman B., Garland P., and Bautisa P. (2008) Combined 
Heat and Power – Effective Energy Solutions for a Sustainable Future. Oak Ridge 
National Laboratory report, downloaded from the worldwide web on 15/08/2012. 

Simons K. (2010) Membrane Technologies for CO2 Capture. PhD Thesis, University 
of Twente, The Netherlands. 

Singh, K.S. and Viraraghavan, T. (2002). Impact of temperature on performance, 
microbiological, and hydrodynamic aspects of UASB reactors treating municipal 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

152 

 

wastewater. Proceedings of the 7th Latin American Workshop and Symposium on 
Anaerobic Digestion, October 22-25, Merida, Mexico, pp. 613-620. 

Słowikowski M. (2010) Application of microfiltration membrane module for ammonia 
removal process. Proceedings of ECOpole 2010, Vol. 4 No. 1 

Smith, G. (1996). Increasing oxygen delivery in anoxic tanks to improve 
denitrification. Proceedings of the Water Environment Federation 69th Annual 
Conference & Exposition, (p. Session 55). 

Song X.D., Chen D.Z., and Wang Z.H. (2011) Application of sewage sludge pyrolysis 
bio-char to plant cultivation. Proceedings of the Conference on Solid Waste 2011 - 
Moving Towards Sustainable Resource Management, Thermal Technology category, 
PP 397-400.  Hong Kong SAR, P.R. China, 2-6 May 2011. 

Stander, G. J. (1950) Effluents from fermentation industries: Part IV. A new method 
for increasing and maintaining efficiency in the anaerobic digestion of fermentation 
effluents. J. Inst. Sew. Purif. 4, 438. 

Stander, G. J. (1966) Water pollution research—A key to wastewater management. 
J.Wat. Pollut. Control Fed. 38, 774. 

van der Star, W. R., Abma, W. R., Blommers, D., Mulder, j.-W., Tokutomi, T., Strous, 
M., et al. (2007). Startup of reactors for anoxic ammonium oxidation: Experiences 
from the first full-scale anammox reactor in Rotterdam. Water Research , 41, 4149-
4163. 

Strous, M., van Gerven, E., Kuenen, J. G., & Jetten, M. (1997). Effects of aerobic 
and microaerobic conditions on anaerobic ammonium - oxidizing (Anammox) sludge. 
Applied and Enivironmental Microbiiology , 63, 2446-2448. 

Strous, M., Heijnen, J. J., Kuenen, J. G., & Jetten, M. (1998). The sequencing batch 
reactor as a powerful tool for the study of slowly growing anaerobic ammonium - 
oxidizing microorganisms. Applied Microbiology & Biotechnology , 50 (5), 589-596. 

Strous, M., Kuenen, J. G., & Jetten, M. (1999). Key physiological parameters of 
anaerobic ammonia oxidation. Applied Microbiology and Bioteechnology , 65, 3248-
3250. 

Sun C.-Z., Zheng Z.-G., Fan G.-Z., and Fu N. (2005) Use of A-Stage in AB Process 
for Treatment of Low Strength Municipal Wastewater. China Water & Wastewater. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

153 

 

Downloaded from the worldwide web on 6/9/2011. 
http://en.cnki.com.cn/Article_en/CJFDTOTAL-GSPS200506045.htm 

Tan S.P. and Teo W.K. (2003) Contribution of Membrane Resistance to Mass 
Transfer in Ammonia Stripping. Proceedings of the IMSTEC ’03 Conference, 
University of New South Wales, Sydney, Australia. 

Tan, C. S., & Ng, H. Y. (2010). A novel hydrid forward osmosis - nanofiltraion (FO-
NF) process for seawter desalination: draw solution selection and system 
configuration. Desaination and Water Treatment , 13, 356-361. 

Tao, Y., Chen, Y., Wu, Y., He, Y., & Zhou, Z. (2007). high hydrogen yield from a two-
step process of dark- and photo- fermentation of sucrose. International Journal of 
Hydrogen Energy , 32 (2), 200-206. 

Tay J., Chen X., Jeyaseelan S., Graham N. (2001) Optimising the preparation of 
activated carbon from digested sewage sludge and coconut husk. Chemosphere 44 
(1), 45, 2001 

The AnoxKaldnes Group. (n.d.). Our History. Retrieved 8 29, 2011, from The 
AnoxKaldnes Group: http://www.anoxkaldnes.com/Eng/c0companyc0/history.htm 

The AnoxKaldnes Group. (n.d.). AnoxKaldnes™ MBBR biofilm technology . 
Retrieved 8 29, 2011, from The AnoxKaldnes Group: 
http://www.anoxkaldnes.com/Eng/c1prodc1/mbbr.htm 

The OVIVO Group. (n.d.). Gobal Center of Excellence: Moving Bed Biofilm reactor 
(MBBR). Retrieved 8 29, 2011, from The OVIVO Group: 
http://www.ovivowater.com/index.php?option=com_content&view=article&id=1055&It
emid=162 

Third, K. A., Sliekers, A. O., Kuenen, J. G., & Jetten, M. (2001). The CANON 
process (Completely Autotrophoc Nitrogen - removal over nitrite) under ammonium 
limitation: interaction and competition between three groups of bacteria. Systematic 
and Applied Microbiology , 24 (4), 588-596. 

Thole, D., Cornelius, A., & Rosenwinkel, K. H. (2005). Full scale experiences with 
deammonification of sludge liquor at Hattingen wastewater treatment plant. GWF 
wasser/Abwasser , 146 (2), 104-109. 

Tian Y., Chen D., Wu D., and Zuo W. (2011) Production and properties of glass-
ceramics from sewage sludge residue by microwave melting method. Proceedings of 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

154 

 

the Conference on Solid Waste 2011 - Moving Towards Sustainable Resource 
Management, Thermal Technology category, PP 330-333.  Hong Kong SAR, P.R. 
China, 2-6 May 2011. 

Tiehm A., Nickel K., Zellhorn M., and Neis U. (2001) Ultrasonic Waste Activated 
Sludge Disintegration for improving Anaerobic Stabilization. Wat. Res. Vol. 35, No. 8, 
pp. 2003-2009. 

Tiwari, M.K.; Guha, S.; Harendranath, C.S.; and Tripathi, S. (2005) Enhanced 
Granulation by Natural Ionic Polymer Additives in UASB Reactor Treating Low-
strength Wastewater. Water Res., 39, 3810. 

Torrijos M., Cerro R. M., Capdeville B., Zeghal S., Payraudeau M. and Lesouef A. 
(1994). Sequencing batch reactor: a tool for wastewater characterization for the 
IAWPRC model. Water Science and Technology, 29(7), 81-90 

Tourien, D. F., Siebert, M. L., and Hattingh,W. H. J. (1967) The bacterial nature of 
the acid-forming phase of anaerobic digestion. Wat. Res. 1, 497. 

Trela, J., Plaza, E., Szatkowska, B., Hultman, B., Bosander, J., & Dahlberg, A. G. 
(2004). Deammonifikation som en ny process för behandling av avloppsströmmar 
med hög kvävehalt. Vatten , 60 (2), 119-127. 

Trigo, C., Campos, J. L., Garrido, J. M., & Mendez, R. (2006). Start-ip of the 
anammox process in a membrane bioreactor. Journal of Biotechnology , 126 (4), 
475-487. 

Tsang K.R., and Sapienza F. (2011) Thermal treatment for biosolids – another 
breakthrough? Proceedings of the Conference on Solid Waste 2011 - Moving 
Towards Sustainable Resource Management, Thermal Technology category, PP 
326-329.  Hong Kong SAR, P.R. China, 2-6 May 2011. 

US Department of Energy. (1999). A multiyear plan for the hydrogen R&D program, 
rationale, structure and technology roadmaps.  

Verkerk, J. M., and van der Graaf, J. H. J. M. (1999) Ammonium removal by ion 
exchange: Interactions between regeneration and brine treatment. Dept. of Sanitary 
Engrg., Facu. of Civ. Engrg. and Geoscience, Delft University of Technology, Delft, 
The Netherlands. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

155 

 

Verschuere, L., Rombaut, G., Sorgeloos, P., & Verstraete, W. (2000). Probiotic 
bacteria as biological control agents in aquaculture. Microbilogy and Molecular 
Biology Reviews , 64 (4), 655. 

Versprille A.I., Zuurveen B., and Stein Th. (1984) The A-B Process: A Novel two 
Stage Wastewater Treatment System. Water Science & Technology, Vol 17 No. 2-3, 
pp 235-246 

Villadsen, J., Nielsen, H. J., & Lidén, G. (1994). Bioreaction Engineering Principles (2 
ed.). New York : Plenum Press. 

Virta R.L. (1997) Zeolites. U.S. Geological Survey – Minerals Information. 
Downloaded from the world wide web, 2/11/2011, 
http://minerals.usgs.gov/minerals/pubs/commodity/zeolites/zeomyb97.pdf 

Virta R.L. (2008) Mineral resource of the month: natural and synthetic zeolites. 
GEOTIMES Earth, Energy and Environment News, June 2008. Downloaded from the 
world wide web, 2/11/2011, 
http://www.geotimes.org/june08/article.html?id=nn_zeolites.html#links#links 

Vlyssides A.G., Karlis P.K., Rori N., and Zorpas A.A. (2006) Electrochemical 
treatment in relation to pH of domestic wastewater using Ti/Pt electrodes. Journal of 
Hazardous Materials, B95, pp. 215-226 

Wagner, R. C., Regan, J. M., Oh, S.-E., Zuo, Y., & Logan, B. E. (2009). Hydrogen 
and methane production from swine wastewater using microbial electrolysis cells. 
Water Research , 43, 1480-1488. 

Wahlberg, E. J., Wunder, D. B., Fuchs, D. C., and Voigt, C. M. (1999). “Chemically 
Assisted Primary Treatment: A New Approach to Evaluating Enhanced Suspended 
Solids Removal,” proceedings WEFTEC99, New Orleans (CD ROM), Water 
Environment Federation, Alexandria, Va. 

Wallace B., National Revewable Energy Laboratory (NREL) (2008) Thermochemical 
Technology Overview. Proceedings of the Northeast Renewable Energy Conference, 
August 26, 2008, Penn State University. 

Wang, K. (2004) The development and application of anarobic biotechnology in the 
industrial and agricultural sector in China. In: Proceedings of 10th Anaerobic 
Digestion Conference, Montreal, 962–969. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

156 

 

Wang, L. K., Pereira, N. C., & Hung, Y.-T. (2008). Advanced Biological Treatment 
Porcesses. New York: Humana Press. 

Wang X., Ma Y., Peng Y., and Wang S. (2007) Short-cut nitrification of domestic 
wastewater in a pilot-scale A/O nitrogen removal plant. Bioprocess Biosyst Eng 
2007, 30:91-97 

Ward M.H., DeKok T.M., Levallois P., Brender J., Gulis G., Nolan B.T., and 
VanDerslice J. (2005) Workgroup Report: Drinking-Water Nitrate and Health – 
Recent Findings and Research Needs. In: Environmental Health Perspectives, Vol. 
113, No.11, November 2005 

Wastewater Biosolids Sustainability: Technical, Managerial, and Public Synergy” 
conference. 24-27 June 2007, Moncton, New Brunswick, Canada. 

Watanabe, H., & Yoshino, H. (2010). Biohydrogen using leachate from a industrial 
waste landfill as innoculum. Renewable Energy , 35 (5), 921-924. 

WEF White Paper (2004) High Performance Anaerobic Digestion. Water 
Environment Federation, Residuals and Biosolids Committee, Bioenergy Technology 
Subcommittee. Downloaded from the worldwide web on 28/8/2012, 
http://www.wef.org/WorkArea/linkit.aspx?LinkIdentifier=id&ItemID=2250  

Weissman, J. G. (1987). Design and analysis of microalgal open pond systems for 

the purpose of producing fuels: a subcontract report. Solar Energy Research 
Institute. 

WERF (2009) New Research to Investigate Trace Organics in Biosolids. Article 
dated March 9, 2009. Downloaded from the worldwide web on 2/9/2011, 
http://www.werf.org/AM/Template.cfm?Section=News&TEMPLATE=/CM/ContentDis
play.cfm&CONTENTID=9825 

Westhead, E. K., Pizarro, C., & Mulbry, W. (2006). Treatment of swine manure 
effluent using freshwater algae: Production, nutrient recovery, and elemental 
composition of algal biomass at four effluent loading rates. Journal of Applied 
Phycology , 18 (1), 41-46. 

Wett B., Buchauer K., Fimml C. (2007a) Energy self-sufficiency as a feasible concept 
for wastewater treatment systems, Leading edge Conference. 4-6 June 2007, 
Singapore. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

157 

 

Wett B. (2007b) Development and implementation of a robust deammonification 
process. Wat. Sci. & Technol. 56(7).  p: 81–88. 

Weyl, P. K. (1967). Recovery of demineralized water from saline water. US Patent , 
3, 340. 

Wilderer, P. A., Irvine, R. I., & Coronszy, M. C. (2001). Sicentific & Technical Report 
No.10: Sequencing batch reactor technology. London: IWA Publishing. 

Wukash, R. F. (1968), “The Dow Process for Phosphorus Removal,” prepared for the 
FWPCA Phosphorus Removal Symposium, Chicago, Illinois. 

Xie Z.M., Li X.Y., and Chan K.Y. (2006) Nitrogen removal from saline sludge liquor 
by electrochemical denitrification. Water Science and Technology, 54, pp. 171-179 

Xu G.R., and Qian C.L. (2007) Wastewater Chemically Enhanced Primary Treatment 
combined with adsorption of activated sludge: AS-EPT in wastewater treatment. 
Conference proceedings on Moving Forward Wastewater Biosolids Sustainability: 
Technical, Managerial and Public Synergy. New Brunswick, 24-27 June 2007. 

Xu G.R., Zhang W.T., and Li G.B. (2005) Adsorbent obtained from CEPT sludge in 
wastewater chemically enhanced treatment. Water Research, 39 (2005) pg 5175-
5185 

Yamamoto, S Alcauskas, J B and Crozier, T E (1976). Solubility of methane in 
distilled water and seawater. Journal of Chemical and Engineering Data, 21, (1), 78-
80. 

Yang R., Ma Y., Zhang W., Xu R., Yin F., Li J., Chen Y., Liu S., and Xu Y. (2011) 
The performance of New Anaerobic Filter Process for High Concentration Winery 
Wastewater Treatment. Proceedings of the Power and Energy Engineering 
Conference (APPEEC), 2011 Asia-Pacific, pp 1-4. 

Yang W., Cicek N., Ilg J. (2006). State-of-the-art of membrane bioreactors: 
Worldwide research and commercial applications in North America. J. Membrane 
Sci, 270, 201-211. 

Yoshida K., Yoshida S., Seki Y., Takahashi T., Ihara I., and Toyoda K. (2007) Basic 
Study of Electrochemical Treatment of Ammonium Nitrogen-Containing Wastewater 
Using Boron-Doped Diamond Anode. Environment and Resource, Sei Technical 
Review, No. 65, October 2007. 



R&D LITERATURE REVIEW ON USED WATER TREATMENT TECHNOLOGIES  

158 

 

York, R. J., Thiel, R. S., & Beaudry, E. G. (1999). Full-scale experience of direct 
osmosis concentration applied to leachate management. 7th International Waste 
Management and Landfill Symposium. Cagliari, Italy. 

Young, J. C. and McCarty, P. L. (1969) The anaerobic filter for wastewater 
treatment. J.Wat. Pollut. Control Fed. 41(5), R160–173. 

Young J.C., and Yang B.S. (1989) Design Considerations for Full-scale anaerobic 
Filters. Journal WPCF, Vol 61, No 9 

Yu, H.Q.; Fang, H.H.P.; and Tay, J.H. (2000) Effect of Fe2+ on Sludge Granulation 
in Upflow Anaerobic Sludge Blanket Reactor. Water Sci. Technol., 41, 199. 

Zhang H. J. (2010) Sludge treatment to increase biogas production. Trita-LWR 
Degree Project 10-20. 

Zhao P., Ge S., Ge J., and Chen Z. (2011) A study on the improvement of sludge 
dewaterability by thermal conditioning. Published in: Electric Technology and civil 
Engineering (ICETCE) at the 2011 International Conference, 22-24 April 2011, 
Lushan. 

Zheng N., Wen Y., Li J., Zhou Q., and Yang D.. (2009). The mechanism of bio-
regeneration process of natural zeolite. Zhongguo Huanjing Kexue/China 
Environmental Science 29(5): 506-511. 


