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Acronyms 
 

Acronym Meaning 
ANZECC Australian and New Zealand Environment Conservation Council 
ARMCANZ Agriculture and Resource Management Council of Australia and New Zealand 
ATAD Autothermal Thermophilic Aerobic Digestion 
ATP Adenosine Triphosphate 
ATP Adenosine Triphosphate 

AUSPLUME,TAPM 
and CALPUFF Air Pollution Models 

AVSR Additional Volatile Solids Reduction 
BAS Biosolids Assurance Scheme 
BFP belt filter press 
BMP Bio Methane Potential 
BN Bayes Nets 
BOD Biochemical Oxigen Demand 
BOD Biochemical Oxygen Demand  
BRC British Retail Consortium 
BSI British Standard Institution 
BSI British Standard Institution  
BTEX Benzene, Toluene, Ethylbenzene, Xylene 
CBA Cost Benefit Analysis  
CCME Canadian Council of Ministers of the Environment 
COD Chemical Oxygen Demand 
COD Chemical Oxygen Demand  
COS Carbonyl sulfide  
CS2 Carbon disulfide 
DALY Disability-adjusted life year 
DECWA Department of Environment and Conservation of Western Australia 
DEFRA Department for Environment, Food and Rural Affairs 
DMDS Dimethyl disulfide 
DMS Dimethyl sulfide 
DMTS Dimethyl trisulfide 
DOC Dissolved Organic Carbon 
DRI Dynamic respiration index 
DT Detection Threshold 

DWA Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall e. V. 
(German Association for Water, Wastewater and Waste) 

EC European Community 
EDC Endocrine Disrupting Compounds 
EEC European Economic Community 
EMS Environmental Management Systems  
EPA Environmental Protection Authority 
EPS Extracellular Polymeric Substances 
ERA Environmental Risk Assessment 
FID Flameionization detector 
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Acronym Meaning 
FPD Flame photometric detector 
FTA Fault Tree Analysis  
GC Gas Chromatograph 
GLC Ground Level Concentration 
HACCP Hazard Analysis and Critical Control Points  
HS Headspace 
ISO International Organization for Standardization  
ISO International Organization for Standardization  
KEDRF Key Events Dose–Response Framework 
LOI Loss of Ignition 
MCDA Multicriteria Decision Analysis  
MPN  Most probable Number 
MS Mass Spectrometer 
MT Methyl mercaptan  
NBP National Biosolids Partnership 
NFSA Norwegian Food Safety Authority  
NHMRC National Health and Medical Research Council 
NRC National Research Council 
NRMMC National Resource Management Ministerial Council  
NSW New South Wales 
NWQMS National Water Quality Management Strategy 
ODP Odour detection port  
OEL Occupational Exposure Limit 
OFWAT The Water Regulator for England and Wales 
ORP Oxidation Reduction Potential  
OTV Odour threshold value 
OU Odour Units 
PAS Publicly Available Specification 
PAS Publicly Available Specification  
PID Photoionization detector 
PURE Project on urban reduction of eutrophication 
QMRA Quantitative Microbial Risk Assessment  
RBA Residual Biological Activity 
REVAQ Renare Vatten – Bättre Kretslopp (Cleaner Water - Better Recycling) 
RT Recognition Threshold 
SEPP State Environment Protection Policies  
SFW Solid food waste 
SI Sudden Increase 
SOUR Specific Oxygen Uptake Rate  
SPME Solid Phase Micro-Extraction  
SRT Sludge Retention Times  
TD Thermal desorption 
TKN Total Kjedhal Nitrogen 
TMA Trimethyl amine  
TOC Total Organic Carbon 
TOC Total Organic Carbon  
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Acronym Meaning 
TPAD Temperature phase anaerobic digestion  
TVOSC Total Volatile Organic Sulphur Compounds 
VAR Vector Attraction Reduction  
VFA Volatile fatty acids 
VOC Volatile Organic Compounds 
VSC Volatile Sulphur Compounds 
VSR Volatile Solids Reduction  
WAS  Waste Activated Sludge 
WEF Water Environment Foundation 
WHO World Health Organisation 
WRC UNSW Water Research Centre 
WSOC Water Soluble Organic Carbon 
WWTP Wastewater Treatment Plant 
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Glossary 
Term Explanation 

Bayes Nets 

“A Bayesian Network consists of a directed acyclic graph of ‘nodes’ and ‘links’ that 
conceptualise a system. The values of the nodes are defined in terms of different, 
mutually exclusive, ‘states’ (McCann et al, 2006). The relationships between nodes 
are described by conditional probability distributions that capture the dependences 
between variables.”(Kragt, 2009) 

Biosolids 

Sewage sludge - The solid, semisolid, or liquid residue generated during the 
treatment of domestic sewage in a treatment works. 
Biosolids - The primarily organic solid product yielded by municipal wastewater 
treatment processes that can be beneficially recycled (whether or not they are 
currently being recycled) (USEPA) 
Sewage sludge that has been treated to meet the land-application standards in the 
Part 503 rule or any other equivalent land-application standards or practices. (US 
NRC 2002) – see (Pepper et al., 2006) 

EMS 

Environmental Management System (see ISO 14000 series). The section of an 
overall management system that includes structure, planning activities, 
responsibilities, practices, procurements, processes and resources for developing, 
implementing, achieving, reviewing and maintaining an environmental 
policy.(Environment Protection and Heritage Council, 2006) 

enHealth 

“The enHealth Council, a subcommittee of the National Public Health Partnership, 
brings together top Environmental Health officials at the Federal and State/Territory 
level along with representation from the Australian Institute of Environmental Health, 
the environment and public health sectors, the Indigenous community and the wider 
community. The Council has the responsibility for providing national leadership, 
implementation of the National Environmental Health Strategy, forging partnerships 
with key players, and the development and coordination of advice on environmental 
health matters at a national level.”(Department of Health and Aging, 2002) 

Environmental 

Values 

- (As applied to Environmental Values) “Values are defined as prescriptive beliefs 
about end states of existence (e.g., peace) and modes of conduct (e.g., justice) that 
transcend specific objects and situations and that are held to be personally and 
socially preferable to opposite end states of existence (e.g., war) and modes of 
conduct (e.g., injustice) (Reser and Bentrupperbäumer, 2005) 
 
- Example of water : “Particular values or uses (sometimes called beneficial uses) of 
the environment that are important for a healthy ecosystem or for public benefit, 
welfare, safety or health and that require protection from the effects of contaminants, 
waste discharges and deposits. Several Environmental Values may be designated 
for a specific water body” (Environment Protection and Heritage Council, 2006). 

ERA 
Environmental (Health) Risk Assessment. Covers Quantitative Microbial Risk 
Assessment. The Australian version of ISO 31010 refers to toxicological risk 
assessment reflecting ERA commonly being equated with chemical toxicity and 
carcinogenicity risk assessment. 

HACCP 
Hazard analysis and critical control points - A systematic, proactive, and preventive 
system for assuring product quality, HACCP  and safety of processes by measuring 
and monitoring specific characteristics which are required to be within defined limits 

HRA See ERA 

ISO International Standards Organization (number designates standard and document 
within standard 

ISO 14001 : 
1996/2004 
(Environmental 
Management 
Systems) 

“An international accredited standard that provides a generic framework for guidance 
on the development and implementation of an environmental management system to 
minimise the impacts of business operations on the environment and to foster 
environmental sustainability” (NH&MRC, 2013) 

MS ISO 9000 Management Systems Standards - The ISO 9000 family of standards has 
been developed to assist organizations, of all types and sizes, to implement and 
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Term Explanation 
operate effective quality management systems. The System approach to 
management involves identifying, understanding and managing interrelated 
processes as a system contributes to the organization’s effectiveness and efficiency 
¡n achieving its objectives. (ISO, 2005) 

MTM 
Consortium 

Monitoring Tailor Made Consortium – group of European and US primarily water 
management scientists in the 1990s/2000s who worked increase the quality and 
efficiency of water quality monitoring 

NH&MRC  National Health and Medical Research Council 

NRMMC Natural Resource Management Ministerial Council, 

REQUAL 
A Tool to Test Implementation of The Framework for Management of Recycled Water 
Quality and Use – Essentially a Recycled Water Quality management guidance 
system developed for the Water Services Association of Australian 

Risk 

“Effect of uncertainty on objectives”  (ISO, 2009) 
NOTE 1 An effect is a deviation from the expected positive and/or negative.  
NOTE 2 Objectives can have different aspects (such as financial, health and safety, 
and environmental goals) and can apply at different levels (such as strategic, 
organization-wide, project, product and process).  
NOTE 3 Risk is often characterized by reference to potential events (2.17) and 
consequences (2.18), or a combination of these.  
NOTE 4 Risk is often expressed in terms of a combination of the consequences of an 
event (including changes in circumstances) and the associated likelihood (2.19) of 
occurrence. 

Risk 
Management 

“Coordinated activities to direct and control an organization with regard to risk” (ISO, 
2009) 

Risk 
uncertainty 

“Uncertainty is the state, even partial, of deficiency of information related to, 
understanding or knowledge of an event, its consequence, or likelihood… 
Risk management explicitly takes account of uncertainty, the nature of that 
uncertainty, and how it can be addressed.” (ISO, 2009) 

Vermin Animal pests attracted to biosolids viewed as potential disease vectors and 
nuisances mainly diptera (flies) and rodents. 
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Executive summary 

The New South Wales (NSW) Environmental Guidelines for the Use and Disposal of 

Biosolids Products were released in 1997 to regulate the management of biosolids in the 

State. This document established different stabilisation grades (A, B and C) to be achieved 

by meeting a combination of estimated pathogen reductions, via stabilisation processes in 

the case of Grade B products, and verified pathogen reductions reflecting time and 

temperature for Grade A products. At the same time, all Grades need to meet concurrently 

at least one Vector Attraction Reduction (VAR) requirement and ensure none of the 

stabilisation grades exhibit offensive odours. 

This document presents a review of biosolids stability and odour management issue using 

different data sources especially the scientific literature, industry reports, environmental 

legislation and personal communications. The goal of the Water Research Centre (WRC) 

team has been to provide evidence based recommendations in relation to biosolids 

management taking into consideration; the current understanding and operationalisation of 

the concept in Australia and around the world, how stability is measured and ensured, its 

relationship with odour and finally, how odour and stability might fit into risk and 

environmental management frameworks so it could be incorporated within revised 

guidelines. 

A key task to understand was describe and refine understanding of biosolids stabilisation – 

the irreversible changes associated with the processing of raw sludge. Aerobic digestion, 

anaerobic digestion and composting can be considered as true stabilisation processes. 

Alkali addition and thermal drying remove pathogens but do not yield a fully stabilised 

product which has major implications for further transport and processing. The literature 

indicates that there has been no agreement on a universal definition of stability and that 

‘stability’ needs to be defined for each process/transport/storage/reuse combination. 

 

Review of approaches to biosolids stability management  
At the national level it was found that NSW could be lagging behind their national 

counterparts on ensuring the production of stable products due to the lack of minimum 

operational conditions in the current biosolids guidelines. The evidence indicates that the 

stability criteria included in Biosolids Guidelines in Australia – at the National and State level 

– can be characterised as follows: 

• The stability grading has been replaced in some jurisdictions by a “pathogen” or 

“treatment” grading. However, all of them use the same stabilisation processes as 
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the NSW guidelines (anaerobic and aerobic digestion, lime stabilisation, composting 

and air drying).  

• In the National and Western Australia (WA) guidelines the VAR measures are 

combined with the treatment conditions to create the “pathogen grading 

classification”. In Victoria (VIC) and South Australia (SA) a similar approach to NSW 

is used, that is, a separate table for the VAR measures.   

• The requirements needed to grade biosolids at a specific level of stability quality are 

more restrictive in the National, WA and VIC guidelines than in the NSW guidelines, 

especially for products with a similar classification to class B biosolids. The inclusion 

of Sludge Retention Time (SRT) requirements in anaerobic digestion and the 

microbiological verification of performance for approved processes in other states are 

examples of this. SA guidelines present similar conditions to NSW with some 

modifications catering for their practices at Bolivar Wastewater Treatment Plant.  

• There are more than one quality grade between the untreated biosolids and the top 

quality biosolids product in some jurisdictions. For example, the National and more 

recent WA guidelines have P2 and P3 classifications, which are similar to a 

Stabilisation Grade B in NSW.  

• The requirements for top quality biosolids, which can be used without restrictions, are 

similar in all the guidelines. 

When compared against their international peers the single most relevant finding in relation 

to stability is the lack of a ‘best practice manual’ for the management of biosolids in NSW. As 

illustrated by the 2005 US National Biosolids Partnership manual a ‘best practice manual’ 

could include a range of process recommendations to ensure a stable product, or could take 

the form of a risk based management tool such as Hazard Analysis and Critical Control 

Points (HACCP) which could be also used to manage the risks associated with pathogens 

and contaminants. 

The number of programs associated with best practices in the management of biosolids, 

including those associated with stability continues to grow around the world. These 

programs support the existing legislation in countries such as the United Kingdom (UK), 

Sweden and the United States (US) and promote the benefits of biosolids beneficial reuse 

and reduce the risk of potential ‘outrage episodes’ associated with poorly stabilised 

biosolids, which are recognised as the biggest threat to biosolids beneficial reuse programs. 

Beyond these ‘Best Practice Programs’, a growing number of certification schemes were 

also found in overseas countries such as the Renare Vatten – Bättre Kretslopp (ReVAQ)® 

certification in Sweden and the Biosolids Assurance Scheme (BAS) in the UK. 
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Overseas experiences show that the different approaches taken to the management of 

stability in biosolids are based on environmental, economic, social and legal constraints 

found in each country. The policies and practices analysed in this review show the potential 

pathways for NSW in relation to encouraging application of high quality biosolids to 

agricultural land (Norway), the use of a mixed approach via incineration/agricultural usage 

Germany, Denmark) or the production of “bio-soils” (Finland). 

Restrictions on contaminant concentrations in sludge are tightening, especially in Europe, 

making it almost impossible in some countries to beneficially reuse biosolids on agricultural 

land unless all the potential contaminants upstream of the wastewater treatment plant are 

controlled. At the same time, there is an increasing level of interest worldwide in recycling 

phosphorus through the beneficial reuse of biosolids which requires merging pathogen, 

contaminant and odour dimensions of biosolids processing under a coherent risk 

management framework. 

 

What is stabilisation? 
The current operational definition of stability (Grade A or B) in the NSW guidelines is in effect 

the two different expected qualities in the final biosolids product:  

• Sanitisation or hygienisation (for grade A)  

• Reduction of pathogens and putrefaction (for grade B)   
Grade A deals with pathogens exclusively and it is considered outside the scope of this 

report. Different stabilisation processes are able to reduce pathogens but this is different to 

reducing putrefaction by transforming the organic matter present in the raw sludge. In this 

report, we focus on Grade B approved processes and the associated Vector Attraction 

Reduction (VAR) measures included in the Biosolids Guidelines (NSW EPA, 1997)  due to 

the fact that the large majority of biosolids products in NSW are considered grade B  (PSD, 

2015).  

This definition is however insufficient as achieving VAR does not mean stability has been 

achieved, rather achieving stability will achieve VAR (WEF, 2012). Accordingly we have 

reviewed the suitability of each of the stabilisation processes and the assessment methods 

with a focus on the VAR measures presented in the NSW Biosolids Guidelines. The 

irreversible/reversible nature of each ‘stabilisation’ process and its contribution in moving the 

raw sewage sludge towards ‘inertness’ present a potential criterion to judge their suitability in 

ensuring the stability of biosolids. The protocols and thresholds associated with VAR in the 

current guidelines appear to be relevant to the operation of each stabilisation process to 

ensure pathogen reduction but they don’t guarantee a product free of offensive odours. They 
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need to be complemented with better operational process controls or ‘minimum standards’ 

on processing which need to be validated by the EPA. Similarly, additional or new 

measurements need to be considered to determine the ‘stability’ of a biosolids product. 

For irreversible stabilisation processes such as anaerobic and aerobic digestion, minimum 

sludge retention times (SRT) need to be incorporated in the updated guidelines to reduce 

the risk of further nuisance odour generation in the digested sludge due to operational 

constraints. The assessment of ‘stability’ needs to be done after dewatering, conveying and 

storage to account for the potentially adverse effects of these practices on ‘stabilised’ 

biosolids. The current VSR threshold for aerobic and anaerobic digestion is a relative 

operational measurement easily achieved by the wastewater treatment plants (WWTPs). As 

it is very specific to the context of each site, it provides little information on the 

appropriateness of the biosolids product for its intended use. A potential way forward is to 

use volatile solids (VS) brackets to classify biosolids products stabilised using aerobic and 

anaerobic digestion in a similar way as it is practiced in Germany. In composting, 

temperature and time control need to be supplemented with the use of CO2 evolution and the 

incorporation of the current composting standards AS 4454-2012 into the drafting of the new 

biosolids guidelines seems appropriate.  

For those reversible stabilisation processes such as alkali addition and thermal drying some 

changes are warranted. First of all, they need to be considered non-stabilisation processes 

with an important role to play in the State. Alkali addition needs to be kept as a feasible 

emergency pathway to dispose of biosolids when irreversible stabilisation processes are 

unavailable and the VAR measures associated with alkali addition need to be upgraded to 

the national standards. Thermal drying should be considered as a potential route if the 

sludge has been anaerobically or aerobically stabilised previously unless incineration is 

feasible.  

 

Odour emissions from biosolids and links to stabilisation 

Types of odorants emitted from biosolids depend on the stabilisation methods used. 

However, most emissions typically consist of volatile sulfur compounds, ammonia and other 

compounds produced from the degradation of organic matter. These odorants can be 

perceived at low concentrations and have largely offensive odour characters ranging from 

rotten eggs, rotten vegetables and garbage to rotten fish and ammonia.  

As odours are produced from the degradation of organic matter, therefore a more stable 

product implies less odours produced. Current stabilisation guidelines have been developed 

to satisfy microbial and vector attraction requirements, while odour emissions are explicitly 

linked to both of these levels, further stabilisation may be required to meet an odour 
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acceptable product, being closely linked to the definition of stabilisation itself, as the case of 

limited change. A limitation of the current guidelines is that odour itself is not a specific 

measure. While the current guidelines require Grade B biosolids to “not exhibit offensive 

odours”, what is classified as an offensive odour is not established.  

Methods of evaluating odour quality can use analytical (odorant concentrations) or sensorial 

methods (how people perceive odours). A combination of both of these is recommended. 

• Concentrations of key odorants emitted from biosolids could be monitored 

analytically using standardised sampling methods. Typical odorants typical for each 

stabilisation method would need to be lower than a certain level for different biosolids 

applications.  

• Taking a sensorial approach, intensity, hedonic tone and odour character of the 

biosolids product could be used onsite as part of regular performance monitoring, 

these measures are better indicators of nuisance emissions compared to odour 

concentration. These can be assessed using the Odour profiling method (OPM), 

similar to the 2170 Flavour Profile Analysis method from “Standard Methods for the 

Examination of Water and Wastewater”.  

The classification of biosolids emissions into categories depending on odour properties 

(sensorial and/or analytical) could be used to inform suitable biosolids re-use options. 

Suitable thresholds for biosolids odour quality categories would need to be developed with 

consultation with utilities, community and regulators. 

The final product stability can also be tested by residual biodegradability tests, however the 

effect of downstream processing needs to be considered. For example the tests could be 

carried out on the dewatered cake or after conveying to understand the contribution of these 

processes or to predict the odour potential of the product. Options include Specific Oxygen 

Uptake Rate (SOUR) for aerobic digestion and Biochemical Methane Potential (BMP) for 

anaerobically digested solids which are included in the current guidelines. Another option is 

measuring labile protein content in the final product, as labile proteins are precursors to 

odorous volatile sulfur compounds.  

In parallel with the adoption of odour quality and stability requirements of the biosolids 

product, certain operational targets for each stabilisation method should be established, 

which will help utilities meet biosolids odour quality, without being overly prescriptive. For 

example, longer SRTs are recommended to reduce odour potential; however digester 

efficiency and the effect of downstream processing on odour emissions also need to be 

considered. The guidelines should suggest additional techniques to meet required odour 

quality based on the underlying microbial and chemical processes occurring in each 

stabilisation process. For example, minimising shear during dewatering and conveying can 
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improve biosolids odour quality and handling properties. This approach will allow more 

flexibility between sites, allowing utilities to treat their biosolids to levels suitable to their end 

use, taking into account site specific factors and existing infrastructure.  

The approach to monitoring of odour quality and other performance parameters throughout 

biosolids processing can also be informed by risk management approaches. 

 

Risk and Environmental Systems management frameworks  

In the original biosolids management guidelines it was stated: “These guidelines are a step 

towards producing revised guidelines based on risk assessment.” (NSW EPA, 1997) 

Reflecting this aim, this review outlines findings, conclusions and recommendations on the 

applicability of risk assessment and environmental management principles to odour, stability 

and vermin management.  It focuses on Risk Management (RM) and Environmental 

Management Systems (EMSs) and identifies key documents reviewed and conclusions 

reached.  

We first asked the question to what extent odour analysis and management could fit into a 

risk assessment and management paradigm? As with water, odour impact analysis seemed 

fully amenable to risk management tool application. The extent odours constitute a health 

risk depends greatly on the population under consideration and the odorant concentration. 

However the ISO 31000 meaning of the word ‘risk’ can cover odours being unacceptable or 

otherwise for other reasons because the definition of ‘risk’ is general rather than human 
health specific: “Effect of uncertainty on objectives”  (ISO, 2009). 

A range of risk assessment tools were identified for managing odour risk, notably cause X 

consequence risk matrix, Environmental risk analysis, HACCP and Fault Tree analysis. To 

accommodate the use of these tools the use of Environmental Management Systems is 

proposed in order to provide an overall framework for their application and ensure that 

institutional arrangements for biosolids management are sound. 

The concept of biosolids ‘stability’ has long been a vexed issue. A risk management 

perspective may however offer a solution to defining the concept of stability – the application 

of HACCP which was originally developed for managing foods. Food production appears 

sufficiently analogous to biosolids production and management. If this is accepted then we 
suggest by analogy that ‘Stable’ biosolids be viewed as a short hand for: Any biosolids 

intermediate or final product which is within specification for the proposed or existing, 

generation to recycling, process train and the applicable critical control point, as determined 

by objective measurements (e.g. chemical analysis, physical observation). This proposed 
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definition is designed to cover biosolids at intermediate stages along the biosolids production 

and management train as well as end products. A complementary way of defining it is 
”Stability in biosolids is an irreversible and consistent low rate of biological activity achieved 

after adequate processing of sewage sludge”. 

A suggested model for new guidelines which would allow the integration of EMS principles, 

RM techniques with the range of practical and technical methods already developed e.g. 

within the 1997 guidelines, is the latest Australian Drinking Water Quality guidelines which 

incorporates all these features. It is also suggested that the guidelines provide direction of 

the development and use of conceptual and mechanistic models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xv 
 

Table of Contents 

2.1. Chapter summary ................................................................................................ 26 

2.2. Definition ............................................................................................................. 27 

2.3. Issues associated with material stability............................................................... 30 

2.4. Policies and practices on material stability ........................................................... 32 

2.4.1. Australia ....................................................................................................... 32 

2.4.2. Overseas ..................................................................................................... 40 

3.1. Chapter summary ................................................................................................ 55 

3.2. Biological, irreversible, long-term and permanent stabilisation processes ............ 58 

3.2.1. Anaerobic digestion ..................................................................................... 58 

3.2.2. Aerobic digestion and extended aeration ..................................................... 61 

3.2.3. Composting.................................................................................................. 64 

3.3. Chemical, physical, temporal, short-term and reversible stabilisation processes . 66 

3.3.1. Lime stabilisation ......................................................................................... 66 

3.3.2. Air Drying ..................................................................................................... 67 

4.1. Chapter summary ................................................................................................ 68 

4.2. Introduction to odorants, odour emissions and nuisance impacts ........................ 69 

4.3. Odour and odorant analysis ................................................................................. 70 

4.4. Relationships between stabilisation methods and odour emissions ..................... 72 

4.4.1. Anaerobic digestion ..................................................................................... 72 

4.4.2. Aerobic digestion ......................................................................................... 74 

4.4.3. Composting.................................................................................................. 76 

4.4.4. Thermal treatment ........................................................................................ 76 

4.4.5. Liming .......................................................................................................... 77 

4.5. Recommendations for best practice ..................................................................... 78 

Acronyms .............................................................................................................................. iii 

Glossary................................................................................................................................ vi 

Executive summary ............................................................................................................. viii 

Tables ................................................................................................................................. xix 

Figures ................................................................................................................................ xxi 

1. Introduction .................................................................................................................. 23 

2. Material Stability .......................................................................................................... 26 

3. Suitability of current methods and practices to determine and ensure stability of 

biosolids .............................................................................................................................. 55 

4. Stability and odour emissions ...................................................................................... 68



 xvi 
 

5.1. Chapter summary ................................................................................................ 84 

5.2. Reviewing the potential conceptual and operational framework for future biosolids 
management ................................................................................................................ 85 

5.3. Focus of this chapter of the review ...................................................................... 86 

5.4. Developments since 1997.................................................................................... 87 

5.5. Key documents identified and why ....................................................................... 88 

5.6. Viability of RM and EMS application of odours, stability and vermin .................... 90 

5.6.1. Odours ......................................................................................................... 90 

5.6.2. Stability ........................................................................................................ 92 

5.6.3. Vermin/vector attraction ............................................................................... 93 

5.7. Caveats ............................................................................................................... 93 

5.8. Logistics and format of RM/EMS application ........................................................ 94 

5.9. Conclusions regarding information requested in the brief..................................... 95 

5.9.1. Answering the question of what is biosolids stability, and what does it mean 
for biosolids to be stable .............................................................................................. 95 

5.9.2. Report on current policies and practices with regards to stability in other … 
jurisdictions .. and compare and contrast .. with .. NSW ............................................... 95 

5.9.3. Review the current methods for determining and ensuring the stability of 
biosolids in NSW, and provide an assessment and justification on whether or not these 
methods and practices are suitable. ............................................................................. 95 

5.9.4. Are there other methods which are capable of directly assessing biosolids for 
odour production potential? Provide recommendations on best practice assessment and 
management of biosolids to reduce and\or eliminate odours. ....................................... 96 

5.9.5. Any additional information or work the respondent can undertake and deems 
appropriate to the review will also be taken into account. ............................................. 96 

5.9.6. The capability of and practical implications for stakeholders to adopt and 
apply any recommended strategies will need to be considered by the review.” ............ 96 

1.1. Study scope for each stabilisation method ......................................................... 136 

1.2. Anaerobic digestion ........................................................................................... 139 

1.2.1. Odorants identification ............................................................................... 139 

1.2.2. Process implications .................................................................................. 145 

1.3. Aerobic digestion ............................................................................................... 157 

1.3.1. Odorants identification ............................................................................... 158 

1.3.2. Process implications .................................................................................. 158 

5. Frameworks for managing odour, stability and vermin – the use of Risk Assessment 

(RM) methodology and Environmental Management Systems (EMSs) ............................... 84 

6. Recommendations ....................................................................................................... 97 

7. References ................................................................................................................ 107 

1. Appendix 1 - Literature associated with odours from biosolids ................................... 136 



 xvii 
 

1.4. Composting ....................................................................................................... 160 

1.4.1. Odorants identification ............................................................................... 161 

1.4.2. Process implications .................................................................................. 164 

1.5. Thermal treatment ............................................................................................. 167 

1.5.1. Odorants identification ............................................................................... 167 

1.5.2. Process implications .................................................................................. 170 

1.6. Alkaline stabilisation .......................................................................................... 171 

1.6.1. Odorants identification ............................................................................... 171 

1.6.2. Process implications .................................................................................. 173 

2.1. How risk management offers an adaptable option for a biosolids odour and stability 
management framework ............................................................................................ 178 

2.1.1. What is risk? .............................................................................................. 178 

2.1.2. Further reasons for considering a risk based framework for managing odour 
stability and vermin .................................................................................................... 179 

2.1.3. Initial impressions from literature examination on the applicability of risk 
management .............................................................................................................. 179 

2.2. Developments in risk management since 1997 .................................................. 180 

2.2.1. How risk management style analysis offer many paths for improving biosolids 
odour and stability management even if the latter are not classical risks .................... 180 

2.2.2. DEHC concurrence with applying a risk management (based) framework to 
odour management .................................................................................................... 181 

2.2.3. Risk management related guidelines which could provide model procedures 
for biosolids managment ............................................................................................ 182 

2.2.4. Environmental Management System Standards......................................... 184 

2.2.5. The sea change driving this biosolids guideline evolution .......................... 185 

2.2.6. Environmental Values ................................................................................ 194 

2.2.7. ISO 31010 tools, a different model for thinking about biosolids odour and 
stability management ................................................................................................. 198 

2.2.8. HACCP application in the USA relevant to stabilization.............................. 201 

2.2.9. Conclusions regarding applicability of risk based frameworks to odour and 
stability 204 

2.3. Odour management based on the enHealth model ERA model? ....................... 205 

2.3.1. Adapting ERA ............................................................................................ 205 

2.3.2. Engagement with stakeholders/risk communication/consultation ............... 208 

2.3.3. Issue identification - Outcome of WRC group scoping................................ 208 

2.3.4. Hazard Assessment - Odour as a hazard as a source of risk? ................... 210 

2.3.5. Dose response ........................................................................................... 214 

2.3.6. Exposure assessment ................................................................................ 223 

2. Appendix 2 - Biosolids Risk Management, odour control and material stability and 

vermin/vector management ............................................................................................... 177 



 xviii 
 

2.3.7. Risk characterization .................................................................................. 226 

2.3.8. Risk management ...................................................................................... 229 

2.3.9. Uncertainties and reality checks ................................................................. 229 

2.3.10. Analytical and assessment methods .......................................................... 234 

2.3.11. Conclusions – Adaptation of odour hazard, health, and toxicity risk 
assessment and management concepts to biosolids odour management .................. 234 

2.4. Stability management ........................................................................................ 236 

2.4.1. The vexed concept of biosolids ‘Stability’ ................................................... 236 

2.4.2. HACCP and stability .................................................................................. 236 

2.4.3. Partial solutions.......................................................................................... 237 

2.4.4. Is ‘Stability’/Maturity an Environmental Value ............................................. 237 

2.4.5. A risk management perspective on stability ............................................... 238 

2.5. Vermin and vector attraction .............................................................................. 239 

2.6. Modelling ........................................................................................................... 240 

2.6.1. General ...................................................................................................... 240 

2.6.2. Transport and dispersion modelling ........................................................... 241 

2.6.3. Process treatment modelling and dynamic and computerized fluid dynamics 
(CFD) modelling of storage and composting .............................................................. 242 

2.6.4. Dose response modelling ........................................................................... 242 

2.6.5. Validation modelling of new and existing stabilisation processes ............... 242 

2.6.6. General risk management, HACCP/ERA modelling and Bayes Nets(BNs) 243 

2.6.7. Decision making and utility ......................................................................... 244 

3.1. A management system based strategic framework for risk management 
implementation .......................................................................................................... 248 

3.2. EMS concepts ................................................................................................... 249 

3.3. The REQUAL model .......................................................................................... 251 

4.1. Guidelines and resources for integration of odour management. ....................... 260 

4.2. Stabilization ....................................................................................................... 261 

4.3. Vermin and Vectors ........................................................................................... 262 

4.4. Guideline design to incorporate EMS and risk management .............................. 262 

  

3. Appendix 3 - Risk management within an Environmental Management Systems 

framework? ....................................................................................................................... 248 

4. Appendix 4 - Next strategic steps in the integration of odour, stability and vermin 

assessment into new EMS and risk based biosolids management focused guidelines ...... 260 



 xix 
 

Tables 
 

Table 1. Suggested indicators of wastewater solids stabilisation ......................................... 28 

Table 2. Stability protocols .................................................................................................. 29 

Table 3. Comparison on stability requirements between Pathogen Grade P3 in the National 

Guidelines and Stabilisation Grade B in NSW ..................................................................... 33 

Table 4. Comparison on stability requirements between Stabilisation Class B in SA (draft 

guidelines) and Stabilisation Grade B in NSW..................................................................... 35 

Table 5. Comparison on stability requirements between Pathogen Grade P3 in WA and 

Stabilisation Grade B in NSW ............................................................................................. 37 

Table 6. Comparison on stability requirements between Treatment Grade T3 in Victoria and 

Stabilisation Grade B in NSW ............................................................................................. 38 

Table 7. Comparison on stability requirements between Treatment Grade T2 in Victoria and 

Stabilisation Grade B in NSW ............................................................................................. 39 

Table 8. Comparison of UK stabilisation requirements between UK and NSW .................... 41 

Table 9. National policy requirements in relation to sewage sludge stabilisation in selected 

European countries and current practices ........................................................................... 47 

Table 10. Comparison of practices in different USA states and NSW .................................. 52 

Table 11. Comparison of practices in different Canadian provinces states and NSW .......... 54 

Table 12. Review of suitability of methods and practices to determine and ensure stability of 

biosolids .............................................................................................................................. 56 

Table 13. Stability of biosolids compost based on CO2 evolution ........................................ 65 

Table 14. Methods used for sampling, concentrating and analysing emissions from biosolids.

 ........................................................................................................................................... 71 

Table 15. Review of suitability of stability and vector attraction reduction assessment 

methods .............................................................................................................................. 82 

Table 16. Key environmental and related management documents reviewed ..................... 89 

Table 17. Number of papers measuring VSCs, VOCs and sensorial properties of emissions 

from anaerobically stabilised biosolids .............................................................................. 140 

Table 18. Odorants emitted from anaerobically digested biosolids. Sources recording only 

TVOSC or MT and DMS are not included. ........................................................................ 141 

Table 19. Formation and degradation pathways for odorants typically detected in 

anaerobically stabilised biosolids ...................................................................................... 142 



 xx 
 

Table 20. Review of literature relating to anaerobic digester operation and odour emissions 

from the produced biosolids. ............................................................................................. 147 

Table 21. Compilation of findings from the literature regarding how dewatering affects odour 

emissions from anaerobically stabilised biosolids .............................................................. 151 

Table 22. Compilation of reviewed literature concerning the dosing of cations (Fe and Al) in 

biosolids processing and odour response ......................................................................... 154 

Table 23. Compilation of the reviewed literature evaluating chemical amendments mode of 

action and effectiveness in controlling biosolids odour emissions...................................... 155 

Table 24. Odour descriptors throughout stages of biosolids composting ........................... 161 

Table 25. Odorants associated with composting biosolids................................................. 163 

Table 26. Studies comparing emissions from the composting of raw sludge or anaerobically 

digested sludge ................................................................................................................. 165 

Table 27. Odorants and descriptors associated with thermally treated/stabilised biosolids 168 

Table 28. Odorants associated with alkaline stabilisation of biosolids, identified in the 

reviewed literature for emissions from onsite and land application. ................................... 172 

Table 29. Operational factors noted to affect odours emitted from biosolids during and after 

alkaline stabilisation. ......................................................................................................... 175 

Table 30. Reported symptoms of odour exposure1 ............................................................ 211 

Table 31.Odour impact scheme reproduced from Schiffman et al. (2000) ......................... 216 

Table 32.  Requal Environmental Management System ‘Elements’ and ‘Components’ ..... 255 

 

 

  



 xxi 
 

Figures 
 

Figure 1. Stabilisation requirements associated with the use of biosolids in Germany ... 49 

Figure 2. Delegation of biosolids management program to different states in the US .... 50 

Figure 3. VSR during the digestion of primary sludge at raw sludge VS concentrations 

and SRT ............................................................................................................................. 59 

Figure 4. Relationship between volatile solids reduction and specific oxygen uptake .... 63 

Figure 5. Relationship between volatile solids reduction and time of aeration ................ 63 

Figure 6. Factors affecting whether nuisance odour impacts will occur. The pathway includes 

factors affecting odorant production, transport to receptors, receptor odour perception and 

reaction. .............................................................................................................................. 70 

Figure 7. Number of different types of data sources reviewed for each stabilisation methods

 ......................................................................................................................................... 136 

Figure 8. Comparison of the number of papers based on lab scale and/or full scale studies 

for each stabilisation method ............................................................................................. 137 

Figure 9. Comparison of the number of reference using different odour sampling 

methodologies for each stabilisation method ..................................................................... 137 

Figure 10. Cyclic pathway of volatile sulfur compound transformation during biosolids 

storage ............................................................................................................................. 143 

Figure 11. Typical emission profile of MT, DMS and DMDS in the headspace of aged 

anaerobically digested biosolids ..................................................................................... 144 

Figure 12. Key monitoring considerations ......................................................................... 193 

Figure 13. Illustration of diversity of potentially competing Environmental Values ............. 194 

Figure 14. ISO 31010 Risk assessment and management tools identified by Standards 

Australia ............................................................................................................................ 201 

Figure 15. ‘Examples’ of biosolids management train critical control point ........................ 203 

Figure 16. Enhealth ERA framework showing points where modification of concepts and 

language for odours is needed .......................................................................................... 207 

Figure 17. Elements of the KEDRF framework .................................................................. 215 

Figure 18. Idealized odour dose response model .............................................................. 218 

Figure 19. Butanol model .................................................................................................. 219 

Figure 20. Consistency of the dose response relationship across different odorants ......... 219 



 xxii 
 

Figure 21. Percentage highly annoyed (%HA) as a function of the logarithm of the 98 

percentile of measured odour concentrations .................................................................... 220 

Figure 22. Sources and transmission pathways of pathogens to humans from animal 

agriculture ......................................................................................................................... 224 

Figure 23. The biosolids ‘value chain’ ............................................................................... 224 

Figure 24. Odour specific conceptual exposure pathway map ........................................... 225 

Figure 25. Illustrative odour guidelines .............................................................................. 228 

Figure 26. ISO 14000 Cycle of continuous improvement ................................................... 250 

Figure 27. Key features of an ISO 14000 compliant environmental management system . 251 

 

 



23 
 

1. Introduction 
The New South Wales Environmental Protection Authority (NSW EPA) has requested the 

development of a comprehensive review of the biosolids requirements included in the 

current NSW EPA Environmental Guidelines for the Use and Disposal of Biosolids Products 

(NSW EPA, 1997), focusing on material stability. The stabilisation grade included in the 

current NSW EPA Guidelines describes the quality of a biosolids product based on the level 

of pathogen reduction, vector attraction reduction and odour reduction. 

The first descriptor for material stability is associated with the use of any of the following 

“pathogen reduction processes”: anaerobic digestion, aerobic digestion, air-drying, 

composting, lime stabilisation, extended aeration or other processes accepted by the NSW 

EPA to ensure a Grade B quality level is achieved.  In addition, for Grade A the effectiveness 

of the process needs to be verified through microbiological means. Considerable research 

on the adequacy of current technologies to ensure stability from a microbiological 

perspective has been undertaken since the publication of the NSW guidelines. For example, 

(Sidhu and Toze, 2009) provides updated data on pathogen inactivation for aerobic 

stabilisation, anaerobic digestion, composting, air drying and lime stabilisation. This 

descriptor is considered to be outside the scope of the present report because it will be 

included in the parallel pathogen review. 

The second descriptor for material stability is fulfilling of at least one of the Vector Attraction 

Reduction (VAR) requirements for any stabilisation grade A or B product. There are clear 

‘thresholds’ in the guidelines in relation to the VAR measures and the underlying evidence 

for their development deals simultaneously with microbiological and process/biochemical 

perspectives to ensure an adequate performance of the stabilisation processes included in 

the guidelines. For example, if the sewage sludge is treated using lime, the VAR relates to 

pH control to reduce pathogens in the sludge but if it is treated using anaerobic digestion the 

VAR relates to volatile solids reduction (VSR) to reduce the potential of further putrefaction 

of the digestate. The use of different perspectives as part of VAR measures, microbiological 

vs.process/biochemical, has contributed to the complexity of developing a universal 

definition of stability. 

The third and last descriptor for a product classified as stable relates to odour reduction. In 

contrast to pathogen and vector attraction reduction, the current guidelines provide very few 

details on how this could be achieved but it clearly indicates that both product grades (A and 
B) “...should not exhibit offensive odours” . The nature of odour as being the physiological 

impact of certain compounds means methods of standardising and representing such 

impacts are difficult but nonetheless crucial for the success and continuity of the beneficial 
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reuse of biosolids in NSW. The majority of the odorants emitted from biosolids are 

associated with the degradation of organic matter. For example, the degradation of proteins 

in the biosolids has been linked to the production of volatile sulphur compounds, ammonia, 

trimethylamine and a range of aromatic compounds (Rosenfeld et al., 2001a, Chen et al., 

2004, Adams, 2003).  

The production and emission of offensive odours from biosolids have been directly linked to 

the performance of stabilisation processes, such as anaerobic and aerobic digestion, as well 

as the way sludge is treated upstream and downstream of those stabilisation processes 

(Adams, 2004). For example, a range of factors, including onsite storage duration, conveying 

length, sludge pre-treatment, digester set-up, dewatering method, sludge blanket depth and 

chemical dosing have been linked in the literature to affecting the resultant biosolids odour 

emissions (Gabriel et al., 2005, Chen et al., 2007, Adams et al., 2007, Johnston et al., 2009, 

Kacker et al., 2011, Kim et al., 2011a, Murthy et al., 2009, Murthy et al., 2002, Novak et al., 

2007). 

Since the introduction of the US Environmental Protection Authority  (EPA) 40CRF503 rule 

in 1993 and the publication of the NSW EPA guidelines in 1997 different reviews of biosolids 

management guidelines have been undertaken at the national level, including Western 

Australia, South Australia and Victoria, and at the international level including the United 

States (US) and different countries in Europe. Overall, two approaches have emerged, a 

risk-based approach similar to the current NSW guidelines, inspired by the work undertaken 

by the EPA in the US, and a more precautionary approach, inspired by the decision taken by 

some regulatory bodies in Europe in response to the uncertainty associated with the 

negative impact of contaminants present in the sludge.  

The issues presented before, the use of different descriptors to define stability, the 

microbiological and process/biochemical perspectives used to define VAR measures, the 

complexity associated with an effective management of odour emissions and the contrasts 

of using a risk based versus a precautionary approach are fused in the concept of material 

stability. The WRC team has reviewed the literature on biosolids material stability from these 

perspectives and this report aims to present a comprehensive picture of the state of the art 

on this topic and at the same time shed some light on how odour and stability might fit into a 

risk and management framework so it could be incorporated within “revised guidelines based 

on risk assessment” (NSW EPA, 1997). In short this review aims to answer the following 

questions: 

1. What is stability in biosolids and how is it managed in Australia and around the 

world? 
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2. Are the current stabilisation processes and analytical protocols included in the NSW 

biosolids guidelines enough to produce a stable product? 

3. Which are the links between stability and offensive odours associated with biosolids 

products? 

4. Can the existing Australian recycled and potable water risk management frameworks 

be adapted to manage the risk associated with biosolids stability in NSW? 
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2. Material Stability 
2.1. Chapter summary 

The key point to understand stability lies in the irreversibility of the changes associated with 

the processing of raw sludge. Aerobic digestion, anaerobic digestion and composting can be 

considered as true stabilisation processes. Alkali addition and drying remove pathogens but 

leave the underlying conditions for further ‘destabilisation’ untouched. The literature indicates 

that there is no agreement in a universal definition of stability and that stability needs to be 

defined for each process/transport/storage/reuse combination. 

The evidence indicates that the stability criteria included in Biosolids Guidelines in Australia 

– at the National and State level – can be characterised as follows: 

• The stability grading has been replaced in some jurisdictions by a “pathogen” or 

“treatment” grading. However, all of them use the same stabilisation processes than 

the NSW guidelines (anaerobic and aerobic digestion, lime stabilisation, composting 

and air drying).  

• In the National and Western Australia (WA) guidelines the VAR measures are 

combined with the treatment conditions to create the “pathogen grading 

classification”. Victoria (VIC) and South Australia (SA) use a similar approach as 

NSW with a separate table for the VAR measures.   

• The requirements needed to grade biosolids at a specific level of stability quality are 

more restrictive in the National, WA and VIC guidelines than in the NSW guidelines, 

especially for products with a similar classification to class B biosolids. The inclusion 

of Sludge Retention Time (SRT) requirements in anaerobic digestion and the 

microbiological verification of performance for approved processes in other states are 

examples of this. SA guidelines present similar conditions to NSW with some 

modifications catering for their practices at Bolivar Wastewater Treatment Plant.  

• There are more than one quality grade between the untreated biosolids and the top 

quality biosolids product in some jurisdictions.  For example, the National and more 

recent WA guidelines have P2 and P3 classifications, which are similar to a 

Stabilisation Grade B in NSW.  

• The requirements for top quality biosolids, which can be used without restrictions, are 

similar in all the guidelines. 

Overseas experiences show that the different approaches taken to the management of 

stability in biosolids are based on environmental, economic, social and legal constraints 

found in each country. The policies and practices included in this review show the potential 

pathways for NSW in relation to encouraging application of high quality biosolids to 



27 
 

agricultural land (Norway), the use of a mixed approach via incineration/agricultural usage 

Germany, Denmark) or the production of “bio-soils” (Finland). 

The number of programs associated with best practices in the management of biosolids, 

including those associated with stability, continue to grow and support the existing legislation 

in countries such as the United Kingdom (UK), Sweden and the United States (US). These 

programs aim to promote the benefits and reduce the risk of potential ‘outrage episodes’ 

associated with poorly stabilised biosolids, which are recognised as the biggest threat to 

biosolids beneficial reuse programs. Beyond these ‘Best Practice Programs’, a growing 

number of certification schemes were also found in overseas countries such as the Renare 

Vatten – Bättre Kretslopp (ReVAQ)® certification in Sweden and the Biosolids Assurance 

Scheme (BAS) in the UK. 

Restrictions on contaminant concentrations in sludge are tightening, especially in Europe, 

making almost impossible in some countries to beneficially reuse biosolids on agricultural 

land unless all the potential contaminants upstream of the wastewater treatment plant are 

controlled. At the same time there is an increasing level of interest worldwide in recycling 

phosphorus through the beneficial reuse of biosolids which requires merging pathogen, 

contaminant and odour dimensions of biosolids processing under a coherent risk 

management framework. 

 

2.2. Definition  
Defining stability in biosolids is a complex issue due to the lack of harmonisation of notions 

between practitioners, regulators, academics, the waste management industry and the 

community. For many years, it has been considered that sludge is ‘stabilised’ when it has 

been digested, either aerobically or anaerobically (Hartenstein, 1981). However, complaints 

associated with malodourous events around wastewater treatment plants, transportation and 

during the application on land of biosolids indicates that this is not the case. Stability in 

biosolids is associated with putrefaction, and therefore, the ability to resist further 

putrefaction means biosolids have achieved a ‘stable state’. Overall, biosolids need to be 

stable in order to be properly disposed to land without damaging the environment or creating 

nuisance conditions  (Hartenstein, 1981). These stability definitions can be considered as 

qualitative or ‘descriptive’ and they are still the most common approach to define biosolids 

stability today.  

When we look at the different dimensions associated with stability, the criteria is usually 

associated with the absence of offensive odours, pathogenic organisms or putrescible 

material. In earlier approaches, stability was defined depending on the energy available for 

biological metabolism, on the potential for odours and putrefaction or on detrimental health 
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and environmental aspects (Krishnamoorthy, 1987). As a result, different biological, 

chemical and physical parameters were used to define stability such as enzyme activity, pH 

and alkalinity, viscosity among others as shown in Table 1. 

Stability is achieved by different stabilisation processes where biodegradable volatile solids 

are converted into methane or carbon dioxide depending on the treatment pathway chosen 

at the wastewater solids processing train (anaerobic or aerobic biological processes) (WEF 

et al., 2012). When thermal conversion is used, these solids are converted into an inert ash 

(WEF et al., 2012). Stabilisation processes can also be considered as having either a non-

reversible or reversible nature. Non reversible stabilisation processes include pressure, heat 

and oxidation processes (e.g. Cambi), biological stabilisation processes (e.g. composting, 

anaerobic, aerobic digestion), incineration or formation of glass and thermal reduction 

processes (e.g. volatile solids are reduced to ash) (WEF et al., 2012). In contrast, in 

reversible stabilisation processes such as drying and lime addition, a rewetting of the 

product or a decrease in pH will resume the biological decomposition of the material and the 

potential for experiencing side effects such as odorous events or the attraction of insects, 

rodent or birds.  

Table 1. Suggested indicators of wastewater solids stabilisation﷒(Switzenbaum, 1997) 
Type Indicators 

Physical 
Dewaterability and settleability 
Viscosity 
Caloric value and differential thermal analysis 

Chemical 

Toxicity 
Nitrogen (nitrate) 
Phosphorus (orthophosphate) 
Elemental and ash content 
pH and alkalinity 
Humics and phenolics 
Carbohydrate, protein and lipid content 
Nucleic acids 
VSR 
Chemical Oxygen Demand (COD), Total Organic Carbon (TOC) 

Biological 

Odour 
Pathogen reduction 
Oxygen uptake rate 
Enzyme activity 
Adenosine Triphosphate (ATP) 
Biochemical Oxygen Demand (BOD) 
Protozoa and rotifers 

 

There is no universal definition to biosolids stability stability or method to measure it. 

Switzenbaum (1997) concluded in his report to the United States Environmental Protection 
Agency (USEPA) that “no one method can assess stability for all cases of biosolids 

produced for beneficial reuse”. Some years later, Spinosa and Vesilind (2001) indicated that 
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“there is no single measure of sludge stability, and the sooner we start to recognise this the 

better off we will be”. As a result, a more operational definition to material stability has 

evolved, in which, each of the stabilisation processes is matched with a recommended 

stability test as shown in Table 2: 

Table 2. Stability protocols﷒(Switzenbaum et al., 2002) 
Biosolids product Stability test 

Aerobically digested biosolids Specific Oxygen Uptake Rate (SOUR) 
Alkaline stabilised biosolids pH and change in pH 
Aerobically and anaerobically digested biosolids VSR and Additional Volatile Solids Reduction 

(AVSR) 
Compost CO2 evolution 
 

The degree to which stabilisation is accomplished ‘lawfully’ for biosolids is introduced in the 

Biosolids Guidelines by using the so called Vector Attraction Reduction (VAR) measures. 

However, it needs to be understood that biosolids stabilisation is not necessarily guaranteed 

by fulfilling the VAR requirements included in the guidelines, but it is clear that a fully 

stabilised product has gone beyond the current VAR requirements to achieve stability. In 

consequence, there is a close relationship between VAR and the concept of stability (WEF 

et al., 2012).  

Tsang and Jr. (2005) indicated that the current USEPA 40 CFR 503 regulations, which are 

the basis for the current NSW EPA Biosolids Guidelines, contain a range of conditions which 

are used to design biosolids facilities that, when met, don’t necessarily guarantee that a fully 

stabilised and low odour product is being produced. Furthermore, the design of the facility 

according with the guidelines is just the first step in producing a stabilised product and that 

the operation, training and proper quality control and assurance are equally important to 

consistently achieve the stabilisation goals of the facility. In short, the facilities should be 

able to go beyond regulatory demands and meet specific product market needs. This 

approach has also been advocated by Spinosa and Vesilind (2001) which provides an 
example on specific criteria and standards for the end use of sludge: “If sludge is to be used 

as a fertiliser supplement, then it has to have certain characteristics related to the ultimate 

use. If the farm is in close proximity to people who would be offended by sludge odours, the 

odour has to be considered in defining the suitability of the sludge. If the plants grown on the 

farm are for human consumption, then the level of pathogens in the sludge is important”. 

Some other researchers have described stability as the threshold where organic matter is no 

longer available for microbial activity, therefore, stability is associated with putrescibility and 

odour emissions (Braguglia et al., 2014). A volatile-to-total solids ratio below 0.6 in the final 
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product or a VSR higher than 40% in aerobic and anaerobic digestion could be considered 

as indicators of material stability (Braguglia et al., 2014).  

There are also definitions on stability from international standards. For example the British 

Standard Institution (BSI) Publicly Available Specification (PAS) Standard 110:2014 (BIS, 
2014) entitled “Specification for whole digestate, separated liquor and separate fibre derived 

from the anaerobic digestion of source segregated biodegradable materials”, which applies 

for anaerobic digestion (but excludes sewage sludge as an input), defines “stability” as 

“quality of being stable” and “stable” as “the point at which the rate of biological activity has 

slowed to an acceptably low and consistent level and will not significantly increase under 

favourable altered conditions”.  This ‘irreversibility’ is an expected characteristic to consider a 

material as stable. It has also been argued before that stability is achieved when sludge 

constituents have ‘humified’ and biological degradation is progressing at a very slow rate 

without offensive odour emissions (Hartenstein, 1981). 

As an answer to the lack of harmonisation between different stakeholders involved in the 

management of biosolids around the world the International Organization for Standardization 

(ISO) started Working Group 275 in 2013 on sludge recovery, recycling, treatment and 

disposal covering terminology, characterization methods, digestion, land application, thermal 

processes, thickening and dewatering and inorganics and nutrients recovery. Outputs from 

this ISO working group will certainly inform future policies and practices associated with 

stability in Australia and overseas.  

2.3.  Issues associated with material stability 
Historically, most of the focus on biosolids management has been associated with the 

enforcement of safe levels of contaminants and pathogens to minimise the risk to public 

health and the environment, but less focus has been given to the other dimension of 

‘stability’, nuisance odour emissions, which have demonstrated to be critical for public 

acceptance of beneficial reuse programs of organic residuals around the world. 

It is acknowledged that following the VAR measures for each treatment technology, as per 

the NSW Biosolids Guidelines, reduces the pathogen count significantly but doesn’t 

guarantee a stabilised product (WEF et al., 2012). This has the potential to be problematic, 

as the various stabilisation technologies could comply with the VAR requirements but may 

have limitations in achieving an adequate level of stabilisation due to operational or 

maintenance constraints. For example, biosolids can be produced using anaerobic digesters 

operated at two different retention times, 10 and 40 days respectively. Both are capable of 
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achieving the VSR requirements under the NSW guidelines (VSR >38%) but the risk of 

having an odorous product is much higher under the former than in the latter case. 

Current NSW guidelines don’t have any minimum operational requirements for each 

stabilisation process - beyond the VAR measures - for the production of lawful Class B 

products (NSW EPA, 1997),  and as a result, there are different sub quality grades within the 

Class B biosolids category, something that has been recognised by farmers (SMH, 2013). 

Calls to tighten the VAR measures or provide more detailed conditions for the operation of 

anaerobic digestion and other stabilisation processes have been recommended in previous 

biosolids reviews (PSD, 2009).  

Using microbiological standards to guarantee the stability quality of all classes of biosolids 

products has been the approach followed by the regulators. This represents a challenge 

from an odour perspective, as some stabilisation processes are reversible (e.g. alkali 

addition, drying) and don’t guarantee that biosolids products won’t generate offensive odours 

once the conditions are altered. For example, salmonella and faecal coliforms along with 

associated odour emissions, have been reported following the drying and stockpiling of 

anaerobically digested biosolids in Western Australia, in some cases to levels at or above 

initial pre-stabilisation process treatment with associated odour emissions (Gibbs et al., 

1997).   

Going beyond the microbiological dimension of stability and incorporating other stabilised 

sludge quality parameters, such as “low odour” characteristics, into the regulatory 

framework, is considered crucial for the social acceptance of any beneficial reuse program 

and has been the driver behind the development of ‘Good Practice Manuals’ around the 

world (PURE, 2012, UKWIR, 2015, NBP, 2005). However, the inclusion of an odour category 

for biosolids is a relatively recent development (Peters et al., 2014b, Marchand et al., 2013). 

The Canadian province of Quebec was the pioneer in regulating odour emissions in 

biosolids and it has proven to have helped Quebec in the reduction in the number of odour 

complaints associated with their biosolids program (Beecher, 2010).  

The development of this odour grading approach relies on comparing odour from biosolids to 

that of farm manures. For example, if biosolids smell better than diary manure, they are 

given an O1 category and can be beneficially reused without restrictions. If they smell 

similarly to dairy manure they are given an O2 category and the biosolids are subject to 

some site restrictions. If the fertiliser residual smells worse than dairy manure but better than 

hog slurry manure, they are given an O3 category and have more stringent site restrictions. 

If the smell is worse than hog slurry, they can’t be applied on land unless treated to reduce 

odour nuisance to an acceptable level. While the enforcement of an odour category similarly 
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to the Quebec guidelines seems attractive, the enforcement could present some challenges 

due to the additional cost to producers in finding alternative routes of disposal when 

residuals are unable to comply with the regulation (Beecher, 2010).  

After more than a decade of beneficial reuse of biosolids on agricultural land in NSW without 

any evidence of adverse impacts to public health or the environment (NRC, 2002, Pritchard 

et al., 2010), a proactive engagement with stakeholders around the treatment plants and 

application sites has taken on a more important position with regard to safeguarding the long 

term viability of the program. However, the guidelines don’t provide any framework to control 

risks associated with ‘outrage episodes’, particularly odour incidents, that could represent a 

threat to the continuity of the state-wide beneficial reuse program (Hayes et al., 2014b). 

 

2.4. Policies and practices on material stability 
In the following section, ‘policies’ refers to regulations, codes, guidelines and any other legal 

documents which apply to the beneficial reuse of biosolids in agricultural land and ‘practices’ 

refer to any other non-legally binding documentation relevant to the purposes of this review.  

2.4.1.  Australia 
2.4.1.1. National guidelines 
In 2004, the National Resource Management Ministerial Council (NRMMC) as part of the 

National Water Quality Management Strategy released the Guidelines for Sewerage 

Systems which comprised five documents including one for the Management of Biosolids 

(NRMMC, 2004). These were inspired by the USEPA biosolids guidelines and the 40 CFR 

Part 503 rule (USEPA, 1993) which for stability purposes, are very similar. The national 

guidelines maintained the risk-based approached from current NSW guidelines, but modified 

the grading of the stability of biosolids. These changes have been incorporated in some 

updated guidelines such as those from VIC and WA. There are four different categories of 

biosolids in the national guidelines, but as 71% of NSW biosolids production in 2015 were 

classified as Class B and only 6% as class A (PSD, 2015), this review will focus on class B 

only. The most relevant considerations from the National Guidelines to the stability 

requirements included in the NSW Biosolids Guidelines for class B biosolids are associated 

with the “Other Conditions” and they are presented, and compared, in Table 3 

Previous guidelines reviews within the Australian context have considered the vector 
attraction requirements used for some of the treatment processes as “inadequate in some 

aspects to reduce the odour potential of biosolids” (PSD, 2009) and have advocated for 

tighter VAR measures for biosolids. It can be seen from Table 3 that the National Guidelines 

are more restrictive than the NSW Biosolids Guidelines in relation to the operational 
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Table 3. Comparison on stability requirements between Pathogen Grade P3 in the National Guidelines and Stabilisation Grade B in NSW﷒ 

(NSW EPA, 1997, NRMMC, 2004) 

Process 

National Guidelines NSW Guidelines 

Approved 
Process? 

Microbiological 
criteria? Other conditions 

Pathogen 
Reduction 
Process? 

Microbiological 
criteria? Vector attraction reduction requirements 

Anaerobic 
digestion Yes 

Yes,  < 2,000,000  
E. coli (or 
thermotolerant 
coliforms) per gram 
(dry weight) 

15 days at 35 °C. or 60 days at 
15 °C > 38% volatile solids 
reduction 

Yes No 

1. Mass of volatile solids in the biosolids shall be reduced by a 
minimum of 38% 

2. Anaerobically digested biosolids which do not meet 
requirement 1 above must have no more than 17% further 
volatile solids reduction when incubated under anaerobic 
conditions in a bench scale reactor for an additional 40 days 
at 30-37 °C 

Aerobic 
digestion Yes 

Yes,  < 2,000,000 E. 
coli (or 
thermotolerant 
coliforms) per gram 
(dry weight) 

40 days at 20 °C or 60 days at 
15 °C > 38% volatile solids 
reduction 

Yes No 

1. Aerobically digested biosolids, which do not meet 
requirement 1 above, must have no more than 15% further 
volatile solids reduction when incubated under aerobic 
conditions in a bench scale reactor for an additional 30 days 
at 20°C (typically used for extended aeration processes). 

2. Specific oxygen uptake rate for biosolids treated by an 
aerobic process shall be less than 1.5 mg 02/hour/g total 
solids at 20°C. 

Air Drying 

Not included under grade P3 but under P2 and P1. P2 requires biosolids to 
be heated to > 70 °C and dried to solids content of at least 75% by weight, < 
10 Salmonella per 50 gram of final product, < 1000 E. Coli (or thermotolerant 
coliforms) per gram of final product. 

Yes No 

1. For biosolids, which contain stabilised solids only, the 
proportion of dry solids shall be at least 75%. 

2. For biosolids, which contain unstabilised solids generated in 
a primary wastewater treatment, process the proportion of 
dry solids shall be at least 90%. 

Composting Yes 

Yes, < 2,000,000 E. 
coli (or 
thermotolerant 
coliforms) per gram 
(dry weight) 

Aerobic conditions to be 
maintained 
5 days at > 40 °C including 4 
hours at > 55 °C. 

Yes No 
Biosolids shall be treated in an aerobic process for at least 14 
days. During that time, the temperature of the biosolids shall be 
>40°C and the average temperature >45°C. 

Lime 
stabilisation 

Not included under grade P3 but under P1 as “pH and heating” which include 
a condition for air-drying the product to a final solids content > 50% by 
weight after a pH > 12 and a temperature > 52 °C. 

Yes No 
The pH value of the biosolids shall be raised to 12 and without 
the addition of further alkali shall remain at 12 or higher for two 
hours and then at 11.5 or higher for an additional 22 hours. 

Extended 
aeration Included under Aerobic Digestion Yes No 

At least 20 days continuous or intermittent extended aeration 
including aerobic digestion time followed by six (6) months 
storage of biosolids in a lagoon or equivalent process. 

Other 
processes Criteria as determined by State/territory regulatory authority Criteria as determined by NSW EPA 
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conditions of anaerobic digestion and composting. Lime stabilisation and air drying have 

been removed from the P3 category and have been included under P1 and P2 categories 

with additional restrictions. Extended aeration is included under aerobic digestion, which by 

itself has similar operating conditions in both guidelines. Long term storage is included under 
P2 subject to the following microbiological criteria: <10 Salmonella per 50 grams of final 

product and <1000 E. coli (or thermotolerant coliforms) per gram of final product.  

The incorporation of minimum operational conditions, such as a minimum SRT for anaerobic 

digestion, enables the regulator to ensure all biosolids have a minimum treatment before 

being applied to land, even when maintenance or other constraints at the plant could reduce 

the effectiveness of the treatment for pathogen reduction purposes. The inclusion of 

microbiological criteria also provides a performance-based target which can be used to 

assess if the process is achieving a reasonable pathogen reduction performance, thus 

shouldn’t be considered as an indication of effective stabilisation.  

The following sections compare and contrast the policies and practices of other relevant 

national jurisdictions. Queensland is not included because this jurisdiction uses the NSW 

guidelines as a guidance document for the management of biosolids in the State. 

2.4.1.2. South Australia (SA) 
The current guidelines in SA were officially updated last in 1997; however, a draft was 

presented for consultation in 2009 and this effectively serves as the current state guideline 

(SAEPA, 2009). The draft SA guidelines include many of the new features found at the 

National and state level documents. Table 4 includes the draft SA guidelines side-by–side, 

with the current NSW guidelines. Nearly 100% of the biosolids in SA are applied to 

agricultural land as a class A stabilised product (Short, 2016). 

2.4.1.3. Western Australia (WA) 

Western Australia updated their biosolids guidelines in 2012 (DECWA, 2012). Stability was 

removed as a criterion for grading and was incorporated into a general pathogen grading 
classification. Pathogen grade is defined as: “based on the level of treatment undertaken to 

achieve desired microbial limits and a reduction in odour and vector attraction for biosolids 

and biosolids products”. The pathogen grade classification has a similar structure to the 

National Guidelines described in previous sections and uses four levels for pathogen grade 

P1, P2, P3 and P4.  

The most relevant feature of the WA updated guidelines in contrast to the current NSW 

Biosolids Guidelines in relation to stability is the use of a performance approach to the 

different approved treatment methods. This includes additional process conditions and 

microbiological verification. For example, if raw sludge is treated using anaerobic digestion
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Table 4. Comparison on stability requirements between Stabilisation Class B in SA (draft guidelines) and Stabilisation Grade B in NSW﷒ 
(NSW EPA, 1997, SAEPA, 2009) 

Process 

SA draft guidelines NSW Guidelines 

Approved Process? Microbiological 
criteria? Other conditions 

Pathogen 
Reduction 
Process? 

Microbiological 
criteria? Vector attraction reduction requirements 

Anaerobic 
digestion 

Yes, if 
> 20 deg.C for > 60 days or 

> 35 to 55 deg.C for > 15 days 

Yes, < 1,000 E. coli 
per gm total solids 
(dry weight) 

Vector attraction reduction 
controls (VSR > 38%) Yes No 

1. Mass of volatile solids in the biosolids shall be reduced by a 
minimum of 38% 

2. Anaerobically digested biosolids which do not meet requirement 1 
above must have no more than 17% further volatile solids reduction 
when incubated under anaerobic conditions in a bench scale reactor 
for an additional 40 days at 30-37 °Celsius 

Aerobic 
digestion 

Yes, if 
>20 deg.C for >40 days or 
>15 deg.C for > 60 days 

Vector attraction reduction 
controls (VSR > 38%) Yes No 

1.  Aerobically digested biosolids, which do not meet requirement 1, 
above must have no more than 15% further volatile solids reduction 
when incubated under aerobic conditions in a bench scale reactor 
for an additional 30 days at 20°C (typically used for extended 
aeration processes). 

2. Specific oxygen uptake rate for biosolids treated by an aerobic 
process shall be less than 1.5 mg 02/hour/g total solids at 20°C. 

Air Drying 

Yes if, 
centrifuged cake mixed with an equal volume of 
previously dried biosolids and turned to mix and 

dry aged not less than 60 days and not less 
than 50% solids. 

Biosolids containing no 
unstabilised solids dried to 
≥75% solids content 
Biosolids containing 
unstabilised solids dried to 
≥90% solids content 

Yes No 

1. For biosolids, which contain stabilised solids only, the proportion of 
dry solids shall be at least 75%. 

2. For biosolids, which contain unstabilised solids generated in a 
primary wastewater treatment, process the proportion of dry solids 
shall be at least 90%. 

Composting 

Yes, if 
aerobic composting at >40 deg.C for > 5 days, 

including at least 4 hours at >55 °C using 
windrows, aerated static pile or in vessel 

methods 

Aerobic treatment for ≥14 
days at temperatures: 
minimum 40 °C and average > 
45 °C 

Yes No 
Biosolids shall be treated in an aerobic process for at least 14 days. 
During that time, the temperature of the biosolids shall be >40°C and 
the average temperature >45° C. 

Lime 
stabilisation 

Yes, if 
pH is maintained at > 12 for > 2 hours 

Alkaline treatment pH raised 
to ≥12, and without 
addition of further alkali pH 
maintained at ≥12 for 2 hrs 
and then at pH ≥11.5 for an 
additional 22 hours 

Yes No 
The pH value of the biosolids shall be raised to 12 and without the 
addition of further alkali shall remain at 12 or higher for two hours and 
then at 11.5 or higher for an additional 22 hours. 

Medium term 
storage 

Sludge is anaerobically digested, dried by 
lagoon evaporation and then stored for at least 
one year to achieve a minimum solids content 
>75% by weight. 
Undigested sludge dried lagoon evaporation 
and then stored for at least three years to 
achieve a minimum solids content >75% by 
weight. 

Not included Not included 

Extended 
aeration Included under Aerobic Digestion Yes No 

At least 20 days continuous or intermittent extended aeration including 
aerobic digestion time followed by six (6) months storage of biosolids in 
a lagoon or equivalent process. 

Other 
processes Criteria as determined by SAEPA Criteria as determined by NSW EPA 
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and the VSR is higher than 38%, the digested sludge is classified as class B biosolids under 

NSW guidelines. However, under the WA guidelines, the raw sludge needs to be treated 

using mesophilic anaerobic digestion process at 35 ± 3°C for at least 15 days with a 

minimum of 1.5 log10 reduction in the pathogen count. The VSR needs to be higher than 
38% at the digester (as in the NSW guidelines) and have an E. coli count lower than 

2,000,000 per gram of dry final biosolids. This enable the regulator to validate the true 

effectiveness of the stabilisation processes when operational issues such as grit 

accumulation, maintenance and cleaning compromise their adequate performance. 

The WA guidelines also include the following statement for all the pathogen grades under 

the other conditions category: “Final biosolids do not generate offensive odours when couple 

with management controls”. This refers to other section of the guidelines where is indicated 

that “The calculation of pathogen log removals, following treatment with a quality 

assurance/quality control program, is considered a better approach for microbial risk 

management rather than only end-point quality monitoring for microbial indicators”. This is 

good for managing the risk at the source regardless of the technology used, but also 

introduces challenges in monitoring microbial indicators at the plant level due to the time lag 

associated with the analytical procedures needed to measure them. While it can be useful 

for reporting the treatment performance on a monthly basis (as requested by the WA 

guidelines), it is harder to use it as an effective process control tool at the plant level to 

ensure stability due to the smaller time scales (e.g. hours or less) needed for corrective 

actions. A comparison between WA and NSW guidelines is presented in Table 5. 

2.4.1.4. Victoria (VIC) 
Victoria updated its biosolids guidelines in 2004 (Victoria EPA, 2004). Victorian guidelines 

are ‘aligned’ to the proposed National Guidelines, but use a treatment grade instead of a 

pathogen grade. The potential risks associated with unstabilised material are recognised in 
the spirit of the guidelines and addressed somewhat by mentioning that “the risk to air of 
odours from inadequately stabilised biosolids also needs to be assessed”. VAR 

measures are acknowledged to relate to odour emissions and they are included under the 
“other suggested controls” for each treatment grade. 

It is also recognised that VAR measures were not developed to control offensive odours and 

that at times additional stabilisation is required. The VIC guidelines also include biosolids 

quality guidance for the intended use, so the classification includes the contaminant and 

treatment grading. Similar to the NSW guidelines, the VAR measures are included as a 

separate category. Table 6 and Table 7 present a comparison between the VIC and NSW 

guidelines. 
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Table 5. Comparison on stability requirements between Pathogen Grade P3 in WA and Stabilisation Grade B in NSW﷒ 

(DECWA, 2012, NSW EPA, 1997) 

Process 

WA Guidelines NSW Guidelines 

Approved treatment 
method? Maximum pathogen levels? Other conditions 

Pathogen 
Reduction 
Process? 

Microbiological 
criteria? Vector attraction reduction requirements 

Anaerobic 
digestion 

Yes, if 
>15 °C. 

for > 60 days 

Yes, < 2,000,000 E. coli (or thermotolerant 
coliforms) per gram (dry weight) 
Strongyloides &  Hookworm 
(viable Ova) <1 per 50 grams of dry final biosolids 
(only required north of the 26th parallel) 

Final biosolids do not generate offensive 
odours when coupled with management 
controls, and with a volatile solids reduction of 
>38% 

Yes No 

1. Mass of volatile solids in the biosolids shall be reduced by a 
minimum of 38% 

2. Anaerobically digested biosolids which do not meet requirement 1 
above must have no more than 17% further volatile solids reduction 
when incubated under anaerobic conditions in a bench scale reactor 
for an additional 40 days at 30-37 °Celsius 

Yes, if 
>35 ± 3°C.                   

for > 15 days 

Yes, Minimum pathogen reduction of 1.5 log 
reduction through digestion (pathogen count 
reduced by 1.5 orders of magnitude from start to 
finish of sludge treatment process) 

Trigger value E. coli – less than 2,000,000 
counts per gram of dry final biosolids, with a 
volatile solids reduction of >38% 

Aerobic 
digestion 

Yes, if 
>20 °C. for >40 

days 
>15 °C. for > 60 

days 

Yes, < 2,000,000 E. coli (or thermotolerant 
coliforms) per gram (dry weight) 
 
Strongyloides &  Hookworm 
(viable Ova) <1 per 50 grams of dry final biosolids 
(only required north of the 26th parallel) 

Final biosolids do not generate offensive 
odours when coupled with management 
controls, and with a volatile solids reduction of 
>38% 

Yes No 

1. Aerobically digested biosolids, which do not meet requirement 1, 
above must have no more than 15% further volatile solids reduction 
when incubated under aerobic conditions in a bench scale reactor 
for an additional 30 days at 20°C (typically used for extended 
aeration processes). 

2.  Specific oxygen uptake rate for biosolids treated by an aerobic 
process shall be less than 1.5 mg 02/hour/g total solids at 20°C. 

Air Drying 

Not included under grade P3 but under P2 and P1. P2 requires biosolids to be heated to > 70 °C for 1 hour and dried to solids 
content of at least 90% by weight or 75% if sludge has been digested 
< 1,000 E. coli (or thermotolerant coliforms) per gram (dry weight).  Strongyloides &  Hookworm (viable Ova) <1 per 50 grams 
of dry final biosolids (only required north of the 26th parallel) 
Final biosolids do not generate offensive odours when coupled with management controls. Final product to be kept dry until 
applied 

Yes No 

1. For biosolids, which contain stabilised solids only, the proportion of 
dry solids shall be at least 75%. 

2. For biosolids, which contain unstabilised solids generated in a 
primary wastewater treatment, process the proportion of dry solids 
shall be at least 90%. 

Composting 

Yes, if aerobic 
composting at >40 
deg.C for > 5 days, 
including at least 4 
hours at >55 °C 
Process control as 
per AS 4454-2003 

Yes, < 2,000,000 E. coli (or thermotolerant 
coliforms) per gram (dry weight) 

 
Strongyloides &  Hookworm 

(viable Ova) <1 per 50 grams of dry final biosolids 
(only required north of the 26th parallel) 

Final biosolids do not generate offensive 
odours when coupled with management 
controls, and with a volatile solids reduction of 
>38%. 
 
Weed seed controls may be needed in 
agricultural or landscape applications 

Yes No 
Biosolids shall be treated in an aerobic process for at least 14 days. 
During that time, the temperature of the biosolids shall be >40°C and the 
average temperature >45° C. 

Lime 
stabilisation 

Yes, if pH is 
maintained at > 12 
for > 3 hours 

As above Lime amended biosolid (LAB) product is 
applied within 7 days Yes No 

The pH value of the biosolids shall be raised to 12 and without the 
addition of further alkali shall remain at 12 or higher for two hours and 
then at 11.5 or higher for an additional 22 hours. 

Extended 
aeration Included under Aerobic Digestion Yes No 

At least 20 days continuous or intermittent extended aeration including 
aerobic digestion time followed by six (6) months storage of biosolids in 
a lagoon or equivalent process. 

Other 
processes Table 3 of the WA guidelines Criteria as determined by NSW EPA 
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Table 6. Comparison on stability requirements between Treatment Grade T3 in Victoria and Stabilisation Grade B in NSW﷒ 

(Victoria EPA, 2004, NSW EPA, 1997) 

Process 

Victorian Guidelines NSW Guidelines 

Suggested 
treatment 
process? 

Microbiological 
criteria? Other suggested controls 

Pathogen 
Reduction 
Process? 

Microbiological 
criteria? Vector attraction reduction requirements 

Anaerobic 
digestion 

Yes, if 
>15 deg.C 

for > 60 days 
>35 deg.C                       

for > 15 days Yes, 
< 2,000,000 E. coli 

Most Probable 
Number (MPN)/ g 

(dw) 
 

Vector attraction reduction controls (VSR > 
38%) and product that, coupled with 
management controls does not generate 
offensive odours. 
 
Weed seed controls may be needed in 
agricultural or landscape applications 
 

Yes No 

Mass of volatile solids in the biosolids shall be reduced by a 
minimum of 38% 
Anaerobically digested biosolids which do not meet 
requirement 1 above must have no more than 17% further 
volatile solids reduction when incubated under anaerobic 
conditions in a bench scale reactor for an additional 40 days at 
30-37 °Celsius 

Aerobic 
digestion 

Yes, if 
>20 deg.C for >40 

days 
>15 deg.C for > 

60 days 

 
Relevant vector attraction reduction 
controls (VSR > 38%) and product that, 
coupled with management controls does 
not generate offensive odours. 
 
Weed seed controls may be needed in 
agricultural or landscape applications 

Yes No 

1.  Aerobically digested biosolids, which do not meet 
requirement 1, above must have no more than 15% further 
volatile solids reduction when incubated under aerobic 
conditions in a bench scale reactor for an additional 30 days at 
20°C (typically used for extended aeration processes). 
2.  Specific oxygen uptake rate for biosolids treated by an 
aerobic process shall be less than 1.5 mg 02/hour/g total 
solids at 20°C. 

Air Drying Not included under grade T3 but under T2 and T1. Yes No 

For biosolids, which contain stabilised solids only, the 
proportion of dry solids shall be at least 75%. 
For biosolids, which contain unstabilised solids generated in a 
primary wastewater treatment, process the proportion of dry 
solids shall be at least 90%. 

Compostin
g 

Yes, if 
aerobic conditions 

maintained  > 5 
days, at >40 °C 

including 4 hours 
at >55 °C 

Yes, 
< 2,000,000 E. coli 

MPN/ g (dw) 
 

Final biosolids do not generate offensive 
odours when coupled with management 
controls, and with a volatile solids 
reduction of >38%. 
 
Weed seed controls may be needed in 
agricultural or landscape applications 

Yes No 
Biosolids shall be treated in an aerobic process for at least 14 
days. During that time, the temperature of the biosolids shall 
be >40°C and the average temperature >45° C. 

Lime 
stabilisatio

n 
Not included under grade T3 but under T1 only. Yes No 

The pH value of the biosolids shall be raised to 12 and without 
the addition of further alkali shall remain at 12 or higher for two 
hours and then at 11.5 or higher for an additional 22 hours. 

Extended 
aeration Not included Yes No 

At least 20 days continuous or intermittent extended aeration 
including aerobic digestion time followed by six (6) months 
storage of biosolids in a lagoon or equivalent process. 

Other 
processes 

Based on E. coli criteria and 1 log reductions in Salmonella and enteric viruses. Vector 
attraction reduction controls also required Criteria as determined by NSW EPA 
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Table 7. Comparison on stability requirements between Treatment Grade T2 in Victoria and Stabilisation Grade B in NSW﷒ 

(Victoria EPA, 2004, NSW EPA, 1997) 

Process 

Victorian Guidelines NSW Guidelines 

Suggested treatment 
process? Microbiological criteria? Other suggested controls 

Pathogen 
Reduction 
Process? 

Microbiological 
criteria? Vector attraction reduction requirements 

Anaerobic 
digestion Not included Yes No 

Mass of volatile solids in the biosolids shall be reduced by a minimum 
of 38% 
Anaerobically digested biosolids which do not meet requirement 1 
above must have no more than 17% further volatile solids reduction 
when incubated under anaerobic conditions in a bench scale reactor for 
an additional 40 days at 30-37 °Celsius 

Aerobic 
digestion 

Yes, if 
Aerobic conditions at 55-
60°C for ≥10 continuous 

days. Final product dried to 
≥50% solids 

Yes, 
 

< 10 Salmonella/ 50 g 
dw, 

< 1,000 E. coli MPN/ g 
(dw) 

 

Relevant vector attraction reduction 
controls (VSR > 38%) and product 
that, coupled with management 
controls does not generate offensive 
odours. 

Yes No 

1.   Aerobically digested biosolids, which do not meet requirement 1,  
above must have no more than 15% further volatile solids reduction 
when incubated under aerobic conditions in a bench scale reactor for 
an additional 30 days at 20°C (typically used for extended aeration 
processes). 
2.   Specific oxygen uptake rate for biosolids treated by an aerobic 
process shall be less than 1.5 mg 02/hour/g total solids at 20°C. 

Air Drying 

Yes, if 
biosolids are heated to 

≥70°C and dried to a solids 
content of at least 75% 

w/w. 

Relevant vector attraction reduction 
controls (solids must be digested) 
and product that, coupled with 
management controls does not 
generate offensive odours. 

Yes No 

For biosolids, which contain stabilised solids only, the proportion of dry 
solids shall be at least 75%. 
For biosolids, which contain unstabilised solids generated in a primary 
wastewater treatment, process the proportion of dry solids shall be at 
least 90%. 

Composting 

Yes, if 
The temperature of all 
compost material to be 
≥53°C for ≥5 continuous 

days or ≥55°C for ≥3 
continuous days. (NB. 
Although this criteria is 

comparable to T1, it is also 
included as a T2 process in 
reflection that achieving the 

stringent T1 E.coli limits 
may require specialised 

techniques. 

Final biosolids do not generate 
offensive odours when coupled with 
management controls, and with a 
volatile solids reduction of >38%. 
 
Weed seed controls may be needed 
in agricultural or landscape 
applications 

Yes No 
Biosolids shall be treated in an aerobic process for at least 14 days. 
During that time, the temperature of the biosolids shall be >40°C and 
the average temperature >45° C. 

Lime 
stabilisation Not included under grade T2 but under T1 only. Yes No 

The pH value of the biosolids shall be raised to 12 and without the 
addition of further alkali shall remain at 12 or higher for two hours and 
then at 11.5 or higher for an additional 22 hours. 

Extended 
aeration Not included Yes No 

At least 20 days continuous or intermittent extended aeration including 
aerobic digestion time followed by six (6) months storage of biosolids in 
a lagoon or equivalent process. 

Other 
processes 

Based on achieving Salmonella and E.coli criteria and demonstration of 2 log Taenia saginata 
and enteric virus removal or batch testing to demonstrate < 1 Taenia ova per 10g and < 2 
enteric virus PFU per 10g. Vector attraction reduction controls also required. 

Criteria as determined by NSW EPA 
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2.4.2.  Overseas 
2.4.2.1. United Kingdom (UK) 
In the UK, the use of biosolids in agriculture is regulated by the Sludge (use in Agriculture) 

Regulations (SI, 1989), the Code of Good Agricultural Practice (DEFRA, 1993) and the 

Environmental Protection Act for Sewage Sludge incineration and landfilling (UK 
Government, 1990). The regulations refer to treated sludge as “sludge or septic tank sludge 

which has undergone biological, chemical or heat treatment, long-term storage or any other 

appropriate process so as to significantly to reduce its fermentability and the health hazards 

resulting from its use”. Fermentability in this context could be associated with instability as 

this refers to the putrefaction of the sludge when left untreated.  

The code aims to cover stability under the item “c” of the objectives: “public nuisance and 

water pollution are avoided” as public nuisance is commonly referred as odour emissions 

from biosolids production, transport or application. “Public nuisance from smell” needs to be 

minimised and should be taken into account. The code presents “examples of effective 

sludge treatment processes” such as sludge pasteurisation, mesophilic anaerobic digestion, 

thermophilic anaerobic digestion, composting and lime stabilisation. It is acknowledged that 
the most effective odour control is the adequate treatment of the sludge but that “some 

treated sludges can still be offensive”. 

Since 1999, the British Retail Consortium (BRC) and Water UK agreed to implement a 

voluntary agreement on standards of practice called “the Safe Sludge Matrix” (ADAS, 1999) 

which consist of the minimum acceptable levels of treatment for any type of sewage sludge 

and the potential for application to different crop types. The minimum acceptable levels of 

treatment are described in the document and classified as conventionally and enhanced 

treated sludges. The former refers to treatment processes and standards able to destroy 

99% of pathogens in the sludge and the latter to treatment processes ensuring sludge that is 
Salmonella-free and where 99.9999% of pathogens have been eliminated (equivalent to 6 

log10 reduction).  

From the material stability point of view, both policies lack details on odour considerations, 

but indirectly acknowledge that these treatments are able to reduce odours; however, 

thresholds and standards for this are not included. There are no VAR rules within the UK 

context related to the stabilisation technologies as in the NSW guidelines. In contrast, the UK 

code of practice specifies some operational parameters for each treatment technology as 

shown in Table 8. 
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Table 8. Comparison of UK stabilisation requirements between UK and NSW﷒ 

(DEFRA, 1993, NSW EPA, 1997) 
Treatment 
Process UK requirements NSW requirements 

Anaerobic 
digestion 

Mesophilic 

Mean retention period of at least 12 days primary digestion in 
temperature range 35°C±3°C or of at least 20 days primary 
digestion in temperature 25°C±3°C followed in each case by 
a secondary stage which provides a mean retention period of 
at least 14 days. 

1. Mass of volatile solids in the biosolids shall be reduced by a minimum of 
38%. 

2. Anaerobically digested biosolids which do not meet the previous requirement 
must have no more that 17% further volatile solids reduction when incubated 
under anaerobic conditions in a bench scale reactor for an additional 40 days 
at 30-37 °Celsius Thermophilic 

Mean retention period of at least 7 days digestion. All sludge 
to be subject to a minimum of 55°C for a period of at least 4 
hours. 

Aerobic 
digestion Not included in the UK code of practice 

1. Aerobically digested biosolids which do not meet requirement 1 above (mass 
of volatile solids in the biosolids shall be reduced by a minimum of 38%)  
must have no more than 15% further volatile solids reduction when incubated 
under aerobic conditions in a bench scale reactor for an additional 30 days at 
20°C (typically used for extended aeration processes). 

 
2. Specific oxygen uptake rate for biosolids treated by an aerobic process shall 

be less than 1.5 mg 02/hour/g total solids at 20°C. 

Air Drying Not included in the UK code of practice 

1. For biosolids which contain stabilised solids only, the proportion of dry solids 
shall be at least 75%. 

2. For biosolids which contain unstabilised solids generated in a primary 
wastewater treatment process the proportion of dry solids shall be at least 
90%. 

Composting 

The compost must be maintained at 40°C for at least 5 days and for 4 hours 
during this period at a minimum of 55°C within the body of the pile followed 
by a period of maturation adequate to ensure that the compost reaction 
process is substantially complete. 

Biosolids shall be treated in an aerobic process for at least 14 days. During that 
time, the temperature of the biosolids shall be >40°C and the average 
temperature >45° C. 

Lime 
stabilisation 

Addition of lime to raise pH to greater than 12 and sufficient to ensure that 
the pH is not less than 12 for a minimum period of 2 hours. The sludge can 
then be used directly. 

The pH value of the biosolids shall be raised to 12 and without the addition of 
further alkali shall remain at 12 or higher for two hours and then at 11.5 or higher 
for an additional 22 hours. 

Extended 
aeration 

 

Conditioning of untreated sludge with lime or other coagulants followed by 
dewatering and storage of the cake for a minimum period of 3 months. If 
sludge has been subject to primary mesophilic anaerobic digestion, storage 
to be for a minimum period of 14 days. 

At least 20 days continuous or intermittent extended aeration including aerobic 
digestion time followed by six (6) months storage of biosolids in a lagoon or  
equivalent process. 
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UK policies and practices share similar treatment technologies in a slightly different 

classification to the grade A and B of the NSW Biosolids Guidelines. In the UK, the definition 

of stability of biosolids is not explicitly identified, but considers different effective treatment 

method and classifies them as conventional and/or enhanced treatment. The application of 

biosolids on land is recognised as the most environmentally-friendly practice in most 

circumstances due to their contribution of nutrients and stable organic matter to soils 

(UKWIR, 2015).  

The UK also has a Good Practice Guidance Leaflet (UKWIR, 2015) where the different 

stabilisation processes and their performance conditions are outlined. For example, for 

anaerobic digestion, temperature (≈35°C) and SRT (15-20 days) are specified. It is stated 
that the liquid digestate is dewatered “to produce a stabilised digested biosolids cake”. It also 

indicates the use of other advanced digestion technologies and pre-treatment technologies 

to improve the process. For lime stabilisation, the option of mixing raw or digested sludge is 
presented, indicating that the increase in temperature and pH remove “potentially dangerous 

microorganisms”. For thermal drying, temperatures above 100 °C are expected to remove 

water and pathogens and stabilise the material. For composting, stabilisation is also 

mentioned where the rise in temperature during the aerobic thermophilic phase stabilises 

organic matter and kills potentially harmful microorganisms.  

One interesting aspect of the good practice guide is the inclusion of a HACCP plan per site, 

which ensures the treatments and control processes are effective in reducing potentially 

harmful microorganisms. The introduction of the Biosolids Assurance Scheme (BAS) is 

expected to provide an integrated and auditable standard to demonstrate best practices, 

legislation compliance and good outcomes for the environment in the management of 

biosolids (OFWAT, 2016).   

2.4.2.2. Norway 
Norway has one of the most stringent regulations in the world associated with the application 

of biosolids on agricultural land. The current legislation enacted in 2003 named “Regulation 

of organic fertilisers” covers all organic materials applied on land such as food processing 

waste, farm waste and sewage sludge among others (Paulsrud and Nybruket, 2007). The 

enforcement agency is the Norwegian Food Safety Authority (NFSA) and the following 

requirements are included in the regulations: 

• Biosolids needs to be produced using a quality assurance system; 

• General requirements are given for material stability – linking it to odour emissions – 

but no parameters or figures are provided; 
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• Other requirements for biosolids include labelling, product registration, storage of 

products before use and special crop restrictions; 

• All organic fertilisers need to achieve the following targets for hygienisation: 
o No Salmonella sp. in 50 grams of sludge 

o No viable helminth ova 

o Less than 2,500 faecal coliforms per gram dry solids. 

Due to “problems with odour complaints”, some producers upgraded their plants before the 

legislation was enacted. The following process configurations were implemented to comply 

with the new regulations for stabilisation and hygienisation (Paulsrud and Nybruket, 2007): 

• Thermophilic aerobic digestion 

• Thermophilic aerobic pre-treatment + mesophilic anaerobic digestion 

• Pre-pasteurisation + mesophilic anaerobic digestion 

• Thermal hydrolysis + mesophilic anaerobic digestion 

• Mesophilic anaerobic digestion + thermal drying 

• Thermophilic anaerobic digestion 

• Composting (windrow or in-vessel) 

• Lime treatment 

• Long-term, minimum of 3 years, storage of dewatered sludge 

Different studies have collected and summarised the operational experiences and unit costs 

associated with these stabilisation and disinfection routes showing that pre-treatments 

(thermophilic aerobic, pasteurisation and thermal hydrolysis) in combination with mesophilic 

anaerobic digestion provided the cheapest, most reliable and effective way to achieve the 

stabilisation criteria set by the authorities (Ødegaard et al., 2002). 

The regulators in Norway did not consider a separate stability classification (e.g. class A 

versus B) should exist for the hygienisation and stabilisation criteria of organic derived 

fertilisers. This approach is considered as “precautionary” (LeBlanc et al., 2008) or “no risk 

based background” (Paulsrud and Nybruket, 2007), but the main rationale for the authorities 

behind creating a unified high quality classification for biosolids was the likelihood that 

farmers or other stakeholders will refuse receiving “class B” biosolids even if they are 

incorporated into the soil in less than 24 hours. It is also reported that plant owners 

considered the investment needed to achieve a better quality product as marginal, because 

they needed to install stabilisation processes to comply with the regulations anyway. Main 

end uses of biosolids in Norway are agricultural lands and “green areas” such as parks, 

reclamation sites, road sides and any other areas were crops are not harvested for 

consumption. The role of biosolids in achieving phosphorus recycling targets is also 
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expected to maintain the relevance of the beneficial reuse on land for many years to come 

(Hanserud et al., 2016). 

2.4.2.3. European Union (EU) 
The management of sludge in the European Union is subject to the following directives 

(PURE, 2012): 

• The Sewage Sludge Directive. Council Directive of 12 June 1986 on the protection of 

the environment, and in particular of the soil, when sewage sludge is used in 

agriculture (86/278/EEC) 

• The Urban Waste Water Treatment Directive. Council Directive of 21 May 1991 

concerning urban waste water treatment (91/271/EEC) 

• The Nitrates Directive. Council Directive of 12 December 1991 concerning the 

protection of waters against pollution caused by nitrates from agricultural sources 

(91/676/EEC) 

• The Landfill Directive. Council Directive of 26 April 1999 on the landfill of waste 

(1999/31/EC) 

• The Incineration Directive. Directive of the European Parliament and of the Council of 

4 December of 2000 on the incineration of waste (2000/76/EC)  

• The Renewable Energy Directive. Directive of the European Parliament and of the 

Council of 27 September 2001 on the promotion of electricity produced from 

renewable sources in the internal electricity market (2001/77/EC) 

• The Fertilisers Regulation. Regulation of the European Parliament and of the Council 

of 13 October 2003 relating to fertilisers (Nr 2003/2003) 

• The Waste Framework Directive. Directive of the European Parliament and of the 

Council of 19 November 2008 on waste and repealing certain Directives 

(2008/98/EC) 

• The Priority Substances Directive. Directive of the European Parliament and of the 

Council of 16 December 2008 on environmental quality standards in the field of water 

policy. 

Sewage sludge for agricultural application in the EU needs to be transformed into “treated 

sludge” after undergoing chemical, biological or heat treatment, long-term storage or any 

other treatment to significantly reduce its fermentability and the health hazards associated 

with its use. Since the promulgation of the sludge directive in 1986 (Mininni et al., 2015), 

many countries have enforced new requirements mainly focused on heavy metals and 

organic contaminants (Gendebien, 2010, Christodoulou and Stamatelatou, 2016). The 

application of the directive depends on the local conditions and specific context of each of 

the member states, so there is a wide range of policies and practices in place within the EU 
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as shown in Table 9.  Most countries have prohibited the use of untreated sludge and 

effectively most of them use anaerobic or aerobic digestion, lime conditioning, thermal 

drying, composting or long term storage for stability purposes.  

The EU sewage sludge directive is not prescriptive in relation to the ‘approved processes’ to 

produce treated sludge. The technologies that can be used to reduce the “fermentability” 

(which effectively means stabilising the sludge), are covered by national legislation and a 

comparison is shown in Table 9. Some countries within the EU follow the sewage sludge 

directive which is less stringent than current regulations in NSW. We have included details of 

national legislation from different EU countries in the following subsections (ANDERSEN, 

2001).  

The other directives mentioned above have had both positive and negative impacts in the 

way stabilisation is evaluated in Europe For example, the renewable energy directive 

positively impact the stabilisation of sludge using anaerobic digestion and the incineration 

directive has tightened the rules for emissions associated with the incineration of the sludge. 

New targets for phosphorus recycling may impact the way some utilities process the sludge 

in order to comply with the regulations (Evans, 2012). 

Finland 

In Finland biosolids are beneficially reused mostly through the production of composts or 

“Bio-Soils” which account for more than 90% of the final disposal of the dewatered cake. 

Very little direct application on agricultural land is practiced. The use of sewage sludge in 

agricultural land is regulated by the Government Decision # 282 of 14/04/94 and any 

fertiliser of organic origin is regulated by the Fertiliser Act # 539 of 29/06/2006. The following 

are considered as acceptable treatment methods for the stabilisation of sludge (PURE, 

2012): 

• Digestion – sludge is treated under anaerobic conditions at a minimum temperature 

of 33-35 °C for several weeks. 

• Addition of lime – even mixing of lime into the sludge matrix to achieve an initial pH > 

12 

• Other method capable of significantly reduce pathogens, odours and harm to health 

or environment.  

After the sludge has been stabilised and dewatered, it is composted with bark and peat. The 

compost is then mixed with crushed biotite stones, limestone and sand to produce Bio-Soil 

(Metsapirtin) which is used for landscaping, gardening and other green applications. The 

reason behind the high levels or composting in Finland are associated with the very low 

levels of heavy metals imposed for the direct application of biosolids on agricultural land 
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(Evans, 2012). The regulations in Finland provides an example of a high recycling rate of 

biosolids, mainly via gardening and landscaping routes, without relying on incineration or 

landfilling.   

Similarly to Finland, biosolids have been used as a raw material for the production of 

compost in New South Wales. Biosolids produced in plants around the Sydney Metropolitan 

region use the composting route when direct application of biosolids is not feasible, mainly 

due to quality problems with Class B biosolids such as offensive odours, stickiness or poor 

transportability. This presents a different approach to Finland, where composting has been 

implemented as a way to recover valuable materials and not as an alternative route when 

quality expectations are not met. 

Denmark  

There are some similarities between Denmark and NSW. The stabilised category has 

restrictions on the type of crops that could be grown and the time limits for the incorporation 

on biosolids into the soil and it is effectively a Class B category from a NSW perspective. 

The controlled pasteurisation category will be similar to a Class A category in NSW with 

similar microbiological restrictions. The controlled composting route is similar to the 

requirements for composting biosolids in the NSW guidelines but at a higher temperature.  

No details are given for VAR methods or performance requirements. Additional details are 

provided in Table 9 

Germany 

The legislation governing sludge management in Germany includes the Closed Substance 

and Waste Management (amended in 2012), the Sewage Sludge Ordinance (1992, in 

amendment), the Fertiliser Ordinance (2012, last modification in 2015) and others such as 

the Federal Emissions Control Act (1990), the Waste Act (1994) and Technical Instructions 

on Wastes for Sewage Sludge thermal disposal (1993) (Wiechmann et al., 2013, Klages, 

2016). It is the view of the review team that the legislation governing sludge management in 

Germany is changing and incorporating different perspectives associated with the 

management of phosphorus flows and renewable energy. While application to agricultural 

land will continue for small plants, for larger plants the practice is expected to cease by 

2025. A move towards incineration technologies with phosphorus recovery is clear.  
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Table 9. National policy requirements in relation to sewage sludge stabilisation in selected European countries and current practices﷒ 

((Christodoulou and Stamatelatou, 2016, Kelessidis and Stasinakis, 2012, LeBlanc et al., 2008, ANDERSEN, 2001, Wiechmann et al., 2013, 

PURE, 2012, Malmqvist et al., 2006)) 

Country Stabilisation requirements for agricultural use Stabilisation technologies in use 
Aerobic Anaerobic Lime Composting 

Finland 

National legislation considers biosolids as fertilising products (Government Decree 539/2006).  Sludge aimed for 
land application should be stabilised using digestion, addition of lime or any other method capable of significantly 
reducing its pathogen content, odours and harm to health or the environment arising from the sludge application. 
Treatments include mesophilic and thermophilic digestion, composting, thermal drying and lime stabilisation. 
Most common process is composting and mesophilic anaerobic digestion. 73% of the water utilities compost their 
sludges. Mesophilic and thermophilic digestion processes are used. 

Common 
use 

Most common 
use Rarely used Most common 

use 

Denmark 

National regulation provides 4 levels of treatment: untreated, stabilised, controlled composting and controlled 
pasteurisation. Stabilisation processes are defined as anaerobic or aerobic digestion, aeration, composting 
without temperature control, 6 months of storage or addition of lime. Controlled composting means checking 
temperature daily for no less than 2 weeks over 55ᵒC. Controlled pasteurisation means addition of lime to 
achieve a pH of 12 for three months, thermophilic digestion with an option of mesophilic digestion afterwards and 
pasteurisation for not less than 1 hour. Mesophilic and thermophilic digestion processes are used. 

Common 
use Common use Common 

use Common use 

Germany 

National legislation is issued at the Federal level but each relevant authority in the “Lander” is responsible for the 
enforcement and potential additional regulations if required. Eleven out of fourteen states favour the use of 
sludge in agriculture. While details on the stabilisation methods are not included in the legislation, there is a 
prohibition of using untreated sludge for agricultural applications and only sludge with 5% of organic matter is 
accepted on landfills since 2005. Incineration has grown significantly (28% between 2000 and 2009). Most 
popular methods for stabilisation are anaerobic digestion and addition of lime and composting to a lower extent. 
Temperature phase anaerobic digestion (TPAD) is also used. 

Small 
plants Common use Common 

use Rarely used 

Sweden 

Regulation includes the following techniques for stabilisation: biological, chemical or heat treatment, long-term 
storage or any other process to significantly reduce the health hazards resulting from its use. There is a voluntary 
agreement called REVAQ between the Federation Swedish Farmers (LRF), the Swedish Water and Waste Water 
Association (VAV), the Swedish Food Federation, the Swedish Food Retailers Federation in cooperation with the 
Swedish Environmental Protection Agency to certify the quality of biosolids by improving the quality of the 
influent, providing transparency on how biosolids are produced and ensuring biosolids are produced  in a 
responsible way and fulfilling the legal requirements  

Common 
use Common use Common 

use Common use 

* Key laws impacting the management of biosolids in the European Union (EU27) include the Sewage Sludge Directive (1986), Urban Waste Water Treatment Directive 
(UWWTD, 91/271/EEC), Landfill of Waste (Directive 99/31/EC), Waste Incineration Directive (Directive/2000/76/EC) 
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From a stabilisation perspective, anaerobic digestion will continue to be the most common 

technology for large plants and aerobic stabilisation for small plants. Further treatment for P 

recovery will need to consider if the sludge is going to be incinerated or not. Regardless of 

the future disposal routes or standards, the stabilisation of sewage sludge in Germany, 

especially the biological process alternatives, will have a predominant role (DWA, 2003).  

The way stabilisation is managed in Germany provides important lessons for future updates 

of the NSW Biosolids Guidelines: 

1. The legislation does not provide a detailed definition of stability but rather what 

stabilisation and pseudo-stabilisation means: 

• Stabilisation: Process of sludge treatment for extensive reduction of odour-

forming content substances and organic solids in the sludge. Desired 

secondary objectives are the improvement of the dewatering capability and 

the reduction of pathogenic agents. 

• Pseudo-stabilisation: Process of sludge treatment where the treated product 

is not biologically degradable as long as certain conditions (e.g. pH value or 

dryness) are maintained. If these conditions are no longer maintain the 

biological degradation restarts.  

2. It is the role of the Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 

e. V. (DWA) to develop standards clarifying any ‘gap’ in the legislation associated 

with the definition of terms and the required degrees of stabilisation depending on the 

utilisation or disposal objective. means for each utilisation or disposal objective. For 

example, the DWA standard M-368E (DWA, 2003) (the most recent is from 2014 but 

is published in German only) provides a table with these two dimensions and it is 

reproduced in Figure 1 to inform future developments. 

3. There is a clear separation between the objectives of stabilisation and hygienisation 

processes. Stabilisation doesn’t mean pathogen-free. Hygienisation is needed for 

unrestricted use. Stabilisation is needed even if pathogens are reduced to the point 

were counting is not possible.  
4. The DWA standard clearly states the main objective of stabilisation is “the 

stabilisation of the substrate” and lists as secondary objectives the following (DWA, 

2003): 

• The reduction of sludge/solid matter quantities 

• The improvement of the dewatering ability of the sludge 

• The reduction of pathogens 

• The production of biogas (anaerobic stabilisation only) 

• The creation of buffer and storage space for sludge treatment 
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Figure 1. Stabilisation requirements associated with the use of biosolids in Germany﷒ 

(DWA, 2003) 

Sweden 
In Sweden the application of biosolids on agricultural land is regulated by the Swedish 

Environmental Protection Agency’s regulations on the protection of the environment, in 

particular the soil, when sewage sludge is used in agriculture, SNFS 1994:2 of 30/05/1994. 

The order considers the following treatments for stabilisation: “biological, chemical or heat 

treatment, long-term storage or any other process to significantly reduce the health hazards 

resulting from its use”. The use of untreated sludge is allowed if incorporated in the soil 

within 24 hours (PURE, 2012). Most biosolids in Sweden are used for the production of 

“construction soils” and only 10% is applied directly in agricultural land (Hugmark, 2007).  

  
2.4.2.4. North America 

United States (US) 
In the US the treatment, use and disposal of sewage sludge is regulated at the federal level 

by the USEPA 40 CFR Part 503 rule (USEPA, 1993) and many states go beyond these 

“minimum standards” and have additional requirements on management, treatment or 

testing (NEBRA, 2007). The USEPA also offers the states the option of administering the 

biosolids program on their behalf if they are able to demonstrate enough regulatory and 

enforcement capacity (Figure 2).  As the NSW guidelines are very similar to the Federal 

USEPA regulations, we have decided to present additional details on some of the states 

having a more restrictive regulation in Table 10. 
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Figure 2. Delegation of biosolids management program to different states in the US﷒ 

(NEBRA, 2007) 

 

The most recent guidance document from the USEPA in relation to biosolids stability 

indicates the need to meet the VAR separately from the pathogen reduction requirements, 

effectively meaning that the achievement of the VAR does not guarantee achievement of 

pathogen reduction (USEPA, 2003). While the NSW guidelines provide details of the VAR 

measures for all stability qualities, additional microbiological validation of the treatment 

performance is only needed for class A. However, approved technologies for the production 

of class B products need to ensure a geometric mean fecal coliform density lower than 2 

million Most probable Number (MPN) per gram of biosolids produced (dry weight). Class A 

needs to meet the VAR and achieve the following microbiological standards: 

• < 1000 fecal coliform MPN/g (dry weight) or < 3 Samonellae MPN /4g (dry weight) 

• < 1 PFU enterovirus/ 4g (dry weight) 

• < 1 viable helminth ova/ 4g (dry weight 
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The last independent review of the biosolids management program in the US conducted by 
the National Research Council (NRC) in 2002 concluded that: “There is no documented 

scientific evidence that the Part 503 rule has failed to protect public health” (NRC, 2002). 

However, the same report recommends the use of risk assessments to supplement the 

technological approach to establishing biosolids pathogens regulatory criteria, improving 

compliance monitoring of the standards and assessing the reliability of the different biosolids 

treatment processes to comply with the regulations. All of these recommendations are 

associated with the achievement of stability criteria not only from the microbiological 

perspective but the other quality features that biosolids products need to exhibit such as the 

absence of nuisance odour emissions which is acknowledged as a critical parameter to be 
reduced in the light of public concern and public health. The NRC review states: “Sewage 
sludge treatment technology not only provides the primary mechanism for pathogen 
reduction and the necessary stabilisation to reduce biosolids attraction as a food 
source for vectors but also provides the means to reduce odors and related public 
nuisance and public health concerns”. 

The current regulations have served to protect human health and the environment effectively 

but have been partially ineffective to address community concerns on ‘stability’ issues 

associated with biosolids particularly odour emissions. Many projects in the last decade have 

been undertaken to address this. Two projects from the Water Environment and Reuse 

Foundation (WERF) are of particular relevance to this review: the odour emissions project 

(Higgins and Murthy, 2015) and the high quality biosolids project (WERF, 2016). The former 

project will be covered in detail in chapter 4 while more details are provided about the latter 

in this section. The “High Quality Biosolids” project aims to guide utilities, especially in an 

urban context, on how to go beyond regulatory compliance to produce biosolids product fit 

for different markets. This acknowledges that biosolids quality is much more than pathogens 

and contaminants and that odour and transportability need to be included into the mix to 

improve the ‘user’s experience’. This project draws from the recent successful experience of 

the District of Columbia Water and Sewer Authority (DC Water) where upgrading the existing 

infrastructure, beyond minimum regulatory standards, achieved new levels of operational 

excellence including the production of a new product named Bloom®, a reduction of 50% on  

the amount of produced biosolids, the generation of 13 MW of renewable energy and 

millions of dollars in annual savings for the municipality (Schafer et al., 2013). This 

represents a step forward in the valorisation chain of wastewater solids and goes beyond the 

traditional ‘Good Practice’ approach pursued by many municipalities in the US during the last 

10 years (NBP, 2005).  
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Table 10. Comparison of practices in different USA states and NSW﷒(NEBRA, 2007) 
Treatment 
process Hawaii Lousiana New Hampshire Vermont Florida New York NSW 

Anaerobic 
digestion 

Most common 
use No data Common use Common use Common use Most common use Most common 

use 
Aerobic 

digestion Common use No data Rarely used Common use Most common 
use Common use Most common 

use 

Air Drying Most common 
use No data Rarely used Rarely used No data Rarely used Common use 

Composting Common use No data Most common use Most common use Common use No data Common use 

Lime 
stabilisation Rarely used No data Common use Most common use Common use Common use Common use 

Extended 
aeration No data No data No data No data No data No data Common use 

Comments  

Laboratory 
certification and 
pathogen testing 

for all stability 
grades. 

Buffer zones to 
control odours at 
land application 

sites 

Meeting vector 
attraction reduction 

(VAR) by 
incorporation or 
injection is not 

allowed 

There is a basic “no 
nuisance odours” 
provision in the 
rules, but it is 

difficult to enforce 

Alkaline treated 
biosolids need 
to be applied 

within 24 hours 
of delivery to 

site. 
Temporary 

storage, 
stockpiling or 
staging limited 

to 7 days, 
beyond 7 days 

a permit is 
needed 

 
Application 

sites need to 
apply for a 

permit before 
biosolids are 

applied 

Voluntary 
numerical odour 

emissions limits at 
land application 

sites 
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Canada 

There are no regulations at the national level associated with biosolids management in 

Canada and this matter is managed by each province or territory independently using 

different extents and types or regulatory mechanisms (CCME, 2012). The regulatory 

mechanisms tend to follow a similar approach to the current NSW Biosolids Guidelines with 

some modifications. For example, in British Columbia, biosolids regulation is covered by the 

Organic Matter Recycling Regulation which also covers composting and uses a similar A/B 

classification for the pathogens/contaminants in the biosolids/composting products. A 

different approach is found in Alberta with a stabilisation grading comprised of only three 

levels: digested, undigested and wastewater lagoon. An interesting approach is found in the 

province of Quebec where biosolids are covered by the more general fertilising residuals 

regulations which uses a similar pathogen and contaminant categories to the NSW Biosolids 

Guidelines. However, Quebec regulations also include an odour grading category which has 

been successful to minimise the complaints associated with odour emission on application 

sites (Beecher, 2010). Table 11 below summarises the different stabilisation practices in 

selected Canadian provinces and compare them against NSW requirements for the 

management of biosolids.  
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Table 11. Comparison of practices in different Canadian provinces states and NSW﷒ 

(MDDEP, 2008, Government of Alberta, 2001, BC Ministry of Environment, 2002) 

Treatment 
process Alberta British Columbia Quebec NSW 

Anaerobic 
digestion Common use Common use No data Most common use 

Aerobic 
digestion Common use Common use No data Most common use 

Air Drying Common use Common use No data Common use 

Composting Common use Common use No data Common use 
Lime 

stabilisation No data Common use No data Rarely used 

Extended 
aeration No data No data No data  

Comments 

The stabilisation 
grading in Alberta 
has 3 categories: 

digested 
(anaerobic and 

aerobic), 
undigested and 

wastewater 
lagoon 

 
A new composting 
facility in Calgary 

will be treating 
biosolids from the 

city to quality A 
grade compost 

Biosolids management is covered 
under the Organic Matter Recycling 
Regulation (2002) which includes 

class A and class B biosolids along 
with class A and class B compost. It 

is similar to the NSW guidelines. 

Biosolids management is covered 
under the “Guidelines for the Beneficial 

Use of Fertilising Residuals” which 
include the traditional Pathogen and 

Contaminant classifications along with 
an Odour classification. 
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3. Suitability of current methods and practices to determine and 
ensure stability of biosolids 

3.1. Chapter summary 
The definition of stability (Grade A or B) is associated with two different expected qualities in 

the final biosolids product:  

• Sanitisation or hygienisation (for grade A)  

• Reduction of pathogens and putrefaction (for grade B)   

Grade A deals with pathogens exclusively and it is considered outside the scope of this 

report. Different stabilisation processes are able to reduce pathogens but this is different to 

reducing putrefaction by transforming the organic matter present in the raw sludge. In this 

chapter, we will focus on Grade B approved processes and the associated Vector Attraction 

Reduction (VAR) measures included in the Biosolids Guidelines (NSW EPA, 1997)  due to 

the fact that the large majority of biosolids products in NSW are considered grade B  (PSD, 

2015). The link between stabilisation processes and odour emissions will be dealt with in the 

next chapter.  

Achieving VAR does not mean stability has been achieved, rather achieving stability will 

achieve VAR (WEF, 2012). We have reviewed the suitability of each of the stabilisation 

processes and the assessment methods in this chapter with a focus on the VAR measures 

presented in the NSW Biosolids Guidelines. The irreversible/reversible nature of each 

stabilisation process and its contribution in moving the raw sewage sludge towards 

‘inertness’ present a potential criterion to judge their suitability in ensuring the stability of 

biosolids. A summary with each stabilisation practice and assessment method is presented 

below in Table 12.  
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Table 12. Review of suitability of methods and practices to determine and ensure stability of biosolids 
Stabilisation 

method 
Assessment 

method 
Typical regulations for Vector 
Attraction Reduction options Theory and basis for regulations Comments 

Anaerobic 
digestion 

Gas production Not included High rate of gas production implies 
degradation of organic matter 

Potentially useful for benchmarking of 
anaerobic digester performance   

VSR 
At least 38% reduction in volatile 
solids during sewage sludge 
treatment 

High values of VSR suggest low 
remaining amounts of degradable 
organics. Slow degradation rates of 
remaining matter expected. 

Criteria currently used in the biosolids 
guidelines. Not enough to guarantee 
product free of offensive odours  

Additional VSR, 
(residual biological 
activity (RBA)) 

Less than 17% additional volatile 
solids loss during bench-scale 
anaerobic batch digestion of the 
sewage sludge for 40 additional 
days at 30°C to 37°C (86°F to 
99°F) 

Low amounts of additional VSR suggest 
low remaining amounts of degradable 
organics 

Potentially a replacement as a VAR 
measure as it indicates the potential for 
further degradation.  Limited application 
from an operational perspective. 

Volatile Fatty Acids 
(VFAs) in digestate Not included High VFA values in digested sludge 

represent digester instability 
Potentially useful but expensive and some 
issues with repeatability of commercial 
kits. 

SRT Not included Longer SRT enables more organic matter 
degradation 

Needed at least as a complementary 
measure to ensure a more stable product 

Protein content in 
dewatered 
biosolids 

Not included 

Proteins are precursors for odorous 
Volatile Organic Sulphur Compounds 
(VOSCs) produced in the biosolids cake. 
The levels of bioavailable proteins are 
affected by cation dosing, digestion, as 
well as shear and polymer dosage during 
dewatering 

Limited application from an operational 
perspective. 

Aerobic 
digestion 

SOUR 
SOUR at 20°C (68°F) is ≤1.5 mg 
oxygen/hr/g total sewage sludge 
solids. 

Low rates of oxygen uptake suggest low 
remaining amounts of degradable 
organics. 

Suggested as a more adequate method 
than VSR for assessing stability. 
Limitations on the temperature range were 
it can be applied. 

VSR 
At least 38% reduction in volatile 
solids during sewage sludge 
treatment 

High VSR values indicate low amounts of 
remaining degradable organics. Slow 
degradation rates of remaining matter 
expected. 

Criteria currently used in the Biosolids 
Guidelines. Not enough to guarantee 
product free of offensive odours 

Additional VSR 
Less than 15% further volatile 
solids reduction when incubated 
under aerobic conditions in a 
bench scale reactor for an 

Low values of additional VSR suggest low 
amounts of remaining degradable 
organics 

Potentially a replacement as a VAR 
measure as it indicates the potential for 
further degradation.  Limited application 
from an operational perspective. 
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Stabilisation 
method 

Assessment 
method 

Typical regulations for Vector 
Attraction Reduction options Theory and basis for regulations Comments 

additional 30 days at 20°C 
(typically used for extended 
aeration processes). 

Composting 

CO2 evolution Not included 
CO2 respiration occurs with the aerobic 
degradation of organic matter. Low 
respiration rates used as an indicator of 
stability 

Included in the Australian composting 
standard. Identified as a complementary 
method for stability assessment. 

O2 uptake Not included 

High O2 uptake needed for organic matter 
degradation and required temperature 
rise. Low O2 uptake rates in the curing 
period imply low remaining degradable 
organic matter. 

 

Treatment duration 
and temperature 

Aerobic treatment of the sewage 
sludge for at least 14 days at over 
40°C (104°F) with an average 
temperature of over 45°C (113°F) 

Most putrescible organic matter is 
degraded in the first 14 days, while 
stability is achieved at mesophilic 
temperatures 

Issues associated with ensuring that each 
particle in the pile receives adequate 
treatment. Needs to be complemented 
with an additional assessment method 
such as CO2 evolution. 

Heat drying Moisture content 

For biosolids which contain 
stabilised solids only, the 
proportion of dry 
solids shall be at least 75%. 
 For biosolids which contain 
unstabilised solids generated in a 
primary wastewater 
treatment process the proportion of 
dry solids shall be at least 90%. 

Moisture content is an indicator of vector 
attraction compliance, however organic 
matter is still present and when rewetted 
may become microbially active, and 
subsequently produce odours 

Heat drying does not degrade organic 
matter and it is considered as a ‘reversible 
stabilisation process’. Reduce pathogens 
only.  

Alkali addition 

pH Addition of sufficient alkali to raise 
the pH to at least 12 at 25°C (77°F) 
and maintain a pH ≥12 for 2 hours 
and a pH≥11.5 for 22 more hours 

Bacteria and viruses are reduced 
significantly a pH higher than 12 

Alkali addition does not degrade organic 
matter and it is considered as a ‘reversible 
stabilisation process’. Reduce pathogens 
only. 

pH change with 
storage 

Moisture Not included Lower levels of moisture reduce pathogen 
count 

Ammonia evolution Not included Ammonia acts as a bactericidal in the 
solid matrix 

Temperature See pH above Increased temperatures improve the 
microbial inactivation/sterilisation 
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3.2. Biological, irreversible, long-term and permanent stabilisation processes 
3.2.1.  Anaerobic digestion  
Different studies have shown to what extent the concentration of pathogens in raw sewage 

sludge is reduced when treated using conventional mesophilic anaerobic digestion (Sidhu 

and Toze, 2009, Gantzer et al., 2001). The first long term study in the US showing the 

benefits of the USEPA 40 CFR 503 rule after its enaction (Pepper et al., 2010) showed the 
impact of mesophilic anaerobic digestion to the final concentration of as “significantly lower 

than before the promulgation of the Rule, suggesting better treatment and increased 

treatment removal of coliforms”. These results are relevant for the quality grading of 

biosolids in NSW, especially Grade B biosolids, as the current guidelines don’t specify any 

minimum treatment requirements beyond the VAR measures.Rhodes et al. (2015) work on 

Grade B biosolids supported the measurement of fecal coliforms in the digested sludge to 

indicate the reduction of some pathogens but warned on the general use of fecal organisms 

to predict the presence and levels of Giardia (oo) cysts and Cryptosporidium spp. in the 

digested sludge. For Grade B biosolids, airborne exposure represents the highest public risk 

of infection to the public when they are applied on land and a robust stabilisation process is 

deemed to be more effective than community separation distances to reduce this risk, 

especially when norovirus are included in the assessment (Viau et al., 2011).  

Most of the recent developments on stability associated with mesophilic anaerobic digestion 

are related to the way the process can be modified to minimise odour nuisance (Higgins and 

Murthy, 2015). Less attention has been paid to the use of VSR, or the level at which it should 

be set, to ensure the stability of the digestate. The technical document presented by Farrell 

(1992) on the scientific basis of the proposed regulation at the time (USEPA, 1993) in 

relation to the use of volatile solids reduction as a vector attraction reduction measure for 
anaerobic digestion includes the following: “If the sludge volatile solids content has been 

reduced 38% by anaerobic or aerobic or chemical oxidation, it is presumed to be adequately 

reduced in vector attraction. This requirement, which is the same as was used in “Criteria”, 

was drawn from the Water Pollution Control Federation Manual of Practice No. 8 (WPCF, 

1967). The selection was largely judgemental but has been reinforced by 9 years of usage 

under the present regulation”. 

The use of a relative value for stabilisation neglects the fact that VS concentrations in the 

raw sludge depend on the catchment where the wastewater treatment plant (WWTP) is 

located. As shown in Figure 3 for primary sludge (VSR is lower when a primary and waste 

activated sludge mix is digested), at high VS concentrations in the feed (85%) the VSR 

threshold will be achieved at low SRT requirements and the digested sludge will have a 

higher risk of being odorous. At the other extreme, low VS concentrations in the feed sludge 
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will require higher SRT requirements to achieve the same VSR threshold. This is particularly 

relevant to NSW as many of the biosolids treatment facilities in the State are currently 

processing primary sludge with VS concentrations higher than 80%. Acknowledging this fact, 

Smith (2013) has suggested the development of a “fit for purpose” formula with the specific 

physicochemical characteristics of the sludge under consideration to determine an 

acceptable VSR value. More recent data (Jahn et al., 2016), suggests the threshold in VSR 

for high solid digestion of municipal sewage sludge should be above 50% when sludge is 

treated at 37 °C and 15 days of SRT.   

     

Figure 3. VSR during the digestion of primary sludge at raw sludge VS concentrations 

and SRT ﷒ (WEF, 2012) 

The effectiveness of using VSR as a VAR measure in anaerobic digestion can be also 

assessed by measuring the %VS of the digested sludge. (Crosher, 2008) has reported that 

digested sludge is highly odorous when its VS is over 60-65%. Similar values have been 

reported elsewhere (PSD, 2009). 

Using the %VS in the digested sludge to assess the stability effectiveness of anaerobic 

digestion is currently used in Germany. Loss of ignition (LOI), which is similar to the VS test, 

is used to defined the ‘technical stability limit’ required for different biosolid products 

applications (Umweltbundesamt, 2013): 

• LOI < 50% sludge well stabilised for agriculture and landscaping use 

• 50% < LOI < 65% sludge partially stabilised for land reclamation or landfill disposal 

• LOI > 65% sludge not yet stabilised for thermal processes 

One of the challenges associated with anaerobic digestion facilities is that they have been 

designed and operated to meet regulatory requirements which does not guarantee that the 

digestate will meet market or public acceptance requirements (Tsang and Jr., 2005). 
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Pathogen criteria performance could be improved by including additional details on 

operational conditions for Grade B biosolids – which are not included in the current NSW 

Biosolids Guidelines – but the stability expectations from the market and the community can 

only be met if biosolids producers go beyond the regulations for the design and operation of 

their facilities. For example, Bharambe et al. (2015) reported on the use of recuperative 

thickening to increase SRT in Bondi WWTP from 15 to 40 days which increased biogas 

production by 20% and reduced biosolids production and hydrogen sulphide generation by 

22% and 80% respectively. Similar SRT values (40 days) are expected to have positive 

impacts in relation to the stability of the sludge in other NSW plants (Taylor and Batstone, 

2015).  

Conventional mesophilic anaerobic digestion is still the most popular stabilisation process in 

NSW for the treatment of raw sewage sludge (PSD, 2015). However, without advanced 

treatment configurations or by combining anaerobic digestion with other treatment barriers 

(e.g. composting), it can only produce Grade B biosolids. Due to issues associated with their 

quality, Grade B biosolids have been banned for agricultural application in some counties in 

the US and a growing interest in anaerobic digestion processes capable of producing Grade 

A biosolids has followed (Sobrados-Bernardos and Smith, 2012).  Such a ban constitutes a 

risk for producers and a threat for the overall future beneficial reuse program of biosolids in 

NSW.  

There is also an alternative VAR measure when the VSR>38% criteria can’t be used: 
“Anaerobically digested biosolids which do not meet requirement 1 above must have 

no more than 17% further volatile solids reduction when incubated under anaerobic 

conditions in a bench scale reactor for an additional 40 days at 30-37° C.”  This 

requirement applies to raw sludge with low values of volatile solids which, after being treated 

in anaerobic digesters, are unlikely to go beyond the 38% threshold. This is also relevant for 

previously digested sludges that have been stored in a lagoon for many years and have lost 

volatile solids significantly (USEPA, 2003). It is considered an effective approach to cater for 

some instances where the 38% threshold is not achieved (Switzenbaum et al., 2002). 

Mesophilic anaerobic digestion is an effective stabilisation process to produce Grade B 

biosolids if minimum treatment conditions are specified and go beyond VAR measures, the 

digested sludge presents fecal coliforms readings of less than 2,000,000 MPN/g and 

process conditions are achieved consistently at the production sites. It also has the potential 

to produce Grade A biosolids but constraints on the CAPEX required for advanced 

configurations is a barrier to achieving this goal (Baroldi et al., 2012).  
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Since the publication of the NSW guidelines, anaerobic digestion has been identified as an 

indispensable piece of infrastructure in the transition towards a resource recovery approach 

to process organic residuals in general and sewage sludge in particular (Guest et al., 2009). 

As a result different studies have been published on advanced digestion configurations 

which include the use of thermal hydrolysis (Barber, 2016), temperature phased digestion 

(Riau et al., 2010) and other physical, chemical and biological based technologies (Wang et 

al., 2008). Different substrates have also been evaluated to improve biogas production in 

anaerobic digestion in Australia and overseas through co-digestion (Mata-Alvarez et al., 

2014, Parry and Fillmore, 2016). 

Improving the current NSW guidelines by including more details on the operational 

conditions, won’t be enough to meet market and community acceptance for Grade B 

products. Having used the USEPA 40 CFR 503 rule (USEPA, 1993) to guide the 

development of the current NSW Biosolids Guidelines was a necessary, but no sufficient, 

step in managing biosolids in the State.  

The shortcomings presented in this section in relation to the suitability of anaerobic digestion 

as an effective stabilisation process need to be considered by the regulator and considered 

in the updated regulatory framework such that market and community concerns are 

incorporated. This will ensure that the long term success of the biosolids beneficial reuse 

program is guaranteed (Peccia and Westerhoff, 2015). 

3.2.2.  Aerobic digestion and extended aeration 
Aerobic digestion is the second most popular stabilisation approach in NSW (PSD, 2015) 

particularly in regional plants (Wilson, 2016) or where the design flow capacity of the 

treatment plant is less than 50,000 EP (Nowak, 2006). Aerobic digestion needs to comply 

with the same VAR threshold than anaerobic digestion (VSR >38%) or any of the two 

alternative measures when VSR is not applicable (e.g. extended aeration). In the first 

alternative, the sludge should have less than 15% additional volatile solids reduction (AVSR) 

during bench scale aerobic batch digestion for 30 additional days at 20 °C. In the second 

alternative, the specific oxygen uptake rate (SOUR) shall be less than 1.5 mg O2/hour/g total 

solids at 20 °C (NSW EPA, 1997).  

If a sludge is instead considered stable by the absence of noxious odours, longer retention 

times will be needed to eliminate odour nuisance from aerobically digested sludges, more 

than double the residence time of many aerobic digesters in use today (USEPA, 2003). In 

contrast to anaerobic digestion, aerobic digestion doesn’t require temperature control, so the 

residence time needs to be adjusted accordingly to compensate for the changes in 

temperature to guarantee adequate stabilisation. The recommended operating conditions, 

not included in current NSW guidelines, for aerobic digestion are described as follows 
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(USEPA, 2003): “Sewage sludge is agitated with air or oxygen to maintain aerobic conditions 

for a specific mean cell residence time at a specific temperature. Values for the mean cell 

residence time and temperature shall be between 40 days at 20 °C and 60 days at 15 °C”. 

The thresholds for the three VAR measures chosen by the original USEPA legislation for 

aerobic digestion rely on work carried out by Koers and Mavinic (1977) , Jeris et al. (1985)  

and Ahlberg and Boyko (1972). Additional work was carried out after enacting the 40 CFR 

503 rule by Farrell et al. (1996) indicating that while these methods were effective to 

minimise vector attraction, AVSR was a more conservative approach than SOUR. These 

respirometric techniques rely on the reduction of the metabolic activity of microorganisms in 

biosolids to assess the potential for further putrefaction. For extended aeration these 

alternative approaches are important as the WAS, already on endogenous decay mode, will 

have limitations on achieving a VSR higher than 38% (WEF et al., 2012).  

The SOUR of a well-digested sludge will vary from 0.1 to 1 mg O2/hour/g total solids (WEF 

et al., 2012) which is lower than the current threshold of 1.5 mg O2/hour/g total solids. 

However, Samson and Ekama (2000) have shown that values below 2 mg O2/hour/g volatile 

solids will indicate that the sludge has less than 25% of biodegradable particulate organic 

material content. Switzenbaum et al. (2002), which comprehensively reviewed the different 
methods to assess stability in biosolids, wrote in relation to the SOUR test: “In general, the 

SOUR test was found to be highly useful for evaluating the stability of aerobic solids. The 

test is simple to conduct and has been widely used. Relatively low levels of variability were 

found for both intralaboratory and interlaboratory testing”.  

The SOUR results are affected by temperature and need to be adjusted accordingly but 

cannot be used to assess the degree of stabilisation of a biosolids sample if the temperature 

differs from 20 °C by more than ± 10 °C (USEPA, 2003).  Samples also need to be analysed 

as soon as possible to minimise the development of anaerobic conditions in the sludge and 

the concentrations should be in the range of 0.5 to 2% TS (Switzenbaum et al., 2002). The 

updated WA guidelines have chosen the SOUR test over the AVSR test for those aerobically 

digested sludges unable to achieve a VSR > 38% (DECWA, 2012). 

In comparing VSR to the SOUR test, it can be seen that aerobically digested sludges 

achieve lower VSR values for the same SOUR values when temperature is reduced, 

requiring additional digestion time to compensate for these lower values.   
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Figure 4. Relationship between volatile solids reduction and specific oxygen uptake ﷒ 

 (Koers and Mavinic, 1977) 

 

   

Figure 5. Relationship between volatile solids reduction and time of aeration ﷒ 

 (Koers and Mavinic, 1977) 

 

In contrast to the USEPA guidelines (USEPA, 2003), the current NSW guidelines provide 

little details on the time and temperature combinations needed in aerobic digestion to ensure 

an adequate stabilisation is achieved when producing Grade B Biosolids. 



 

64 
 

3.2.3.  Composting 
Composting is able to produce biosolids products at the level of quality required by stability 

Grade A or B (USEPA, 2003). While some reports indicate that composting is not the main 

biosolids stabilisation process in NSW (PSD, 2015), this process constitutes an important 

piece in the valorisation of organic residuals in the state as aerobic and anaerobically 

digested sludges are used as a feedstock in composting facilities around NSW (Wilson, 

2016). 

Current NSW guidelines provide no details on the process conditions to treat biosolids 
beyond the VAR conditions for composting (NSW EPA, 1997). In contrast, the more recent 

update from the USEPA regulation (USEPA, 2003) describes composting as a lawful 
process to produce stability class B biosolids when: “Using either the within-vessel, static 

aerated pile, or windrow composting methods, the temperature of the sewage sludge is 

raised to 40°C or higher and remains at 40°C or higher for 5 days. For 4 hours during the 5 

day period, the temperature in the compost pile exceeds 55°C”.   

According to (Farrell, 1992), the rationale to include the 55°C is associated with the need to 

reduce Ascaris eggs density to reasonable levels according to previous work undertaken by 

(Brannen et al., 1975). However, this work was undertaken using liquid samples under 

laboratory conditions which have limitations when applied to windrows, which is the most 

common technology for composting in NSW. More recent work (Isobaev et al., 2013) have 

demonstrated that, even for Grade A biosolids where the microbiological conditions are more 

strict than for Grade B biosolids, the probability of every compost particle achieving the time 

and temperature conditions required by the regulations in windrows is 93%.   

It is common to use the terms ‘stable’ or ‘mature’ when discussing the quality of compost. 

However, these quality descriptors are associated with two different stages in the 

composting process (Wichuk and McCartney, 2013). Stability refers to the reduced microbial 

activity which renders the product stable and maturity is associated to its suitability for 

application when the compost is no longer phytotoxic. Substantial progress has been 

achieved in understanding compost stability and maturity and the updated Australian 

Standard 4454-2012 for compost, soil conditioners and mulches, provides guidance on the 

composting of organic residuals, including biosolids (AS 4454, 2012). This standard needs to 

be considered in the future NSW Biosolids Guidelines and it has been incorporated in the 

updated WA biosolids guidelines (DECWA, 2012). 

There are several different physical, biological and chemical tests to measure compost 

stability (Switzenbaum et al., 2002) and previous studies have warned on the use of 

temperature as the only parameter to assess the degree of stability progress during the 

composting process (Lasaridi et al., 2000, Adani et al., 2006, Wichuk and McCartney, 2013). 
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However, current VAR regulations indicate the following (NSW EPA, 1997): “Biosolids shall 

be treated in an aerobic process for at least 14 days. During that time, the temperature of the 

biosolids shall be >40°C and the average temperature >45° C. This option relates primarily 

to composted biosolids”. This requirement may reduce the degree of putrefaction and the 

level of pathogens to acceptable values but it is not related to the stability and maturity 

conditions required in a quality product. For example, Li et al. (2004) presented the results of 

using geosmin to track the progress of stability during sewage sludge composting and found 

that geosmin production peaks at 60 days just before compost enters the maturation phase. 

Patureau et al. (2012) has presented the seasonal changes in the temperature profile of 

composted sewage sludge and found that a stable temperature, usually considered an 

indicator or compost stability, is achieved after 22 days in Autumn and 25 days in Spring.  

Due to the issues mentioned before, respirometric methods are usually recommended to 

assess or complement existing VAR requirements (USEPA, 2003, Switzenbaum et al., 

2002).  

CO2 evolution is considered as the most reliable and easy to implement respirometric 

method to assess biosolids compost stability (Wichuk and McCartney, 2013). Table 13 

presents the different values associated with the stability of sewage sludge compost using 

this parameter (Switzenbaum et al., 2002). Commercial solutions, such as the widely popular 

colorimetric test Solvita®, can be used to assess the degree of stability of composted 

biosolids (Gómez et al., 2006) and it is one of the tests included in the current Australian 

composting standards to assess the degree of stability of composting products (AS 4454, 

2012). 

Table 13. Stability of biosolids compost based on CO2 evolution﷒(Switzenbaum et al., 2002) 
Respiration rate, 

mg CO2/g 
compost-day 

Rating Characteristics 

< 2 Very stable Well cured; no malodorous; earthy odour 

2 - 5 Stable Cured compost; limited odour potential; minimal impact on soil 
carbon and nitrogen dynamics 

5 - 10 Moderately 
stable 

Uncured compost; some malodour potential; addition to soil 
may immobilise nitrogen; high phytotoxicity potential; not 
recommended for growing plants from seed. 

10 - 20 Unstable 
compost 

Very immature compost; high malodour and phytotoxicity 
potential, not recommended for growing plants from seed 

>20 Very unstable 
compost 

Extremely unstable material; very high malodour and 
phytotoxicity potential; not recommended for use. 
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3.3. Chemical, physical, temporal, short-term and reversible stabilisation 
processes 

3.3.1. Lime stabilisation 
From the microbiological perspective, lime stabilisation has the ability to produce Grade A or 

B products (NSW EPA, 1997). Depending on the pH and contact time, the pathogen 

densities can be reduced to comply with different regulatory limits (Sanin et al., 2011). In 

addition, the heat produced during the hydrolysis of calcium oxide and the additional 

bactericidal effect of indigenous ammonia volatilisation contribute to the effectiveness of this 

stabilisation process (Pecson et al., 2007). The increase in pH discourages the production of 

hydrogen sulphide in chemical equilibrium and suppresses the degradation of the organics, 

reducing or eliminating nuisance odours (Sanin et al., 2011).  

Volatile solids are not destroyed during the addition of alkali (Sanin et al., 2011). Any 

contamination or reduction in the pH will resume the degradation of the organic material with 

the associated release of odorants.  If we consider stabilisation from a ‘humification’ 

perspective, the addition of lime to sewage sludge represents a temporary ‘pause’ in the 

stabilisation continuum.  

Previous studies have indicated issues with communities affected by nuisance odours from 

Grade A and B products from lime stabilisation processes (Laor et al., 2011). For example, 

Halifax Water stopped temporarily the production of Grade A products after receiving odour 

complaints associated with the application of their lime amended product (Hydromantis, 

2011). 

The current VAR measure for lime stabilisation in the NSW Biosolids Guidelines indicates 

(NSW EPA, 1997): “The pH value of the biosolids shall be raised to 12 and without the 

addition of further alkali shall remain at 12 or higher for two hours and then at 11.5 or higher 

for an additional 22 hours”. This measure was included to ensure the pH of the solids matrix 

is high enough while sludge is being disposed of, even in the case that little insolubilized 

alkali is left in the solid matrix (Farrell, 1992). However, it has been demonstrated that pH 

values are likely to remain high for several days when pH is raised to 12.5 (USEPA, 1978). 

Similar to the other processes presented in this document it is recommended that additional 

details are included in the Biosolids Guidelines in relation to the definition of lime 

stabilisation. The existing  USEPA document defines lime stabilisation as (USEPA, 2003): 
“Sufficient lime is added to the sewage sludge to raise the pH of the sewage sludge to 12 

after 2 hours of contact”. As lime stabilisation does not reduce volatile solids, it is important 

to incorporate the lime amended product into the soil before pH falls below 10.5 where is 

likely to create odour problems (USEPA, 2003).  
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Original research on lime stabilisation indicated its suitability when there is a need to 

(USEPA, 1978): 

• “Provide alternate means of sludge treatment during the period when existing sludge 

handling facilities are out of service for cleaning or repair”. 

• “Supplement existing sludge handling facilities due to the loss of fuel supplies or 

because of excess sludge quantities above design”. 

• “Upgrade existing facilities or construct new facilities to improve odour, bacterial and 

pathogenic organism control”. 

Alkali addition is a suitable alternative to treat sewage sludge and has been extremely useful 

in the past to protect public health; however, it is an end-of-pipe measure. It is the view of 

the review team that alkali addition has an important role to play as an emergency disposal 

option to permanent stabilisation processes such as composting, aerobic and anaerobic 

digestion. A resource recovery approach is less likely to rely on lime stabilisation to treat 

sewage sludge due to the risk associated with further degradation of organic matter when 

the pH drops.   

3.3.2. Air Drying 
Removing moisture from sewage sludge using air drying has shown to reduce the 

populations of viable bacteria by up to one order of magnitude when the total solids 

concentration is increased to 90% (Yeager and Ward, 1981).  

During lagoon storage, sewage sludge also undergoes further anaerobic and aerobic 

stabilisation. After a 3 year monitoring program, Pan et al. (2016) reported that a significant 

amount of influent COD was emitted as methane (43%) and a lower amount (8%) was 

consumed by aerobic processes. 

Current NSW Biosolids Guidelines don’t provide details on the operational conditions 

required for air drying (NSW EPA, 1997). The most recent regulations from the USEPA 
(USEPA, 2003) describes this process as follows: “Sewage sludge is dried on sand beds or 

on paved or unpaved basins. The sewage sludge dries for a minimum of 3 months, the 

ambient average daily temperature is above 0°C”. 

As one of the cheapest dewatering methods available for water utilities, air drying is limited 

by the availability of land which could be a problem in urban centres but not in regional 

towns (WEF et al., 2012). In NSW air drying is mainly used after the sludge has been 

stabilised by aerobic or anaerobic digestion (Wilson, 2016) and represent a suitable 

treatment route when done properly.    
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4. Stability and odour emissions 
4.1. Chapter summary 
A wide range of literature focusing on odour emissions from different biosolids stabilisation 

methods was reviewed, as is reported in Appendix 1 - Literature associated with odours from 

biosolids. In order to understand nuisance impacts, the odorants, odour emissions and how 

they are perceived by the community, as well as different analysis methods are briefly 

outlined in Sections 4.2 and 4.3.  

Types of odorants emitted from biosolids depend on stabilisation methods used. However, 

most emissions typically consist of volatile sulfur compounds, ammonia and other 

compounds produced from the degradation of organic matter. These odorants can be 

perceived at low concentrations and have largely offensive odour characters ranging from 

rotten eggs, rotten vegetables and garbage to rotten fish and ammonia.  

From reviewing the literature, odour emissions for the different stabilisation methods are 

affected by the operation of the stabilisation method; as well as processes upstream and 

downstream such as sewer catchments, thickeners, dewatering and storage.  

Recommendations for assessing biosolids odour emission potential are:  

• Thermal drying and alkaline treatment of biosolids should be thought of as 

hygienisation methods, rather than stabilisation. Biosolids treated using these 

methods can produce nuisance emissions during storage, transport and land 

application due to the high remaining organic matter content.  

• Meeting VAR based on VSR isn’t correlated with a reduction in odour emissions.  

• Certain dewatering, conveying and storage approaches can produce additional odour 

emissions. Therefore the odour potential of the biosolids end product, rather than that 

of the sludge directly after stabilisation should be measured. 

• As the majority of odorants emissions are related to biodegradation of organic matter, 

VARs such as specific oxygen uptake rate (SOUR), and biochemical methane 

potential (BMP) are useful tools to measure residual biodegradability and odour 

potential. However the impact of dewatering, conveying and storage still need to be 

considered. 

• Odour properties of the end product need to be measured, using agreed upon 

methods. A combination of sensorial and analytical monitoring is recommended. This 

can be incorporated into acceptable odour quality for different biosolids end uses. 

A more holistic approach is needed to develop guidelines for biosolids stabilisation which 

minimise community nuisance odour impacts. The recommendations to incorporate  stability 
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assessment and odour potential into a larger Risk Management approach are outlined in 

Section 5.  
 

4.2. Introduction to odorants, odour emissions and nuisance impacts  
In order to evaluate biosolids stability in terms of odour emissions, the concepts of odour and 

nuisance emissions need to be defined. Odours, being the human response to odorants, can 

be measured in different ways. These can be grouped as sensorial approaches, based on 

classifying how humans respond to different emissions. Or analytical approaches, which is 

based on the measurement of the odorant concentrations comprising an emission. Various 

review articles (Gostelow et al., 2001, Brattoli et al., 2011, Laor et al., 2014, Hayes et al., 

2014b) have explored various aspects of odour, odorant and odour nuisances so only the 

general concepts and how they relate to biosolids will be discussed here. 

Odorants are compounds that can be smelt. An odour is how we respond to an odorant or 

mixture of odorants in a gaseous sample. An odour can be described in terms of 

concentration, intensity, character, hedonic tone and persistency. These dimensions are 

outlined in Figure 6. Different mixtures of odorants can produce different effects depending 

on how the odorants interact with our receptors; such effects for mixtures are poorly 

understood. Not all odours can cause a nuisance, for example some odours are pleasant 

such as perfumes. The potential for an emission to generate annoyance is typically 

evaluated according to FIDOL representing Frequency, Intensity, Duration, Offensiveness 

and Location.  

The more frequently someone is exposed to an odour, the more likely it will become an 

aggravating factor. Higher intensity odours are more likely to generate annoyance. The 

duration of the exposure time/episode is also linked to odour annoyance. Offensiveness 

incorporates the hedonic tone (rating of how pleasant or unpleasant) with the odour 

character. Different people may be offended by different types of odour characters; however 

some are universal, such as decaying organic matter and manure. The locations in which 

the odour emissions are perceived also affect the likelihood of an emission being a 

nuisance. For example urban, high density, with sensitive receptors such as housing, 

schools and hospitals will generate more annoyance than rural agricultural settings.  

A simplified exposure pathway for odour emissions from biosolids, or any odorous material, 

is shown in Figure 6. The figure shows the large number of factors that influence if odours 

will be generated and if they will result in odour nuisance. Approaches to preventing odour 

nuisance from the regulatory perspective rely on simplification of the pathway. The ‘no 

justified complaints at fence’ can be difficult to quantify due to its subjectivity, but is simple 

and low cost. The ‘no justified complaint’ is evaluated by an authorised inspector who judges 
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the situation. A quantitative approach uses exposure percentiles e.g. 2 Odour units cannot 

be exceeded 98 % of the time. This approach provides a target for utilities, however can be 

difficult to enforce due to the allowable emissions 2% of the time. In addition dose-response 

relationships are difficult to predict (Schulz and van Harreveld, 1996).  

 

Figure 6. Factors affecting whether nuisance odour impacts will occur. The pathway includes 

factors affecting odorant production, transport to receptors, receptor odour perception and 

reaction. 

 

4.3. Odour and odorant analysis  
Methods used to sample emissions need to be standardised in order to compare different 

studies/results. Some sampling methods are more suitable for certain applications, 

commonly used methods are outlined in Table 14. Flux hoods, wind tunnels or direct 

sampling methods are more applicable for use in dispersion modelling as they measure a 

flux or actual concentration. However headspace is widely used to measure the odour 

potential of biosolids being stored, mostly applicable to anaerobically digested sludge. 

There is a need to benchmark the sampling methods used for odorant and odour 

measurements. The analysis of the generated emissions can be benchmarked by either 

reference to standards for odorant analysis or inter-lab comparison, panellist selection, 

humidity normalisation for odour analysis. However, different sampling methods can 

generate very different emissions, representing different situations. For example wind-

tunnels simulate emissions produced in high wind situations, the resultant emissions are 

therefore not suitable to compare with ambient emissions.  
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Table 14. Methods used for sampling, concentrating and analysing emissions from biosolids. 

﷒ (Gostelow et al., 2001, Brattoli et al., 2011, Laor et al., 2014, Hayes et al., 2014b)  
Method Description/Typical application 

Sampling 
Direct sampling Ambient or process (pipeline) emissions are captured for analysis 
Hood sampling Emissions generated by a material are captured in a static hood 

Flux hood sampling Emissions are generated by low velocity gas sweeping the material surface 
in a hood, usually to generate emissions from liquid or porous solids 

Wind tunnel sampling Emissions are generated by high velocity gas, to simulate wind, stripping the 
material surface, usually used to generated emissions from liquid or solids 

Headspace sampling The headspace of incubated material is sampled, can be liquid or solids 
Concentrating/Handling samples for analytical methods 
Sorbent tubes  Compounds are deposited onto solid adsorbents 
Solid Phase Micro-
Extraction (SPME) Compounds are deposited onto fibres 

Cryogenic/thermal 
deposition Compounds are deposited onto cold traps 

Analytical methods 
Gas Chromatography 
+ Detector (MS, FPD, 
FID, SCD + other) 

Common method for the analysis of emission samples or concentrated 
samples. Needs suitable choice of detector, can be integrated with 
cryogenic/thermal deposition. Can be integrated with ODP (see below) 

Specific sensors 
Analysis of emission samples for specific analytes, may be affected by non-
specific compounds and environmental conditions, can be used onsite. e.g. 
Jerome for H2S 

Draegar tubes 
(colorimetry) 

Analysis of emission samples for specific analytes or compound groups, 
typically not very sensitive 

E-noses 
Analysis of emission samples, may be installed onsite for direct sampling, 
may be affected by non-specific compounds and environmental conditions, 
and may be subject to drift overtime.  

Sensorial methods 

Concentration 

Strength of the odour, measured by diluting the sample until 50% of a panel 
can’t detect it, referred to as dilution olfactometry. The measure is the 
amount the sample must be diluted, presented as odour units per volume 
(OU/m3) 

Intensity 

Represented using a subjective category scale (i.e. faint–moderate–strong), 
magnitude estimates (i.e. odour A is twice as strong as odour B) or 
reference to a specific odorant. Intensity (I) is related to odour concentration 
(C) according to Stevens Law I = k C n where n and k are constants 

Character Subjective description of what the odour smells like 

Hedonic tone Subjective degree of pleasantness or unpleasantness associated with an 
odour. Measured according to a numeric scale 

Persistence 
Property of an odour relating to the relationship between the odour 
concentration and dilution factor for supra threshold values. Percentage of 
the community/panel that detects the odour at different dilution factors 

Combined 

Odour detection port 
(ODP) 

A detection port is added to a GC-MS setup, leading to GC-MS/O. The 
output from the GC is split so one leads to the MS and the other is sniffed by 
a trained panellist. Intensity and odour character are described for odour 
peaks throughout the elution time. Identifies sensorially important odorants 
in a gas mixture 
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4.4. Relationships between stabilisation methods and odour emissions 
4.4.1. Anaerobic digestion  
Anaerobic digestion of biosolids had the largest amount of resources reviewed for the 

stabilisation methods. The majority are based on work begun by the WERF “Identifying and 

Controlling Odour in the Municipal Wastewater Environment” series of reports. From 

reviewing the available research no single operational parameter can predict biosolids 

odour. While general trends have been identified, it’s likely that a large number of 

interrelated factors are responsible for producing conditions where odours could be formed, 

dependant on microbial communities 

While volatile sulfur compounds are the major compounds associated with odorous 

emissions from anaerobically stabilised biosolids, other commonly detected classes are 

amines, aromatics, ketones and terpenes. Ammonia and hydrogen sulfide are common 

odorants at wastewater treatment plants, however weren’t always included in emission 

monitoring. The majority of the literature reviewed used the headspace method for sampling 

and measured only Methyl mercaptan (MT) and Dimethl suldife (DMS), commonly reported 

as Total Volatile Organic Sulphur Compounds (TVOSC). A major limitation in odour 

monitoring is ignoring other odorants such as other sulfur compounds or volatile organic 

compounds. While the sulfur compounds, due to their low odour threshold and high 

concentrations, are demonstrably very important sensorially, other odorants such as 

ammonia, p-cresol, indole and trimethyl amine can contribute to the odour emissions due to 

their character as being ‘faecal’ or ‘fishy’. 

Odorous compounds are typically produced from the degradation of organic matter, such as 

proteins in the case of volatile sulfur compounds. Therefore biosolids processing will 

implicitly affect resultant odours. However some biosolids odorants that have been identified 

in the literature are attributed to different wastewater sources (catchments) or treatment 

processes in the plants. See Appendix 1.2 for more detail on odorants from anaerobic 

digestion. 

 

The main findings of the review of the literature regarding anaerobic digestion are:  

• Solids retention time (SRT) has a weak positive correlation to peak headspace 

TVOSC concentrations. This trend is evident at individual sites, as differences in 

efficiency, feeds and dewatering and conveying downstream complicate the effect 

when different sites are compared.  

• No correlations between biosolid headspace TVOSC concentrations and volatile 

solids reduction (VSR) were found. VSR, which measures the bulk reduction in 

volatile solids, represents the degradation of the readily biodegradable organic 
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matter, rather than the more recalcitrant proteins (Muller et al., 2007b). The 

remaining protein content, after digestion, has been suggested as an indicator for the 

potential production of odours (Adams, 2004).  

• Shearing during dewatering and conveying frees labile proteins, which when 

degraded during storage produce odorous sulfur compounds. Also appears to inhibit 

methanogen activity. High speed centrifuges have greater shear, and therefore 

emissions compared to medium or low speed centrifuges. Belt filter presses, even 

when producing similar Total Solids (TS) concentrations to centrifugally dewatered 

biosolids produce biosolids with much lower odour potential.  

• Higher methanogen activity in biosolids cake reduces peak headspace TVOSC 

concentrations and alters temporal emission behaviour. Methanogen activity appears 

to be affected by shearing, cation dosing, temperature and amendments.  

• Thermophilic digestion produces a later and lower peak in headspace TVOSC 

concentrations during storage.  

• The addition of more digestion stages offers more control over the digestion process 

as different vessels can be optimised to favour different degradation stages and the 

stages can buffer the flows through the system, reducing protein content and 

resulting in lower emissions.  

• Polymer addition is weakly correlated with peak headspace concentration, potentially 

due to increase in shear force and retention of soluble proteins. In addition, when 

certain polymers are used in biosolids dewatering, they may degrade during storage 

producing the odorant trimethylamine.  

• Negative correlations between iron content and peak headspace TVOSC 

concentrations have been reported. The role of iron complexes throughout digestion 

and dewatering result in the sequestering and subsequent release of proteins.  

• Conversely, the use of aluminium salts as a conditioner may reduce polymer 

requirements and peak headspace TVOSC concentrations.  

• Pre-digestion methods have been developed to aid hydrolysis, thereby improving 

digester performance. Many different approaches have been trialled in recent years, 

however the odour implications are rarely reported. Pre-treatment processes such as 

Cambi and Microsludge showed improved biosolids headspace odour emissions. 

Treatment methods using mechanical pre-treatment, enhanced enzymic hydrolysis 

and chemical dosing also provided reduction in odour emissions. Improvements in 

odour emissions due to ultrasonic pre-treatment weren’t clear.  

• Improvements in odour emissions (odorant and sensorial) with additives may be 

possible, however require full scale, site specific testing. 
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The current regulatory settings for biosolids stabilisation using anaerobic digestion are based 

on the digestion process itself. However, after reviewing the literature on odour emissions 

from biosolids, the dewatering and conveying processes have the potential to drastically 

alter the emission potential of the digested sludge. The shearing action of dewatering alters 

the composition of stabilised sludge, making proteins more bioavailable and resulting in 

odours, as well as sudden increase (SI) in microbial populations.  

Murthy et al. (2004) outlines that processes that achieve greater than 45-50% volatile solids 

reduction, meeting regulatory requirements, can still produce material with residual biological 

activity. Proteins are harder to degrade in anaerobic conditions compared to polysaccharides 

and therefore may be concentrated in the final product; about 40% of the remaining volatile 

solids may consist of proteins. Solids retention time (SRT) has been found in a few studies 

to give a weak correlation with biosolids odour emissions (Adams, 2004, Toffey and Higgins, 

2007, Adams et al., 2007). However, the relationship is likely affected by site specific 

differences, such as digester efficiency, feed characteristics and dewatering operation.  

Dewatering has been widely identified as a key factor affecting the odour emissions of the 

dewatered product. Shearing during dewatering affects protein bioavailability, with positive 

relationships between levels of labile proteins and headspace biosolids emissions being 

identified. Levels of labile proteins in the biosolids are also affected by chemical dosing.  

The Biosolids Odour Reduction RoadMap Decision Tool Research Project funded by WERF 

provides suggestions on ‘best practices’ to improve odour performance for sites using 

anaerobic digestion and can be accessed in the following website: 

http://borr.werf.org/DecisionTool.aspx. It recommends areas to investigate/evaluate current 

operational conditions, with links to laboratory and field scale studies, which are also 

included in this literature review. Factors that are suggested to be included in onsite 

abatement plans are: 

• Anaerobic digestion operation and performance  

• Iron usage on site, as it can concentrate protein in biosolids 

• Shear as it can produce bioavailable proteins 

• Onsite storage to exceed peak headspace concentrations 

 

4.4.2. Aerobic digestion  
Limited data on emissions from aerobically stabilised biosolids was available, representing 

either the low odour potential of the systems or a large gap in the knowledge of this 

technology. Odour emissions associated with aerobic degradation are generally considered 

to be quite low as volatile organics are broken down and oxidised producing an odourless, 



 

75 
 

hummus like stable product (Metcalf and Eddy, 2003). However, earlier plants appeared to 

be plagued with poor operation or design of the systems, leading to microaerophilic or 

anaerobic conditions, producing odorous emissions. Such emissions could occur during 

digestion, or during the storage of the poorly stabilised product where anaerobic conditions 

developed. Compounds likely to be formed in anaerobic conditions are volatile fatty acids 

and alcohols alongside volatile sulfur compounds. 

Some links between process operation and odour emissions  outlined in Appendix 1.3 were:  

• While no clear link was drawn between the use of extended aeration and aerobic 

digestion and odorous emissions. Biosolids produced from extended aeration 

appeared to have higher headspace TVOSC concentrations  

• In Autothermal Thermophilic Aerobic Digestion (ATAD), the aeration rate needs to be 

controlled to ensure Oxidation Reduction Potential (ORP) doesn’t drop excessively to 

produce anaerobic regions, but shouldn’t be extremely high to cause undesirable 

heat losses.  

• Good mixing during aerobic digestion is required to ensure anaerobic regions aren’t 

produced, leading to nuisance process emissions  

• Addition of aerobic digesters after mesophilic anaerobic digestion can reduce peak 

headspace TVOSC concentrations. Likely due to the reduction in protein levels, 

which are odour pre-cursors, in the biosolids 

• Similar to anaerobic digestion, VSR was not a consistent predictor of odour quality.  

• Shear in the dewatering process has been linked to increase emissions from the 

dewatered product.  

However, more research is needed to demonstrate whether biosolids produced using 

aerobic digestion typically present a high risk of odour impact. Eikum and Paulsrud (1977) 

suggest that a stable sludge should maintain its characteristic soil odour throughout 14 days 

of storage, therefore character may be a guideline for stability. 

Hartman et al. (1979) suggested that while one of the main benefits of aerobic digestion is 

the generation of a non-odorous residue, optimisation of systems for solids reduction has 

tended to produce odorous products. The paper claims that specific oxygen uptake rate 

(SOUR), nitrate concentration and VSR weren’t adequate for describing product stability. 

Instead, suggesting that where non odorous products are required, the hydraulic detention 

time should be based on the desired product stability and the volatile solids concentration in 

the feed. However, this view neglects to take into account the effect of downstream 

processing (dewatering, conveying, storage).  

 



 

76 
 

4.4.3. Composting  
The composting process can have a high odour nuisance potential due to the aeration 

process and exposed surfaces. However the final product, due to the humification process 

that takes place during composting, should have low odour. Odour properties of the final 

product could even be used as a quality measure to ensure stabilisation. 

Odorants released during the composting process are from the degradation of organic 

matter or introduced with bulking agents added for moisture control and to promote air 

dispersion. Each stage of the composting process is characterised by different odour 

descriptors correlating with the presence of expected odorants. For example, during the 

initial activity phase of the composting process, faecal, rotten and fishy odors are observed, 

due to the presence of VFAs, alcohols, aldehydes, ketones and volatile sulfur compounds 

produced from the incomplete degradation of the high levels of organic matter present. 

Odour descriptors of the later stages, during compost maturation, are more earthy and 

musty, signalling the reduction in readily digestible organic matter and a ‘stable’ product. See 

Appendix 1.4 for more detail. 

The history of the sludge being composted appeared to affect odours emitted during the 

composting process, e.g. more sulfur compounds were emitted from biosolids compared to 

other feedstocks due to the greater protein content. However, a shortcoming of the studied 

literature was the lack of information concerning the source and previous processing of 

biosolids. For example Van Durme et al. (1992) and Maulini-Duran et al. (2013) disagree 

with Pagans et al. (2006b) as to whether raw sludge (RS) or anaerobically digested sludge 

(ADS) produce more emissions. It’s difficult to draw correlations between the studies as the 

upstream operational details weren’t recorded. 

Typically the material is deemed stabilized when the temperature has decreased after the 

thermophilic phase, and doesn’t rise again (Baby et al., 2005). This temperature rise wasn’t 

seen for some biosolids sources that had already been anaerobically digested. This occurs 

as the digested biosolids lack the required readily digestible organic fraction to cause the 

temperature increase. It needs to be established if the previous treatment is enough to 

satisfy stability requirements, particularly for microbial regrowth, or if the stability of the 

compost requires the temperature increase. 

 

4.4.4. Thermal treatment 
In the reviewed literature drying was commonly used alongside other biosolids stabilisation 

methods. From the literature reviewed there is no mention of stabilisation guidelines, odour 

standards or process performance targets. See Appendix 1.5 for the full literature review. 
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The majority (70%) of the papers reviewed characterised or monitored emissions from the 

drying process itself. As the duration of drying processes are typically quick (< 8hrs) and 

temperatures high, compounds emitted during drying are those already present in the sludge 

or abiotically generated. Emissions from the drying process typically contained volatile sulfur 

compounds and ammonia, while a large range of other Volatile Organic Compounds (VOCs) 

were characterised in the reviewed studies.  

Key findings from the literature review regarding odour emissions from thermal treatment 

are:  

• Final product odours are affected by upstream processing, e.g. VFAs emitted from 

hydrolysed or undigested origin sludge, trimethyl amine (TMA) from lime stabilised 

biosolids 

• Storage of sludge prior to drying increases VOCs and ammonia emissions. This is 

likely associated to hydrolysis occurring during storage and the generation of 

odorous compounds that are subsequently emitted during the drying process..  

• The drying process is thought to limit biological activity due to a reduction in 

hydrolytic action with lower water content. However residual odorous compounds can 

remain. For example: Digested dried product produced less offensive odours 

compared to undigested equivalent.  

• Wetting and/or land application of hydrolysed, or undigested sludge increases odour 

production due to high levels of readily degradable organic matter now exposed to 

microorganisms. This provides additional evidence in relation to considering thermal 

drying as a hygienisation rather than a stabilisation process.  

From the literature reviewed the source of sludge was demonstrated to affect the types of 

odours emitted from the biosolids product, especially when wetted or applied to land. In 

order to produce a low odour product, care should be taken to dry sludge with low levels of 

readily biodegradable material or reduce storage time prior to drying. This will reduce 

emissions during drying, from the dried product, as well as reducing the potential for 

microbial growth, and generation of foul odours on wetting and land application of the 

product.  

4.4.5. Liming  
Alkaline stabilisation of biosolids uses high pHs to disinfect biosolids. The removal of 

microbial activity limits the biotic generation of odours. In order to prevent microbial regrowth 

and the subsequent generation of odorous compounds from the degradation of organic 

matter, the pH needs to be maintained over time. The current guidelines require the pH to be 

held at 12 for 2 hours, for grade B biosolids. Therefore good incorporation is needed to 
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ensure complete stabilisation and prevent potential pH decay which leads to Volatile Sulphur 

Compounds (VSC) emissions. 

Odorants such as TMA and ammonia are initially emitted from the alkaline stabilised 

biosolids, due to the increase in pH. However, sulfur based nuisance emissions are 

produced from the microbial degradation of organic matter. The microbial activity may not be 

associated with the initial pathogen loading but rather introduced during handling or storage 

of the stabilised product. Therefore, stabilisation requirements as well as vector attraction 

requirements require the ongoing suppression of microbial activity if they contain degradable 

organic material. As such, lime stabilisation is commonly used after other stabilisation 

methods such as anaerobic digestion or composting to ensure product safety (Laor et al., 

2011). 

 

4.5. Recommendations for best practice 
Odours are produced from the degradation of organic matter, therefore a more stable 

product implies less odours produced. Stabilisation guidelines have been developed in the 

past to satisfy microbial and vector attraction requirements. While odour emissions are 

explicitly linked to both requirements, a low odour product requires further stabilisation. This 

is linked to the definition of stabilisation itself, where stable means ‘no or limited change’.  

Current stabilisation options for Grade A biosolids using thermal treatment, or high pH and 

high temperature processes are based on hygienisation, as they only reduce the pathogenic 

microbial load. From an odour perspective this is insufficient as the whole biosolids 

management chain needs to be considered. While initial pathogenic microbial load is 

reduced using hygienisation approaches. Due to the presence of organic matter, microbial 

contamination will occur during storage, transport or land application resulting in the 

generation of nuisance emissions. Requirements for water content of 75% for dried 

‘stabilised’ biosolids do not specify what degree of stabilisation is needed in the ‘stabilised’ 

before drying. As shown in the literature odorants present in the sludge prior to drying are 

not all removed, while even sludge stabilised using anaerobic digestion can emit odorous 

emissions when wetting or during land application.  

Specifically for alkaline stabilisation, requirements for the incorporation/mixing of lime should 

be defined, as high doses and good incorporation would reduce the likelihood of microbial 

regrowth exceeding the prescribed holding times of 22hrs to 72hrs for Grade B and Grade A 

biosolids. 
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The VAR requirements are more aligned with stabilisation. They require reductions in volatile 

solids, low residual biodegradability and limiting the potential for microbial regrowth (pH, and 

water content). The relationship between odour emissions and the current assessment 

methods and regulations for vector attraction reduction requirements in the current ‘biosolids 

guidelines’ are summarised in Table 15.  

A limitation of the current guidelines is that odour itself is not a specific measure. While the 

current guidelines require Grade B biosolids to “not exhibit offensive odours”, what is 

classified as an offensive odour is not established. As seen in the literature many factors 

associated with biosolids processing affect odour emissions. Therefore, in order to protect 

the community from nuisance odours, the odour quality of the produced biosolids should be 

incorporated into the guidelines.  

Guidelines should specify sampling approaches and target odorants or sensorial properties 

for each stabilisation method in order to meet acceptable odour quality requirements. 

Acceptable odour quality requirements can be specified for certain applications, allowing 

biosolids processing to be tailored for end-use. For example, the land application of biosolids 

in sensitive areas, such as dense urban populations, should have stricter odour quality 

requirements. This process will acknowledge the link between emissions and receptors, 

which leads to nuisance emissions. In addition, this approach is in agreement with facility 

licence agreements that “Odours offensive to the senses of human beings must not be 

discharged beyond the boundaries of the premises“ under the State Environment Protection 

Policy (Air Quality Management)(SEPP), of the Environment Protection Act 1970. Methods 

for using a risk management approach to management biosolids and potential nuisance 

emissions are discussed in Section 5. 

Methods of evaluating odour quality could be based on analytical (odorant concentrations) or 

sensorial methods (how people perceive odours). A combination of both of these is 

recommended  

• Concentrations of key odorants emitted from biosolids could be monitored 

analytically using standardised sampling methods such as fluxhoods or headspace 

methods. Typical odorants typical for each stabilisation method would need to be 

lower than a certain level for different biosolids applications. Such an approach has 

been demonstrated in certain areas of Japan under the “Offensive Odour Law” 

initiated in 1972, where concentration limits for 22 odorous compounds have been 

set, requiring odorant concentrations in air and water to not exceed those levels. 

While at a much larger scale compared to biosolids odour quality, the Japanese 
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example demonstrates precedence in the regulations based on odorant 

concentration.  

• Sensorial methods could also be used alongside analytical monitoring of odorants to 

ensure key odorants were being controlled. Identification of intensity, hedonic tone 

and odour character of the biosolids product could be used onsite as part of regular 

performance monitoring. The intensity, hedonic tone and character can be assessed 

using Odour profiling method (OPM) the methodology of which is similar to the 2170 

Flavour Profile Analysis from “Standard Methods for the Examination of Water and 

Wastewater” from American Public Health Association. Intensity, especially when 

coupled with hedonic tone and odour character is a better indicator of nuisance 

emissions compared to odour concentration. In addition, the emissions persistence, 

which refers to how emissions intensity changes with dilution, can be measured and 

incorporated into dispersion models.  

• Another approach is using odour character. The Quebec guidelines for the ‘Beneficial 

use of fertiliser residuals’ require biosolids to be classified according to odour 

category where the odours are compared to other offensive manure types. e.g “low 

odour: odour less than solid dairy cattle manure” to “out of category: odour greater 

than hog slurry”. The categories dictate suitable uses for biosolids (Beecher, 2010).  

• Odour units or odour concentrations (OU/m3) are widely used in odour regulation, 

many facilities under their licenses with the EPA have requirements for a limit of 

odour units to be emitted from the site boundary for a certain percent of the time. 

However, links between odour concentration and nuisance impacts, hedonic tone or 

process operation are often unclear. In addition, odour concentration measurements 

are expensive and time consuming requiring a panel of minimum six people. 

Therefore odour concentration measurements are recommended only as a tool to 

abide by current regulations or to initially rank biosolids odour quality. 

The classification of biosolids emissions into categories depending on odour properties 

(sensorial and/or analytical) could be used to inform suitable biosolids re-use options. 

Suitable thresholds for biosolids odour quality categories would need to be developed with 

consultation with utilities, community and regulators. The use of a risk management 

approach could simplify this process. 

In parallel with the adoption of odour quality requirements of the biosolids product, 

operational targets for each stabilisation method should be established, which will help 

utilities meet biosolids odour quality, without being overly prescriptive. The guidelines should 

suggest additional techniques to meet required odour quality based on the underlying 

microbial and chemical processes occurring in each stabilisation process. This approach will 
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allow more flexibility between sites, allowing utilities to treat their biosolids to levels suitable 

to their end use, taking into account site specific factors and existing infrastructure. 

The current requirements for VSR in anaerobic and aerobic digestion were not correlated 

with odour emissions (Table 15). Most of the odorous compounds in biosolids are formed 

from the degradation of residual proteins. In the case of anaerobic digestion, proteins are 

more difficult to digest so their degradation is not likely to occur in the current VSR 

requirements. VSR is affected by variation in the digester influent volatile solids content, and 

therefore doesn’t set a requirement for content of the digested sludge  

SRT, like VSR, doesn’t take into account the end product quality. However, the general 

trends are that longer SRTs reduce odour emissions, as odour precursors are reduced 

(Table 15). As SRT is affected by plant influent, operation and efficiency, relationships with 

odour emissions weren’t detected between different sites. Longer SRTs are recommended 

to reduce odour potential; however digester efficiency and the effect of downstream 

processing on odour emissions also need to be taken into account. For example, minimising 

shear during dewatering and conveying can improve biosolids odour quality and handling 

properties. This can be achieved through the use of belt filter presses, low speed 

centrifuges, or systems optimised for low odour (for more information see Appendix 1.2.2.5). 

The final product ‘stabilisation’ can be tested by residual biodegradability tests, however 

again the effect of downstream processing needs to be considered. For example the tests 

could be carried out on the dewatered cake or after conveying to understand the contribution 

of these processes or to predict the odour potential of the product. Options include SOUR for 

aerobic digestion and Biochemical Methane Potential (BMP) for anaerobically digested 

solids (Table 15). Additionally, the labile protein content of biosolids has been correlated with 

headspace emissions from anaerobically digested biosolids, so is an option for a stability 

measure. Colorimetric methods, based on the Lowry method have been used in the 

literature; a standard method for labile proteins quantification could be developed.  

The recommendations are to consider the whole biosolids management process, from 

sludge to soil, and focusing on the final product odour properties as well as potential. This 

will allow utilities flexibility in operating their sites, encompassing the use of new pre-

digestion processes, use of amendments as well as combinations of stabilisation 

technologies. In addition, biosolids can be treated to standards suitable to their final use 

while taking into account community impact of nuisance emissions. The approach to 

monitoring of odour quality and other performance parameters throughout biosolids 

processing can be informed by risk management approaches, which are discussed in the 

following section. 
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Table 15. Review of suitability of stability and vector attraction reduction assessment methods 

Stabilisation method Assessment method Vector Attraction Reduction 
requirements Demonstrated in Odour literature? 

Anaerobic digestion 

Gas production  No demonstrated link in literature 

VSR 
At least 38% reduction in volatile 
solids during sewage sludge 
treatment 

Odour pre-cursors, proteins, typically dominate undigested volatile 
solids. Need much greater VSR%. Effect of dewatering on freeing 
(making bioavailable) the un-degraded VS not accounted for. 
No correlation between VSR% and odour emissions from the 
biosolids product were noted in any study reviewed (Adams, 2004, 
Muller et al., 2007b, Toffey and Higgins, 2007). 

Additional VSR, 
(residual biological 

activity (RBA)) 

Anaerobically digested biosolids 
which do not achieve 38% VSR, 
must have no more than 17% 
additional volatile solids loss 
during bench-scale anaerobic 
batch digestion of the sewage 
sludge for 40 additional days at 
30°C to 37°C (86°F to 99°F) 

No link between RBA and dewatered biosolids headspace sulfur 
concentrations from samples taken from different sites (Adams, 
2004). RBA has been linked to VSR and SRT in lab digesters using 
the same sludge. Lower headspace TVOSC from sludge with lower 
RBA, which corresponded to higher TVOSC and longer SRT 
(Adams et al., 2007) 

VFAs in digester 
effluent  No correlation between VFAs and headspace emissions of 

dewatered sludge, may be affected by dewatering (Adams, 2004) 

SRT  

Generally longer SRTs produce biosolids with lower headspace 
sulfur emissions (Adams, 2004, Toffey and Higgins, 2007, Adams et 
al., 2007). However, relationship is affected by dewatering, 
conveying and other differences between sites. 

Protein content in 
dewatered biosolids  Headspace TVOSC generation had a positive correlation with bound 

EPS. (Adams et al., 2007) 

Aerobic digestion 

Specific Oxygen 
Uptake Rate (SOUR) 

SOUR shall be is ≤1.5 mg 
oxygen/hr/g total sewage sludge 
solids at 20°C (68°F) 

Odours index analysis supports that SOUR needs to be adjusted for 
digestion at different temperatures (Koers and Mavinic, 1977) 

VSR 
At least 38% reduction in volatile 
solids during sewage sludge 
treatment 

High VSR have still been shown to have additional VSR (or RBA). 
A VSR of 65% resulted in a good quality product with acceptable 
odours when digested aerobically (Davis, 2012). 

Additional VSR Aerobically digested biosolids 
which do not achieve 38% VSR, No demonstrated link in literature 
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Stabilisation method Assessment method Vector Attraction Reduction 
requirements Demonstrated in Odour literature? 

must have no more than 15% 
further volatile solids reduction 
when incubated under aerobic 
conditions in a bench scale 
reactor for an additional 30 days 
at 20°C (typically used for 
extended aeration processes). 

Composting 

CO2 respiration  No demonstrated link in literature 
O2 uptake  No demonstrated link in literature 

Treatment duration and 
temperature 

Aerobic treatment of the sewage 
sludge for at least 14 days at 
over 40°C (104°F) with an 
average temperature of over 
45°C (113°F) 

Dependant on sludge type, predigested sludges may not reach 
required temperatures. 

Thermal treatment Moisture content 

For biosolids which contain 
stabilised solids only, the 
proportion of dry solids shall be 
at least 75%.  
For biosolids which contain 
unstabilised solids generated in a 
primary wastewater treatment 
process the proportion of dry 
solids shall be at least 90% 

Sludge origin is linked to odours from dried biosolids, as high 
organic matter has a greater tendency for ongoing nuisance odour 
from dried, re-wetted and land applied biosolids (Sivret et al., 2014, 
Murthy et al., 2003b) 

Alkaline stabilisation 

pH 
Addition of sufficient alkali to 
raise the pH to at least 12 at 
25°C (77°F) and maintain a pH 
≥12 for 2 hours and a pH≥11.5 
for 22 more hours 

Lower VSC emissions for higher lime doses 

pH change with storage Decay of pH leads to generation of VSC emissions 

Moisture  No demonstrated link in literature 
Ammonia evolution  Ammonia isn’t a dominant odorant 

Temperature  No demonstrated link in literature 
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5. Frameworks for managing odour, stability and vermin – the use 
of Risk Assessment (RM) methodology and Environmental 
Management Systems (EMSs)  

5.1. Chapter summary 
In the original biosolids management guidelines it was stated: 

“These guidelines are a step towards producing revised guidelines based on risk 

assessment.” (NSW EPA, 1997) 

Reflecting this aim, this chapter of the review outlines findings, conclusions and 

recommendations on the applicability of risk assessment and environmental management 

principles to odour, stability and vermin management.  It focuses on Risk Management (RM) 

and Environmental Management Systems (EMSs) and identifies key documents reviewed 

and conclusions reached. These arise from an analysis of the literature whose details are 

presented in Appendix 2, 3, and 4. EMSs are included as well as RM because they provide a 

larger context within which to apply risk management principles and methods. 

We first asked the question to what extent odour analysis and management could fit into a 

risk assessment and management paradigm? As with water, odour impact analysis seemed 

fully amenable to risk management tool application. The extent odours constitute a health 

risk depends greatly on the population under consideration and the odorant concentration. 

However the ISO 31000 meaning of the word “risk” can cover odours being unacceptable or 

otherwise for other reasons because the definition of ‘risk’ is general rather than human 

health specific: 

“Effect of uncertainty on objectives”  (ISO, 2009) 

A range of risk assessment tools were identified for managing odour risk, notably cause X 

consequence risk matrix, Environmental risk analysis, HACCP and Fault Tree analysis. To 

accommodate the use of these tools the use of Environmental Management Systems is 

proposed in order to provide an overall framework for their application and ensure that 

institutional arrangements for biosolids management are sound. 

The concept of biosolids ‘stability’ has long been a vexed issue. A risk management 

perspective may however offer a solution to defining the concept of stability – the application 

of HACCP which was originally developed for managing foods. Food production appears 

sufficiently analogous to biosolids production and management. If this is accepted then we 

suggest by analogy that ‘Stable’ biosolids be viewed as a short hand for: 

“Any biosolids intermediate or final product which is within specification for the proposed or 

existing, generation to recycling, process train and the applicable critical control point, as 

determined by objective measurements (e.g. chemical analysis, physical observation)”. 
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This proposed definition is designed to cover biosolids at intermediate stages along the 

biosolids production and management train as well as end products. Vermin and vector 

management is an issue which this would also cover and the food literature may provide a 

rich source of management approaches. 

A suggested model for new guidelines which would allow the integration of EMS principles, 

RM techniques with the range of practical and technical methods already developed e.g. 

within the 1997 guidelines, is the latest Australian Drinking Water Quality guidelines which 

incorporates all these features. It is also suggested that the guidelines provide direction of 

the development and use of conceptual and mechanistic models. 

 

5.2. Reviewing the potential conceptual and operational framework for future 
biosolids management 

In its brief for this review of biosolids management relating to odour, stability and vermin 

(NSW EPA, 2016a), NSW EPA defined the following primary aims: 

1. “Collect and evaluate available information and research regarding the stability of 

biosolids materials with particular emphasis on answering the question of what is 

biosolids stability, and what does it mean for biosolids to be stable?  

2. Gather information and report on current policies and practices with regards to 

stability in other relevant jurisdictions both nationally and internationally and 

compare and contrast those with the current status in NSW.  

3. Review the current methods for determining and ensuring the stability of biosolids 

in NSW, and provide an assessment and justification on whether or not these 

methods and practices are suitable.  

4. Review the link between biosolids stability and offensive odour. Offensive odours 

generated by biosolids are commonly linked with unstable biosolids. Do the 

current stability measures and practices influence the potential for biosolids to 

generate odours? Are there other methods which are capable of directly 
assessing biosolids for odour production potential? Provide recommendations 
on best practice assessment and management of biosolids to reduce 
and\or eliminate odours. 

5. Any additional information or work the respondent can undertake and deems 

appropriate to the review will also be taken into account.     

The capability of and practical implications for stakeholders to adopt and apply any 

recommended strategies will need to be considered by the review.” 
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Previous chapters of this review examined the technical side of odour and stability 

management. This chapter reviews ‘framework’ aspects of management which could inform 
guideline design. The issues addressed are bold/underlined above. 

 

5.3. Focus of this chapter of the review 
In the original biosolids management guidelines it was stated: 

“These guidelines are a step towards producing revised guidelines based on risk 

assessment.” (NSW EPA, 1997) 

Reflecting this aim, this chapter of the review outlines findings, conclusions and 

recommendations on the applicability of risk assessment and environmental management 

principles to odour, stability and vermin management.  It focuses on Risk Management (RM) 

and Environmental Management Systems (EMSs) and identifies key documents reviewed 

and conclusions reached. These arise from an analysis of the literature whose details are 

presented in Appendix 2, Appendix 2, Appendix 4; and Appendix 4. EMSs are included as 

well as RM because they provide a larger context within which to apply risk management 

principles and methods. 

This focus is consistent with the fact that the Australian water industry has widely adopted 

both risk assessment and management principles, and EMS, to guide its other management 

plans: 

“In the Australian water industry, risk management and quality management are increasingly 

being used as a means of assuring drinking water quality by strengthening the focus on 

more preventive approaches. Some water authorities have implemented management 

systems based on ISO 9001 (Quality Management), ISO 14001 (Environmental 

Management), AS/NZS 4360 (Risk Management) or more recently the Hazard Analysis and 

Critical Control Point (HACCP) system that has been adopted internationally by the food 

industry.”(NH&MRC NRMMC, 2004, NH&MRC, 2013). 

Further it is understood that the pathogen and toxic chemical review counterparts to this 

review are looking at managing these contaminants based on risk management principles as 

well, while the key US industry best practice manual  (National Biosolids Partnership, 2005) 

promotes HACCP style risk assessment and management. The sections below: 

• Outlines the significant developments since the 1997 NSW biosolids guidelines were 

implemented, especially the roll out of  Risk Management (RM) and Environmental 

Management Systems (EMS); 

• Identifies key documents and explains why they are critical in WRC’s opinion; 
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• Discusses how far RM and EMS were assessed to be applicable to the management 

of odour, stability and vermin management; 

• Identifies key barriers to, and caveats on, RM and EMS application; 

• Suggests a guideline format which could allow EMS, RM and extensive technical 

information e.g. as in the 1997 guidelines, to be integrated; 

• Provides recommendations for NSW EPA in respect to guideline development; 

• Explains how this chapter addresses the tasks in the brief above. 

 

5.4. Developments since 1997 
Compared to the 1997 guidelines (NSW EPA, 1997)  modern Australian environmental 

management guidelines tend to be less prescriptive in terms of material quality and place 

more emphasis on achieving high quality management which addresses Environmental 

Values. For example between its 1992 and 2000 versions the Australian environmental 

water management guidelines (ANZECC, 1992, ANZECC and ARMCANZ, 2000) moved 

from an emphasis on achieving specific water quality objectives focused on analytical 

measurements toward emphasis on achieving and maintaining agreed ‘Environmental 

Values’ based on a whole of system analysis such as “healthy ecosystem” or “for public 

benefit, welfare” (Environment Protection and Heritage Council, 2006). These were to be 

achieved by applying risk analysis and management principles. 

Concurrently, risk assessment and management best practice and the underlying science, 

have undergone major advances. This can be seen by a comparison of the 1990s/early 

2000s (Standards Australia/Standards New Zealand, 2004b, Standards Australia/Standards 

New Zealand, 2004a) Australian risk management standards with the current ISO based 

ones (IEC/ISO, 2009, ISO, 2009, Standards Australia and Standards New Zealand, 2009, 

Standards Australia and Standards New Zealand, 2013). One way this has happened is in 

the clarification of the functions of different risk management/analysis tools for different 

purposes e.g. risk identification, control, consequence, evaluation, likelihood and level of risk 

estimation (e.g. Standards Australia and Standards New Zealand, 2013 Table A1). Many 

tools are quantitative. Specialised tools can be used estimate risk under both nominal 

conditions and diverse failure and event scenarios when system behaviour departs from its 

optimal specifications. 

Complementing RM in the field of environmental management has been the roll out of the 

EMS 14000 standards. These address the complementary need of clarifying how 

organizations organise their management activities such as monitoring, incident response, 

performance auditing. Thus EMS provides the complementary institutional environment 

within which to conduct risk management and rationale for why for example different types of 
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monitoring might be undertaken. Details for what this involved are provided not only by the 

ISO 14000 standard but also the ISO 9000 Management System (MS) standard. The 

correspondence between these standards is outlined in various documents (e.g. ISO, 2011 

Appendix B1). 

As noted above many water industry stakeholders have complemented risk management 

with EMS and MS procedures. Further in the later 2000s and early 2010s the Water 

Services Association of Australia sponsored the development of management system 

frameworks via AQUAL and REQUAL (Davison, 2010, Water Services Association of 

Australia, 2010). Also NSW EPA extensively promotes EMS use (e.g. NSW EPA, 2016b, 

NSW EPA, 2015). 

In this review we asked the following questions: 

• How applicable to management of biosolids odour stability and vermin are RM and 

EMS methods generally and those applied to water management? 

• What caveats apply to such applicability? What difficult issues do EPA need to 

resolve? 

• What logistics issues do new guidelines need to address and how might this occur? 

In addition to providing general advice and review examples, this chapter provides 

recommendations on how EPA might act on this advice. This chapter concludes with an 

outline of how this chapter of the review addresses EPA’s brief. 

 

5.5. Key documents identified and why 
Reflecting these developments a number of key documents emerged from this chapter’s 

review (Table 16). 
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Table 16. Key environmental and related management documents reviewed 

Document Why these are Key/Critical Citation cross 
reference 

1997 NSW 
biosolids 

guidelines 

Though outdated, these guidelines are the current industry standard 
and not to be replaced lightly. So updating needs to retain or adapt 
their most useful features e.g. references to relevant NSW 
legislation. The biosolids management industry will likely have their 
current management documents aligned to these guidelines and 
altering or enhancing them will take time. 

(NSW EPA, 
1997) 

Australian 
recycled 

water 
guidelines. 

Sewage treatment yields biosolids and treated wastewater. Ideally 
the two processes should be harmonised as they deal with similar 
contaminants and challenges. Modern recycled water guidelines 
reflect lessons and conceptual learnt in changing from older style 
quality objective guides which could be adapted to new biosolids 
management guidelines, notably the wide adaptation of RM 
principles and methods. 

(Environment 
Protection and 

Heritage 
Council, 2006) 

Australian 
guidelines 

for fresh and 
marine water 

quality 

As well as illustrating one approach to the application of RM method 
application to environmental management, these guidelines 
elucidate the concept of Environmental Values, and their 
development and use in stakeholder consultation, the first step in 
environmental health risk assessment. 

(ANZECC and 
ARMCANZ, 

2000) 

Australian 
Drinking 

water 
guidelines 
(ADWG) 

As well as illustrating one approach to the application of RM 
methods to environmental management these guidelines this latest 
version provides a potential up to date model for new biosolids 
guidelines. It is structured to capture RM principles, guidance on 
institutional management, small systems and a range of applied 
and technical resources. This structure could provide a checklist for 
a biosolids guideline equivalent. Alternatively in the interests of 
harmonisation the structure itself could be used. 

(NH&MRC, 
2013) 

ISO 31000 
and 31010 
standards 

The 1997 guidelines state that future biosolids management 
guidelines would be based on risk management. The ISO and 
related Australian standards summarize current RM best practice in 
terms of definitions as tools. The definition of risk is significant as it 
goes beyond the normal perception of human health risk. In 
addition to well-known RM tools already applied by the water 
industry to environmental management e.g. cause X consequence 
matrix, Environmental Risk Assessment (ERA) and Hazard Analysis 
and Critical Control Points (HACCP) the RM tool kit includes a 
variety of scenario analysis tools such as Fault Tree Analysis (FTA) 
which appear ideal for management of problems such as excess 
odour generation. 

(Standards 
Australia and 

Standards New 
Zealand, 2009, 
IEC/ISO, 2009, 

ISO, 2009, 
Standards 

Australia and 
Standards New 
Zealand, 2013) 

ISO 14000 
and 9000 
standards 

An issue not addressed in detail within RM guidelines and 
standards is the matter of institutional context and responsibilities. 
The 14000 and 9000 standards address this issue and provide a 
context within which RM can be applied. The ADWG incorporate 
many elements derived from these standards. Very usefully 
organizations with limited resources or who are less familiar with 
RM methods ISO 14005 provides guidance on a staged roll out.  

(ISO, 2011, 
ISO, 2010, 
ISO, 2004b, 
ISO, 2004a) 
(ISO, 2005, 
ISO, 2008) 

National 
Manual of 

Good 
Practice for 
Biosolids 

This US guidance document illustrates in detail the application of 
HACCP style risk assessment to biosolids management in 
particular with stability in mind. It provides a diverse list of critical 
control points for different biosolids processing trains. 

(National 
Biosolids 

Partnership, 
2005) 
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5.6. Viability of RM and EMS application of odours, stability and vermin 
5.6.1. Odours 
We first asked the question to what extent odour analysis and management could fit into a 

risk assessment and management paradigm? As with water its analysis seemed fully 

amenable to risk management tool application. It is uncertain to what extent odours 

constitute a health risk (cf. EnHealth Council, 2012b)  and this depends greatly on the 

population under consideration and the odorant concentration. However the ISO 31000 

meaning of the word “risk” can cover odours being unacceptable or otherwise because the 

definition of ‘risk’ is general rather than human health specific: 

“Effect of uncertainty on objectives”  (ISO, 2009) 

• NOTE 1 An effect is a deviation from the expected positive and/or negative.  

• NOTE 2 Objectives can have different aspects (such as financial, health and safety, 

and environmental goals) and can apply at different levels (such as strategic, 

organization-wide, project, product and process).  

• NOTE 3 Risk is often characterized by reference to potential events and 

consequences or a combination of these.  

• NOTE 4 Risk is often expressed in terms of a combination of the consequences of an 

event (including changes in circumstances) and the associated likelihood (2.19) of 

occurrence. 

Particularly applicable risk assessment and management tools appear to be as follows: 

1. The support/lookup methods (IEC/ISO, 2009 Table A2) to identify potential odour 

issues which provide standard method for scoping odour related risks; 

2. The well-known cause X consequence risk matrix is well proven in the water industry 

and is a logical first step for screening and prioritizing odour issues to be most 

carefully monitored and managed; 

• Separately this tool provides a logical starting place for the biosolids 

management industry to start their assessments with, when moving to a 

risk management system.  

3. Environmental risk analysis (ERA) (National Research Council, 1983, EnHealth 

Council, 2012b), used widely for toxic chemicals appears applicable for analysing 

whole of system risk, as a process of identifying and integrating risks (historically 

human health), dose response and (geography based) exposure assessment leading 

to risk assessment and from there risk management; 

• An attractive feature of this tool in the scheme is the emphasis placed on 

developing ‘reality checks’ and documenting ‘uncertainties’ i.e. validating 

the risk model proposed and undertaking uncertainty analysis. 



 

91 
 

• A further feature of ERA is its emphasis on starting risk management with 

community and stakeholder consultation. This is consistent with our 

perception of the need for carefully defining Environmental Values for 

odour. 

4. HACCP which focuses on the commodity (biosolids!) production pathway and is 

designed to identify critical control points where management such as monitoring can 

be focused; 

5. Scenario analyses such as Fault Tree analysis (Lindhe et al., 2012, IEC/ISO, 2009 

Tool B14 in Table A1) appears suited to analysing and predicting management 

failure modes. 

Useful and extensive lists of potential issues and critical control points can be found in the 

US industry best practice manual (National Biosolids Partnership, 2005). This document also 

illustrates HACCP well in general. 

EnHealth (EnHealth Council, 2012b) has questioned whether ERA can be applied to odours 

as the latter do not necessarily pose a health ‘hazard’. And HACCP was developed with 

health hazard control, particularly pathogens, in mind. The ISO 31000 standards (Standards 

Australia and Standards New Zealand, 2009, ISO, 2009) provide a simple way around this 

impasse. They define hazards effectively as that subclass of risks which impact on human 

health e.g.: 

“risk (hazard in the context of physical harm)”; “risk (hazards in some contexts)”; “risk (or 

hazards in a safety context)” 

Thus for risk analysis purposes at least the question of whether odours pose a hazard or not 

becomes moot and the focus can move on to odour acceptability (e.g. as set out in IEC/ISO, 

2009): 

• “Is the level of risk tolerable or acceptable and does it require further treatment?” 

• “the extent and type of risks that are tolerable, and how unacceptable risks are to 

be treated”? 

• “the criteria for deciding when a risk is acceptable and/or tolerable” 

• “minimum acceptable level following a disruption” 

• “acceptable outage time (MAO) for each process based on the identified 

consequences and the critical success factors for the function” 

• (whether) “socially and politically unacceptable” 

The ISO 31000 standards illustrate that risk assessment and management is not a single 

process but involves a number of complementary activities all of which would be relevant to 

unacceptable odour risk management. This would seem to demand also the development of 
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a larger framework to locate different odour risk management activities. The US industry 

guide (National Biosolids Partnership, 2005) in effect proposes a HACCP. However the other 

applicable tools above go essentially unmentioned except by implication or in respect to 

specific example e.g. the term ‘odor event’ is mentioned only once.   

To address this, an Environmental Management System (EMS) approach seems warranted. 

It is important to recognise that both the US guidance and the current NSW document (NSW 

EPA, 1997) contain many EMA type elements e.g. List possible land types where application 

appears appropriate; Provides storage advice;  Identifies applicable NSW legislation; 

Provides ways of calculating land application rates; Recommends minimum monitoring 

regimes and analytes; Identifies the need for records maintenance. 

However there is less or no advice on for example organisation responsibilities, 

organizational biosolids policy, HACCP application, equipment capability and maintenance, 

user satisfaction, emergency response. Placing risk management within a larger EMS 

context promises to solve this by acting as an umbrella, providing a logical checklist for new 

guideline features such as the latter, and promoting continuous improvement. 

5.6.2. Stability 

The concept of biosolids ‘stability’ has long been a vexed issue and this is reflected in the 

lack of clear definition of what this entails beyond biosolid end use quality criteria such as 

those in the current guidelines (NSW EPA, 1997). These stabilisation criteria do not address 

odours produced prior to final recycling or disposal. And depending on subsequent events 

‘stable biosolids’ may become biologically unstable in the sense of emitting offensive odours 

e.g. when pH changes. The latter are also problematic as they are not linked to odour whose 

desired levels are, themselves, not spelt out beyond “inoffensive” and “minimised” and 

“nuisance causing”. 

A risk management perspective may however offer a solution to defining the concept of 

stability. HACCP was originally developed for managing foods which like biosolids travel 

along a chain of stages – food production and processing. Just like biosolids they run the 

risk of pathogen and chemical contamination and it was the management of these that 

HACCP was especially designed for. 

In addition like biosolids, foods from their sites of initial production all the way through to their 

final end uses are only partially stable. When their management e.g. loss of refrigeration; 

goes out of specification at each Critical Control Point assessed by often simple monitoring 

(e.g. taste, water content gas production, elevated temperature, storage integrity) they are 

liable to decompose producing off odours and attracting vermin. Such failure is amenable to 

identification and management via HACCP determined via HACCP analysis. Further, foods 

in large quantities even under nominal stable production conditions often emit odours which 
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may be offensive to the community e.g. dairy products. What this suggests by analogy is that 

‘Stable’ biosolids are better viewed as a short hand for: 

Any biosolids intermediate or final product which is within specification for the proposed or 

existing, generation to recycling, process train and the applicable critical control point, as 

determined by objective measurements (e.g. chemical analysis, physical observation). 

This proposed definition is designed to cover biosolids at intermediate stages along the 

biosolids production and management train as well as end products.  

5.6.3. Vermin/vector attraction 
As with food a HACCP system could provide the basis for recognising when a biosolids train 

product (intermediate or final) is within or outside specification with regard to vermin 

attraction, whether the risk of vermin attraction is acceptable or otherwise generally and what 

the impacts of Critical Control Points (CCPs) being out of specification will be. 

 

5.7. Caveats 
In respect to odour management the main caveat seems to be the rational setting of 

benchmarks for what is tolerable or acceptable. Though odour units have many problems 

they still seem to be the most objective measurable odour target. To address variations in 

what is considered tolerable an approach analogous to that used with toxic chemicals might 

be applied. Setting of benchmarks for pathogen and chemical risk has associated 

uncertainty. The conventional way to deal with this is to over-engineering of barriers or aim 

for tighter controls than the average e.g. by including ‘safety factors’ for example in toxicity 

calculations.  

In respect to biosolids stability it remains to be determined to what extent a clarification of 

terminology and movement to an holistic HACCP type system analysis and management 

system will address this conceptual problem. 

In respect to vermin and vectors it is unclear how high the risk posed is. ERA analysis is 

probably needed at the least at a desktop top level. And vermin risk might be combined with 

QMRA as pathogen transfer is central to this issue though nuisance and local ecological 

impacts must also be considered. 

In the US there was clear evidence of the water industry undertaking ‘perception 

management’ and this being now viewed as ‘greenwashing’. This issue is a concern as it 

impact negatively on public acceptability of biosolids production, processing trains and end 

use location. This issue needs to be addressed in guideline development by EPA possibly 

through community consultation. 
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5.8. Logistics and format of RM/EMS application 
The introduction of RM and EMS will greatly expand the size of any new guidelines. It would 

also be critical for the movement to such frameworks that this did not sideline the work and 

experience embodied in older more practice oriented guidelines (NSW EPA, 1997). 

A possible way this might be achieved could be to use the format of the current drinking 

water guidelines (NH&MRC, 2013). This document successfully integrates system and risk 

management ideas and checklists with extensive technical details on measurement of key 

analytes.  

A further important issue recognised in the drinking water guidelines is the need for less 

onerous arrangements for smaller operations. These guidelines suggest a community size of 

< 1000 EP requires special consideration and includes model guidance for such situations. 

A related challenge is how to roll out any new radically different guidelines. The water 

industry again provides a model. Historically it started with qualitative risk assessment which 

allowed organisations to familiarize themselves with the new systems slowly. Subsequently 

risk assessment and management became more quantitative as the need for clear targets 

and use of credible statistics was recognised. More practically ISO 14005 provides specific 

suggestions on roll out of management systems (ISO, 2010). 

In processing biosolids within a new guideline scheme it will be essential to focus on critical 

issues while still doing credible assessments. Modelling appears the way forward here. This 

can be conceptual as illustrated by HACCP. The latter might be facilitated by the emerging 

Bayes Net technology which is well suited to documenting HACCP path construction. BNs 

best practice (Kragt, 2009, Pollino and Henderson, 2010, Marcot, 2012, Marcot et al., 2006) 

also provides guidance on how to ensure models are valid. Additionally modelling can be 

fully mechanistic and quantitative as with air transport modelling which is already promoted 

for use with odour management (Ormerod, 2001, Luhar et al., 2004a, Luhar et al., 2004b, 

Hurley et al., 2005, Hurley and Luhar, 2005, Hurley, 2006, Xing et al., 2007, Katestone 

Environmental Pty Ltd, 2009, Noonan, 2009). The current guidelines (NSW EPA, 1997)  do 

not provide advice on modelling but new guidelines could. 
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5.9. Conclusions regarding information requested in the brief  
5.9.1. Answering the question of what is biosolids stability, and what does it 

mean for biosolids to be stable 
The analysis of the stability concept from the point of view of RM indicated that, like 

foodstuffs along their production train, there is no single stable state but a series of 

intermediate and final products corresponding to critical control points along the different 

processing systems. Each of these products may be definable in terms of its odour, 

analytical parameters and other attributes depending on the processing system. Optimally, 

each of these biosolids products would be ‘stable’ in the same fashion as a food product is 

along a production chain. Thus Biosolids may be managed via the same HACCP systems 

approach and stability would equate to the biosolids intermediate or final product being 

within specifications (e.g. low odour). Similarly departure from specifications would 

correspond to the concept of unstable biosolids. Food ‘stability’ provides a near perfect 

analogy for biosolids ‘stability in that foods will ‘go off’ if correct management is not 

maintained. Further food, especially in large quantities, will produce unacceptable odours 

and attract vermin under such circumstances. 

5.9.2. Report on current policies and practices with regards to stability in 
other … jurisdictions .. and compare and contrast .. with .. NSW 

The analysis in this chapter indicated that the current NSW biosolids guidelines are based 

on an older style of environmental quality management, the use of relatively predetermined 

and rigid quality set of qualitative objectives based on scientific analysis style metrics. This 

‘magic number’ style approach has been found to have drawbacks and has been mostly 

replaced in the food industry and water management fields by best practice based on RM 

and EMS application. An illustration of (RM) best practice as applied to biosolids, is the 

promotion in the USA of HACCP style RM to the whole sludge production, processing, 

transport storage and recycling system. Adopting RM and EMS would also be in line with 

water industry production management generally.  

5.9.3. Review the current methods for determining and ensuring the stability 
of biosolids in NSW, and provide an assessment and justification on 
whether or not these methods and practices are suitable.  

The current guidelines do not define stability. There is nothing exceptionable with current 

assessment technologies. However institutionally they are probably too prescriptive. The 

challenge then becomes of how to best update biosolids management without rejecting the 

mostly good information and concepts in the older guidelines. WRC has looked at whether 

application of RM and EMS can achieve this.  
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5.9.4. Are there other methods which are capable of directly assessing 
biosolids for odour production potential? Provide recommendations on 
best practice assessment and management of biosolids to reduce 
and\or eliminate odours. 

It is suggested that new guidelines more likely to reduce/eliminate odours would be based 

around RM and EMS principles and tools. This is because the latter are designed to ensure 

biosolids management would be based on an holistic analysis of different processes and 

allow, indeed encourage, ongoing improvement in management techniques as well as the 

introduction of new methods. 

5.9.5. Any additional information or work the respondent can undertake and 
deems appropriate to the review will also be taken into account.  

The analysis identified caveats on the applicability of RM and EMS to odours, stability and 

vermin management, and possible solutions as well. For example odours do not pose a 

classic health risk. However the modern definition of risk can cover odours and given this 

RM provides a suite of methods to analyse risks under normal processing conditions as well 

as when processing is not within specifications. The definition of stability has historically 

been a vexed one. However by viewing and managing biosolids in a holistic HACCP manner 

the concept may become a non-issue as HACCP/ERA provides a means for consistently 

specifying in any given process train what constitutes acceptable (i.e. stable) biosolids. 

Other risk tools e.g. FTA provide means for exploring process failure modes more 

systematically than in the past. Vermin risks probably need more work and integrated with 

microbial risk more generally but some basic research is needed to clarify the extent to 

which they pose a problem and under what circumstances. Further community engagement 

looks essential especially given the term ‘biosolids’ reflects a public relations campaign 

designed to adjust public perceptions and this has caused counter-reactions especially in the 

US.  

5.9.6. The capability of and practical implications for stakeholders to adopt 
and apply any recommended strategies will need to be considered by 
the review.” 

Key documents in the new generation of RM and EMS which are proposed for providing 

models address resource limitation and phased guideline introduction. 
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6. Recommendations 
 

1. Stability in biosolids could be defined as follows: an irreversible and consistent 
low rate of biological activity achieved after adequate processing of sewage 
sludge. For management purposes, ‘Stable’ biosolids could be better viewed as an 
intermediate or final product which is within HACCP based specifications 
developed for the generation => recycling, process train. Concurrently, pathogens 

and chemicals need to be at acceptable levels by the final biosolids user and the EPA.  

For more details please see section 2.2 

1.1. The EPA should consider anaerobic digestion, aerobic digestion and composting as 

suitable stabilisation processes for the purposes of improving stability and reducing 

putrefaction/odour nuisance potential of the untreated sewage sludge.  

1.2. The EPA should consider alkali addition and thermal drying as suitable wastewater 

solids treatment alternatives but they shouldn’t be considered as ‘stabilisation 

processes’. While initial pathogenic microbial load is reduced using hygienisation 

approaches, due to the presence of organic matter, microbial contamination will 

occur during storage, transport or land application resulting in the generation of 

nuisance emissions. The EPA should consider thermal drying and alkali addition as 

hygienisation and/or emergency processes supporting anaerobic, aerobic and 

composting routes. 

1.2.1. “Fishy” and “ammonia” odours are generated during alkaline stabilisation due 

to the pH increase. While the dose and mixing efficiency are key factors 

affecting if additional odours will be generated during lime storage. Poor 

dosing or mixing can result in pockets of biosolids that are still 

microbiologically active. This microbial activity can lower the pH of the 

‘disinfected’ pile, encouraging more microbial activity in turn resulting in 

higher odour emissions. See Appendix 1.6.2 for more information. 

1.2.2. For thermally dried biosolids, microbial activity when stored, wetted, and/or 

incorporated into soil can produce odours. Drying primary sludge or sludge 

that had only been digested for short periods of time had a high potential for 

odours upon storage, while odorants present in the sludge prior to drying are 

not all removed. Current requirements for water content of 75% for dried 

‘stabilised’ biosolids do not specify what degree of stabilisation should occur.  

See Appendix 1.5.2 for more information. 
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2. Incorporate operational conditions from the National Guidelines and Composting 
Australian Standard (AS 4454-2012) in the updated version of the NSW Biosolids 
Guidelines. 
2.1. The EPA should consider adopting the National Guidelines in relation to the 

minimum operational standards for Grade B approved processes. This is especially 

important to guarantee minimum SRT levels in anaerobic digestion as well as 

aeration requirements (adjusted by seasonality) for aerobic digestion and extended 

aeration. The inclusion of a minimum digestion SRT in the updated NSW biosolids 

guidelines could be considered as a positive step to guarantee the minimum 

pathogen log reduction needed for class B biosolids. However, this change won’t 

guarantee the production of a stable product (low odour) unless additional 

conditions, such as a higher SRT value (40 days), or advanced configurations, are 

considered for conventional anaerobic digesters. See section 3.2 for more details. 

2.2. Incorporate the existing Australian Standard on composting in the drafting of the 

updated biosolids guidelines and include the CO2 evolution as a complementary 

VAR measure to the current temperature-time requirements to ensure the stability of 

composted biosolids. See section 3.2.3 for more details. 

2.3. These would be complemented by the application of risk management methods and 

integrated using an ISO 14000/9000 framework. 

 
3. Develop a ‘Best Practice Manual’ and a ‘Certification Scheme’ in collaboration with 

stakeholders 
3.1. Develop a voluntary Best Practice Manual on Biosolids Management and encourage 

utilities to go beyond compliance. Experiences overseas indicate this could be an 

avenue to improve the quality of biosolids products in relation to stability. See 

section 2 for more details. 

3.2. Develop a certification system in collaboration with Farmers, Water Utilities, 

Academics and Contractors to reward operational excellence. This has been a 

proactive way to minimise potential issues downstream the supply chain and it is of 

special importance for those products being grown using biosolids (e.g. wheat, 

canola). See section 2.4.2 for more details. 

 
4. Biosolids need to be evaluated on odour quality. A limitation of the current guidelines 

is that odour itself is not a specific measure. While the current guidelines require Grade 

B biosolids to “not exhibit offensive odours”, what is classified as an offensive odour is 

not established. Its recommended the EPA: 
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4.1. Create a new “Odour Grading” category. This new category will deal with the 

expectations around biosolids products of having “acceptable levels of odour 

emissions”. The experience from Quebec indicates that such move could help to 

achieve the “no offensive odour” condition included in the current guidelines. See 

section 2.4.1 for more details  

4.2. Specify methods for odour quality based on analytical (odorant concentrations) 

and/or sensorial methods (how people perceive odours). A combination of both of 

these is recommended.  

4.2.1. Concentrations of key odorants emitted from biosolids could be monitored 

analytically using standardised sampling methods such as fluxhoods or 

headspace methods. Typical odorants for each stabilisation method would 

need to be lower than a certain level for different biosolids applications 

4.2.2. Identification of intensity, hedonic tone and odour character of the biosolids 

product could be used onsite as part of regular performance monitoring. The 

Odour Profiling Method is suitable for this, and is adapted from the existing 

Flavour Profile Analysis Standard Method used for drinking water.  

4.2.3. Odour characters can be classified and communicated by comparison with 

other materials, e.g. soil, rotten vegetables, or cow manure and pig manure 

as in the Quebec standards (MDDEP, 2008). Tests of stability can include 

monitoring how the odour characters and intensities vary with storage time. 

The performance of aerobic digesters is particularly relevant as the stabilised 

odour is characteristic of soil, while ‘unstable’ or poorly stabilised sludge has 

a rotten, putrid odour symptomatic of the production of sulfur compounds, or 

even volatile fatty compounds for poorly stabilised sludge.  

4.2.4. Odour concentration measurements are recommended only as a tool to abide 

by current regulations or to initially rank biosolids odour quality, as 

measurements are expensive, time consuming and their link with nuisance 

impacts is often unclear.  

4.3. Guidelines should specify sampling approaches and target odorants or sensorial 

properties for each stabilisation method in order to meet acceptable odour quality 

requirements. Consistency is needed in reporting of odour properties and methods 

need to be reproducible and accurately represent potential odours. 

4.4. If recommendation 4 is not adopted, a new set of Odour Nuisance Reduction (ONR) 

measures should be included as a minimum. These conditions may be located next 

to the “approved treatment processes” to minimise the risk of ‘outrage events’ during 

processing, transport and application. For more details See Section 3.2.  
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5. Product specifications for biosolids need to be developed holistically by each 
water utility bearing in mind expected/like subsequent processing transport 
storage and end-use. This is due to the wide range of process/transport/storage and 

final use combinations possible and each water utility should guarantee these product 

specifications are aligned with the updated EPA guidelines. For more details please see 

section 2.3. 

 
6. Refine the existing “Stability Grading” by changing it to a “Pathogen Grading”.         

This move would be aligned with the National guidelines on Biosolids Management and 

will enable the regulator to combine the approved processes for Grade B biosolids and 

VAR measures under one single category to ensure that the pathogen reduction required 

to protect public health and the environment is effective. Grade A remains as in the 

current guidelines. See Section 2.4.1 for more details. 
 

7. Operational targets for each stabilisation method should be established, which will 

help utilities meet biosolids stability and odour quality criteria, without being overly 

prescriptive.  

7.1. Longer SRTs are recommended to reduce odour potential; however digester 

efficiency and the effect of downstream processing on odour emissions also needs 

to be taken into account.  

7.2. Minimising shear during dewatering and conveying can improve biosolids odour 

quality and handling properties. This can be achieved through the use of belt filter 

presses, low speed centrifuges, or systems optimised for low odour based on low 

shear, chemical dosing or long digestion times. 

7.3. Specifically for alkaline stabilisation, requirements for the incorporation/mixing of 

lime should be defined, as high doses and good incorporation would reduce the 

likelihood of microbial regrowth exceeding the prescribed holding times of 22hrs to 

72hrs for Grade B and Grade A biosolids. 

7.4. Targets and monitoring must recognise biosolids heterogeneity and the challenge of 

ensuring quality measurements are representative 

 
8. Stabilisation/pathogens/odour measurements should be undertaken on both 

intermediate and the final biosolids products and need to be site specific.  

8.1. Tests such as VSR do not represent an appropriate stability measurement of 

biosolids when anaerobic or aerobic digestion is used. The current level of 38% VSR 

is easily achieved but the evidence indicates that it is not enough to minimise the 

risk of producing odorous products. This is further complicated by the impacts 
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arising from the WWTP catchment which requires the development of site specific 

baselines. Volatile solids in the final product could be used to indicate the amount of 

organic matter remaining in the biosolids but it may not guarantee a low odour 

product in all possible cases. Levels could be defined in the final biosolids product 

as in the German Standards and additional tests such as protein measurements 

could also be explored 

8.2. The processing of biosolids after digestion needs to be considered by the EPA as it 

can affect their odour potential. Shearing of biosolids during dewatering and 

conveying releases labile proteins which, when microbially degraded, produce 

odorous emissions. See Appendix 1.2.2 for evidence in anaerobically digested 

biosolids. Wetting, contamination or land application of ‘hygienised’ biosolids, those 

that have been limed or thermally dried, can also produce odorous emissions (see 

Appendix 1.6.2 and 1.5.2) 

8.3. Biosolids handling should consider emission temporal trends. Most mesophillically 

anaerobically stabilised biosolids emitted peak headspace concentrations in the first 

3-5 days, therefore the EPA should consider a week’s storage to minimise high 

emissions during transportation of the biosolids to land. Iron dosing can also shift the 

timing of the peak headspace concentration. Site specific understandings are 

required. 

 

9. Methods which measure residual biodegradability should be used to rate biosolids 
on their stability/odour potential. Residual biodegradability can be measured in a 

variety of ways, e.g weight loss, CO2 or CH4 generation, pH, VSR, oxygen uptake, 

substrate availability.   

9.1. Specific Oxygen uptake rate (SOUR) is recommended for aerobic sludge 

stabilisation. It’s thought to be suitable as high microbial activity in biosolids piles 

typically leads to anaerobic conditions and the formation of sulfur based odorants 

and ammonia.  

9.2. Biochemical methane potential (BMP) can measure residual biodegradability in 

anaerobic systems.  

9.3. High levels of labile (microbially available) proteins in dewatered anaerobically 

stabilised sludge produce odours as they are degraded. Colorimetric methods, 

based on the Lowry method have been used in the literature; a standard method for 

labile proteins quantification could be developed 
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10. The new guidelines need to incorporate risk (RM) and environmental management 
(EMS) approaches. The NSW EPA 1997 Biosolids Management Guidelines state that 

they are viewed as an interim document to be replaced in a timely fashion by guidelines 

based on risk assessment and management principles and methods. This statement was 

consistent with developments at the time when ‘Risk Management’ was emerging as the 

new basis/framework for water management.  WRC concurs with this and proposes the 

next version of the biosolids management guidelines to follow this recommendation. 

10.1. Risk management needs to be applied within a wider institutional framework. WRC 

suggests this can be provided by implementing ISO 14000 and ISO 9000 

Environmental /Management Standards. A model for the guideline format for this is 

provided by the current Australian Drinking Water Guidelines. 

10.2. Risk based biosolids guidelines should/need not start from scratch but adapt the 

risk management methods and concepts developed in the past 20 years which 

address comparable environmental tasks to biosolids management, particularly 

guidelines developed for water (ecosystems, bathing, and especially drinking and 

wastewater and its recycling) and food management. 

10.3. EMS can provide a framework for integrating other best practice e.g. AS 4454-

2012. 

 
11. The Biosolids guidelines developed for odour, stability and vermin management 

need to be well structured. The format should:  

11.1. Be harmonised especially with their wastewater treatment and recycling 

counterparts. This seems appropriate as wastewater treatment and recycling tend 

to go hand in hand with biosolids production and reuse. 

11.2. Be harmonised with their new chemical and microbiological contaminant guideline 

counterparts which will likely be environmental risk assessment based as well, 

wherever appropriate and desirable. Note that the concepts of ‘odour’ and ‘stability’ 

do not fit neatly with older concepts of (human health) risk. However, the ISO 

31000 definition of ‘risk’ applies to any perturbation from the normal 

(environmental) conditions and so is applicable; 

11.3. Be designed to promote management of biosolids being undertaken holistically and 

be continually improved as new information comes to light, without the need for 

regulator intervention at detailed level: 

11.3.1. In addition to applying holistic risk assessment and management tools e.g. 

HACCP and ERA, the industry standard which seems applicable here is the 

Environmental Management System series of standard - ISO 14000 and its 
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more general counterpart the ISO 9000 series. It is already applied to animal 

faecal waste so applying this to human wastes seems still more reasonable.   

11.3.2. Application of ISO 14000 would need to occur at a rate moderated by industry 

capacity to comply. It would provide a range of additional guidance on 

biosolids management system and process validation and verification for 

example. ISO 14005 provides guidance on this. 

11.3.3. Usefully there are already HACCP and ERA auditors who could add auditing 

of biosolids management systems to their inventory.  

 

12. The guidelines should include strategic/high level biosolids management 
principles as major initial chapters. These should include Environmental Values, the 

use of Environmental Management Systems and Risk Management systems and 

consultation recommendations: 

12.1. Industry risk management based guidelines for water begin with description and 

clarification of primary management principles. For example the drinking water 

industry identifies key vulnerabilities and actions for safe water management e.g. 

microbial hazards and senior management commitment/responsibility.  

12.2. Similarly the environmental waters ANZECC guidelines identify primary 

‘Environmental Values’. Many should be transferable directly from the latter 

documents subject to their applicability to stability, odour and vermin control. 

12.3. As with water and food, an holistic view and system analysis should be applied 

when developing a biosolids and risk management system. In the latter examples 

this is embodied in the expressions ‘catchment to consumer’ and ‘field to fork’.  

12.4. This reflects the fact that failure at a critical control point e.g. maturation at plant, 
can be transmitted along the system e.g. transport malodours. This means in 

practical terms for biosolids, production, transport, further processing and ultimate 

environmental reuse must be integrated even if different organisations have 

nominal responsibility for different steps in returning biosolids to the natural 

environment. 

 
13. Risk management should be in line with ISO 31000 and employ all 

appropriate/applicable tools (ISO 31010). EPA should advise on which tools are 

appropriate. This does not mean use all tools per se but those which address biosolids 

management needs. The following are a list of risk management tools recommended: 

13.1. One or more of each of the following risk management activities: 
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13.1.1. Lookup/scoping issues tools (e.g. Delphi, formal Brainstorming) to 

comprehensively scope the issues faced in any particular biosolids 

management scheme; 

13.1.2. Cause X consequence matrix analysis 

13.1.3. Function analysis (e.g. HACCP, ERA); 

13.1.4. Scenario analysis (e.g. Fault Tree Analysis); 

13.1.5. Controls analysis (e.g. Bow-tie); 

13.2. One or more tools “strongly applicable” addressing the following general activities: 

13.2.1. Risk identification (e.g. Delphi); 

13.2.2. Consequence assessment (e.g. Event Tree Analysis); 

13.2.3. Likelihood assessment (e.g. Fault Tree Analysis); 

13.2.4. Level of risk estimation (Probabilistic methods e.g. Monte Carlo); 

13.2.5. Risk evaluation (HACCP, Bayesian analysis); 

13.2.6. Control analysis (e.g. HACCP). 

 
14. Bayes Net based analysis to systematically define and quantify variables and 

issues as far as possible  
14.1. Note that Bayes Net construction and application best practice corresponds to all of 

the tools above and potentially provides a single platform as well as conceptual 

framework (Bayesian inference) 

14.2. BNs development can be thought of as robust HACCP analysis in that it forces 

uses to clearly articulate their beliefs and data in respect to biosolids processing, 

management and failure modes. 

 
15. Biosolids monitoring should be harmonized with and designed to inform Biosolids 

management, e.g. as illustrated by the enHealth ERA scheme.  
15.1. This must be the case under normal operating conditions and during foreseeable 

deviations from nominal conditions (e.g. hazardous events, change in receiving 

environment situation)  

15.2. Monitoring has a range of different functions and these should be defined. 

15.2.1. Within ISO 14000 monitoring can be used for validation, verification and 

periodic auditing. 

15.2.2. In the case of water there are at least 6 different types – strategic (status 

and trends, preliminary surveys), compliance (permits and standard 

achievement), operational (process control, early warning).  

15.3. All risk assessment is incomplete and leaves residual uncertainties. In line with 

ERA guidelines, uncertainty documentation and reality checks should be 
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undertaken when developing a biosolids management system. Such caveats 

provide the basis for targeting improvements in ongoing management systems e.g. 

subsequent plan revisions and iterations. 

 
16. The process of transitioning to the new guidelines can be simplified by using 

existing tools. Experience in the water industry has shown that moving from a 

monitoring objective focus to a management outcome focus paradigm can be resource 

intensive and take time. Accordingly, EPA should roll out risk/EMS systems in a staged 

fashion depending on organisation experience and resources. A step by step process for 

biosolids managers is recommended to achieve this e.g.: 

16.1. Introduce qualitative/semi-quantitative risk assessment based on the HACCP and 

general matrix approaches. Fix clear vulnerabilities; 

16.2. Develop risk and ISO 14000 management systems reflecting the HACCP system 

conceptualization. Prioritize vulnerabilities using the matrix approach. Use 

REQUAL to check ISO 14000 being addressed in principle. 

16.3. Revise system and plans based on quantitative data and assessment. 

16.4. Check all management needs identified in ISO 31000 has been met. 

16.5. Development of full REQUAL style management system. 

 
17. The review revealed a number of caveats and unresolved issues which EPA 

should address in new guidelines: 
17.1. Odour based endpoints are still unclear though models exist. The latter’s use 

should be clarified (see above for suggested metrics and criteria).  

17.2. Clarification of what ‘stability’ entails is needed. This review suggests two 

complementary definitions(see Recommendation 1).  

17.3. Modelling of risk and environmental processes is becoming more and more routine. 

EPA should develop a list of recommended modelling tools and the purposes to 

which they are put e.g. AusPlume.  Conversely EPA should identify what is not 

recommended especially in respect to odour assessment. 

17.4. Vermin pose a clear health risk but this has not been quantified or clearly defined in 

an ERA fashion. A desktop evaluation is required in the first instance (strategic) 

based on exposure pathway assessment. EPA should sponsor this. 

17.5. Perceptions of biosolids recycling desirability are extremely varied. EPA should 

undertake a community consultation to minimize the conflict and controversy. In 

particular the concerns of ‘organic’ producers should be explored as they may be 

outdated or not relevant to the human context or only be applicable to some STPs. 

“Perception management” or the impression this is occuring must be avoided. 
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17.6. Gaps and scenarios for biosolids management failures are unclear. EPA should 

develop a series of these to help industry understand vulnerabilities. 

17.7. Monitoring requires scientific knowledge based benchmarks. EPA should develop 

these in concert with industry and other stakeholders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

107 
 

7. References 
 
ABU-ORF, M., BREWSTER, J., OLESZKIEWICZ, J., REIMERS, R., LAGASSE, P., AMY, B. & GLINDEMANN, 

D. 2004. Production of class A biosolids with anoxic low dose alkaline treatment and odor 
management. Water Science and Technology, 49, 131-138. 

ABU-ORF, M., PEOT, C., RAMERIZ, M., LAQUIDARA, M., MCCONNELL, L. L., KIM, H. & HUNNIFORD, D. 
2002. Inhibiting the production of odors from dewatered residuals using nitrates and 
anthraquinones Proceedings of the Water Environment Federation, 2002, 303-314. 

ADAMS, G., WITHERSPOON, J., ERDAL, Z., FORBES, R., HARGREAVES, J., HIGGINS, M., MCEWEN, D. & 
NOVAK, J. 2007. Identifying and Controlling the Municipal Wastewater Odor Environment 
Phase 3: Biosolids Processing Modifications for Cake Odor Reduction. Water Env. Research 
Foundation, Report No. 03-CTS-9T. 

ADAMS, G. M. 2003. Identifying and Controlling Municipal Wastewater Odor: Phase I, Literature 
Search and Review, IWA Publishing. 

ADAMS, G. M. 2004. Identifying and Controlling Municipal Wastewater Odor Phase II: Impacts of 
Inplant Parameters on Biosolids Odor Quality, IWA Publishing. 

ADANI, F., UBBIALI, C. & GENERINI, P. 2006. The determination of biological stability of composts 
using the Dynamic Respiration Index: The results of experience after two years. Waste 
Management, 26, 41-48. 

ADAS 1999. The safe sludge matrix – guidelines for the application of sewage sludge to agricultural 
land. 

ADRIAANSE, M. 1994. Information Requirements As Design Criteria For Surface Water 
Monitoring. Monitoring Tailor Made-1 Conference Proceedings [Online]. Available: 
http://www.mtm-conference.nl/   

ADRIAANSE, M. 1997. Tailor-Made Guidelines: A Contradiction In Terms? Monitoring Tailor Made-2 
Conference Proceedings - Guidelines [Online]. Available: http://www.mtm-conference.nl/. 

AHLBERG, N. R. & BOYKO, B. I. 1972. Evaluation and Design of Aerobic Digesters. Journal (Water 
Pollution Control Federation), 44, 634-643. 

ALDIN, S., ELBESHBISHY, E., NAKHLA, G. & RAY, M. 2009. Viability of Ultrasonication for Pre-
Treatment of Biosolids. Proceedings of the Water Environment Federation, 2009, 215-225. 

ALDIN, S., TU, F., NAKHLA, G. & RAY, M. B. 2011. Simulating the Degradation of Odor Precursors in 
Primary and Waste-Activated Sludge During Anaerobic Digestion. Applied biochemistry and 
biotechnology, 164, 1292-1304. 

ALLISON, L. 1986. On dirty public things. Political Geography Quarterly, 5, 241-251. 
AMLINGER, F., PEYR, S. & CUHLS, C. 2008. Green house gas emissions from composting and 

mechanical biological treatment. Waste Manag Res, 26, 47-60. 
ANDERSEN, S. A. 2001. Disposal and recycling routes for sewage sludge Part 2 – Regulatory report. 
ANZECC 1992. Australian Water Quality Guidelines for Fresh and Marine Waters. Melbourne: 

Australian and New Zealand Environment and Conservation Council. 
ANZECC & ARMCANZ 2000. Australian and New Zealand Guidelines for Fresh and Marine Water 

Quality Volume 1 The Guidelines (Chapters 1–7) pp. 314. 
APFELBACH, R., BLANCHARD, C. D., BLANCHARD, R. J., HAYES, R. A. & MCGREGOR, I. S. 2005. The 

effects of predator odors in mammalian prey species: a review of field and laboratory 
studies. Neuroscience & Biobehavioral Reviews, 29, 1123-1144. 

AS 4454 2012. Australian Standard. Compost, soil conditioners and mulches. . 



 

108 
 

AUSTRALIAN GOVERNMENT DEPARTMENT OF ENERGY AND ENVIRONMENT 2016 (accessed Nov)-a. 
National Strategy for Ecologically Sustainable Development 
http://www.environment.gov.au/node/13015. 

AUSTRALIAN GOVERNMENT DEPARTMENT OF ENERGY AND ENVIRONMENT 2016 (accessed Nov)-b. 
SOE 2011 Key Findings http://www.environment.gov.au/science/soe/2011-report/5-
land/key-findings. 

AUSTRALIAN GOVERNMENT DEPARTMENT OF ENERGY AND ENVIRONMENT 2016 (accessed Nov)-c. 
Techniques to Value Environmental Resources: an Introductory Handbook. 
https://www.environment.gov.au/node/13336. 

AUSTRALIAN ORGANIC LTD. 2013. AUSTRALIAN ORGANIC GUIDE TO: WHAT IS ORGANIC? 
https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwj
-ydeO2b3QAhWGH5QKHX39BOIQFggaMAA&url=http%3A%2F%2Faustorganic.com%2Fwp-
content%2Fuploads%2F2013%2F09%2FConsumer_Standards_Final_21.pdf&usg=AFQjCNGX
Ks3BuyfZV5iReiy5h_D8i3OUig&sig2=yIwx0q4a2BdIXU8nm7G-
Nw&bvm=bv.139250283,bs.1,d.dGo&cad=rja  

AUSTRALIAN WATER RECYCLING CENTRE OF EXCELLENCE. 2014 (accessed). A national framework for 
validating water-recycling technology: Validating multiple-barrier water recycling systems. 
Streetmap 9. 

BABY, R. E., CABEZAS, M. D., LABUD, V., MARQUI, F. J. & WALSÖE DE RECA, N. E. 2005. Evolution of 
thermophilic period in biosolids composting analyzed with an electronic nose. Sensors and 
Actuators B: Chemical, 106, 44-51. 

BALDWIN, G., DANALEWICH, J., MISHALANI, N. & SCHNEIDER, S. J. 2001. Biosolids and sludge 
management. Water Environment Research, 72, 686-794. 

BANWART, W. & BREMNER, J. 1976. Evolution of volatile sulfur compounds from soils treated with 
sulfur-containing organic materials. Soil Biology and Biochemistry, 8, 439-443. 

BARBER, W. P. F. 2016. Thermal hydrolysis for sewage treatment: A critical review. Water Research, 
104, 53-71. 

BAROLDI, L., ALLOWAY, C. & BAY, M. 2012. How to Cost-Effectively Manage Biosolids via Public-
Private Partnerships (P3) & Alternative Financing Models. Proceedings of the Water 
Environment Federation, 2012, 3390-3403. 

BARTRAM, J. 2009. Water safety plan manual: step-by-step risk management for drinking-water 
suppliers, World Health Organization. 

BASU, S., ABU-ORF, M., LAQUIDARA, M., BOE, O., SANCHEZ, G., LAW, G., MULLER, C. D. & NOVA, J. T. 
2004. High Rate Anaerobic Digestion with Mechanical Shear–A Case Study at the Caldwell, ID 
WWTP. Proceedings of the Water Environment Federation, 2004, 565-583. 

BC MINISTRY OF ENVIRONMENT 2002. Organic Matter Recyling Regulation. Environmental 
Management Act and Public Health Act. British Columbia. 

BEECHER, N. 2010. Odor Classification of Biosolids to Mitigate Nuisances : A Québec Approach. 
Proceedings of the Water Environment Federation, 2010, 717-723. 

BENEDICT, A. H., EPSTEIN, E. & ENGLISH, J. N. 1986. Municipal Sludge Composting Technology 
Evaluation. Journal (Water Pollution Control Federation), 58, 279-289. 

BERGER, J. O. 2013. Statistical decision theory and Bayesian analysis, Springer Science & Business 
Media. 

BERNADO, J. 1979. EXPECTED INFORMATION AS EXPECTED UTILITY. The Annals of Statistics, 7, 686-
690. 

BERNAL, M. P., ALBURQUERQUE, J. A. & MORAL, R. 2009. Composting of animal manures and 
chemical criteria for compost maturity assessment. A review. Bioresource Technology, 100, 
5444-5453. 



 

109 
 

BEUTH VERLAG GMBH 1997. Effect and Assessment of Odours:Psychometric assessment of odour 
annoyances questionaires. July. VDI 3883. 

BHARAMBE, G., CESCA, J., BUSTAMANTE, H., VAN RYS, D., KABOURIS, J. & MURTHY, S. 2015. 
ANAEROBIC DIGESTION WITH RECUPERATIVETHICKENING MINIMISES BIOSOLIDS 
QUANTITIES AND ODOURS IN SYDNEY, AUSTRALIA. Ozwater. 

BIOSOLIDS.COM. 2016 (accessed). Biosolids Basics  http://www.biosolids.com/basics.html [Online].  
[Accessed]. 

BIS 2014. PAS 110:2014. 
BOUCHY, L., SENANTE, E., DAUTHUILLE, P., AUPETITGENDRE, M., HARRY, J., VENOT, S. & ROUGE, P. 

2009. Odour creation potential of sludge during composting and drying. Water Practice & 
Technology, 4. 

BRAGUGLIA, C. M., CAROZZA, N., GAGLIANO, M. C., GALLIPOLI, A., GIANICO, A., ROSSETTI, S., 
SUSCHKA, J., TOMEI, M. C. & MININNI, G. 2014. Advanced anaerobic processes to enhance 
waste activated sludge stabilization. Water Science and Technology, 69, 1728-1734. 

BRANDT, R. C., ADVIENTO-BORBE, M. A. A., HIGGINS, M. A., JOHNSTON, T. E., TOFFEY, W. E. & 
GOLEMBESKI, J. 2009. Use of Inventory Management to Mitigate Odor Emissions From Land-
Applied Biosolids. Proceedings of the Water Environment Federation, 2009, 585-606. 

BRANNEN, J., GARST, D. & LANGLEY, S. 1975. Inactivation of Ascaris lumbricoides eggs by heat, 
radiation, and thermoradiation. Sandia Labs., Albuquerque, NM and Livermore, CA (United 
States). 

BRATTOLI, M., DE GENNARO, G., DE PINTO, V., LOIOTILE, A. D., LOVASCIO, S. & PENZA, M. 2011. 
Odour detection methods: Olfactometry and chemical sensors. Sensors, 11, 5290-5322. 

BRINTON, W. F. 1998. Volatile organic acids in compost: production and odorant aspects. Compost 
Science & Utilization, 6, 75-82. 

BROEDERS, W. P. A. 2003. Opening and Introduction (MTM 4 Conference). http://www.mtm-
conference.nl/ Monitoring Tailor Made-4 Conference Proceedings. 

BROOKS, J. P., TANNER, B. D., GERBA, C. P. & PEPPER, I. L. 2006. The measurement of aerosolized 
endotoxin from land application of Class B biosolids in Southeast Arizona. Canadian Journal 
of Microbiology, 52, 150-156. 

BROOME, J. 1999. Ethics out of Economics, Cambridge University Press. 
BROWN, R. E. 1979. Mammalian Social Odors: A Critical Review. In: JAY S. ROSENBLATT, R. A. H. C. B. 

& MARIE-CLAIRE, B. (eds.) Advances in the Study of Behavior. Academic Press. 
BRÜNING, T., BARTSCH, R., BOLT, H. M., DESEL, H., DREXLER, H., GUNDERT-REMY, U., HARTWIG, A., 

JÄCKH, R., LEIBOLD, E., PALLAPIES, D., RETTENMEIER, A. W., SCHLÜTER, G., STROPP, G., 
SUCKER, K., TRIEBIG, G., WESTPHAL, G. & VAN THRIEL, C. 2014. Sensory irritation as a basis 
for setting occupational exposure limits. Archives of Toxicology, 88, 1855-1879. 

BUCHANAN, R. L., HAVELAAR, A. H., SMITH, M. A., WHITING, R. C. & JULIEN, E. 2009. The Key Events 
Dose-Response Framework: Its potential for application to foodborne pathogenic 
microorganisms. Critical Reviews in Food Science and Nutrition, 49, 718-728. 

BULLERS, S. 2005. Environmental stressors, perceived control, and health: the case of residents near 
large-scale hog farms in eastern North Carolina. Human Ecology, 33, 1-16. 

BUREAU OF ENTOMOLOGY AND PLANT QUARANTINE. 1952. Stable flies : how to control them..  UNT 
Digital Library. http://digital.library.unt.edu/ark:/67531/metadc1556/. . Available: UNT 
Digital Library. http://digital.library.unt.edu/ark:/67531/metadc1556/. [Accessed Accessed 
September 5, 2011.]. 



 

110 
 

BUTLER, H. G., BURNS, B. R., MANGUS, J. J., LI, B. & COLE, C. 2006. ODOR VARIABILITY ASSOCIATED 
WITH LIME STABILIZED BIOSOLIDS FOR LAND APPLICATION. Proceedings of the Water 
Environment Federation, 2006, 72-82. 

CARLSON, L., GROVE, S. J. & KANGUN, N. 1993. A content analysis of environmental advertising 
claims: A matrix method approach. Journal of Advertising, 22, 27-39. 

CARRÈRE, H., DUMAS, C., BATTIMELLI, A., BATSTONE, D. J., DELGENÈS, J. P., STEYER, J. P. & FERRER, I. 
2010. Pretreatment methods to improve sludge anaerobic degradability: A review. Journal of 
Hazardous Materials, 183, 1-15. 

CARSEN, M. & ANDERSON, T. 2008. Odour Emissions from Sludges: A laboratory investigation. 
Water. Australia: AWA. 

CCME 2012. Guidance document for the beneficial use of municipal biosolids, municipal sludge and 
treated septage. Canadian Council of Ministers of the Environment. 

CENTRE FOR REVIEWS AND DISSEMINATION 2009. Systematic Reviews: CRD’s guidance for 
undertaking reviews in health care. University of York. 

CHAKRABARTI, S., KAMBHAMPATI, S. & ZUREK, L. 2010. Assessment of House Fly Dispersal between 
Rural and Urban Habitats in Kansas, USA. Journal of the Kansas Entomological Society, 83, 
172-188. 

CHANG, J.-S., ABU-ORF, M. & DENTEL, S. K. 2005. Alkylamine odors from degradation of flocculant 
polymers in sludges. Water Research, 39, 3369-3375. 

CHAO, A. C., DE LUCA, S. J. & IDLE, C. N. 1996. Quality improvement of biosolids by ferrate (VI) 
oxidation of offensive odour compounds. Water Science and Technology, 33, 119-130. 

CHEN, S. H. & POLLINO, C. A. 2012. Good practice in Bayesian network modelling. Environmental 
Modelling & Software, 37 134-145. 

CHEN, Y.-C., ADAMS, G., ERDAL, Z., FORBES, R. H., HARGREAVES, J. R., HIGGINS, M. J. & 
WITHERSPOON, J. 2007. WERF Odor Study Phase III: Effect of Alum Addition on Odorant 
Production from Anaerobically Digested Biosolids. Proceedings of the Water Environment 
Federation, 2007, 921-931. 

CHEN, Y.-C., HIGGINS, M., MURTHY, S., MAAS, N., COVERT, K., WEAVER, J., TOFFEY, W., RUPKE, M. & 
ROSS, D. 2004. Mechanisms for the production of odorous volatile aromatic compounds in 
wastewater biosolids. Proceedings of the Water Environment Federation, 2004, 540-553. 

CHEN, Y.-C., HIGGINS, M. J., BEIGHTOL, S. M., MURTHY, S. N. & TOFFEY, W. E. 2011. Anaerobically 
digested biosolids odor generation and pathogen indicator regrowth after dewatering. 
Water research, 45, 2616-2626. 

CHEN, Y., HIGGINS, M., MAAS, N., MURTHY, S., TOFFEY, W. & FOSTER, D. 2005. Roles of 
methanogens on volatile organic sulfur compound production in anaerobically digested 
wastewater biosolids. Water Science & Technology, 52, 67-72. 

CHRISTODOULOU, A. & STAMATELATOU, K. 2016. Overview of legislation on sewage sludge 
management in developed countries worldwide. Water Science and Technology, 73, 453-
462. 

CHUNG, C. Y., KASTEN, R. W., PAFF, S. M., VAN HORN, B. A., VAYSSIER-TAUSSAT, M., BOULOUIS, H.-J. 
& CHOMEL, B. B. 2004. Bartonella spp. DNA associated with biting flies from 
California.(Dispatches). Emerging Infectious Diseases, 10, 1311(3). 

CITULSKI, J. A. & FARAHBAKHSH, K. 2010. Fate of Endocrine-Active Compounds during Municipal 
Biosolids Treatment: A Review. Environmental Science & Technology, 44, 8367-8376. 

CODEX ALIMENTARIUS COMMISSION. 1999. Principles and Guidelines for the Conduct of 
Microbiological Risk Assessment. CAC/GL-30 Available: 
http://www.who.int/foodsafety/publications/micro/cac1999/en/ 
ftp://ftp.fao.org/codex/Publications/ProcManuals/Manual_20e.pdf. 



 

111 
 

COLEMAN, H. M., TRINH, T., LE-MINH, N., KLEIN, M., ROSER, D. J., TUCKER, R. W., STUETZ, R. M., 
PETERS, G. & KHAN, S. J. 2013. Occurrence of ectoparasiticides in Australian beef cattle 
feedlot wastes. Environmental Pollution, 174 265-272. 

CONSTANCE, D. H., CHOI, J. Y. & LYKE-HO-GLAND, H. 2008. Conventionalization, bifurcation, and 
quality of life: Certified and non-certified organic farmers in Texas. Southern Rural Sociology, 
23, 208. 

COX, P., FISHER, I., KASTL, G., JEGATHEESAN, V., WARNECKE, M., ANGLES, M., BUSTAMANTE, H., 
CHIFFINGS, T. & HAWKINS, P. R. 2003. Sydney 1998- Lessons from a drinking water crisis. 
Journal / American Water Works Association, 95, 147-161. 

CROSHER, S. Improved design and operating criteria for sludge lagoons and drying pans.  
Proceedings of the 71st Annual Water Industry Engineers and Operators’ Conference, 
Bendigo, Australia, 2008. 

DADOUR, I. R. & VOSS, S. C. 2009. Investigation of the Factors Affecting Adult Fly Production in 
Biosolid Cake. Environmental Entomology, 38, 633-638. 

DALTON, P. & DILKS, D. 1997. Odor, annoyance and health symptoms in a residential community 
exposed to industrial odors. South Camden Citizens in Action, 1-21. 

DAVIS, E. A. 2010. Does that Sound Smell Good? An Experimental Investigation into the use of Verbal 
Smell References and Cooking Sounds in Radio Advertisements. Virginia Polytechnic Institute 
and State University. 

DAVIS, E. A., MAGNINI, V. P., WEAVER, P. A. & MCGEHEE, N. G. 2013. The influences of verbal smell 
references in radio advertisements. Journal of Hospitality & Tourism Research, 37, 281-299. 

DAVIS, J. Treatment processes and changes in biosolids volatile organic sulfur compounds.  AWA 
Biosolids and Source Management National Conference, 2012. 

DAVISON, A. 2010. DEMONSTRATING REQUALITY: A Tool to Test Implementation of The Framework 
for Management ofRecycled Water Quality and Use. Available: 
https://www.wsaa.asn.au/About/News/Documents/20100518%20Requality%20Information
%20Package.pdf. 

DE JONG, J. 1994. Conclusions: Monitoring ‘Tailor-made. Monitoring Tailor Made-1 Conference 
Proceedings. Available: http://www.mtm-conference.nl/. 

DEC, N. 2004. In: CONSERVATION, D. O. E. A. (ed.). NSW EPA. 
DECOTTIGNIES, V., BRUCHET, A. & SUFFET, I. H. 2010. Dried Sludge Odours: Classification and Case 

Study. Proceedings of the Water Environment Federation, 2010, 72-82. 
DECWA 2012. Western Australian guidelines for niosolids management Department of Environment 

and Conservation. 
DEFOER, N., DE BO, I., VAN LANGENHOVE, H., DEWULF, J. & VAN ELST, T. 2002. Gas 

chromatography–mass spectrometry as a tool for estimating odour concentrations of 
biofilter effluents at aerobic composting and rendering plants. Journal of Chromatography A, 
970, 259-273. 

DEFRA 1993. Department of the Environment, Food and Rural Affairs. Code of Practice for 
Agricultural Use of Sewage Sludge ISBN 0 11 752256 2. 

DELLSTRÖM ROSENQUIST, L. E. 2005. A psychosocial analysis of the human-sanitation nexus. Journal 
of Environmental Psychology, 25, 335-346. 

DENG, W.-Y., YAN, J.-H., LI, X.-D., WANG, F., ZHU, X.-W., LU, S.-Y. & CEN, K.-F. 2009. Emission 
characteristics of volatile compounds during sludges drying process. Journal of Hazardous 
Materials, 162, 186-192. 



 

112 
 

DEPARTMENT OF ENVIRONMENT AND CONSERVATION (NSW) 2005. Approved Methods for the 
Modelling and Assessment of Air Pollutants in New South Wales. DEC 2005/361 ISBN 1 
74137 488 X. 

DEPARTMENT OF ENVIRONMENT AND CONSERVATION (NSW) 2006a. Technical framework 
Assessment and management of odour from stationary sources in NSW November 2006 
ISBN 1741374596 DEC 2006/440. 

DEPARTMENT OF ENVIRONMENT AND CONSERVATION (NSW) 2006b. Technical notes: Assessment 
and management of odour from stationary sources in NSW, November ISBN 1741374618 
DEC 2006/441. 

DEPARTMENT OF HEALTH AND AGING. 2002. Environmental Health Risk Assessment : Guidelines for 
assessing human health risks from environmental hazards. Environmental Health Systems 
Document 4. [Online]. Commonwealth of Australia. Available: 
http://enhealth.nphp.gov.au/council/pubs/ecpub.htm [Accessed]. 

DEVAI, I. & DELAUNE, R. D. 1999. Emission of reduced malodorous sulfur gases from wastewater 
treatment plants. Water Environment Research, 203-208. 

DHAR, B. R., ELBESHBISHY, E., HAFEZ, H., NAKHLA, G. & RAY, M. B. 2011a. Thermo-oxidative 
pretreatment of municipal waste activated sludge for volatile sulfur compounds removal and 
enhanced anaerobic digestion. Chemical Engineering Journal, 174, 166-174. 

DHAR, B. R., YOUSSEF, E., NAKHLA, G. & RAY, M. B. 2011b. Pretreatment of municipal waste 
activated sludge for volatile sulfur compounds control in anaerobic digestion. Bioresource 
Technology, 102, 3776-3782. 

DOLNICAR, S., HURLIMANN, A. & GRÜN, B. 2011. What affects public acceptance of recycled and 
desalinated water? Water Research, 45, 933-943. 

DOMEIZEL, M., KHALIL, A. & PRUDENT, P. 2004. UV spectroscopy: a tool for monitoring humification 
and for proposing an index of the maturity of compost Bioresource Technology, 94 177-184. 

DOUD, C. W. 2011. The role of house flies in the ecology of enterococci from wastewater treatment 
facilities. PhD, Kansas State University. 

DOUD, C. W., TAYLOR, D. B. & ZUREK, L. 2012. Dewatered Sewage Biosolids Provide a Productive 
Larval Habitat for Stable Flies and House Flies (Diptera: Muscidae). Journal of Medical 
Entomology, 49, 286-292. 

DOWIE, J. 2006. A new map of the world of judgment and decision making in health. 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.120.6824&rep=rep1&type=pdf  
(Unpulbished work accessed 1/6/2013) [Online]. Available: 
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.120.6824&rep=rep1&type=pdf 
[Accessed]. 

DOWIE, J. & KALTOFT, M. K. 2011. Deciding how to decide - and how to support decisions. 
DOWIE, J., KALTOFT, M. K., SALKELD, G. & CUNICH, M. 2013. Towards generic online multicriteria 

decision support in patient-centred health care. Health Expectations, doi: 
10.1111/hex.12111. 

DU, W. & PARKER, W. 2013. Characterization of sulfur in raw and anaerobically digested municipal 
wastewater treatment sludges. Water Environment Research, 85, 124-132. 

DWA 2003. ATV-DVWK-M-368E Biological Stabilisation of Sewage Sludge. German Association for 
Water, Wastewater and Waste. 

EASTER, C., WILLIAMS, T., FELTNER, M. & BOWEN, R. 2009. Odor Emissions From Anaerobically 
Digested Biosolids During Onsite Storage and Land Application: Impacts of Lime Dosing and 
The Type of Dewatering Process Used (Belt Presses Versus Centrifuges). Proceedings of the 
Water Environment Federation, 2009, 627-649. 



 

113 
 

EIKUM, A. S. & PAULSRUD, B. 1977. Methods for measuring the degree of stability of aerobic 
stabilized sludges. Water Research, 11, 763-770. 

ELLISON, A. M. 1996. An introduction to Bayesian inference for ecological research and 
environmental decision-making. Ecological Applications, 6, 1036-1046. 

ENHEALTH COUNCIL 2012a. Australian Exposure Factors : Environmental health risk assessment: 
Guidelines for assessing human health risks from environmental hazards. pp.87. 

ENHEALTH COUNCIL 2012b. Environmental health risk assessment: Guidelines for assessing human 
health risks from environmental hazards. pp. 131. 

ENVIRONMENT PROTECTION AND HERITAGE COUNCIL 2006. The National Water Quality 
Management Strategy (NWQMS) National Guidelines for Water Recycling. Environment 
Protection and Heritage Council. 

ERDAL, Z. K., FORBES, R. H., WITHERSPOON, J., ADAMS, G., HARGREAVES, R., MORTON, R., NOVAK, J. 
& HIGGINS, M. 2008. Recent findings on biosolids cake odor reduction—Results of WERF 
phase 3 biosolids odor research. Journal of Environmental Science and Health, Part A, 43, 
1575-1580. 

ERDAL, Z. K., WAGONER, D. L., QUIGLEY, C., MENDENHALL, T. C. & NEELY, S. K. 2004. MAINTAINING 
CLASS B BIOSOLIDS POST-DEWATERING THROUGH LOWLEVEL LIME DOSING. Proceedings of 
the Water Environment Federation, 2004, 228-243. 

EVANS, T. D. 2003. INDEPENDENT REVIEW OF RETROFITTING CAMBI TO MAD. Proceedings of the 
Water Environment Federation, 2003, 1390-1400. 

EVANS, T. D. 2012. Biosolids in Europe. 
FARRELL, J. B. 1992. Technical support document for reduction of pathogens and vector attraction in 

sewage sludge. EPA 822/R-93-004. EPA, Washington, DC. 
FARRELL, J. B., BHIDE, V. & SMITH, J. E. 1996. Development of EPA's New Methods to Quantify 

Vector Attraction of Wastewater Sludges. Water Environment Research, 68, 286-294. 
FENKO, A., BREULMANN, S. & BIALKOVA, S. 2014. Increasing advertising power via written scent 

references. 
FENTON, N. & NEIL, M. 2012. Risk assessment and decision analysis with Bayesian networks, Boca 

Raton, London, NY, CRC Press. 
FERGUSON, K. 2009. "Biosolids’ and Human Health.” The New York Times Green: A Blog About 

Energy and the Environment. New York. Available at 
http://green.blogs.nytimes.com/2009/04/16/biosolids-and-human-health/ April 16 [Online].  
[Accessed]. 

FINGER, S. M., HATCH, R. T. & REGAN, T. M. 1976. Aerobic microbial growth in semisolid matrices: 
heat and mass transfer limitation. Biotechnology and Bioengineering, 18, 1193-1218. 

FISCHER, O. A., MATLOVA, L., DVORSKA, L., SVASTOVA, P., BARTL, J., WESTON, R. T. & PAVLIK, I. 
2004. Blowflies Calliphora vicina and Lucilia sericata as passive vectors of Mycobacterium 
avium subsp. avium, M. a. paratuberculosis and M. a. hominissuis. Medical and Veterinary 
Entomology, 18, 116-122. 

FRAIKIN, L., SALMON, T., HERBRETEAU, B., LEVASSEUR, J. P., NICOL, F., CRINE, M. & LÉONARD, A. 
2011. Impact of storage duration on the gaseous emissions during convective drying of 
urban residual sludges. Chemical Engineering and Technology, 34, 1172-1176. 

FRANK, A. L., MCKNIGHT, R., KIRKHORN, S. R. & GUNDERSON, P. 2004. Issues of agricultural safety 
and health. Annu. Rev. Public Health, 25, 225-245. 

FRIEDMAN, M. 1955. What all is Utility? The Economic Journal, 65, 405-409. 
FYTILI, D. & ZABANIOTOU, A. 2008. Utilization of sewage sludge in EU application of old and new 

methods—A review. Renewable and Sustainable Energy Reviews, 12, 116-140. 



 

114 
 

GABRIEL, S. A., VILALAI, S., ARISPE, S., KIM, H., MCCONNELL, L. L., TORRENTS, A., PEOT, C. & 
RAMIREZ, M. 2005. Prediction of dimethyl disulfide levels from biosolids using statistical 
modeling. Journal of Environmental Science and Health, 40, 2009-2025. 

GABRIEL, S. A., VILALAI, S., PEOT, C. & RAMIREZ, M. 2006. Statistical modeling to forecast odor levels 
of biosolids applied to reuse sites. Journal of environmental engineering, 132, 479-488. 

GALE, P. 2002. Using risk assessment to identify future research requirements. Journal / American 
Water Works Association, 94, 30 - 38. 

GANTZER, C., GASPARD, P., GALVEZ, L., HUYARD, A., DUMOUTHIER, N. & SCHWARTZBROD, J. 2001. 
Monitoring of bacterial and parasitological contamination during various treatment of 
sludge. Water Research, 35, 3763-3770. 

GAO, T., C.WANG, X., CHENA, R., NGO, H. H. & GUO, W. 2015. Disability adjusted life year (DALY): A 
useful tool for quantitative assessment of environmental pollution. Science of the Total 
Environment, 511. 

GENDEBIEN, A. 2010. Environmental, economic and social impacts of the use of sewage sludge on 
land. 

GHOSH, T. & SARKAR, A. 2016. “To feel a place of heaven”: examining the role of sensory reference 
cues and capacity for imagination in destination marketing. Journal of Travel & Tourism 
Marketing, 33, 25-37. 

GIBBS, R., HU, C., HO, G. & UNKOVICH, I. 1997. Regrowth of faecal coliforms and salmonellae in 
stored biosolids and soil amended with biosolids. Water Science and Technology, 35, 269-
275. 

GÓMEZ, R. B., LIMA, F. V. & FERRER, A. S. 2006. The use of respiration indices in the composting 
process: a review. Waste Management & Research, 24, 37-47. 

GOOD, I. 1952. Rational Decisions. Journal of the Royal Statistical Society. Series B (Methodological), 
14, 107-114. 

GOSTELOW, P., PARSONS, S. & STUETZ, R. 2001. Odour measurements for sewage treatment works. 
Water Research, 35, 579-597. 

GOULD, M. & BYERS, P. D. 2002. COMPARING THE EFFECTIVENESS OF POSITIVE AND NEGATIVE 
AERATION IN CONTROLING EMISSIONS FROM COMPOSTING PROCESSES. Proceedings of the 
Water Environment Federation, 2002, 357-371. 

GOVERNMENT OF ALBERTA 2001. Guidelines for the application of municipal wastewater sludges to 
agricultural lands. Alberta Environment. 

GRACZYK, T., CRANFIELD, M., FAYER, R. & BIXLER, H. 1999. House flies (Musca domestica) as 
transport hosts of Cryptosporidium parvum. Am J Trop Med Hyg, 61, 500-504. 

GRACZYK, T. K., FAYER, R., KNIGHT, R., MHANGAMI-RUWENDE, B., TROUT, J. M., DA SILVA, A. J. & 
PIENIAZEK, N. J. 2000. Mechanical transport and transmission of Cryptosporidium parvum 
oocysts by wild filth flies. American Journal of Tropical Medicine and Hygiene, 63, 178-183. 

GRUBEL, P., HOFFMAN, J. S., CHONG, F. K., BURSTEIN, N. A., MEPANI, C. & CAVE, D. R. 1997. Vector 
potential of houseflies (Musca domestica) for Helicobacter pylori. J. Clin. Microbiol., 35, 
1300-1303. 

GRUCHLIK, Y., HEITZ, A., JOLL, C., DRIESSEN, H., FOUCHE, L., PENNEY, N. & CHARROIS, J. 2012. 
Laboratory Scale Investigations of Potential Odour Reduction Strategies in Biosolids. Water. 

GRUCHLIK, Y., HEITZ, A., JOLL, C., DRIESSEN, H., FOUCHÉ, L., PENNEY, N. & CHARROIS, J. W. A. 2013. 
Odour reduction strategies for biosolids produced from a Western Australian wastewater 
treatment plant: results from Phase I laboratory trials. Water Science & Technology, 68, 
2552-2558. 



 

115 
 

GUEST, J. S., SKERLOS, S. J., BARNARD, J. L., BECK, M. B., DAIGGER, G. T., HILGER, H., JACKSON, S. J., 
KARVAZY, K., KELLY, L., MACPHERSON, L., MIHELCIC, J. R., PRAMANIK, A., RASKIN, L., VAN 
LOOSDRECHT, M. C. M., YEH, D. & LOVE*, N. G. 2009. A New Planning and Design Paradigm 
to Achieve Sustainable Resource Recovery from Wastewater. Environmental Science & 
Technology, 43, 6126-6130. 

GUO, H., DEHOD, W., FEDDES, J., LAGUË, C. & EDEOGU, I. 2005a. Monitoring Odor Occurrence in the 
Vicinity of Swine Farms by Resident Observers, Part I: Odor Occurrence Profiles. Can. Biosyst. 
Eng. J, 47, 6.57-6.65. 

GUO, H., FEDDES, J. & AND CLAUDE, L. 2005b. ODOR MONITORING BY TRAINED ODOR ASSESSORS 
DOWNWIND OF A SWINE PRODUCTION OPERATION. Proceedings of the Seventh 
International Symposium, 18-20 May 2005 (Beijing, China) Publication Date 18 May 2005. St. 
Joseph, Mich.: ASABE. 

GUTIÉRREZ, M. C., MARTIN, M. A. & CHICA, A. F. 2014. Usual variables and odour concentration to 
evaluate composting process and odour impact. Environmental Technology (United 
Kingdom), 35, 709-718. 

HAN, J.-H., KWON, H.-J., YOON, J.-Y., KIM, K., NAM, S.-W. & SON, J. E. 2009. Analysis of the thermal 
environment in a mushroom house using sensible heat balance and 3-D computational fluid 
dynamics. Biosystems Engineering, 104, 417-424. 

HANSEN, J. S. & ONGERTH, J. E. 1991. Effects of time and watershed characteristics on the 
concentration of Cryptosporidium oocysts in river water. APPLIED AND ENVIRONMENTAL 
MICROBIOLOGY, 57, 2790-2795. 

HANSERUD, O. S., BROD, E., ØGAARD, A. F., MÜLLER, D. B. & BRATTEBØ, H. 2016. A multi-regional 
soil phosphorus balance for exploring secondary fertilizer potential: the case of Norway. 
Nutrient Cycling in Agroecosystems, 104, 307-320. 

HART, B., BERGMAN, M., WEBB, A., ALLISON, G., CHAPMAN, M., DUIVENVOORDEN, L., FEEHAN, P., 
GRACE, M., LUND, M., POLLINO, C., CAREY, J. & MCCREA, A. 2005. Ecological Risk 
Management Framework for the Irrigation Industry:Report to the National Program for 
Sustainable Irrigation. Clayton, Australia: Water Studies Centre, Monash University. 

HARTENSTEIN, R. 1981. Sludge Decomposition and Stabilization. Science, 212, 743-749. 
HARTMAN, R. B., SMITH, D. G., BENNETT, E. R. & LINSTEDT, K. D. 1979. Sludge Stabilization through 

Aerobic Digestion. Journal (Water Pollution Control Federation), 51, 2353-2365. 
HAVELAAR, A. H. 1994. Application of HACCP to drinking water supply. Food Control, 5, 145-152. 
HAVELAAR, A. H., DE WIT, M. A. S., VAN KONINGSVELD, R. & VAN KEMPEN, E. 2000. Health burden in 

the Netherlands due to infection with thermophilic Campylobacter spp. Epidimiol. Infect., 
125, 505-522. 

HAVELAAR, A. H. & MELSE, J. M. 2003. Quantifying public health risk in the WHO Guidelines for 
Drinking - Water Quality: A burden of disease approach. 

HAYES, J. 2015. Odours: community engagement. . Australian Water Association Odours Conference. 
HAYES, J. 2016. Symptom table. 
HAYES, J., STEVENSON, R. & STUETZ, R. 2014a. The impact of malodour on communities: A review of 

assessment techniques. Science of the Total Environment, 500, 395-407. 
HAYES, J. E., STEVENSON, R. J. & STUETZ, R. M. 2014b. The impact of malodour on communities: A 

review of assessment techniques. Science of The Total Environment, 500–501, 395-407. 
HEALEY, P. 1983. ‘Rational method’as a mode of policy formation and implementation in land-use 

policy. Environment and Planning B: Planning and Design, 10, 19-39. 



 

116 
 

HENSHAW, P., NICELL, J. & SIKDAR, A. A new method for odour impact assessment based on spatial 
and temporal analyses of community response.  Proceedings of Joint CSCE-EWRI 
International Conf. on Environmental Engrg, 2002. 21-24. 

HENSHAW, P., NICELL, J. & SIKDAR, A. 2006. Parameters for the assessment of odour impacts on 
communities. Atmospheric Environment, 40, 1016-1029. 

HIGGINS, M., HAMEL, K., CHEN, Y.-C., MURTHY, S., BARBEN, E. J., LIVADAROS, A., TRAVIS, M. & 
MAAS, N. 2005. Part II of Field Research: Impact of Centrifuge Torque and Polymer Dose on 
Odor Production from Anaerobically Digested Biosolids. Proceedings of the Water 
Environment Federation, 2005, 1068-1083. 

HIGGINS, M. & MURTHY, S. 2015. Wastewater Treatment Plant Design and Operation Modifications 
to Improve Management of Biosolids: Regrowth, Odors, and Sudden Increase in Indicator 
Organisms. Water Env. Research Foundation, Report No. SRSK4T08, 15, 9781780404578. 

HIGGINS, M. J. 2010. Evaluation of Aluminum and Iron Addition during Conditioning and Dewatering 
for Odor Control. In: WERF (ed.). 

HIGGINS, M. J., ADAMS, G., CARD, T., CHEN, Y.-C., ERDAL, Z., FORBES, R. H., GLINDEMANN, D., 
HARGREAVES, J. R., HENTZ, L., MCEWEN, D., MURTHY, S. N., NOVAK, J. T. & WITHERSPOON, 
J. 2004. RELATIONSHIP BETWEEN BIOCHEMICAL CONSTITUENTS AND PRODUCTION OF 
ODOR CAUSING COMPOUNDS FROM ANAEROBICALLY DIGESTED BIOSOLIDS. Proceedings of 
the Water Environment Federation, 2004, 471-486. 

HIGGINS, M. J., ADAMS, G., CHEN, Y. C., ERDAL, Z., FORBES, R. H., JR., GLINDEMANN, D., 
HARGREAVES, J. R., MCEWEN, D., MURTHY, S. N., NOVAK, J. T. & WITHERSPOON, J. 2008. 
Role of protein, amino acids, and enzyme activity on odor production from anaerobically 
digested and dewatered biosolids. Water Environ Res, 80, 127-35. 

HIGGINS, M. J., CHEN, Y.-C., MURTHY, S. N., HENDRICKSON, D., FARREL, J. & SCHAFER, P. 2007. 
Reactivation and growth of non-culturable indicator bacteria in anaerobically digested 
biosolids after centrifuge dewatering. Water Research, 41, 665-673. 

HIGGINS, M. J., CHEN, Y. C., YAROSZ, D. P., MURTHY, S. N., MAAS, N. A., GLINDEMANN, D. & NOVAK, 
J. T. 2006. Cycling of volatile organic sulfur compounds in anaerobically digested biosolids 
and its implications for odors. Water Environ Res, 78, 243-52. 

HIGGINS, M. J., MURTHY, S. N., TOFFEY, W. E., STRIEBIG, B., HEPNER, S., YAROSZ, D. & YAMANI, S. 
2002a. Factors affecting odor production in Philadelphia Water Department Biosolids. 
Proceedings of the Water Environment Federation, 2002, 299-321. 

HIGGINS, M. J., MURTHY, S. N., YAROSZ, D. P., NOVAK, J. T., GLINDEMEN, D., TOFFEY, W. E. & ABU-
ORF, M. 2002b. Effect of chemical addition on production of volatile sulfur compounds and 
odor from anaerobically digested biosolids. Proceedings of the Water Environment 
Federation, 2002, 454-467. 

HIGGINS, M. J., WETT, B., PUEMPEL, T., TAKÁCS, I., SCHAFER, P., STINSON, B., BAILEY, W. & MURTHY, 
S. 2011. Downstream Process Impacts as Criteria for Selection of Thermal Hydrolysis at Large 
Plants. Design, Operation and Economics of Large Waste Water Treatment Plants. Budapest, 
Hungary: IWA. 

HIGGINS, M. J., YAROSZ, D. P., CHEN, Y.-C., MURTHY, S. N., MASS, N. & COONEY, J. 2003. 
Mechanisms of volatile sulfur compound and odor production in digested biosolids. 
Proceedings of the Water Environment Federation, 2003, 993-805. 

HOENER, W., SANTHA, H., BATES, R. & TAYLOR, R. 2007. ODOR CONTROL FOR HEAT DRYING OF 
BIOSOLIDS. Proceedings of the Water Environment Federation, 2007, 659-667. 

HOLCOMB, D. L., SMITH, M. A., WARE, G. O., HUNG, Y.-C., BRACKETT, R. E. & DOYLE, M. P. 1999. 
Comparison of Six Dose-Response Models for Use with Food-Borne Pathogens. . Risk 
Analysis, 19, 1091-1100. 



 

117 
 

HOTTO, H. P., SANDERS, T. G. & WARD, R. C. 1997. Performance Evaluation Of Water Quality 
Information Systems A Quantitative Comparison Of Two Water Quality Monitoring 
Programs. http://www.mtm-conference.nl/ Monitoring Tailor Made-2 Conference 
Proceedings - Redesign Studies. 

HOUSTON, M. S. 2012. ECOLABEL PROGRAMS AND GREEN CONSUMERISM: PRESERVING A HYBRID 
APPROACH TO ENVIRONMENTAL REGULATION. Brook. J. Corp. Fin. & Com. L., 7, 225-589. 

HRUDEY, S. E., PAYMENT, P., HUCK, P. M., GILLHAM, R. W. & HRUDEY, E. J. 2003. A fatal waterborne 
disease epidemic in Walkerton, Ontario: comparison with other waterborne outbreaks in the 
developed world. Water Science and Technology, 47, 7-14. 

HUGMARK, P. 2007. Use of sludge on arable land for food production-a current project at some 
Swedish wastewater treatment plants (The ReVAQ-project). Water Practice and Technology, 
2, wpt2007021. 

HULEBAK, K. L. & SCHLOSSER, W. 2002. Hazard Analysis and Critical Control Point (HACCP) History 
and Conceptual Overview. Risk Analysis, 22, 547-552. 

HURLEY, P. J. 2006. An evaluation and inter-comparison of AUSPLUME, AERMOD and TAPM for 
seven field datasets of point source dispersion. Clean Air and Environmental Quality, 40, 45-
50. 

HURLEY, P. J., HILL, J. & BLOCKLEY, A. 2005. An Evaluation and Inter-Comparison of AUSPLUME, 
CALPUFF and TAPM – Part 2: Angelsea and Kwinana Annual Datasets. Clean Air and 
Environmental Quality, 39, 46-51. 

HURLEY, P. J. & LUHAR, A. K. 2005. An Evaluation and Inter-Comparison of AUSPLUME, CALPUFF and 
TAPM – Part 1: The Kincaid and Indianapolis Field Datasets. Clean Air and Environmental 
Quality, 39, 39-45. 

HURLIMANN, A. 2009. Recycled water: perceptions of colour and odour. Water: Journal of the 
Australian Water Association, 37, 60. 

HURLIMANN, A. & MCKAY, J. 2007. Urban Australians using recycled water for domestic non-potable 
use—An evaluation of the attributes price, saltiness, colour and odour using conjoint 
analysis. Journal of Environmental Management, 83, 93-104. 

HYDROMANTIS 2011. Review of Halifax Water's N-Viro Biosolids Treatment Process. 
IEC/ISO 2009. IEC/ISO 31010 Risk management - Risk assessment techniques Edition 1.0 2009-11. 
ISO 2004a. INTERNATIONAL ISO STANDARD 14001 Second edition 2003-1-15. Environmental 

management systems: Requirements with guidance for use. Reference number ISO 
14001:2004(E). 

ISO 2004b. INTERNATIONAL STANDARD ISO 14004 Second edition 2004-11-15, Environmental 
management systems: General guidelines on principles, systems and support techniques. 
ISO 14004:2004(E). 

ISO 2005. INTERNATIONAL STANDARD ISO 9000 Third edition 2005-09-15 Reference number ISO 
9000:2005(E) Quality management systems — Fundamentals and vocabulary. 

ISO 2006. ISO 14040:2006(E) Second edition 2006-07-01 Environmental management - Life cycle 
assessment - Principles and framework. Geneva, Switzerland. 

ISO 2008. INTERNATIONAL STANDARD ISO 9001 Fourth edition 2008-11-15 Corrected version 2009-
07-15 Quality management systems — Requirements Systèmes de management de la 
qualité — Exigences. 

ISO 2009. Risk management - Principles and guidelines: INTERNATIONAL STANDARD ISO 31000 First 
edition. ISO. 

ISO 2010. INTERNATIONAL STANDARD ISO 14005: First edition 2010-12-15. Environmental 
management systems: Guidelines for the phased implementation of an environmental 



 

118 
 

management system, including the use of environmental performance evaluation Reference 
number ISO 14005:2010(E). 

ISO 2011. INTERNATIONAL STANDARD ISO 14006. Environmental management systems, Guidelines 
for incorporating ecodesign Reference number ISO 14006:2011(E). 

ISOBAEV, P., MCCARTNEY, D., WICHUK, K. & NEUMANN, N. 2013. Sanitary Assurance at Biosolids 
Composting Facilities: Development of a Temperature Contact Time Test Protocol. 
Proceedings of the Water Environment Federation, 2013, 264-279. 

JAHN, L., BAUMGARTNER, T., SVARDAL, K. & KRAMPE, J. 2016. The influence of temperature and SRT 
on high-solid digestion of municipal sewage sludge. Water Science and Technology, 
wst2016264. 

JERIS, J. S., CIARCIA, D., CHEN, E. & MENA, M. 1985. Determining the stability of treated municipal 
sludge. EPA-600/2-85-00 I (NTIS PB 85-147J89/AS). EPA, Washington, DC. 

JOHANSSON, Å., MILLQVIST, E. & BENDE, M. 2010. Relationship of airway sensory hyperreactivity to 
asthma and psychiatric morbidity. Annals of Allergy, Asthma & Immunology, 105, 20-23. 

JOHNSTON, T., HIGGINS, M., BRANDT, R., TOFFEY, W. & ESCHBORN, R. 2009. Effect of Amendment 
Addition on Biosolids Odors based on Gas Chromatography Analysis and Odor Panel 
Observations. Proceedings of the Water Environment Federation, 2009, 607-626. 

JULIEN, E., BOOBIS, A. R., OLIN, S. S. & THE, I. R. F. T. W. G. 2009. The Key Events Dose-Response 
Framework: A cross-disciplinary mode-of-action based approach to examining dose-
response and thresholds. Critical Reviews in Food Science and Nutrition, 49, 682-689. 

KACKER, R., NOVAK, J. T. & HIGGINS, M. J. 2011. Identification and Odor Generation Pattern of Odor-
Causing Compounds in Digested Biosolids During Long-Term Storage. Proceedings of the 
Water Environment Federation, 2011, 6409-6429. 

KAPER, J. B., NATARO, J. P. & MOBLEY, H. L. T. 2004. Pathogenic Escherichia coli. Nature Reviews 
Microbiology, 2, 123-140. 

KATESTONE ENVIRONMENTAL PTY LTD 2009. AIR QUALITY IMPACT ASSESSMENT OF UPSTREAM AND 
PIPELINE GAS FIELD INFRASTRUCTURE FOR THE QCLNG PROJECT. 

KATS, L. B. & DILL, L. M. 1998. The scent of death: Chemosensory assessment of predation risk by 
prey animals. Écoscience, 361-394. 

KAY, D., BARTRAM, J., ., PRUSS, A., ASHBOLT, N., WYER, M. D., FLEISHER, J. M., FEWTRELL, L., 
ROGERS, A. & REES, G. 2004. Derivation of numerical values for the World Health 
Organization guidelines for recreational waters. Water Research, 38, 1296–1304. 

KAY, D., FLEISHER, J. M., SALMON, R. L., JONES, F., WYER, M. D., GODFREE, A. F., ZELENAUCH-
JACQUOTTE, Z. & SHORE, R. 1994. Predicting likelihood of gastroenteritis from sea bathing: 
Results from randomised Exposure. The Lancet, 344, 905-909. 

KEENEY, R. L., MCDANIELS, T. L. & RIDGE-COONEY, V. L. 1996. USING VALUES IN PLANNING 
WASTEWATER FACILITIES FOR METROPOLITAN SEATTLE1. JAWRA Journal of the American 
Water Resources Association, 32, 293-303. 

KELESSIDIS, A. & STASINAKIS, A. S. 2012. Comparative study of the methods used for treatment and 
final disposal of sewage sludge in European countries. Waste Management, 32, 1186-1195. 

KELLY, H. G., MELCER, H. & MAVINIC, D. S. 1993. Autothermal Thermophilic Aerobic Digestion of 
Municipal Sludges: A One-Year, Full-Scale Demonstration Project. Water Environment 
Research, 65, 849-861. 

KEMP, B., RANDLE, M., HURLIMANN, A. & DOLNICAR, S. 2012. Community acceptance of recycled 
water: can we inoculate the public against scare campaigns? Journal of Public Affairs, 12, 
337-346. 



 

119 
 

KHAN, S., ROSER, D., R.STEEL & AKKER, B. V. D. 2010. Review of Proposal from SSI and General 
Position Chatswood Civic Place Stormwater Re-Use Scheme: Assessment through the use of 
the Requality system. UNSW: Water Research Centre, UNSW. 

KIERNAN, M. J. 1983. Ideology, politics, and planning: reflections on the theory and practice of urban 
planning. Environment and Planning B: Planning and Design, 10, 71-87. 

KIM, H., MCCONNELL, L., RAMIREZ, M., ABU-ORF, M., CHOI, H. L. & PEOT, C. 2005a. Characterization 
of odors from limed biosolids treated with nitrate and anthraquinone. J Environ Sci Health A 
Tox Hazard Subst Environ Eng, 40, 139-49. 

KIM, H., MCCONNELL, L. L. & MILLNER, P. 2005b. COMPARISON OF ODOROUS VOLATILE 
COMPOUNDS FROM FOURTEEN DIFFERENT COMMERCIAL COMPOSTS USING SOLID-PHASE 
MICROEXTRACTION. 48, ASABE. 

KIM, H., MURTHY, S., PEOT, C., RAMIREZ, M., STRAWN, M., PARK, C.-H. & MCCONNELL, L. L. 2003. 
Examination of Mechanisms for Odor Compound Generation during Lime Stabilization. 
Water Environment Research, 75, 121-125. 

KIM, J., NOVAK, J. & HIGGINS, M. 2011a. Multistaged Anaerobic Sludge Digestion Processes. Journal 
of Environmental Engineering, 137, 746-753. 

KIM, J. & NOVAK, J. T. 2011. Digestion performance of various combinations of thermophilic and 
mesophilic sludge digestion systems. Water Environment Research, 83, 44-52. 

KIM, J., PARK, C. & NOVAK, J. T. 2011b. Combination of coagulating agents (aluminum sulfate and 
cationic polymer) for biosolids dewatering and its impact to odors. KSCE Journal of Civil 
Engineering, 15, 447-451. 

KLAGES, S. 2016. Sewage sludge application in German agriculture - state and perspectives. 
KLAPWIJK, S. P., CARDENIERS, J. J. P., PEETERS, E. T. H. M. & ROOS, C. 1994. Ecological Assessment Of 

Water Systems. http://www.mtm-conference.nl/ Monitoring Tailor Made-1 
Conference Proceedings. 

KO, H. J., KIM, K. Y., KIM, H. T., KIM, C. N. & UMEDA, M. 2008. Evaluation of maturity parameters and 
heavy metal contents in composts made from animal manure. Waste Management, 28, 813-
820. 

KOERS, D. A. & MAVINIC, D. S. 1977. Aerobic Digestion of Waste Activated Sludge at Low 
Temperatures. Journal (Water Pollution Control Federation), 49, 460-468. 

KOLOWSKI, J. & HOLEKAMP, K. 2008. Effects of an open refuse pit on space use patterns of spotted 
hyenas. African Journal of Ecology, 46, 341-349. 

KOLTKO-RIVERA, M. E. 2006. Rediscovering the later version of Maslow's hierarchy of needs: Self-
transcendence and opportunities for theory, research, and unification. Review of general 
psychology, 10, 302. 

KORB, K. B. & NICHOLSON, A. E. 2011. Bayesian artificial intelligence, CRC press. 
KRACH, K. R., BURNS, B. R., LI, B., SHULER, A., COLE, C. & XIE, Y. 2008a. Odor control for land 

application of lime stabilized biosolids. Water, Air, & Soil Pollution: Focus, 8, 369-378. 
KRACH, K. R., LI, B., BURNS, B. R., MANGUS, J., BUTLER, H. G. & COLE, C. 2008b. Bench and full-scale 

studies for odor control from lime stabilized biosolids: The effect of mixing on odor 
generation. Bioresource technology, 99, 6446-6455. 

KRAGT, M. E. 2009. A beginners guide to Bayesian network modelling for integrated catchment 
management. Technical Report No. 9. 
http://www.landscapelogic.org.au/publications/Technical_Reports/No_9_BNs_for_Integrate
d_Catchment_Management.pdf. 

KRISHNAMOORTHY, R. 1987. Evaluation of parameters to measure sludge aerobic stabilization. PhD 
dissertation. Dept. of Agricultural Engineering, Cornell University, Ithaca, NY. 



 

120 
 

KRISTENSEN, P. & KROGSGAARD JENSEN, J. 1997. Integrated Approach For Chemical, Biological And 
Ecotoxicological Monitoring - A tool For Environmental Management. http://www.mtm-
conference.nl/ Monitoring Tailor Made-2 Conference Proceedings - Integrated Assessment 
and Mangament  

KROGMANN, U., BOYLES, L. S., MARTEL, C. J. & MCCOMAS, K. A. 1997. Biosolids and sludge 
management. Water Environment Research, 69, 534-550. 

KUMAR, N., NOVAK, J. T. & MURTHY, S. Effect of Secondary Aerobic Digestion on Properties of 
Anaerobic Digested Biosolids.  Proceedings of the Water Environment Federation, // 2006a. 
6806-6829. 

KUMAR, N., NOVAK, J. T. & WATER, D. C. SEQUENTIAL ANAEROBIC-AEROBIC DIGESTION FOR 
ENHANCED VOLATILE SOLIDS REDUCTION AND NITROGEN REMOVAL.  Proceedings of the 
Water Environment Federation, // 2006b. 1064-1081. 

LA, A., ZHANG, Q., ALLSTON, J. & GAO, Z. Assessing Acceptable Odour Levels.  CSBE/SCGAB 2011 
Annual Conference Inn at the Forks, Winnipeg, Manitoba 10-13 July 2011 2011. 

LANDRY, H., THIRION, F., LAGUË, C. & ROBERGE, M. 2006. Numerical modeling of the flow of organic 
fertilizers in land application equipment. Computers and Electronics in Agriculture, 51, 35-53. 

LAOR, Y., NAOR, M., RAVID, U., FINE, P., HALACHMI, I., CHEN, Y. & BAYBIKOV, R. 2011. Odorants and 
malodors associated with land application of biosolids stabilized with lime and coal fly ash. 
Journal of environmental quality, 40, 1405-1415. 

LAOR, Y., PARKER, D. & PAGÉ, T. 2014. Measurement, prediction, and monitoring of odors in the 
environment: a critical review. Reviews in Chemical Engineering. 

LASARIDI, K., STENTIFORD, E. & EVANS, T. 2000. Windrow composting of wastewater biosolids: 
process performance and product stability assessment. Water Science and Technology, 42, 
217-226. 

LAYDEN, N. M., KELLY, H. G., MAVINIC, D. S., MOLES, R. & BARTLETT, J. 2007. Autothermal 
thermophilic aerobic digestion (ATAD) — Part II: Review of research and full-scale operating 
experiences. Journal of Environmental Engineering and Science, 6, 679-690. 

LAZAROVA, V., BOUCHY, L., SENANTE, E., AUPETITGENDRE, M., HARRY, J., VENOT, S. & DAUTHUILLE, 
P. 2008. Fingerprint of odour creation potential of sludge treatment. Water Practice & 
Technology, 3. 

LEBLANC, R. J., MATHEWS, P. & RICHARD, R. P. 2008. GLOBAL ATLAS OF EXCRETA, WASTEWATER 
SLUDGE, AND BIOSOLIDS MANAGEMENT: MOVING FORWARD THE SUSTAINABLE AND 
WELCOME USES OF A GLOBAL RESOURCE. 

LECHEVALLIER, M. & AU, K. 2004. Water treatment and pathogen control: Process efficiency in 
achieving safe drinking water, Padstow, Cornwall, UK, TJ International (Ltd), . 

LEHTINEN, J. & VEIJANEN, A. 2011. Odour Monitoring by Combined TD–GC–MS–Sniff Technique and 
Dynamic Olfactometry at the Wastewater Treatment Plant of Low H2S Concentration. 
Water, Air, & Soil Pollution, 218, 185-196. 

LEVISTON, Z., CLARE PRICE, J. & ELIZABETH BATES, L. 2011. Key influences on the adoption of 
improved land management practice in rural Australia: The role of attitudes, values and 
situation. Rural Society, 20, 142-159. 

LI, H. F., IMAI, T., UKITA, M., SEKINE, M. & HIGUCHI, T. 2004. Compost Stability Assessment Using a 
Secondary Metabolite: Geosmin. Environmental Technology, 25, 1305-1312. 

LINDHE, A., NORBERG, T. & ROSEN, L. 2012. Approximate dynamic fault tree calculations for 
modelling water supply risks. Reliability Engineering and System Safety, 106 61-71. 

LOMANS, B. P., LEIJDEKKERS, P., WESSELINK, J.-J., BAKKES, P., POL, A., VAN DER DRIFT, C. & DEN 
CAMP, H. J. M. O. 2001. Obligate Sulfide-Dependent Degradation of Methoxylated Aromatic 
Compounds and Formation of Methanethiol and Dimethyl Sulfide by a Freshwater Sediment 



 

121 
 

Isolate,Parasporobacterium paucivorans gen. nov., sp. nov. Applied and Environmental 
Microbiology, 67, 4017-4023. 

LOMANS, B. P., VAN DER DRIFT, C., POL, A. & OP DEN CAMP, H. J. M. 2002. Microbial cycling of 
volatile organic sulfur compounds. Cellular and Molecular Life Sciences, 59, 575-88. 

LUHAR, A. K., HURLEY, P. J., ROSS, G., VALIANATOS, O. D., HEARN, D. & COOK, B. J. 2004a. Inclusion 
of a Convective Probability Density Function Module in AUSPLUME: Part II – Comparison 
with Kincaid Field Dataset. Clean Air and Environmental Quality, 38, 37-43. 

LUHAR, A. K., ROSS, G., VALIANATOS, O. D., HEARN, D. & COOK, B. J. 2004b. Inclusion of a Convective 
Probability Density Function Module in AUSPLUME: Part 1 - Mathematical Formulation. 
Clean Air and Environmental Quality, 38, 32-36. 

LUNN, N. & STIRLING, I. 1985. The significance of supplemental food to polar bears during the ice-
free period of Hudson Bay. Canadian Journal of Zoology, 63, 2291-2297. 

LUPP, B. 2008. THE NEW ORGANIC: IT’S TIME FOR A NATIONAL ‘GREEN’CERTIFICATION PROGRAM. 
Michigan State University. 

LYBERG, M. D. & HOGLAND, W. 2004. Performance of a vertically fed compost reactor. Compost 
Science and Utilization, 12, 169-174. 

MACKECHNIE, C., MASKELL, L., NORTON, L. & ROY, D. 2011. The role of 'Big Society' in monitoring 
the state of the natural environment. Journal of Environmental Monitoring, 13, 2687-2691. 

MACKENZIE, W. R., HOXIE, N. J., PROCTOR, M. E., GRADUS, M. S., BLAIR, K. A., PETERSON, D. E., 
KAZMIERCZAK, J. J., ADDISS, D. G., FOX,  K. R., ROSE, J. B., ET AL. 1994. A massive outbreak in 
Milwaukee of cryptosporidium infection transmitted through the public water supply. New 
England Journal of Medicine, 331, 161-167. 

MAGNINI, V. P. & KARANDE, K. 2010. An experimental investigation into the use of written smell 
references in ecotourism advertisements. Journal of Hospitality & Tourism Research, 34, 
279-293. 

MAGNÚSSON, S. H., GUNNLAUGSDÓTTIR, H., VAN LOVEREN, H., HOLM, F., KALOGERAS, N., LEINO, 
O., LUTEIJN, J. M., ODEKERKEN, G., POHJOLA, M. V., TIJHUIS, M. J., TUOMISTO, J. T., UELAND, 
Ø., WHITE, B. C. & VERHAGEN, H. 2012. State of the art in benefit–risk analysis: Food 
microbiology. Food and Chemical Toxicology, 50, 33-39. 

MALMQVIST, P.-A., KÄRRMAN, E. & RYDHAGEN, B. 2006. Evaluation of the ReVAQ project to achieve 
safe use of wastewater sludge in agriculture. Water science and technology, 54, 129-135. 

MANGUS, J. J., LI, B., BURNS, B. R., BUTLER, H. G. & COLE, C. A. 2006. Impact of Lime Dose and 
Mixing Quality on Odor Generation by Lime-Stabilized Biosolids. Proceedings of the Water 
Environment Federation, 2006, 6848-6857. 

MARCHAND, M., AISSANI, L., MALLARD, P., BÉLINE, F. & RÉVERET, J.-P. 2013. Odour and Life Cycle 
Assessment (LCA) in Waste Management: A Local Assessment Proposal. Waste and Biomass 
Valorization, 4, 607-617. 

MARCOT, B. G. 2012. Metrics for evaluating performance and uncertainty of Bayesian network 
models. Ecological Modelling, 230 50 - 62. 

MARCOT, B. G., STEVENTON, J. D., SUTHERLAND, G. D. & MCCANN, R. K. 2006. Guidelines for 
developing and updating Bayesian belief networks applied to ecological modeling and 
conservation. Canadian Journal of Forest Research, 36, 3063-3074. 

MASON, I. G. 2006. Mathematical modelling of the composting process: A review. Waste 
Management, 26, 3-21. 

MATA-ALVAREZ, J., DOSTA, J., ROMERO-GÜIZA, M. S., FONOLL, X., PECES, M. & ASTALS, S. 2014. A 
critical review on anaerobic co-digestion achievements between 2010 and 2013. Renewable 
and Sustainable Energy Reviews, 36, 412-427. 



 

122 
 

MAULINI-DURAN, C., ARTOLA, A., FONT, X. & SÁNCHEZ, A. 2013. A systematic study of the gaseous 
emissions from biosolids composting: Raw sludge versus anaerobically digested sludge. 
Bioresource Technology, 147, 43-51. 

MCBRIDE, G. B. & LOFTIS, J. C. 1994. The Most Important Statistical Aspects. http://www.mtm-
conference.nl/ Monitoring Tailor Made-1 Conference Proceedings. 

MCCANN, R. K., MARCOT, B. G. & ELLIS, R. 2006. Bayesian belief networks: applications in ecology 
and natural resource management. Canadian Journal of Forest Research, 36, 3053-3062. 

MCCLELLAN, P. 1998. Sydney Water Inquiry. Introduction recommendations and actions. (2 vols). In: 
DEPARTMENT, P. S. (ed.). Sydney: NSW Government. 

MCDEVITT, J. E., LANGER, E. R. & LECKIE, A. C. 2013. Community Engagement and Environmental Life 
Cycle Assessment of Kaikōura’s Biosolid Reuse Options. Sustainability, 5, 242-255. 

MCGAHAN, E. & TUCKER, R. 2003. National Environmental Management System for the Meat 
Chicken Industry: A report for the Rural Industries Research and Development Corporation. 
RIRDC Project No FSE-1A. 

MDDEP 2008. Guidelines for the Beneficial Use of Fertilising Residuals. Reference Criteria and 
Regulatory Standards. Ministère du Développement durable, de l’Environnement et des 
Parcs. Quebec. 

MENDENHALL, T., NEELY, S. K., WAGONER, D., ERDAL, Z. & QUIGLEY, C. 2003. Generation and 
Control of Dewatered Biosolids Odors. Proceedings of the Water Environment Federation, 
2003, 592-609. 

METCALF & EDDY 2003. Wastewater Engineering, Treatment and Reuse. 
MIAN, L. S., MAAG, H. & TACAL, J. V. 2002. Isolation of Salmonella from muscoid flies at commercial 

farm establishments in San Bernardino County, California. Journal of Vector Ecology, 27, 82-
85. 

MIEDEMA, H., WALPOT, J., VOS, H. & STEUNENBERG, C. 2000. Exposure-annoyance relationships for 
odour from industrial sources. Atmospheric Environment, 34, 2927-2936. 

MININNI, G., BLANCH, A. R., LUCENA, F. & BERSELLI, S. 2015. EU policy on sewage sludge utilization 
and perspectives on new approaches of sludge management. Environmental Science and 
Pollution Research, 22, 7361-7374. 

MIRABELLI, M. C., WING, S., MARSHALL, S. W. & WILCOSKY, T. C. 2006. Asthma symptoms among 
adolescents who attend public schools that are located near confined swine feeding 
operations. Pediatrics, 118, e66-e75. 

MOHER, D., LIBERATI, A., TETZLAFF, J., ALTMAN, D. G. & THE, P. G. 2009. Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med, 6, e1000097. 

MTM CONSORTIUM. Monitoring Tailor Made. 2007. 
MUEZZINOGLU, A. 2003. A study of volatile organic sulfur emissions causing urban odors. 

Chemosphere, 51, 245-52. 
MULLER, C. D., ABU-ORF, M., BLUMENSCHEIN, C. D. & NOVAK, J. T. 2005. The Impact of Ultrasonic 

Energy on Mesophilic Anaerobic Digestion. Proceedings of the Water Environment 
Federation, 2005, 849-870. 

MULLER, C. D., ABU-ORF, M., BLUMENSCHEIN, C. D. & NOVAK, J. T. 2009. A Comparative Study of 
Ultrasonic Pretreatment and an Internal Recycle for the Enhancement of Mesophilic 
Anaerobic Digestion. Water Environment Research, 81, 2398-2410. 

MULLER, C. D., ABU-ORF, M. & NOVAK, J. T. 2007a. Application of Mechanical Shear in an Internal-
Recycle for the Enhancement of Mesophilic Anaerobic Digestion. Water Environment 
Research, 79, 297-304. 



 

123 
 

MULLER, C. D., PARK, C., VERMA, N. & NOVAK, J. T. 2007b. The Influence of Anaerobic Digestion on 
Centrifugally Dewatered Biosolids Odors. Proceedings of the Water Environment Federation, 
2007, 979-992. 

MULLER, C. D., SPENCER, K., LAPIERRE, M., HIGGINS, M., BEIGHTOL, S. & BRANDT, R. 2014. 
Evaluation of Long-Term Storage Conditions on Fecal Coliform and Odors for Clackamas 
County. Proceedings of the Water Environment Federation, 2014, 1-24. 

MULLER, C. D., VERMA, N., HIGGINS, M. J. & NOVAK, J. T. 2004. The role of shear in the generation of 
nuisance odors from dewatered biosolids. Proceedings of the Water Environment 
Federation, 2004, 376-388. 

MURRAY, C. J. L., VOS, T., LOZANO, R., NAGHAVI, M., FLAXMAN, A. D., MICHAUD, C., EZZATI, M., 
SHIBUYA, K., SALOMON, J. A., ABDALLA, S., ABOYANS, V., ABRAHAM, J., ACKERMAN, I., 
AGGARWAL, R., AHN, S. Y., ALI, M. K., ALMAZROA, M. A., ALVARADO, M., ANDERSON, H. R., 
ANDERSON, L. M., ANDREWS, K. G., ATKINSON, C., BADDOUR, L. M., BAHALIM, A. N., 
BARKER-COLLO, S., BARRERO, L. H., BARTELS, D. H., BASÁÑEZ, M.-G., BAXTER, A., BELL, M. L., 
BENJAMIN, E. J., BENNETT, D., BERNABÉ, E., BHALLA, K., BHANDARI, B., BIKBOV, B., 
ABDULHAK, A. B., BIRBECK, G., BLACK, J. A., BLENCOWE, H., BLORE, J. D., BLYTH, F., 
BOLLIGER, I., BONAVENTURE, A., BOUFOUS, S., BOURNE, R., BOUSSINESQ, M., 
BRAITHWAITE, T., BRAYNE, C., BRIDGETT, L., BROOKER, S., BROOKS, P., BRUGHA, T. S., 
BRYAN-HANCOCK, C., BUCELLO, C., BUCHBINDER, R., BUCKLE, G., BUDKE, C. M., BURCH, M., 
BURNEY, P., BURSTEIN, R., CALABRIA, B., CAMPBELL, B., CANTER, C. E., CARABIN, H., 
CARAPETIS, J., CARMONA, L., CELLA, C., CHARLSON, F., CHEN, H., CHENG, A. T.-A., CHOU, D., 
CHUGH, S. S., COFFENG, L. E., COLAN, S. D., COLQUHOUN, S., COLSON, K. E., CONDON, J., 
CONNOR, M. D., COOPER, L. T., CORRIERE, M., CORTINOVIS, M., DE VACCARO, K. C., COUSER, 
W., COWIE, B. C., CRIQUI, M. H., CROSS, M., DABHADKAR, K. C., DAHIYA, M., DAHODWALA, 
N., DAMSERE-DERRY, J., DANAEI, G., DAVIS, A., LEO, D. D., DEGENHARDT, L., DELLAVALLE, R., 
DELOSSANTOS, A., DENENBERG, J., DERRETT, S., DES JARLAIS, D. C., et al. 2012. Disability-
adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990–2010: a 
systematic analysis for the Global Burden of Disease Study 2010. The Lancet, 380, 2197-
2223. 

MURTHY, S., HIGGINS, M., CHEN, Y.-C., NOVAK, J., WILSON, C., RIFFAT, R. & AYNUR, S. 2009. Impacts 
of Enhanced Digestion Processes on Biosolids Quality Parameters: Odors and Indicators. 
Proceedings of the Water Environment Federation, 2009, 3936-3943. 

MURTHY, S., HIGGINS, M., CHEN, Y.-C., TOFFEY, W. & GOLEMBESKI, J. 2003a. Influence of solids 
characteristics and dewatering process on volatile sulfur compound production from 
anaerobically digested biosolids. Proceedings of the Water Environment Federation, 2003, 
858-874. 

MURTHY, S., KIM, H., PEOT, C., MCCONNELL, L., STRAWN, M., SADICK, T. & DOLAK, I. 2003b. 
Evaluation of Odor Characteristics of Heat-Dried Biosolids Product. Water Environment 
Research, 75, 523-531. 

MURTHY, S., PEOT, C., BAILEY, W., HIGGINS, M., CHEN, Y.-C., TOFFEY, W. & SCHAFER, P. 2004. 
EFFECT OF DIGESTION PRACTICES ON PRODUCTION OF ODORANTS FROM ANAEROBICALLY 
DIGESTED BIOSOLIDS. Proceedings of the Water Environment Federation, 2004, 430-444. 

MURTHY, S. N., NOVAK, J. T., HOLBROOK, R. D. & SUROVIK, F. 2000. Mesophilic Aeration of 
Autothermal Thermophilic Aerobically Digested Biosolids to Improve Plant Operations. 
Water Environment Research, 72, 476-483. 

MURTHY, S. N., PEOT, C., NORTH, J., NOVAK, J., GLINDEMANN, D. & HIGGINS, M. 2002. 
Characterization and Control of Reduced Sulfur Odors from Lime Stabilized and Digested 
Biosolids. Proceedings of the Water Environment Federation, 2002, 1105-1124. 



 

124 
 

MURTHY, S. N., SADICK, T., BAILEY, W., PEOT, C. & STRAWN, M. 2001. Odor Mitigation from Lime 
Stabilized Biosolids. Proceedings of the Water Environment Federation, 2001, 725-736. 

MUSTON, M. & HALLIWELL, D. 2011. NatVal Road Map Report The road map to a national validation 
framework for water recycling schemes. 

NADEBAUM, P., CHAPMAN, M., MORDEN, R. & RIZAK, S. 2004. A Guide To Hazard Identification and 
Risk Assessment For Drinking Water Supplies. Adelaide: CRC for Water Quality and 
Treatment Research. 

NATIONAL BIOSOLIDS PARTNERSHIP 2005. National Manual of Good Practice for Biosolids. 
NATIONAL HEALTH AND MEDICAL RESEARCH COUNCIL 1990. Australian Guidelines for recreation use 

of water.: Commonwealth of Australia. 
NATIONAL RESEARCH COUNCIL 1983. Risk Assessment in the Federal Government: Managing the 

Process    Washington, DC, USA, National Academy Press. 
NAYDUCH, D., PITTMAN-NOBLET, G. & STUTZENBERGER, F. J. 2002. Vector potential of houseflies for 

the bacterium <i>Aeromonas caviae</i>. Medical and Veterinary Entomology, 16, 193-198. 
NBP 2005. National Manual of Good Practice for Biosolids. National Biosolids Partnerships. 
NEBRA 2007. A National Biosolids Regulation, Quality, End Use and Disposal Survey. North East 

Biosolids and Residuals Association. 
NETER, J., WASSERMAN, W. & WHITMORE, G. A. 1988. Applied Statistics, Simon and Schuster 

Newton Massachusetts. 
NEUTRA, R., LIPSCOMB, J., SATIN, K. & SHUSTERMAN, D. 1991. Hypotheses to explain the higher 

symptom rates observed around hazardous waste sites. Environmental Health Perspectives, 
94, 31. 

NEWBY, B. D. & MCGINLEY, M. 2004. Ambient odour testing of concentrated animal feeding 
operations using field and laboratory olfactometers. Water Science and Technology, 50, 109-
114. 

NH&MRC 2008. Guidelines for Managing Risks in Recreational Water. In: NATIONAL HEALTH AND 
MEDICAL RESEARCH COUNCIL (ed.). Canberra: Australian Government. 

NH&MRC 2013. AUSTRALIAN DRINKING WATER GUIDELINES 6 2011 Version 2.0 updated December 
2013. pp 1305. 

NH&MRC NRMMC. 2004. Australian Drinking Water Guidelines [Online]. National Health and 
Medical Research Council & Natural Resource Management Ministerial Council, Australian 
Government. . Available: http://www.nhmrc.gov.au/publications/synopses/eh19syn.htm 
[Accessed]. 

NICELL, J. 1994. Development of the odour impact model as a regulatory strategy. International 
Journal of Environment and Pollution, 4, 124-138. 

NICELL, J. & HENSHAW, P. 2006. ODOR IMPACT ASSESSMENTS BASED ON DOSE-RESPONSE 
RELATIONSHIPS AND SPATIAL ANALYSES OF POPULATION RESPONSE. Proceedings of the 
Water Environment Federation, 2006, 587-606. 

NICELL, J. & HENSHAW, P. 2007. Odor impact assessments based on dose-response relationships and 
spatial analyses of population response. Water practice, 1, 1-14. 

NICELL, J. A. 2003. Expressions to relate population responses to odor concentration. Atmospheric 
Environment, 37, 4955-4964. 

NICELL, J. A. 2009. Assessment and regulation of odour impacts. Atmospheric Environment, 43, 196-
206. 

NOONAN, J. 2009. Local Scale Air Pollution Modelling. CSIRO Atmospheric Physics. 
NORSYS SOFTWARE CORPORATION. 2013. Netica http://www.norsys.com/. [Online].  [Accessed Jan 

2014]. 



 

125 
 

NORTH, J., MURTHY, S., RAMIREZ, M., NOVAK, J., SUBRAMANIAN, R., SEKYIAMAH, K., THOMPSON, J., 
GREARY, D., HENTZ, L. & PEOT, C. 2004. SURVEY OF ODOR EMISSIONS FROM SEVERAL LIME 
STABILIZATION PROGRAMS IN THE DISTRICT OF COLUMBIA AND MARYLAND. Proceedings of 
the Water Environment Federation, 2004, 452-470. 

NOTERMANS, S., GALLHOFF, G., ZWIETERING, M. H. & MEAD, G. C. 1995. The HACCP concept: 
specification of criteria using quantitative risk assessment. Food Microbiology, 12, 81-90. 

NOTERMANS, S. & MEAD, G. C. 1996. Incorporation of elements of quantitative risk analysis in the 
HACCP system. International Journal of Food Microbiology, 30, 157-173. 

NOVAK, J., GLINDEMANN, D., MURTHY, S. N., GERWIN, S. C. & PEOT, C. 2002. Mechanisms for 
generation and control of trimethyl amine and dimethyl disulfide from lime stabilized 
biosolids. Proceedings of the Water Environment Federation, 2002, 288-298. 

NOVAK, J. T. 2010. Effect of Aluminum and Iron on Odors, Digestion Efficiency, and Dewatering 
Properties, Water Environment Research Foundation. 

NOVAK, J. T., MURTHY, S., HIGGINGS, M. J., FORBES, B. & ERDEL, Z. 2012. Ten Years Of Odor 
Research On Biosolids-What Have We Learned? Proceedings of the Water Environment 
Federation. 

NOVAK, J. T., PARK, C., HIGGINS, M. J., CHEN, Y.-C., MORTON, R., GARY, D. & FORBES, R. 2007. WERF 
Odor Study Phase III: Impacts of the MicroSludge Process on Odor Causing Compounds. 
Proceedings of the Water Environment Federation, 2007, 965-978. 

NOVAK, J. T. & PARK, C. M. 2010. The effect of iron and aluminium for phosphorus removal on 
anaerobic digestion and organic sulfur generation. Water Science & Technology, 62. 

NOVAK, J. T., SADLER, M. E. & MURTHY, S. N. 2003. Mechanisms of floc destruction during anaerobic 
and aerobic digestion and the effect on conditioning and dewatering of biosolids. Water 
Research, 37, 3136-3144. 

NOWAK, O. 2006. Optimizing the Use of Sludge Treatment Facilities at Municipal WWTPs. Journal of 
Environmental Science and Health, Part A, 41, 1807-1817. 

NRC 2002. Biosolids Applied to Land. National Research Council. 
NRMMC 1994. National Water Quality Management Strategy: Guidelines for Sewage Systems 

Biosolids Management ISBN 0-9581875-3-3. 
NRMMC 2004. Guidelines for Sewerage Systems - Biosolids Management. Natural Resource 

Management Ministerial Council. 
NSW DPI 2011 Organic news Winter Edition 

http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0005/396167/organic-news-winter-
2011.pdf  

NSW EPA 1997. Environmental Guidelines: Use and Disposal of Biosolids Products. ISBN 0 7310 3792 
8. 

NSW EPA 2015. Environmental Management systems guidelines: Risk-based licensing ISBN 978-1-
76039-035-8 EPA 2015/0402. 

NSW EPA 2016a. Request for Quotation: Environmental Guidelines Use and Disposal of Biosolids 
Products Guidelines – Material Stability Review  

tender_384. 
NSW EPA 2016b. Risk-based licensing Information on environmental management systems, practices 

and improvements. ISBN 978-1-76039-406-6 EPA 2016/0371. 
O'CONNOR, A. M., AUVERMANN, B., BICKETT-WEDDLE, D., KIRKHORN, S., SARGEANT, J. M., 

RAMIREZ, A. & VON ESSEN, S. G. 2010. The association between proximity to animal feeding 
operations and community health: a systematic review. PLoS ONE, 5, e9530. 



 

126 
 

ØDEGAARD, H., PAULSRUD, B. & KARLSSON, I. 2002. Wastewater sludge as a resource: sludge 
disposal strategies and corresponding treatment technologies aimed at sustainable handling 
of wastewater sludge. Water Science and Technology, 46, 295-303. 

OFWAT 2016. 5th Sludge Working Group Meeting. 
ORGANIC CONSUMERS ASSOCIATION. 2014. How EPA Faked the Entire Science of Sewage Sludge 

Safety: A Whistleblower’s Story https://www.organicconsumers.org/categories/toxic-sludge  
https://www.organicconsumers.org/news/how-epa-faked-entire-science-sewage-sludge-
safety-whistleblower%E2%80%99s-story. 

ORMEROD, R. 2001. Improving odour assessment by using better dispersion models: some 
examples. Water Science and Technology, 44, 149-156. 

ÖZDEMIR, S., ÇOKGÖR, E. U. & ORHON, D. 2014. Modeling the fate of particulate components in 
aerobic sludge stabilization – Performance limitations. Bioresource Technology, 164, 315-
322. 

PAGANS, E., BARRENA, R., FONT, X. & SÁNCHEZ, A. 2006a. Ammonia emissions from the composting 
of different organic wastes. Dependency on process temperature. Chemosphere, 62, 1534-
1542. 

PAGANS, E., FONT, X. & SÁNCHEZ, A. 2006b. Emission of volatile organic compounds from 
composting of different solid wastes: Abatement by biofiltration. Journal of Hazardous 
Materials, 131, 179-186. 

PALISADE 2010. PrecisionTree Decision Analysis - Add-In For Microsoftâ Excel Version 5.7 , 2010. 
Ithaca New York: Palisade Corporation. 

PALISADE CORPORATION 2013. @Risk v. 4.5 http://www.palisade.com/  (Accessed 20/1/2013). 
Ithaca New York. 

PAN, Y., YE, L., VAN DEN AKKER, B., GANIGUÉ PAGÈS, R., MUSENZE, R. S. & YUAN, Z. 2016. Sludge-
Drying Lagoons: a Potential Significant Methane Source in Wastewater Treatment Plants. 
Environmental Science & Technology, 50, 1368-1375. 

PAPO, D., EBERLEIN-KFNIG, B., BERRESHEIM, H.-W., HUSS-MARP, J., GRIMM, V., RINGB, J., 
BEHRENDTA, H. & WINNEKE, G. 2006. Chemosensory function and psychological profile in 
patients with multiple chemical sensitivity: Comparison with odor-sensitive and 
asymptomatic controls. Journal of Psychosomatic Research, 60 199- 209. 

PARK, C., ABU-ORF, M. M. & NOVAK, J. T. 2006. The Digestibility of Waste Activated Sludges. Water 
Environment Research, 78, 59-68. 

PARRY, D. L. & FILLMORE, L. 2016. Overcoming barriers to codigestion. Water Practice and 
Technology, 11, 413-422. 

PASSUELLO, A., CADIACH, O., KUMAR, V. & SCHUHMACHER, M. 2012. Application of Bayesian 
Networks for agricultural land suitability classification: a case study of biosolids amendment. 
In: SEPPELT, R., VOINOV, A. A., LANGE, S. & BANKAMP, D. (eds.) International Environmental 
Modelling and Software Society (iEMSs) 2012 International Congress on Environmental 
Modelling and Software Managing Resources of a Limited Planet, Sixth Biennial Meeting,  
http://www.iemss.org/society/index.php/iemss-2012-proceedings. Leipzig, Germany: 
International Environmental Modelling and Software Society (iEMSs). 

PATUREAU, D., DELGENES, N., MULLER, M., DAGNINO, S., LHOUTELLIER, C., DELGENES, J. P., 
BALAGUER, P. & HERNANDEZ‐RAQUET, G. 2012. Chemical and toxicological assessment of a 
full‐scale biosolid compost. Environmental Toxicology and Chemistry, 31, 2748-2756. 

PAULSRUD, B. & NYBRUKET, S. Implementation of a HACCP based approach for complying with 
Norwegian biosolids standards for pathogen control.  IWA Specialist Conference Moving 
Forward Wastewater Biosolids Sustainablity: Technical, Managerial and Public Synergy, 
Moncton, Canada, 2007. 24-27. 



 

127 
 

PAUSTENBACH, D. J. & GAFFNEY, S. H. 2006. The role of odor and irritation, as well as risk 
perception, in the setting of occupational exposure limits. International Archives of 
Occupational and Environmental Health, 79, 339-342. 

PECCIA, J. & WESTERHOFF, P. 2015. We should expect more out of our sewage sludge. 
Environmental science & technology, 49, 8271-8276. 

PECSON, B. M., BARRIOS, J. A., JIMÉNEZ, B. E. & NELSON, K. L. 2007. The effects of temperature, pH, 
and ammonia concentration on the inactivation of Ascaris eggs in sewage sludge. Water 
research, 41, 2893-2902. 

PEPPER, I. L., BROOKS, J. P. & GERBA, C. P. 2006. Pathogens in Biosolids. Advances in Agronomy 90, 
1-41. 

PEPPER, I. L., BROOKS, J. P., SINCLAIR, R. G., GURIAN, P. L. & GERBA, C. P. 2010. Pathogens and 
Indicators in United States Class B Biosolids: National and Historic Distributions. Journal of 
Environmental Quality, 39, 2185-90. 

PERSAUD, E. 2016. Assessing the risk beliefs of occupational workers during sodium hypochlorite 
tank cleanings using a quantitative survey instrument. 

PETERS, G. M., MURPHY, K. R., ADAMSEN, A. P. S., BRUUN, S., SVANSTRÖM, M. & HOEVE, M. T. 
2014a. Improving odour assessment in LCA—the odour footprint. Int J Life Cycle Assess, DOI 
10.1007/s11367-014-0782-6. 

PETERS, G. M., MURPHY, K. R., ADAMSEN, A. P. S., BRUUN, S., SVANSTRÖM, M. & TEN HOEVE, M. 
2014b. Improving odour assessment in LCA—the odour footprint. The International Journal 
of Life Cycle Assessment, 19, 1891-1900. 

POLLINO, C. A. & HENDERSON, C. 2010. Bayesian networks: A guide for their application in natural 
resource management and policy March 2010. TEchnical Report No. 14. 

POLLINO, C. A., THOMAS, C. R. & HART, B. T. 2012. Introduction to Models and Risk Assessment. 
Human and Ecological Risk Assessment: An International Journal, 18, 13-15. 

POLLINO, C. A., WOODBERRY, O., NICHOLSON, A., KORB, K. & HART, B. T. 2007. Parameterisation and 
evaluation of a Bayesian network for use in an ecological risk assessment. Environmental 
Modelling & Software, 22, 1140-1152. 

POWER, K. 2010. Recycled water use in Australia: regulations, guidelines and validation 
requirements for a national approach. Waterlines Report Series No 26, March. . National 
Water Commission, Canberra. 

PRITCHARD, D. L., PENNEY, N., MCLAUGHLIN, M. J., RIGBY, H. & SCHWARZ, K. 2010. Land application 
of sewage sludge (biosolids) in Australia: risks to the environment and food crops. Water 
Science and Technology, 62, 48-57. 

PRÜSS-USTÜN, A., VICKERS, C., HAEFLIGER, P. & BERTOLLINI, R. 2011. Knowns and unknowns on 
burden of disease due to chemicals: a systematic review. Environmental Health, 10, 9. 

PRUSS, A. & HAVELAAR, A. 2001  The Global Burden of Disease study and applications in water, 
sanitation and hygiene. In: FEWTRELL, L. & BARTRAM, J. (eds.) Water Quality: Guidelines, 
Standards and Health. London, UK: IWA Publishing/World Health Organization (WHO). 

PSD 2009. Review of Biosolids Guidelines. 
PSD 2015. Biosolids Production in Australia. 
PURE 2012. Project on Urban Reduction of Eutrophication (PURE) Good Practices in Sludge 

Management  
RAFSON, H. J. 1998. Odors and VOC control handbook. 
RAS, M. R., MARCÉ, R. M. & BORRULL, F. 2008. Solid-phase microextraction—Gas chromatography to 

determine volatile organic sulfur compounds in the air at sewage treatment plants. Talanta, 
77, 774-778. 



 

128 
 

RAVERA, O. 2001. Ecological Monitoring For Water Body Management. http://www.mtm-
conference.nl/ Monitoring Tailor Made-3 Conference Proceedings - Ecological Monitoring 
For Water Body Management. 

RESER, J. P. & BENTRUPPERBÄUMER, J. M. 2005. What and where are environmental values? 
Assessing the impacts of current diversity of use of ‘environmental’ and ‘World Heritage’ 
values. Journal of Environmental Psychology, 25, 125-146. 

RHODES, E. R., BOCZEK, L. A., WARE, M. W., MCKAY, M., HOELLE, J. M., SCHOEN, M. & VILLEGAS, E. 
N. 2015. Determining Pathogen and Indicator Levels in Class B Municipal Organic Residuals 
Used for Land Application. Journal of Environmental Quality, 44, 265-274. 

RIAU, V., DE LA RUBIA, M. Á. & PÉREZ, M. 2010. Temperature-phased anaerobic digestion (TPAD) to 
obtain class A biosolids: A semi-continuous study. Bioresource technology, 101, 2706-2712. 

RISEBRO, H. L., DORIA, M. F., ANDERSSON, Y., MEDEMA, G., OSBORN, K., SCHLOSSER, O. & HUNTER, 
P. R. 2007. Fault tree analysis of the causes of waterborne outbreaks. Journal of Water and 
Health, 5, 1-18. 

ROSE, J. B. & HAAS, C. N. 1999. A risk assessment framework for the evaluation of skin infections and 
the potential impact of antibacterial soap washing. American Journal of Infection Control, 27, 
S26-S33. 

ROSEF, O. & KAPPERUD, G. 1983. House flies (Musca domestica) as possible vectors of 
Campylobacter fetus subsp. jejuni. Appl. Environ. Microbiol., 45, 381-383. 

ROSENFELD, P., GREY, M. & SELLEW, P. 2004. Measurement of biosolids compost odor emissions 
from a windrow, static pile, and biofilter. Water Environ Res, 76, 310-5. 

ROSENFELD, P., HENRY, C., DILLS, R. & HARRISON, R. 2001a. Comparison of Odor Emissions from 
Three Different Biosolids Applied to Forest Soil. Water, Air, and Soil Pollution, 127, 173-191. 

ROSENFELD, P. E. 2001. Effect of High Carbon Ash on Biosolids Odor Emissions and Microbial 
Activity. Water, Air, and Soil Pollution, 131, 245-260. 

ROSENFELD, P. E., CLARK, J. J. J., HENSLEY, A. R. & SUFFET, I. H. 2007. The use of an odour wheel 
classification for the evaluation of human health risk criteria for compost facilities. Water 
Science & Technology, 55, 345-357. 

ROSENFELD, P. E., HENRY, C. L. & BENNETT, D. 2001b. Wastewater Dewatering Polymer Affect on 
Biosolids Odor Emissions and Microbial Activity. Water Environment Research, 73, 363-367. 

ROSENFELD, P. E. & SUFFET, I. H. 2004. Understanding odorants associated with compost, biomass 
facilities, and the land application of biosolids. Water Sci Technol, 49, 193-9. 

ROSER, D., GUIDO CARVAJAL, AKKER, B. V. D., KEEGAN, A., REGEL, R. & KHAN, S. 2015. NatVal SP 4: 
Comprehensive Validation Strategies for Water Recycling Systems v.4.0. Australian Water 
Recycling Centre of Excellence, Brisbane Australia. 

ROSER, D., KHAN, S., DAVIES, C., SIGNOR, R., PETTERSON, S. & ASHBOLT, N. 2006. Screening Health 
Risk Assessment for the Use of Microfiltration-Reverse Osmosis Treated Tertiary Effluent for 
Replacement of Environmental Flows. Centre for Water and Waste Technology, University of 
New South Wales. 

ROSS, D., BRIGGS, T., BAGLEY, D. & RUPKE, M. 2002. The Unusual Scent of Toronto Biosolids 
Investigation of the Causes and Solutions. Proceedings of the Water Environment Federation, 
2002, 1142-1151. 

ROUSSEILLE, F., SENANTE, E., VENOT, S., MOSNIER, F., DAUTHUILLE, P. & BAIG, S. 2009. Use of 
dispersion modelling for the design and operation of wastewater and composting plants. 
Odours and VOCs: Measurement, Regulation and Control Techniques, 31, 65. 

RUTLEDGE, F. Biosolids Odour - Benchmarking our Product.  OzWater2014, 2014 Brisbane, Australia. 
SAEPA 2009. South Australian Biosolids Guideline for the safe handling and reuse of biosolids. 



 

129 
 

SAMARAS, V. G., STASINAKIS, A. S., MAMAIS, D., THOMAIDIS, N. S. & LEKKAS, T. D. 2013. Fate of 
selected pharmaceuticals and synthetic endocrine disrupting compounds during wastewater 
treatment and sludge anaerobic digestion. Journal of Hazardous Materials, 244–245, 259-
267. 

SAMSON, K. A. & EKAMA, G. A. 2000. An assessment of sewage sludge stability with a specific 
oxygen utilization rate (SOUR) test method. Water Science and Technology, 42, 37-40. 

SÁNCHEZ-MONEDERO, M. A., MONDINI, C., DE NOBILI, M., LEITA, L. & ROIG, A. 2004. Land 
application of biosolids. Soil response to different stabilization degree of the treated organic 
matter. Waste Management, 24, 325-332. 

SANIN, F. D., CLARKSON, W. W. & VESILIND, P. A. 2011. Sludge engineering: the treatment and 
disposal of wastewater sludges, DEStech Publications, Inc. 

SCHAFER, P., KHARKAR, S., MURTHY, S., PEOT, C., DANDACH, D., ROBERTS, S. & BRASWELL, P. 2013. 
Decision Factors on Solids Dewatering Technologies for DC Water's Biosolids Program. 
Proceedings of the Water Environment Federation, 2013, 210-222. 

SCHIFFMAN, S. S., WALKER, J. M., DALTON, P., LORIG, T. S., RAYMER, J. H., SHUSTERMAN, D. & 
WILLIAMS, C. M. 2000. Potential health effects of odor from animal operations, wastewater 
treatment, and recycling of byproducts. Journal of Agromedicine, 7, 7-81. 

SCHIFFMAN, S. S. & WILLIAMS, C. 2005. Science of odor as a potential health issue. Journal of 
Environmental Quality, 34, 129-138. 

SCHOFER, E. & HIRONAKA, A. 2005. The Effects of World Society on Environmental Protection 
Outcomes. Social Forces, 84, 25-47. 

SCHULZ, T. J. & VAN HARREVELD, A. P. 1996. International moves towards standardisation of odour 
measurement using olfactometry. Water Science and Technology, 34, 541-547. 

SEGEV, S., FERNANDES, J. & HONG, C. 2016. Is Your Product Really Green? A Content Analysis to 
Reassess Green Advertising. Journal of Advertising, 45, 85-93. 

SHANE, S. M., S., M. M. & S., H. K. 1985. Transmission of Campylobacter jejuni by the Housefly 
(Musca domestica). Avian Diseases, 29, 384-391. 

SHAO, Y. J., KIM, H. S., OH, S., IRANPOUR, R. & JENKINS, D. FULL-SCALE SEQUENCING BATCH 
THERMOPHILIC ANAEROBIC SLUDGE DIGESTION TO MEET EPA CLASS A BIOSOLIDS 
REQUIREMENTS.  Proceedings of the Water Environment Federation, // 2002. 573-591. 

SHOFF, C. 2012. Disparities in Hypertensive Disorders of Pregnancy Across the Levels and Dimensions 
of Rurality. The Pennsylvania State University. 

SHORT, M. 2016. Personal communication. 
SHUSTERMAN, D., LIPSCOMB, J., NEUTRA, R. & SATIN, K. 1991. Symptom prevalence and odor-worry 

interaction near hazardous waste sites. Environmental Health Perspectives, 94, 25. 
SI 1989. Statutory Instrument 1263. The Sludge (Use in Agriculture) Regulations as amended by The 

Sludge (Use in Agriculture) (Amendments) Regulations 1990, SI 880. HMSO, London. 
SIDHU, J. P. & TOZE, S. G. 2009. Human pathogens and their indicators in biosolids: a literature 

review. Environment International, 35, 187-201. 
SIVRET, E. C., MINH, N. L., RIESE, L., KENNY, S., PARCSI, G., BUSTAMANTE, H. & STUETZ, R. M. 2014. 

Preliminary assessment of the impact of thermal drying on volatile sulfur emissions from 
dewatered biosolids. Proceedings of the Water Environment Federation, 2014, 1-11. 

SMET, E., VAN LANGENHOVE, H. & DE BO, I. 1999. The emission of volatile compounds during the 
aerobic and the combined anaerobic/aerobic composting of biowaste. Atmospheric 
Environment, 33, 1295-1303. 

SMH 2013. The bouquet of Bondi farmer's chosen waste. http://www.smh.com.au/national/the-
bouquet-of-bondi-farmers-chosen-waste-20130630-2p5re.html. 



 

130 
 

SMITH, J. E. 2013. Historical Review of United States (US) Guidance and Regulations For Sludge 
Disinfection and Stabilization including a Future Projection. Proceedings of the Water 
Environment Federation, 2013, 637-654. 

SMITH, J. P. 2012. Biosolids hit the fan 
http://www.pccnaturalmarkets.com/sc/1203/biosolids_hit_the_fan.html   March PCC 
Natural Markets [Online]. 

SOBRADOS-BERNARDOS, L. & SMITH, J. E. 2012. Controlling Pathogens and Stabilizing 
Sludge/Biosolids: A Global Perspective of Where We Are Today and Where We Need To Go. 
Proceedings of the Water Environment Federation, 2012, 56-70. 

SOBSEY, M., KHATIB, L., HILL, V., ALOCILJA, E. & PILLAI, S. 2001. Pathogens in animal wastes and the 
impacts of waste management practices on their survival, transport and fate. White Papers 
on Animal Agriculture and the Environment. MidWest Plan Service (MWPS), Iowa State 
University, Ames, IA. 

SPINOSA, L. & VESILIND, P. A. 2001. Sludge into biosolids: processing, disposal, utilization, IWA 
publishing. 

STANDARDS AUSTRALIA 2012. AS 2031-2012 Water quality - Sampling for microbiological analysis 
(ISO 19458:2006, MOD)  

STANDARDS AUSTRALIA & STANDARDS NEW ZEALAND 2009. AS/NZS ISO 31000:2009 
Australian/New Zealand Standard TM. Risk management—Principles and 
Guidelines.Onginated as AS/NZS 43601 995. Third edition 2004. Revised asid redesignated 
asASNZS ISO 3100G.2009. ISBN 0733792898. 

STANDARDS AUSTRALIA & STANDARDS NEW ZEALAND 2013. Risk Management-Guidelines on Risk 
Assessment Techniques. SA/SNZ HB:892013. 

STANDARDS AUSTRALIA INTERNATIONAL 2004. HB 205—Handbook OHS Risk Management 
Handbook. 

STANDARDS AUSTRALIA/STANDARDS NEW ZEALAND 1999. Australian/New Zealand Standard for 
Risk Management. In: STANDARDS AUSTRALIA (ed.). Standards Australia,. 

STANDARDS AUSTRALIA/STANDARDS NEW ZEALAND 2004a. HB 436:2004 Handbook Risk 
Management Guidelines Companion to AS/NZS 4360:2004. 

STANDARDS AUSTRALIA/STANDARDS NEW ZEALAND 2004b. Risk management AS/NZS 4360:2004. 
STAUBER, J. 2016 (accessed). Biosolids - (From SourceWatch Wiki)  

http://www.sourcewatch.org/index.php/Biosolids. 
STAUBER, J. C. & RAMPTON, S. 1995. The Sludge Hits the Fan. Toxic sludge is good for you. Common 

Courage Press. 
STEHLÍK, P. 2009. Contribution to advances in waste-to-energy technologies. Journal of Cleaner 

Production, 17, 919-931. 
STOUTHARD, M. E., ESSINK-BOT, M., BONSEL, G., BARENDREGT, J., KRAMERS, P., VAN DE WATER, H., 

GUNNING-SCHEPERS, L. & VAN DER MAAS, P. 1997. Disability weights for diseases in the 
Netherlands, Inst. Sociale Geneeskunde. 

STRACHAN, N. J. C., DOYLE, M. P., KASUGA, F., ROTARIU, O. & OGDEND, I. D. 2005. Dose response 
modelling of Escherichia coli O157 incorporating data from foodborne and environmental 
outbreaks. International Journal of Food Microbiology, 103 35- 47. 

SUBRAMANIAN, R., NOVAK, J. T., MURTHY, S., GLINDEMANN, D. & NORTH, J. 2005. Investigating the 
role of process conditions in wastewater sludge odor generation. Proceedings of the Water 
Environment Federation, 2005, 6582-6604. 

SUBRAMANIAN, S. R. 2004. Investigating the Role of Various Environment and Process Conditions in 
Wastewater Sludge Odor Generation. Virginia Polytechnic Institute and State University. 



 

131 
 

SUCKER, K., BOTH, R. & WINNEKE, G. 2009. Review of adverse health effects of odours in field 
studies. Water Science and Technology, 59, 1281-1289. 

SUFFET, I. H., DECOTTIGNIES, V., SENANTE, E. & BRUCHET, A. 2008. Assessment and Characterization 
of Odor Nuisance Emissions During the Composting of Wastewater Sludges. Proceedings of 
the Water Environment Federation, 2008, 931-946. 

SUFFET, I. H., DECOTTIGNIES, V., SENANTE, E. & BRUCHET, A. 2009. Sensory assessment and 
characterization of odor nuisance emissions during the composting of wastewater biosolids. 
Water Environ Res, 81, 670-9. 

SWINTON, S. M., LUPI, F., ROBERTSON, G. P. & HAMILTON, S. K. 2007. Ecosystem services and 
agriculture: Cultivating agricultural ecosystems for diverse benefits. Ecological Economics, 
64, 245-252. 

SWITZENBAUM, M. S. 1997. Defining biosolids stability: a basis for public and regulatory acceptance, 
Water Environment Federation. 

SWITZENBAUM, M. S., MOSS, L. H., EPSTEIN, E., PINCINCE, A. B. & DONOVAN, J. F. 1997. Defining 
biosolids stability. Journal of Environmental Engineering, 123, 1178-1184. 

SWITZENBAUM, M. S., PINCINCE, A. B., DONOVAN, J. F., EPSTEIN, E. & FARRELL, J. B. 2002. 
DEVELOPING PROTOCOLS FOR MEASURING BIOSOLIDS STABILITY. Proceedings of the Water 
Environment Federation, 2002, 384-398. 

SZOSTAKOWSKA, B., KRUMINIS-LOZOWSKA, W., RACEWICZ, M., KNIGHT, R., TAMANG, L., MYJAK, P. 
& GRACZYK, T. K. 2004. Cryptosporidium parvum and Giardia lamblia Recovered from Flies 
on a Cattle Farm and in a Landfill. Appl. Environ. Microbiol., 70, 3742-3744. 

TALLEY, J. L., WAYADANDE, A. C., WASALA, L. P., GERRY, A. C., FLETCHER, J., DESILVA, U. & 
GILLILAND, S. E. 2009. Association of Escherichia coli O157:H7 with Filth Flies (Muscidae and 
Calliphoridae) Captured in Leafy Greens Fields and Experimental Transmission of E. coli 
O157:H7 to Spinach Leaves by House Flies (Diptera: Muscidae). Journal of Food Protection&, 
72, 1547-1552. 

TAYLOR, D. & BATSTONE, D. 2015. Optimising Recuperative Thickening System Design–Malabar 
WWTP Upgrade. Ozwater. 

TAYLOR, D. B., BERKEBILE, D. R. & SCHOLL, P. J. 2007. Stable Fly Population Dynamics in Eastern 
Nebraska in Relation to Climatic Variables. Journal of Medical Entomology, 44, 765-771. 

TEPE, N., YURTSEVER, D., MEHTA, R., BRUNO, C., PUNZI, V. & DURAN, M. 2008. Odor control during 
post-digestion processing of biosolids through bioaugmentation of anaerobic digestion. 
Water Science & Technology, 57. 

TEUNIS, P. F. M., MOE, C. L., LIU, P., MILLER, S. E., LINDESMITH, L., BARIC, R. S., LE PENDU, J. & 
CALDERON, R. L. 2008a. Norwalk virus: How infectious is it? Journal of Medical Virology, 80, 
1468-1476. 

TEUNIS, P. F. M., OGDEN, I. D. & STRACHAN, N. J. C. 2008b. Hierarchical dose response of E. coli 
O157:H7 from human outbreaks incorporating heterogeneity in exposure. Epidemiology and 
Infection, 136, 761-770. 

THU, K., DONHAM, K., ZIEGENHORN, R., REYNOLDS, S., THORNE, P. S., SUBRAMANIAN, P., WHITTEN, 
P. & STOOKESBERRY, J. 1997. A control study of the physical and mental health of residents 
living near a large-scale swine operation. Journal of Agricultural Safety and Health, 3, 13-26. 

TICEHURST, J. L., NEWHAM, L. T., RISSIK, D., LETCHER, R. A. & JAKEMAN, A. J. 2007. A Bayesian 
network approach for assessing the sustainability of coastal lakes in New South Wales, 
Australia. Environmental Modelling & Software, 22, 1129-1139. 

TIMM, C., LUTHER, S., JURZIK, L., HAMZA, I. A. & KISTEMANN, T. 2016. Applying QMRA and DALY to 
assess health risks from river bathing. International Journal of Hygiene and Environmental 
Health. 



 

132 
 

TIMMERMAN, J. G. & COFINO, W. P. 2001. Main Findings Of The International Workshop Monitoring 
Tailor-Made Iii - Information For Sustainable Water Management. http://www.mtm-
conference.nl/ Monitoring Tailor Made-3 Conference Proceedings - Main Findings. 

TOFFEY, W. E. & HIGGINS, M. 2006. RESULTS OF TRIALS OF CHEMICALS, ENZYMES AND BIOLOGICAL 
AGENTS FOR REDUCING ODORANT INTENSITY OF BIOSOLIDS. Proceedings of the Water 
Environment Federation, 2006, 83-108. 

TOFFEY, W. E. & HIGGINS, M. 2007. Correlating Fecal Coliform Measurements and Odors in Biosolids 
Cake to Digester Performance Parameters. Water Practice, 1, 1-29. 

TSANG, K. R. & JR., J. E. S. 2005. Challenges in Sludge Stabilization: Regulatory Compliance in the 
Design and Operation of Facilities. Journal of Environmental Engineering, 131, 834-837. 

TURKMEN, M., DENTEL, S. K., CHIU, P., ABU-ORF, M. & HEPNER, S. 2004. Odor Production In 
Biosolids: Mechanisms and Optimal Control Strategies. Proceedings of the Water 
Environment Federation, 2004, 445-451. 

TURNER, C., WILLIAMS, A., WHITE, R. & TILLETT, R. 2005. Inferring pathogen inactivation from the 
surface temperatures of compost heaps. Bioresource Technology, 96, 521-529. 

U.S. ENVIRONMENTAL PROTECTION AGENCY & U.S. DEPARTMENT OF AGRICULTURE 2012. 
MICROBIAL RISK ASSESSMENT GUIDELINE PATHOGENIC MICROORGANISMS WITH FOCUS ON 
FOOD AND WATER EPA/100/J-12/001; USDA/FSIS/2012-001. Interagency Microbiological 
Risk Assessment Guideline Workgroup. 

UK GOVERNMENT 1990. Environmental Protection Act. 
UKWIR 2015. Biosolids: Good Practice Guidance Leaflet. United Kingdom Water Industry Research  
UMWELTBUNDESAMT 2013. Technical Guide on the Treatment and Recycling Techniques for Sludge 

from municipal Wastewater Treatment with references to Best Available Techniques (BAT). 
Available at: http://www.umweltbundesamt.de/publikationen/technical-guide-onthe-
treatment-recycling. 

URBAN, J. E. & BROCE, A. 1998. Flies and Their Bacterial Loads in Greyhound Dog Kennels in Kansas. 
Current Microbiology, 36, 164-170. 

URBIS 2010. Comunity attitudes to the use and management of biosolids: Phase 2 final report. 
September. 

USEPA 1978. Full demonstration of lime stabilization. 
USEPA 1993. Standards for the Use or Disposal of Sewage Sludge. Federal Register., 58,32,40 CFR 

Part 503 Rule. 
USEPA 1995. A Guide to the Biosolids Risk Assessments for the EPA Part 503 Rule. EPA 832-B-93-005. 

Washington, DC: Office of Wastewater Management. 
USEPA 2003. Control of Pathogens and Vector Attraction in Sewage Sludge. 
VAN DURME, G. P., MCNAMARA, B. F. & MCGINLEY, C. M. 1992. Bench-scale removal of odor and 

volatile organic compounds at a composting facility. Water Environment Research, 19-27. 
VAN LEEUWEN, C. J. 1994. Strategy For Water Quality Assessment. Monitoring Tailor Made-1 

Conference Proceedings. 
VAN LUIN, A. & OTTENS, J. 1997. Conclusions And Recommendations Of the International Workshop 

“‘Monitoring Tailor‘-Made II - Information Strategies In Water Management”,. Nunspeet, The 
Netherlands, 9-12 September 1996. http://www.mtm-conference.nl/ Monitoring Tailor 
Made-2 Conference Proceedings - Conclusions And Recommendations . 

VANDERGHEYNST, J. S., COGAN, D. J., DEFELICE, P. J., GOSSETT, J. M. & WALKER, L. P. 1998. Effect of 
Process Management on the Emission of Organosulfur Compounds and Gaseous 
Antecedents from Composting Processes. Environmental Science & Technology, 32, 3713-
3718. 



 

133 
 

VEGA, E., MONCLÚS, H., GONZALEZ-OLMOS, R. & MARTIN, M. J. 2015. Optimizing chemical 
conditioning for odour removal of undigested sewage sludge in drying processes. Journal of 
Environmental Management, 150, 111-119. 

VERMA, N., PARK, C., NOVAK, J. T., ERDAL, Z., FORBES, B. & MORTON, R. 2006. Effects of anaerobic 
digester sludge age on odors from dewatered biosolids. Proceedings of the Water 
Environment Federation, 2006, 1119-1141. 

VERNON, M. K., WIKLUND, I., BELL, J. A., DALE, P. & CHAPMAN, K. R. 2012. What Do We Know about 
Asthma Triggers? A Review of the Literature. Journal of Asthma, 49, 991-998. 

VESTEL, L. B. 2010 Food Groups Clash Over Compost Sludge 
http://green.blogs.nytimes.com//2010/04/09/food-groups-clash-over-compost-sludge/  
April 9. 

VIAU, E., BIBBY, K., PAEZ-RUBIO, T. & PECCIA, J. 2011. Toward a Consensus View on the Infectious 
Risks Associated with Land Application of Sewage Sludge. Environmental Science & 
Technology, 45, 5459-5469. 

VICTORIA EPA 2004. Guidelines for Environmental Management. Biosolids Land Application  
WANG, H., BROWN, S. L., MAGESAN, G. N., SLADE, A. H., QUINTERN, M., CLINTON, P. W. & PAYN, T. 

W. 2008. Technological options for the management of biosolids. Environmental Science and 
Pollution Research-International, 15, 308-317. 

WARD, R. C. 1994. Water Quality Monitoring as an Information System. http://www.mtm-
conference.nl/ Monitoring Tailor Made-1 Conference Proceedings  

WATER SERVICES ASSOCIATION OF AUSTRALIA 2010. Australian Guidelines for Water Recycling: 
Managing Health and Environmental Risks 2006 Requality Continuous Improvement 
Assessment User Guide. (Draft 28/May). 

WEF 2012. Solids Process Design and Management, McGraw Hill Professional. 
WEF, WERF & USEPA 2012. Solids Process Design and Management. Water Environment Federation; 

Water Environment Research Foundation; U.S. Environmental Protection Agency 
 
WEISSENBERGER, J., DUFFOURG, J.-M., HEPNER, S. & MORANO, D. 2006. REDUCING ODORS FROM 

BIOSOLIDS WITH THE HELP OF A NITRATE SALT. Proceedings of the Water Environment 
Federation, 2006, 109-119. 

WERF 2016. High Quality Biosolids from Wastewater (NTRY7R15). Water Environment and Reuse 
Foundation. 

WHITE, G. B., CLEVELAND, M. J. & WHITE, M. J. 2011. Perceptions Of Environmental Sustainability. 
Journal of Business & Economics Research (JBER), 6. 

WHITEFORD, H. A., DEGENHARDT, L., REHM, J., BAXTER, A. J., FERRARI, A. J., ERSKINE, H. E., 
CHARLSON, F. J., NORMAN, R. E., FLAXMAN, A. D., JOHNS, N., BURSTEIN, R., MURRAY, C. J. L. 
& VOS, T. 2010. Global burden of disease attributable to mental and substance use 
disorders: findings from the Global Burden of Disease Study. The Lancet, 382, 1575-1586. 

WHO & FAO 2011. Codex Alimentarius Procedural Manual. Rome. 
WICHUK, K. M. & MCCARTNEY, D. 2010. Compost stability and maturity evaluation-a literature 

review A paper submitted to the Journal of Environmental Engineering and Science. 
Canadian Journal of Civil Engineering, 37, 1505-1523. 

WICHUK, K. M. & MCCARTNEY, D. 2013. Compost stability and maturity evaluation—a literature 
review. Journal of Environmental Engineering and Science, 8, 601-620. 

WIECHMANN, B., DIENEMANN, C., KABBE, C., BRANDT, S., VOGEL, I. & ROSKOSCH, A. 2013. Sewage 
Sludge Management in Germany. Umweltvundesamt. 



 

134 
 

WIEDERHOLM, T. & JOHNSON, R. K. 1997. Monitoring And Assessment Of Lakes And Watercourses 
In Sweden. http://www.mtm-conference.nl/ Monitoring Tailor Made-2 Conference 
Proceedings - National Information Strategies. 

WILKINSON, D. E. 1997. Transformation of data into key management indicators. Monitoring Tailor 
Made-2 Conference Proceedings- Implementation Of Indicators. 

WILLIAMS, T. O., FORBES, R. H., WAGONER, D. L. & HAHN, J. T. 2008. Control of Biosolids Cake Odors 
Using the New Biosolids Odor Reduction Selector Process. Proceedings of the Water 
Environment Federation, 2008, 576-593. 

WILLOUGHBY COUNCIL 2013. Final Report to the Australian Government for the Water Smart 
Australia Program: Chatswood CBD and The Concourse Integrated Water Management 
System and Education Facility Project http://www.environment.gov.au/water/policy-
programs/water-smart/projects/pubs/nsw02-chatswood-integrated-water-management.pdf 
(Accessed Sep 2013). 

WILSON, A. 2016. Personal communication. 
WILSON, C. A., MURTHY, S. M., FANG, Y. & NOVAK, J. T. 2006. The Effect of Digester Temperature on 

the Production of Volatile Organic Sulfur Compounds Associated with Thermophilic 
Anaerobic Biosolids. Proceedings of the Water Environment Federation, 2006, 6830-6847. 

WILSON, C. A. & NOVAK, J. T. 2009. Hydrolysis of macromolecular components of primary and 
secondary wastewater sludge by thermal hydrolytic pretreatment. Water research, 43, 
4489-4498. 

WILSON, C. A., NOVAK, J. T., MURTHY, S. N. & BAILEY, W. F. 2009. Comprehensive Enhanced 
Digestion Evaluations at Blue Plains Advanced Wastewater Treatment Plant. Proceedings of 
the Water Environment Federation, 2009, 887-898. 

WILSON, C. A., TANNERU, C. T., BANJADE, S., MURTHY, S. N. & NOVAK, J. T. 2011. Anaerobic 
digestion of raw and thermally hydrolyzed wastewater solids under various operational 
conditions. Water Environment Research, 83, 815-825. 

WING, S., HORTON, R. A., MARSHALL, S. W., THU, K., TAJIK, M., SCHINASI, L. & SCHIFFMAN, S. S. 
2008. Air pollution and odor in communities near industrial swine operations. Environmental 
Health Perspectives, 116, 1362. 

WORLD HEALTH ORGANIZATION 2003. Guidelines for Safe recreational Water Environments Volume 
1: Coastal and Fresh Waters. Geneva World Health Organisation. 

WORLD HEALTH ORGANIZATION & SUSTAINABLE DEVELOPMENT AND HEALTHY ENVIRONMENTS 
1999. HEALTH-BASED MONITORING OF RECREATIONAL WATERS: THE FEASIBILITY OF A NEW 
APPROACH (THE ‘ANNAPOLIS PROTOCOL’) WHO/SDE/WSH/99.1. 

WU, G.-H. & PARKER, W. J. 2004. DEVELOPMENT OF A STRUCTURED MODEL FOR ODOUR 
FORMATION AND EMISSIONS FROM ANAEROBIC SLUDGE DIGESTION. Proceedings of the 
Water Environment Federation, 2004, 237-253. 

WU, T. & CRAPPER, M. 2009a. A computational fluid dynamics based model of the ex-situ 
remediation of hydrocarbon contaminated soils. Desalination, 248, 262-270. 

WU, T. & CRAPPER, M. 2009b. Simulation of biopile processes using a hydraulics approach. Journal of 
Hazardous Materials, 171, 1103-1111. 

XING, Y., GUO, H., FEDDES, J., YU, Z., SHEWCHUCK, S. & PREDICALA, B. 2007. Sensitivities of four air 
dispersion models to climatic parameters for swine odor dispersion. Transactions of the 
ASABE, 50, 1007-1017. 

YANG, Z. L., QIAO, Y., LIU, S., GUI, B., HE, N., WEI, M. M. & XU, M. H. 2012. Investigation of sulfur-
containing gases emission during the low temperature pyrolysis of sewage sludge. Kung 
Cheng Je Wu Li Hsueh Pao/Journal of Engineering Thermophysics, 33, 2202-2206. 



 

135 
 

YEAGER, J. G. & WARD, R. 1981. Effects of moisture content on long-term survival and regrowth of 
bacteria in wastewater sludge. Applied and environmental microbiology, 41, 1117-1122. 

YU, Z. & GUO, H. 2011. Determination of Setback Distances for Livestock Operations Using a New 
Livestock Odor Dispersion Model (LODM). Journal of the Air & Waste Management 
Association, 61, 1369-1381. 

ZARRA, T., NADDEO, V., BELGIORNO, V., REISER, M. & KRANERT, M. 2009. Instrumental 
characterization of odour: a combination of olfactory and analytical methods. Water Science 
& Technology, 59, 1603-1609. 

ZMORA-NAHUM, S., MARKOVITCH, O., TARCHITZKY, J. & CHEN, Y. 2005. Dissolved organic carbon 
(DOC) as a parameter of compost maturity. Soil Biology and Biochemistry, 37, 2109-2116. 

ZUBILLAGA, M. S. & LAVADO, R. S. 2003. Stability Indexes of Sewage Sludge Compost Obtained with 
Different Proportions of a Bulking Agent. Communications in Soil Science and Plant Analysis, 
34, 581-591. 

 
 

 

 

 

 

 

 

 

 
  



 

136 
 

1. Appendix 1 - Literature associated with odours from biosolids 
1.1.  Study scope for each stabilisation method 
A large selection of resources was reviewed for the different stabilisation methods focusing 

on studies which measure odour emissions, analytically or sensorially. Ninety four papers 

were reviewed measuring odorants and odours associated with the different stabilisation 

methods. The majority of papers were related to anaerobic digestion, being a focus of the 

Water Environment Research Foundation (WERF) reports on Identifying and Controlling 

Odour in the Municipal Wastewater Environment and other associated papers. A variety of 

sources were reviewed such as journal articles, conference papers and reports and 

magazines (Figure 7). For the different stabilisation methods typically equal numbers of full-

scale and laboratory scale tests and studies were conducted (Figure 8). Full scale studies 

have the advantage of representing actual operation, while laboratory scale trials enable the 

impact of individual operational parameters on odour emissions to be determined. 

Headspace sampling was the most commonly used sampling method for all of the 

stabilisation methods (Figure 9). Consensus is needed between, and within, the different 

stabilisation methods in terms of approaches for sampling, analysing and reporting odour 

emissions. The following section presents the key findings for each stabilisation method.  

 

 

Figure 7. Number of different types of data sources reviewed for each stabilisation methods 
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Figure 8. Comparison of the number of papers based on lab scale and/or full scale studies 

for each stabilisation method 

 

 

Figure 9. Comparison of the number of reference using different odour sampling 

methodologies for each stabilisation method 
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Reporting and communicating odour emissions 

The units used to report emissions are another area needing consensus for stability 

reporting. 

Within anaerobic digestion the majority of the studies use headspace sampling as their 

sampling methodology. While studies have used different analytical instruments to 

analyse headspace concentrations, the output should be comparable if the instruments 

are calibrated to standards  

However, there are a number of ways headspace concentrations were reported: 

• Concentrations of individual compounds; these are most typically MT and DMS, 

however dimethyl disulphide (DMDS) is also sometimes reported. Units may 

range from ppm to ug/m3 however conversion is possible between these.  

• Concentrations of total volatile organic sulfur compounds (TVOSC); the majority 

of the resources report headspace emissions using this method. While being 

easy to communicate, the grouping losses odorant specific information.  Is seen 

reported in ppmv of TVOSC, mgS/m3, uLS/L 

• Normalised values are typically used when comparing samples with different 

compositions and to isolate effects such as sample weight, dry solids, or volatile 

solids. mgS/gVS or mgS/g dry solids 

As the majority of the literature is based on comparative studies, no consensus with units 

was needed e.g lower emissions were noted when SRT was increased or lower shear 

centrifuges were used.  However, there hasn’t been consensus as to what 

concentrations represent an acceptable odour level from headspace sampling of 

biosolids. Acceptable headspace concentrations of either individual compounds or 

aggregated values need to be established, linking to exposure assessment. 

Subsequently, reporting conventions can be established for to allow comparison between 

studies.    
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1.2.  Anaerobic digestion 
Anaerobic digestion of biosolids had the largest amount of resources reviewed for the 

stabilisation methods. About half were from conference papers, the rest a combination of 

journal papers, reports and a few magazine articles. The majority are based on work begun 

by the WERF “Identifying and Controlling Odour in the Municipal Wastewater Environment” 

series of reports. From reviewing the available research no single operational parameter can 

predict biosolids odour. While general trends have been identified, it’s likely that a large 

number of interrelated factors are responsible for producing conditions where odours could 

be formed, dependant on microbial communities.  

Much of the literature (~70%) on odour emission measurements for anaerobically stabilised 

biosolids have generally been based on headspace concentrations of methyl mercaptan, 

dimethyl sulfide and dimethyl disulfide represented as total volatile organic sulfur compounds 

(TVOSC). Other sampling methods used were fluxhoods, flux chambers and an adapted 

swept headspace method (n=7) and ambient samples (n=4).  

The majority of the papers examined emissions generated during the storage of the 

produced biosolids, fewer evaluated the effect of land application (n=7) and from ambient air 

near the biosolids processing facilities (n=3). A number of lab scale studies were conducted 

to evaluate different digester set-ups (multistage, thermophilic etc.) as well as chemical 

addition. Many studies also evaluated their findings in full scale plants, likely associated with 

the WERF stage 4 work. This is an important step, as many of the lab-scale findings didn’t 

apply, or not to the same degree, in the full scale trials.  

1.2.1.  Odorants identification 
While volatile sulfur compounds are the major compounds associated with odorous 

emissions from anaerobically stabilised biosolids, other commonly detected classes are 

amines, aromatics, ketones and terpenes. It’s interesting to note that ammonia, which is 

widely acknowledged to be emitted from anaerobically stabilised biosolids, due to the 

degradation of proteins, was only measured in a few studies. Hydrogen sulfide is another 

odorant which typifies odorous emissions at wastewater treatment plants, like ammonia it 

was generally needed to be measured using a separate system (e.g Jerome). Of the total 

number of papers, 25 of them only measured volatile sulfur compounds, while 2 papers only 

measured sensorial methods (Table 17 and  

Table 19).  
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Table 17. Number of papers measuring VSCs, VOCs and sensorial properties of emissions 

from anaerobically stabilised biosolids 
Measurement 

focus Factors measured Number of 
papers 

VSCs 
Select VSCs 31 

Range of VSCs 10 
Only VSCs 25 

VOCs Select VOCs 11 
Range of VOCs 8 

Sensorial 
measures 

Only OU 2 
OU 22 

Intensity 7 
Hedonic Tone 5 

Character 6 
Persistence 1 

ODP 1 
 

The resources contributing to Table 18 are those which measured more than just the select 

volatile sulfur compounds. The majority of the literature reviewed used the headspace 

method for sampling and measured only MT and DMS, commonly reported as TVOSC. A 

major limitation is ignoring other odorants such as other sulfur compounds or volatile organic 

compounds. While the sulfur compounds, due to their low odour threshold and high 

concentrations, are demonstrably very important sensorially. Other odorants such as 

ammonia, p-cresol, indole and trimethyl amine can contribute to the odour emissions as is 

reflected in the typical character of odours being faecal, or fishy in addition to the rotten type 

odours of the sulfur components. 

Odorants associated with anaerobic digestion vary throughout the treatment train. 

Compounds emitted from the anaerobically digested sludge may be formed during digestion. 

The dewatering process influences the production and emission of compounds from the 

dewatered sludge, while storage conditions affect the generation and degradation of 

compounds as well as their emission rate. The generation conditions and pre-cursors of 

commonly detected odorants from anaerobically stabilised biosolids are shown in  

Table 19. 
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Table 18. Odorants emitted from anaerobically digested biosolids. Sources recording only 

TVOSC or MT and DMS are not included. 
Ambient conditions / 
near dewatering or 

storage 

Dewatered biosolids 
Land application Short term storage, 

< 30 days 
Long term storage, > 

30 days 
sulfur dioxide 1 

dimethyl sulfide 2 
dimethyl disulfide 1,2 
dimethyl trisulfide1,2 

 
p-xylene1,2 
toluene1,2 
benzene 2 

trimethyl benzene1 

dimethyl benzene1 

 
acetic acid 1 

2- butanone 1,2 
2- butoxy-ethanol 1 
2-ethyl-hexanol 1 

a-pinene 1,2 

carene 2 
limonene 2 
dodecane 2 

diethyl ether 2 
octane1 
decanal1 
hexanal 2 
heptanal 2 
limonene1 
nonanal1 

octamethyl -
cyclotetrasiloxane1 

benzaldehyde1 

hydrogen sulfide *4 
methyl mercaptan *4 
dimethyl sulfide *3, 4 

dimethyl disulfide* 3, 4 
dimethyl trisulfide * 
carbonyl sulfide4 
ethyl mercaptan 4 

carbon disulfide 3, 4 
thiophene 4 

isobutyl mercaptan 4 
 

2-butanone 3 
acetone 3 

ammonia 3 
trimethylamine 3, 4 
dimethyl amine 4 
isobutylamine 4 

 

methyl mercaptan 5, 6 

hydrogen sulfide 5 
dimethyl sulfide 5, 6, 7 

dimethyl disulfide 7 
dimethyl trisulfide 7 

indole 5, 6, 7 
skatole 5, 6, 7 
p-cresol 5, 6 

ethyl benzene 6 
toluene 6 

 
long chain aliphatic 

hydrocarbons 7 
terpenes 7 

alkyl benzene 7 
other aromatics 7 

ammonia 8 
trimethylamine 8 

dimethyl disulfide 8, 9 
dimethyl sulfide 8, 9 
carbon disulfide 8 

toluene 9 
ethyl benzene 9 

xylene 9 
acetone 8 

2-butanone 8 
α-pinene 9 

β – pinene 9 
p-cymene 9 
limonene 9 
c9 – c17 9 

* Compounds were detected in the WERF study (Adams, 2004) and subsequent papers. 
1 Zarra et al. (2009) took ambient air samples near sludge dewatering centrifuges and analysed using 
GC-MS/FID 
2 Lehtinen and Veijanen (2011) analysed ambient dewatering emissions with GC-PID and GC-MS 
3. Rosenfeld et al. (2001b) sampled dewatered biosolids using flux chambers and analysed chamber 
headspace using adsorption tubes and TD-GC-MS and Draeger tubes for ammonia from headspace 
4. Easter et al. (2009) measured emissions from dewatered stored biosolids using a flux hood and 
analysed using GC-FPD for VOSCs and adsorption tubes with GC-MS for amines 
5. Muller et al. (2014) analysed large scale piles during storage using an equilibrium headspace 
system and analysed using GC-MS with appropriate columns 
6. Chen et al. (2004)analysed dewatered biosolids long term storage using static headspace sampling 
method and analysed using GC-FID for VOSCs and GC-MS for aromatics 
7. Gruchlik et al. (2012)and Gruchlik et al. (2013) measured headspace compounds using SPME with 
GC-MS, compounds shown in italics were not confirmed with standards 
8. Rosenfeld et al. (2001a) sampled land applied biosolids using flux chambers and analysed using 
GC/MS with suitable columns, ammonia measured using Draeger tubes 
9. Laor et al. (2011) sampled land applied biosolids emissions using short term (1hr) headspace 
incubation then analysed using HS-SPME-GC–MS  
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Table 19. Formation and degradation pathways for odorants typically detected in 

anaerobically stabilised biosolids 
Compound group Conditions of formation 

Volatile organic sulfur compounds: 
MT, DMS, Dimethyl disulphide (DMDS) 

Degradation of methionine and cysteine in anaerobic 
conditions, methylation and dimerization of MT 1 

H2S Degradation of cysteine and reduction of sulfate in 
anaerobic conditions 1 

Organic Volatile aromatic compounds: 
Indole, skatole Degradation of tryptophan 2 

p-cresol (+ butyric acid) Degradation of tyrosine 2, 3 
Volatile fatty acids, ketones, aldehydes Partial digestion of the organic material 4 
1. Gostelow et al. (2001), 2. Chen et al. (2004), 3. Novak et al. (2012), 4. Suffet et al. (2009). 
 

While a range of compounds have been measured in emissions from biosolids, the volatile 

sulfur compounds are still considered the main odorants due to their high concentrations and 

low odour thresholds, unpleasant characters and negative hedonic tones (Turkmen et al., 

2004, Devai and DeLaune, 1999, Adams, 2003, Ras et al., 2008). However, VOCs such as 

p-cresol, α-pinene, indole and skatole have been measured in emissions from anaerobically 

stabilised biosolids at levels thought perceivable by humans (Chen et al., 2007, Higgins et 

al., 2003).  

The generation and degradation of VSC’s has been studied by Lomans et al. (2002) in 

freshwater sediment and this was applied by Higgins et al. (2003) to examine the generation 

pathways in anaerobically stabilised biosolids storage. A summary of the agreed odour 

generation mechanisms in anaerobically digested biosolids cakes is presented in Figure 10. 

These pathways were determined by upsetting the system with inhibitors or stimulants and 

monitoring the evolved gasses in the systems headspace by Higgins et al (2002b, 2003, 

2006, 2008), the findings were largely supported by other authors (Samaras et al., 2013, 

Novak and Park, 2010, Tepe et al., 2008, Verma et al., 2006, Kim et al., 2005a).  
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Figure 10. Cyclic pathway of volatile sulfur compound transformation during biosolids 
storage ﷒(Higgins et al., 2006). Note key substrates for odour production in bold italics and 

key odour causing compounds outlined in boxes 

 

The relationship between VSCs (MT, DMS and DMDS), emitted as the cake is stored, is 

typical of the pathways shown in Figure 10. The headspace emission profile as incubated 

biosolids cakes are stored is shown in Figure 11. DMDS is emitted due to the dimerization of 

the MT with the remaining oxygen in the system, the peak decreases as the methanogenic 

activity increases (degrading the DMDS and MT) and the oxygen in the system is depleted. 

The MT peak occurs after the DMDS one, and it decreases as it is methylated by microbes 

to form DMS. All peaks reduce as the methanogenic population increases so that at steady 

state the generation rates are equal to the degradation rates. Therefore it’s expected that 

factors that prevent or prolong the system reaching steady state (e.g. antibiotics, salinity, 

oxygen etc.) may increase the potential for odour generation (Turkmen et al., 2004).  
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Figure 11. Typical emission profile of MT, DMS and DMDS in the headspace of aged 

anaerobically digested biosolids ﷒ (Adams et al., 2007) 

 

Organic volatile aromatic compounds were seen in the headspace of incubated biosolids 

after the VOSCs have disappeared from about day 30. This delay may be due to substrate 

competition (Chen et al., 2004), the slow degradation of odour precursors (seen in  

Table 19) or the gradual conversion of compounds over time (Kacker et al., 2011). The 

concentrations of organic aromatic compounds are much lower than the volatile sulfur 

compounds initially emitted by around two orders of magnitude. Yet due to the low odour 

thresholds of these compounds, they may still contribute to the biosolids odour, as 

suggested by the high odour concentrations in the headspace of biosolids at extended 

storage times (day 100) (Johnston et al., 2009).  

Laor et al. (2011) noted differences in the compounds emitted from three different 

anaerobically digested sludge samples. The main differences were of S-containing 

compounds (CS2, DMDS, and DMTS), BTEXs, and p-cymene and alkanes. These 

differences may be attributed to different wastewater sources or treatment processes in the 

plants. Common compounds BTEXs, terpenes and alkanes were suggested to be useful as 

chemical fingerprints of odours from wastewater treatment plants, depending on industrial, 

domestic and run off in the catchments.  
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1.2.2. Process implications  
As the majority of the odorants detected (Table 18) are generated from the degradation of 

organic matter (Table 19), the performance of the anaerobic digesters are directly linked to 

the potential for odour emissions from the biosolids. The performance of the anaerobic 

digesters is commonly assessed by solids retention time (SRT), volatile solids reduction 

(VSR), as well as the remaining volatilise solids through bio-methane potential (BMP) test. 

As shown in Table 20, longer solids retention times generally result in lower odour 

emissions. This trend is evident at individual sites, as differences in efficiency, feeds and 

dewatering and conveying downstream complicate the effect when different sites are 

compared.  

No correlation between VSR and odour emissions from the biosolids product was noted 

(Adams, 2004, Muller et al., 2007b). It’s thought that VSR, which measures the bulk 

reduction in volatile solids, more accurately represents the degradation of the readily 

biodegradable organic matter, rather than the more recalcitrant proteins (Muller et al., 

2007b). The remaining protein content, after digestion, has been suggested as an indicator 

for the potential production of odours (Adams, 2004). Proteins in biosolids may be bound by 

cation complexes, but freed by shear forces. Loosely bound proteins are more likely to be 

biodegraded, resulting in odour formation. Shearing frees tightly bound proteins, while 

complexes bind them. Anaerobic digestion as well as dewatering and chemical dosing 

affects protein partitioning. Other factors such as the digester shape and layout appear to 

influence odour emissions (Table 20). It’s likely that the different designs or sites display 

diverse operational efficiencies affecting odour emissions.  

1.2.2.1. Temperature 
Anaerobic digesters can be run at either mesophilic or thermophilic conditions; the difference 

in temperature is likely to affect the volatilisation and formation of odorants, degradation 

kinetics and microbial community composition.  

Thermophilic digesters appear to produce more offensive biogas and digested sludge 

compared to mesophilic digesters (Table 20). However, after dewatering the biosolids 

emissions improve and are near neutral. This has been attributed to the greater presence of 

volatile fatty acids which are removed in the centrate during dewatering (Shao et al., 2002) 

or the greater removal of soluble proteins (Higgins et al., 2004).  

Biosolids produced from thermophilic digestion also have a lower headspace TVOSC peak, 

which occurs at a later storage time (Table 20). The lower emissions are potentially linked to 

the greater degradation of odour precursors at the higher temperature. While, the different 

temporal patterns in the stored biosolids emissions are attributed to the inhibition of both 

TVOSC producing microbes and methanogens due to the reduction in temperature during 
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dewatering and storage. Another reason for the lag time before the TVOSC peak for 

thermophilically stabilised cake may be product inhibition due to the higher VFA content after 

thermophilic digestion, reducing the protein degradation rate (Wilson et al., 2009).  

1.2.2.2. Multi-stage digesters 
The addition of more digestion stages offers more control over the digestion process as 

different vessels can be optimised to favour different degradation stages and the stages can 

buffer the flows through the system. Table 20 shows examples of how multistage digestion 

has improved odour emissions of produced biosolids. Recently some authors have 

suggested that different portions of the biosolids can only be digested in aerobic or 

anaerobic conditions (Kumar et al., 2006a, Park et al., 2006). While Novak et al. (2003) 

suggested that different types of biopolymers are released after aerobic and anaerobic 

digestion. Extracellular polysaccharides are predominant after aerobic digestion, while 

proteins are more common after anaerobic digestion. Therefore, aerobic conditions in the 

final digestion stage will reduce the proteins levels remaining in the biosolids. However, the 

residual extracellular polysaccharides may affect polymer requirements during dewatering.  

1.2.2.3. Sludge origin 
While anaerobic digestion of sludge may be perceived as a ‘break’ in odor connectivity 

between upstream processes and the biosolids produced (Murthy et al., 2004), the 

composition of sludge entering the digester can affect digester operation and therefore 

downstream processes.  

Different proportions of cation associated organic matter, proteins, and soluble sulfur 

containing compounds are found in primary sludge and WAS (Table 20). These differences, 

appear to affect odours from the final biosolids product. WAS has more cation associated 

organic matter and high molecular weight soluble proteins which are not thought to be fully 

degraded in the anaerobic digesters (Wilson and Novak, 2009, Aldin et al., 2011).
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Table 20. Review of literature relating to anaerobic digester operation and odour emissions from the produced biosolids. 
Variable Literature examples 

Solids retention 
time (SRT) 

Comparing the SRT in the digesters at different sites didn’t provide a significant positive correlation with lower biosolids odour emissions 
(Adams, 2004).  
Adams et al. (2007) showed that increasing the SRT from 15 to 30 days only reduced the peak TVOSC emissions by 30%.  
Verma et al. (2006) showed a 50% reduction in total sulfur emissions from stored biosolids by increasing the SRT to 40days from 15days.  
Introducing recuperative thickening, thereby increasing SRT, reduced odour emissions from the headspace of stored biosolids cake in 
terms of both olfactometry and TVOSC levels (Davis, 2012). 

Volatile Solids 
Reduction 

(VSR) 

No correlation between VSR% and odour emissions from the biosolids product was noted (Adams, 2004, Muller et al., 2007b, Toffey and 
Higgins, 2007). 

Digester shape Egg shaped digester produced less TVOSCs in headspace than the ‘pancake shaped’ digester, acid gas had a delayed, but higher 
TVOSC peak, however the relative retention times were not stated (Adams et al., 2007). 

Multi stage 
digestion 

The addition of an aerobic stage following anaerobic digestion was seen to reduce the peak TVOSC headspace concentrations from the 
dewatered cake for both thermophilically and mesophillically anaerobically digested sludge (Kumar et al., 2006a).  
Park et al. (2006) showed a reduction in labile protein in the biosolids using sequential anaerobic - aerobic digesters.  
Addition of aerobic digestion after thermophilic digestion was noted by Wilson et al. (2009) to increase peak VOSCs emissions, compared 
to a single thermophilic reactor. This increase was suggested to be due to the inhibition of methanogens involved in the degradation of 
VOSCs due to the presence of oxygen.  
Combinations of mesophilic and thermophilic digestion showed lower biosolids TVOSC emissions compared to only mesophilic stages 
(Adams et al., 2007). However, the improvements could also be attributed to improved mixing or the increased residence time.  

Thermophlic vs 
mesophilic 

Thermophilic digesters have been noted to have greater H2S, NH3 and TVOSC emissions (Wu and Parker, 2004, Kumar et al., 2006a), 
likely due to the increased volatilisation at the higher temperatures compared to mesophilic digesters (Du and Parker, 2013).  
Shao et al. (2002) measured the strength (olfactometry), intensity and hedonic tone of the digested and dewatered sludge when changing 
a digester from mesophilic to thermophilic. The thermophilically digested sludge had a more offensive hedonic tone compared to the 
mesophillically digested and dewatered sludge, however when the former was dewatered its hedonic tone was near neutral. 
Thermophilically digested biosolids produce lower peak TVOSC when stored. The peaks occur much later, however can take much longer 
to dissipate compared to mesophillically digested biosolids (Murthy et al., 2009, Wilson et al., 2006, Adams, 2004, Kumar et al., 2006b, 
Novak et al., 2012). 
Thermophilically digested biosolids produce lower peak TVOSC concentrations the ratio of MT to DMS is higher (Wilson et al., 2006).  
Lower TVOSC concentrations were seen in the headspace of cakes from multistage digesters, where the temperature was sequentially 
reduced 55ᵒC to 37ᵒC compared to cake from a single stage digester at 55ᵒC (Kim and Novak, 2011) 
Temperature- phased digestion uses two digesters, the first thermophilic and the either mesophilic or slightly higher, produced biosolids 
where the peak emission occurred between those of mesophilic and thermophilic, and with lower peak concentrations (Murthy et al., 2004). 

Sludge origin 
(WAS to PS 

ratio) 

Temporal variation in upstream solids characteristics were attributed as the cause for variation in the headspace VSC profile for biosolids 
taken from the same plant, months apart with no noticeable difference in digester operation (Murthy et al., 2003a). 
 Aldin et al. (2011) compared the digestion of primary and WAS and observed that primary sludge showed higher degradation efficiencies 
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Variable Literature examples 
for VFAs and bound proteins compared to WAS. However the differences were only small as the primary sludge had initially lower levels of 
protein compared to the WAS 
Du and Parker (2013) identified a greater proportion of soluble sulfur containing compounds in digested biosolids, particularly WAS. 
Sludges differ in their levels of cation associated organic matter, which is typically greater in WAS. Muller et al. (2007b) posits shearing 
during dewatering could release the organic matter associating with iron leading to greater peak VOSC emissions.  
A negative correlation between dewatered sludge headspace sulfur concentrations and % of WAS in digester feed was identified by 
Adams (2004), however an outlier was a site with predominant WAS feed which also had high headspace concentrations. Therefore it’s 
suggested that other confounding parameters are present as there were many differences between the sites such as different solid 
retention times and dewatering practices. 

Pre-treatment 

The Cambi process which uses the release of pressurised steam to hydrolyse organic matter prior to digestion has been applied to a 
number of full scale plants due to its improvements in biogas and reductions in solids. It’s odour implications have been evaluated in both 
lab scale (Wilson et al., 2009, Wilson et al., 2011, Dhar et al., 2011b, Murthy et al., 2009) and full scale plants (Murthy et al., 2009, Higgins 
et al., 2011, Evans, 2003). The pre-treatment generally provides a reduction in peak TVOSC emissions from the dewatered cake; however 
the degree of improvement varied between lab and plant trials, likely due to the different sludge properties and digestion efficiencies.  
MicroSludge® uses a combination of mechanical and chemical processes, using high pressure and alkaline addition. It achieved a 50% 
reduction in peak TVOSC in the headspace of dewatered sludge, however the controls showed a rather high peak TVOSC to begin with 
(Adams et al., 2007).  
Ultrasonic pre-treatment was investigated in laboratory studies, while reductions in peak TVOSC were seen relative to the control digester, 
the results varied between runs (Muller et al., 2005, Muller et al., 2009).  
Aldin et al. (2009) showed that ultra sonication pre-treatment, didn’t significantly reduce bound proteins levels, however the odour 
implications were not tested.  
Enhanced enzymic hydrolysis showed generally lower biosolids odorant emissions compared to conventional mesophilic anaerobic 
digestion(Murthy et al., 2009). 
Other chemical treatments, such as the dosing of hydrogen peroxide and iron with and without mechanical pre-treatment (High pressure), 
showed lower H2S and MT levels in the digested sludge and biogas (Dhar et al., 2011a, Dhar et al., 2011b). However, it’s not known what 
effect this would have on the emissions from the final biosolids product.  
Lab scale trials which sheared a recycle stream of digested sludge using a laboratory mill saw a reduction in protein levels (Muller et al., 
2007a) and a reduction in TVOSC levels in the headspace of the dewatered cake (Basu et al., 2004). 
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In theory greater proportions of WAS entering digesters lead to more proteins remaining in 

the biosolids potentially leading to odour emissions. This hasn’t specifically been supported 

experimentally (Table 20). The increased rate of mineralisation of sulfur compounds from 

primary sludge also supports the theory that lower odours are emitted from biosolids 

produced from digested primary sludge (Wilson and Novak, 2009). 

 

1.2.2.4. Pre-digestion processes  
As the hydrolysis of organic material is the rate limiting step in anaerobic digestion, pre-

digestion methods have been developed to aid hydrolysis, thereby improving digester 

performance. Many different approaches have been trialled in recent years, as outlined by 

Carrère et al. (2010); however the odour implications are rarely investigated. The increased 

digestibility of sludge following pre-digestion processes is thought to reduce odour emission 

as the degradation of odour precursors is increased (Dhar et al., 2011a, Dhar et al., 2011b). 

Another suggestion is that lower odour emissions are associated with the reduction in the 

degradation of proteinaceous material in the cake due to product inhibition, because of the 

greater residual VFA levels (Wilson et al., 2011).  

Reviewing the literature for odour emissions relating to pre-treatment is shown in Table 20. 

Pre-treatment processes such as Cambi and Microsludge showed improved biosolids 

headspace odour emissions. Treatment methods using mechanical pre-treatment, enhanced 

enzymic hydrolysis and chemical dosing also provided reduction in odour emissions. 

Improvements in odour emissions due to ultrasonic pre-treatment weren’t clear.  

 

1.2.2.5. Dewatering of biosolids  
The shear force exerted on biosolids as they are dewatered, releases bound organic matter, 

making them bioavailable and producing volatile sulfur compounds when degraded (Muller 

et al., 2004, Murthy et al., 2002). The effect was anecdotally observed in numerous sites as 

odour emissions increased following the incorporation of high speed centrifuges to improve 

TS concentration in the dewatered cake (Mendenhall et al., 2003, Ross et al., 2002).  High 

speed centrifuges have been strongly linked to higher levels of TVOSCs in the headspace of 

dewatered biosolids (Higgins et al., 2002a, Erdal et al., 2008, Higgins et al., 2007, Murthy et 

al., 2003a, Muller et al., 2004, Gruchlik et al., 2012). Shear forces, also exerted during 

prolonged conveying or handling, have also been associated with increased TVOSCs, 

ammonia and amines and odour intensity in the stored sludge headspace as well as a 

worsening of hedonic tone (Adams, 2004, Mendenhall et al., 2003) (Higgins et al., 2002b). 

Table 21 details the literature findings on how odour emissions from anaerobically stabilised 

biosolids are affected by the dewatering process. The shearing in different dewatering 
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methods affects the resultant biosolids emissions. High speed centrifuges have greater 

shear, and therefore emissions compared to medium or low speed centrifuges. While belt 

filter presses, even when producing similar TS wt% to centrifugally dewatered biosolids 

produce biosolids with much lower odour potential (Table 21).  

Dewatering has been suggested to inhibit methanogen activity in the resulting cake, due to 

exposure to oxygen or reduced moisture levels (Chen et al., 2005, Kumar et al., 2006b, 

Verma et al., 2006). The TSwt% of the cake, as well as the shear during dewatering, has 

been proposed to affect the headspace TVOSCs, with less emissions from lower TSwt% 

cakes (Higgins et al., 2002a, Adams et al., 2007, Verma et al., 2006). Lomans et al. (2001) 

suggested that the methanogens are inhibited due to the cake dryness.  

High shear dewatering has also been associated with “Sudden Increase” (SI) in the amounts 

of pathogenic strains of microorganisms, from the stabilised sludge. Chen et al. (2011) 

associated the increased microbial activity due to shear and oxygen availability during 

dewatering resulted both in SI and increased odour production. Other reasons for SI that 

have been put forward are the reactivation of non-culturable pathogens due to high levels of 

substrate made available after shearing, as the effect is less evident using low shear 

equipment such as belt filter presses (Adams et al., 2007, Murthy et al., 2003a).  

Centrifugal dewatering parameters can be interrelated, making it difficult to isolate any 

specific parameter affecting odour emissions, while retaining acceptable cake TSwt%. The 

shear force during centrifugal dewatering is contributed to by a range of parameters, 

including bowl speed, torque, scroll speed and weir height (Higgins et al., 2005). Settings 

which favour lower odour emissions are lower speeds and torques which exert less shear 

force and also require lower polymer doses (Table 21)  

Increasing polymer dosages have been widely shown to increase biosolids emissions of 

reduced sulfur compounds, odour intensity, detection and recognition thresholds and result 

in worsening hedonic tone (Murthy et al., 2002, Higgins et al., 2002b, Higgins et al., 2005). 

As polymer doses are increased less polysaccharide and proteins are removed in the 

centrate, instead they appear to be bound to the dewatered cake (Higgins et al., 2005). 

Indeed, some polymers have been known to degrade in the dewatered biosolids and form 

trimethyl amine (TMA), a fishy smelling amine (Subramanian, 2004) (Table 21).  Rosenfeld 

et al. (2001b) looked at different cationic polymers used in the dewatering of anaerobically 

digested biosolids using a plate and frame system. The study found that while variations 

were seen between odorant concentrations, the olfactometry analysis showed no significant 

variation between the treatments.  
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Table 21. Compilation of findings from the literature regarding how dewatering affects odour 

emissions from anaerobically stabilised biosolids 

Dewatering 
method 

Adams et al. (2007) showed that using different types of centrifuges influence odour 
emissions. Medium speed centrifuges achieved the same TSwt% as a high speed 
centrifuge however produced less TVSOC, suggesting solids content is not the only 
factor. When rotary presses or belt filter presses (BFPs) were compared to 
centrifuges, the TSwt% as well as the emissions of the centrifuged samples were 
typically higher 
Murthy et al. (2003a) showed that when the same biosolids were dewatered using 
high solids, low solids centrifuge and BFP to a similar TSwt%, the processes exerting 
more shear force emitted more MT and DMS. Shearing of digested sludge prior to 
dewatering using BFPs did produce low levels of DMS in headspace where there 
were none before, further enforcing the role of shear as the variable between these 
processes 
Even when BFP dewatered sludge was double pressed to similar TSwt%, emissions 
were still lower than those of centrifuged samples (Adams et al., 2007). 

Centrifuge 
parameters 

The feed-rate through the centrifuges was noted by Adams et al. (2007) to also affect 
the TVOSC emitted from the cake, the faster the rate, the less shear, and therefore 
lower the emissions.  
Varying the differential rpm in high speed centrifuges changed the strength of 
emissions in the headspace for similar profiles (Murthy et al., 2003a).  
The main location in the centrifuge that the shear is thought to occur is as the cake is 
extruded through the weir disk, as identified from the headspace TVOSCs taken from 
various locations throughout the centrifuge itself (Higgins et al., 2005). 
Increasing the centrifuge torque was correlated with increases in the dilution threshold 
and the TVOSC concentration of the headspace emissions. Higher torque as well as 
increasing shear, require an increased polymer dose which can reduce the removal of 
soluble proteins in the centrate (Higgins et al., 2005). 
The same effect on the dilution thresholds and TVOSC concentration and optimum 
polymer dose was also seen when the polymer addition point was moved upstream, 
likely due to the increased shearing of the conditioned cake as it travels greater 
distances. The study by Higgins et al. (2005) noted that the plant at which the study 
was conducted, decreased the centrifuge torque, and subsequent polymer dosing, 
resulting in less odorous cake.  
Adams et al. (2007) showed in a number of plant trials that higher torques were 
correlated with higher emissions of TVOSC, but less methane suggesting 
methanogen inhibition. 

Polymer 
dosage 

Subramanian (2004) showed that the abiotic degradation of certain polymers is too 
slow to detect, however the biotic breakdown to TMA was shown in the lab. Such 
emissions increased after shearing, likely due to the breakage of polymer linkages. 
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1.2.2.6.  Chemical amendments 
Iron salts are commonly used for the control of hydrogen sulfide emissions in the sewer 

network, secondary treatment, or the anaerobic digester. Novak (2010) identified that where 

the iron salts were added to the wastewater affected the downstream odour generation. 

Table 22 shows studies of cation (Fe, Al) dosing and the odour response throughout 

biosolids processing.  

The cations can form organic complexes binding extracellular proteins, making them less 

readily degradable. However, the reduction of iron under anaerobic conditions may reduce 

the binding strength of these complexes. Adams et al. (2007) noted that a 40% reduction in 

iron associated protein occurred over a 40 day SRT, in agreement with the findings of Park 

et al. (2006), that iron associated proteins can be degraded in anaerobic conditions. 

However, as higher biosolids emissions result when iron salts are added to the digester 

feed, it’s likely that the iron complexes reduce the overall degradation of proteins in 

anaerobic digesters, even though some of the complexes are dissociated. These complexes 

can then be dissociated by shear during dewatering, releasing this undegraded organic 

matter.  Aluminium organic complexes are more stable than those containing iron, so they 

are less likely to be digested or released under shear conditions (Novak, 2010). Alum 

addition to the biosolids during dewatering consistently appeared to reduce headspace 

emissions, but also resulted in increased optimum polymer dosing (Table 22). 

The effect of cation dosing appears to depend on dosage size, location, shear and judging 

by the variable response in full scale trials other factors that haven’t yet been identified 

(Table 22). It is suggested that insufficient iron salt dosing may inhibit methanogens but not 

sequester the proteins leading to greater emissions (Higgins et al. 2002b). Therefore the 

effect of cation dosing on methanogens should be established.  

 

1.2.2.7. Other chemical amendments 
In addition to cation dosing, other chemical amendments, marketed to reduce emissions 

from wastewater solids processing, were present in the literature. The modes of action of the 

treatments and their demonstrated effectiveness from the reviewed literature are presented 

in Table 23. The majority of the studies reviewed the concentrations of biosolids headspace 

emissions, while others also included sensorial evaluation.  

Adams et al. (2007) tested a range of products marketed to reduce odours, however upon 

testing; using the recommended dosages, none of the additives appeared to significantly 

reduce the TVOSC levels in the dewatered sludge headspace. Johnston et al. (2009) 

compared different additives for odour control using olfactometry analysis. Suitable additives 
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varied in how long they could control the odour, being suitable for either short or long term 

control. However none of the additives could reduce the olfactometry dilution thresholds 

below 105, signalling more studies, specifically field trials, are needed for odour 

improvement. Other trials were conducted, while some saw favourable results (Table 23), full 

scale trials are needed at sites before implementation.  

 

1.2.2.8. Storage and land application 
The typical temporal profile of VOSCs emitted in the headspace of biosolids samples as they 

are aged has been well described in many studies (Figure 11). The interplay between VOSC 

producers and the degraders (methanogens) are responsible for this pattern (Higgins et al., 

2006). The magnitude and the timing of the peak are known to be affected by factors such 

as thermophilic temperature shock, iron addition, shearing, VFA levels, and chemical 

amendments. Temporal patterns of other odorant generation has also been investigated by 

Chen et al. (2004) with volatile aromatic compounds dominating emissions at ages greater 

than 30days.  

The adverse effects of shearing on biosolids odour emissions, aren’t suggested to be long 

term as odours emitted from the land application of biosolids dewatered belt filter presses 

were initially lower but after two weeks were the same as for centrifugally dewatered 

biosolids (Rosenfeld et al., 2001a). However, the differences in emissions in the first two 

weeks may be significant.  ‘Seeding’ freshly dewatered cake with stored cake was 

investigated by Williams et al. (2008). Fewer emissions were seen in the seeded cake, with 

91% reduction in headspace TVOCs seen when 10% aged cake was incorporated, however 

full scale analysis is required to determine the benefit. The reduction of H2S emissions when 

more stored sludge was added may be associated with the higher pH of the stored cake. 
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Table 22. Compilation of reviewed literature concerning the dosing of cations (Fe and Al) in biosolids processing and odour response 
Addition 
Location Effect of cation dosing 

Activated 
sludge and 
Digesters 

Addition of the cations to the activated sludge, perhaps to reduce soluble phosphorus, was seem to reduce cake odour emissions (MT, 
TVOSC ) for varying degree for sludge from 7 different plants (Novak and Park, 2010). 
Addition of iron to the anaerobic digesters, reduced the requirements for polymer during dewatering improving the cake TSwt%, however 
dramatically reduced the levels of TVOSC emitted from the cake (Higgins et al., 2002b, Novak, 2010).  
Kim and Novak (2011) noted that iron salt addition to the digester shortened the time it took for TVOSC emissions to peak for thermophilic 
digested biosolids. 
Increased peak TVOSC emissions when iron salts are added to the feed were seen by Adams et al. (2007) 
Higher ratios of iron/aluminium lead to more available VS for destruction after shearing (Muller et al., 2007b). 

Dewatering 

Higgins (2010) noted addition of metal salts during dewatering or to the cake reduced headspace TVOSC production. 
The addition of a range of aluminium and iron salts to the cake produced favourable odour reduction, despite different levels of effectiveness 
(Novak, 2010).  
Increasing iron chloride doses decreased MT and DMS emissions and hedonic tone, but increased the time for the emissions to peak. Likely 
due to the sequestering and slow release of proteins from iron complexes(Higgins et al., 2002b). 
Other sites (lab and full scale) didn’t achieve the same degree of odour reduction for the cation dosing, suggesting a range of interactions are 
involved (Gruchlik et al., 2012) (Higgins, 2010). 
Increasing alum doses reduced emissions but increased optimum polymer dosing requirements (Adams et al., 2007, Kim et al., 2011b)  
Higgins (2010) suggests that the dose of cations required to reduce TVOSC peak emissions is influenced by the amount of shear imparted on 
the biosolids and dosing location.  
When H2S emissions are present the addition of alum would promote its release, while iron would lower emissions (Higgins, 2010) 
Iron addition to the biosolids for one plant during dewatering showed favourable reductions in DT, RT, DMS and intensity, yet didn’t affect 
DMDS. The opposite of this effect was seen in another plant that was tested (Higgins et al. 2002b). These findings may be related to the slight 
increase (16%) in the levels of iron in the biosolids, which acts to retain some protein, however not enough to sequester sulfur in the biosolids 
yet it inhibits VOCS producers, resulting all up in more emissions.  
Uneconomical (>10 dry wt%) doses of iron chloride were needed for control of headspace emissions (Toffey and Higgins, 2006) 
Alum dosing in a full scale plant had a more varied effect, compared to lab scale. One site showed improvements, another displayed the 
opposite (Chen et al. 2007). The effect of alum dosing on the methanogen populations is not clearly elucidated and may be related to the 
observed differences. 
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Table 23. Compilation of the reviewed literature evaluating chemical amendments mode of action and effectiveness in controlling biosolids 

odour emissions 
Additive Mode of action Location Findings 

FeCl3 

Bind sulfide, 
mercaptans and 

proteins, enhance 
degradation 

Before 
dewatering 

Addition prior to polymer addition reduced headspace VOSCs and odour (Higgins et al., 2002b) 
Addition showed good reduction in emissions < 10 days of storage, (Johnston et al., 2009) 
Greatest reduction in NH3 and amine compared to hypochlorite and lime (Mendenhall et al., 2003) 

Lime microbial 
suppression 

before 
dewatering 

Low level dosing < pH 11 has better CFU control however may release more MT and DMS compared 
to control (Erdal et al., 2004) 
Lime dose needs to inhibit both protein degraders and methanogens (Adams et al., 2007).  
Lime addition, while reducing the VSC emissions, produced a fishy odour, and thought to be associated 
with Trimethyl amine(Higgins et al., 2002b) 

after 
dewatering 

Addition of calcium hydroxide decreased sulfur emissions but produced TMA in headspace(Higgins et 
al., 2002b) 

Ferric sulfate 
reduce protein 

bioavailability and 
enhance degradation 

after 
dewatering Large reduction in headspace emissions (~75% reduction) for <10 days storage(Johnston et al., 2009) 

Calcium 
nitrate 

electron acceptor, 
promotes 

degradation in anoxic 
conditions 

before and 
after 

dewatering 

Better reduction (96% for H2S and 93% for VSC’s) over storage of 3 days when applied after 
dewatering, still some improvements relative to control when applied to liquid sludge before. 
(Weissenberger et al., 2006) 

calcium 
nitrate with 

anthra -
quinone 

promotes anoxic vs 
anaerobic conditions 

after 
dewatering 

Greater doses reduced MT and DMS headspace emissions and after dewatering improved hedonic 
tone (Higgins et al., 2002b)  

potassium 
nitrate 

promotes anoxic vs 
anaerobic conditions 

after 
dewatering 

Higgins et al. (2002b) showed that high levels of potassium nitrate prior to dewatering reduced the MT 
concentration; however this was associated with an increase in DMDS 

Alum 
reduce protein 

bioavailability and 
enhance degradation 

after 
dewatering Large reduction in headspace emissions (~85% reduction) for <10 days storage(Johnston et al., 2009) 

ash, lime kiln 
dust 

inhibit microbial 
activity, reduce 

protein bioavailability 

after 
dewatering 

Rosenfeld (2001) mixed high Carbon ash to biosolids before land application and noted that a higher 
ash ratio decreased emissions of DMS, CS2, NH3, TMA, acetone and Odour units over supplication 
time.  
Addition showed good reduction in emissions < 10 days of storage, (Johnston et al., 2009) 
Toffey and Higgins (2006) found ash from different sources had different effectiveness in controlling 
emissions.  
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Additive Mode of action Location Findings 
Activated 
carbon 

adsorption or 
oxidation 

after 
dewatering Large reduction in headspace emissions (~80% reduction) for <10 days storage (Johnston et al., 2009) 

Bio augment stimulate 
methanogen activity 

into 
digesters 

reduced headspace emissions of DMS and MT (Tepe et al., 2008) 
Proprietary nutrient blends reduced peak TVOSC emissions by a third when added before digestion 
and 70% when added before dewatering (Toffey and Higgins, 2006). 

Dewatering Bio-Organic catalyst addition only was effective when added to centrifuge, rather than sprayed on 
dewatered biosolids surface (Toffey and Higgins, 2006) . 

Cyclodextrin adsorption or 
oxidation 

after 
dewatering No effect relative to control for <10days (Johnston et al., 2009) 

H2O2 Oxidation after 
dewatering Reduction in headspace emissions not significant for <10days storage(Johnston et al., 2009) 

KMnO4 Oxidation after 
dewatering Reduction in headspace emissions not significant for <10days storage(Johnston et al., 2009) 

calcium 
hypochlorite Oxidiser after 

dewatering Reduced MT, DMS and DMDS in headspace (Higgins et al., 2002b) 

PECO Mag 
sulfite 

reduce protein 
bioavailability, 

enhance degradation 

after 
dewatering Increased emissions for storage <10days (Johnston et al., 2009) 

Epsom salt 
reduce protein 

bioavailability and 
enhance degradation 

after 
dewatering Reduction in headspace emissions not significant for <10days storage (Johnston et al., 2009) 

Humic 
mineral 
product 

 
Onto 

dewatered 
cake 

Slight reduction in headspace TVOSC, compared to control after application (Toffey and Higgins, 2006)  
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The results of headspace emission profiles for ageing biosolids suggest that transport and 

land application should be conducted after the initial headspace TVOSC peak has occurred. 

However Murthy et al. (2002) showed an increase in detection threshold and recognition 

threshold when anaerobically digested biosolids were stored for up to 60 days prior to land 

application. The exact storage conditions and analysis method for these findings weren’t 

defined. While, Brandt et al. (2009) showed that the application of anaerobically stabilized 

biosolids stockpiled for about 50 days resulted in a higher odour intensity compared to 

shorter stockpiling times. Higher levels of p-cresol and VOSCs were noted in the headspace 

of biosolids cured for shorter periods of time. However the olfactometry results also didn’t 

show any significant difference in the odour concentrations for the different biosolids 

samples. The authors concluded that they could not confirm the benefit to short term vs long 

term biosolids stockpiling before spreading.  

In contrast, it was found that curing of biosolids prior to application for at least a week 

improved the odour intensity, concentration and hedonic tone (Muller et al., 2014), however 

the solids stockpiled were from anaerobic digesters with long solids residence times > 30 

days, so this trend may not be consistent with other sources. Long-term stockpiling of 

biosolids for more than 6 months produces low odour product (Novak et al., 2012)  These 

findings suggest that the headspace method may not accurately represent odorous 

emissions from the biosolids when applied to land.  

1.3.  Aerobic digestion 
Only six resources were reviewed for this stabilisation method. Two early papers by Koers 

and Mavinic (1977) and Eikum and Paulsrud (1977) used an odour panel and the odour 

intensity index to evaluate parameters affecting and representing the stability of aerobically 

stabilised biosolids. Carsen and Anderson (2008), Davis (2012) and Rutledge (2014) in 

conferences presented findings on odour emissions from lab scale and full scale studies of 

aerobically digested biosolids from a variety of plants in Australia. While Kumar et al. 

(2006a) evaluated the addition of an aerobic digester following anaerobic digestion to reduce 

biosolids odour emissions.  

The majority of studies appeared to use headspace sampling, incubating sludge samples 

and then measuring the odorant concentrations in the headspace. Davis (2012) also used 

flux hood sampling, while the setup of Carsen and Anderson (2008) involved sweeping the 

surface of biosolids stored in drums with air to generate emissions, being a cross between 

headspace and fluxhood sampling. The odorant analysis of the reviewed papers was poor, 

with half measuring only hydrogen sulfide and organic sulfur compounds reporting them as 

TVOSC and the other using sensorial methods of odour concentration and odour intensity.  
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1.3.1.   Odorants identification 
The odour emissions associated with aerobic degradation are generally considered to be 

quite low as volatile organics are typically broken down and oxidised producing an 

odourless, hummus like stable product (Metcalf and Eddy, 2003). However, earlier plants 

appeared to be plagued with poor operation or design of the systems, leading to 

microaerophilic or anaerobic conditions, producing odorous emissions. Such emissions 

could occur during digestion, or during the storage of the poorly stabilised product where 

anaerobic conditions developed. Compounds likely to be formed in anaerobic conditions are 

volatile fatty acids and alcohols alongside reduced sulfur compounds.  

During land application Banwart and Bremner (1976) identified that DMS and CS2 as well as 

DMDS are the most abundant sulfur emission from biosolids application in aerobic 

conditions. Emissions from the aerobic stabilisation process itself may occur. High 

temperature operation, as occurs in Auto-thermal Thermophilic Aerobic Digestion (ATAD) 

systems, can promote the release of ammonia as well as reduced sulfur compounds such as 

hydrogen sulfide, carbonyl sulfide, methyl mercaptan, ethyl mercaptan, dimethyl sulfide, 

dimethyl disulfide. The higher temperatures and pH in ATAD system means that ammonia 

and other compounds can be stripped from the sludge during operation (WEF, 2012). 

1.3.2.  Process implications  
The Specific Oxygen Uptake Rate or SOUR is a commonly used method for measuring 

stability of aerobically stabilised biosolids. Koers and Mavinic (1977) conducted a series of 

labscale incubations at different temperatures. It was noted that when digesting at 5 °C, an 

extremely long solids retention time (SRT), greater than 80 days, would be needed to 

produce a product judged acceptable by an odour panel. The study showed that 

temperature of incubation needs to be taken into account when using SOUR as a measure 

of sludge stability. 

Plants using aerobic digestion or extended aeration were examined by Rutledge (2014). The 

sites using extended aeration appeared to exhibit higher headspace TVOSC concentrations 

peaking on the fourth day of incubation. However, one of the four aerobic digestion sites also 

exhibited high headspace TVOSC concentrations despite a SRT of 30 days. Suggesting 

factors apart from digester type, SRT and dewatering need to be considered.  

 

1.3.2.1. Auto-thermal Thermophilic Aerobic Digestion (ATAD) 
While these processes are typically covered, emissions from the process include ammonia 

and reduced sulfur compounds such as hydrogen sulfide, carbonyl sulfide, methyl 

mercaptan, ethyl mercaptan, dimethyl sulfide, dimethyl disulfide. Carboxylic acids e.g. acetic, 
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propionic and butyric acids are also commonly measured in exhaust gas (Kelly and Warren 

1997).  

Odours are also emitted during dewatering due to the elevated temperatures of the sludge, 

this can require cooling to reduce the emission rate. Application to land of liquid (ATAD 

treated) biosolids was reported by City of Sunrise Florida to result in strong odours, as well 

as high transport costs, using HRT of 10-15 days and VSR of 49%. Another site, Avon-Vail, 

Colorado has VSR 55-65%, centrifuge dewatering and drying before distribution however 

persistent and strong odours were again noted (Layden et al., 2007).  

Some observational data noted that odours appeared worst at very negative ORP values in 

ATAD plants (Kelly et al., 1993). Low airflow rates can lead to lower ORP values, however 

high air flowrates may cool the system due to evaporative latent heat loss. Poor mixing can 

also cause localised regions of low ORP. Off gas from poorly operated reactors can contain 

ammonia and small amounts of reduced sulfur compounds as well as aldehydes, ketones 

and other unidentified volatile compounds. 

Layden et al. (2007) conducted a literature review of the operation and design of ATAD 

plants, including mentions of odour emissions, however one of the findings were that more 

research is needed into odour emissions from thermophilic processes. The main parameters 

related to odour generation in ATAD plants are outlined below: 

• The aeration rate is important to control as insufficient oxygen can produce micro-

aerophilic conditions and the accumulation of VFS in the reactor- leading to odours, 

while on the other hand if the rate is too high, excess cooling can prevent the 

temperature reaching optimal conditions 

• High temperatures in ATAD designs (>65’C) may lead to oxygen limitation (producing 

odours), the temperature of the system can be controlled by altering the feed 

concentration (however if the feed concentration is too high oxygen limitation may 

occur)  

• Inadequate mixing as well as inadequate aeration can contribute to odours, as shown 

in full scale plant (Kelly et al., 1993) 

• Transient anaerobic conditions may occur in the influent feed if stored or held in 

tanks before digesters, resulting in the emission of compounds related to the 

anaerobic decompositions such as (H2S, mercaptans, VFAs or amines as well as 

ammonia) 

• The high temperature of the biosolids, means they need to be cooled to reduce odour 

emissions due to increased volatility of compounds before dewatering 
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1.3.2.2. Protein degradation 
The effect of the use of sequential anaerobic aerobic reactors on the odour properties of the 

produced biosolids was evaluated by Kumar et al. (2006a). Aerobic digestion following 

thermophilic anaerobic digesters doesn’t appear to affect peak TVOSC headspace 

production as levels are already low. However, the addition of aerobic digestion following 

mesophilic anaerobic digestion showed improvements, as did increasing the retention times 

for both processes. This is likely due to the greater removal of proteins in the aerobic 

digesters when the proteins are present.  

Greater removal of proteins from digested sludge was also accomplished using mesophilic 

anaerobic digestion after an ATAD system. While not directly measured, it was hypothesised 

by Murthy et al. (2000) to improve odour emissions form the resulting biosolids as there is 

less substrate to produce volatile sulfur compounds. The lower protein levels in aerobically 

treated vs anaerobically treated sludge was also supported by Novak et al. (2003). 

Murthy et al. (2000) investigated the contributions of different parameters associated with 

ATAD and noted the effects on biopolymer concentrations, that they linked to odour 

potential. The release of biopolymers during digestion was thought to contribute to the 

increased dewatering polymer requirements and foaming problems typical of ATAD 

operations. It was also posited that high biopolymer levels could lead to odour emissions. 

However, the studies did not specifically measure odour emissions from the biosolids 

product.  

 

1.3.2.3. Dewatering 
Different methods of dewatering were noted to affect the odour emitted from aerobically 

stabilised sludge, similar to anaerobically digested biosolids. Dewatering using high G 

centrifuges produced biosolids emitted initially about twice the odour unit emission rate as 

biosolids dewatering using a low G system (Carsen and Anderson, 2008). Headspace 

sampling of aerobically stabilised biosolids dewatered using low or high G centrifuges 

showed comparable H2S emissions, but about twice the level of TVOSC for samples 

produced using high G (Davis, 2012).  

 

1.4.   Composting  
Composting facilities have the potential of producing odour due to the aeration process and 

exposed surfaces which promote the emission and distribution of odours. The composting 

process relies on the use of microorganisms (fungi in particular) to degrade organics. The 

associated temperature rise (biological aerobic self-heating at mesophilic or thermophilic 

temperatures) acts to suppress enteric pathogens thereby stabilising the biosolids. The 
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temperature increase in the piles increases the rate of volatilisation of odorants with low 

boiling points. Bulking agents such as woodchips are typically added when to the biosolids 

input as this helps reduce the moisture content as well as aiding air dispersion through the 

product (Maulini-Duran et al., 2013). Yet certain bulking agents contain odorous compounds, 

especially terpenes from plant material.  

 

1.4.1. Odorants identification  
No single paper consistently characterised composted biosolids emissions using both 

analytical and sensorial analysis. There have been a variety of studies based only on the 

olfactometry data, useful in determining levels that could impact the community when 

combined with dispersion modelling (Rousseille et al., 2009), however can be difficult to 

identify causes for poor performance. The types of odour descriptors recorded at various 

stages of biosolids composting correlates with the expected odorant concentrations. For 

example, the characters of faecal, rancid and rotten, represent the sulfur compounds and 

volatile fatty acids in the active stages (Table 24). 

Table 24. Odour descriptors throughout stages of biosolids composting 

First stage (mesophilic) Thermophilic Cooling Final 
product Reference 

Faecal, rotten fishy, 
manure Rancid, rotten vegetables 

Earthy and 
grass 

odours. 

Earthy 
and musty 

(Suffet et al., 
2009) 

Rotten/decayed fish, rotten/decayed meat, spoiled food, 
compost, urine, putrid, latrine and sour (sampled after 

10 days ) 
N/A N/A (Rosenfeld et 

al., 2004) 

 

Six papers measured odorants as shown in Table 25, the remaining papers either used only 

sensorial methods(Suffet et al., 2008, Gutiérrez et al., 2014), monitored single compounds 

such as ammonia (Pagans et al., 2006a), represented emissions as total VOC mgC/m3 

(Pagans et al., 2006b) or hadn’t quantified the MS signal (Baby et al., 2005).  

Ammonia was identified as the dominant compound emitted during composting (in terms of 

mass flowrate) for many studies (Pagans et al., 2006a, Lazarova et al., 2008, Rosenfeld et 

al., 2004). Lazarova et al. (2008) saw a great deal of variance in ammonia emissions for 

different facilities suggesting that TKN wasn’t the only contributor to its generation. 

Trimethylamine was seen in the initial stages of biosolids composting (Lazarova et al., 2008, 

Suffet et al., 2009). Suffet et al. (2009) suggested that the reduction of TMA occurred quickly 

in composting reactions, as the fishy smell associated with TMA wasn’t detected in 

intermediate process steps using odour profiling methods. Other amine and amide 

compounds (such as methylamine and acetamide) were only detected sporadically in small 

quantities (Lazarova et al., 2008, Maulini-Duran et al., 2013).The emission of the more 
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oxidised forms of the volatile sulfur compounds, DMDS, CS2, DMS and COS were 

commonly detected during the composting of biosolids (Table 25), as their emission is 

related to the degradation of sulfur containing organic matter. DMDS is the dominant sulfur 

compound for all studies identifying sulfur based compounds (Maulini-Duran et al., 2013, 

Suffet et al., 2009).  

The exhaust gas from the composting processes were characterised by high flow rates and 

normally low pollutant concentrations, containing mainly VOCs (if properly 

managed)(Pagans et al., 2006b). Smet et al. (1999) in a study on the composting of green 

waste reported that the emissions of VOCs occurs mostly in the first stage of composting, as 

the compounds are products of anoxic biodegradation. Maulini-Duran et al. (2013) compared 

the emissions from raw sludge and anaerobically digested sludge, and the time it takes for 

the peak in VOC to occur is around four days later for the anaerobically digested sludge. The 

authors suggested the emission are linked to the presence of anoxic zones in biofilm 

particles due to the oxygen depletion due to aerobic metabolism (microbial activity) and also 

the accompanying temperature increase leading to volatilisation. Rosenfeld et al. (2007) 

suggests that incomplete digestion of the biosolids can lead to VFAs, aldehydes and ketones 

and alcohols being present in the composting initially and that they are associate with rancid, 

vinegar and body odour types smells, and sweet solventy odours. 

Terpenes are thought to be intermediates aerobic metabolism or related to the bulking 

material, they are widely detected at composting facilities with different feedstocks. The 

dominant species detected in the biosolids composting studies were α-pinene and limonene 

(Van Durme et al., 1992, Maulini-Duran et al., 2013).  Furans and esters were also identified 

in process emissions, albeit at low levels. It was suggested that levels were related to the 

low volatilisation rate rather than their ongoing formation (Maulini-Duran et al., 2013). 

 

 

 

 

 

 

 

 

 

 



 

163 
 

Table 25. Odorants associated with composting biosolids. 
H2S 1,2 
methyl mecaptan 2,5 

ethyl mercaptan 5 
dimethyl disulfide 2,4,5,6 
dimethyl sulfide 1,2,3,4,5 
CS2 

1, 3,4 
COS 2,3 
 
ammonia 1,3,5,6 

pyridine 1,6 

methylamine 5 
trimethylamine 5  
 
limonene1,6 
α-pinene1,6 
β- pinene 6 
 
acetone1,5 
methyl ethyl ketone1,5 
heptanone1, 
cyclohexanone1,6 

2-pentanone 6 

 
acetic acid1,3,5 
formic acid 3 

propionic acid 4,5 

isobutyric acid 5 
isovaleric acid 5 
butyric acid 4 
 

benzene1 
ethylbenzene1 
styrene1,6 
toluene1,6 
xylene1,6 
 
chlorobenzene1 
dichlorobenzene1 
1, 1, 2 - trichloroethane1 
fluorotrichloromethane1 
 
cyclohexane1 
cyclopentane1 
2-ethyoxyethanol1 

 
methylacetate1 
methyl chloride1 
acetaldehyde1,5 
propionaldehyde 5 
butyraldehyde 5 
 
heptane1 
nonane1 
octane1 
pentane1 
 
methanol 1 
phenol 1 

n-propanol1 

1. Van Durme et al. (1992) sampled emissions from blower exhaust and flux chambers on pile 
surfaces, analysed using colourimetry tubes, TenaxTA adsorbent tubes analysed using thermal 
desorption GC-MS and Jerome 631. Dilution olfactometry measurements also conducted. 
2. VanderGheynst et al. (1998) measured emissions during lab/pilot scale composting using GC-FPD. 
3. Rosenfeld et al. (2004) measured emissions from windrows and static piles from fluxchambers and 
negative pressure exhaust. Emissions analysed using GC-FPD, carbonate-bicarbonate impingers and 
analysis using HPLC-UV, sulfuric acid impingers and analysis using ion chromatography 
4. Kim et al. (2005b) measured emissions from headspace of 14 composted products using SPME 
and analysis using GC-MS, selected ion monitoring of TMA and reduced sulfur compounds. 
5. Lazarova et al. (2008) sampled the exhaust gas from 8 different facilities using 7 different 
technologies. Emissions were analysed using GC-ECD , GC-FID, acid colourimetry and GC-NPD, 
DNPH solution bubbler with HPLC-UV as well as desorption onto activated carbon or silica and 
analysis using GC-FID. 
6. Maulini-Duran et al. (2013) measured emissions from composting exhaust using an ammonia 
sensors and SPME with GC-MS. 
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1.4.2. Process implications 
Benedict et al. (1986) lists a number of recommendations for managing odour emissions 

from sites composting anaerobically stabilised biosolids. These findings are based on site 

visits and reviews of five composting facilities in America.  

• Covering and cleaning trucks hauling biosolids 

• Frequent scheduled deliveries of biosolids, to ensure frequent mixing 

• At least 40wt% initial moisture in compost mix to ensure good ventilation 

• Uniformly mixed, therefore porous material to prevent anaerobic regions 

• Positive aeration can minimise emission as pile cover acts as odour scrubber 

• Limit sludge volumes being processed 

• Good management of pile tear down (not during early morning/wet weather to 

prevent inversions, or use high rate aeration prior ) 

• Effective liquid management  

• Good housekeeping  

Many of these recommendations generally apply to composting facilities. More specific 

relationships between process operation and emissions from the composting of biosolids are 

explored below.  

1.4.2.1. Composting method  
Aeration of piles can either be positive or negative, where the air is either forced (positive) or 

pulled (negative) throughout the piles. The latter obviously has massive advantages in terms 

of control of fugitive emissions given a high enough negative pressure. There are other 

issues such as increased blower wear due to the composition of the stream, while fugitive 

emissions will occur to a degree despite the method due to convective and diffusive 

emissions, as well as cycling of the blowers and material handling. A study of two full scale 

plants found that negative aeration could capture 65-69% of pile surface emissions 

compared to positive (Gould and Byers, 2002).  

Aerated pile surface odours were reduced by negative aeration, due possibly to a reduction 

in fugitive emissions, and to an increased oxygen transport at the surface (Van Durme et al., 

1992). Greater emissions of compounds such as ammonia, formic acid and acetic acid were 

measured using flux hoods from the surface of windrows compared to negatively aerated 

static piles (Rosenfeld et al., 2004) 

1.4.2.2. Biosolids compositions and bulking agents 
Epstein (1997) states that the type of feedstock influences odour emissions during the 

composting process, as readily digestible raw sludge produces higher intensity odours than 

digested biosolids. A number of studies compared the emissions from the composting of raw 
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biosolids and anaerobically digested material and are outlined in Table 26. Differences 

between the two materials in terms of their processing, and emissions are based on the 

different ratios of C:N, due to the greater proportion of readily digestible organics. Epstein 

(1997) states that ammonia is often released from the composting of feedstocks with low C: 

N ratios <20:1. Raw sludge composting reached thermophilic conditions in under a day, 

returned to mesophilic conditions, and was considered stabilized after 12 days. However, the 

anaerobically digested biosolids weren’t seen to reach thermophilic conditions. Likely as the 

sludge had already been stabilized in the wastewater treatment plant as the DRI (dynamic 

respiration index) wasn’t seen to change (Maulini-Duran et al., 2013).  

Rosenfeld and Suffet (2004) discuss that thermophilically digested biosolids produce more 

volatile fatty acid emissions than mesophillically digested biosolids, therefore use in 

composting would see more emissions through the composting process. The content of 

volatile organic acids was suggested to be an indicator of compost stability, their presence 

being correlated with microbial activity. As these organic acids have offensive characters, 

lower levels from stabilised products will have improved odour properties (Brinton, 1998).  

Kim et al. (2005b) surveyed a range of composted products and noted that greater 

concentrations of reduced sulfur compounds were emitted from compost containing 

biosolids. This was compared to other organic streams such as food, manure and industrial 

and agricultural by-products. This effect can be attributed to the higher predominance of 

sulfur containing organic matter (proteins) in the biosolids.  

Table 26. Studies comparing emissions from the composting of raw sludge or anaerobically 

digested sludge 
Raw sludge Anaerobically digested sludge Reference 

More NH3 and VOCs 
Terpenes were emitted at levels 

above the OTV 
 

More methane emitted (possibly due to 
stripping of CH4 from AD) 

Low VOCs, possibly as the mass didn’t reach 
as high a temperature. 

(Maulini-
Duran et al., 

2013) 

Constant emission in first 90hrs Peak concentrations emitted in first 20hrs. 
More total VOCs during initial composting 

stage than RS 

(Pagans et al., 
2006b) 

More VOCs emitted from the raw 
sludge’s observed in plants, 

acetophenol was observed in large 
amounts. 

 (Van Durme et 
al., 1992) 

 

The composition of the feedstock itself influences odorants released during composting. For 

example green waste was seen to emit different odours to biosolids as it contains more 

readily biodegradable compounds (sugars and cellulose) rather than the biosolids 

(Rosenfeld and Suffet, 2004, Defoer et al., 2002). The study by VanderGheynst et al. (1998) 

compares the emissions from composting biosolids with SFW (Solid food waste - dry dog 
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biscuits). The authors observed that the dominant VSC emissions for the biosolids are 

DMDS and DMS (rather than MT for the SFW) and the time it took much less time for the 

emissions to peak. It was concluded that the higher level and varieties of bacteria present in 

the media due to previous treatment in the wastewater treatment plant were responsible, 

and the options of seeding the compost to increase microbial density was raised. Amlinger et 

al. (2008) identified that the addition of more mature compost to the initial material reduce 

emissions, however it should be noted that this was based on total VOCs rather than odour.  

The combination of biosolids and yard waste also generated higher levels of propionic and 

butyric acid, thought associated with the anaerobic digestion of yard waste (Kim et al., 

2005b). The high levels may be due to the high microbial population in the biosolids and high 

levels of biodegradables in the yard waste. Gutiérrez et al. (2014) linked the levels of 

biodegradable organic matter and odour concentration as measured by dynamic 

olfactometry.  

1.4.2.3. Appropriate aeration and moisture control  
In anaerobic conditions reduced sulfur and nitrogen compounds can form as well as volatile 

fatty acids, all of which can be highly odorous (Suffet et al., 2009). Anaerobic conditions can 

occur in three ways: the aeration method/rate is insufficient, high moisture levels limit oxygen 

transport and high rates of biological activity lead to oxygen being the limiting factor for 

growth (Maulini-Duran et al., 2013, VanderGheynst et al., 1998). The study by Rosenfeld et 

al. (2004) compared a windrow with an aerated pile and showed the better aeration of the 

latter reduced emissions of ammonia, formic acid and acetic acid considerably.  

The use of absorbent additives such as wood shavings etc. can absorb water to favour 

degradation without depleting oxygen (DEC, 2004). The preferred moisture levels for 

composts range from 40 to 60% for operation, and 30 to 40% for sale of the product 

(Gutiérrez et al., 2014, Pagans et al., 2006b). Methane is commonly used to indicate oxygen 

deficiencies, and was seen in the first few days of composting of raw biosolids (Maulini-

Duran et al., 2013). Other antecedent compounds (emitted before the main odorous 

compounds due to anaerobic conditions) are H2 and CO (VanderGheynst et al., 1998). 

 

1.4.2.4. Temperature and pH 
Krogmann et al. (1997) detected a range of compounds emitted from biosolids composting 

and noted that the total VOC emissions increased as the composting temperature increased. 

Pagans et al. (2006a) also saw a dependency of ammonia emissions on temperature and 

recorded a near exponential increase of ammonia emissions when temperatures increased 

in the thermophilic stage.  
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The pH of the pile also influences the emissions, due to speciation of odorous compounds 

such as H2S and NH3. As the pH of biosolids is typically 8.5, H2S will mainly be found as HS-, 

a non-volatile soluble ion, which in aerobic conditions is readily oxidised (as well being able 

to be broken down by bacteria and fungi)(Rosenfeld et al., 2004).  

 

1.5.  Thermal treatment 
Typically high odours are generated during the drying process; however these can be 

managed onsite. Emission patterns during drying are affected by the previous sludge history 

and the drying method chosen. The positioning of thermal treatment can be after other 

stabilisation processes such as anaerobic digestion or composting to obtain a superior class, 

reduce the volume for disposal or it can be used straight after dewatering raw sludge before 

incineration. From the literature reviewed the source of sludge was demonstrated to affect 

the types of odours emitted from product, especially when wetted or applied to land.  

 

1.5.1.  Odorants identification 
The majority (70%) of the papers reviewed (n=10) characterised or monitored emissions 

from the drying process itself (Lazarova et al., 2008, Decottignies et al., 2010, Hoener et al., 

2007, Fraikin et al., 2011, Muezzinoglu, 2003, Deng et al., 2009, Vega et al., 2015). The 

remaining papers studied the odour properties of the dried product, some studies including 

the effects of wetting and land application (Sivret et al., 2014, Rosenfeld et al., 2001a, 

Murthy et al., 2003b).  

Few studies comprehensively identified odorants in emissions, the majority focused on the 

main sulfur based emissions (MT, DMS, DMDS, H2S) (Table 27). A number of papers used 

olfactometry and the presence of a possible VOC has been raised by such authors who 

detected a ‘burnt” odour type however weren’t able to link it to a specific odorant (or group of 

odorants) (Lazarova et al., 2008, Decottignies et al., 2010).  

Dried biosolids samples had more complex mixture of VSCs and more carbon disulfide and 

carbonyl sulfide (Sivret et al., 2014, Rosenfeld et al., 2001a, Murthy et al., 2003b). The 

greater variety of emissions was suggested to be related to the increased surface area of the 

dried biosolids enabling mass transfer and increasing biological activity when incorporated 

into soil (Rosenfeld et al., 2001a).  

 

As the duration of drying processes are typically quick (< 8hrs) and temperatures high, 

compounds emitted during drying are those already present in the sludge or abiotically 

generated. Lazarova et al. (2008) identified ammonia as the major compound however 
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emitted during drying. The emission of ammonia is likely dictated by factors such as pH, 

which affects the form of ammonia and the preceding treatment such as anaerobic digestion 

which generates large amounts of ammonium ions. TMA was released from thermally dried 

biosolids previously lime stabilized (Murthy et al., 2003b), this is to be expected due to the 

high concentrations released due to lime stabilisation (Kim et al., 2003).  

The emissions of sulfur containing gases from low temperature pyrolysis of sewage sludge 

was investigated by Yang et al. (2012). The emissions of H2S, SO2 and MT were attributed 

to the transformation of organic sulfur, while CS2 was thought to be due to interactions 

between FeS and methane. Emissions from dried biosolids pellets contain less reduced 

sulfur species such as carbon disulfide, carbonyl sulfide and DMDS (Murthy et al., 2003b). 

VFAs are widely associate with the hydrolysis of sludge compounds during drying, the 

emissions are thought to stop when the sludge is dried as the hydrolytic action is decreased 

as water decreases (Deng et al., 2009). This corroborates the findings of (Murthy et al., 

2003b) that volatile fatty acids (propionic and butyric acids) were released from heat dried 

undigested biosolids.  Hoener et al. (2007) in a trial of an indirect rotary drum drying system 

measured H2S and odour units of the emission stream. Based on the high OU results, other 

odorants apart from H2S were suggested to be present. Lazarova et al. (2008) suggested 

that MT and TMA were the major contributors to drying process odours, based on their 

concentrations and odour detection thresholds. Ammonia and other sulfur compounds were 

only thought to be partially responsible. The range of odour descriptors of process emissions 

and from final product (e.g. burnt coffee, burnt rubber, garlic, medicinal, rancid) suggest a 

range of compounds contribute to the overall odour character (Table 27). 

 

Table 27. Odorants and descriptors associated with thermally treated/stabilised biosolids 
Odorants emitted during drying process Odorants and odours emitted from dried product, 

when wetted or applied to land 
hydrogen sulfide 1,3,5 
methyl mercaptan1,3,5 

carbon disulfide 5 

dimethyl sulfide 1,2,5 
dimethyl disulfide1,5 
dimethyl trisulfide1 

ethyl mercaptan 3 
propanethiol 2 

sulfur dioxide 2 

hydrogen sulfide6 

methyl mercaptan 6,7 
carbon disulfide 6,7,8 
dimethyl sulfide6,7 
dimethyl disulfide7,6,8 

dimethyl trisulfide6 

carbonyl sulfide6,8 
ethyl methyl sulfide6 
methyl ethyl disulfide 7 

trimethylamine1,3 
ammonia1,3, 4 
methylamine1,3 

dimethylamine3 

ethylamine 3 

trimethylamine 7,8 

 

 

 

 
acetic acid,3, 4 
propionic acid,3,4 
butyric acid1,3 

acetic acid 7 
propionic acid 7,8 
butyric acid 7,8 



 

169 
 

Odorants emitted during drying process Odorants and odours emitted from dried product, 
when wetted or applied to land 

isobutyric acid 1,3 
isovaleric acid ,3 
valeric acid,3 
caproic acid,3 
isocaproic acid,3 
formic acid 4 
ketones1 
acetone1,3 

2-butanone 3 

aldehydes1 
acetaldehyde 3 
propionaldehyde 3 
butyraldehyde 3 
benzaldehyde 3 
hexaldehyde 3 
alcohols1 
methanol 3 
propanol 3 
butanol 3 

terpenes1  

limonene1 

alkanes1 

heptane 4 
alkenenes1 
esters1 

 
ammonia, burnt coffee, burnt rubber, manure, 
cabbage3 

 
acetone 7 
2-butanone 7 
phenolics 7 
hydrocarbons 7 
aromatics 7  
 
terpenes 7 
 
 
 
 
 
 
 
 
 
 
 
earthy musty, fishy, ammonia, 
smoke/burnt/grilled1 

 

strong putrid garlic odor7 

 
medicinal, ammonia, chlorinous, fishy, sour, 
decay, rancid, earthy, burnt, stale, garbage, 
petroleum 8 

1. Decottignies et al. (2010) evaluated emissions from a pilot sludge dryer. Emissions were analysed 
using GC-ECD, GC-FID, acid colourimetry and GC-NPD, DNPH solution bubbler with HPLC-UVD as 
well as desorption onto activated carbon or silica and analysis using GC-FID. Dryer emissions and the 
dried product were evaluated using Odour Profile Analysis for descriptors and intensities. 
2. Muezzinoglu (2003) took ambient emission samples near a sludge drying bed, adsorbed emissions 
onto glass filters and analysed using GC-MS.  
3. Lazarova et al. (2008) sampled the exhaust gas from 8 different facilities using 7 different 
technologies. Emissions were analysed using GC-ECD , GC-FID, acid colourimetry and GC-NPD, 
DNPH solution bubbler with HPLC-UVD as well as desorption onto activated carbon or silica and 
analysis using GC-FID  
4. Deng et al. (2009) conducted batch drying tests using tubular drying furnace and sampled gaseous 
emissions using four different gas analysers 
5. Vega et al. (2015) sealed 30g of dewatered biosolids in a 1L bottle which was heated at 85’C, 
headspace samples were analysed using GC –PFP system and dynamic olfactometry 
6. Sivret et al. (2014) incubated samples in sealed jars for one day then analysed using thermal 
desorption from a specialised cold trap and analysed using GC-SCD, samples were diluted for dilution 
olfactometry 
7. Rosenfeld et al. (2001a) used flux chambers on land applied dried biosolids to gather emissions. 
Analysis was conducted using cryogenic concentration and thermal desorption then GC with two 
different columns (suitable for VFAs or VSCs) and mass spectroscopy 
8. Murthy et al. (2003b) flushed headspace of 4 x 600g dried biosolids in 1L jar and collected Tedlar 
bags for olfactometric analysis (intensity, persistence, hedonic tone, descriptors) and reduced sulfur 
compounds using GC (ASTM D5504-98 method). SPME fibres were also exposed to off gas, 
analysed for trimethylamine and volatile fatty acids using GC-MS and GC-FID respectively  
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1.5.2.  Process implications 
1.5.2.1. Sludge origin  
In a full scale study reported in Lazarova et al. (2008) and Bouchy et al. (2009) the initial pH 

was noted to influence ammonia and sulfur compounds emitted during drying. Due to the 

short residence times in the drying processes any compounds emitted were from the 

biosolids samples themselves, not being produced. Sludge that had been hydrolysed before 

drying, e.g. primary sludge or sludge that had been stored long-term emitted more 

degradation products such as hydrogen sulfide, methyl mercaptan as well as a range of 

VOCs. 

Murthy et al. (2003b) evaluated the odour characters of dried sludge from a variety of origins 

such as lime stabilised WAS, undigested sludge, digested WAS and a combination of 

digested primary and WAS. The sensorial characters of the lime stabilised dried product was 

the most offensive (hedonic tone and intensity) thought due to the presence of TMA and 

ammonia, however these characters were rapidly dissipated when wetted or amended with 

soil. Undigested dried product was more offensive compared to digested counterparts. 

Odour emissions from undigested products deteriorated with moisture and soil addition 

producing VFAs and sulfur compounds, likely due to microbial activity. The character of 

digested dried pellets also deteriorated with wetting; however they had the least unpleasant 

hedonic tone compared to other sources, even though the odours were more persistent.  

The effect of drying on emissions from anaerobically digested dewatered sludge from three 

different wastewater treatment plants were also evaluated by Sivret et al. (2014). Two 

anaerobically digested primary sludge or waste activated sludge or a combination of both. 

When the resultant biosolids were dried the product had a similar odour concentration, while 

the dewatered samples form the WAS site had much lower emission than the others, which 

are likely associated with lower H2S and DMS. 

Sivret et al. (2014) noted much higher levels of hydrogen sulfide to those noted by (Murthy et 

al., 2003b), this may be due to differences in the types of biosolids being dried, most likely 

the dosage of Fe salts, however because the papers used different drying temperatures and 

collection techniques this cannot be elucidated.  

 

1.5.2.2. Temperature 
Increasing temperature (140 – 170’C) increased the emission rate of compounds during 

drying. Condensers acted to remove 90% of alkanes and VFAs from exhaust streams (Deng 

et al., 2009). Emissions throughout the solar drying process are more similar to composting 

than other drying methods due to the long retention time (Lazarova et al., 2008). 
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1.5.2.3. Additives  
Conditioners were added in a lab scale trial to evaluate their effect on odours during drying. 

Lime addition caused an increase in pH and reduced levels of MT and H2S emitted, but 

increase rates of DMDS. A combination of lime and iron salts were best, reducing total sulfur 

compounds and odour concentrations (Vega et al., 2015).  

1.5.2.4. Wetting and land application  

Sivret et al. (2014) noted that when the dried biosolids were wetted or mixed with soil the 

volatile sulfur compounds emitted into the headspace decreased. However, this effect wasn’t 

matched with the odour concentration, suggesting other factors, such as masking, non-VSC 

odorants are responsible.  

When dried pellets of different biosolid types were wetted hedonic tones became similar but 

emitted compound concentrations were reduced (Murthy et al., 2003b). The study concluded 

that thermal drying of lime amended biosolids produced the most offensive dried product, 

however when wetted and applied to soil this honour was bestowed upon un-stabilized 

pellets. 

 

1.6.  Alkaline stabilisation 
Emissions from the alkaline stabilisation of biosolids were mostly measured during the 

stabilisation process, and only a few studies focusing on land application. Different sampling 

methods used were headspace (most popular, n= 13), then flux chambers and hoods (n= 3) 

and a mix between a flux chamber and headspace was used in two studies (sampling from 

inside a perforated pipe stuck into a bucket of biosolids). Two studies took ambient in-situ 

samples which were analysed using sensorial methods.  

 

1.6.1.  Odorants identification 
The majority of studies have focused on measuring the typical volatile organic sulfur 

compounds MT, DMS, DMDS as well as H2S, CS2 and COS as shown in Table 28. In 

addition ammonia and TMA were commonly measured. Similar compounds were emitted 

from alkaline stabilised biosolids during stabilisation and storage as from land application; 

however there have been fewer studies into the field applied studies. Emissions from land 

application also included a range of aromatics and terpenes (Table 28). Papers not included 

in Table 28, are those that only reported single compounds such as TMA or DMDS (Chang 

et al., 2005, Gabriel et al., 2005), or only used sensorial methods of analysis (Mangus et al., 

2006, Gabriel et al., 2006, Krach et al., 2008a). 
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The odours generated from lime stabilisation vary from those from anaerobically stabilized 

cakes due to the properties of the cake (pH, redox potential and biological activity). Initially 

high levels of ammonia are released, contributing ammonia type characters, latter these are 

substituted for fishy characters due to the presence of TMA (Murthy et al., 2001). Liming 

appears to favour the dimerisation of MT producing more DMDS after biosolids are limed, 

the reaction appears to be abiotic and is accelerated with increasing pH (Novak et al., 2002). 

Due to the increase in pH, ammonia in addition to TMA is released as its pka is exceeded, 

this may pose health risks if ventilation in inappropriate (Rafson, 1998). When applied to 

land and incorporate with soil, ammonia and amine emissions fell below detection threshold, 

likely due to the dilution, sorption and drop in pH(Laor et al., 2011). The land application 

sites had a sewage type odour compared to the soil type odour of control site, likened to 

DMDS and DMTS (Laor et al., 2011).  

Due to the high pH of the limed biosolids emission of hydrogen sulfide is thought to be low 

as its converted into ionised non-volatile forms (Chao et al., 1996). No H2S was detected in 

studies at Blue Plains WWTP which may be attributed to high pH or the large amount of iron 

salt dosing in the plant (Murthy et al., 2002). 

 

Table 28. Odorants associated with alkaline stabilisation of biosolids, identified in the 

reviewed literature for emissions from onsite and land application. 
Stabilisation / onsite storage Land application 
methyl mercaptan 1, 2, 3, 6, 7, 8, 9, 11, 12 

dimethyl sulfide 1, 2, 3, 4, 5, 6, 8, 9, 11, 12 

dimethyl disulfide 1, 3, 5, 6, 7, 8, 9, 11, 12 

H2S 2, 3, 4, 13  
CS2 1, 2, 4, 5, 6, 7, 9, 12 

COS 4, 12 
butyl mercaptan 6 
isobutyl mercaptan 12 
isopropyl mercaptan 12 
ethyl methyl sulfide 12 
 
ammonia 13 
TMA 2, 3, 5, 6, 7, 9, 10, 12 

diethylamine 12 
triethylamine 10, 11 
DMA 7 
N-methyl pyrollidine 10 
N-methyl piperidine 10 

methyl mercaptan 12 
dimethyl sulfide 10, 12 
dimethyl disulfide 10, 12 
dimethyl trisulfide 10 
H2S 12 
CS2 10, 12 
COS 12 
isopropyl mercaptan 12 
 
ammonia 12 
dimethylamine 12 
trimethylamine 12 

 
benzene 10 
toluene 10 
ethyl benzene 10 
xylene 10 
α pinene  10 
β pinene 10 
p-cymene 10 
limonene 10 
C9-C18 10 

1. Abu-Orf et al. (2002) analysed headspace emissions using SPME with GC-MS, and onsite Jerome 
631 for H2S and an internal odour panel for intensity and hedonic tone.  
2. Abu-Orf et al. (2004) analysed headspace emissions of stored biosolids using GC-MS 
3. Subramanian et al. (2005) analysed stored headspace samples using GC-MS 
4. Erdal et al. (2004) analysed emissions from land applied biosolids for a range of reduced sulfur 
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compounds, method not stated 
5.Kim et al. (2003) used SPME and GC-MS to measure headspace odorants in lab stabilised 
biosolids  
6. Kim et al. (2005a) used SPME and GC-MS to measure odorants in biosolids headspace pilot study   
7. Krach et al. (2008b) measured odorants using GC-MS from headspace of lime stabilised biosolids 
8. Murthy et al. (2002), Murthy et al. (2001) measured emissions from lime stabilised biosolids, 
gathered through a perforated PVC pipe stuck into the middle of biosolids. Tedlar bags were filled and 
were analysed using GC-MS and olfactory analysis 
9. Novak et al. (2002)analysed limed biosolids headspaces using cryogenic concentration and GC-
MS, as well as ion chromatography of TMA deposited on dionex and eluted using methanesulfuonic 
acid.  
10. Laor et al. (2011) used SPME and GC-MS to measure headspace emissions from samples taken 
throughout a land application trial. Olfactometry conducted on samples taken using fluxhood onsite.  
11. North et al. (2004) measured emissions from full scale limed biosolids using headspace sampling 
and GC-MS. Odour panels tested gas samples sampled using fluxhoods.  
12. Easter et al. (2009)measured emissions from stored biosolids using fluxhoods and GC-FPD for 
reduced sulfur compounds, GC-MS for VOCs and adsorption tubes and GC-MS for amines and 
organic acids. Realtime monitoring using Jerome and Gastec and Draegar tubes for H2S, ammonia 
and amines also used. Odour panels tested gas samples taken insitu 
13. Butler et al. (2006) measured headspace emissions using GC-MS, Odour panels tested 
headspace gas samples, odorant results not reported  
 

1.6.2.  Process implications  
Requirements for alkaline stabilisation are typically based on requirements for meeting and 

maintaining pH over time. Differences in operational practices include sludge origin, if the 

sludge have been digested or not, additive type, dose, incorporation method and location. 

These factors are interrelated and as they affect stabilisation (Krach et al., 2008b) as well as 

what compounds are emitted during the liming process, storage and from land application. 

Relationships between process variables and the reviewed literature relating to odour 

emissions are summarised in Table 29. As alkaline stabilisation is based on the microbial 

inhibition due to high pH, operational factors affecting odour emissions from the solids are 

typically concerned with stabilisation efficiency. Lime dosage as well as how its incorporated 

into the biosolids affect whether the pH will decay, this decay in pH can result in microbial 

growth and the production of odorous sulfur compounds. The evolution of these sulfur 

compounds therefore suggests an unstable product.  

The origin of the sludge prior to alkaline stabilisation also affects odour emissions. 

Depending on the prior treatment, sludge sources have different content of organic matter 

(e.g raw sludge has more than digested sludge). Therefore, if microbial activity is present in 

the biosolids, the raw sludge or lower grade biosolids would present a greater odour risk due 

to their higher organic content as shown in Table 29.  

Other sources of odours are those emitted from the biosolids due to the action of liming, 

rather than being produced by microbes, namely ammonia and TMA. These emissions are 

typically emitted immediately and can persist during storage, while sulfur containing odorants 

typically increase over time. The ammonia content of the sludge is dependent on the 
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precious processing. Large ammonia emissions are expected from alkaline stabilised 

anaerobically digested biosolids as it’s produced from the anaerobic degradation of proteins 

(Table 29). Certain polymers have been identified to produce TMA when microbially 

degraded. Longer storage of the polymer dosed biosolids prior to alkaline stabilised gives 

more time for TMA to form, while shearing also promotes its formation (Table 29).  
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Table 29. Operational factors noted to affect odours emitted from biosolids during and after alkaline stabilisation. 
Operational 

factors 
Mechanism and findings 

Dosage 

The amount of lime added to a biosolids processing plant was found by Gabriel et al. (2006) to have a strong negative relationship with 
biosolids odour generation potential 
Murthy et al. (2001) found that increasing lime doses decreased the OU/m3, MT, DMS and DMDS concentrations. The panellists reporting 
fishy or putrid odours appeared independent of lime dose, suggesting lime dose affect VSC emissions more than TMA. 
Low lime dosing, targeting pH of 11 rather than 12, while satisfying faecal coliform regrowth/reactivation requirements, appears to generate 
more MT and DMS during storage compared to the control. However, the overall odour quality according to an odour panel is improved 
(Erdal et al., 2004). Likely due to lower emissions of TMA and ammonia due to the lower pH.  

Lime 
incorporation 

Many authors have identified that poor mixing of lime into the dewatered biosolids is responsible for the production of odours and odorous 
compounds, such as reduced sulfur compounds, during storage (Mangus et al., 2006, Murthy et al., 2002) 
Application of well mixed class A limed biosolids didn’t result in significant odours and near neutral hedonic tones were observed on the 
site of field application (Krach et al., 2008a). 
This was noted with difficulties in lime incorporation in dewatered vs. thickened samples (Novak et al. 2002), MT was still generated in the 
dewatered samples. As MT is generated biotically it suggests lime wasn’t well incorporated and stabilisation was not achieved 
The sensorial consequences of poor mixing don’t appear to be considerable when incorporated into the soil, even though they are at the 
plant. For grade B biosolids, well mixed samples applied to land have a more ammonia odour, while rotten, putrid odour was typical of 
poorly mixed samples, class A biosolids had a neutral odour which was largely independent of mixing (Krach et al. 2008a). 

pH decay 

Sludge that was stabilised with a low lime dose and poor mixing produced more odorous emissions and the pH reduced over a month of 
storage. (Butler et al. 2006) 
North et al. (2004) noted poor incorporate and mixing of lime, while initially achieving a pH of 12, may have a faster pH decays and more 
odours due to areas of incomplete lime incorporation. If long periods of storage are required the lime doses need to be increased to 
prevent pH decay, an effect which is exacerbated by exposure to the atmosphere and microbial growth. 
Krach et al. (2008a) identified that the pH of poorly mixed limed biosolids decreased during storage and generated lower (worse) hedonic 
tones compared to well mixed limed biosolids. 

Sludge origin 

High inplant odours from settling tanks, likely due to DMDS, were associated with high emissions from lime stabilised biosolids (Murthy et 
al., 2001). 
Kim et al. (2003) identified a trend between odour (VSC) produced and the Oxidation reduction conditions in the thickening unit (DAF), 
which was also linked to temperature. In warmer temperatures, the more likely the unit process was to become septic, leading to the 
production of VSCs that can be released later in the processing.  
Gabriel et al. (2005, 2006) designed statistical models for the same plant and process studied by Kim et al. (2003) in which the sludge 
blanket depth in the secondary processing represented the ORP and was a strong indicator of odours (odour panel and DMDS) produced 
by the dewatered limed biosolids downstream on the following day. Another variable in the model that was seen to be strongly correlated 
to odour production was the number of centrifuges operating relative to belt presses (Gabriel et al. 2006), these would decrease the 
storage time of the liquid sludge. 
Storage, of up to 4 hrs, of unstabilised dewatered biosolids prior to liming increased emissions of TMA(Kim et al., 2003). 
Long term anaerobic storage or digestion of biosolids prior to stabilisation reduced the emission of VSCs from the limed biosolids Thought 
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Operational 
factors 

Mechanism and findings 

to be related to the demethylation by methylotrophic methanogenic bacteria and the formation of less odorous H2S and ammonia (Novak et 
al., 2002). 
Work by Subramanian et al. (2005) showed that dewatering of pre-limed sludge using full scale belt filter press have much greater initial 
TMA emissions and increasing reduced sulfur emissions with ageing compared to samples that were dewatering with vacuum filter in the 
lab. The difference was attributed to shear during dewatering. 

Polymer 
addition, 

subsequent 
degradation 

Increasing the dose of polymer (100% optimum dose) increased TMA concentration and worsened hedonic tone after two days of storage 
noted by Murthy et al. (2001). Suggested to be due to the degradation of amino acids and/or the degradation of polymers. 
Kim et al. (2003) identified the relationship between polymer dose, odour production, TMA concentration and the time before liming. This 
relationship suggests that the time before liming contributed to the generation of TMA, which when limed was released due to its pKa of 
~9.5 at typical processing temperatures; the authors hypothesised the role of microbial degradation of the polymers as the source of TMA. 
Subramanian (2004) showed that the abiotic degradation of certain polymers is too slow to detect, however the biotic breakdown to TMA 
was shown in the lab. 
Aerobic incubation of NALCO 1404, a high molecular weight cationic polymer with a Polyacrylamide backbone with RAS and water for 
eight days prior to liming showed more TMA generated for the bottles with more polymer (Subramanian et al., 2005). This is likely to occur 
in both aerobic and anaerobic conditions. Shearing also appears to increase this production rate. 
Chang et al. (2005) furthered this research and identified that only certain polymers (PAM based containing amide or ester linkages) 
formed TMA when degraded, and went on to suggest that the first step in the degradation is microbially mediated as abiotic degradation 
tests showed no TMA production. However the degradation of choline, produced from polymers, was seen to occur abiotically.  

Other additives 

The level of iron in biosolids is related to the binding of polymers and the formation of FeS, preventing H2S release. Gabriel et al. (2005, 
2006) linked reduced sulfur odours with levels of iron in the biosolids cake. 
Woodash has been commonly added to biosolids to reduce the moisture content of alkaline stabilised biosolids, also seen to reduce 
odours (Stallings et al. 2005). 
Calcium nitrate and anthraquinones addition to lime amended biosolids was tested by Abu-Orf et al. (2002) and Kim et al. (2005a). Lab 
trials showed improved hedonic tone and odour intensity for ageing biosolids, however this effect was not seen to be significant in full scale 
trials (Abu-Orf et al. 2002). Full scale trials saw a reduction in methyl mercaptan (Abu-Orf et al. 2002), and total reduced sulfur (Kim et al. 
2005a), however didn’t appear to influence sensorial responses . This may be explained by the generation of TMA, which didn’t appear to 
be affected by the treatments (Kim et al. 2005a) 
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2. Appendix 2 - Biosolids Risk Management, odour control and 
material stability and vermin/vector management 

To satisfactorily convert sewage sludge into biosolids, and ultimately into a form suited to 

reincorporation into the natural environment e.g. soil conditioner a modern management 

framework was seen as required. The underlying idea was that full and complete recycling 

should be viewed and undertaken in an holistic manner where all processing, transport 

storage and final disposal is integrated and managed with this in mind. In support of this aim, 

this Appendix of the literature review explores the option that the new NSW guidelines for 

biosolids management might be adapted from, and be harmonized with, environmental 

management frameworks that have emerged since the previous guidelines  were published 

(NSW EPA, 1997).  

These frameworks have been captured in various environmental and risk management 

guidelines and standards. These documents capture potentially applicable management 

principles and methods, firstly conceptually in documents such as International Standards 

Organisation and Australian standards, and secondly operationally in various guidelines 

developed by the Australian Federal environmental management oversight bodies’. As 

biosolids are a product of the water industry those developed for water are particularly 

appropriate for harmonization and adaptation. 

The review first looks at the concept of risk management. After outlining what risk 

assessment and management involves and identifying key features of current guidelines and 

standards, we discuss how risk management methods and systems might be adapted to 

create an odour (risk) management framework, in particular one based on: 

• the Australian enHealth Environmental Risk Assessment (ERA) format (EnHealth 

Council, 2012b, National Research Council, 1983) for initial design of biosolids odour 

management and expected characteristics when management systems are 

operating nominally; 

• ISO 31000 standard tools (Australian Organic Ltd, 2013, Standards Australia and 

Standards New Zealand, 2009, ISO, 2009, IEC/ISO, 2009) for situations where 

biosolids management goes out of specification e.g. generates unacceptable odours; 

We then review the place of stability and vermin/vector management in such a scheme, 

discuss the place of modelling and some applications the guidelines might recommend and 

scoped how odour and stability issues may come directly under key ERA head of 

consideration (for details see Section 2.3.1). Finally we present a range of recommendations 

on features of future biosolids management guidelines. 
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2.1. How risk management offers an adaptable option for a biosolids odour and 
stability management framework 

2.1.1. What is risk?  
A framework can be conceptual or operational. That is a framework can be either as 

illustrated by the Oxford definitions 
(http://www.oxforddictionaries.com/definition/english/framework) sic :  

“(A framework is) A basic structure underlying a system, concept, or text (e.g.) the 

theoretical framework of political sociology.” (or) ; 

“an essential supporting structure of a building, vehicle, or object” (e.g.) a conservatory in a 

delicate framework of iron.”1  

Risk assessment and management standards have now evolved to the point (IEC/ISO, 

2009, ISO, 2009, Standards Australia and Standards New Zealand, 2013) where they 

provide both guidance on conceptualizing risks and operationally managing them.  

Addressing the first need, ISO 31000 explains: 

“A risk management framework provides the policies, procedures and organizational 

arrangements that will embed risk management throughout the organization at all levels. As 

part of this framework, the organization should have a policy or strategy for deciding when 

and how risks should be assessed.” 

Addressing the second need, ISO 31010 provides a catalogue of diverse and 

complementary risk assessment and management tools (Standards Australia and Standards 

New Zealand, 2013) which for example variously address: 

• “Risk identification 

• Risk analysis—assessing the effectiveness of any existing controls 

• Risk analysis—consequence analysis. 

• Risk analysis—qualitative, semi-quantitative or quantitative likelihood estimation. 

• Risk analysis—estimating the level of risk. 

• Risk evaluation” 

Critically, the concept of ‘risk’ is a more general one than often understood and so it 

conceivably can cover odour and stability in addition to the more familiar human or 
ecological health where water managers most often encounter the term. Sic (ISO, 2009): 

“risk (is simply the2) effect of uncertainty on objectives  

NOTE 1 An effect is a deviation from the expected positive and/or negative.  

                                                
1 We interpret this to include method documents such as guidelines and standards which provide detail on 
agreed management procedures and so support management implementation in practice. 
2 Implication added by WRC 
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NOTE 2 Objectives can have different aspects (such as financial, health and safety, and 

environmental goals) and can apply at different levels (such as strategic, organization-wide, 

project, product and process).  

NOTE 3 Risk is often characterized by reference to potential events and consequences, or a 

combination of these.  

NOTE 4 Risk is often expressed in terms of a combination of the consequences of an event 

(including changes in circumstances) and the associated likelihood of occurrence.” 

2.1.2. Further reasons for considering a risk based framework for managing 
odour stability and vermin 

Further reasons for exploring the option of a risk management based framework for odour 

and stability are that: 

1. Many management guidelines dealing with water, solids and air protection have now 

successfully adopted a risk management framework demonstrating the effectiveness 

of the general approach.  

2. Implementing such a framework style, in principle would have the benefit that the 

lessons learned in analogous and related environmental management fields could be 

justifiably transferred or adapted to biosolids management.  

3. WRC understands adaptation of risk management systems including human health 

risk assessment (also known as environmental risk assessment) is already being 

proposed for the management of pathogen and toxic chemical exposure in the new 

biosolids guidelines. 

4. The USEPA (1995) advice on Guidelines management commences (p3) with a 

description and promotion of ERA as the basis for assessment biosolids suitability 

and itemization of management activities (p. 4). Thus employment of a risk 

management based framework would be in line with overseas recommended 

practice; 

5. NSW EPA appears to wish to move in this direction for odours generally and the 

1997 Biosolids guidelines were explicitly seen as an interim step on the way to risk 

management guidelines: 

“These guidelines are a step towards producing revised guidelines based on risk 
assessment” (NSW EPA, 1997). 

2.1.3. Initial impressions from literature examination on the applicability of risk 
management 

From WRC’s examination of the literature it appeared that risk management methods and 

ideas are indeed largely applicable to odour control and material stability management. That 

said it appears there would also need to be some clarifications and modifications to address, 
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for example, how odour should be benchmarked, or thought of given it is not a classical 

human physiological health risk in the sense of causing physiology disease and disability. As 

importantly the concept of ‘stability’ does not as yet appear to have been scoped sufficient to 

provide benchmarks suited to an operational risk management framework.  

In the end how odour and stability concepts would be incorporated into the guidelines is for 

NSW EPA to decide. So this review aims to support its decisions and directions by exploring 

and explaining how odour and, in a different fashion stability, might fit into a risk assessment 

and management framework. It aims in particular to outline how an environmental risk 

management framework and tools might provide a model and identify how the EnHealth 

Environmental Risk Assessment (ERA)3 scheme could be applied to odour and stability 

management. To do this the remainder of this Appendix is structured as follows: 

• It outlines developments in risk management probably applicable to odour and 

stability management – section 2.2; 

• It discusses the implications of adapting the environmental risk assessment 

framework to odour management and what a changeover might entail using 

primarily Environmental Risk Assessment / HACCP heads of consideration – 

section 2.3; 

• It discusses the question of stability and vectors/vermin bearing in mind ERA and 

risk management more generally - section 2.4; 

• It discusses the place of modelling – section 2.6. 

2.2. Developments in risk management since 1997 
This section describes developments in the field of risk management which in WRC’s 

opinion support the application and adaptation of risk management tools to biosolids odour, 

stability and vermin management.  

2.2.1. How risk management style analysis offer many paths for improving 
biosolids odour and stability management even if the latter are not 
classical risks 

Since the previous NSW biosolids management guidelines were developed (NSW EPA, 

1997), there have been a range of conceptual advances in methodologies guiding microbial 

and chemical assessment and management e.g.: 

• The refinement of environmental management principles and methods; 

• An exchange of learning and harmonization between different guidelines (e.g. 

between water and food guidelines); 

                                                
3 Includes toxicological and eco-toxicological risk assessment and quantitative microbial risk assessment  
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• Tighter/more explicit linking of monitoring to management e.g. (Department of 

Health and Aging, 2002); 

• The basing of action targets and endpoints on the satisfactory management of 

key issues especially risk, rather than monitoring data endpoints. 

The adaption of these developments to biosolids seemed feasible also because, like 

environmental and health risk assessment and management of the microbial and chemical 

quality of water and wastewater, the assessment and management of biosolids stability and 

odour increasingly: 

• employs analytical and other objective scientific measures to quantify the extent 

of stability and scale of emission impacts e.g. use of chemical and biological 

assays and modelling; 

• employs statistical methods for analysing data generated by comparable 

monitoring technologies; 

• aims to relate monitoring to potential impacts on human populations under a 

range of scenarios; 

• (and thereby also) aims to relate monitoring data to management. 

i.e. the implementation process and general intent of biosolids odour and stability 

management and diverse risk management based guidelines are largely the same. 

2.2.2. DEHC concurrence with applying a risk management (based) framework 
to odour management  

NSW DEH in their general framework for assessing and managing odour (Department of 

Environment and Conservation (NSW), 2006a) have proposed that: 

“Operators of all (biosolids?) developments should adopt a risk management approach 

………. because addressing odour impacts retrospectively is likely to be difficult and costly” 

In addition to providing further general odour management technical notes (Department of 

Environment and Conservation (NSW), 2006b), DEH goes on to say: 

“The criteria used in this framework have been selected to protect the majority of the 

population living within the vicinity of activities that emit odour. 

1 Ground-level concentration (glc) criteria. These are applicable to individual odorous 

pollutants. The framework adopts the glc criteria in Approved methods for the modelling 
and assessment of air pollutants in NSW, which are based on odour threshold or toxicity 

threshold (whichever is more stringent). They are used to assess the likely performance of a 

project and acceptability of impacts at any location beyond the boundary of a premises. 

2 Odour assessment criteria. These are applicable to complex mixtures of odours. The 

framework adopts the odour assessment criteria in Approved methods for the modelling 
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and assessment of air pollutants in NSW. They are used to assess the likely performance 

of a project and acceptability of impacts at the nearest places where people are likely to 

work or reside (both existing and any likely future sites). These places are referred to in 

subsequent instances as ‘sensitive receptors’ or, more simply, ‘receptor’ (see glossary). If a 

receptor is, or is likely to be, located near the boundary of premises that emits odour, then 

the criteria should be applied at and beyond the boundary of the premises. The appropriate 

criterion for a single affected residence is deemed to be a concentration of odour equal to 

seven times the theoretical minimum necessary to produce an olfactory sensation. This can 

be expressed as 7 odour units (7 OU). For receptors that have larger populations, in which 

there will be a greater range of sensitivities to odour (and a higher number of more sensitive 

individuals), acceptable odour is defined as 2 OU.” 

“Odorous air pollutants that have predictable health-related impacts are more appropriately 

managed as individual pollutants and should be assessed against the glc criteria. For 

complex mixtures of pollutants, the impact should be assessed against the odour 

assessment criteria.” 

These above quotes are significant for three reasons. Firstly they identify a central support 

document (Department of environment and Conservation (NSW), 2005), DEC’s guidance on 

assessing toxic volatiles and odour emissions, transport and impact which are essentially 

methodologies for ‘Exposure Assessment’ a process central to ERA risk assessment and 

management.  

These documents clearly recommend objectively measurable odour target values and hence 

the principle of using exposure concentrations as benchmarks in determining management. 

Finally these NSW EPA documents indicate quantification of odour via air transport 

modelling is considered best practice. 

2.2.3. Risk management related guidelines which could provide model 
procedures for biosolids managment 

In the previous guidelines  microbial, chemical and biosolids stability and odour control were 

treated as separate problems (NSW EPA, 1997). In the period since then: 

1. Environmental (risk) assessment has been more tightly and explicitly linked to 

management: 

a. e.g. as with the enHealth Guidelines (Department of Health and Aging, 2002, 

EnHealth Council, 2012a, EnHealth Council, 2012b) which were based on the 

US Environmental Risk Assessment Methodology (National Research 

Council, 1983) 
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2. Guidelines from different disciplines have learnt from one another and adopted one 

another’s good or common features, a process referred to by the United Nations as 

‘harmonization’. e.g. 

a. The drinking and recycled water industry recognized that their product was 

similar to that of food, and so adapted the Hazard Analysis and Critical 

Control Point and environment risk assessment systems (Notermans et al., 

1995, Codex Alimentarius Commission, 1999, WHO and FAO, 2011, National 

Research Council, 1983). The latter was developed itself originally for NASA 

(Hulebak and Schlosser, 2002)  adopted and developed analogous risk based 

guidelines and management tools (Havelaar, 1994, Environment Protection 

and Heritage Council, 2006, NH&MRC NRMMC, 2004, Bartram, 2009). 

3. There has been a movement toward measures which are more closely related to 

actual impacts e.g. risk, and away from more general environmental quality variables 

e.g. convenient water quality analysis measurements which are now used instead to 

infer the former measures i.e. analytical data is used to infer risk. 

a. e.g. The early bathing water guidelines focused on indicator water quality. 

The modern equivalents still use monitoring but use the data to infer bathing 

water quality category and from there bathing locality class when combined 

with sanitary status (compare National Health and Medical Research Council, 

1990, NH&MRC, 2008). 

4. There has been a movement toward incorporating an understanding of the 

interactions with, and occurring in, the built and natural environment e.g.: 

a. See again bathing water comparison. Another example is drinking water 

guidelines which is based on the “Catchment to Consumer” analysis e.g. 

(Nadebaum et al., 2004). 

5. Chemical and microbiological contaminant management have moved towards a 

common (risk) measure, the Disability Adjusted Life Year e.g. 

a. The movement toward assessing health risk based on the common measure 

of the DALY which is applicable to both these contaminants and many other 

risks (Gao et al., 2015, Timm et al., 2016, Havelaar et al., 2000, Murray et al., 

2012, Stouthard et al., 1997, Pruss and Havelaar, 2001 , Prüss-Ustün et al., 

2011, Havelaar and Melse, 2003) 

6. There has been the movement towards guidelines being based on common 

principles e.g. 

a. Many management tasks now fall under the auspices of ‘Risk Management’. 

Earlier guidelines on risk developed in the 1990s and 2000s (Standards 

Australia/Standards New Zealand, 1999, Standards Australia International, 
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2004, Standards Australia/Standards New Zealand, 2004b, Standards 

Australia/Standards New Zealand, 2004a) were recognised to operate in 

common ways but newer versions are much broader in scope - compare 

(ISO, 2009, Standards Australia and Standards New Zealand, 2009, IEC/ISO, 

2009, Standards Australia and Standards New Zealand, 2013); 

2.2.4. Environmental Management System Standards 
Complementing risk assessment developments are guidelines for achieving high quality 

products which indirectly aim to manage risk of production failures.  

In business generally where a clear product is identifiable, there has been a push for the 

producer organization to do this comprehensively and systematically with the aim of 

consistently achieving a high quality product with minimal external impacts and waste. This 

has been formalized through the ISO 9000 quality management series of standards (e.g. 

ISO, 2005, ISO, 2008). This aim of achieving high quality products with minimal impact has 

been transferred to products where there are significant environmental impacts via the 

related ISO 14000 standards. These are designed to promote the development of 

comprehensive and standardized ‘Environmental Management Plans’. The methods for 

developing sound environmental plans can be found in the various Environmental 

Management System (EMS)4 standards: e.g. (ISO, 2004a, ISO, 2004b, ISO, 2006, ISO, 

2010, ISO, 2011). Noteworthily ISO 9000 and 14000 were initially rolled out in the mid 1990s 

more or less concurrently with the NSW Biosolids guidelines making their incorporation 

impractical. 

EMSs are not the same or alternatively as risk management plans. Rather they provide a 

larger framework within which (risk) management of biosolids odour stability and vermin 

logically sits as evidenced by this introductory section from ISO 14001: 

“Organizations of all kinds are increasingly concerned with achieving and demonstrating 

sound environmental performance by controlling the impacts of their activities, products and 

services on the environment, consistent with their environmental policy and objectives They 

do so in the context of increasingly stringent legislation, the development of economic 

policies and other measures that foster environmental protection, and increased concern 

expressed by interested parties about environmental matters and sustainable development. 

Many organizations have undertaken environmental review or audit to assess their 

environmental performance. On their own, however, these reviews and audits may not be 

sufficient to provide an organization with the assurance that its performance not only meets, 

                                                
4 This topic complements risk assessment. It is reviewed briefly in the Appendix following this one. 
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but will continue to meet, its legal and policy requirements. To be effective, they need to be 

conducted within a structured management system that is integrated within the organization. 

International Standards covering environmental management are intended to provide 

organizations with the elements of an effective environmental management system (EMS) 

that can be integrated with other management requirements and help organizations achieve 

environmental and economic goals. …. 

This International Standard specifies requirements for an environmental management 

system to enable an organization to develop and implement a policy and objectives which 

take into account legal requirements and information about significant environmental 

aspects. It is intended to apply to all types and sizes of organization and to accommodate 

diverse geographical, cultural and social conditions. …… The success of the system 

depends on commitment from all levels and functions of the organization, and especially 

from management. A system of this kind enables an organization to develop an 

environmental policy establish objectives and processes to achieve the policy commitments, 

take action as needed to improve its performance and demonstrate the conformity of the 

system to the requirements of this International Standard. The overall aim of this 

International Standard is to support environmental protection and prevention of pollution in 

balance with socio-economic needs. It should be noted that many of the requirements can 

be addressed concurrently or revisited at any time.”(ISO, 2004a) 

This current Appendix is designed to review risk management applicability to odour stability 

and vermin. But as it is also relevant how EMSs might support managing biosolids 

satisfactorily. So the subject of biosolids management and EMSs is reviewed and discussed 

in the Appendix following this one. 

2.2.5. The sea change driving this biosolids guideline evolution 
2.2.5.1. Explicitly linking monitoring to management 
An underlying sea change in environmental guideline style can be seen by comparing the 

1990s guidelines e.g.  NHMRC bathing water (Department of Health and Aging, 2002) and 

ANZECC (ANZECC, 1992) fresh and marine water quality guidelines, with their 2000s 

successors (ANZECC and ARMCANZ, 2000, NH&MRC, 2008).  

The change in short has been to replace the focus on parameter measurement and 

monitoring with ones supporting problem/issue control/management/solving. 

This change reflects a simple but subtle conceptual shift. This is that the point of guidelines 

and the scientific effort put into supporting them (e.g. monitoring) is not to collect data per se 
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or (solely) to understand a system’s structure and function5, but rather the utilitarian aims of 

promoting good, healthy and well-functioning human and natural environments and human 

interaction and stewardship of them i.e. guidelines and monitoring are means to an ends 

which operationally are as follows: 

1. Environmental guidelines and monitoring are aimed at promoting ‘Environmental 

Values’6; 

2. This is achieved by good management informed by monitoring data and also less 

routine studies rather than exhaustive collection of large quantities of repeat 

measurement indefinitely – i.e. routine monitoring; 

3. The new environmental guidelines are designed to capture the key management and 

monitoring activities, drivers, endpoints etc. and their interrelationships in a concise 

authoritative form so that operational managers overseeing human disease control 

(e.g. health surveyors) and ecological protection (e.g. wildlife officers) don’t have to 

‘reinvent the wheel’ or second guess regulator requirements when undertaking their 

jobs day to day.7 

This change could be seen emerging in the early 1990s when for example the ANZECC 

water quality guidelines (ANZECC, 1992) introduced their task with a brief description of 

‘Environmental Values’ and identification of ones was particularly concerned with water - e.g. 

protection of aquatic ecosystems, protection of human health/drinking water quality, 

protection of bathing water quality, protection of groundwater (resources), protection of 

industrial water quality. At the time though monitoring was still the focus, however, with 

detailing of analytical testing still dominating the guideline text. The interim NSW Biosolids 

guidelines appear to be a transitional document reflecting this change in that much focuses 

on test parameters but with increasingly detailed recommendations on best practice 

management. Since then the status of the strategic objective – supporting Environmental 

Values – has become still more central. 

2.2.5.2. Some illustrative change case studies 
Though in hindsight better environmental protection was always their goal, the central driver 

of management was arguably less well spelt out in the early days of the Clean Air and Water 

                                                
5 In the 1970s when the first clean water and clean air acts were promulgated much less was understood about 
the environment generally, the subtlety of impacts and the competing forces driving environmental degradation 
e.g. pursuit of natural resources. 
6 See below for definition and discussion of the Environmental Values concept and its relevance to odour and 
stability management. 
7 One downside is the new guidelines are much larger and comparable to textbooks in size. But this is probably 
inevitable as the problems being managed have proved complex and vary from place to place over time. On the 
upside the new generation of guidelines tends to be much more authoritative and scientifically defensible and 
should make sense to a manager who understands the core science. 
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Acts. So monitoring was more seen as supporting legal regulation and monitoring evolved 

into something of a ‘stamp collecting’ exercise with the guidelines providing only limited 

guidance on how to interpret and use monitoring data and combine different data sources.  

In the 1990s this incomplete link between monitoring, data interpretation and management 

was increasingly recognized by the scientific community as being insufficient. The overall 

response that emerged was to better target monitoring. By 2000 the developers of the 

ANZECC guidelines (ANZECC and ARMCANZ, 2000) recognised the magic number issue 

well and recommended a ‘risk’ approach as the best alternative. While this regulatory ‘magic 

number’ number approach still persists today in the form of legacy licenses e.g. pollution 

discharge. The following from the latter guidelines illustrates how out of date the concept is: 

“The guideline trigger values are the concentrations (or loads) of the key performance 

indicators, below which there is a low risk that adverse biological effects will occur. The 
physical and chemical trigger values are not designed to be used as ‘magic numbers’ or 

threshold values at which an environmental problem is inferred if they are exceeded. Rather 

they are designed to be used in conjunction with professional judgement, to provide an initial 

assessment of the state of a water body regarding the issue in question. They are the values 

that trigger two possible responses. The first response, to continue monitoring, occurs if the 

test site value is less than the trigger value, showing that there is a ‘low risk’ that a problem 

exists. The alternative response, management/ remedial action or further site-specific 

investigations, occurs if the trigger value is exceeded — i.e. a ‘potential risk’ exists.” 

 

This movement to improving monitoring links to management is illustrated by the following 

case studies. 

2.2.5.3. Recreational water management guidelines 
The current Australian and NSW guidelines for environmental water bathing  are modelled 

on a WHO model (World Health Organization, 2003). The latter in turn emerged from WHO’s 

Annapolis Protocol initiative (World Health Organization and Sustainable Development and 

Healthy Environments, 1999). The preface to the latter document concisely captures the 

change process and drivers. 

“During the development of Guidelines for Safe Recreational-water Environments concerns 

were repeatedly expressed regarding the adequacy and effectiveness of (1990s) 

approaches to monitoring and assessment……(further)…..Despite evident successes in the 

protection of public health, present approaches to the regulation of microbiological hazards 

in recreational waters suffer a series of limitations. During the preparation of Monitoring 

Bathing Waters the United States Environment Protection Agency (USEPA) therefore 
supported WHO in organising an expert consultation to look into the adequacy and 
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effectiveness of present approaches to monitoring and assessment linked to effective 
management of microbiological hazards in coastal and freshwater recreational waters. 
The meeting was implemented in November 1998 in Annapolis, USA. The experts that met 
there agreed that an improved approach to the regulation of recreational water that 
better reflected health risk and provided enhanced scope for effective management 
intervention was necessary and feasible.”8 

This example illustrates the drive to link monitoring to management in support of better 

support for the Environmental Value of ‘safe’ natural bathing and recreation. The results 

illustrated by NH&MRC (2008) include: 

• Recognition of different sources of contamination and the need to manage then 

differently e.g. discharged effluents with different quality different distances from 

bathing areas; 

• Recognition of monitoring data limitations and addressing these in part via 

introducing complementary sanitary surveys designed to understand the primary 

hazard and risk – on ground sanitary status assessment and improve data 

interpretation; 

• Clearer guidance on assessments based on multiple factors using for example a risk 

assessment matrix. 

WRC sees the implication for stability and odour management as being a need to clarify 

what strategic goals should be targeted by monitoring in the forthcoming guidelines i.e. how 

to best support ‘Environmental Values’ . 

2.2.5.4. HACCP, food safety management and drinking water protection 
A similar change in focus has occurred in the food industry. As with water, a number of 

disease outbreaks had occurred over the years and the old monitoring data based regulation 

style/focus was seen as insufficient. The result was the introduction and roll out of the 

Hazards Analysis and Critical Control Point or HACCP system (Hulebak and Schlosser, 

2002, Notermans et al., 1995, Notermans and Mead, 1996, Codex Alimentarius 

Commission, 1999, WHO and FAO, 2011). This much more holistic approach (that is 

management based on an understanding of the whole food production system from “field to 

fork”) had been developed for NASA recognising they could ill afford food poisoning on 

space missions. Again there was increased focus toward including ‘corrective actions’ i.e. 

management in response to targeted monitoring (at critical control points). The critical 

feature of analysis of the complete food production process is essentially the same as 

environmental risk assessment which evolved more from concerns about toxic waste sites 

                                                
8 WRC emphasis 
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(National Research Council, 1983). The principle difference in the end seems to be that the 

terminology and principles are slightly different reflecting differences in the problem of 

concern i.e. protection of food to be consumed v. toxic waste whose ingestion/inhalation is to 

be avoided.  

Increasingly in HACCP, emphasis has been put on probabilistic quantification especially of 

risk itself, in addition to collection of measurements of monitoring parametric indicators such 

as microbial counts: 

“Risk management is the complex of analyses and judgements which aim to reduce the 

probability of occurrence of unacceptable risks. This definition implies that attempts to 

control such risks are carried out in a cost-effective manner. “(Notermans and Mead, 1996) 

One problem that food (and water) HACCP seems to address in particular is the logistics 

problem of representative sampling. Paul Gale (2002) provides a useful illustration of how 

‘small’ system failures which end point monitoring cannot feasibly detect can still have big 

consequences in the case of water contamination. While regulators can specify the quality 

required of a food product, in reality determining this is constrained by monitoring costs. 

Food contamination can be very localized and so small samples from a big product stream 

can easily miss significant contamination.  

This same problem is potentially faced in biosolids management where monitoring sample 

sizes must necessarily be tiny compared to the quantity of material needing to be put to 

beneficial reuse. For this reason ‘end point testing’ of final products too often failed. Further 

consistent mixing and treatment of biosolids e.g. liming is reportedly difficult to achieve and 

so requires special recognition in monitoring schemes. 

The HACCP system has the further benefit that its can determine whether if one barrier fails 

another one can still be sufficiently protective. HACCP can conceptually provide a useful 

framework for understanding “hazardous events” e.g. because of unusual weather 

conditions odour plumes can be concentrated and impact much more severely than average 

exposure conditions might indicate.  

A further benefit of HACCP style analysis has been the promotion of risk modelling both 

conceptually as well as operationally (Strachan et al., 2005, U.S. Environmental Protection 

Agency and U.S. Department of Agriculture, 2012). HACCP promotes better understanding 

of system failure scenarios including rare but high impact events which are impractical or 
extremely expensive to detect and understand via routine monitoring. An important 
implication here is that the management of biosolids odours and stabilisation needs 
to be based on well validated models which are fit for purpose e.g. reliably assessing 
nuisance to a community. It is notable that despite the increasing popularity of air 
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modelling in the odour management community the term ‘model’ is completely absent from 

the current guidelines (NSW EPA, 1997)  . 

The food HACCP approach was subsequently adapted to the drinking, recreational and 

wastewater management by the water industry (Havelaar, 1994, NH&MRC NRMMC, 2004, 

Environment Protection and Heritage Council, 2006, NH&MRC, 2008) especially in Australia 
in the wake of overseas and local incidents such as those involving Cryptosporidium and 

other water borne pathogen outbreaks and incidents (McClellan, 1998, Cox et al., 2003, 

Mackenzie, 1994, Hrudey et al., 2003). 

The transfer of HACCP and Environmental (Health) Risk Assessment to drinking water 

illustrates how it is possible for risk management principles and methods to be readily 

transferred from one application to another and the very general nature of the risk 
management concept. This lesson seems pertinent to new odour and stability 
guidelines development. 

These Cryptosporidium outbreak examples also illustrate why (risk) management is arguably 

superior to traditional black letter law/magic number based regulation based on often very 

few analytical measurements. This is because they address risk analysis routine considers 
the problem of uncertainty (IEC/ISO, 2009). In the case of Cryptosporidium, its potential for 

causing outbreaks due to chlorine resistance was understood prior to 1994/1998 in that it 

was recognised to be extremely chlorine resistant and infectious C. parvum was excreted by 

wild and domestic animals into catchment waters in high numbers as well as being found in 

sewage. But routine monitoring/risk assessment was based primarily on coliform bacteria 

which in contrast are very sensitive to chlorination and so were a poor indicator of such 

contamination risks (see for example Hansen and Ongerth, 1991, LeChevallier and Au, 

2004).  

This constraint of endpoint monitoring would likely have been recognised if a whole of 

system analysis had been undertaken and responded to earlier. The problem of such 

uncertainties is probably captured most famously by one Donald Rumsfeld: 

“Reports that say that something hasn't happened are always interesting to me, because as 

we know, there are known knowns; there are things we know we know. We also know 

there are known unknowns; that is to say we know there are some things we do not 
know. But there are also unknown unknowns – the ones we don't know we don't know. 

And if one looks throughout the history of our country and other free countries, it is the latter 

category, that tend to be the difficult ones”. (Wikipedia) 

While the public ridiculed Rumsfeld’s comments as gobbledegook it is a standing joke 

among risk assessors that he was essentially correct and uncertainty analysis and reality 

checks are a central feature of risk assessment (e.g. EnHealth Council, 2012b). 
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Dealing with uncertainty is not a problem for scientists who routinely deal with it in the form 

of statistics. However, it presents a challenge for regulators trying to decide where a decision 

point lies, and the public is notoriously poor in their understanding of uncertainty as 

illustrated by the current battles over whether climate change science and modelling is 
reliable. In the case of odour this means strategies will be needed to communicate the 
uncertainty associated with assessments during public consultation as well as the 
rationale for odour benchmarks. 

2.2.5.5. ‘Monitoring Tailor Made’ consortium  
A final case study relevant also to biosolids odour and stability is that of the Monitoring Tailor 

Made (MTM) Consortium. In a series of 4 workshops this collective of water quality experts 

looked for solutions to challenges thrown up by ecological water quality monitoring 

limitations which became evident in the 1990s. For example it was recognised that they 

need to supplement traditional physicochemical monitoring with biomonitoring concurrent 

with monitoring budgets being under increased pressure. Their assessment provides many 

insights into the rationale behind good v. poor monitoring practice. 

This (now dormant) European focused consortium generated a large number of concise 

insightful papers (Adriaanse, 1994, De Jong, 1994, Klapwijk et al., 1994, McBride and Loftis, 

1994, Van Leeuwen, 1994, Ward, 1994, Adriaanse, 1997, Hotto et al., 1997, Kristensen and 

Krogsgaard Jensen, 1997, Van Luin and Ottens, 1997, Wiederholm and Johnson, 1997, 

Wilkinson, 1997, Ravera, 2001, Timmerman and Cofino, 2001, Broeders, 2003, MTM 

Consortium, 2007)9. 

The consortium recognized that the range of possible monitoring technologies was exploding 

and there were many different types of monitoring with different functions whose different 

roles were not always clear. The strength of the consortium’s work lay in their assessment 

on what monitoring did or should involve and their recognition of the need to link monitoring 

to management to policy prior to introduction of risk management as an explicit policy driver 

[e.g. as seen for example in ANZECC and ARMCANZ (2000)]. These insights are 
reproduced below in figures extracted from Adriaanse (1997) which capture key 
considerations that in WRC’s opinion could be applied to future odour and 
stabilization guidelines: 

• Figure 12a sets the larger context for any monitoring. Odour and stability 
management guidelines will need to address or recognise analogous heads 
of consideration. The ones itemized provide a starting checklist for different 

                                                
9 These papers appear to no longer be available on line but WRC has a complete collection available on request. 
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odour and stability monitoring topics noting. It highlights how monitoring will 

involve not only scientific analysis but checking of management systems as well. 

• Figure 12b illustrates how there are distinctive types of monitoring appropriate to 
different stages in the policy development and implementation cycle – in the 
present instance guideline development and rollout. The introduction of new 

guidelines will likely highlight knowledge gaps needing to be filled before a 

revamped biosolids odour and stability management regime is established. This 

will take time and need to involve the industry. In the long run the industry should 

settle mostly into routine (i.e. Operational) monitoring. Odour and stability 
guidelines on monitoring should recognise these different forms of 
monitoring and their functions.  

• Figure 12c highlights a critical issue for the biosolids recycling industry. 

Monitoring is costly and should only be undertaken to a level sufficient for 
purpose and be subject to cost benefit considerations. Odour and stabilisation 
monitoring techniques need to be grouped by cost and logistics as well as 
function with management aims directing where monitoring is prioritized. 

• Figure 12d outlines monitoring classification/checklist/grouping in a slightly 

different format which also highlights how there are different types “monitoring”. 

This classification seems applicable to biosolids and could be used to assist 

communication between biosolids producers, disposal method operators, 

transporters, regulators etc. It provides a rationale for any research needed as 

well (strategic monitoring) and how it differs from more day to day early warning 
and process control monitoring. A feature of the guidelines could be 
identification of examples of each as they relate to odours and stability. 

• Figure 12e outlines how information is collected and transferred to management 

essential in a cyclic fashion. This supports the need for risk management to be 

undertaken within a larger environmental management system10 (ISO, 2004a, 

ISO, 2004b, ISO, 2010, ISO, 2011) designed to cover odours and stabilisation. 

                                                
10 See next Appendix 
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a  

 b.  c  

d.  e.  

Figure 12. Key monitoring considerations ﷒ (reproduced from Adriaanse, 1997) 

a. Management tools 

b. Monitoring needs and types in relation to the policy cycle 

c. Tiering of monitoring 

d. Monitoring types 

e. The monitoring cycle 
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2.2.6. Environmental Values 
In environmental management ‘Environmental Values’ constitute the top level strategic 

objective that captures what management activities aim to support. The concept was 

introduced in the 1992 Australian fresh and marine waters guidelines (ANZECC, 1992). 

However the concept did not find its way into the later Biosolids guidelines (NSW EPA, 

1997). WRC suggests this concept might be included in new biosolids guidelines for reasons 

discussed here.  

A starting point is to understand what is meant by ‘value’. There are many possible 

meanings but a defensible starting point is the following definition identified in a review of the 

topic of Environmental Values by Reser and Bentrupperbäumer (2005): 

“Values are defined as prescriptive beliefs about end states of existence (e.g., peace) and 

modes of conduct (e.g., justice) that transcend specific objects and situations and that are 

held to be personally and socially preferable to opposite end states of existence (e.g., war) 

and modes of conduct (e.g., injustice) (Rokeach, 1973).” (Reser and Bentrupperbäumer, 

2005) 

 

Figure 13. Illustration of diversity of potentially competing Environmental Values 

﷒(Reproduced from Reser and Bentrupperbäumer, 2005) 

 



 

 195  
 

Reser and Bentrupperbäumer (2005) observe that Environmental Values have proved more 

complex over the years to define. This is illustrated by the table from their review reproduced 

in Figure 13. 

Nevertheless the concept is still valuable. As of November 2016 the Environmental Values 

was widely used in the Australian approach to environmental resource utilization and 

protection (e.g. Australian Government Department of Energy and Environment, 2016 

(accessed Nov)-c, Australian Government Department of Energy and Environment, 2016 

(accessed Nov)-b, Australian Government Department of Energy and Environment, 2016 

(accessed Nov)-a), http://www.environment.gov.au/node/14374 . 

And in the national strategy for Ecologically Sustainable Development (Australian 

Government Department of Energy and Environment, 2016 (accessed Nov)-a) it is stated 

that: 

“Governments will promote incentive structures that are capable of better accommodating 

Environmental Values, and will work to ensure that resource allocation mechanisms and 

ESD-related decision making processes are accessible, transparent, predictable and timely.” 

ANZECC and ARMCANZ (2000) provides a model case study for how ‘Environmental 

Values’ can capture the aims of guidelines, what they mean operationally, and where they fit 

within biosolids guidelines. Their definition/clarification is so central that they are specified as 

being the first step in developing long-term management (p 2-1) along with ‘management 

goals’ and level of protection including generic guideline ones. The concept is subsequently 

used many times in the introductory chapters of these guidelines. Of particular note in the 

case of NSW is that as part of their development: 

“New South Wales (undertook)— A six month public consultation program in 1998 identified 

interim Environmental Values and objectives for various catchments in the State. The 

process involved written submissions, and information and discussion forums located in 

central and regional locations.” 

Similarly: 

“Victoria — State Environment Protection Policies (SEPP) for water set out the ‘beneficial 

uses’ (or Environmental Values) to be protected in various parts of rivers, lakes, estuaries 

and bays and related Environmental Values. The SEPP process includes a legislative 

requirement for a period of at least three months for submissions to be received.” (and) 

“Western Australia — In 1998, development of the proposed Environment Protection (Marine 

Waters) Policy involved community consultation to set the Environmental Values and 

environmental objectives of Perth’s coastal waters. The process included key stakeholders, 

stakeholder reference groups and a two month consultation period.” Etc. 
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The outcome was that it proved possible to operationally define ‘Environmental Values’ 

concisely within this particular set of guidelines (ANZECC and ARMCANZ, 2000): 

“(Environmental Values) are particular values or uses of the environment that are important 

for a healthy ecosystem or for public benefit, welfare, safety or health and which require 

protection from the effects of pollution, waste discharges and deposits. They were often 

called ‘beneficial uses’ in the water quality literature but this term has lost favour because of 

its exploitative connotations. For this reason, the term ‘Environmental Value’ has been 

adopted by the NWQMS. The following Environmental Values are recognised in these 

guidelines: 

• aquatic ecosystems; 

• primary industries (irrigation and general water uses, stock drinking water; 

aquaculture and human consumption of aquatic foods); 

• recreation and aesthetics; 

• drinking water; 

• industrial water; and 

• cultural and spiritual values.” 

This list is only slightly amended from the previous list (ANZECC, 1992) suggesting that 

Environmental Values if well-constructed can be are stable in the long term.  

The bolded introduction appears directly applicable to biosolids. More generally this 

example indicates that development of Environmental Values that the biosolids guidelines 

are aimed to support could be the first step in their operational development. 

2.2.6.1. ‘Environmental Values’ for biosolids odour, stability and vermin 
Environmental Values for biosolids are at this stage unclear but it would seem sensible to 

consider developing them for odour and stabilization for the guidelines bearing in mind the 

known and conceivable impacts. Defining Environmental Values in respect to microbial and 

chemical contaminant management seems likely to be straightforward as analogous aims 

are well developed already for water and food exposure along the lines of:  

• protection of workers and communities located proximate to where biosolids are 

processed, transported, recycled and otherwise returned to the environment 

beneficially, sufficient to avoid unacceptable risk (likelihood X consequence) of 

infection, chemical toxicity and carcinogenicity; 

• protection of ecosystems proximate to and downstream of where biosolids are 

processed, transported, recycled and otherwise returned to the environment 

sufficient to avoid unacceptable risk (likelihood X consequence) of organism 

infection, chemical toxicity and carcinogenicity. 
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Our search revealed virtually no development to date of biosolids Environmental Values. For 

example there was nothing in the 1994 national biosolids strategy (NRMMC, 1994).  

(But this document is still of note also in that it makes clear that biosolids management 

comes under the national water management strategy. It follows from this that biosolids 

related Environmental Values should have been developed as part of but the 

ANZECC/ARMCANZ process seems to have overlooked this issue.) 

The most relevant references we found were Keeney et al (1996) and Passuello et al. 

(2012). The first study may be worth considering when considering what biosolids 
Environmental Values would look like given its subject matter and title “Using values in 

planning wastewater facilities for metropolitan Seattle”. Unfortunately the most specific 

references they made were as follows: 

• “For inconvenience, odors, noises, and visual implications, we used the measure 

of person-years of each impact. This measure implicitly assumes that the 

disruption to an individual by excess traffic, odors, noise, or visual degradation is 

equivalent. One could value such disruptions differently, but that would suggest a 

level of precision inappropriate for the quality of data that could be gathered for 

Wastewater 2020 Plus alternatives at this preliminary stage.”  

• “thought of such a person as one living near a treatment facility that was routinely 

bothered by either noise, the traffic, or the odor of the facility over that ten-year 

period”. 

• “Objective 2.1.2 Minimize Odors” 

• “Minimize Amount of Biosolids” 

Passuello et al. (2012) in their study of land use classification for biosolids based their 

approach in part on achieving Environment Values. This idea was partly based on an earlier 

Australian study (Ticehurst et al., 2007) which had scoped the Environmental Values of 

coastal lake catchments. Passuello et al. (2012) looked at using Bayes Nets and Multicriteria 
Decision Analysis (MCDA) “to define the suitability of agricultural areas to receive sewage 

sludge amendment”. They appear to identify the following Environmental Values as 

downstream nodes in their Bayes Nets – (tolerable) human exposure, soil and water (quality) 

and groundwater (protection). However odour and stability were not substantively 

considered. 

As will become apparent below, though odours pose a more complex challenge and hence a 

need to clarify Environmental Values of odour, stabilization (including pest and vermin 

control).  A list for odours and stability might include “air”, “work environment”, “habitation”, 

“soil”, and “pest minimization”. As will be seen, criteria for acceptable and unacceptable 

odours have been proposed. Unfortunately there is far less consensus on what constitutes 
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tolerable odour and thresholds and these vary somewhat even for the same individual. In 

part this is because there are different thresholds. In this regard recycled water experience 

provides something of a guide (Hurlimann and McKay, 2007, Hurlimann, 2009) and it 

appears possible to quantify preferences for odour. 

Given that most biosolids are currently recycled in rural areas it will be essential to account 

for the Environmental Values of such communities. Leviston et al. (2011) provide a method 

for identifying these and a list of key themes. Their study specifically looks at the impact of 

land management practices, which is what in effect biosolids soil incorporation is. In 

prioritising aesthetic and cultural Environmental Value significance the touchstone proposed 

is Maslow’s hierarchy of needs. Leviston et al. (2011) discuss how this concept provides a 

rationale for promoting long term sustainability in agricultural practice, using in their case 

study the example of minimum till practice. The ultimate ideal is seen as best practice arising 

not only from economic drivers but from the development of a culture of ‘Land Stewardship’ 

where farmers actively engage and innovate in day to day practice. This contrasts with 

biosolids management which seems (see below) to more be driven by economic 

considerations and possibly involve manipulation of perceptions rather than biosolids 

application being seen as a genuine example of ecological sustainability best practice. 

[For further discussion of the hierarchy of needs its relationship to the environment see 

(Schofer and Hironaka, 2005, Dellström Rosenquist, 2005, Mackechnie et al., 2011, Koltko-

Rivera, 2006) ] 

So drafting clarifying and prioritizing Environmental Values for biosolids odour and stability 

should be an early part of the guidelines development.  

2.2.7. ISO 31010 tools, a different model for thinking about biosolids odour 
and stability management 

A different perspective on the possible contents of odour and stability guidelines is provided 

by developments in generic risk assessment and management. As with other guidelines 

originating in the 1990s/early 2000s, generic risk management has evolved significantly 

(Standards Australia International, 2004, Standards Australia/Standards New Zealand, 

2004b, Standards Australia/Standards New Zealand, 2004a). The earlier methods are 

unexceptionable and still used today. However, in 2009 new much more extensive ISO 

standard were released (IEC/ISO, 2009, ISO, 2009) and were rapidly adopted in Australia 

(Standards Australia and Standards New Zealand, 2013, Standards Australia and Standards 

New Zealand, 2009). These greatly expanded what is meant operationally by ‘risk 

management’. These new guidelines include an extensive summary of, and introduction to, a 

wide range of tools many of which appear applicable to biosolids odour and stability 
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management. IEC/ISO (2009 Table A2) identifies 5 distinct functions/classes of different 

tools. 

1. Scoping tool comprising lookup and support methods (e.g. Brainstorming and 

Delphi); 

2. Function analysis tools (e.g. HACCP); 

3. Controls assessment tools (e.g. Bow tie analysis); 

4. Scenario analysis tools (e.g. Fault and event tree analyses); 

5. Statistical methods tools (e.g. Monte Carlo and Bayes analysis). 

This classification is useful as it provides an order in which to undertake risk assessment 

sub-tasks. It also highlights different types of risk to consider and assess, additional to 

classic health risks, many of which may be particularly of interest in odour and stability 

management. For example the tools include many ‘scenario analysis’ options which can be 

used to minimise process failures. HACCP/ERA analysis was identified earlier as an 

approach for understanding risks and other issues based on documenting the complete 

(biosolids) material cycle from sludge generation to soil incorporation. But this begs the 

question of how to identify the highest priority issues? 

A possible starting point/screening tool is the cause/consequence matrix. An illustration of 

how the process works with an environmental issue (ensuring clean potable water from 

source to consumer) is provided by Nadebaum et al. (2004). This operations oriented 

document illustrates risk assessment in detail and practice and provides management case 

studies. It is less effective in addressing the question of how (especially concurrent or 

cascading) events interact and how to precisely estimate likelihood beyond the use of 

qualitative expert opinion based assessment. However the standard also describes several 

tools by which this can be achieved for example the ‘Fault Tree Analysis’ method. An 

illustrative case study related to water supply is provided by Lindhe et al. (2012). This case 

study of the complex Goteborg raw water supply illustrates: 

• The sort of quantitative data needed for management – failure rates and fault 

remediation rates; 

• How these data are used to construct fault trees; 

• How different failure modes can interact and this interaction can be quantified; 

• How the FTA tree format documents and prioritizes system vulnerabilities and the 

most important risks/issues can be identified as a prelude to strategic remedial work. 

An example of FTA analysis in the water industry is that presented by Risebro et al. (2007). 

This study aims to understand the cause of outbreaks based on an analysis of the causative 

events which range from monitoring failure to treatment failure and communication failure. 

The events identified could mostly apply to biosolids management. 
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The application to undesirable odours and stability here is self-evidently that FTA is a 

potential tool for assessing the vulnerabilities of the biosolids processing aimed at producing 

a stable product and its subsequent transport and incorporation in soil.  

Promotion of this sort of assessment would seem to be an essential feature of biosolids 

management guidelines. However, the monitoring parameters and endpoints might not be 

classical forms such as levels of odour. Rather the important parameters would be the 

likelihood of system failure and the timing of failure remediation work (Lindhe et al., 2012). 

Another likely relevant scenario analysis tool described is cost benefit analysis (CBA) which 

provides a means of assessing biosolids disposal economics.  

In addition to the 5 classes listed above the guidelines provide a second categorization 

option based on tool use classes. The range of tools available and this classification are 

outlined in a table reproduced from the Australian version of the tools (Standards Australia 

and Standards New Zealand, 2013) in Figure 14. The latter standard identifies 6 different 

application categories, shown here in likely order of use, and suggests generic application 

situations. 

1. “Risk identification. 

2. Risk analysis-consequence analysis. 

3. Risk analysis-qualitative, semi-quantitative or quantitative likelihood estimation. 

4. Risk analysis-estimating the level of risk. 

5. Risk evaluation. 

6. Risk analysis-assessing the effectiveness of any existing controls.” 

Self-evidently each of these assessment tasks or their analogues could be applied to odour 

and stability management. 

Usefully, different tools are identified as strongly applicable, applicable or not applicable to 

each of these 6 tasks in table form (The original ISO 31010 Table A1 is sorted more along 

the lines of the likely order of application). 

This said these tool application recommendations in Table A1 are still a ‘work in progress’. 

The version reproduced below in Figure 14 in fact differs from its predecessor in regard to its 

applicability recommendations (IEC/ISO, 2009 Table A1). Further, based on WRC’s 

experience, even the updated Australian applicability ratings are not still completely reliable. 

For example Bayes Nets and Bayesian analysis is considered inapplicable to risk (or other 

issue) identification whereas the true situation is very different (Fenton and Neil, 2012). 

Further, Bayes Net specialists in the past few years have been at extreme pains to develop 

defensible problem scoping and subsequent validation of Bayes Net models starting with a 

clear definition of inputs, analysis aims etc. Indeed it appears that concern for ensuring tool 

use/modelling validity is more advanced in the BN literature than is evident as yet in the ISO 
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31000 and related standard - compare (Kragt, 2009, Pollino and Henderson, 2010, Hart et 

al., 2005, Pollino et al., 2007, Chen and Pollino, 2012, Marcot, 2012, Marcot et al., 2006, 

McCann et al., 2006). 

 

 

Figure 14. ISO 31010 Risk assessment and management tools identified by Standards 

Australia ﷒ (2013) 

 

2.2.8. HACCP application in the USA relevant to stabilization 
Unsurprising given its origins in the USA (e.g. National Research Council, 1983) The US 

national biosolids includes sections on risk assessment applicable to chemical and microbial 

contaminants (National Biosolids Partnership, 2005 section 2.3). 
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But in addition Chapters 4 (Solids Stabilization Systems), 7 (Transportation), 8 (Agricultural 

application), 9 (non-agricultural uses), 10 (non-restricted distribution), 12 (Storage), 13 

(Biosolids Nutrient Management/Calculating Agronomic Rate of Application), 14 (external 

Environmental considerations) and other incinerated related chapters, all commence with 

identification and lists of Critical Control Points. 

Further, this document (National Biosolids Partnership, 2005 Appendix F) summarizes this 

information with a very extensive list of critical control points covering the full production to 

end use chain. This is reproduced in Figure 15. 
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Figure 15. ‘Examples’ of biosolids management train critical control point ﷒ (National Biosolids Partnership, 2005 reproduced from Appendix F) 
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2.2.9. Conclusions regarding applicability of risk based frameworks to odour 
and stability 

Based on WRC’s experience, our consideration of risk assessment tools and internal 

discussions it appears that: 

1. Harmonization of odour and stability management with these wider risk guidelines 

and methods is feasible and makes sense institutionally.  

2. Biosolids management is closely associated with wastewater management and has 

been viewed nationally as falling under water management generally. So having a 

system harmonized with the latter was a logical option to consider. 

3. What seems missing with odour and stability management in the 1997 guidelines, 

which a switch to risk based management could address, is: 

a. higher levels strategic perspective that modern risk management methods, 

which it is suggested development of Environmental Values for odour and 

stability could provide (In addition the application of Environmental 

Management Systems standards seem desirable. This is discussed in the 

Appendix following this one.); 

b. a holistic perspective analogous to the catchment to consumer and field to 

fork concepts i.e. HACCP style system analysis and exposure assessment for 

major exposure scenarios (as explained in the next sections it is suggested 

HACCP and ERA could provide this for understanding nominally functioning 

biosolids management systems while other risk management tools such as 

FTA could provide holistic pictures of system failures and malfunctions); 

4. It is likely that the chemical and microbiological biosolids guideline upgrades will be 

based on adaptation of risk assessment and management methods. 

5. The constraints and lessons from water recycling identified by the industry could be 

transferred to biosolids e.g. overcoming cost issues, standardization of validation 

across Australia from state to state. 

While much in analogous environmental and risk management guidelines seems 

transferable, two features of biosolids management that may demand a nuanced adaptation 

are: 

• The question of to what extent odour can be viewed and treated as a risk? 

• How biosolids ‘stability’ should be viewed, measured and managed?  

A further matter touched on is the matter of vermin and vector management with overlaps 

with microbial pathogen management. 

The next section explores what sort of adaptation is possible based on consideration of how 

odour (mainly) management can or might fit into an HACCP or enHealth risk assessment 
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and management framework (EnHealth Council, 2012b). The following section then looks at 

stability and vermin/vector management. 

2.3. Odour management based on the enHealth model ERA model? 
2.3.1. Adapting ERA 
Each of the guidelines above provides a potential model for grouping and analysing odour 

and stability literature as well as a model for eventual guideline development. 

Given the similarities in behaviour of odours to toxic gases the enHealth Health Risk 

Assessment framework (EnHealth Council, 2012b, Department of Health and Aging, 2002)  

was viewed a best able to provide the basis for key headings for reviewing what is known 

about odour assessment and where adaptation would be most needed and useful. 

Accordingly this section of the review uses the primary ERA heads of consideration i.e.: 

• Engagement with stakeholders; 

• Issues Identification; 

• Hazard Identification; 

• Dose response assessment; 

• Exposure assessment covering; 

o Odour locations; 

o Exposed populations; 

o Exposure concentration and intake; 

o Exposure pathway; 

• Risk characterization; 

• Risk management; 

• Uncertainty assessment and reality checks. 

It concludes with comments on analytical and assessment methods and where adaptation of 

human health risk assessment methods to odour assessment needs most attention.  

Specific reasons for selecting ERA based heads of consideration are: 

• The microbial and chemical risk assessment portions are likely to adopt an ERA 

approach. This is suggested by for example the USEPA model for pathogens (U.S. 

Environmental Protection Agency and U.S. Department of Agriculture, 2012). 

• ERA/HACCP is the essentially the model for assessment promoted by the NBP 

(National Biosolids Partnership, 2005). 

• To some degree there is overlap with chemical risk assessment as many odourants 

are toxic in high quantities.  

• EnHealth have flagged including odour assessment in this scheme, though as yet no 

final decision has been made. 
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• EnHealth Exposure Assessment is essentially the same as HACCP and provides a 

straightforward framework for linking emissions with distant impacts. 

• ERA activity categories are neither excessive nor too limited in number. 

• Management flows as a natural outcome of nuisance characterization. 

• The enHealth scheme is known to be accepted by NSW Health. 

• In WRC’s experience the framework is easily understood by, and explainable to, 

stakeholders in terms of cause and effect. 

EnHealth’s key features are captured in its primary system analysis framework summarized 

Figure 1 and 2 of the guidelines (EnHealth Council, 2012b). For information these are 

reproduced in Figure 16 below. 

The main points for adaptation are identified in red boxes and primarily relate to the extent 

odours can be viewed as risks or hazards. As noted above the ISO definition of risk is 

sufficiently generic that ‘risk’ can be kept provided it stakeholders can appreciate that the 
concept of ‘risk’ does not equate to a health risk per se. The concept of ‘Chemicals of 

Potential Concern’ similarly seems possible to retain providing it is understood that concerns 

can be ones as well as ones derived from easily verified physiological ones e.g. toxicity in 

experimental animals. 

This leaves the concepts of Hazard, Toxicity and Health in need of adaptation for the ERA 

scheme to be applicable. How this might be done is suggested in Section 2.3.11 based on 

the intervening literature and considerations reviewed as well as the previous parts of this 

review. 

The concept of biosolids ‘Stability’ appears to fit into the scheme in a different way to odours. 

How it might be dealt with is discussed in Section 2.4. 
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a. b  

Figure 16. Enhealth ERA framework showing points where modification of concepts and language for odours is needed 

a. Primary enHealth HRA(ERA) framework 

b. Sequence of implementation steps 
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2.3.2. Engagement with stakeholders/risk communication/consultation 
The preparation this review did not involve any engagement with stakeholders. However this 

and its complementary reviews should provide the starting information from which such 

consultation with primary stakeholder should proceed. In undertaking such consultation EPA 

probably need to recognise there are at least four distinct stakeholder groups that need to be 

consulted on odours: 

• the industry and prospective regulators including biosolids workers, private auditors 

and local government health surveyors and engineers who in NSW together with the 

NSW Department of Commerce have custodianship of sewage treatment plants and 

sludge management; 

• farmers where land application is proposed and who need to be fully informed on 

how sustainable and beneficial long-term biosolids application is likely to be on their 

specific land11; 

• (odour) sensitive populations; 

• the public in the vicinity of areas impacted by biosolids especially those from where 

complaints have originated in the past. 

A model for consultation may be that undertaken when the ANZECC/ARMCANZ (2000) 

guidelines were developed. This wide consultation was necessitated by many especially 

rural communities similarly being directly impacted by water management and availability. A 

model for engagement on the topic of biosolids is provided by Beuth Verlag GmbH (1997). 

Other examples of how stakeholders especially the community might be consulted are found 

in the scientific literature e.g. (La et al., 2011, Yu and Guo, 2011)  

Hayes et al. (2015, 2014a) provide an up to date review of considerations for project 

stakeholders especially proponents and regulators who would need to communicate a range 
of at times quite technical concepts. It could be very useful for the new guidelines to 
capture such information concisely for general circulation in a format comparable to 
the diverse factsheets for drinking water (NH&MRC, 2013) provided in these 
guidelines. 

2.3.3. Issue identification - Outcome of WRC group scoping 
Beyond the primary focus of this review, biosolids odour management, there are a range of 

issues which each of this review’s authors identified. From discussions within our group the 

following were major considerations in respect to odours which could be included in such a 

                                                
11 A concern during the development of ANZECC/ARMCANZ (2000) guidelines was that water bodies vary in 
sensitivity and ‘assimilative capacity’. This is covered to a degree in the 1997 guidelines. But it is unclear to 
what extent the farmers accepting biosolids have been appropriately supported and what hazardous events have 
occurred which would lead to unacceptable odour generation. 
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check list (further check items are identifiable/designated also with capitalized Roman 

numerals): 

I. Annoyance/Nuisance/risk from odours to exposed populations 

II. The focal HACCP pathway is  

a. Sludge >  

b. satisfactorily stabilized biosolids >  

c. low odour emission material suitable for storage and transport>  

d. limited transport of odours from source including after soil incorporation >  

e. limited impact on community 

III. There are other implications of evidence from unacceptable odours especially that 

their processing, transport, incorporation and/or storage are also failing in respect to 

microbial and chemical risk reduction. 

IV. Worker OH&S needs special consideration especially where biosolids are enclosed 

to control odour emissions. 

V. Vermin (flies, midges and rodents - spiders) control is insufficiently understood at this 

point in time for credible management scheme development (note that it may be a 

concern or the risk posed by vermin may be trivial).  

VI. Analysis of biosolids management problems appears to have been insufficiently 

holistic in the past e.g. only looking post collection from primary owner or at the odour 

generation location. 

The guidelines would probably need to develop a still fuller list of these. Checklists are also 

already well developed within the current guidelines (NSW EPA, 1997)  and are 

unexceptionable and should be incorporated as well. Nevertheless these should probably be 

revisited for example during a consultation phase. 

In line with a HACCP style analysis odour issues should be considered across the full 

production and ‘beneficial reuse’/disposal chain e.g. where do the emissions on site, at first 

production and extraction from ASP and other sludge generators fit into this? 

As noted previously, water and food management use the short-hand vernacular 

expressions “catchment to consumer”, ”source to tap”, and “field to fork”. Accordingly it is 

suggested that a similar shorthand be developed to describe the over biosolids not as a form 

of greenwash but to remind the stakeholders to look at biosolids management holistically 

e.g. : 

• ‘Sludge to soil’ 

• ‘Solid waste to soil conditioner’ 

• ‘Biosolids to biomass’  

• ‘Organic waste to organic soil conditioner’ 
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2.3.4. Hazard Assessment - Odour as a hazard as a source of risk? 
The extent to which odour is, or should be seen/treated as, a risk, is a key question for NSW 

EPA to resolve. NSW EPA already promotes the application of risk assessment in principle 

[see quotes above in (Department of environment and Conservation (NSW), 2005, 

Department of Environment and Conservation (NSW), 2006a, Department of Environment 

and Conservation (NSW), 2006b)].  In addition it promotes use of quantitative pollutant 

exposure via assessment methods such as air pollutant transport modelling. WRC suggests 

this question remains to be answered and in addressing it the following should be 

considered. 

2.3.4.1. Australian 31010 risk management standard 
Past concerns in respect to risk have tended to focus on damage to human health e.g. 

toxicology or damage to the environment. But the newer general standards (Standards 

Australia and Standards New Zealand, 2009, Standards Australia, 2012) effectively expand 

the concept of risk so that odour could be included as a hazard equivalent:  

“Effect of uncertainty on objectives.” (Standards Australia and Standards New Zealand, 

2013, ISO, 2009) 

This broad definition of risk is not new but is also present in the previous generation of risk 

management documents as well (Standards Australia/Standards New Zealand, 2004b). The 

general nature of this definition indicates the concept of risks, and hence risk management, 

cover any undesirable (and even desirable) deviation from the preferred biosolid 

status/characteristics and so risk assessment can cover whether the following are being 

considered: 

• Are biosolids emitting odours sufficient to pose a human or ecosystem health risk? 

• Are biosolids emitting odours sufficient to be unacceptably offensive? 

This is consistent with other parts of the standards. In respect to the relationship between 

the concept of ‘risk’ and ‘hazard’ it appears hazards are seen as one type of risk that needs 

managing. The ISO standard (IEC/ISO, 2009) states: 

“The risk identification process includes identifying the causes and source of the risk (hazard 

in the context of physical harm), events, situations or circumstances which could have a 

material impact upon objectives and the nature of that impact” 

2.3.4.2. Human health risk and offensiveness 
There is now a range of literature indicating odours are not merely a trivial nuisance but 

cause a variety of confirmed health effects (Table 30 ). Several of these symptoms are difficult 

to pin down to one of the body’s primary physical receptors for which dose response 

algorithms and model assessment frameworks have been developed (i.e. skin, eye, gut, 
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respiratory system). Nevertheless their diversity indicates the health impacts of odours need 

to be taken seriously when determining exposure limits for biosolids quite apart from toxicity 

issues. 

Table 30. Reported symptoms of odour exposure1 

Symptom Source 

Eye irritation 
(Wing et al., 2008, Shusterman et al., 1991, Sucker et al., 2009, Schiffman 
and Williams, 2005, Neutra et al., 1991, Bullers, 2005, Dalton and Dilks, 
1997) 

Nose irritation 
(Wing et al., 2008, Shusterman et al., 1991, Sucker et al., 2009, Schiffman 
and Williams, 2005, Neutra et al., 1991, Bullers, 2005, Dalton and Dilks, 
1997) 

Throat irritation/ 
coughing 

(Wing et al., 2008, Shusterman et al., 1991, Sucker et al., 2009, Neutra et 
al., 1991, Dalton and Dilks, 1997) 

Respiratory problems (Thu et al., 1997, Sucker et al., 2009, Schiffman and Williams, 2005, Neutra 
et al., 1991, Wing et al., 2008, Bullers, 2005, Dalton and Dilks, 1997) 

Stress increase (Wing et al., 2008, Shusterman et al., 1991, Neutra et al., 1991, Dalton and 
Dilks, 1997) 

Negative mood (Wing et al., 2008, Shusterman et al., 1991, Schiffman and Williams, 2005, 
Neutra et al., 1991, Dalton and Dilks, 1997) 

Stinging sensation (Wing et al., 2008, Shusterman et al., 1991) 
Vomiting (Schiffman et al., 2000, Bullers, 2005, Dalton and Dilks, 1997) 

Headaches (Schiffman et al., 2000, Sucker et al., 2009, Schiffman and Williams, 2005, 
Wing et al., 2008, Bullers, 2005) 

Nausea (Shusterman et al., 1991, Thu et al., 1997, Schiffman and Williams, 2005, 
Neutra et al., 1991, Bullers, 2005) 

Insomnia/difficulty 
sleeping 

(Sucker et al., 2009, Neutra et al., 1991) 

Gastrointestinal issues (Sucker et al., 2009, Schiffman and Williams, 2005, Neutra et al., 1991, 
Dalton and Dilks, 1997) 

Skin irritation (Bullers, 2005) 
1Compiled by James Hayes (2016) 

Three different mechanisms are identified by Schiffman and Williams (2005) as being 

responsible for these effects: 

• “First, symptoms can be induced by exposure to odorants (compounds with odor 

properties) at levels that also cause irritation or other toxicological effects. That is, 

irritation—rather than the odor— is the cause of the health symptoms, and odor (the 

sensation) simply serves as an exposure marker.  

• Second, health symptoms from odorants can be due to innate (genetically coded) or 

learned aversions.  

• Third, symptoms may be due to a co-pollutant that is part of an odorant mixture.” 

 

2.3.4.3. EnHealth view (EnHealth Council, 2012b) 
As WRC understands enHealth is central to NSW Health’s human health risk assessment. 

Overall enHealth suggests this question of whether odours should be dealt with under 

conventional ERA is a grey area:  
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“The issue of whether the negative impacts of odours that affect quality of life should be 

classified as adverse health effects is controversial. While it is undoubtedly important for 

these matters to be considered in a standard-setting process, it is debatable whether the 

appropriate place is within the scientifically rigorous steps of risk assessment outlined in this 

guidance document, or during the consultative processes that accompany risk 

management.” 

This suggests they are wary of considering psychosomatic effects as part of classic ERA 

which was developed with the clear human health risks posed by toxic and carcinogenic 

chemicals, and more recently pathogenic microorganisms, in mind. An example study of 

psychological effects of odours is Papo et al. (2006). That said the enHealth commentary 

also includes guidance on the following: 

• “how to assess the effects of odour, including how to determine whether 

‘objectionable or offensive odour’ is causing adverse effects; 

• how to monitor the effects of odour through community surveys, odour diaries and 

council investigations; 

• when to use dispersion modelling for odour assessment; 

• how to manage odour emissions, including some basic information on suitable 

mitigation options; 

• an odour impact assessment checklist; 

• references to relevant legislative or regulatory instruments that impact on odour 

assessment.” 

In short, though enHealth appear wary of labelling odours an environmental health risk they 

still support employing environmental risk style assessment. Separately as indicated above 

the concept of risk is now seen as broader than human health risk.  

2.3.4.4. DALYs 
In assessing risk impacts an important relatively recent development is the rise of the 

Disability Adjusted Life Years (DALYs) (Pruss and Havelaar, 2001 ): 

“a …. common measure for examining diverse disease outcomes….(which)….. combines 

years of life lost by premature mortality (YLL) with years lived with a disability (YLD), 

standardised by means of severity weights.” 

DALY factor are familiar to water managers as being increasingly the basis for risk 

benchmarking in the water industry in respect to pathogens and chemicals risk and their 

removal (e.g. Pruss and Havelaar, 2001 , Havelaar and Melse, 2003). However their 

applicability is much wider and in fact they were designed to allow comparison of all risks 

which might impact on human ‘quality of life’. The determination process illustrated in 



 

 213  
 

Stouthard et al. (1997) shows that the decision depends on ratings by clinicians and mental 

impacts figure very highly. 

In the DALY ratings comparing all death/disability impacts, psychological 

conditions/responses are non-trivial and include ‘anxiety disorders’ (Murray et al., 2012).  A 

breakdown of different psychological disorders is provided by Whiteford et al. (2010). In the 

DALY scheme, mental and substance use disorders constitute 7.4% of DALYs just behind 

the DALY burden of cancers (7.6%). Within this group, depressive and anxiety disorders are 

the two most important (41% and 15% respectively). Thus it is arguable that ‘psychosomatic’ 

illness risks, including from odour exposure, need consideration.  

WRC concludes that NSW EPA needs to consult closely with NSW Health and clinicians in 

areas where biosolids have been reused to ascertain and define odours in terms of ‘risk’, 

how to distinguish them from/align with classical health risks and the significance of 

psychosomatic risk. 

One complication is that most current literature concerns animal odours especially those 

from piggeries, rather than biosolids and the impacts of even these odours are still unclear 

(e.g. O'Connor et al., 2010) being potentially due to association with better understood 

hazards such as H2S and organic toxic dust.  

2.3.4.5. Animals/ecosystem hazardous impacts 
Odour and scent are central to wild and domestic animal behaviour (KATS and DILL, 1998, 

Brown, 1979, Apfelbach et al., 2005) . We were unable to find any studies which addressed 

the issue of negative animal response alone to anthropogenic odour. However interaction 

with waste sites is known to alter predator behaviour such as with polar bears and hyenas 

(Lunn and Stirling, 1985, Kolowski and Holekamp, 2008). And it is well recognized that 

biosolids odours can attract wild animals mainly arthropods and rodents (see below). 

However the question of the converse remains to be explored. 

2.3.4.6. WRC group scoping of the hazard posed by odours 
Our WRC group scoping focused on the challenges to objectively quantifying hazards and 

provisionally concluded the following: 

VII. Odours cannot be generally associated with a single compound but rather mixtures 

such as a variety of sulphur compounds in varying concentrations which tend when 

first detected to be well below toxic levels even if they are unpleasant; 

VIII. Adverse odours can also be the result of different combinations whose 

interactions>result are hard as yet to quantify; 

IX. Odour ‘hazard’ potential and adverse reactions will likely be a function of emission 

duration X Emission ‘concentration’ X Exposure duration X Hedonics [land use type, 
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experience of annoyance class, quality of life (Swinton et al., 2007, Peters et al., 

2014a)], and location;  

X. Intensity as odour (OD units) value will reflect various non-parametric algorithms, 

odour concentration, and person to person variance; 

XI. A separate concern is risks associated with odour concentrations immediately prior to 

dispersal to which site workers are exposed. Such workers may tolerate higher than 

safe exposure which  their odour senses would otherwise alert them to avoid (e.g. 

Persaud, 2016). Reasons for ignoring such warnings include work pressures. In 

addition there seems to be an attitude in rural areas that risks ‘go with the territory’. 

This attitude is reflected in for example high tractor injury and death rates. 

2.3.5. Dose response 
2.3.5.1. Understanding odour dose response 
Dose response is still an active area of research. Taking microbial dose response as a 

model, early framing of the problem proposed the idea of a single number – in this case the 

Minimum Infection Dose (Magnússon et al., 2012). Subsequently reflecting chemical 

toxicology experience, probabilistic methods were introduced (e.g. Holcomb et al., 1999). 

This improvement together with exposure assessment led to the roll out of holistic QMRA 

which is essentially ERA applied to pathogens discussed above (U.S. Environmental 

Protection Agency and U.S. Department of Agriculture, 2012) . Unfortunately this use of 

algorithms can obscure the fact that these relationships are still empirical and do not clarify 

how pathogenicity operates in the body. An illustration of the complexity of the latter process 
can be seen in this review of pathogenic Escherichia coli (Kaper et al., 2004). 

The need for a more sophisticated understanding of odour dose response is illustrated by 

the complex of possible responses listed in Table 30 which imply a range of pathways and 

hence mechanisms. And beyond these are the mechanisms driving the social dimension of 

odour response. 

This challenge of better understanding response physiology is now conceptually addressed 

via the Key Events Dose–Response Framework: a cross-disciplinary mode-of-action based 

approach to examining dose–response and thresholds or KEDRF (Julien et al., 2009, 

Buchanan et al., 2009). This approach is exemplified by Brüning et al. (2014). However it is 

still very early days in the development of full KEDRF frameworks. This is illustrated by the 

only microbial mechanism based dose response relationship/model we are aware of being 

that of Rose and Haas (1999).  
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Figure 17. Elements of the KEDRF framework ﷒ (reproduced from Julien et al., 2009) 

 

So the lack of such formulations of odour dose response is unsurprising. That said: 

• As with microbial dose response, empirical probabilistic relationships  are now widely 

available for many odours as described below; 

• Qualitative analysis of responses is also useful.  

Table 31 outlines in order of severity, levels of response reflecting the increasingly 

sophisticated analysis in the odour science field. Levels 6) somatic irritant, 7) chronic toxicity, 

and 8) acute toxicity are clearly issues which conventional ERA is directly applicable to, most 

likely at points of high exposure for biosolids workers. Levels 1) and 2) odour detection and 
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recognition appear to pose no problem necessarily. Thus the focus of odour management 

should focus dose responses 3) odour annoyance, 4) odour intolerance and 5) perceived 

irritant. 

Table 31.Odour impact scheme reproduced from Schiffman et al. (2000) 
Level Description 

1) odour detection The level of odour that can first be differentiated from ambient air. 
2) odour 

recognition 
The level of odour at which the odour quality can be characterized, e.g., the 
level at which a person can detect that an odour is apple or manure. 

3) odour 
annoyance 

The level at which a person is annoyed by an odour but does not show or 
perceive a physical reaction. Note: Health symptoms are not expected at these 
first three levels unless the odour occurs with a co-pollutant such as dust as in 
Paradigm 3 or the level of annoyance is intense or prolonged. 

4) odour 
intolerance 

The level at which an individual may show or perceive physical (causing 
somatic (somatic) symptoms to an odour. symptoms) Note: This level 
corresponds to Paradigm 2 in which the odour induces symptoms even though 
the odourant concentration is lower than that known to cause irritation. 

5) perceived irritant The level at which a person reports irritation or physical symptoms as a result of 
stimulation of nerve endings in the respiratory tract. 

6) somatic irritant 

The level at which an odourant (not an odour) results in a negative physical 
reaction regardless of an individual’s predisposition. This can occur when an 
odourous compound (e.g., chlorine) damages tissue. Note: Perceived and 
somatic irritation correspond to Paradigm 1. 

7) chronic toxicity The level at which an odourant can result in a long-term health impact. 

8) acute toxicity 

The level at which an immediate toxic impact is experienced, e.g., a single 
event may evoke an acute health impact. Note: In the case of chronic or acute 
toxicity, the compound should not be considered an odourant but rather a 
compound with toxic effects that happens to have an odour. 

 

2.3.5.2. Odours as indicators of irritation 
When considering the dose response to odours, a complicating consideration is that odour 

may alternatively be viewed as an indicator of a hazard as well as a hazard itself. The use of 

indicators is well developed and known in other environmental assessment fields such as 

microbial risk assessment where enteric bacterial indicators have been part of normal 

practice for over 100 years including assessment of biosolids safety. In their most recent 

formulations some indicators may have even been used to directly estimate risk using an 

empirical dose response curve (e.g. Kay et al., 2004, Kay et al., 1994). Conversely bacteria 
classically viewed as indicators can also be pathogenic as with pathogenic E. coli (Kaper et 

al., 2004). 

A comparable situation exists with odour. Paustenbach and Gaffney (2006) discuss the 

relationship between risk, risk perception and odour and summarise it in terms of three 

conceptual models: 

• “Model I represents potent chemicals that may cause irritation at levels below which 

their odor can be detected. 

• Model II represents chemicals that have an odor threshold below the irritation 

threshold.  
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• Model III describes odorous chemicals that have detectable odors at concentration 

levels several orders of magnitude below the levels at which they are irritants.” 

Beyond this uncertain/variable relationship between odour perception, risk perception and 

actual risk, there are the following secondary complications in this risk indicator system:  

• “The source or odor is not of perceived benefit to the observer; 

• The source or odor is not under the control of the observer; 

• The source or odor is considered an exotic or unfamiliar technology; 

• The source or odor has perceived risks that are dreaded (e.g., cancer, birth defects) 

or are potentially catastrophic; 

• The odor reminds the observer of some prior unfortunate event (e.g., such as 

hydrogen sulfide exposure and nausea); 

• The exposure is environmental in nature and may be perceived by the observer to 

threaten his/her family and neighbors as well as his/herself.” 

From this it appears odour responses may be viewed like chemical and microbial indicator 

systems except that they are inbuilt to most people. Like laboratory analysis based indicator 

systems they are both invaluable and imperfect. Thus it is important to recognize in 

managing odour exposure that adverse responses are a protective even if they are 

objectively imperfect sense and a natural hazard measuring device that must not be 

compromised by dismissing complaints of bad odour as trivial. 

To what extent Biosolids odour detection should be seen as a reliable indicator of problems 

probably needs clarification in the guidelines. Biosolids odours have a clear protective 

function if the indicate inadequately treated/stabilized biosolids.  

2.3.5.3. Empirical odour dose response algorithms 
Odour responses have proved to follow sigmoidal dose responses analogous to those seen 

with chemicals and microorganisms (e.g. Holcomb et al., 1999). There are now many 

examples (Nicell and Henshaw, 2007, Nicell and Henshaw, 2006, Nicell, 1994, Nicell, 2003, 

Nicell, 2009). Which alternative function (e.g. exponential, logistic, beta Poisson) provides 

the best fit is unclear at this point but probably not critical for the purposes of biosolids 

management guideline development. Usefully it appears that: 

• Odour dose response algorithms can be used in much the same way as those for 

pathogens and toxic chemicals; 

• While the probability of annoyance, discrimination, detection and complaint may 

follow somewhat different curves, the curve shapes are relatively comparable;  

It is the opinion of some that Odour Units (OU) tend to be inconsistent and incompletely 

reliable. However the same can be said of chemical and especially microbial dose response 
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algorithms where the 50th percentile response may range over several magnitudes. Thus the 

question to ask may be how useful as a decision support odour unit measurement is or can 

be for various purposes e.g. for detection of a malfunctioning process. Regulation is not the 

only risk management purpose to which these OU measurements may be put. 

Illustrative curves are reproduced in Figure 18 and Figure 19. It appears that for most 

measures, the human population generally tends to be similarly distributed in respect to 

percentiles. For example Figure 20 suggests that the lower 5th percentile and upper 95th 

percentile of odour detection likelihood lie within ± 1 order of magnitude of the median odour 

threshold. If this proves the case with biosolids this suggests a model population sample 

could be sufficient to provide the data for estimate the likelihood of complaint and annoyance 

in quantitative form. 

A complication with biosolids is that different stabilisation processes will likely yield different 

odour compounds as will process failure or malfunction. This in turn may increase the 

diversity of algorithms the guidelines might document/recommend for industry use. 

The guidelines ideally would include appropriate dose response algorithms where available.  

 

Figure 18. Idealized odour dose response model﷒ (Reproduced from Nicell, 1994) 
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Figure 19. Butanol model ﷒ (Reproduced from Nicell, 1994) 

 

 

Figure 20. Consistency of the dose response relationship across different odorants 

﷒(Reproduced from Nicell, 1994) 

 

2.3.5.4. Dependency of dose response on odour type and ‘pleasantness’ 
A complicating consideration in developing or identifying odour dose response algorithms is 

the setting of the unpleasantness threshold. Different odours vary greatly in their 

‘pleasantness’ and this will affect the point at which they are rejected by the responding 
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stakeholder population. Depending on the odour source annoyance levels can be 

comparable to detection levels (unpleasant odours) or very different (pleasant odours) as 

shown in Figure 21 (Miedema et al., 2000). 

Biosolids annoyance has not been detailed. But this study indicates that: 

• the % of highly annoyed individuals reflects the measured odour concentration 

quantifiably; and 

• that for an extreme organic waste comparable to biosolids (pig farm, rendering plant) 

the fifth percentile of high annoyance is in the region of 1 to 5 odour units (98th 

percentile of the odour exposure concentrations).  

  

 

 

Figure 21. Percentage highly annoyed (%HA) as a function of the logarithm of the 98 

percentile of measured odour concentrations﷒ (Reproduced from Miedema et al., 2000) 

 

2.3.5.5. Positively perceiving biosolids? 
Just as unpleasant odours are able to induce negative (dose) responses (e.g. Papo et al., 

2006), so appealing odours can have the reverse effect. A positive response to odour can be 

induced not just directly by a pleasant odour such as a perfume. It can be induced by visual 

cues (Magnini and Karande, 2010, Ghosh and Sarkar, 2016) (Fenko et al., 2014), sounds 

(Davis et al., 2013, Davis, 2010) and even touch (haptic) (Ghosh and Sarkar, 2016) which 

are associated with pleasant odours. 

This behaviour is of interest to advertising and tourism as if offers marketing opportunities 

(Magnini and Karande, 2010). It also highlights how important odour is to perceptions of 

whether a place or situation is good/safe/desirable generally and how human senses and 
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decisions about the world interact. Conversely it implies there are financial risk/costs which 

could arise for a locality where it is known or perceived that large scale application of 

biosolids is taking place, even if these biosolids have been stabilised as far as practicable. 

We did not identify any surveys of human perception based response of odours specifically 

arising from recycling of biosolids. However, responses to recycling of a related product of 

water treatment, recycled water, have been documented in Australia and provide a model for 

understanding perception responses to sewage wastes. For example despite its much 

higher degree of treatment and management recycled water is perceived to have a 

significantly reduced value for several purposes compared to normal potable water 

(Hurlimann, 2009, Hurlimann and McKay, 2007). What this work seemed to show is that 

where the use of hazardous material is contemplated the preference is for there to be no 

odour at all as one reality check on safety. 

A review of perceptions and recycled water is provided by Dolnicar et al. (2011) whose 

potentially relevant observations include: 

“(2) positive perceptions of, and knowledge about, the respective water source are key 

drivers for the stated (public) likelihood of usage; and  

(3) awareness of water scarcity, as well as prior experience with using water from alternative 

sources, increases the stated likelihood of use.”  

These extracts suggest sympathy for recycling depends on awareness of the need for 

recycling wastes. Reflecting this they conclude:  

“1. It is essential that people understand that water from alternative sources is not an option, 

but a necessity; and 

2. Suggesting non-threatening ways for people to be able to experience recycled and 

desalinated water may be a useful strategy to increase public acceptance and usage.  

Nonthreatening ways include voluntary opportunities, such as tasting recycled and 

desalinated water, filling public swimming pools with recycled and desalinated water. These 

techniques are likely to be far more effective than public announcements stating that 

recycled or desalinated water would be added to water supplied to households.” 

This analogy suggests that the public engagement as promoted by the enHealth ERA model 

(EnHealth Council, 2012b) and education need to be included in biosolids odour 

management options. Further, the concepts underpinning biosolids reuse and how odours 
are being managed, need to be explained to stakeholders. In this regard it is notable that 
the current interim guidelines (NSW EPA, 1997) contained little on appropriate 
communication with the public. So public engagement is clearly a gap the guidelines 
need to address. 
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2.3.5.6. Dose response - group scoping of issues 
Our group scoping of dose response issues identified the following considerations/issues 

which might be covered by the guidelines. 

XII. Consistent with the literature, odour appears able to induce health effects – sinonasal 

irritancy and dizziness, general toxicity at high concentrations, lethargy, poor 

sleeping, irritability, depression; 

XIII. At lower odour levels where psychosomatic effects occur it is hard to determine what 

and what are not seeming irrelevancies e.g. toothache; 

XIV. Trigeminal nerve activation (itchy/sneezy nose) was seen as one annoyance factor. 

XV. The place of Asthma triggering was unclear. Vernon et al. (2012) classified triggers 

as follows: 

a. Allergic triggers notably Pet dander, Dust mites, Pollens, Molds 

b. Physical triggers notably allergic rhinitis and exercise 

c. Environmental triggers notable - Air pollutants, Tobacco smoke, Humidity and 

Cold air 

The question this raises is how far minor odours may affect Asthma occurrence. Johansson 

et al. (2010) reported that 6% of their study group appeared to have airway sensory 

hyperactivity and this could be associated with asthma. Mirabelli et al. (2006) reported 

increased asthma close to high odour generating pig farms. Together these suggest asthma 

may be a concern though at present the main trigger of concern seems to be aerosolized 

endotoxin12 (Brooks et al., 2006). 

XVI. In a general review of odours and community response Hayes et al. (2014a) noted 

the often poor correlation between odorant and odour concentration and annoyance 

summarized as follows: 

“As suggested by Winneke et al. (1996), the assessment of psychological factors improves 

our understanding of why correlations of odour concentration and reaction to that odour are 

low, yet the actual concentrations of these odours still require attention. While cognitive 

appraisal plays a crucial role in the assessment of annoyance for community members, the 

relationship between variations in odour concentration and community awareness is at times 

noticeable or very strong when combined methodologies are implemented. (Hence the need 

for clear dose response relationships).” 

Concern was expressed about the large uncertainties associated with odour dose response 

curves. While this is important to recognise, in fact, as flagged above, the issue of 

                                                
12 Endotoxin impacts is a major concern for concentrated animal feeding operations (CAFOs). It is unclear 
whether endotoxins should fall best under chemical microbiological or odour risk assessment. But the issue 
should still be flagged. 
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uncertainty applies similarly to chemical and microbial dose response. In the case of 

chemicals such models are often based on animal response which may be different to that of 

humans. In pathogen dose responses curve fitting is often limited by data paucity and its 

origin in diverse strains. This results in these dose responses also having high uncertainty 

(e.g. Figures in Teunis et al., 2008b, Teunis et al., 2008a). But this has not limited their value 

operationally as quantitative methods allow the basis of risk calculations to be clearly 

defined. 

XVII. Better definition of threshold levels needs to be undertaken e.g. to distinguish odour 

identification from odour detection levels. 

2.3.6. Exposure assessment 
Linking hazards to dose response requires exposure assessment. This will be specific to 

each biosolids processing operation and subsequent storage, fate and transport. Some 

pathway models of biosolids exposure pathways are identifiable in the literature. Based on 

these and the previous chapters and appendices looking at biosolids processing application 

and stability, WRC have constructed an starting list of locations/critical control points and 

related consideration which might be considered for inclusion in HACCP style analysis of 

odour risk exposure pathways.  

2.3.6.1. Exposure pathway definition 
Both stable and poorly treated biosolids can attract vermin. Sobsey et al. (2001) have 

reviewed the subsequent microbial transmission from animal and faecal wastes including 

exposure pathways for biosolids (Figure 22). Notably it shows related paths and vectors: 

• the waste treatment system where the biosolids are produced; 

• workers; and  

• crops  

The lesson to be taken here is that odour pathways definition should be seen as part of a 

larger HACCP analysis of all contaminants and sources associated with wastewater 

treatment. For example a sewage treatment plant will produce offensive odours which need 

to be distinguished for the purposes of the guidelines from those emanating from biosolids. 

A generic HACCP path is proposed by the NBP (Figure 23). This indicates where 

unacceptable odour emissions might be expected to emanate. 

Figure 24 shows a conceptual model reflecting biosolids odour fate and transport 

specifically. Henshaw et al. (2006, 2002) provide models of what complete on ground 

assessments could look like.  Such models should ideally be validated for example using 

odour testers (Guo et al., 2005b, Newby and McGinley, 2004, Guo et al., 2005a). 
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Figure 22. Sources and transmission pathways of pathogens to humans from animal 

agriculture ﷒(Reproduced from Sobsey et al., 2001) 

                     

Figure 23. The biosolids ‘value chain’ ﷒ (National Biosolids Partnership, 2005 extracted from 

Appendix F) 
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Figure 24. Odour specific conceptual exposure pathway map﷒ (Beuth Verlag GmbH, 1997) 

 

2.3.6.2. Odour locations = emission points (Group Scoping) 
Based on discussion within our WRC group we consider that identification of emission points 

is essential for scoping out monitoring needs recognising from the dose response literature 

above that this is not as simple as measuring conventional contaminants. Possible critical 

control points in a HACCP analysis are as follows: 

XVIII. A possible list of points to include in guidelines where odour exposure needs to be 

assessed are: 

a. Processing locations – especially stabilization points - including 

i. Drying beds and Drying lagoons 

ii. Large windrows. 

iii. Composting arrangements (composted biosolids be included?) 

iv. Processing equipment and its maintenance e.g. washing 

b. Transport including 

v. Trucks (full and empty) 

vi. Transfer points 

vii. Intermediate Storage points 

c. Application fields and storage points and arrangement 

Such checklists also need to consider the effects of biosolids generation scale. 

2.3.6.3. Exposed populations (Group scoping) 
Based on discussion within our WRC group we considered the following in respect to 

exposed population: 
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XIX. Allowance needs to be made for the different perception of odour by different 

exposed populations.  

XX. In addition to considering the general community, sub populations for special 

consideration may include: 

a. Children; 

b. Immediately adjacent neighbours especially were monitoring might be located 

to ensure if they have complaints they can be verfied; 

c. biosolids handlers (the current guidelines note the need to consider OH and S 

but provide not special guidance in respect to biosolids. 

d. Other sensitive populations e.g. those with MCS syndrome, PTSD (a possible 

disposing trigger, high olfactory sniffers; 

e. Stakeholders with different cultural and environmental expectations. 

2.3.6.4. Exposure concentrations and intakes (Group scoping) 
Based on discussion within our WRC group in regard to estimation of we considered that: 

XXI. Routine detailed air fate and transport and exposure modelling appears feasible and 

desirable and should yield odour concentration PDFs which can be used at the least 

for decision support.  

XXII. The guidelines should include verification and validation methodology and cover 

uncertainties such as measurement limitations (small point grab sample), the effect 

of Teflon bags e.g. adsorption, storage, and loss of odour during transport to analysis 

point. Professionally trained and calibrated panellists are needed for odour 

estimation; 

XXIII. Modelling should allow for dilution to low OD units, different odourants and 

associated uncertainties including what individual chemicals might be present, the 

impact of chemical combinations and relative odourant contribution. 

XXIV. Degradation should be considered/incorporated and cover rates and influences 

notably oxidation, solar exposure, temperature and humidity. 

XXV. Odour assessments, being concentration focused rather than load focused, should 

not generally require estimates of intakes (as against probability of exposure) – so 

only ambient concentration probability density functions are needed, though if intake 

is a concern references are already available here (EnHealth Council, 2012a). 

2.3.7. Risk characterization 
2.3.7.1. Odour, health risks and benchmarks 
The literature here is relatively straightforward and has been reviewed above. Henshaw et 

al. (2002) provides a case study of how an assessment based on hazard assessment and 

exposure assessment would work. This includes illustrations of odour footprints and 
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response estimation models. A further paper of this group provides models for the products 

of odour risk characterization (Henshaw et al., 2006). 

In respect to biosolids worker exposure, Paustenbach and Gaffney (2006) reviewed the 

“current research regarding the relationship between odor perception or irritation and setting 

an occupational exposure limit (OEL).” Important observations in this review were: 

• “In the United States, OELs have attempted to avoid chronic irritation, rather than 

simply odor detection, in most workers.” 

• “In other countries, it is accepted that a significant fraction of the workforce may 

recognize the odor or irritant but, lacking adverse effects, it is considered acceptable. 

For all organizations, the goal of OELs is to keep workers healthy. However, in the 

case of odorous chemicals, more stringent guidelines may be necessary to keep risk 

perception and subsequent symptom reporting, low. This is problematic since risk 

perception is strongly based upon individual biases, and it is technologically 

infeasible to protect all workers from recognizing unpleasant odors. Therefore, the 

challenge surrounding this issue is to determine how to set the OELs of odorous 

chemicals best while balancing engineering feasibility. Furthermore, in some 

instances, regardless of the magnitude of the specific OEL, additional dialogue with 

employees with respect to the relationship between odor detection and risk 

perception may be needed for the OEL to be considered tolerable.” 

• “For practical reasons, the current objective of organizations charged with setting 

OELs for chemicals is to identify concentrations that do not cause irritation or 

widespread reports of unpleasant sensory stimulation in the vast majority of workers 

(e.g., about 80–95%).” 

In regard to establishing benchmarks against which exposure levels can be assessed as 

being acceptable or otherwise, Nicell (2009) provides a useful summary table reproduced in 

Figure 25 which indicates a degree on concurrence on acceptable ‘Odour limit’s especially 

given measurement uncertainties. More variable though is the averaging times and 
percentiles which range from 1s to 90d and 98th to 99.9th percentile respectively. When 
establishing what is appropriate and how it odour to be measure the Guidelines 
should clarify why a particular compliance frequency has been chosen. 
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Figure 25. Illustrative odour guidelines ﷒ (Reproduced from Nicell, 2009) 

 

2.3.7.2. Benchmarking, odour regulations, guidelines and decision support (Group 
scoping) 

Based on discussion within our WRC group we considered: 

I. despite their limitations reference threshold emission rates and concentrations are 

still needed for different stabilisation processes and reuse options; 

II. toxicity/disease causing odour levels should be identified relative to odour thresholds 

where possible; 
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III. that OD units rather and chemical analyses should be the preferred basis for 

assessing whether odours are acceptable or not despite the complications this 

introduces; 

IV. the introduction of DALYs appears conceptually feasible but the required factor data 

are not yet available sufficient for benchmarking; 

V. while the conceptual solution provided by odour dose response algorithms seems 

sound, further work on the diversity of subpopulation sensitivity to odours is also 

needed. 

2.3.8. Risk management 
In the opinion of Henshaw et al. (2002): 

“In general, the owners of facilities producing odours would prefer not to gamble on a 

particular court's interpretation of whether a particular odour is deemed a nuisance. The 

facility owners would prefer to know a priori whether a particular odour will be acceptable, in 

the same way that emissions of conventional pollutants are deemed acceptable or 

unacceptable” 

In short the first rule of odour risk management should be to site, scale and design biosolids 

processing, and disposal/recycling sites and transport arrangements sufficient to prevent 

nuisance in the first (e.g. late night transport, use of management systems proven to 

minimize odour emissions). Such avoidance is elementary risk management and little more 

needs to be commented except to note: 

1. The previous and subsequent appendices of this review provide guidance on how to 

improve biosolids odour management. 

2. Compliance/consistency with risk management standards and guidelines seem the 

best approach to providing facility owners with certainty. 

2.3.9. Uncertainties and reality checks 
2.3.9.1. Use of ‘rational’ risk assessment for decision support 
While conventional ERA appears to offer a ‘rational’ solution to sound biosolids management 

one difficulty with this approach with odours is may suffer from limitations characteristic of 

the ‘rational method’ (Healey, 1983).  

In environmental planning theory the rational method is defined as: 

“systematic and explicit relation of ends to means and vice versa, the logical presentation of 

argument, and the systematic relation of evidence to argument.” 

While this seems unobjectionable the troubles emerge when planning for the siting of ‘dirty 

public things’ when these become political (Allison, 1986). It is hard to think of anything that 

the public would conceive of as more ‘dirty’ than sewage sludge/biosolids. A discussion of 
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the limits of the rational method can be found here (Allison, 1986, Kiernan, 1983, Healey, 

1983). 

Kemp et al. (2012) illustrate what had happened as a result of insufficient recognition of the 

limits of the rational method for the related and analogous ‘yuk’ issue of recycled water. They 

highlight how essential open and honest communications is essential to avoid public 

backlash and ‘scare campaigns’. 

We do not suggest by this that formal rational odour risk assessment is not warranted or is 

not the best tool currently available to minimize odour problems. One great benefit of using a 

proven framework is it aids transparency at least to those familiar with odour fate and 

transport concepts.   

Rather we are suggesting that guidelines should not promote presenting the outcomes of 

odour risk assessment as the last work but as information providing decision support, 

bearing in mind all stakeholder needs and concerns. This could also have the benefit of 

supporting those in communities who are in the main sympathetic to well designed biosolids 

recycling (Urbis, 2010). 

2.3.9.2. Poor definition of impacts 
The impact of odours on individuals is still imperfectly defined. On top of this is the impact on 

the social fabric of an area where any noxious odour is generated e.g.: 

“Large-scale concentrated animal feeding operations cause other environmental health risks 

for those living in these areas. Areas that are dominated by concentrated animal feeding 

operations have odor pollution, which may result in decreases in neighbourliness, social 

cohesion, and trust, increases in social conflict, and alienation” (Shoff, 2012) 

Further, odour is not the only poorly studied or defined risk in agricultural settings (Frank et 

al., 2004) and odour emissions exists in this larger context and responses may reflect the 

latter. 

2.3.9.3. ‘Greenwashing’, the image of biosolids and its public reaction to odours 
The current NSW guidelines  open with the following statements (NSW EPA, 1997): 

“The NSW Government's biosolids management policy is to encourage the beneficial use of 

biosolids where it is safe and practicable and where it provides the best environmental 

outcome.” 

“Not only does raw sewage include a plentiful supply of water, but the solids component is 

rich in essential nutrients such as nitrogen, phosphorus and organic matter; and these are in 

a form that is highly suitable for assimilation by plants. As a result, there has been an 

increased interest in finding ways to reuse both the water and solids components of sewage 
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in a manner that is cost effective, environmentally sustainable and safe from a public health 

perspective.” 

This positive view of biosolids reflects the USEPA (1995) position e.g.  

“The reader will notice that throughout this document sewage sludge is referred to as 

biosolids. Biosolids are the primarily organic solid product yielded by municipal wastewater 

treatment processes that can be beneficially recycled (whether or not they are currently 

being recycled). The term biosolids is used in this document to emphasize the beneficial 

nature of this valuable, recyclable resource (i.e. , the use of the nutrients and organic matter 

in biosolids as a fertilizer or soil conditioner).” 

Unfortunately these positive messages omit the fact that significant opposition to biosolids 

has also developed especially in the USA. These concerns at least at the perception level, 

do not appear to have been satisfactorily addressed and arguably they have been 

‘Greenwashed’. 

A text which captures the concerns is the book authored by Stauber and Rampton, ‘Toxic 

Sludge is Good for You”. The popular, well cited (n=610 in GoogleScholar), highly rate book 

http://www.goodreads.com/book/show/659246.Toxic_Sludge_Is_Good_for_You (TSIGFY) is 

easy to identify and itemizes a range of concerns.   

Of particular concern is Chapter 8 ‘The Sludge Hits the Fan (Stauber and Rampton, 1995). 

The author’s central concern was not solely biosolids quality or immediate risks to soil and 

water quality but also that the development of Biosolids management has historically 

involved “Green-wash”ing and problematic policy development on the part of the biosolids 

industry represented by the Water Environment Federation (WEF) and the USEPA itself.  

‘Greenwashing’ is described by Segev et al. (2016)’s article in the Journal of Advertising as 

follows: 

“Advertising plays a major role in generating public awareness about environmental issues, 

communicating a green brand image, and driving consumer demand for green products 

(Grillo, Tokarczyk, and Hansen 2008). Nevertheless, green advertising faces challenges as 

consumers are becoming increasingly skeptical about its credibility and usefulness (PR 

Newswire 2010). While many companies use advertising to communicate their genuine 

attempts to minimize the environmental impact of their brands and products, others 

exaggerate or even fabricate the environmental impact of their offerings (Carlson, Grove, 

and Kangun 1993). Referred to as greenwashing, such environmental claims include vague, 

unsubstantiated, and potentially misleading statements communicated in green advertising 

or marketing material (Fernando, Suganthi and Sivakumaran 2014). Greenwashing 

potentially erodes the consumer market for green products and services (Furlow 2010), 

distances potential investors interested in environmentally friendly firms (Delmas and 



 

 232  
 

Burbano 2011), and negatively impacts the credibility of the organization and its perceived 

performance (Newell, Goldsmith, and Banzhaf 1998). Therefore, the question of whether 

green advertising communicates a sincere environmental message is of primary 

importance.” 

The concept and the problem it generates is widely discussed in the literature having arisen 

in response to the study of Carlson et al. ‘s (1993) observation (cited directly 436 times – 

GoogleScholar 2016) that: 

“Results suggest that those claims which extol the environmental benefits of products and 

those that are designed to enhance the environmental image of an organization are most 

prone to be considered misleading and/or deceptive.” 

As an indicator of how controversial biosolids application can potentially be, though TSIGFY 

reviews many controversial highly issues including chlorinated herbicides and pesticides, 

nuclear weapons development and tobacco, the title itself was, in fact, inspired by biosolids. 

Reflecting this distrust in industry and the government there has been backlash from 

environmental groups interested in land management especially those interested in ‘organic 

food’ production (e.g. Smith, 2012, Vestel, 2010 , Stauber, 2016 (accessed), Ferguson, 

2009). It is even suggested that biosolids application is among the most controversial of 

food/agriculture industry practices, along with food irradiation and the use of genetically 

engineered seeds and microorganisms (Lupp, 2008, Houston, 2012, Constance et al., 

2008), ‘the big three’ as one author put it. 

As a result, rather than being seen as beneficial method for recycling nutrients from human 

use back to the environment in the manner of say composting, biosolids is largely banned 

from ‘organic farming’13  . An illustration of this sensibility can be found here (Organic 

Consumers Association, 2014). This position appears to be reflected in organic food policy in 
NSW  as evidenced by biosolids being perceived in toto as unsuitable for organic farming as 

evidenced by current industry positions (Australian Organic Ltd, 2013, NSW DPI, 2011 ). 

Were this a case of fringe politics driven misunderstanding, it might not be a concern for 

Guideline development. Unfortunately White et al. (2011) in the Journal of Business and 

Economics Research indicate the development of the name ‘biosolids’, is indeed an 

archetypal example of perception management by the public relations industry: 

“As every public relations expert knows, for an idea to be accepted by an audience it must 

be perceived as congenial to the recipient’s accepted values. For example, rather than call 

their product “sewage sludge,” the water treatment industry now calls it by the less tainted 

                                                
13 It is interesting to note that the term ‘organic’ has a long history which precedes the development of  ‘organic 
chemistry‘ https://en.oxforddictionaries.com/definition/organic 
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term, “biosolids.” Regardless of what it is called, it is a useful product. But by minimizing its 

origins, it is more acceptable to the public (Biosolids.com, 2007).” 

The US industry player, Biosolids.com (2016 (accessed)) also appears to confirm the term 

was developed with public relations in mind: 

“Origin of “biosolids” name...While the practice it describes is not entirely new, the word 

"biosolids" is. Its use started a little more than a decade ago. The Water Environment 

Federation (WEF) solicited suggestions for a name after water quality professionals 

searched for a new expression to more accurately describe the treated sewage sludge that 

could be used for agriculture and as a soil amendment. "Biosolids," an abbreviated variation 

on the biological processing of wastewater solids, was one of 300 responses to WEF's call 

for suggestions. WEF formally recognized the term in 1991 and most state and federal 

agencies use it today.” 

The reason we have raised this concern here is not to take sides either way but rather: 

• To alert NSW EPA to the potential intensity of opposition to biosolids land 

application and hence the need for/centrality of transparent and open public 

consultation when developing the new guidelines; 

• The need to prove to stakeholders that sewage sludge contains much 

lower/tolerable levels of contaminant compared to the past when control was poor 

and biosolids could rightly have been viewed as toxic sludge14; 

• To alert EPA to literature from both sides of the argument which have divergent 

positions of whether biosolids application constitutes beneficial reuse or not. 

• Because the public attitude to biosolids odour is as much about sensory perceptions 

as specific risks of concern and so concerns may be raised in discussion of odour. 

• Being aware of this history may help reduce the conflict that marked the introduction 

of recycled water. 

2.3.9.4. Perception concerns generally 
The issue of Greenwashing relates to the more general issues of biosolids perceptions and 

concerns particularly as they relate to odour and how or whether the guidelines should deal 

them. The issue is raised here as odours can trigger a range of other responses ranging 

from very positive to very negative as with wastes such as biosolids (Davis et al., 2013, 

Davis, 2010). 

                                                
14 For example as part of the 1990s era SOLP program SW collected data of 107 Schedule 10 chemicals. WRC 
reviewed the risk from the water concentration and found most were below hazardous levels - see ROSER, D., 
KHAN, S., DAVIES, C., SIGNOR, R., PETTERSON, S. & ASHBOLT, N. 2006. Screening Health Risk 
Assessment for the Use of Microfiltration-Reverse Osmosis Treated Tertiary Effluent for Replacement of 
Environmental Flows. Centre for Water and Waste Technology, University of New South Wales. 
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Tourism is an increasingly important industry in regional Australia. The desirability of a 

locality as a tourist destination appears to be tied in with odour, vision and haptic (touch) 

senses and each of these in turn interacts (Ghosh and Sarkar, 2016) and with what is merely 

written about a place (Fenko et al., 2014). It follows that when siting biosolids management 

zones the latter should be taken into account as with other nuisances such as noise. 

An increasing concern for the public in respect to recycled water reuse is the impact of 

endocrine disrupting compounds (EDCs). Their fate after biosolids processing remains 

incompletely determined (Citulski and Farahbakhsh, 2010). So this may emerge as a 

perception consideration in the future. 

2.3.10. Analytical and assessment methods 
Hayes et al.(2014a) describes a range of such methods. The main laboratory based 

methods are primarily: 

• Analytical methods (notably for example: GC-MS for specific chemicals) 

• Gas chromatography–mass spectrometry combined with olfactometry 

• Air dispersion modelling and input data collection to understand off site transport and 

impacts and their varying likelihood 

• Sensory arrays for some key chemicals 

This work needs to be complemented by community assessment methodologies designed to 

identify community concerns and needs in a fully transparent fashion. Methods include: 

• Structured surveys 

• Qualitative research 

• Social engagement 

An interesting example of the outcomes of social engagement is McDevitt et al.’s(2013) work 

which shows that the exercise can generate more diverse responses than might be expected 

from apply basic engineering>disposal management. This may affect the preferred methods 

of stabilisation and recycling in any particular instance. 

2.3.11. Conclusions – Adaptation of odour hazard, health, and toxicity 
risk assessment and management concepts to biosolids odour 
management 

1. ERA style assessment and management of odour seems appropriate and largely 

defensible. It provides a scheme for holistically analysing biosolids production 

transport storage and fate comprehensively. Best practice in regarding to biosolids 

and odour management in related fields e.g. animal manure management is heading 

in essentially the same direction.  
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2. This conclusion is despite enHealth’s misgivings that odour is does not pose a risk in 

the familiar sense. This might be addressed by reference to the concept of ‘risk’ 

being more than human health risk. 

3. One limitation is that the ERA / HACCP style analysis does not immediately indicate 

how to respond to biosolids management hazard events and process malfunctioning. 

However this analysis should identify critical control points where failures may occur 

and other management tools e.g. Fault Tree Analysis could provide predictions and 

facilitate scoping of responses to hazardous events. 

4. In regard to adaptation of the odour concept to an ERA framework the following 

seem to be most challenging: 

a. NSW EPA need to consult with NSW Health to reach agreement of whether 

odours constitute a risk and what is the appropriate response to concerned 

populations and individuals who are unusually sensitive to odours. 

b. Odours responses vary greatly between populations and type of response of 

concern. These variations need to be dealt with systematically. 

c. There may be different odours depending on the stabilisation process. 

Covering their management efficiently needs to be part of the guidelines. 

d. Responses to, and risks from, odours is tied in closely to human psychology. 

This is important for the following reasons: 

i. Psychosomatic effects have potential to be debilitating. This needs to 

be addressed while avoiding if possible biosolids managers not having 

to address problems which are not their responsibility. 

ii. Odours provide a form of warning indicator in built into people 

analogous to those involving scientific analysis e.g. bacterial 

indicators. Like the latter they are very useful even though they are not 

perfect indicators of clear illness/injury risks. 

iii. Odours and odour response likely inter-relate to responses to touch 

and sight. Recognition of this is needed when siting facilities. 

5. High quality community consultation is possibly all the more important for biosolids 

than when managing other Environmental Values. In part this reflects the relationship 

between odour and human perception. In part this is because there appears to be a 

problematic history of the biosolids management industry trying to manipulate public 

responses in a cynical manner. Even though this perception comes mainly from the 

US it appears that there is potentially strong opposition to biosolids ‘beneficial reuse’ 

which may need to be addressed transparently to demonstrate the latter indeed is 

defensible. 
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2.4. Stability management 
2.4.1. The vexed concept of biosolids ‘Stability’ 
WRC’s group discussion about stability quickly revealed this was a more difficult issue than 

odours to put into a risk management framework. Some perceived condundra were as 

follows: 

• There is as yet no general definition of biosolids ‘stability’; 

• Developing a general definition may not be practical because of the diverse materials 

that constitute ‘stabilised’ biosolids. This confounds the standardization of the 

concept and in turn identification of monitoring methods; 

• ‘Stability’ is not of itself conceptually a risk but is more its opposite; 

• Material that has been stabilised e.g. by drying, can be destabilised in respect to 

odour production by changing pH. 

This situation compares with composting where a different term ‘maturity’ is used to indicate 

when a relatively stable soil like product has been produced (Wichuk and McCartney, 2010) 

and its behaviour will not change substantially upon incorporation into soil. This latter paper 

reviews and identifies the assessment bases for maturity assessment. It shows for a given 

material many monitoring methods are available such as CO2 evolution, seed germination 

rate, water-soluble organic carbon (WSOC), UV and DOC analysis to assess the presence 

of soluble carbon (Domeizel et al., 2004, Zmora-Nahum et al., 2005) which can used to 

assure a stable product has been obtained irrespective of the method. 

The question of what biosolids stabilisation means seems well recognized in biosolids 

management industry (Switzenbaum et al., 1997, Tsang and Jr., 2005, Bernal et al., 2009, 

Ko et al., 2008). And no definition is provided by Baldwin et al.s (2001) extensive review on 

biosolids and sludge management generally. 

2.4.2. HACCP and stability 
The NBP (National Biosolids Partnership, 2005) do not actually define stabilization. But they 

do identify a range of general Critical Control Points and Operational Controls (as well as 

specific ones which are process related): 

• “Solids Loading Rate 

• Operating Volume 

• Detention Time 

• Temperature 

• Mixing 

• pH 

• Volatile Acids/Alkalinity 
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• Nutrients 

• Gas Production 

• Scum and Foam Production 

• Failure Indicators” 

This highlights the use/potential of a HACCP and risk assessment framework for managing 

stabilisation issues. 

2.4.3. Partial solutions 
One partial solution may be where biosolids are composted, to simply use the concept of 

maturity, as assessed by standard methods and maturity criteria identified in numerous 

tables by Wichuk McCartney(2010) and required for the production of mature compost. 

A second partial solution for non-composted biosolids may be the definition of Fytili and 

Zabaniotou (2008); 

“Sustainable sludge handling may be defined as a method that meets requirements of 

efficient recycling of resources without supply of harmful substances to humans or the 

environment” 

This latter has the benefit that it means that the definition can be flexible. Its downsides are 

that it is vague and stability requirements need to be better specified. This could be done 

using a systematic review (Centre for Reviews and Dissemination, 2009, Moher et al., 2009) 

of the literature (Zubillaga and Lavado, 2003, Sánchez-Monedero et al., 2004, Fytili and 

Zabaniotou, 2008) to obtain a consensus of what does and does not constitute a stable 

product. 

2.4.4. Is ‘Stability’/Maturity an Environmental Value 
Neither ‘stability’, nor ‘maturity’, constitute quantitative end points of the kind used in a risk 

assessment and management frameworks. This is because these states are not actually a 

deviation from the desired state. A mature compost or stable biosolid is in fact the converse, 
the desired state that is considered achievable whereas “risk (is simply the15) effect of 

uncertainty on objectives” (ISO, 2009). 

The concepts of stability, or alternatively maturity, are probably closer to an ‘Environmental 

Value’ (section 2.2.6) whose achievement in terms of parametric measurements has yet to 

be precisely specified and needs to be determined on a case by case basis depending on 

the original sludge type, the stabilisation process and the end use. 

In the framework for regulatory (guideline) design Tsang and Smith (2005) identify 

1. Five acceptable stabilisation processes: 

                                                
15 Implied by added by WRC 
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o Aerobic digestion 

o Anaerobic digestion 

o Air drying 

o Composting 

o Lime stabilization 

2. Five further pathogen reduction processes which would be acceptable in Australia16: 

o Composting 

o Heat drying 

o Heat treatment 

o Thermophilic aerobic digestion 

o Pasteurization 

They do not unfortunately make clear what properties each realistic stabilization + pathogen 

reduction combinations would produce though they do indicate odour would be a major 
criterion of stabilised or mature biosolids. So a first step for NSW EPA would be to define 
what they constitute in terms of microbial chemical or odour production. The current 
guidelines  specify processes for different grades but not what stabilised biosolids 
look like in respect to risk and parameters reflecting a stable product. 

WRC concludes that what stabilise biosolids constitutes especially in respect needs to be 

developed for each combination used or proposed for use in NSW. This would constitute the 

references cases against which risk odour, pathogen and chemical risk likelihood and 

consequence could be assessed. 

2.4.5. A risk management perspective on stability 
Clarification of what constitutes stable biosolids should in turn allow ready identification of 

biosolids properties which constitute hazardous events requiring remedial action. Events 

where processing does not stabilise biosolids according to such specifications, or events 

which destabilised final process biosolids need to be defined along with their chemical, 

biological and odour impacts. A model for this is the working guide of Nadebaum et al. 

(2004). An analogous document or section in the final guidelines would go a long way to 

ensuring standardization of operational biosolids stabilization. 

Alternatively the concept of stable biosolids might be essentially dropped. Food and the 

application of HACCP provides a possible analogy here as follows: 

• Each typical basic food is not single ‘stable’ products but a semi-stable material 

which is sequentially processed, transformed, transported and preserved in states of 

                                                
16 Beta and gamma ray irradiation are also identified as possible methods. 
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low biological activity prior to its final fate (consumption, composting or waste to 

garbage). 

• The biosolids management train is comparable with the exception it is ‘consumed’ by 

soil rather than people. 

• Food like biosolids vary in their degree of stability which depends on how far they 

have been processed to ensure a long shelf life. 

• HACCP has been developed to identify where the processing, transformation etc. 

can go wrong and needs careful management. 

There is a need to complementing a clarification of what constitutes stabilization, with advice 

on what biosolids managers should do when normal management fails.  

Such events involving deviation from ideal biosolids characteristics could be quantified in 

terms of event, fault or failure scenarios (i.e. Tools 13, 14, 15, 16 in IEC/ISO, 2009). So 

these risk management tools seem to have a place in developing the management of 

insufficiently stabilized, or destabilized, biosolids. The significance of the risk arising could 

also be dealt with in the usual way by comparing the impact against baseline/tolerable 

microbial chemical, or as discussed above, offensive odour risks. 

2.5. Vermin and vector attraction 
2.5.1.1. Key concerns  
The key concerns in respect to vermin appear to be flies and rats. 

Cattle manure has significant loads of pesticides which are present with aim of controlling 

insect pests and parasites (Coleman et al., 2013). This however is not the case with 

biosolids and so vermin control is more problematic. 

Biosolids and other faecal residues provide an excellent habitat for house flies and stable 

flies including in Australia (Dadour and Voss, 2009, Doud et al., 2012, Doud, 2011). 

Both house flies and Stable flies have long been a concern for their disease transmission 

potential (Bureau of Entomology and Plant Quarantine, 1952, Chakrabarti et al., 2010). 

Pathogen transmission is the main concern and this can include protozoa and bacterial 
pathogens including mycobacteria, Bartonella, enterohaemorrhagic E. coli, Campylobacter, 

Helicobacter, Aeromonas, Yersinia and Salmonella (Szostakowska et al., 2004, Fischer et 

al., 2004, Talley et al., 2009, Chung et al., 2004, Graczyk et al., 1999, Mian et al., 2002, 

Shane et al., 1985, Rosef and Kapperud, 1983, Grubel et al., 1997, Nayduch et al., 2002). 

Transmission can be mechanical or involve intragut reproduction. The topic has been 

reviewed by Graczyk (2000). 

Sobsey et al. (2001) have reviewed the microbial transmission/exposure pathways 

associated with faecal wastes generally including biosolids. They consider in the case of rats 
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the prime concern is also bacterial pathogens and illustrate the potential with a range of 

instances. A possible exception is Hepatitis E virus. 

2.5.1.2. Monitoring 
Methods for monitoring chemical and pathogens are dealt with elsewhere. Methods for 

assessing the magnitude of fly infestation of biosolids are available (Dadour and Voss, 2009, 

Doud et al., 2012, Doud, 2011). Also some ecology and tracking and tracing have been 

attempted (Chakrabarti et al., 2010, Urban and Broce, 1998, Taylor et al., 2007). However, 

complete methods for quantitatively assessing the scale and the risks arising from the 

transfer of pathogens beyond the biosolids location or even to biosolids worker have not 

been developed that we could tell. 

2.5.1.3. Application of risk management 
Conceptually the risk of vermin transport of pathogens looks to manageable via an ERA + 

HACCP based approach. However as far as we could tell no Quantitative Microbial Risk 

Assessment (QMRA) of fly or rodent borne transfer has been undertaken. 

2.5.1.4. Conclusion 
In summary vermin control is a concern related to biosolids stability and the underlying 

principles are understood. Also ERA + HACCP seems directly applicable. However: 

• The scale of risk posed by flies and rodents does not appear to have been quantified. 

• This issue is arguably one where harmonization within the guidelines is needed i.e. 

between the odour/stability/vermin sections and the microbial risk assessment and 

management sections. 

2.6. Modelling 
2.6.1. General 
Conceptual and quantitative modelling play an increasingly important part in human and 

environmental health and risk assessment and management. It is clear this applies also to 

odour (risk) assessment and probably to vermin as well. If a HACCP + ERA approach were 

adopted it is suggested the issue of stability would be implicitly addressed. 

Modelling for odour (risk) assessment, is well developed as evidenced by the quantification 

of odour dose response and air transport modelling. The reasons for modelling odour 

production and dispersion are various but the main ones are that: 

• traditional monitoring cannot logistically be used to quantify all odour impacts and 

scenarios and models provide a way to understand what is conceivable, in particular 

rare high impact events; 

• models can make allowance for biosolids operation scale allowing guidelines to be 

tailored to both large and small operations which pose less risk; 
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• models provide reality checks on observed impacts ; 

• models assist in the process of making reasoning auditable beyond that possible 

with expert opinion alone; 

• model scoping and construction can help identify or highlight knowledge gaps;. 

The need for modelling has long been recognized e.g. the USEPA (1995):  

“Guide emphasizes the importance of collecting relevant data and using appropriate 
models and assumptions (field-verified whenever possible) in the establishment of 

pollutant limits and management practices that protect public health and the environment 

from reasonably anticipated adverse effects of pollutants in biosolids.” 

In the case of stability the concern is about how to minimise the occurrence of insufficiency 

stable or potentially unstable biosolids, which could lead, to excess malodour emissions and 

vector/vermin transmission of pathogens. Such events, failures and faults seem amenable to 

scenario based risk analysis, not especially targeted at final odour/transmission impacts but 

instead at minimising biosolids management objective failure. 

In the case of vermin WRC did not identify any models. However, developing these would be 

useful first step in systematic identification of biosolid production and recycling practice 

weaknesses. Further this could provide conceptual frameworks of transmission that could be 

quantified and integrated into QMRA in future. 

2.6.2. Transport and dispersion modelling 
Air contaminant transport modelling is well established.  

In addition to the references/examples identified above further modelling case studies 

illustrating how air modelling works can be found in these relatively recent works (Ormerod, 

2001, Luhar et al., 2004a, Luhar et al., 2004b, Hurley et al., 2005, Hurley and Luhar, 2005, 

Hurley, 2006, Xing et al., 2007, Katestone Environmental Pty Ltd, 2009, Noonan, 2009). 

The main local candidates for standard models appear to be AUSPLUME, CALPUFF and 

TAPM. 

Two complications with odour transport and dispersion modelling (no including uncertainties 

associated with dose response modelling are that: 

• Odorants may decompose during transit depending on solar radiation temperature 

and humidity. 

• Odorants may form from precursor transformation. 

The guidelines should probably assist their use by recommending when these might be 

used, their limitations and what any alternatives might need to achieve. 
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2.6.3. Process treatment modelling and dynamic and computerized fluid 
dynamics (CFD) modelling of storage and composting 

Solid waste treatment processes have been subject to increasingly sophisticated modelling 

aimed at controlling and optimising these processes of interest. 

With improved computing power and this has advanced from sophisticated empirical 

modelling (Lyberg and Hogland, 2004, Turner et al., 2005) to 2-D and 3-D mechanistic 

models (Finger et al., 1976, Mason, 2006) and most recently CFD models (Wu and Crapper, 

2009b, Wu and Crapper, 2009a, Stehlík, 2009, Han et al., 2009, Landry et al., 2006). 

These advances seem to promise methods from greatly improving understanding of 

biosolids changes and ‘stabilisation’ behaviour. Such modelling is now taking place e.g. 

(Özdemir et al., 2014). 

2.6.4. Dose response modelling 
Dose response modelling appears sufficiently well developed for guidelines to recommend 

their use in odour and toxicity exposure work. The guidelines could document examples 
of such modelling and propose preferred input coefficients and assumptions and 
dose response algorithms for biosolids emissions depending on how they have been 
stabilised and recycled or otherwise disposed of. 

2.6.5. Validation modelling of new and existing stabilisation processes 
Following the development of national recycled water management guidelines based on the 

application of risk assessment and management (Environment Protection and Heritage 

Council, 2006) a further need identified was for guidance in validating treatment processes 

(Power, 2010). The problem at heart was that the available data on the effectiveness of 

treatment processes was of highly variable quality and the guideline values which were 

central were recognised to be insufficiently underpinned by the scientific literature on water 

treatment. Further to this, there were a range of difficult challenges such as efficient 

communication between project proponents and regulators and dealing with novel 

contaminants. This led to the National Validation series of projects (Australian Water 

Recycling Centre of Excellence, 2014 (accessed), Muston and Halliwell, 2011). The main 

function of these was to develop via research authoritative estimates of the effectiveness of 

various treatment processes particularly their disinfection capacity. 

The experience of the water recycling community suggests the guidelines need to include 

recommendations on biosolids processing validation which could in the first instance be 

based on a meta-analysis of the literature. 
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2.6.6. General risk management, HACCP/ERA modelling and Bayes Nets(BNs) 
HACCP/ERA modelling can integrate emission rates and quantities, dilution, transformation, 

fate and transport and receptor responses to assess odour benchmark exceedence 

likelihood.  

This could be done using a series of interlinked models which were either empirical or 

mechanistic or a combination of both. Alternatively probabilistic relationships between 

nodes/critical control points could be quantified and used to construct inference models 

based on Monte Carlo or Bayes net software. 

The latter option is noted reflecting WRC’s experience with recycled water (Roser et al., 

2015). This indicated among other things the following: 

1. BNs can facilitate far more than ERA. Virtually every ISO 31010 tool could be 

emulated using a Bayes net platform. In fact BNs appear to off a near universal 

systems analysis and simulation tool /language analogous to spreadsheets. 

2. The two familiar risk modelling tools risk matrix assessment and HACCP can be 

emulated. BNs allow the construction of HACCP diagrams ‘on steroids’ i.e. the tree 

diagrams can be not only conceptual but also have programmatic integrity in the 

same fashion as relational databases. 

3. BNs also offer near unlimited scenario evaluation within the limits of the inputs data 

and relationship assumptions. The allow backcasting from end desired results and so 

allow the conditions leading to them to be defined. 

4. Once a BN has been constructed it is possible to ‘learn’ the probabilistic relationships 

between variables (nodes) through several optimization methods. Alternatively it is 

possible to learn what associated variables control a critical variable such as process 

failure likelihood in a manner analogous to regression analysis. The difference is that 

such ‘semi-naïve’ BNs can be then immediately used to identify critical combinations 

of determinants and how they impact the critical variable, and have the model’s 

validity easily checked as well. 

5. Input assumptions and probabilities are readily accessible and auditable unlike so 

many multifactorial effectively black box models. 

6. BNs can include ‘latent’ or ‘hidden’ variables comparable to those used in artificial 

intelligence engines based on neural nets. 

An illustration of BN use in biosolids management planning in Spain is provided by Passuello 

et a. (2012). They use BNs in combination with GIS analysis to identify preferred areas for 

biosolids land application. In line with best BN practice its construction involved extensive 

stakeholder inputs. 
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An important illustrative application to consider is BN application to Fault Tree Analysis. 

Lindhe et al. (2012) provide an excellent illustration of how FTA is done and can be used to 

identify critical failure points and situations – in their case causes and repair of a 

malfunctioning water supply. The first model they discuss employs ‘AND’ and ‘OR’ gates in 

an FTA which can be reproduced using BNs. The application of this to managing biosolids 

processing is self-evident. 

Bayes net systems development also involves two critical ancillary activities which provide 

models for risk modelling practice generally: 

• Systematic development often in consensus /group situations of models and 

agreement on inputs and structure (Kragt, 2009, Pollino et al., 2012, Chen and 

Pollino, 2012, Pollino and Henderson, 2010, Fenton and Neil, 2012); 

• Post development model validation methods (Pollino et al., 2007, Marcot, 2012, 

Marcot et al., 2006). 

Lessons for the guidelines in respect to modelling are as follows: 

• BNs offer a single software platform for much conceptual and basic quantitative 

modelling of odour risks and impacts. 

• BNs can address the desirability of employing all applicable ISO 31010 tools. This 

includes ERA, HACCP and Risk Matrix type modelling. 

• BNs offer a means for collating process management data and defining variable 

interrelationships. 

• Modelling guidance must include promotion of good construction practice and 

subsequent validation. 

2.6.7. Decision making and utility 
Increasingly there is a demand for environmental management works to minimise costs 

while achieving efficient sufficient resource management outcomes. One method of 

balancing costs it to calculate the benefits and dis-benefits of different management 

strategies (ISO 31010 risk assessment tool 30) e.g. in choosing between different biosolids 

stabilisation options. 

Modelling can promote this by taking care of the complex calculations involved in applying 

formal probabilistic Utility. By calculating the ‘Utility’ of different options (Neter et al., 1988) it 

is possible conceptually to integrate stakeholder preferences into decision making. 

Such formal utility assignment and identifying optimal decisions involves application of 

Bayesian statistics. In plain English this means to mathematically combine several “prior” 

probabilities for variables of interest e.g. rates of process failure, and calculate for different 

scenarios improved ‘posterior’ probabilities for these and other variables of interest e.g. cost, 
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risks. Ellison (1996) provides a useful outline of the concept of how (risk) managers can use 

Bayesian methods to infer better and worse ways to address environmental problems. 

In the past Bayesian calculations were challenging to understand and employ. However this 

has largely changed with the emergence of Bayes Nets (see above) which among other 

things facilitate the calculation of ‘Utility’ which as Korb and Nicholson (2011) explain 

provides a basis for ‘decision making’: 

“agents assign utility (or, value such as a monetary or risk one) to the situations in which 

they find themselves. We know what we like, we know what we dislike, and we also know 

when we are experiencing neither of these. Given a general ability to order situations, and 

bets with definite probabilities of yielding particular situations, Frank Ramsey (1931) 

demonstrated that we can identify particular utilities with each possible situation, yielding a 

utility function.” 

Such calculations are now straightforward. Bayes Nets programs including Norsys’s Netica 

(Norsys Software Corporation, 2013)  include specialized nodes (variables) designed to 

calculate Utility given different decision options/scenarios. Korb and Nicholson(2011) 

describe and illustrate the process with some plain English examples. Other software which 

can perform the same task include Palisade @ Risk (Palisade Corporation, 2013, Palisade, 

2010). This add on to Excel facilitates Monte Carlo modelling and is popular for many risk 

modelling purposes including QMRA. It’s professional version includes an add-on called 

Precision Tree which can also calculate Utility based on Bayesian principles. 

An important function of guidelines is to ensure the concepts and methods it promotes are 

intelligible to a wide audience e.g. through explaining concepts in plain English. In this 

regard ‘Utility’ presents a challenge as it means different things to different people and 

economists have taken on a particular definition relating to monetary value even though this 

is not the only option. A further problem is that ‘definitions’ of Utility are often obtuse or highly 

mathematical and require extensive theoretic knowledge to grasp (Good, 1952, Friedman, 

1955, Bernado, 1979, Berger, 2013). Fortunately Broome (1999) provides a plain English 

explanation of the concept and these complications: 

“‘Utility’, in plain English, means usefulness. In Australia, a ute is a useful vehicle.17 Jeremy 

Bentham18 specialized the meaning to a particular sort of usefulness. ‘By utility’, he said, ‘is 

meant that property in any object, whereby it tends to produce benefit, advantage, pleasure, 

good, or happiness, (all this in the present case comes to the same thing) or (what comes 

again to the same thing) to prevent the happening of mischief, pain, evil, or unhappiness to 
                                                
17 Yes this Oxbridge Don did say this in this introduction to ‘utility’. 
18 Notorious for having been taxidermed and displayed at Imperial College except when attending College 
Council meetings https://en.wikipedia.org/wiki/Jeremy_Bentham#Death_and_the_auto-icon  
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the party whose interest is considered.’1 The ‘Principle of Utility’ is the principle that actions 

are to be judged by their usefulness in this sense: their tendency to produce benefit, 

advantage, pleasure, good, or happiness. When John Stuart Mill speaks of the ‘perfectly just 

conception of Utility or Happiness, considered as the directive rule of human conduct’, he is 

using ‘Utility’ as a short name for this principle.2 ‘The Greatest Happiness Principle’ was 

another name for it. People who subscribed to this principle came to be known as utilitarians. 

Benthamism entered economics in 1873, with the publication of W. S. Jevons’s Theory of 

Political Economy. Jevons quoted Bentham’s definition of ‘utility’ and announced: ‘This 

perfectly expresses the meaning of the term in Economy.’ But after Jevons’s time, the 

meaning of ‘utility’ in economics shifted. The word came to refer not to the tendency of an 

object to produce good, but to the good an object produces. By a person’s ‘utility’, 

economists came to mean not the person’s usefulness in promoting good around her, but 

her own good. ‘Utility’ came to mean good. This meaning has since been overlaid by yet 

another, which I shall be describing later. But it still persists as one of the current meanings 

of ‘utility’. 

…… Axiomatic utility theory 

The confusion stems from a new meaning that was assigned to the word as axiomatic utility 

theory developed during the course of the twentieth century. The axiomatic theory sets out 

from a person’s preferences. It proves that, provided these preferences conform to some 

axioms, they can be represented by a ‘utility function’. The values taken by the function are 

called ‘utilities’. The sense in which the function represents the preferences is this: of any 

pair of alternatives, the function assigns a greater utility to the one that is preferred. So 

‘utility’ acquired the meaning: the value of a function that represents a person’s preferences. 

This is by now the official definition of utility in economics. For brevity, let us say: utility is that 

which represents a person’s preferences.” 

In respect to these quotes the following from the above quote is notable: 

“The values taken by the function are called ‘utilities’. 

This suggests notionally that Utility Theory offers a way of grounding and comparing the 

relative importance of competing “Environmental Values” (see Section 2.2.6) as well as 

costs and benefits. This may be important as it is clear than unlike health risks such as 

pathogens and toxic chemicals odour risk invokes distinctive and different values in different 

people. In apply ‘Utility’ theory extreme utilitarianism - maximum utility “greatest good for the 

greatest number” (safe disposal of large city biosolids v. odour impacts on small rural 

communities where soil incorporation takes place) - would seem too much of a stretch as 

city would always win out over country. And there are in fact many other ways to develop 

decision criteria (e.g. Dowie and Kaltoft, 2011, Dowie et al., 2013, Dowie, 2006) including 
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Multi-criteria decision analysis (ISO 31010 2009 Tool 31). However it could still provide 

relative Utility estimates which could be used for decision support – as against fully 

determining decide optima. 

A possible use for ‘Utility’ modelling which might be covered in the guidelines is its use to 

choose between different competing biosolids management options and assessing when 

benefits are greater that its disbenefits. 
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3. Appendix 3 - Risk management within an Environmental 
Management Systems framework? 

The previous Appendix looked at using a formal risk management framework and tools to 

manage biosolids odour, stability and vermin and harmonize this with pathogen and toxic 

chemical management. While applying the risk management concept appears feasible the 

discussion did not explore how odour, stability and vermin management would fit inside the 

wider institutional environment within which biosolids management operates. This contrasts 

with previous guidelines (NSW EPA, 1997)  which also for example: 

• List possible land types where application appears appropriate; 

• Provides storage advice  

• Identifies applicable NSW legislation; 

• Provides ways of calculating land application rates; 

• Recommends minimum monitoring regimes and analytes; 

• Identifies the need for records maintenance. 

All of this is important information which should be retained in the new guidelines. On the 

other hand these older guidelines are relatively prescriptive which makes introduction of new 

technologies and better procedures difficult. So a new guideline format seems warranted. 

Technical information such as that above should be retained in the new guidelines possibly 
in a new format. This could be done through the addition of resource appendices such 

as: 

• Factsheets along the lines of those seen in the Australian Drinking Water Guidelines 

(NH&MRC, 2013); 

• Summary technical tables and worked examples/case studies such as seen in 

the Recycled water guidelines (Environment Protection and Heritage Council, 2006).   

Beyond this is the question of how to present the larger descriptive institutional context, i.e. 

the conceptual framework within risk management and technical information would sit. 

Modern examples of this can be found in the Australian drinking and recycled water 

guidelines (NH&MRC, 2013, Environment Protection and Heritage Council, 2006). These are 

suggested because the industry is the same and they are concerned with developing a 

related, safe minimally polluting product and providing both conceptual and technical 

support. 

3.1. A management system based strategic framework for risk management 
implementation 

Further to this, and by way of a checklist of what elements should be included in the new 

overall guidelines, EPA might also consider using an Environmental Management Systems 

framework. 
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Since the 1997 biosolids guidelines were developed, there have also been developments on 

the institutional side of environmental management focused on ensuring/generating a 

satisfactory end-product. In particular there has been the introduction of the Environmental 

Management System methodology starting around 1996. This management methodology 

has also been taken up by water authorities complementing risk management: 

 “In the Australian water industry, risk management and quality management are 

increasingly being used as a means of assuring drinking water quality by strengthening the 

focus on more preventive approaches. Some water authorities have implemented 

management systems based on ISO 9001 (Quality Management), ISO 14001 

(Environmental Management), AS/NZS 4360 (Risk Management) or more recently the 

Hazard Analysis and Critical Control Point (HACCP) system that has been adopted 

internationally by the food industry.”(NH&MRC NRMMC, 2004, NH&MRC, 2013). 

This would seem a good path to follow for NSW EPA. 

Environmental management plans are alluded to in the current guidelines but only briefly 

(NSW EPA, 1997)  probably reflecting EMSs themselves being a relative new introduction at 

the time of these guidelines’ release. Since then though there has been much greater rollout 

of the EMS standards which NSW EPA itself promotes e.g. : 

• NSW EPA (2016b); 

• NSW EPA (2015). 

These two documents for example provide advice on licensing of pollution generating 

production and identify the ISO 14000 set of standards as being central. The first of these 

documents also provides a primary check list for organisations, which address the sorts of 

activities managed through an EMS and were spelt out in the previous biosolids guidelines 

e.g. record maintenance, legal requirements; as well as new ones such as detailing of 

corrective action and staff training. The second outlines the need for continual improvement. 

The EMS documents appear to support holistic biosolids management overall being based 

on a comprehensive application of the ISO 14000 standard. Thus when developing new 

biosolids management guides the range of new support documents in this standard e.g. 

(ISO, 2011, ISO, 2010, ISO, 2004b, ISO, 2004a) need to be scrutinised, and relevant heads 
consideration incorporated into any new guidelines. The development of EMSs for 
biosolids beneficial reuse seems a logical next step and reflecting this, 
recommendations of EMS development in the guidelines. 

3.2. EMS concepts 
For information of those unfamiliar with EMSs, Figure 26 shows the general idea behind 

environmental management systems and the continual improvement. Figure 27 shows a list 
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of the basic activities this entails. It highlights how the 14000 standard emerged from the ISO 

9000 standard set which in turn aims to support best practice production on any product 

(which biosolids are). 

EMS are common already in the management of other organic wastes such as those 

developed for the livestock industry e.g. (McGahan and Tucker, 2003). So it would seem a 
given that the new guidelines would mandate EMSs and ISO 9000 management 
systems for biosolids. 

                                   

Figure 26. ISO 14000 Cycle of continuous improvement ﷒ (ISO, 2004a) 
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Figure 27. Key features of an ISO 14000 compliant environmental management system ﷒ 

(ISO, 2004a) 

3.3. The REQUAL model 
If this best practice was adopted biosolids stakeholders might obtain benefit from the water 

industry via further route. This is the adaptation of the comprehensive and adaptable EMS 

advice/model REQUAL (Davison, 2010, Water Services Association of Australia, 2010). 

REQUAL was developed at the request of the Australian water industry to provide more 

specific operational guidance on how to design, manage and audit recycled water systems. 

It was based on the principles in the Recycled Water guideline (Environment Protection and 

Heritage Council, 2006) and a similar document developed for drinking water, AQUAL. This 

document was designed to identify key strategic tasks that organizations managing water 

were responsible for undertaking if they wished to comprehensively implement the 

guidelines, in short an overall management framework. WRC had an opportunity to examine 

REQUAL (Khan et al., 2010) after being requested by Willoughby Council (2013) to evaluate 

plans for a stormwater flood control + water recycling system. Reflecting this experience 

WRC considers there is much that could be transferred to biosolids management. 

REQUAL itself is an on line database system reflecting industry and regulator consultation 

about what constitute best management practice which is designed to document 

management plans, be continually improved and for the information to be shared among 

recycled water managers. It is divided into (Davison, 2010): 
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• “12 Elements  

o (Major, high-level elements that comprise water quality management - taken 

from the guidelines reflecting what water risk management involves) 

• 36 Components 

o (Subordinate components of the 12 elements. Too high a level to allow 

meaningful assessment.) 

• 85 Actions 

o (Specific actions collectively comprising a component. First level in the 

hierarchy at which activity can be objectively assessed. Still too high for 

meaningful assessment, too general to enable consistent application within 

and across the industry).  

• 195 Measures 

o (Specific to Requality, one or more measures is included under each action. 

The measures enable an assessment of if, and how well, a water quality 

management component or action is done by the organisation)”. 

These in turn reflect and so complement the recycled water guidelines (Environment 

Protection and Heritage Council, 2006). 

In WRC’s opinion this management and (self) auditing for recycled water schemes appears 

to be largely adaptable in principle if not totally transferable to biosolids management 

including odour management. To illustrate the potential, Table 32  reproduces the Elements, 

Components and Actions with the word Biosolids replacing Recycled water. It can be seen 

that none of the implied management activities is exceptionable. 

Further though the REQUAL documents suggest the measures are specific to Requality the 

following random selection of ‘Measures’ demonstrates there is in this also little that needs 

alteration before it also could be applied to biosolids management: 

• “The agency has planned and documented its operational monitoring. 

• The agency has procedures that detail individual responsibilities and include 

communication and notification requirements. 

• The agency has a process for selecting monitoring equipment on the basis of its 

ability to meet the accuracy, sensitivity and reliability required. 

• The agency has a process for selecting appropriate suppliers for all its sewage and 

recycled water treatment chemicals to ensure that only approved chemicals are 

used. 

• The agency undertakes the verification monitoring required for compliance with 

statutory monitoring of recycled water quality. 



 

 253  
 

• For each recycled water system, the agency has identified the specific end use and 

all characteristics that need to be monitored to manage the risks associated with that 

end use. 

• The agency has a process for recording all comments and complaints from users of 

recycled water and the actions undertaken by the agency in response to the 

complaints. 

• The agency has procedures for the reporting of recycled water quality results to 

operators and senior executives, as well as externally if required. 

• The agency has procedures for corrective responses to feedback from users. The 

procedures include clear definition of authorities and responsibilities. 

• The agency has trained media liaison officers that are nominated as the responsible 

officers for interactions with the media during incidents and emergencies. 

• The agency has developed a clear understanding of the definitions of incidents and 

emergencies. 

• All agency employees and contractors involved in recycled water have participated in 

an awareness program for the recycled water quality management program.” 

A biosolids equivalent to REQUAL would provide a strategic level tool for integrating 

biosolids (risk) management activities across NSW and potentially nationally.  

The main constraint on adapting this scheme to biosolids seems to be the shear scale of the 

management process demanded by the aim to achieve ‘best practice’. That said the process 

has been put on line to make its use as efficient as possible and to evolve a resource that 

water managers can exploit. This idea seems also applicable to biosolids in principle and 

there is no clear reason why the whole REQUAL system could not be cloned for biosolids 

subject to the agreement of the intellectual property holders who include many of the same 

organisations as generate biosolids! The latter also means that the increasing recycled water 

management experience and other resources should be adaptable to biosolids 

management. 

In respect to the logistics issue ISO 14000 can also probably help. ISO 14005 specifically 

advised on ‘Phased implementation’ (ISO, 2010): 

“There are many potential benefits to be gained by an organization from managing its 

environmental aspects. However, organizations can be deterred from applying a systematic 

approach to environmental management, if they perceive this as being an inflexible, limiting, 

bureaucratic or costly process. They can also be overwhelmed by the apparent size of the 

task.  

The model outlined in this International Standard has been developed to help an 

organization to implement an EMS in a particular way, while growing the extent and scope of 
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the system, through time, in line with the objectives of the organization and the resources 

available.”
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Table 32.  Requal Environmental Management System ‘Elements’ and ‘Components’﷒(adapted from REQUAL as described by Davison, 2010, 

Water Services Association of Australia, 2010) 

Element Element 
Text Component Component 

Text Action Action Text 

1 

Commitment 
to 

responsible 
use and 

management 
of (biosolids) 

quality 

1.1 Responsible use 
of (biosolids) 

1.1.1 Involve agencies (i.e. stakeholders) with responsibilities and expertise in protection of public and 
environmental health. 

1.1.2 Ensure that design, management and regulation of (biosolids) schemes is undertaken by 
agencies and operators with sufficient expertise. 

1.2 
Regulatory and 

formal 
Requirements 

1.2.1 Identify and document all relevant regulatory and formal requirements. 

1.2.2 Identify governance of (biosolids)schemes for individual agencies, designers, installers, 
operators, maintainers, owners and users of (biosolids). 

1.2.3 Ensure that responsibilities are understood and communicated to designers, installers, 
maintainers, operations employees, contractors and end users. 

1.2.4 Review requirements periodically, to reflect any changes. 

1.3 

Partnerships 
and engagement 
of stakeholders 
(including the 

public) 

1.3.1 Identify all agencies with responsibilities for water resources and use of (biosolids); regularly 
update the list of relevant agencies. 

1.3.2 Establish partnerships with agencies or organisations as necessary or where this will support 
the effective management of (biosolids)schemes. 

1.3.3 Identify all stakeholders (including the public) affecting, or affected by, decisions or activities 
related to the use of (biosolids). 

1.3.4 Engage users of (biosolids); ensure responsibilities are identified and understood. 

1.3.5 Develop appropriate mechanisms and documentation for stakeholder commitment and 
involvement. 

1.4 (Biosolids) policy 1.4.1 Develop a (biosolids) policy, endorsed by senior managers, to be implemented within an 
organisation or by participating agencies. 

  1.4.2 Ensure that the policy is visible and is communicated, understood and implemented by 
employees and contractors. 

2 

Assessment 
of the 

(biosolids) 
System 

2.1 
Intended uses 
and source of 

(biosolids) 

2.1.1 Identify source of (biosolids). 
2.1.2 Identify intended uses, routes of exposure, receiving environments, endpoints and effects. 
2.1.3 Consider inadvertent or unauthorised uses. 

2.2 (biosolids) 
system analysis 

2.2.1 Assemble pertinent information and document key characteristics of the (biosolids) system to be 
considered. 

2.2.2 Assemble a team with appropriate knowledge and expertise. 
2.2.3 Construct a flow diagram of the (biosolids) system from the source to the application or receiving 

environments. 
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Element Element 
Text Component Component 

Text Action Action Text 

2.2.4 Periodically review the (biosolids) system analysis. 

2.3 Assessment of 
(biosolids) data 

2.3.1 Assemble historical data about sewage (and biosolids), as well as data from treatment plants 
and of (biosolids) supplied to users; identify gaps and assess reliability of data. 

2.3.2 Assess data (using tools such as control charts and trends analysis), to identify trends and 
potential problems. 

2.4 
Hazard 

identification and 
risk assessment 

2.4.1 Define the approach to hazard identification and risk assessment, considering both public and 
ecological health. 

2.4.2 Periodically review and update the hazard identification and risk assessment to incorporate any 
changes. 

2.4.3 Identify and document hazards and hazardous events for each component of the (biosolids) 
system. 

2.4.4 Estimate the level of risk for each identified hazard or hazardous event. 
2.4.5 Consider inadvertent and unauthorised use or discharge. 
2.4.6 Determine significant risks and document priorities for risk management. 

2.4.7 Evaluate the major sources of uncertainty associated with each hazard and hazardous event 
and consider actions to reduce uncertainty. 

3 

Preventive 
Measures for 
(biosolids)Ma

nagement 

3.1 
Preventive 

Measures and 
multiple barriers 

3.1.1 Identify existing preventive Measures system-wide for each significant hazard or hazardous 
event, and estimate the residual risk. 

3.1.2 Identify alternative or additional preventive Measures that are required to ensure risks are 
reduced to acceptable levels. 

3.1.3 Document the preventive Measures and strategies, addressing each significant risk. 

3.2 Critical Control 
Points 

3.2.1 Assess preventive Measures throughout the recycled water system to identify critical control 
points. 

3.2.2 Establish mechanisms for operational control. 
3.2.3 Document the critical control points, critical limits and target criteria. 

4 

Operational 
Procedures 
and Process 

Control 

4.1 Operational 
procedures 

4.1.1 Identify procedures required for all processes and activities applied within the whole recycled 
water system (source to use). 

4.1.2 Document all procedures and compile into an operations manual. 

4.2 Operational 
monitoring 

4.2.1 Develop monitoring protocols for operational performance of the recycled water supply system, 
including the selection of operational parameters and criteria, and the routine analysis of results. 

4.2.2 Document monitoring protocols into an operational monitoring plan. 

4.3 Operational 
corrections 

4.3.1 Establish and document procedures for corrective action where operational parameters are not 
met. 

4.3.2 Establish rapid communication systems to deal with unexpected events. 
4.4 Equipment 4.4.1 Ensure that equipment performs adequately and provides sufficient flexibility and process 
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Element Element 
Text Component Component 

Text Action Action Text 
capability and 
maintenance 

control. 

4.4.2 Establish a program for regular inspection and maintenance of all equipment, including 
monitoring equipment. 

4.5 Materials and 
chemicals 

4.5.1 Ensure that only approved materials and chemicals are used. 
4.5.2 Establish documented procedures for evaluating chemicals, materials and suppliers. 

5 

Verification of 
(biosolids) 
Quality and 
Environment

al 
Performance 

5.1 
(biosolids) 

quality 
monitoring 

5.1.1 Determine the characteristics to be monitored. 
5.1.2 Determine the points at which monitoring will be undertaken. 
5.1.3 Determine the frequency of monitoring. 

5.2 

Application site 
and receiving 
environment 
monitoring 

5.2.1 

Determine the characteristics to be monitored and the points at which monitoring will be 
undertaken. 

5.3 Documentation 
and reliability 5.3.1 Establish and document a sampling plan for each characteristic, including the location and 

frequency of sampling, ensuring that monitoring data is representative and reliable. 

5.4 
Satisfaction of 

users of 
(biosolids) 

5.4.1 
Establish an inquiry and response program for users of (biosolids), including appropriate training 
of people responsible for the program. 

5.5 
Short-term 

evaluation of 
results 

5.5.1 Establish procedures for the short-term review of monitoring data and satisfaction of users of 
(biosolids). 

5.5.2 Develop reporting mechanisms internally and externally, where required. 

5.6 Corrective 
responses 

5.6.1 Establish and document procedures for corrective responses to nonconformance or feedback 
from users of (biosolids). 

5.6.2 Establish rapid communication systems to deal with unexpected events. 

6 

Management 
of incidents 

and 
emergencies 

6.1 Communication 6.1.1 Define communication protocols with the involvement of relevant agencies and prepare a 
contact list of key people, agencies and stakeholders. 

6.1.2 Develop a public and media communications strategy. 

6.2 

Incident and 
emergency 
response 
protocols 

6.2.1 Define potential incidents and emergencies and document procedures and response plans with 
the involvement of relevant agencies. 

6.2.2 Train employees and regularly test emergency response plans. 
6.2.3 Investigate any incidents or emergencies and revise protocols as necessary. 

7 

Operator, 
Contractor 
and End 

User 
Awareness 

7.1 

Operator, 
contractor and 

end user 
awareness and 

involvement 

7.1.1 

Develop mechanisms and communication procedures to increase operator, contractor and end 
user awareness of, and participation in, (biosolids) quality management and environmental 
protection. 
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Element Element 
Text Component Component 

Text Action Action Text 
and Training 

7.2 
Operator, 

contractor and 
end user training 

7.2.1 Ensure that operators, contractors and end users maintain the appropriate experience and 
qualifications. 

7.2.2 Identify training needs and ensure resources are available to support training programs. 
7.2.3 Document training and maintain records of all training sessions. 

8 

Community 
involvement 

and 
awareness 

8.1 

Consultation 
with users of 

(biosolids) and 
the community 

8.1.1 Assess requirements for effective involvement of users of (biosolids)and the community. 

8.1.2 
Develop a comprehensive strategy for consultation. 

8.2 Communication 
and education 

8.2.1 Develop an active two-way communication program to inform users of (biosolids) and promote 
awareness of (biosolids) quality issues. 

8.2.2 Provide information on the impacts of unauthorised use. 
8.2.3 Provide information on the benefits of (biosolids) use. 

9 

Validation, 
Research 

and 
Development 

9.1 Validation of 
processes 

9.1.1 Validate processes and procedures to ensure they control hazards effectively. 
9.1.2 Revalidate processes when variations in conditions occur. 

9.2 Design of 
equipment 9.2.1 Validate the design of new equipment and infrastructure to ensure continuing reliability. 

9.3 

Investigative 
studies and 

research 
monitoring 

9.3.1 

Establish programs to increase understanding of the recycled water supply system, and use this 
information to improve management of the (biosolids) supply system. 

10 

Documentati
on and 

reporting 

10.1 
Management of 
documentation 

and records 

10.1.1 Document information pertinent to all aspects of recycled water quality management, and 
develop a document-control system to ensure current versions are in use. 

10.1.2 Establish a records-management system and ensure that employees are trained to complete 
records. 

10.1.3 Periodically review documentation and revise as necessary. 

10.2 Reporting 10.2.1 Establish procedures for effective internal and external reporting. 
10.2.2 Produce an annual report aimed at users of (biosolids), regulatory authorities and stakeholders. 

11 

Evaluation 
and audit 

11.1 
Long-term 

evaluation of 
results 

11.1.1 Collect and evaluate long-term data to assess performance and identify problems. 

11.1.2 Document and report results. 

11.2 

Audit of 
(biosolids) 

quality 
management 

11.2.1 Establish processes for internal and external audits. 

11.2.2 
Document and communicate audit results. 

12 Review and 12.1 Review by 12.1.1 Senior managers review the effectiveness of the management system and evaluate the need for 
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Element Element 
Text Component Component 

Text Action Action Text 
continuous 

improvement 
senior managers change. 

12.2 

(biosolids) 
quality 

management 
improvement 

plan 

12.2.1 Develop a (biosolids) quality management improvement plan. 

12.2.2 
Ensure that the plan is communicated and implemented, and that improvements are monitored 
for effectiveness. 
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4. Appendix 4 - Next strategic steps in the integration of odour, 
stability and vermin assessment into new EMS and risk based 
biosolids management focused guidelines 

4.1. Guidelines and resources for integration of odour management. 
In the two previous Appendices various guidelines and standards were reviewed which 

potentially also support integration of current knowledge of biosolids with monitoring and 

management systems and harmonization of odour management with biosolids pathogen and 

toxic chemical assessment in the new biosolids guidelines and with comparable water and 

environmental risk management tools more generally. 

The following list summarises key integration considerations identified, which biosolids 

guideline development could incorporate.  

1. Use of enHealth Environmental Risk Assessment framework especially exposure 

assessment?: 

a. This scheme seems directly and largely applicable to odour with some minor 

adaptation. 

b. The odour ERA should cover biosolids production, transport and impacts of 

beneficial reuse. 

2. Assembly of default values for scoping biosolid systems based on literature?: 

a. E.g.  

i. Odourants and characteristics of stabilised and unstabilised biosolids; 

ii. Odours arising from processed biosolids destabilization; 

iii. An updated list of stabilising technologies ; 

iv. characteristics of stabilized biosolids especially those amendable to 

monitoring; 

v. documentation of hazardous events and their impact including 

likelihood and consequence; 

vi. limits of soil assimilative capacity; 

vii. model default settings. 

b. When designing environmental risk assessment, recycled water, and drinking 

water management scheme one of the most useful features of these 

guidelines is the assembly of standard consensus information (e.g. EnHealth 

Council, 2012a, NH&MRC, 2013, Environment Protection and Heritage 

Council, 2006). These provide models for data on odours and biosolids that 

could be assembled;  
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c. If such data is assembled properly it would provide a common, and effectively 

integrating, point of reference for prospective biosolids schemes so that the 

viability of management strategies can be assessed early on. 

d. Even draft sets of standard inputs based on industry committee expert 

opinion would be useful as was the case with the recycled water guidelines. 

3. Use of national water quality guideline style consultation?: 

a. The Australian environmental water protection guidelines (ANZECC and 

ARMCANZ, 2000) appear to provide a good guide for the initial risk 

management integrating step of widespread stakeholder and community 

consultation.  

b. These guidelines also highlight the potential use of ‘Environmental Values’. 

The latter seems particularly important in grounding what is desired in the 

way of odours and in turn clarifies what needs to be managed in addition to 

current odour unit based regulations. 

4. Use of ISO 31010 tools, and Bayes nets and other models; 

a. ISO 31010 effectively provides another integrating framework which sanctions 

useful secondary risk modelling beyond ERA. ERA is probably suited to 

whole of system understanding while other tools seem suited to other 

biosolids management tasks as illustrated by the discussion of FTA which 

appears ideally suited for gaining a better understanding of, and prioritizing, 

hazardous events, and how to minimise their occurrence and impact. 

b. Bayes Nets and other models provide a natural way of integrating different 

biosolids information and identifying what monitoring is more useful than 

others. 

c. Bayes Net construction and use best practice appears to offer a way of 

undertaking virtually all major forms of risk assessment currently identified by 

the ISO and Standards Australia.  

4.2. Stabilization 
The concept of stabilization appears to be a vexed one. Review of the management 

literature suggests two options:  

1. Frame stabilization as a conceptual Environmental Value but not a specific state; 

2. And/or alternatively :  

a. View biosolids as a labile material comparable to food which along the field to 

fork is maintained in a metastable state with causes no odour offence 

provides processing, storage and transport are appropriate; 
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b. View stability as not a single concept but the preferred state of the biosolids at 

each point along the biosolids 

production/processing/transport/storage/beneficial reuse chain;  

c. ‘Stable’ biosolids be defined as biosolids being in their target state at each 

critical control point along the management/reuse train. 

d. View an unstable product as one where there is failure (e.g. excessive odour) 

are determined by Fault Tree Analysis or other scenario analysis where 

indicators of critical Environmental Values are no longer within control limits. 

4.3. Vermin and Vectors  
Vermin and vector management theory is still conceptual. So new research is needed, if only 

desktop in the first instance, to assess its significance, capacity for spreading pathogens to 

identify critical control points, appropriate indicators and benchmarks (e.g. fly density) and 

from there whether an experimental program is wanted. 

Conceptually vermin and vector management comes in part under pathogen ERA. However 

it is not clear at this point what risk is posed by biosolids whose production train is operating 

nominally. The latter needs to be understood as well. 

4.4. Guideline design to incorporate EMS and risk management 
As evidenced by the variety of food and water guidelines, there are a range of possible 

formats which could be used to construct new biosolids guidelines and incorporate risk 

management and environmental management principles. The contents of such guidelines 

need to be developed by EPA in discussion with stakeholders. A possible shortcut would be 

to adapt the format and resources of one of the latest guidelines already developed with 

EMS and risk management in mind in effect learning from the discussions by experts in 

these related fields.  

The latest recently updated version of the Australian Drinking Water Guidelines (NH&MRC, 

2013) is notable in that it may provide a model which addresses the above needs. Major 

features of these guidelines are as follows: 

1. Introduction including guiding principles (including discussion of centrality of risk 

management) ; 

2. Part 1 covering the management of drinking water divided into 3 framework chapters 

covering ‘Overview’ (including identification of overlap between ISO 9000 

management systems actions and HACCP based risk management), (EMS type ) 

‘Elements’ and small supplies ; 

3. Part 2 describing separately key water quality attributes under the headings 

microbial, physicochemical and radiological, and treatment chemicals; 
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4. Part 3 describing monitoring including the different types of monitoring and their 

purposes and what to monitor for; 

5. Part 4 compiling ‘information sheets’ on disinfection, sampling and statistics 

6. Part 5 on ‘fact sheets’ on microbes, physical and chemical features of water, and 

treatment chemicals  

7. Appendices providing useful information on HACCP and risk assessment, further 

sources of information, the national water management strategy and the process by 

which the guidelines were developed.  

8. A glossary 

These guidelines comprehensively incorporate both EMS and risk management concepts, 

provide conceptual and operational management frameworks, reflect Australian conditions 

and have been in effect field tested already. WRC suggests EPA and the biosolids 

management industry could do worse than to ‘clone’ this guideline format and such 

resources in it as are applicable e.g. EMS principles.  It is particularly noteworthy that these 

updated guidelines clearly recognise the special category of small water supply operations 

where resources are limited. 

 


