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ABSTRACT

In this study an inventory of operational data 
was collected from thirty-five wastewater 
treatment plants in South-East Queensland. 
Sufficient data was available to perform 
greenhouse gas calculations from first principles 
for thirty-three of the plants using a mass-
balance type approach. Potential fugitive 
emissions of nitrous oxide and methane were 
taken into account to the limit of current 
knowledge. The significance of uncertainties in 
fugitive emissions as well as the non-biogenic 
component of organic material in the raw 
wastewater was highlighted using Monte Carlo 
simulations for predicting combined probability. 
The normalised GHG emission results were 
expressed on a ‘tonnes CO2-equivalent per 
megalitre’ (treated average dry weather flow) 
basis. Typical results lay in the range 
approximately 1.0 to 2.5 (overall mean 1.7) 
tonnes CO2-e/ML. Combined probability 
analysis suggested that 5th and 95th percentile 
values typically lie in the range Mean ± 20% 
due to the uncertainties in fugitive emissions 
and non-biogenic influent organics, but this 
range could be potentially smaller or larger, 
depending on the relative dominances of the 
uncertain emission factors. The potential for 
long-term carbon sequestration via biosolids 
disposal is also uncertain. However, the 
potential for emissions offsets (carbon credits) 
for WWTPs in this respect appears to be 
relatively small when taking into account all 
likely direct and indirect emissions.

INTRODUCTION

Greenhouse gas (GHG) accounting has 
assumed increasing attention worldwide with 
increasing awareness of climate change and 
consequential environmental impacts of human 
activity. In Australia, the federal government 
has introduced a mandatory National 
Greenhouse and Energy Reporting System 
(NGERS, 2007a & b). In brief, under this system 

as of July 2008, corporations are required to 
register and report if:

 They control individual facilities that emit 
25,000 tonnes per annum or more of GHG 
(CO2-equivalent), or they produce or 
consume 100 TJ or more of energy per 
annum; or

 Their corporate group emits 125,000 tonnes 
per annum or more of GHG (CO2-e), or it 
produces or consumes 500 TJ or more of 
energy per annum.

Lower thresholds for corporate groups will be 
phased in by 2010–11, with the ultimate 
expected to be 50,000 tonnes CO2-e per 
annum.

Direct emissions and, in some case, indirect 
emissions (mainly associated with electricity 
consumption) need to be reported. Voluntary 
data collection on other indirect emissions is 
recommended to define a complete ‘carbon 
footprint’ and until the respective ‘boundaries’ 
for reporting from all sectors of the economy are 
more clearly defined Examples of such indirect 
emissions include those associated with 
consumption of goods and services; or transport 
of goods or waste produced.

The wastewater sector serving urban Australia is 
largely controlled and operated by local 
Councils, mostly through operating entities that 
function on commercial principles. In some 
cases, certain functions of wastewater collection 
and treatment have been fully privatised. 
Irrespective of the business models applied, 
GHG emissions from wastewater collection and 
treatment is expected to account for a 
significant fraction of the total GHG emissions 
for a local Council or its operating entities 
delivering water and wastewater services. 
Indicatively, a wastewater treatment plant 
(WWTP) serving a population equivalent of 
200,000 to 300,000 persons might be expected 
to exceed the 25 kilotonnes CO2-e per annum 
threshold for a single facility (see above). 



Councils or their operating entities might be 
expected to exceed the corporate group 
threshold if they operate one or more WWTPs, 
including all other activities (e.g. transport, 
building heating/ cooling, water supply and 
solid waste services).

In a recent research report to the Water Services 
Association of Australia (WSAA) Foley and Lant 
(2008) highlighted several weaknesses in the 
methodologies used in the past to estimate 
GHG emissions from wastewater collection, 
transfer and treatment operations. This report 
recommended that further research is urgently 
required in certain areas to improve the 
accuracy and precision of GHG estimates, 
particularly in respect of emission factors for 
fugitive emissions, notably nitrous oxide and 
methane, from WWTPs or sewer collection 
systems.

Numerous other studies (Lundie et al., 2004; 
Gallego et al., 2008; Foley et al., 2007; de 
Haas et al., 2008; Friedrich et al., 2009) have 
drawn attention to the need to look beyond 
GHG issues when considering the total 
environmental burden posed by the treatment 
of water or wastewater. These studies have 
recommended the use of a Life Cycle 
Assessment (LCA) approach to better quantify 
total environmental burden of treatment plants 
where, in addition to climate change, a larger 
number of other upstream and downstream 
impacts are also taken into account (including, 
for example, eutrophication, human health 
carcinogens or non-carcinogens from air or 
solids emissions including biosolids and 
associated metals, aquatic or terrestrial 
ecotoxicity, land occupation etc.). LCA studies 
(Foley et al. 2007; Gallego et al., 2008) have 
shown that impacts associated with operating 
water or wastewater treatment plants are 
dominated by operational inputs and outputs 
(e.g. power, chemicals, biosolids or other 
emissions produced, including waste or fugitive 
gases). The embodied impacts (or emissions) 
associated with the construction phase of the 
plants is generally small over the operating life 
of the plants (typically say 30 years).

In order to make better use of calculation tools 
for estimating GHG emissions or constructing 
LCA models, good inventory data is required. 
Given the relative dominance of impacts of 
emissions from operations, it is particularly 
important to gather relevant and accurate 
operating data from WWTPs in this respect. Our 
experience has been that whilst many Councils 
or operating entities collect most of the relevant 
data, there have been few attempts to 

consolidate such data and perform GHG 
estimates by calculation from first principles. 
Some early attempts in this respect have been 
desk-top based using WWTP process models 
(e.g. de Haas & Hartley, 2004; Foley et al., 
2007). These studies showed up significant 
uncertainties in respect of key parameters (e.g. 
power consumption or emission factors for 
nitrous oxide, which is a powerful greenhouse 
gas likely produced as a by-product of 
wastewater nitrification-denitrification processes 
in WWTPs).

The aim of this paper was to collect good 
baseline operating data from as many WWTPs 
in South-East Queensland (SE QLD) as 
possible, with a view to using the data to 
estimate GHG emissions from these plants. The 
study formed part of a larger project under the 
Urban Water Security Research Alliance partly 
funded by the Queensland State Government’s 
Water Commission with CSIRO, The University 
of Queensland and Griffith University as joint 
partners. Early results from this research 
alliance project suggests that GHG emissions 
over the next 50 years from the (largely 
centralised) WWTPs in SE QLD will be roughly 
equivalent to those associated with water 
supply, including ‘high energy’ supplies in the 
form of desalinated or recycled water. The 
ultimate objective is to use the data to build an 
LCA model of the new Water Grid currently 
under construction in SE QLD.

METHODOLOGY
Study area

Operational data was collected from thirty-five 
WWTPs in SE QLD . The size and type of 
treatment plant is summarised in Table 1. The 
plants fell into two main categories of ‘type’ 
according to their overall process format. These 
may be briefly described as follows:

 Type 1: With primary sedimentation tanks 
(PSTs) and anaerobic digesters for treating a 
combination of primary sludge and 
thickened waste activated sludge, followed 
by activated sludge processes achieving 
biological nutrient removal (BNR) to a 
variable degree, sometimes with chemical 
supplementation. Six plants fell into this 
category, of which three (including the two 
largest) are equipped with facilities for co-
generation of heat and power from biogas 
produced in the anaerobic digesters. The 
power generated on site is used to off-set 
(reduce) power imported from the electricity 
grid. In the other three plants of this type,



the excess biogas is flared to atmosphere
after digester heating requirements are met. 
On an annual 50%ile basis, a l l  six plants 
achieved effluent Total N concentrations 
10 mgN/L; in four of the plants it was  5  
mgN/L; and one plant achieved  3 mgN/L 
(aided by flow balancing and supplementary 
methanol dosing). Two of the six plants (the 
largest in the region) are not equipped for 
phosphorus removal, achieving a 50%ile 
effluent Total P concentration of around 6 
to 8 mgP/L. Two of the plants achieve a 
50%ile effluent Total P in the range 2 to 3 
mgP/L, while the remaining two plants 
achieve a 50%ile effluent Total P < 1 
mgP/L (with assistance from supplementary 
chemical dosing).

 Type 2: Extended aeration activated sludge, 
(no PSTs, no anaerobic digesters) including 
those with aerobic digestion for further 
stabilisation of waste activated sludge. 
Twenty-nine plants fell into this category, 
most of which have been designed or 
upgraded to include biological nutrient 
removal (BNR), at least to some degree. All 
except two plants (not equipped for BNR) 

achieve a 50%ile effluent Total N 
concentration of <10 mgN/L. Of these, 23 
plants achieve  5 mgN/L and 14 plants 
achieve  3 mgN/L effluent Total N (annual 
50%ile basis). Five plants are not equipped 
for phosphorus removal and achieve effluent 
Total P concentrations in the range 
approximately 6 to 10 mgP/L. Thirteen 
plants achieve advanced P removal (<1 
mgP/L on an annual 50%ile basis), 
generally with some degree of 
supplementary chemical dosing. The 
remainder achieve moderately good P 
removal, producing effluent Total P 
concentrations in the range approximately 1 
to 5 mgP/L.

Table 1 shows that, of the thirty-five plants 
surveyed, the six plants with PSTs and 
anaerobic digesters (which includes two large 
plants) plus the seven largest extended aeration 
plants account for approximately 81% of the 
total average dry weather flow (ADWF) and 
approximately 79% to 91% of the effluent Total 
N and Total P total loads respectively (annual 
50%ile basis).

Table 1. Summary plant of plant size and type for WWTPs in SE Queensland surveyed in this study. 
Refer to text for more detailed description of plant type and abbreviations.

TYPE OF PLANT
& 

DESCRIPTION

No. of 
plants 

surveyed 
of this 
Type

% of 
TOTAL 
ADWF 

for 
WWTP 
surveyed 
treated 

% of 
Effluent 
TOTAL N 

LOAD 
(50%ILE) 

for 
WWTP 
surveyed 

Approximate 
% of effluent 

TOTAL P 
LOAD 

(50%ILE) for 
WWTP 
surveyed

Current ADWF (ML/d) Indicative EP from ADWF, 
assuming 200 L/EP.d

Min Max Average Min Max Average

Type 1:     PST, 
Anaerobic Dig., 

BNR AS

3 8% 7% 5% 5.7 24.1 13.3 29,000 121,000 66,000

Type 1+ Cogen: 
PST, Anaerobic 
Dig., BNR AS + 

Power / Heat 
Cogeneration 
from biogas

3 38% 44% 60% 15.1 123.7 63.6 76,000 619,000 318,000

Type 2 Small: 
Extended aeration 
AS (partial BNR), 

5 0.3% 0.6% 0.4% 0.075 0.46 0.30 400 2,300 1,500

Type 2 Medium: 
Extended aeration 
BNR AS (mainly 
BNR)

17 19% 20% 8% 1.5 9.8 5.5 8,000 49,000 28,000

Type 2 Large: 
Extended aeration 
BNR AS (mainly 

7 35% 28% 27% 10.4 54.0 24.8 52,000 270,000 124,000



BNR)

TOTAL no. of 
plants surveyed

35 100% 100% 100% 0.1 123.7 14.4 400 619,000 71,000

Note 1: No. of plants surveyed for which greenhouse gas inventory data was incomplete: 2 (contributing respectively: 4% ADWF; 5% TN load; 
1% TP load). Greenhouse gas calculations for these plants were not included in the remainder of this paper.

Note 2: No. of plants in SE QLD study area not surveyed: 4 

Note 3: Plants west of Ipswich, west of Woodford and north of Cooroy were excluded from the study area
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Data collected

The operational data collected included the 
following parameters:

 Flow (dry weather average)

 Influent COD (or BOD), TKN and TP 
concentrations

 Effluent Total N and Total P 
concentrations (and license requirements, 
where applicable)

 Power consumption (Gross power imported; 
Power generated (on site) from biogas (if 
any); and consumption due to Lift Pumps 
(influent or effluent pumps attached to the 
main plant power meter), UV disinfection 
and/or Filters (if applicable).

 Chemical consumption (Any of the 
following, if used: Alum or iron salts; Lime; 
Magnesium hydroxide; Sodium hydroxide; 
Molasses; Methanol (or ethanol, if used); 
Chlorine gas or Sodium Hypochlorite 
liquid; and Polymer).

 Biosolids (wet mass transported off site for 
disposal; dry solids content of cake or liquid 
sludge disposed; and distance travelled to 
biosolids disposal point).

 Screenings & grit (wet mass transported off 
site for disposal; distance travelled to 
screenings & grit disposal point)

 Biogas produced by anaerobic digestion (if 
present) and methane content of biogas (if 
measured)

 Flow of sludge stream(s) treated through 
anaerobic digestion

 Method of effluent disposal (ocean, 
estuary, river, wetlands or irrigation)

 Approximate proportion of effluent volume 
disposed to effluent reuse (e.g. irrigation)
and not to a receiving aquatic 
environment. 

Greenhouse gas calculations

Foley and Lant (2008) compared different 
methodologies for calculating greenhouse gas 
emissions from a major Australian WWTP 
(approx. 1.1 million EP). They concluded that 
the guidelines published in the federal 
government’s former Australian Greenhouse 
Office (AGO)  workbook, and similar 
methodologies, were inadequate. The 
methods provided incomplete guidance and 

may under-estimate emissions due to 
misapplication of factors for sludge treatment. 
These methods also omitted likely fugitive 
emissions in the form of nitrous oxide (N2O) 
and methane (CH4) from sewers, biosolids 
treatment and biosolids disposal. They 
recommended the development of a new 
approach from first principles but identified 
significant knowledge gaps, particularly in the 
area of fugitive emissions, which require 
further research.

In this study a similar approach was used to 
that of Foley et al. (2008) and De Haas et al. 
(2008), developed at The University of 
Queensland (Australia). In Australia the 
approach would be considered a ‘higher order’ 
method when following the technical 
guidelines under NGERS (2007b), or a so-
called “Tier 3” methodology in the IPCC 
(2006) guidelines.

The above-mentioned inventory data 
collected from thirty-three WWTPs in South-
East Queensland served as a basis for the 
greenhouse gas emission estimates. A 
summary of key assumptions in the 
greenhouse gas calculations is given in Table 
2. Using the collected data and assumptions, 
the calculation method for GHG emissions was 
developed from first principles, for the 
functional areas of each wastewater treatment 
plant (Metcalf & Eddy, 2003; WRC, 1984) as 
described below.

Raw sewage: methane is likely to be 
generated in rising mains, mainly due to 
fermentation and methanogenic bacterial 
activity in the biofilms attached to the 
pipelines (Guisasola et al., 2008). This 
methane will be in dissolved form in the 
pressurised, full pipes, but will most likely be 
rapidly released by stripping when the raw 
sewage is discharged into the WWTP from the 
pumping mains (Foley and Lant, 2007).

Screening and grit removal: transport off site to 
landfill, followed by emissions from landfill 
(assuming similar to general municipal solid 
waste).

Primary treatment and anaerobic digestion: 
generating primary sludge that is thickened 
and anaerobically co-digested with thickened 
waste activated sludge (where applicable). 
Anaerobic digestion generates biogas that 
may be burned in a flare or in engines for on–
site generation of electricity. The burned 
component of methane is greenhouse-neutral 
if the proportion of organics in the raw influent 
wastewater is assumed to be 100% of biogenic 
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(food) origin. If the proportion of influent 
organics assumed to be of biogenic origin was 
assumed to be <100% (i.e. due to the 
presence of carbon fossil-fuel origin in 
synthetic chemicals etc.), the carbon 
associated with the non-biogenic fraction was 
assumed to be released as GHG-contributing 
CO2 (in the form of biogas and from long-term 
degradation of biosolids or effluent residual 
organics). Furthermore, GHG contributions are 
accounted for in the form of dissolved 
methane release from the digested sludge, as 
well as emissions due to inefficiencies of the 
digestion biogas collection and combustion 
system, leading to direct methane losses.

Secondary treatment: Biological oxidation of 
BOD (biodegradable COD) generates 
renewable greenhouse-neutral CO2 from 
organics of biogenic origin and GHG-
contributing CO2 from organics of non-
biogenic origin. Similarly, imported organics 
of fossil fuel (e.g. methanol produced from 
natural gas) origin are oxidised to produce 
GHG-contributing CO2, whereas imported 
organics from renewable sources (e.g. ethanol 
or molasses from sugar cane) release 
greenhouse-neutral CO2. Potentially 
significant fugitive GHG emissions of nitrous 
oxide may occur from biological nitrification 
and denitrification secondary (or tertiary) 
treatment processes (refer to literature review 
by Foley and Lant, 2008).

Chemical dosing: Transport using fossil fuels 
produces GHG, the chemical production 
produces “embodied” GHG emissions that are 
accounted for at the point of consumption on 
the WWTP. As noted before, if organics of 
fossil fuel origin are used, the oxidised carbon 
is a  source of CO2 that contributes GHG (but 
not if from renewable sources).

Biosolids: Transport off site using fossil fuels 
produces GHG, and fugitive emissions of 
methane and nitrous oxide may occur to a 
variable (and somewhat uncertain ) degree 
from anaerobic or anoxic microbial processes 
occurring at the disposal sites, namely, either 
landfill or agricultural application used for the 
WWTPs considered in this study (see Table 2). 
Long-term degradation of biosolids is 
expected to occur for all disposal methods. 
The extent to which carbon in biosolids is 
sequestered in disposal sites (i.e. agricultural 
soil or landfills) is debatable. Some references 
(Li and Fen, 2002; Beecher, 2008) suggest 
this proportion might be in the range 5% to 
25%. For illustrative purposes, a minor 
proportion (indicatively 20%) of biosolids 

carbon disposed was assumed to be 
potentially sequestered in the long term, as 
discussed in the Results & Discussion section 
of this paper. The majority of the biosolids 
carbon was assumed to degrade, either to 
methane (considered as a fugitive - see 
above) or ultimately to CO2. The CO2 released 
from biosolids degradation was considered to 
be GHG-contributing in proportion to the non-
biogenic mass fraction of influent organics.

Effluent: Similar to the biosolids, the residual 
(largely soluble) organics in the treated 
effluent were assumed to degrade ultimately 
to CO2. The CO2 released from this 
comparatively minor source was considered to 
be GHG-contributing in proportion to the non-
biogenic mass fraction of influent organics. 
The residual nitrogen was assumed to give 
rise to fugitive emissions of nitrous oxide, 
based on literature values (Foley and Lant, 
2008 – refer to Table 2). For most WWTPs in 
this study, this was a comparatively minor 
source of GHG emissions, due to the fact that 
most of the plants are equipped for BNR, 
meaning that substantial nitrification-
denitrification (i.e. N removal from the liquid 
phase) occurs within the treatment process
itself.

RESULTS & DISCUSSION

Table 3 gives a summary of illustrative results 
for GHG emission estimates from four plants 
covering a range of sizes according to the 
broad types defined in this study (Table 1). A 
more detailed breakdown of emission by 
Scope is given in Table 4. The respective 
Scopes (IPCC, 2006; NGA, 2008) can be 
summarised in brief as follows:

 Scope 1 covers direct emissions from 
sources within the boundary of an 
organisation, such as fuel combustion and 
manufacturing processes;

 Scope 2 covers indirect emissions from the 
consumption of purchased electricity, 
steam or heat produced by another 
organisation. Scope 2 emissions result from 
combustion of fuel to generate the 
electricity, steam or heat and do not 
include emissions associated with the 
production of fuel;

 Scope 3 includes all other indirect 
emissions that are a consequence of an 
organisation’s activities but are not from 
sources owned or controlled by the 
organisation. These estimates are provided 
for information only as Scope 3 emissions 
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are not required to be reported, but may be 
reported on a voluntary basis (NGERS, 
2007b). 

The results in Table 3 and Table 4 are based 
on assumptions for major uncertainties (8 
mg/L raw sewage dissolved methane; 10% 
non-biogenic influent COD; and 1% of N-
denitrified to N2O). The results show that the 
three plants (Plans II, III & IV) lacking 
cogeneration from biogas have very similar 
proportions of emissions in the respective 
Scopes (see above). Interestingly, in this 
respect, Plant II (with anaerobic digestion but 
no power cogeneration) is similar to Plants III 
& IV (extended aeration). Plant I, which has 
anaerobic digestion with cogeneration from 
biogas, has a much lower proportion of Scope 
2 (imported power), as expected. Since Plant I 
uses relatively little chemicals (largely only 
polymer for dewatering), the Scope 3 (Indirect 
emissions) proportion for this plant is also 
significantly lower than for the other three 
plants. This leaves a relatively large 
proportion of emissions as direct emissions for 
Plant I.
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Table 2. Assumptions for greenhouse gas emission calculations (common to all WWTPs).
Parameter Assumed value Units Reference/ 

Source
Comments

Emission factor for 
imported electrical
power

Generation: 0.91

Fuel extraction, 
transport and 
transmission etc. : 
0.13

kgCO2-e/kWh NGA (2008) Queensland, Full fuel cycle

Emission factor for 
other fuels

Diesel: 2.9

Petrol:  2.5

kgCO2-e/ L NGA (2008) Full fuel cycle

Emission factors for 
production of chemicals

Molasses: 0.2

Methanol: 1.4

Ethanol: 1.6

Alum: 0.539

Lime or Magnesium 
Hydroxide: 1.640

Sodium hydroxide: 
1.291

Polymer: 1.182

Chlorine gas: 1.124

Sodium hypochlorite: 
1.155

kgCO2-e/kg

kgCO2-e/kg

kgCO2-e/kg

kgCO2-e/kg dry

kgCO2-e/kg dry

kgCO2-e/kg dry

kgCO2-e/kg dry

kgCO2-e/kg Cl2

kgCO2-e/kg Cl2 

available

NGA (2008) For molasses: 50% of listed value for 
ethanol (NGERS, 2007)   

Other values from SimaPro® v7.1.0 
Australian LCA data library (Simapro, 
2007).

Fuel efficiency 0.554 L/km Giannelli et al. 
(2005)

Heavy diesel truck

Delivery distances 10 to 1700 km WWTP operator Varies for chemicals (origin as far as 
Melbourne) or biosolids & screenings etc. 
(destination)

Global Warming 
Potentials (GWP)

CO2: 1

CH4: 25

N2O: 298

kgCO2-e IPCC (2007) GWP-100, 100 year horizon

Proportion of raw 
influent organics of non-
biogenic origin (non-
renewable carbon)

0 to 30 % Estimate Lack of data

Emission factor for 
screenings & grit

Combined 
greenhouse gas 

kg CO2-e/ kg 
waste

NGA (2008) Assumed similar to general municipal solid 
waste
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Parameter Assumed value Units Reference/ 
Source

Comments

emissions: 1.11

Emission factors for 
nitrous oxide (fugitive)

Secondary Treatment 
Off-gas: 0.0001 -
0.05

Biosolids to: Landfill/ 

Minesite: 0.0065

Agriculture: 0.0028

Effluent to

Estuary: 0.0060

Irrigation: 0.0080

Ocean: 0.0005

River: 0.00150

Wetlands: 0.00093

kgN2O-N/kg N 
denitrified

kgN2O-N/kg N as 
biosolids disposed

kgN2O-N/kg N 
discharged

Various refs.1

Various refs.2

Various refs.3

Biological nitrification- denitrification in 
WWTP or soil/ landfill biological processes 
or receiving water environment for treated 
effluent. Adopted median values from Foley 
& Lant (2008).

Emission factors for 
methane  (fugitive)

Digester/ biogas 
leaks: 1%

Unoxidised CH4 in 
combustion: 0.0034

Dissolved CH4 in 
digested sludge: 11-
12 

Dissolved CH4 in 
raw sewage: 5 - 30

Landfill/ Minesite: 
0.0044

Agriculture: 0.0110

Percent of biogas 
produced

kgCH4/kgCH4

burned

mg/L CH4, 
35degC 

mg/L CH4, 
25degC (approx.) 

kgCH4/kg dry 
biosolids disposed 

Bridle (2007)

Doka (2003); Smith 
et al. (2000)

Calculated

(without super-
saturation at 65-
67% CH4 in 
biogas)

Guisasola et al. 
(2008)

Various refs.4

Anecdotal

Zimmermann et al. (1996), in Doka 2003)

Henry’s Law, assuming gas-liquid 
equilibrium

Adopted median values from Foley & Lant 
(2008).

Table 3. Summary of GHG emission estimates (kg CO2-e/day) for four illustrative WWTPs in this study
Name: Plant I Plant II Plant III Plant IV

Plant type: 1 + Cogen 1 2 (large) 2 (medium)

Current ADWF (ML/d): 124 24 54 6

Imported Electrical Power 28,972 22,746 51,050 4,949

Chemical & Fuel Consumption 2,586 2,305 770 193

Secondary Treatment Off-gases 31,298 4,542 12,115 943

Disposal of Screenings & Grit 4,955 1,445 1,572 236

Anaerobic digesters/ biogas, incl. combustion 4,487 994 0 0

Disposal of Biosolids 10,217 3,335 10,931 824

Disposal of Effluent 724 164 355 34

Raw Sewage Dissolved Methane 24,745 4,820 10,800 1,200

                                                  
1 Refer to Foley & Lant (2008):  Eleven refs. for municipal wastewater treatment, Range 0.0003 – 0.05 (Median 0.01) kgN2O-N / kgN influent. 
2 Refer to Foley & Lant (2008):  Three refs. for N2O from Landfill, Range 0.002 to 0.016 kgN2O-N / kgN disposed; Eleven refs. for N2O from 
Agriculture, Range 0.006 to 0.035 kgN2O-N / kgN applied.
3 Refer to Foley & Lant (2008):  Range for Estuary: 0.000034 to 0.035000; Irrigation: 0.002 to 0.022; Ocean: 0.0000057 to 0.006; River: 0.00004 
to 0.0078; Wetlands: 0.000037 to 0.014 kgN2O-N / kgN applied.
4 Refer to Foley & Lant (2008):  Three refs. for CH4 from Landfill, Range 0.001 to 0.089 kgCH4 / kg dry waste disposed; Three refs. for CH4

from Agriculture, Range Negligible to 0.0096 kgCH4 / kg dry biosolids applied.
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Total excluding sewer methane fugitives 83,239 35,531 76,793 7,179

Total including sewer methane fugitives 107,984 40,351 87,593 8,379

Potential GHG credit due to biosolids C sequestration (assumed) -6,361 -1,338 -3,857 -289

Assumptions for key uncertainties: 10% non-biogenic raw influent organics; 8 mg/L dissolved sewage methane; 1% N2O-N denitrified. Refer
to text for discussion.

Table 4. Results of GHG estimates (kg CO2-e/d)  for four illustrative WWTPs from this study, with 
breakdown according to Scope (IPCC, 2007; NGA 2008).
Name: Plant I Plant II Plant III Plant IV

Plant type: 1 + 
Cogen.

1 2 (large) 2 (medium)

Current ADWF (ML/d): 124 24 54 6

SCOPE 1 EMISSIONS (Direct) 72,538 13,185 30,819 2,783

NITROUS OXIDE 31,260 5,580 15,461 1,139

Secondary treatment (fugitive produced in treatment plant) 27,745 3,688 10,342 822

Final effluent disposal (fugitive produced in receiving environment) 248 164 147 34

Biosolids disposal (fugitive produced at point of disposal) - Note 1 3,267 1,728 4,972 283

METHANE 30,570 5,697 11,685 1,406

Sewage dissolved methane (fugitive released on plant) 24,745 4,820 10,800 1,200

Anaerobic treatment processes/ biogas 2,153 475 0 0

Biosolids disposal (fugitive produced at point of disposal) 3,671 402 885 206

CARBON DIOXIDE 10,707 1,909 3,673 237

Fuel Consumption (on plant) - Note 2 1,801 1 150 0

Secondary treatment (aerobic oxidation of non-renewable organic carbon) 3,553 854 1,773 121

Effluent disposal (ultimate degradation of non-renewable effluent organic C) 476 0 208 0

Anaerobic treatment biogas (incl. combustion of non-renewable organic C) 2,333 519 0 0

Biosolids disposal (ultimate degradation of non-renewable organic C) 2,544 535 1,543 116

SCOPE 2 EMISSIONS (Electricity purchased from grid) 25,351 19,903 44,669 4,330

POWER (Generation for grid electricity purchased) 25,351 19,903 44,669 4,330

SCOPE 3 EMISSIONS (Indirect) 10,096 7,263 12,105 1,266

POWER (Fuel extaction, transport, transmission etc.) 3,622 2,843 6,381 619

OTHER FUEL CONSUMPTION5 (on plant) 133 0 11 0

CHEMICALS (including transport to plant) 652 2,304 609 193

BIOSOLIDS6 (transport to disposal site) 734 670 3,531 218

SCREENINGS & GRIT (transport to disposal site + landfill emissions) 4,955 1,445 1,572 236

SUMMARY PERCENTAGES BY SCOPE

Scope 1 67% 33% 35% 33%

Scope 2 23% 49% 51% 52%

Scope 3 9% 18% 14% 15%

Note 1 - Biosolids direct (Scope 1) emissions might be counted as Scope 3 if contractor is responsible for Biosolids disposal
Note 2 - Transport of chemical and biosolids etc. not included here - See CHEMICALS or BIOSOLIDS under Scope 3.

Table 5. Assumptions for uncertainty analysis (Monte Carlo simulations)
                                                  
5 Transport of chemical and biosolids etc. not included here - See CHEMICALS or BIOSOLIDS below
6 Biosolids direct (Scope 1) emissions might be counted as Scope 3 if contractor is responsible for Biosolids disposal
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Factor Minimum Most Likely Maximum

Influent sewage dissolved methane 1 mg/L CH4 5 mg/L CH4 30 mg/L CH4

Non-biogenic raw influent organics 0% 10% 30%

Denitrification to N2O (secondary 
process), % of that denitrified

0.01% N2O-N 1% N2O-N 5% N2O-N

Note: These input values were used to generate normal-type distribution using ‘PERTValue’ function in RiskAMP® software for Monte Carlo 
simulations
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In order to compare more broadly all the plants 
surveyed across SE Queensland, it is necessary 
to (1) normalise the results in some manner; 
and (2) undertake a combined uncertainty 
analysis for emission factors not well understood 
(see above). To normalise the data, the results 
were expressed as GHG emissions per unit flow 
(average dry weather). Previous work (De Haas 
et al., 2008) had shown that flow was more 
reliable than influent organic load (or 
equivalent persons) as a normalisation 
parameter, mainly because of limitations in 
influent monitoring data for all the plants. 

For the uncertainty analysis, Monte Carlo 
simulations were performed on the full data set 
(all surveyed plants), assuming a normal-type 
probability distribution for the parameters listed 
in Table 5. The Monte Carlo simulations were 
performed using the Microsoft Excel RiskAMP® 
Add-On software. This software incorporates a 
function that returns random values according 
to a betaPERT distribution, described by the 
three bounding points (minimum, most likely 
and maximum), and closely approximates a 
normal distribution.

The normalised results from the Monte Carlo 
simulations are shown in Figure 1. The average 
values predicted from the simulations are 
plotted, with the error bars denoting the 5th and 
95th percentile values obtained for the 
combined uncertainties of emission factors 
listed in Table 5. Since several of the WWTPs 
included lift pumps for either raw influent or 
treated effluent that contributed significantly to 
the plants’ power consumption, the data was 
also analysed (Figure 2) to exclude these 
pumps in order to make more valid comparisons 
between all the WWTPs for treatment only.

The following overall conclusions can be drawn 
from the results in Figure 1 and Figure 2: 

 There is a weak correlation showing 
decreasing GHG emissions (on a tonnes CO2-
equivalent per ML basis) with increasing 
plant size (ADWF). The correlation is 
somewhat stronger for the plants with PSTs-
Anaerobic Digesters than for the Extended 
Aeration plants. This might be fortuitous to 
some extent since the largest plant (Plant I 
in Table 4) has cogeneration from biogas, 
which reduces its GHG emissions.

 For the extended aeration plants (Type 2, 
refer to Table 1 the average emissions were 
1.5, 1.7 and 2.4 tonnes CO2-e per ML in the 

size categories <1 ML/d, 1-10 ML/d and > 10 
ML/d respectively.

 For the smaller data set of Type 1 plants 
(with PSTs-Anaerobic Digesters), without and 
with cogeneration from biogas, the averages 
were 1.2 and 2.1 tonnes CO2-e per ML 
respectively. 

 When taking into account all Scopes (1 to 3) 
and neglecting potential sequestration of 
carbon in biosolids disposed to either 
agricultural land or landfill, the range in 
uncertainty in estimates of GHG emissions is 
typically the Mean ±20%, but might be as 
small as Mean ±6% or as large as Mean 
±40% for the assumptions listed in Table 5
and the predicted 5th and 95th percentile 
limits from the combined probability 
analysis.

 The potential for carbon sequestration due 
to biosolids disposal does not appear to be 
very large in relation to the total likely GHG 
emissions, on a CO2-equivalent basis.

Summarising, it appears that a number of site-
specific factors arising from the design and 
operation of the WWTP, rather than the type of 
plant per se most strongly affect the GHG 
emissions per ML flow treated. Obviously co-
generation has the potential to significantly 
reduce emissions (indicatively up to 38% 
reduction for a given plant – De Haas & Hartley, 
2004). Similarly, design of aeration and 
pumping systems strongly influences power 
consumption and hence mainly Scope 2 
emissions.

Contributions to direct emissions (typically non-
biogenic CO2; N2O and CH4 fugitives) are not 
readily under the control of the WWTP designer 
or operator, except perhaps leaks from 
anaerobic digesters, gas holders etc. Sewer 
methane is mainly generated under anaerobic 
conditions in biofilms (slimes) attached to the 
inner walls of pipelines. Like hydrogen sulfide, 
its control (e.g. by oxygen injection) is likely to 
be expensive and at best only partially effective 
(Sharma et al., 2008). Non-biogenic organics 
are determined by sources of man-made 
products (e.g. detergent stocks) wasted to sewer. 
Nitrous oxide emissions are by-products of 
biological enzyme-catalysed reactions within 
the treatment process and can, at best, be 
influenced only to some extent by design and 
operation. Ironically, designs incorporating 
quasi-aerobic zones that produce good overall 
nitrogen removal performance might be at 
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highest risk of producing N2O fugitives (Foley 
and Lant, 2008).

Finally it is worth noting that on the basis of this 
study, there is little potential for making WWTPs 
of the type found in SE QLD (mostly including 
biological nutrient removal) carbon neutral by 
sequestration of biosolids. Rosso & Strenstrom 
(2008) claimed that WWTPs can be made 
carbon neutral by appropriate design (e.g high-
rate or short sludge age systems) for high 
biosolids production and maximising 
opportunities for sequestration of the carbon 
incorporated as biosolids in perfectly confined 
disposal sites. However, their calculations did 
not take into account fugitive emissions and 
appeared to be based on a number of 
optimistic assumptions. Illustratively, from our 
calculations for the largest plant in our study 
(Plant I – Table 4) to achieve carbon neutrality, 
whilst maintaining it current operating mode in 
order to meet license requirements in respect of 
nutrient removal, the following would need to 
be true:

 Zero fugitive emissions of nitrous oxide 
or methane (sewage or treatment 
processes);

 Zero non-biogenic carbon in raw 
influent sewage;

 Zero emissions due to landfill disposal 
of screenings & grit; and

 100% biosolids carbon sequestration

Given that the above set of conditions (or 
combined assumptions) are highly improbable, 
when taking into account emissions in all 
Scopes (1-3), a typical WWTP in SEQLD is 
unlikely to achieve carbon-neutrality even with 
power cogeneration from biogas. Optimistically 
assuming long-term sequestration in the range 
20% to 50% of biosolids carbon can be verified, 
a carbon credit of 6 to 15% might be accounted 
for a large WWTP such as Plant I in this study.

CONCLUSIONS

A survey of WWTPs in SE Queensland provided 
very useful inventory data from which 
greenhouse gas emissions could be calculated, 
for benchmarking purposes. The GHG 
calculation procedure from first principles 
highlighted a number of uncertainties in 
emission factors, particularly in respect of the 
non-biogenic organic component of raw 
wastewater and potential fugitive emissions of 
nitrous oxide and methane. These uncertainties 
can influence the results over the range 

indicatively Mean ± 20% (5th to 95th percentile), 
based on simulations of combined probabilities. 
Further research into the emission factors that 
are highly uncertain (e.g. fugitive emissions of 
nitrous oxide and methane; and the non-
biogenic carbon content of typical wastewaters) 
is clearly required. Based on the assumptions in 
this study, on a dry weather-flow specific basis 
the typical average GHG emissions from 
WWTPs lie in the range 1 to 2.5 (overall mean 
1.8) tonnes CO2-e/ML treated. The potential for 
long-term carbon sequestration in the form of 
biosolids disposal to land or landfill appears to 
be limited (indicatively <15% of total emissions, 
when counting all estimated direct and indirect 
emissions for the wastewater treatment plant 
operations).
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GHG emissions per day
Total GHG, including lift pumps. Error bars denote combined uncertainties (5%ile & 95%ile) from Monte Carlo simulations
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Figure 1. Normalised data on GHG emissions for surveyed WWTPs in SEQLD, including lift pumps
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Total GHG, excluding lift pumps. Error bars denote combined uncertainties (5%ile & 95%ile) from Monte Carlo simulations
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Figure 2. Normalised data on GHG emissions for surveyed WWTPs in SEQLD, excluding lift pumps


