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Mitigating greenhouse gas emissions from waste treatment 
through microbiological innovation 
Gaofeng NiA,*  

ABSTRACT 

The emission of greenhouse gases (GHGs) from the treatment of municipal, agricultural and 
industrial waste occurs in virtually every city on our planet. This is due to various microbial 
activities at different stages of waste treatment. Traditional treatment methods have a significant 
environmental impact, producing methane, carbon dioxide and nitrous oxide emissions, in 
addition to demanding high energy input and having low treatment efficiencies. To address 
these issues, the Australian water and waste sectors are shifting towards the adoption of 
next-generation, carbon-neutral treatment options. Here I discuss our current knowledge gaps 
in mitigating GHG emissions from waste streams, with a focus on wastewater treatment plants. 
I highlight the application of real-time genomics to identify sources of GHG emissions, monitor 
mitigation efforts, assist process operation and guide plant operations. I also emphasise recent 
innovations of microbial processes that capture GHG from waste and upgrade them into higher 
value products. Ultimately, combined effort across disciplines is required to proactively mitigate 
the global threat of climate change.    

Greenhouse gas emissions from waste streams 

The first systematic quantification of methane and carbon dioxide emissions from waste-
water treatment plants (WWTPs) dates back to 1993, at a full-scale wastewater treatment 
plant serving 12 500 inhabitants in Durham, NH, USA.1 Aeration is an essential part of 
modern wastewater treatment, which provides oxygen to support the respiration of 
aerobic microorganisms to degrade organic carbon and nitrogen compounds. The acti-
vated sludge process (Fig. 1), which uses microbial flocs or granules to remove pollutants 
such as carbon, nitrogen and phosphorus from wastewater, depends on this aeration.2 

This is a crucial process to safeguard public and environmental health,2 but it also leads 
to the emission of carbon dioxide through the respiration of heterotrophic microorgan-
isms and nitrous oxide (N2O) through activities of nitrifying and denitrifying micro-
organisms. Anaerobic digestion (Fig. 1) is the biological treatment of waste sludge in the 
absence of oxygen to stabilise organic matter while producing biogas, containing meth-
ane and carbon dioxide.3 Anaerobic digestion has become a mature technology widely 
applied in WWTPs in Australia and across the world. Disposal and land application of 
digested sludge also results in carbon dioxide emissions. It is estimated that methane 
emission from wastewater treatment and landfills (Fig. 1) accounted for 21% of global 
methane emissions in 2021.4 Established sewage networks and wastewater treatment 
facilities in nearly every city make WWTPs among the largest point sources of GHG 
emissions and also ideal entry points to mitigate GHG emissions (Fig. 1). 

Pinpointing sources and regulators 

Microorganisms in wastewater treatment play key roles in regulating GHG emissions, so 
it is critical to understand their physiology and ecology to effectively reduce these 
emissions. The respiration of microorganisms in standard treatment technologies, such 
as the anaerobic–anoxic–oxic (AAO) process or sequencing batch reactors (SBR), leads to 
direct carbon dioxide discharge into the atmosphere. Anaerobic digestion is the major 
source of methane emission based on estimation from eight Austrian WWTPs5; and it also 
produces carbon dioxide to a less extent.6 More recently, it has been recognised that 
much nitrous oxide is being released from WWTPs at significant rates and can contribute 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
Gaofeng Ni 
Department of Microbiology, Biomedicine 
Discovery Institute, Monash University, 
Clayton, Vic., Australia 
Email: gaofeng.ni@monash.edu  

Received: 26 January 2023 
Accepted: 2 February 2023 
Published: 1 March 2023 

Cite this: 
Ni G (2023) 
Microbiology Australia 
44(1), 22–26. doi:0.1071/MA23006 

© 2023 The Author(s) (or their 
employer(s)). Published by 
CSIRO Publishing on behalf of the ASM.  
This is an open access article distributed 
under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND) 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/0.1071/MA23006
www.publish.csiro.au/ma
www.publish.csiro.au/ma
mailto:gaofeng.ni@monash.edu
https://doi.org/0.1071/MA23006
https://creativecommons.org/licenses/by-nc-nd/4.0/


up to 83% of the emissions footprint of WWTPs expressed as 
CO2 equivalents.7 Both nitrifying and denitrifying micro-
organisms mediate the release and consumption of nitrous 
oxide through four known processes: (a) as a by-product of 
hydroxylamine (NH2OH) oxidation by nitrifiers; (b) through 
nitrifier denitrification during the reduction of nitric oxide 
(NO); (c) denitrification by heterotrophic microorganisms; 
and (d) codenitrification, where one nitrogen atom in N2O 
originates from hydroxylamine and the other from nitrite8,9 

(Fig. 2). Compared to carbon dioxide and methane, we are 
still in the preliminary stage of understanding nitrous oxide 
regulation pathways, and require integrated research efforts 
of the microbiology, biochemistry and biogeochemistry 
underlining these processes. 

We currently lack microbiology-based prediction tools 
for GHG emissions. Isotopic techniques have been developed 
to quantify the contribution of nitrous oxide production and 
consumption from different regulatory pathways, but they are 
labour-intensive and hindered by the presence of unidentified 
microbial pathways.9 Additionally, these methods require ela-
borate laboratory procedures and equipment, making them 
difficult to operate remotely. The mobile tracer gas dispersion 
method can estimate major sources of GHG emissions on a 
plant level based on the dispersion patterns of methane and 
nitrous oxide in the atmosphere,10 but it does not allow for 
long-term and continuous monitoring and is heavily depen-
dent on stable wind patterns.11 By contrast, process unit 
quantification using the standard floating hood technique 
has methodological limitations in addressing spatial variability 
of GHG emissions or inaccuracies caused by mass transfer 
alterations inside the hood, as well as practical limitations in 
terms of difficulties in being deployed at foaming and turbu-
lent wastewaters or treatment units with obstacles such as 
surface aerators.11 These limitations make it challenging in 
extrapolating GHG emission estimation from floating hood 
measurements to larger areas and capturing the spatial dynam-
ics of GHG emissions at the plant level.11 The main drawback 
of these methods is that they fail to uncover the microbial 
regulatory processes, lack the ability to consider metabolic 
diversity, and are not able to predict greenhouse gas emissions 
with optimal precision on a spatial and temporal scale. These 
models rely on generic pathways to describe overall nitrous 
oxide emission; they do not address the inner workings of 
microbial communities; and therefore, cannot discern the con-
tributions of individual pathways as described above (Fig. 2). 

Predictive understanding of GHG emissions from the 
waste sector depends on better understanding the microbial 
mediators and mitigators of this process. This requires sys-
tematic investigation of the physiology of GHG cycling 
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Fig. 1. Conceptual illustration of applying real-time genomics to identify hotspots of GHG 
emission at wastewater treatment and agricultural settings, and to monitor microbial waste 
valorisation processes. Created in Biorender.com.   
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Fig. 2. Pathways of nitrous oxide emission encoded in ammonia 
oxidisers (green), denitrifiers (pink) and the abiotic codenitrification 
pathway (blue); subprocesses include nitrification and denitrification 
by ammonia oxidisers (a, b), denitrification by heterotrophic micro-
organisms (c), and codenitrification (d). Key enzymes for nitrogen 
compound transformation are indicated in circles, including AMO, 
ammonia monooxygenase; HAO, hydroxylamine oxidoreductase; cyt 
P460, cytochrome P460; N2OR, nitrous oxide reductase; NOR, nitric 
oxide reductase; NIR, nitrite reductase; and NAR, nitrate reductase.  
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microorganisms, including methanogens, nitrifiers, denitri-
fiers and heterotrophic bacteria, found in all locations of 
wastewater treatment plants (WWTPs) known for GHG 
emissions, including aeration tanks of the AAO process or 
SBR reactors, anaerobic digesters, sludge drying lagoons, 
clarifiers and disinfection units.12,13 Culturing is the defini-
tive way to characterise the capacity of these microorgan-
isms to produce or consume GHGs and understand how this 
cycling varies depending on environmental conditions. 
Rapid advancements in sequencing technologies have sig-
nificantly decreased the cost of sequencing, with increased 
throughput and higher accuracy using less genetic material. 
The use of portable sequencers, such as the Oxford nanopore 
minion (ONION), coupled with cloud computing, has 
allowed specialists to observe shifts in methanogenic com-
munities on-site at WWTP operations in near real time.14 

This can provide early warning of microorganisms that have 
potential to increase GHG emissions, therefore inform miti-
gation strategies such as pH alteration to suppress the 
growth of these organisms. By integrating physiological 
data of these microorganisms with real-time genomics tech-
niques, biogeochemical measurements and supervised 
machine-learning approaches, it will be increasingly possi-
ble to develop predictive models for GHG emissions across 
space and time. However, this requires further calibration 
based on operational data such as temperature, dissolved 
oxygen and nutrient load. 

Using microbiology to reduce and recycle 
emissions 

Real-time genomics to guiding treatment 
operations 

There are several options to use real-time genomics to guide 
GHG mitigation and plant operation. Nitrous oxide reduc-
tase (N2OR, Fig. 2) is the only known enzyme responsible for 
reducing nitrous oxide emissions.15 By metagenomics and 
metatranscriptomics, the activity of microorganisms expres-
sing NosZ can be estimated at hotspots of GHG emissions 
through the identification of microorganisms encoding the 
NosZ gene and their mRNA transcripts. This information can 
be used to identify optimal operational conditions (such as 
carbon and nitrogen load, pH, dissolved oxygen level, and 
temperature) at which N2OR activities are the highest in real 
time. Additionally, monitoring the expression of cytochrome 
P460 or nitric oxide reductase (cyt P460 and NOR, Fig. 2) at 
different treatment conditions can reveal metabolic dynamics 
of nitrous oxide emission, which can guide process operation 
to reduce GHG emissions. 

Moreover, real-time genomics can assist optimisation of 
treatment processes. Traditional treatment methods have 
drawbacks such as high energy consumption, the need for a 
carbon source, fugitive GHG emissions, low energy recovery 
efficiency and excessive sludge production.16 Recent 
advances in combining anaerobic methane-oxidising archaea 
and bacteria with existing treatment techniques have the 
potential to overcome these barriers by utilising methane as 
a carbon and energy source to enhance nitrogen removal.17 

However, one limitation of using these anaerobic microorgan-
isms is their slow growth (doubling time >10 days); it can 
take longer than a year before performance improvement is 
visible.16 Genomic sequencing and real-time analysis can 
greatly aid in optimising reactor configuration and opera-
tional conditions by providing immediate feedback on the 
ecological (such as abundance) and physiological states 
(expression of genes related to growth, adaptation and stress 
response) of these anaerobic methanotrophs. 

Furthermore, real-time genomics can provide early warn-
ings of unwanted microorganisms. The stable performance 
of wastewater treatment processes relies on the healthy 
composition of microbial communities. For instance, the 
notoriously long-standing problem of poor sludge settleability 
in clarifiers (also known as ‘sludge bulking’) is caused by 
filamentous bacteria.18 Partial nitritation coupled with the 
anammox process (anaerobic ammonia oxidation) is a highly 
promising treatment method as it reduces aeration costs by up 
to 60% aeration costs and eliminates the need for organic 
carbon dosing.19,20 However, the appearance of nitrite oxidis-
ing bacteria, which competes with anammox bacteria for the 
substrate nitrite, can impede the process. The emergence of 
these unwanted microorganisms can deteriorate the treatment 
processes, but they can only be detected when they have 
already established themselves. This leaves treatment special-
ists in a reactive position, as current methods such as physio-
chemical measurements cannot detect them early. Real-time 
genomics can predict the emergence of these unwanted micro-
organisms through early detection by genome-resolved meta-
genomics or marker gene-based sequencing combined with 
physiological data. This enables targeted response strategies, 
such as lowering dissolved oxygen and increasing ammonia 
concentration to suppress nitrite oxidising bacteria.21 These 
genomics solutions require refinement and testing for 
improved robustness, increased accuracy and reduced cost 
before full-scale implementation. 

Converting methane to value-added carbon 

One promising way to mitigate GHG emissions from the waste 
sector is to convert methane produced by methanogens into 
value-added carbon. By using the metabolic capacities of 
methanotrophic microorganisms,22 it is possible to convert 
methane into higher-value products such as methanol, 
polyhydroxyalkanoates (PHA), biopolymers and single-cell 
proteins (SCPs).23 The first step in these conversions is 
methane oxidation to methanol catalysed by the soluble 
form of methane monooxygenase (sMMO) or its particulate 
form (pMMO) (Eqn 1).24 

CH + O + 2e /2H CH OH + H O4 2 + 3 2 (1)  

where ΔG0 = –111 kJ mol–1. 
The most well-known aerobic methanotrophs for bio-

technological exploration include Methylococcus capsulatus 
Bath, Methylomonas spp. and Methylosinus trichosporium 
OB3b. However, aerobic conversion requires an oxygen 
input of at least a 1:1 methane to oxygen ratio. Although 
oxygen is widely available, it costs from US$98.4 to $123.0 
per tonne depending on the cost of energy,25 which increases 
the total cost.26 Anaerobic methanotrophic (ANME) archaea 
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and ‘Candidatus Methylomirabilis’ (NC10) bacteria are prom-
ising candidates for methane biorefinery through anaerobic or 
intra-aerobic oxidation,27 with significant research and devel-
opment to understand their metabolism and ecology. 

Innovative CO2 capture 

By 2050, microbial proteins are estimated to replace 
between 10 and 19% of conventional crop-based animal 
feed protein demand, depending on socio-economic devel-
opment and microbial protein production from GHGs.28 This 
can substantially decrease global cropland expansion, GHG 
emission and nitrogen pollution. Carbon dioxide produced 
at WWTPs is conventionally perceived as waste carbon, but 
it can be an ideal stock feed for a variety of novel carbon 
dioxide capture technologies because it is produced at a 
point source. In addition, aerobic hydrogen oxidising micro-
organisms such as Cupriavidus necator are considered to be 
‘powerful microbial actuators’ due to their ability to use 
hydrogen to conserve energy (Eqn 2) and fix carbon dioxide 
into cellular material,29 producing single-cell proteins with 
increased value and high yield. 

H (g) + ½ O (g) H O(l)2 2 2 (2)  

where ΔG0 = –237.1 kJ mol–1. 
Examples include Sulfuricurvum that was shown to pro-

vide stable performance over nearly 100 days in a laboratory 
scale study, converting carbon dioxide, ammonium and hydro-
gen into high quality microbial proteins.30 Also, purple photo-
trophic bacteria are anoxygenic phototrophs capable of using a 
variety of organic (volatile fatty acids) and inorganic (hydro-
gen gas, hydrogen sulfide and ferrous iron) substrates for 
anaerobic photoheterotrophic or photoautotrophic growth.31 

Their unique capacity for near-infrared light absorption by 
bacteriochlorophylls or visible light absorption by carotenoids 
highlights their suitability for carbon dioxide capture and 
single-cell protein production in Australia, where solar radia-
tion is abundant.32 Additionally, carbon dioxide capturing 
through microalgae to produce biodiesel offers another inter-
esting avenue to harvest solar energy to fix carbon dioxide 
with high biomass yield.33 Finally, it is also possible to pro-
duce biochemicals such as ethanol, methane, hydrogen and 
propanediol through microbial electrosynthesis with renew-
able electricity as input.34 

Conclusion 

Climate change poses an imminent existential threat to 
humanity. Innovative microbiological technologies such as 
real-time genomics can provide crucial information to miti-
gate GHG emission at treatment plants. Microbiology also 
offers a range of solutions for capturing and valorising 
GHGs (Fig. 1). As microbiologists, we strive to reframe the 
current paradigm of intensive resource exploration and waste 
discharge into valorisation of waste and GHG mitigation with 
improved treatment processes. To make this happen, we need 
combined expertise in molecular and structural microbiology, 
process engineering, mathematical modelling. We also need to 
foster collaboration among waste management, academic 

research, and renewable energy sectors to limit global tem-
perature increase to below 1.5°C in the next two decades.35 
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