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Race to Zero water utilities
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26 Water Utilities from UK, 
AUS, and NZ pledged net 
zero by 2025-2050
• Serve over 72 million 

population
• Including 14 in AUS and 

NZ serving 18 million 
population

WSAA 2021. Water utilities unite to cut emissions in Race to Zero. Water Services Association of Australia: Water utilities unite to cut emissions in Race to Zero.



What does net zero mean?
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Greenhouse Gases: Science and Technology
Volume 12, Issue 5 p. 587-601

Receiving Water
(Rivers/Estuaries/Bays)N2O, CH4, 

fossil CO2

CH4, N2O

N2O, CH4

N2O, CH4

N2O, CH4

https://onlinelibrary.wiley.com/journal/21523878
https://onlinelibrary.wiley.com/toc/21523878/2022/12/5


Energy neutrality
energy exported = energy imported 

A technology roadmap to energy and carbon neutral 
wastewater sewage management treatment operations

It is not just about megajoules; 
types of energy matter; 
need to compare apple with apple
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Carbon neutrality

carbon emitted = carbon sequestered + offset

A technology roadmap to energy and carbon neutral 
sewage treatment operations

Strategies for net zero
• Scope 1: 

- Reduction in direct emissions
• Scope 2: 

- Reducing energy consumption 
- Generating renewable power & use locally
- Purchasing renewable energy

• Offset:
- Energy export (e.g. power, 

biogas/biomethane)
- Purchasing carbon credits
- Planting trees
- …

Typical boundary 
for net zero

• Scope 1: Direct Emissions
• Scope 2: Power consumption
• Scope 3: Upstream and downstream 

emissions

è

• Nitrifying bacteria 
• Algae
• Some biogas upgrading 

processes
• … è è

• Exporting energy/power
• Purchasing carbon credits
• …
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• Minimising energy consumption
• Maximising energy recovery 
• Minimising direct emissions (N2O and CH4)

Energy neutrality ≠ Carbon neutrality

A technology roadmap to energy and carbon neutral 
sewage treatment operations

Are these goals consistent? 
Or can we make these goals 
consistent?
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GHG emissions from a conventional process
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A HRAS-PNA configuration for energy-positive sewage 
treatment
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HRAS for efficient carbon separation

High tCOD removal:  65-79% tCOD removal over 1-year pilot demonstration (Carrera et al 2022)

Carrera, Julián, et al. Journal of Cleaner Production 354 (2022): 131734.

Journal of Cleaner Production 354 (2022) 131734

10

net energy consumption of 0.14 kWh m−3. On the contrary, HRAS- 
autBNR configurations recover from 129% up to 165% of their energy 
consumptions, being the HRAS-autBNR configuration with a HRAS 
working at SRT = 0.6 days the most favourable process since it has the 
lowest energy consumption and the highest energy recovery. Depending 
on the SRT of the HRAS process, the net energy recovery of these con-
figurations is: 0.07 kWh m−3 (SRT = 2.1 days), 0.09 kWh m−3 (SRT =
1.0 day) and 0.13 kWh m−3 (SRT = 0.6 days). 

The average increase in the energy recovery and the decrease of the 
energy consumption when passing from CAS-hetBNR to HRAS-autBNR 
configuration are 1510 kWh d−1 and 3211 kWh d−1, respectively. This 
means that switching from a net energy consumer to a net energy pro-
ducer process resulted in two-thirds reduction of aeration requirements 
and one-third increase of biogas production. 

3.5. Practical implications 

Because the results obtained include a rather wide set of SRT applied 
(SRTs from 0.6 to 2.1 days) with apparently similar treatment perfor-
mance (recovering 51–54% of the inlet organic matter as energy, Fig. 5), 
a clear guideline for the recommendations derived from our study would 
be necessary. In fact the selection of the SRT is a complex decision and it 
requires for a more detailed definition of the goal of the treatment. 

If the objective is to achieve the maximum energy recovery, the SRT 
should be around 0.6 days (Fig. 6), because at this SRT, the highest 
observed sludge yield coefficient and biomethane potential of the sludge 
were achieved (Fig. 4). At this SRT, the nitrification of the inlet 
ammonium is also prevented even at temperatures around 25 ◦C (Fig. 2). 
This is a determining point for maximization of energy recovery if the 
desired configuration is a HRAS system followed by an autotrophic BNR 
process, in the case that the feasibility of autotrophic BNR at mainstream 
full-scale conditions would be demonstrated. The weak point of the 
HRAS performance at STR of 0.6 days is the high loss of organic matter 
in the effluent (Fig. 4) due to the limited efficiency of the solids sepa-
ration in the secondary settler at this SRT (Table 4). This fact could affect 
the subsequent autotrophic BNR process, where the presence of organic 
matter could compromise both the partial nitritation and the anammox 
processes. In this case, the HRAS should be operated at higher SRT (in 

the range 1.0–2.1 days), because at these SRTs, the secondary settler 
efficiency and the COD recovery are higher than the those achieved at 
SRT of 0.6 days (Table 4 and Fig. 5). Additionally, despite the observed 
sludge yield coefficient and biomethane potential of the sludge are lower 
than those achieved at SRT of 0.6 days, the energy recovery in form of 
biogas would be close to the achieved at SRT of 0.6 days (Fig. 6). 
However, part of the inlet ammonium can be nitrified in the HRAS 
system at temperatures above 20 ◦C when it is operated at SRTs from 1.0 
to 2.1 days. 

4. Conclusions  

• The removal of COD in the HRAS pilot plant depended on the SRT 
imposed, ranging from 65% at SRT 0.6 days to 79% at SRT 2.1 days, 
with temperatures between 12 and 28 ◦C. Moreover, these COD re-
movals were achieved without iron salts addition for improving 
settleability in the HRAS system. The maximum COD removal in the 
HRAS pilot plant was close to the COD removal achieved in the full- 
scale CAS system used as reference (85% at SRT 14 days).  

• The observed sludge yield coefficients achieved in the HRAS pilot 
plant ranged from 0.47 kg VSS kg−1 COD at SRT 2.1 days to 0.55 kg 
VSS kg−1 COD at SRT 0.6 days, being in all cases higher than the 
achieved in the full-scale CAS system (0.31 kg VSS kg−1 COD at SRT 
14 days).  

• The recovery of COD in the HRAS pilot plant ranged from 51% at SRT 
0.6 days to 54% at SRT 2.1 days, being in all cases higher than the 
achieved in the full-scale CAS system (38% at SRT 14 days).  

• The performance of the HRAS process was found to be directly linked 
to the sludge settleability, which in turn depended on the SRT 
imposed.  

• Avoiding nitrification in the HRAS system at temperatures above 
20 ◦C is required. Imposing low SRT at high temperatures easily 
prevented nitrification (e.g., an SRT of 0.6 days completely sup-
pressed nitrification at 25 ◦C).  

• The biomethane potential of the sludge of the HRAS pilot plant 
ranged from 270 mL g−1 VS at SRT 2.1 days to 317 mL g−1 VS at SRT 
0.6 days, being in all cases higher than the achieved with the sec-
ondary sludge of the full-scale CAS system (165 mL g−1 VS at SRT 14 
days).  

• A detailed energy balance indicated that two-thirds reduction of 
aeration requirements and one-third increase of biogas production 
could be achieved in a WWTP configuration in which an HRAS sys-
tem is coupled to an autotrophic BNR (HRAS-autBNR) process 
compared to the CAS-hetBNR configuration. This would yield on 
average a net energy production of ca. 0.1 kWh per cubic meter of 
wastewater treated in a HRAS-autBNR configuration. 
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Fig. 6. Comparison of the total energy consumed and recovered for CAS- 
hetBNR and HRAS-autBNR configurations. The relative errors of each energy 
component are 5% for energy consumption components and 10% for energy 
recovery component. 

J. Carrera et al.                                                                                                                                                                                                                                 
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A HRAS-PNA configuration for energy-positive sewage 
treatment
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Mainstream PNA often generates high N2O emissions

Reino, C., van Loosdrecht, M.C.M., Carrera, J. and Pérez, J. 2017. Chemosphere 185, 336-343.

3.7 ± 0.5% of 
ammonium removed at 
20°C was converted to 
N2O in a mainstream 
one-stage PNA reactor

Influent of ammonium 70 mgN/L
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Mainstream PNA often generates high N2O emissions
Wastewater Scale Configuration N2O emission Ref
Potato processing
wastewater
(264 mgN/L )

Full-scale Two-stage 5.10%–6.60% of the nitrogen
loading in partial nitritation

J. Desloover, H.D. Clippeleir, P. Boeckx, et al., Water
Res. 45 (2011) 2811–2821.

Synthetic wastewater
(5.8–54 mgN/L)

Lab-scale Two-stage 4.00 ± 1.50% S. Okabe, M. Oshiki, Y. Takahashi, et al., Water Res. 45
(2011) 6461–6470.

Synthetic wastewater
(70 mgN/L)

Lab-scale Two-stage 3.70 ± 0.50% B. Kartal, J.G. Kuenen, M.C.M.V. Loosdrecht, Science
328 (2010) 702–703.

Synthetic wastewater
(220 mgN/L)

Lab-scale Two-stage 1.40%–2.90% of the oxidized
NH4

+
R.M. Rathnayake, M. Oshiki, S. Ishii, et al., Bioresour.
Technol. 197 (2015) 15–22.

Synthetic wastewater
(28 mgN/L)

Lab One stage 2.4% of N removal and 2.28%
of N loading

Z. Hu, T. Lotti, M. de Kreuk, R. Kleerebezem, M. van
Loosdrecht, J. Kruit, M.S.M. Jetten, B. Kartal
Appl. Environ. Microbiol., 79 (2013), pp. 2807-2812,

Swine wastewater
(52 mgN/L)

Lab One-stage 11.4% of N removal
8.55% of N loading

E.T. Staunton, M.D. Aitken. Environ. Eng. Sci., 32
(2015), pp. 750-760,

Synthetic wastewater
(70 mgN/L)

Lab One stage 1.6 - 3.3% of N loading Li, K., Fang, F., Wang, H., Wang, C., Chen, Y., Guo, J.,
... & Jiang, F. (2017). Scientific reports, 7(1), 42072.

Average N2O emissions 3.93 ± 1.31% of N loading 



GHG emissions from an HRAS-PNA process

13

N2O emission factor = 3.93%
Mean value reported in literature



High N2O emissions from PNA process
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Cause of high 
emissions

Inadequate 
denitrification or 

unbalanced 
denitrification

High NO2
- 

stimulated N2O 
emissions from 
AOB activities

Improve and/or 
circumvent 

denitrification

Reduce NO2
- 

accumulation 
and/or reduce its 

sensitivity



A HRAS-PdNA-PNA configuration for energy-positive sewage treatment
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Aerobic zone
Partial nitritation/ 
anammox
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Effluent

Anoxic zone
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Pilot scale demonstration

Emission factor: 0.178 ± 0.042 % Zheng et al. (2023) WRX

Effluent quality Average value ± standard 
deviation

NH4+-N (mg/L) 8.1 ± 1.8
NO2--N (mg/L) 0.5 ± 0.5
NO3--N (mg/L) 0.4 ± 0.6
Total nitrogen (mg/L) 9.0 ± 2.1

6m3/day
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GHG emissions from the HRAS-PdNA-PNA process



An alternative configuration for energy-positive sewage treatment
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Thickener

Effluent

Wastewater 

High Rate Activated 
Sludge system

One-stage Partial 
nitritation anammox

Anaerobic 
digestion~40%

dissolved

Methane emission

Nitrous oxide emission

Anaerobic
treatment

Nitrogen
removal

Sewage Effluent

~60% methane recovered

UASB, AnMBR, An-lagoon etc.

CEPT



• Energy-neutral or even energy positive sewage treatment operations is 
possible

• Carbon-neutral sewage treatment is also possible
• The key factors:

- Upfront carbon separation for bioenergy recovery
- Innovative processes to minimise N2O and CH4 emissions in N removal

Conclusions 
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