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Municipal wastewater treatment plants (WWTPs) are ranked among the most Interdisciplinary Approach: Energy, Environmental, and Policy Dimensions.

energy-intensive systems and contributors to greenhouse gas (GHG) emissions,
making them a critical focus for Canada’s net-zero transition. This study Data Source: Peer-reviewed literature, technical reports, and case studies with operational data.
evaluates three emerging technologies, Anaerobic Membrane Bioreactors

(AnMBR), Anaerobic Ammonium Oxidation (Anammox), and Thermal Hydrolysis

Policy Evaluation Results:

Strengths: National net-zero policies (e.g., Net-Zero Emissions Accountability
Act) provide a guiding vision, while incentives such as the Green Municipal Fund
and Low Carbon Economy Fund demonstrate success in overcoming capital

: ) F Analysis: barriers (e.g., Waterloo and Stratford WWTP projects).

with Anaerobic Digestion (THP + AD), in comparison to conventional systems. our Step Analysis Technology (&9 projects)

Using a comparative framework, energy balances, GHG emissions modeling, Identification | |

and policy alignment analysis were conducted to assess their potential for 1. Technology Selection Criteria: Wea.kngss:.The wastewater sector. remains underrepresented in federal and
reducing carbon footprints, optimizing energy use, and supporting Canada’s  Demonstrated performance at full-scale plants. proym_cnal clllmate plans. Carbon prllcmg.fram.ewc.)rks e>.<clude key _pFOC}GSS
climate goals. Results show that while some emerging systems have higher . Relevance to Canadian municipal wastewater context. emissions like CH, and N,O, reducing financial incentives for mitigation. Smaller

Energy

_ municipalities often face technical capacity gaps, limiting their ability to
Analysis

implement and manage low-carbon technologies.

operational energy demands, they achieve net energy recovery and significantly
lower emissions when resource recovery pathways are considered. Policy
analysis highlights the importance of financial incentives, regulatory amendment,

Potential to reduce energy use, GHG emissions, and align with policy.
2. Energy Analysis:

and technical capacity support to accelerate adoption. The findings provide « Energy data was gathered from reliable peer-reviewed and technical sources and used to calculate energy inputs and Implication: To scale adoption, Canada must combine targeted funding,
policymakers, utilities, and industry stakeholders with practical insights on outputs for each technology, with values standardized to kWh/m® treated wastewater. Emissions technical training, and regulatory reform, ensuring wastewater treatment is fully
advancing low-carbon wastewater treatment solutions that align with Canada’s « Performance was assessed using three metrics: energy consumption (electricity/heat), energy production (biogas Analysis integrated into national climate strategies.

2050 net-zero targets. recovery), and net energy balance (produced — consumed).

3. Emissions Analysis:

Resea rc h Qu eSti o n « Emissions were calculated using the emissions factor method across three categories: energy-related CO,, process

gases (CH,4, N,O), and sludge disposal.
« Standardized factors (IPCC Guidelines and Canada-specific data) were applied to estimate emissions per m? treated.
« All values were converted to CO,-equivalents using 100-year global warming potentials.

Policy Analysis Categories:

Policy
Evaluation

. _ Climate Policy Alignment Net-zero targets support upgrades, but
How do emerging wastewater treatment (WWT) technologies compare to 4. Policy Evaluation: wastewater has low visibility in
conventional systems in terms of carbon footprint, energy use, and alignment « Policy analysis assessed how AnMBR, Anammox, and THP+AD align with Canadian climate and wastewater policies by strategies.
with Canada’s policy goals? revieV\{ing federal/provincial regulation_s,. funding programs, and _seotor reports across five categories: climate alignment, Effective Incentives GMF & Low Carbon Economy Fund
incentives, regulatory gaps, carbon pricing, and technical capacity. help overcome capital barriers (e.g.,
Waterloo, Stratford).
Regulatory Gaps No energy benchmarks, weak CH,/N,O
BaCkg roun d tracking, and slow permitting hinder
innovation.
Carbon Pricing CH4/N,O excluded from pricing — no
financial incentive for emission
Canada has committed to achieving net-zero emissions by 2050, requiring every Energy Analysis Results: Emissions Analysis Results: reductions.
sector to play a role in decarbonization. Wastewater treatment is an energy- Capacity & Knowledge Small utilities lack training/skills —

intensive, accounting for 18% of municipal energy use in Ontario and 3.5% of o8 0.5

funded projects may underperform.
increase, innovative wastewater treatment technologies (WWTTs) are emerging 0.6
that can lower carbon footprints, improve energy recovery, and align with national
climate policies.
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« Emerging wastewater technologies can reduce energy use, lower GHG
emissions, and align with Canada’s climate policy goals.

«  Anammox: most effective for emissions reduction.
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 AnMBR: recovers energy-rich biogas while reducing aeration needs. 0.3 Energy kg CO,e/m® Nitrification N20 CH4 Sludge Disposal Total
« Anammox: reduces aeration demand and avoids nitrous oxide generation. mANMBR m CAS mAnNMBR m CAS

« THP + AD: improves biogas yields and reduces sludge disposal.

 AnMBR: can achieve net energy recovery when optimized.
« THP + AD: improves biogas yields and reduces sludge-related impacts.

« Barriers: Adoption is limited by regulatory gaps, slow permitting, lack of
carbon pricing for CH,/N,O, and municipal capacity challenges.

« Recommended: targeted funding, technical training, and policy reforms that
integrate wastewater into climate strategies.
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« Conventional systems depend heavily on electricity and fossil fuels, 0.2 019 0.2
contributing significantly to municipal GHG emissions. o o
* Municipalities often face budget constraints, limiting adoption of advanced )
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AnMBR consumed more electricity per m® of wastewater (0.37 kWh/m?) AnMBR produced fewer overall emissions than CAS because it required less
L _ compared to the Conventional Activated Sludge (CAS) process (0.19 kWh/m3). aeration and reduced sludge volumes. While CAS emissions were dominated by * Impact: advancing these technologies can build a low-carbon, resilient, and
Sustainability Perspective However, AnMBR generated energy-rich biogas, resulting in a positive net energy  sludge disposal, AnNMBR’s main risk was methane leakage during operation. Proper resource-efficient wastewater sector in Canada.
« WWTT performance must balance economic, environmental, and social balance, while CAS remained entirely energy-negative. This highlights ANMBR’s  methane capture technologies are therefore critical to maximize AnMBR’s climate
dimensions . advantage as a more sustainable option when resource recovery systems are benefits.
« Technologies support industrial competitiveness, public health, and climate optimized.
goals simultaneously.
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Research Approach ; 2.03 . 0-1
. Co_mpar_ative framework: literature review, energy/emissions calculations, and L + Collect more granular operational and environmental performance data from
policy alignment assessment. 0.4 Canadian WWT plants to enhance the accuracy and relevance of technology
* Focus on energy consumption, net energy recovery, GHG emissions, and “’g 1.5 1.25 118 o comparisons.
policy barriers/enablers. % §“ 0.3 e  Expand stakeholder engagement (utilities, regulators, technology providers,
! ¥ . municipalities).
Overall Insight 0.2 0.18 « Conduct economic and lifecycle cost analyses for better feasibility
Emerging WWTTs can reduce energy use, lower emissions, and better align with 0.5 0-41 0.12 assessment.
Canadian pOllcy frameworks, Strengthening the wastewater sector’s role in a . 0.07 0.1 0.06 0-09 0.05 « Develop case studies to track energy, emissions, and po“cy impacts over
resilient low-carbon future. 0 e . 0.01 . - time.
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Sustainable Development Goals Alignment: m Anammox  m N/DN R, Refe rences
SDG 6: Clean water and sanitation through efficient wastewater management.
SDG 9: Innovation and infrastructure via energy-efficient technologies. Anammox reduced energy use by approximately 65% compared to the traditional ~ Anammox achieved the lowest GHG emissions profile of all technologies
SDG 13: Climate action by reducing GHG emissions and enabling net-zero nitrification/denitrification (N/DN) process. This reduction comes mainly from evaluated. This was due to the elimination of nitrous oxide emissions typically
strategies. eliminating the aeration step, which is highly energy-intensive in N/DN. The result  associated with nitrification and denitrification, combined with reduced electricity Femandez-Polanco. B.. Aagesen. E.. Fdz-Polanco. M. & Pérez-Elvira. S. |
makes Anammox the most energy-efficient option among the technologies demand. Its dual advantage of energy savings and lower emissions makes it one of » 2., AAGESEN, ., o T = v
_ g . . (2021). Comparative analysis of the thermal hydrolysis integration within
studied. the most promising solutions for decarbonizing wastewater treatment. WWTPs as a pre-, inter- or post-treatment for anaerobic digestion of sludge.
; e Energy, 223, 120041. https://doi.org/10.1016/j.energy.2021.120041
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Energy Produced Energy Consumed Net Energy Energy Nitrification CH4 Sludge Disposal Total Kong, Z., Li, L., Wu, J., Wang, T., Rong, C., Luo, Z., Pan, Y., Li, D., Li, Y., Huang,
N20 Y., & Li, Y.-Y. (2021). Evaluation of bio-energy recovery from the anaerobic

mTHP+AD mAD . . :
treatment of municipal wastewater by a pilot-scale submerged anaerobic

membrane bioreactor (AnMBR) at ambient temperature. Bioresource
Technology, 339, 125551. https://doi.org/10.1016/j.biortech.2021.125551

mTHP+AD mAD only

THP + AD required more input energy than AD alone due to the additional pre-
treatment stage. Despite this, THP significantly boosted biogas production,
improving the overall energy recovery potential of the system. This trade-off
demonstrates how higher upfront energy use can still lead to greater long-term
energy efficiency.

THP + AD lowered sludge-related emissions compared to AD alone, as the process
reduced biosolids volumes and improved digestion efficiency. It also helped limit
methane slip by improving gas recovery. If paired with renewable energy for its heat
and electricity needs, THP + AD could achieve even greater reductions in overall
carbon footprint.
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