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Abstract. Wastewater treatment plants (WWTPs) are crucial for public 

health and environmental protection. However, they contribute about 1 to 

2 % of global greenhouse gas (GHG) emissions and account for 3 to 5 % 

of global electricity use. Achieving carbon neutrality in this sector 

requires a complete transformation that goes beyond energy self-

sufficiency. This review gathers current knowledge on carbon neutrality 

strategies in WWTPs and addresses three key research gaps: the 

performance and future of small-scale and decentralized systems; social 

and institutional barriers preventing adoption of proven technologies; and 

integrating climate resilience into carbon neutrality planning. Evidence 

from life cycle assessments and real-world case studies shows that direct 

process emissions mainly nitrous oxide from biological nitrogen removal 

and methane from sludge handling can exceed 60 % of a plant's total 

carbon footprint, highlighting that energy neutrality does not equal carbon 

neutrality. Technological approaches reviewed include anaerobic 

digestion with combined heat and power, mainstream anammox-based 

nitrogen removal, nature-based solutions, and renewable energy 

integration, which together can achieve reductions of 30 to 40 % or more 

in carbon emissions compared to baseline operations. Persistent gaps 

between technical potential and real-world implementation demonstrate 

that institutional capacity, regulations, and financing are equally critical. 

Climate change further complicates decarbonization efforts by increasing 

energy demand and disrupting treatment performance, requiring adaptive 

management strategies and integrated planning that align carbon 

reduction, water security, and climate resilience rather than treating them 

as competing priorities. 

 

Keywords: carbon neutrality; wastewater treatment plants; greenhouse 

gas emissions; energy recovery; decentralized systems; nature-based 

solutions. 

__________________________________________________________ 

 

1. Introduction 

Wastewater treatment (WWT) is vital for the protection of public 

health, ecological balance, and the sustainable management of water 

resources (Obaideen et al., 2022). Untreated sewage harbours pathogenic 

microorganisms, toxic compounds, and other pollutants that pose 

significant health risks to human beings and animals, primarily in the form 

of increased rates of waterborne diseases (Akpor et al., 2014; Pratap et al., 

2023). Treatment of wastewater removes or inactivates these 
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contaminants, thereby reducing faecal indicator concentrations, limiting the spread of waterborne 

diseases, and diminishing harmful effects on surface water bodies and groundwater resources 

(Obaideen et al., 2022; Akpor et al., 2014).  

Thus, wastewater treatment can support sustainable water resource management (Jhansi & 

Mishra, 2013; Qadir et al., 2010; Singh-Shekhawat et al., 2020). Economically, wastewater treatment 

can help industries avoid costly penalties for non-compliance, thereby promoting sustainable urban 

and industrial development (Cosgrove & Loucks, 2015; De & Majumder, 2020; Singh-Shekhawat et 

al., 2020). 

Despite these advantages, wastewater treatment plants (WWTPs) occupy a paradoxical 

position in global climate action efforts: these facilities, which are critical to serving billions of people 

worldwide, are a measurable source of greenhouse gas (GHG) emissions both within their operational 

boundaries and across their supply chains (Maktabifard et al., 2023). The wastewater sector has been 

estimated to contribute up to 7 % of global anthropogenic methane (CH4) emissions and up to 10 % 

of global anthropogenic nitrous oxide (N2O) emissions, although these figures vary with treatment 

technology, plant size, and region (Kampschreur et al., 2009; Maktabifard et al., 2023). Collectively, 

this sector contributes approximately 1–2 % of total global anthropogenic carbon-equivalent 

emissions (Liu et al., 2024). Compounding this environmental challenge is the energy intensity of 

WWTPs: this sector accounts for 1–3 % of total electricity consumption in many developed nations, 

with global sectoral electricity demand estimated at 85–279 TWh per year, equating to approximately 

3–5 % of global electricity consumption (Magni et al., 2025). The scale of this challenge is further 

underscored by the current state of global wastewater infrastructure; the most comprehensive peer-

reviewed global estimate to date indicates that 359.4 billion m3 of wastewater is produced worldwide 

annually, of which 63 % is collected and 52 % receives some form of treatment (Jones et al., 2021). 

Conventional WWT processes continue to face significant challenges. Aeration, pumping, and 

sludge management are among the most energy-intensive operations, and accordingly contribute 

substantially to GHG emissions (Kamali et al., 2019; Wu et al., 2022; Kłosok-Bazan et al., 2024). 

The management of sewage sludge represents an additional environmental and economic challenge: 

sludge treatment and disposal are costly, and improper disposal can lead to the leaching of pollutants 

into soil and water (Cieślik et al., 2015). Furthermore, conventional treatment processes may be 

insufficient to remove emerging contaminants such as pharmaceuticals, microplastics, and endocrine-

disrupting compounds, which can accumulate in aquatic environments and enter the food chain 

(Krishnan et al., 2023; Kamali et al., 2019). The environmental footprint of WWT processes extends 

beyond direct atmospheric emissions to include embodied emissions encompassing the impacts of 

construction, chemical production, sludge disposal, and receiving-water degradation (Corominas et 

al., 2013). Inefficient removal of nutrients such as nitrogen and phosphorus can also contribute to 

eutrophication (Kendrick, 2011; Rusyn & Gómora-Hernández, 2024). Additionally, conventional 

treatment processes typically involve chemical additives, which increase treatment costs, and they 

generally fail to recover water, energy, or mineral resources of considerable value within a circular 

economy framework (Zarei, 2020; Gallo et al., 2024). 

To achieve carbon-neutral and energy-sustainable WWT, a fundamental transformation is 

required from energy-intensive, fossil-fuel-dependent operations towards more integrated, low-

carbon approaches. Carbon neutrality in WWTPs can be pursued through three broad strategic 

domains: (i) adoption of energy-efficient, low-carbon treatment technologies based on anaerobic 

ammonia oxidation (anammox) processes, aerobic granular sludge systems, and membrane-aerated 

biofilm reactors; (ii) in-situ renewable energy production via anaerobic digestion and biogas 

utilisation, solar photovoltaics, and geothermal energy; and (iii) resource recovery of nutrients, 

biopolymers, and reclaimed water, which can contribute to a net-negative carbon balance by 

displacing fossil fuel-derived products (Yu et al., 2025; Myszograj et al., 2021; Pasquarelli et al., 

2024; Devarajan & D., 2024; Vellaiyan, 2024; Rusyn & Gómora-Hernández, 2024). Energy-efficient 

technologies applied across all domains of WWTP operations, from building infrastructure to energy 

management systems, can reduce the energy embodied in WWTP assets (Rathor & Saxena, 2020; 
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Ruparathna et al., 2016). Logistics-related GHG emissions associated with the transport of chemicals 

used in WWTP operations, including coagulants, disinfectants, and pH-adjustment reagents, as well 

as emissions associated with biogas and on-site electricity production, constitute another significant 

component of the WWTP carbon balance and thus represent meaningful opportunities for mitigation 

(Cordera et al., 2019; Wu et al., 2022; Kłosok-Bazan et al., 2024). 

A distinction in the recent literature concerns the concepts of energy neutrality and carbon 

neutrality. Several case studies have demonstrated that energy neutrality, that is, the WWTP 

producing an amount of energy equivalent to its consumption, is technically feasible. For example, 

the Gubin WWTP in Poland employed a combination of biogas, solar, and geothermal energy sources 

to fully meet its electricity demand and generate surplus heat (Myszograj et al., 2021). Nevertheless, 

achieving energy neutrality does not automatically confer carbon neutrality: direct non-CO₂ 

emissions, particularly CH4 and N2O, and the embodied emissions of chemicals and infrastructure, 

can remain substantial even when energy self-sufficiency has been achieved (Maktabifard et al., 

2023). Carbon capture and storage technologies could serve as an important complementary approach 

within WWTP decarbonisation strategies, especially in scenarios where direct emissions are difficult 

to abate through efficiency measures alone (Bui et al., 2018). At the system level, a circular economy 

approach emphasizing material reduction, reuse, and recycling is expected to yield additional energy 

savings and GHG reductions in WWT systems (Mohanrajhu et al., 2024; Zarei, 2020). Variability in 

specific energy consumption across WWT systems, a major focus of plant-level energy 

benchmarking studies, further highlights the importance of optimising individual plants to achieve 

sector-wide energy and GHG reduction goals (Gallo et al., 2024; Kłosok-Bazan et al., 2024). 

Advanced WWT technologies such as membrane bioreactors (MBRs), constructed wetlands, 

and microbial fuel cells (MFCs) offer additional pathways toward carbon-neutral operation by 

increasing treatment efficiency, enabling energy generation, and minimising waste (Rusyn & 

Gómora-Hernández, 2024; Azhar et al., 2022). Empirical evidence also demonstrates that sustainable 

water management practices are not driven by technological development alone, but depend equally 

on supportive policy and legislative frameworks that incentivise low-carbon and energy-efficient 

WWT systems, with renewable energy integration serving as a key enabling factor (Rusyn & 

Gómora-Hernández, 2024; Wu et al., 2022; Obaideen et al., 2022). 
 

2. Literature review 

2.1. Scope of review 

This review synthesises current knowledge on carbon neutrality strategies for WWTPs, with 

particular emphasis on three research gaps that determine whether carbon-neutral wastewater 

treatment remains a laboratory concept or achieves real-world impact at scale: (1) an analysis of 

small-scale and decentralised systems; (2) a systematic examination of socio-institutional barriers to 

implementation; and (3) an evaluation of climate resilience integration needs. 

 

2.2. Understanding and quantifying WWTP carbon emissions 

2.2.1. Emission sources and magnitudes  

Accurate carbon accounting serves as the essential basis for targeted mitigation efforts. The 

carbon footprint of wastewater treatment plants (WWTPs) includes direct emissions from biological 

treatment processes, indirect emissions from energy consumption, and embodied emissions from 

chemical usage and infrastructure (Li et al., 2022). Current evidence suggests that direct process 

emissions, primarily N2O from nitrification–denitrification and CH4 from anaerobic sludge handling, 

can contribute over 60 % of the total carbon footprint. In contrast, indirect energy-related emissions 

account for approximately 30 %, with the remainder attributable to chemical usage and supply-chain 

activities (Maktabifard et al., 2023). Jin et al. analyzed 225 Chinese WWTPs and confirmed this 

pattern: direct emissions averaged 0.42 kg CO2 -eq m-3 (approximately 64 % of the total), with 

indirect emissions averaging 0.23 kg CO2 -eq m-3 (Jin et al., 2025). A comprehensive life cycle 

assessment (LCA) encompassing pre-treatment, biological treatment, sludge management, and final 
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disposal stages reveals significant spatial variation in emission profiles (Yang et al., 2023). For 

municipal WWTPs employing activated sludge processes with energy-intensive aeration, biological 

treatment stages typically contribute 68.14 % of total carbon emissions, with N2O emissions 

constituting the dominant direct contributor at 0.333 kg CO2 -eq m-3 (Zhou et al., 2025). Within full 

wastewater systems, Jin et al. found that emissions from sludge treatment and disposal are frequently 

under-accounted and are estimated to represent approximately 40 % of total GHG emissions when 

incorporated within the system boundary (Jin et al., 2025). When emission hotspots are identified 

through process-specific monitoring, targeted interventions can be implemented. Electricity 

consumption in pumping operations, energy requirements for aeration, and chemical-dependent 

nutrient removal processes emerge as critical leverage points for emissions reduction (Li et al., 2022). 

 

2.2.2. System boundaries and accounting methodologies 

A clearly defined system boundary is fundamental to both carbon neutrality assessment and 

strategy development. Traditional approaches focus on operational (plant fence-line) boundaries, 

accounting for direct emissions and purchased electricity (Liu et al., 2024). However, this narrow 

scope omits significant emission sources, including chemical production, biosolids transport and 

disposal, and downstream impacts on receiving waters. Li et al. (2022) argue that an expanded system 

boundary encompassing the full wastewater value chain from collection systems through to ultimate 

disposal or resource recovery is required for comprehensive accounting. The choice of accounting 

methodology fundamentally shapes the outcomes of carbon neutrality assessments and the ranking 

of mitigation options. The Intergovernmental Panel on Climate Change (IPCC) provides widely 

adopted standardized methods for quantifying direct emissions; however, significant uncertainty 

persists around emission factors for non-CO2 gases such as N2O and CH4 under different operational 

regimes and process configurations (Corominas et al., 2013). Life cycle assessment (LCA) offers a 

more comprehensive framework for evaluating indirect emissions and identifying trade-offs across 

alternative technologies and operational strategies; however, it demands extensive data and depends 

on methodological choices regarding allocation rules, functional units, and selected impact categories 

(Persson et al., 2021). 

Recent advancements encompass dynamic Life Cycle Assessment (LCA) methodologies that 

account for temporal variations in emissions and energy system compositions, alongside integrated 

modeling frameworks that couple process simulation models with carbon accounting modules 

(Maktabifard et al., 2023). Despite the analytical strength of these advanced methods, their 

implementation necessitates significant technical expertise and high-quality data, potentially limiting 

their applicability in resource-constrained or small-scale settings. Consequently, there is a widely 

acknowledged demand for simplified, standardized carbon accounting tools that facilitate robust 

carbon neutrality planning for smaller facilities without imposing excessive data collection or 

modeling burdens (Li et al., 2022). 

 

2.3. Technological strategies for carbon neutrality  

2.3.1. Energy recovery and renewable energy integration 

Anaerobic digestion remains the most established method for energy recovery from wastewater 

sludge. The deployment of anaerobic digesters typically results in 6.7–29.1 % reductions in 

greenhouse gas (GHG) emissions, contingent upon system configuration and combined heat and 

power (CHP) integration (Maktabifard et al., 2018). The Beijing Gaobeidian Wastewater Treatment 

Plant (WWTP) exemplifies the feasibility of approaching energy neutrality, achieving 95.8 % energy 

recovery relative to total energy consumption, although only attaining 56.7 % carbon neutrality, 

thereby highlighting the fundamental distinction between energy and carbon neutralization (Pang et 

al., 2023). Solar photovoltaic (PV) integration provides complementary energy pathways, particularly 

for addressing peak demand periods. Optimized operational scheduling, combined with PV 

generation in a modified anoxic–aerobic–oxic system, achieved 30–50 % reductions in electricity-

related carbon emissions alongside 40–60 % cost savings through load-shifting strategies (Zhong et 
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al., 2024). Applications of machine learning and artificial neural networks enable predictive energy 

demand forecasting up to two weeks in advance, achieving an 11.20 % reduction in energy costs and 

16.91 % savings in material costs through anticipatory operational adjustments (Wang et al., 2022). 

Wind energy integration offers additional renewable generation capacity, particularly in regions with 

favorable wind resources, although spatial constraints and community acceptance considerations may 

limit implementation at urban WWTPs (Maktabifard et al., 2018). Geothermal heat pumps can reduce 

heating energy requirements in cold climates, while waste heat recovery from effluent streams offers 

further efficiency gains (Bae et al., 2021). The integration of multiple renewable energy sources with 

energy storage and smart grid connectivity positions WWTPs as distributed energy resources capable 

of providing grid services, including demand response and renewable energy balancing (Maktabifard 

et al., 2018). However, realizing this potential necessitates supportive regulatory frameworks, grid 

interconnection standards, and utility business models that incentivize distributed generation and 

operational flexibility.  

 

2.3.2. Process optimization and advanced nitrogen removal technologies  

High-rate activated sludge (HRAS) systems, combined with partial nitritation/anammox, 

represent an emerging technological pathway achieving simultaneous carbon recovery and energy 

efficiency. Optimized HRAS reactors have demonstrated 67.8 % chemical oxygen demand (COD) 

recovery, 81 % total COD removal efficiency, and 62 % aeration reduction, translating to 

approximately 0.24 kWh m-3 energy recovery potential (Wei et al., 2024). Multi-objective 

optimization of conventional processes, simultaneously considering effluent quality, operational 

costs, and GHG emissions, has achieved 34.6 % GHG reductions while improving operational 

economics by 72.2 % (Liao et al., 2024). The integration of anammox processes into conventional 

nitrification–denitrification offers particular promise. Partial denitrification coupled with anammox 

(PD/A) is now recognised as a sustainable, low-GHG alternative for mainstream nitrogen removal, 

offering more robust nitrite supply stability compared to partial nitritation/anammox under variable 

influent conditions (Im et al., 2025). Pilot-scale implementation of mainstream anammox in northern 

China by Yin et al. demonstrated nitrogen removal efficiencies of 70.4–75.0 % across temperature 

ranges from 7.5°C to 27.8°C, confirming technical feasibility beyond tropical and subtropical regions 

(Yin et al., 2024). Energy efficiency improvement represents the most cost-effective pathway toward 

carbon neutrality. Aeration is by far the largest single energy consumer in activated sludge systems, 

accounting for over 40–60 % of total plant energy demand, and the literature indicates this can be 

reduced by 20–40 % through fine-bubble diffusers, automated dissolved oxygen control, and process 

intensification (Li et al., 2025; Bae et al., 2021). Advanced process control strategies, including model 

predictive control and artificial intelligence-based systems, enable dynamic adjustment to influent 

variations while maintaining treatment performance (Guo et al., 2024). The choice of treatment 

process configuration also profoundly influences energy requirements. Energy-efficient treatment 

trains, including A2O (anaerobic–anoxic–oxic), oxidation ditches with intermittent aeration, and 

appropriately designed membrane bioreactors, can reduce energy consumption by 30–50 % compared 

to conventional activated sludge (Bae et al., 2021).  

 

2.3.3. Nature-based and hybrid solutions 

Nature-based solutions (NBS) offer low-energy, climate-resilient alternatives or complements 

to conventional treatment, with particular relevance for small-scale and decentralized applications. 

Constructed wetlands achieve effective treatment through sedimentation, filtration, microbial 

degradation, and plant uptake, with energy requirements limited principally to occasional pumping. 

Full-scale comparative analyses have confirmed that the carbon footprint of constructed wetlands 

(approximately 1.2 kg CO2 -eq m-3) is substantially lower than that of conventional activated sludge 

systems (approximately 4.5 kg CO2 -eq m-3), primarily owing to reduced electricity consumption, 

lower chemical inputs, and minimal sludge management requirements (Flores et al., 2020). It should 

be noted, however, that constructed wetlands themselves can emit measurable CH4 and N2O during 
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treatment, and net GHG performance depends strongly on plant species selection, operational 

management, and system configuration (Li et al., 2024).  

Hybrid systems combining nature-based and engineered components offer optimized 

performance–energy–footprint trade-offs. Integrated fixed-film activated sludge (IFAS) systems 

combine biofilm and suspended-growth processes, reducing aeration requirements while maintaining 

compact footprints (Bae et al., 2021). Algae-based treatment systems couple wastewater treatment 

with biomass production for energy recovery and nutrient capture, though harvesting and processing 

challenges currently limit commercial deployment (de Lima Barizao et al., 2023). Internal 

recirculation has been developed to address limitations of reduced nutrient removal and lower 

treatment consistency during cold periods in hybrid systems, enhancing nitrification–denitrification 

processes and significantly improving nitrogen removal in high-strength effluents (García et al., 

2024). Carbon balance assessments indicate that vertical flow wetlands typically provide higher 

carbon sequestration rates per unit area compared to horizontal subsurface flow designs (Peralta et 

al., 2024). In small-scale applications, the conversion of conventional plants to hybrid constructed 

wetland systems has been shown to reduce life cycle GHG emissions by approximately 73 %, 

estimated at a reduction of 45.7 t CO2 -eq yr-1 for a 60 m3 d-1 plant. (Thomas et al., 2023). Despite 

these benefits, integration into existing infrastructure remains challenging owing to larger land 

requirements and the complexity of managing biological process variability (Iacob et al., 2024). 

Furthermore, the net climate benefit of NBS can be partially offset by direct CH4 and N2O emissions, 

necessitating precise site-specific accounting to confirm true carbon neutrality (Zhang et al., 2024). 

A comparative summary of some key technologies for emission reduction is outlined in Table 1. 

 

Table 1. Comparative summary of key carbon neutrality technologies for WWTPs: emission 

reduction potential, advantages, limitations, and climatic/infrastructural applicability 

 

Technology 

GHG 

Emission 

Reduction 

Potential 

Key 

Advantages 

Key 

Limitations 

Climatic/Infrastructura

l Applicability 

Citation 

Anaerobic 

Digestion with 

CHP 

6.7–29.1 % 

GHG 

reduction; up to 

95.8% energy 

recovery; 

>30% carbon 

footprint 

reduction with 

CHP 

Mature 

technology; 

simultaneous 

energy and 

sludge 

reduction; 

digestate usable 

as fertiliser 

High capital 

cost; energy 

neutrality does 

not confer 

carbon 

neutrality; cold 

climates require 

additional 

heating 

Best suited to temperate 

and tropical climates; 

large-scale centralised 

WWTPs; UASB widely 

used in tropical countries 

Maktabifard et 

al. (2018); Pang 

et al. (2023); 

Maktabifard et 

al. (2019) 

Mainstream 

Anammox / 

Partial 

Denitrification–

Anammox (PD/A) 

34.6% GHG 

reduction with 

multi-objective 

optimisation; 

70.4–75.0% 

nitrogen 

removal 

efficiency 

across 7.5–

27.8°C 

Eliminates 

external carbon 

dosing; reduces 

aeration 

demand; low 

N₂O footprint 

compared to 

conventional 

nitrification–

denitrification 

Process 

sensitivity at 

low 

temperatures; 

complex 

process control; 

limited full-

scale 

deployment in 

cold climates 

Applicable in temperate 

and warm climates; 

demonstrated feasibility 

in northern China down to 

7.5°C; suitable for 

medium-to-large 

WWTPs 

Im et al. (2025); 

Liao et al. 

(2024); Yin et 

al. (2024) 
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Technology 

GHG 

Emission 

Reduction 

Potential 

Key 

Advantages 

Key 

Limitations 

Climatic/Infrastructura

l Applicability 

Citation 

Solar Photovoltaic 

(PV) Integration 

30–50% 

reduction in 

electricity-

related carbon 

emissions; 

12.5% facility 

emissions 

reduction 

(whole-plant 

installation) 

Modular and 

scalable; 

applicable to 

small and large 

facilities; 40–

60% cost 

savings via 

load-shifting 

strategies 

Intermittency 

and storage 

costs; reduced 

yields in 

temperate/cold 

climates; 

monsoon-

season 

variability 

limits 

dispatchability 

Optimal in tropical, arid, 

and semi-arid climates; 

demonstrated in Thailand 

and the Mediterranean 

(Crete); viable in small 

and large facilities 

Zhong et al. 

(2024); 

Phongphalee et 

al. (2025); 

Vourdoubas 

(2018) 

Constructed 

Wetlands (CW) / 

Nature-Based 

Solutions 

~73% LCA 

GHG reduction 

vs. 

conventional; 

carbon 

footprint ~1.2 

vs. ~4.5 kg 

CO₂-eq m⁻³ for 

activated 

sludge 

Minimal energy 

input; low 

chemical use; 

climate-

resilient; co-

benefits for 

biodiversity and 

hydraulic 

buffering 

Large land area 

required; 

seasonal 

performance 

variation in cold 

climates; direct 

CH₄ and N₂O 

emissions can 

offset net 

benefit 

Best suited to warm, 

semi-arid, and tropical 

climates; ideal for rural 

and small-scale 

decentralised systems; 

performance declines in 

cold climates 

Flores et al. 

(2020); 

Thomas et al. 

(2023); 

Benbouzid et 

al. (2024) 

High-Rate 

Activated Sludge 

(HRAS) with 

Carbon Recovery 

62% aeration 

reduction; 

67.8% COD 

recovery; ~0.24 

kWh m⁻³ 

energy 

recovery 

potential 

Compact 

footprint; high 

organic loading 

capacity; strong 

synergy with 

downstream 

anaerobic 

digestion 

Requires 

polishing step 

for nutrient 

removal; 

limited 

experience at 

full scale; 

performance 

sensitive to 

influent 

variability 

Applicable across 

temperate and warm 

climates; best suited to 

medium-to-large 

centralised WWTPs with 

established sludge 

treatment 

Wei et al. 

(2024); Bae et 

al. (2021) 

Decentralised / 

Small-Scale 

Systems (e.g., 

Downflow 

Hanging Sponge, 

AnMBR, Solar 

PV) 

70–85% less 

CO₂-eq m⁻³ 

than 

conventional 

activated 

sludge when 

full transport 

emissions are 

included; DHS 

energy use 0.1–

0.3 kWh m⁻³ 

Eliminates 

long-distance 

conveyance 

emissions; 

supports water 

reuse; 

operational 

simplicity 

suited to 

resource-

limited settings 

Unfavorable 

energy scaling; 

regulatory and 

institutional 

barriers; limited 

access to 

capital; under-

representation 

in literature 

Most relevant for tropical, 

subtropical, and 

developing-world 

contexts; rural and peri-

urban areas lacking 

centralised infrastructure 

Opher & 

Friedler (2016); 

Bailey et al. 

(2021); 

Saadatinavaz et 

al. (2024) 

 

2.4. Applications and limitations of carbon neutrality technologies in WWTP across different climatic 

zones 

Climate zone is a primary determinant of the performance, feasibility, and economics of carbon 

neutrality technologies deployed at municipal wastewater treatment plants (WWTPs). Temperature, 

seasonality, and region-specific resource availability create distinct opportunities and constraints that 

preclude any single technological pathway from being universally optimal. 
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2.4.1. Anaerobic digestion across climate zones 

Tropical and warm climates. Anaerobic digestion benefits significantly from the 

thermodynamic conditions prevailing in tropical and subtropical regions. Elevated ambient 

temperatures (typically 27–35 °C) promote the enzymatic activity of hydrolytic and methanogenic 

microorganisms, enabling high organic removal rates without the external heating required in colder 

settings (van Haandel & Lettinga, 1994). This thermal advantage is most clearly demonstrated in 

upflow anaerobic sludge blanket (UASB) technology, which has been widely deployed in tropical 

countries precisely because the warm influent eliminates the energy penalty associated with 

mesophilic digestion in temperate facilities. Full-scale UASB data from five Brazilian WWTPs 

confirm that specific biogas production rates under tropical conditions can sustain economically 

viable energy recovery, provided that operational limitations such as scum accumulation and granule 

washout are addressed (Chernicharo et al., 2015).  

Cold climates. Cold climates impose fundamental constraints on anaerobic processes. Even so, 

Keating et al. (2016) demonstrated that a hybrid sludge bed/fixed-film reactor operating at 12 °C 

could sustain high-rate anaerobic digestion of synthetic sewage over a 732-day trial, achieving up to 

78 % phosphate removal through biofilm-mediated intracellular polyphosphate accumulation. 

Chemical oxygen demand removal efficiency was maintained across applied organic loading rates of 

0.4 to 1.5 kg COD m-3 d-1, demonstrating that psychrophilic microbial adaptation can support 

simultaneous carbon and phosphorus removal even at low temperatures, albeit at hydraulic retention 

times and reactor volumes substantially larger than those required under mesophilic conditions. The 

additional heating burden in cold regions nevertheless remains a significant barrier to energy self-

sufficiency, and engineering strategies must account for this baseline demand before energy recovery 

from biogas can meaningfully offset indirect emissions. 

 

2.4.2. Constructed wetlands and nature-based systems 

Constructed wetlands (CWs) represent a low-energy, nature-based complement or alternative 

to conventional secondary treatment, but their performance is strongly modulated by temperature and 

season. Benbouzid et al. (2024) studied four vertical-flow CW units treating domestic wastewater 

under the semi-arid climate of Rabat, Morocco, over one year and found that organic matter removal 

exhibited pronounced seasonal variation: polyculture units (Phragmites australis and Arundo donax) 

achieved 99.47 % COD removal in summer but substantially lower rates in winter, when reduced 

temperatures suppressed both plant growth and microbial activity. These results echo wider evidence 

from a systematic review of 93 created or restored freshwater wetlands (203 sites), which found that 

total nitrogen removal efficiency (median 37 %; 95 % CI: 29–44 %) was significantly correlated with 

annual average air temperature as well as hydrological loading rate and wetland area (Land et al., 

2016). Total phosphorus removal was similarly correlated with inlet concentration, hydraulic loading 

rate, temperature, and wetland area, highlighting the multi-factorial nature of CW performance 

optimization. Sustainable operation of CWs across climate zones requires careful attention to 

macrophyte composition, substrate type, water level, hydraulic retention time, and loading rate 

(Gorgoglione & Torretta, 2018); none of these parameters can be determined without baseline 

characterisation of local climate conditions. 

 

2.5. Renewable energy integration 

Solar photovoltaic (PV) deployment at WWTPs offers a climate-dependent contribution to 

reducing grid electricity dependence. Studies from tropical regions illustrate the potential: in Pattaya 

City, Thailand, roof-mounted PV arrays on WWTP office buildings were estimated to generate 

approximately 157 MWh annually, reducing facility GHG emissions by around 2.4 %, while whole-

plant PV installations could provide roughly 824 MWh annually and achieve a 12.5 % emissions 

reduction (Phongphalee et al., 2025). However, monsoon-season intermittency and the absence of 

affordable storage solutions limit the dispatchability of solar generation in many tropical settings. In 
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arid and semi-arid climates, higher year-round irradiance improves the business case for PV, but 

water scarcity may prioritise energy-efficient treatment processes over energy-exporting 

configurations. 

In temperate and cold climates, lower solar irradiance and pronounced seasonal variation reduce 

annual PV yields compared with tropical equivalents, making combined heat and power (CHP) units 

fuelled by biogas the more strategically important renewable energy pathway. CHP deployment is 

reported to reduce total carbon footprint by over 30 % relative to grid-supplied operation, while also 

meeting digester heating requirements during cold months (Maktabifard et al., 2019). The dual benefit 

of displacing grid electricity and providing process heat makes CHP particularly valuable in cold 

climates, where the heating energy demand would otherwise represent a direct energy cost. 

 

2.6. Implications for technology selection 

It is evident that no single carbon neutrality strategy is universally applicable across climate 

zones. Tropical regions benefit from ambient-temperature enhancement of biological processes, high 

solar irradiance, and reduced heating requirements, but face challenges including grid fossil-fuel 

dependence and intermittent solar availability. Temperate regions must address seasonal nitrification 

failure and moderate heating demands while leveraging established biogas-CHP infrastructure. Cold 

climates face the most significant barriers: obligatory process heating, suppressed microbial activity 

at low temperatures, and extended hydraulic retention requirements increase both capital and 

operating costs, making energy self-sufficiency difficult without substantial process innovation such 

as mainstream deammonification. 

Regulatory frameworks add a further layer of climate-specific complexity. The revised EU 

Urban Wastewater Treatment Directive targets energy neutrality for large WWTPs by 2045, imposing 

a specific obligation across European temperate, Mediterranean, and cold climate zones (European 

Commission, 2022). Comparable binding targets are not yet universally in place in tropical or 

subtropical developing regions, creating both an opportunity for technology developers to design 

adaptive, low-cost solutions appropriate for these settings and a risk that carbon performance 

improvements will lag behind those achieved under regulatory compulsion. Achieving carbon 

neutrality in WWTPs globally will therefore require climate-specific technology adaptation, region-

appropriate renewable energy integration, and governance frameworks that recognize the 

heterogeneity of the technical and economic constraints faced across climatic zones. 

 

2.7. Small-scale and decentralised systems 

The extant literature on emissions from decentralized systems is not only limited but also 

exhibits a geographical and technological imbalance. The majority of existing studies are 

concentrated in Europe, particularly Italy and Germany, and China, with a significant under-

representation of Africa, South Asia, and Latin America regions where decentralized systems are 

most prevalent (Lam et al., 2025; Zhao et al., 2025). Saadatinavaz et al. note that the literature on 

carbon neutrality in wastewater treatment plants (WWTPs) shows a pronounced bias towards large-

scale centralized facilities. Small-scale and decentralized systems receive disproportionately limited 

attention despite serving substantial global populations and presenting unique technological and 

institutional contexts (Saadatinavaz et al., 2024). Approximately 40–50 % of the global population 

lacks access to centralized wastewater collection and treatment infrastructure, predominantly in 

developing countries (Jones et al., 2021). Decentralized wastewater treatment systems (DeWTS) thus 

represent not merely supplementary infrastructure but potentially transformative pathways for 

achieving sustainable development goals while simultaneously reducing carbon footprints by 

eliminating the energy requirements of long-distance conveyance. A fundamental challenge for 

small-scale carbon neutrality lies in unfavorable scaling relationships: energy consumption per unit 

volume generally decreases with facility size due to economies of scale in equipment efficiency and 

process optimization, while renewable energy generation potential particularly from solar 

photovoltaic (PV) systems scales approximately linearly with available surface area. This scaling 
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disadvantage is partially offset by the lifecycle carbon advantage of eliminating long-distance 

wastewater transport. Life cycle assessment evidence consistently demonstrates that decentralized 

approaches can outperform centralized systems in multiple environmental impact categories when 

full transport and distribution emissions are considered (Opher & Friedler, 2016; Arias et al., 2020). 

Advanced biotechnologies adapted for small-scale application offer promising pathways toward 

carbon-neutral rural wastewater treatment. Anaerobic membrane bioreactors (AnMBRs) enable 

energy recovery from low-strength wastewater while producing high-quality effluent suitable for 

reuse. Sulfur-based autotrophic denitrification and anammox processes reduce energy requirements 

while eliminating the need for external carbon addition, although operational complexity may 

challenge resource-constrained settings. The Downflow Hanging Sponge (DHS) system 

demonstrates particular promise for tropical and subtropical small-scale applications, combining 

ultra-low energy consumption (0.1–0.3 kWh m-3, approximately 80 % lower than conventional 

activated sludge) with operational simplicity and resilience under variable loading conditions. Solar 

photovoltaic systems offer the most accessible renewable energy option for small facilities, with 

rooftop and ground-mounted installations providing substantial generation potential on constrained 

sites. Vourdoubas (2018) presented a case study demonstrating zero-carbon WWTP operation in 

Crete, Greece, through solar PV integration, confirming technical feasibility for small Mediterranean 

facilities(Vourdoubas, 2018). Bailey et al. (2021) demonstrated greenhouse gas (GHG) emission 

reduction potential for a satellite water reuse plant through combined solar PV and anaerobic 

digestion, achieving a significant reduction in overall carbon footprint(Bailey et al., 2021). 

 

2.8. Socio-institutional barriers and implementation 

2.8.1. The gap between technical capacity and operational reality  

One of the most persistent findings in the wastewater management literature is the discrepancy 

between demonstrated technical capacity and actual implementation outcomes. This gap is evident at 

both the facility and sector levels. At the facility level, the presence of functional treatment stages 

does not ensure effective operation; institutional failures in maintenance funding, workforce training, 

and operational management collectively undermine performance, independent of technological 

sophistication (Nurmiyanto et al., 2023). At the sector level, Maktabifard et al. (2018) describe a 

regulatory and financial trap for decentralized solutions: while the technical benefits of small-scale 

systems, such as localized water reuse, are apparent, they often fail because regulatory frameworks 

were designed for an earlier era of large-scale centralized infrastructure. Small plants are frequently 

required to meet the same stringent effluent and monitoring standards as large centralized facilities, 

resulting in disproportionately high per-capita compliance costs. Furthermore, traditional regulations 

often lack specific categories for resource recovery, making it legally challenging for small facilities 

to sell treated water or recovered nutrients (Maktabifard et al., 2018). This institutional dimension 

extends beyond simple operational neglect to encompass a fundamental misalignment between 

facility design assumptions and local governance capacity. Research examining community-based 

WWTPs identified sustainability as critically dependent on institutional capacity rather than system 

type: facilities with weak governance structures exhibited premature failure regardless of 

technological sophistication. Factors such as operation and maintenance expenditure management, 

user acceptance, community involvement, and institutional structure consistently rank above 

technology efficiency as determinants of long-term system viability (Nurmiyanto et al., 2023).  

 

2.9. Economic and financial barriers 

Achieving carbon neutrality in WWTPs faces formidable economic and financial barriers, 

despite the long-term rationale of energy efficiency and renewable energy investments. High upfront 

capital costs for advanced treatment technologies, such as membrane bioreactors, anaerobic ammonia 

oxidation systems, and energy recovery infrastructure, represent the primary constraint, particularly 

for small and medium-sized utilities with limited access to capital markets and constrained revenue 

bases (Maktabifard et al., 2023; Hao et al., 2015). Carbon-neutrality investments typically require 
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20–50 % increases in total facility capital costs, fundamentally challenging traditional utility 

financing models predicated on incremental upgrades and regulatory compliance rather than 

transformative, systems-level investment (Snaer et al., 2021). Small WWTPs serving populations 

below 50,000 face particularly acute challenges, as their revenue streams lack the economies of scale 

needed to service debt for large-scale renewable energy installations or advanced process 

configurations (Lu et al., 2019). Small-scale facilities in developing countries confront additional 

challenges: sovereign credit ratings constrain access to international capital markets, while domestic 

banking sectors often lack the technical capacity to underwrite environmental projects (Zhang et al., 

2016). Even in advanced economies, regulatory frameworks frequently undervalue the co-benefits of 

carbon-neutral WWTPs, such as grid stability services from biogas plants and revenue from water 

reuse, creating persistent financing gaps that undermine project bankability (Longo et al., 2022). 

These structural barriers underscore the need for regulatory reform that recognizes the full societal 

value of carbon-neutral wastewater infrastructure beyond narrow compliance paradigms. 

 

2.10. Regulatory frameworks and policy barriers 

Regulatory frameworks predominantly designed for large, centralised WWTPs systematically 

disadvantage small-scale and decentralised systems, creating compliance burdens disproportionate to 

their scale and complexity. Permitting requirements, monitoring mandates, and effluent standards 

calibrated for industrial-scale facilities impose fixed costs such as engineering certifications, 

continuous instrumentation, and professional operator licensing that can exceed annual operating 

budgets for plants serving populations below 10,000 (Libralato et al., 2012; Capodaglio, 2017). This 

regulatory mismatch can drive small utilities toward operational shortcuts or informal discharge 

practices rather than compliance, undermining environmental protection while perpetuating reliance 

on costly centralised infrastructure (Massoud et al., 2009). 

Conversely, jurisdictions that have implemented scale-sensitive regulatory architectures 

demonstrate substantially improved outcomes for alternative treatment pathways. Germany's Small 

Wastewater Treatment Plant Ordinance (Kleinkläranlagenverordnung) exemplifies this approach, 

combining performance-based effluent standards with simplified permitting for decentralised systems 

while offering capital subsidies covering up to 60 % of construction costs for qualifying technologies 

(Umweltbundesamt, 2020). 

Carbon neutrality achievement fundamentally depends on regulatory alignment between 

environmental performance objectives and the economic realities of diverse facility scales. 

Performance-based standards specifying maximum allowable nutrient loads, energy intensity 

thresholds, or net GHG emissions rather than prescribing specific technology configurations offer 

greater flexibility for innovation while maintaining environmental stringency (Guest et al., 2009). 

 

2.11. Climate resilience integration 

2.11.1. Climate change as a fundamental stressor on wwtp operations 

Climate change presents an emerging threat to wastewater infrastructure sustainability that 

fundamentally undermines carbon neutrality achievement when not explicitly integrated into long-

term planning. Rising temperatures directly affect WWTP performance by disrupting microbial 

activity, decreasing biological treatment efficiency, and increasing operational energy requirements 

for temperature regulation and aeration control. Modelling of WWTPs across diverse climate zones 

suggests that global warming is projected to increase annual electricity consumption and associated 

GHG emissions substantially under both moderate and high emission scenarios, creating a feedback 

mechanism that can amplify the climate impact of carbon-intensive electricity grids (Maktabifard et 

al., 2023). 

Climate change disrupts WWTP operations through multiple interacting stressors that challenge 

infrastructure resilience, process stability, and effluent quality compliance. Rising temperatures can 

accelerate biological oxygen demand (BOD) and chemical oxygen demand (COD) in influent 

wastewater, increasing organic loading, which strains aeration capacity and elevates energy 
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consumption for oxygen transfer (Aymerich et al., 2015). Higher temperatures also enhance 

nitrification rates while potentially suppressing denitrification, creating stoichiometric imbalances 

that elevate effluent nitrate concentrations and risk permit violations under stringent nutrient removal 

regulations (Wan et al., 2014). 

Precipitation variability constitutes an equally severe threat. Intensified rainfall events increase 

hydraulic surges that can overwhelm wet-weather capacity, forcing plants to bypass treatment or 

dilute mixed liquor, thereby compromising biological nutrient removal (BNR) performance 

(Venkatesan et al., 2021). Drought conditions present the converse but equally destabilising 

challenge: prolonged dry periods reduce wastewater flows, increase pollutant concentrations, and 

disrupt the microbial community dynamics essential for activated sludge performance (Sweetapple 

et al., 2014). 

Energy system interactions further compound operational risks. Climate-driven grid instability 

resulting from extreme weather events and the integration of variable renewable energy sources 

increases the frequency of power outages, threatening the continuous aeration and pumping 

operations critical for process stability (Crawford et al., 2020). 

 

2.12. Integrated adaptation frameworks 

Adaptation frameworks for enhancing WWTP resilience emphasise multi-layered strategies 

combining infrastructure hardening, technological innovation, operational flexibility, and governance 

adaptation. Key design principles include avoiding or limiting exposure to climate hazards, building 

redundancy to maintain function during disruptions, containing failures to minimise cascading 

consequences, and facilitating rapid recovery (Ayyub, 2014). Constructed wetlands integrated 

upstream of activated sludge systems exemplify this approach: wetlands provide hydraulic buffering 

and natural treatment during extreme wet-weather flow events while requiring minimal energy, 

subsequently routing normalised effluent to conventional processes under baseflow conditions 

(Kadlec & Wallace, 2009). Operational flexibility demands process control architectures that can 

accommodate influent variability exceeding historical norms by factors of two to three. Adaptive 

aeration control, dynamic chemical dosing, and membrane bioreactor configurations with adjustable 

flux rates maintain effluent compliance across wet–dry cycles and temperature extremes (Sweetapple 

et al., 2014). Artificial intelligence and machine learning applications enable predictive resilience by 

forecasting flow variations and treatment demands in advance of extreme weather events. Hybrid AI 

models integrating deep learning with hydrological forecasting permit advanced operational 

adjustments that maintain treatment performance while minimising energy consumption during high-

flow events (Guo et al., 2024). 

 

2.13. Water reuse as climate adaptation 

Wastewater reuse for agricultural and urban applications represents a dual-purpose climate 

adaptation strategy, simultaneously addressing water scarcity exacerbated by climate change while 

delivering substantial carbon mitigation benefits. Direct reuse of treated effluent for irrigation 

displaces freshwater pumping and treatment processes responsible for 15–30 % of municipal energy 

consumption in water-scarce regions, while eliminating evaporation losses inherent in surface water 

reservoirs (Miller et al., 2018). Globally, treated wastewater volumes suitable for agricultural reuse 

could meet 7–10 % of irrigation demand, equivalent to approximately 40 billion m3 annually, with 

co-benefits including avoided methane emissions from reduced freshwater reservoir inundation 

(Qadir et al., 2020). Prioritization of WWTPs for reclaimed water programmes demands integrated 

assessment across technical, agricultural, hydrological, and regulatory dimensions. WWTPs 

incorporating advanced treatment trains including membrane filtration, UV disinfection, and 

oxidative barriers can achieve log reductions exceeding 6 for enteric viruses and protozoa, meeting 

stringent agricultural reuse standards (WHO, 2006). Proximity to agricultural demand centres reduces 

distribution energy costs by 40–60 % compared to inter-basin freshwater transfers, while soil texture 

and crop water requirements dictate maximum allowable salinity and sodium adsorption ratio 



Journal of Ecology and Sustainability 2026, 155(2) 

________________________________________________________________________________________________________________________ 

95 

thresholds (Pedrero et al., 2010). Climate change introduces dynamic water quality challenges that 

can undermine reuse viability. Elevated influent temperatures accelerate pathogen replication rates, 

while intensified wet-weather flows mobilise Cryptosporidium oocysts from combined sewer 

sediments, creating episodic contamination spikes (Brookes et al., 2004). Resilient wastewater reuse 

integration, therefore, requires multi-barrier pathogen management synchronised with carbon 

neutrality objectives. Real-time molecular monitoring of enteric viruses enables predictive risk 

assessment, while machine learning models can forecast contamination events from precipitation 

forecasts and influent temperature profiles (Haramoto et al., 2018). 

 

2.14. Trade-offs and synergies 

Achieving simultaneous carbon neutrality and climate resilience in wastewater treatment 

demands explicit reconciliation of potential trade-offs between these objectives. For instance, 

desalination and advanced wastewater treatment capacity expansion, critical responses to water 

scarcity under climate change, carry substantial energy demands that risk undermining carbon 

neutrality if paired with carbon-intensive electricity sources. Reverse osmosis desalination consumes 

3–5 kWh m-3, while advanced wastewater treatment for potable reuse requires 1.5–2.5 kWh m-3, 

representing 20–40 % increases over conventional treatment (Fujioka & Khan, 2017). In regions 

dependent on coal-fired power generation (>0.8 kg CO2 kWh-1), such expansions could generate 1.5–

3.5 tonnes CO2 -eq per million litres treated, directly undermining carbon neutrality goals while 

apparently enhancing water security (Stokes & Horvath, 2009). 

Conversely, substantial synergies emerge when both objectives receive explicit joint 

consideration. Water conservation measures, including dual-plumbed greywater systems and low-

flow fixtures, can reduce WWTP hydraulic loading by 20–35 %, simultaneously lowering aeration 

energy demands and carbon emissions while building drought resilience (Liang & Ma, 2018). Energy 

efficiency interventions exhibit similar multiplier effects: variable frequency drives on blowers and 

pumps can reduce electricity consumption by 25–40 % while providing operational flexibility for 

climate-induced influent variability (Shen et al., 2021). 

Integrated planning frameworks reveal that carbon reduction, energy management, water 

security, and climate adaptation function as reinforcing rather than competing priorities. Anaerobic 

digestion with biogas upgrading achieves triple benefits: methane capture (60–70 % GHG reduction), 

renewable energy production (on-site electricity covering 80–120 % of plant demand), and digestate 

reuse as phosphorus fertiliser, displacing synthetic fertiliser production emissions (Jenicek et al., 

2018). Constructed wetlands integrated with membrane bioreactors provide hydraulic surge capacity 

during extreme rainfall while requiring 70–90 % less energy than conventional activated sludge, 

enhancing both flood resilience and carbon efficiency (Dotro et al., 2017). 

 

2.15. Case studies and deployment pathways 

Industrial Wastewater Treatment. Industrial wastewater treatment presents distinct carbon 

challenges beyond those of municipal systems. The textile industry, for example, generates 

wastewater with lifecycle GHG emissions substantially exceeding municipal treatment intensity. 

Prospective LCA of pathways toward carbon neutrality in printing and dyeing wastewater has 

identified anaerobic membrane bioreactors and solar-driven photocatalytic membrane reactors as 

promising technologies enabling the sector to approach net-zero emissions before 2040 under 

progressive transition scenarios (Mao et al., 2024). Carbon source recovery from primary sludge 

through acidogenic fermentation similarly enables reduction of external carbon source dependency 

while concurrently reducing embodied GHG emissions from chemical procurement (Wang et al., 

2022). 

Rural and Agricultural Systems. Decentralised wastewater systems for rural and agricultural 

applications can demonstrate carbon-neutral performance at small scale through appropriate 

technology selection. Constructed wetlands using locally available plant species such as Phragmites 

australis and Typha latifolia achieve greater than 90 % removal of biochemical oxygen demand 
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(BOD) and chemical oxygen demand (COD) with near-zero energy input across diverse climate 

zones, while producing treated effluent suitable for agricultural irrigation (Vymazal, 2011). Full 

lifecycle carbon accounting reveals that nature-based systems emit 70–85 % less CO2 -equivalent per 

cubic metre treated than conventional activated sludge processes, primarily owing to avoided aeration 

energy and reduced embodied infrastructure emissions (Zhang et al., 2019). 

Integration with Urban Water Systems. Sustainable selection criteria for small wastewater 

treatment plants (WWTPs) require a multicriteria evaluation that includes technical, economic, 

environmental, and social criteria. The technical reliability and efficiency of the WWTP, and the 

operating costs, are generally found to be the major criteria for operators and regulators, followed by 

the economic factors. However, based on studies carried out in different contexts, social and 

environmental benefits, such as carbon footprint reduction and equity, are often found to be 

underestimated compared to their actual importance (Saadatinavaz et al., 2024). The development of 

integrated urban water systems that integrate wastewater treatment, greywater reuse, and stormwater 

management can help to deliver synergistic carbon footprint reductions through avoided freshwater 

transport and treatment-related energy consumption, especially for water-scarce regions. 

 

2.16. Integrated framework for carbon neutrality 

Achieving carbon neutrality for wastewater treatment is a reality that requires an integrated 

approach to three research priority areas, which are interrelated and act in a complementary manner. 

(1) Small-scale and decentralised solutions: The fundamental infrastructure gap is a problem 

that affects a large percentage of the world's population. Nature-based and appropriate technology-

based WWTPs have shown a high level of performance that is consistent with carbon-neutral 

operation, while also ensuring simplicity and operation that is consistent with the requirements for a 

developing world scenario. The lifecycle carbon footprint benefits of decentralised infrastructure 

compared to traditional infrastructure, including the costs and footprint associated with long-distance 

water and wastewater transport, are a major economic and environmental driver for alternative 

approaches, especially for regions that are experiencing rapid urbanisation and are yet to develop the 

traditional infrastructure required to meet this need. 

(2) Socio-institutional Implementation acknowledges that technical innovations alone are not 

sufficient to bring about impact without the concomitant innovations in institutions, policies, and 

societies. The experience of persistent operational failures with functional infrastructure, capacity 

gaps among workforces, and policy barriers that are misaligned with infrastructure and technology 

innovations also contribute to barriers to implementation that are separate from those posed by 

technology itself. 

(3) Climate Resilience Integration ensures that investments in carbon neutrality are protected 

from future climate change, rather than becoming stranded assets that are at risk of damage from 

extreme precipitation, temperature, and hydrological changes. Climate resilience is achieved through 

integrated analysis that includes consideration of infrastructure vulnerability, adaptive capacity, and 

climate change impacts, including trade-offs and synergies between carbon reduction and energy 

resilience, and across different geographic contexts. 

 

3. Conclusion 

Carbon neutrality in wastewater treatment represents an achievable but non-trivial objective 

requiring the integration of technical innovation, institutional reform, and social transformation. 

Current evidence demonstrates that technical solutions enabling 30–40 % carbon reductions from 

baseline operations exist and have been validated at scale, while parallel innovations in small-scale 

and nature-based systems offer context-appropriate pathways for populations currently underserved 

by centralised wastewater infrastructure. However, persistent implementation gaps between 

demonstrated technical capability and operational reality underscore that carbon neutrality depends 

critically on addressing socio-institutional barriers alongside technological advancement. 
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Climate change presents an emerging threat to wastewater infrastructure viability that creates 

urgency for adaptation while paradoxically intensifying carbon reduction imperatives through 

feedback mechanisms linking warming to increased energy demand. This complex challenge 

demands integrated frameworks that explicitly connect carbon neutrality, climate resilience, water 

security, and social equity rather than serial consideration of these dimensions. The convergence of 

substantial infrastructure deficits, institutional capacity limitations, and climate adaptation urgency 

creates an opportunity to design next-generation wastewater treatment systems optimised 

simultaneously for carbon neutrality, climate resilience, and equity. 

Achieving this vision requires coordinated action across research, policy, and practice domains, 

emphasising long-term field validation of decentralised systems under climate variability, systematic 

implementation science investigations of institutional and social factors, and policy modernisation 

enabling rapid deployment of appropriate technologies in developing-country contexts. The stakes 

for wastewater sector carbon reduction extend beyond environmental impact to encompass 

fundamental questions of sustainable development: whether the global community can achieve 

universal access to dignified sanitation while simultaneously addressing climate change, or whether 

these objectives remain in tension owing to inadequate integration of technical, institutional, and 

social innovation. 
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Көміртектік бейтараптыққа қол жеткізу стратегиялары: ағынды суларды 

тазарту құрылыстарының (WWTP) мысалы 

 
Felix Safo Danquah, Anna Popkova 
 
Аңдатпа. Ағынды суларды тазарту қондырғылары (WWTP) қоғамдық денсаулықты сақтау 

мен қоршаған ортаны қорғауда маңызды рөл атқарады. Алайда олар жаһандық парниктік 

газдар (ПГ) шығарындыларының шамамен 1–2 %-ын құрайды және әлемдік электр 

энергиясын тұтынудың 3–5 %-ына жауап береді. Бұл салада көміртектік бейтараптыққа қол 

жеткізу үшін тек энергиямен өзін-өзі қамтамасыз етумен шектелмейтін түбегейлі 

трансформация қажет. Осы шолу мақаласында ағынды суларды тазарту қондырғыларындағы 

көміртектік бейтараптық стратегиялары бойынша қазіргі білімдер жинақталып, үш негізгі 

ғылыми олқылық қарастырылады: шағын ауқымды және орталықтандырылмаған жүйелердің 

тиімділігі мен болашағы; дәлелденген технологияларды енгізуге кедергі келтіретін әлеуметтік 

және институционалдық тосқауылдар; сондай-ақ көміртектік бейтараптықты жоспарлауға 

климаттық төзімділікті интеграциялау мәселелері. Өмірлік циклді бағалау нәтижелері мен 

нақты тәжірибелік зерттеулер биологиялық азотты жою кезінде түзілетін азот тотығы және 

тұнбаларды өңдеу кезінде бөлінетін метан секілді тікелей технологиялық шығарындылар 

қондырғының жалпы көміртектік ізінің 60 %-дан астамын құрауы мүмкін екенін көрсетті. Бұл 

энергия бейтараптығы көміртектік бейтараптықпен тең емес екенін айқындайды. 

Қарастырылған технологиялық тәсілдерге анаэробты ашыту және біріктірілген жылу-энергия 

өндіру, анаммокс негізіндегі азотты жою, табиғатқа негізделген шешімдер және 

жаңартылатын энергия көздерін интеграциялау жатады. Бұл технологиялар бастапқы 

пайдалану жағдайымен салыстырғанда көміртек шығарындыларын 30–40 % немесе одан да 

көп қысқартуға мүмкіндік береді. Техникалық әлеует пен нақты іске асыру арасындағы 

тұрақты алшақтық институционалдық әлеуеттің, нормативтік реттеудің және 

қаржыландырудың да аса маңызды екенін көрсетеді. Климаттың өзгеруі энергияға 

сұраныстың артуы мен тазарту тиімділігінің төмендеуі арқылы декарбонизация үдерісін одан 

әрі күрделендіреді. Сондықтан көміртекті азайту, су қауіпсіздігі және климаттық төзімділікті 

өзара бәсекелес емес, өзара үйлесімді басымдықтар ретінде қарастыратын бейімделгіш 

басқару стратегиялары мен кешенді жоспарлау қажет. 
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Стратегии достижения углеродной нейтральности: пример очистных 

сооружений сточных вод (WWTP) 
 

Felix Safo Danquah, Anna Popkova 
 

Аннотация. Очистные сооружения сточных вод (WWTP) играют важную роль в охране 

общественного здоровья и окружающей среды. Однако они являются источником около 1–2% 

глобальных выбросов парниковых газов (ПГ) и потребляют 3–5 % мировой электроэнергии. 

Достижение углеродной нейтральности в этом секторе требует фундаментальной 

трансформации, выходящей за рамки простой энергетической самодостаточности. В данном 

обзоре обобщены современные знания о стратегиях достижения углеродной нейтральности на 
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очистных сооружениях и выделены три ключевых научных пробела: эффективность и 

перспективы маломасштабных и децентрализованных систем; социальные и 

институциональные барьеры, препятствующие внедрению проверенных технологий; а также 

интеграция климатической устойчивости в планирование углеродной нейтральности. Данные 

анализа жизненного цикла и реальные кейс-стади показывают, что прямые технологические 

выбросы - в основном закись азота, образующаяся при биологическом удалении азота, и метан 

при обработке осадка - могут превышать 60 % общего углеродного следа станции, что 

подчёркивает: энергетическая нейтральность не равна углеродной нейтральности. 

Рассматриваемые технологические подходы включают анаэробное сбраживание с 

когенерацией тепла и электроэнергии, анаммокс-основанное удаление азота в основном 

процессе, природоподобные решения и интеграцию возобновляемых источников энергии. В 

совокупности они позволяют сократить выбросы углерода на 30–40 % и более по сравнению 

с базовыми условиями эксплуатации. Сохраняющийся разрыв между техническим 

потенциалом и реальным внедрением показывает, что институциональная способность, 

нормативное регулирование и финансирование столь же важны, как и технологии. Изменение 

климата дополнительно усложняет процессы декарбонизации, увеличивая потребность в 

энергии и нарушая эффективность очистки, что требует адаптивных стратегий управления и 

комплексного планирования, объединяющего сокращение выбросов углерода, водную 

безопасность и климатическую устойчивость, а не рассматривающего их как конкурирующие 

приоритеты. 

 

Ключевые слова: углеродная нейтральность; очистные сооружения сточных вод; выбросы 

парниковых газов; рекуперация энергии; децентрализованные системы; природные решения. 


