Advancing water resilience in coastal tourism: Context-based circular solutions for
small-scale wastewater treatment systems
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Introduction

Seasonal coastal tourism is a cornerstone of Europe’s Blue Economy, generating significant employment and
socio-economic benefits (European Commission 2025a). However, its pronounced seasonality creates sharp
fluctuations in wastewater loads, stressing small near-coastal treatment systems (<2,000 PE). These challenges
intersect with climate variability, rising sea levels, and ecological sensitivity in the Baltic Sea region, amplifying
risks of nutrient discharge and energy inefficiency. The European Water Resilience Strategy (WRS) and the
revised Urban Wastewater Treatment Directive (UWWTD) recast call for adaptive, circular solutions that restore
water cycles, improve resource efficiency, and enable safe reuse. (European Commission 2025b; European Union
2024).

Circular water management enhancing the 5R principles (Reduce, Reuse, Recycle, Restore, Recover) is
central to EU climate neutrality and resource recovery goals. This aligns with scientific literature describing the
5R framework as a key pillar of circular economy transitions (Meshram 2024), and with the water-specific 5R
approach proposed for urban water systems (Zhou et al. 2021).

This study explores how context-specific technologies, guided by the 5R principles, can operationalize
WRS objectives in small-scale wastewater systems serving tourism-dependent coastal areas. The focus was to
minimize nutrient inputs into the Baltic Sea, avoid odors, lower energy consumption, and improve the capacity of
existing plants while enabling reuse pathways. In addition, attention was paid to the utilization of IT systems for
remote management of wastewater treatment systems.

Material and Methods

Five pilot sites in Denmark (2), Poland (1), and Latvia (2), tested different technologies under seasonal load
variability: constructed wetlands in Denmark, Latvia and Poland, nanobubble aeration in Denmark, Poland and
Latvia. The objective was to enhance the capacity of the existing plant to avoid complete system replacement. At
the Finnish pilot site, the entire wastewater treatment system had to be replaced because the seasonal load during
the tourist season had increased sevenfold compared to the capacity of the previous system. Each site faced unique
constraints, for instance, land availability, influent composition, and regulatory context, requiring tailored designs.
Performance was assessed via chemical oxygen demand (COD), biochemical oxygen demand (BOD), suspended
solids (SS), total nitrogen (TN), total phosphorus (TP) removal and energy optimization; the feasibility of treated
wastewater reuse was evaluated against EU Regulation 2020/741 standards.

Results

Constructed wetlands incorporating aeration and recirculation demonstrated high removal efficiencies for organic
matter and phosphorus while maintaining low energy demand, making them particularly suitable for rural locations
with sufficient land availability. Nanobubble aeration ensures highly efficient oxygen transfer, enabling
nitrification even under cold conditions, and can be deployed as a portable unit, however upscaling studies are
recommended. IT-based management systems facilitate remote monitoring, rapid troubleshooting, and overall
process optimization. Reuse of treated wastewater for irrigation is promising but depends on meeting EU and
national regulatory requirements. Obtaining an environmental permit is mandatory, and the process can be time-
and cost-intensive. Compliance with EU Water Reuse Regulation requires strict microbiological and
physicochemical standards, which vary by intended use class.

Tailored circular solutions, such as intensified wetlands, hybrid systems integrating nanobubble aeration,
and prefabricated small-scale wastewater treatment plant, proved effective under seasonal variability when adapted
to site-specific conditions. These approaches advance the objectives of the European Water Resilience Strategy
and offer replicable models for small wastewater treatment plants in tourism regions, reinforcing EU ambitions
for resilience, circularity, and climate neutrality.

The project advanced the 5R principles through multiple integrated strategies. Reduce was achieved by
optimizing aeration schedules and introducing nanobubble technology, which improved oxygen transfer and
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minimized energy consumption and odor emissions. Reuse was promoted by enabling treated wastewater for
irrigation and recirculating effluent within constructed wetlands to maintain microbial activity during low-load
periods. Recycle occurred through internal process loops, such as sludge return and effluent recirculation,
supported by smart IT systems for remote flow management. Restore was addressed by implementing nature-
based solutions like intensified constructed wetlands, which significantly reduced nutrient discharge and improved
local water quality, while odor control and adaptive operations safeguarded sensitive ecosystems. Finally, Recover
focused on valorizing resources: nutrients in effluent were utilized for crop growth, wetland biomass was explored
for bioethanol production, and organic residues were assessed for biogas generation, reinforcing circular economy
pathways.

Discussion

The findings highlight that context-specific and modular approaches are essential for managing seasonal variability
in small-scale wastewater treatment systems. Flexibility in design and adaptive operation remain critical under
fluctuating hydraulic and organic loads. Constructed wetlands provide low-energy treatment and ecosystem co-
benefits, making them suitable for rural sites with sufficient land availability. Nanobubble aeration effectively
addresses oxygen limitations in cold climates, enabling nitrification even at low temperatures, though integration
with solids management is still required. Continuous-flow systems offer resilience under extreme seasonal
fluctuations and stringent discharge limits.

Advancing circularity in these systems should prioritize internal recycling loops and energy optimization,
which reduce operational costs and environmental footprints without major infrastructure overhauls. However,
fragmented national regulations continue to constrain water reuse implementation despite harmonized EU-level
standards, underscoring the need for coherent governance frameworks. Reuse of treated wastewater for irrigation
remains an attractive option but requires strict compliance with Regulation (EU) 2020/741, including permits and
comprehensive microbiological and physicochemical testing to ensure compliance with E. coli and parasitic
organism requirements set by the regulation.

Further development should focus on integrating digital monitoring and adaptive control systems to
enable real-time process optimization, reduce energy consumption, and maintain compliance under variable loads.
In addition, exploring synergies between water reuse and nutrient recovery will strengthen resilience and support
circular economy objectives in line with the European Water Resilience Strategy and the revised Urban
Wastewater Treatment Directive.

Conclusions

The 5R principles of circular water management—Reduce, Reuse, Recycle, Restore, and Recover—can be
effectively integrated into small wastewater treatment plants to enhance sustainability and resilience. Improving
operational performance through energy-efficient aeration, optimized process control, and advanced monitoring
helps to reduce resource use and emissions. Enabling treated wastewater for irrigation and internal recirculation
supports reuse and recycling within the system, while nutrient recovery and sludge valorization contribute to
recovering valuable resources for agriculture and bioenergy. At the same time, reducing pollutant loads and
implementing nature-based solutions such as constructed wetlands helps restore local ecosystems and water
quality. These measures align closely with the objectives of the revised Urban Wastewater Treatment Directive
and the European Water Resilience Strategy, which emphasize circularity, resource efficiency, and ecological
protection as key pillars of future water governance.
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