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The next generation of wastewater management must go beyond centralised treatment to meet emerging environmental and regulatory demands. This study explores source separation as a complementary strategy that enables the tailored treatment of greywater, urine, and faeces. By decentralising processes and recovering resources, especially nutrients and energy, new systems can reduce greenhouse gas emissions and nutrient loads on existing infrastructure and receiving environments. Innovations in urine concentration and fertiliser production demonstrate the feasibility of turning waste into valuable products. A paradigm shift towards source-separated sanitation is essential for climate neutrality and staying within planetary boundaries.
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Following the implementation of waterborne sewer systems, the development of wastewater treatment plants has progressed in stages to increasingly focus on mitigating environmental pollution and removing harmful substances. These developments have focused on centralising wastewater treatment with the value of a large scale. Treatment plant processes have been optimised to efficiently remove targeted pollutants in an energy-efficient process. The next stage in the development of centralised treatment plants is the removal of micropollutants driven by the update of the EU Urban Wastewater Directive (EU 2024/3019). The updated directive will further enhance nitrogen and phosphorus removal. At the same time, many municipalities are striving to decrease their environmental impact, with waste and wastewater management playing an important role. The focus is on decreasing emissions of greenhouse gases with the aim of becoming carbon-neutral; this also affects wastewater treatment plants with restrictions on treatment processes and chemical input. Each of the above factors lead to an increased need for further advances in the functions and operations of treatment plants by improving current processes and developing new ones.
The major objective of wastewater treatment is still pollution prevention. However, in some cases resource recovery is included as a component. The two main resources that are recovered are energy and phosphorus. Energy is recovered both as heat from incoming water and as methane production from carbon in the sludge. The recovery of phosphorus is relatively simple as it is easy to separate and recover, especially when the full sludge is recycled. When the sludge is incinerated, the recovery is somewhat more challenging but still manageable (Nilsson et al., 2025). Technologies are being developed to recover phosphorus from wastewater sludge by different types of extraction (Ottosen et al., 2022). Nevertheless, a sole focus on phosphorus recovery still requires large volumes of chemicals and energy.
One alternative to centralised wastewater treatment is to move in the same direction as solid waste management. Over the last 30 years, Europe has gradually introduced an increasing number of different waste fractions—both domestic waste and producer responsibility schemes (Arkady et al., 2024). Sweden currently sorts domestic waste into eight fractions at home, in addition to textiles. Over ten more fractions under producer responsibility, such as batteries and used nicotine products, are supposed to be collected at central collection points.
In the wastewater sector, source separation could complement centralised domestic wastewater treatment systems. Moving some of the treatment closer to the source could decrease the need for several complicated and costly improvements of current centralised treatment systems. To some extent, this has already started with industrial wastewater and wastewater from carwash facilities (Rubí et al., 2009). There are still challenges in moving household wastewater towards source separation, as legislation is largely based on centralised wastewater treatment. Policies are also based on current wastewater management systems, making the introduction of complementary systems challenging. For instance, introducing source separation places pressure on individual to invest in the system and ensure the correct management and use of all products. In contrast, households connected to the central sewer only pay for the connection and are not responsible for anything more than assuring that the pipe is connected to the municipal sewer line at the edge of the property and paying the required connecting fees.
When looking at domestic wastewater fractions, we often divide them into three fractions by volume: greywater, urine, and faeces (Figure 1). Greywater is the fraction containing the majority of energy, both in the form of biodegradable carbon (COD, or KWh per person and year) as well as in the form of heat (kWh per person and year). Urine is the fraction containing the majority of plant nutrients, as it reflects elements taken up by the body, together with the main proportion of consumed pharmaceuticals. The concentration of heavy metals is very low, especially when looking at non-essential heavy metals. For the smallest fraction, faeces, the concentrations of plant nutrients are similar to those in urine but with lower plant availability, as the elements are either bound in organic biomass or, in the case of P, are precipitated as metal phosphates. The concentration of heavy metals is somewhat higher, and the risk of pathogens is considerably higher. Instead of mixing these fractions directly, they could be managed separately in accordance with their composition and then used as resources. Urine and faeces could be ingredients for blending as suitable fertilisers, together with other fertiliser products (Perez-Mercado et al., 2024). The challenge with most circular fertilisers is that the water content is too high for efficient fertilisation while it is too low and is often applied at the wrong time to support the need for irrigation. To reach an efficient circular fertiliser system, the nutrients need to be concentrated and be minimally diluted in water.
[image: Bar chart comparing the composition of volume, nitrogen, phosphorus, and potassium. Volume is mainly greywater, while nitrogen is predominantly from urine. Phosphorus and potassium are primarily urine, with significant contributions from faeces.]FIGURE 1 | Distribution of volume and plant nutrients in urine, faeces + toilet paper, and greywater (Vinnerås et al., 2006).Currently, many cities have problems with their wastewater piping system, as it combines water from several sources. Furthermore, ageing systems need to be repaired and replaced, or systems serving a declining population may become oversized. When introducing a source-separation system, the most convenient approach today is not to centralise the piping but to decentralise treatment and then tap into other urban transport systems to handle the concentrate as one extra fraction of solid waste (Aliahmad et al., 2025). Integrating wastewater fractions into solid waste management will be challenging, as it is a major paradigm shift compared to the earlier mentality of increased piping and an end-of-pipe solution for every form of waste and wastewater.
Research on source separation is growing in relation to research on wastewater treatment (Aliahmad et al., 2022). Nevertheless, the proportion of research related to this topic is small in comparison to conventional sanitation. Current research into on-site wastewater management is focused on local water reuse mainly from greywater and fertiliser production from urine only or the mixed toilet fraction. The driving forces behind these local solutions differ significantly from those related to capacity limitations in existing wastewater systems, where new domestic customers would result in an overload of the current sewer system. Other challenges are related to overloading the sewage treatment plant with nutrients. In contrast, reducing nutrient loads could result in a better nitrogen–carbon balance for improved nitrogen removal.
In the context of greywater treatment, the predominant technologies are conventional systems based on filtration and membrane processes. These systems are typically implemented at the local scale to produce reclaimed water for non-potable applications, either within buildings, using dual distribution networks for potable and non-potable water, or externally, such as for landscape irrigation (Buehler et al., 2025).
For blackwater, the technological development is either low-tech sanitisation and reuse of the full fraction as fertiliser in agriculture or a technology more or less similar to conventional wastewater treatment with aerobic biodegradation combined with the precipitation of phosphorus and stripping of ammonia nitrogen (Kjerstadius et al., 2015). For low-tech systems, sanitisation is long-term storage longer than 6 months, in accordance with WHO guidelines. By using ammonia-based treatment, where the function of uncharged ammonia is utilised for sanitisation, the treatment time can be significantly shortened, and the end-product will be of higher hygienic quality. A combination of intrinsic and added ammonia raises the pH of the material. With a pH above 8, a proportion of the ammonia will be found in uncharged form. As the effect of the sanitisation is based on the presence of uncharged ammonia, the treatment time will be regulated by factors of pH, temperature, and total ammonia nitrogen concentration. The higher any of the three parameters, the more efficient the sanitisation process (Magri et al., 2015).
The main development in source separation technologies are new urine concentration systems. The key in this technology is to remove the water fraction from the solutes in the urine and then use the concentrate directly as fertiliser or as the main ingredient in fertiliser production (Larsen et al., 2021). It is a new technology that is expanding from an initial focus on urine treatment collected at events to now also being implemented at full scale in office buildings and at football stadiums. There are two main technologies that have been developed in parallel: the partial nitrification of hydrolysed urine (Larsen et al., 2021) and stabilisation of the urine by raising the pH above 10 or lowering it below 4 (Vasiljev et al., 2022; Simha et al., 2023). This is then followed by water removal either by vacuum distillation or convective drying. Two different fertiliser products have been produced and are available on the market. One is Aurin, a liquid fertiliser with a concentration factor 5 of urine, which is mainly intended for household use but has been tested in agriculture as well. The second is Granurine, a solid fertiliser with a concentration factor 20 that is intended for use in agriculture. Creating commercial fertilisers with a strong market potential can be the driver for pollution prevention by resource recovery.
The research and development of these treatment technologies show that it is possible to transfer a wastewater fraction into a fertiliser product that is valued by farmers (Simha et al., 2017). By doing this, we can achieve multiple gains ranging from local reduction in nutrient load to the wastewater treatment plant to global impacts on biogeochemical flows of nitrogen and phosphorus that are presently far outside recommended planetary boundaries (Rockström, 2025).
In conclusion, adopting a fraction-based approach to wastewater management, similar to solid waste sorting, offers significant environmental and resource recovery benefits. By separately treating greywater, urine, and faeces, we can tailor treatment processes to their specific compositions, reduce nutrient loads on centralized plants, and produce valuable fertiliser products. This shift requires updated legislation, supportive policies, and increased investment in research and infrastructure. Embracing decentralized and source-separated systems is essential for meeting climate neutrality goals and staying within planetary boundaries for CO2 emissions and biogeochemical flows of nitrogen and phosphorus.
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