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Abstract: The urban wastewater treatment plants can be an important part of circular sustainability 
due to integration of energy production and resource recovery during clean water production. 
Currently the main drivers for developing wastewater industry are global nutrient needs and water 
and energy recovery from wastewater. The article presents current trends in wastewater treatment 
plants development based on Circular Economy assumptions, challenges and barriers which 
prevent the implementation of the CE and Smart Cities concept with WWTPs as an important 
player. WWTPs in the near future are to become “ecologically sustainable” technological systems 
and a very important nexus in SMART cities. 
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1. Introduction 

The circular economy (CE) is the concept in which products, materials (and raw materials) 
should remain in the economy for as long as possible, and waste should be treated as secondary raw 
materials that can be recycled to process and re-use [1]. This distinguishes it from a linear economy 
based on the, ‘take-make-use-dispose’ system, in which waste is usually the last stage of the product 
life cycle. CE is a concept promotes sustainable management of materials and energy by minimalizing 
the amount of waste generation and their reuse as a secondary material. The main reasons for 
implementing a circular economy in Europe include: limited availability of raw materials, 
dependence of the European economy on the import of raw materials (high prices, market volatility, 
uncertain political situation in selected countries), and decreasing competitiveness of the European 
economy in global economies. 

The urban wastewater treatment plants (WWTPs) can be an important part of circular 
sustainability due to integration of energy production and resource recovery during clean water 
production [2,3]. WWTPs in the near future are to become “ecologically sustainable” technological 
systems. Over the past 25 years though, a number of major drivers emphasize the need of the recovery 
of the resources available in the wastewater. The main drivers for developing wastewater industry 
are global nutrient needs and recovery of water and energy from wastewater. 

In May 2014, phosphate rock was listed as a critical raw material by European Commission so 
its recovery from renewable resources has gained importance [4]. Cordell et al., estimated that 20% 
of the mineral phosphorus consumed is excreted by humans [5]. It is also estimated that it is 
technically possible to supply the mineral phosphorus market by recourses at excreta streams 
(including domestic animals). Potassium has not affected economic impact like phosphorus on 
farming however it could be fully serviced from waste stream while nitrogen market on the level of 
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50%. Moreover, effluent from WWTP can be recycled for agricultural, industrial processes and other 
beneficial purpose reducing demand for potable water. 

Most of the WWTPs are designed to meet the requirements for the effluent quality without 
consideration of energy requirements. According to the European Benchmarking Cooperation [6], 
the average electricity consumption for wastewater treatment was 33.4 kWh/PE. The WssTP report 
[7] shows the values of energy consumption in Europe at sewage treatment plants by means of 
activated sludge at the level of 0.15–0.7 kWh/m3. The average energy consumption in Germany, the 
United Kingdom, the Netherlands and the United States is 0.67, 0.64, 0.47 and 0.45 kWh/m3, 
respectively, and for Italy values between 0.40 and 0.70 kWh/m3 have been measured. Depending on 
the type of plant [8]. Because sustainable supplies of water and energy is strongly connected with 
carbon emission the energy-water nexus has become the main topics of current policy research. 

The article presents current trends in WWTPs development based on Circular Economy 
assumptions as well as challenges and barriers which prevent the implementation of the CE and 
Smart Cities concept with WWTPs as an important player. 

2. Resources Recovery at Wastewater Treatment Plant 

2.1. Nutrient Recovery 

Nutrient recycling from WWTPs has positive impact on environment by reducing the demand 
of conventional fossil-based fertilizers and consequently, reduce the consumption of water and 
energy. It is possible to recover nutrient from raw wastewater, semi-treated wastewater streams and 
sewage sludge (biosolids) [9]. Land application of biosolids are the oldest method which use 
wastewater treatment by-product as a fertilizer and covered their spreading on soil surface or 
injection into the soil. Those biosolids before application can be treated at WWTP by the following 
process: anaerobic or aerobic digestion, composting, drying and chemical treatment (mostly alkaline 
treatment). Land application of sewage sludge is widely practiced in Europe and other countries. In 
2015 about 968 thousand of Mg of sewage sludge were used in agriculture [10]. In Europe application 
of sewage sludge in agriculture is mostly practiced in Germany and France. The main problems 
associated with this direction of biosolids disposal are the health and safety issues, odour, nuisance 
and public acceptance. 

Phosphorus recycling from wastewater, beyond directly land application, can be achieved 
through technical recycling from sewage sludge or wastewater, and from ashes of incinerated sludge. 
Currently, phosphorus is recycled at WWTPs mainly by struvite crystallization process e.g., Pearl, 
NuReSys, and AirPrex technologies which have been implemented at full scale [11]. Currently, in 
Europe more than 2000 Mg P/year is technically recovered [12]. The main problems associated with 
struvite crystallization are the high chemical costs and unintentional struvite formation which leads 
to blocking of valves, pipes, pumps etc. 

Another option for nutrient recovery is urine separation from the main wastewater stream. It is 
estimated that about 70–80% of nitrogen and 50% of phosphorus is contained in urine, which can be 
theoretically recovered on the level of 70% using the urine-collecting system in toilets [13]. The urine-
collecting system is widely used in developed country when urine is applied for land application. 
Due to serious technical problems and public acceptance this technology has not been widely used 
in developed countries. 

Nutrients can be also recovered through aqua-species which utilize these compounds in 
wastewater and then can be used as a fertilizers or animal feeds [14]. For this purpose the following 
aqua-species could be used: microalgae, crops, wetland plants, duckweed, and so on. Recovering 
nutrients through aqua-species is recognizing as an environmental friendly technology mainly due 
to low energy demand and synergy effects between wastewater treatment and nutrient recycling. 
Despite this technology is not widely used. The only technology which is used in technical scale is 
constructed wetlands however its application is not covered with nutrients recycle for secondary use. 
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2.2. Water Reuse 

The reuse of treated wastewater from WWTPs for agriculture and land irrigation, industrial 
purposes, toilet flushing, and groundwater replenishing is key element of currently implemented 
strategy focused on releasing freshwater for domestic use, improvement the WWTPs effluent quality 
and as a consequence higher quality of river waters used for abstraction of drinking water [15]. The 
use of treated wastewater for irrigation in agriculture has been known for many years and can 
provide to replace of the agriculture demand and reduction of local water stress. In addition, 
nutrients contained in the wastewater reduce the need for application of commercial fertilizers. It is 
recommended to use effluent from secondary treatment to irrigation of non-food crops while effluent 
from tertiary treatment for irrigation of food crops. 

Urban wastewater reuse may be planned (direct or indirect) or unplanned which is mostly 
connected with non-potable uses, however there are cases of unplanned potable reuse. Urban water 
reuse concerns mainly residential irrigation and commercial use for fire protection, car wash, toilet 
flushing, etc. The main problems associated with urban reuse are: risks to human health and high 
cost of dual systems for the reclaimed water delivery. Florida (USA) is the leading state in urban 
reuse where more than 45% treated wastewater is used for landscape irrigation [16]. 

In indirect potable reuse high quality WWTP effluent is discharged directly into groundwater 
or surface water sources with the intent of augmenting drinking water supplies. Another solution 
can be direct potable reuse (pipe to pipe) by directly introduction of treated wastewater into a water 
distribution system [17]. However, direct potable reuse strongly increases operational cost due to 
very high effluent quality requirements. The lack of social acceptance is also important. 

2.3. Energy Recovery 

Energy recovery at wastewater treatment plants represents an important policy lever for 
sustainability. It can be done through biogas production, heat pumps in treatment plant effluents, 
and energy recovery from various high temperature streams by heat exchanger [18]. 

The biogas produced in a digester via anaerobic digestion (AD) has the energy potential of 6.5 
kWh/m3 (65% methane content) and is the main energy source in WWTP. It was estimated that 
WWTPs with sludge digestion consume about 40% less net energy than wastewater treatment plant 
without AD digestion. Gas generation can fluctuate from 0.75 to 1.12 m3/kg of volatile solid destroyed, 
while the low heating value of biogas is approximately 22.4 kJ/m3. The biogas can be used for heating 
and/or electricity generation. The most adopted technology in the existing self-sufficient WWTPs is 
Combined Heat and Power (CHP) technologies which generate both electricity and heat from biogas 
at the same time. 

Enhancement of AD efficiency is a common practice to increase the energy self-sufficiency of 
WWTPs. The optimizations of AD include different pretreatment methods of sewage sludge aiming 
to higher biodegradability of sludge. Those methods can be divided in mechanical, thermal, chemical 
and biological as well as different combination of them [19]. Currently the most common technologies 
available on the market are mechanical and thermal pretreatments. Thermal hydrolysis (THP) 
technologies like Cambi, Biothelys, Exelys are the most spread technologies used to improve 
anaerobic digestion in WWTPs. It was observed a 50% higher biogas production in a shorter 
hydraulic retention time (HRT) (12–15 days) in the first WWTP in North America which applied 
CAMBI technology (Washington, DC, USA). 

Co-digestion of sewage sludge with other biodegradable waste is another option which provides 
a range of economic and environmental benefits [20]. Co-digestion of organic waste in combination 
with sewage sludge does not only allow WWTPs to be energy-neutral but also reduce the cost of 
municipal and industrial organic waste management. For example, co-digestion of sewage sludge 
with six different co-substrates has been implemented in Mossberg (Germany) for 10 years. The heat 
and energy production at Mossberg WWTP is significant higher than the internal demand of WWTP. 
Excess energy produced is fed into the grid, while excess heat is used to dry dewatered sludge from 
other WWTPs. 
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Reliable and economical sources of heat for use in heat pumps (HP) are the effluents from 
municipal WWTPs plants [21]. The heat from HPs can be used for heating and cooling of residential, 
social and administrative buildings of the plant and/or neighboring infrastructure. The first 
installations were built more than 20 years ago. Currently heat pumps using wastewater are widely 
applied in Europe, USA, Japan, South Korea, and China. Thermal ratings of HPs range from 10 kW 
to 20 MW. 

HIAS WWTP in Hamar and Oslo Water and Sewage Works are the national leading utilities in 
Norway for HP energy recovery in WWTP with over 30 years of experience. It was estimated that HP 
systems can deliver an effect of 3 MW. The annual energy delivery from the heat pump system is 
approx. 4000 MWh, while heat pump consumption is 6000 MWh per year [22]. 

It should be noted that WWTPs employing high temperature sludge treatment processes (i.e., 
AD digestion, THP, thermal drying) should take into account the possibility of implementing heat 
exchangers to recover energy from all streams with high temperature (sludge, reject water, 
condensate, etc.). The recovered energy can be used different purposes i.e., water heating, sludge 
heating, etc. 

2.4. Other Resources 

The use of sewage sludge in the construction industry fits perfectly into the CE assumptions. 
The sewage sludge ash can be used for building materials manufacturing, such as produce bricks or 
tiles. Moreover it can be used as a row materials for production of cement, concrete, mortal, and 
lightweight materials, etc. 

It is also possible and economically profitable to recover from the ashes that remain after burning 
sewage sludge, such valuable elements as copper, silver or gold [23]. Researchers at the world’s 
leading technical universities also conduct research work on biotechnology for wastewater treatment, 
giving the opportunity to produce biodegradable plastics from polyhydroxyalkanoates (PHA) 
accumulated in biomass developing in wastewater treatment reactors [24]. Similarly, attempts are 
made to directly generate electricity during the process of removing contaminants from waste water 
using Biological Fuel Cells (BFCs) [25]. 

3. Wastewater Treatment Plants in SMART Cities 

Circular economy is aimed on optimization of circle system functions by reduction of resources 
escaping from the system [26]. Moving toward more CE can help to deliver assumptions of the 
resource efficiency agenda established under the Europe 2020 Strategy for smart, inclusive and 
sustainable growth. 

Smart cities concept is pragmatic and balanced combination of social, economic, ecological, and 
other important field for perfect sustainable development. Ecological cities worldwide share a 
common goal: “to enhance the well-being of citizens and society through integrated urban planning 
and management that fully harnesses the benefits of ecological systems, and protects and nurtures 
these assets for future generations”. 

WWTPs slow become an important nexus of SMART city. Figure 1 shows the intelligent 
wastewater system concept in which WWTPs not only treat wastewater with efficiency that allows 
effluent reuse but also generate energy and produce fertilizers [27,28]. More and more cities around 
the world are implementing SMART concepts in their area. An example is Sweden where the City of 
Borås, has developed project in which WWTP will be collocated with the local power plant and will 
contribute renewable fuel for a city power plant [29]. The aim of this recycling model is to convert 
the energy of the city’s waste streams into renewable valuables, and create a city free from fossil fuels. 
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Figure 1. WWTP today and in the future. 

4. Challenges of the Future 

It is clear that priority is that implementation of a cost-effective and high-performance 
wastewater treatment system [29,30]. But if we think of WWTP as an important nexus in the cities of 
the future, the priorities of wastewater treatment plants must expand (Figure 2). 

 
Figure 2. WWTP place in Smart City in the future. 

5. Conclusions 

Municipal wastewater treatment plants can ply important role in helping cities toward a 
sustainable future, characterized by circular flow of water, waste, material and energy. WWTPs are 
beginning to be perceived not only in the traditional role of wastewater and sewage sludge treatment, 
but also in the new role associated with resources and energy recovery. WWTPs in the near future 
are to become “ecologically sustainable” technological systems and a very important nexus in 
SMART cities. 
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