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Materials and methods 

 

The current study is a summary of the state of knowledge in the research area showing 

the importance of legal acts, research areas, relevant indicators, barriers and drivers  

in the implementing of the circular economy (CE) approach in the water and 

wastewater sector. Special attention is paid to the management practices of waste 

generated in the wastewater sector, nutrients recovery and removal, water scarcity, 

resource and energy efficiency.  

The selection of primary literature for the purpose of this report was based on full-text 

databases (Elsevier Scopus, Elsevier ScienceDirect, Web of Knowledge, Wiley Online, 

Google Scholar, EUR-lex, Eurostat) and available publications. The choice of literature 

was associated with the use of a few keywords: ‘waste management’, ‘water’, 

‘wastewater’, ‘sewage’, ‘circular economy’, ‘CE’, ‘reuse’, ‘recycling’, ‘removal’, 

‘eutrophication’, ‘nutrients’, ‘nitrogen’, ‘phosphorus’, ‘reclamation’, ’recovery’. There 

are also EU official documents as Communications, EU Directives and regulations, 

and international reports used in the review. An important source of data comes from 

the Waste Framework Directive, EU statistics reports, the Report Water and Circular 

Economy White Paper 2018 of the Ellen MacArthur Foundation, the Report Water 

Utility Pathways in a Circular Economy of the International Water Association (IWA). 

 

Scope of the report 

 

The report consists of four chapters which were developed in order to present the 

transformation potential towards a circular economy in the water and sewage sector. 

Chapter 1 presents an inventory of legal acts regulating water and sewage 

management at the national and international level. Chapter 2 presents the 

identification of research areas specific to water and sewage management in the 

context of the possibilities of implementing the CE. Chapter 3 presents and inventory 

of indicators and measures potentially applicable for measuring transformation towards 

a CE in the water and sewage sector. Chapter 4 shows the identified barriers and 

drivers for the transformation towards a circular economy in the water and sewage 

sector. 
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1. Inventory of legal acts regulating water and sewage 

management at the national and international level 

Inventory of legal acts regulating water and sewage management at national 

international (European) level 

The environmental law of the European Communities is currently the best and most 

widely developed section which is constantly modified (Anders and Wojaczek, 2003). 

Ambitious standards affect the development of technological innovation and economic 

activity, which contributes to the fact that environmental protection can be combined 

with economic well-being. Increasingly, imposed environmental standards are seen as 

an incentive to use green solutions. European Union (EU) priorities in the field of 

environmental protection include water and wastewater management (Ozog and 

Pulawska, 2009). Water and wastewater management is a very important sector of the 

economy, which is why the principles of water resource management have been 

implemented in the EU for several years. Innovative and more effective methods of 

wastewater treatment and sewage sludge management are also increasingly used.  

The implementation of water and wastewater management tasks is determined by 

legal regulations contained in EU documents, so-called directives (Lipinska, 2016). 

Directives are legal acts that set a goal to be achieved by all Member States. Individual 

countries achieve their goals by defining their own legal acts in accordance with a 

specific directive. The most important directives related to water and sewage 

management include: 

a. Directive 2000/60/EC of the European Parliament and of the Council of 23 

October 2000 establishing a framework for Community action in the field of 

water policy 

b. Council Directive 91/271/EEC of 21 May 1991 concerning urban wastewater 

treatment 

c. Council Directive 91/676/EEC of 12 December 1991 concerning the protection 

of waters against pollution caused by nitrates from agricultural sources 

d. Directive 2006/118/EC of the European Parliament and of the Council of 12 

December 2006 on the protection of groundwater against pollution and 

deterioration 
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e. Directive 2008/56/EC of the European Parliament and of the Council of 17 June 

2008 establishing a framework for community action in the field of marine 

environmental policy (Marine Strategy Framework Directive) 

f. Council Directive 86/278/EEC of 12 June 1986 on the protection of the 

environment, and in particular of the soil, when sewage sludge is used in 

agriculture. 

 

Directive 2000/60/EC of the European Parliament and of the Council of 23 

October 2000 establishing a framework for Community action in the field of 

water policy 

The Water Directive, adopted in 2000, is an innovative approach to water protection. 

In many countries, it is the main tool of state policy in water management, however, it 

also has the function of protecting waters against pollution as well as creating and 

implementing innovative solutions in wastewater treatment. 

The objectives of water law were valid not only when the directive was adopted, but 

are still valid today (WWF, 2019), and appropriate definitions have been defined for 

their implementation. 

The main purpose of this Directive is to establish a framework for the protection of 

inland surface waters, transitional waters, coastal waters and groundwater which: 

a. prevents further deterioration and protects and enhances the status of aquatic 

ecosystems and, with regard to their water needs, terrestrial ecosystems and 

wetlands directly depending on the aquatic ecosystems; 

b. promotes sustainable water use based on a long-term protection of available 

water resources; 

c. aims at enhanced protection and improvement of the aquatic environment, inter 

alia, through specific measures for the progressive reduction of discharges, 

emissions and losses of priority substances and the cessation or phasing-out of 

discharges, emissions and losses of the priority hazardous substances; 

d. ensures the progressive reduction of pollution of groundwater and prevents its 

further pollution, and 

e. contributes to mitigating the effects of floods and droughts and thereby 

contributes to: 
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⎯ the provision of the sufficient supply of good quality surface water and 

groundwater as needed for sustainable, balanced and equitable water 

use, 

⎯ a significant reduction in pollution of groundwater, 

⎯ the protection of territorial and marine waters, and 

⎯ achieving the objectives of relevant international agreements, including 

those which aim to prevent and eliminate pollution of the marine 

environment, by Community action under Article 16(3) to cease or phase 

out discharges, emissions and losses of priority hazardous substances, 

with the ultimate aim of achieving concentrations in the marine 

environment near background values for naturally occurring substances 

and close to zero for man-made synthetic substances. 

Because rivers cross national borders, they share resources. The directive divides 

coastal areas into the European Union and the Member States into 110 areas. Due to 

the fact that they cross borders, Member States are required to draw up water 

management plans in all river basin districts (European Commission, 2015a). Due to 

the division of water areas into river basins, environmental objectives for river basin 

management have been set: 

a. for surface waters 

b. for groundwater 

c. for protected areas 

An important point in this directive is monitoring of surface water status, groundwater 

status and protected areas. Member States undertake to set up water status monitoring 

programs to establish a consistent and comprehensive overview of the status of water 

in each river basin district. 

Member States are required to provide the European Commission and other Member 

States concerned with copies of river basin management plans and all subsequent 

updates. In contrast, the Commission publishes reports on the implementation of the 

directive within 12 years of the directive's entry into force, and every six years 

thereafter. In the event of a breach of national provisions adopted pursuant to this 

Directive, penalties shall be provided (KZGW) (2000/60/EC). 
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Council Directive 91/271/EEC of 21 May 1991 concerning urban wastewater 

treatment 

The so-called sewage directive is one of the leading directives in the area of 'water 

quality' (KZGW, 2010).This is a document devoted mainly to municipal urban 

wastewater, it mainly concerns agglomerations over 2 000 population equivalents 

(p.e.), but also wastewater from some industrial plants not covered by other 

regulations. Its purpose is to protect the environment from the adverse effects of the 

abovementioned waste water discharges and aims to protect the environment against 

the adverse effects of urban waste water, e.g. against eutrophication. For the 

implementation of the adopted goals, the concepts of "municipal sewage", "domestic 

sewage", industrial sewage, "agglomeration" etc. were defined. The specific 

requirements of the directive are: 

a. The collection and treatment of waste water in all agglomerations of >2000 p.e., 

b. Secondary treatment of all discharges from agglomerations of > 2000 p.e., and 

more advanced treatment for agglomerations >10 000 population equivalents in 

designated sensitive areas and their catchments, 

c. A requirement for pre-authorisation of all discharges of urban wastewater, of 

discharges from the food-processing industry and of industrial discharges into 

urban wastewater collection systems, 

d. Monitoring of the performance of treatment plants and receiving waters; and 

e. Controls of sewage sludge disposal and re-use, and treated waste water re-use 

whenever it is appropriate (European Commission, 2019a). 

The directive has Annex I, which sets out methods for monitoring and assessing 

results, and general requirements for collection systems, discharges from urban waste 

water treatment plants, including their emission limit values, as well as discharges of 

industrial waste water to municipal collection systems. Annex II to the Directive 

describes the criteria for determining sensitive and less sensitive areas (European 

Commission, 1991).  

Information on the implementation of the sewage directive is exchanged among the 

members of the European Federation of National Associations of Water Services 

(EUREAU), which represents over 70 000 enterprises serving over 400 million 
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inhabitants of Europe. It is mainly they who bear the greatest burden of implementing 

the sewage directive (Ramm-Szatkiewicz, 2011) (91/271/EEC). 

 

Council Directive 91/676/EEC of 12 December 1991 concerning the protection 

of waters against pollution caused by nitrates from agricultural sources 

The so-called Nitrates Directive is a very important EU provision for waters. Its goal is 

reducing water pollution caused or induced by nitrates from agricultural sources and 

preventing further such pollution. The directive imposes special requirements on 

agriculture because it binds to nitrates in many ways. Plant production requires the 

right amount of these compounds, and animal production produces natural fertilizers 

that are rich in nitrogen compounds. Although nitrogen compounds are needed by 

plants, their excessive concentration is harmful, especially in water, because they can 

lead to eutrophication of water bodies. For these reasons, the directive pays special 

attention to agriculture, which aims to lead to a situation where agriculture does not 

overly pollute water. To this end, it sets out a number of requirements for Member 

States, one of which is to designate areas sensitive to such pollution. All Member 

States have developed action programs and there are over 300 across the EU (Zylicz, 

2019). However, after almost three decades, there is no significant reduction in 

groundwater nitrate pollution, and agriculture is still the main source of nitrate pollution 

in Europe (European Union, 2010). For this reason, Member States should pay 

particular attention to the use of nitrogen fertilizers in their countries to minimize the 

amount of these compounds flowing into the water as much as possible, or to establish 

an appropriate awareness and information program for farmers that supports and 

encourages the application of the principles of good agricultural practice established 

in the Member States. Consumption of inorganic (nitrogen) fertilizers in EU in different 

years presents in Figure 1. 
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Figure 1. Consumption of inorganic (nitrogen) fertilizers in EU in different years 

(Eurostat, 2020) 

According to Eurostat data on consumption of inorganic (nitrogen) fertilizers in EU, the 

largest difference in the use of nitrate fertilizers was between 2003 and 2004. This is 

probably due to EU accession of 10 countries. In the following years it varied 

(91/676/EEC). 

 

Directive 2006/118/EC of the European Parliament and of the Council of 12 

December 2006 on the protection of groundwater against pollution and 

deterioration 

Directive on the protection of groundwater against pollution and deterioration 

establishes specific measures as provided in order to prevent and control groundwater 

pollution. These measures include in particular:  

a. criteria for the assessment of good groundwater chemical status; and 

b. criteria for the identification and reversal of significant and sustained upward 

trends and for the definition of starting points for trend reversals 

c. preventive measures to limit indirect discharges (after filtration through soil or 

subsoil) of pollutants into groundwater (European Commission, 2006). 

 

Directive establishes a regime which sets groundwater quality standards and 

introduces measures to prevent or limit inputs of pollutants into groundwater, quality 
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criteria that takes account local characteristics and allows for further improvements to 

be made based on monitoring data and new scientific knowledge (European 

Commission, 2019b). 

This Directive also complements the provisions preventing or limiting inputs of 

pollutants into groundwater already contained in Directive 2000/60/EC establishing a 

framework for Community action in the field of water policy, and aims to prevent the 

deterioration of the status of all bodies of groundwater. In addition to the definitions 

contained in this Directive, definitions such as: groundwater quality standard, threshold 

value, significant and sustained upward trend, input of pollutants into groundwater, 

background level, baseline level (2006/118/EC). 

 

Directive 2008/56/EC of the European Parliament and of the Council of 17 June 

2008 establishing a framework for community action in the field of marine 

environmental policy (Marine Strategy Framework Directive) 

The Directive enshrines in a legislative framework the ecosystem approach to the 

management of human activities having an impact on the marine environment, 

integrating the concepts of environmental protection and sustainable use (European 

Commission, 2019c). 

Marine Strategy include: 

a. the initial assessment of the current environmental status of national marine 

waters and the environmental impact and socio-economic analysis of human 

activities in these waters, 

b. the determination of what GES means for national marine waters, 

c. the establishment of environmental targets and associated indicators to achieve 

GES, 

d. the establishment of a monitoring programme for the ongoing assessment and 

the regular update of targets, 

the development of a programme of measures designed to achieve or maintain GES 

(European Commission, 2019c). 

All EU Member States are involved in improving the environment of the European seas. 

The community has imposed high requirements to achieve good environmental status 
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of marine waters. The Directive defines Good Environmental Status (GES) as “the 

environmental status of marine waters where these provide ecologically diverse and 

dynamic oceans and seas which are clean, healthy and productive”. GES means that 

the different uses made of the marine resources are conducted at a sustainable level, 

ensuring their continuity for future generations (European Commission, 2019d) as 

shown in Figure 2. 

 

 

Figure 2. Factors affecting the improvement of the environmental status (European 

Commission, 2019d) 

To determine the characteristics of good environmental status, Annex I to the Directive 

sets out indicators for determining good environmental status which Member States 

consider to identify those indicators to be used in a given maritime region. However, 

due to the transboundary nature of the marine environment, all Member States should 

cooperate. 

This Directive shall contribute to coherence between, and aim to ensure the integration 

of environmental concerns into, the different policies, agreements and legislative 

measures which have an impact on the marine environment (2008/56/EC). 

 



16 
 

Council Directive 86/278/EEC of 12 June 1986 on the protection of the 

environment, and in particular of the soil, when sewage sludge is used in 

agriculture 

Directive on the protection of the environment, and in particular of the soil, when 

sewage sludge is used in agriculture regulates the rules for the use of sewage sludge 

in EU Member States. 

The directive sets out rules that farmers must follow when using sewage sludge for 

fertilization. This is to limit the negative impact and damage to the environment. To this 

end, the permissible concentration levels of heavy metals in sewage sludge intended 

for use in agriculture were determined. Permissible concentrations of heavy metals are 

set out in the annexes: 

a. IA – limit values for concentrations of heavy metals in soil 

a. IB – limit values for heavy metal concentrations in sludge for use in agriculture 

b. IC – limit values for amounts of heavy metals which may be added annually to 

agricultural land, based on a 10-year average. 

 

Table 1. Limit values for concentrations of heavy metals in soil (86/278/EEC) 

Parameters Limit values [mg/kg of dry matter] 

Cadmium 1 to 3  

Copper 50 to 140 

Nickel 30 to 75 

Lead 50 to 300 

Zinc 150 to 300 

Mercury 1 to 1,5 

Chromium - 
 

Table 2. Limit values for heavy metals concentrations in sludge for use in agriculture 

(86/278/EEC) 

Parameters Limit values [mg/kg of dry matter] 

Cadmium 20 to 40  

Copper 1 000 to 1 750 

Nickel 300 to 400 

Lead 750 to 1 200 

Zinc 2 500 to 4 000 

Mercury 16 to 25 
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Chromium - 

 

Table 3. Limit values for amounts of heavy metals which may be added annually to agricultural land, 

based on a 10-year average (86/278/EEC) 

Parameters Limit values [kg/ha/yr] 

Cadmium 0,15 

Copper 12 

Nickel 3 

Lead 15 

Zinc 30 

Mercury 0,1 

Chromium - 

 

The use of sludge as a fertilizer is prohibited: 

a. on pastures or green plants, if the pasture is to be used for grazing animals and 

for a period of not less than three weeks before harvest, 

b. for fruit and vegetable crops during the growing season. This rule does not apply 

to fruit trees, 

c. in soils intended for fruit and vegetable cultivation, which are in direct contact 

with the soil and are eaten raw. This ban applies for the period of 10 months 

preceding the harvest of these plants and during the harvest itself. 

The directive imposes an obligation on national authorities to ensure that the 

agricultural deposits used are within the values obtainable per agriculture. To this end, 

sediment and soil samples on which it is used should be analysed and a record should 

be kept in which it should be: 

a. the amount of sludge produced and delivered for use in agriculture, 

b. composition and properties of the sludge, 

c. type of purification carried out, 

d. sludge recipients and the place of its utilization. 

The European Commission publishes periodic reports submitted by individual 

countries regarding the use of sewage sludge in the EU for agricultural purposes 

(European Commission, 2015b) (86/278/EEC). 
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Inventory of legal acts regulating water and sewage management at national 

level 

Water management and the associated wastewater management is an integral part of 

the life and development of modern society. It is one of the most important elements 

of Poland's environmental and economic policy, especially after joining the European 

Union. Actions ensuring protection and economical water management are necessary 

not only in the scope of environmental protection, but also in sustainable development. 

These actions should be taken from the smallest units of the administrative division of 

the state - municipalities in which proper wastewater management can be both 

dispersed and local (Koszelnik and Masłoń, 2012). The implementation of tasks related 

to water and sewage management at the national level is specified in Acts and 

Regulations issued by relevant authorities. The most important documents regulating 

the water and sewage sector include: 

a. Act of Water Law 

b. Act of collective water supply and collective sewage disposal 

c. Regulation of the Minister of Maritime Economy and Inland Navigation on the 

method of determining areas and boundaries of the aglomeration 

d. Regulation of the Minister of Maritime Economy and Inland Navigation on 

substances that are particularly harmful to the aquatic environment and the 

conditions that must be met when entering waste water or soil, as well as when 

draining rainwater or snowmelt into waters or for water devices 

e. Act of Waste 

f. Regulation of the Minister of the Environment on municipal sewage sludge 

Act of Water Law (Journal of Laws 2017 item. 1566) 

Water law in Poland is a series of legal provisions that regulate water management in 

accordance with the principle of sustainable development, in particular the protection 

of water resources, management and use of water resources. Water management 

determines the use of water resources and socio-economic development. An important 

role in this respect is played by state authorities: the Ministry of the Environment, water 

management boards, voivodship boards, districts - but also municipalities and citizens. 

The practical reorganization of water management in Poland began in the early 

nineties. On 18 July 2001, the Water Law was adopted, which introduced water 

management taking into account the distribution of river basins and water regions 
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(Radzka and Jankowska, 2015). Poland's accession to the European Union resulted 

in the need to adapt national law to the requirements contained in EU regulations. 

Amendments to the Act were introduced successively in 2005, 2011 and 2014, but this 

did not eliminate all legal problems. That is why the Polish government has prepared 

a draft of the new act of 20 July 2017 (Thier, 2017). Water resources management is 

carried out taking into account the division of the country into river basin districts, water 

regions and drainage basins. According to the Act of Water Law resource management 

instruments include: 

a. planning in water management 

b. water-legal consents 

c. charges for water services and other charges 

d. water management control 

e. water management information system 

Water resources management serves the needs of the population and the economy, 

as well as the protection of waters and the environment related to these resources, in 

particular in the areas shown in the Figure 3. 

 

 

Figure 3. Scope of water resources management (Journal of Laws 2017 item. 1566) 
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The purpose of the amendment was also to put in order the provisions on nitrate 

pollution of waters that come from agricultural sources. It proposes to transfer some 

provisions from the Act on fertilizers and fertilization to the Water Law, in particular 

administrative penalties for the lack of a properly prepared nitrogen fertilization plan 

and harmonization of terminology (Szydłowski, 2019) (Journal of Laws 2017 item. 

1566). 

 

Act of collective water supply and collective sewage disposal (Journal of Laws 

2001 item. 747) 

The issue of collective water supply and collective sewage disposal is regulated by the 

Act of 7 June 2001 on collective water supply and collective sewage disposal. The Act 

entered into force in January 2002 and its purpose was to ensure an efficient sewage 

disposal and treatment system, to secure the continuity of water supply and its 

appropriate quality, and to enable the development of services in this area (Brynczak 

and Ubysz, 2015).The Act, in particular, comprehensively regulated the issue of terms 

and conditions for collective water supply and sewage disposal, as well as laid down 

the rules for determining prices and fees for the use of water and sewage services 

(Paduch, 2005). Amendments and subsequent changes in this act were aimed at 

adapting Polish law to the requirements of community law (Journal of Laws 2001 item. 

747). 

 

Regulation of the Minister of Maritime Economy and Inland Navigation on the 

method of determining areas and boundaries of the aglomeration (Journal of 

Laws 2018 item. 1586) 

An equally important legal act regarding water and sewage management is the 

Regulation of the Minister of Maritime Economy and Inland Navigation of 27 July 2018 

on the method of determining areas and boundaries of the agglomeration. The 

ordinance was developed on the basis of the Act of 20 July 2017 Water Law. The basis 

for determining the area and boundaries of the agglomeration are: 

a. study of the conditions and directions of spatial development of the commune 

b. local spatial development plans 
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c. framework study of conditions and directions of spatial development of a 

metropolitan association 

d. decisions on building and land development conditions 

e. building permits for water management 

f. notifications of construction, buildings and linear facilities for water management 

g. long-term plans for the development and modernization of water supply and 

sewage systems 

h. functional and utility programs 

When determining the area and boundaries of the agglomeration, the concentration 

indicator, the range of the sewage network system, as well as the range of the system 

planned for the construction of the sewage network should be taken into account. The 

agglomeration border should run along the external borders of registration plots 

(Journal of Laws 2018 item. 1586). 

 

Regulation of the Minister of Maritime Economy and Inland Navigation on 

substances that are particularly harmful to the aquatic environment and the 

conditions that must be met when entering waste water or soil, as well as when 

draining rainwater or snowmelt into waters or for water devices (Journal of 

Laws 2019 item. 1311) 

Regulation of the Minister of Maritime Economy and Inland Navigation of 12 July 2019 

on substances particularly harmful to the aquatic environment and conditions to be met 

when introducing sewage into waters or into the ground, as well as when discharging 

rainwater or snowmelt into waters or into equipment is an important legal act in the 

water and sewage sector which defines: 

a. substances particularly harmful to the aquatic environment 

b. conditions to be met when discharging sewage into water or soil 

c. conditions to be met for the agricultural use of wastewater 

d. place, method and minimum frequency of wastewater sampling, reference 

methodologies for analysis and method of assessing whether the wastewater 

meets the required conditions 
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e. the highest permissible values of polluting substances for wastewater from 

domestic and municipal wastewater treatment plants as well as for sewage 

from agglomeration sewage treatment plants 

f. conditions to be met when discharging rainwater or snowmelt into waters or 

water facilities, including the maximum permissible values for polluting 

substances, as well as the place, manner and minimum frequency of sampling 

of these waters, reference methods of analysis and a method of assessing 

whether water rainfall or snowmelt discharged into waters or water facilities 

meets the required conditions (Journal of Laws 2019 item. 1311). 

 

Act of Waste (Journal of Laws 2013 item. 21) 

The Act of Waste sets out measures to protect the environment, human life and health, 

which prevent and reduce the negative impact on the environment and human health 

arising from the production and management of waste, and limit the overall effects of 

resource use and improve the efficiency of such use. The Act presents the 

classification of waste into appropriate groups, subgroups and type, taking into account 

factors such as their source, properties that classify waste as hazardous waste and 

waste components for which exceeding the concentration limits of hazardous 

substances may cause that waste is hazardous waste. . This is the implementation of 

the waste framework directive. It introduces a five-level waste hierarchy presented in 

the Figure 4 (GUS, 2019). 
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Figure 4. Waste hierarchy (Journal of Laws 2013 item. 21) 

 

As far as water and sewage management is concerned, the Act contains rules for the 

treatment of sewage sludge, they were regulated in art. 96. This is one of the waste 

groups that requires special treatment. They arise as a result of physical, 

physicochemical and biological processes occurring in the sewage treatment plant. 

The Waste Act defines sludge from digestion plants and other installations for the 

treatment of municipal wastewater with a composition similar to the composition of 

municipal wastewater from sewage treatment plants. In the process of sewage sludge 

management, their natural application is of great importance (Zębek, 2018). The Act 

sets out the possibilities of recovery involving the use of municipal waste: 

a. in agriculture, understood as the cultivation of all agricultural crops placed on 

the market, including crops intended for feed production 

b. for growing plants for compost production 

c. for growing plants not intended for consumption and for feed production 

d. for land reclamation, including land for agricultural purposes 

e. with the adaptation of land to specific needs arising from waste management 

plans, spatial development plans or decisions on building and land development 

conditions (Journal of Laws 2013 item. 21) 

Areas are also shown where municipal sewage sludge is prohibited. 6 January 2020, 

the Regulation on the waste catalog, which classifies municipal sewage sludge into 

groups, subgroups, type and the code defining them, entered into force. This 

prevention

preparing for re-use

recycling

other recovery, e.g. energy recovery

disposal
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classification is made by the waste producer (first waste holder), including sources of 

their formation, the specificity of the production process in which they arise, as well as 

the chemical composition of the waste (Ministry of Environment, 2018). 

Regulation of the Minister of the Environment on municipal sewage sludge 

(Journal of Laws 2015 item. 257) 

Regulation of the Minister of the Environment on municipal sewage sludge lays down 

the detailed conditions for the use of municipal sewage sludge, including the dose of 

sludge that can be used on land, as well as the scope, frequency and reference 

methods for testing municipal sewage sludge and land on which sludges are to be 

used. The annexes to the Act set out acceptable heavy metal content in municipal 

sewage sludge and in the topsoil (Journal of Laws 2015 item. 257). 

Conclusions 

The EU sets out certain environmental rules to protect resources, while providing 

citizens with access to basic public services such as access to quality good water and 

sanitation. To this end, EU directives containing certain standards, restrictions and 

recommendations are introduced. EU law on the protection of natural resources has 

been evolving for 30 years and around 300 environmental laws have been created. All 

EU Member States should, in accordance with their socioeconomic possibilities, 

intensify activities contributing to the improvement of the quality of the water and 

sewage environment, since they have complete decision-making power to carry out 

relevant tasks. 
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2. Identification of research areas specific to water and 
sewage management in the context of the possibilities of 
implementing the circular economy 

 

Introduction 

Water and sewage sector is currently facing many challenges arising from the 

implementation of the circular economy model (CE) - the current European Union (EU) 

political priority. This sector is an important element in building circular economy as 

waste such as sewage and sludge is a valuable source of raw materials - in the CE 

model they are transformed into resources. To measure progress towards circular 

economy, in 2018 the European Commission (EC) has proposed a set of 10 CE 

indicators, none of which refer to the water and sewage sector. This is a big gap in 

determining the direction of transformation towards the circular economy in the area of 

water and sewage. The current report presents research areas specific to water and 

sewage management in the context of the possibilities of implementing the circular 

economy in sector. 

 

Water as a key resource for life being  

Water is essential resource for human survival and well-being and plays a significant 

role in sustainable development (SD) and circular economy (L 354/171). It is a 

renewable resource since the amount on Earth always remains the same as water 

continuously works its way through the water cycle. Water is a key element not only in 

the life of the planet's inhabitants, but it plays a very important role in many sectors of 

the economy, as agriculture, production, heating and cooling, tourism and other service 

sectors. As it is an extremally valuable source, it must be used in a sustainable way. 

However, as a consequence of human activity and economic development, water 

resources are under pressure (Voulvoulis, 2018). Therefore, the protection of water 

resources has become an important topic of many environmental debates and is 

indicated in numerous documents and strategies for development at the regional, 

national, European and even global levels.  
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Sustainable Development targets for water sector 

Sustainable development has been defined in many ways, but the most frequently 

quoted definition is from Our Common Future, also known as the Brundtland Report, 

as (SD, 2020): "Sustainable development is development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs" 

(Brundtland Report, 1988). Sustainability is the foundation for today’s leading global 

framework for international cooperation – the 2030 Agenda for Sustainable 

Development and its Sustainable Development Goals (SDGs). 

There are 17 Goals interconnected, and in order to leave no one behind, it is important 

that we achieve them all by 2030. The list of the SDGs is presented in Figure 5. 

 

Figure 5. Sustainable development goals (SDG) (UN SD Goals, 2015) 

 

Many aspects of water issues were incorporated in the SDGs adopted in 2015 (UN 

2015), as: 

• SGD2 – Zero hunger (end hunger, achieve food security and improved nutrition 

and  promote sustainable agriculture),  

• SDG6 – Clean water and sanitation (ensure availability and sustainable 

management of water and sanitation for all),  

• SGD7 – Affordable and clean energy (ensure access to affordable, reliable, 

sustainable and modern energy for all),   

• SGD 14 – Life below water (conserve and sustainably use the oceans, seas and 

marine resources for sustainable development), and other.  
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The inclusion of water issues in SDGs was made possible thanks to the long-term hard 

work of various stakeholders involved in the implementation of sustainable 

development principles as policy makers, non-governmental organisations (NGOs), 

individual companies, academia and research centres, and society (A/70/L.1). The 

specific SGD goals directly related to water are presented below. 

 

SDG 6: Ensure access to water and sanitation for all 

Clean, accessible water for all is an essential part of the world we want to live in and 

there is sufficient fresh water on the planet to achieve this. However, due to bad 

economics or poor infrastructure, millions of people including children die every year 

from diseases associated with inadequate water supply, sanitation and hygiene. 

Water scarcity, poor water quality and inadequate sanitation negatively impact food 

security, livelihood choices and educational opportunities for poor families across the 

world. At the current time, more than 2 billion people are living with the risk of reduced 

access to freshwater resources and by 2050, at least one in four people is likely to live 

in a country affected by chronic or recurring shortages of fresh water. Drought in 

specific afflicts some of the world’s poorest countries, worsening hunger and 

malnutrition. Fortunately, there has been great progress made in the past decade 

regarding drinking sources and sanitation, whereby over 90% of the world’s population 

now has access to improved sources of drinking water. 

To improve sanitation and access to drinking water, there needs to be increased 

investment in management of freshwater ecosystems and sanitation facilities on a local 

level in several developing countries within Sub-Saharan Africa, Central Asia, 

Southern Asia, Eastern Asia and South-Eastern Asia. Targets of SDG 6 are presented 

in Figure 6 (UN SD Goals, 2015). 
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Figure 6. Targets of SDG 6 (UN SD Goals, 2015) 

 

SDG 14: Conserve and sustainably use the oceans, seas and marine resources 

The world’s oceans – their temperature, chemistry, currents and life – drive global 

systems that make the Earth habitable for humankind. Our rainwater, drinking water, 

weather, climate, coastlines, much of our food, and even the oxygen in the air we 

breathe, are all ultimately provided and regulated by the sea. Throughout history, 

oceans and seas have been vital conduits for trade and transportation. 

Careful management of this essential global resource is a key feature of a sustainable 

future. However, at the current time, there is a continuous deterioration of coastal 

waters owing to pollution and ocean acidification is having an adversarial effect on the 

functioning of ecosystems and biodiversity. This is also negatively impacting small 

scale fisheries. 

Marine protected areas need to be effectively managed and well-resourced and 

regulations need to be put in place to reduce overfishing, marine pollution and ocean 

acidification. 

6.1 By 2030, achieve universal and equitable access to safe and affordable drinking water for all

6.2 By 2030, achieve access to adequate and equitable sanitation and hygiene for all and end open defecation, paying 
special attention to the needs of women and girls and those in vulnerable situations

6.3 By 2030, improve water quality by reducing pollution, eliminating dumping and minimizing release of hazardous 
chemicals and materials, halving the proportion of untreated wastewater and substantially increasing recycling and safe 
reuse globally

6.4 By 2030, substantially increase water-use efficiency across all sectors and ensure sustainable withdrawals and 
supply of freshwater to address water scarcity and substantially reduce the number of people suffering from water 
scarcity

6.5 By 2030, implement integrated water resources management at all levels, including through transboundary 
cooperation as appropriate

6.6 By 2020, protect and restore water-related ecosystems, including mountains, forests, wetlands, rivers, aquifers and 
lakes

6.A By 2030, expand international cooperation and capacity-building support to developing countries in water- and 
sanitation-related activities and programmes, including water harvesting, desalination, water efficiency, wastewater 
treatment, recycling and reuse technologies

6.B Support and strengthen the participation of local communities in improving water and sanitation management
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Figure 7. Targets of SDG 14  (UN SD Goals, 2015) 

 

Circular Economy targets for water sector 

The European Commission emphasis the importance of sustainable management of 

water and wastewater as one of the elements in the transition towards the circular 

economy. The first EC communication on the CE is strongly connected with the waste 

management as it focuses on the ‘zero waste’ strategy. The main circular approaches 

in the waste management have been proposed. In this document, it was indicated that 

the sustainable resource management includes interactions within waste, water, 

energy and raw materials. In this context, integration of activities in terms of both water 

- as a resource and waste - as a source of raw materials and energy should be 

developed and implemented. In general, an improvement actions in the water 

management should be proposed, but also – in the management of water-based waste 

in order to recover of raw materials and energy occurring in it. The EC also pointed out 

that waste generated in the water and wastewater sector as wastewater, sewage 

sludge or sewage sludge ash are an important source of biogenic raw materials (COM 

no. 398, 2014). One of the most important biogenic raw material is phosphorus (Krüger, 

Adam, 2015) which is a limited source (COM no. 517, 2013). For the European 

14.1 By 2025, prevent and significantly reduce marine pollution of all kinds, in particular from land-based activities, including marine debris 
and nutrient pollution

14.2 By 2020, sustainably manage and protect marine and coastal ecosystems to avoid significant adverse impacts, including by 
strengthening their resilience, and take action for their restoration in order to achieve healthy and productive oceans

14.3 Minimize and address the impacts of ocean acidification, including through enhanced scientific cooperation at all levels

14.4 By 2020, effectively regulate harvesting and end overfishing, illegal, unreported and unregulated fishing and destructive fishing 
practices and implement science-based management plans, in order to restore fish stocks in the shortest time feasible, at least to levels 
that can produce maximum sustainable yield as determined by their biological characteristics

14.5 By 2020, conserve at least 10 per cent of coastal and marine areas, consistent with national and international law and based on the 
best available scientific information

14.6 By 2020, prohibit certain forms of fisheries subsidies which contribute to overcapacity and overfishing, eliminate subsidies that 
contribute to illegal, unreported and unregulated fishing and refrain from introducing new such subsidies, recognizing that appropriate and 
effective special and differential treatment for developing and least developed countries should be an integral part of the World Trade 
Organization fisheries subsidies negotiation

14.7 By 2030, increase the economic benefits to Small Island developing States and least developed countries from the sustainable use
of marine resources, including through sustainable management of fisheries, aquaculture and tourism

14.A Increase scientific knowledge, develop research capacity and transfer marine technology, taking into account the Intergovernmental 
Oceanographic Commission Criteria and Guidelines on the Transfer of Marine Technology, in order to improve ocean health and to 
enhance the contribution of marine biodiversity to the development of developing countries, in particular small island developing States 
and least developed countries

14.B Provide access for small-scale artisanal fishers to marine resources and markets

14.C Enhance the conservation and sustainable use of oceans and their resources by implementing international law as reflected in 
UNCLOS, which provides the legal framework for the conservation and sustainable use of oceans and their resources, as recalled in 
paragraph 158 of The Future We Want
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economy it is indicated as a critical raw material (CRM) due to its high economic and 

strategic importance associated with a high supply risk (Smol el al., 2016). Europe has 

very limited primary resources of P (COM no. 490, 2017) and is dependent on outside 

providers (88% for phosphate rock and 100% for phosphorus). Therefore, the EC 

considers developing a policy framework on phosphorus to enhance its recycling, 

foster innovation, improve market conditions and mainstream its sustainable use in EU 

legislation on fertilizer, food, water and waste. Moreover, the EC indicated other 

specific waste challenges for the water and wastewater sector, e.g. full implementation 

of the measures in the revised EU waste legislation package (13% by 2020 and 27% 

by 2030) could positively affect marine waters quality. Setting a dedicated reduction 

target for 2020 would give a clear signal to European countries currently developing 

measures to achieve ‘good environmental status’ for marine waters by the 2020 

deadline under the Marine Strategy Framework Directive  (2008/56/EC), and would 

provide an impetus for the development of marine litter action plans within the four 

Regional Sea Conventions. The EC indicated some key aspects of water and 

wastewater management from the point of view of zero waste strategy. Anyway, no 

more recommendations have been proposed in first European CE communication 

(COM no. 398, 2014). 

On the European level, the water management has changed over the past 30 years. 

The EU Member States have made significant progress in improving water quality in 

European freshwater reservoirs, adopting EU legislation, in particular the Water 

Framework Directive (2000/60/EC), the Urban Waste Water Treatment Directive 

(91/271/EEC) and the Drinking Water Directive (98/83/EC). These key legal acts form 

the basis of the EU's commitment to improving water status in Europe. One of the 

achievements is the significant improvement of water quality in European freshwater 

and coastal bathing in the last four decades. In 2017, over 21,500 bathing areas were 

inspected across the 13 EU countries, 85% of them met the most stringent standards 

confirming the excellent state of water. Thanks to the provisions laid down in EU 

legislation concerning the quality of bathing and wastewater, EU Member States have 

managed to solve the problem of bathing water pollution through the discharge of 

wastewater or water from agricultural land, which posed a threat to human health and 

aquatic ecosystems. However, despite the progress made, the overall state of many 

European water bodies is still uncertain. Currently, renewable freshwater resources in 

the EU are equal to 2,112,679.2 million m3 per year and they differ between the 
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Member States. As can be seen from Figure 6, the greatest quantities of freshwater 

resources (annual average available water - LTAA) are noted in the developed 

countries such as Sweden, Germany, France and United Kingdom (UK) (Water 

statistics 2018). According to the latest European Environmental Agency (EEA) Water 

Europe report (European waters 2018) the vast majority of lakes, rivers, river estuaries 

and coastal waters in Europe have problems with achieving the EU target of a minimum 

of good ecological status of the EU set in the EU framework water directive. The 

objective of EU policy is to significantly reduce the negative effects of pollution, 

excessive water abstraction and other factors exerting pressure on water and to ensure 

a sufficient amount of good water quality for both people and the environment. The 

improvement actions focused also on the management of wastewater. In recent years, 

wastewater treatment and the reduction of the use of nitrogen (N) and phosphorus (P) 

in agriculture have led in particular to a significant improvement in water quality. 

In the second CE communication (2015), the EC proposed 54 actions (COM no. 614, 

2015), including initiatives related to the water and wastewater sector. Due to water 

scarcity has worsened in some parts of the EU in previous decades, with damaging 

effects on European environment and economy, boosting the market for secondary 

raw materials and water reuse is proposed. Next to the water-efficiency measures, the 

reuse of treated wastewater in safe and cost-effective conditions is recommended. It 

is a valuable however under-used means of increasing water supply and alleviating 

pressure on over-exploited water resources in Europe. The importance of water reuse 

in agriculture was underlined due to it contributes to nutrients recycling by substitution 

of solid fertilizers. Therefore, the EC proposed many actions in order to promote the 

reuse of treated wastewater, including legislation on minimum requirements for reused 

water. The following water-related proposals have been presented in this 

communication, in the area of market for secondary raw materials: 

• 2017: Proposed legislation setting minimum requirements for reused water for 

irrigation and groundwater recharge, 

• 2016-2017: Promotion of safe and cost-effective water reuse, including 

guidance on the integration of water reuse in water planning and management, 

inclusion of best practices in relevant Best available techniques Reference 

document (BREFs), and support to innovation (through the European 

Innovation Partnership and Horizon 2020) and investments (COM no. 614, 

2015). 



34 
 

 

Figure 8. The renewable freshwater resources in EU countries  (own based on  Water 

statistics 2018) 

 

Both of initiatives have been included in the European Commission's Work 

Programmes from 2017. They should contribute to the political priorities set by the EC 

to promote a more circular economy. Other key legislative proposals on fertilizers are 

also pointed. In this case, the recycled nutrients are indicated, with strong emphasis 

on the phosphorus recovery from water-based waste. In 2016, the ‘’Proposal laying 

down rules on the making available on the market of CE marked fertilizing products’’ 

has been published (COM no. 157, 2016), and in 2019 the ‘’Regulation laying down 

rules on the making available on the market of EU fertilizing products’’ has been 

adopted. Fertilizers produced from waste meeting quality, safety and labelling 
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requirements and limits of organic, microbiological and physical contaminants will be 

able to be traded freely within the EU and receive the CE marking (2019/1009). 

In the previous mentioned communication on monitoring framework for measuring the 

transformation towards the CE in the EU, which has been published in January 2018, 

the CE indicators have been proposed only for selected groups of waste. Among these 

groups, no aspects were considered that are related to the measurement of circularity 

in the water and wastewater sector, which is one of the most important considerations 

for health and social life. In future, the list of CE indicators should be extended to issues 

related to the reuse of water and the recovery of raw materials and energy from 

wastewater, sewage sludge and sewage sludge ash and other water-based waste 

(COM no. 29, 2018). 

In May 2018, the EC presented new rules to stimulate and facilitate water reuse in the 

EU for agricultural irrigation. The general objective is to ‘contribute to alleviating water 

scarcity across the EU, in the context of adaptation to climate change, notably by 

increasing the uptake of water reuse, in particular for agricultural irrigation wherever 

this is relevant and cost-effective while ensuring the maintenance of a high level of 

public health and environmental protection’. In general, reuse of treated wastewater 

shows lower environmental impact than for example water transfers or desalination. 

Moreover, it offers a range of economic, environmental and social benefits, and it 

extends the water life cycle, thereby helping to preserve water resources, which is in 

full compliance with the CE objectives. The proposed Regulation in combination with 

other non-regulatory actions as outlined in the CE Action Plan is a proportionate 

response to the specific objective of fostering the development of safe reuse of treated 

wastewater. The treated wastewater could be used for a wide variety of purposes, by 

many industries e.g. in agriculture. In the 2015, agricultural irrigation was mentioned 

as the main potential source of demand for reused water due to the high potential in 

terms of its higher uptake, scarcity alleviation and European relevance  (COM no. 337, 

2018). 

In the report on the implementation of the CE Action Plan, which has been published 

in March 2019, the EC underlined that water management is an important part of 

transformation towards CE (COM no. 190, 2019). The proposed in 2015 circular 

actions seek to boost the market for reused water, in order to tackle water scarcity 

across the Europe. Therefore, in 2018, the dedicated legislation setting minimum 

requirements for reused water for agricultural irrigation was proposed  (COM no. 337, 
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2018). It should be also pointed that practices on water reuse are integrated into water 

planning and management (Guidelines on Integrating Water Reuse, 2016) or in the 

review of the relevant Best Available Techniques Reference Documents (BREFs) 

(COM no. 190, 2019). 

Summarizing all presented information, it can be stated that water plays a critical role 

in the world’s transition from the linear consumption of resources towards their circular 

use. Water issues are incorporated in the CE model due to water being a carrier of 

materials and energy. Therefore, it is important to develop and implement technologies 

focused on water reuse or recovery of resources and energy in water and sewage 

management in accordance with the ‘nutrients-energy-water’ paradigm (‘NEW’).  

 

Research areas in the implementation of the CE principles in water systems 

management 

In order to conduct the sufficient research in the area of the implementation of the CE 

assumptions in water and sewage system the specific research areas have to 

identifies. The section provides the description of specific approaches to the CE in the 

water and wastewater sector, which can be key elements in the further realisation of 

the project MonGOS. 

In the first place, the facts and figures about global water systems have to be 

presented. They were indicated in Figure 9.  
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Figure 9. Facts and figures about global water systems (White Paper, Ellen 
MacArthur Foundation 2018) 

 

Water systems intersect with all sections of society and industry and opportunities exist 

in these interfaces to create additional value by application of CE principles. 

Understanding the governance across the Water Cycle is important if we are going to 

maximise the value of CE thinking. This approach can help us address the key 

challenges that the world’s water system face, such as:  

• Global demand for freshwater will exceed viable resources by 40% by 2030, if 

we continue with business as usual.  

• Agriculture is the largest user of water followed by industry, with detriment to 

water availability and water quality.  

• The demand for water in manufacturing is expected to increase 400% by 2050. 

• Climate change and increase in pollutants will further deplete the quality and 

amount of available freshwater resources. 

 

Research areas identified in White Paper  

According to the SD approaches, it has to be underlined that there is enough water to 

meet the world’s growing needs, but the facts and figures on the left highlight that it will 

not be achievable without dramatically changing the way water is used, managed and 

shared. A transformational change in the utilisation of new enterprise models may be 

necessary to maximize the extraction of value from water cycles at all scales (river 

basin, city, industrial unit, building) to increase the efficiency of utilization of the water 

resources and to prevent further degradation of the environment (White Paper, Ellen 

MacArthur Foundation 2018). Many changes are required, in the organisation, 

technologies improvement and development, financing structure, law restrictions, but 

also in society (COM No. 398, 2014). A circular economy that has its foundation in 

sustainability of water use, renewable materials are used where possible, water is used 

sustainably, energy is provided renewable sources in sustainable manner, natural 

systems are preserved and enhanced, and waste and negative impacts are designed 

out. Materials, water, products and components are  instead managed in loops, 

maintaining them at their highest possible intrinsic value (White Paper, Ellen MacArthur 

Foundation 2018). Application of CE  principles can help achieve this, but this will 
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require mapping the interactions of the water cycle, how it is used, and where within 

the river basin and urban water cycles value can be extracted and new enterprises 

established. 

In second step, the relationship between CE principles and water systems 

management needs to be identified, and disseminated among individuals, 

organisations and companies in order to integrate their efforts in this area. The water 

– circular economy relationship was presented in the White Paper developed by the 

Ellen MacArthur Foundation in 2018 (White Paper, Ellen MacArthur Foundation 2018). 

This foundation is one of the most important actor in the transition process to the CE 

in Europe. It published a lot of reports and documents on CE presenting the main CE 

approaches, CE models and White Papers dedicated to specific sectors or areas. The 

most important assumptions of the Water and Circular Economy White Paper are 

presented in Figure 10. They include: 

• design of waste externalities, with the strong focus on optimization of water and 

energy, minerals, and chemicals usage,  

• keeping the resources in use, with focus on the optimization of resource yields 

and energy or resource extraction from the water system, 

• regeneration of natural capital by the reduction of consumption and non-

consuming use of water. 

 
Figure 10. Relationship between CE principles and water systems management  

Designing of waste 
externalities

➢Optimisation of the 
amount of energy, 
minerals, and 
chemicals use in the 
operation of water 
systems in concert with 
other systems

➢Optimisation of 
consumption of water 
within a sub-basin in 
relation to adjacent 
sub-basins (e.g. use in 
agriculture or 
evaporative cooling)

➢Use of measures or 
solutions which deliver 
the same outcome 
without using water

Keeping resources in 
use

➢Optimisation of 
resource yields (water 
use & reuse, energy, 
minerals, and 
chemicals) within water 
systems

➢Optimisation of energy 
or resource extraction 
from the water system 
and maximise their 
reuse. 

➢Optimisation of value 
generated in the 
interfaces of water 
systems with other 
systems

Regeneration of natural 
capital

➢Maximisation of 
environmental flows by 
reducing consumption 
and non-consuming 
use of water

➢Preservation and 
enhancing of the 
natural capital (e.g. 
river restoration, 
pollution prevention, 
quality of effluent, etc.

➢Ensuring minimum 
disruption to natural 
water systems from 
human interactions and 
use
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As it was mentioned above, water is fundamental to meeting basic needs of all living 

things. This service to life (including human consumption) cannot be satisfied by 

substituting water with other measures or materials. However, beyond this water is 

used and offers value in a number of different ways. These dimensions of water use 

were clustered in the White Paper on the CE implementation in water sector into the 

three themes of: 

• Service, 

• Energy, 

• Carrier.  

They have been indicated in Figure 11. The dimensions of water also map against the 

Food –Water –Energy Nexus, e.g. Nutrients (Service), reducing consumptive uses 

(service), and generating energy (hydropower / biomass). Whether these can be 

harnessed and value generated and optimized, and appropriately balanced between 

nature and human needs will vary from basis to basin, societal development level, and 

the use category (Agricultural, Municipal, Industrial, and Environmental) (White Paper, 

Ellen MacArthur Foundation 2018). 

 
 

 

 

Figure 11. Research approaches in the CE management of water resources 
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The dimensions of water as a Carrier, Energy source and Service provider are not 

exclusive and confluences exist across them. For example, in cities wastewater 

conveys human/organic wastes whilst at the same time can be harnessed as a source 

of thermal Energy. This confluence is central to the opportunity that CE offers the water 

sector. 

Water as a Service  

Water provides services such as: sanitation in our homes and businesses, for cooling 

and heating our buildings, and as part of production processes in our factories. Water 

is often not fundamental to the service and the delivery of these outcomes can, at least 

in principle, be achieved by other means. For example, water is ubiquitously used in 

evaporative cooling, but air forced cooling can achieve the same service outcomes but 

at lower energy efficiencies (White Paper, Ellen MacArthur Foundation 2018). 

Water as source of Energy  

Water, through its physical properties and how it can be utilized can act as a source of 

energy: 

• The mass and momentum in the flow of water can be harnessed to generate 

hydro-electric energy.  

• The thermal properties enable it to absorb thermal energy from the environment 

or human activity that can be extracted (e.g. water source heat pumps and 

energy harvesting from sewers).  

• Bio-thermal energy such as anaerobic digestion from municipal sewage (White 

Paper, Ellen MacArthur Foundation 2018). 

Water as a Carrier  

As a liquid natural resource, water is a commonly available and universal carrier in the 

natural and built environment. In both contexts water is acting as a carrier of chemicals, 

particles and droplets (dissolved and suspended state) which represent potential 

resource or pollutant.  In agricultural settings, there is high potential of nitrogen and 

phosphorus from fertilizers to be present. Within municipal and industrial settings, it 

could include trace chemicals in treated water and wastewater. Removal of these 

chemical and nutrients may be driven by economic reasons, but in many situations it 

is driven (by regulatory requirements), for pollution prevention and environmental 
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protection, e.g. recent limits on nitrate and phosphate being implemented in the 

European Union. Extracting this nitrogen and phosphorus from final effluents at 

wastewater treatment plants before discharge provides these benefits: Improves the 

quality of outflows to increase opportunity for water reuse and reduce cost of treatment 

for downstream users (e.g. for potable water treatment). Reduces environmental 

impacts and enhances natural capital; affords the opportunity of their use as fertilisers 

and enhance the Urban Bioloop potential (White Paper, Ellen MacArthur Foundation 

2018).  

 

Research areas identified in the IWA framework  

Currently, the issues of transformation water and wastewater sector to the CE model 

are also one of the key works of the International Water Association (IWA). In 2016, 

the IWA proposed the framework that may support the water utility leaders in the 

identification of opportunities that can boost their progress along the pathway to the 

CE. The following approaches have been identified:  

• integrated urban resource management, connecting to stakeholders beyond 

traditional boundaries (urban and basin),  

• leadership innovation, 

• new business models. 

The IWA framework Water Utility Pathways in a Circular Economy aims to demystify 

what a systems and integrated approach to sustainability might mean for water, 

sanitation and wastewater service providers, assisting them to identify new operational 

and business models that help them prepare now for the circular economy of the future. 

The general idea assumes that water cycle needs to be managed from catchment to 

consumer, back to catchment, and the transition to the CE model needs to consider 

both the consumption and production of resources across this entire value chain. It 

also must create both connections and synergies within the water cycle for more 

efficient water management and connections outside the sector.  

For the water sector – all institutions and individuals responsible for managing the 

water cycle – transitioning to a CE presents an opportunity to accelerate and scale-up 

recent scientific and technological advances that support greater efficiency in the 

sector.  Water, sanitation and wastewater utilities (‘water’ utilities) can become engines 

for the CE. Water utilities have an opportunity to start to see water as a medium of 
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valuable resources and more significantly have an important role to play as resource 

stewards. The IWA provided three main research areas in the form of the Utilities 

Pathways: 

• Water Pathway, 

• Materials Pathway, 

• Eenergy Pathway, 

which are described below (IWA 2016). They have been indicated in Figure 12. 

 

 
 

 

 

 

Figure 12. Research pathways in the CE management of water resources 

 

Water Pathway 

Existing water systems are often inefficient – from catchment to consumer, back to 

catchment, water is lost, polluted, wasted and misused. Such systems will continue to 

exacerbate the projected gap between available freshwater supply and demand.  The 

water pathway should be developed as a closed loop system, with cascading water 

quality options determined and differentiated by use. Critical to this are diversified 

resource options, efficient conveyance systems and optimal reuse. The first line of 

defence against water scarcity should be a comprehensive demand management 

Resourc
e 

recovery 
options

Water quality 
options

Energy 
options

• Resource Efficiency 

• Used Water Sludge and Products for Agriculture 

• Organic Waste added to Used Water Sludge 

• Drinking Water Sludge to Agriculture  or Industry 

• Bioplastics 

• Fertiliser (Non-agricultural) 

• Paper / Cellulose 

• Building Materials 

• Proteins & Feed 

• Metals & Minerals 

• Human Health Products 

• Effluent Gas Reuse 

• Energy Saving at Treatment Plants 

&  Distribution Systems 

• Energy Reduction and Recovery at 

Home 

• Electricity Produced from 

Distribution Systems 

• Heat Produced from Distribution 

Systems 

• Biosolids to Energy Production  

(Gas, Electricity & Heat)   

• Renewable Energy 

• Upstream Investments 

• Rainwater Harvesting 

• Greywater Recycling for Non-potable Reuse 

• Greywater for Agriculture and Aquaculture 

• Reused Water for Agriculture and Aquaculture 

• Reused Water for Industry 

• Direct Potable Reuse 

• Leakage / Water Loss 

• Reduction in Water Consumption 



43 
 

strategy that promotes sustainable lifestyles and creates tangible incentives to 

conserve (IWA 2016). The selected water quality options in the Water Pathway are 

presented in Table 4. The selected elements include: 

A) Upstream Investments  

By investing upstream, through conservation and pollution control measures, utilities 

can reduce operating expenditure related to treatment processes. Investing in natural 

infrastructure can also offset capital expenditure for conventional built infrastructure. 

Natural infrastructure can provide many of the same services as built infrastructure, for 

example water purification, water temperature control, sediments minimisation, storm 

water runoff regulation, flood impacts reduction, carbon sequestration and food 

production. 

B) Rainwater Harvesting  

Mainly applied at a household or community level, and contributing to demand 

management of main supplies and localised flood control. Only minor treatment is 

required prior to usage for laundry and/or toilet flushing, but in some circumstances 

rainwater can be treated to drinking water quality. Roofs and terraces provide 

catchment areas and the rainwater can be used for garden irrigation and to fill a tank 

for emergency tap water (this tank is replenished regularly with water from main 

supplies). Rainwater harvesting also helps in reducing soil erosion and contamination 

of surface water with pesticides and fertilisers from rainwater run-off, which results in 

cleaner lakes and ponds. Water utilities can play a role in rainwater harvesting by 

providing equipment, advice and other services related to installation and maintenance 

for domestic and industrial buildings. 

C) Greywater Recycling for Non-potable  

Reuse Mainly applied at a household or community level and contributing to demand 

management of main supplies. Greywater quality varies widely, depending on source 

(for example if used water from kitchens is included), therefore treatment can be a 

challenge. The treated water would typically be used for toilet flushing, garden use and 

washing machines. Generally systems are expensive, and require ongoing 

maintenance and replacement costs. Household level payback is likely to be in excess 

of 10 years. However the systems secure water supply as well as reduce drinking water 

consumption. Water utilities can play a role in providing equipment, advice and other 

services related to installation and maintenance for domestic and industrial buildings. 
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Table 4. Water quality options in the Water Pathway (IWA 2016) 

Water quality 

options 
Regulatory levers Market levers 

Upstream 

Investments 

Inclusion of payments for eco-system 

services in tariffs; Incentives for natural 

infrastructure options 

Demonstration of return on investment for 

natural infrastructure and other upstream 

investments 

Rainwater 

Harvesting 

Removing legislations that forbids 

usage of rainwater, and instead permit 

household-level treatment of rainwater 

Offset costs associated with stormwater 

collection systems and flood control; need to 

create consumer demand; domestic 

collection and treatment systems need to be 

cost-effective, with short payback time 

Greywater 

Recycling for Non-

potable Reuse 

Mandate recycling of greywater in high 

rise buildings and intensive 

developments 

Creating consumer demand; domestic 

collection and treatment systems need to be 

cost-effective, with short payback time; 

incentives to recycle greywater through 

pricing 

Greywater for 

Agriculture and 

Aquaculture 

Establishment of national healthbased 

standards, encompassing preventative, 

riskbased management approaches 

(based on international guidelines such 

as the WHO Guidelines for the safe use 

of wastewater, excreta and greywater 

Creating demand from agricultural sector 

Reused Water for 

Agriculture and 

Aquaculture 

Establishment of national healthbased 

standards, encompassing preventative, 

riskbased management approaches 

(based on International Guidelines such 

as the WHO Guidelines for the safe use 

of wastewater, excreta and greywater). 

Creating demand from agricultural sector 

Reused Water for 

Industry 

Establishment of national health 

standards for use in cooling towers; 

Industry standards in the food and 

beverage sector 

A good water recycling scheme will reduce 

the cost for purchased water, used water 

disposal and will also reduce the amount of 

chemical used for cleaning (because the 

recycled water is often better quality that the 

town water supply). Recycling also may 

reduce heating needs, if hot used water is 

recycled 

Direct Potable 

Reuse 

Establishment of national health-based 

standards, encompassing preventative, 

risk-based management approaches 

Consumer acceptability is critical for direct 

potable reuse 

Leakage / Water 

Loss 

Incentives to reduce water loss and 

maintain low levels (for example, pre-

requisite for tariff adjustments) 

Utilities need a return on investment for 

reducing water loss and maintaining low 

levels; innovative contracting and partnership 

models that reward loss reduction that meets 

or exceeds agreed targets 

Reduction in 

Water 

Consumption 

Tariffs that support efficient and 

sustainable water use 

Utilities have an opportunity to partner with 

industry and / or provide advisory services 

related to water efficient domestic appliances 

 

D) Greywater for Agriculture and Aquaculture  
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Mainly used at small-scale and contributes to demand management of main supplies. 

Excludes usually detergent rich greywater from dishwashers, washing machines and 

kitchen sinks, but it is possible to mandate usage of green detergent that is not 

problematic in agriculture. As mentioned under point 3, the quality of greywater varies 

widely, but normally minimal treatment is required as greywater contains less 

pathogens than used water. Treatment options include constructed wetland or 

compact decentralised systems. Cheaper and nutrient rich water used for irrigation 

saves water and fertiliser costs. 

E) Reused Water for Agriculture and Aquaculture  

Cheaper and nutrient rich water used for irrigation saves water and fertiliser costs. 

Used water requires primary and secondary treatment, for example a filtering followed 

by a constructed wetland, or primary and half secondary treatment. Two main 

challenges are that nutrient levels vary and are currently often unknown, as well as the 

distance from a wastewater treatment plant to farmland. 

F) Reused Water for Industry  

Water quality guidelines or standards for reclaimed water for industry are not as strict 

as those for drinking water purposes. Industrial processes that utilise reclaimed water 

include evaporative cooling, boiler feed, washing and mixing. Reclaimed water 

cascading allows lower quality water to be used in industry, for cooling processes and 

boilers, for example domestic Used water can be mixed with pulp and paper and then 

recycled back to pulp and paper mills. 

G) Direct Potable Reuse  

In direct potable reuse the reclaimed water is treated to drinking water standards and 

then diluted with the drinking water into the network. Technological advances make 

this increasingly possible, however significant barriers exist with regards to consumer 

acceptance and regulations. Direct potable reuse is generally less energy intensive 

than desalination, and examples of application include Singapore, Windhoek and 

Texas. Another option, especially to ensure high consumer acceptance is Indirect 

Potable Reuse where the natural environment is used as a buffer. The treated used 

water is first discharged into a surface or groundwater reservoir, before extracted and 

treated to drinking water quality. 

H) Leakage / Water Loss  

Water loss is prevalent across the globe. Comparison of historic unit costs are that 

active leak control and pressure management programs could expected to be less than 
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a third of the average unit cost of providing desalinating sea water. Pressure reduction 

and repairing of leakages are important measures to reduce water loss within the 

distribution system. Regulatory and financial incentives to reduce and control water 

losses are not always present. Environmental stewardship/ awareness is therefore 

also a key driver. Water loss reduction projects, or non-revenue water minimisation 

efforts, are usually self-financing as established from payback period analysis. 

I) Reduction in Water Consumption  

Reducing water consumption on a domestic level is obviously reducing the need to 

produce potable or fitfor-purpose water, in addition to producing less used water. 

Although utilities cannot directly control this factor they can encourage reduced 

consumption by awareness raising for example with campaigns or water metering. 

(IWA 2016). 

 

Materials Pathway 

IWA indicated that in order to be successful, resource recovery must be able to 

compete in a demand driven market. Finding markets willing to work with recovered 

products as alternatives to newly made or freshly mined products presents very real 

challenges. A key issue will be the dimensions of scale, as well as consumer 

acceptance. Industry and agriculture rely heavily on competitive prices and efficient 

delivery as well as stringent quality characteristics, whereas resource recovery is 

relatively small scale and more difficult to control quality. Generally, current successful 

cases of recovered materials from used water are products that have found a niche 

market, often in collaboration with the industry. The resource recovery options in the 

Materials Pathway are indicated in Table 5. The selected elements include: 

A) Resource Efficiency  

There are many ways to either be more efficient with the resources or to recycle 

streams, within the water and wastewater treatment plant. The main opportunities 

include: adjusting pH to use less coagulant, using carbon dioxide as acid and making 

seeding material for softening of water (crystallisation) from ‘own’ softening pellets. 

B) Used Water Sludge and Products for Agriculture  

Both the treated used water sludge (biosolids) and other products of the sludge, can 

be used as a fertiliser (mainly nitrogen and phosphorus components) and a soil 

conditioner (mainly organic matter components). Because of hygienic aspects, sludge 
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or used water needs to undergo treatment before being applied to crops. An alternative 

option is to use used water sludge to produce struvite, a pathogen free phosphate 

mineral. Struvite can be produced in various ways, including from ashes of incinerated 

sludge. Producing struvite is currently more costly than producing mineral fertilisers, 

but because of cost-savings in operation and maintenance it is still affordable, 

especially for niche markets. Struvite can also be used for nonagricultural fertilisation 

as well as in the phosphorus industry. 

C) Organic Waste added to Used Water Sludge  

Often in anaerobic digestion, municipal organic waste is added, as biogas produced 

from used water biosolids alone is limited. Typical wastes that can be added are food 

and beverage manufacturing solid wastes, glycerine from biodiesel manufacture, 

grease trap wastes, food wastes from restaurants and supermarkets, and the organic 

fraction of household garbage. Other wastes with lower energy values such as green 

wastes, stubble, agricultural wastes can also be added to digesters. 

D) Drinking Water Sludge to Agriculture or Industry  

Sludge from drinking water production is smaller than used water sludge / biosolids, 

but still a sufficient amount to incentivise recycling. The amount varies, depending on 

the kind of water being treated and the type of treatment, especially coagulation with 

iron and aluminium. Calcium carbonate as well as humic acid after digestion can be 

reused in agriculture. Using reverse osmosis for brackish and seawater treatment 

increases the concentration of slats in the brine. There are a number of chemicals / 

salts that can be recovered from brines (lithium, soda ash, sodium bicarbonate, sodium 

chloride, magnesium chloride, calcium chloride, sodium sulphate, etc). This can 

provide additional water and also another revenue stream from the sale of commodity 

chemicals. 

E) Bioplastics  

Like the human body produces fat to store energy, certain bacteria produce bioplastics. 

These plastics are in the form of PHA, which is similar to polypropylene, and are 

valuable in making consumer plastics and chemicals. This technology is currently at 

pilot stage but with good future prospects. Cellulose from toilet paper, or algae biomass 

produced from used water, can also be used to produce bioplastics. 

F) Fertiliser (Non-agricultural)  

Nutrients extracted from the used water can also be used as fertiliser for non-

agricultural purposes. Examples include parks, recreation or golf fields. Usage for non-
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edible crops has less stringent regulation, and is where most struvite is already used 

today. 

 

Table 5. Resource recovery options in the Materials Pathway (IWA 2016) 

Resource recovery 

options 
Regulatory levers Market levers 

Resource 

Efficiency 

Requirements/standards regarding 

hygiene of end product (often 

unnecessarily high); certificates 

analogous to primary product 

As part of sales agreements, possibly sector 

wide, to make it mandatory to return 

materials or chemicals back to the supplier 

after use 

Used Water 

Sludge and 

Products for 

Agriculture 

Ensuring safety through inclusion of 

reuse in legislation; change fertiliser 

standards as they are very high and 

even most mineral fertilisers rarely fulfil 

them 

Consistent product quality (both chemically 

and physically) or at least analysis per batch 

– buyers need to know quality; cost of 

phosphorus is expected to increase in the 

future, because the supplies of mineral 

fertiliser are running out. This would make 

fertilisers and other phosphorus products 

from used water more affordable; needs to 

be a low cost solution for farmers to consider 

biosolids use. Increasing costs of landfill and 

other thermal options may drive more use to 

agriculture 

Organic Waste 

added to Used 

Water Sludge 

Local permits that allow other materials 

than biosolids as a resource 

Prices on other treatments of organic waste 

and competition of buying waste from other 

users / sectors 

Drinking Water 

Sludge to 

Agriculture  or 

Industry 

Few market and regulatory levers, 

especially compared to used water 

sludge, as the level of pathogens is 

almost negligible 

Water and chemicals production in treatment 

plants; finding suitable niche markets 

Bioplastics 

Usually the categorisation of a product 

as ‘waste’ or a ‘resource’, the product 

status or certification, is a main barrier 

Finding a solution for consumer acceptability; 

as the plastic is biodegradable and from 

renewable plastics production it will have an 

advantage in the market 

Fertiliser (Non-

agricultural) 

Usually the categorisation of a product 

as ‘waste’ or a ‘resource’, the product 

status or certification is a main barrier 

Finding a solution to the disgust-factor; niche 

market opportunities are important to take 

into account, as each product has its 

strengths. For example, one company has 

specialised in fertilising football fields, 

producing struvite that is specifically 

designed to ensure the optimal height of 

grass 

Paper / Cellulose 

Usually the categorisation of a product 

as ‘waste’ or a ‘resource’, the product 

status or certification is a main barrier. 

Other relevant regulation are laws to 

ensure a safe working environment, 

concerning for example the laying of 

pipes made out of the reclaimed 

cellulose. Limitation on disposal of solid 

wastes to landfill could also trigger 

more recovery 

Assurance on the quality of the material, with 

regards to: high cellulose content, no 

pathogens/medicine residuals/hormones, low 

on metals; Finding a solution for consumer 

acceptability 
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Building Materials 

Products listed or incorporated into 

product specification and assessment; 

directive for a specific product 

certificate (such as concrete tiles); in 

some cases the ‘waste’ status is not an 

issue, but generally all materials used 

in building materials need approval 

Constant quality, both chemical and physical; 

physical quality can add value. (for example 

shape of pellets or crystals ensures closer 

packing and cheaper transport) 

Proteins & Feed 

Usually the categorisation of the 

product as ‘waste’ or not, the product 

status or certification, is a main barrier 

Purity as well as high protein density; the 

product has a market advantage as the 

protein comes from renewable production 

Metals & Minerals 

Trade waste limits on discharge to 

sewers; limitation on disposal of heavy 

metals to landfill 

Minimising cost of disposal and recovered 

cost in the metal recovered; product status, 

either as ‘waste’ or as a ‘resource’; 

guarantee on constant quality 

Human Health 

Products 

Mostly the same as for feed, but 

sometimes the legislation for the feed 

industry is stricter than for the human 

health industry. A major challenge is 

that every industry has different 

indicators, and streamlining would 

make it easier to develop a market 

Finding a solution to the disgust-factor; 

finding a niche market 

Effluent Gas 

Reuse 

Regulations are lighter than for used 

water sludge, as after entering the gas-

phase the product is generally ensured 

to be hygienically safe. Few regulatory 

barriers exist today 

As it is generally pathogen free, this helps 

removing the barriers to consumer 

acceptability 

 

G) Paper / Cellulose  

The mining of cellulose from municipal used water is technically possible. Depending 

on volume and quality, it is applicable in asphalt, pipes, cardboard, and for dewatering 

sludge. In the Netherlands used water contributes up to 5% of the cellulose demand. 

Alginate from used water recovery can be used as a seizing agent in the paper 

industry. 

H) Building Materials  

Building materials here covers a wide range of uses, both as 1) fill/embankment 

material (recovery), for example in sound walls and golf courses, and 2) as a raw 

material (recycled) for construction materials including house interiors, for example 

concrete or bricks. Possible sources are coagulation sludge, calcium carbonate, 

incineration ashes from waste water sludge and also cellulose. Sometimes the 

recovered or recycled materials are used on their own, other times they are mixed with 

other materials. 

I) Proteins & Feed  

It is possible to produce proteins for feed directly from used water. This process 

happens through gas-phase, which ensures that the end-product is hygienically safe. 
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The potential is great, for example it could be possible to produce approximately 35% 

of the protein requirements of livestock. 

J) Metals & Minerals  

Used water can be mined for valuable metals and minerals by using electroplating, 

galvanising and anodising used waters  for reuse. The purified metals can be used in 

labs, chemical production or digesters. One example is to have used water as a 

replacement for aluminium ores, as used water sludge can have 10-15% alumni, while 

the ores have around 30%. 

K) Human Health Products  

Resources recovered form used water can be utilised both for pharmaceutical (medicines) 

and medical (bandages and similar) purposes. Other uses are for supplement and 

wellness products. Sodium alginate as a binding agent is one example. 

L) Effluent Gas Reuse  

There are four main gases from the Used Water and they all have different opportunities 

for reuse. Firstly, nitrogen ammonia can be stripped from Used Water using air stripping 

and then recovered from the air stream using sulphuric acid to produce ammonium 

sulphate. Secondly, sulphur, which can be recovered from the biogas of anaerobic 

digestion. Sulphur can be used as a fertiliser, for rubber production or as a catalyst in 

industrial processes (sulphuric acid production). Sulphate can further be used for gypsum 

and as a raw material in the food industry. Thirdly, methane, as a gas can be utilised in 

anaerobic digestion to produce energy. Fourthly, carbon dioxide can be used as a coolant, 

as acid replacement, and for producing calcium carbonate (to be used in gypsum or soda 

ash production). Carbon dioxide can also be used as a carbon source for growing algae. 

Potassium can be extracted from used water using ion exchange, to be used as a fertilizer 

(IWA 2016). 

 

Energy Pathway 

Energy consumption for water is greatest in the home, for heating and domestic use. 

Globally, water networks and treatment plants consume, on average, about 10 to 15% 

of national power production. Also contributing to green-house gas emissions is 

untreated sewage. Energy and carbon strategies should be centred around reducing 

costs for customers and minimising impact on the environment. The energy portfolio 

should aim to reduce carbon-based energy consumption, increase renewable energy 

consumption, increase renewable energy production and make a positive contribution 
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to zero-carbon cities. The energy options in the Energy Pathway are indicated in Table 

6. The selected elements include: 

A) Energy Saving at Treatment Plants &  Distribution Systems 

Optimising operations at treatment plants and through distribution networks can 

significantly reduce overall energy consumption. The most common efficiency 

improvements are with assets such as water and used water conveyance, used water 

aeration equipment and fermentation tanks. Smart systems that enable data collection 

and analytics can be useful tools to identify improvement potential. 

 

Table 6. Energy options in the Energy Pathway (IWA 2016) 

Energy options Regulatory levers Market levers 

Energy Saving at 

Treatment Plants 

&  Distribution 

Systems 

Carbon tax / pricing; incentives for 

adopting energy saving technologies 

Increasing and / or fluctuating energy costs 

add unpredictability 

Energy Reduction 

and Recovery at 

Home 

Mandated water savings initiatives 
Increasing and / or fluctuating energy costs 

add unpredictability 

Electricity 

Produced from 

Distribution 

Systems 

State and national legislation related to 

energy efficiency; government 

subsidies; funding from government; 

carbon tax 

Increasing and / or fluctuating energy costs 

add unpredictability 

Heat Produced 

from Distribution 

Systems 

State and national legislation related to 

energy efficiency  

Increasing and / or fluctuating energy costs 

add unpredictability; government subsidies; 

funding from government; carbon tax 

Biosolids to 

Energy Production  

(Gas, Electricity & 

Heat)   

State and national legislation related to 

energy efficiency; carbon tax 

Increasing and / or fluctuating energy costs 

add unpredictability; cost of alternative 

management / disposal routes; reduced 

landfill costs by diverting organic wastes to 

digestion, stabilised biosolids for reuse 

Renewable Energy 

Taxation and subsidies related to fossil 

fuels; state and national legislation 

related to energy efficiency and 

greenhouse gas reductions 

Cost and availability of renewable energy 

compared to fossil fuels 

 

B) Energy Reduction and Recovery at Home 

Hot water production is the biggest energy consumer in the household. Most of this 

energy goes down the drain, and the highest potential for energy savings related to 

water is in the home. This can be achieved through more efficient appliances such as 

washing machines and installation of heat exchangers, for showers for example. 

Utilities are well placed to influence consumers and can play a role in providing 
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equipment, advice and other services related to installation and maintenance for 

domestic and industrial buildings. Smart metering at end users is something the utilities 

can help implementing, as well as smart metering provides new market opportunities 

for utilities. 

C) Electricity Produced from Distribution Systems 

Options include adding micro turbines to produce energy from pressure reduction 

valves. Micro turbines were for example implemented in France, generating 4.5 million 

KWh per year, and with a payback time is 6 years. Producing electricity on the 

distribution system is only possible where differences in altitude on the distribution 

network exist. 

D) Heat Produced from Distribution Systems  

Heat exchangers on sewage pipes are a great opportunity to recover heat. Sewers 

currently represent the largest source of heat leakage in buildings. Heat recovery from 

sewage has been implemented in a number of European cities. One issue could be 

that if heat is recovered before the wastewater treatment plant, it slows down the 

microbial treatment processes. Heat recovery from greywater is also an option, this is 

advantageous not only because the greywater has a higher temperature, but because 

the reuse often happens closer to the source which means more heat is retained. 

E) Biosolids to Energy Production  (Gas, Electricity & Heat)   

Energy production from biosolids (often known as treated wastewater sludge) is 

usually carried out inside or sometimes immediately besides the wastewater treatment 

plant. The four most common processes for energy recovery are Pyrolysis, 

Combustion of biosolids, Biogas production and Gasification. Pyrolysis produces char 

and gas, while gasification produces up to 90% gas.  Combustion produces electricity 

and ashes. Biogas is currently gaining popularity, producing gas and biosolids, where 

the gas is often used for fuelling public transportation. All the biosolids from these 

processes are nutrient rich and can be used as a fertiliser.  

Except for in biogas production the biosolids needs to be dewatered first, as it consists 

of at least 80% water content. In the process of biosolids dewatering and drying, there 

are potential for energy saving. On a pilot scale fuels cells ran by bacteria from used 

water biosolids has also been successful, although the process is still very costly. The 

energy produced can be used both for the treatment plant itself or to be sold on the 

grid, there are many examples where anaerobic digestion of biosolids alone produces 



53 
 

biogas that covers more than 60 percent of energy consumed at wastewater treatment 

plants. 

F) Renewable Energy  

As well as using used water as a source of renewable energy, utilities can produce 

their own off-grid renewable energy through wind turbines, solar panels or geothermal 

energy; or partner with energy suppliers for renewable energy provision from the grid. 

Such approaches give some security against fluctuating energy prices; a hybrid model 

of on-grid / offgrid supply is optimal. An example is a wastewater treatment plant in 

California which uses solar integration to provide 80 % of the facility’s energy needs. 

The impact on the utilities as consumers demanding renewable energy can be an 

important driver, some utilities even oblige energy companies to produce a pre-

determined amount of green energy (IWA 2016). 
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3. Inventory of indicators and measures potentially applicable 
for measuring transformation towards a circular economy in the 
water and sewage sector 

 

Introduction 

The undertaking of the present study was motivated by the identification of the current 

needs for a complex inventory including indicators and measures which can describe 

the actual transition to a circular economy (CE) regarding the water and sewage sector. 

The biggest incentive to investigate the above issue was the lack of accurate indicators 

for measuring progress in the transformation towards CE regarding the water and 

sewage sector. CE is now a priority of the European Union (EU) economic policy 

(Avdiushchenko, 2018). In 2018 the  European Commission (EC) has presented the 

monitoring framework for CE and identified 10 CE indicators covering each stage of 

the product life cycle and competitiveness aspects (Smol et al., 2018). However, a very 

large gap has been identified, while the EC has not proposed such indicators for the 

water and sewage sector, although waste from this sector are a valuable source of raw 

materials - in the CE model, sewage is transformed from waste into resources 

(Avdiushchenko and Zajaç, 2019). Therefore, the study aims at identifying and 

developing comprehensive CE indicators that will clearly define the level of 

transformation towards CE in the water and sewage sector. 

Circular economy model framework in the water and sewage sector 

To transform the European economy into the CE model it is necessary to provide more 

sustainable practices of resources and waste management. This also applies to the 

water and sewage sector, and its basic elements such as water, sewage, sewage 

sludge, sewage sludge ash and other residues.  

The MonGOS project proposal includes an identification of various resources and 

waste management methods in the water and sewage sector for which appropriate 

indicators were investigated in the present report. The implementation of sustainable 

water and sewage management, in accordance with the CE assumptions should take 

into account elements specific to the water and sewage sector. In this case, to develop 

a CE model framework, it is reasonable use of the "4R" principle, i.e: 
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• reduction, 

• removal, 

• reuse, 

• recovery. 

However, the specifics of water and sewage sector needs a wider perspective to 

introduce the CE model. Therefore, additional elements needs to be included such as: 

• rethink (e.g. change in the way water resources are managed by the consumer). 

The report presents the identified indicators according to the "5R" principle concept. 

Reduce 

By reducing the environmental impacts regarding the water and sewage sector it is 

meant to prevent sewage generation by reducing water usage and its pollution at 

source through better planning and design. The European Environmental Agency 

(EEA) report from 2017 shows that households are responsible only for 9.6% of annual 

water use in European countries. Respectively, service industry, mining and quarrying, 

manufacturing and construction, Electricity, gas, steam and air conditioning supply 

consume 3.3%; 10.6%; 18.2% of water by sectors. Agriculture, forestry and fishing are 

responsible for the biggest water use in European countries with a share of 58.3%. 

The water use in 2017 by sectors in European countries is shown in Figure 13.  
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Figure 13. Water use by economic sectors in European countries 2017 (European 

Environment Agency, 2019) 

Regarding possible contributions of consumed water by sectors regarding its further 

transformation into sewage mainly the biggest relevance is given to households and 

industry. Sewage from those sectors has a high potential to be reduced or reused in 

other economic activities or agriculture. By reducing the water consumption of 

households and improving water use efficiency by the industry can significantly affect 

the costs of sewage treatment while wastewater treatment plants (WWTPs) are 

dependent on the volume of treated sewage.    

However, water consumption differs in terms of the season of the year and the region 

related to climate conditions and average temperature (Litschauer et al., 2018). Figure 

14 presents the water abstraction in Europe regarding the analyzed economic sectors 

and the region (southern, western, eastern and northern Europe). 

It seems to be evident that due to climate conditions freshwater consumption by 

agriculture, forestry and fishing sector in southern European countries reaches 60-70 

% of total consumption, while in other parts of the continent it does not reaches 10%. 

Western European counties use on the other hand up to 70% of water reserves on 

electricity, gas, steam and air conditioning supply. Eastern and northern European 

countries consume fewer freshwater resources which are mainly used for electricity, 
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gas, etc. supply (eastern Europe) and water collection, treatment and supply (northern 

Europe). 

 

Figure 14. The development of water abstraction in Europe since the 1990s (hm3) 

(European Environment Agency, 2019) 

The estimations show that the water abstraction and water use in Europe have 

decreased since the 1990s, as a result of technological improvements in the water use 

efficiency and measures related to water pricing and the socio-economic transition in 

eastern Europe. 

Furthermore, in the EU Member States, water abstraction and economic growth 

showed a decoupling trend between 2000 and 2017. Total water abstraction declined 

by 17%, while total gross value added (GVA) generated from all economic sectors 

increased by 59%. However, the overall trend may obscure more specific regional and 

country trends. Figure 15 shows total freshwater abstraction in 2000 – 2017 and GVA 

of all economic sectors at the basic price in purchasing power standard. 
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Figure 15. Total freshwater abstraction in 2000 – 2017 and average water gross value 

added (GVA) (European Environment Agency, 2019). 

The availability of freshwater sources capacity is often limiting the water consumption 

due to its financial aspect regarding the basic economic rules as the supply and 

demand (Thomassen et al., 2009). It needs to be highlighted that water should be 

considered as a basic raw material while most economic activities without water are 

not possible.  

Within the “reduce” context the identified CE transition indicators and measures are: 

Household freshwater consumption (HWC) 

The most basic measures used for the assessment of circular economy idea is water 

consumption in households. In different regions, there are many different reasons for 

water use such as bath/shower, toilet flushing, laundry, dishwashing, drinking 

purposes, plant watering, cleaning, etc. However, the largest differences in water 

consumption per household are observed in outdoor water use while indoor activities 

are much more similar even in a different climate. Figure 16 presents the indoor water 

use per household in the United States.  
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Figure 16. End-uses of water for households in the United States per household per 

day of indoor use (DeOreo et al., 2016) 

Household sewage production (HSP) 

The household water consumption is tightly connected with household sewage 

production (HSP). In terms of indoor water use the HSP can be calculated as: 

HSP =
HWC − T

1 cap
 

Where,  

HSP - household sewage production, 

HWC - Household water consumption, 

T – Tap water used for drinking, 

cap – per capita (inhabitant). 

The above calculations are more complicated where outdoor water use is significant 

in terms of total water use. Everyday plant watering can consume up to 50% of total 

water consumption per household in individual dwellings, especially in a dry climate.  

The water exploitation index plus (WEI+) 

WEI+ aims to illustrate the pressure on the renewable freshwater resources of a 

defined territory (country, river basin, sub-basin, etc.) during a specified period (e.g. 

seasonal, annual), as a consequence of water used for human purposes. WEI+ above 

20% suggests that water reserves are under stress and WEI+ above 40% indicates 
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severe water stress and unsustainable water consumption. WEI+ is formulated as 

following (Fan et al., 2018): 

WEI+=
AB − RE

RWR
∗ 100% 

Where:  

WEI+ - water exploitation index plus 

AB – water abstractions, it refers the total amount of water abstracted from the river 

basin, including both surface water resources and groundwater resources, 

RE - Returns, it refers to the amount of water returning to the hydrological cycle after 

being used by human activities, 

RWR - renewable water resource.  

Figure 17 presents the water exploitation by river basins in Europe based on the WEI+ 

expressing the stress put on freshwater resources. It is evident that despite the 

abundance of freshwater resources in some European regions, the socio-economic 

and have led to an unbalanced water availability causing seasonal freshwater deficits. 

Water exploitation is high in southern Europe counties during summer months (e.g. 

Portugal, Spain, southern Italy and eastern Greece). However, there are water deficits 

observed during both analyzed periods in north-eastern Poland, north-western 

Germany, northern-eastern France and Belgium. 

 

Figure 17. Water exploitation by river basins in Europe based on WEI+ (EEA, 2018) 
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Phosphorus content in detergents (PCD) 

Phosphorus is one of the main factors responsible for causing eutrophication of surface 

waters. The problem of eutrophication attracted the attention of scientists in the 70-80s 

of the twentieth century due to the significant deterioration of surface water quality as 

the result of the intensification of this process, largely associated with the growth of 

anthropogenic loads of nutrients discharged into surface waters. A very important role 

in shaping the level of trophic waters is played by municipal wastewater, containing 

large amounts of nitrogen and phosphorus compounds, which loads are constantly 

increasing along with the increase of population number and the development of 

urbanization processes. In the 70s of the XX century, about 5% of the total phosphate 

mined worldwide was used in detergents (Gilbert and De Jong, 1978). In certain areas 

of highly developed countries where effluents from major centers of the population can 

reach stagnant surface waters a rapid increase of eutrophication of these surface 

waters was observed. Phosphates are being recognized as one of the essential 

nutrients contributing to eutrophication and detergents are one of the many sources of 

phosphate discharged to the environment. This was causing demands for a reduction 

in or even banning the use of phosphates in detergents. Table 7 presents the use of 

phosphorus in laundry and dishwasher detergents (kg/capita/year). 

Table 7. Use of phosphorus in laundry and dishwasher detergents (kg/capita/year). 

 Laundry detergents Dishwasher detergents 

Region 1970 2010 1970 2010 

North America 0.24 0.10 0.04 0.11 

Central and South America 0.06 0.17 0.00 0.00 

Middle East and Northern Africa 0.04 0.14 0.00 0.01 

Sub-Saharan Africa 0.01 0.01 0.00 0.00 

Western and Central Europe 0.22 0.05 0.03 0.10 

Russia and Central Asia 0.07 0.12 0.00 0.01 

South Asia 0.00 0.01 0.00 0.00 

China Region 0.00 0.12 0.00 0.00 

Southeast Asia 0.00 0.01 0.00 0.00 

Japan and Oceania 0.11 0.18 0.02 0.11 

 

The phosphorus content in detergents (PCD) index was formulated as: 
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PCD =
P

TDM
∗ 100% 

Where: 

PCD – Phosphorus content in detergents, 

P - phosphorus mass,  

TDW – total detergent mass. 

Since phosphorus was included by the EU on the critical raw material list it is necessary 

to phosphorus outflow with discharged sewage at source by reducing the PCD and in 

turn, minimalize eutrophication. 

Discharged nutrients loads (DNL) 

The use of phosphorus in detergents is the one but not the only indicator regarding 

eutrophication mitigation. It should be pointed out that eutrophication affects also the 

cost of drinking water treatment. Eutrophic waters demand using more chemicals and 

energy to purify freshwater according to legal regulations. Moreover, high nutrient 

compounds content has corroding properties that affect the state and cost of 

maintaining hydro-technical infrastructure such as dams used for water retention in 

artificial reservoirs. The reduction of nutrients loads is one of the main goals in close 

seas as the Baltic Sea, which was identified in the 1970s as sensitive to eutrophication. 

Figure 18 presents the nutrients loads from neighbouring countries to the Baltic Sea 

during 1997-2003 (average value) and in 2012.  
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Figure 18. Total nitrogen and total phosphorus inflow to the Baltic Sea by neighboring 

countries (own diagrams, based on the European Court of Auditors, 2016) 

As Figure 18 shows, nutrient reduction is a difficult task and not every country from the 

Baltic region achieved both nutrients reduction. Furthermore, an index for nutrient 

loads being discharged to surface water was proposed as: 

DNL = 𝑃𝐿 +
𝑁𝐿

𝐿𝐹𝑐
 

where: 

DNL – discharged nutrient load, 

PL - total phosphorus load,  

NL - total nitrogen load,  

LFc – limiting factor coefficient.  

The DNL index includes an adjustment (LFc) regarding the fact that total nitrogen load 

is considered to be less critical in terms of eutrophication than phosphorus since 

phosphorus is more often the limiting factor of aquatic vegetation growth (Howarth and 

Marino, 2006). However, in some marine ecosystems, the limiting element might be 

nitrogen (Glibert, 2017). The N:P stoichiometric ratios of the assimilation of living 

organisms are fairly constant, termed by Redfield ratios at 16:1 (Redfield, 1958). 

Therefore, in general, the LFc is around 16, but individual sewage receiver properties 

should be included when calculating the DNL.  

Energy consumption of WWTPs (EC) 

Circular solutions do not cover only environmental aspects. As long as CE is a wide-

perspective model, energy consumption and its costs are also being considered as 

one of the indicators for the CE transition in the water and wastewater sector (Bianchini 

et al., 2019). 

Most of the cost functions used to estimate the costs of the wastewater treatment 

process take the form of an exponential equation (Friedler and Pisanty, 2006). In a 

study by Hernandez-Sancho et al. a model for the estimation of energy consumption 

cost of the wastewater treatment process was developed as (Hernandez-Sancho et 

al., 2011): 

EC = 𝐴𝑉𝑏𝑒(∑𝛼𝑖·𝑥𝑖) 

https://www.sciencedirect.com/topics/engineering/wastewater-treatment
https://www.sciencedirect.com/topics/engineering/wastewater-treatment
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Where:  

EC - energy consumption of the plant per year [kWh]. 

V - volume of wastewater treated per year [m3], 

xi -  variables representative of the treatment processes,  

A, b, α - parameters. 

As energy consumption is related to technological performance Castellet-Viciano et al. 

noticed that wastewater treatment equipment does not always work at its optimum, 

which has an impact on energy consumption and its efficiency. To include the 

performance of the wastewater treatment process into the cost function a performance 

index (Z) was developed in their study (Castellet-Viciano et al., 2018): 

Z =
|q − Q|

Q
∗ 100 

Where: 

Z – WWTP technological performance index,  

q - volume of wastewater treated [m3/day],  

Q - design flow of the plant [m3/day]. 

Z index represents the difference between the designed capacity of the plant [m3/day] 

and the real volume of wastewater treated [m3/day]. 

The estimation of energy consumption according to different scenarios depending on 

the size of WWTP and treated sewage volume is presented in Table 8. 

Table 8. The energy cost estimation according to different scenarios. (Castellet-Viciano 

et al., 2018) 

WWTP p.e.* 
The volume of 

wastewater treated 
[m3/year] 

BOD** efficiency 
removal 

Z 
Energy 

consumption 
[kWh/m3] 

Small WWTP 1 140 89 131 96% 

0.20 0.09 

0.40 0.10 

0.60 0.11 

0.80 0.13 

Medium WWTP 3 587 333 150 98% 

0.20 0.07 

0.40 0.08 

0.60 0.09 

0.80 0.10 

Large WWTP 87 704 3 499 365 98% 0.20 0.06 
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0.40 0.06 

0.60 0.07 

0.80 0.08 

p.e. – population equivalent, BOD – biochemical oxygen demand. 

 

Greenhouse Gas Emission 

To provide effluent quality meeting modern legal regulations WWTPs are operating 

based on energy-consuming processes including physicochemical or biological 

treatment. Physicochemical processes are used to remove suspended solids, colloidal 

particles, toxic compounds, floating matters and other pollutants. These processes 

contribute to GHG emissions by the treatment process itself, or indirectly, due to 

energy consumption from the power grid or due to the GHG emission related to the 

production and transport of needed materials in these processes.  

Biological treatment is used for organic and inorganic compounds removal by using 

aerobic, anoxic and/or anaerobic processes. Because of the high removal efficiency of 

COD, BOD activated sludge technology is commonly used in treating municipal 

wastewater. The activated sludge system is based on aerobic processes, which 

produce CO2 and a large amount of sewage sludge. GHGs are also emitted during the 

sludge treatment process. The largest share of GHG emission is a result of the 

operation of the blowers which consume over 50% of total WWTP energy consumption. 

The blowers supply the oxygen needed to maintain the activated sludge process.  

The production of GHG by an aerobic process in activated sludge technology can be 

estimated by the addition of CO2 emission from BOD removal processes and the 

microbial biomass decay (Ashrafi et al., 2015): 

GHG𝐴𝑒𝑟𝑜 = 𝐶𝑂2
𝐵𝑂𝐷 + 𝐶𝑂2

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 

Where: 

GHGAero – emission from the aerobic process, 

CO2
BOD

 - emission from the BOD removal processes, 

CO2
Biomass

 - emission from biomass decay. 

 

Anaerobic process CO2 emission is usually lower than from aerobic treatment while 

there is no need for constant oxidation. However, besides CO2 the anaerobic process 
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produces methane (CH4) which has 34 times higher global warming potential than CO2 

(Ashrafi et al., 2015). CH4 is produced during anaerobic wastewater treatment 

processes and in fermentation chambers in which sewage sludge undergoes 

anaerobic digestion. The amount of CH4 emission depends primarily on the content of 

biodegradable organic matter in influent, temperature, wastewater treatment system 

and fermentation chamber type (Miąsik et al., 2013). 

Modern WWTPs are in many cases equipped in installation for CH4 storage and used 

as an alternative energy source (Hernández-Chover et al., 2018). The CH4 emission 

is related to the used technology for energy recovery, however, 5% of leakage is 

considered as average for medium-size WWTPs. The GHG emission from the 

anaerobic process can be estimated as follows (Ashrafi et al., 2015): 

GHG𝐴𝑛𝑎 = 𝐶𝑂2
𝐵𝑂𝐷 + 𝐶𝑂2

𝐵𝑖𝑜𝑚𝑎𝑠𝑠+𝐶𝑂2
𝐶𝐻4 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛

+𝐶𝑂2−𝑒𝑞
𝐶𝐻4𝑙𝑒𝑎𝑘𝑎𝑔𝑒

 

Where: 

GHGAna – emission from the anaerobic process, 

CO2
BOD

 - emission from BOD removal processes, 

CO2
Biomass

 - emission from biomass decay. 

CO2
CH4 combustion – emission from CH4 combustion  

CO2-eq
CH4 leakage – CO2 equivalent of CH4 leakage 

 

Anaerobic processes are necessary for biological phosphorus removal. However, 

phosphorus might be removed by using physicochemical methods such as 

precipitation.  

Biological nitrogen removal is based on nitrification and denitrification processes. 

Modern WWTPs are very efficient in reducing nitrogen compounds such as 

bioavailable ammonia nitrogen (N-NH4) which may accelerate eutrophication 

especially in marine waters (Beiras, 2018). On the other hand, nitrification and 

denitrification generate GHG – CO2 and nitrous oxide (N2O) which has a 298 timer 

higher global warming potential than CO2. The estimation of potential GHG emissions 

with biological nitrogen removal can be calculated as follows (Ashrafi et al., 2015)::  

GHG𝑁𝑅 = 𝐶𝑂2
𝐵𝑂𝐷 + 𝐶𝑂2

𝐵𝑖𝑜𝑚𝑎𝑠𝑠+𝐶𝑂2
𝐷𝑒𝑛𝑖𝑡 − 𝐶𝑂2

𝑁𝑖𝑡+𝐶𝑂2−𝑒𝑞
𝑁2𝑂

 

Where:  



68 
 

GHGNR – emission from nitrogen removal, 

CO2
BOD

 - emission from BOD removal processes, 

CO2
Biomass

 - emission from biomass decay. 

CO2
Denit – emission from the denitrification process  

CO2
Nit – CO2 intake during the nitrification process  

CO2-eq
N2O – CO2 equivalent of N2O emission 

 

According to the Intergovernmental Panel on Climate Change (IPCC) guidelines the 

N2O emission factor is approx. 0.5% of the WWTP effluent nitrogen content 

(Kampschreur et al., 2009) 

Separate sewers share 

Combined sewers are continuously replaced by separate sewage systems that can 

divers rainwater from sanitary (domestic) wastewater. This solution is a sustainable 

approach for wastewater management in urban areas. The higher share of separate 

sewers results in lower sewage flow into WWTPs. Rainwater quality is depended on 

surface pollution in certain drainage area but usually, rainwater has lower phosphorus 

and organic substances than average mixed wastewater. For WWTPs the lower 

sewage dilution ratio the highest recovery and removal efficiency is achieved. Share 

of separate sewers can be calculated as: 

SSS =
SSL

CSL
∗ 100% 

Where: 

SSS – Separate sewers share [%], 

SSL – sperate sewers length [m],  

CSL – combined sewers length [m]. 

In Amsterdam, the share of separate sewers was 75% in 2016. The main reason for 

the existence of the remaining 25% combined sewers was that the rainwater from the 

city centre is heavily polluted and would need additional biological or chemical 

treatment (van der Hoek et al., 2016; Zdeb et al., 2019).  

Unfortunately, the EU legislation does not cover the aspect of pollutants loads in the 

effluent from WWTPs but only their concentrations which do not promote separate 
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sewage systems. Since this measure can increase the effluent concentration even 

though it decreases the total load, this measure can only be effective in wastewater 

treatment with high pollutant removing efficiency (van der Hoek et al., 2016). However, 

an update to current requirements is necessary to support separate sewer share in 

urbanized areas.  

Buildings with separate urine and feces collection  

Statistics show that an average person produces approximately 500 liters of urine and 

50 liters of feces each year, containing about 4 kg of nitrogen and 0,5 kg of phosphorus 

(Fuhrmeister et al., 2015; Rose et al., 2015). The highest performance of dry toilets in 

nutrient recovery is when urine (which stands for approx. 70% of nutrients content) is 

separated from feces. Furthermore, up to 95% of phosphorus, can be recovered in a 

separate urine treatment facility, while only 47-52% from sewage sludge in average 

WWTP (Guan et al., 2020). Urine has a great potential for resources recovery. 

According to der Hoek et al. approx. 50% of phosphates, 82.5% of nitrogen and 80% 

of pharmaceuticals in municipal wastewater originate from urine, while urine is only 1.5 

liter of the total wastewater content where average sewage production is 130 liters per 

person per day (van der Hoek et al., 2016). 

Moreover, the recovery of urine and composted feces significantly reduces the 

eutrophication of water bodies caused mainly by bioavailable nitrogen and phosphorus 

compounds transported by municipal wastewater and surface runoff (Boström et al., 

1988; Brown and Atherton, 2009).  

Since the separate collection of urine in existing buildings might be difficult due to 

required technical adaptations (Almeida et al., 2019), this measure focuses on urine 

collection at events and event buildings (e.g. The Heineken Music Hall in Amsterdam). 

Currently, at most locations where urine is collected separately only male urine is 

collected. As this measure is rather uncommon, only the volume of separately collected 

urine and feces can become an indicator.  
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Removal (reclamation) 

According to the CE model framework removal or reclamation is the second 

recommended action in terms of the waste management hierarchy in the water and 

wastewater sector.  

One of the most important tasks of WWTPs is to treat industrial or municipal 

wastewater and remove pollutants including biogenic compounds (nutrients). The 

removal of biogenic compounds from wastewater (Meena et al., 2019) is particularly 

important due to their high levels in the aquatic environment contribute to 

eutrophication (Izydorczyk et al., 2019). Eutrophication, caused mainly by excessive 

contents of nutrients as phosphorus (P) and nitrogen (N) (Bhagowati and Ahamad, 

2019) is responsible for the aquatic environment degradation as well as serious 

problems for different purposes of water usage (Boeykens et al., 2017). Moreover, it 

can contribute to the economic losses caused by reducing the attractiveness of 

recreational areas resulting in a decrease in tourism income, losses in fisheries 

activities, increased costs of drinking water treatment and maintenance of hydro-

technical facilities, rising health care costs. Nutrients, as P and N, can be effectively 

removed from wastewater with the use of biological, physicochemical or integrated 

methods, which in many cases require energy-consuming technological systems. 

The legal regulations concerning the effluent quality regarding nutrient concentrations 

are constantly becoming more stringent and therefore, the WWTPs operators have to 

search for new advanced methods of nutrient removal. The limited values in the EU of 

the concentration and minimal percentage of reduction for nutrients in the treated 

wastewater are presented in Table 9.  

Table 9. Requirements for discharges from municipal wastewater treatment plants to 

sensitive areas which are subject to eutrophication in EU member states according to 

Council Directive 91/271/EEC 

Parameter Concentration A minimal percentage of reduction 

BOD5 25 mg/l 70-90% 

COD 125 mg/l 75% 

Suspended Solids 
35 mg/l (> 10 000 p.e.) 

60 mg/l (2 000 – 10 000 p.e.) 

90% (> 10 000 p.e.) 

70% (2 000 – 10 000 p.e.) 

Total phosphorus (TP) 2 mg/l (10 000 - 100 000 p.e.) 80% 
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1 mg/l (> 100 00 p.e.) 

Total nitrogen (TN) 

15 mg/l (10 000 – 100 000 

p.e.) 

10 mg/l (> 100 00 p.e.) 

70-80% 

 

Modern wastewater quality standards are achievable mainly if advanced and very 

expensive technologies and treatment devices are used. The high costs of 

construction, maintenance and operation of treatment systems exert economic and 

social pressure, even in economically developed countries, and the technical 

infrastructure associated with wastewater treatment constitutes a factor of strong 

pressure on the environment [26]. This leads to the straining of state budgets and their 

restructuring in a direction that is disadvantageous for the economy and society. 

Therefore, there is a need to look for optimal solutions not only in ecological but also 

in economic terms. Figure 19 presents the increase in the treatment costs along with 

the increase in phosphorus removal efficiency. 

 

Figure 19. Unit costs of removing total phosphorus in a WWTP with the flow ~17500 

m3 per day. AS – only oxic chamber, A/O – anoxic-oxic chambers, AAO – anaerobic-

anoxic-oxic chambers (Jiang et al., 2004) 

BOD and COD removal efficiency 

Biochemical oxygen demand (BOD) is a simple and practical indicator of the total 

organic compounds content that is available to organisms plus any chemicals that 

spontaneously react with oxygen. The efficiency of BOD removal is a basic parameter 

of the wastewater treatment process often expressed as 5-day BOD at 20°C (BOD5). 
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The BOD5 is also a water quality indicator in terms of organic pollutants (Kowalewski 

et al., 2018). Activated sludge-based WWTPs can achieve the BOD5 effluent content 

bellow 25 mgO2/l according to EU regulations or even bellow 15 mgO2/l if needed with 

removal efficiency above 95% depending on used treatment technology (Brix and 

Arias, 2005).  

Chemical Oxygen Demand (COD) is a second method of estimating how much oxygen 

would be depleted from a body of receiving water as a result of bacterial action. The 

relation between COD and BOD indicates the amount of non-biodegradable organic 

material in the wastewater. If the BOD/COD ratio is above 0.5 the treated wastewater 

is sensitive for biochemical degradation. Similar to BOD5 the COD removal efficiency 

in advanced WWTPs achieves 95% (Meena et al., 2019).  

Nutrient removal efficiency (NRE)  

Nutrient removal efficiency (NRE) is one of the main indicators of modern WWTPs. In 

times of strict legal regulations concerning total nitrogen (TN) and total phosphorus 

(TP) content in treated wastewater, the NRE reaches in enhanced biological nutrient 

removal (EBNR) systems and 70-90% regarding TN and 80-95% regarding TP (Henze 

et al., 2008). Higher phosphorus removal is possible to achieve with the support of 

chemical precipitation or membranes systems (Smol, 2018). As was mentioned in the 

present study removal of N and P compounds is the primary method of eutrophication 

mitigation. The NRE can be calculated for each WWTP by comparing the nutrient 

content in raw and in treated wastewater: 

NRE =
𝑁𝐶𝑅𝑊 − 𝑁𝐶𝑇𝑊

𝑁𝐶𝑅𝑊
∗ 100% 

Where: 

NRE – nutrient (N or P) removal efficiency [%], 

NCRW – nutrient content in raw wastewater [g/m3], 

NCTW – nutrient content in treated wastewater [g/m3]. 
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Reuse  

Circular economy water efficiency indicator (IW,CE) 

The indicator of circular economy water efficiency indicator (IW,CE) provides information 

about the reduction in the total water used for maintaining specific processes (eg. food 

processing, dairy production, pulp and paper production). It was designed as a water 

efficiency indicator in the pig manure treatment (Molina-Moreno et al., 2017) and 

defined according to the following equation: 

IW,CE =
∑ QW,I

n
i=1

QW,T
∗ 100% 

where: 

QW,I is the volumetric flow rate of water recovered during stage i in the analyzed 

process, 

QW,T is the total volumetric flow rate of water used  

The IW,CE indicator ranges from 0 to 100 where bottom values mean poor water 

efficiency (low water recovery) and upper values mean sustainable water use achieved 

by high water recovery level.  

Water technological nutrient performance (IW,TN) 

An extension of the IW,CE indicator has been proposed for the water technological 

nutrient performance (IW,TN) according to the following equation (Molina-Moreno et al., 

2017):  

𝐼𝑊,𝑇𝑁 =
∑ 𝑄𝑊,𝐼

𝑛
𝑖=1

𝑄SW
 

where: 

QW,I is the volumetric flow rate of water recovered during stage i in the analyzed 

process, 

QSW is the volumetric flow rate of treated effluent during the treatment process. 

The Iw,ce indicator can be applied to assess the water volume that can be recovered 

and reused in the wastewater treatment process or other technological nutrients that 

are treated in the plant (e.g. pig manure). 
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Water productive indicator of circular economy efficiency (IW,CE,P) 

A water productive indicator of circular economy efficiency (IW,CE,P) was proposed by 

Molina-Sanchez et al. initially for the paper industry, by indicating the volumetric flow 

of treated water that is recovered during the treatment process in relation with the mass 

flow of paper produced (PP). The IW,CE,P indicator is defined according to the following 

equation (Molina-Sánchez et al., 2018): 

𝐼𝑊,𝐶𝐸,𝑃 = 𝐼𝑊,𝑇𝑁 ∗
QPMW

PP
 

where: 

IW,TN is the water technological nutrient performance, 

QPMW is the volumetric flow of wastewater from the plant, 

PP - is the mass flow of produced goods. 

Household retention rate (HRR)  

HRR is a great indicator of alternative use of alternative water sources for non-potable 

purposes. Rainwater use is one of the oldest methods for reducing freshwater 

consumption and is used worldwide for gardening, washing, cleaning, toilet flushing, 

etc. Rainwater after sedimentation or mechanical separation of dust or other solids due 

to its low hardness is a perfect method of reducing water consumption in households 

or in public buildings e.g. for toilet flushing which is responsible for approx. 20 – 35% 

of total household water use depending on the flush capacity (Zdeb et al., 2019). The 

HRR can be calculated as the difference between freshwater consumption (household 

water intake) and sewage production discharged to a septic tank or public sewage 

system:  

HRR = HWC − HSP 

The higher HRR gets the more circular in terms of water and sewage aspect the 

household is.   

Recycling and recovery 

Drinking water recycling efficiency index (IDWR) 

In areas with freshwater deficits wastewater reuse is an important alternative to potable 

water source. Modern technologies based on membrane filtration followed by 
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advanced oxidation processes are able to achieve high quality water which meets the 

requirements of drinking water quality (Giagnorio et al., 2019). Processes using the 

osmosis phenomena such as forward osmosis (FO), are considered as a  

breakthrough for concentrating different feeds including municipal wastewater. A study 

on FO efficiency in water recycling achieved a 57% water recovery followed by 

phosphates, ammonia and organics recovery efficiency of 75%; 66%; 73% respectively 

(Singh et al., 2019). While the requirements for reclaimed water from municipal or 

industrial effluents may vary in different regions (Voulvoulis, 2018) the following 

equation presents an index proposal of an index for drinking water recycling (IDWR). 

𝐼𝐷𝑊𝑅 =
QWR

QTW
 

  

where: 

QWR is the mass flow of recycled water meeting the legislative requirements of 

drinking water, 

QTW is the treated wastewater mass flow. 

 

Phosphorus recovery index (IPR) 

Sewage sludge is an inseparable product generated within biological or chemical 

wastewater treatment processes. Due to the limited phosphorus primary sources, the 

importance of developing phosphorous recovery methods is foreseen to be increasing 

its importance in the next decades. Therefore, a phosphors recovery index (IPR) was 

proposed in the following equation: 

𝐼𝑃𝑅 =
M(x)PR

MSS
 

where: 

MPR is the mass of recovered phosphorus in a certain form  

x - phosphorus form obtained in the recovery process (eg. P2O5) 

MSS is the total mass of produced sewage sludge 
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The technological nutrient performance index for the recovered sludge (Isg,tn) 

Moreover, a technological nutrient performance index for the recovered sludge (Isg,tn) 

was proposed for industrial sewage sludge which can be reused within the primary 

production process (eg. in the paper industry).  The Isg,tn index can be calculated 

according to the following equation (Molina-Sánchez et al., 2018): 

𝐼𝑠𝑔,𝑡𝑛 =
msg,r

QPMW
 

where: 

msg,r is the mass flow of recovered sewage sludge, 

QPMW is the volumetric flow of wastewater from the plant. 

 

Biogas production efficiency (Be) 

Besides nutrients, there are also organic pollutants in municipal wastewater. The 

organic matter content in wastewater is usually measured as chemical oxygen demand 

(COD). Organic matter originates from urine, feces, toilet paper and greywater. The 

largest impact on the COD content have: grey water (36%), feces (34%), cellulose in 

toilet paper (23%) and urine (7%) (van der Hoek et al., 2016). 

The COD is efficiently removed from wastewater during biological treatment and 

remains in the sewage sludge. The most applicable method of organic matter 

processing is digesting to produce biogas, which can be used for combined heat and 

power (CHP) process (Shen et al., 2015). The digesting process may take part in 

psychrophilic conditions (+10 oC to 25 oC), mesophilic conditions (+25oC to 45 oC) or 

thermophilic conditions (+45 oC to 60 oC). The content of biogas is differential and 

depends on sewage sludge properties and digestion temperature, however, an 

average biogas content is CH4 (63-66%) and CO2 (34-37%) (Miksch and Sikora, 2012). 

Due to the limited efficiency of the digester not all of the organic matter is transformed 

into biogas. The remaining organic matter remains in the sludge and is available for 

further processing in thermal processes (e.g. mono or co-incineration). By the 

consideration of above the biogas production efficiency indicator was formulated as: 

𝐵𝑒 =
𝐶𝑂𝐷𝑖𝑛 − 𝐶𝑂𝐷𝑒𝑓 − 𝐶𝑂𝐷𝑠𝑠

𝐶𝑂𝐷𝑖𝑛
∗ 100% 



77 
 

Where: 

Be – biogas production efficiency [%], 

CODin – influent COD content [Mg], 

CODef – effluent COD content [Mg], 

CODss – sewage sludge COD content [Mg]. 

 

Circular economy efficiency indicator for biogas (IBG,CE) 

The produced biogas can be directly used onsite in the maintaining processes. The 

circular economy efficiency indicator for biogas (IBG,CE) is defined according to the 

following equation (Molina-Moreno et al., 2017): 

𝐼BG,CE =
QBG

𝑄𝑁𝐺
∗ 100% 

where: 

QBG is the volumetric flow rate of biogas recovered during the process 

QNG is the volumetric flow rate of natural gas used during the process 

 

Due to the biogas use instead of natural gas a significant carbon footprint reduction 

can be achieved. The CO2 emission reduction (ERCO2,CE) can be calculated from the 

equation: 

𝐸𝑅𝐶𝑂2,𝐶𝐸 = 𝑄𝑁𝐺 ∗ 𝐸𝐹𝐶𝑂2,𝑁𝐺 ∗ 𝐼𝐵𝐺,𝐶𝐸 

where: 

IBG,CE is the circular economy efficiency indicator for biogas  

QNG is the volumetric flow rate of natural gas used during the process 

EFCO2,NG is the factor of CO2 emissions of natural gas 
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Other 

Investment effectiveness indicator (Ei) 

Wastewater treatment can be understood as a regular production process in which 

energy, chemicals are its elements. Treated effluent from WWTP is the desired product 

of this process, while all undesirable products as pollutants are removed.  

A costs-benefits analysis (CBA) is often used in assessing environmental investments 

including surface water protection. As the main target in environmental investments is 

the minimalization of the potential environmental pollution treats and avoided 

ecosystem deterioration should be a direct effect of those investments. On the other 

hand, gaining additional benefits or resources is possible within environmental 

investments especially in the water and wastewater sector such as biogas or compost 

production, phosphorus recovery, etc. In the connection to the above the following 

formula was proposed by Miłaszewski, 2018: 

Ei =
P − La

I(Rdis + Rdep)Ec

 

Where: Ei – absolute investment effectiveness indicator 

P – annual production effects of water protection facilities (the sum of the values of 

raw materials recovered from wastewater and manufactured products - for example, 

biogas, compost and others) [€], 

La – annual loses in the water environment, avoided due to the water protection 

investments [€], 

I – total investment value in water protection area [€], 

Rdis – annual discount rate, 

Rdep – average annual depreciation rate, 

Ec – annual operation cost of water protection facilities and devices (without 

depreciation) [€]. 

The condition for using the above formula is the fulfillment of the Ei ≥ 1 criterium 

(Miłaszewski, 2018a). 

Shadow prices of removed pollutants from wastewater  

The concept of shadow price is used in economic analysis to express the value of costs 

or effects in a project when the market price does not reflect their economic value.  
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Regarding wastewater treatment processes there is a need to set the referential price 

of the desirable products – treated wastewater. 

Although the value of this product is not market -conditioned, however, it can be 

assumed that shadow prices will depend on the type of effluent receiver type and the 

potential water use from this receiver (Miłaszewski, 2018b). Using the above 

methodology the treated wastewater was given a referential price in terms of effluent 

receiver type, which is shown in Table 10. 

Table 10. Reference prices of treated wastewater and shadow prices of raw 

wastewater pollutants (Hernandez-Sancho et al., 2009) 

Sewage 

receiver 

Effluent 

referential 

price [€/m3] 

Pollutants removal shadow price 

N [€/kg] P [€/kg] 
Suspended 

solids [€/kg] 

BOD5 

[€/kg] 

COD  

[€/kg] 

River 0.7 -15.353 -30.944 -0.005 -0.033 -0.098 

Marine 

waters 
0.1 -4.612 -7.533 -0.001 -0.005 -0.010 

Wetlands 0.9 -65.209 -103.424 -0.010 -0.017 -0.122 

Water 

recovery 
1.5 -26.182 -79.268 -0.010 -0.058 -0.140 

 

The shadow prices of five groups of pollutants contained in treated wastewater have 

negative values, which reflect the losses avoided in the aquatic environment 

determining the environmental effects (Bellver-Domingo et al., 2017). 

The referential prices are based on the bioaccumulation properties of certain water 

bodies or specific needs concerning treated wastewater. Due to the self-purifying 

abilities of marine waters and the high diffusion level, its referential price was the 

lowest. Rivers have lower accumulation abilities, however, the river flow and current 

water state have a large influence on certain river bioaccumulation properties. 

Wetlands are considered as very sensitive receiving water body and sewage discharge 

is generally not recommended what is reflected in the high referential price. 

Wastewater treatment to the drinking water quality can be extremely expensive, 

therefore water recovery from wastewater is used only in freshwater scarcity regions 

(Zhang et al., 2011).  
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Conclusions 

In the last years, many reports indicating benefits from the implementation of a CE 

model into the water and sewage sector have been developed. However, there is still 

an insufficient number of scientific analyses regarding the formulation of accurate 

indicators able to measure the transition of water and sewage sector towards the CE 

model. 

Based on the reported indicators, it can be assumed that there is an increasing amount 

of information available on the existing indicators potentially applicable for measuring 

the transformation towards a CE in the water and sewage sector.  

A wide-perspective have been used to identify the indicators which are the most 

accurate to describe the phenomena and processes influencing the CE transition. 

Environmental and economic aspects are tightly connected regarding the CE 

framework model in the water and wastewater sector. Besides the rethink, reduce and 

remove based activities are the most crucial for developing circular solutions, however, 

some implications regarding the other CE framework model elements such as reuse, 

recycle and recover are applied to support the transition to a CE.  
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4. Barriers and drivers for the transformation towards a 
circular economy in the water and sewage sector 

 

Introduction 

Water and sewage management is one of the biggest challenges for the circular 

economy (CE) implementation as many types of industries depend on water and a 

limited access to clean water resources can limit both production capacity and profits 

(Smol et al., 2020). Due to rapidly increasing globalization more and more municipal 

wastewater was introduced into water bodies. Together with industrial loads many 

water bodies have suffered from eutrophication caused by excessive nutrient loads 

(Iho et al., 2015). To prevent from water ecosystems deterioration in many countries 

legal incentives were taken to limit the discharged pollutants by introducing advanced 

wastewater treatment plants (WWTPs). However, even by limiting point-source 

discharges, many water ecosystems were affected by diffused loads of nutrient coming 

from agriculture due to intensive use of mineral fertilizers (Batstone et al., 2015). 

Growing demand for food products and increasing industrial activities caused by 

continuous increase of world’s population have forced to rethink the approach based 

on linear economy which would not be able to sufficiently maintain the quality of life 

that require high-quality water and sanitation services and reliable source of critical raw 

materials for the food production industry (Barragán-Ocaña and del-Valle-Rivera, 

2016). 

Therefore, water and sewage sector is an important element of building the CE model 

while waste such as wastewater and sewage sludge are a valuable source of raw 

materials and the implementation of the CE model allows to their transformation into 

resources (Krüger and Adam, 2015). Water is a fundamental resource for meeting 

basic needs of all living things and it cannot be satisfied by substituting with other 

measures or materials. Moreover, water is used and offers value in a number of 

different ways.  

Thus, an investigation regarding the existing barriers and has been proceeded which 

are respectively moving away or bringing closer the water and sewage sector transition 

into CE (Kirchherr et al., 2018).  

Based on the wide review of current legal regulations regarding the water and sewage 

sector, followed by numerous scientific publications it was possible to perform an 
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interdisciplinary investigation and identify the most critical barriers and drivers that 

contribute to the current advanced in closing the loop in water and sewage sector.   

 

Barriers 

Separate policy areas  

The current water policy in many EU countries focuses mainly on area-oriented 

operation in the chosen aspects of water protection e.g. preventing surface water and 

groundwater pollution. However, to implement CE in water and sewage sector a broad 

transition within the various policy areas elaborated at various levels (national, regional 

and local) is needed to fully introduce the CE model. Moreover, a far-reaching 

collaboration with the other regions and between the Member States is insufficient 

while measures taken to implement CE model are mainly generic and formulated on a 

sectoral level (industrial, agricultural, municipal etc.). Therefore, efficient collaboration 

coordination between initiatives within the water policy and with the adjacent policy 

areas should be improved in order to act more efficient. Water policy without the 

consideration of resource recovery, water reuse and recycling, energy recovery, 

greenhouse gases emission reduction will not be able to fully release the 

transformation potential towards CE in the water and sewage sector. This disability to 

integrate various policies is revealed by the fact that most policies relating to nutrient 

management have focused on reducing N and P loads discharged into receiving water 

bodies to limit eutrophication, rather than on returning those nutrients to productive 

use.  

It cannot be neglected that actions taken to limit point-source discharge loads achieved 

its goal regarding the reductions of discharged total N and P loads but they also 

contributed to wide use of chemical precipitants based on aluminum (Al) or iron (Fe) 

what resulted in the presence of Al and Fe compounds in the sewage sludge making 

the nutrients not easily absorbed by plants. Therefore, the approach based on the 

Urban Wastewater Treatment Directive 91/271/EEC (UWWTD) guidelines does not 

acts bidirectional as it should according to the CE model (Cordell et al., 2009). 

Advanced wastewater treatment methods aims to provide the lowest total N and P load 

marginalizing the sludge properties important for reuse possibilities in agriculture 

(Chouichom and Yamao, 2011). 
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Coordination  

The coordination barrier is present mainly within the agricultural sector, where manure 

is an abundant but under-utilized source of nutrient-rich material. Farm specialization 

and geographical mismatch between livestock farms and crop production systems limit 

the use of manure as a fertilizer and are a cause of N and P surplus in animal 

husbandry regions what caused that only about 8% of all manure generated in the EU 

is processed (Barquet et al., 2020). Thus, the large volumes of generated manure in 

relation to the available land area remain a major barrier to sustainable nutrient 

recycling. At present, the cost of transporting manure is high compared to purchasing 

and applying conventional fertilisers. Other logistical challenges for manure include 

storage, handling and spreading. Processing manure into products with low water 

content facilitates transport and can often contribute to waste reduction and energy 

production from renewable secondary sources (Schoumans et al., 2015). 

 

Contamination of waste-based products 

The waste-based products such as sewage sludge and sewage sludge ash need to be 

almost free from heavy metals and need to be certified as safe and applicable. The 

sanitary conditions are meant to lessen the health risks to humans and the 

environment. Heavy metals are dangerous because of their tendency to 

bioaccumulate and therefore be potentially harmful for human health (Ohtake and 

Tsuneda, 2018). The most common toxic heavy metals in sewage sludge include 

arsenic (As), lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), copper (Cu) and 

nickel (Ni) . Moreover, registration of a waste-based product as a fertilizer can be 

rejected or accepted according to the level of its hazardous characteristics like 

corrosively, reactivity, toxicity, flammability and other biological hazards (Amann et al., 

2018; Savci, 2012; U.S. EPA, 2019). However, not the presence of particular heavy 

metals worries most but their discrepancy between various samples. The heavy metals 

content in sewage sludge ashes (10 different samples) is shown in Table 11 (Ohtake 

and Tsuneda, 2018).   

 

Table 11. Levels of toxic heavy metals in sewage sludge ashes and their limits set for 

commercial calcined sludge fertilizer (mg/kg) 
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Sample* Cr Ni As Cd Hg Pb 

1 102 79 43 4 0.12 246 

2 133 216 21 7 3.19 81 

3 224 279 22 8 Trace 72 

4 276 442 26 4 Trace 92 

5 337 479 61 4 Trace 128 

6 89 125 26 5 0.16 129 

7 89 245 30 3 0.03 113 

8 52 51 22 1 No data 50 

9 76 102 14 8 1.98 22 

10 77 67 9 8 <0.05 22 

Limit for 

commercia

l sludge 

fertilizer 

500 300 50 5 2 100 

*Samples 1-5 were collected from combined sewer system while samples 6-10 were 

collected from separate sewage system 

 

Farmers and consumers acceptability of waste-based fertilizers 

According to the interviews on farmers and consumers from various countries, the main 

problem associated with the use of sewage sludge for fertilizing crops is public opinion, 

because the success of sewage sludge depends on consumer satisfaction. Issues 

such as: psychological, social, public health and religious reasons are the main barriers 

for applying treated sewage sludge for crops fertilizing (Rashid et al., 2017). Many 

respondents indicate that in their opinion fertilizers based on human waste can be 

harmful to plants, smelly and unhealthy to consume (Duncker et al., 2007). Many 

doubts concern the reuse of human excreta which is considered to be a nutrient-rich 

resource (urine is rich in N, while faeces are rich in P, potassium (K) and organic 

matter) which can be treated in a sustainable closed-loop system (Fuhrmeister et al., 

2015).  

However, perceptions influence and guide behavior, motivate or de-motivate all actions 

and determine the future success of technologies and excreta-based products 

(Duncker et al., 2007). 
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Understudied performance and indirect benefits of P recovery technologies  

Many studies conducted to analyze the performance of various P recovery 

technologies from water and sewage sector confirm that there is a large variability in P 

recovery and reuse level, their energy efficiency, pureness of the final product, 

contaminants in the waste-derived product such as heavy metals and other pollutants 

and added values of those technologies such as valuable intermediate by-products, 

such as: phosphoric acid (H3PO4), aluminum (Al2(SO4)3 and Al(OH)3) or iron (FeCl3 

and Fe2(SO4)3) based precipitants (Cohen and Enfält, 2017).  

Furthermore, there are gaps in the current knowledge about the performance of 

technologies for P reuse across economic, agricultural and environmental criteria while 

not many full-field trials and longer-term tests for P recovery and reuse technologies 

were developed (Egle et al., 2016). On the other hand there is not enough reliable data 

on the performance of novel manure processing techniques struvite and source-

separation in sanitation and wastewater systems (Amann et al., 2018). Despite 

recovered raw materials there are other benefits which need to be examined such as 

indirect environmental benefits and human health aspects which are often not covered 

in analysis focused on technological performance of P reuse and recovery methods 

(Withers et al., 2018). 

 

Unfavorable market conditions for waste-derive fertilizers 

One of the biggest difficulties of the CE implementation regarding the water and 

sewage sector are market conditions for wastewater-derived products. According to 

different studies the market for recovered nutrients is still emerging (Amann et al., 

2018; Kabbe, 2019) while their price remains a large obstacle (Römer and Steingrobe, 

2018). Unfortunately many alternative (secondary) fertilizers originating from sewage 

sector are not competitive on the market with mineral fertilizers due to the high costs 

of the recovery process (Cramer et al., 2018). It is likely that technologies that are able 

to increase the cost-effectiveness of their application by maximizing the content of 

direct bioavailable P for plants are likely to become much more acceptable despite the 

higher price (Withers et al., 2018). Moreover, recovery technologies have the highest 

efficiency at large WWTPs, chemical industries and food and beverage factories or on 
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factory farms where a sufficient critical mass of nutrients is processed and allows for a 

cost-effective recovery of nutrient (Sarvajayakesavalu et al., 2018).  

On the contrary nutrients recovery from dispersed plants such as local WWTPs or 

small businesses of farms would be economically and technically ineffective (Vogel et 

al., 2017). However, many authors suggest that the market conditions will change soon 

due to expected increase in the prices of valuable biogenic raw materials such as 

phosphorus which is a critical nutrient for the entire food production sector (Cordell et 

al., 2011; Shahbazi et al., 2016). 

 

Poor sustainability of agriculture in terms of nutrient recovery 

In many developed countries there are promising opportunities to reduce the surpluses 

nutrients loads applied in fertilizers which often exceeds the actual plants demand for 

nutrients and results in severe N and P loads discharged with the surface flow to 

surface waters causing eutrophication (Callisto et al., 2014; Poikane et al., 2019). 

Moreover, surplus N can also be lost to air as ammonia and other greenhouse gases. 

High N losses from agricultural land to the environment therefore have a significant 

negative impact on biodiversity and ecosystems, and have the potential to cause 

problems for human health (EEA, 2020). The application of N-based fertilizers per 

hectare of utilized agricultural land in the European countries is present in Figure 20. 

Based on the data from 2012-2015 Cyprus, Netherlands, Malta, Belgium and 

Luxemburg are leading in terms of fertilizers application intensity. On the contrary 

Romania, Estonia, Bulgaria, Latvia and Lithuania apply the least fertilisers per utilized 

land. It is worth mentioning that Malta, Netherlands, Croatia, Denmark and Germany 

achieved to significantly reduce their fertilizers application rate while only Latvia, 

Poland, Czech Republic and Norway increased the usage of fertilizers per hectare 

compering to the reference period (2000-2003). 

Furthermore, the surplus of N applied to agricultural land fell by about 18 %, from 

an EU-28 average of 62.2 kg per hectare in the period 2000-2003 to an average of 

51.1 kg per hectare in the period 2012-2015 (EEA, 2020). Note that it is important to 

take a series of 3-4 years instead of individual years as reference when identifying 

trends in the development of nitrogen surplus, as factors such as extreme weather 

conditions can influence annual N surplus rates (Le Moal et al., 2019).  
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Figure 20. The application of N-based fertilizers per hectare of utilized agricultural land 

in the European countries (EU Member States + Norway and Switzerland) (EEA, 2020)  

 

Unfortunately, reducing the nutrients surpluses is a demanding challenge due to the 

lack of connection between nutrient-rich waste producers and farmers which can apply 

those products as a fertilizer (Daneshgar et al., 2018). Intensive arable farms suffer 

from inaccessibility to P-rich manure causing a high demand for mineral fertilizers while 

farms with limited land are facing difficulties due to overfertilization causing serious 

threat of nutrients runoff into the water ecosystem. Furthermore, the recycling of 

nutrients in municipal wastewater is present mainly in large agglomerations which are 

usually far from agricultural lands what results in poor sustainability and economic 

efficiency of reusing nutrients discharged from urban areas back to agricultural lands 

(Kiedrzyńska et al., 2014). 
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Drivers 

Limited phosphorus resources 

Phosphate rock is since 2014 officially listed by the EU as a critical raw material 

because of the EU’s high dependency on foreign sources of phosphate and the need 

to secure sovereign sources, for instance through recycling (European Commission, 

2017, 2014). By placing P as a critical raw material the European Commission (EC) 

aims to support the development of P extraction from alternative (secondary) sources 

(Nesme and Withers, 2016).  

P is an important and non-renewable resource necessary for the existence of all living 

organisms which cannot be replaced by any other element (Smol, 2019). In respond 

to growing demand for P in the light of limited phosphate rock resources, some 

countries such as Germany and Switzerland have introduced legal requirements with 

set transitions periods for an obligatory P recovery from municipal wastewater (Blöhse 

and Bogaczyk, 2019). Other countries such as Austria and Sweden are developing 

similar national regulations (Herzel et al., 2016).  

While primary extraction of phosphate rock in EU takes place only in Finland, covering 

approx. 12% of EU demand, the great majority of P-based raw materials is imported 

from non-EU countries such as: Russia, Morocco, China, Syria and Algeria. 

On the contrary to primary P sources, its secondary sources are present in almost 

every country around the globe (Rogowska et al., 2019). P recovery is possible from 

different waste streams such as: municipal and industrial wastewater, sewage sludge, 

sewage sludge ash, municipal and industrial waste, pig slurry, meat and bone meal 

etc. (Egle et al., 2016; Gorazda et al., 2017; Hanc and Pliva, 2013; Herzel et al., 2016; 

Ohura et al., 2011; Suthar et al., 2015; Vogel et al., 2017). It was estimated by 

Koppelaar and Weikard that the total extraction of primary sources of phosphate rock 

is 21.1 million Mg while about 15 - 20% can be replaced by P recovered from 

wastewater (Koppelaar and Weikard, 2013).  

Furthermore, P recovery from wastewater is definitely in line with the circular economy 

(CE) model (Smol et al., 2020) in which the value of products, materials and resources 

is maintained in the economy for as long as possible, and the generation of waste is 

minimised (Ghisellini et al., 2016). Although, WWTPs have a great potential to become 

a major asset and economy-driving factor while municipal or industrial wastewaters are 

transforming a lot of valuable flows such as: raw materials (mainly P but also N 
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compounds such as ammonia), water, heat and energy including organic carbon that 

can be recovered as biogas in sludge digestion (Frijns et al., 2013).  

Growing awareness of the P-dependency issue, and in particular its geopolitical 

significance, is recognized as an opportunity that could drive further policy changes. 

Among the general public, however, awareness remains low regarding the importance 

of nutrient management and the environmental impacts associated with dietary 

preferences i.e. the high proportion of meat and dairy products in European diets. 

 

Limits on pollutants emission (discharge) 

In order to prevent from excessive water pollution with nutrients loads discharged to 

the receiving water bodies with wastewater the in almost every country strict legal limits 

were introduced regarding the discharged nutrients loads or minimum reductions level. 

Excessive N and P loads in water bodies result in accelerated eutrophication of surface 

water what causes multidimensional losses in terms of the value of affected water 

bodies including: low recreational value, public health hazard, aquaculture losses, 

decreasing biodiversity, nitrogen oxides emission etc. (Mason, 2002; Thieu et al., 

2010). To mitigate eutrophication several regulations and strategies were developed 

in the EU e.g. the Urban Waste Water Treatment Directive 91/271/EEC (UWWTD), 

Nitrates Directive 91/676/EEC, Marine Strategy Framework Directive 2008/56/EC 

(MSFD), Water Framework Directive 2000/60/EC (WFD). Regulations were 

implemented by the UWWTD setting maximum permissible content of chemical 

oxygen demand (COD), 5-day biochemical oxygen demand BOD5, total nitrogen (TN) 

and total phosphorus (TP) as shown in Table 12.  

 

Table 12. Legal regulations concerning treated wastewater quality parameters in EU 

Member States (EC, 1991)  

WWTP category COD, mg/l BOD5, mg/l TN, mg/l TP, mg/l 

>10 000 PE* 125 25 n/n n/n 

10 000 - 100 000 PE 125 25 15 2 

<100 000 PE 125 25 10 1 

*PE – population equivalent  

 



93 
 

In terms of the implementation of the CE assumptions in the water and wastewater 

sector the above limits have significant role. The material flow analysis in WTTPs 

shows that the during the treatment process most of the valuable raw materials are 

removed from wastewater and deposited in the sewage sludge, which can be further 

processed. Therefore, it is important to introduce even more demanding legal 

requirements for treated wastewater regarding nutrient removal such as some 

agglomerations located at the Baltic Sea shore have done by strictly limiting TN and 

TP. The only problem may be that those requirements do not include the plant 

bioavailability context regarding both: discharged nutrient availability to aquatic 

vegetation and availability of nutrients remaining in the sewage sludge which can be 

converted to fertilizers (Fan et al., 2018).  

 

Regulations towards obligatory phosphorus recovery from excessive sewage 

sludge 

Legal measures are also applied regarding the sewage sludge phosphorus content. 

Obligatory P recovery from excessive sewage sludge are going to be introduced in 

Germany. According to the German regulation on sewage sludge (AbfKlärV) beginning 

from 2029 all WWTPs over 100 000 PE will need to apply an additional P recovery 

when the P content in the excessive sewage sludge is over 20 gP/kg in dry matter 

(d.m). Furthermore, WWTPs from 50 000 – 100 000 PE will need to reach < 20 gP/kg 

d.m. (2% P/d.m.) by 2032 as shown in Table 13.  

 

Table 13. Obligatory phosphorus recovery from excessive sewage sludge in Germany 

(AbfKlärV, 2017) 

WWTP PE 

P content in the 

sludge <2% 

(20gP/kg d.m.) 

P content in the 

sludge >2% 

P content in the 

sludge >2% and 

mono/co-

incineration 

>100 000 PE 

(from 2029) 

No need for 

further P 

recovery* 

A must to meet one of 

the following criteria: 

At least 80% of P-

recovery from the 

ash 



94 
 

100 000 - 50 

000 PE (from 

2032) 

No need for 

further P recovery 

1) 50% P recovery from 

the sludge, 

2) further P recovery to 

achieve <2% P in the 

sludge, 

3) sludge incineration 

with at least 80% of P 

recovery from the ash 

<50 000 PE 

Sludge can be 

used “in or on” 

soil 

 

The introduction of the sewage sludge regulation in Germany is aiming by the 80% P 

recovery obligation from sewage sludge ash to effectively exclude co-incineration of 

sewage sludge (of >2%P) with other wastes (low P industrial wastes, municipal solid 

wastes) or incineration in cement kilns, because P recovery will not then be feasible 

(ESPP, 2019). Besides Germany also Switzerland has passed legislation making P 

recovery obligatory from sewage and animal by-products (meat and bone meals). 

Therefore, Switzerland has an advanced legislation system regarding the area of 

nutrients recycling including: the Fertiliser Ordinance (DüV or OEng 01/01/2019) that 

defines a new category of Recycled Mineral Fertilisers while the Chemical Risk 

Reduction Ordinance (ChemRRV or ORRCim 01/01/2019) fixes contaminant levels for 

recycled materials calculated to avoid accumulation in soil (assuming standard Swiss 

fertiliser application rate of 34.3 kgP/ha/y) and to ensure that organic contaminant 

levels do not exceed limits fixed by the Soil Ordinance (ESPP, 2019). Similar 

regulations are under consultation in other EU countries such as Sweden, Austria and 

the Netherlands.  

 

Industrial symbiosis benefits 

Water and wastewater sector due to processing of various material flows has a high 

potential for applying industrial symbiosis or developing eco-industrial park initiatives 

which are one of the most common methods used to implement the CE concept at a 

regional scale (Winans et al., 2017).  
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Industrial symbiosis initiatives include the exchange of water, energy, information or 

materials to minimize energy and raw materials use, reduce waste generation and 

build sustainable economic, ecological, and social relationships (Boix et al., 2015). 

WWTPs combine water, energy and material flows so they ensure wide possibilities 

for exchanging those flows with neighboring entitles. Excessive heat can be recover 

from wastewater which temperature depends on the sewage type. While municipal 

wastewater have a moderate heat transfer potential but there are industries which 

discharge high temperature effluents or even needs to cooldown they wastewater 

before introducing them into receiver according to binding legal regulations for 

wastewater discharge. Such surplus thermal energy can be effectively used by 

surrounding infrastructure such as district heating systems (Lindström, 1985) or 

swimming pools which can convert excessive sewage heat through a heat exchanger 

to warm up water in the swimming pools (SYMBI, 2018).  Moreover, sewage sludge 

can be used to produce fertilizers with high amount of highly bioavailable N and P 

compounds in the form of struvite, calcium phosphate or phosphoric acid (Shaddel et 

al., 2019).  Examples of CE opportunities based on the industrial symbiosis principle 

are presented in Figure 21 (Siraj et al., 2018). 

 

 

Figure 21. The CE opportunities based on the industrial symbiosis principle (Siraj et 

al., 2018) 
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Industrial symbiosis concept concerns also water which is an often overlooked 

resource, critical for many industries, especially those operating in water scarcity 

regions (Australia, Jordan etc.). By advanced water treatment methods including  

microfiltration/reverse osmosis industrial effluents can be transformed into valuable 

resource available for different industrial activities where it can replace the use of 

potable water (van Beers et al., 2008).  

Furthermore industrial symbiosis by following the CE assumptions provides economic 

benefits resulting from sharing land (area), waste or discharged wastewater in order to 

provide extra benefits for the cooperating entitles. This includes also raw wastewater 

transfer (as a potential source of energy and nutrients) e.g. by replacing small, less 

efficient WWTPs belonging to local enterprises (e.g. diaries, breweries, 

slaughterhouses etc.) by diverting wastewater to larger municipal WWTP and 

combining industrial and municipal wastewater (Daw et al., 2012). Such solutions 

additionally provides a higher potential for nutrient and energy recovery and higher 

pollutants removal efficiency (Panepinto et al., 2016).  

 

Conclusions 

The analysis of identified barriers and drivers proved that there is no single solution to 

transforming the water and sewage sector into CE. Emerging global challenges such 

as P scarcity with possible implications regarding the world’s food security will most 

likely promote the implementation of CE assumptions in the water and sewage sector.  

In the light of limited P reserves and more and more expensive N-based fertilizers 

production by the energy-intensive Haber-Bosch process it is evident that sustainable 

and circular solutions need to overcome the current barriers by focusing not on the 

current context by on the next hundreds years of human existence on Earth. Besides 

materials recovery from sewage-based products, also water scarcity has concerned 

the attention of scientist and it seems that people have forgotten that water is the most 

valuable resource necessary for every higher life forms and needed in almost all 

industrial activities. 

Therefore, both water and sewage aspects require new sustainable policy approach 

that will be able to promote the development of efficient circular solutions regarding 
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nutrients and water natural resources protection by providing alternative methods for 

their reuse, recycling and recovery. 
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