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CIRCULAR ECONOMY INDICATORS APPLIED TO 

WASTEWATER TREATMENT PROCESS 

Nicolae ION 1, Carmen-Anca SAFTA 2, * 

The present paper presents the results obtained for the evaluation of the 

circularity index using a methodology existing in the literature. The evaluation 

methodology of the technological process in the conceptual circular economy is 

based on the 3R principle (Reuse, Reduce, and Recycle) and it uses the life cycle 

analysis - LCA, and material flow analysis - MFA. The circularity indices are 

calculated for a wastewater treatment plant WWTP (Constanta Nord WWTP). Four 

possible scenarios were considered in which the economic circularity concept was 

hypothetical applied, for different materials and energy in the technological circuit 

of the sewage treatment plant. The four scenarios considered are in accordance with 

hypothetical situations of the technological development of the wastewater treatment 

plant. Thus, “Scenario 4” in which: the technology used would allow the drying of 

the sewage sludge and it’s recycling, the fermentation of the sludge and the 

obtaining of biogas, the use of energy from renewable energy sources and the reuse 

of purified water in human activities, the circularity index is 88%. Compared to 

“Scenario 1” with circularity indicators quite close to those of “Scenario 4”, but 

without a tertiary water treatment technology at the exit from the treatment plant for 

drinking water, the circularity index is increased in “Scenario 4” with 25%. 

Keywords: 3R, circular economy, circularity indicators, methodology, 

wastewater treatment plant 

1. Introduction 

Wastewater treatment plants (municipal or industrial) aim to return 

wastewater to the specific physic and chemical parameters of effluent water by 

removing suspended solids, removing dissolved organic substances, nitrogen, 

phosphorus and other harmful substances [1-3]. Through their activity of 

returning wastewater to the natural water cycle, sewage treatment plants are 

technological systems whose activity is directly linked to environmental 

protection. Under these conditions, the activity of a wastewater treatment plant 

(WWTP) can easily be included in the concept of circular economy. 

The circular economy is the opposite of the linear, traditional economic 

model according to which we "produce-consume-throw away". The circular 
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economy is a model of production and consumption based on the regeneration and 

reuse of materials and products so that the life cycle of products is increased and 

the waste obtained is minimized. Thus, the term circular economy includes 

extending the life cycle of products by sharing, renting, reusing, refurbishing, and 

recycling existing materials and products. The circular economy model is based 

on the 3R principles (Reduce, Reuse, and Recycle) [4-6]. 

In 2021 the European Parliament adopted a resolution on the actions to 

be taken by 2050 by the member states in the EU to be able to have a transition to 

a circular economy [7, 8]. 

The advantages of the circular economy concept are: (i) environmental 

protection: reuse and recycling of materials and materials from consumed 

products will reduce the rate of consumption of natural resources, reduce the 

negative impact on the environment and limit the loss of biodiversity; (ii) 

reducing dependence on raw materials; (iii) jobs and savings for consumers. It is 

estimated that 700,000 new jobs will be created in the EU by 2030 [7, 8]. 

From the point of view of the circular economy, a modern municipal 

wastewater treatment plant [5] must secure a large part of the energy required for 

the technological process from renewable energy sources, to recover raw materials 

and minimize the amount of waste resulting from the wastewater treatment 

process. For example, the treated wastewater can be used for agricultural purposes 

and the sludge resulting from the various technological treatment steps can be 

used for energy production through the production of biogas or it can be 

processed and transformed into a product with a high phosphorus content that can 

be used as agricultural fertilizer [9]. 

In Romania, through the "Action Plan for the National Circular Economy 

Strategy" - APNCES, specific cross-cutting and sectorial actions were established. 

Thus, for the "water and wastewater" activity sector, the existing challenges and 

barriers were identified, emphasizing the "insufficiency and inadequacy of public 

policies" towards the transition to the circular economy in the water sector. The 

insufficiency of knowledge regarding the "risks and benefits of treated water and 

sludge (finished product/waste) that can be used in the economy is emphasized, 

too. Added to these is the "unsustainable way of managing water" having the 

effect of reducing the water resource used in agriculture for crop irrigation [10]. 

According to the data from APNCES, of the 19.8 million PE (population 

equivalent) in Romania, 66% are connected to the sewage system, and of these 

only 63.5% are connected to a WWTP. In Romania, wastewater is treated in 1,242 

treatment plants, of which 847 WWTPs serve urban agglomerations with a 

number greater than 2,000 PE. Added to these data is the fact that 12% of 

wastewater in Romania is treated according to European standards (respectively, 

mechanical – biological – chemical treatment). Also, the wastewater recovery rate 

is low – most of the purified wastewater flows into a running water emissary or 
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the Black Sea; and only 24% of excess sewage sludge is used for agricultural or 

composting purposes. 

The purpose of this paper is to evaluate the circular economy indicators 

specific to the technological process of wastewater treatment plant, to determine 

the circularity index. Thus, circularity indicators and their calculation method are 

presented using a working methodology known in the literature [11]. This 

information is presented in the second section of this work. In the third section, 

there is a description of the wastewater treatment plant in Constanta Nord. The 

characteristic values regarding the amount of treated water and the resulting 

treatment sludge are mentioned.  

It also shows the amount of electricity consumed by the treatment 

technological process. In the fourth section, the indicators of the circular economy 

are calculated, and the circularity index is evaluated for four theoretically possible 

scenarios considering the technical possibilities of the WWTP to reuse, reduce 

and recycle materials and waste from the station. The results obtained are 

discussed and compared. 

2. Circular economy indicators and method of evaluation 

2.1. About indicators of circular economy 

The growing up of Circular Economy CE concept could contribute to a 

sustainable development of the modern society. 

In Europe Union the concept of CE was turned into specific action plans 

[12] of each member state and so a question arises: how to measure the 

circularity? The scientific literature refers to “micro scale indicators” that are 

considered the technological process with or without of a Life Cycle Thinking 

(LCT), and “macro scale indicators” that are approached by European Union. The 

micro or macro indicators are focused on the three green principles 3Rs [13]. 

In scientific and grey literature is no consensual point of view regarding 

circular economy strategies because the concept is addressed as “an economic 

model” in general but are a lot of sub models developed. For example, the 

innovative business model as Product Service-System that use and reuse the 

products in a more intensive way [13]. Also, a circularity index can be calculated 

looking to the effectiveness of the packaging waste recycling rate [14]. So, “the 

whole complexity circular economy paradigm is far from being considered” [15]. 

The examples from the relevant journals show that circularity indicators 

are specific to each field of activity in the economy, including (or especially) 

industrial processes. For any product or technological process, circularity 

indicators regarding the consumption of raw materials, materials and energy can 

be estimated, right from the design phase. Currently, there are tools for estimating 

the performance of a product in the context of the circular economy, but there is 
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no official recognition of them or of the way of evaluating the indicators of the 

circular economy [15]. They are in an initial stage of development. 

On the other hand, the circularity index evaluation methods can be 

discussed not only from the point of view of the impact on materials, energy, 

waste, but respectively the elements participating in the technological process of 

making a product. The circularity index can also be discussed from an economic 

point of view, regarding the economic growth it brings the recycling and losses 

reduction in process production [16]. The connection between technological and 

economic elements is indissoluble and must also be found in the indicators of the 

circular economy considering that the 3Rs for materials and energy create added 

value [17]. 

2.2. Methodology of integral circularity index 

A municipal wastewater treatment plant could get a transition to the 

circular economy model, if the technological flow of raw materials, materials and 

energy is designed in this way. In Fig. 1 we show the scheme of the technological 

process of a wastewater treatment plant with two treatment stages (mechanical 

and biological) and which respects the linear economic model: the raw material at 

the entrance to the treatment plant is represented by wastewater; the finished 

product is the purified water brought to the physic and chemical parameters of the 

water from the effluent; the waste sludge obtained is dried with maximum 20% by 

centrifugation and disposed in the sludge dump; the energy used in the wastewater 

treatment process is delivered from the national grid. 

 
Fig. 1. Wastewater treatment technological process (authors compilation) 

 



Circular economy indicators applied to wastewater treatment process                   405 

In order to bring a WWTP to the circular economy model, some additional 

investments are needed, respectively: investments for the conversion of energy 

from renewable energy sources into electrical and thermal energy, including the 

use of biogas from sludge fermentation; investments in equipment for drying the 

excess sludge as much as possible and turning it into a fertilizer product in 

agriculture or into fuel bricks; investments in equipment for the tertiary treatment 

of treated water to bring it to the parameters as close as possible to those of 

drinking water so that the finished product of the WWTP can be used in 

agriculture or other uses. In Fig. 1, the new technological elements that should be 

brought to the WWTP have been marked with a broken line so that part of the 

electrical energy requirement from the treatment plant is covered by renewable 

energy sources. 

For the "water and wastewater" field in APNCES, the name of the 

performance indicators is specified in accordance with the indications of the 

European Commission from the document "A new Circular Economy Action Plan 

For a cleaner and more competitive Europe" [18]. For example, the share of 

fertilizers and biogas obtained from sewage sludge in the total quantities of 

fertilizers and biogas produced at the national level is evaluated as a percentage 

[10]. To monitor the WWTPs that have the necessary technology to fit the WWTP 

into the circular economy concept, we need a methodology for estimating the 

circularity index at the treatment plant level. 

Kiselev et al. in 2019 [11] presents such a methodology in which they 

considered a set of 7 circular economy indicators (CEIs) whose average value will 

represent the integral circularity index (ICI). The circular economy indicators 

were determined starting from the Life Cycle Analysis (LCA) and Material Flow 

Analysis (MFA) framework and consider the 3R green principles applied to the 

flow of wastewater, the flow of sludge and the energy used in the treatment plant. 

The set of 7 circular economy indicators proposed are [11]:  - reduce CEI for 

wastewater flow;  - reduce CEI for sewage sludge flow;  - reduce CEI 

for energy flow;  - reuse CEI for wastewater flow;  - reduce CEI for 

sewage sludge flow;  - reuse CEI for energy flow;  - recycle CEI for 

sewage sludge flow. 

In Table 1 is presented the estimation methodology of CEIs mentioned 

above. The integral circularity index is calculated as:  

.    (1) 

The method of calculating the circular economy indicators and the 

circularity index for the wastewater treatment plant Constanța Nord 

(WWTP_CTN) is presented below. 
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Table 1 

CEI estimation methodology [11] 

R
E

D
U

C
E

 

 

Circular Economy 

Indicator ( )  

Relation [11] Observations 

 for 

wastewater flow 
 

 is the multiplicity weight 

of each  pollutants on the 

water. 

 for sewage 

sludge flow 
 

 total mass of dry mater 

DM in sewage sludge; 

 total mass of sewage 

sludge. 

 for energy 

flow 

 is chosen from Table 2 

depending on  (kWh/m3) 

and  (m3/day) 
 

 energy efficiency 

indicator; 

 , total WWTP energy 

consumed; 

, total WWTP energy 

generated from renewable 

sources; 

, total volumetric flow 

of treated wastewater; 

, total volume of treated 

wastewater. 

R
E

U
S

E
 

, for 

wastewater flow  

, volumetric flow of 

reused wastewater. 

, for sewage 

sludge flow  

, volumetric flow of 

sewage sludge in anaerobic 

digestion; 

, total volumetric flow of 

generated sewage sludge. 

, for energy 

flow  

, total energy generated 

from renewable sources (solar, 

wind, biogas) in WWTP; 

 total energy consumed in 

WWTP 

R
E

C
Y

C
L

E
 

, for sewage 

sludge flow 
 

, total mass of recycled 

dewatered sewage sludge; 

, total mass of 

dewatered sewage sludge. 
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3. Integral Circularity index ICIn for Constanța Nord wastewater 

treatment plant  

The Constanța Nord wastewater treatment plant treats wastewater for 40% 

of the total wastewater collected in the municipality of Constanța, i.e. the 

equivalent of 250,000 inhabitants. After the last modernization of the station in 

2013, WWTP_CT has a mechanical and a biological treatment stage. Being in the 

coastal area of the Black Sea, it benefits from renewable sources of energy, wind 

and solar, so that part of the energy required for the technological process in the 

WWTP can be covered by them [19, 20]. WWTP_CTN is designed for an annual 

volume of 37,000,000 m3 (~101,370 m3/d) wastewater. The treated waters are 

discharged into the Black Sea. The treatment plant does not have digesters for the 

transformation of sewage sludge into biogas. The resulting sludge as waste 

(excess treatment sludge) has a mass flow rate of 18,870 kg/d. 

Fig. 2 shows the values of energy consumption monitored in the treatment 

plant in the period 2018 - 2023 for each stage of the technological flow of 

WWTP_CTN. An average consumption of the electrical energy requirement of 

13,667 kWh/d can be estimated. 

 
 

  

  
Fig. 2. WWTP Constanța Nord energy consumption (kWh/d) on each month between 2018-2023 
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For the CEIWP calculation, 5 characteristic polluting substances 

(pollutants) were considered to define the quality of the effluent water in which 

the treated water is discharged, respectively: total suspended solids TSS, 

biochemical oxygen demand BOD5, chemical oxygen demand COD, total 

nitrogen T-N, total phosphorous T-P. The five polluting pollutants chosen are 

representative in the specialized literature for the characterization of water bodies 

[11]. Table 2 mentions the values of pollutants in the wastewater at the entrance in 

the WWTP_CTN, the values of pollutants in the treated water (at the exit of 

WWTP_CTN) that is discharged into the Black Sea and the limit values of the 

pollutants according to Directive 91/271/EEC. 

According to Table 1,  - reduce CEI for wastewater flow is calculated 

as average value of multiplicity weight of each substance, MWi. Also, MWi is 

calculated as function of multiplicity factor  of pollutant i which is given as: 

 , with  annual average concentration of pollutant , and  

maximum permissible concentration of pollutant  admitted in accordance with 

Directive 91/271/EEC. In Table 3, based on the values of the quality indicators 

from Table 2, are calculated the multiplicity factors . Also, using the data from 

Table 4 the multiplicity weight of each substance MWi are calculated too, and 

given in Table 3, and CEIWP = (1+1+1+1+0,5)/5 = 0,9. In the calculation of the 

circular economy indicators, the value of the  indicator it was considered the 

same, in all considered scenarios, because the limit concentrations for the 

substances considered polluting remained valid for the same body of water. 
 

Table 2 

Quality indicators for wastewater, effluent water and limits in case study, WWTP_CTN 

 

 

Water treated quality indicator 

Wastewater 

[20] 

 

(mg/L) 

Treated 

water 

(effluent) 

(mg/L) [20] 

According to 

Directive 

91/271/EEC 

(mg/L) 

Total suspended solids, TSS 327 23,6 35 

Biochemical oxygen demand, BOD5 133 9,6 25 

Chemical oxygen demand, COD 247 19,8 125 

Total nitrogen, T-N 30,1 9,7 10 

Total phosphorous, T-P 3,96 1,08 1 
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           Table 3 

Calculus of multiplicity pollutants  

 

                                                                                                     
Table 4 

Multiplicity weight coefficient  [11] 

 

In the calculus of the Reduce CEI for energy flow, , (see Table 1) the 

WWTP_CTN energy consumption is  kWh/d and , is the electric 

energy produced from renewable energy sources.  is calculating using the 

values from Table 5 with EENET calculated and with  m3/d because the 

wastewater flow is 101,370 m3/d.  

 
Table 5 

Net energy efficiency weight values [11] 

 

 

Applying the CEI estimation methodology presented in Table 1, four 

theoretical working scenarios were considered that can also be applied in the case 

of the current WWTP_CTN if investments are made for appropriate technological 

transformations. In establishing the scenarios, the sensitive parameters that 

determine the values of the circular economy indicators and can influence the 

circularity index were considered. Table 6 presents these parameters, their values, 

the circular economy indicators influenced, and the scenarios in which the values 

of these parameters are found. 
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Table 6 

Scenario Definition 

 

 

The values of the parameters in table 6 used to define the scenarios 

considered the inclusion of the indicators of the circular economy in the 3Rs green 

principles. Thus, regarding the "reduce" principle, the reduction of the amount of 

sewage sludge obtained from the treatment of wastewater will be , if the 

WWTP has the possibility of drying the sludge to reduce the volume as much as 

possible, which means an advanced drying of the sludge; if not, then . 

The energy consumption ECT in the WWTP can be reduce if a percent of 

ECT will be covered by electric energy obtained from renewable energy sources 

including biogas from sewage sludge fermentation. So, EEG = 0,6ECT (or EEG = 

0,5ECT; EEG = 0,3ECT) and the CEIEE value obtained is 1 because  in 

all considered cases. But, if we consider that the WWTP is modernized with a 

tertiary treatment stage at the exit from the treatment plant so that the treated 

water can be reused in agriculture, then the energy consumption per plant 

becomes higher for the same amount of processed water and CEIEE= 0,8 because 

. 

Regarding the “reuse” principle there is the problem of reusing treated 

water in agriculture and then QRU = QTWW and if the treated water reaches the 

effluent QRU = 0. Using treated water in agriculture or other activities means 

investments in equipment for chemical treatment of water. Also, to reuse the 

swage sludge means (regarding reference [11]) to have in WWTP anaerobic 

digestion of the sludge and QAD = QTSS; if WWTP has no sludge fermentation 

digesters QAD = 0. In the “reuse” principle the parameter related to the use of 

energy from renewable energy sources EEG has the same values previously 

mentioned. 
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Regarding the “recycle” principle it is considered only the sewage sludge that if it 

is dewatering in percentage of 100% and transformed into organic fuel bricks or 

material used in cement industry [21] the parameter  is . 

The observations made previously regarding how to define the scenarios 

and the values considered for the parameters that define the estimation of the 

circular economy indicators can be found in tables 7 and 8. Since the calculation 

method of the CEIEE indicator is not very sensitive in terms of estimates for low 

energy consumption, it was made a calculation of the circularity index without the 

contribution of the CEIEE indicator. The results are listed in table 8. 

In Fig. 3 the variation of the integral circularity index ICIn is plotted for 

all the four scenarios considered, and in the two variants considered of the reduce 

CEI for energy flow, CEIEE. 

Fig. 3 shows a very good circularity index for the scenarios in which the 

indicators of the circular economy have the highest possible values (see Scenario 

4), which is normal. The value of the circularity index is all the greater as the 

technological equipment in the sewage treatment plant allows the reduction of 

energy consumption, the reuse of treated water in human activity, the reuse and 

recycling of sewage sludge as a raw material or material. The lowest circularity 

index was obtained in Scenario 3, where the treated water is not reused, the sludge 

is not recycled and reused, and the degree of coverage of energy consumption 

from renewable energy sources has a very low value. 
 

Table 7 

Circularity index considering the 

contribution of  

Scenario 1 2 3 4 

 

0,9 0,9 0,9 0,9 

 

1 0 0 1 

 

1 1 1 0,8 

 

0 0 0 1 

 

0 1 0 1 

 

0,5 0,6 0,3 0,5 

 

1 0 0 1 

 

0,63 0,5 0,32 0,88 
 

 

Table 8 

Circularity index without the 

contribution of  

Scenario 1 2 3 4 

 

0,9 0,9 0,9 0,9 

 

1 0 0 1 

 

0 0 0 1 

 

0 1 0 1 

 

0,5 0,6 0,3 0,5 

 

1 0 0 1 

 

0,57 0,42 0,2 0,9 
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Fig. 3. Circularity index evolution for all four Scenarios (x -axis) 

 Regarding the use or not of the CEIEE indicator, it can be observed that the 

trends in the graphic representation are preserved even if we do not consider the 

CEIEE but the values of the circularity index are lower, with the exception of 

Scenario 4 in which giving up the CEIEE an improvement of the index is obtained 

by 0.02% compared to the situation in which CEIEE is considered in Scenario 4. 

5. Conclusions 

 In this paper, a calculation of the circular economy indicators and the 

circularity index is proposed for a municipal wastewater treatment plant. A work 

methodology existing in the specialized literature was used, which was adapted to 

the case study proposed in the paper, namely the Constanta Nord wastewater 

treatment plant WWTP_CTN. For the values of the WWTP_CTN parameters 

(average flow rate of wastewater, average flow rate of resulting sewage sludge, 

electricity consumption in the treatment process and water quality indicators 

obtained from the treatment process) CEI and ICIn were calculated in the case of 

the four proposed scenarios. 

 From the results obtained, an improvement of the circularity index was 

observed for the scenarios that considered the use of the 3Rs green principles 

(reduce, reuse, recycle) in the technological process of WWTP_CTN. 

 It was also observed that in the methods of estimating the circularity 

index, both the technical evaluation elements and the economic ones must be 

considered. For this reason, a holistic and integral methodology to monitor, 

measure and estimate WWTP potential performance could be developed. 
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