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Abstract: The concept of Circular Economy, although not entirely new, has in recent years gained
traction due to growing concern with regards to the Earth’s natural reserves. In this context, Sewer
Mining, a wastewater management method based on extracting wastewater from local sewers for
reuse applications, presents an interesting option that lies in the interplay between reuse at a
household scale and centralized reuse at a wastewater treatment plant. As part of the EU-funded
program NextGenWater, a new unit is being prepared for operation in Athens’s Plant Nursery, in
Goudi. This paper examines the water flow within the proposed installation, using the Urban Water
Optioneering Tool (UWOT). Further research is focused on the economic viability of Sewer Mining
and the proposed investment. The results produced are promising regarding Sewer Mining’s
capabilities and benefits, as well as its future prospects, in the hopes that this technology can provide
an attractive alternative to conventional water sources within the urban water cycle.

Keywords: circular economy; sewer mining; water reuse; wastewater reclamation; urban water
cycle; modelling; economic assessment; sustainability

1. Introduction

Climate Change, increasing world population and rapid urbanization create a stranglehold on
the environment and the natural resources [1]. Over the past five decades, the global population has
doubled, extraction of materials has tripled and gross domestic product has quadrupled. A scenario
developed by the IRP (International Resource Panel) shows that, unless a fundamental shift occurs,
resource use will continue to grow (up to 190 billion tons), greenhouse gas emissions will increase by
43% and water withdrawals will increase up to 100% from 2010’s levels by 2060 [2]. These
environmental pressures have led to an increased interest in alternative solutions, so as to reduce
global waste and resource usage. Thus, the transition from the current economic model of a Linear
Economy, where resource is converted into waste via production, to the Circular Economy model has
gained traction towards Sustainability.
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1.1. Circular Economy and Water

The concept of Circular Economy has deep roots and its origins cannot be traced back to a
specific individual or essay. Simmonds [3], R.W Hofman [4] and K. Boulding [5] are just some of the
people credited with developing the first definition of the concept. Circular Economy is based around
two cycles which represent types of nutrients: the biological cycle and the technical cycle. All
products are designed in such a way that once they are no longer used, their nutrients can safely re-
enter either the biological or/and the technical cycle [6].

Within the context of the water cycle some measures that can be implemented, based on the
principles of the model are as follows:

Avoid water use: Redesigning products and services and eliminating inefficient practices;

Reduce water use: Improving the efficiency of the water systems and the distribution of the
resource;

Reuse: Keeping water either within one system (closed loop), or redirecting it for use in other
systems o communities;

Recycle: In external systems, or/and external practices;

Replenish natural reserves: Safely and efficiently returning water to the natural basins (rivers,
lakes, oceans).

1.2. The Case of Sewer Mining

Water reuse in particular is a concept that is gaining traction, and is considered an innovative
way to address water scarcity [7]. Within the context of the urban water cycle, water reuse translates
mainly into using treated wastewater (a waste) to supply (as a resource) a usually non-potable water
use, such as irrigation, industrial use, urban use (non-potable), replenishing the aquifers or surface
water bodies among others [8]. Recently decentralized technologies have emerged as options, that
can be installed in situ, and therefore are closer to the circular economy concept. The latest
wastewater recycling invention called Sewer Mining is gradually increasing in popularity due to its
high treatment efficiency and the limited space required for installation [9]. A pilot Sewer Mining
Unit is already in use in EYDAP’s (Athens’s Water Supply and Sewage Company) Research and
Development facilities (KEREFYT) in Athens as part of the EU-funded program DESSIN and a new
set-up for the city’s Plant Nursery consists of a SM Unit that aims to reduce the cost for irrigation
water and promote sustainable technologies.

2. Materials and Methods

2.1. Case Study: Athens’s Plant Nursery

The Nursery is located in the Goudi region of Athens. It covers an area of approximately 96
acres, 40 of which are used in the production, development and maintenance of the plants while the
rest are used for general purposes such us the administration buildings and offices. The Nursery’s
water needs for the irrigation of the plants are currently being met by potable water that is supplied
through the city’s main water system. According to data acquired from the Nursery, peak mean daily
consumption (for example in summer) is estimated at 250 m3/day, while the yearly consumption is
around 62.250 m?. This results in a significant yearly cost for the supply of the water that reaches
72.750 EUR/year.

The proposed set-up consists of a Sewer Mining Unit that produces water form treated
wastewater extracted from the local sewers, compost form the sludge that is the byproduct of the
treatment process and recovers energy with the use of heat pumps for technology processes, heating,
etc. (Figure 1).

The unit is similar in form to the already operational pilot unit at KEREFYT (EYDAP), but
employs MBR and UV radiation technologies for water disinfection. Capacity is at 25 m3/day, and
according to the results of the assessment of the operational unit, the effluent presents high-quality
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characteristics that meet the water quality requirements for reclaimed water, as dictated by the Greek
legislation (JMD 145116/2011).

2.2. Modelling the Water Cycle in UNOT

UWOT is a decision support tool that supports the design of the complete (integrated) urban
water cycle and helps to achieve sustainable water management for new and existing urban areas
[10,11]. In the context of this study, the Urban Water Optioneering Tool (UWOT) is used to assess the
water flows of the Sewer Mining set-up in the Nursery.

Sample testing was performed during the period of August-October 2018 for the assessment of
the inflow’s quality. The statistical characteristics for the BOD (Biological Oxygen Demand) of the
inflow are shown in Table 1.
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Figure 1. Diagram of the processes in the Nursery’s Sewer Mining set-up.

Table 1. Statistical characteristics for inflow BOD (all values in mg/L).
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Additionally, data concerning the wastewater supply as well as the mean daily and yearly water
consumption in the Nursery were provided by EYDAP. Furthermore, monthly timeseries for rainfall
and mean temperature for the 2006-2018 period (13 years) were acquired through the meteorological
station in National Technical University of Athens’s campus in Zografou, Greece.

An important parameter in the pre-processing stage was the estimation of the water demands
that would be used as an input in UWOT. For that purpose, it was first necessary to calculate the
evapotranspiration using the Blaney—Criddle method, the time series for the rainfall and the
temperature and taking into account two different scenarios regarding the types of plant in the
Nursery: clover and fruit-bearing trees. With the aforementioned data, the water needs were
estimated for the period 2006-2018 and the timeseries that was selected was the one referring to the
fruit-bearing trees, as the results were closer to the data provided by the Nursery in regards to their
water usage. UWOT was used in the next stage of the study to simulate two different set-ups: the
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first consists of a single SM Unit (Figure 2) and the second consists of two SM Units working in
parallel (Figure 3).
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Figure 2. The set-up consisting of a single SM Unit in Urban Water Optioneering Tool (UWOT).
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Figure 3. The set-up consisting of two SM Units in UWOT.

2.3. Economic Analysis and Investment Assesment

The last part of this study consists of an economic evaluation of the technology and the proposed
Nursery scheme. The evaluation is based mainly on the Net Present Value criterion as well as the
Internal Rate of Return criterion in some cases. The first part of the evaluation refers solely to the
Sewer Mining technology (not in regards to the Nursery set-up) and three different scenarios are
evaluated: one SM Unit, two SM Units and seven SM Units. In the second part, the evaluation refers
to the complete proposed investment in the Plant Nursery and four scenarios are evaluated:
investment of one unit, investment of two units, investment of seven units and finally no Sewer
Mining investment (current situation). In this case, apart from the costs assessed in the first part, the
cost for water consumption from the main water system is also taken into consideration.
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3. Results and Discussion

3.1. Simulation Results

The simulation was performed using a monthly time step from 1 January 2006 to 1 December
2018. UWOT calculated the quantity and the quality (BOD concentration) of the water flows within
the water system. The water flows simulated include the flow of wastewater, the reclaimed water,
the water from system and the returning flow from the Sewer Mining unit back to the sewers. The
results for the quality of the reclaimed water in both set-ups can be seen in Table 2.

Table 2. Statistical values of the BOD concentration in the reclaimed water (in mg/L).

Number of Units Average St.Deviation Maximum Minimum
1 2.63 0.73 4.78 0.91
2 3.00 0.81 5.00 1.00

It is notable that in both setups the BOD concentrations calculated are well below the limit values
of <10 mg/L imposed by the Greek legislation.

The evaluation of the results for the simulated water quantities is not particularly easy due to
lack of comparable data. For this reason, broad data provided by the Nursery are used to estimate
the quality of the results. The Nursery claims that mean daily consumption during peak season is
250 m3/day and as a result the reclaimed water (25 m3/day) can meet about 10% of those needs.
Unfortunately, it provides no data for monthly consumption and as a result the monthly demand
fluctuation is unknown. With the assumption that 250 m®/day is the daily consumption, the monthly
consumption is estimated at 7,500 m3/day. We compare this figure with the maximum monthly water
demands that are estimated in UWOT.

The results of the simulation are comparable with the provided data, both as far as peak water
demand and yearly mean demand is concerned. In fact, the simulation estimated that yearly water
demand ranges from 13,414.19 to 28,292.23 m?3/year while the data from the Nursery calculated yearly
water demand at 62,250 m3/year. This is perfectly reasonable if we take into account that this number
is not referring solely to irrigation needs but the complete water needs of the Nursery (drinking
needs, toilet water, water for vehicle washing etc.).

3.2. Economic Assessment Results

The evaluation for the Sewer Mining Units was performed first. The unit cost of each component
was estimated through previous works [12-14] and data from the technology library of UWOT. For
each of the three cases, the time period considered is 15 years. Based on the economic data, the Cash
Flow Table of each case is constructed and therefore the NPV and IRR are calculated through a
spreadsheet in Excel for 15 different discount rates. According to the results all three cases are viable,
since NPV > 0 & IRR > Discount Rate, with the third case being the most profitable of all three in both
criteria.

The second part consists of the economic evaluation of the Nursery scheme and takes into
account the cost for water consumption from the main water system, which was provided by EYDAP
based on the company’s data on the Nursery. Due to the considerable cost of potable water
consumption, all scenarios have negative NPVs (they do not produce gains in the time period
examined). However, the most attractive alternatives are those with the lowest negative NPV, which
translates to lower cost for the Nursery within this time period. In Figure 4, it is shown that between
these four scenarios, the third scenario (seven SM Units) is considerably less costly than the other
three. This happens because in this case the SM Units can provide the entirety of the water that is
needed for the irrigation of the plants and as a result the cost for water from the main water system
is nonexistent. The economic benefit of each scenario (in %) as opposed to the current situation
(Scenario 4) is shown in Figure 5 for the different discount rates examined. This was calculated by
comparing the NPV of each scenario (and discount rate) with the NPV of the fourth scenario. Scenario
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3 is once again estimated to be the most attractive alternative, with Scenarios 2 and 1 following. This
shows that, even though the capital cost of investing in multiple SM Units is significant, the economic
benefits in the long run are worth-considering. It is important to acknowledge at this point that this
study does not take into consideration the environmental and social benefits of this SM scheme,
which make this investment even more attractive overall.
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Figure 4. NPV for Scenarios 1, 2, 3 and 4 for different discount rates.
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Figure 5. Benefit Comparison for Scenarios 1, 2, 3 in comparison to 4 (current situation).

Lastly, an investigation is performed on the effect of economies of scale and learning curves on
the investment. Economies of scale is a concept which supports that increasing production units leads
to a decrease in overall costs (estimated via a coefficient n). Similarly, applying a learning curve
means that each year in the time period examined the performance of the set-up is improved due to
experience gained in operating it. The case considered here is the one with two SM Units, for
simplification purposes. In Figure 6, the NPV for two SM Units is calculated for different values of
coefficient n. The resulting increase in NPV when applying a learning curve as well as economies of
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scale in a two SM Units scenario is presented in Table 3. The results produced show that
implementing these concepts in the economic evaluation can drastically improve the estimated gains

for this technology.
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Figure 6. NPV for the case of 2 units for different values of coefficient n (Economies of scale).

Table 3. Net Present Value for 2 units (NPV 1 = no learning curve & no economies of scale, NPV 2 =

with learning curve and economies of scale) for different discount rates.

NPV 1 (EUR) NPV 2(EUR) % of NPV Increase Discount Rate
38,051.65 63,931.53 68.0% 3.5%
37,059.67 62,724.19 69.3% 3.6%
36,078.02 61,529.56 70.5% 3.7%
35,106.58 60,347.49 71.9% 3.8%
34,145.22 59,177.80 73.3% 3.9%
33,193.81 58,020.36 74.8% 4.0%
32,252.22 56,874.99 76.3% 4.1%
31,320.33 55,741.56 78.0% 4.2%
30,398.02 54,619.91 79.7% 4.3%
29,485.17 53,509.89 81.5% 4.4%
28,581.67 52,411.36 83.4% 4.5%
27,687.39 51,324.17 85.4% 4.6%
26,802.22 50,248.18 87.5% 4.7%
25,926.06 49,183.26 89.7% 4.8%
25,058.78 48,129.26 92.1% 4.9%
24,200.28 47,086.05 94.6% 5.0%

4. Conclusions

The purpose of this study is two-fold. First, to perform an economic evaluation for the proposed
SM technology and the investment and second, to demonstrate UWOT’s capabilities in simulating a
water recycling scheme at a local scale. The UWOT simulation and the economic evaluation results
show that SM technology in general is a viable and profitable scheme and can be an interesting
alternative water source to more conventional options (such as potable water from central system).
The Nursery’s Sewer Mining investment allows for significant cost reduction compared to the current
situation. A complete cost-benefit analysis that takes into consideration the sum of the environment,
social and economic costs—benefits, is expected to make the Sewer Mining technology even more
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attractive, while a large part of its cost reduction depends on the investment attributes of ‘learning
curve’ and ‘economies of scale’.
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Abbreviations

BOD Biological Oxygen Demand
DESSIN  Demonstrate Ecosystem Services Enabling Innovation in the Water Sector (European program)

IRP International Resource Panel
IRR Internal Return of Rate
JMD Joint Ministerial Decision
MBR Membrane Bioreactor
SM Sewer Mining
uv Ultraviolet
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