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Abstract

Research background: The increasing water demand together with an unceasing production
of wastewater worldwide has resulted in a situation where the scarcity and pollution of water
resources are jeopardizing and depleting such a vital asset.

Purpose of the article: In this context, Nature Based Solutions (NBS) such as Vertical Flow
Constructed Wetlands (VFCWs) are key because of their capacity of channelling a waste into
a resource. However, and notwithstanding their essential role, their financial benefits too often
go unnoticed because of missing research that study them from an economic perspective and
this article has covered this existing gap. The objective of this research is to analyse the eco-
nomic consequences of using VFCW against its traditional alternative through a comprehen-
sive economic assessment.

Methods: After doing a Life Cycle Assessment (LCA), a combination of two approaches has
been carried out. This research has developed a holistic approach where a Life Cycle Cost
Assessment (LCCA) based on a Cost Benefit Analysis (CBA) along with an economic evalua-
tion of cleaning environmental costs have been calculated for two different scenarios. For this
monetary analysis, the environmental externalities derived from the use of cleaning the pollu-
tion caused by a public water supply and sewerage system and the VFCW have been quanti-
fied.

Findings & value added: Results conclude that VFCW apart of being a cost-effective and
profitable alternative for an investor, it has also valuable benefits for the society in general
because of its meaningful and positive externalities and the high removal cost of the environ-
mental pollutants of the traditional water supply and sewage system both contributing direct-
ly to the achievement of Sustainable Development Goals (SDGs). Furthermore, 4/5 environ-
mental impacts derived from the use of traditional alternative pollute more than twice as
much as the VFCW does. Lastly, the cleaning costs difference between both alternatives is
1,984,335€.

Introduction

The demand of the essential, valuable, unfairly-distributed and limited
resource, freshwater, has been steadily increasing in the last decades and
the situation is still expected to worsen further due to varying anthropic
reasons, thus raising major concerns worldwide (Bunn, 2016; Tociu et al.,
2019; Ashu & Lee., 2021; Baggio et al., 2021; Truchado et al., 2021). Climate
change, which comprises global warming and more unpredictable and
changing weather patterns, along with the world’s growing population,
both forecasted to exacerbate in upcoming years, have derived into in-
creased water scarcity and pollution which endangers the water supply
and fair distribution of finite freshwater resources, putting strain on water
and food security (Melian-Navarro & Ruiz-Canales, 2020; Al-agele et al.,
2021; Wang et al., 2021; Arellano-Gonzalez et al., 2021; Weerasooriya ef al.,
2021; Maniam et al., 2022). The envisaged worsening of a current fateful
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situation where more than two billion people experience water stress and
four billion suffer from severe water scarcity for at least a month every
year, bring to light the urgency of looking for alternative and sustainable
water resources (UNESCO, 2021; UNESCO, 2022).

Within this context, treated wastewater has become into a reliable and
cost-effective water alternative that guarantees water supply and that has
been proved to be able to address many of the problems derived by water
constraints all at once (Hristov et al., 2021). The use of reclaimed water is
also of major importance in the pursuit of the 17 SDGs proposed by the
United Nations (UN) in 2015, since it directly encompasses the aims of Goal
6 (clean water and sanitation for all) and favors the complete achievement
of many other goals due to interconnections (Brennan et al., 2021; Di Vaio et
al., 2021; Rodriguez de S4 Silva et al., 2022). The already proven key role of
treated wastewater is particularly critical in developing countries where
data shows devastating consequences from not having an adequate water
supply or wastewater management, resulting in the population being seri-
ously affected in terms of hygiene, health, the economy, and socially (Lut-
terbeck et al., 2017; Sanchez Pérez et al., 2020). This alternative source of
water channels waste into a resource, thus collaborating with circular
economy and enhancing sustainable development without jeopardizing the
environment, and preventing the degradation of ecosystems (Lavrnic et al.,
2017; Makropoulos et al., 2018; Pahl-Wostl, 2019; Ponce-Robles et al., 2020;
Estelrich et al., 2021).

Against this background, the objective of this research is to analyse the
economic consequences of using NBS against its traditional alternative
through a comprehensive economic assessment able to show not only the
financial profitability of the investment but also the treatment costs saved
by implementing its use. This objective is key in order to show law makers,
stakeholders and researchers in a measurable way the importance of in-
vesting in NBS to reach water sustainability within the framework of circu-
lar economy. Furthermore, by reaching the objective proposed, the pivotal
role that both treating wastewater properly and channelling waste into
resource have in view of the SDGs will be unveiled in a quantifiable way.
For this purpose, prior to this research, a LCA following ISO 14044 was
carried out where environmental impacts were evaluated and quantified in
the same scenario here considered.

This paper consists of a quantitative analysis that not only considers
traditional financial indicators widely extended in economic evaluations in
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water-related analysis through a LCCA to see the profitability of the in-
vestment but also carries out a monetary evaluation of the cleaning costs
derived from the use of NBS against the traditional alternative. For devel-
oping these ambitious methodologies, a combination two different ap-
proaches, which make this groundbreaking research holistic, have been
taken. On the one hand, traditional financial indicators widely extended in
economic evaluations in water-related analysis have been calculated in
a LCCA through CBA. The decision criteria used to assess CBA are Net
Present Value (NPV), Benefit-Cost Ratio (BCR), Internal Rate of Return
(IRR) and Discounted Payback Period (DPP). On the other hand, a mone-
tary evaluation of the cleaning cost of environmental indicators derived
from the use of both scenarios considered, the traditional and the con-
structed wetland (CW), have been carried out thus truly evaluating and
quantifying the real costs of both alternatives.

Literature review

The increasing water demand together along with the climate change and
the unceasing production of wastewater worldwide, has led to a scenario
where water resources are depleting and has resulted in a situation where
reusing wastewater is not only an adaptive action but also a feasible solu-
tion to achieving sustainable development (Hejdukova & Kurekova, 2020;
Zagklis & Bampos, 2022). Against the current situation, the importance of
channelling waste into a new resource as reclaimed water is of fundamen-
tal importance, since it fosters circular economy and sustainability goals.
Furthermore, it is important to analyse the potential environmental impacts
derived from these alternative treatment systems (Resende ef al., 2019). The
use of these green systems is steadily increasing and anticipated to grow in
both developed and developing countries, because of the positive reduc-
tion they may enhance of energy demand, environmental pollution and
economic costs (Nuamabh et al., 2020).

While traditionally wastewater treatment systems have been central-
ized, for various reasons, such as their great capacity to transport large
volumes of water, benefits of scale and their highly predictable treatment
performance, their high economic cost and energy and resources consump-
tion are leaving room for decentralized systems (Hasik ef al., 2016; Pefiaco-
ba-Antona et al.,, 2021; Khalkhali et al., 2021). Decentralized systems are
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typically standalone system used for smaller wastewater flows where the
reuse happens on site (Licciardello et al., 2018; Van de Walle et al., 2022).
Energy consumption plays a crucial role within the “water-energy” nexus
with large countries like the US spending over 45% of total primary energy
on “energy for water”, which includes every process where water needs
energy and water supply systems representing up to 15% of total energy
usages (Kyle et al., 2016 Vakilifard et al., 2018,). Another limitation of Cen-
tralized Water Recycling Systems (CWRS) is their incapacity to effectively
and efficiently provide water resources to rural and low-income urban
areas whether because of geographical dispersion or low water pressure
and leaking pipes (Pickering et al., 2015; Laitinen et al., 2017; Wang et al.,
2019). This last disadvantage is of great importance as more than 40% of the
global population live in rural areas (Welivita ef al., 2021; Balk et al., 2021).
Although fully centralized systems have been widely used in the last dec-
ades, the latest recommendations based on research and cost-benefit anal-
yses suggest transitioning away from these systems towards more adapta-
ble and sustainable ones, thus leading to a shift from conventional central-
ized systems to either hybrid or fully decentralized ones (Dev et al., 2021;
Castellar et al., 2022). Decentralized Wastewater Treatment Systems
(DWTS) have been shown to be a sustainable, viable, flexible, reliable, and
cost-effective alternative source of water, especially useful on a small scale
(Gukelberger et al., 2019; Liu et al., 2021; Maryati et al., 2022). Furthermore,
the use of DWRS, apart from enhancing environmental protection and re-
source recovery, may lead to environmental and local economic develop-
ment (Jahne et al., 2020; Van de Walle et al., 2022; Estévez et al., 2022).

One of the most extended and consolidated decentralized technologies
are NBS such as CW, which, apart from strictly meeting chemical and
physical standards for water reuse, require low energy, are cost-effective,
easily operational and low maintenance (Corbella et al., 2017; Ricart et al.,
2021; Cao et al., 2021). Since the construction of the first CW in 1974, the
technology of these artificial engineered wetlands has been developing to
make them desirable and efficient in the task of treating wastewater physi-
cally, chemically, and biologically which has expanded their use and im-
plementation worldwide (Zhang et al., 2021). CWs are considered a green,
nature based technology that involves wetland vegetation, soil substrates
and microorganisms, and whereby metabolic processes take place resulting
in the transformation and removal of pollutants from water (Gattringer et
al., 2016; Resende et al., 2019). Furthermore, if planted, they can be aestheti-
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cally pleasing while promoting biodiversity, contributing to flood protec-
tion, and offering cooling effects (Dumax & Rozan, 2021). To strengthen the
comparison with traditional wastewater plants, the fact that the green-
house gas emissions (GHG) of a CW have proved to be 2714 times lower
can be highlighted (Liu et al., 2019). Their high efficiency linked to im-
portant ecological benefits, make them green technology that promote
a sustainable water supply (Cui et al., 2022). Fostering the construction of
CWs thus improves the water supply from a sustainable point of view by
meeting human needs without depleting existing water resources nor af-
fecting in a negative way local economies and the environment in a nega-
tive way (Diao, 2021; Kataki et al., 2021).

Despite having been used for more than 50 years and all of the research
stating the benefits of CWs, although there has been an increase in their
popularity, their effective implementation still remains a challenge (Wu et
al., 2015; Deng et al., 2021; Vymazal et al., 2021; Yang et al., 2022). This fail-
ing, which partially impedes a successful full adoption, might be a result of
a lack of agreement on many specifities in the wastewater industry, con-
cretely because environmental impacts studied in LCAs are highly de-
pendent on many factors, such as the location, population, or socio-
economic conditions, among others (Lourenco & Nunes, 2021). Despite the
importance of reducing negative externalities and fostering ecosystem ser-
vices, which deeply benefit the whole society with their positive externali-
ties, all the intangible benefits of using VFCW too often go unnoticed be-
cause of missing economic evaluations and cost-analyses (Freeman ef al.,
2019). In a previous study of the current authors, a comparative LCA was
conducted to assess the environmental impacts of a decentralized
wastewater treatment system combining a VFCW and a membrane-based
purification unit for treating black water for drinking purposes with their
conventional alternative of sewage treatment and potable supply (Lakho et
al., 2022). The outcomes of the study showed that the decentralized system
had overall lower environmental impacts as compared to its conventional
alternative. Against this background, there is an imperative need for re-
search that shows economic data that verifies and supports not only the
financial desirability of the investment but also the environmental benefits
of using this alternative water supply against its traditional competitor
from a tangible, comparable and monetary perspective. Furthermore, and
in order to put an end to this problem, this study introduces a ground-
breaking methodology where through holistic research, traditional finan-
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cial indicators have been calculated along with the economic value of envi-
ronmental indicators that may endanger human health and the environ-
ment and jeopardize ecosystem services. In this way and based on a previ-
ous LCA carried out, data variability from one geographical area to another
would be mostly eliminated due to environmental indicators having almost
the same human and environmental consequences worldwide, and so re-
sults can be representative and easily extrapolated to other areas (Lakho et
al., 2022).

Research methods
Scenario

All the calculations of this research have been done considering a VFCW
coupled with a membrane-based potable water production system as the
investment proposal. This scenario, which has already gone through an
LCA, is operated at a restaurant in Belgium with a water flow of 4 m3.d,
and it has been compared with its traditional alternative: a public water
supply and sewerage system in the same geographical area of Belgium
which is +300m away from the restaurant (Lakho ef al., 2022). The restau-
rant is open 5 days a week and can serve a maximum of 135 customers per
day. The expected discharge rate is ¥4 population equivalent per customer
(1/4 x 150 = 37.5 L). If it is considered that is going to be working fifty-two
weeks per year and a period of twenty years, this means that the initial
investment figures have been calculated for a VFCW that is going to be
capable of treating 20,800m? of wastewater during its useful life. Figure 1
shows the different steps that water go through in both of the scenarios
considered in this research, VFCW and conventional system.

Life cycle cost analysis

An LCCA was carried out in order to appraise the economic viability
and efficiency of a CW used as an alternative to traditional sewerage sys-
tem in a restaurant. LCCA is an analytical approach based on cost-benefit
analysis (CBA) and its use to evaluate the profitability of an investment
project is widely extended especially for alternative water supply systems
like VECW (Diaz-Elsayed et al., 2020; Cao et al., 2021). Through CBA, mone-
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tary value is assigned to each input and output that result from the project
that is being evaluated. Nevertheless, and despite its key value in project
evaluation, its use is rarely seen in methodologies related to wastewater
reuse projects, leaving a research gap in this field of study (Declercq et al.,
2020). The most common decision criteria used to assess cost-benefit analy-
sis are NPV, BCR, IRR, DPP (Galvis et al., 2018; Omole et al., 2019; Freeman
et al., 2019; Loarte-Flores et al., 2020; Pahunang et al., 2021; Sakcharoen et al.,
2021; Lépez-Serrano et al., 2021; Ghafourian ef al., 2022). In the context of
developing an LCCA this research is of great importance because a new
factor related to the interest rate calculation has been introduced into the
economic methodology. Although there is existing literature where tradi-
tional indicators have been calculated, in all of the papers previously pub-
lished only a single fixed interest rate for the whole period has been con-
sidered, thus leaving behind the interest fluctuations that may happen in
periods as long as 20 years (Abdulfatah et al., 2019; Otter et al., 2020). Fur-
thermore, and in a context of uncertainty in the international financial mar-
kets where interest rates are changing almost daily, different rates within
a yield curve for the next two decades are of special relevance to study the
viability of a project. The Euro area yield curve that has been considered for
this research takes into account both, the Euribor rates based on interbank
loans of the Euro area and longer maturities of interest rates of the most
relevant European bonds, particularly the German bond. Projections of the
yield curve are from September 27t, 2022 and are based on Bloomberg
analyses. Furthermore, and since cash inflows may be monetary benefits or
savings, for all the financial indicators calculated in this research the gross
income and revenues are based on savings resulting from the use of the
alternative studied against that of the traditional option (Zadeh et al., 2013;
Abdelhay & Abunaser, 2021).

Before calculating the traditional indicators, and in order to complete
a detailed LCCA, it is also crucial to develop an initial cost structure based
on the start-up costs that are needed for the constructed wetland (Bassi et
al., 2022; Bolinches et al., 2022). For this survey construction and operational
costs have been evaluated based on primary data. Data collection has been
done in the last quarter of 2022 by contacting local, national and interna-
tional companies which provided internal data, local, national and interna-
tional authorities which provided public reporting and data and stakehold-
ers. Data from the different sources were crossed and validated before be-
ing used in this research. The initial investment has been calculated based
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on the materials needed for the construction of the wetland that have been
provided by local supply companies, but double-checked with internation-
al companies in order to see that data, and therefore results, used for this
research can be easily extrapolated to other areas where water scarcity is an
issue.
The following assumptions have been made:
— The project lifetime has been set at 20 years as in previous VFCW as-
sessments (Abdelhay & Abunaser, 2021; Lakho ef al., 2022).
— Discount rates are different each year and are based on the Euro area
yield curve.
— Costs derived from constructing and installing a VFCW system at
a restaurant of medium level with local knowledge and resources were
independently investigated and collected through a market survey.

Economic indicators
NPV

To carry out an economic analysis that displays the financial viability of
using a VFCW, the NPV was adopted. The NPV is the difference between
cash inflows and outflows during a certain period by taking into considera-
tion a discount rate. Its result may be positive or negative, and while
a positive magnitude reflects net profit and therefore the desirability of the
project, a negative figure shows the lack of economic profitability. This
means that the higher the NPV, the greater its profitability.

The NPV has been calculated according to the following equation:

N (Ra=cn
Nev=D) () 0
where:
d Discount rate (%)
R Revenues or Savings (EUR)
C Costs (EUR)
n Number of years (from 0 to n)
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IRR

The IRR studies project viability and is a representation of the discount
rate that equalizes the NPV to zero which means that if the rate resulting
from the calculations is higher than the interest rate considered for the in-
vestment of the project, it can be implemented due to its profitability. In
order to accept an investment based on its IRR, it has to be higher than the
average interest rate during the lifespan of the project.

n n
= E i’o - E 10,
RR= Y RO (Fi%k) =Y (B (5%k) @
where:
Rk Net Revenues or Savings for the kth year
Ex Net Expenditures
N Project lifespan
i'% Discount rate
DPP

The DPP is used as an indicator that shows the return time of the in-
vestment. Through taking into account the time value of money cash flows
or savings, it mostly shows the liquidity of a project (Sullivan et al., 2015).
When the DPP is less than the project life span it shows the economic feasi-
bility and the project acceptance (Ghafourian et al., 2022). The DPP has been
calculated as follows:

n
DPP = Z R — B (5,1'9%,k) =120 @)
k=0
where:
R Net Revenues or Savings for the kth year
Ex Net Expenditures
N Project lifespan
i'% Discount rate
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BCR

The BCR is used in CBA with the objective of summarizing the overall
relationship between costs and benefits of a proposed investment. When
the BCR is >1 the project shows suitability and desirability (Bhandari et al.,
2021).

TV

BCR = o (4)
where:
TV Total Value of the production (in terms of savings)
TC Total Cost of the production
VEFCW Profit

Including costs to the economic analysis enhances the comparison of the
benefits or savings against the expenses derived from the initial investment
and its subsequent operation and shows if profits outweigh expenses and
whether the project may provide a net benefit (Bolinches et al., 2022). Pro-
duction costs in reference to the expenses involved in the useful life of the
VFCW and may be fixed or variable.

VFCW Profit = TP - TC (5)

where:
TP Total Production
TC Total Costs (Fixed and Variable)

Monetary evaluation of the treatment costs

Environmental consequences of using traditional alternatives for water
supply and sewerage have a negative impact that too often goes unnoticed
due to the difficulties in measuring them. In this context, and in order to
carry out comprehensive research that includes not only traditional meth-
odology evaluating the use of new alternatives of water supply from a fi-
nancial perspective, but also new ways of assessing the use of DWTS, the
removal cost of each indicator that was previously assessed in a LCA has
been calculated. These costs were calculated based on data published in the
“Environmental prices Handbook-EU28” and the environmental prices
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calculated in this research indicate the social marginal value of preventing
emissions from an average source in Europe (De Bruyn et al. 2018). Fur-
thermore, these prices are specially modelled for the impact indicators ob-
tained through ReCiPe midpoint method 2016 (hierarchal approach) dur-
ing Life Cycle Assessment (Goedkoop et al., 2009). Meanwhile, the same
mid-point method was used during LCA of the decentralized water treat-
ment systems and their conventional alternatives in a previous study that
was carried out (Lakho et al., 2022). On top of this, and due to the high in-
flation rates that have been seen over the past months, a price update has
been conducted in order to adjust the database used to the current reality
and enhance and adapt results based on deviations in the annual growth
rate of the GDP (Gross Domestic Product) implicit deflator (Agiakloglou &
Gkouvakis, 2022). To measure price changes, the Euro zone Consumer
Price Index (CPI) has been used, as it is an expenditure-weighted index that
includes the most relevant good and services that compose the consumer
market basket, and it is also the most widely used index for calculating
price variations (Krimpas et al., 2021; Karadui¢ & Dalovi¢, 2021). Finally,
CPl is an indicator of great importance because it is the way to measure the
inflation that better reflects how changes in prices affect consumers (Malik
et al., 2022; Mohammed, 2022).

Results
Initial investment and fixed costs

For the construction of the wetland, as well as the wetland structure itself,
a membrane-based potable water production system was also needed. The
initial investment considered for all of the calculations throughout this
research is the sum of both constructions. Since the main goal of the con-
struction of the VFCW is to treat the wastewater produced from running
the restaurant, the costs considered are those planned for an operation of
five days per week, fifty-two weeks per year and a period of twenty years.
This means that the initial investment figures have been calculated for
a VFCW that is going to be capable of treating 20,800m? of wastewater dur-
ing its useful life. Table 1 shows TC of the VFCW and the membrane-based
potable system. TP is based on the savings derived from choosing VFCW
against the traditional alternative. TC are made up of those costs derived
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from materials, labour, transportation and control tasks. Labour costs have
been measured taking into account the amount of working hours needed
for the construction, and the collective labour agreement for construction
workers in Belgium. Transportation costs have been calculated for an aver-
age distance of 250km. Since its contribution to the total initial cost is <1%,
costs associated to transport are not representative enough to be evaluated
in different scenarios based on different locations of the VFCW since results
might only differ slightly. On the other hand, control tasks refer to location
visits, sample collections, site follow-ups or control meetings. All the data,
including transportation, labour and control tasks has gone through a vali-
dation phase where a minimum of two different specialized companies per
entry verified its accuracy. Furthermore, a company entrusted with the
construction and installation of CW has double-checked data shown in this
research. Fixed costs have been calculated based on the needs of materials
that membranes and their useful life. Due to high fluctuations in the energy
prices in the year where this research was carried out, the cost of the energy
used for the CW operation has been calculated based on an interval of pric-
es during the last 12 months and an average price per kilowatt was select-
ed. Although the energy cost may be considered a variable cost, since the
difference between the most expensive scenario of the price interval and
the cheapest one has a weight for the whole lifespan of the project of >0.5%
of the total investment, it has been included among other fixed costs.

Economic indicators

Table 2 shows the traditional financial indicators that have been used to
evaluate the investment discussed in this paper. Total savings of the 20
year-period have been split into average yearly income to calculate gross
income and each fixed cost has been recorded in its corresponding year
thus having yearly variations in the annual flows. The NPV of the total
investment is 8,439.66EUR which is not only acceptable for being positive
but also highly desirable. Since interest rates depend on the yield curve and
in order to have a single value that can be compared with the IRR, an aver-
age interest rate for all the periods has been calculated. This mean rate,
2.59% is higher than the IRR of the project which is 3.79% thus indicating
its acceptance and desirability. Likewise, the DPP reflects the economic
profitability of the project in terms of liquidity since the repayment of the
investment occurs when it still has almost three years of useful life. In the
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same vein, the BCR is 1.42, and for being higher than the unit this ratio is
also shows similar results to the other the financial indicators, proving the
economic viability of the investment. Finally, the gross income of the pro-
ject is 26,419.97EUR which is almost 42% of the total investment and also
reflects the project profitability and the interest in the investment for being
worthwhile.

Cleaning cost

Results show how for all of the impact categories evaluated for both
scenarios, the conventional water supply and sewerage system and the
VECW, results show how removal cost for the first that are displayed in
Table 3 are always more expensive than those of the second. Although
there are some variables where costs of cleaning for both scenarios are not
overly high and the difference between both alternatives studied is not
hugely relevant in terms of costs, the total difference between the two po-
tential investments is 1,984,335EUR. Tables 3 and 4 show the monetary
evaluation of the removal cost of CWS and VFCW respectively. Costs dis-
played in these tables, apart from being high by itself, can be seen as even
higher if the fact that calculations are based on a 63,021.03EUR project in-
vestment is taken into account. Furthermore, it is of great importance to
highlight the fact that 80% of the variables, and therefore 4 out of 5, have
a removal cost for the traditional water supply and sewerage system that is
at least double that of the cleaning cost of the VFCW and in fact, almost
50% of them are three times as much.

In order to represent within the same graph, all the fifteen values for
which cleaning costs have been calculated, and with the objective of reduc-
ing disparities in costs depending on each variable, data shown in Tables 5
and 6 has been displayed in Figure 2 through Napierian or natural loga-
rithm. Calculating Napierian logarithm of cleaning costs values enhances
the presentation of the results derived from calculations, showing them in
a clear and visual way while reflecting the relevance and the superiority of
the VCTW against its traditional competitor.

Figure 2 shows how the cleaning costs of a decentralized wastewater
treatment system against conventional water supply and sewerage deliver
better results for all the fifteen variables considered. This situation apart
from being more desirable from the environmental perspective, is also
more cost-effective in terms of economic profitability since costs calculated
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here go too often unnoticed and end up being absorbed by humans, ani-
mals and the environment through negative externalities.

Discussion

The implementation of DWTS based on VFCWSs coupled with a membrane-
based drinking water unit as an alternative source of water as opposed to
the conventional sewage treatment and water supply has been verified in
this research as a cost-effective and environmentally responsible alterna-
tive. Its key value has been evidenced not only from the financial perspec-
tive of its investment, which has been strongly recommended by all the
traditional indicators and ratios calculated, but also from the economic
implications that its implementation has regarding the environment. Tradi-
tional indicators considered for the LCCA analysis have shown the profita-
bility of the project, while cleaning costs have stated the importance of fos-
tering this alternative to reduce the economic consequences of the envi-
ronmental impact of the traditional water supply and sewerage system.
Calculations where most negative effects were derived from the use of both
the traditional alternative and VFCW, and their consequences, have been
monetarily evaluated and have demonstrated the importance of imple-
menting the second in order to promote the reduction of the negative ex-
ternalities and boost the positives. Moreover, developing the construction
of VFCWs to treat wastewater has proved to have important benefits in
terms of environmental, human, and animal protection that are often unno-
ticed due to the difficulties in measuring them from an economic and fi-
nancial approach that allows valuation and comparison.

Results conclude that VFCW apart of being a cost-effective and profita-
ble alternative for an investor, it has also very valuable benefits for the so-
ciety in general because of its meaningful and positive externalities, the
high removal cost of the environmental pollutants of the traditional water
supply and sewage system and the contribution to meet SDGs. Further-
more, 4/5 environmental impacts derived from the use of traditional alter-
native pollute more than twice as much as the VFCW does. Lastly, the
treatment costs difference between the VFCW against the traditional alter-
native is 1,984,335 EUR, being the first far more desirable from an economic
and environmental point of view. Results show how for all of the impact
categories evaluated for both scenarios (the conventional water supply and
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sewerage system compared to the VFCW) the treatment cost for the tradi-
tional alternative that are displayed in Table 5 are always more expensive
than those for the VFCW.

Conclusions

The scope of this research is of great importance if the value of water
worldwide is taken into account. VFCWs have been verified in this study
as a viable alternative that may enhance water supply in those areas where
the traditional systems are either inexistent or unprofitable. Furthermore,
all the traditional financial indicators used here to analyze the viability of
the investment have stated the desirability of the project from an economic
point of view and, moreover, the evaluation of the treatment costs of
VFCW against the traditional alternative bolster the importance of foster-
ing the construction of VFCW to help both the environment and the socie-
ty. In this context, VFCWs are especially useful in rural areas that are not
connected to public sewerage systems because of long distances or a small
population. For these reasons, VFCWs may also help with combating rural
exodus since the construction of traditional water supply and sewerage
systems is often far too expensive and unprofitable for the low number of
people who would benefit from their construction. In these situations,
building VFCWs would benefit all the stakeholders; the government by
saving money if compared with the traditional alternative, citizens by hav-
ing a way of treating wastewater is an environmentally friendly manner,
and all the society as a whole by developing sustainable communities and
promoting rural development that are also a fundamental part of SDGs.

Last, but not least, results derived from this research justify the con-
struction of VFCWs to treat wastewater as being cost-effective for all, the
investor, the environment, and society in general. The use of VFCWs for
treating wastewater also makes an indirect contribution to the economy
since as well as enhancing economic development through standalone
businesses like restaurants, it also promotes the protection of water bodies,
their availability, and regeneration. This in turn enhances its use in other
contexts and economic sectors where water resources are of vital im-
portance, and its implementation would uplift the achievement of SDGs
due to the critical role water supply has directly and indirectly on their
fulfilment.
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Some limitations of this research might be linked to the availability of
supplies needed for the construction of the VFCW that can be hard to find
in some geographical regions, especially in underdeveloped countries
where rural areas are of great importance and water supply a key issue
affecting millions of people. On the other hand, the “yuck factor” also de-
serves special attention, since it may slow down or even stop the reuse of
treated wastewater based on wrong extended beliefs and perceptions that
consider this alternative water resource as negative or even harmful. An-
other limitation that might limit the scope of this research is linked with the
relatively high initial investment. This, together with the current high in-
terest rate scenario may be potential barriers for the successful implementa-
tion of VFCWs. In this sense, public authorities could really foster their
adoption through public grants or loans thus reducing or minimizing the
initial economic effort. Furthermore, public, and international institutions
could enhance the construction of VFCW by subsidizing part of the initial
investment or through tax incentives for those people investing in this
green technology that foster sustainable development within the frame-
work of circular economy. Finally, another limitation of this research may
be connected with the traditional financial indicators used in the method-
ology as qualitative variables and risk factors are not assessed.

Against this background, and in order to solve the problem of the po-
tential disadvantage that the unavailability of supplies may cause, future
research should focus on looking for easy-to-supply alternatives and mate-
rials with which to construct the VFCW itself and the Membrane-based
potable water production system. Apart from that, and since this research
is based on a previous LCA, where an analysis of a mobile CW to treat grey
water at music festivals against the traditional bottled water was also car-
ried out, future research could include its LCCA and the monetary evalua-
tion of its treatment costs.
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Annex

Table 1. TC of the VFCW and the membrane-based potable system: Construction
and Fixed costs

ITEM COST (EUR)

INITIAL INVESTMENT OF THE VFCW

Septic tank (concrete) 2,700
Buffer tank (concrete) 945
Concrete slab 3,600
PE Liner 70
Lava rock 2,970
Rockwool 16,154.88
Pipe Joints 58.18
Silicone product (Pipe) 34.95
Water Valve 34.95
PVC Pipe 119.97
Labour (2p) 13,200
Control tasks 690
Transportation costs 505
TOTAL 39,887.93

MEMBRANE-BASED POTABLE WATER PRODUCTION SYSTEM

Pump (0.81KW) 232

Microfiltration membrane (MF. HYDRA brand) 86.64
Activated carbon (brand FA100) 43.32
UF membrane (Polymem. Type UF 35 G S2F) 408.3
RO membrane (DOW FILMTEC BW2530) 164.43
LED-UV lamps (Aquisense. Type Pearl Aqua micro 12C) 59.47
Framework (steel) 2,488.9
Labour for the membrane filtration system construction 15,000

TOTAL 18,483.06




Table 1. Continued

ITEM COST (EUR)

FIXED COSTS 20-YEAR PERIOD (MEMBRANE)

Pump (0.81KW) 464

Microfiltration membrane (MF. HYDRA brand) 259.92
Activated carbon (brand FA100) 173.3
UF membrane (Polymem. Type UF 35 G S2F) 1224.9
RO membrane (DOW FILMTEC BW2530) 493.28
LED-UV lamps (Aquisense. Type Pearl Aqua micro 12C) 118.94
Energy consumption (218.4kWh/year) 36.04
TOTAL 2270.3

Table 2. Traditional financial indicators to evaluate an investment

Gross Fixed

Year Income Costs Annual Flow  Interest Rate NPV IRR DPP
Initial investment ~—p -59,522.67 8,439.66 3.79% 17.33

1 4,472 36.04 4,435.96 3.38%  4,291.01 Average Interest Rate
2 4,472 36.04 4,435.96 3.08%  4,174.83 2.59% < 3.79%
3 4,472 36.04 4,435.96 3.00%  4,059.54 BCR
4 4,472 70.69 4,401.31 2.99%  3,912.78 1.42
5 4,472 695.40 3,776.60 2.95%  3,266.12 Gross Income
6 4,472 268.04 4,203.96 291%  3,538.86 26,418.97
7 4,472 130.16 4,341.84 2.97%  3,537.52
8 4,472 36.04 4,435.96 3.01%  3,497.99
9 4,472 36.04 4,435.96 3.05%  3,384.98

10 4,472 730.06 3,741.94 3.00% 2,784.36

11 4,472 36.04 4,435.96 291%  3,235.60

12 4,472 268.04 4,203.96 2.65%  3,071.51

13 4,472 70.69 4,401.31 2.65%  3,132.68

14 4,472 95.51 4,376.49 2.63%  3,042.89




Table 2. Continued

Year IS:Z:E ﬁﬁcseti Annual Flow Interest Rate NPV IRR DPP
Initial investment ~—— -59,522.67 8,439.66 3.79% 17.33

15 4,472 695.40 3,776.60 1.77% 2,902.71

16 4,472 70.69 4,401.31 1.77% 3,324.03

17 4,472 36.04 4,435.96 1.78% 3,286.45

18 4,472 36.04 4,435.96 1.78% 3,228.97

19 4,472 36.04 4,435.96 1.78% 3,172.50

20 4,472 36.04 4,435.96 1.78% 3,117.02

Table 3. Monetary evaluation of the removal cost of a CWS

IMPACT CATEGORY

UNIT COST

CONVENTIONAL WATER SUPPLY AND

SEWERAGE
Impacts Cost (EUR)
ke 38.7
FINE PARTICULATE MATTER EURkg o
FORMATION PMzs | PMa s 1.27x10 5601.51
eq N
q
0.04
kg EURk
FRESHWATER ECOTOXICITY 1.4- N ;Lg 3.91x10*% 178.48
DCB DCB
ke P 1.86
FRESHWATER EUTROPHICATION eg EUR kg 3.20x10*! 68.00
q "Peq
0.057
ke EURk
GLOBAL WARMING CO2 O CC')zg 9.37x10** 6096.79
eq eq
0.153
kg EURk
HUMAN CARCINOGENIC TOXICITY 1.4- T ;1_g 1.86x10%0* 3248.91
DCB DCB
ke 0.153
HUMAN NON-CARCINOGENIC EUR kg ™
TOXICITY ll)é—B U4 5.44x10 9490.80
DCB
0.00020
kBq  EURKk
IONIZING RADIATION Co-60 Bq! 5.69x10*% 1.30
eq Co-60
eq
m?a 0.084
LAND USE 2.49x10*% 238.79

crop EUR.m
eq 2




Table 3. Continued

IMPACT CATEGORY

UNIT COST

CONVENTIONAL WATER SUPPLY AND

SEWERAGE
Impacts Cost (EUR)
N 0.008
g EURkg 03
MARINE ECOTOXICITY 1.4- o 5.28x10 48.15
DCB pep
ke N 3.11
MARINE EUTROPHICATION g EURkg 2.62x10%0 9.29
€q 1Neq
ke 1.1
OZONE FORMATION, HUMAN EUR kg oo
HEALTH NOx  Sinos 2.39x10 300.56
eq eq
ke 1.1
OZONE FORMATION, TERRESTRIAL EUR kg "
ECOSYSTEMS NOx  inos 2.46x10 308.40
eq eq
ke 123
STRATOSPHERIC OZONE EUR kg "
DEPLETION CRCl it 3.85x10 5.40
leq
11eq
N 0.764
& EUR kg o
TERRESTRIAL ACIDIFICATION SO, TS0, 2.80x10 244.04
eq eq
N 8.69
g EUR kg o5
TERRESTRIAL ECOTOXICITY 1.4- i 2.68x10 2,661,252.79
DCB pep
Table 4. Monetary evaluation of the removal cost of a VFCW
IMPACT CATEGORY UNIT COST VFCW

[mpacts  Cost (EUR)

Fine Particulate Matter Formation

Freshwater Ecotoxicity

Freshwater Eutrophication

Global Warming

Human Carcinogenic Toxicity

kg PMas eq 38.7 EUR.kg' PM:2s eq

kg14-DCB  0.04 EURkg' 1.4-DCB

kg P eq 1.86 EURkg' P eq

kg COz2eq 0.057 EUR kg CO: eq
-1 -

kg 1.4-DCB 0.153 EUR.kg"' 1.4

DCB

.95x10%1 2185.40

.63x10%% 165.80

.14x10° 24.27

42x1074 1577.03

1.33x10%5 929.88




Table 4. Continued

IMPACT CATEGORY UNIT CoSsT VECW

[mpacts  Cost (EUR)

Ionizing Radiation kBq Co-60 eq 000020 EGISIZ;;(Bq'I Co- .26x10" 0.51
Land Use m?2a crop eq 0.084 EUR.m? 73x10%2 74.09
Marine Ecotoxicity kg 1.4-DCB 0.008 Eggfl; g4 ssago 41.50
Marine Eutrophication kg Neq 3.11 EURkg!'Neq .45x10 3.00
Ozone Formation, Human Health kg NOx eq 1.1 EURkg!NOxeq 1.63x10% 70.70

Ozone Formation, Terrestrial Ecosystems kg NOx eq 1.1 EURkg? NOxeq 1.92x10*" 74.31

123 EUR.kg"' CFC-11

Stratospheric Ozone Depletion kg CFC11 eq eq 1.24x102 4.55
Terrestrial Acidification kg SOz eq 0.764 EUR kg SO2eq .01x102 88.03
Terrestrial Ecotoxicity kg 14-DCB  8.69 EURkg-114-DCB .16x10**  412,381.74
Figure 1. System boundaries for the scenario studied
VFCW
Rainwater
Wastewater
Water treatment — Water storage —  Restaurant —» collection
vicw ¢
Conventional System

Surface water ——p Vater collection ..W"“e"' o  EER Wastew'aler N Municipal
and treatment distribution collection Treatment

Source: Lakho et al. (2022).



Figure 2. Napierian logarithm of removal cost

Cleaning costs of VFCW vs CWS
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