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This study presents the payback periods of applying rainwater harvesting (RWH)
and/or graywater reuse (GWR) systems as alternative water resources in
different building typologies, such as a hospital, shopping mall, and hotel.
These buildings are under operation in the Antalya Province of Turkiye,
which is a large city having the densest tourism activities. The significance of
the work performed through the cost-benefit analyses for the selected case
studies basically lies on the water savings while serving to four of the sustainable
development goals, namely, clean water and sanitation, sustainable cities and
communities, responsible consumption and production, and climate action.
These efforts may be considered valuable urban-based solutions toward
climate change effects. Thorough surveys on the existing selected
typologies are conducted regarding their water consumption and probable
water savings via reuse activities. As-built plumbing projects and plans are also
investigated during the accomplishment of the comprehensive design work
leading to the calculation of the total investment and operation costs of the
rainwater harvesting and graywater reuse practices. The up-to-date prices are
used in monetary terms, and euro currency is used to make the results more
meaningful by the interested parties. All the selected typologies undergo cost-
benefit analysis for both of the alternative water reuse systems. The payback
periods are calculated as 6, 2, and 9 years for RWH and as 5, 6, and 9 years for
GWR for the hospital, shopping mall, and the hotel, respectively. The water
savings for RWH varied between 20% and 50% whereas for GWR, the range was
48%-99%. Both of the systems are performed for the shopping mall
simultaneously, and the resulting payback period is found to be 5 years, and
water saving reached 72%. Recent information on the amortization periods in
the literature states that less than a decade demonstrates achievable and highly
acceptable applications. As such, the design attempts in this study also
correlated with these findings. However, feasibility of these practices may be
increased by encouraging the public on their utility and benefit of water savings.
As is the case in many of the developed countries, incentives like tax reductions
and even exemptions may be realized to achieve better applicability of these
alternative technologies.
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1 Introduction

As water resources are becoming limited due to increase in
population, urbanization efforts, mass housing, and decrease in
clean receiving water bodies in parallel to the effect of climate
change, penetrating into alternative water resources, have
accelerated all around the world, especially in countries/
The

common alternatives of concern in adaptation to climate

regions experiencing water scarcity and shortage.
change are mainly rainwater harvesting (Ghaffarian Hoseini
et al., 2016; Merville-Screeve et al., 2016; Campisano et al,
2017; Musayev et al., 2018), graywater reuse (Vuppaladadiyam
et al,, 2019; Elhegazy and Eid, 2020; Anuja et al., 2021; Khajvand
etal,, 2022), reuse of treated wastewater (Angelakis and Bontoux,
2001; Mizyed, 2013; Ofori et al., 2021), and desalination of
seawater (Navarro, 2018; Zhu et al, 2019; Pistocchi et al.,
2020), which are all regarded satisfactory applications as
urban nature-based solutions and green infrastructure as
strategies for climate change adaptation. In the transition to
the “Circular Economy,” which is defined as the most important
strategy of adaptation to climate change within the EU Green
Deal Policy, it has become imperative to ensure “water
circularity” (EC, 2019).

The subject of concern is highly important, especially
regarded as an urban-based solution within the context of
climate change adaptation exertions. It seems that this topic
will even receive more interest than before as water shortage and
scarcity will be among the leading environmental problems in the
coming years. Sustainable development goal numbers 6 (clean
water and sanitation), 11 (sustainable cities and communities),
12 (responsible consumption and production), and 13 (climate
action) focus on this issue; therefore, it will gain more interest
among the public as sustainability lies at the center of our lives.

Water reuse is not a new technology; however, it has gained
interest in line with the lessening of freshwater resources all
around the world as underlined by Angelakis et al. (2018). The
oldest technology known among these alternatives is rainwater
harvesting and storing rainfall in cisterns and later using it for
any domestic needs including drinking and cooking (Okhravi
et al, 2016; Poff et al, 2016). Graywater is the domestic
wastewater excluding the septic/toilet water, forming the
weakly polluted part of domestic discharges. This water
resource can easily be treated within the building where it is
being collected and reused, especially for flushing water which
almost constitutes 25%-30% of domestic water uses (Jorgensen
et al., 2009; Muthukumaran et al., 2011; Gross et al., 2015; Bergel
et al., 2016; Ghunmi and Eslamian, 2016). Moreover, this water
resource may even be used in cleaning the indoor environment,
as laundry water, or for garden irrigation and car washing as an
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outdoor application. Domestic consumption may decrease by
around 50% through graywater reuse (GWR) and rainwater
harvesting (RWH), leading to high water savings (EPA, 2017;
Vieira et al., 2017). These alternative uses have even become
sounder due to the negative impacts of climate change on the
existing water resources, as underlined by Novotny (2013) and
Eslamian (2016).

Rapid urbanization has presented many complications,
especially in developing countries, over time. In the future,
due to the effects of climate change, urbanization is projected
to increase necessitating the acceleration of sustainable
management strategies including water uses. The Turkish
Ministry of Environment, Urbanization, and Climate Change
organized a “Climate Council” in February 2022 to determine the
country’s roadmap to combat climate change. Two of the
important actions stated in the final declaration are as follows
(URLI, 2022):

* Legislation on water efficiency should be established in
buildings, the use of graywater should be encouraged, and
the use of rainwater and the establishment of a zero-waste
system should be made mandatory.

* Rainwater harvesting and the use of graywater should be
expanded, and guiding legislation should be developed for this
purpose. Wastewater treated in wastewater treatment plants
should be reused.

As a reliance on these significant tutorials, we decided to
initially mention RWH and GWR alternatives in this article
based on their advantages and disadvantages by means of a
search throughout the world. It is then that the situation in
Turkey is explained briefly, and emphasis is given to Antalya
Province in which a hospital, a shopping mall, and a hotel under
operation are selected as representative building typologies. Cost
and benefit analyses of RWH and GWR are conducted separately
and of the combined use of both alternatives in the shopping mall
in detail, forming preceding examples on their design to initiate
such reuse activities in Tiirkiye that characterizes a developing
country facing adverse climate change effects on its water
resources (CCIWR, 2016). Due to confidentially agreements
signed with the owners of these specific typologies, their
names will not be stated in the article and they will be
referred as typologies A, B, and C on behalf of the selected
hospital, shopping mall, and hotel, respectively.

The topic of concern is among the leading and outstanding
environmental problems of the world due to adverse climate
change effects, especially on water resources. Therefore, this
study aims to present the details of the design work on three
different case studies in which RWH and GWR collection,
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treatment, storage, and reuse applications are proposed. The
results are put forth in terms of payback periods, while annual %

water savings and their monetary terms are mentioned.

1.1 Rainwater harvesting (RWH)

RWH is a simple method that has been practiced for
thousands of years in the arid lands of the world, especially in
areas where other water resources are scarce and/or difficult to
access. Since early civilizations, collecting precipitation and
storing water have been very important for people living in
arid and semi-arid regions (Angelakis et al, 2018; Al-Batsh
et al, 2019). Archaeological findings in many parts of the
world confirm that since the prehistory period, people met
various water needs such as domestic needs, agricultural
irrigation, and livestock activities by collecting and storing
rainwater in low permeable lands or cavities in rocks
(Yannopoulos et al, 2019). It is known that storage of
rainwater for use dates back to the Neolithic Age (Mays et al.,
2013). Harvesting methods range from small and simple, such as
connecting a water barrel to a rainwater downpipe, to large and
complex ones that collect water from acres of lands and serve
large numbers of people. However, with the management of large
quantities of water supply achieved by the development of
engineering skills in the industrial era, the application of this
method has lost its reputation more recently (Yannopoulos et al.,
2019).

In RWH applications, the water falling on the roof of the
building can be accessed without any carrying costs. The roof is a
surface-free environment from human intervention. Therefore,
there are not many sources of pollution outside the roof surface.
It is easy to manage and treat at a relatively low cost. For these
reasons, RWH is highly efficient as part of an integrated water
management approach for seasonal water security (Smit, 2019).
There are large-scale RWH system applications in many parts of
the world. These applications are specifically common in hotels,
university campuses, airports, and complex buildings.

Strategic management of rainwater is a form of water
management that can reduce disaster risk for countries facing
water scarcity, drought, or flood risks (Borja-Vega, 2020a; Borja-
Vega, 2020b). Known as the driest continent in the world,
Australia is the region where RWH studies started (Rahman
etal., 2012). There are different practices in different states in the
United States of America. For example, there are many
harvesting and green roof applications in New York (Sel,
2017). Governments play an important role in promoting and
improving RWH practices. Government subsidies can encourage
the establishment of RWH systems and increase the number of
users, especially among low-income households. For example,
there are large incentive projects in Brazil and Singapore. Since
the beginning of the 2000s, the Chinese people’s perspective on a
sustainable society and the importance of water have been
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developed with the help of awareness studies created by non-
governmental organizations in the country (Fu, 2018).
Germany is a country with abundant water resources
compared to other countries. However, the country has
strict laws and regulations on both the development and
use of water resources and the management of wastewater
in order to maintain a good water status and ensure the
sustainable use of water resources. In addition, significant
budgets are allocated to research and development studies in
the fields of water resource management technology.
Programs being implemented by governments or local
governments to promote RWH systems are mainly tax
deductions, cost-based grants, obligations for new
constructions, penalties, tax liabilities related to stormwater
discharge fees, and restrictions on the water use in
applications such as landscape irrigation. RWH systems are
common in countries with a lack and irregularity of
precipitation and/or past significant droughts (Celik et al.,
2017). In addition, reasons such as the protection of existing
water resources and the concern of pioneering RWH
technologies give priority to the widespread use of these

practices (Schuetze, 2013; Campisano et al., 2017).

1.2 Graywater reuse (GWR)

Graywater is a large volume of wastewater with a high
potential for reuse and application. It is domestic wastewater
originating from showers, handwash basins, laundries, washing
machines, and kitchen waters, excluding toilet waste, which is
considered as black water, and food waste from garbage disposals
(Wilderer, 2004). The origin and composition of graywater
depends on the lifestyle, population structure, social and
cultural habits, the number of people living in the house, the
chemicals used in the house, and the availability of water and
climatic conditions, which differ from one country to another
(Filali et al., 2022).

The characteristic of graywater is that it contains high
concentrations of easily degradable organic matter. The
pathogen rate in graywater is relatively low. It generally
contains less suspended solids (SS) and nitrogen (N) and
more phosphorus (P) than a typical domestic sewer. In
total Kjeldahl (TKN)
concentrations in greywater are approximately 10 times lower

general, ammonia and nitrogen
than that in domestic wastewater (Lazarova et al.,, 2003). The
content of metals and organic pollutants in graywater is generally
low and at lower levels for zinc and mercury than for mixed
wastewater (Potivichayanon et al., 2021; Shaikh and Ahammed,
2022). Graywater sources are divided into two: low-load sources
(tubs, showers, and hand sinks) and high-load sources (laundry
and kitchen). The typical graywater volume varies between
60 L and 120 L/person/day, although it differs depending on

user behavior, population structure, customs and habits,
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plumbing, and water availability (Zavala et al., 2016). The use of
treated graywater includes indoor reuse such as flush toilets and
outdoor reuse such as garden irrigation and car washing. Treated
graywater is also used in agriculture when it complies with the
different health and environmental standards established for this
purpose (Rodda et al,, 2011).

Characterization of graywater reveals that it must be
treated to a higher standard before it is reused to avoid
health risks and adverse esthetic and environmental effects.
The main goal of graywater treatment is to reduce SS, organic
resistance, and microorganisms through direct legal
requirements and its relationship with the esthetic and
health properties of the recovered water. Technologies
applied for graywater treatment include physical, chemical,
and biological systems. GWR systems are implemented in
many countries. However, policies, regulations, participation,
and socio-economic and technical complications vary from
country to country (Mizyed, 2013; Thaher et al., 2020;
Nawamed, 2021; Al-Khatib et al., 2022). Therefore, it is
important to develop policies and regulations that are
with  local requirements.
GWR s than

mandatory. In some settlements, voluntary practices are

compatible needs and

Internationally, often optional rather
encouraged through incentives such as tax breaks, grants,
and permit exemptions (Bell, 2018; SF, 2022). Some
dual-
plumbing systems to accommodate future GWR (Yu et al,
2016).

Looking at the European Union (EU) regulations, it is seen

authorities may require contractors to install

that there is currently no directive regulating the reuse of
water. In the Assessment of the Water Framework Directive,
Europe’s Plan for Conservation of Water Resources (2012)
highlights the importance of water reuse in irrigation and
industries, but there is no clear directive (Stein, 2015). EU-
level instruments on water reuse have been prepared in 2016
(EUIA, 2016), and the key idea behind these explanations and
efforts is the sustainable management of water as water
resources are becoming scarce in time due to climate
change impacts. The Water Reuse-Legislative Framework
in EU Regions has been proposed in 2018 by the
Commission for the Environment, Climate Change, and
Energy; however, this suggestion basically relies on the
reuse of treated wastewater in irrigation within the context
of river basin management plans (EU, 2018). To help alleviate
demands for drinking water in water-limited Australia, for
example, water recycling is increasingly being incorporated
into the policy framework and development of guidelines.
Implementation rules for the use of graywater were
established in the country in 2010. Various incentives are
offered to owners of GWR systems in various states in the
United States. However, this practice varies on the basis of
country administration, as in rainwater, and differs on the
basis of states and even cities (Yu et al., 2013).
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1.3 Current situation of the water sector in
Antalya Province, Turkiye

Of the overall 81 provinces in Tirkiye, 30 are managed
through greater metropolitan municipalities among which
Istanbul represents one of the top ranked crowded cities of
the world, Ankara, the capital town of Turkey, Izmir, the
third-most crowded city located along the Aegean Coast, and
Antalya, the most favored and internationally well-known tourist
city of the country on the Mediterranean Coast can be addressed.
In its present state, the average amount of usable water in our
(MoFA, 2022).
Therefore, it can be stated that Tirkiye is experiencing water

country is around 1,519 m’/person/year
scarcity according to this amount. As it is surrounded by seas on
the three sides, desalinization of seawater is a feasible option but
it rather supports the water demand in local areas rather than the
highly urbanized cities. The potential of treated water use,
especially in agricultural irrigation, is an appealing option in
the country as Tirkiye is still known as an agricultural country;
however, such activities are not frequent in urbanized areas. As
such, the rest of the two options, RWH and GWR, will be
emphasized as nature-based solutions of water reuse for the
urbanized tourism provinces, and Antalya Province, in that
sense, is selected as the case study metropolis subject to this
study.

Figure 1 shows the map of Turkey on which 81 provinces are
shaded, and only the names of the greater metropolitan cities are
plotted. Table 1 presents population, population share, and
socio-economic development ranking of Antalya, whereas
Table 2 depicts some of the water-related data.

The daily amount of water transferred to the drinking and
utility water network by the municipalities in Antalya as of
2021 is 329 L per person, which is above the country’s average
of 224 L. In the climate projections studied until 2,100, it is seen
that Antalya will inevitably be affected by climate change, and
decrease in precipitation is expected in addition to temperature
increases (CCIWR, 2016). There are 29 rivers in Antalya, and
7.6% of the water potential of Turkey is in this city. Among the
24 dams in the province, drinking water is provided from just
four of them. The province is also rich in terms of groundwater
resources. However, since the province is one of the most
important tourism centers in the country, its population,
which reaches very high levels, especially in the summer
months, causes problems related to the city’s water resources.
Antalya, one of the most important centers of Turkish tourism,
hosted a total of 9,094,051 domestic and foreign tourists in 2021
(MoEU, 2021). In line with this foresight, it is important that
these two alternative water resources need to be widely used,
especially in hotels and shopping centers, considering the high
level of water use, as it is one of the most important tourism
centers of the country. In the context of RWH, since the province
receives more precipitation than Tirkiye’s average, significant
amounts of water can be saved via this resume activity. Some
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FIGURE 1
Greater metropolitan cities of Turkey.

TABLE 1 Information on Antalya metropolis.

Selected Population Population Projected Share of total  Ranking of socio-  Number of Population
province as of 2020 density population population economic industrial change trend
(capita/km?) as of 2050 (CH)] development enterprises within the
( ) year
Antalya 2,548,308 126.6 3,790,651 3.05 5th 880 10 times more in
summer

TABLE 2 Water-related data for Antalya—2021 values (El, 2021).

Annual average rainfall (mm) Total water potential (hm?/year) ~Water loss/leakage (%) Daily water consumption (L/
capita)
834.8 10,566 35.59 329
examples on both RWH and GWR exist in the city, especially in municipalities. Therefore, with this study, it is aimed to at
hotels; however, these applications are not widespread in the city least realize the design experience and calculate the payback
as is the case in the other metropolitan cities of the country. More periods through the cost-benefit analyses of the selected building
recently, there seems to be high awareness of climate change in typologies to present their economic feasibility/acceptability.
Tirkiye, particularly in the highly urbanized regions with the Moreover, this work intends to form an example to other
huge efforts of the central government and the local similar cities not only in the country but also for the interest
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TABLE 3 Basic characteristics of the selected typologies.

10.3389/fenvs.2022.1080092

Selected Number of Daily Roof  Slope of Roof Water Garden Potable Total cost
typology employees  visitors area the IMEIENE] storage area (m?) water of
(m?) roof (%) location (*€/m°) water**
(*€/m?)
Antalya hospital 800 1,000 10,070 1 Deck floor Basement NA 1.239 1.86
(typology A)
Antalya shopping 300 1,000 18,500 1 Deck floor Basement 2,000 1.239 1.86
mall (typology B)
Antalya hotel 320 1,200 4,280 1 Deck floor Basement 3,000 1.124 1.69
(typology C)

*Currency as of 1 September 2022; ** total cost of water including wastewater and solid waste costs.

TABLE 4 Nine-year monthly average precipitation values (mm) of the Antalya Airport Meteorological Station.

Month/year 2012 2013 2014 2015 2016 2017 2018 2019 2020 2012-2020 average
January 169.6 209.0 148.0 2386 152.2 140.8 140.0 456.2 62.0 205.6
February 139.8 80.2 70.6 160.8 116.2 9.8 152.6 109.0 782 120.6
March 76.2 26.8 21.0 136.4 935 114.0 100.2 56.2 56.2 75.6
April 49.6 66.4 386 12.2 58.0 45.6 0.0 29.6 10.6 345
May 44.0 60.4 44.0 8.0 228 95.4 36 34 36.4 353
June 314 1.6 2.0 8.8 12.6 0.8 714 16.4 18.1
July 0.0 0.0 1.8 0.0 0.0 0.0 8.0 0.2 13
August 0.0 0.0 52 0.6 0.0 1.2 0.0 0.2 0.9
September 0,0 7.0 455 82.0 23.0 0.0 5.4 304 242
October 1284 91.0 70.6 97.4 0.0 64.0 14.8 116 59.7
November 316 151.8 929 60.6 127.0 103.2 65.6 111.8 93.1
December 201.0 734 152.8 11.2 64.0 106.0 2184 2532 135.0
Annual 871.6 767.6 693.0 816.6 669.3 680.8 780.0 1,078.2 2434 794.6

of other cities/countries within the context of climate change
adaptation efforts.

It is important to highlight the issue that neither the RWH
nor the GWR applications in Turkey are based on any related
national regulations and standards regarding the quality
aspects. However, the state policy emphasizes on the water
reuse practices without interrupting the wellbeing of humans.
Regulation on rainwater collection, storage, and discharge
systems has been put into force in 2017 through publication
in the official newspaper dated 23 June 2017 with the number
30,105 as an initial effort for encouraging RWH. With the
amendment made by the MoEU in the Planned Areas Zoning
Regulation, it became obligatory to install a rainwater collection
system in new buildings in order to ensure that the rainwater on
the roof is collected in a tank under the garden floor as of
23 January 2021.

Frontiers in Environmental Science

06

2 Data and methodology

A hospital (typology A), shopping mall (typology B), and
hotel (typology C) wunder
representative building typologies on which cost and
benefit analyses of RWH and GWR systems separately and
of the combined form of both alternatives in typology B are
studied in detail. These buildings do not benefit from any of
the the
Characteristics of each building and their current water

operation are selected as

so-called water resources for time-being.
consumptions and plumbing projects provided by the
related owners create the significant data on the study.
Moreover, monthly 9 vyears’ average precipitation data
provided the Antalya

Meteorological Station constitute another data file in the

from International  Airport

design and analysis.
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TABLE 5 Unit water consumption values considered in the calculations for
each activity (TSI, 2021).

Parameter for the selected

typologies

Volume of the toilet reservoir (A, B,and C) 6 L/flush
Number of flushing per person per day (A = 10 Number/
and B) person/day
Employee flushing water requirement (A 60 L/person/day
and B)

Employee flushing water requirement (C) 30 L/person/day
Number of flushing the toilet per visitor per 0.5 Number/
day (B) visitor/day
Number of flushing the toilet per visitor per | 5 Number/
day (C) visitor/day
Visitor flushing water requirement (A 3 L/visitor/day
and B)

Visitor flushing water requirement (C) 30 L/visitor/day
Floor cleaning water requirement (B) 2 L/m*/month
Daily water requirement per car washing (B) = 100 L/day/car
Daily irrigation water (B) 135 L/m*/day

A: hospital; B: shopping mall; C: hotel.

Characteristics of each of the building types are given in
Table 3, and the overall 9-year monthly average precipitation
values are given in Table 4.

Eq. 1 expresses the total amount of RWH (Dogangonul and
Dogangonul, 2009):

e
1000

V, = A%Px* (1)

TABLE 6 Unit amount of GW to be collected for each activity (TSI, 2021).

Parameter for the selected

typologies
Flow time from handwash sinks (A, B, and C) | 1 Minute
Flow time from showers (A and C) 5 Minute
Flow rate from sinks (A and B) 3 L/min.
Flow rate from sinks (C) 2.5 L/min.
Flow rate from showers (A and C) 10 L/min.
Daily use of sinks by employees (A, B, and C) = 10 Times/
person
Daily use of showers by employees (A and B) -
Daily use of sinks by visitors (A) 3 Times/
person
Daily use of showers by visitors (A and B) 0.5 Times/
person
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where

V, = amount of collectable rainfall, m®

A = area of the rainfall collection area, m*

P = average amount of precipitation, mm

e = flow coefficient of the drainage surface.

The runoff coefficient (e) is taken as 0.8 as all catchment areas
are the deck (terrace) floor according to Farreny et al. (2011).

Harvested rainwater and/or graywater resources are assumed
to be initially used as flushing water in the toilets, and the excess/
remaining portion is to be utilized for garden/green area
irrigation if there is such an availability or else may be used
as cleaning water for indoors and car washing. Table 5 refers to
the unit water consumption values per activity. The values given
in Table 5 are collected from the Turkish Statistical Institute
(TSI) as of 2021. The related standard takes place in TS EN16941-
2 for non-potable water systems— Part 2: Systems for the use of
treated graywater (sink wastewater) and published in
February 2021.

Eq. 2 expresses the total amount of GW generated from
domestic water consumption:

L
Amount of Greywater —

day
X min L . times
= Flow time ——=Flowrate——*Daily use ———
s min persons.day
*Number of persons.

2

GW collection is possible from handwash sinks and showers
in these building typologies. As such, the unit water to be
collected per building typology is given in Table 6. However,
this water resource requires treatment prior to use even as toilet
flushing water, and package-type membrane bioreactors (MBRs)
are preferred to be installed at the basement of the buildings.
These pre-engineered systems are easily established and put into
operation (Atanasova et al., 2017). An appropriate MBR and its
appurtenances together with pumping facilities constitute the
investment cost of GWR systems.

For RWH, the collected water has to be stored prior to use for
any of the reuse activities. As such, storage tank volume(s) is/are
calculated according to the following methodology. Initially, the
daily precipitation amount is evaluated in the month with the
highest rainfall, and the amount of precipitation collected in the
storage tank is considered. It is appropriate to choose a tank with
expert opinion to store the maximum possible precipitation for at
least 3 days. Furthermore, for attaining more suitable solutions, it
is advised to select two or more similar tanks rather than one.
Table 7 refers to the details of the storage design work of the
RWH systems for each of the building typology.

When deciding on the treatment system capacity in the GWR
system, the amount of required water and generated GW are
evaluated together. If the amount of GW generated is more than
the amount of the required water, the GW treatment system
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TABLE 7 Details of the storage design work of the RWH systems for each of
the building typology.

Typology (A): hospital

Maximum daily precipitation (m*/day) 47

Maximum daily water requirement (m?/day) ‘ 66
Storage volume ‘ 93

Two 50 m? storage tanks were selected.

Typology (B): shopping mall

Maximum daily precipitation (m’/day) 91

Maximum daily water requirement (m?/day) ‘ 51

Storage volume ‘ 51

One 50 m® storage tank was selected.

Typology (C): hotel

Maximum daily precipitation (m*/day) 21
Maximum daily water requirement (m’/day) 46
Storage volume 42

One 50 m?® storage tank was selected.

capacity is determined according to the water requirement. In
scenarios, the treatment system capacity is selected according to
the amount of GW generated. When the system is being set up, it
is accepted that domestic wastewater such as from sinks, showers,
bathtubs, and washings will collect in the GW treatment plant.
The wastewater from the kitchen and black water that will cause
inhibition (garden drainage and pool water) will not be given to
the GW treatment plant.

As GW is different from freshwater, it necessitates some
guidelines for reuse. The following points are usually considered:

o GW should not be kept for more than 24 h.

o The system should be designed to prevent water from
penetrating the ground and be used for drinking purposes
by humans or animals.

e GW should not be allowed to seep into the soil,
accumulate, or flow.

o The system should be kept as simple as possible, and
systems that require less maintenance should be preferred.

There should be 3-way valves and cross-linking systems for
easy transfer between the graywater system and the
sewer line.

« Prior to use, labels must be inserted into the piping system
so as to indicate their origin.

In the benefit determinations, the amount of water that is

saved through the reuse application is converted to cost
equivalence whereas the cost part includes the investment
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(pumping station, pumps, booster system, filter units and its
appurtenances, piping and instrumentation, and storage tank for
RWH, and in addition to such units, inclusion of a treatment
system for GWR, crimping, and line laying for the installation of
these systems to already existing buildings) and operational costs
(electricity, maintenance and routine operation inspections, and
repairs).

Some assumptions are made during the comprehensive
design work of both reuse applications. These are summarized
as follows:

Prismatic galvanized modular water storage tanks are
preferred for RWH.

o MBR package treatment systems are chosen as the GW
treatment system.

It is thought that the amount of water remaining in the
storage tank is used in the coming month for RWH.

Financial analysis was conducted in 10-year periods for
50 years in GWR systems and 100 years in RWH
systems.

o For the unit price of water used in the calculations,
1 September 2022 is taken as the basis for Antalya
Province. It is important to note here that due to high
inflation fluctuations faced in the country, the unit cost of
water changes quite frequently in the provinces; these cost
values vary among the province and are set by the
municipalities. Wastewater removal cost is also

considered in the unit cost of water.

The date 1 September 2022 is taken as the basis for the

exchange rate used in the accounts.

Inflation-based price increases are ignored.
Value-added tax (VAT) and other taxes are not included in
the calculations.

o A real discount rate of 5% is used.

3 Results and discussion

Detailed design criteria and calculations leading to the final
cost benefit analyses are separately presented in Supplementary
Materials (SM). SM-1 refers to RWH systems, whereas SM-2
denotes the GWR systems. The information provided in SM
covers the calculation of the water savings, investment and
operation costs, and cost-benefit analyses for the three
selected typologies.

The cost and benefit analyses are conducted separately for
each of the selected building typologies, and the final results are
given as payback periods in years. The discussions will be based
on these calculated periods. The feasible rate of return for both of
the alternative water resources is accepted as less than a decade.

Table 8 summarizes the payback periods calculated for the
selected building typologies resulting from the detailed cost-
benefit analyses.
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TABLE 8 Results of payback periods for different building typologies via water savings through RWH and GWR systems.

Typology (A): hospital

Scenario Reuse as toilet flushing Scenario Reuse as toilet flushing
Roof area (m?) 10,070 Number of personnel 800
Number of personnel 800 Number of visitors/patients 1,000
Number of visitors/patients 1,000 Reusable graywater (m®/year) 21,170
Harvested rainwater (m®/year) 5,464 Water requirement (m*/year) 24,090
Water requirement (m?*/year) 23,760 Reused graywater (m®/year) 21,170
Water storage volume (m?) 50 Graywater treatment system capacity (m?*/day) 20
Number of water storage tanks 2 Number of graywater treatment systems 3
Total investment cost (€) 49,975 Total investment cost (€) 124,274
Operating cost (€) 118 Operating cost (€) 7,989
Savings on water cost (€/year) 10,152 Saving on water cost (€/year) 39,341
Water unit price (€/m?) 1.86 Water unit price (€/m?) 1.86
Annual water savings (%) 23 Annual water savings (%) 88
Payback period (year) 6 Payback period (year) 5

Typology (B): shopping mall

Scenario Used for toilet flushing, irrigation, floor cleaning, and car Scenario Reused as toilet
washing flushing
Roof area (m?) 18,500 Number of personnel 300
Number of personnel 300 Number of visitors 1,000
Number of visitors 1,000 Reusable graywater (m*/year) 7,665
Harvested rain water (m?/ 8,247 Water requirement (m*/year) 3,833
year)
Water requirement (m?*/year) 16,344 Graywater treatment system capacity 10
(m*/day)
Water storage volume (m?) 50 Reused graywater (m’/year) 3,650
Total investment cost (€) 26,699 Total investment cost (€) 23,692
Operating cost (€) 118 Operating cost (€) 1,850
Savings on water cost (€/year) 15,322 Saving on water cost (€/year) 6,783
Water unit price (€/m?) 1.86 Water unit price (€/m?) 1.86
Annual water savings (%) 50 Annual water savings (%) 48
Payback period (year) 2 Payback period (year) 6
RWH + GWR
Scenario Toilet flushing, irrigation, floor cleaning, and car washing
Water requirement (m*/year) 16,449
Harvested rain water (m?/year) 8,247

(Continued on following page)
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TABLE 8 (Continued) Results of payback periods for different building typologies via water savings through RWH and GWR systems.

Typology (B): shopping mall

Reused graywater (m’/year) 3,650
Total water savings (m?/year) 11,897
Graywater treatment system capacity (m?*/day) 10
Water storage volume (m?) 50
Total investment cost (€) 33918
Operating cost (€) 1,850
Savings on water cost (€/year) 22,110
Water unit price (€/m?) 1.86
Annual water savings (%) 72
Payback period (year) 5

Typology (C): hotel

Scenario Reuse as toilet flushing Scenario Toilet flushing and garden irrigation
Roof area (m?) 4,280 Number of personnel 1,200
Number of personnel 320 Number of visitors 320
Number of visitors 1,200 Reusable graywater (m*/year) 27,837
Harvested rain water (m?/year) 2,477 Water requirement (m*/year) 22,060
Water requirement (m*/year) 12,264 Reused graywater (m’/year) 21,802
Water storage volume (m?) 50 Graywater treatment system capacity (m*/day) 40
Number of water storage tanks 1 Number of graywater treatment systems 2
Total investment cost (€) 190,634 Total investment cost (€) 190,634
Operating cost (€) 8,937 Operating cost (€) 8,937
Savings on water cost (€/year) 36,752 Savings on water cost (€/year) 27,816
Water unit price (€/m?) 1.69 Water unit price (€/m?) 1.69
Annual water savings (%) 20 Annual water savings (%) 99
Payback period (year) 9 Payback period (year) 9

The water savings in different building typologies as expected
and calculated in this study are different from each other, and this
circumstance affects the payback periods. However, it is seen that
both reuse strategies, applied separately or combined, will denote
economic feasibility if the investments are amortized in shorter
periods like 10 years or less. In a university campus in
Northeastern Mexico where both strategies are practiced, the
amortization period is found to be 6 years (Zavala et al., 2016).
India is a country that experiences water shortage on the contrary
to its rapidly growing population. A recent study on the design of
the RWH system from this country has been conducted in the
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campus of a South Indian university where water is collected
from 19 selected roofs. The result was appealing, and the payback
period was calculated to be 13 years (Anchan and Shiva Prasad,
2021). Aybuga and Isildar (2017) calculated the payback period
of both RWH and GWR systems in Ankara, Tiirkiye, for around
5 years at the household level. A practical case study of a single-
family house in Durban, Kwa-Zulu Natal Province of South
Africa, was conducted on both systems, and the corresponding
payback period was found to be 4.39 years (Zhang et al., 2021).

Another interesting study on cost-effectiveness of RWH and
GWR systems has recently been conducted in single-family
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TABLE 9 Distribution of annual water savings for different building
typologies through RWH and GWR systems.

Typology (A): hospital

Water savings (%) Water savings (%)

Reuse as toilet flushing Reuse as toilet flushing

Typology (B): shopping mall

RWH GWR
Total water savings (%) 50 Water savings (%) 48
Reuse as toilet flushing

Toilet flushing (%) 70

Irrigation (%) 32

Car washing (%) 50

Cleaning (%) 50

RWH + GWR

Total water saving (%) 72
Toilet flushing (%) 90
Irrigation (%) 42
Car washing (%) 67
Cleaning (%) 67

Typology (C): hotel

Water savings (%) 20

Total water savings (%) 99

Reuse as toilet flushing

Toilet flushing (%) 100

Irrigation (%) 97

houses located in eight different countries. The results highly
fluctuated based on the accessibility to freshwater, price of water,
quality of water, climate change, and precipitation regime of the
city. Moreover, the general outcome of the work put forth the
commonly accepted reality that such new technologies and their
financial indicators will bring benefits in the long run no matter
the location of the building (Stec and Slys, 2022). In another
preceding outcome of the surveys made within the same study in
eight different European cities, it is seen that RWH is
comparatively preferred than GWR systems. This finding
emphasizes a social problem on the questionable hygienic
conditions of GWR. This is also seen in the study conducted
by Yu et al. (2016) that underlines the requirement of providing
some financial incentives on the GWR systems to encourage the
utility of GW. Most recently, Al-Saidi (2021) and Al-Khatib et al.
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(2022) outlined the knowledge about the social acceptance of
reuse applications. It provides a methodical aspect on the overall
reuse trials and social insolences toward water reuse, considering
the elements of water source, technology, and end use. As such,
inspiration on the reuse practices is not solely a technological and
financial feature; it also governs a socio-economic insight
necessitating the dissemination activities to be carried out at
the nation-wide scale.

In addition to the payback periods, water savings (%) with
the scenarios of RWH and GWR through referring to the
applications, namely, in toilet flushing, irrigation, floor
cleaning, and car washing, are also important, and the
outcomes of this study are given in Table 9.

4 Conclusion

Cost-benefit analyses of RWH and GWR systems for three
different building typologies, a hospital, a shopping mall, and a
hotel, existing in the Antalya Province of Tirkiye constitute the
main body of the article. Basic design criteria are considered for
both of the alternative water resources during the design
calculations, and the results are presented in the form of payback
periods and water savings. Literature reports on the use of these
alternative water resources state that the payback periods less than a
decade seem to be highly satisfactory, and this finding has also been
verified through the three typologies selected from the Antalya Province
of Tiirkiye. Calculations based on the design criteria and corresponding
assumptions based on the plumbing plans of the buildings covered the
detailed preparation of the investment and operation costs together
with the amortization times. This work carried out on real cases under
operation put forth comprehensive examples that may be followed by
other scientists and practitioners from different parts of the world
dealing with the fulfillment of similar water reuse attempts and efforts.

The lessons learned from the studied cases may be
evaluated according to their strengths and weaknesses. Both
systems seem to be a convenient solution to water scarcity
issues, especially in tourism sector-dominating provinces and
cities which face vast population fluctuations over months of a
year. The realization is that RWH is a comparatively easier
water gaining system regarding its installation and operation.
It does not necessarily need high technical expertise and
expensive equipment and appurtenances. However, the
harvested amount of water relies on the largeness of the
effective roof surface area and the amount of precipitation
that the region receives. In that sense, the methodology is easy
to apply but is regarded as a system whose water flow rate
changes spatially and temporally. It is again a comparatively
safer system in terms of its quality rather than quantity. Total
water savings through RWH were calculated to be 23% for
typology A (hospital), 50% for typology B (shopping mall),
and 20% for typology C (hotel). On the other hand, GWR
requires more technical work than RWH as it needs a
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treatment facility. Nowadays, the package MBR modules are
simply supplied by the manufacturers, and they also provide
technical assistance during the operation of the overall system.
For sure, there exists no water flow rate problem as GW is
continuously generated from a building and it may safely be
used for flushing the toilets after disinfection. As such, the
utility of both water resources will lead to undeniable water
savings. Water gain will in turn protect the receiving water
bodies and diminish the pollution load of the wastewater
treatment plants. Moreover, there will also be a financial
benefit as the water bills will be highly reduced. Total water
savings through GWR were calculated to be 88% for typology
A (hospital), 48% for typology B (shopping mall), and 99% for
typology C (hotel). One example was studied for both of the
reuse alternatives for typology B where total water saving
reached 72%. As seen from the saving values, high benefit can
be obtained through these applications, and as such,
freshwater resources may be more effectively used,
particularly in the urbanized areas.

Last but not least, public awareness and raising public interest
on the great benefit of these alternative systems is another issue
that should be equally emphasized like their application by the
governmental and local authorities. Furthermore, their practice
may even be encouraged more by applying certain tax assistances
similar to the undertaking of some countries as an important

adaptation action toward climate change.
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