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This study investigates a hypothetical scenario that addresses challenges such as the
rapid depletion of water resources and increasing water demands driven by population
growth, global warming, climate change, and indiscriminate water usage. Safranbolu, a
city noted for its historically protected architecture, setves as a case study to illustrate
these challenges. Rather than asserting a definitive solution, the research examines the
potential of adaptive reuse of existing cisterns to enhance water efficiency in buildings.
The literature review identified that the impacts of climate change and increasing
population significantly contribute to higher water demand, which in turn affects both
the availability and quality of water resources. It was concluded that implementing
water-saving devices and expanding wastewater recycling can be effective strategies to
improve water efficiency. Moreover, the adaptive reuse of cisterns and other historical
water structures, which are abundant in cities like Safranbolu, may offer supplementary
potential for advancing water efficiency goals, although feasibility and technical
considerations remain beyond the scope of this study. In Safranbolu, a field study was
conducted in two phases and included the examination and documentation of 11
significant cisterns. Additionally, detailed water consumption data; daily, monthly, and
annually, from 12 mansion (guesthouses) and 13 houses within the city were collected
through a structured questionnaire. The survey also provided insights into the spatial
use of water and the application of water-saving technologies in these buildings.
Preliminary findings suggest that the water consumed by these 25 buildings, combined
with greywater reuse and limited rainwater collection, could potentially be partly
managed, stored, and treated in local cisterns. However, this remains a theoretical
approach that does not fully address economic feasibility, technical capacity, or
maintenance processes. Despite these limitations, reusing cisterns may help preserve
historical water structures while contributing to more sustainable water management
in heritage urban settings.
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Makale Bilgileri

Bu calisma, su kaynaklarinin hizla tikenmesi, niifus artigi, kiresel 1sinma, iklim
degisikligi ve bilingsiz su kullanimi gibi etkenlerle artan su talebi sorunlarint ele alan
varsayimsal bir senaryoyu incelemektedir. Tatihi dokusu koruma altina alinmug
mimarisiyle tanmnan Safranbolu kenti, bu sorunlari 6rneklemek tizere bir vaka
calismast olarak secilmistir. Arastirma, mevcut sarniglarin uyarlanarak yeniden
kullaniminin binalarda su verimliligini artirma potansiyelini degerlendirmektedir.
Literatiir taramast, iklim degisikligi ve ntfus artiginin su talebini artirarak su
kaynaklarinin miktarint ve kalitesini olumsuz etkiledigini géstermistir. Su tasarruflu
uygulamalar ve atik suyun geri déniisimiinin artirilmast, su verimliligini gelistirmek
icin etkili stratejiler olarak belirlenmistir. Ayrica, Safranbolu gibi kentlerde bol
miktarda bulunan sarniglar ve diger tarihi su yapilarinin yeniden kullanimi, su
verimliligi hedeflerine ulasmada ek bir potansiyel sunabilir. Ancak bu yaklagimin
uygulanabilirlik ve teknik boyutlart calismanin kapsami disinda  birakilmistir.
Safranbolu’da gerceklestitilen saha calismast iki asamadan olusmakta ve 11 6nemli
sarnicin incelenmesi ve belgelenmesini de icermektedir. Buna ek olarak, kentteki 12
konak (pansiyon) ve 13 evden olugan toplam 25 yapidan giinlik, aylik ve yillik su
titketim verileri bir anket araciligiyla toplanmustir. Anket ayrica bu binalarda suyun
mekansal kullanim tiirleri ile su tasarrufu saglayan teknolojilerin uygulanmasina dair
énemli bilgiler sunmustur. On bulgular, bu 25 binada tiiketilen suyun, gri suyun
yeniden kullanimi ve siuth yagmur suyu hasadi ile, yerel sarmiclarda kismen
yonetilebilecegini, depolanabilecegini ve aritilabilecegini gostermektedir. Ancak bu
yaklasim, ekonomik, teknik ve bakim boyutlarint kapsamayan teorik bir cergevedir.
Tium kisitlara ragmen, sarniglarin yeniden kullantimi hem tarihi su yapilarinin
korunmasina hem de kultiirel miras alanlarinda daha strdurilebilir bir su yénetimine
katki saglayabilir.
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e  Tarm, endistri ve konut sektdrlerinde artan titketim, su kithiginin énemli
bir kiiresel sorun oldugunu ortaya koymaktadir.

e Su verimliligi, 6zellikle Safranbolu gibi tarihi gehirlerde mevceut sarniglarin
adaptif yeniden kullanimuyla artirilabilir.

® Safranbolu'nun korunmus mimarisi ve tarihi su yapilan strdirilebilit su
yonetimindeki zorluklart ve ¢ztiimleri gbsteren bir vaka galismast olarak ele
alinmaktadir.
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INTRODUCTION

Due to the developments in industry and economy, the urban population is increasing day by day.
Accordingly, the need for infrastructure, transportation, housing, industry, and energy increases
with the growth of cities. In rapidly growing cities, the demand for water which is vital for
sustaining life, and the amount of water consumption also increase in parallel with population
growth. With increasing consumption, limited water resources are becoming even more limited.
Especially in large cities, intensive water consumption brings along problems such as wastewater
and resource scarcity (Mazi and Tan, 2009; Okello et al., 2015). According to a United Nations
report (2020), water usage has increased six-fold over the past century, with the trend continuing
steadily. This underscores the critical importance of preserving and efficiently utilizing water

resources.

Historical cities with protected cultural and architectural heritage, such as Safranbolu, are also
vulnerable to the effects of global warming and climate change. In most of the buildings in
historical cities with protected architectural heritage, the sanitary water supply system may be
inadequate or outdated. Consequently, the water efficiency of these buildings cannot be easily
adapted to modern conditions. However, while there is an assumption that reusing historical water
structures might lead to improved water efficiency, this research focuses on examining a
hypothetical scenario of adaptive reuse rather than providing a definitive solution. Safranbolu, a
historical city listed in UNESCO’s world heritage list, has water structures such as wells, fountains,
rainwater depots, snow wells, and cisterns, which could offer significant options for storing and
managing water. This study investigates the potential of reusing cisterns primarily for storage of
greywater or other non-potable sources as a means of enhancing water use efficiency in these
historical settings.

Nevertheless, it is important to note that certain dimensions—such as economic feasibility,
maintenance processes, and technical capacity—are beyond the current scope and are therefore
not fully addressed. Although numerous studies have examined the adaptive reuse of historical
water structures and cisterns -such as Lepcha et al. (2024), Sharma and Ji (2024), the present
research approaches the issue by exploring only the water storage capacity aspect, thus contributing
a limited yet focused perspective on how cisterns might help mitigate increasing water demand.

As a tentative solution to the problems of rapid population growth, global warming, climate change,
and rising water demand in historical cities, it is recommended to utilize abandoned water structures
produced in the past in historical areas. It has been determined that especially cisterns can be reused
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after repair and maintenance works. However, this paper does not claim to offer a comprehensive
model for full-scale implementation; rather, it seeks to illuminate the extent to which historical
cisterns if repurposed might contribute to water efficiency.

Aim and Motivation of the Research

In search of solutions to the problems mentioned, this study explores the potential of adaptive
reusing of abandoned cisterns in a historical city like Safranbolu as part of a hypothetical scenatrio
and examines their possible contribution to water efficiency. Within the scope of the study,
numerical values were used to determine the suitability of the cisterns for reuse and to reveal the
relationship between their water storage capacity and local water consumption. By analysing these
data, a framework is developed to evaluate how cisterns might contribute to water efficiency and
which strategies could be developed. While broader variables such as cost-effectiveness, technical
feasibility, and long-term maintenance fall outside the immediate scope, this research is important
in terms of raising awareness about revitalizing the forgotten architectural treasure of cisterns in
historical cities, potentially recycling water, and making it available for urban use.

Scope of the Research

The research focuses on a specific area within Safranbolu, in the neighbourhoods of Baris and
Atatirk, where cisterns are abundant. The water consumption data of residential buildings and
mansion hotels in this area are determined through surveys and invoices (consumption-based
documents). By comparing the obtained water consumption data with the capacities of cisterns,
this study investigates to what extent the water usage in the region could potentially be met by
reusing the cisterns, acknowledging that this remains a theoretical exercise without a detailed
feasibility assessment.

Method of the Research

In the first phase of the methodology used in the study, a literature review was conducted on the
effects of climate change and global warming within the scope of water efficiency, strategies to
increase water efficiency, wastewater recycling, water storage elements, and adaptive reusing of
cisterns. In addition, sources related to the historical city of Safranbolu and water structures in the

region were also analysed.

In the second phase, fieldwork was carried out in the region where the cisterns are densely
populated. In the first stage of fieldwork, the cisterns identified in Safranbolu were mapped and
categorized according to their use, capacity, and location. Following this, a survey was conducted
to determine the water consumption of the living spaces in the study area.

In the last phase, the results of the survey were analysed in various forms. Then, by comparing the
determined cistern capacities with the water consumption data in the region, it was examined to
what extent enhanced water efficiency might be achieved by adaptive reusing of the cisterns,
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bearing in mind that further research would be needed to account for technical, economic, and
maintenance considerations.

LITERATURE REVIEW

The Industrial Revolution, which began in the late 19th century, accelerated the use of fossil fuels,
thereby intensifying the impact of human activities on the environment (Cesur, 2014; Turkes,
2022). Over the last century, rising greenhouse gas emissions, global warming, depletion of natural
resources, and climate change have been closely linked to industrial growth and urban expansion
(Cesur, 2014). Climate change is expected to exacerbate hydrological extremes, causing irregular
water regimes, reduced freshwater availability, and shifts in precipitation patterns (IPCC, 2022).
These changes heighten the risks of water scarcity for both agricultural and domestic needs,
potentially leading to public health concerns, ecosystem degradation, and economic losses. In
historical urban centers where aging infrastructure intersects with protected cultural and
architectural heritage the adverse impacts of climate change can be even more pronounced. Rising
temperatures and drought conditions, for instance, may intensify water scarcity, while extreme
weather events and flash floods can endanger vulnerable heritage buildings (Cassar, 2009; Sabbioni
et al., 2010). Factors such as rapid population growth, urbanization, and limited adaptive capacity
further strain these cities’ ability to cope with climate-induced water challenges (Ttrkes, 2022).
Consequently, safeguarding water resources and ensuring sustainable water management have
become urgent priorities, underscoring the need for approaches that integrate conservation, reuse,
and efficient resource utilization (Daly, 2007; Hostovsky, 2014; Aytug, 2014).

Amid these pressures, historical cities like Safranbolu face unique vulnerabilities tied to their
distinctive architectural fabrics and heritage assets. While its UNESCO World Heritage status
promotes cultural preservation, safeguarding the city’s water infrastructure under evolving climatic
conditions remains a critical task. Existing research indicates that water scarcity is likely to worsen
if climate patterns continue to shift and temperatures rise. (IPCC, 2022; Turkes, 2022). Although
the present study does not incorporate a detailed scenario-based analysis, it seeks to contribute to
adaptation dialogues by exploring how traditional water storage solutions—particularly cisterns—
could be repurposed to mitigate growing water demands. By building on broader climate adaptation
strategies (e.g., integrating rainwater harvesting, greywater systems, or modern filtration methods),
the adaptive reuse of cisterns may offer a partial and localized response to the challenges posed by
global warming. Future investigations might adopt model-based approaches, for instance, to
quantify long-term cistern performance under different climate projections, further supporting the
city’s resilience initiatives and aligning with sustainable development goals (McPhearson, T. et al,
2016).

In terms of conserving water resources, sustainability involves the preservation, purification,
management, and efficient use of water. A framework for regional-scale water resource
management and the development of water-saving methods are necessary. The conservation of
water resources can be achieved by minimizing water use and implementing strategies for reuse.
The use of rainwater and greywater sources are also among the widespread methods for efficient
and recycled water use (Mays, 2007; Thornton et al., 2000).
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noteworthy examples do exist. Lepcha et al. (2024) provide a comprehensive review of rainwater
harvesting solutions, highlighting their potential to address water scarcity in modern contexts.
Sharma and Ji (2024) argue that historical water management structures such as dams, reservoirs,
canals, and cisterns, effectively mitigated droughts and floods in past societies, and they can still
offer valuable insights for current climate adaptation efforts. Rosado-Garcia et al. (2022) emphasize
that architectural preservation in Europe often centers on monumental buildings, overlooking civil
and industrial heritage, including historical hydraulic works. Their research on a 150-year-old
underground reservoir in Madrid shows how such structures can be preserved and partially
repurposed without compromising structural integrity, underscoring the importance of
safeguarding them for future generations. In Tiurkiye, Emre N. Y. (2014) provides a significant case
study on the Yerebatan Basilica Cistern, illustrating how a historical cistern can be integrated into
contemporary urban life while retaining its cultural importance. Additionally, Vetter and Rieger
(2019) examine the use of cisterns in agricultural contexts, further demonstrating the diverse
applications and enduring relevance of these traditional water-harvesting systems.

Water is a basic need for human life, and various methods and structures are used to meet this
need. Throughout history, water has contributed to the establishment and development of
civilizations and many civilizations settling near rivers and lakes. After the establishment of settled
life, water plays a significant role in the daily lives and settlement patterns of communities (Aykutlu
and Pilehvarian, 2022). Water structures, which also reflect the architectural and technical skills of
civilizations, facilitate the transportation and storage of freshwater resources to inhabited areas.
The earliest water structures include irrigation canals, water transport systems, and cisterns for
agricultural purposes (Glngor 2021). Important examples of such structures can be found in
Anatolia, which has hosted many civilizations. As civilizations developed, the demand for water
increased, and water structures gained importance. Various water structures were constructed
during the Hittite, Urartian, Roman, Byzantine, Seljuk, and Ottoman periods. These structures
include aqueducts, canals, cisterns, water mills, fountains, dams, and wells, which were used for
water storage and distribution purposes (Aykutlu and Pilehvarian, 2022; Ozis et al., 2008).

Cisterns, water storage structures, have played a significant role in meeting the water needs and
establishing living spaces from ancient times to the present. They can be constructed in two
different forms: open and closed (Kerim and Stime, 2018). Open cisterns are generally collection
pools used for water accumulation, while closed cisterns are typically built underground for the
purpose of water storage (Emre, N.Y., 2014; Yidirim, 2016). Cisterns were built for different
purposes such as providing water from water sources, meeting water needs, levelling rough terrain
and shelter for various purposes. Furthermore, cisterns have served different functions over time
and have been utilized as agricultural or social areas (Yildirim, 2016).

Within the continuity of time, societal changes affect human needs, leading to the transformation
of the spaces in which people live over time. Buildings interact with social structures, change and
evolve according to the changes occurring in society. However, various difficulties are encountered
when buildings fail to adapt to the changing conditions of the present time. As a result of these
challenges, buildings that do not meet the needs of today must be demolished or refunctioning for
reuse (Douglas, 2000).
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The reuse of historical buildings has become popular in recent years. Among the reasons for this
are existing grants, timing, prevention of decay, efficiency improvement, change of use, legal
restrictions, preservation, and environmental sustainability. Especially, environmental problems
such as climate change and greenhouse gas emissions have gained importance, and in this context,
the reuse of existing buildings with a new function is preferred more. The concept of adaptive
reuse is defined as a transformation process that brings historical buildings back to life. The
purpose of reuse is to refunctioning structures to meet the needs of the present while transferring
them to future generations when the original function of the structures cannot be realized.

It is widely recognized that the first theoretical approach to the adaptive reuse of historic
buildings— a concept with various definitions in scholatly literature—emerged in the 19th century.
According to Plevoets and Cleempoel (2011), the optimal method for preserving historic buildings
involves assigning them new functions. Adaptive reuse can be defined ecither as the process of
extending a building’s life and utility (Yidirim and Turan 2012), or as the capacity to meet current
needs and adapt to future changes while enhancing the building’s value (Schmidt et al., 2009). As a
crucial strategy for conserving cultural heritage, adaptive reuse not only supports the sustainable
transformation of buildings but also has significant environmental, economic, and social impacts,
thereby contributing to sustainability.

Adaptive reuse of heritage buildings also preserves architectural, social, cultural and historical
values and protects not only the structure but also the effort, skill and dedication of the original
builders (Love and Bullen, 2011). Economically, adaptive reusing an existing building is a cheaper
and faster method compared to demolishing and constructing a new one. Additionally, reused
buildings appreciate and contribute to the national economy (Douglas, 2006). Environmentally,
adaptive reuse reduces the use of natural resources and decreases energy consumption. Historical
buildings contribute to socio-cultural sustainability and reviving dormant industrial structures
provides social benefits (Aydin and Okuyucu, 2009). Well-planned adaptive reuse of an
architectural or historical building also brings prestige to its owner (Douglas, 20006). By preserving
historic buildings, adaptive reuse ensures the continuation of the cultural identity of a society.

Although there are advantages to adapting an existing building, there are also various constraints.
These constraints include functional, technical, economic, environmental, and legal limitations. A
reused old building may not be suitable for a new function and may not fully meet user demands.
Reused building may have a shorter lifespan, and maintenance costs can be high (Douglas, 2000).
Additionally, adaptive reuse of heritage buildings offers many sustainability benefits but also
presents significant challenges, mainly related to technical difficulties. Materials used in these
buildings are often no longer readily available and may need to be specially manufactured. Even if
materials are sourced, finding qualified craftsmen locally or nationally can be a challenge. These
issues can affect the economic feasibility of adaptive reuse projects and may make them impractical
for developers as investments. (Love and Bullen, 2011).

When historical structures are used with an existing or new function, the main objective is to
preserve the structure. Within this scope, reuse strategies should be implemented for buildings
while maintaining a certain balance. The Principles of Intervention to Architectural Heritage,
published by International Council on Monuments and Sites (ICOMOS), specity the principles of
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intervention for buildings. These principles emphasize preserving the authenticity of the building,
not altering its characteristics, revealing the traces of the past, ensuring that the interventions are
renewable or removable, establishing control structures and legal frameworks, and emphasizing the
documentation process ICOMOS, 2013).

Cisterns, historical water structures, were once vital for meeting the water needs of cities but are
now largely unused. This research aims to identify potentials of adaptively reuse these cisterns for
their original purposes following maintenance and repair. The literature reveals several studies
focused on the conservation and enhancement of cisterns, including works by Enriquez et al.
(2017), which examines cisterns in Santorini, and additional studies at Alanya Castle (Yetkin and
Akman, 2021) and in Urla (Dere, 2022).

Safranbolu, the focus of this study, is a city in the Western Black Sea Region of Tirkiye that has
preserved its historical fabric, maintaining its material and formal characteristics from the past to
the present. The city, developed within valleys divided by rivers, comprises three historically
significant districts: Carst, Kirankdy, and Baglar. Approximately 40% of the traditional residential
buildings have been preserved, with most houses constructed from stone, wood, and earth/adobe
materials (Bozkurt and Altingekig, 2013). Conservation efforts to protect Safranbolu’s historical
fabric and cultural heritage began in 1975 (Kus, 2003; Ozdemir, 2011). These efforts have led to
the city's inclusion in the UNESCO World Heritage List, which has boosted tourism and provided
financial resources for preserving its architectural heritage. Safranbolu is home to numerous
historical artifacts, predominantly from civil architecture. Figure 1 illustrates the positioning of
houses in the Safranbolu bazaar area.

Figutre 1. The layout of traditional Safranbolu Houses (Photo: Author/s archieve)
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Safranbolu is a settlement rich in water resources, which has led to a proliferation of various water
structures in addition to traditional residential buildings. The availability of ample and diverse water
sources has cultivated a unique water culture within the city. Traditional houses in Safranbolu
feature several water-related sections, including pools in the sofa areas, bathhouses, fountains,
toilets, and kitchens. The city also boasts other water structures such as courtyard fountains, open-
air bathhouses, cisterns, and wells. Different water storage methods are evident across various
regions of Safranbolu: wells and fountains are prevalent in the Baglar neighborhood, cisterns in the
Kirankéy district, and fountains dominate the Carst area. Additionally, some homes have
independent pool rooms in their gardens (Bolikbast Ertirk et al., 2013). Figures 2(a,b), 5, and 6

illustrate some of the cisterns among the water structures in Safranbolu.

Figure 2(a,b): The cistern in the garden of Muhsin Bey Mansion (Photos: Authot/s archieve)
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Figure 3. The cistern in the Birdane Mansion (Photo: Author/s archieve )

Figure 4. The cistetn in the garden of Nimet Hanim Mansion (Photo : Authot/s archieve)
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Figure 6. The Rainwater tank in the garden of Erciyes Mansion (Photo: Author/s archieve )

The regions of Kirankéy and Yazikoy in Safranbolu were inhabited by Greeks, and they were used
differently than the areas occupied by Turks. The Greek population consisted of individuals who
spoke Turkish and were Christians. In 1882, Safranbolu had 6,827 Muslim households and 352
Greek households. In the years 1896-1897, there were 7 Greek neighbourhoods and a population
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of 2,684 Greeks identified. Greeks were predominantly engaged in arts and trade and had large
mansions. After the population exchange in 1921, the houses and lands of Greeks were shared
among Turkish immigrants. These changes had an impact on their lifestyles and housing structures
(Ulukavak, 2017; Deniz and Ers6z, 2020). Cisterns, used as water storage structures in Safranbolu,
are generally located in the basements or ground floors of houses in the Kirankdy neighbourhood,
where Greeks were densely settled, while some are also found in gardens (Kilig, 2018; Ulukavak,
2017).

Cisterns found in Greek houses are generally closed or filled with soil today. Cisterns, which appear
as vaulted water reservoirs, have varying water levels depending on rainfall and seasons. Wells are
water sources that utilize groundwater and are usually found in the Baglar district (Ulukavak, 2017).
Rainwater reservoirs, on the other hand, are located in the gardens of Greek houses in Kirankoy
and are used for collecting rainwater. Fountains are generally located in the market area and were
used by the public for domestic purposes and drinking water. It is estimated that there are 138
ornate and inscribed fountains in Safranbolu, but their significance has decreased over time and
many have dried up due to neglect (Ulukavak, 2017). Pools are also part of Safranbolu's water
culture and are found in the sitting areas or gardens of houses. Pools serve various functions such
as fire safety, irrigation, and relaxation (Ulukavak, 2017).

This research distinguishes itself from previous studies by adopting a comprehensive adaptive reuse
framework focused on maximizing the potential of historic water infrastructures, such as cisterns,
within tightly regulated heritage city centers. Rather than solely emphasizing conservation, the study
integrates contemporary technological solutions supported by quantitative calculations and
feasibility analyses to demonstrate how architectural heritage can be leveraged to address modern
challenges like water scarcity and resource efficiency. In doing so, it not only reinforces the cultural
value of historical structures but also advocates for their functional revitalization, encouraging
other cities on the UNESCO World Heritage List to explore similar strategies. By illustrating how
traditional water systems can be adapted with current technologies, this research offers a replicable
model for safeguarding and repurposing heritage buildings globally, ensuring their continued
relevance and utility in the face of evolving urban and environmental demands.

MATERIAL AND METHOD

The method of research consists of four steps: literature review, field study, evaluation of outputs,
and quantitative calculations for assessing potential water savings. In the first step, a literature
review is conducted on climate change, sustainability, water storage elements, and cisterns. The
second step involves planning and conducting a field study to test the hypothesis that cisterns can
contribute to ensuring water efficiency in the context of combating climate change. In the initial
phase of the field study, the study area is determined, and the current condition of cisterns is
documented. In the second phase, the living areas in the region with a high concentration of
cisterns were identified, and consumption data related to these living areas were collected through
user statements, water bills, and administered surveys. The survey was conducted through in-
person (face-to-face) interviews between May and December 2022, following the approval of the
ethics committee. After data collection, the water consumption records were aggregated and
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findings informed subsequent calculations that assess whether reactivating cisterns in the
designated area can feasibly meet some or all of the identified water demand. Although tables and
graphs are later used to present these results visually, the core analytical methods include
comparative consumption analysis, capacity-demand matching, and volumetric calculations.

The theoretical framework of this research outlines the following structure: current cisterns
undergo renovation to enable them to collect and store wastewater from designated buildings. This
wastewater is then treated on-site using integrated wastewater treatment systems within the cisterns.
The objective is to use the treated water for residential and urban applications. To support this
framework, wastewater flow rates and qualities are first estimated based on survey data and
historical consumption patterns. The selection of wastewater treatment technology to be integrated
into the cisterns takes into account the quality and quantity of the wastewater stored. Factors such
as cistern capacity, site conditions, and the quality of treated water are also considered to determine
the most efficient treatment systems that utilize minimal space. Figure 7 provides a schematic
section of the designed system for greywater reclamation; however, the underlying approach
involves evaluating potential treatment methods (e.g., biological filters, membrane systems) against
the projected flow volumes and pollutant loads calculated from field data.

1 rER

2 GmAY WATER TANK
3 TREATMENT TANK
4 CLEAN WATER TANK

Figure 7. Section Diagram of Proposed Theoretic Greywater Treatment System

In this research, the use of membrane bioreactor (MBR) treatment technology is proposed for
domestic wastewater treatment. The use of membrane bioreactor (MBR) technology for municipal
wastewater treatment and reuse is becoming increasingly popular worldwide. By combining
traditional activated sludge treatment with low-pressure membrane filtration, MBR is appealing to
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water reuse planners due to its compact design, ability to produce high-quality effluent consistently,
and low operator maintenance needs (Adham and DeCarolis, 2007). However, membrane
bioreactor has some challenges, especially related to membrane fouling and concentration
polarization. The operation and maintenance costs of membrane bioreactors can be high due to
membrane fouling. Membrane fouling leads to permeability losses and consequently increases
energy consumption (Song et al., 2008).

The size of the systems used for greywater treatment is determined separately for each treatment
system based on the requirements. Calculations take into account the characteristics of the
installation site, water demand, and greywater quantity. In the designed greywater recycling system
in this study, various equipment is needed in the building structure and tanks. Within the building,
in addition to the system carrying the tap water, there should be a separate pipeline carrying the
black wastewater connected to the sewer network and a pipeline carrying the greywater from
showers, sinks, washing machines, and dishwashers. Additionally, if rainwater and surface runoff
are also to be treated and reclaimed, another pipeline should be present for collecting rainwater
and surface runoff. Greywater is transported to the greywater collection tank in the tanks through
the mentioned pipeline. The stored greywater is then sent to the membrane bioreactor tank via a
pump. Here, the water undergoes biological treatment followed by various filtration processes, is
treated, transferred to the clean water tank, and becomes suitable for use. Ventilation should also
be provided to prevent potential odours, and the ventilation pool can be one-third the size of the
standard dimension. Furthermore, there is no need for a final settling tank during biological
treatment. In this research, the selected membrane bioreactor system consists of the following
elements in order: screen (filter), greywater tank, treatment tank with membrane filters, and clean
water tank. Pipes should be designed to prevent the attachment of substances such as hair that may
be present in greywater and cause problems in practice. Filters, pumps, and other equipment should
be easily accessible for repair and maintenance.

Outputs of the Field Study

In addition to the literature research, information about the cisterns discovered to be densely
located in Kirankoy was obtained by meeting to the municipal authorities of the city and the
tradesmen of the neighbourhood. In the light of the data obtained, it was determined that there are
cisterns in Atatiirk, Baris and Baglarbasi neighbourhoods. The identified cisterns are marked on
the maps in Figures 8(a, b) and 9(a,b).
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Figure 9 (a,b): Map of Safranbolu (9a) and Safranbolu Baglarbas1 Neighborhood (9b)

Since the identified cisterns are mostly located in the Atatiirk and Baris neighbourhoods, this study
focuses on these two neighbourhoods and focuses on the area surrounded by Utku and Baysal
streets opposite the ulu mosque.

A total of 11 cisterns were found in Safranbolu and they are scattered in different neighbourhoods.
The cisterns were examined and it was determined that 5 of them were covered and the others
were still in use. The capacities of the cisterns vary between 4 m® and 15 m®. In addition, rainwater
tanks were also identified in mansions such as Birdane Konak and Erciyes Konak. The identified

cisterns and water structures are given in Table 1.
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Table 1. List of Identified Cisterns
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In this section, the details of the survey conducted through in person (face-to-face) interviews are
narrated. The surveys were conducted among residents of two types of buildings in the study area:
residential houses and mansions. These groups were selected because they represent the primary
water consumers in the region. Participants were selected using purposive sampling, focusing on
households and mansions located in areas with a high density of cisterns. A total of 25 surveys
were conducted, including 12 mansions and 13 residential houses. The surveys were conducted
through in-person (face-to-face) interviews between May and December 2022, following approval
from the ethics committee. The survey included questions about water consumption habits, such
as where, how frequently, and for how long water was used. Participants were also asked to provide
their water bills to validate their responses. The survey aimed to gather data on daily, monthly, and
yearly water consumption patterns, as well as seasonal variations. Two different types of buildings,
namely residential houses and mansions, exist in the region; therefore, two types of surveys were
prepared. The surveys inquired about the users' consumption of water in their living spaces,
including where, how frequently, and for how long they consumed water. Participants were
requested to provide their water consumption bills, and these documents were compared with the
survey responses. The survey results were analysed using various tables and graphs. Through the
analysis, the water requirements of residential houses and mansions in the region were determined
and compared with the capacities of the cisterns. A total of 12 mansions and 13 residential houses
in the study area were surveyed. The scope of the survey, prepared in Figure 10, and the areas
where the survey was conducted are presented in detail in Figure 11.
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Figure 11: Surveyed Mansions and Residences

In this research, the daily, monthly, and yearly water consumption of mansions were determined
using billing documents and user statements. The consumption data corresponds to the year 2022,
and seasonal water consumption was also analysed. Considering that water bills are received every
two months, the seasonal water consumption between March-August and September-February was
examined. Graphical representations of the consumption values are provided in Figures 12, 13, 14,
15 and 16.
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Figure 12: Annual and Seasonal Water Consumption of Mansions
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calculated as 8034.70 m>. The daily water consumption of the operated mansions ranged from a
maximum of 3.91 m? to a minimum of 0.55 m?. On the other hand, the daily water consumption
data for the residences were determined to range from a maximum of 0.71 m® to a minimum of
0.12 m®. The average daily consumption value for the mansions was calculated as 2.23 m?, while
for the residences, it was 0.42 m?. The graphical representation of the obtained water consumption
values is presented in Figure 17.
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Figure 17: Maximum and Minimum Amount of Water Consumed

In the research area, it was determined that each of the 12 mansions had a daily water consumption
of 2.23 m?, while each of the 13 residences had a daily water consumption of 0.42 m?. Consequently,
the daily average water consumption was determined as 32.22 m?®. The water consumption amounts
were determined through the use of user water bills and survey questions during the field study.
The survey inquired about the frequency and duration of water consumption in various locations
by the users. Based on the survey conducted in all mansions and residences, water consumption
data were identified for each location of use, and the average of these data was calculated. The

spatial analysis of the obtained water consumption data is presented in Figure 18.
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Figure 18: Spatial Analysis of Water Consumed in Mansions and Residences

In addition, in the survey, users were asked questions about whether the equipment in their living
spaces were water-efficient or not. They were expected to answer yes or no to these questions. As
a result of the answers given, the use of water-saving versions of the equipment used in the living
spaces is analysed in terms of percentage value and given Figure 19 and 20.

EYes HNo
100% 100%
89%
78%
22%
11%
0% 0%
Dishwasher & Faucet Mixer Head  Shower Head Dual Flow
Washing Machine Reservoir System

Figure 19: Percentage Expression of the Use of Water Saving Equipment by Mansions
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Figure 20: Percentage Expression of the Use of Water Saving Equipment by Residences

According to the analysis conducted based on the responses to the survey questions, the use of
water-saving dishwashers is more prevalent in residences compared to cottages. On the other hand,
the preference for water-saving faucets and showerheads is lower in cottages but more common in
residences. The usage of dual-flush toilet systems is 22% in cottages and 15.38% in residences. The

analysis results indicate that water-saving equipment usage is low in both cottages and residences.

In the research, the aim is to collect, store, and treat the domestic wastewater generated in living
spaces within the cisterns located in the region and recover it for reuse. Domestic wastewater is
divided into two categories: greywater and blackwater. Greywater refers to wastewater generated
from sources other than toilets, such as sinks, showers, washing machines, and dishwashers.
Blackwater, on the other hand, is the dirty wastewater generated from toilet usage. Greywater
constitutes a significant portion of domestic wastewater, has a low pollutant content, and high
organic matter content. After treatment, greywater can be reused for purposes such as garden
irrigation and toilet tank filling. The amount of wastewater generated based on water consumption
in mansions and residences, as well as the amount of water recovered through the treatment system

in cisterns, has been calculated and represented as percentages in the Sankey diagrams in Figures
21 and 22.

The inputs and outputs indicated in the Sankey diagrams were derived from the actual water meter
readings of the mansions and residences in the study area, as well as information collected from
users based on their daily living usage patterns. The 100% annual water consumption quantities in
the diagrams are the calculated annual consumption values.
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Figure 21: Sankey Diagram Showing Water Consumption of Mansions and the Amount of Water that can
be Treated

The 100% annual water consumption quantity in Figure 22 corresponds to 5644.91 m?. This
consumption is composed of approximately 49% shower water, 18% sink water, 0.45% dishwasher
water, and 1% washing machine water. Greywater, which constitutes approximately 75% of the
water consumed in these areas, can be treated and recovered by the treatment systems in the
cisterns. The remaining 25% of the water consumed in the mentioned areas is discharged as
blackwater. In other words, 75% of the combined water from showers (49%), sinks (18%), washing
machines (1%), and dishwashers (0.45%) is recovered. Thus, (49+18+1+0.45) x 0.75 = 51.33%
corresponds to the recovered greywater. In total, 2897.94 m? of water is recovered with a 25% loss.
The wastewater consisting of toilet and kitchen waste, as well as the water used for house cleaning
that contains cleaning agents, is discharged as wastewater, amounting to 2715.88 m®.
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Figure 22: Sankey Diagram Showing Water Consumption of Residences and the Amount of Water that can
be Treated
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The 100% annual water consumption quantity in Figure 23 corresponds to 2389.79 m?. This
consumption is composed of approximately 52% shower water, 12% sink water, 0.80% dishwasher
water, and 3% washing machine water. Greywater, which constitutes approximately 75% of the
water consumed in these areas, can be treated and recovered by the treatment systems in the
cisterns. The remaining 25% of the water consumed in the mentioned areas is discharged as
blackwater. In other words, 75% of the combined water from showers (52%), sinks (12%), washing
machines (3%), and dishwashers (0.80%) is recovered. Thus, (52+12+3+40.80) x 0.75 = 50.84%
corresponds to the recovered greywater. In total, 1215.17 m? of water is recovered with a 25% loss.
The wastewater consisting of toilet and kitchen waste, as well as the water used for house cleaning
that contains cleaning agents, is discharged as wastewater, amounting to 1130.58 m?.

In this study, it is mentioned that rainwater is also considered as an alternative water source in
addition to greywater resulting from domestic water consumption. Rainwater is collected from the
roof through gutters, stored, and filtered for reuse both inside and outside the building. Due to the
large capacity of cisterns in the structures, the plan is to store and treat the wastewater generated
from rainwater harvesting, as well as surface runoff, in the cisterns, in addition to the wastewater
from the living areas of the buildings. Rainwater and surface runoff water undergo a collection and
treatment system consisting of collection surfaces, gutters, filters, pumps, storage areas (cisterns),
and distribution systems. In the system, silica sand is used to filter rainwater and surface runoff
water. However, the sand filtration system increases the cost of the wastewater recovery system.
Additionally, the total amount of rainwater has been calculated considering the annual precipitation
in the Karabtk province and the roof areas of the structures for rainwater harvesting. Similarly, the
quantity of surface runoff water has been determined based on data from the General Directorate
of Meteorology (GDM) and area calculations. As a result, the possible amounts of rainwater and
surface runoff water that can be collected have been determined in the study.

In the study area, the area of impervious surface excluding Utku and Baysal Streets and residential
areas is 8143.7718 m? The amount of water that falls on this area in one year is 8143.7718 m?* x
0.487mm = 3966.016 m>. According to the detailed analysis by Rezaei, A. R. et al. (2019) regarding
surface runoff assumptions, approximately 55% of this water (2181.3092 m?®) continues as surface
runoff. To calculate the amount of water from rainwater harvesting; Roof Area of the Building x
487.5 x 0.75 = liters/yeat.

As a result, from the annual domestic water consumption of the buildings, which is 8034.70 m?,
the amount of water collected as annual greywater is 4113.11 m?, the amount of water obtained
from rainwater harvesting is 1217.257 m?, and the amount of surface runoff water collected from
the impervious surface excluding Utku and Baysal Streets and buildings in one year is 2181.3092
m? In one year, a total of 7511.6762 m?® of greywater is collected when domestic water
consumption, rainwater harvesting, and surface runoff waters are included. The total amount of
wastewater generated, and the amount of water recovered through treatment systems in cisterns
are calculated and presented through a Sankey diagram in Figure 23.
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Figure 23: Sankey Diagram showing the amount of water that can be treated through domestic water
consumption, rainwater harvesting and surface runoff

DISCUSSION

According to the calculated average values, each of the 12 mansions consumes approximately 2.23
m?® water per day, while each of the 13 residences consumes approximately 0.42 m* water per day.
Therefore, according to this calculation, 7.93 m3 (51.33% of the water consumed in the mansions)
and 3.32 m3 grey water (50.84% of the water consumed in the residences) can be stored in cisterns.
In addition, when 3.33 m? of rainwater and 5.9 m® of surface runoff water are added on a daily
average, it is estimated that approximately 20.48 m?® of grey water will be stored in the cisterns daily.
The cisterns have a total water storage potential of 33.6 m?® after the treatment system is integrated.
Therefore, it was seen that the cisterns can store all the wastewater consumed in the designated
living spaces.

Since it is foreseen that there are other cisterns in the region that have not yet been identified, it is
thought that it is possible to store, treat and recover more water. With the cisterns to be discovered,
more living spaces can be evaluated, and the amount of wastewater stored and recovered in the
cisterns can be increased. In addition, it has been observed that more water can be recovered when
water from rain harvesting, and surface runoff water are included in the recovery cycle. However,
in the near future, due to climate change and global warming, the amount of rainwater and runoff
water is expected to decrease in parallel with precipitation rates. For this reason, it is concluded
that when the wastewater recovery strategy is evaluated regionally over the housing group instead
of individual houses, more water can be recovered and offered for urban use. A mixed group of
buildings consisting of mansions and residences thought to have more potential for water to be
treated in cisterns. Therefore, each cistern is recommended to work with 3 or 4 buildings depending
on the cistern capacity and the amount of water consumed in the buildings.
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Reclaimed water is envisioned to be used for many purposes in the region. One of these purposes
is to pump the recycled water back into living spaces and reuse it in toilet reservoirs, apartment or
car cleaning, thus reducing water consumption and ensuring water efficiency.

Another objective is to use the recycled water in fire tanks. Fire is a major concern for traditional
timber-framed buildings and more fires are expected to occur due to climate change. In a city like
Safranbolu with old narrow city streets, it is difficult for fire trucks to access. For this reason, fire
tanks can store more water by using recycled water.

Another use is to store runoff water to prevent flooding and drought, which are side effects of
climate change. In addition, it will be possible to irrigate green areas in the city with the recycled
water and water consumption will be saved.

Although it is not directly related to our current research scope, and is offered only in response to
the reviewer’s request, future work could incorporate detailed cost-benefit analyses and feasibility
studies examining installation costs, maintenance requirements, and long-term operational
expenses for adaptive cistern reuse. These expanded investigations might also explore diverse
funding models, heritage management policies, and the technical parameters necessary to integrate
modern treatment systems within historical settings. By evaluating financial sustainability and
compliance with relevant regulations, such an approach could further demonstrate how adaptive

reuse strategies may be optimized to balance both cultural preservation and economic viability.

CONCLUSION

This research addresses the escalating challenges of water scarcity and rising demand in historically
preserved cities, using Safranbolu as a focal example. Rapid population growth, global warming,
climate change, and careless water consumption have intensified the depletion of water resources,
prompting the need for effective mitigation strategies. Against this backdrop, the study explored
methods to enhance water efficiency by revitalizing historical cisterns.

A literature review highlighted how climate change, coupled with population growth, adversely
affects both the quantity and quality of freshwater resources. The discussion then focused on
increasing water efficiency using water-saving equipment in buildings and the recycling of
wastewater, with particular attention to the capacity, proximity, and adaptability of cisterns in
historic contexts. Although existing case studies are limited, the findings suggest that revitalizing
cisterns could play a substantial role in addressing modern water demands while preserving cultural
heritage.

Safranbolu was identified as an ideal case due to its rich array of water structures—wells, fountains,
rainwater reservoirs, snow pits, and cisterns. A two-stage field study in the Kirankoy region
included mapping these cisterns and collecting water consumption data through interviews,
questionnaires, and utility records. Analysis indicated that renovated cisterns could store and treat
greywater, rainwater, and runoff, thereby providing a significant volume of reclaimed water. This
result validates the hypothesis that adaptive cistern reuse can substantially boost water efficiency in
a historically protected city, despite the pressures of climate change and expanding urban needs.
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Certain constraints, however, were apparent. Terrain difficulties, inaccessible covered cisterns, and
unverified survey data complicated the assessment, while evolving climate patterns may alter water
consumption habits over time. Nonetheless, the study demonstrates how systematically reviving
these traditional water systems can alleviate immediate water demands and support broader
sustainability goals in heritage settings.

Although the present research offers valuable insights, several areas warrant further exploration.
First, a more detailed financial feasibility study—covering installation, operation, and maintenance
costs—could inform practical decision-making and policy support for cistern rehabilitation.
Second, incorporating scenario-based climate models would enable more precise forecasting of
long-term water availability and consumption patterns in historic urban environments. Third, an
expanded geographic scope, examining additional cisterns and cities with diverse climatic or
socioeconomic conditions, could validate and refine the findings for broader application. Finally,
closer coordination with heritage management authorities and community stakeholders may
illuminate legal and cultural considerations pivotal for effectively blending historical preservation
with modern water resource planning. Looking ahead, it is evident that water consumption will
likely continue to rise, necessitating complementary solutions to traditional supply systems. By
integrating refurbished cisterns into modern infrastructure, historic cities can preserve their
architectural identity while making proactive strides in water management. Further research could
extend these findings by exploring additional cistern sites, expanding strategies for treating
wastewater locally, and refining cost and feasibility considerations to strengthen the long-term
viability of adaptive reuse initiatives.
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