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Abstract: Water-intensive heritage buildings, such as Soviet-era public bathhouses, face critical
challenges in aligning with contemporary sustainability goals due to architectural, operational, and
regulatory constraints. This study proposes a structured framework for retrofitting such facilities by
integrating greywater reuse and energy optimization technologies, using the Arasan Bath Complex
in Kazakhstan as a model case. A modular greywater treatment system —combining ultrafiltration,
activated carbon, and ozone disinfection—is designed to recover shower and pool wastewater for
non-potable reuse, with simulations indicating a potential 30% reduction in freshwater consumption
(~30,000 m® annually). To improve energy efficiency, a hybrid heating concept integrating geothermal
heat pumps and greywater heat exchangers is evaluated, with projected results suggesting a 29%
offset in thermal energy consumption. Financial analysis estimates a payback period of
approximately five years for the water reuse system and under eight years for the combined heat
recovery strategy. The framework emphasizes regulatory compliance and preservation of
architectural integrity, making it adaptable for other heritage-protected facilities in resource-
constrained contexts. The study contributes a replicable and conservation-sensitive model for
sustainable retrofitting of cultural infrastructure in Central Asia and beyond.

Keywords: greywater recycling; geothermal heat pump; heritage conservation; water reuse
technologies; energy recovery; bathhouses; sustainability retrofitting; public infrastructure efficiency

1. Introduction

In response to escalating global challenges—including freshwater scarcity, rising energy
demands, and climate change —urban water infrastructure is under pressure to become more resilient
and efficient. Within this context, cultural heritage buildings, particularly those from the Soviet era,
face a dual burden: preserving historical integrity while adapting to modern sustainability
imperatives. Addressing this intersection requires innovative, conservation-sensitive engineering
frameworks. According to the United Nations, over 40% of the world’s population is projected to live
in areas of high-water stress by 2050, exacerbated by rapid urbanization and aging water systems [1].
Simultaneously, cultural heritage buildings face increasing pressure to align with climate adaptation
goals, as highlighted in UNESCO’s “World Heritage and Climate Change” initiative. However,
retrofitting historical buildings to meet modern sustainability standards remains a complex task due
to architectural, legal, and operational constraints.

Bath complexes located within heritage-designated sites—especially those constructed during
the Soviet era—have historically been among the most water- and energy-intensive public
infrastructure facilities. In Kazakhstan alone, public bathhouses and saunas consume an estimated
120 million cubic meters of water annually, placing substantial stress on municipal supply and
treatment systems [2].

A growing body of research underscores the importance of integrated wastewater treatment and
energy recovery strategies in high-consumption public facilities. Studies conducted in Bangladesh,
Greece, and Poland [3-6] emphasize the impact of both technological design and policy frameworks
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in shaping sustainable retrofitting outcomes. However, their applicability to heritage-listed
structures —especially in post-Soviet contexts —remains underexplored, highlighting the need for
case-specific, regulation-compliant solutions.

The distribution of energy consumption at the Arasan Bath Complex in 2024 is presented in
Table 1.

Table 1. Arasan Bath Complex — Energy Consumption Breakdown, 2024.

Actual 2024 Volume Actual 2024 in Share of Total
Resource Type . . Tonnes of Coal Resource
(Physical Units) . .
Equivalent (tce) Consumption (%)
Natural Gas, thousand m?3 183.9 215.1 15%
Electricity, kWh 3,722,198 457.8 32%
Thermal Energy, Geal. 5,196 743.0 52%

Although Arasan Bath complex's energy demand is lower than the benchmark reported [7], the
high share of thermal energy (52%) indicates a strong potential for optimization. Implementing
greywater heat recovery and geothermal heat pumps can significantly reduce heating demand and
improve energy efficiency, ensuring compliance with heritage preservation constraints.

This study proposes a conservation-sensitive framework for integrating greywater recycling and
energy recovery technologies into heritage bath complexes. The model is applied to the Arasan Bath
Complex in Almaty, Kazakhstan, as a representative case to assess feasibility, regulatory fit, and
potential resource savings without compromising architectural integrity.

1.1. Literature Review and Problem Statement

Existing literature has increasingly addressed water conservation in heritage-protected public
facilities, emphasizing the promise of decentralized water reuse systems [8,9]. However, most studies
focus on modern infrastructure, offering limited insight into the regulatory, spatial, and material
constraints imposed by heritage preservation protocols. Studies [10, 11] explore advanced filtration
methods for treating wastewater from pools and showers, highlighting ultrafiltration and ozone
treatment as viable solutions. Additionally, research [12] suggests that integrating heat recovery
systems with greywater recycling can further enhance energy efficiency.

Despite the expanding body of literature on water reuse technologies, relatively few studies have
examined the technical and economic feasibility of implementing such systems in historical bath
complexes constrained by architectural and regulatory limitations. The lack of standardized
methodologies for integrating greywater recycling systems into heritage-protected structures
continues to hinder their widespread adoption. To address this critical gap, the present study
proposes a structured design methodology for the phased integration of greywater reuse and energy
recovery technologies in heritage-protected bathhouses.

Although prior research has examined greywater reuse in contemporary public bathhouses
[8,10], the implementation of such systems in protected heritage buildings —particularly under post-
Soviet regulatory regimes—remains largely unexplored. This study addresses that void by advancing
a legally compliant, architecturally sensitive retrofitting framework, grounded in empirical feasibility
analysis and adaptable to broader Central Asian contexts.

1.2. Case Study: Arasan Bath complex

Constructed in 1982, the Arasan Bath Complex represents one of the most expansive and
architecturally prominent public bathing facilities in the post-Soviet region. Its typological features —
spatial scale, multi-zone layout, and hybrid bathing cultures—make it a representative case for
retrofitting Soviet-era heritage infrastructure. Designed to blend traditional Russian, Eastern, and
Finnish bath cultures, it has become an architectural landmark. In 1984, it was designated as a
municipally protected cultural heritage site under Almaty’s urban conservation register, thereby
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subjecting it to strict legal constraints regarding any structural or functional interventions. Due to its
heritage status, any modernization efforts must comply with strict preservation regulations, limiting
modifications to the building’s structure and engineering systems. Although comparable retrofitting
initiatives have been documented in heritage facilities in Europe, Turkey, and China, their
frameworks often presume regulatory conditions and infrastructure typologies that differ
significantly from those in Central Asia. Accordingly, the Arasan Bath Complex serves as a
pioneering pilot for demonstrating context-adapted sustainability retrofits within the constraints of
post-Soviet urban heritage infrastructure, with broader replicability across cities facing similar
ecological and regulatory pressures.

1.3. Water Consumption Challenges

The Arasan Bath Complex utilizes over 100,000 m? of potable water per year, the majority of
which is directly discharged into the sewage system without any intermediate recovery or reuse—a
stark inefficiency for a resource-intensive heritage facility. This volume, exceptional for a single
facility, not only drives up operational costs but also places disproportionate stress on the municipal
water supply and wastewater treatment systems.

The following key challenges were identified:

e No existing greywater recovery system, leading to excessive consumption of potable water for
non-critical applications;

e  Elevated operational expenditures, driven by high municipal water tariffs and wastewater
discharge fees;

e  Lack of smart monitoring infrastructure, preventing dynamic control, leak detection, and
efficiency optimization;

e  Strict conservation regulations, which limit allowable modifications and complicate system
upgrades.

These constraints are emblematic of a wider pattern observed in heritage-listed public
bathhouses, where aging infrastructure must reconcile with contemporary sustainability and
efficiency mandates.

1.4. Research Objective and Tasks

The principal objective of this study is to propose a context-sensitive design methodology for
the integration of water reuse technologies into heritage bathhouses, balancing technical feasibility,
regulatory compliance, and architectural preservation across diverse urban settings.

The specific tasks are:

e Analyze historical and current water usage patterns in heritage bath complexes and identify
scalable greywater sources suitable for structured recovery and reuse;

e Develop a phased and legally compliant implementation plan for greywater reuse, designed to
minimize structural interventions in heritage-protected facilities;

e Evaluate and benchmark available greywater treatment technologies in terms of purification
efficiency, maintenance requirements, and physical compatibility with heritage-constrained
architectural layouts;

e Assess financial viability through a life-cycle cost-benefit analysis, encompassing capital
expenditure, operational costs, and projected payback period under various tariff scenarios;

¢ Quantify the contribution of geothermal heat pumps and greywater heat exchangers to overall
energy demand reduction and thermal load offset in historical aquatic facilities;

e Ensure full compliance with Kazakhstan’s heritage preservation standards and international
conservation frameworks (e.g., the Venice Charter, ICOMOS), emphasizing non-invasive
engineering integration.
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By addressing these tasks, the study provides a practical and adaptable blueprint for enhancing
sustainability in historical public bathhouses, with potential for international replication in cities
confronting water scarcity and aging cultural infrastructure.

2. Materials and Methods

2.1. Identification of Greywater Sources

The initial step consisted of an analytical assessment of water consumption patterns and the
systematic identification of greywater sources with potential for safe, non-potable reuse in heritage
public bathhouses. Based on historical data from bath complexes and previous research [8, 9], the
following water sources are suitable for reuse:

Shower Drainage (Greywater) — Represents up to 50% of total water consumption. This includes
water from showers, sinks, and hand-washing stations, which can be collected and treated for non-
potable reuse.

Pool Filter Backwash Water — Accounts for 10-20% of total water usage. During routine
filtration, a significant amount of water is discharged through backwashing processes, which can be
recovered through ultrafiltration membranes.

Condensation from Ventilation Systems — Steam rooms and saunas produce large amounts of
condensate, which can be collected and reused for surface cleaning.

This classification supports a systematic, source-specific approach to water recovery, enabling
tailored treatment strategies aligned with operational constraints and water quality profiles.

The suitability of each greywater source depends on its typical pollutant content and the
required treatment level. Table 2 summarizes key greywater sources and associated contaminants
relevant to public bathhouses [13].

Table 2. Greywater sources and typical pollutants.

Source Main Pollutants
Washing machine Suspended solids, detergents, oils, phosphorus
Dishwasher Food residues, salts, surfactants
Shower/Bathtub Hair, soap, skin particles, low pathogen load
Bathroom sink Toothpaste, soap, hygiene products

2.2. Selection of Filtration and Treatment Technologies

Various greywater treatment methods were analyzed to determine the most effective solution
for bathhouse water recycling. As part of the comparative desktop analysis, microalgae-based
bioreactors and biofiltration units were reviewed as potential options and biofilters for greywater
treatment, as discussed by [14]. This method has been shown to effectively remove nitrogen,
phosphorus, and organic contaminants from wastewater while requiring relatively low energy input.
However, despite its potential advantages, this approach was found to be less practical for
implementation in the urban setting of Arasan bath complex due to spatial limitations, maintenance
complexity, and operational constraints.

The paper [15] conducted a comparative analysis of greywater treatment methods, identifying
membrane filtration and biofiltration as the most effective solutions for public buildings. Their
findings indicate that greywater reuse in public bathhouses can reduce potable water demand by up
to 50% while maintaining high water quality standards.

Once greywater sources are identified, the next step is to select appropriate filtration and
treatment technologies. Based on previous studies [10-12] and regulatory requirements, the following
methods were considered in Table 3.
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Table 3. Comparison of Water Treatment Technologies.
Level of
Technolo Advantages Disadvantages
24 Purification 5 5
Sand Filtration Low Inexpensive Only removes large particles
Removes chlorine
Activated Carbon . . .
. Medium and organic Does not remove bacteria
Filters
compounds
Membrane Removes bacteria
o High . Higher cost [9
Ultrafiltration (UF) & and viruses & Bl
Reverse Osmosis Very High Fully purifies water ~High maintenance, waste water
Kills bacteria and
Ozone Treatment Disinfection Expensive equipment

viruses

In response to the structural and spatial constraints typical of heritage facilities, the study
proposes a composite treatment train consisting of ultrafiltration (UF), activated carbon filtration,
and ozone disinfection, selected for its compact form factor and regulatory compliance potential. This
approach ensures that treated greywater meets safety standards for non-drinking applications while
minimizing infrastructure modifications.

2.3. Water Storage and Redistribution

Efficient water management strategies are crucial in reducing water waste in bathhouses. A
study [16] examined greywater recycling in urban blocks and found that reusing greywater for non-
potable purposes, such as flushing toilets and irrigation, could offset daily water demand by up to
70%. Implementing similar strategies in bathhouses could lead to significant reductions in fresh water
consumption.

Treated greywater is subsequently routed through a multi-zone storage and redistribution
system designed to preserve the architectural integrity of the heritage facility while ensuring service
reliability and compliance with public health regulations. The proposed system comprises several
integrated components designed to maintain both functional and architectural integrity. Specifically,
dedicated storage tanks for greywater collection and post-treatment storage are strategically installed
within concealed service zones to preserve the historical aesthetic of the building. An IoT-integrated
distribution network regulates the delivery of recycled water to multiple end uses, including;:

e toilets and urinals for flushing purposes;
e cleaning stations for surface and floor maintenance; and
e irrigation systems supporting green areas surrounding the bath complex.

The entire distribution process is regulated by automated sensor systems that control flow rates,
optimize usage, and prevent excessive water consumption. By integrating real-time monitoring with
automated distribution, the system enhances overall water efficiency while fully complying with the
architectural conservation requirements of the Arasan Bath Complex.

2.4. Energy Optimization and Heat Recovery

In addition to water conservation, the system integrates energy-efficient technologies—
primarily greywater heat recovery —to reduce heating demand while preserving the architectural
integrity of the heritage facility.

A modeled integration of greywater heat exchangers into the recycling loop demonstrates the
potential to recover residual thermal energy from shower and pool wastewater, partially offsetting
the need for conventional water heating. This simulated recovery process improves overall energy
efficiency and is projected to yield up to 680,748 kWh in annual energy savings, as detailed in
subsequent sections.

As emphasized by [17], active greywater heat recovery systems that incorporate heat pumps can
significantly improve energy performance by upgrading low-grade wastewater heat for reuse. This
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approach is especially relevant in cold climate regions and in facilities with high hot water demand,
making it suitable for large-scale bath complexes.

Studies have shown that sewage water source heat pumps (SWSHPs) can achieve high efficiency
in such applications, producing water at 40.4-60.6 °C with a system coefficient of performance
(SCOP) up to 5.65 [18]. Furthermore, integrating multi-source systems—such as photovoltaic-thermal
(PVT) panels combined with water source heat pumps—has been proven to stabilize energy supply
and reduce operational costs in large spa facilities [19].

International literature confirms the energy sensitivity of aquatic facilities. For example, [7]
found that raising pool temperature by just 2°C can increase total energy use by 6-8%. This
underscores the importance of precise thermal control and effective heat recovery [20].

These projections underscore the relevance of hybrid energy optimization systems for heritage
aquatic facilities operating under thermal load constraints, validating their role in reducing
dependence on centralized heating while preserving architectural integrity. The integration of
greywater heat exchangers and two geothermal heat pumps, which work in tandem with centralized
heating, offsets approximately 29% of the thermal energy demand. This contributes to long-term
sustainability goals while maintaining heritage compliance.

The joint implementation of water efficiency and energy recovery strategies supports a holistic
sustainability model, yielding environmental and economic benefits tailored to the context of heritage
bathhouses.

2.5. Monitoring, Maintenance, and Compliance

To ensure long-term system efficiency and regulatory compliance, a real-time monitoring and
maintenance framework was developed. This framework is structured into three key components:

1. Automated Water Quality Monitoring

A sensor-based real-time monitoring framework was proposed and virtually modeled to ensure
operational safety and early fault detection. The sensors track:

e Bacterial contamination levels to ensure hygiene standards;
e pH balance and turbidity, maintaining water quality parameters;
o Filtration efficiency and operational status of the treatment units.

2. Scheduled Maintenance Protocols

Preventive maintenance routines were established to sustain high operational performance:

e Regular filter replacement and membrane cleaning to prevent clogging and performance
degradation;
e Storage tank maintenance to avoid algae growth and sediment buildup.

3. Legal and Heritage Compliance

All components of the proposed system were conceptually designed in full alignment with
Kazakhstan’s national water reuse regulations and the architectural protection criteria defined by
UNESCO and ICOMOS.

By integrating smart monitoring technologies with structured maintenance and full legal
compliance, the proposed system ensures reliable, sustainable, and regulation-adherent operation
over the long term.

The geothermal heat pump system employed in this study (SILA GM-100 S) features a modular
design, allowing it to be installed in separate mechanical compartments or utility zones without
interfering with the main architectural structure. Its compact dimensions, plug-in hydraulic
connections, and stackable configuration enable seamless integration into heritage facilities with
limited technical access or space restrictions. This modularity ensures not only compliance with
heritage preservation constraints but also scalability for future system expansion
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2.6. Analytical Tools and Software

A multi-platform simulation environment was utilized to evaluate the technical and financial
viability of the proposed retrofit prior to physical implementation. The analysis relied on digital
modeling tools and did not involve field installation. Specifically:

e  Microsoft Excel (Office 365): Used for baseline scenario development, water balance calculations,
and preliminary cost-benefit estimations.

e Python (v3.11): Deployed to simulate greywater reuse dynamics via Equation 1, using NumPy,
SciPy, and Matplotlib. This model explored multiple operational scenarios rather than analyzing
real-time system output.

e ThingSpeak IoT Dashboard: A prototype cloud-based dashboard was developed to simulate real-
time water quality monitoring, flow sensing, and automated control logic. This digital twin was
used for system behavior validation under theoretical loads.

3. Results

3.1. Water Consumption Reduction Through Greywater Recycling

Simulation results indicate that the proposed greywater reuse configuration could recover
approximately 50% of shower drainage and 10-20% of pool backwash water, supplemented by
condensate capture from ventilation systems. Modeled application of these measures at the Arasan
Bath Complex yields the following projected outcomes:

e Total water savings: 30% of the annual water consumption (~30,000 m?/year).

¢ Reduction in wastewater discharge: A proportional 30% decrease in wastewater output, easing
the load on municipal treatment facilities.

e Based on local utility tariffs, the projected annual operational cost reduction—including both
water purchase and wastewater treatment savings—is estimated at $12,700 USD, as detailed in

the economic analysis (Section 3.3).

To evaluate daily dynamics of consumption and potential offsets under the proposed system, a
simplified differential equation was applied to simulate flow rates and volume reduction, a
differential model is applied:

dV/dt = Rdemand(t) - Rrecycle(t), (1)

where V is the total water volume (m?); Rdemand(t) is the instantaneous water demand (m?3/h);
Rrecycle(t) is the instantaneous recycled water volume (m3h). These estimates were derived under
conservative assumptions regarding daily demand variation and constant recycling flow rates.
Actual performance would be contingent upon system calibration and operational hours.

Example Calculation.

Assuming average operational hours from 8:00 to 22:00 (14 hours per day), and that the
instantaneous water demand follows a sinusoidal pattern with an average of 15 m?%h, while the
greywater system supplies a constant 5 m?h during this period, the net daily intake from municipal
sources is estimated as::

V = J‘822 [Rdemand(t) - Rrecycle(t)] dt = _[822 (15 - 5) dt = ].O X ].4 = ].4:0 m3, (la)

This yields a daily greywater offset of 70 m? or a 30% reduction relative to total demand —
consistent with the annualized figure of ~30,000 m?/year referenced earlier.

Figure 1 illustrates the daily water consumption profile at Arasan Bath complex, comparing
scenarios with and without the greywater recycling system. The sinusoidal trend represents
fluctuations in water demand throughout the day, with peak consumption during operational hours.
The implementation of a 30% greywater reuse system effectively smooths out demand, reducing
municipal water intake and easing pressure on the local water supply.
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Figure 1. Modeled Daily Water Demand Curve at Arasan Bath Complex With and Without Greywater Recycling
(30% Offset Scenario).

The water savings achieved are comparable to previous studies on urban greywater reuse, such
as the findings in the study [8], where a 20-40% water reduction was reported for multi-residential
buildings using similar filtration technologies. The results validate the feasibility of greywater reuse
in historical bathhouses while ensuring compliance with architectural constraints.

To contextualize these results, Table 4 compares water savings from greywater reuse across
various building types, including hotels, industrial facilities, and the Arasan Bath Complex [13].
These values highlight the relatively high recovery potential in public bathhouses due to constant
and predictable greywater flows.

Table 4. Comparative analysis of annual greywater recovery potential and percentage water savings in different
building types, highlighting the high recovery capacity of Arasan Bath Complex.

Building Type Greywater Recovered (m?/year) Water Savings (%)
Hotel 1,667 46%
Residential Building 7,300 44%
Industrial Facility 1,890 29%
Arasan Bath Complex 30,000 30%

3.2. Efficiency of Water Treatment Technologies

Various greywater treatment systems have been implemented in public bathhouses to improve
water reuse efficiency. One such approach is the stacked multi-layer reactor system studied by [21],
which utilizes passive aeration and gravity-driven flow to enhance organic degradation and particle
trapping. Their study demonstrated that this system can achieve up to 95% turbidity reduction and
94% suspended solids removal.

However, while this technology is space-efficient and energy-saving, its effectiveness depends
on the biofilm development rate and sediment accumulation, which may require longer operational
periods. In contrast, the geothermal heat pump system implemented at Arasan Wellness & SPA offers
a more stable and controlled approach to water reuse, ensuring consistent treatment efficiency
without dependency on passive aeration.

A triple-stage treatment process—comprising ultrafiltration, activated carbon, and ozone—was
selected and modeled for compliance with microbial safety and non-potable reuse standards
applicable in heritage environments. Laboratory-scale performance data from comparable facilities
were used as proxies for modeling removal efficiencies, as field validation is pending
implementation. The effectiveness of these technologies is summarized in Table 3.

This multi-step treatment process ensures that treated greywater meets non-potable water safety
standards, making it suitable for applications such as toilet flushing, cleaning, and irrigation. The
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combination of UF + Activated Carbon + Ozone aligns with recommendations from the paper [11],
who reported similar purification success in indoor swimming pool water recycling.

3.3. Economic Feasibility and Payback Period

A forward-looking financial model was developed to evaluate the economic feasibility of the
proposed greywater system, assuming baseline investment and utility cost scenarios for Almaty.

To determine the actual financial viability, the Net Present Value (NPV) model was applied,
incorporating a 5% discount rate:

NPV =3_(I=1)AT[(St-C)/ (1+r)"] -1, @)

where St — annual savings ($12,700$ USD); Ct — operational expenses ($1,100$ USD); r — discount rate
(5%); t - the system lifespan (25 years); I - initial investment ($56,782.7% USD).

The projected payback period —under nominal conditions —was found to be approximately 4.9
years (simple) and 6 years (discounted at 5%), based on current tariff structures. These results affirm
the long-term economic viability of the greywater recycling system, demonstrating strong cost-
effectiveness over a 25-year operational horizon.

The core financial indicators for the implemented greywater reuse system are presented in Table

Table 5. Summary of investment, operational costs, and annual savings for the greywater recycling system

implemented at Arasan Bath Complex.

Metric Value (USD)
Initial Investment $56,782.70
Annual O&M Cost $1,100
Annual Water Savings $12,700
Net Annual Benefit $11,600
Payback Period (Simple) 4.9 years
Payback Period (Discounted) 6 years

Net Present Value (25 Year

106,707.06
Horizon, 5% Discount Rate) 5

Figure 2 illustrates the Net Present Value (NPV) progression over a 25-year lifespan, with a
discount rate of 5% applied to future savings. The NPV curve crosses the breakeven point in Year 6,
confirming a realistic payback period of 6 years when considering real financial conditions. Without
discounting, the simple payback period is 4.9 years, making the system a highly profitable investment
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Figure 2. Modeled Cumulative Net Present Value (NPV) of Proposed Greywater Recycling System Over 25
Years (5% Discount Rate).

The calculated payback period of approximately 4.9 years (simple) and 6 years (discounted) falls
within the upper range of typical payback periods reported in previous studies on greywater reuse
in commercial and hospitality sectors, which generally range from 3 to 5 years. The variation in
financial return on investment is influenced by factors such as regional water tariffs, system design
capacity, and economic conditions. Studies [12] confirm comparable economic feasibility in
greywater recovery systems implemented in swimming pool facilities, where well-optimized reuse
processes have been shown to yield significant operational savings.

The overall economic viability of greywater treatment systems in public infrastructure is closely
tied to both installation and recurring maintenance costs. A study by [22] highlights that systems
designed for treating light greywater are considerably more cost-efficient than those targeting mixed
or heavily polluted wastewater. However, the same study emphasizes that without supportive policy
mechanisms or financial incentives, operational expenses may continue to represent a substantial
barrier to broader adoption.

3.4. Integration of Water-Saving Fixtures

In parallel with greywater recovery, the study models the financial and technical impact of
retrofitting standard fixtures with high-efficiency alternatives. The paper [23] analyzed water use
patterns in showers and found that the average shower consumes between 65 and 80 liters per use,
depending on duration and flow rate. Given that bathhouses accommodate multiple users daily,
optimizing shower water use through low-flow fixtures or greywater recycling could contribute
significantly to overall water conservation.

In addition to the greywater recycling system, low-cost water-saving fixtures were installed to
further optimize water consumption. These included sensor faucets, aerators, low-flow showerheads,
and automatic toilet flush systems.

These retrofits led to a 15% reduction in water use, as detailed in Table 6.

Table 6. Investment and annual financial benefits of installing water-saving fixtures in Arasan Bath Complex.

Fixture Type Units Installed  Investment (USD) Annual Savings (USD)
Sensor Faucets 80 $12,444 $3,295
Aerators 40 $133 $789
Low-Flow Showers 50 $1,667 $2,112
Automatic Flush 30 $6,000 $1126
Systems
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Total investment: $23,281

Total savings per year: $7,322

Combined payback period: ~3.2 years

These results are in line with global benchmarks for water efficiency in public facilities, further
reinforcing the viability of such upgrades in heritage bath complexes.

3.5. Energy Optimization via Heat Recovery

The energy demand in historical bathhouses is primarily linked to heating, ventilation, and
water circulation. The study [24] conducted an energy efficiency in swimming facilities, identifying
heat pumps and heat exchangers as critical technologies for reducing overall energy consumption.

Various water reuse and energy recovery strategies have been analyzed to enhance the
sustainability of historical bathhouses. One innovative approach discussed in recent research is the
use of kinetic energy from descending greywater to generate electricity [25]. While this method has
potential applications in high-rise buildings and facilities with large-scale gravity-driven drainage
systems, the implementation of geothermal heat pumps at Arasan Wellness & SPA was chosen as a
more effective and site-appropriate solution for energy recovery.

In recent years, new methods of wastewater heat recovery have been developed. A review [26]
presents various recovery technologies, including graywater heat recovery systems using heat
pumps, which can improve the energy efficiency of public baths by 25-35%. Current trends aim to
reduce the energy consumption of bathing facilities. A study [27] describes the concept of “zero
energy consumption” (ZEB), which can be adapted for spas by integrating heat pumps. These
findings align with the implementation of geothermal heat pump systems in Arasan Wellness & SPA,
reinforcing their effectiveness in bathhouse sustainability.

The proposed heat recovery component incorporates plate heat exchangers and geothermal heat
pumps, modeled as a hybrid system to partially offset thermal demand under heritage-preserving
constraints. The SILA GM-100 S geothermal heat pump was selected for implementation due to its
high efficiency and compatibility with heritage building constraints.

A full replacement of centralized heating with a geothermal heat pump system is currently
infeasible due to architectural constraints, limited installation space, capital expenditure, and heritage
preservation regulations. Therefore, a partial-load scenario was modeled as the most viable
configuration, wherein two SILA GM-100 S units cover approximately 29% of the annual thermal
demand (1,000 MWh out of 3,488 MWh). A complete transition would require up to seven such units,
which exceeds the available spatial and regulatory allowances.

To address these limitations, a combined heating strategy was adopted. Two geothermal heat
pumps were installed to cover approximately 29% of the thermal demand (1,000 MWh/year), with
the remaining 71% (2,488 MWh/year) supplied by centralized heating. This hybrid approach offers a
realistic balance between energy efficiency and architectural compliance, significantly reducing fossil
fuel dependence while minimizing disruption to the heritage fabric (Table 7).

Table 7. Comparative Heating Demand Coverage by Heat Pumps and Centralized System.

Parameter Cost (USD)
Total Annual Heating Requirement 3,488 MWh
Thermal Output (1 Heat Pump) 500 MWh
Heat Pumps Required for 100% Coverage ~7 units

Thermal Output (2 Heat Pumps) 1,000 MWh
Remaining Load Supplied by Central Heating 2,488 MWh

Share Covered by Heat Pumps ~29%

Share Covered by Central Heating ~71%

The heat transfer efficiency is determined by Fourier’s law:
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Q =U*A* ATavg, (3)

where Q — total recovered heat energy (W); U=800 W/m?K (heat transfer coefficient); A — heat
exchanger area (m?); ATavg=20 K (temperature difference).

For Arasan Bath Complex, with an estimated annual heat recovery potential of 680,748 kWh, the
required heat exchanger area was calculated using an average temperature difference (ATavg) of 20
K. This value reflects the observed difference between incoming greywater temperature (~34 °C) and
mains water supply (~14 °C), based on in-situ measurements and system logs:

A = (680748 * 1000) / (800 * 20) = 42.55 m2, (4)

A plate heat exchanger with an area of 42.55 m? and a heat transfer coefficient of 800 W/m?-K
was identified as optimal for the Arasan Bath complex. This configuration enables effective greywater
heat recovery while respecting the spatial and regulatory constraints of the heritage building. Figure
3 demonstrates the effect of varying heat transfer coefficients (U) on heat exchanger performance. The
results confirm that an increase in heat transfer coefficient leads to higher heat flux, improving energy
recovery efficiency.

Heat flux (W/m2)
20000 —e— Heat flux (W/m2)

19000
18000
17000
16000
15000
14000

13000

12000

600 650 700 750 800 850 300 950 1000
Heat transfer coefficient (W/(m2*K))

Figure 3. Simulated Relationship Between Heat Transfer Coefficient (U) and Recovered Energy Output in
Greywater Heat Exchanger.

The financial and energy benefits of this system are presented in Table 8.

Table 8. Investment breakdown and annual energy savings for the geothermal heat pump system implemented

at Arasan Bath Complex.
Investment Components Cost (USD)
Geothermal Heat Pump System (2 units) $44,066
Installation and integration $11,000
Annual Energy Savings (Net) $6,987.65
Payback Period ~7.9 years

The geothermal system contributes to a 29% offset of annual heating demand, resulting in
measurable cost savings. This outcome aligns with [10], where a 40-60% reduction in heating costs
was reported in systems with full-scale heat recovery integration.

Modern SPAs use various methods to recover heat from wastewater, but their efficiency varies
widely. A study [28] showed that heat exchangers installed in the wastewater system of a spa can
recover up to 40% of wastewater heat energy, which reduces energy consumption for water heating.
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Furthermore, international studies confirm the importance of heat recovery in bath complexes.
Increasing pool water temperature by just 2 °C has been shown to raise total energy consumption by
approximately 6-8%, underscoring the need for precise thermal control and effective heat recovery.
This relationship has been confirmed across multiple studies in public aquatic facilities [7,20].

At Arasan Bath Complex, heating accounts for 52% of the total energy budget (5,196 Gcal
annually). The integration of greywater heat exchangers and two geothermal heat pumps is projected
to offset approximately 29% of this demand. While centralized heating remains essential, the hybrid
system substantially reduces fuel consumption and aligns with international energy efficiency
benchmarks for SPA facilities [20].

All results presented in this section are based on computational modeling and parametric
sensitivity analysis. Full-scale system deployment remains pending, subject to heritage authority
approvals and funding

4. Discussion

The simulation-based findings of this study suggest that the integration of greywater reuse and
heat recovery systems into heritage-protected bathhouses is both technically plausible and financially
promising, subject to implementation-specific constraints. Modeled projections indicate up to 30%
reduction in potable water use and a 29% thermal energy offset through a hybrid system design
combining greywater recycling and geothermal heat pumps. A unique contribution of this study lies
in its Central Asian context, where legacy Soviet-era infrastructure intersects with evolving heritage
preservation policies—an underrepresented setting in existing water-energy retrofit literature. While
greywater reuse systems have been examined extensively in Europe and parts of Asia, very few case
studies exist from Central Asia, where legacy Soviet infrastructure, coupled with limited regulatory
precedents for sustainability retrofits, poses unique challenges. This scarcity of comparable regional
initiatives amplifies the model significance of Arasan. These modeled results corroborate earlier
empirical studies [8,10,12] that have demonstrated the viability of greywater reuse and heat recovery
in high-demand aquatic environments, albeit primarily in modern facilities. It should be emphasized
that the results presented are based on digital simulations and parametric analyses. No physical
deployment has yet occurred at the Arasan Complex; implementation remains at the design proposal
stage, pending approval from heritage and municipal authorities.

Compared to installations in contemporary public facilities, the modeled Arasan system offers
a key advantage: compliance with restrictive heritage regulations via modular, non-invasive
engineering components. Unlike conventional upgrades that require extensive structural
modifications, the system developed in this study employed modular components—such as compact
plate heat exchangers, decentralized greywater tanks, and the SILA GM-100 S geothermal heat
pumps. These units are factory-assembled and dimensioned for segmental installation, ensuring
rapid deployment, transportability, and ease of maintenance within heritage-protected buildings.
Their modular nature allows the system to remain unobtrusive while offering the potential for
phased upgrades. The system architecture adheres to internationally recognized conservation
principles as outlined by ICOMOS and the Venice Charter (1964), aligning technical performance
with legal, functional, and aesthetic requirements for protected infrastructure [29,30].

From a comparative perspective, most urban water reuse projects rely on either membrane
bioreactors or decentralized aerobic systems [15,22], which, while effective, are not optimized for
heritage environments due to space, maintenance, and regulatory constraints. The combination of
ultrafiltration, activated carbon, and ozone treatment implemented here enables high removal
efficiency (up to 99.99% for microbial contaminants) with relatively low visual and infrastructural
impact—filling a crucial niche in sustainable heritage retrofit research.

Another modeled advantage of the proposed system lies in its adaptability and resilience. IoT-
enabled monitoring combined with predictive maintenance algorithms is anticipated to optimize
system performance under fluctuating loads. This adaptability is especially important in historical
buildings, where any malfunction can trigger compliance violations or irreversible damage to
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protected structures. The inclusion of IoT-based monitoring sensors and scheduled maintenance
protocols allows for real-time performance optimization and early detection of faults, ensuring
system resilience under variable operational loads. This feature is particularly critical in heritage
buildings, where unplanned failures can compromise protected structures or trigger compliance
violations. Furthermore, the use of geothermal heat pumps enables the system to operate efficiently
under seasonal temperature fluctuations, making it scalable to other regions with similar climatic
conditions.

From a broader sustainability perspective, the proposed Arasan model illustrates how historical
infrastructure can be reframed as an active agent in climate resilience, rather than a passive
conservation liability. Over 50% of global wastewater remains untreated, highlighting the urgent
need for decentralized, context-specific reuse strategies [1]. The successful implementation of this
model in Almaty sets a precedent for other heritage bathhouses in Central Asia, Eastern Europe, and
the Middle East, where water scarcity and cultural preservation intersect.

Future applied research could explore the full-scale deployment of Al-based control systems,
automated compliance dashboards, and cross-platform lifecycle performance tracking in heritage
retrofits. In addition, cross-comparative lifecycle assessments across multiple case studies would help
quantify long-term environmental and economic returns, especially in regions where funding or
policy support is limited. Finally, policy-oriented research is needed to standardize guidelines for
sustainable retrofitting of heritage buildings, addressing current gaps in regulatory frameworks that
hinder technology adoption.

While this study provides a detailed simulation-based blueprint, future phases will require pilot
deployment, post-installation validation, and stakeholder coordination to translate theoretical gains
into measurable outcomes. This proposed retrofit can thus serve as a prototype model for feasibility
studies in similarly constrained heritage contexts across Eastern Europe, Central Asia, and the Middle
East.

5. Conclusions

This study presents a structured design proposal for integrating greywater recycling and energy
efficiency measures in heritage bath complexes, developed specifically for architecturally protected
environments. Through simulation-based modeling and techno-economic assessment, the research
demonstrates that substantial resource efficiency gains can be achieved while maintaining full
compliance with preservation regulations.

Key findings include:

e Water reuse potential: Modeled integration of a three-stage greywater treatment system—
comprising ultrafiltration (UF), activated carbon filtration, and ozone disinfection—can yield a
30% reduction in freshwater consumption at the Arasan Bath Complex. The primary recovery
streams include shower drainage, pool backwash, and HVAC condensate. These results are
consistent with benchmarks reported in [8,10,13], confirming the applicability of similar
technologies in aquatic infrastructure.

e Non-potable reuse quality: The selected treatment configuration complies with non-potable
water quality standards, aligning with prior research validating its efficacy in swimming pool
environments [11,12].

e Economic feasibility: Based on a projected investment of $56,782.70 USD, the proposed greywater
recycling system achieves an estimated payback period of 4.9 years (simple) or 6 years
(discounted at 5%), yielding a Net Present Value (NPV) of $106,707.06 over 25 years. These
projections align with previous cost-benefit analyses of greywater systems in similar use cases
[19,22].

e  Water-saving fixtures: The installation of additional low-cost efficiency fixtures—such as sensor
faucets and low-flow showers—can contribute an extra 15% reduction in water usage. The
combined intervention achieves a composite payback of approximately 3.2 years [23,31].
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e Energy optimization: The incorporation of greywater heat exchangers and a partial geothermal
heat pump system is modeled to offset ~29% of annual thermal energy consumption at Arasan,
supporting long-term reductions in fossil fuel dependency. These results align with international
studies on wastewater heat recovery in SPA and aquatic facilities [7,20,28].

e Heritage-compliant modularity: The proposed engineering components—particularly the SILA
GM-100 S geothermal units and concealed storage tanks—are dimensioned for modular
integration with minimal architectural disruption. This ensures conformity with preservation
standards outlined by ICOMOS and the Venice Charter [29,30].

Importantly, the retrofit system remains at the project and simulation stage, and has not yet been
implemented at Arasan Bath Complex. As such, findings should be interpreted as forward-looking
projections rather than ex post evaluations.

By integrating context-specific engineering design with heritage conservation principles, this
study contributes to bridging a critical gap in the literature: sustainable infrastructure retrofits for
legacy cultural buildings in underrepresented geographies. The methods and framework proposed
here may be transferable to heritage bathhouses in other water-scarce or regulation-constrained
environments, particularly in Central Asia, Eastern Europe, and the Middle East.

Looking forward, future research should prioritize:

o field validation of modeled projections through pilot implementation;

e integration of Al-based monitoring and adaptive control systems [32];

e development of region-specific retrofit guidelines for heritage buildings.

Such advances are essential for enabling large-scale deployment of water-energy sustainability
solutions in historical infrastructure sectors globally.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript.
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