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Abstract: The use of energy from waste can be a key means of reducing the consumption of fossil
fuels and thus reduction of greenhouse gas emissions. Waste energy can be a worthy alternative to
conventional energy sources in construction. This paper presents data on energy consumption for the
preparation of domestic hot water in residential buildings. A review of the literature sources and
inventions in the area of waste energy recovery from grey water was carried out. It also presents
the results of research on prototypes of devices used to receive energy deposited in wastewater,
published in recent years. The benefits of using drain water heat recovery systems for preheating
utility water in residential buildings are presented. An analysis of technical solutions for grey water
energy collection units was made, revealing their advantages and disadvantages. Great importance
was attached to the review of patent sources as well as devices available on the market. According to
the authors, the results of the technical review may be useful for contractors and designers of heat
recovery equipment and installations, researchers and potential users of these technologies.
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1. Introduction

The results of the analyses by the Intergovernmental Panel on Climate Change (IPCC),
included in The Synthesis Report of the Sixth Assessment Report [1], clearly indicate
that the intensifying extreme weather phenomena observed in recent years are of anthro-
pogenic origin. These changes are related to greenhouse gas emissions resulting from the
combustion of fossil fuels for the purposes of the energy and construction segments.

Currently the world economy is developing continuously, and hence, energy con-
sumption is increasing, which is related to, inter alia, the growing demand for services,
technology development, and population growth [2—4].

Compared to the times before the industrial revolution, over the last decade there has
been an average increase in temperature in the world by nearly 1.09 °C [5], and it should be
noted, in accordance with the Paris Agreement, that the global climate and energy policy is
to prevent excessive growth in the average temperature worldwide by 2 °C [5], which, in
the current scenarios concerning the emission of pollutants into the environment [6,7] is
not attainable.

Currently, we are observing an energy crisis in the world resulting from an imbalance
between supply and demand [8-10]. Such a situation may effectively hinder the achieve-
ment of the principal goal of European energy policy, that is, net zero emissions [10-12].
The increase in energy prices and the specter of possible shortages of energy supplies
may contribute to the emergence of anti-transformation approaches in society regarding
the transition to a carbon-neutral economy [13]. This situation requires an effective en-
ergy policy focused on the use of alternative energy sources, and thus on the design and
implementation of high-efficiency low- and zero-emission technologies [14,15].

The growth of the world’s population, aspirations and efforts to improve the sanitary
conditions of people’s lives are associated with a significant increase in energy demand,
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e.g., for the preparation of domestic hot water. One of the consequences of these processes
is an increase in the amount of wastewater with high temperature parameters. For this
reason, the recycling of wastewater with a low content of pollutants and the recovery of
waste energy can play an important role as an unconventional source of energy and water,
gaining particular importance in the circular economy (CE).

The implementation of the CE concept in the energy sector is a key factor in reducing
greenhouse gas emissions and is an important tool in the transition to a climate-neutral economy.

It is estimated that only 1% of the water on our planet can be used for human activities
and existence, and in many parts of the world there are major shortages of its quantity and
quality. This problem has consequences for the environment and the economy; therefore,
due to the growing demand for water, it is necessary to switch to the CE model, which is of
key importance due to the management of water resources [16,17].

Adopting a CE strategy, although sometimes difficult and requiring huge changes and
financial outlays, can effectively make the level of economic growth independent of the
possibility of extensive use of natural resources. According to the CE doctrine, materials
and raw materials should be used in the most efficient way for as long as possible, and the
generation of waste should be minimized through the use of effective recycling of materials.
Based primarily on renewable resources, the CE can become an effective response to the
shortcomings of the linear economy [17,18].

It is worth noting that pro-ecological activities should be undertaken on a full scale,
at all levels, including the local level. Even the most ambitious climate and energy goals
will not be achieved if net zero emissions are not accomplished at the lowest levels of the
economy [19-21]. To achieve these effects, it is necessary to reduce the need for primary
energy, which can be effectively reached by using waste energy.

One of the largest energy consumers in the world is the construction industry [22,23],
and, according to published data [24], the preparation of domestic hot water accounts for a
significant part of the operating costs in the housing sector.

The total primary energy consumption in Poland in 2010-2020 increased from 100.5 Mtoe
to 101.8 Mtoe, of which the share of energy consumption in households in 2020 was
25.6% [25,26]. It is estimated that economic activity, which increased energy demand by
13.7 Mtoe in 2020 compared to 2010, had the greatest impact on the change in energy
consumption in the residential sector. In Poland, as in Canada, the second place in the
structure of energy consumption in the residential sector is held by the preparation of
domestic hot water. This tendency has not changed since 2015 (Figure 1) [26].

According to data published by the Canadian Department of Natural Resources [27],
domestic water heating in Canada has consistently been the second largest factor in overall
energy consumption for more than two decades, while research in Switzerland [28] has
shown that as much as 6000 GWh of heat energy is lost annually in the sewage system,
which corresponds to 7% of the total heat demand in this country.

As delineated by Wehbi [29], waste energy loss from wastewater discharged into the
sewage system accounts for approximately 40% and 30% of total energy losses in residential
buildings in the Netherlands and Switzerland, respectively. In addition, taking into account
the average temperature of the grey water discharged, it is possible to recover up to 21.3 M
of heat energy per residential building.

The global demand for energy [30], but also the need to undertake strategic and mul-
tidimensional actions in the times of the energy crisis, require looking for opportunities
to reduce primary energy consumption in all areas of the economy, including construc-
tion [31-33].

According to estimates [34], one household produces about 136 dm? of grey wastewa-
ter daily, the largest share of which comes from showers.

It is estimated that about 64% of water consumption in households corresponds to the
generated grey wastewater [34], and there are studies [35] which show that this amount
can be from 41% to even 91% of daily water consumption. Taking into account that the
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temperature of grey water is usually between 18 °C and 50 °C [36,37], it is not difficult to
notice that grey waste water is a valuable source of heat.
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Figure 1. Structure of energy consumption in households in Poland [26].

2. Materials and Methods

The search for literature sources was based on the Scopus and Web of Science databases,
while the selection of inventions was based on the analysis of data from international patent
databases. Initial verification of the eligibility of scientific manuscripts and technical
solutions on the subject of heat recovery from grey water was carried out on the basis
of keywords. The scheme of searching for literature sources and inventions is shown in
Figure 2.

8 § * Google Patents search engine
_g £ * The PATENTSCOPE database
o *  The Scopus database g *  Espacenet database
g s  The Web of Science database ‘g s The Patent Office of the Republic
;g .E of Poland search engines
DWHR Heat Exchanger Manufacturer
Listings
e drain water heat exchanger

—E + DWHR

g e  gray water heat exchanger

E‘ *  wasie heat exchanger

477 * sewage heat exchanger
ﬁ Article
g Review article
3 Inventions
'g Utility models
A
records identified | —D I records removed |—D | records included in review

Figure 2. Model reference search.

Supplementing the literature sources was carried out based on the “snowball method”.
It consists of including articles listed in the reference literature in the database.
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Based on the obtained search results, the authors of the manuscript conducted a basic
qualification of the results. Original articles and review articles from journals from the last
20 years were selected. The search was limited to articles written in English only.

The analysis of the state of technology was carried out on the basis of the results
of solutions for grey water heat exchangers covered by legal protection, and not having
legal protection. The analyzed sources also included heat exchanger solutions available on
the market, which were included in the sales offers of the manufacturers of these devices.
Only those devices that contained detailed technical documentation, i.e., description of the
invention and drawings, were selected.

3. Theoretical Background

From the point of view of the heat exchange process, heat exchangers used in drainage
heat recovery systems can be divided into four basic groups [38]: (i) parallel flow of fluids
in the same direction (Figure 3a), (ii) parallel flow of fluids and countercurrent (Figure 3b),
(iif) mixed flow (Figure 3c) and (iv) cross flow (Figure 3d) [38—40].

(@) (b)
Tzi

Tln TZU

Figure 3. Heat exchanger fluid flow classification: (a) co-current flow, (b) countercurrent flow,
(c) hybrid flow, (d) crossflow; T1,—temperature of the first medium at the inlet to the heat exchanger,
T, —temperature of the first medium at the outlet of the heat exchanger, T»; —temperature of the
second medium at the inlet to the heat exchanger, T», —temperature of the second medium at the
outlet of the heat exchanger [38—40].

One of the elementary calculations of heat exchangers focuses on determining the
required energy exchange surface, which will ensure, among others, reaching a certain
temperature of the heated factor and the heating medium [38,39]. The differential heat
exchange surface at a given value of the heat flow exchanged can be determined using
Equation (1) [39].

dQ = KdP(T, — T) (1)

where: Q—heat flow, K—heat transfer coefficient, P—heat exchanger surface area,
Ty, T,—temperature of flowing fluids in a given cross section of the heat exchanger.

With the variability of the heat transfer coefficient along the length of the exchanger K,
the determination of the heat transfer area P is possible only numerically [39], e.g., with the
use of Comsol Multiphysics, ANSYS CFX or ANSYS Fluent software. The determination
of the heat exchange surface in an analytical way is possible when the heat capacity
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of the fluids flowing in the exchanger is independent of the changing temperature and
when the heat transfer coefficient is constant and does not result from the length of the
exchanger [39,41]. For the described case, Equation (2) is correct for co-current flow.

@)

AT,
lnATg

. AT: —
Q:Kpt< T, ATO>

where: Q—heat flux, K—heat transfer coefficient, P;—total heat exchanger surface area,
AT;—temperature difference between fluids at the inlet to the exchanger, AT,—temperature
difference between fluids at the outlet of the exchanger [39,41].

4. DWHR Applications in Domestic Conditions
4.1. General Classification of DWHR Units

Based on the amount of waste and the temperature, waste water from residential
buildings can be divided into grey water and black water. Black water is characterized by
a large amount of sullage and a relatively low temperature, usually ranging from 10 to
25 °C [36,42—-44], which makes it less valuable as a source of heat waste. On the other hand,
grey water is characterized by a much smaller amount of sullage and a higher temperature
of about 18-50 °C [36,37]. Grey water is discharged from showers, bathtubs, washbasins,
washing machines and dishwashers, while black water comes from toilet bowls and urinals.
The definition and division of domestic waste water is included in the DIN-EN 12056-2 [45].

In the case of the sanitary installation, the design solution that does not include the
separation of the system into drainage pipes for grey water and black water, drain water
heat recovery (DWHR) exchangers can be used to preheat water at sanitary facilities.
DWHR heat exchangers are the most commonly used in residential construction [46—49].
The division of this type of device is shown in Figure 4.

DWHR heat exchangers

horizontal vertical

spiral tube in tube

Figure 4. Division of DWHR heat exchangers [46—49].

Waste heat exchangers are most often made of materials with good thermal conductiv-
ity, such as copper or aluminum, but there are also devices made of stainless steel or plastic,
which are characterized by a much lower thermal conductivity [46,50].

4.2. Variants of Heat Exchanger Installation

Waste heat recovery at the residential building is possible: (i) individually, i.e., through
the use of individual DWHR units located directly at the sanitary utensils, (ii) collectively,
i.e., through the use of heat exchangers to which wastewater flows from several sanitary
utensils [50].

Heat exchangers intended for installation directly next to sanitary fittings can be installed
according to various design variants that differ in their arrangement of planned cold water and
heated water pipes (Figure 5) [24,48,51]. The following variants are distinguished: (i) VariantI,
in which heated water flows to the water heater and the mixing valve (Figure 5a), (ii) Variant
II, in which heated water flows only to the water heater (Figure 5b), (iii) Variant III, in which
the pre-heated water is directed only to the mixing valve (Figure 5c). The adoption of a
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specific design variant of the heat recovery system determines the energy efficiency of the
system [51-54]. Manouchehri and Collins [24] estimate that the energy efficiency of DWHR
systems largely depends on the ratio of wastewater flow to water flow in the heat exchanger. It
was determined [55] that Variant I of the system allows for maximizing the efficiency of energy
recovery. In addition, Wehbi [29] emphasizes that part of the heat deposited in wastewater is
lost already at the stage of its flow in the installation, which is important from the point of
view of the efficiency of waste energy recovery. With this in mind, the water heater should be
installed near the domestic hot water preparation system.

¢

Figure 5. Examples of installation of a vertical heat exchanger: (a) Variant I—installation with
DWHR heat exchanger and preheated water flowing to the water heater and shower mixing valve,
(b) Variant Il—installation with DWHR heat exchanger and preheated water flowing to the water
heater, (c) Variant IIl—installation with DWHR heat exchanger and preheated water flowing to
the shower mixing valve; 1—water heater, 2—DWHR heat exchanger, 3—shower mixing valve,
4—shower stall, 5—cold water pipe, 6—hot water pipe, 7—preheated water pipe, 8—waste stack.
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4.3. DWHR Standards

In Poland and other EU countries, in accordance with Directive (EU) 2018,/2001 [56],
wastewater is considered a renewable energy source, but the use of wastewater as an
alternative source of heat in the residential sector is not covered by specific legal regula-
tions [57,58].

According to the California Statewide Codes and Standards Enhancement (CASE)
report [59], there are currently no federal regulations related to the standardization of
DWHR applications in residential buildings. However, it is worth noting that in Canada,
DWHR technology is promoted by the US Department of Energy (DOE) [59] and is also rec-
ommended by the US Environmental Protection Agency (EPA) (ENERGY STAR program)
as an optional energy saving tool [59]. However, there are documents standardizing the
efficiency analysis of vertical heat exchangers. These are the standards CSA B55.1:20 [60]
and IAPMO IGC 346-2017 [61], which define the requirements for tests of the efficiency
of heat recovery and safety standards for horizontal and vertical DWHR units. These
documents also standardize test conditions for experimental analyses of heat exchangers.

DWHR units should be designed to provide protection against possible contamination
of tap water by wastewater; therefore, vertical tube-in-tube heat exchangers often have an
additional center tube to provide protection in the event that the internal pipe is damaged
and leaks. The use of twin wall construction in DWHR units should be in accordance with
BS EN 1717:2000 [62].

The ability to reduce CO, emissions as a result of using grey water heat recovery tech-
nology to preheat utility water has been recognized in the Standard Assessment Procedure
(SAP) system of methods for the energy assessment of residential buildings, recommended
by the UK government [63].

As emphasized by Pomianowski et al. [36], it is common experience that if a given
technology is included in the calculations of the Standard Assessment Procedure, its market
share becomes more and more significant.

Heat recovery from wastewater is not a common technology used [36]; however, it is
possible to specify the countries in which DWHR waste energy collection systems operate,
i.e.,, Canada, USA, Switzerland, Norway, Denmark and the Netherlands [29,36,64].

4.4. A Short Review of Published Studies

In developed and developing countries, domestic hot water consumption has in-
creased over the last 20 years. In Denmark, the demand for hot water increased from
10 m3/ year to about 15 m3/ year per person [65]. In view of observed changes, it becomes
obvious that improving the energy efficiency of domestic hot water production is a key
topic for the development of modern, low-energy buildings [36].

On the example of a multi-family building located in Brazil, it was found that the use
of a shower, where hot water is prepared in an electric heater, can consume as much as 32%
of the total monthly electricity consumption [66].

Researches [67] carried out for exchangers placed separately, in series and in combina-
tion with a vertical and horizontal arrangement, allowed the estimation of energy recovery
savings at the level of 30 to 35%. The authors observed that the turbulence of the flow has
quite a large impact on the efficiency of heat recovery. The influence of the layer of slime
accumulated in the exchanger (thickness 0.01 mm) after about 6 months of using the device
was also analyzed. It was estimated that after this period, the efficiency of heat recovery
decreased by 0.8%. The authors found an approximate payback period of about 3 years
for a family of four, emphasizing that the return on investment depends on a number of
individual operating conditions.

A study by De Paepe et al. [68] presented a system of heat recovery from dishwasher
wastewater, in which the heated water was to be used to power the dishwasher. This
system was based on the idea of retaining sewage in a tank with a spiral pipe through
which cold water flowed. Research has shown that the proposed solution is technically,
ecologically and economically justified.
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Tomlinson [55] determined that the installation of a vertical heat exchanger in a
residential building, depending on the average daily number of showers, saves electricity
in the range of 800 kWh/year to 2300 kWh/year.

Bartkowiak [69] conducted research on a prototype of a plate heat exchanger installed
at the shower outlet. The analyses carried out for various grey water volume flows and
at variable temperatures of the flowing fluids showed the financial justification for the
installation of the device, but also showed the environmental legitimacy of using heat
exchangers resulting from the reduction of energy demand and CO; emissions.

McNabola and Shields [70] presented a new design for a horizontal heat exchanger.
The device consists of a grey water pipe made of plastic, inside which there is a cold water
pipe made of copper or other material with good thermal conductivity. The plastic pipe
for grey water is an insulator that retains the waste heat. The design of the new exchanger
is characterized by a certain number of loops, thanks to which it is possible to maintain
the appropriate length of the device for a satisfactory level of heat exchange. Research has
shown that for the proposed structure, efficiency of up to 50% can be achieved.

Torras et al. [71] studied an exchanger in the form of a tank with a coil and grey water
retention. The proposed system was able to recover between 34% and 60% of the available
heat energy in grey water.

Research [72] on the justification of using a common DWHR unit for two separate
showers in a residential building and the analysis of savings resulting from the use of
different types of water heaters showed that the legitimacy of installing a DWHR unit for
two separate showers depends on the unit prices of energy consumption. As energy prices
increase, so does the benefit of using separate DWHR units. Single heat exchangers may be
more cost-effective in facilities with a long cumulative lifetime of the heat recovery system.

Analysis of the financial efficiency [73] of the heat exchanger installation depending
on the method of hot water preparation showed that the type of hot water heater has a
decisive influence on the profitability of the investment. Analyses conducted in Poland in
2017 proved that the use of heat recovery technology is particularly profitable when using
electric heaters.

Research conducted by Manouchehri and Collins [74] showed that changes in the
efficiency of waste heat collection from grey water depend mainly on the temperature
of the flowing fluids and occur independently of the physical parameters characterizing
the device.

Using the investment risk assessment method [75], it was found that the increase in
financial results is achieved with the increase in the time of use of the shower installation
and water consumption.

Analyses conducted at the Canadian Center for Housing Technology [76] confirmed
that energy savings for the preparation of hot domestic water increase with the increase
in the amount of outflowing sewage, but also depend on the temperature of the incoming
cold utility water.

The results of the financial analysis carried out by Stec [32] show that the installation
of a heat exchanger in an installation in which pre-heated water is supplied to the shower
mixing valve can reduce the energy consumption needed to prepare domestic hot water by
about 30% compared to a system that does not uses a heat exchanger unit.

5. Results and Discussion
5.1. Horizontal Heat Exchangers

In horizontal exchangers, grey water flows through the bottom of the sewer pipe,
filling it only partially and at the same time flowing on the surface of the inner pipe that
transports cold water. In some cases, heat recovery may take place with incomplete use
of the heat exchange surface, which results in a lower efficiency of heat energy collection
compared to vertical exchangers [70,77]. The efficiency of horizontal heat exchangers
installed in residential buildings is lower than the efficiency of vertical units and, according
to various sources, ranges from 4% to 15% [78]. However, horizontal units have a significant
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advantage, as their installation does not require so much space. The cross-sections of
horizontal heat exchangers used in sewage systems are shown in Figure 6.

(b)

Figure 6. Typical cross-sectional views of horizontal heat exchangers. 1—grey water drain, 2—cold
water drain. (a) Grey water and cold water drains with circular cross-sections, (b) grey and cold
water drains with a rectangular cross-section.

Heat exchangers used in waste water systems and domestic hot water preparation
are devices in which the general design is based on the use of two drains with a circular
(Figure 6a) and/or rectangular (Figure 6b) section. One of the drains is used to discharge
sewage from sanitary facilities to the sewage system. The second drain is used to supply
cold water to the domestic hot water system. The heat exchangers described in the refer-
ences differ mainly in the size and method of running the cold water drain in relation to the
waste water outflow. There are also studies that have focused on developing inexpensive
heat exchanger solutions [79,80]. In the group of vertical exchangers, there are devices
installed directly in the linear drainage of a shower. Examples of horizontal heat exchanger
solutions described in the literature or patent sources are summarized in Table 1.

Table 1. Summary of the analyzed references regarding horizontal exchangers.

Studies  Title of the Invention/Device Type General Features/Research Conclusions

a heat exchanger in the form of a horizontal drain containing the upper and
composite pipe heat exchanger for  lower composite pipes sealed together along respective longitudinal edges; the

791 drainwater heat recovery exchanger is made of copper and plastic in order to reduce production costs;
(US 20130306289)
counterflow heat exchanger for installation under the shower trays and
bathtubs; equipped with grey water drain; the cold water duct consists of a

[80] heat exchanger for a shower long pipe coiled in the grey water drain; the cold water pipe is coiled into

or bathtub several pipes arranged horizontally with respect to the orientation of the
exchanger; the invention is made of plastic elements (tubes, partitions) to
minimize production costs; (US10072897B2)
horizontal shower heat exchanger made of waste water fittings and a spiral
shower heat exchanger made of . . . 5
[81] tvpical Sewer components copper coil placed in them; sewage inlet takes place at an angle of 45° to the
yP p axis of the device; (W.129137)
[82] sewer-type heat absorber the exchanger consists of a grey water drain; the drain is designed centrally

and has two or more cold water supply pipes arranged on its circumference
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Table 1. Cont.

Studies

Title of the Invention/Device Type

General Features/Research Conclusions

(83]

drainwater heat recovery system

heat exchanger composed of a grey water drain, a cold water drain and a
non-pressurized tank; horizontal and vertical installation of an exchanger is
disclosed; (US 2001/0004009 A1)

[70]

horizontal DWHR

the heat exchanger is made of PVC drainage with a diameter of 40 mm, in
which a copper water pipe with a diameter of 12.7 mm is placed; the possible
efficiency of the device exceeds 50%

[84]

horizontal heat exchanger

device for heat recovery from grey water from shower drain; reduces energy
consumption by up to 31%; the maximum amount of grey water supplied to
the device is 25 dm? /min; (PCT054506)

[84]

horizontal heat exchanger

device for heat recovery from grey water from shower drain; reduces energy
consumption by up to 39%; the maximum amount of grey water supplied to
the device is 12.5 dm3/min; (PCT054506)

[85]

horizontal shower-type
heat exchanger

horizontal shower heat exchanger with countercurrent grey and cold water
flow; made of a waste water drain and a sealed internal drain through which
water flows; the grey water drain is in the form of a rectangular chamber
placed in the floor; a heat exchanger is to be installed in the shower tray or
directly in the bathroom floor; (Pat.234930)

(86]

horizontal heat exchanger

horizontal heat exchanger with countercurrent grey and cold water flow; built
with sealed grey water channel and internal cold water channel; inside the
casing, there are at least two internal channel partitions; the horizontal heat
exchanger is used in particular to recover waste heat from grey water;
(Pat.230906)

(87]

linear drainage with heat recovery

linear shower drain with heat recovery comprises a casing with a top cover
which is an inlet opening for grey waste water; the exchanger consists of a
channel separated by a tight wall; grey water flows in the upper part of the
channel of the device, and cold water is led in the lower part; linear shower
drain with heat recovery is intended for installation both in showers with and
without a shower tray; in the absence of a shower tray, the linear drainage is
installed in the floor in the area of the shower stall; (Pat.230648)

(88]

horizontal shower heat exchanger

compact shower heat exchanger designed for installation under the shower
tray, as well as a linear shower drain with heat recovery; research has shown
that the compact shower heat exchanger has a higher efficiency (22.43% to
31.82%) than its linear counterpart (23.03%)

[89]

shower heat exchanger with
clog-removable drain

heat exchanger for installation under the bathtub or shower tray or under the
bathroom floor; built of upper and lower channels; the lower channel through
which the water flows is wavy; (US8104532B2)

[90]

heat exchange devices

exchanger made of two outlets—one for cold water, and the other for grey
water; the cold water drain forms sections of the pipes in the serpentine system
passing through the grey water drain, the exchanger uses countercurrent
media flow; (US 8893319 B2)

[91]

heat exchanger and use thereof
in showers

heat exchanger made out of two systems of drains; the first set of drains
comprises horizontal pipes through which grey water is discharged; the
second drain set comprises vertical and horizontal pipes for supplying cold
water to the installation; horizontal cold water drains are placed inside the
horizontal grey water drains; the pipes in the horizontal plane additionally
form a loop in order to increase the heat exchange surface while maintaining
the compactness of the exchanger; (20080000616A1)

5.2. Vertical Heat Exchangers

Vertical heat exchangers are the most commonly used devices for heat recovery in
sewage systems and preparation of domestic hot water. However, these solutions require
the available space on the lower floors of buildings for their installation. This increases
the size of the installation and the investment costs of its implementation. It is worth
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noting, however, that this type of exchanger is characterized by the highest heat removal
efficiency [23,70,77]. In the event of a significant amount of grey water flowing from
sanitary facilities, it is possible to use two or more heat exchangers simultaneously, forming
the so-called field-tube heat exchanger system.

Among the vertical exchangers, there are tube-in-tube units. The basic element of their
construction is the grey water drain. Tap water is supplied to this type of device, which
flows in countercurrent through the space created between the inner drain (waste water
pipe) and the pipe constituting its outer casing. In this type of solution, the flowing grey
water does not fill the entire cross-section of the conduit, but flows down its walls, creating
a thin layer called film. In some solutions, elements are used to slow down the flow of
wastewater [81], which serves to increase the heat exchange surface, in turn achieving a
significant shortening of the required length of the exchanger without reducing its efficiency.
A typical cross-sectional view of a vertical tube-in-tube heat exchanger is shown in Figure 7.

Figure 7. Typical cross section of a vertical heat exchanger; 1—grey water drain, 2—cold water drain.

Research shows that the heat exchanger installation method is very diverse. A hor-
izontal unit, in which heat recovery efficiency was estimated at 67%, was installed in a
vertical orientation, which reduced the heat exchange efficiency by 17% [77]. Analysis
of the efficiency of vertical heat exchangers conducted in Canada allowed investigators
to determine the efficiency of eight heat exchangers available on the market. It has been
estimated to be in the range of 30% to 75% [76].

The conducted analyses confirmed that the theoretical efficiency of heat recovery
decreases with an increase in the volume of flowing grey water. At the same time, the heat
capacity coefficient increases. However, it was found that at very low values of the flow
rate, the efficiency of waste energy collection decreases, which results from the transition of
the so-called water film from laminar to turbulent [70].

Among countercurrent vertical exchangers, there are spiral heat exchangers in which
the duct carrying cold water is wrapped around the grey water drain that forms the basis
of the exchanger [92-95].

There are devices in which the spiral drain is placed inside of the grey water pipe [93,94].
Examples of vertical devices for heat exchange from grey water, which have been developed
in recent years, are presented in Table 2.
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Table 2. Summary of the analyzed references regarding vertical exchangers.

Studies

Title of the Invention/Device Type

General Features/Research Conclusions

[93]

vertical spiral heat exchanger

heat exchanger consists of a vertical copper drain for grey water around
which a copper drain for cold water is wrapped; available heat exchange
surface for grey water drain at 0.20 m?; available heat exchange surface
for a cold water drain of 0.57 m?; the possibility of heat recovery from
waste water at the level of 25%

[94]

cascade spiral heat exchanger

cascade spiral heat exchanger in the form of connected drains of different
diameters, one of which is wrapped in a spiral on a drain of larger
diameter; intended to recover heat lost in the process of discharging
domestic grey water from buildings and industrial grey water from
facilities; (Rp.25423)

[95]

helical coil on tube heat exchanger

heat exchanger with a spiral pipe for cold water; the spiral drain is
wrapped around the main grey water drain; the unit has fixed tube
assemblies for both heat transfer media; (US20130025836A1)

[81]

shower heat exchanger made of typical
sewer components

horizontal shower heat exchanger made of waste water fittings and a
spiral copper coil placed in them; grey water inlet is arranged at an angle
of 45° to the axis of the device; (W.129137)

[96]

vertical spiral heat exchanger

vertical spiral heat exchanger with countercurrent grey and cold water
flow; built of a grey water pipe inside, with a tight spiral pipe for cold
water, around it. The inner channel is equipped with the so-called
helically arranged plates around the vertical axis of the heat exchanger;
placed along the entire height of the sewage pipe; (Pat.230910)

[97]

vertical heat exchanger

vertical tube-in-tube exchanger with heat recovery for shower trays,
shower drains or bathtubs, with a recommended flow of up to
12.5 dm3/min; energy savings of up to 64% possible

[97]

vertical heat exchanger

vertical tube-in-tube exchanger with heat recovery for shower trays,
shower drains or bathtubs, with a recommended flow of up to
25 dm?3/min; energy savings of up to 75% possible

[98]

vertical heat exchanger

vertical heat exchanger with an outer drain with grey water inside; grey
water flows through the main vertical pipe, with space between the outer
pipe and the main grey water pipe through which cold water is routed
counter- currently and fed to the heat exchanger; (Pat.230590)

[99]

method of and apparatus for
recuperating waste heat from waste water

heat exchanger for recovering grey water heat, in particular domestic
sewage discharged into the sewage system, taking into account the
separation of cold and warm waste water by means of a
pressure-temperature valve; the heat is collected by the water to be
heated in the domestic hot water preparation installation; the device
allows for a minimum 50% savings in energy consumption needed to
heat domestic water; (Pat.198134)

[100]

grey water heat recovery system

exchanger with a copper coil for cold water supply; the coil is placed
inside the vertical grey water drain; the device may use a countercurrent
geometry and is equipped with a controller that directs grey water
through the bypass pipe; the device includes a dirt filter; the controller
informs about the need to clean the filter; (US 2011/0155366 A1)

[101]

heat recovery unit for grey water
equipped with a protection method and
device preventing contamination of
potable water

heat recovery installation consisting of grey water drain, heat exchanger,
check valve, anode; the device is a recuperator with the function of
removing heat contained in waste water in order to heat the water
supplied to the bathtub or shower or water heater; the heat exchanger is
an external vessel made of high-quality stainless steel; (CA2991210A1)

5.3. Financial Legitimacy of the Use of Heat Exchangers

The high efficiency of a system for energy recovery from grey water, which determines
the financial profitability of the investment, depends primarily on the proper selection of
the type and parameters of the heat exchanger and on the technical solution of the hot
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water preparation installation. According to researches published in recent years [24,51,54],
the Variant I allows a system to achieve the highest energy savings needed for domestic
hot water preparation.

The profitability of the investment related to the installation of the heat exchanger
results not only from the value of operating costs, but is also determined by the investment
cost, and the Variant III may turn out to be the least expensive in execution. This is due
to the fact that the heat exchanger installation costs are not dependent on the distance
between the grey water drain and the water heater.

The purchase cost of a heat exchanger can significantly determine the extent of invest-
ment costs. Market prices for heat exchange units vary widely. Estimated costs of DWHR
units and their approximate levels of heat recovery efficiency are presented in Table 3.

Table 3. Average efficiency of wastewater heat recovery [36,48,84,87].

Location of Heat

Heat Source Wastewater Flow Purchase Cost of the

Exchaneer Units DWHR Unit Type Temperature Rate Efficiency Heat Exchanger Unit
& Range (EUR)
Heat exchangers Vertical heat 30-50 °C 7-14 dm? /min 40-75% 400-2000
installed directly exchangers
h . .
under the s.amtary Horizontal heat 3050 °C 7-14 dm3 /min 18-50% 21000
utensil exchangers
Heat exchangers \éirctl%lcaa]i heerast 10-25 °C 2130 dm3/day >40% 1000
installed before the 8
discharge to the Heat recovery
sewage system system integrated 10-25°C 2130 dm?/day 40-70% >1000

with heat pump

The research in [72], which analyzed the financial efficiency of an investment consisting
of the use of waste heat recovery, confirmed the fundamental impact of the energy carrier
used and the type of domestic water heater on the level of profitability. Analyses conducted
in Poland in 2017 [73] proved that the use of heat recovery technology is particularly
profitable when heating water with electric water heaters, where the unit costs of hot water
preparation are the highest. It has also been proved that an increase in financial results is
obtained with increasing shower duration and water consumption [73]. It is also estimated
that energy savings for the purpose of preparing domestic hot water grow not only with an
increase in the amount of outflowing grey water, but also depend on the temperature of
the incoming cold tap water [25,54,102]. However, the studies emphasized that one should
take into account the situation where the payback period will exceed the technical lifespan
of the device [51]; therefore, it is also important to be able to correctly select the exchanger
allowing for effective collection of energy from grey water, which in turn translates into
profitability of the investment.

5.4. The Concept of the Circular Economy in the Energy Sector

Circular economy (CE) tasks are important tools for achieving the Sustainable Devel-
opment Goals 2030 (SDGs 2030) [103]. It is estimated that by 2032, actions in the area of CE
may help reduce CO, emissions by up to 200 Mt [104]. This economy, in contrast to the
linear economy, is closely related not only to the reduction of greenhouse gas emissions, but
also to an increase in energy efficiency and the development of renewable and waste energy
sources [105-107]. In addition, the CE economy is key to achieving climate neutrality by
2050 and strengthening economic competitiveness in the area of innovation and modern
zero- and low-emission technologies [104].

The dissemination and implementation of solutions in the area of CE require organiza-
tional, legislative, investment and educational activities [105,106]. In the EU, only 12% of
raw materials and resources are recycled; therefore, it is reasonable to develop regulations
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specifying the minimum percentage of materials that should be recycled and the level of
waste energy use [104,108].

Of particular importance in the context of the transition to a CE is the energy sector,
which has a significant impact on the environment. It is estimated that in 2018, it was
responsible for over 83% of greenhouse gas emissions produced in the EU, and according
to the report “Circular Economy-Opportunities and Challenges” [109], over 80% of energy
produced in Poland still comes from conventional sources. At the same time, it should be
emphasized that the provisions contained in the “Energy Policy of Poland until 2040” in
the perspective of the coming decades provide for a reduction in the share of solid fossil
fuels to 55-60% already in 2030 [109].

The energy sector is key to achieving climate neutrality, i.e., reducing greenhouse gas
emissions by 55% compared to 1990 levels by 2030 and achieving net zero greenhouse gas
emissions in the EU by 2050 [110]. The implementation of CE practices in this sector can
noticeably reduce the consumption of energy resources [111]. Energy sector companies
have been obliged to implement measures to reduce greenhouse gas emissions, but in
order to meet the assumptions of the Paris Agreement [5], further actions are necessary to
reduce the use of non-renewable energy sources and develop energy-saving technologies.
Moreover, increasing the share of waste energy in the energy mix is an important direction
of energy transformation [112,113]. Currently, an important element of the CE is heat
recovery in wastewater treatment plants, which is justified especially when using high-
temperature sludge treatment processes (i.e., AD digestion, THP, thermal drying), and the
collected energy can be effectively used, e.g., for heating water or heating sludge [112].

To minimize energy consumption, the energy demand of buildings, which is also
responsible for 40% of the EU’s total energy consumption and 36% of greenhouse gas
emissions, needs to be reduced. This is possible through, e.g., optimization of design
variables, construction parameters [110] and the use of renewable and waste energy, which
can be used to preheat domestic water, which in turn can significantly reduce the energy
demand of buildings.

6. Conclusions

Considering the degree of dependence of the modern world on energy and bearing
in mind the significant increase in energy prices, especially in recent months, it is very
important from the point of view of users and the natural environment to popularize
alternative energy sources, including waste energy.

In recent years, the state of knowledge in the field of grey water heat recovery tech-
nology has changed, but also, the standards for the design and operation of this type of
equipment have changed. Thanks to the conducted research, grey water is no longer identi-
fied only with waste, but has become perceived as an effective source of energy [44,46,47,73].
Both vertical and horizontal devices for the recovery of thermal energy from the discharged
grey water are commonly used in the construction industry. There are also many heat
exchangers that can function both as single devices, but also create the so-called field-tube
DWHR of several exchangers cooperating with each other [70].

It is estimated that the efficiency of vertical heat exchangers can reach even 75% [67],
while horizontal units are much less efficient, and their efficiency sometimes does not
exceed several percent [35,52].

The research on heat exchangers conducted in the last 20 years mainly covers the
improvement of already known technologies by eliminating design defects, improving
their efficiency, as well as providing information on the selection of the optimal waste heat
recovery technology depending on the installation and operating conditions.

Designers and researchers are also focusing on the development of highly efficient, com-
pact heat exchangers that can be used in single-family housing and also in small bathrooms.

Financial analyses [49,78,79] confirm that the recovery of waste heat from grey water
in the waste water system may be financially profitable; however, the payback period on
investment expenditures for the purchase and installation of an exchanger is individual for
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each project. The profitability of the system for collecting energy from wastewater depends
on many factors, including the type of exchanger, the parameters of the installation, the
type of water heater, and the level of discount rates.

Significant in the context of popularizing DWHR units are studies that will allow
one to determine the benefits of using unconventional energy sources for heating water
in residential buildings. Social research [51] conducted on the use of alternative energy
sources shows that as we try to live with care for the natural environment and compliance
with the principles of sustainable development, on the way to shaping ecological attitudes,
including reducing energy consumption from alternative sources, we encounter financial
problems. Environmentally friendly investments sometimes generate significant outlays,
which is why decision-makers often decide to abandon or delay such investments. This
approach can be found more often, especially in the case of technologies for which the
potential recipient does not have sufficient substantive knowledge or knowledge of the
cost-effectiveness of the installation.

Co-financing programs may turn out to be important in the context of popularizing
the technology of heat recovery from grey water, as evidenced by the effective leap in
interest in photovoltaic installations in Poland in recent years. According to the available
data [114-116], the number of micro-installations connected by distribution system op-
erators from the beginning of 2019 to the end of August 2022 increased by over 2044%,
of which the vast majority were photovoltaic installations. According to research [117],
subsidizing the installations was of great importance for the respondents, over and above
the ecological aspects. In the surveys, 50% of respondents stated that the decision to install
PV panels was made due to government support programs [117,118], and for 46%, the
environmental aspect was the most important [119].

Based on the results of research published so far, it is estimated that the key parameters
for the heat exchange process in the DWHR units are the temperature and the volumetric
flow rates of the grey water and cold water. From the perspective of assessing the validity of
the application of DWHR exchangers, a much broader approach to assessing the impact of
all input parameters is important, including a comprehensive analysis of such parameters
as the share of cold water flowing into the heat exchanger in relation to the amount of grey
water produced, as well as the share of pre-heated water at the inlet to the heater and at
the inlet to the mixing valve. In addition, previous studies did not exhaust the scope for
analysis of the energy recovery potential from installation of various variants of DWHR
units in domestic hot water preparation systems.

The review of the state of technology in the field of waste heat recovery from grey water
showed that analyses of the energy, financial or environmental justifications usually do not
take into account the combination of volumetric flows of grey water from many sanitary
utensils. A significant number of papers focus on the collection of energy deposited in
sewage at the shower outlet [42,46,51,54,63,69,70,72,73,78]. There are also studies that take
into account the heat recovery from dishwasher wastewater [68], or focus on centralized
systems [71], where low-temperature (black) water is combined with high-temperature
(grey) water. The literature also includes studies on the efficiency of waste heat recovery
using a heat pump [28,93]. According to the authors, increasing the volume of wastewater
at the inlet to the exchanger by combining grey water and black water may turn out to be
unprofitable and unjustified due to the efficiency of energy recovery. However, it seems
reasonable to combine grey water streams from several sanitary utensils, e.g., showers,
washbasins, bathtubs and even washing machines. In addition, it is suggested that a
dual sewage system should be taken into account already at the design stage of sanitary
installations in residential buildings, which is justified due to the installation of DWHR
units. This will allow for the recovery of heat from all of the grey water flowing into the
sewage system from a residential building.
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7. Future Directions

The analysis of literature sources, research carried out by the team of authors, as well
as the review of the state of technology allowed the identification of research areas and
activities that may significantly contribute to the growth of decision-makers’ interest in
systems for waste heat recovery from grey water. According to the authors, the activities
should focus on the following issues.

1.  Scientific and industrial research aimed at developing solutions and technologies
for low-cost production of heat exchangers and improving their energy efficiency.
Activities in this area may be of significant importance for the profitability of industrial
production and the financial viability of using these types of solutions.

2. Undertaking educational activities aimed at increasing environmental awareness
related to the use of waste heat as the most ecological and cheapest way of obtain-
ing energy.

3. Implementation of a financial support system for investments in waste heat recovery
by individual and institutional recipients for existing and newly built facilities, for
various purposes.

4. Development of publicly available, reliable tools to calculate the profitability of in-
vestments related to the use of heat recovery systems.

5. Development of design tools, including building information modeling (BIM) tech-
nology, to facilitate the design, selection and management of investment projects.

6.  Action by public administration bodies, in consultation with research institutes, to de-
velop a common strategy for promoting the CE in the energy sector and in construction.
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