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Abstract: The increase in energy demand, the scarcity of resources, as well as the adverse environ-
mental impact of burning fossil fuels make it necessary to diversify the energy sources used. This
also applies to the residential sector, which accounts for a significant proportion of global energy
consumption. Particular attention should be paid to water heating, as the importance of this process
in the energy balance of buildings is steadily increasing. One of the methods used to decrease energy
consumption for heating water is to recover heat from greywater. However, commercially available
horizontal drain water heat recovery (DWHR) units are characterized by low effectiveness, which
creates a need for further research to improve it. The aim of the paper was to evaluate the possibility
of improving the effectiveness of a circular horizontal DWHR unit through the use of baffles. Six
different baffle models for installation in the greywater section of the heat exchanger were analyzed.
The tests were conducted under the assumption of the installation of the DWHR unit on the horizontal
shower waste pipe. They showed that the effectiveness of the unit equipped with baffles was higher
by several to as much as 40% compared to the DWHR unit without baffles. This is tantamount to an
increase in annual financial savings resulting from greywater heat recovery, as well as a reduction in
CO2 emissions into the atmosphere. However, it was not possible to clearly identify the optimum
baffle model. In any case, the selection should consider the hydraulic conditions in the heat exchanger
before installing the baffles. The results can provide guidance for companies interested in bringing
new equipment and technologies to the market.

Keywords: domestic hot water; greywater; shower; energy consumption; CO2 emission; energy
efficiency; heat exchanger; waste heat

1. Introduction

The development of globalization processes has resulted in dynamic economic growth.
In many cases, this has been followed by a change in consumption patterns, manifested,
among other things, in a significant increase in energy demand [1,2]. Given the finite
nature of fossil fuel resources and increasing production costs [3,4], as well as the adverse
environmental impact of the mining sector [5], energy transformation appears to be an
inevitable process. Igliński et al. [6] pointed out that, in the case of the European Union,
this transformation is to be based mainly on the diversification of energy sources used,
with a predominance of renewable sources. The need to introduce diversification in the
energy sector as a means to guarantee the sustainability of the energy supply was also
noted by Rabbi et al. [7]. Therefore, it is not surprising that the employment of renewable
energy sources and low-carbon techniques is gaining growing attention [8], and the energy
efficiency of various processes has become one of the key aspects of life [9,10].

Measures aimed at reducing resource consumption and greenhouse gas emissions
are taken for both companies focused on environmentally sustainable production [11]
and residential buildings [12]. However, in many parts of the world, the emphasis is
on the sustainable development of housing [13]. This is because the residential sector is
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responsible for a substantial portion of global energy usage [14]. In the European Union, for
example, this share is approximately 28%, which corresponds to almost 13% of greenhouse
gas emissions [15]. At the same time, a change in the proportion of energy consumption for
individual purposes is noticeable, which is the result of the energy transition in buildings.
Domestic hot water (DHW) heating has become increasingly important in the energy
consumption balance [16]. Alrwashdeh et al. [17] even pointed out that a reduction in
energy consumption for water heating, achieved together with other building retrofits, can
contribute to the transformation of buildings into the so-called surplus energy buildings.

A study by Ratajczak et al. [18] indicated that the consumption of DHW at 55 ◦C is in
a fairly wide range from 40.2 to even 88.0 L per person per day. It depends mainly on the
habits of the occupants, as well as the size of the system and the type of sanitary facilities
installed [19]. The outside temperature is also important. Studies carried out in different
regions have demonstrated that the demand for DHW is higher in the winter months than
in the summer [20,21]. It should also be noted that the energy demand for heating a given
volume of water is highest during the winter season due to the relatively low temperature
of cold water [22]. Therefore, measures to reduce energy consumption in buildings should
focus on opportunities to decrease the usage of fossil fuels for DHW heating. The greatest
attention should be paid to those methods that guarantee an effective use of energy in the
winter season.

Such methods include the recovery of waste energy from wastewater, which, in
2018, was recognized by the European Parliament and the Council as a third generation
renewable energy source [23]. The recovery of energy carried by wastewater can be
implemented at different levels of the system [24]. Nagpal et al. [25] indicated that this
could be the component level, the building level, the sewer pipe network level, as well
as the wastewater treatment plant level. However, Ravichandran et al. [26] suggested
that small-scale wastewater heat recovery systems are the most sustainable option. The
only exception is in cold regions with high population density. A general review of such
systems by Wehbi et al. [27] showed that they are considered to be economically and
environmentally efficient methods. On the other hand, Piotrowska and Słyś [28] found
that the recovery of energy from wastewater holds special significance in the context of the
circular economy.

In the instance of small-scale wastewater heat recovery systems, an energy source is
usually greywater, which can also be used as an alternative water source [29]. Greywater
usually includes wastewater produced during body washing and laundry and sometimes
also wastewater generated in the kitchen. It can account for up to 75% of the total household
wastewater production [30]. It is characterized by a higher temperature and a much
lower pollutant load than blackwater. Depending on the appliances from which the
greywater is discharged, the heat it carries can be recovered using single systems or hybrid
systems [27]. Single systems are mainly based on the heat exchange process. The heat
carried by greywater is transferred to cold water by means of drain water heat recovery
(DWHR) units. These units are usually installed on the greywater outflow from the shower
tray [31,32]. However, there are known cases of heat recovery from greywater discharged
from other appliances, such as those in the kitchen [33,34]. Sometimes, the energy source is
greywater from a group of sanitary appliances [35]. Heat recovery with DWHR units is
already possible with low flow rates of greywater and cold water through the unit. As a
result, these heat exchangers can be used successfully even in single-family houses [36].
In the case of hybrid systems, the heat exchanger is used together with another device.
These can be, for example, solar panels or a heat pump [37,38]. In the latter case, traditional
heat pumps are usually used. However, alternative solutions with greater environmental
compatibility are increasingly being sought. For example, Zhang et al. [39] dedicated their
research to the transcritical CO2 heat pump. The use of heat pumps is justified when
significant amounts of warm wastewater are produced in a building. In the case of single-
family buildings or individual apartments, the use of heat pumps is neither technically nor
financially justified.
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The above information shows that greywater is an interesting and effective domestic
hot water heating alternative. However, a study conducted on the example of Poland [40]
showed that only a small proportion of the population would be willing to consider
installing a DWHR unit in an existing house. This is probably due to the need for significant
modifications to the internal building installations, which is associated with an increase in
investment expenditure. Another problem may be the lack of room to install a vertical heat
exchanger [25,27], characterized by the highest effectiveness among the solutions available
on the market. Horizontal heat exchangers or those installed in the linear shower drain
typically require less interference with the internal piping. However, they are characterized
by a lower effectiveness of greywater heat recovery [27,31]. This is primarily due to the
smaller heat exchange surface compared to vertical units. The thickness of the greywater
layer is also important. In the case of horizontal DWHR units, it is much higher; as a result
of which, the heat is transferred to the water less efficiently. Therefore, it is necessary to
conduct research to improve the effectiveness of the horizontal DWHR units. This has
already been noted by other authors [28,41].

The aim of the paper was to evaluate the possibility of improving the effectiveness
of a horizontal circular DWHR unit by using baffles in the greywater section of the heat
exchanger. Considering that the influence of the baffle geometry on the effectiveness of
DWHR units has not been described in the literature so far, six different baffle models
were analyzed in the study. Their geometry was designed by taking into account the
cross-section of the heat exchanger and flow parameters. It was modified during the study
to achieve optimal results. The baffles were not part of the heat exchanger casing; thus, it
was possible to modify their layout in any way. The research concept was developed under
the assumption of the need to improve quality of life through the use of energy efficient
technology, where sustainable materials that do not harm the environment would be used.
For this reason, the baffles were made of biodegradable material, polylactide. This ensures
that the material used for the baffles will not be a burden on the environment at the end
of their useful life. The analysis was carried out under established laboratory conditions,
assuming that the flow rates of water and greywater through the DWHR unit are the same.
The terms DWHR unit and heat exchanger are used interchangeably in the paper.

2. Materials and Methods

Research on the possibility of improving the effectiveness of the horizontal circular
DWHR unit was carried out according to the procedure shown in Figure 1.

2.1. Characteristics of the Horizontal Drain Water Heat Recovery Unit

The potential for improving the effectiveness of a horizontal DWHR unit was analyzed
using a circular heat exchanger as an example. This unit is characterized by a simple design
and, thus, a relatively low price. It is designed to be installed on the shower waste pipe,
mainly in residential buildings. Due to its horizontal layout, it is applicable in both newly
constructed and pre-existing buildings, and its installation does not require significant
interference with the internal installations in the building. However, studies on such a heat
exchanger have shown that its effectiveness is low. This raises the need for further research
into how to increase the amount of heat energy recovered from greywater.

The parameters of the horizontal DWHR unit are summarized in Table 1. On the other
hand, Figure 2 presents the tested heat exchanger.

2.2. Geometry of Baffles

According to the procedure presented in Figure 1, the geometry of the baffles was
determined in two stages. First, three preliminary baffle models were designed, and the
validity of their installation in the horizontal DWHR unit with a circular cross-section was
analyzed. After the results of laboratory tests were analyzed, these models were modified
to improve the results. As a result, three other baffle models dedicated to use in circular
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horizontal DWHR units were developed. All baffle models were designed in such a way as
to adhere closely to the outer wall of the heat exchanger from its inner side (Figure 2b).

Energies 2023, 16, x FOR PEER REVIEW 4 of 26 
 

 

 
Figure 1. Research plan. 

2.1. Characteristics of the Horizontal Drain Water Heat Recovery Unit 
The potential for improving the effectiveness of a horizontal DWHR unit was analyzed 

using a circular heat exchanger as an example. This unit is characterized by a simple design 
and, thus, a relatively low price. It is designed to be installed on the shower waste pipe, 
mainly in residential buildings. Due to its horizontal layout, it is applicable in both newly 
constructed and pre-existing buildings, and its installation does not require significant in-
terference with the internal installations in the building. However, studies on such a heat 
exchanger have shown that its effectiveness is low. This raises the need for further research 
into how to increase the amount of heat energy recovered from greywater. 

The parameters of the horizontal DWHR unit are summarized in Table 1. On the 
other hand, Figure 2 presents the tested heat exchanger. 

Table 1. Design parameters of the horizontal DWHR unit. 

Design Parameters Unit Value 
The length of the heat exchanger m 2.0 

The outer diameter of the copper drain pipe  mm 54 
The wall thickness of the copper drain pipe mm 1.5 
The outer diameter of the copper water pipe mm 15 
The wall thickness of the copper water pipe mm 1.0 

The distance of the water pipe from the bottom of the drain pipe mm 2.0 

Figure 1. Research plan.

Table 1. Design parameters of the horizontal DWHR unit.

Design Parameters Unit Value

The length of the heat exchanger m 2.0
The outer diameter of the copper drain pipe mm 54
The wall thickness of the copper drain pipe mm 1.5
The outer diameter of the copper water pipe mm 15
The wall thickness of the copper water pipe mm 1.0

The distance of the water pipe from the
bottom of the drain pipe mm 2.0

2.2.1. Preliminary Baffle Models

The first three geometries of the baffles were developed considering the internal diam-
eter of the greywater pipe and the external diameter and location of the pipe transporting
the heated water. An attempt was also made to adapt the geometry of type I–III baffles
to the range of possible flow rates of water and greywater through the DWHR unit. The
designed models are shown in Figure 3. The left side of Figure 3 presents 3D models of
type I–III baffles, while its right side shows the longitudinal cross-sections of these baffles.
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All baffle models were made with a 0.10 m long body and an internal part designed to
disrupt the flow of greywater through the unit. In the case of models I and II, the internal
part of the baffle was located on one side only. These baffles were mounted in the heat
exchanger in such a way that the internal part was alternately on the left and right side of
the unit. In both cases, the internal part of the baffle was located at an angle of 45 degrees
to the direction of greywater flow. The maximum width of the internal part of the baffle,
measured along the axis of the unit, reached 24.5 mm and 16.5 mm, for type I and II baffles,
respectively. The structure of type III baffle was slightly different. Its internal part was
located symmetrically on both sides, along the entire length of the baffle. The maximum
width of the internal part of the type III baffle reached 13.5 mm on each side.
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Figure 2. Tested horizontal DWHR unit: (a) test stand with the heat exchanger; (b) inside of the heat
exchanger equipped with baffles; (c) cross-sections of a 3D model of the heat exchanger equipped
with baffles: 1, hot water heater; 2, Sharky 473 ultrasonic flow meters; 3, tested DWHR unit; 4, Pt500
resistive temperature sensors; Þ cold water flow direction; Þ preheated water flow direction; Þ hot
water flow direction; Þ mixed water flow direction; Þ greywater flow direction at the outlet of the
heat exchanger; 6 no flow in the section.

2.2.2. Modified Baffle Models

The study also analyzed three modified baffle models (IV–VI), which are shown in
Figure 4. As with Figure 3, the left side of Figure 4 presents 3D models of type IV–VI baffles,
while its right side shows longitudinal cross-sections of these baffles. Based on the findings
garnered from the previous stage of the analysis, type I baffle was modified. As in the case
of the preliminary baffle models, the modified models were made of a 0.1 m long body
and an internal part. The internal part of type IV baffle was twice as long as the internal
part of type I baffle. In the case of type V baffle, its internal part was narrowed to 16.5 mm
and located at the same angle to the direction of greywater flow. as in the case of type
IV baffle. On the other hand, the internal part of type VI baffle was located at the same
angle to the direction of greywater flow, as in the case of type I baffle, but its width was
narrowed in the same way as in type V baffle. The baffles were made of biodegradable
material (polylactide).
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2.3. Effectiveness Assessment of the DWHR Unit

When the flow rates of water and greywater through the DWHR unit are equal, the
effectiveness of the unit can be determined using a commonly known relationship, which
is described by Equation (1):

ε =
Tdw − Tcdw
Tdw − Tcw

·100, (1)

where ε is the effectiveness of the DWHR unit,%; Tdw is the temperature of greywater at
the inlet to the heat exchanger, ◦C; Tcw is the temperature of cold water, ◦C; Tcdw is the
temperature of greywater at the outlet of the heat exchanger, ◦C.

Table 2 summarizes the values of the input variables. Three mixed water flow rates
from the showerhead (qwm) were analyzed, as well as two greywater temperatures at the
inlet to the DWHR unit (Tdw) and two cold water temperatures (Tcw). A tolerance of ±0.1 ◦C
was adopted. Furthermore, the installation of the heat exchanger with two different bottom
slopes was considered, as well as the possibility of installing a different number of baffles.
Considering six different baffle designs, the implementation of the study required the analysis
of 312 cases of heat exchanger operation.
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Table 2. Adopted values of the input parameters for the effectiveness evaluation of the DWHR unit.

Input Parameters Unit Value

Mixed water flow rate (qwm) L/min 4, 7, 10
Greywater temperature at the inlet to the DWHR unit (Tdw) ◦C 35, 40

Cold water temperature (Tcw) ◦C 10, 15
DWHR unit bottom slope (i) % 1, 2

Number of baffles — 10, 20
Indoor air temperature (Ti) ◦C 24

Water temperature drop in the shower [32] ◦C 5
Domestic hot water temperature (Thw) ◦C 60

The tests were carried out using the Simex MultiCon CMC-144 data recorder (Simex
Sp. z o.o., Gdansk, Poland), Pt500 resistive temperature sensors, and Sharky 473 ultrasonic
flow meters (Diehl Metering GmbH, Nuremberg, Germany). The accuracy of the measuring
tools is presented in the manufacturers’ data sheets.

2.4. Assessment of Potential Benefits of Equipping the DWHR Unit with Baffles

Based on the results of laboratory tests, it was possible to estimate the potential energy
savings resulting from the installation of the DWHR unit. The paper presents the results of
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the analysis of the most favorable and least favorable operating conditions of a greywater
heat recovery system. Considering that, depending on the type of primary energy carrier
used to heat domestic hot water (natural gas, electricity), the water heater efficiency (η) can
reach different values, the analysis was carried out for η = 0.8–1.0. The energy consumption
to heat the water used during a shower (Chw) was determined on the basis of Equation (2).
The potential energy saving per shower (Es) was calculated as the difference between the
values of Chw for a conventional plumbing system and a system equipped with a DWHR
unit using the following equation:

Chw =
qc·l·cp·ρ·(Thw − T0)

η·3.6·106 , (2)

where Chw is the energy consumption to heat the water used during a shower, kWh; qc
is the flow rate of heated water, determined based on the heat balance equation of the
shower mixing valve, m3/s; l is the shower length, s; cp is the specific heat capacity of water,
J/(kg·K); ρ is the density of water, kg/m3; Thw is the hot water temperature, ◦C; T0 is the
water temperature at the inlet to the DHW heater, equal to the temperature of cold water
(Tcw) in the case of installations without the heat exchanger or the temperature of preheated
water (Tpw) in the case of using the DWHR unit, ◦C.

The determination of the value of Chw formed the basis for estimating the potential
financial savings resulting from the recovery of waste heat from greywater and comparing
carbon dioxide emissions. This analysis was conducted using a three-member family as
a representative sample. This is due to the fact that, according to Statistics Poland [42],
the average number of people living in a household in Poland is less than three. It was
assumed that each individual would use 35 L of water for showering daily [43]. Unit
prices of electricity and natural gas (Ce) were assumed based on data for households in
Rzeszow for 2023. Due to the significant dynamics of the prices of energy carriers, this
analysis was additionally extended by assessing the impact of changes in these prices on
the results. On the other hand, emission factors (Fe) were determined on the basis of [44,45]
for electricity and natural gas, respectively. Annual water heating costs for showering
(AC) were determined on the basis of Equation (3). Annual CO2 emissions resulting from
heating water for showering (AE) were calculated based on Equation (4):

AC = 365·D·Chw·Ce (3)

AE = 365·D·Chw·Fe (4)

where AC is the annual water heating costs, EUR/year; AE is the annual CO2 emissions,
kg/year; D is the number of residents; Ce is the unit price of electricity/natural gas,
EUR/kWh; Fe is the emission factor, kg/kWh.

3. Results
3.1. Assessment of the Effectiveness of the Horizontal DWHR Unit without Baffles

Figure 5 shows how the effectiveness of the tested DWHR unit is shaped in various
operating conditions. The columns in red correspond to the situation where the heat ex-
changer was laid with a slope of 1%. On the other hand, the columns in green represent the
effectiveness of the unit laid with a slope of 2%. The results indicate that the effectiveness
of the DWHR unit increased as the flow rates of water and greywater through the unit
decreased. This confirms the results obtained for other types of horizontal shower heat
exchangers [31,41]. This trend was maintained in all cases, regardless of the slope of the
bottom of the heat exchanger and the temperatures of both media that flowed through
the unit. The effectiveness of the heat exchanger at a flow rate of both media of 4 L/min
exceeded 20% in each case and was in the range of 20.83% to 22.02%. Therefore, it was
lower than the effectiveness of vertical DWHR units, which ranges from 30 to even 75% [28].
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The results for qwm = 10 L/min ranged from 3.21 to 4.18 percentage points lower than for
qwm = 4 L/min, with the highest effectiveness decreases seen when the temperature differ-
ence between water and greywater was the lowest. Considering that many shower heads
have a flow rate of 9–10 L/min, and qwm of 5–7 L/min is only characteristic of water-saving
shower heads or those with a flow limiter installed, improving the effectiveness of this
unit seems to be a necessity. Shower heads with a flow rate of qwm = 4 L/min are not
commercially available. However, it should be noted that, in some residential buildings, es-
pecially multistorey ones, the pressure in the system is not sufficient to provide an outflow
corresponding to the features of the shower head. Considering the potential for energy
recovery and the associated financial savings based solely on the technical data of the
shower head would lead to unreliable results in such a situation.
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Figure 5. Effectiveness of the drain water heat recovery unit without baffles (designations as in
Table 2).

From laboratory results, it can also be concluded that the effectiveness of the DWHR
unit increased as the slope of its bottom increased. However, the results obtained for
i = 2% were only slightly higher than those obtained for i = 1%. The differences reached a
maximum of 0.22 percentage points and, in most cases, were even lower. Based on previous
studies [31], it can be assumed that increasing the slope of the bottom of the heat exchanger
above 2% would result in a further increase in effectiveness. In this case, the increase in
the effectiveness of the heat exchanger results from lowering the greywater fill level in the
unit. As a result, the thickness of the layer of greywater above the copper pipe transporting
heated water, is also reduced. Under such conditions, the process of heat transfer from
greywater to water is more effective. However, it should be borne in mind that reducing
the fill level in the unit too much will result in the excessive reduction of the heat exchange
surface, as a consequence of which the efficiency of the unit will start to decrease. It should
also be noted that the consequence of a too high value of i is an increase in the total height
that must be provided for the installation of the heat exchanger, and this is usually limited.
Furthermore, assuming that the horizontal heat exchanger is to replace a section of the
waste pipe, the slope of its bottom should be adapted to the slope with which the waste
pipe is laid. Therefore, it cannot be indiscriminately increased.

The research also confirmed the trend described in [32,41], which was that the greater
the temperature difference between water and greywater (∆T), the higher the effectiveness
of the DWHR unit. This makes the use of DWHR units especially beneficial in winter, when
the energy demand for heating water is the highest due to the low temperature of cold
water [22]. In the case of the circular heat exchanger, an increase in ∆T from 20 ◦C to 30 ◦C
resulted in an increase in the effectiveness of 0.93–1.73 percentage points. The observed
differences increased with increasing media flow through the heat exchanger. The effect of
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the bottom slope (i) on the unit susceptibility to changes in effectiveness was also observed
depending on the value of ∆T. The increase in i resulted in a slight decrease in the observed
differences in effectiveness of the DWHR unit.

Based on research, it can also be seen that the total amount of energy recovered from
greywater (Es) at a given shower length (l) increases with increasing qwm, although the
effectiveness of the DWHR unit (ε) decreases. This is due to the increase in the volume of the
heat source medium and the volume of the heated water. In the most favorable situation,
during a 10-min shower, the use of the DWHR unit will save between approximately
380 Wh and even more than 800 Wh, respectively, at qwm = 4 L/min and at qwm = 10 L/min.
Figures 6 and 7 show the amount of energy that can be saved during one shower of a given
length. Figure 6 is based on the assumption that i = 2% and ∆T = 30 ◦C. On the other hand,
Figure 7 refers to the situation when i = 1% and ∆T = 20 ◦C. The results confirm that the
operating parameters of the installation and the slope of the DWHR unit bottom have a
significant impact on the amount of energy that can be saved. As a result, these parameters
also determine how large of a reduction in greenhouse gas emissions can be achieved by
the user of a particular type of heat exchanger.
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3.2. Evaluation of the Effectiveness of the DWHR Unit Equipped with Baffles
3.2.1. Preliminary Baffle Models

The analysis of the effectiveness of the horizontal circular DWHR unit confirmed
that the effectiveness of such units is low, which is one of the main reasons for the low
interest in their use. In response to this problem, the paper analyzed the suitability of
equipping the heat exchanger with baffles. Figure 8 shows the results of the effectiveness
analysis of the DWHR unit equipped with the preliminary baffle models. For comparison,
Figure 8 also shows the values of the heat exchanger without baffles. For lower flow rates
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(qwm = 4 L/min and qwm = 7 L/min), the most favorable results were obtained using type
I baffle, with a significant effect of the number of baffles on the results of the analysis.
Equipping the heat exchanger with the maximum possible number of baffles (20) resulted
in an increase in effectiveness from about 4.7 to more than 6 percentage points compared
to the situation shown in Figure 5. This increase ranged from about 23.5% to about 30.5%
of the initial effectiveness of the unit. It should also be noted that the use of type I baffle
proved slightly more beneficial when the heat exchanger was laid with a slope (i) of 2%.
Under the least favorable conditions, the effectiveness of the unit increased by 27.7%. It is
also important that the increases in the effectiveness of the DWHR unit (resulting from its
equipping with type I baffles) were relatively high at the lowest temperature difference ∆T,
i.e., when the effectiveness of the shower heat exchangers was the lowest, as confirmed
by numerous studies [31,32,41]. Under the operating conditions considered for the heat
exchanger, they were approximately 26% for i = 1% and more than 29% for i = 2%.
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(f) type III, 10 baffles (designations as in Table 2).
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Reducing the number of type I baffles that were installed in the DWHR unit to 10, while
keeping the distances between the baffles equal, resulted in a reduction in the effectiveness
of the heat exchanger. When the slope of the bottom of the heat exchanger (i) was 1%, its
effectiveness was only 3–3.5 percentage points higher than that of the exchanger without
baffles. This represents an increase from more than 14% to about 18%. Increasing the slope
of the bottom of the heat exchanger to 2% improved the results by about 0.5 percentage
points compared to when i = 1%. Therefore, the results prove that increasing the number
of baffles installed in horizontal shower heat exchangers is beneficial. However, it should
be noted that the installation of baffles reduces the cross-sectional area of the greywater
section of the DWHR unit. The number of baffles should be adapted to the conditions of
greywater flow through the unit in each case. In a situation where qwm = 10 L/min, the
use of type I baffles resulted in the pressurized operation of the unit. Overloading the
heat exchanger is unacceptable. It should not be forgotten that the primary function of the
internal sewage system is the effective drainage of wastewater generated in the building,
and this function cannot be disturbed. Therefore, type I baffles can only be used when
water-saving shower heads are used. It is also impossible to use them when the source of
energy is greywater discharged from more than one sanitary appliance.

The best results for qwm = 10 L/min were obtained in this stage of the study when
type II baffles were used. Again, increasing the number of baffles allowed for better results.
Doubling the number of baffles resulted in an increase in the unit effectiveness by at least
1.25 percentage points. However, it should be noted that the increases in the effectiveness
of the DWHR unit in relation to the effectiveness of the unit without baffles were definitely
lower than in the case of type I baffles. In the most favorable case (20 baffles, i = 2%,
∆T = 20 ◦C), they did not exceed 21%. The trend regarding the effect of the flow rate (qwm)
on the effectiveness of the DWHR unit was also confirmed. Although the use of type
II baffles proved to be the best option for qwm = 10 L/min, the effectiveness of the heat
exchanger (ε) at flow rates of 4 L/min and 7 L/min was higher than for qwm = 10 L/min.

In addition, research has shown that the use of baffles does not always guarantee an
increase in the effectiveness of the DWHR unit. The use of type III baffles increased the
effectiveness of the heat exchanger only at lower flows. When qwm = 10 L/min, the results
were comparable to those for the DWHR unit without baffles and, in some cases, even
lower. This problem was particularly evident when the unit was laid with a slope of i = 1%
and was equipped with a large number of baffles. The most likely reason for this is that the
cross-sectional area of the greywater section of the heat exchanger is too limited in its lower
part. As a consequence, most of the warm greywater, especially at high flow rates, flows
above the pipe carrying the heated water. Therefore, baffles cannot be installed in heat
exchangers indiscriminately, without prior analysis of the hydraulic conditions in the unit.

3.2.2. Modified Baffle Models

In the next stage of the research, the validity of equipping the heat exchanger with
modified baffle models was analyzed. It can be seen from Figure 9 that its use allowed us
to improve the results obtained in the previous stage of the research. As in the case of type
I–III baffles, it was not possible to indicate one specific baffle model, the use of which would
allow obtaining the most favorable results under all conditions. Equipping the DWHR unit
with type IV baffles guaranteed an increase in effectiveness of up to 9.5 percentage points
(more than 40%) at a flow rate of qwm = 4 L/min. As with other baffle models, the highest
increases were obtained for i = 2% and the maximum possible number of baffles. When
using 10 baffles spaced at fixed distances, the highest recorded effectiveness increases in
relation to the DWHR unit without baffles did not exceed 7 percentage points (above 30%).
The effect of the number of baffles on the dependence of the heat exchanger effectiveness
on the slope of its bottom (i) was also noticed. For a lower number of baffles, this influence
was slightly less significant.

Type IV baffles turned out to be the most attractive option for water-saving shower
heads with a flow rate of qwm = 7 L/min. However, the reported increases in the effective-
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ness of the DWHR unit were not as high as for qwm = 4 L/min. If 20 baffles are installed, they
do not reach 7 percentage points, whereas with 10 baffles, they do not exceed 5 percentage
points. It is worth noting that not only the absolute increases in effectiveness were lower
than for qwm = 4 L/min. When analyzing the percentage increases in relation to the DWHR
unit without baffles, it can be seen that they ranged from about 30% to almost 37% when
20 baffles were installed and from about 22% to almost 27% for 10 baffles.
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Figure 9. The effectiveness of the DWHR unit equipped with modified baffle models: (a) type IV,
20 baffles; (b) type IV, 10 baffles; (c) type V, 20 baffles; (d) type V, 10 baffles; (e) type VI, 20 baffles;
(f) type VI, 10 baffles (designations as in Table 2).

Due to the significant reduction in the cross-sectional area, as in the case of type I baffles,
increasing the flow rate of greywater through the heat exchanger resulted in its pressurized
operation. Therefore, these baffles can also be used only for water-saving installations.

When type V baffles were used, less satisfactory results were obtained than for type
IV baffles, but they were more favorable than for type I baffles. On the contrary, the
effectiveness of the heat exchanger equipped with type VI baffles was comparable to that
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obtained in the first stage of the study for type I baffles. This indicates that the length
of the internal part of the baffle can have a significant impact on the validity of its use.
Furthermore, the study confirmed that regardless of the baffle geometry, there is a clear
effect of the flow rate of water and greywater through the heat exchanger on its effectiveness.
In each case, an increase in the value of qwm resulted in a decrease in the temperature of the
preheated water at the outlet of the heat exchanger.

In installations equipped with shower heads with a flow rate (qwm) of 10 L/min, only
those baffles could be considered, the installation of which did not result in the excessive
reduction of the cross-section of the greywater section of the DWHR unit. For modified
baffle models, the choice was limited to type V and VI baffles. Slightly better results were
obtained for type V baffles. In such a situation, their use guarantees an increase in the
effectiveness of the DWHR unit by even more than 5 percentage points (i = 2%, 20 baffles),
which corresponds to an increase of more than 30%. Equipping the heat exchanger with
10 type V baffles allowed it to increase its effectiveness by approximately 2 to more than
3 percentage points, depending on the slope of its bottom (i) and the temperatures of the
media flowing through the unit. The results obtained with the use of type VI baffles were
somewhat less satisfactory.

As part of the research, the uncertainty of the measurements was also analyzed.
Figures 10 and 11 present the results obtained with the use of the most favorable baffle
models during three measurement series. The length of each series was 15 min. These
results confirm the repeatability of experimental results and prove that the heat exchanger
will work stably even during long-term water intake from the shower head.
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3.3. Evaluation of the Potential Benefits of the DWHR Unit and Its Equipping with Baffles
3.3.1. Energy Savings

The research also determined the amount of energy that could be recovered (Es)
during a shower of a certain length (l). Figures 12 and 13 show the results determined
under the assumption that the instantaneous DHW heater worked with the heat exchanger
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equipped with 20 baffles. The figures show the most advantageous solution under the
given conditions. Therefore, the plots relating to the flow rates (qwm) of 4 L/min and
7 L/min assumed that the DWHR unit was equipped with type IV baffles. For the flow rate
of qwm = 10 L/min, the results for type V baffles were based on. Similarly to the DWHR
unit without baffles, the two most extreme cases were depicted. The results confirmed
that the temperatures of the media flowing through the heat exchanger and the slope of its
bottom have a significant impact on the energy savings resulting from the application of
the greywater heat recovery system. The higher the water flow rate from the shower head,
the greater the differences in the effects, which is related to both an increase in mixed water
consumption and a decrease in the effectiveness of the DWHR unit.
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3.3.2. Financial Savings

Based on the calculations, it was also possible to determine the possible financial and
environmental benefits of using the DWHR unit on the shower waste pipe. Figures 14 and 15
show the theoretical annual water heating costs for a family of three. The plots considered
the use of the DWHR unit with and without baffles, as well as the lack of a greywater heat
recovery system. All results were estimated assuming the shower water consumption of 35 L
per person per day. The findings presented in the surface plots indicate that the amount of
fees incurred to heat water for showering is primarily determined by the type of domestic
hot water heater (WH). If an electric hot water heater (EWH) is used, the annual cost of
heating water is approximately EUR 240 to EUR 425 depending on the mixed and cold water
temperatures and the effectiveness of the unit. An increase in the temperature difference
(∆T) by 10 ◦C results in an increase in the annual water heating costs (AC) by almost 40%.
On the other hand, the use of a low-efficiency water heater (η = 80%) can increase these
costs by 25%. The cold water temperature depends on the season and the climatic zone and
cannot be influenced by the user. However, the user has influence on the temperature of
the water delivered to the WH. Preheating water with the use of the DWHR unit without
baffles can reduce the cost of heating water for showering by several percent. The use of
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the heat exchanger equipped with baffles saves approximately 17% (for qwm = 10 L/min and
∆T = 20 ◦C) to more than 27% (for qwm = 4 L/min and ∆T = 30 ◦C) of the expenses incurred
for this purpose. If an electric water heater is used, a family of three can expect to save up
to EUR 115 per year. Assuming constant water consumption per person, regardless of the
characteristics of the shower head, the most significant financial savings can be made when
the WH efficiency (η) and the mixed water flow rate (qwm) are the lowest of those analyzed,
while ∆T is the highest. This is because, in such conditions, both the energy usage for water
heating and the effectiveness of the heat exchanger are the highest.
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When using a gas water heater, the projected financial savings were not as satisfactory.
An average family can expect to save a maximum of EUR 22 and EUR 36 per year, for ∆
T = 20 ◦C and ∆T = 30 ◦C, respectively. If the DWHR unit without baffles is used, the
projected savings are a few to several euros lower. When analyzing the calculation results,
it can also be seen that, in the case of gas water heaters (GWHs), the impact of the heater
efficiency on the projected financial savings expressed in euros is clearly lower than for
EWHs. This is due to the fact that, in the current year, the unit price of natural gas for
households in Poland is about three times lower than that of electricity. However, it should
be noted that natural gas prices are currently frozen in Poland. Starting in 2024, a significant
increase is expected as a result of the government’s energy strategy [46]. Its amount will
depend on the market situation. Therefore, it may turn out that the financial benefits
resulting from the cooperation of the DWHR unit with GWH will be significantly higher.

To estimate the impact of changes in energy price on potential annual financial savings,
it was further analyzed how these savings (∆AC) would be affected by a change in the unit
energy price between −50% and +50%. Figure 16 shows the results for the DWHR unit
with baffles for both above cases, assuming a daily water usage for showering of 35 L per
person. The analysis was carried out assuming that η = 0.98 and η = 0.82, for EWH and
GWH, respectively.
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resulting from the use of the DWHR unit with baffles: (a) ∆T = 30 ◦C and i = 2%; (b) ∆T = 20 ◦C
and i = 1% (EWH, electric water heater; GWH, gas water heater; ∆AC, annual financial savings,
EUR/year; other designations as in Figure 6).

The results showed that the unit energy price has a significant impact on projected
annual financial savings (∆AC). Higher differences were observed for electricity, which is
a consequence of the higher base price of this energy carrier. When analyzing different
values of qwm, it can be seen that the highest changes in ∆AC values were observed for
qwm = 4 L/min. This is due to the fact that, with a constant daily water consumption for
showering, the lower the mixed water flow rate from the shower head, the higher the
base value of this parameter (∆AC). As mentioned earlier, this is related to the higher
effectiveness of the heat exchanger at lower water and greywater flow rates through this
unit. As qwm increased, the impact of the change in energy unit price was reduced. However,
it should be noted that, even for qwm = 10 L/min, changes in annual financial savings of
several tens of euros can be expected. In the case of GWH, the change in ∆AC should not
exceed a dozen euros. It should also be noted that for both energy carriers, the greater
the temperature difference between greywater and cold water, the greater the impact of
their price changes on the potential annual financial savings. Again, this is due to the fact
that the effectiveness of the heat exchanger increased with the increase of ∆T. It should
be noted that the relationships presented in Figure 16 are linear. Therefore, the absolute
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change in ∆AC is the same for both an increase and a decrease in the energy price by a
given percentage. However, considering that household energy prices have gradually
increased in recent years, one can also expect a significant increase in the projected financial
savings arising from the use of the DWHR unit. The higher these increases are, the higher
the financial efficiency of the heat exchanger under the given operational circumstances.

3.3.3. Environmental Impact

The recovery of heat from greywater also has an influence on the environment. Re-
ducing the energy usage for water heating not only diminishes the expenses for energy
supply, but the utilization of fossil fuels and the release of their combustion products
into the atmosphere are also reduced. Figures 17 and 18 show the annual CO2 emissions
determined for the above cases. The figures show that, in the case of using EWH, heating
water for showering for an average Polish family can generate emissions of more than
1000 kg of CO2 per year. On the scale of the entire estate, city, or province, these will be
gigantic values. Such high CO2 emissions result, in this case, from the fact that the decrease
in emissions of fuel combustion products is very slow in Poland. Data presented in [47]
indicate that Poland is the leader in CO2 emitted per kilowatt-hour of electricity in the
entire European Union. This is another factor that supports the need to take measures to
reduce electricity consumption. The use of the DWHR unit without baffles guarantees, for
an average Polish family, a reduction in CO2 emissions of between approximately 105 kg
(for i = 1% and ∆T = 20 ◦C) and 260 kg (for i = 2% and ∆T = 30 ◦C) per year. When the heat
exchanger is equipped with baffles, this reduction can reach 130 kg to even 370 kg of CO2
per year, which can be as much as 27% of the initial emission.

Energies 2023, 16, x FOR PEER REVIEW 19 of 26 
 

 

3.3.3. Environmental Impact 
The recovery of heat from greywater also has an influence on the environment. 

Reducing the energy usage for water heating not only diminishes the expenses for energy 
supply, but the utilization of fossil fuels and the release of their combustion products into 
the atmosphere are also reduced. Figures 17 and 18 show the annual CO2 emissions 
determined for the above cases. The figures show that, in the case of using EWH, heating 
water for showering for an average Polish family can generate emissions of more than 
1000 kg of CO2 per year. On the scale of the entire estate, city, or province, these will be 
gigantic values. Such high CO2 emissions result, in this case, from the fact that the decrease 
in emissions of fuel combustion products is very slow in Poland. Data presented in [47] 
indicate that Poland is the leader in CO2 emitted per kilowatt-hour of electricity in the 
entire European Union. This is another factor that supports the need to take measures to 
reduce electricity consumption. The use of the DWHR unit without baffles guarantees, for 
an average Polish family, a reduction in CO2 emissions of between approximately 105 kg 
(for i = 1% and ΔT = 20 °C) and 260 kg (for i = 2% and ΔT = 30 °C) per year. When the heat 
exchanger is equipped with baffles, this reduction can reach 130 kg to even 370 kg of CO2 
per year, which can be as much as 27% of the initial emission. 

When GWH is used, the emission is considerably lower and, for an average family, 
should not exceed 400 kg CO2 per year. In such a situation, the use of the DWHR unit with 
baffles reduces CO2 emissions by less than 40 kg to a maximum of 110 kg. These are 
definitely lower values than those in the case of heating water with electricity. However, 
it should be borne in mind that one of the objectives of the European Union is to reduce 
carbon dioxide emissions from fossil fuel sources installed in buildings, and natural gas 
is undoubtedly one of such sources. 

 
Figure 17. Annual CO2 emissions resulting from heating water for showering for ΔT = 30 °C and i = 
2%: AE, annual CO2 emissions (other designations as in Figure 14). 

Figure 17. Annual CO2 emissions resulting from heating water for showering for ∆T = 30 ◦C and
i = 2%: AE, annual CO2 emissions (other designations as in Figure 14).

When GWH is used, the emission is considerably lower and, for an average family,
should not exceed 400 kg CO2 per year. In such a situation, the use of the DWHR unit
with baffles reduces CO2 emissions by less than 40 kg to a maximum of 110 kg. These are
definitely lower values than those in the case of heating water with electricity. However,
it should be borne in mind that one of the objectives of the European Union is to reduce
carbon dioxide emissions from fossil fuel sources installed in buildings, and natural gas is
undoubtedly one of such sources.
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4. Discussion

This research resulted from the need to develop clean technologies using alternative
energy sources, including waste energy from wastewater. They were also a response to
rising energy prices [48], climate change caused by greenhouse gas emissions [49], and
the need to increase the competitiveness of clean technologies [50]. It is worth noting
that, in January 2023 alone, more than 18,000 new apartments were commissioned in
Poland [51]. The housing stock in this country amounts to more than 15 million flats [42].
In some European countries, such as Germany, France, Spain, or the United Kingdom,
the stock is even higher. In Germany, for example, they exceed 43 million [52]. To this
should also be added other facilities where domestic hot water is used, such as hotels,
sanatoriums, hospitals, and sports facilities. All of these facilities are potential application
sites for DWHR units. Considering that the use of greywater energy is undoubtedly an
environmentally friendly technology, DWHR systems should be used on a large scale in all
these buildings. Such an approach would reduce the consumption of fossil fuels and, as
a result, also significantly reduce the dust and gas emissions from their combustion. Its
long-term result would be an improvement in the quality of atmospheric air. Therefore,
greywater heat recovery is a future-proof solution that will certainly gain popularity in the
coming years.

As mentioned in the Introduction, the most efficient type of shower heat exchangers
are vertical DWHR units. However, in many cases, their application is not possible,
especially in existing facilities [40]. In such a situation, the most rational solution seems
to be the application of horizontal DWHR units, whose effectiveness, however, is not
satisfactory. Research has shown that equipping the horizontal circular heat exchanger
with elements that increase the turbulent flow of greywater allows for a significant increase
in its effectiveness. In the analyzed case, the use of baffles resulted in an increase in the
unit effectiveness from several to as much as 40% compared to the heat exchanger without
baffles. The highest increases were observed at the lowest flow rates of water and greywater
through the DWHR unit and the unit bottom slope of i = 2%. However, the amount of
energy that can be saved, and consequently also the expected reduction in emissions of
fossil fuel combustion products, depends not only on the effectiveness of the heat exchanger
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but also on the consumption of water for showering. Studies have shown that, with an
increase in the mixed water flow rate from the shower head (qwm), at a certain shower
length (l), the amount of energy that can be saved increases, although the effectiveness
of the heat exchanger decreases. This confirms the results obtained by Piotrowska and
Słyś [41] for another type of shower heat exchanger. Therefore, the greatest benefits from
the installation of the DWHR unit are to be expected in installations where shower heads
with a high flow rate (qwm) are used. However, considering that water resources in Poland
are among the lowest in Europe [53], and the global water deficit can double between
2010 and 2050 [54], greywater energy recovery cannot be implemented without concern
for water resources. Implementing selected sustainable development goals (SDGs) [55],
such as SDG 7 (“Affordable and clean energy”) or SDG 13 (“Climate action”), does not
release responsibility for the other goals. This is especially true for SDG 6, which aims to
ensure access to clean water for all people on Earth. It should also be noted that water is
needed at all stages of energy production. Therefore, priority should be given to reducing
water consumption for showering by installing flow limiters, replacing shower heads, or
simply shortening the length of the shower. Reducing the consumption of DHW is the
easiest way to reduce the energy used to heat water. As a result, not only will the costs of
water heating be reduced but also the fees incurred for water supply and sewage disposal.
It is only when water-saving fittings are used that energy recovery from greywater can be
considered a priority.

The reduction in energy consumption for water heating, resulting from the recovery
of heat carried by greywater, can contribute to the reduction in the costs incurred to
supply the building with energy. The amount of expected savings is primarily dependent
on the unit price of the energy carrier used to heat water. For this reason, particularly
beneficial financial effects can be expected when EWH is used to heat water. Considering
that further increases in the price of electricity are forecasted for the coming years [56],
the installation of the DWHR unit and equipping it with appropriate baffle models will
certainly contribute to improving the budgets of households. The cost effectiveness of
the system in the coming years will also be influenced by the purchase price of the heat
exchanger and baffles, as well as the costs of their installation. However, considering
that polylactide is relatively inexpensive compared to copper, from which the DWHR
unit is made, and that the installation of the baffles appears to be trouble-free and does
not require specialized technical facilities, equipping the heat exchanger with baffles will
certainly prove profitable. If DHW is prepared with the use of GWH, the expected financial
savings are not so satisfactory. However, it should be considered that the relatively low
price of natural gas for Polish households is the result of top-down regulations and price
freezes. Next year, a significant increase in the prices of this energy carrier is expected,
which will be a consequence of the energy strategy adopted by the government [46]. The
European Commission also forecasts an increase in gas prices until 2050 [56]. Therefore,
there is a good chance that the actual financial savings will be significantly higher than
those indicated in the analysis.

An additional effect of the DWHR unit, especially the one equipped with baffles,
will be to reduce the negative environmental impact of burning fossil fuels. The use of
systems aimed at reducing energy consumption and protecting the state of the atmosphere
is recommended for all countries. However, in the case of Poland, this issue is of particular
importance, as this country is the leader in CO2 emitted per kilowatt-hour of electricity
in the entire European Union. It is also at the forefront of countries characterized by the
highest total power sector emissions in the European Union. Approximately twice as many
emissions are generated only by Germany [57]. Next in line are Italy, Spain, and the Czech
Republic [57]. Despite the measures taken in recent years to reduce CO2 emissions, there is
still much to be conducted in most countries around the world. Therefore, it is important
to develop and implement energy saving technologies that exert a positive influence on the
climate of our planet.
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The most likely recipients of the research results are companies interested in intro-
ducing new devices and technologies to the market. In the case of the horizontal circular
DWHR unit, installation works involving the assembly of baffles can be carried out without
specialist technical support. As a result, the effectiveness of the unit can be improved even
by small companies in the construction and sanitary sectors. It should be noted that the
cost of producing the baffles is relatively low compared to the price of the heat exchanger,
which is mainly due to the materials used. Considering that equipping the DWHR unit
with baffles can guarantee an increase in its effectiveness of up to 40%, it can be assumed
that this is a solution for reducing the costs incurred to supply the building with energy.
In addition, it can be applied to both new and existing units. When using the horizontal
heat exchanger, interference with the existing building structure is limited to a minimum.
Therefore, actions aimed at improving its effectiveness and, as a result, also the comfort
and safety of using a domestic hot water installation [58] should be considered reasonable.

It should be noted that the research certainly does not exhaust the issue of improving
the effectiveness of the horizontal heat exchangers and does not fully solve the problem. Baf-
fle models I–VI were developed with the assumption of minimizing the risk of suspension
deposition during the greywater flow. For this reason, elements that would cause a sharp
change in the direction of the greywater flow were not considered in the baffle designs.
However, thus far, no studies have been conducted to assess the impact of contaminants
present in greywater [30,59] on the effectiveness of the horizontal DWHR units equipped
with baffles, and such studies are undoubtedly needed. During long-term use, it may
be necessary to periodically clean the unit. If systematic cleaning of the heat exchangers
becomes a routine, it may be reasonable to introduce modifications to the described baffle
models, as a result of which the effectiveness of the horizontal DWHR units equipped with
baffles will increase.

The limitation of the research is also the lack of consideration of heat exchangers with
a different geometry. Changing the cross-section of the unit would certainly affect both
the effectiveness of the heat exchanger and the possibility of its improvement as a result
of installing a particular type of baffle. The study focused on the unit whose external
dimension corresponded to the standard diameter of the shower waste pipe. If the heat
source was to be greywater from more sanitary appliances, it would certainly be necessary
to use a DWHR unit with a greater capacity. Therefore, further research will focus on
assessing the potential for improving the effectiveness of horizontal heat exchangers with
other geometries. DWHR units with different designs will also be considered. Greater
emphasis will also be placed on the use of different materials that are not a burden on the
environment at the end of the system’s lifetime.

5. Conclusions

An analysis of the possibility of improving the effectiveness of the horizontal circular
DWHR unit by using baffles in the greywater section of the heat exchanger allowed the
following findings to be drawn:

• The application of both the DWHR unit without baffles and the heat exchanger
equipped with baffles allowed for the recovery of a significant amount of energy
contained in greywater. However, the effectiveness of the DWHR unit with baffles
was greater by several to even 40% compared to the basic unit.

• The choice of the baffle model should take into account the hydraulic conditions in
the heat exchanger prior to baffle installation, to avoid the pressurized operation of
the unit.

• In each case, the greater the temperature difference between the warm greywater and
cold water, the higher the effectiveness of the heat exchanger.

• The effectiveness of the DWHR unit rises as the mixed water flow rate from the shower
head drops. However, the amount of energy that can be saved is also conditioned by
the volume of water used.
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• The greatest financial savings resulting from equipping the DWHR unit with baffles
were visible when the DHW was prepared with the use of EWH.

• The potential reduction in CO2 emissions, resulting from the application of the grey-
water heat recovery system, is the greatest when water is heated in an electrically
powered device.

Future research ought to concentrate on assessing the potential for enhancing the
effectiveness of horizontal DWHR units with other designs. Particular attention should
be paid to the systems that can be used when greywater is discharged from a group of
sanitary appliances. Units suitable for installation with water-efficient taps should also be
considered, as saving water is as important as reducing energy consumption for its heating.
Regardless of the research that is being carried out to improve the effectiveness of DWHR
units, measures should be taken to educate the public and improve their environmental
awareness. Despite the fact that wastewater is no longer perceived as waste, many potential
users still have concerns about the use of DWHR units. These fears result from both the
lack of knowledge in the field of greywater heat recovery and the relatively high costs
of purchasing DWHR units. For this reason, it is necessary to implement promotional
campaigns and programs that subsidize the purchase of these units. Only such an approach
will allow the full benefits of their implementation to be reaped.

6. Patents

The presented solution was applied to the Patent Office of the Republic of Poland on
30 November 2022 with the number P.443001.
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