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Abstract: Wastewater has significant potential as a source of clean energy. This energy can be used
both within external sewer networks and on the scale of individual residential buildings, and the use
of shower heat exchangers appears to be the most reasonable solution. However, in the case of Poland,
the problem is still the unwillingness of society to use this type of solution, caused mainly by the lack
of space for the installation of vertical drain water heat recovery (DWHR) units and the low efficiency
of horizontal units. In response to this issue, the efficiency of a new compact shower heat exchanger
designed to be mounted below the shower tray, as well as its linear counterpart, was investigated
under various operating conditions. In addition, the financial efficiency of using the compact DWHR
unit with average water consumption for showering was evaluated. For this purpose, discount
methods were used to estimate the financial efficiency of investments. The study showed that the
compact shower heat exchanger has higher efficiency than its linear counterpart. Depending on the
temperature of cold water and the flow rate of both media through the heat exchanger, it achieves
efficiencies ranging from 22.43% to 31.82%, while the efficiency of the linear DWHR unit did not
exceed 23.03% in the study. The financial analysis showed that its use is particularly beneficial
when the building uses an electric hot water heater. The investment’s sensitivity to changes in the
independent variables is small in this case, even with low water consumption per shower. The only
exceptions are investment outlays. Therefore, the compact DWHR unit is a clean energy device,
which in many cases is financially viable.

Keywords: drain water heat recovery (DWHR) unit; heat exchanger efficiency; discounted payback
period (DPP); internal rate of return (IRR); net present value (NPV); profitability index (PI)

1. Introduction

The need to manage wastewater raises many problems due to its significant pollution
and the need to remove harmful substances [1,2]. However, wastewater should not be
viewed solely as a problem because it is rich in valuable resources that can be recovered [3,4].
The recovery of resources from wastewater can offset freshwater abstraction and fertilizer
production [5,6]. Nagpal et al. [7] and Sitzenfrei et al. [8] further point out the significant
potential of this resource as a clean energy source usable at the scale of individual buildings
as well as large communities and neighborhoods. Buildings mainly use heat exchangers
mounted on the outlet of warm drain water [9]. This solution can be used in both residential
and industrial facilities [10]. For larger amounts of wastewater, a heat pump application is
necessary [11]. The lower source of energy for this device can be greywater [12], raw sewage
transported by sewage collectors and flowing through the technological facilities of the
sewage treatment plant [13,14], as well as treated sewage flowing towards the receiver [15].
Industrial wastewater can also be used as a heat source [16]. For example, Reiners et al. [17]
analyzed the efficiency of a heat pump using wastewater from the coal mining industry in
ultra-low-temperature district heating systems. On the other hand, Kannoh [18] used an
adsorption heat pump to recover energy from the wastewater from dyeing processes.
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Economically, the most rational solution is to implement small-scale drain water heat
recovery systems [19]. Research shows that if the recovered energy is used to preheat water
in a residential building, the return on investment can be achieved after only two years [20].
However, much depends on the type of building [21], the tap fittings used [22], the method
for recovering the heat deposited in the drain water [23], and the price of the primary
energy source [24]. The amount of drain water used as a heat source is also important. The
simplest and most popular solution is the use of shower heat exchangers [25,26]. However,
there are known cases where the source of waste energy is the drain water discharged
from a larger number of sanitary facilities [27,28]. All this means that the expected payback
period can vary over a wide range. Under unfavorable circumstances, it may even exceed
the technical lifetime of the heat recovery system [29], which discourages potential users
from implementing such solutions.

However, risk accompanies each investment and only a few of them contribute to
environmental protection. The application of drain water heat exchangers, unlike other
ways of using waste heat (e.g., by means of heat pumps [30,31]), leads to a reduction in
fossil fuel consumption without the need for external energy. This is important, as the
share of water heating in total energy consumption in buildings has increased significantly
in recent years [32]. The use of drain water heat recovery units also contributes to a
significant reduction in carbon dioxide emissions, as well as other harmful products of
fuel combustion [33,34]. As a result, drain water heat recovery systems are increasingly
being used as part of sustainable [35] and energy-efficient [36] construction. They are
also used in smart homes [37], and their implementation can contribute to improving the
safety of the domestic hot water supply to the shower system [38]. It is worth noting
that systems dedicated to drain water heat recovery can be successfully applied together
with other environmentally friendly water- and energy-saving solutions [39]. Therefore,
considering that the water–energy–waste nexus approach has been gaining importance in
recent years [40–42], the application potential of drain water heat recovery systems also
increases. An additional incentive for their application may also be the need to switch to
low-temperature district heating systems [43]. However, in the case of Poland, the problem
remains the reluctance of society to apply this type of solution. An earlier study by the
authors [44] showed that shower heat exchangers are not currently used in residential
buildings in Poland, despite the fact that the availability of such products on the market
is increasing. Additionally, only a few percent of Polish society expresses a definite wish
to have such a device in the building where they currently live. It is caused by the lack of
space to install highly efficient vertical heat exchanger and the low efficiency and often
high price of horizontal units. Therefore, one should not expect a sudden increase in the
implementation of shower heat exchangers in the near future, especially since studies on
the attitudes of Europeans towards the use of greywater indicate a clear lack of acceptance
for this medium [45]. Therefore, it is necessary to find an optimal design of horizontal
shower heat exchangers and to promote them as devices to increase the comfort and safety
of showering with limited space requirements. The possibilities to increase the use of
alternative energy sources are determined by the scope of innovations [46], and reducing
energy consumption in a building cannot be done without considering the comfort of its
users [47].

The purpose of the paper is to present the results of research on the efficiency evalua-
tion of a new compact shower heat exchanger solution under various operating conditions.
The assumption in designing the device was to minimize manufacturing costs and limit
interference in the existing plumbing system. As part of the research, prototypes of the
above-mentioned device and a simple linear heat exchanger with identical cross section
and length were made (Figure 1). Then, both devices were tested under established labo-
ratory conditions and the efficiencies of both devices were compared. Potential financial
savings resulting from the installation of the compact unit on the shower drain were also
determined, as financial efficiency is one of the main determinants of the implementation
of a given solution. The analysis was carried out with the assumption that all the water
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used for showering will be preheated in the heat exchanger. The investigated devices are
interchangeably referred to in the paper as shower heat exchangers and drain water heat
recovery (DWHR) units.
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Figure 1. Tested shower heat exchangers: (a) compact DWHR unit; (b) linear DWHR unit.

2. Materials and Methods
2.1. Characteristics of the Tested Shower Heat Exchangers

The application of DWHR units allows the heat deposited in drain water to be recov-
ered to preheat water used in the shower. There are currently many types of shower heat
exchangers available on the world and European markets, differing in design, direction of
water and drain water flow, as well as space requirements. Depending on the operating
conditions of the shower system, the type of heat source and the distance between the
various components of the plumbing system, the preheated water discharged from the
DWHR unit can be fed to the domestic hot water heater, the shower mixing valve, or both.
The option of supplying preheated water to both the domestic hot water heater and the
shower mixing valve is considered to be the most beneficial [48]. This is due to the largest
volume of heated water compared to other solutions. Therefore, the tests were carried out
for this configuration of the heat recovery system. However, the DWHR units used should
have a compact design, allowing them to be installed in virtually any condition. Also, they
should be as efficient as possible at a relatively low price.

The research involved evaluating the efficiency of two prototypes of shower heat
exchangers. The prototype of the compact horizontal DWHR unit with a rectangular cross
section consists of six sections with a total length of 1.5 m, arranged in series with a constant
slope of 2%. The geometry of the unit was adapted to the size of the space available below
the shower tray (Figure 2a). For comparative purposes, a solution that was to be used as
part of the waste pipe, having a linear form, was also analyzed (Figure 2b). Its length and
cross section are analogous to the previous DWHR unit. However, due to the location, it is
possible to install the device with different slopes adapted to the slope of the waste pipe.
In the study, the efficiency of the linear DWHR unit was analyzed with slopes (i) ranging
from 0 to 6%.
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Energies 2022, 15, x FOR PEER REVIEW 4 of 23 
 

 

 
 

(a) 

 
 

(b) 

Figure 2. Location of the tested shower heat exchangers (1—drain water inlet; 2—drain water out-
let; 3—cold water inlet; 4—preheated water outlet): (a) compact DWHR unit; (b) linear DWHR unit. 

 
Figure 3. Research plan. Figure 3. Research plan.



Energies 2022, 15, 4829 5 of 22

2.2. Assessment of the Efficiency of Shower Heat Exchangers

To determine the efficiency of the tested shower heat exchangers, the well-known
Equation (1) was used, based on the results of the temperature measurements of the media
at the input and output of the device.

ε =
Tdw − Tcdw
Tdw − Tcw

·100 , (1)

where: ε—DWHR unit effectiveness; Tdw—drain water temperature at the inlet to the
DWHR unit, ◦C; Tcw—cold water temperature, ◦C; Tcdw—drain water temperature at the
outlet of the DWHR unit, ◦C.

The media temperatures at the input and output of the heat exchanger were measured
at different flow rates of mixed water from the shower head. The influence of the temper-
ature difference between the heat-transferring drain water and the heated water on the
efficiency of the heat exchanger was also investigated. Table 1 shows the assumed values
of the input parameters. A tolerance of ±0.1 ◦C was adopted.

Table 1. Assumed values of the input parameters for the efficiency analysis of shower heat exchangers.

Input Parameters Unit Value

Mixed water flow rate (qmw) L/min 4, 5, 6, 7, 8, 9, 10
Mixed water temperature (Tmw) ◦C 40

Hot water temperature (Thw) ◦C 55
Cold water temperature (Tcw) ◦C 10, 12, 14, 16, 18

Water temperature drop in the shower (∆Ts) [26] ◦C 5
Drain water temperature (Tdw) ◦C 35

Indoor air temperature (Ti) ◦C 24
Linear DWHR unit bottom slope (i) % 0, 0.5, 1, 2, 3, 4, 6

The Simex MultiCon CMC-144 data recorder was used to record and control the output
parameters during the experimental tests. Temperatures of water and drain water were
measured using Pt500 resistive temperature sensors. The measurement of the media flow
rates was carried out with the use of Sharky 473 ultrasonic flow meters. The accuracy of
individual devices is specified in their data sheets.

2.3. Financial Analysis of the Compact Shower Heat Exchanger Application

An analysis of the profitability of the compact shower heat exchanger was carried out
under different operating conditions based on the results of net present value (NPV) and
profitability index (PI) calculations. The discounted payback period (DPP) and the internal
rate of return (IRR) were also determined. These indices are often used to evaluate projects
in the broadly defined energy sector [49,50].

The net present value is an indicator that measures the difference between the dis-
counted income of a project and the discounted expenses incurred for that project [51].
In the case of drain water heat recovery systems, revenues are the savings achieved by
reducing energy consumption for domestic hot water heating. The expenses are the costs
of purchasing and installing the shower heat exchanger. The investment can only be
considered profitable if NPV > 0. The NPV can be determined from Equation (2).

NPV = −INV + ∑n
t=1

CFt

(1 + r)t , (2)

where: NPV—net present value, €; INV—initial investment, €; CFt—financial savings
forecast for a given year t, €; r—discount rate, -; n—number of years of system operation,
years.

Another of the indicators used, the profitability index, can be defined as the ratio of
the present value of future financial flows to initial investment outlays [51]. The project can
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be considered profitable when PI > 1. The higher the value of PI, which can be determined
based on Equation (3), the higher the financial benefits achieved.

PI =
∑n

t=1
CFt

(1+r)t

INV
=

NPV + INV
INV

, (3)

where: PI—profitability index, -.
Based on the calculated present value of future financial flows and the known amount

of investment outlays, the discounted payback period was also determined. This is the
number of years after which the projected discounted income from the project will exceed
the investment outlays [52]. The length of the discounted payback period can be determined
when the project turns out to be profitable. Equation (4) is used for this purpose.

DPP = Y +
|NPVY|·(1 + r)Y+1

CFY+1
, (4)

where: DPP—discounted payback period, years; Y—number of complete years before full
payback; |NPVY|—unrecovered expenditures at the end of year Y, €; CFY+1—financial
savings forecast for a year (Y+1), €.

The internal rate of return is the value of the discount rate at which the present value
of future net cash flows from the investment project compensates the initial investment
outlays [51]. In other words, if r = IRR, NPV = 0. The approximate value of IRR can be
determined from Equation (5).

IRR = r1 +
NPV1·(r2 − r1)

NPV1 + |NPV2|
, (5)

where: IRR—internal rate of return, %; r1—the discount rate for which NPV > 0 (close to
zero), %; r2—the discount rate for which NPV < 0 (close to zero), %; NPV1—the net present
value determined on the basis of r1; NPV2—the net present value determined on the basis
of r2.

The analysis was performed for a compact shower heat exchanger dedicated for use
below the shower tray. This is due to the fact that the application of this solution allows
for greater energy savings and its installation is cheaper and easier. To determine the
trend of changes in investment profitability when changing the water flow rate from the
shower head (qmw), the analysis was carried out for three values of qmw. The assumed
values correspond to the minimum, average, and maximum flow rates among those for
which laboratory tests were conducted. The assumed minimum value of the mixed water
flow rate (qmw = 4 L/min) is slightly lower than the flow rate characteristic of the water-
saving shower heads and faucets with flow limiters, where qmw ≥ 5 L/min. However,
measurements carried out in dwellings of multi-story buildings have shown that the water
pressure in the system is sometimes insufficient to ensure the flow rate corresponding to
the characteristics of the shower head. Conducting the analysis assuming a maximum
mixed water flow rate would then overestimate the projected financial savings. This can
lead to wrong investment decisions.

The value of future cash flows was determined on the basis of current electricity and
natural gas prices in Poland. Calculations were carried out at the euro exchange rate of
1 EUR = 4.68 PLN. The energy consumption for showering was estimated based on the
water temperatures assumed in Section 2.2 using the methodology described by the authors
in [53]. Considering the results of previous studies [53], it was assumed that the average
annual temperature of cold water supplied to the shower heat exchanger was 14 ◦C. The
determination of the amount of hot water consumed was possible by using the heat balance
equation. The analysis was carried out for a family of four under the assumption that each
person takes a shower once a day. The length of the shower can vary over a wide range
depending on individual user preferences. However, a survey conducted by Shan et al. [54]
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showed that for more than 60% of Polish respondents, the shower length does not exceed
10 min. Approximately 90% of them, in turn, declared that they use a shower for no more
than 15 min. Therefore, calculations were performed for different average shower lengths
of 5, 10, and 15 min. The values of the other parameters used to calculate potential energy
savings are summarized in Table 2. To determine the NPV, PI, IRR, and DPP, it was also
necessary to assume the lifetime and the value of the discount rate. The number of years of
operation of the system was assumed to be equal to 10 due to the fact that this is the average
warranty period granted by manufacturers for shower heat exchangers. The value of the
discount rate was assumed based on the data in the literature. The European Commission
guidelines, in force until 2020, suggested the use of a 4% discount rate [55]. This approach
is still reflected in the analyses conducted in the energy sector [56]. However, the current
European Commission vademecum [57] states that the value of the discount rate should
be adopted on the basis of national guidelines and/or adequately to the sector. No such
guidelines are available in Poland. Consequently, the evaluation of the financial efficiency
of the investment is often made with an a priori assumption of a discount rate of 5% [58].
However, Foltyn-Zarychta et al. [58] suggest that a discount rate of 4.72% or 4.39% should
be used for the energy sector in Poland. On the other hand, an analysis conducted by
the Organization for Economic Co-operation and Development (OECD) indicates that the
average value of the discount rate adopted in projects in the energy sector is 4.78% [59].
Considering the slight differences between the above values, it was decided to perform the
analysis assuming the average value given in [59].

Table 2. Assumed values of the input parameters for the profitability analysis of the compact shower
heat exchanger application.

Input Parameters Unit Value

Shower length (l) min 5, 10, 15
Mixed water flow rate (qmw) L/min 4, 7, 10

Cold water temperature (Tcw) ◦C 14
Electric hot water heater efficiency (ηel) % 98

Gas hot water heater efficiency (ηg) % 80
Electricity price (EP) €/kWh 0.160

Natural gas price (GP) €/kWh 0.053
Water density (ρ) [60] kg/m3 989.14–996.51

Specific heat of water (cp) [61] J/(kg·K) 4181–4183
Discount rate [59] % 4.78

The number of years of system operation (n) years 10

The investment outlays related to the implementation of the shower heat exchanger
result from the cost of purchasing the heat exchanger and the costs related to the reconstruc-
tion of the plumbing system. The costs of installation works are affected by the location of
water and sewage piping, the location of the domestic hot water heater, and the method of
installing the drain water heat recovery system. Particularly favorable conditions in terms
of minimizing the costs of implementing a heat recovery system are found in multi-family
buildings. In multi-family buildings, the distance between the hot water heater and the
shower is small. In such conditions, installation works are limited to installing a shower
heat exchanger between the shower tray siphon and the waste pipe and making a bypass
to feed cold water into the DWHR unit. In favorable circumstances, the cold water supply
lines to the hot water heater and the mixing valve do not need to be reconstructed and
are used to transport the preheated water (Figure 4). This reduces costs connected with
dismantling and reconstruction of the elements of the walls and floors in existing build-
ings. The profitability analysis of the heat exchanger application was carried out for such
conditions.
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DWHR unit.

The costs resulting from the implementation of the compact shower heat exchanger
are summarized in Table 3.

Table 3. Investment outlays needed to implement the compact shower heat exchanger under Polish
conditions.

Type of Expenditure
Expenditure

€

Dismantling and reconstruction of wall elements 130
Modification of existing plumbing installation 20

Purchase of the shower heat exchanger 170

Total investment outlays (IO) 320

2.4. Sensitivity Analysis

The values of the variables determining the NPV may differ from those assumed in the
project profitability assessment. To determine the impact of these changes on the obtained
results of the calculation of the net present value, it is recommended to perform a sensitivity
analysis [52].

Due to the wide scope of the analysis, the paper presents results for the case when the
mixed water flow rate qmw = 7 L/min and the shower length l = 5 min. This combination
of parameters was chosen because it corresponds to the statistical water consumption for
showering in Poland [62]. As part of the analysis, the impact of modifying the independent
variables, i.e., the amount of investment outlays and energy prices, on the calculation
results was assessed. For this purpose, a two-factor sensitivity analysis was used [49]. In
addition, the risk of lowering projected savings in case of a change in the value of the
discount rate (r) was also examined. The impact of changes in this parameter (r) was
analyzed for its value ranging from 0% to 15%, assuming changes and no changes in energy
prices. Negative values were not considered due to the negligible probability of their
occurrence. Considering that in the case of cooperation of the compact DWHR unit with
the gas hot water heater, the undertaking proved to be unprofitable at the assumed water
consumption, the analysis was carried out for the variant of cooperation of the DWHR unit
with the electric hot water heater, for which NPV = 98 EUR.
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3. Results and Discussion
3.1. Evaluation of the Efficiency of the Compact and Linear Shower Heat Exchanger

The results of the tests on the evaluation of the efficiency (ε) of the linear and the
compact heat exchangers at different values of cold water temperature are illustrated in
Figures 5–9. In the case of the linear shower heat exchanger, the figures show the results
for various slopes of its bottom. The presented values of the parameter ε are the median
of three measuring series with a duration of 10 min each. To present the uncertainty
of the measurements performed, Figure 10 additionally shows box–whisker charts for
exemplary water and drain water flow rates through the compact DWHR unit and the
average temperature of cold water (Tcw = 14 ◦C). The results obtained in each of the
measurement series are presented separately.
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the measurements performed, Figure 10 additionally shows box–whisker charts for ex-
emplary water and drain water flow rates through the compact DWHR unit and the av-
erage temperature of cold water (Tcw = 14 °C). The results obtained in each of the meas-
urement series are presented separately. 
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Research has shown that the temperature of cold water (Tcw), and therefore also the
temperature difference between hot and cold water, has a strong influence on the efficiency
(ε) of the linear DWHR unit. Each decrease in the temperature of the cold water (Tcw)
resulted in an increase in the value of the parameter ε. For the lowest assumed cold water
temperature (Tcw = 10 ◦C), the parameter ε varies in the range of 15.08% to 23.30%. On
the other hand, at Tcw = 18 ◦C, the efficiency (ε) is in the range of 14.01% to 22.80%. This
connection is the same as for other types of heat exchangers. Murr et al. [27] have shown
that the highest energy recovery potential from drain water occurs at the lowest cold water
temperatures using the example of a coiled heat exchanger. Vavřička et al. [26] confirmed
that a decrease in the temperature difference between heated water and drain water results
in a decrease in the efficiency of the plate shower heat exchanger. The study also showed
that the influence of the temperature of the cold water on the efficiency of the DWHR unit
tested is the smallest when the unit is installed with the maximum slope (i = 6%).

The impact of the bottom slope (i) of the linear DWHR unit and the water and drain
water flow rate on the unit efficiency is variable and depends on the adopted combination
of the other input parameters. In most cases, increasing the bottom slope (i) increases the
efficiency (ε) of the linear shower heat exchanger. The lack of this dependence was observed
only at the lowest flow rate (qmw = 4 L/min). Under such conditions, the conduit transport-
ing heated water is only partially immersed in warm drain water. As a consequence, the
heat transfer surface is reduced. The highest efficiency (ε) at a flow rate of qmw = 4 L/min
was observed each time with a slope i = 3%, regardless of the temperature of the cold water
(Tcw).

The research also showed that decreasing the flow rate of water and drain water
through the DWHR unit (qmw) increases the efficiency (ε) of the linear shower heat exchanger.
This confirms the trend that has also been observed for falling-film drain water heat recovery
systems [63]. This influence is the greater the smaller the bottom slope (i) of the device is.
For example, with a bottom slope of i = 0%, the difference in the value of ε determined for
qmw = 4 L/min and qmw = 10 L/min is approximately 4.90 percentage points. Installing
a DWHR unit with a slope i = 4% generates, in this case, a difference in efficiency (ε) of
3.5 percentage points. The observed dependence does not occur when the linear DWHR
unit is installed with the maximum slope (i = 6%). In this situation, the linear shower heat
exchanger achieves the highest efficiency (ε) at the mixed water flow rate of qmw = 8 L/min,
regardless of the temperature of the cold water entering the DWHR unit.

Furthermore, as the flow rate of both media through the linear DWHR unit (qmw)
decreases, a decrease in the range of efficiency (ε) dependent on the bottom slope (i) is
observed. At a flow rate of qmw = 4 L/min, the parameter ε is in the range of 18.80% to
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23.30% (∆ε = 4.50 percentage points). When qmw = 10 L/min, the parameter ε takes values
from 14.01% to 22.56% (∆ε = 8.55 percentage points).

Figures 5–9 also present the results for the compact DWHR unit. Their analysis showed
that the efficiency (ε) of the compact shower heat exchanger increases with decreasing
water and drain water flow through the unit (qmw) and cold water temperature (Tcw). The
difference in efficiency determined for flow rates qmw = 4 L/min and qmw = 10 L/min is
in the range from 7.54 (for Tcw = 18 ◦C) to 8.08 percentage points (for Tcw = 10 ◦C). When
comparing the ε values obtained for extreme temperatures of cold water (Tcw = 18 ◦C and
Tcw = 10 ◦C) at defined flow rates of water and drain water through the DWHR unit (qmw),
differences were found from 1.29 to 1.85 percentage points.

The study also showed that the compact DWHR unit has a higher efficiency (ε) com-
pared to its linear counterpart. It should be mentioned that the obtained increase in
efficiency (ε) between the compact and linear shower heat exchanger is greater the smaller
the media flow rate (qmw). In the case of the highest flow rate value tested (qmw = 10 L/min),
this difference varies in the range from 5.04 (for Tcw = 10 ◦C) to 6.11 percentage points (for
Tcw = 18 ◦C). On the other hand, at the flow rate qmw = 4 L/min, the increase obtained
in efficiency (ε) was in the range of 8.88 (for Tcw = 10 ◦C) to 9.78 percentage points (for
Tcw = 18 ◦C). The research also shows that at a higher temperature of cold water (Tcw), the
efficiency (ε) increase of the compact DWHR unit relative to its linear counterpart is slightly
higher. Considering, in addition, that the spread of efficiency values is relatively small
(Figure 10), it can be assumed that the compact shower heat exchanger provides stable
operation during use.

In addition, the compact shower heat exchanger has several other advantages over
the linear DWHR unit. The estimated price of both units on the Polish market is less
than 200 EUR. The expenses for the reconstruction of the water supply installation are
also similar for both shower heat exchangers. However, the costs related to the required
reconstruction of the sewage installation in the existing facility differ significantly. In
the case of the compact shower heat exchanger, no rebuilding of the sewage system is
required; it is installed between the shower trap and the waste pipe. On the other hand, the
installation of the linear heat exchanger requires interference with the waste pipe. In most
cases, the necessary assembly works involve costly dismantling and reconstruction of wall
and/or floor elements. The expenses to be incurred are influenced by the way in which the
water and sewage pipes are routed and the standard of the bathroom. These costs can be in
a wide range, and in many cases, exceed the estimated purchase cost of the shower heat
exchanger. For this reason, a very important decision criterion when choosing the DWHR
unit in existing buildings is the amount of investment required for the adaptation of the
plumbing system.

3.2. Financial Analysis of the Application of the Compact Shower Heat Exchanger

Simulation calculations for different combinations of shower length (l) and mixed
water flow rate (qmw) from the shower head showed that both parameters have a significant
influence on the profitability of the considered project. Table 4 presents results of NPV, PI,
DPP, and IRR calculations, determined under the assumption of cooperation of the compact
DWHR unit with the electric domestic hot water heater. The results clearly show that the
project is already profitable with the water consumption for showering at the level of 35 L
per person per day. For the combinations of input parameters considered, the net present
value turned out to be negative (NPV = −39 EUR) only when qmw = 4 L/min and the
shower length l = 5 min. Doubling the shower length to 10 min while maintaining the same
qmw value resulted in an increase in NPV of more than 280 EUR. At l = 15 min, the NPV
already exceeded 520 EUR and the discounted payback period was less than 40 months. It
is also worth noting that at a water consumption for showering of 60 L per person per day,
the profitability index exceeded 2.5, indicating that the projected savings clearly exceed
the investment outlays. The internal rate of return, on the other hand, exceeds 30%. It
is therefore more than six and a half times higher than the discount rate (r) used in the
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calculations. It also exceeds the minimum accepted rate of return assumed in analyses
concerning energy investments. For example, Al-Sumaiti et al. [64] determined this value
at 14%.

Table 4. Summary of the calculation results for an electric water heater.

Mixed Water Flow
Rate (qmw)

Shower
Length (l)

Net Present Value
(NPV)

Profitability Index
(PI)

Discounted Payback
Period (DPP)

Internal Rate of
Return (IRR)

L/min min € - years %

4 5 −39 0.88 – 2.22
10 243 1.76 5.11 18.34
15 524 2.64 3.27 31.62

7 5 98 1.31 7.21 10.65
10 516 2.61 3.31 31.25
15 933 3.92 2.15 49.27

10 5 205 1.64 5.54 16.41
10 729 3.28 2.59 40.62
15 1254 4.92 1.69 62.52

When qmw = 7 L/min, the project was found to be profitable even for short shower
lengths, with NPVs ranging from 98 EUR (l = 5 min) to more than 330 EUR (l = 15 min).
For conventional shower faucets (qmw = 10 L/min), the NPV increases by approximately
110% and almost 35%, respectively. The profitability index increases by around 25%, and
the discounted payback period is reduced by between 5.5 and 20 months depending on
the shower length. As a result, with water consumption for showering at the level of 150 L
per person per day, the investment should be returned after less than two years. This
confirms the results of the analyses described in [20], according to which, under favorable
conditions, the purchase of a shower heat exchanger can be returned after approximately
two years. Also, the determined IRR values lead to the assumption that the application
of the compact shower heat exchanger cooperating with the electric hot water heater will
allow one to achieve significant financial savings. Only when qmw = 7 L/min and l = 5 min
is the calculated IRR value is quite low, which creates the need for additional analysis of
this variant. In the case of other combinations of qmw and l, the IRR values determined
clearly indicate the profitability of the project.

For comparison, Table 5 presents the results of financial efficiency indicator calcula-
tions, determined assuming the cooperation of the compact DWHR unit with a gas hot
water heater. The results of the analysis are no longer as favorable as when the energy
source is supplied with electricity. This is due to the lower prices of natural gas compared
to electricity. This is disadvantageous, as many more people in Poland heat water with
devices powered by natural gas than electricity [44].

However, it should be noted that with a shower length of 10 min, the project has only
proved financially unviable with a water flow rate of qmw of 4 L/min. If the installation
is functioning properly and the installation pressure is sufficient, it can be assumed that
the project will be profitable. However, the NPV and PI values are relatively low. In the
most favorable case, when one person consumes 150 L of water per day for showering,
the NPV was less than 320 EUR. When the compact DWHR unit is combined with an
electric water heater, higher values were obtained with a water consumption of 60 L per
person per day. Only in the most favorable case IRR > 20%. With lower water consumption,
results of a few or several percent were obtained. When NPV < 0 EUR, negative IRR values
were obtained. Therefore, in the current situation on the Polish and global markets, these
variants should be considered unprofitable. The results of the calculations indicate the
need to improve the tested design of the compact shower heat exchanger to ensure the
profitability of its use even with low water consumption for showering. However, it should
be noted that the analyses conducted in Poland concerning the cooperation of the highly
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efficient vertical DWHR unit with a gas hot water heater showed that the application
of this solution is financially profitable only when the total daily water consumption for
showering significantly exceeds 200 L [29]. Therefore, considering the ease of installation
of the compact DWHR unit and its relatively low price, it can be assumed that this solution
has potential. Especially with similar water consumption for showering, the discounted
payback period is shorter when using the tested compact DWHR unit. In addition, lower
investment outlays compared to the vertical heat exchanger reduce the investment risk.
Another study on the use of the vertical DWHR unit [65] showed, in turn, that by installing
such a device, annual savings of 13 EUR per person can be expected, assuming a shower
length of 10 min per day. For comparison, the use of the compact DWHR unit for the same
shower length results in annual savings of 7.5–14 EUR per person depending on the mixed
water flow rate from the shower head. The analysis by Stec et al. [34] also showed that
the cooperation of the vertical DWHR unit with a gas combi boiler allows a family of four
to reduce gas bills by more than 1000 EUR compared to a situation where the installation
does not use a renewable energy source. However, this analysis was conducted assuming a
20-year system lifetime, which is far too long in relation to the lifetime of the domestic hot
water system components. It should also be noted that the above-mentioned studies were
carried out with the assumption of a cold water temperature of 10 ◦C. This significantly
increases the projected financial savings in relation to the real values that can be expected
from the use of the vertical shower heat exchanger cooperating with a natural gas device.

Table 5. Summary of the calculation results for a gas water heater.

Mixed Water Flow
Rate (qmw)

Shower
Length (l)

Net Present Value
(NPV)

Profitability Index
(PI)

Discounted Payback
Period (DPP)

Internal Rate of
Return (IRR)

L/min min € - years %

4 5 −205 0.36 – −12.10
10 −90 0.72 – −1.49
15 25 1.08 9.11 6.32

7 5 −149 0.53 – −6.39
10 21 1.07 9.23 6.12
15 192 1.60 5.69 15.74

10 5 −106 0.67 – −2.70
10 108 1.34 7.00 11.24
15 323 2.01 4.41 22.29

The study also analyzed the impact of the system’s lifetime on financial savings.
This analysis was based on the NPV values determined for the system equipped with
an electric water heater. Figure 11 shows the NPV ranges calculated assuming different
shower lengths and different system lifetimes ranging from 1 to 10 years. From the figure,
it is possible to identify the approximate payback period and net profit at other shower
lengths (l) than those indicated in Tables 4 and 5. It is also possible to estimate how the
projected profitability of the project will change if the lifetime of the shower heat exchanger
is shortened.

The analysis confirmed that the amount of tap water used for showers has a signifi-
cant impact on the financial benefits achieved and the discounted payback period of the
investment. In each of the cases considered, the impact of the analysis period on the NPV is
greater the longer the showers are. With low water consumption (qmw = 4 L/min, l = 5 min),
reducing the lifetime from 10 to, for example, 4 years results in a reduction in NPV of
almost 200 EUR. Increasing the length of the shower by three times in this case results in
a reduction in NPV of over 450 EUR to NPV = 65 EUR. When qmw = 10 L/min, there is a
reduction in financial savings of almost 300 EUR and approximately 850 EUR for l = 5 min
and l = 15 min, respectively. Therefore, it can be seen that as the mixed water flow rate
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(qmw) increases, so does the potential gain from prolonging the shower, even though the
efficiency (ε) of the compact shower heat exchanger is considerably lower in this situation.
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The presented results also prove that in the case of the longest showers, the differences
in the determined DPP values are not significant. The influence of the shower length
(l) is in this case is smaller the higher the mixed water flow (qmw). For example, with
qmw = 10 L/min, shortening the 15 min showers by 2.5 min results in an increase in the
discounted payback period of only 4 months. In turn, shortening 7.5 min showers by
2.5 min extends DPP by a full two years. If in the building a water-saving shower head
is used with a flow rate of qmw = 7 L/min, changing the shower length by 2.5 min would
result in a slightly higher change in DPP. Shortening the shower length from l = 15 min
to l = 12.5 min would extend the discounted payback period by 5.5 months. On the other
hand, changing the shower length from l = 7.5 min to l = 5 min would extend the DPP by
more than 2.5 years. Therefore, installing the compact shower heat exchanger is particularly
beneficial in the case of conventional shower heads with high flow rates qmw. Saving
water by changing the length of the shower or even changing the number of users will not
drastically extend the payback period in such a situation.
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3.3. Sensitivity Analysis

According to the methodology described in Section 2.4, the evaluation of the financial
efficiency of the compact shower heat exchanger was extended with a sensitivity analysis.
This analysis was carried out assuming a water consumption for showering of 35 L per
person per day and the cooperation of the compact shower heat exchanger with an electric
hot water heater.

Figure 12 shows the results of a two-factor sensitivity analysis carried out to assess
the sensitivity of the investment to changes in investment outlays (CIO) and energy prices
(CEP). The pink line shows combinations of the above parameters for which NPV = 0 EUR,
assuming a discount rate of r = 4.78%. The green area above the pink line represents the
combinations of percentage changes in investment outlays and energy prices for which the
NPV > 0 EUR. The blue color indicates the area where the occurrence of a given combination
of CIO and CEP will reduce the NPV below zero and the project will become unprofitable.
As mentioned in Section 2, the discount rate is generally assumed to be in the range of
r = 4% to r = 5%. Therefore, for comparison purposes, the graph also shows lines depicting
combinations of CIO and CEP at which NPV = 0 EUR, assuming the above values of r.
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Figure 12 also shows the relative safety margins for energy prices and investment
outlays. Under the given operating conditions of the DWHR unit, investment outlays can
increase by up to 30.57% to around 418 EUR while maintaining constant electricity prices
(EP). Electricity prices, in turn, can decrease by up to 23.41% to keep the project viable.
This means that EP is reduced to approximately 12 cents per kWh. However, data on
energy prices for household consumers [24] indicate a gradual increase in electricity prices.
Forecasts for the following years also confirm this trend [66]. This also makes it possible
to predict an increase in the estimated financial savings in the coming years compared to
the baseline values. For example, in 2022, an increase in electricity prices for household
consumers in Poland of almost 25% was reported compared to the previous year. In the
event of an increase in energy prices, even an increase in the price of the shower heat
exchanger compared to the assumed value would not necessarily result in a reduction of
the NPV. For example, a 50% increase in IO would require a 14.88% increase in energy
prices to keep the project viable. Considering that the baseline NPV is 98 EUR, an increase
in energy prices of approximately 39% would ensure that the NPV remains unchanged in
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this case. Assuming the discount rate values of r = 4% and r = 5%, it would be 31% and
40%, respectively.

Figure 13 illustrates how projected financial savings (FS) will change if the value of
the discount rate changes. The green color indicates the range of r values for which the
project will remain profitable despite a change in the value of the discount factor over time.
Pink indicates the value of r corresponding to the internal rate of return (IRR) at which
NPV = 0 EUR. The blue color reflects the values of the discount rate at which the project
becomes unprofitable. A decrease in the value of r in relation to the baseline value results
in an increase in the projected savings (FS) and, consequently, also in the NPV. On the
other hand, an increase in the discount rate results in a worsening of the profitability of
the project. For example, an increase in r to 8% would result in a decrease in FS by more
than 14%. As a consequence, the NPV would be reduced by approximately 60% and the
profitability index would be only 1.12. The discounted payback period would then exceed
8 years. The project would remain viable, but the potential benefits of the project would be
small. In the event of a further increase in the discount rate to the level of approximately
12%, the investment would become unprofitable and the DPP would exceed the technical
life of the DWHR unit. However, it should be noted that such high values of r are very
rarely considered in financial analyses. Therefore, it can be assumed that the probability of
their occurrence is low.
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As part of the research, a two-factor sensitivity analysis was also performed with
regard to the percentage changes in energy prices (CEP) and the discount rate (r). Its results
are presented in Figure 14. As in Figure 12, the pink color indicates combinations of CEP and
r for which NPV = 0 EUR. In the case of the analyzed variables, however, the determined
relationship is no longer rectilinear, but takes the shape of a parabola. The green area
above the pink line includes combinations of percentage changes in energy prices and the
discount rate where NPV > 0 EUR. The blue color marks the area where the occurrence of a
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given combination of CEP and r will result in a decrease in the NPV value below zero and
the project will become unprofitable.
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In Figure 14 it can be seen that as the discount rate increases, the energy price that guar-
antees the profitability of the project also increases. With the assumed value of r = 4.78%,
the electricity price can decrease by a maximum of 23.41%, which confirms the results
presented in Figure 12. If r = IRR = 10.65%, lowering the energy price would result in
lowering the NPV value below zero. As mentioned above, energy prices are expected to
increase in the following years, so the risk of failure is low in this case. With an increase in
energy price of approximately 19%, the installation of the compact shower heat exchanger
would remain profitable even at r = 15%. Therefore, it can be assumed that the risk of
failure due to a change in r or EP is negligible. However, the value of these parameters has
a significant influence on financial benefits.

The sensitivity analysis showed that among the variables examined, the amount of
investment outlays has the greatest impact on the profitability of the project. It is mainly
determined by the cost of reconstruction of the plumbing in the building, as well as the
cost of disassembly and reconstruction of the wall and/or floor elements. The risk of an
increase in IO is therefore considerable in the case of facilities where the shower is located
in a different room than the domestic hot water heater. When the two appliances are in
close proximity, this risk is negligible.

Before making a final decision about the purchase and installation of the shower heat
exchanger, the water consumption of the building should also be considered. This analysis
applies to a situation where an average of 140 L per day is used for showering. In the
case of showers with a higher mixed water flow rate, longer showers, a higher number of
users of the installation, or a longer lifetime, the financial savings are expected to increase
compared to the projected values. The use of electric hot water heaters is not a common
practice in Poland. However, considering the European Union’s plans to ban the use of
gas boilers, an increase in the use of such devices can be expected in the near future. The
need to increase the security of the country through the diversification of energy sources is
also important [67]. Therefore, shower heat exchangers have significant potential that is
currently untapped.



Energies 2022, 15, 4829 19 of 22

3.4. Possibilities and Challenges

Considering the research results, the decision to install the compact shower heat
exchanger should always be taken after analyzing the costs of modification of the plumbing
in the building, as well as the costs of disassembly and reconstruction of wall and/or floor
elements. Research has shown that the compact heat exchanger has potential, and its use
is technically and financially justifiable under certain operating conditions. This applies
primarily to existing multi-family buildings, where there is no need to make significant
modifications to the existing plumbing system. A favorable situation also occurs in the
case of newly built facilities, as well as during a general renovation of the bathroom. In
such a situation, the installation of the compact DWHR unit will not involve high costs of
rebuilding the walls and/or floors in the bathroom.

In the case of existing single-family homes, the problem may be the significant distance
between the shower and the domestic hot water heater, which is often located in a separate
room. Installing the shower heat exchanger in the manner described in the article would in
such a situation require significant investment outlays. However, the solution to this could
be to supply the preheated water only to the shower mixing valve. It is true that the amount
of energy that can be recovered in such a situation is lower, but the installation costs of the
DWHR unit would be significantly reduced. In addition, optimizing the geometry of the
compact DWHR unit, which is the next stage of the research, will increase its efficiency.
This will create favorable circumstances in which the use of this shower heat exchanger can
be financially viable, as well as contribute to a significant reduction in emissions of carbon
dioxide and other pollutants into the atmosphere.

Technical and financial issues are the main, but not the only, determinants of the
implementation of a given solution. The impact of device operation on the environment
and the comfort of using the shower installation should also be considered. In the case
of Poland, the problem may be the lack of knowledge about the possibility of using the
energy carried by drain water and the lack of experience in the operation of DWHR systems.
Especially since data from the literature [68] indicate a large share of human factor among
the causes of failure of technical systems. For this reason, the widespread application
of shower heat exchangers will not be possible without the introduction of appropriate
incentives and motivators. These incentives should include, first, the implementation of
programs that provide for the financing of the purchase of DWHR units and sponsorship of
research aimed at increasing the efficiency of these devices. It is also important to promote
shower heat exchangers as devices that increase the safety and comfort of showering.
An earlier study by the authors of [44] showed that demographic issues do not have
a significant impact on the preferences of residents regarding the use of a shower heat
exchanger. For this reason, the application of these devices should be promoted among all
social groups. Children and adolescents should also be remembered, because these groups
are potential operators of drain water heat recovery systems in the future.

4. Conclusions

An analysis of the efficiency of two prototype shower heat exchangers led to the
following conclusions:

• The use of both shower heat exchangers allows for the recovery of part of the energy
deposited in the drain water. However, the efficiency of the compact DWHR unit is
higher;

• An increase in the temperature of cold water reduces the efficiency of shower heat
exchangers;

• The impact of the linear DWHR unit bottom slope and water and drain water flow
rate on the efficiency of the unit is variable and depends on the values of the other
parameters. In most cases, increasing the bottom slope increases the efficiency of the
unit;

• In the case of the compact DWHR unit, an increase in media flow results in a reduction
in efficiency.
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The financial analysis of the compact DWHR unit application also allowed for the
formulation of the following conclusions:

• The use of the compact DWHR unit is particularly advantageous when the hot water
source in the building is an electric domestic hot water heater;

• The investment is particularly vulnerable to changes in investment outlays;
• The sensitivity to changes in electricity prices and the discount rate is moderate. The

net present value of the investment is unlikely to fall below zero. However, these
parameters have a significant impact on the level of financial savings achieved.

Further research will focus on improving the geometry of the compact shower heat
exchanger to optimize its efficiency under given operating conditions. The cross-sectional
area of the water and drain water sections, the slope of the bottom, and the length of the
device will be modified. In the research described in this paper, only one device’s geometry
was analyzed, which is a limitation of the research. It is expected that the planned research
will allow a further increase in the efficiency of the device and profitability of its use, even
in the case of its cooperation with a gas hot water heater.
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