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Abstract: The growing interest in the use of unconventional energy sources is a stimulus for the
development of dedicated devices and technologies. Drain water heat recovery (DWHR) units can be
an example of such devices. They allow the recovery of part of the heat energy deposited in grey
water. This paper describes the results of research on the assessment of the financial profitability of
the use of two horizontal heat exchanger solutions, taking into account the actual distribution of
cold water temperature during the operating year in the plumbing and two operating regimes of the
premises as the residential and service facilities. The analysis showed that the use of a horizontal
heat exchanger with increased efficiency in a dwelling in a 15-year life cycle allowed for achieving
more than twice as much savings (reaching up to EUR 1427) compared to a classic horizontal heat
exchanger. At the same time, it was shown that the installation of this type of equipment was more
profitable the greater the water consumption of the premises. The article also notes the impact of
cold water temperature in the installation on the results of the analysis. It was featured that taking
temperature on the basis of installation design recommendations led to significant distortions in the
financial analysis. On the other hand, comparing the method of averaging the cold water temperature
(daily, monthly and yearly), it was determined that averaging the temperature over the annual cycle
was an acceptable simplification of the model. The research results presented in the paper have a
practical aspect and may constitute guidelines for designers and potential investors. In addition,
they can be an incentive to continue research on heat exchangers by other scientific centers, which on
a global scale will increase the universality of their use.

Keywords: drain water heat recovery (DWHR) unit; net present value (NPV); waste heat recovery;
financial analysis

1. Introduction

Human activity is currently accompanied by a gradual worsening of the natural environment [1,2].
The bad condition of the atmospheric air, which is a consequence of excessive greenhouse gas
emissions [3,4], the worrying quantitative and qualitative condition of rivers [5,6] or an increase in
the amount of waste [7], are just some examples of problems. They are additionally compounded
by climate change [8], which poses a threat to health and even people’s lives [9]. In response to the
above, governments and organizations in many countries have decided to take action to prevent
environmental degradation [10,11]. Such actions include an improvement of law regulations [12]
and the intensification of efforts to reduce greenhouse gas emissions [13] and water protection [14].
Some improvement of the effects can also be achieved due to the involvement of individual energy
users in the environmental protection process [15,16]. Therefore, public education [17] remains an
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extremely important issue, especially since the lack of environmental awareness is one of the main
barriers to the implementation of sustainable solutions [18].

Complete elimination of the negative impact of human activities on the environment is barely
possible. However, the involvement of the public in actions aimed at reducing the consumption of fossil
fuels and the emission of their combustion products can clearly limit this impact. To enable full public
participation in the environmental protection process, it is necessary to develop and implement relatively
cheap solutions whose application will achieve significant energy savings. Financial issues are one of
the most important factors that determine the society’s approach to pro-ecological investments [19].

Possibilities of saving natural energy resources should be seen both while running advanced
industrial processes [20] as well as individual energy consumers [21]. In the latter case, special attention
should be paid to issues related to hot water heating. Binks et al. [22] and Meggers and Leibundgut [23]
indicated that the share of energy used for this purpose in the total energy consumption balance in
buildings is systematically growing and, in some cases, can reach up to 50% and more.

By far the easiest way to save energy used for water heating is to use water-saving taps.
The implementation of such a solution allows one not only to significantly reduce the amount of water
consumed, but also to reduce the consumption of energy used for heating it. In addition, this is done
with minimal embodied energy [24] compared to other water-saving strategies, such as grey water
recycling or the economic use of rainwater harvesting [25,26].

Instead, a more advanced way to reduce energy consumption for this purpose is to replace
traditional fuels with unconventional energy sources, which include renewable energy. Solar energy is
the most popular and its use is possible thanks to the application of solar collectors and photovoltaic
panels [27,28]. The installation of this type of equipment allows a significant reduction in the
consumption of fossil fuels and greenhouse gas emissions. Similar effects can also be achieved by
using third-generation renewable energy sources, including wastewater [29].

2. Review of Waste Heat Recovery from Drain Water

Thermal energy contained in wastewater can be recovered at various stages of their production,
transport and utilization [30,31]. For example, Zhu et al. [32] analyzed the possibilities of heat recovery
from wastewater collection system. However, the dominant way of managing the energy carried by
wastewater is using drain water heat recovery (DWHR) units [33,34]. These devices are mounted
on the grey water outflow from the shower or at the outlet of the wastewater from the building to
the wastewater network. They include, among others: vertical spiral heat exchangers, vertical heat
exchangers of the pipe-in-pipe type, horizontal heat exchangers, heat exchangers mounted in linear
shower drains and wastewater retention devices. A number of the solutions are commercially available.
The research on the possibilities of heat recovery from wastewater within buildings has also been also
undertaken by many scientific centers, as shown in Table 1.

The examples presented above prove that the use of heat recovery systems with drain water for
water heating is technically justified. However, in many cases this solution turns out to be financially
unviable. The reasons for the unexpected extension of the payback period should be seen in the low
efficiency of equipment, variable quantity and temperature of water and wastewater, as well as too high
investment costs that should be incurred for the implementation of the DWHR system. This causes
the need to improve the systems currently used in order to achieve high efficiency in all operating
conditions of the installation. An analysis of the impact of variability of shower installation parameters
on the financial effectiveness of investments remains an unsolved issue.

The research conducted so far to determine the financial efficiency of the investment involving
the implementation of the DWHR unit assumed a constant temperature of cold water, usually equal to
10 ◦C [34], and sometimes even less [9]. The preliminary studies [40] carried out in this area indicate,
however, that the water temperature in the water supply system may reach, in polish conditions,
much higher values. This calls into question the results of studies that have been published in
other articles. In addition, the previous analyses concerned commercially available heat exchangers,
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the application of which requires significant investment outlays, and the data on their efficiency come
from device manufacturers. Therefore, they are clearly limited. This, in turn, prevents an in-depth
analysis of the possible heat exchanger configurations.

Table 1. The examples of research in the field of heat recovery from sewage.

Research Object Research Description Source

Vertical heat exchangers in the form of a pipe
wound on a vertical circuit

Research included measuring the thickness of the fluid
layer in a vertical pipe, thermal modelling of heat

exchangers, and generalization of results. One of the most
important conclusions presented in the article was that an
increase in flow speed reduces the efficiency of the device.

Akbarzadeh et al. [33]

DWHR systems

The article covers the analysis of DWHR systems intended
for use in home shower installations. The results indicate

the possibility of reducing energy consumption and
greenhouse gas emissions at the national level and

improving the energy efficiency of buildings.

Gabor et al. [35]

Vertical heat exchangers installed in a
sports facility

The research to assess the environmental and financial
sustainability of vertical heat exchangers was carried out
using the example of a sports facility in Brighton, the UK.

The authors pointed out that in order to improve the
financial profitability of such a solution, wastewater from

various showers should be combined with a smaller
number of units.

Ip et al. [36]

Vertical pipe-to-pipe heat exchanger

The aim of the research was to identify strengths and
weaknesses of DWHR units’ application in residential

buildings. The PESTLE/SWOT * analysis was additionally
supplemented with verification of the functioning of such

a solution using Computational Fluid Dynamics (CFD)
modelling. The results point to the lack of social

acceptance for heat recovery from wastewater and the
need to promote it among individual users.

Kordana et al. [37]

DWHR heat exchanger used to improve heat
pump efficiency

An example of the unconventional use of the DWHR unit.
The study explored the possibility of improving the
efficiency of a ground source heat pump by using

additional energy sources, including heat carried by
wastewater. Heat recovered from wastewater using the
DWHR unit increased the inlet temperature of the heat
pumps and indirectly injected the energy to a ground

heat exchanger.

Li et al. [38]

The system of heat recovery from grey water
in dormitories

The article presents the results of measurements of
temperature and consumption of hot utility water in dorms
in Wroclaw (Poland) and assesses the possibility of energy

recovery from grey water in these facilities. The results
indicate the possibility of saving about 53% of energy.

Paduchowska et al. [39]

Horizontal heat exchanger

The aim of the research was to verify the efficiency of heat
exchange using an innovative near-horizontal DWHR

units. As part of the laboratory tests, the authors showed
that the use of the developed solution allowed achieving

efficiency at a level exceeding 30%.

Pochwat et al. [40]

The system of heat recovery from wastewater
coming from the dishwasher

As part of the study, the authors analyzed the possibility of
heat recovery from grey water discharged from a home
dishwasher for the purpose of heating tap water. The

payback period for such an investment was estimated at
less than 7 years.

Selimli et al. [41]

Heat exchanger dedicated for use on farms

The aim of the research was to analyze the possibilities of
heat recovery from sewage of animal origin for the needs

of supplying domestic hot and technological water for
households. Their results indicate that such a solution is

both financially profitable and also leads to a reduction in
greenhouse gas emissions.

Słyś et al. [42]

The system of heat recovery from kitchen
wastewater in hospitals

The research assessed the rationality of introducing a heat
recovery system from wastewater in commercial kitchens

in the United Kingdom. Monte Carlo simulations were
used as a tool. The presented results show significant

potential for energy saving and reduction in greenhouse
gas emissions.

Spriet and McNabola [43]

Heat exchanger with wastewater retention

The aim of the research was to verify the efficiency of the
storage-type unit in which the heated water was

transported by a spiral duct placed in the sewage tank.
The tests carried out on the laboratory stand and using

CFD modelling showed the possibility of obtaining
efficiency at the level of 34–60%.

Torras et al. [44]

* PESTLE—political, economic, social, technological, legal, environmental; SWOT—strengths, weaknesses,
opportunities, threats.
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In response to the above, the paper analyzes the impact of changes in tap water temperature over
the year on the financial efficiency of the investment consisting of the installation of a DWHR unit on
the grey water outflow from the shower. The subject of the research was the highly effective horizontal
drain water heat recovery unit developed by the authors [45]. The research used the results presented
in the previous authors publication [40]. The previous article, however, focused on the assessment of
the effectiveness of the heat exchangers at different operating parameters. The subject of this paper is
the assessment of the financial efficiency of the investment. As part of the research, the profitability
of the implementation of a single heat exchanger was assessed, as well as the use of a set of devices
characterized by greater efficiency. The analysis was carried out on the example of a premises located
in a residential and service facility assuming two different regimes of using the shower installation.
The results were then compared with those obtained for a simple horizontal tube exchanger.

3. Methodology

3.1. A Description of Tested Heat Exchangers

The tests were carried out on the example of two horizontal exchangers. One of them was a highly
efficient horizontal heat exchanger (hereinafter referred to as HE_1), described in patent document [45],
while the other was a simple horizontal heat exchanger (hereinafter referred to as HE_0). Both solutions
are shown in Figure 1.
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Figure 1. The heat exchangers analyzed: (a) HE_0; (b) HE_1. Figure 1. The heat exchangers analyzed: (a) HE_0; (b) HE_1.

The purpose of the heat exchangers is to recover the energy deposited in the drain water, which is
usually irretrievably wasted. Both solutions can be used in existing and newly designed buildings.
They are made of a plastic body and a conduit that transports heated water inside. The conduit is
made of a material with high thermal conductivity, e.g., copper. In the case of the HE_1 heat exchanger,
additional partitions were used to extend the flow path and intensify the turbulent flow of wastewater,
as a result of which a significant increase in its efficiency was obtained [40].

The implementation of the DWHR unit requires modification of the plumbing installation in
the building. In the case of shower heat exchangers, the water preheated in the heat exchanger can
be fed to the hot water heater, shower mixing valve or both devices simultaneously (instead of cold
water). The research [46] shows, however, that the greatest financial benefits can be achieved when the
preheated water is supplied both to the shower mixing valve and to the hot water heater. Therefore,
such a solution was adopted in the analysis (Figure 2). In this case, flow rates of water and drain water
through the heat exchanger are equal.
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Figure 2. The connection diagram for the heat exchanger with the shower installation.

3.2. Description of the Research Method

Financial efficiency is one of the main determinants of the implementation of the solution. At the
investment planning stage, it can be determined by means of both static and dynamic methods [47],
and the rationality of using a particular method depends mainly on the scale and type of the project.
In the case of the dynamic methods, the cash flows projected in subsequent years of system operation are
discounted, which allows for taking into account the change in the time value of money. The dynamic
methods are usually applied to evaluate investment projects based on the use of unconventional energy
sources, whose examples can be found in [48,49].

In the research described in the paper, we decided to use the net present value (NPV). This rate
is the difference between the discounted proceeds from the implementation of the project and the
necessary expenses [50]. It is determined for the assumed system lifetime based on the formula (1).

NPV =
n∑

t=0

CFt

(1 + r)t (1)

where:

NPV—Net Present Value of the project, €;
CFt—cash flows determined for the given year t, €;
r—discount rate, -;
t—system year of operation;
n—number of years of system operation, years.

The NPV can have the following values:

• NPV > 0—discounted proceeds from the project are greater than investment outlays, so undertaking
the project is profitable,

• NPV = 0—revenues from a potential project offset investments,
• NPV < 0—capital expenditure on a potential project is higher than the discounted proceeds from

its implementation, therefore the project is not profitable.

The value of cash flows (CFt) was determined as the difference between the projected savings (St)
and the outlays (INVt) necessary to be incurred in a given year (t). The savings (St) were calculated based
on the energy price of the year (Cet) and the annual energy saving resulting from the installation of the
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heat exchanger (∆Crt). The latter value was determined based on the installation usage characteristics
(duration of showering, water temperature) and the heat exchanger efficiency from Equation (2).

∆Crt =
M∑

i=1

DMi·p·
[
q0hi·ρw0i·cp0i·(Twh − Twci) − q1hi·ρw1i·cp1i·

(
Twh − Twpi

)]
η·3.6·106 (2)

where:

M—number of calculation periods during the year;
DMi—number of days within one calculation period, days;
p—daily duration of showering, s;
q0hi—flow rate of water heated in a water heater in a case without a heat exchanger, m3/s;
q1hi—flow rate of water heated in a water heater in a case with a heat exchanger, m3/s;
ρw0i, ρw1i—density of water heated in a water heater (dependent on water temperature), kg/m3;
cp0i, cp1i—specific heat of water heated in a water heater (dependent on water temperature), J/(kg·K);
Twh—hot water temperature, ◦C;
Twci—average cold water temperature (in a given calculation period), ◦C;
Twpi—preheated water temperature, ◦C.
η—efficiency of hot water heater.

The flow rate of water heated in a water heater in a case without a heat exchanger (q0h) was
calculated based on Equation (3). According to this heat balance equation, the amount of heat given
out by the hot water is equal to the amount of heat taken by the cold water. The value of q1h was
determined analogously.{

q0hi·ρ0h·cp0h·(Twh − Twm) = q0i·ρ0i·cp0i·(Twm − Twci)

qwm = q0i + q0hi
(3)

where:

qwm—flow rate of mixed water, m3/s;
q0i—flow rate of cold water, m3/s;
Twm—mixed water temperature, ◦C;
ρ0h, ρ0i—density of water (dependent on water temperature), kg/m3;
cp0h, cp0i—specific heat of water (dependent on water temperature), J/(kg·K).

The temperature to which the tap water will be preheated thanks to the use of the DWHR unit
(Twpi) can be determined on the basis of the efficiency (ε) that the device achieves in given conditions
of the installation use. Research on the efficiency (ε) of HE_1 and HE_0 heat exchangers for various
parameters of their operation was described by the authors in paper [40]. Based on the results presented
in this article, the most favorable parameters of the exchanger’s operation in terms of slope and flow
ratio were selected. The dependence of the HE_0 and HE_1 heat exchangers’ efficiency on the water
and drain water flow through the device for such working conditions is shown in Figure 3. The graph
relates to a 1:1 flow ratio, a 3% heat exchanger slope and three different ∆T (temperature difference
between heated water and greywater) values.
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3.3. Case Study

The aim of the research was to analyze the financial efficiency of using the innovative HE_1 heat
exchanger in the premises which, according to the building’s purpose, can function as a residential
or commercial facility. The study analyzed two scenarios, “A” and “B”, of its use and for both,
parallel studies were conducted. In scenario “A”, the premises operated in a residential regime
7 days a week (365 days a year). However, in scenario “B”, the premises operated in a service regime
5 days a week (261 days a year). The research included real (variable) water temperature from the
water supply network. The test results were compared with those obtained for the simple HE_0
exchanger. The research was carried out on the example of a building located in south-eastern Poland,
where domestic hot water is prepared by means of an electric heater.

The following preliminary assumptions were made in the research:

• the same water and drain water flow rate through the heat exchanger, equal to the mixed water
flow rate (qwm),

• water outflow from the shower head qwm = 7.0 L/min,
• fifteen years of operation of the heat recovery system and the same period of financial analysis (n),
• three variants of the total daily shower length (p): 15, 30 and 60 min (e.g., 6 × 10 min = 60 min),
• maximum 6 people using the shower,
• 3% exchanger slope.

In addition, in both scenarios for the premises operation, two variants of DWHR unit assembly
were analyzed. Variant “I” assumes the installation of a single device, and Variant “II” assumes the
installation of two devices connected in parallel with a split stream of both media in the proportion
of 50:50.

At a specified grey water supply temperature to the DWHR unit, a change in the cold water
temperature during the year affects the value of the ∆T parameter, and thus the heat exchanger
efficiency (ε). Therefore, the NPV values were determined, taking into account the changes in cold
water temperature that were adopted on the basis of real measurements carried out from 01/07/2018 to
30/06/2019. The results were compared with those obtained assuming a constant cold water temperature
of 10 ◦C.

The analysis was carried out for 15 years of DWHR system operation (n) and four methods of
averaging the cold water temperature, i.e.,

• average daily cold water temperature,
• average weekly cold water temperature,
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• average monthly cold water temperature,
• average annual cold water temperature (14.33 ◦C).

Calculations of the financial effectiveness of the investment were carried out for the input data,
whose values are presented in Table 2.

Table 2. Values of input parameters of the calculation model.

Parameter Unit Parameter Value

Investments in year 0 of INV0 analysis € 100 for HE_0, 150 for HE_1
Investments in subsequent years of INVt analysis, t = 1/15 € 0

Electricity price in year 0 of Ce0 analysis €/kWh 0.14
Electricity price in subsequent years of Cet analysis, t = 1/15 €/kWh Adopted in the range from 0.14 to 0.18

Specific heat of water cp J/(kg·K) Adopted in the range from 4174 to 4180
Number of years of system operation n years 15

Water density ρ kg/m3 Adopted in the range from 989.2 to 997.6
Discount rate r - 0.08
Shower time p s Adopted in the range from 900 to 3600

Mixed water flow rate qwm m3/s 11.67·10−5

Mixed water temperature Twm
◦C 40

Domestic hot water temperature Twh
◦C 55

Cold water temperature Twc
◦C Obtained from measurements in the range of 6.99 ◦C to 23.70 ◦C

Efficiency of the domestic hot water heater η - 0.95

The amount of necessary investment outlays (INV0) was estimated for Polish conditions. The costs
of materials needed to make the heat exchangers, the costs of their construction and installation, and a
margin were taken into account. Due to the simple design, HE_1 and HE_0 heat exchangers are
characterized by a competitive price compared to the solutions currently available on the Polish market.
The electricity prices (Cet) were determined on the basis of data provided by PGE [51]. The density
and specific heat of water were assumed on the basis of tables of physical properties of water [52]
depending on water temperature.

The research plan for financial analysis based on energy efficiency of solutions was tested in the
scenarios presented in Figure 4.Energies 2020, 13, x 9 of 19 
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4. Results and Discussion

4.1. Impact of Cold Water Temperature Averaging on the NPV Value

According to the objective of the research, the financial analysis was based on the actual temperature
distribution of cold water supplying the draw-off points. In the first stage, water temperature
measurements were taken for the draw-off point from which water was supplied to the DWHR units
tested. On the basis of the measurement results, the average daily cold water temperatures were
determined for three times of the system usage—15, 30 and 60 min, respectively. They are shown in
Figure 5.Energies 2020, 13, x 10 of 19 
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The basis for further considerations were the results of the studies presented in [40], which showed
that the efficiency of HE_0 and HE_1 heat exchangers changed with the change in the temperature
difference between heated water and grey water (∆T). This is shown in Figure 6.
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In the case of averaging the daily cold water temperatures, the calculation of the NPV value
was possible thanks to summing up the daily energy savings obtained in the consecutive days of
the year, according to the Equation (3). The same procedure was followed for the remaining time
periods, except that the mean values of the ∆T from the period of the week, month and year were
taken consecutively.

Table 3 presents the results of the NPV analysis for the option of using the bathroom 7 days a
week, 365 days a year (Scenario A). The calculations are presented in accordance with the test plan
(Figure 4) for the flow of 7 (Variant I) and 3.5 L/s (Variant II) and three option of times of using the
shower per day (15, 30 and 60 min). Similar results are presented in Table 4 for the option of using the
bathroom 5 days a week, 251 days a year (Scenario B), illustrating the service operation of the premises.

Table 3. Results of net present value (NPV) analysis for Scenario A.

NPV, €

HE_1 HE_0 HE_1 HE_0 HE_1 HE_0
60 min. 60 min. 30 min. 30 min. 15 min. 15 min.

Variant 1
Daily 1427 828 636 362 226 120

Weekly 1427 827 635 362 226 120
Monthly 1428 827 636 362 226 120
Annually 1424 824 634 360 225 119

Variant II
Daily 1418 778 559 287 109 33

Weekly 1417 778 558 287 108 33
Monthly 1418 777 559 287 108 32
Annually 1401 774 551 285 106 32

Table 4. Results of NPV analysis for Scenario B.

NPV, €

HE_1 HE_0 HE_1 HE_0 HE_1 HE_0
60 min. 60 min. 30 min. 30 min. 15 min. 15 min.

Variant 1
Daily 936 539 391 218 109 52

Weekly 938 540 392 219 109 52
Monthly 936 538 391 218 108 51
Annually 933 536 390 217 108 51

Variant II
Daily 888 474 291 135 −18 −40

Weekly 890 474 293 136 −18 −40
Monthly 887 473 291 135 −19 −40
Annually 875 470 285 134 −21 −40

The obtained NPV results for the analyzed methods of averaging the cold water temperature
(daily, daily, monthly and annual) do not differ significantly from each other.

The largest difference noted is EUR 17. This value was noticed between the daily and
yearly temperature averaging period for year-round operation of the installation and the following
configuration: Scenario A (Table 3), 60 min of daily shower time and division of the waste water stream
into two HE_1 heat exchangers—Variant II.

Taking into account such small differences between the results obtained in the fifteen-year
calculation period, it can be concluded that the consideration of the temperature of cold water averaged
annually is an acceptable simplification of analyses. Therefore, in the further part of the article, the NPV
was analyzed for the average annual cold water temperature.
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4.2. Impact of Cold Water Temperature on the NPV Value

The effects of financial analysis in the aspect of investment profitability depend on the temperature
of cold water supplying the DWHR unit. This was verified by comparing the results of analyzes when
supplying the device with cold water at different temperatures.

In the first case, a cold water temperature of 10 ◦C was assumed for analysis. This value is the
temperature most commonly adopted in Poland in the process of designing plumbing installations
whose source is the water supply network. In the second case, the results of actual annual measurements
in the form of average annual temperature were used as the cold water temperature. These tests were
carried out for different times of using the shower and HE_0 and HE_1 devices. Figure 7 presents
selected NPV results for Scenario A assuming the use of a shower 60 min a day and energy recovery by
the HE_1 heat exchanger according to Variant II.
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Figure 7. The impact of cold water temperature on the value of the NPV rate when using a HE_1
heat exchanger.

Based on the research conducted, it was found that in each analyzed case, taking a cold water
temperature of 10 ◦C was inappropriate. The results presented in Figure 7 clearly indicate that
the NPV rate has more favorable values with the simplified assumption that the temperature of
cold water is 10 ◦C. This approach, therefore, leads to some distortions in financial analysis at the
decision-making stage.

When assuming a cold water temperature of 10 ◦C, NPV is set at EUR 1734, while with average
annual temperature obtained from real measurements (14.33 ◦C), the NPV is only EUR 1427. On this
basis, it can be concluded that excessive simplification of input data for the analysis in the scope of
cold water temperature might result in overly favorable results. This approach in the long term may
discourage investors from using this type of solution due to the significant discrepancies between
initial analyzes and actual effects.

Therefore, the average annual temperature determined on the basis of the measurements carried
out should always be used. However, in the absence of such data, an increase in cold water temperature
from the water supply network due to heat gains in the installation or seasonal changes in ground
temperature should be taken into account.

4.3. Impact of the Applied Solution on the Payback Period

The test results are shown in Figures 8 and 9, which reflect the NPV value in subsequent years of
using the system. The investment payback period for each case is marked in red.
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In the case of Scenario A (Figure 8), it was noted that the use of the DWHR HE_1 device was
financially more advantageous than the use of the simple HE_0 device. This was verified for both
Variant I and Variant II.

The most favorable NPV result after 15 years of operation for the HE_0 device was EUR 828,
and for the HE_1 exchanger EUR 1427, which is nearly 72% more.

At the same time, it is noted that in each of the cases the greatest financial benefits were obtained
with a daily shower time of 60 min. In the most critical case, the difference in NPV between 60 and
15 min of shower length was EUR 1201 after 15 years. Thus, it can be concluded that this system is
financially more effective the greater the water consumption in the building. On the other hand, with a
shorter daily time of using the shower, the use of the proposed solutions is unfounded.

In the case of Scenario B and Variant I, the investments are returned after the first year. In the
cases studied, savings of EUR 133 for HE_1 and EUR 66 for HE_0 are already achieved in the second
year. In turn, in Variant II, in spite of greater heat exchange efficiency, the return on investment takes
place between the second and third year of use. It is caused by bigger investments for the purchase
of devices.

Comparing the NPV values obtained after 15 years of using the system, it can be concluded that
it is not cost-effective to use the division of the drain water stream into two devices for both HE_0
and HE_1.

The test results for Scenario B (assuming the premises operate in a service regime 5 days a week,
261 days a year) are shown in Figure 9.

Similar dependencies are noticed in this scenario, but each time this scenario is less favorable than
Scenario A. At the same time, the data presented for this scenario similarly indicate that the use of the
HE_1 device is financially more favorable than HE_0, and the extension of the daily shower length
increases the profitability of such a project.

However, it is not profitable to make the investment in every variant examined. The highest NPV,
equal to EUR 936, was obtained for Variant I, HE_1 and a shower time of 60 min a day. Not all cases of
Variant II in the 15-year cycle are characterized by the positive value of NPV. In the most unfavorable
cases, providing for a shower time of 15 min, the NPV for HE_1 was EUR −18, and for HE_0, EUR −40€.
For these cases, the payback period is longer than the DWHR system’s lifetime (n = 15 years).

In the most favorable case for Variant I, with a shower length of 60 min a day and using the HE_1
device, the return on investment occurred between the first and the second year of operation (profit in
the second year was EUR 45; NPV = EUR 936), and for the HE_0 device, also between the first and the
second year of operation (profit in the second year it was EUR 14; NPV = EUR 536). As in Scenario A,
it is less cost-effective to use Variant II (HE_1—NPV = EUR 875; HE_0—NPV = EUR 474).

The impact of shower duration on the NPV value over a 15-year life cycle in both scenarios was
also analyzed, and its results are shown in Figure 10.Energies 2020, 13, x 15 of 19 
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The detailed analysis of the results showed that in the case of both tested DWHR units (HE_0 and
HE_1), the value of financial benefits obtained also increased along with the extension of the shower
length. This trend is independent of the device used and the characteristics of its use.

The results indicate that the most advantageous solution is to use a single HE_1 device (Variant I).
However, in the case of a very short time of using the installation (below 15 min), it may turn out that
due to lower investments, it will be more advantageous to use a single HE_0 exchanger than a double
HE_1 exchanger with much higher efficiency.

In turn, in scenario B (assuming that the premises are used for 261 days a year) and a short time
of use of less than 15 min, only the HE_0 and HE_1 heat exchanger solutions in Variant I showed a
positive NPV result.

The obtained results of the tests confirm, therefore, that the profitability of heat recovery from
the drain water discharged from the shower grows with an increase in the use of the shower and the
efficiency of the heat exchanger.

Considering that the profitability of the investment is influenced by an increase in water
consumption, DWHR devices should be applied primarily in facilities where significant amounts
of domestic hot water are used. For this reason, it can be considered appropriate to install them in
buildings with a larger number of showers or in those where these facilities are used a greater number
of times per day.

4.4. Sensitivity Analysis

For both scenarios, one financially most favorable case was selected (heat exchanger HE_1 in Variant
I and a 60 min daily shower length) and a sensitivity analysis was performed. For this purpose, the NPV
values for various levels of percentage changes of independent variables (electricity prices, investment
costs) were determined. The results were plotted on the charts presented in Figures 11 and 12,
thus obtaining sensitivity curves. Their intersection with the horizontal axis indicates the values of the
relative safety margins. These are the permissible deviation of the electricity costs and investment
costs from the base values, where the project remains profitable.
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Figure 11 presents the results of the analysis for Scenario A. The safety margin for electricity prices
in this case is −47.825%, while for capital expenditure, it is 951.64%. The risk of investment failure is
therefore negligible. Electricity prices in Poland and in the world are unlikely to decrease, which is
associated with the need to purchase greenhouse gas emission permits. In addition, an increase in
investments necessary to incur the purchase of the HE_1 heat exchanger by as much as almost 952% is
also virtually impossible. It can be concluded that the application of the solution in question in the
conditions considered is beneficial and financially secure.

A relatively low investment risk also occurs in the case of the functioning of the premises in
a service regime (Scenario B). In such a situation, the relative safety margins are equal to −38.14%
and 624.11%, respectively (Figure 12). Although the financial risk of the investment increases with
decreasing water use for showering, in this case it is negligible.

5. Conclusions

The analysis of the financial efficiency of the application of the heat recovery system from drain
water discharged from the shower enabled drawing the following conclusions:

1. Adoption of the temperature of cold water on the basis of actual measurements at the draw-off

point enables obtaining more real and reliable results of the financial analysis.
2. Averaging the cold water temperature in any way—daily, weekly, annually—does not significantly

affect the results of the financial analysis. It is an acceptable simplification of the model.
3. There is a correlation between daily shower time and possible financial savings. Financial

efficiency increases with increasing shower length and water consumption. Hence, it is beneficial
to use the DWHR system for large families, sports, service and industrial facilities, where showers
are often used.

4. In each of the cases analyzed, using HE_1 allows greater financial savings than in the case of
HE_0. In both cases, dividing the drain water stream into two devices, although the efficiency of
the devices is higher in this case, it is not financially advantageous.

5. An assessment of the sensitivity of the model to changes in independent variables, such as
electricity prices and capital expenditure, showed that in the case of installations with high water
consumption and a significant duration of showering, the risk of investment failure is small.
However, this risk increases if water consumption is significantly reduced.
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To sum up, the research conducted indicates that before making a decision on the use of the
DWHR unit, it is necessary to carry out a detailed analysis of the financial indicators of the investment.
Only such calculations allow for limiting the risk of making wrong decisions from the investor’s point
of view. The research results presented do not fully cover the issue of using DWHR horizontal units.
The next stage of research should be an analysis of the functioning of highly effective horizontal heat
exchangers at various hydraulic conditions of their operation using CFD modeling.

The research results have a significant impact on the development of branches of engineering
sciences dealing with heat recovery from wastewater, especially in the scope of the need to search for
new solutions and equipment design, with higher heat exchange efficiency, the implementation of
which allows for achieving clear social, financial and environmental profits.
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42. Słyś, D.; Pochwat, K.; Czarniecki, D. An Analysis of Waste Heat Recovery from Wastewater on Livestock and
Agriculture Farms. Resources 2020, 9, 3. [CrossRef]

43. Spriet, J.; McNabola, A. Decentralized drain water heat recovery from commercial kitchens in the hospitality
sector. Energy Build. 2019, 194, 247–259. [CrossRef]

44. Torras, S.; Oliet, C.; Rigola, J.; Oliva, A. Drain water heat recovery storage-type unit for residential housing.
Appl. Therm. Eng. 2016, 103, 670–683. [CrossRef]
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