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Abstract: The Life Cycle Cost (LCC) analysis on selected alternative systems was carried out to
reduce the demand for potable water and energy in a detached house designed in accordance with
the concept of environmentally friendly house. The tests included a rainwater harvesting system,
graywater recycling system, solar panels, photovoltaic panels, air heat pumps, ground heat pumps,
wind turbines, drain water heat recovery units, and biomass boilers. The analysis was made for
many investment variants where different combinations of the mentioned solutions were applied.
In addition to the LCC analysis, some tests were also carried out to determine an impact of the
investment options on the environment. This was done by calculating CO2, SO2, NOx, CO and dust
emissions. The research was carried out for a different number of occupants and variable levels
of water consumption, which allowed determining the impact of these parameters on the results
obtained. They showed that for any of the computational cases the traditional option of the installation
was not the most advantageous solution in financial and environmental terms, and the systems in
question could be an alternative to this option. Thanks to their implementation, the consumption of
fossil energy resources and natural water resources will be reduced, and the emission of pollutants
will be limited, which will contribute to an improvement of the natural environment.

Keywords: renewable energy sources; alternative water sources; CO2 reduction emission;
Life Cycle Cost

1. Introduction

Currently the world is facing serious environmental problems related to climate changes,
population growth, urbanization, depletion of the ozone layer and global warming. In addition,
constantly growing demand for various types of raw materials causes over-exploitation of natural
resources. There is more and more evidence that climate change is intensified by human activities
including the use of fossil fuels, which continue to be heavily used for energy production worldwide [1,2].
The sector is considered to be one of the largest sources of greenhouse gas emissions [3,4]. In recent
years high emissions of carbon dioxide have caused a significant increase in global temperature to
the extent that our climate is changing drastically. Actions taken by many countries, resulting from
conventions and international commitments, aim to limit global warming [5]. These activities are
based on a strategy for an implementation of distributed decentralized energy systems that connect
local renewable and recoverable energy resources [6,7]. Such solutions guarantee not only flexibility
and security of energy supply, but are beneficial in financial and environmental terms.

The development of various branches of economy and an increase in the number of people in the
world not only adversely affect fossil fuel resources, but also water resources. Satisfying the needs
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of an ever-growing population results in an increased pressure on these resources [8] and leads to
water deficits in many regions. Taking into consideration a current annual population growth of 1.1%
resulting in an increase of around 83 million people per year, the human population is expected to
reach 9.8 billion in 2050 [9]. According to forecasts this will cause the global demand for water to
increase by 55% by over the same period [10].

The influence of urbanization [11] also affects the quality and quantity of water resources.
Currently, almost 54% of the world′s population lives in urban areas, and it is predicted that this
percentage will increase to 66% in 2050 [12]. The progressing urbanization creates new challenges in
the scope of ensuring the broadly understood safety of occupants and an appropriate standard of their
lives. An increase in population migration to cities necessitates their expansion causing, among others,
disorders in the natural hydrological cycle [13]. Human interference in the natural water balance
carries many adverse effects, both for the natural environment and the functioning of the technical
infrastructure of cities [14–16]. Among them the most important are: an excessive desiccation of land,
lowering of groundwater level [17], qualitative and quantitative changes in rainwater receivers [18],
an intensification of flood events, and hydraulic overloading of sewerage systems and sewage treatment
plants [19,20].

It is well known that urbanization and changes in land development even on a local or regional
scale result in global climate change [21]. Therefore, a contemporary approach to city planning
and management should be based on the idea of sustainable development whose purpose is to
maintain proper equations between economic development, quality of life and care for the natural
environment [22]. The cities of the future need to be more dynamic, balanced, smarter, and healthier
so that further civilization development can be possible [23,24]. Taking this into account, it is necessary
to introduce pro-ecological technologies whose task is to reduce the amount of water and energy
consumed in all sectors of the economy, including the construction sector [25].

Housing construction in most developed countries occupies a leading position in equation to
energy consumption [26,27]. For instance, households in the European Union are the third largest
(25.9%) sector for energy consumption, after transport (33.2%) and industry (25.9%) [28]. However,
in some EU countries, including Poland, this hierarchy is reversed and households are characterized
by the largest share of energy demand. In Poland this share is 19%, with 16% and 15% in the transport
and industrial sectors, respectively [28].

In response to such significant and largely irreversible changes that occur in the environment
and take place as a result of urbanization and industrialization, there is a “green revolution” in the
construction sector [29]. This revolution aims at fundamentally changing the construction environment
by creating energy-conscious, healthy, and productive buildings that will have a negligible negative
impact on urban life and the natural environment [30,31]. In recent years there have been many
definitions and concepts of buildings that fall under the banner of the “green revolution”. The most
important of them are: the green building [32], sustainable building [33], eco-building [34], and the
environmentally friendly building [35]. Regardless of the names, the main purpose of using such
structures is the same—the reduction of the negative impact of buildings on the environment and an
increase of comfort and quality of life [36]. This applies to both materials used to make a building and
installations a building will be equipped with [37]. An interesting approach to provide sustainable
buildings through using low-energetic household appliances was also shown in reference [38].

In buildings, the use of fossil fuels is limited by the use of solar energy solutions [39], air [40],
land [41], wind [42], and biomass [43]. In recent years there has been an increase in interest in the use
of waste energy in buildings, including graywater [44–46]. The raising society awareness is crucial to
better identify some opportunities for utilizing wastewater for energy purposes [47].

When striving to design buildings that are environmentally friendly, one pays attention not
only to the reduction of energy demand [48], but also to water demand. This can be achieved by
the use of water-efficient appliances [49], rainwater harvesting [50–54] and graywater recycling [55].
An application of these systems in various types of buildings and an assessment of their financial
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effectiveness were widely discussed in the world, including [56–58]. Also, the graywater reuse gives
an opportunity to save tap water, which was shown by researchers in many publications [59,60].

An application of these alternative systems to reduce the demand for water and energy used
for residential buildings in Poland often meets with the lack of acceptance of investors and users.
It means that the systems are rarely used. This is due to the generally prevailing conviction about the
unprofitability of using unconventional technologies and the lack of public awareness of the beneficial
effects of these solutions on the natural environment. This is also due to the lack of information
campaigns promoting such systems and the lack of guidelines regarding their implementation and
analyzes supporting investment decisions.

The research conducted in this article is justified by the data on the use of renewable energy
sources in Poland, where gross inland consumption, depending on the type of fuel, is 49.24% provided
by solid fuels, mainly hard coal, and only 8.59% provided by renewables [28]. When analyzing the
detailed share of individual renewable sources, biomass and renewable wastes occupy the leading
position (7.71%), and the share of wind and solar energy is 0.66% and 0.02%, respectively [28]. Without
appropriate measures, it will be difficult to reach the level of a 15% emissions reduction by 2020, which
was established by the European Commission for Renewable Energy Targets (RET). However, in regards
to alternative sources of water, there are no detailed data on the use of rainwater and graywater in
installations in buildings in Poland. On the basis of the information provided by contractors and
manufacturers of these systems, it can be concluded that rainwater harvesting systems and graywater
recycling systems are very rarely used. The lack of appropriate actions in this area is incomprehensible
as Poland′s water resources are rated as one of the lowest in Europe and in dry years they reach the
value of 1100 m3/person/year [61].

Taking the above into account, an analysis of the profitability of unconventional technologies
implemented in a single-family house located in Poland was carried out. It was assumed that
this building, by using its appropriate construction and unconventional installations, would be an
environmentally friendly house. The analysis included solutions such as: solar panels, photovoltaic
panels, air heat pumps, ground heat pumps, wind turbines, drain water heat recovery units, biomass
boilers, rainwater harvesting, and graywater recycling systems. The financial analysis was made for
many investment variants where different combinations of the solutions mentioned were applied.
An important stage of the research was to determine an impact of the analyzed investment options on
the natural environment. This was done by calculating the emission of air pollutants: CO2, SO2, NOx,
CO and dust. This approach, taking into account financial and environmental analysis for so many
configurations of alternative solutions, is rare and is new not only in Poland but also in the world.
So far, many researchers have conducted studies for single-family houses, but they have only dealt
with an analysis of the profitability of using individual systems to reduce water demand [59,62] or
energy [63,64].

2. Materials and Methods

2.1. Case Study

A single-family residential building located in the south-east of Poland in the city of Rzeszów
was selected for the research Figure 1. The building has two floors with a total usable area of 164 m2.
It was assumed that the construction of the analyzed building and its equipment would be a part
of the concept of environmentally friendly house. This solution brings many benefits both for the
environment and for the owners. Figure 2 presents solutions that allow a building to become one with
a reduced demand for energy and water, and thus an environmentally friendly building.
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Figure 2. The concept of the analyzed environmentally friendly house.

Referring to the construction of the building, it meets all the requirements specified by the German
Passive House Institute in Darmstadt (PHI) for objects constructed in a passive standard. An indicator
of a unit annual usable energy demand for central heating and ventilation purposes was designated and
it is 11.77 kWh/(m2

·year). The building uses a mechanical ventilation supply system and an exhaust
with heat recuperator. Due to the specificity of climatic conditions prevailing in Poland, the building
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also provides underfloor heating. On the basis of the PN-EN12831 standard, the heating demand for
the building, which is 6 kW, was calculated. The maximum thermal power was also determined for
the preparation of hot usable water, which, depending on the number of occupants and an individual
daily demand for hot water, ranges from 1.7 to 6.6 kW.

Considering the fact that such buildings in Poland are very rarely constructed, a cost-effectiveness
analysis of the use of alternative installation solutions was carried out. The analysis focused only on
internal systems because the solution of the construction in the building in each investment variant
was the same. It was assumed that the building analyzed was equipped with: a shower, 2 washbasins,
2 toilet bowls, a washing machine, and a sink. It was assumed that the characteristics of water and
energy consumption in individual calculation cases was the same for all users of the installation.
The variable parameters in the studies were the number of occupants and the duration of showering.
This allowed determining the impact of changes in these parameters on the financial performance of
the project.

In order to compare various investment scenarios, eight different internal sanitary installations
were analyzed in such a facility, including variant 0 - the most common one in Poland, which assumes
connecting the building to conventional networks. Referring to Polish conditions, as well as public
opinion and concerns, many different systems and their combinations are taken into consideration,
which will allow a potential investor to make the right financial and/or environmental decisions.
The research includes the following solutions whose implementation allows reducing water and energy
consumption in a building.

• Graywater Recycling System (GWRS),
• Rainwater Harvesting System (RWHS),
• Solar Collectors (SC),
• Photovoltaic Panels (PP),
• Air Heat Pump (AHP),
• Ground Heat Pump (GHP),
• Wind Turbine (WT),
• Drain Water Heat Recovery (DWHR),
• Biomass Boiler (BB).

Individual systems and principles of their functioning are characterized later in this article.
As already mentioned, the cost-effectiveness analysis was carried out for 8 different sanitary
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2.2. GWRS Description

The article assumes that the graywater recycling system (GWRS) will be used for flushing the
toilet bowls and in spring and summer, that is from April 15 to September 15 for watering the green
areas around the building. An excess of wastewater generated in the autumn-winter period will be
directed to underground drainage devices, thanks to which it will not be necessary to pay fees for
the discharge of wastewater to the sewage system. Two polypropylene draining boxes were adopted.
Each box measured 100/50/40 cm.

Taking into account the composition of graywater and the purpose of its use, it was assumed
that only the graywater generated during showering and from the wash basin would flow into the
pre-treatment system. The amount of inflowing FGWRS wastewater was determined from dependence (1)
and depended on the number of occupants Oc and on the daily unit water consumption while showering
dsh and body wash in washbasins dwb. Daily water consumption in washbasins dwb was determined
based on literature data [65] and daily water consumption for showering dsh was calculated from the
Equation (2). However, the demand for non-potable use results from the Equation (3).

FGWRS = dsh ·Oc + dwb ·Oc, (1)

dsh = dwm · lsh, (2)

Dnp = dtf ·Oc + dg ·Ga, (3)

where: FGWRS—inflow of graywater to the system of tanks, dm3/day; dsh—daily water consumption
for showering, dm3/person/day; Oc—the number of occupants, dwb—daily water consumption in
washbasins, dm3/person/day; dwm—mixed water flow from the showerhead, dm3/min; lsh—showering
length, min; Dnp—water demand for non-potable use in analyzed building, dm3/day; dg—daily water
consumption for green areas watering, dm3/m2/day; dtf—daily water consumption for toilet flushing,
dm3/person/day; Ga—surface of green areas, m2.

Based on the calculations three different graywater recycling systems were selected, whose
operation was based on the ultrafiltration process. The choice of these solutions was influenced by the
number of people and the duration of the showering time. Depending on the calculation case, a system
with a capacity of 250, 500 and 750 L per day was selected.

2.3. RWHS Description

In the studies conducted, the amount of rainwater that can be used for toilet flushing and
watering the garden in the examined single-family house was determined by using the simulation
model described in the publication [66]. This model is based on a calculation algorithm that allows
determining the daily water balance. These studies used archival daily rain data from the period of
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10 years (2003–2012) from a meteorological station located on the outskirts of Rzeszów city. During
this period, the average annual precipitation H was 695 mm, as shown in Table 1.

Table 1. The amount of rainfall in the years 2003-2012 for Rzeszów city.

Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Average

Annual precipitation H, mm 497 761 777 600 679 737 768 973 609 552 695

In the case analyzed, it was assumed that amounts of rainwater from the roof of the building
was supplied by a system of ducts to the underground tank where they were pre-treated. Water
was transported from the tank using a pump for internal installation in the building. An important
parameter of the model that affected the effectiveness of RWHS was the daily demand for non-potable
water Dnp which was determined from the Equation (3). Similarly to the variants using gray water,
the demand for water for watering the garden was only taken into account for spring and summer.

Based on the calculated demand for non-potable water Dnp and the amount of rainwater that
flows from the roof to the tank designated from simulation tests and guidelines of rainwater harvesting
systems producers, the required capacity of the Vt tank was determined. Depending on the calculation
case, this capacity was 2.5 m3 or 3.0 m3. In periods when the inflow of rainwater to the reservoir was
insignificant, the reservoir was topped up with water from the water supply network, and during
heavy rainfall, an excess of rainwater was discharged to the drainage boxes. On the basis of the
calculated inflow of water to these devices and manufacturer′s guidelines, 2 separation boxes with
dimensions of 100/50/40 cm and a volume of 200 dm3 were selected.

In order to determine an impact of model parameters on the financial viability of each variant,
the capacity of the Vt reservoir and the number of occupants Oc were changed.

2.4. SC Description

In Poland, due to the high variability of time of insolation during the year, solar installations
are mainly used as systems supporting other sources of energy in hot water preparation systems.
A properly installed and operated installation with solar collectors is able to cover about 60% of the
annual demand for hot water. In the summer months, this share can be up to 90%, while in winter it is
only 30%. Table 2 shows monthly solar sums for the city of Rzeszów where the analyzed building
is located.

Table 2. Monthly insolation sums for the city of Rzeszów.

Month Solar Irradiation (kWh/m2)

January 24.4
February 40.7

March 81.4
April 114
May 140.7
June 164
July 162.8

August 141.9
September 98.9

October 65.1
November 27.9
December 18.6

Due to the fact that flat collectors are the most popular type of solar collectors for residential use,
this type of collectors was selected for the research. Solar collectors are situated at an angle of 38◦,
on the roof oriented towards the south. This angle is consistent with an inclination of the roof structure
of the building, so the solar collectors adhere directly to the roof slope. Based on the calculations made,
including the resources of the region solar energy r and the demand for hot water, 1 to 6 solar collectors
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by Hewalex company were adopted depending on the variant. The selection of collectors and other
elements of the installation was made on the basis of Kolektorek 2.0 computer program. In order to
optimally select solar installations for output data, two models of solar collectors KS2100 and KS2400
were used, with an active area (apertures) of 1.82 and 2.19 m2, respectively, and an optical efficiency
of 80.8%. The calculated design percentage coverage of the annual heat demand for the purposes of
hot water preparation varies from 62.1 to 68.3%. Figure 11 presents the monthly energy demand for
heating hot water and the amount of energy possible to obtain and use from solar collectors in the
following months for three example cases—option 1, number of occupants Oc = 2 persons, duration of
having a bath lsh: 5, 8 and 10 min/persons/day.
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As shown in Figure 11, in the summer season solar collectors are able to cover practically 100% of
the demand for thermal energy for preparing domestic hot water. However, due to the possibility of
cloudy days, electric heaters with a capacity of 1.5–2 kW for the water tank were selected as a reserve
heat source.

2.5. PP Description

Solar energy can be effectively used not only for the production of heat in solar collectors but
also for the production of electricity by photovoltaic panels (PP). However, they are affected by the
environmental parameters such as an irradiation level, partial or complete shading, dust, dye or
other factors [67]. Photovoltaic panels do not require any other fuel to work, which means that such
solutions have zero emissions of CO2 and other pollutants [68], thus offering clean and environmentally
sustainable electricity production.

On the basis of the determined demand for electricity in the analyzed single-family house including
appliances, lights and power supply of other devices accepted for testing in various installation variants
and on the basis of solar radiation, Hewalex polycrystalline photovoltaic modules in the amount of
10 to 32 panels were selected depending on a calculation variant and other necessary elements of
the installation using the PV Calculator from the module manufacturer. The annual total electricity
demand for the variants under consideration ranges from 2650 to 9293 kWh. The efficiency of the
adopted photovoltaic module is 16.5%. Figure 12 shows the monthly yields of photovoltaic electricity
in option 2 and for the duration of having a bath lsh = 5 min/persons/day depending on the number of
occupants Oc, as well as the intensity of solar radiation for the city of Rzeszów.

As shown in Figure 12, the electricity yield from the PP plant is closely related to the intensity
of solar radiation and grows in a direct proportion to the size of the selected installation. Due to the
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practicality of using the photovoltaic installation, an on-grid system was established, i.e., a system
cooperating with the power grid-in the period of high insolation, the installation gives energy to the
grid, and if there is not enough sunlight, when electricity consumption is greater than its production,
it draws electricity from the network. It is assumed that settlement with the power plant of the amount
of electricity produced and taken from the grid will be implemented through the so-called net-metering,
or semi-annual settlement system. It consists of balancing the consumption of electricity on a
semi-annual scale. Due to the unevenness of energy production in relation to the needs, it is assumed
that 10% of the annual electricity demand will be additionally taken from the electricity network.
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2.6. AHP and GHP Description

In research in two variants of investment (Variant 3 and Variant 4), a ground-source heat pump,
as well as two successive air-source heat pumps were applied (Variant 5 and Variant 6).

The required heat pump power, which is the basis for the selection of an appropriate device,
was determined using the formula [69] (4):

QPC =
24

24− tz
·Qz, (4)

where: tz—tank utilization time (heat pump pause time), h; Qz—computational demand for thermal
power (reduced power of the system) for preparing hot water, kW.

Groundwater heat pumps by Vikersønn were selected. They included the following models:
Bjørn 10, Bjørn 12 and Bjørn 15 in accordance with the assumed calculation data and the calculated
power required for the analyzed variant. Thermal energy will be absorbed from the ground through
U-shaped vertical heat exchangers made of HDPE 40 × 3.0 pipes with lengths of 204 m, 261 m,
and 273 m, respectively. An advantage of using vertical probes as the lower heat source is a more
efficient and more stable operation of the heat pump which is related to an increase of the ground
temperature along with the depth of the well and then its stabilization.

Air heat pumps with direct evaporation of Danfoss refrigerant, model DHP-AQ sizes 11, 13 and 16
were selected. They correspond to nominal powers of 10.8 kW, 12.2 kW and 15.3 kW, respectively. It is
assumed that the devices will work both for the needs of preparing hot usable water and central heating.

2.7. Wind Turbine

Wind conditions in Poland are described as good ones. Large wind farms are located mainly in
the north of the country, while the southern and south-eastern part where there are areas with very
good wind conditions are focused on the use of small and micro wind turbines [70]. The south-eastern
region of Poland, where the analyzed building is located, is characterized by a very high wind energy
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potential whose value calculated on the basis of measurement results in the speed range above 4 m/s at
a height of 10 m is 750–1000 kWh/m2

·year, and on height 30 m 1000–1500 kWh/m2
·year.

In this article, on the basis of the demand for electricity used for lighting and supplying devices
in the building, a small wind turbine with a capacity of 1.5, 2, 3 or 4 kW was selected in accordance
with the considered variant. Taking into account the location of the facility, the value of the annual
production of electricity by the wind turbine was estimated, which is analogous to the power of the
devices: 2628, 3504, 5256 and 7008 kWh. It was assumed that the wind turbine would be mounted on
the roof of the building and connected to the power grid in the on-grid system. The annual demand
for electricity in the analyzed cases ranges from 2603 to 6296 kWh. Due to the series of power devices
every 1 kW in some variants there is a large surplus of energy production, which will be sold to the
power grid. Settlements of energy generated and collected from the grid will be implemented in the
net-metering system.

2.8. DWHR Description

Graywater may not only be an alternative source of water in a building, but it can also be a source
of energy. In order to recover the energy carried by graywater, a heat exchanger called drain water
heat recovery (DWHR) is applied.

For the research a vertical DWHR heat exchanger—Showersave QB1-21 from Q-Blue B.V. installed
on the outflow of graywater from the shower was used. It is a “tube-in-tube” type of an exchanger with
a length of 210 cm through which cold water and warm graywater flow counter-currently. Pre-heated
water from the exchanger will be fed to the shower mixing valve. On the basis of the data of the
manufacturer of the analyzed device and the assumed calculation data, the water temperature increase
∆T = 18 ◦C was estimated, resulting from the water flow through the device based on the methodology
described in reference [71]. Directing the stream of pre-heated water to the shower mixing value
reduces the hot water demand (55 ◦C), and the determination of the water flow rate using a heat
transfer balance is the basis for calculating the amount of the recovered heat energy. It is estimated that
thanks to the DWHR system at the outflow of graywater from the shower to the sewage system, it is
possible to recover from 537 to 3421 kWh of energy per year depending on the adopted variant of data.

2.9. BB Description

In Poland, forests constitute 28.8% of the country′s area (about 8.9 million ha) and a further
increase in forest cover to 32% is assumed to 2020. The General Directorate of State Forests estimates
that the total technical potential of timber from forestry, which can be directly used for energy purposes,
is approx. 6.1 million m3. Also, significant amounts of wood waste generated in the wood industry
show a great potential for their use in energy production. It is estimated that the amount of wood
waste from the wood industry and other sources is around 8.3 million m3 [72].

Taking the above into account, the research assumes that in three investment variants (Variant 1,
Variant 2 and Variant 7), the biomass boiler will be a source of heat in the analyzed house. This boiler
was selected on the basis of the determined demand for central heating and hot water preparation.
A solid fuel boiler—hornbeam wood with a nominal power of 12 kW was chosen. The average
efficiency of heat generation is 84%.

2.10. Financial and Environmental Analysis

The main goal of the research was to determine the cost-effectiveness of using different installation
options in a single-family residential building. The analysis was carried out using the Life Cycle Cost
(LCC) methodology, which allows determining costs throughout the life cycle of a given product or
facility. The LCC methodology is also used as cost-effectiveness analysis in buildings, especially for
energetic modernization of buildings [73,74]. This method of financial analysis takes into account
the initial investment and operating costs incurred during the exploitation of the facility as well as
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the residual value, which is the remaining value at the end of the study period [75]. LCC enables an
optimization of investment projects′ costs [76] and making sustainable decisions [77].

In the studies, LCC cost analysis was performed using the Equation (5). Considering the length of
life of the building and the installation it is equipped with, the analysis does not consider residual
value (RV), which is in line with the guidelines [78], and other authors′ research, for example [79].

LCCk = INVk +
∑T

t=1
(1 + r)−t

·OCk + RVk, (5)

where: INVk—investments for k-variant of installation, €; OCk —operating costs in a year t for k-variant
of installation, €; RVk—residual value dla k-variant of installation, €; T-duration of the LCC analysis,
years; r-constant discount rate; t-the number of years after installation.

Initial investments INVk, including the cost of a purchase and an assembly of the installation
together with devices allowing to reduce energy and water consumption in the building, was determined
on the basis of producer prices of individual systems. In all variants, based on the obtained data from
simulation models and the data from the ArCADia-TERMO 6.6 computer program, annual operating
costs OCk resulting from the purchase of water, gas, electricity and biomass as well as costs caused by
sanitary and rainwater sewage to sewage systems were calculated. The operating costs also include
the cost of replacing some system components whose consumption occurs after the time specified by
their producers. The detailed data accepted for the tests are presented in Table 3.

Table 3. Data used in the calculation of LCC costs.

Parameter Parameter Value

Investments
The cost of purchasing and installing the GWRS INVGWRS 3222 €, 3580 €, 4010 €
The cost of purchasing and installing the RWHS INVRWHS 1670 €, 1790 €

The cost of purchasing and installing the SC INVSC 1866–4765 €
The cost of purchasing and installing the PP INVPP 3510–9788 €

The cost of purchasing and installing the AHP INVAHP 9337–11.266 €
The cost of purchasing and installing the GHP INVGHP 10128–11.994 €

The cost of purchasing and installing the WT INVWT 3571 €, 3810 €, 4286 €, 4762 €
The cost of purchasing and installing the DWHR unit INVDWHR 680 €

The cost of purchasing and installing the BB INVBB 1310 €
The cost of purchasing and installing the sanitary systems INV0 1320 €

The cost of purchasing and installing the infiltration boxes in variants with GWRS or RWHS INVB 120 €
The cost of purchasing and installing the infiltration boxes in Variant 0 INVB0 478 €

The cost of making an installation of the floor heating in each variant 4909 €
The cost of making a chimney with a flue pipe in Variant 0, 1, 7 2381 €

The cost of connection to the gas network in Variant 0 595 €
The cost of making connections to the power grid in each variant 357 €

The cost of purchasing and installing recuperation installations in each variant 4286 €
The cost of purchasing and installing condensing gas boiler in Variant 0 1548 €

The cost of purchasing and installing water tank in Variant 0 264–448 €
Operating costs

The annual increase in electricity prices (purchasing and selling) ie 1.5%
The annual increase in gas prices ig 2%

The annual increase in the prices of purchase of water from the water-pipe network iw 6%
The annual increase in the prices of rainwater discharge to the sewage network ir 3%

The annual increase in the prices of sanitary sewage discharge to the sewage system is 6%
The annual increase in the prices of purchase wood iwd 3%

The cost of filter change in GWRS after 10 years 477 €, 549 €, 597 €
The cost of purchasing electricity in the year 0 ce 0.139 €/kWh

The cost of purchasing gas in the year 0 cg 0.488 €/m3

The cost of purchasing wood in the year 0 cw 61.905 €/m3

The cost of selling electricity in the year 0 cse 0.045 €/kWh
The cost of purchasing water from the water-pipe network in the year 0 cw 1.076 €/m3

The cost of sanitary sewage discharge to the sewage network in the year 0 cs 0.921 €/m3

The cost of the discharge of rainwater to the sewage network in the year 0 cr 0.715 €/m3

The cost of purchasing wood for biomass boiler in the year 0 cwd 50 €/m3

Other parameters
Analysis period T 25 years
The discount rate r 5%
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When determining the total LCC costs of all investment variants considered, different values
of the installation operating parameters were taken into account, which allowed determining their
impact on the financial viability of the project. The variable parameters were the number of occupants
Oc and the duration of showering lsh. The data adopted for calculations are shown in Tables 4–6 for
installations related to the production of heat and hot water, electrical installations and water and
sewage installations, respectively.

Table 4. Data accepted for calculations for heating installations.

Parameter Parameter Value

Biomass boiler efficiency 0.84
Bifunctional, condensing gas boiler efficiency 0.94
The efficiency of a ground-source heat pump 3.0
The efficiency of an air-to-water heat pump 2.6

The efficiency of solar collectors 0.64
The efficiency of the recuperator 0.9
Projected external temperature −20 ◦C

Average annual external temperature for the Rzeszów-Jasionka meteorological station 7.6 ◦C
Cold water temperature Twc 9 ◦C

Daily hot water consumption for purposes other than showering dsh 9 dm3/person/day
Density of water 985.63–999.78 kg/m3

Hot water temperature Twh 55 ◦C
Mixed water flow from the showerhead dwm 8 dm3/min

Mixed water flow from washbasins and kitchen sink taps qwm’ 4 dm3/min
Mixed water temperature Twm 40 ◦C

Shower length lsh 5, 8, 10 min/person/day
Specific heat of water cp 4176.5–4193.0 J/(kg·K)

The number of occupants Oc 2, 4, 6 persons
Heat pump standby time (tank utilization time) tz 8 h

Accumulation coefficient ϕ 0.3

Table 5. Data accepted for calculations for electrical installations.

Parameter Parameter Value

Electricity demand for lighting, household appliances 1468–2698 kWh/year
Electricity demand for recuperator 338 kWh/year

Electricity demand for auxiliary equipment for heating installations 376–485 kWh/year
Efficiency of the solar module 16.5%

Table 6. Data accepted for calculations for water and sewage installations.

Parameter Parameter Value

Daily water consumption for garden watering dg 1.25 dm3/m2/day
Daily water consumption for toilet flushing dtf 35 dm3/person/day

Garden area Ga 300 m2

Roof area Ra 200 m2

Runoff coefficient Ψ 0.9
Shower length lsh 5, 8, 10 min/person/day

Soil infiltration rate kf 10–4 m/s
Storage volume in GWRS VGWRS 250 dm3, 500 dm3, 750 dm3

Storage volume in RWHS VRWHS 2.5 m3, 3.0 m3

The number of occupants Oc 2, 4, 6 persons

Calculations for heat demand for the purposes of preparing domestic hot water and central heating,
as well as operating costs related to heating installations were made using the ArCADia-TERMO 6.6
computer program. The calculated annual seasonal hot water demand, which is the starting value
for further calculations resulting from the various calculation variants adopted, for central heating
installations is QH,nd = 2427.5 kWh/year, and for installations for domestic hot water preparation is
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QW,nd = 1376–7226 kWh/year depending on the length showering lsh and the number of occupants
Oc. According to the accepted methodology the total average annual efficiency of the installation that
consists of: the efficiency of heat generation in the heat source, the efficiency of heat accumulation
in capacitive elements, the efficiency of heat transfer to dredging points, and the efficiency of heat
utilization for all variants was determined. Then, the percentage share of covering the heat demand
was estimated for the case where there was more than one heat source in the installation. This was
the basis for determining consecutively required annual amounts of fuels to cover the heat demand,
and then the total operating costs including annual inspections of installations and spare parts.

In principle, the building analyzed was to be an eco-friendly one, therefore, in addition to financial
aspects, the research also took into account its impact on the environment. For each investment variant,
the emission of pollutants to the atmosphere resulting from the use of various types of energy sources
was determined. The calculations were based on the indicators contained in the ArCADia-TERMO 6.6
program. This program allowed estimating the level of emissions, such as CO2, CO, SO2, NOx, dust,
and soot.

2.11. Sensitivity Analysis

A sensitivity analysis is one of the methods of investment risk assessment which consists in
examining an impact of future changes in the development of basic investment variables on the level
of its profitability. This technique is used to determine the sensitivity of the results of cost-effectiveness
assessment caused by the occurrence of specific types of risk. The method applied in the research
is a “what if” analysis, which allows answering the question “what will happen if . . . ”. One of the
types of sensitivity analysis was chosen. It was used to examine the percentage change in the size of
the variable explained due to a specific change in a given independent explanatory variable. For the
analyzed case, it was the determination of the total LCC costs assuming that changes in investment
expenditure INVk, or individual components of the operating costs of OCk by the adopted percentage,
i.e., ±10% and ±50%, would change. Due to the depth of the test results, the sensitivity analysis for
several selected calculation cases was conducted. The following change scenarios were adopted for
the research:

• Scenario A—a change in the initial value of investments.
• Scenario B—a change in the value of operating costs resulting from the amount of

consumed electricity.
• Scenario C—a change in the value of operating costs resulting from the amount of used tap water

and the amount of sanitary sewage discharged from the building to the sewage system.
• Scenario D—a change in the value of operating costs resulting from the amount of used

electricity and tap water, and the amount of sanitary sewage discharged from the building
to the sewage system.

The research adopted four characteristic change scenarios (A–D) for which the greatest impact on
the final value of LCC costs was observed. The value of the remaining components of operating costs,
such as the costs of purchase of gas, biomass and costs of discharging rainwater to the network occurred
only in some variants and, therefore, they were not taken into account in the sensitivity analysis.

3. Results and Discussion

The financial and environmental analysis showed that the selection of an appropriate installation
variant in the examined single-family house had a decisive impact on the total amount of costs
incurred in the period of functioning of a given system and on the amount of pollutant emissions
to the atmosphere. The research results confirmed that the construction of a house equipped with
installations supplied from alternative sources of water and energy (environmentally friendly house)
was not only financially viable, but also had a positive impact on the natural environment.
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3.1. The Results of the LCC Analysis

The test results shown in Table 7 for different system configurations in the analyzed single-family
house show that the LCC costs, and thus the cost-effectiveness of using individual variants are affected
by both the number of occupants Oc and individual water demand for showering determined by the
length of duration time lsh.

Table 7. Financial analysis results.

Variant

lsh = 5 min/Person/Day lsh = 8 min/Person/Day lsh = 10 min/Person/Day

INV
€

OC25
€

LCC
€

INV
€

OC25
€

LCC
€

INV
€

OC25
€

LCC
€

2 persons

0 16.129 21.561 37.690 16.129 23.374 39.503 16.158 24.600 40.758
1 22.191 10.944 33.135 22.215 12.242 34.457 22.671 12.979 35.650
2 24.220 12.828 37.048 24.244 13.192 37.435 24.700 13.403 38.103
3 29.405 8377 37.781 30.830 9562 40.392 31.286 10.266 41.552
4 31.433 10.262 41.695 32.858 10.512 43.370 33.314 10.610 43.925
5 24.395 9767 34.162 24.590 10.908 35.497 24.784 11.605 36.389
6 26.424 11.652 38.076 26.618 11.857 38.475 26.812 11.950 38.762
7 24.372 12.899 37.271 24.972 12.400 37.372 24.996 12.576 37.572

4 persons

0 16.161 29.248 45.409 16.232 32.874 49.107 16.275 35.327 51.602
1 23.274 15.571 38.845 23.945 17.832 41.777 24.150 19.511 43.661
2 25.303 15.727 41.030 26.332 16.204 42.536 26.537 16.684 43.221
3 31.262 13.427 44.689 31.970 15.734 47.704 32.639 17.206 49.845
4 33.291 13.583 46.874 34.357 14.106 48.463 35.026 14.312 49.338
5 26.947 14.234 41.181 28.097 16.684 44.781 28.515 17.985 46.500
6 28.976 14.390 43.366 30.484 15.096 45.580 30.902 15.158 46.060
7 25.111 15.594 40.705 26.244 14.853 41.097 26.524 15.089 41.614

6 persons

0 16.232 36.935 53.167 16.275 42.375 58.650 16.313 46.052 62.365
1 24.586 19.928 44.514 25.135 23.545 48.680 25.985 25.733 51.719
2 26.854 18.615 45.469 27.402 19.348 46.750 28.682 19.687 48.370
3 32.699 16.988 49.688 33.518 20.481 53.999 34.174 22.753 56.927
4 34.967 15.675 50.642 35.785 16.257 52.042 36.871 16.697 53.568
5 28.844 18.626 47.469 31.271 21.827 53.098 31.690 24.399 56.089
6 31.111 17.304 48.414 33.539 17.603 51.142 34.386 18.396 52.783
7 26.453 17.815 44.268 27.198 18.339 45.538 28.180 18.673 46.853

Based on the results of the financial analysis, it was found that the Variant 0 was not the most
advantageous solution in financial terms for any of the computational cases considered. This was
due to significantly higher operating costs incurred in the analyzed period of 25 years, compared
to alternative installation options, whose implementation required much higher INV investments,
as shown in Figure 13. Depending on the number of people and the duration of showering, capital
expenditure was only from 26% to 43% of the total LCC costs in Variant 0 and as much as from 60% to
78% in Variant 3. The selection of the investment variant only on the basis of the initial investment
costs, as occurs in the vast majority of cases in Poland, may lead to a wrong decision. The results
of research in this respect confirm the correctness of carrying out a full financial analysis for various
investment variants, even those characterized by high investment expenditure as operating costs
resulting from their use over a long period of time are often lower than the traditional solution.

The LCC values obtained indicated that the most favorable variant in a situation where the
installation was operated by 2 occupants regardless of the showering time lsh was always Variant 1,
where rainwater is used and energy needs of the building are covered by biomass boiler, solar panels
and photovoltaic panels. Similar results were also obtained for the case when the building was
inhabited by 4 occupants and the assumed showering time was (lsh = 5 min/person/day). In all four
calculating cases for Variant 1, capital expenditure was 38% to 44% higher than for Variant 0, despite the
fact that the reduction of water and energy consumption for 25 years as a result of an implementation
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of alternative sources caused the total LCC costs to be lower than 12–14% from the conventional
installation solution (Variant 0).
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Together with an increase in the number of occupants, the demand for water and energy in
the building increases, which affects the change in the profitability of using individual variants of
the installation. Based on the results obtained, it was observed that for 4 occupants and their use
of a shower for 8 or 10 min/person/day and for 6 occupants and time of 5, 8 or 10 min/person/day
Variant 7 was the most advantageous financial option. This concept of installation with electricity
supplied by wind turbines, heating the building and preparation of hot water by the biomass boiler
system, solar collectors and drain water heat recovery unit and using pre-treated gray water is a
solution that will contribute to the greatest savings during the analyzed period of 25 years. Comparing
Variant 7 with Variant 0, it was noticed that depending on the duration of showering and the number
of occupants (4 or 6 persons), the traditional installation solution (Variant 0) generated 52% to 59%
higher operating costs than Variant 7. The LCC value for Variant 7 was 17% lower for the case
where the installation was used by 4 people and the showering time lsh was is 8 min/person/day and
19% for lsh = 10 min/person/day in relation to Variant 0. Considering the same comparison for only
6 occupants, it was observed that depending on the duration of showering, the total LCC costs were
17% to 25% lower.

When analyzing the value of the LCC index for all variants and the full range of adopted variable
parameters of the conducted analysis (Oc and lsh), it was found that Variant 4 or Variant 0 turned out to
be the least advantageous option. The first one was characterized by the highest LCC costs in relation
to all other variants, for 2 occupants and duration of showering from 5 to 10 min and for 4 occupants
and lsh time = 5 min/person/day. This was due to very high investments resulting from the use of
expensive equipment such as a ground heat pump, a wind turbine, and a gray water recycling system.
Their use in the analyzed single-family house reduced the consumption of water and energy from
the network and limited the amount of discharged wastewater to the sewage system, but this did not
compensate for the costs that were necessary to bear in order to implement them. An increase in the
number of occupants to 4 and the extension of the lsh showering time to 8 and 10 min/person/day
resulted in the change of the least profitable variant from Variant 4 to Variant 0. Similar results were
also obtained for 6 occupants. This means that in these cases operating costs in the period of 25 years
were so large in Variant 0 that it is profitable to use any other variant with alternative sources of water
and energy, despite the need to incur significant investments.

The study also analyzed the structure of OC25 operating costs for all considered investment
variants. The percentage share of individual components of these costs for three characteristic
calculation cases is shown in Figure 14. When analyzing these costs, it was noted that when the
installation was only used by 2 occupants in Variant 0, the largest cost was the electricity costs, which
were around 28%. In all other variants, regardless of the number of occupants Oc and the duration
of showering lsh, the largest share in operating costs were fees for the purchase of water from the
water supply network. This share ranged from 23% to 51% and from 26% to 48% for 2 occupants
and 4 and 6 occupants, respectively. The reduction in the share in total costs of electricity charges
and the simultaneous increase in the share of costs resulting from the use of tap water means that
the analyzed alternative water sources, gray water and rainwater, within the scope of the adopted
parameters are not an effective solution for the analyzed single-family building. The use of a rainwater
harvesting system and gray water recycling system will reduce the demand for water from the water
supply network, and thus contribute to the protection of water resources, but due to the high cost of
their purchase compared to the relatively small savings that they provide, their use in this case is not
viable financially.
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3.2. The Results of Sensitivity Analysis

The investment sensitivity analysis carried out for the A-D scenarios described in Section 2.11
allowed determining an impact of changes in particular parameters of calculation models on the value
of total LCC costs. Due to the volume of data received, the article presents the results of this analysis
for the following case:

• the number of occupants: Oc = 4 persons,
• shower length: lsh = 8 min/person/day.

The results of the obtained tests are shown in Figure 15. When analyzing an impact of the changes
in the initial investments INV (Scenario A), it was noticed that only an increase in their amount of above
30% would result in a change of the most profitable variant from Variant 7 into Variant 1. However,
since investments were determined very precisely, large fluctuations in their value are considered to be
unlikely. On the other hand, an increase of investments in the considered alternative variants of the
installation means that the traditional variant of the installation (Variant 0) gains on attractiveness.
An increase in the value of INV by only by 5% to 10% affects the position of Variant 0 in the profitability
hierarchy of individual variants, making its implementation more financially advantageous than
Variant 3 and Variant 4. A decrease in the value of INV from −10% to −50% will not negatively affect
the profitability of Variant 7. Their reduction by more than 30% only results in the replacement of
the profitability of individual variants of installations supplied from alternative sources of water
and energy.

The research also showed that a change in the amount of fees incurred for the purchase of electricity
from the network (Scenario B) had the lowest impact on the value of the LCC indicator. An increase in
the value of these costs by up to 50% will not affect the cost-effectiveness of individual variants at all,
which is caused by the fact that a significant part of the energy necessary for the functioning of the
analyzed building comes from renewable energy sources. However, reducing these costs by about
20% will increase the cost-effectiveness of Variant 0 in relation to Variant 4, which uses a wind turbine.
This means that in this case the amount of energy produced by it and the resulting savings do not
compensate for the amount of capital expenditure that is necessary to bear on its installation. When
analyzing an increase in LCC costs for this scenario, one noticed that it was insignificant, from about
1% for a 10% increase in these costs to more than 7% for a 50% increase.

Similar tendencies of changes in the cost-effectiveness hierarchy of the analyzed installation
variants were observed for scenarios C and D. In the case of the first one, which assumed a change
in the value of costs incurred for the purchase of water from the water supply network and sewage
disposal to the sewage system (Scenario C), it was noticed that their increase in the scope of 50% would
not cause significant changes in the profitability hierarchy of investment options. Such a change is
observed only at an increase of these costs by about 40%, which is very unlikely. A similar situation
takes place while reducing the value of these costs. However, the change in the profitability of the
application of the analyzed variants is noticeable with the value of around −30%.

When analyzing the obtained research results for the scenario, which allowed determining an
impact of simultaneous change in the value of operating costs related to the purchase of water and
electricity from the network and sanitary wastewater (Scenario D), it was found, similarly to in Scenario
C, that an increase in the value of these costs caused a change in profitable implementation of individual
investment variants only at the level of approximately 40%. In turn, lowering the value of these costs
led to noticeable changes in the profitability hierarchy of the analyzed installation variants in the scope
from −10% to −25%.

As demonstrated by the sensitivity analysis, the investment under consideration is most sensitive
to changes in the value of the initial capital expenditure (Scenario A). Their increase in the range from
5% to about 40% results in a significant increase in the cost-effectiveness of Variant 0 and an increase
in the LCC value for variants that become less profitable (Variant 3, 4, 5 and 6) than the traditional
variant, on average around 6% to over 26%. Such a high susceptibility to changes in these variants is
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caused by a significant share of capital expenditure in the total LCC costs, which in turn results from
the necessity to implement expensive equipment for alternative energy sources in these solutions.
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3.3. The Results of the Environmental Analysis

Table 8 presents the results of the analysis of the emission of five pollutants: SO2, NOX, CO, CO2

and dust arising from the use of installations configured in various variants in a residential building
for the adopted analysis period T = 25 years.

The results of research obtained in this area showed that the highest concentration of pollutants
emitted into the atmosphere was CO2. Its value was affected by the consumption of electricity collected
from the network in each of the analyzed investment variants. The lowest CO2 emissions were obtained
for Variant 3 and Variant 4 where a ground heat pump and a wind turbine were an alternative heat
source, except when the installation was used by 4 people and the duration of showering lsh was
8 min/person/day or 10 min/person/day. For these parameters, Variant 7 was characterized by the
lowest CO2 emission. This was due to a small surplus of energy production by a wind turbine that
would be sold to the electricity grid. The power of this turbine in these two cases was chosen optimally
without its oversizing as in the other calculation cases. When analyzing this in terms of an impact of
these two options on the natural environment, a better solution would be oversizing the installation,
which in turn would cause an unfavorable increase in investments, from the investor′s point of view.



Buildings 2019, 9, 180 22 of 27

Table 8. Emission of pollutants over a period of 25 years.

Variant

lsh = 5 min/Person/Day lsh = 8 min/Person/Day lsh = 10 min/Person/Day

SO2 NOX CO CO2 pył SO2 NOX CO CO2 pył SO2 NOX CO CO2 pył
kg kg Kg kg kg kg kg kg kg kg kg kg kg kg kg

2 persons

0 497 142 42 69.798 82 497 145 43 74.511 82 497 147 44 77.751 82
1 17 121 25 1681 412 56 142 30 5150 457 66 147 31 6055 466
2 21 122 25 2066 413 65 144 30 5920 459 79 150 32 7210 468
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 70 18 5 6275 12 98 25 7 8747 16 97 25 7 8658 16
6 75 19 6 6660 12 107 27 8 9517 18 110 28 8 9813 18
7 54 129 27 4933 412 0 119 24 151 416 0 124 25 158 434

4 persons

0 636 184 55 92.887 105 636 191 57 10.2313 105 636 195 58 10.8794 105
1 62 151 32 5697 484 54 168 35 4984 551 92 192 41 8453 606
2 64 152 32 5890 485 60 170 36 5561 552 103 195 42 9416 608
3 0 0 0 0 0 22 6 2 1949 4 60 15 5 5341 10
4 0 0 0 0 0 28 7 2 2526 5 71 18 5 6303 12
5 120 30 9 10.692 20 176 44 13 15.666 29 173 44 13 15474 29
6 122 31 9 10.885 20 182 46 14 16.244 30 184 47 14 16436 30
7 60 144 30 5525 461 0 141 28 180 495 0 149 30 189 520

6 persons

0 776 227 67 115.976 128 776 236 70 130.116 128 776 242 72 139.834 129
1 65 169 35 5951 545 116 208 45 10.576 644 109 223 47 10.006 701
2 62 168 35 5759 545 120 209 45 10.961 645 118 225 48 10.776 702
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 169 43 13 15.116 28 188 48 14 16.798 31 250 63 19 22.287 41
6 167 42 13 14.924 28 193 49 15 17.183 32 258 65 20 23.057 43
7 0 143 29 181 500 0 159 32 202 558 0 170 34 216 594

The annual value of CO2 emissions was also determined depending on the number of people
and the installation variant, as shown in Figure 16. In the traditional variant of the installation with
natural gas and electricity supplied from the grid (Variant 0) CO2 emission ranged from almost
3000 kg/year up to 5500 kg/year. Calculated per one person, in this variant, the annual emission of
this gas was from 773 kg (Oc = 6 persons and lsh = 5 min/person/day) to 1555 kg (Oc = 2 persons and
lsh = 10 min/person/day). In other variants, the equivalent figure was up to 196 kg/person/year.Buildings 2019, 9, x FOR PEER REVIEW 24 of 28 
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When analyzing the remaining pollution values, it was noticed that SO2 emission was also
significant in Variant 0. This was mainly due to coverage of electricity demand entirely from the
electricity grid. In other variants, due to the use of wind turbines or photovoltaic panels, SO2 emissions
were significantly reduced. On the other hand, in Variants 1, 2 and 7, where the biomass boiler was
used, the second largest emission, apart from CO2, was the emission of dust.
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By comparing all variants with alternative energy sources in relation to the variant of a traditional
installation, a reduction of pollutant emissions in the range from 83.5% to almost 100% was achieved.
The maximum emission reduction in some variants resulted from a larger production of renewable
energy and its sales than the demand for it.

As shown by the research, the use of ecological installations in the analyzed building contributed
mainly to a significant reduction of CO2 emissions, which is most responsible for the greenhouse effect.
Taking this into account, countries around the world are taking measures to reduce the amount of CO2

emitted into the environment, mainly by conducting an appropriate energy policy based on renewable
energy sources.

4. Conclusions

The life-cycle cost (LCC) analysis was carried out using selected unconventional systems to reduce
water and energy consumption in environmentally friendly house. The purpose of this analysis was to
show that in the long run, it was not always cost-effective to implement expensive alternatives from
the point of view of the average investor.

Based on the results obtained, it was found that the traditional variant of the installation, which
occurred in the vast majority of single-family houses in Poland, in none of the analyzed cases was the
solution with the lowest LCC value despite the fact that it was characterized by the lowest investments.
It is the initial capital expenditure that is most often used as a decision criterion, and as research
showed, this may lead to a wrong decision, which will result in high operating costs during the use of
the facility.

The analysis conducted also showed that the use of unconventional installation solutions in the
tested single-family house was not only financially viable, but also allowed for significantly reducing
the consumption of potable water and energy, which in turn would reduce the exploitation of fossil
energy resources and natural water resources. An application of these solutions, as shown by the
results of research, will also contribute to the reduction of pollutant emissions entering the environment,
which is mainly responsible for the greenhouse effect involving CO2.

The achievements presented in this article allows proceeding in a way of getting a more completed
approach that maximizes the main two dimensions of sustainability: economical and environmental.

In spite of the growing ecological awareness of Polish society, alternative installation solutions
are not very readily used at present. Therefore, in the next stage of the research, the third main
dimension of sustainable development, i.e., the social aspect should be taken into account. Therefore,
there is a need to formulate a set of questions and carry out surveys that will determine the causes of
such a state. Research in this area will help indicate further directions of activities and develop local
pro-ecological strategies.
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46. Kordana, S.; Pochwat, K.; Słyś, D.; Starzec, M. Opportunities and threats of implementing drain water heat
recovery units in Poland. Resources 2019, 8, 88. [CrossRef]

47. Kretschmer, F.; Neugebauer, G.; Stoeglehner, G.; Ertl, T. Participation as a Key Aspect for Establishing
Wastewater as a Source of Renewable Energy. Energies 2018, 11, 3232. [CrossRef]

48. Mazhar, A.R.; Liu, S.; Shukla, A. A Key Review of Non-Industrial Greywater Heat Harnessing. Energies 2018,
11, 386. [CrossRef]

49. Willis, R.M.; Stewart, R.A.; Giurco, D.P.; Talebpour, M.R.; Mousavinejad, A. End use water consumption in
households: Impact of socio-demographic factors and efficient devices. J. Clean. Prod. 2013, 60, 107–115.
[CrossRef]

50. Amos, C.C.; Rahman, A.; Mwangi Gathenya, J. Economic analysis and feasibility of rainwater harvesting
systems in urban and peri-urban environments: A review of the global situation with a special focus on
Australia and Kenya. Water 2016, 8, 149. [CrossRef]

51. Bashar, M.; Karim, R.; Imteaz, M.A. Reliability and economic analysis of urban rainwater harvesting:
A comparative study within six major cities of Bangladesh. Resour. Conserv. Recycl. 2018, 133, 146–154.
[CrossRef]

http://dx.doi.org/10.3390/buildings3030639
http://dx.doi.org/10.1002/sd.492
http://dx.doi.org/10.1016/j.proeng.2016.04.008
http://dx.doi.org/10.1016/j.enbuild.2013.03.018
http://dx.doi.org/10.1016/j.enbuild.2018.01.019
http://dx.doi.org/10.3390/buildings9010017
http://dx.doi.org/10.3390/buildings9030064
http://dx.doi.org/10.3390/su11041143
http://dx.doi.org/10.1016/j.jclepro.2018.02.187
http://dx.doi.org/10.1016/j.enbuild.2015.01.041
http://dx.doi.org/10.3390/en11081941
http://dx.doi.org/10.3390/resources4010110
http://dx.doi.org/10.1016/j.jclepro.2017.12.061
http://dx.doi.org/10.1051/e3sconf/20184500051
http://dx.doi.org/10.1051/e3sconf/20184500052
http://dx.doi.org/10.3390/resources8020088
http://dx.doi.org/10.3390/en11113232
http://dx.doi.org/10.3390/en11020386
http://dx.doi.org/10.1016/j.jclepro.2011.08.006
http://dx.doi.org/10.3390/w8040149
http://dx.doi.org/10.1016/j.resconrec.2018.01.025


Buildings 2019, 9, 180 26 of 27

52. Vranayova, Z.; Kaposztasova, D.; Poorova, Z. Water management of “smart” buildings and cities. J. Civ. Eng.
Environ. Arch. 2018, 65, 45–52. [CrossRef]

53. Imteaz, M.A.; Matos, C.; Shanableh, A. Impacts of climatic variability on rainwater tank outcomes for an
inland city, Canberra. Int. J. Hydrol. Sci. Technol. 2014, 4, 177–191. [CrossRef]

54. Kaposztasova, D.; Vranayova, Z.; Markovic, G.; Purcz, P. Rainwater Harvesting, Risk Assessment and
Utilization in Kosice-city, Slovakia. Procedia Eng. 2014, 89, 1500–1506. [CrossRef]

55. García-Montoya, M.; Sengupta, D.; Nápoles-Rivera, F.; Ponce-Ortega, J.M.; El-Halwagi, M.M. Environmental
and economic analysis for the optimal reuse of water in a residential complex. J. Clean. Prod. 2016, 130, 82–91.
[CrossRef]
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