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GROUND-SOURCE AND AIR-SOURCE HEAT PUMPS AS THE HEAT
SOURCE FOR A SINGLE-FAMILY FREE-STANDING HOUSE

GRUNTOWA | POWIETRZNA POMPA CIEPLA JAKO ZRODEO CIEPLA
DLA BUDYNKU JEDNORODZINNEGO WOLNOSTOJACEGO

Summary: In the paper, information concerning the ground and air pumps to supply a
free-standing, single family house with thermal energy has been presented. The principle
of functioning of the heat pumps, based upon the Carnot cycle and Linde cycle has been
discussed. There was also discussed COP i.e. Coefficient of Performance, indicating
to what degree the heating equipment utilizes the heat from natural environment in
relation to electric energy, supplying the heat pump. Working factors, as employed in
the heat pumps, have been presented, as well.

Keywords: ground-source pump, air-source pump, Carnot cycle, Linde cycle, heat source,
working liquid, bivalent system, ventilator

Introduction

The heat pump is a device which collects a heat from a lower
low-temperature source and transmits it upwards to the upper
source with a higher temperature. The direction of the heat flow
is always reverse to a natural one and requires the appropriate
energy supply. We can distinguish compressor heat pumps and
the absorption and adsorption heat pumps [1]. The most popu-
lar solution includes the heat pumps, equipped with the electric
energy-driven compressors.

In the case of the absorptive and adsorptive heat pumps, the
thermal energy necessary for working of the mentioned pumps
may be produced in the process of natural gas combustion
which is supplied in a liquid os gaseous form.

The lower heat source should be characterized by a suf-
ficiently high and stable temperature; it is important as during
the heat intake, its temperature should not be too much lowered;
therefore, the source heat energy should be successively supple-
mented [2, 4]. The air is a popular lower heat source. The heat
pump utilizing air as the lower heat source is the cheapest as in-
vestment but such solution becomes less effective when the air
temperature drops below 5°C [3]. Under the climatic conditions,
occurring in Poland, it is necessary to adapt the construction of
the building, insulation, ventilation system and the method of

Streszczenie: W artykule przedstawiono informacje dotyczace gruntowej i powietrznej
pompy ciepta zastosowanych do zasilania energig cieplng budynku jednorodzinnego
wolnostojacego. Przedstawiona zostata zasada dziatania pomp ciepta w oparciu o
obieg Carnota i Lindego, oméwiono rowniez wspétczynnik COP wskazujacy, w jakim
stopniu urzadzenia grzewcze wykorzystuja ciepto pozyskane ze srodowiska naturalnego
w stosunku do energii elektrycznej zasilajacej pompe ciepta. Przedstawione zostaty
réwniez czynniki robocze stosowane w pompach ciepfa.
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heating the building to variable effectiveness of the work of heat
pumps.

The heat pumps, collecting thermal energy from the air,
as being the only one source of the buildings’ heating, may be
adapted to heating of the buildings, corresponding to the stan-
dards of low- or zero-energetic buildings [7, 8, 9].

Surface and ground waters are the effective source of heat
for the pumps; such solution should be, however, precisely ana-
lyzed as the situations may occur when after a dry weather peri-
od, the level of water will be low and/or water will freeze in winter
time [10, 11, 12].
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Fig. 1. Evaluation of primary sources
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From Fig. 1 it is followed that the effectiveness of the heat
pump has the highest value when water is the lower heat source,
however, the availability of ground water is limited.

In the case when the ground is the heat source, we may as-
sume that the effectiveness of the heat pump and the availability
of the heat source are sustainable.

In the case when the air is the heat source, its availability is
unlimited but the air temperature variations may result in lower-
ing of the effectiveness of the pump work; it is especially un-
favourable at a low air temperature and simultaneous high de-
mand on heat for warming [12, 13, 14].

In the case when water or ground are the lower heat source,
the circuit of lower source should be filled by factory-made gly-
col solution or with brine, possessing the certificate which con-
firms the suitability to work in such application [15].
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Fig. 2. Left-hand Carnot cycle

where:
T, — temperature of boiling
T, — temperature of condensation
Q, — the supplied heat in evaporator
L, — work of compressor
Q, = Q, + L, — dissipated heat in condenser
The circuit which defines the state and thermodynamic
transformation of refrigerant, circulating in the heat pump is
called the Linde cycle [9].

electric
energy

3

lower heat source +3C

The principle of functioning of heat pumps

The heat pump transmits the thermal energy from the lower
source with a low temperature (e.g. water, ground or air) to the
source, or upper source with a higher temperature (e.g. heating
installation).

The set of transformations, after which the status of work-
ing liquid— after the passage of the successive conversions —
comes back to the initial point, is an ideal circuit, the so-called
Carnot cycle in which all transformations are reversible. In the
case of heat pump, the Carnot cycle is a course of changes, il-
lustrated in coordinates T-s, running in the counter-clockwise
direction. The mentioned cycle is a left-hand Carnot cycle [10].

T
LS )
P'S ' I
3 > ,‘.,,_.. -
Tk 4, Pk . .
|
'.:: ‘ Po
s - ‘
o | | 1 ‘

Fig. 3. Linde cycle

where:

1-2 — isentropic compression of vapour

2-3 — cooling of overheated vapour

3-4 — condensed vapour

4-5 — isentropic throttling

5-1 — boiling at the constant pressure of evaporation Po and con-
stant temperature T
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The blue line illustrates the saturated internal curve inside
which the area of wet vapour is found.

In the circulation of compressor heat pump, there are 4 ba-
sis elements, through which the refrigerant flows successively:
evaporator, compressor, condenser and expansion valve (throt-
tling element) [10].

In the heat pumps for which water or ground is the lower heat
source, the plate heat exchangers are employed; their construc-
tion ensures high efficiency of heat exchange, especially in the
case of installation distributing the refrigeration factor in the ex-
changer. The uniform distribution of refrigerant on the whole sur-
face of heat exchange ensures optimum utilization of the evapo-
rator’s surface [10, 11, 12].
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Fig. 6. Heat exchanger with the distributing installation [6]

The above thermographic illustration show how the refrig-
eration liquid is distributed in evaporator. The refrigerant without
support of distribution may fill the space of evaporator unevenly;
then the surface of heat exchange is ineffectively utilized. In the
case of distribution of the mentioned factor, the uniform penetra-
tion of the evaporator is possible.

The heat pump for which the air is the lower heat source is
furnished with lamellar heat exchangers. They are characterized
by a high surface on the side of the air (primary side) because
the thermal capacity of the air is smaller than the heat capac-
ity of the mixtures of glycols or brines, used in the case when
ground or water is the lower source of heat [11, 8, 5, 6].

The compressors increase the pressure and temperature of
the factor, flowing out from the evaporator. The electric motor-
driven compressors are most frequently employed; they are
most convenient under the domestic conditions. In the mod-
ern heat pumps, there are used rotary and spiral compressors;
vane compressors and piston compressors are older devices.
The work of vane compressor is calmer as compared to piston
compressor because its working part is not moving by recipro-
cating movement but by circulating and steady, uniform move-
ment; it is accompanied by smaller vibrations. It is smaller in size
and has smaller number of elements which are responsible for
gas compression. Such features make it reliable and very stable
[7, 8]. Construction of compressors has been constantly im-
proved, aiming at betterment of their durability and energetic
effectiveness.

During the condensation process, plate heat exchangers
are employed at first; they are characterized by a high value of
the stream of heat exchange; the other constructions of heat
exchangers are employed as late as in the range of heat power
above 100 kW.

The task of the expansion valve of heat pump is to lower the
pressure of liquid refrigerant which after dissipation of heat to
heating system in condenser remains still under a high pressure,
until the pressure at which its evaporation takes place; it enables
the intake of heat by refrigerant in lower heat source. The expan-
sion valve regulates the flow of refrigerant so as the quantity of
in-flowing refrigerant may completely evaporate in the evapora-
tor and the overheated vapour passes to compressor [16, 17, 18].
To maintain the stable values of the temperature and pressure
of the refrigerant before entrance to the compressor, it is pur-
poseful to install the expansion valve, driven by thermostatic or
electronic sensor [1, 2, 3, 4].

It is advantageous to employ the so-called economizer in the
heat pump. The mentioned device consists of heat exchanger
and additional expansion valve. The stream of working factorin a
liquid form after leaving the condenser is divided into two parts:
a lower part of the stream (10-20%) is directed to additional ex-
pansion valve and the exchanger of the economizer where it
is heated up by the remaining part of the stream with a higher
temperature which flows through the exchanger; it is injected to
the compressor as the overheated vapour. The greater part of
the factor’s stream, after cooling down in the exchanger of the
economizer, is directed to the main expansion valve and then, to
evaporator [8].

The increase in temperature of the vapour in the exchanger
of the economizer is higher than lowering of temperature of the
factor in a liquid form. The application of the economizer pro-
tects the compressor from a flow of liquid factor and decreases
the demand on driving power (intake of electric energy) of the
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compressor, improves the effectiveness of the process and du-
rability of the compressor [4, 5].
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Fig. 7. Scheme of the heat pump with economizer [8]

Working liquid in the heat pumps

Factors R410A and R407C together with polyester oil for
greasing of the compressor are most frequently used as refrig-
erators in the heat pumps. R-410A is the azeotropic mixture of
diffluoromethane (R-32) and pentafluoromethane (R-125). R-
407C is the zeotropic mixture of difluoromethane (R-32), pentaf-
luoromethane (R-125) and 1,1,1,2-tetrafluoroetane (R-134a). Both
mentioned above factors are colourless and have an ethereal
fragrance.

Factor R410A is employed in the heat pumps with inverter
compressor (with a variable efficiency); it facilitates work of the
compressor in a high spectrum of its performance and the work-
ing temperature of R410A is higher than that one of R407C [8, 9].

Effectiveness of COP coefficient

The effectiveness of the heat pump is measured by the co-
efficient of performance (COP) [2, 3]. COP is a ratio of value of
thermal energy, generated in the heat pump which is used for
utility purposes and value of the energy necessary for the supply
of motor of the heat pump compressor.

Formula: COP =P /N,

where:

P, — heating power of the heat pump {kw],

Nel — power necessary for the drive of the compressor's motor,
consumed from the electric network [kW].

The coefficient of refrigeration performance (eng. EER, en-
ergy efficiency rating) is a ratio of refrigeration power, obtained
in the refrigerating equipment and power, consumed by the men-
tioned device (power of compressor); it is employed for evalua-
tion of the efficiency of the heat pump and of refrigeration, 2].

The relationship between COP and EER of the compressor-
based heat pump is simple: COP = 1+ EER. If we speak about
ideal heat pump where the losses of energy do not occur, then
we receive the formula of the efficiency coefficient as follows:

COP_, =T/T,— T,

where:
T, — is a temperature of liquid in condenser [K],
T, — is a temperature of liquid in evaporator [K].

From the above formula it is followed that the coefficient of
performance is the highest, the smallest is a difference of tem-
perature between the evaporator and condenser of the pump.

In the case of heat pumps, the lower is the temperature of the
lower source, from which the evaporator consumes the heat, the
lower the performance of the system is.

Value of COP coefficient is significantly affected by energy
losses which may result from friction between the elements
of the compressor, friction of working liquid flowing in the heat
pump and deficiencies of thermodynamic processes, occur-
ring in the circulation of the pump; if we consider the mentioned
above losses, we may assume that the real value of Cop is by a
half lower than the theoretical value [4, 5].

The efficiency of the heat pump is one of the most important
criteria of the choice of specified equipment, determining the
costs of its operation. The comparison of COP values is reliable
when the mentioned coefficient was determined (calculated) un-
der the same conditions for each of the equipment elements [6,
8]

Air-source heat pump

The installation of the air-source heat pump is relatively
simple and it belongs to the advantages of the discussed equip-
ment. The cheaper devices with a simple construction are most
popular; they are not adapted to work at a low air temperature
and in practice, they may be operated at the air temperature in
the limits of -70 to 50C.

There are also manufactured heat pumps which are adapted
to the work at the air temperature lower than -100C, but they are
more expensive devices.

The air-source pumps which do not work effectively at sub-
zero air temperatures should not be the only one equipment for
heating of the house; on the other hand, they may be used in
bivalent system for the support of the work of boiler during the
heating season (in spring-autumn period); they may be also em-
ployed in preparation of domestic hot water at the period when
the demand on energy for heating is small [8, 9, 10]. In such case,
we may utilize cheaper devices, with lower power compressors
and smaller heat exchangers [6].

The heat pumps with the traditional compressors, operating
on the principle “switch on/switch out” consume more electric
energy with the jumping (discrete) consumption of energy dur-
ing start of compressor what results in decrease of the pump’s
efficiency.
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In most of the working conditions, the discussed above
pumps produce the excess of heat what often forces the applica-
tion of additional buffer tanks which take over the heat excess
and then, give it back gradually to heating installation. It results
from the necessity of maintaining the minimum time of the
compressor's work and limiting to minimum the frequency of its
start-ups [2, 2].

More advantageous solution includes the application of in-
verter compressors which are not switched out but change
smoothly the number of their revolutions and adapt the compres-
sor's performance to its actual demand on heat energy. It is also
possible to use two compressors in one heat pump (or two-rotor
compressors) what enables better adaptation of heating power
to varying demand on the heat.

The application of economizer in the heat pump system facili-
tates also the flexible adaptation of the heat pump heating power
to the demand on the heat in a building [4, 5].

When the pump operates in monovalent system, the heat
power of the pump should be chosen in accordance with the
planned thermal charge which should be calculated in confor-
mity with the requirements of Standard PN-EN 1283. In the case
of bivalent system, that is, work of the air pump, supported by
electric heaters, the sum of the power of two operating devices
should always correspond to the planned thermal charge. The
power of the pump is dependent on the bivalent point, i.e. air
temperature at which the second heating device, supporting the
pump, is started up [12, 13, 14].

PP =t~/ L,

where:

P..~ is the heat power of the heat pump,

P ... — is the power of thermal charge,

T, — is the temperature of the heated accommodation,

T, — is the temperature of bivalent point

T —is the external temperature
The heat pumps (air, water) are produced in the following vari-

ants:

« forassembling at home — such solution is not recommended
due to the fact that, the air must be supplied and extracted
additionally,
for assembling outside the house — external devices of Split
type; it is easier to install them and recommend at the situa-
tion when the site near the house is available, Generally, there
is no problem with such possibility. Many models of Split type
have the outer unit, which is suitable for fixing it to the house
facade; it is also possible to place it at a certain distance from
windows. To fix the pump, the even hardened surface at a
small distance from the house is necessary [14, 15].

Ground-source heat pump

The heat contained in the ground is received using heat ex-
changers, most frequently with pipe construction. We may dis-
tinguish vertical and horizontal types.
Vertical ground-source heat exchanges are classified into:
+  single — U-pipe,

+ double — U-pipe
+  coaxial

Horizontal ground-source heat exchangers are linear and
spiral.

In Polish climate conditions, the mean air temperature dur-
ing a year near the ground is equal to 7-90C whereas the mean
temperature of the earth surface has a value approximate to the
annual mean air temperature what results from the effect of the
following factors: heating of the ground by solar radiation, radia-
tion of the heat from the ground and effect of geothermal heat
[2,3,4].

The temperature in the ground is changed dependently on
the season of the year e.g. the range of the temperature changes
in the ground (t,,) at the depth h = 1.5 m is found in the limits of
6 —13°C[11,12].
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Fig. 8. Run of changes in temperature of the ground during a year, depending on the
season of the year and the depth of the ground

In order to calculate the size of vertical ground heat exchang-
er, we have only to know the refrigeration power of the heat
pump. If we do not have such information, it is sufficient to know
that it corresponds to the heat power, decreased by the power
of compressor. On the other hand, if we do not have information
about the power of compressor, but we possess the knowledge
on the COP coefficient, the refrigeration power will be calculated
according to the following formula:

Q,, = COP - 1/C0P*Q,,

Before assembling the vertical heat exchanger, we should
examine the ground on which the mentioned heat exchanger
will be placed because we must determine the thickness and the
coefficient of thermal conductivity A of the particular ground lay-
ers, and calculate the mean value of the coefficient of thermal
conductivity A for the area where the pipe of the exchanger is to
be placed [1, 2]. If we know the mean coefficient of the ground
conductivity, we may determine the unit heating capacity g,
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Fig. 9. Scheme of installation with vertical ground heat exchanger [8]

[W/m], and calculate the depth of placing the exchanger from the
following formula:

I‘o = Qchl/ gv [m]

In the case of exchanger, consisting of the pipes arranged
horizontally, the depth of 0.2 — 0.5m below the limit of freezing
is considered as optimum. If water course is found at the small
depth, the favourable solution includes placing the pipes just
there because the heat pump will reach the higher COP coef-

E - Distribution pipes

A - Heat pump

B - Distribution well

C - Feed pipes — supply
D - Feed pipes — return

G - Insulation of pipes

(eng. DHW)

| 1.]

A

F - Levels of ground heat exchanger

H - Installation for central heating or/and domestic hot water

ficient in such situation. The pipes of horizontal heat exchang-
er should be arranged in the earlier prepared excavation; they
should be laid in a form of coil in the whole surface of the ex-
changer, with the preservation of a specified space between the
neighbouring segments [6, 7, 8]. The spaces should not be lower
than 0.4 m or higher than 1.2 m. They should be adapted to the
type of the ground as it determines its regeneration ability. The
heat capacity of the exchanger results not only from the length
of the pipe but also from the size of the ground area on which the
pipes are arranged [1].
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Fig. 10. Installation with the horizontal ground heat exchanger [4]
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Characteristics of building, supplied with thermal energy,
generated by the heat pumps

The air-source and ground-source heat pumps have been
installed in a single-family building with the following character-
istics: free-standing, single-family building, without cellar, with
the habitable attic, with the total surface amounting to 189 m?
and cubature of 625 m® and with the gable roof. The thickness
of the outer walls was 40 cm together with the insulation. The
discussed building is situated in the first climatic zone for which
the minimum external temperature is equal to -16°C. The num-
ber of inhabitants of the mentioned building does not exceed 5
persons.

Fig. 11. A single-family, free-standing building with a gable roof [17]

Air-source heat pump as the heat source
in the single-family building

There is presented hereby the air-water heat pump with the
external and internal unit of VAILLANT type VWL plus 102/3 with
capacity of 1T0kW and COP coefficient = 2.5. It cooperates — in bi-
valent system — with two-function gas boiler with a closed com-
bustion chamber of VUW 202/3-5 type, with capacity of 20kW
[7, 8]. The air-source pump and the boiler are found in a storage
room. The tank made of stainless steel with capacity of 175 dm?
is used for storage of the domestic hot water [6, 7].

In the storage room, there was placed also a tank by Vaillant
company type allSTOR VPS/3, of 300 dm?® capacity for heating
of water [4,5], which functions as a buffer, collecting thermal en-
ergy and allowing to limit frequency of the heat pump switching
on.

The boiler starts up, supporting the work of the heat pump
when the outer temperature is lowered down to -°C. When the
outer temperature falls down below -12°C, the pump shuts down
and the boiler remains the only one source of heat.

/

Fig. 12. Air-source heat pump by VAILLANT [12]

Ground-source heat pump as the heat source
in the single-family buildingl

The heat pump based upon brine and water, as manufac-
tured by VAILLANT of type geo THERM VWS 171/3, with capac-
ity of 17.4 kW and with tank heater for domestic hot water of
type VIH R 150 by Vaillant company is operated in monovalent
system [11,12]. The pump is found in the storage room. The lower
source consists of 4 ground probes, being 97 m long each of
them; they are made of HDPE pipes with diameter of 32 x 2.9
mm. The diameter of feed pipes is 63 x 5.8 mm (the diameters of
the pipes were chosen according to the heating capacity when
propylene glycol was the liquid in the circuit of the lower source
(83%)). The ground installation of vertical heat exchanger was
performed in conformity with the guidelines of designing and ac-
ceptance of the installation together with the heat pumps [3, 4].

Fig. 12. 13. Ground-source heat pump manufactured by VAILLANT [12]
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Comparison of air-source and ground-source pumps
which feed the installation for central heating
and domestic hot water in single-family,
free-standing building

From the viewpoint of the operating costs, application of the
installation with the ground pump is more profitable solution. It
is determined by the lower source from which the heat is taken,
i.e. ground. The temperature of the ground is more stable than
the temperature of the air. Therefore, the ground pump works
at a small range of the changes in the temperature of liquid in
evaporator and its sub-elements may be cheaper as compared
to the parts of air pumps [2].

The advantages of the ground pump include a high COP co-
efficient amounting to 4.9 and the possibility of work in mon-
ovalent system. In the case of correctly designed and performed
ground heat exchanger, the ground pump may be independent
heating device, covering the demand on the heat energy in the
building.

The COP coefficient of the air-source heat pump, as being
equal to 2.5, is by a half lower than in the case of the ground-
source heat pump. Besides it, the thermal capacity of the air
pump is decreased together with the decline of the air tempera-
ture, that is, in the period when the demand on the thermal en-
ergy for heating of the house is increasing [1].

The defect of the air-source heat pump consists in the emis-
sion of the noise, which is caused by the work of outer unit (ven-
tilator of evaporator). The level of acoustic pressure in the case
of location of the external unit at the distance of 18 m from the
building is equal to 34.9 dB, i.e. it is found at the limit of the per-
mitted standard of the noise, penetrating the residential building.

The advantages of the application of the air-source heat
pump include the costs of performing the whole heating system,
including the air pump, operated in the bivalent system, with the
double-function gas boiler. In this case, the costs are significant-
ly lower as compared to the costs related to the ground-source
heat pump.

T iﬁ"hq;,;;, i
~ TECHNICAL INFOR

Bibliography

1l Koczyk H.: Ogrzewnictwo praktyczne - projektowanie, montaz,
eksploatacja, Systherm Serwis Danuta Gaziriska S.J, Poznan,
2005

[2] Mizielinska K., Qlszak J.: Gazowe i olejowe Zrodta ciepta matej
mocy, Oficyna Wydawnicza Politechniki Warszawskiej, Warsza-
wa, 2011

[3] SosnowskiS., TabernackiJ., Chudzicki J.: Instalacje wodociggo-
we i kanalizacyjne, Instalator Polski, Warszawa, 2000

[4] Polska Organizacja Technologii Pomp Ciepta: Wytyczne pro-
jektowania, wykonania i odbioru instalacji z pompami ciepta,
Czes¢ |: Dolne Zrédta do pomp ciepta, Port PC, Krakéw, 2013

[5] Sekowski K., Juchnicki J.: Poradnik projektanta i wykonawcy,
System Kan-therm, Warszawa, 2005

[6] Viessman , Podrecznik architekta , projektanta i instalatora —
Pompy ciepta, str.28

[7] Kosieradzki J., Pompy ciepta-kierunki rozwoju, Rynek Instalacyjny
nr 7-8/2011, str.39

[8] Viessmann, Podrecznik architekta, projektanta i instalatora-
Pompy ciepta

[9] Danfoss, Poradnik pomp ciepta Danfoss

[10] Rozporzadzenie Ministra Infrastruktury z dnia 12 kwietnia 2002r.
w sprawie warunkow technicznych, jakim powinny odpowiadac
budynki i ich usytuowanie, stan prawny na 1 stycznia 2014r.

[17] Polska Norma PN- EN 12831: Instalacje ogrzewcze w budynkach.
Metoda obliczania projektowego obcigzenia cieplnego

[12] Polska Norma PN- 92 B- 01706: Instalacje wodociggowe

[13] Polska Norma PN-92 B- 01707: Instalacje kanalizacyjne

[14] Mistrz- instalacji.pl

[15] Ogrzewanie.info.pl

[16] Dartech.elk.pl

[17] Instal.centrum.com.pl

[18] Instal.reporter.pl

Article reviewed
Received: 27.07.2021 r./Accepted: 31.08.2021 r.

_— NN

MATI

ON PORTAL

The largest database of on-line publications

WWW.sigma-not.pl

32 rpoiish Technical Review No. 3/2021



