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The analysis of energy-saving technologies used in buildings
with low energy consumption

Krzysztof Pawlowski

The Department of Building Engineering and Building Physics, Faculty of Civil Engineering, Archi-
tecture and Environmental Engineering, UTP University of Sciences and Technology in Bydgoszcz,
e-mail: krzypaw@utp.edu.pl, ORCID: 0000-0002-6738-5764

Abstract: Designing, constructing and using of buildings with low energy consumption
are a complex process requiring knowledge of architectural design, construction physics and
building systems with the use of renewable energy sources (RES). The article presents the legal
bases and characteristics of low-energy buildings. Implementation of the binding technical
requirements in the field of hygrothermal characteristics consists of monitoring numerous
parameters of an entire building, and in particular of its partitions and their joints and buil-
ding systems. Therefore, the paper presents calculations regarding determining the material
systems of building partitions and building joints with the use of professional software. The
main part of the article is to establish the impact of energy-saving technologies on the energy
consumption of the newly designed buildings, but also of the buildings that are undergoing
modernisation processes.

Keywords: energy-saving technologies, low-energy building, external partitions, ther-
momodernization of the building

1. Introduction

According to the Regulation of the Council of Ministers of 22 June 2015 on the adop-
tion of the National Plan to increase the number of low energy buildings [1] a low-energy
building is one which meets the requirements for energy saving and insulation included in the
technical and functional guidelines referred to in Article 7 paragraph 1 point 1 of the Act —
Construction Law [2], i.e. in particular Section X and Annex 2 to the Regulation [3] in force
from 31 December 2020 (in the case of buildings occupied and owned by public authorities
— from 1 January 2019).

On the basis of analyses of legal regulations [3], criteria for the assessment of external
partitions and buildings in terms of hygrothermal requirements have been formulated:

* the criterion of thermal protection and energy savings:

— designing of building partitions so that the values of heat transfer coefficients U, [W/
(m?-K)] of external partitions, windows, doors and installation technique comply with
the requirements of the regulation [3],

— designing of thermal insulation (perimeter) for a partition in contact with ground with
thermal resistance greater than R, [(m?-K)/W],

— requirement for protection against rooms overheating during summer g [-],

— designing of a building with the primary energy demand EP [kWh/(m?-year)] with
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the value meeting the requirements of the regulation [3], including the use of highly
efficient installations and renewable energy sources (RES) in the building,

* the criterion of humidity:
— risk of development of surface condensation — calculation of the temperature factor

f]‘(si [_]’
— risk of development of interstitial condensation.

The fundamental change of the regulation [3] in the field of thermal protection of buildings
is the change of maximum values of heat transfer coefficients U, Partial requirements for
thermal insulation of external walls, roofs, floors, windows and doors have been tightened.
Moreover, the type of partition (multi-layer or single-layer) and the purpose of the building
(residential, public utility, storage, farming, etc.) are no longer relevant.

According to the changes introduced in the regulation of the Minister of Infrastruc-
ture and Construction of 14 November 2017 amending the regulation concerning building
technical requirements and building localisation [3], the thermal requirements pertain to
simultaneous fulfilment of two requirements for the heat transfer coefficient U [W/(m?-K)]
for individual building partitions and the non-renewable primary energy demand indicator
EP [kWh/(m?-year)] for the entire building.

The minimum requirements referred to paragraph 1 of the regulation [3] shall be deemed
to be fulfilled for a building undergoing renovation where the building partitions and renovated
technical equipment at least comply with the thermal insulation requirements set out in annex
2 to the regulation [3].

The paper presents an analysis of selected energy-saving solutions in buildings with low
energy consumption in terms of hygrothermal requirements according to the regulation [3].

2. The characteristics of the buildings with low energy
consumption

On the basis of analyses and calculations, basic groups of factors regarding the classi-
fication of low-energy buildings were determined:

* architecture of a building: location of a building with respect to the directions of the
world, compact structure of a building (minimum A/V shape coefficient), size and
location of transparent partitions, rooms arrangement, roof geometry,

o structural and material solutions of building partitions and their joints: use of high
quality materials; use of modern insulation materials, e.g. polyurethane foam dusts,
aerogels, vacuum boards, transparent insulations; the way of designing of building
joints in terms of hygrothermal characteristics with the use of numerical tools,

o thermal insulation of building partitions: thickness of thermal insulation sometimes
exceeding 25+30 cm, obtaining the value of heat transfer coefficient U < 0,10 W/(m?-K)
for non-transparent partitions and U < 0,90 W/(m?-K) for transparent partitions, taking
into account the requirements for room overheating in summer,

* type and efficiency of the ventilation system: hybrid or mechanical ventilation with
heat recovery, mechanical ventilation with heat recovery and ground heat exchanger,
high efficiency of the system (above 70%),

* type and efficiency of the central heating and hot water system,
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* use of renewable energy sources (RES): solar energy, wind energy, geothermal
energy,

* building management system, which also allows to control energy production.

For over a decade, legal regulations related to the design, construction and use of buil-
dings with low energy consumption have been enforcing such technological and organisational
solutions, as a result of which newly erected buildings consume less and less energy during
their use for heating, ventilation and hot water. Changes of the maximum value of the heat
transfer coefficient U, (formerly k, ) impact the amount of energy consumption during the
use of buildings. Unfortunately, legal regulations in this field do not regulate the requirements
for limiting heat losses through building joints — thermal bridges, because no limit values
have been set, e.g. for maximum values of linear heat transfer coefficient ¥, [W/(m-K)]. It
should be emphasized, however, that a building is a structure of building partitions and their
joints of individual physical character and is subject to external and internal environmental
influences. In many cases, the structural and material analysis of building partitions and joints
and the execution technology is generally not a problem at the time of designing. However,
the knowledge of physical parameters related to heat and humidity exchange allows to avoid
many design and manufacturing defects.

The application of a suitable thermal insulation material allows to achieve low values of
heat transfer coefficient U [W/(m?-K)] of a full partition and linear heat transfer coefficient ¥
[W/(m-K)] and to minimize the risk of surface and interstitial condensation. Before choosing
the right material for thermal insulation, when designing new buildings or renovating existing
buildings, the following properties should be taken into account: heat conductivity coefficient
A [W/(m-K)], bulk density, acoustic insulation, water vapour permeability, diffusion resistance
coefficient p [-], sensitivity to biological and chemical factors and fire protection. On the
basis of calculations and analyses carried out in this field, an exemplary selection of thermal
insulation materials was compiled (Fig. 1).

Example of selection of thermal insulation materials

External wall insulation (from the outside): polystyrene (EPS), grey (graphite) polystyrene (EPS), pheno-
lic foam boards, mineral wool, other innovative materials: airgel mats, parogel, vacuum insolation panels
(VIP)

Thermal insulation of pitched flat roofs and roofs above unused attics: cellulose wool, mineral wool

Wooden roof insulation: wood panels, sheep wool panels, mineral wool panels, polyurethane foam (PUR/
PIR), cork panels

Insulation of partitions coming into contact with the ground (perimeter insulation), plinths and floors:
extruded polystyrene (XPS), foam glass

Indoor insulation: cellular concrete blocks (Multipor), climate panels, thermal insulation plasters (reno-
vation)

Insulation with the use of “new generation” thermal insulation materials: airogel, parogel, reflective
insulation, vacuum insulation VIP, transparent insulation, silicate foams

Fig. 1. Example of selection of thermal insulation materials — author’s own elaboration

The energy-saving measures used in low energy buildings can be divided into three main
groups. The first group includes technologies related to the reduction of heat losses by partitions,
and in particular: insulation of external partitions (floors on the ground, ceilings, roof, walls),
selection of window and door frames taking into account thermal requirements according to
the regulation [3]. The second group concerns the reduction of losses and improvement of
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installation system efficiency: replacement or modernisation of radiators, replacement or moder-
nisation of heating system (insertion of floor or air heating, etc.), installation of thermostats,
installation of modern weather compensators or room controllers, insulation of hot water and
central heating ducts, replacement or modernisation of hot water production system, replace-
ment or modernisation of ventilation system (application of mechanical ventilation with heat
recovery — recuperator). The last or third group consists of design, execution or modernisation
works focusing on a heat source, which may include: design and installation or replacement of
a heat source (replacement of a boiler with a new one with better efficiency or replacement of
a local source with a district heating system), replacement of an energy carrier (replacement
of a boiler with another one that produces energy by burning another type of fuel; the excep-
tion is replacement of a fuel in the same boiler, which is adapted to burn several types of raw
materials), use of technology that uses renewable energy sources for heating purposes (e.g.:
heat pumps, biofuels, solar thermal collectors), use of cogeneration (simultaneous production
of electricity and heat — this applies to shared houses), use of automatic source control. The
groups of energy-saving measures described above are especially related to the buildings
undergoing thermal modernisation.

Detailed analyses, calculations and examples of structural, material and technical solu-
tions for buildings with low energy consumption are presented in the following papers [4 — §].

3. The influence of energy-saving technologies on the energy
consumption of a building

The basic technical measure in the field of thermal quality of building envelope elements
is the selection of thermal insulation material to insulate external partitions in newly designed
and modernised buildings. The heat transfer coefficient U, [W/(m*-K)] is the basic parameter
used to test the thermal criterion (U, < U,,,,)- Along with the changing values of U, (from
31.12.2020 for external walls, at t; 216°C; U_,.,,=0,20 W/(m?K)), some of their structural
and material solutions do not meet the basic criterion (U, < U,,,,)- Therefore, it is justified
to make detailed calculations in this respect.

To calculate the heat transfer coefficient of the double-layer external wall U, [W/(m*-K)],
with the use of various materials, the following assumptions were made:

* heat transfer resistance for the wall; heat transfer resistance values were adopted
according to PN-EN ISO 6946:2008 [9] for the horizontal direction of the heat flux:
heat transfer resistance on the external surface of the partition: R . = 0,04 [(m*-K)/W],
heat transfer resistance on the internal surface of the building envelope: R; = 0,13
[(m2K)/W],

* values of heat conductivity coefficient A [W/(m-K)] have been assumed on the basis
of tables in the paper [10].

The results of calculations are presented in Table 1 depending on the value of the heat
conductivity coefficient A [W/(m-K)] and the thickness of the thermal insulation material.
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Table 1. Results of the calculations of the U, heat transfer coefficient according to PN-EN ISO 6946:2008 [9]
in reference to the double-layer external wall — author’s own elaboration.

Variants of thermal insulation
1 11 11T v \'% VI

heat conductivity coefficient
of thermal insulation materials A [W/(m-K)]

0.040 0.038  0.035 0.031 0.021 0.015

d A X
[m] [W/(mK)] [m]

No. Material layers

Plasterboard 001 040 0.10 0.26 0.25 0.24 0.22 0.16 0.12
B. made of cellular 0'24 0'21 0'12 0.23 0.22 0.21 0.19 0.14 0.11
1 CT‘;:;ﬁ; ceulation. y 0.15 020 019 0.8 016 0.12 0.09
Thin layer plaster 000> 076 020 16 015 014 013 009 007
Plasterboard 001 040 010 032 031 029 026 019 0.4
Limestone 024 0.56 o2 028 026 025 022 016 012
2. sandstone bloc X y 01s 023 022 020 018 013 009
Thermal insulation : -
Thin layer plaster 000> 07 020 018 017 0.6 014 010 0.07
Plasterboard 0.01  0.40 010933 032 030 027 019 014
3. Full brick 0.25 0.77 0.12 0.28 0.27 0.25 0.23 0.16 0.12
Thermal insulation X y 0.15 0.23 0.22 0.21 0.19 0.13 0.10
Thin layer plaster ~ 0.005 0.76 020 018  0.17 0.16 0.14 0.10 0.07

Variants of thermal insulation: I — plasterboard A = 0.040 W/(m-K), II — mineral wool boards A = 0.038 W/
(m-K), IIT — extruded boards A = 0.035 W/(m-K), IV — graphite polystyrene boards A = 0.031 W/(m-K),

V —resol boards A = 0.021 W/(m-K), VI — airgel boards L = 0.015 W/(m-K); to calculations of U, it was
assumed AU=0

The values of heat transfer coefficient Uc of external walls fulfilling the requirement: Uc< Uc(max)

=0.20 W/(m2-K) were marked in green in the table.

Significant influence on the value of heat transfer coefficient of a building partition
U, [W/(m?-K)] has the value of heat conductivity coefficient A [W/(m-K)] of an insulating
material, but also of a construction layer. With regard to one type of insulation, it may vary
significantly depending on the product, which is due to the rapid development of the market
of thermal insulation materials and increasingly advanced production technologies. In the
case of airgel insulation (produced in mats of 1cm thickness), calculations for the thickness of
10, 12, 15 and 20 cm were presented only for the purposes of comparison with other thermal
insulation materials.

It is worth noting that the issues of thermal physics of buildings often amount to the
thermal analysis of the external partitions of buildings subjected to the effects of external and
internal temperatures changing in time. In many cases, the solution of heat flow amounts to the
determination of heat transfer through a flat building envelope in a one-dimensional field (1D),
without considering heat flow in a two-dimensional field (2D) and a three-dimensional field
(3D). However, the real (actual) field of heat exchange is usually the building envelope as part
of the building, i.e. connected by a system of joints to the existing envelope (ceiling, external
or internal wall or floor on the ground). There may be places within the partition that interfere
with its continuous character — material inserts, window and door frames, variable thickness of
thermal insulation. In all these cases the following temperature field appears: flat (2D) or spatial
(3D), which significantly changes the procedure of thermal-humidity calculations of a partition.

Below is presented the calculations of physical parameters of the joint: connection of
the external wall with the window in cross-section through the frame with the use of jamb
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(insulation extended to the frame), with the use of the software TRISCO-KOBRU 86 [11],
adopting the following assumptions:

* joint modelling was performed in accordance with the regulations presented in PN-EN
ISO 10211:2008 [12],

* heat transfer resistance (R, R,.) was adopted in accordance with PN-EN ISO 6946:2008
[9] for the calculation of heat fluxes and PN-EN ISO 13788:2003 [13] for the calcu-
lation of temperature distribution and temperature factor fgp)»

* indoor air temperature t, =20 °C (dayroom), outdoor air temperature t, = -20 °C (zone IlI),

* values of heat conductivity coefficient of construction materials A [W/(m-K)] have
been adopted on the basis of tables included in the paper [10],

* two-layer external wall: cellular concrete block (p=600 kg/m?) 24 cm thick — A=0,21 W/
(m-K), case A: EPS polystyrene (p=30 kg/m?) — A=0,036 W/(m-K), case B: graphite
polystyrene (p=30 kg/m*) — A=0,031 W/(m-K), case C: phenolic (resol) panels (p=16 kg/
m?®) — 1=0,022 W/(m-K),

» window frames with heat transfer coefficient U _=0,81 [W/(m*-K)].

Figure 2 shows the connector calculation model and results of computer simulation: heat
flux lines (adiabates) and temperature distribution (isotherms).

— cellular concrete block 24 cm thick —
" 2=0,21 W/(m'K)
@ — 10 cm thick thermal insulation material, —
«  variant solutions (Table 1)
I — fitting foam 1 cm thick — 2=0,035 W/(m-K)
_ ! —window frames — U =0,81 W/(m?-K); (for the
I purpose of numerical calculations the window
«  heat conductivity coefficient 2=0,075 W/(m-K))
was determined from the basic dependencies
concerning the heat flow in a one-dimensional

field)
a) calculation model b) material characteristics of the joint
i \
. ——
$ 0 s s v e st oa o - c
c) heat flux lines — adiabates d) temperature distribution — isotherms

Fig. 2. Calculation model and results of computer simulation of the analysed connector — author’s own
elaboration

Table 2 presents the results of calculations of physical parameters of the analysed joint
with the use of various thermal insulation materials (10 cm thick).

On the basis of the calculations (Table 2) it can be concluded that the analysed joints
generate additional heat losses determined, among others, in the form of linear heat transfer
coefficient ¥, [W/(m-K)] and temperature reduction on the internal surface of the wall t_, [°C].

min.
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In case of this type of joints it is justified to determine the branch coefficients of heat transfer,
separately for the external wall ¥, . [W/(m'K)] and for the window ¥i,0. W/(m-K)], because
it allows to determine additional heat losses, separately for the external wall and the window.
The procedure of calculating the branch heat transfer coefficients ¥ is based on:

* separation of internal branches of the thermal bridge, assignment of initial and boundary
conditions,

* calculation (numerically) with the use of a software of heat fluxes flowing through the
separated branches (parts) of the bridge,

* calculation of appropriate branch coefficients according to the relevant dependencies
with the use of data corresponding to the separated branches.

The paper presents calculations of linear and branch heat transfer coefficient ¥, [W/
(m-K)] by internal dimensions. It is also possible to determine the coefficients by external
dimensions ¥_ and internal total dimensions ¥ ;. Performing detailed calculations, with the
use of certified software in a stationary approach [11], allows to obtain reliable results of
hygrothermal parameters. Calculation procedures for determining physical parameters of
building joints, according to PN-EN ISO 10211:2008 [12], are presented in detail in the
paper [10].

Table 2. The results of calculations of physical parameters of a joint: connection of an external wall with
a window in the cross-section through the frame with the use of various thermal insulation materials
— author’s own elaboration.

Physical parameters of a joint

variant U (Usp) D L® ¥, o Frsim)
[W/(m*K)] (W] [W/(m-K)] [WimK)]  [*C] []
0.24Y 0.04

A 025 0.03"
0.819 34.37 0.86 0.01" 1392 0.848
0.22" 0.04

B 0.22» 0.03”
0.819 33.35 0.83 0.01™ 1430 0.858
0.17Y 0.04

¢ 0.17% 0.03”
0.819 31.27 0.78 0.01% 1507 0.877

The variants with a jamb: A — extruded polistyren — 2=0.036 W/(m-K), B — graphite polistyren —
2=0.031 W/(m-K), C — phenolic (resol) boards — A=0.022 W/(m-K);

U (U,p) — heat transfer coefficient of individual parts of the analysed joint (" concerns external wall, 2
concerns a jamb with a window, ¥ concerns a window)

® — heat flux flowing through the analysed joint,

L?P — linear thermal coupling coefficient of the analysed joint; L*°=®/(At-1)

W, — linear coefficient of heat transfer of the analyzed joint, determined after internal dimensions,

" value of linear (branch) heat transfer coefficient concerning the external wall ¥,

"value of linear (branch) coefficient of heat transfer concerning the window ¥, ,

t,., — Minimum temperature at the internal surface of the partition in the place of the thermal bridge,
Jrsip) — temperature factor, determined on the basis of 't

min.

The use of a jamb (extension of thermal insulation to the window frame) allows to minimise
additional heat losses (‘¥; [W/(m*K)]) and the risk of surface condensation (t,;, [°C], fes.op) in
relation to the solution without extension of the thermal insulation. Detailed analyses in this
respect were presented in the following papers [6, 7, 10].
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When determining the energy consumption of a building, it is also necessary to take into
account the efficiency of installation systems resulting from regulation and use of heat in the
heated space (), transfer of heat from the heat source to the heated space (1), heat accu-
mulation in the volume elements of the heating system (1), production of heat from an energy
carrier or energy input to a heat source (n,). The heating system in a building shall comply
with the requirements of the technical building regulations and shall take into account technical
knowledge of energy efficient solutions. The system should be designed as a high-performance
system. High efficiency heat sources should be planned, all possible efforts should be made to
reduce heat transfer losses and if there is an accumulation tank, accumulation losses should be
minimal and the elements responsible for the control and use of heat should be optimally selected.
The best possible performance can be achieved according to [14] by, among other things: the
use of condensing boilers, heat pumps with a high coefficient of efficiency (COP), appropriate
routing of heating medium distribution lines (compact system) and their proper thermal insulation,
appropriate insulation of buffer tanks and load and discharge control systems, low-temperature
surface, radiator or mixed heating systems, use of high-performance auxiliary pumps with low
power consumption (resulting in low consumption of auxiliary energy).

The value of the annual indicator of non-renewable primary energy demand (EP) deter-
mines the total efficiency of a building. It refers to the energy contained in sources, including
fuels and carriers, necessary to meet the final energy demand, taking into account the additional
expenditures for delivering this energy to the building perimeter. The value of the indicator
of input of non-renewable primary energy to the production and supply of an energy carrier
or energy for technical systems w; is taken from data disclosed by the supplier of that energy
carrier or energy. Low values indicate low demand and therefore high energy efficiency of the
building. On websites, some heat suppliers include values of the input ratio of non-renewable
primary energy, for example:

* the ratio of input of non-renewable primary energy in 2016 for the heating network
in the Warsaw District Heating System of Veolia Energia Warszawa S.A. supplied by
the Combined Heat and Power Plants (CHP plants) Zeran and Siekierki, Heat Plants
Kawgczyn and Wola and Waste Disposal Plant “Gwarkow” OUZ-2 , regardless of the
quantity and type of heat sources and technologies used to generate and deliver heat
to the final customer is W, = 0,69 [15],

» Gdansk District Heating Company (GPEC sp. z 0.0.) reports that the indicator of
non-renewable primary energy input in 2015 for the district heating network is W, =
0,658 [16],

* non-renewable primary energy input indicator for the Bielsko-Bialta district heating
network for 2016: W,,, = 0,71 [17].

In case of lack of such data, the values of W, coefficient specified in the Regulation [18]
shall be used.

Improvement of the energy standard (reducing the embodied energy ratio) of an existing
building can be achieved both with and without financial investment. The first way requires
investments in the future that will be paid for over time. The estimated payback time can be
presented using the SPBT coefficient. The second group includes measures related to the susta-
inable use of thermostatic valves, well thought-out ventilation of rooms, proper arrangement
of radiators and saving of domestic hot water.

A single-family building with a basement and a usable attic erected in 1990 was chosen
for the analysis. During the assessment of its technical and thermal condition it was found that
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the values of heat transfer coefficients of external partitions do not meet the basic criterion
according to the regulation [3]: (U, < U,,,). During the use of the building, a renovation
was carried out, during which a leaky roof and window frames were replaced. On the basis of
calculations carried out according to the regulation [18], it can be concluded that the analysed
building is highly energy-intensive (utility energy demand index — EU=152,06 kWh/(m?*-year),
final energy demand index — EK=410,90 kWh/(m?-year), while non-renewable primary energy
demand index — EP=455,41 kWh/(m?-year)). In order to adapt the analysed building to the
binding legal regulations according to the regulation [3], it is necessary to perform thermal
modernisation of individual elements: insulation of the ceiling above the unheated basement,
insulation of external walls, replacement of the central heating system, replacement of the
water heating system, installation of thermostats, insulation of heating cables.

The main division of variants is based on the differentiation of heat sources needed to
heat the building and the preparation of hot water. — Table 3.

Table 3. Considered thermal modernisation variants of the analysed building considered — author’s own
elaboration based on [19].

Variant I Variant I1 Variant I11
The source of heat to central heating boiler — biomass boiler - coal, condensing boiler
heat pump
The source of heat to heating of . . boiler — coal, condensing boiler /
boiler — biomass
water heat pump collectors
Insulation of external walls polystyrene polystyrene polystyrene
Thermal insulation of the ceiling olvstyrene olvstyrene olvstyrene
above the basement POLYSty POlysty POlysty
Insulation of heating cables PUR lagging PUR lagging PUR lagging
Installation of thermostats + + +

On the basis of assumptions presented in Table 3 (variants I, II, III), calculations of
energy performance indicators of the analysed building were carried out according to the
procedures presented in the regulation [18] with the use of professional software. All external
partitions after thermal modernisation met the basic thermal criterion: U, < U, ..., and from
31.12.2020 U, values were adopted as final values valid. However, additional heat losses
resulting from the occurrence of linear thermal bridges were taken into account when using
the value ¥, according to PN-EN ISO 14683 [20], in accordance with the used software to
determine the energy performance of the building. The results of calculations of basic EU,
EK, EP indicators for the analysed building are presented in Table 4.

Table 4. Results of calculations of energy performance parameters of a single-family building before and after
thermal modernisation in different variants — author’s own elaboration based on [19].

Parameters Before t.her.mal After thermal modernisation
modernisation Variant I Variant 11 Variant I11
EU [kWh/(m?*year)] 152.06 88.44 88.44 88.44
EK [kWh/(m?-year)] 410.90 181.34 130.22 136.52
EP [kWh/(m?-year)] 455.41 35.81 141.65 116.30

Therefore, the only option that can be used to adapt the analysed building to the ‘low
energy building’ standard (EP<EP,, =70 kWh/(m?-year) and U <U_,,.) is Variant I (Tables
3 and 4). Meeting the requirements of the regulation [3] without the use of renewable energy
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sources (RES) is very difficult and sometimes impossible. That is why, the higher the percentage
of their use, the lower the demand for non-renewable primary energy EP [kWh/(m?-year)].
It is possible to reduce the indicators (EU, EK and EP) by improving the insulation quality
of external walls (U, much lower than U in force after 31.12.2020) by using innovative
thermal insulation materials with a low value of heat conductivity coefficient A [W/(m-K)].

4. Summary and conclusions

The selection of energy-saving technologies in low energy buildings is a complex process,
which includes the issues of architectural design, building physics and building systems.

The thermal quality of the building envelope is assessed by determining the U, coeffi-
cients, which are used for further calculations of the hygrothermal analysis of partitions and
the whole building (e.g. the coefficient of heat loss through penetration H,, [W/K], the demand
for usable EU energy, final energy EK and primary energy EP [kWh/(m?-year)]). It should also
be emphasised that while shaping the arrangement of material layers of external partitions and
their joints, the following criteria must be taken into account: thermoinsulating power, surface
and interstitial condensation, acoustic resistance, fire protection, as well as load capacity and
durability of the structure. Some arrangements of material layers meet the requirements for
thermal insulation (U, < U,,,)), but it is not permitted to place the thermal insulation layer
in any position of the partition after the analysis of humidity, acoustics or fire requirements.

It is also important to determine the reliable physical parameters (hygrothermal para-
meters) of building joints, which values depend on the location and thickness of thermal
insulation material and the position of window frames in the external wall — Table 2. The
use of approximate and indicative values, e.g. based on PN-EN ISO 14683:2008 [20], is not
justified because they do not take into account changes in material systems and the type and
thickness of thermal insulation.

Stricter requirements for thermoinsulating power and energy consumption of buildings
require the introduction of energy saving measures, which have a significant impact on the energy
efficiency of buildings. Detailed analyses of the influence of thermal quality of building partitions
on their energy demand (EU, EK, EP) have been described in detail, among others, in the paper
[21]. Thermal modernisation works undertaken in existing buildings should be carried out on the
basis of a detailed analysis of their technical and thermal condition. On the other hand, the evalu-
ation of the quality of works related to insulation of external partitions should be carried out on
the basis of thermovision tests. The results and analyses in this respect are presented in the paper
[22] for the housing estate in Upper Silesia. It is necessary to perform calculations and analyses
concerning the undertaken energy-saving measures at the stage of their design, execution and use.

To comply with the requirements to achieve the standard for a low energy building
with the EP ratio (e.g. for a single-family building, below 70 kwh/(m?-year)) it is necessary
to: design or modernise building partitions and joints ensuring minimum heat loss through
penetration (U <U_,..), selection of appropriate heating components of central heating, hot
water and cooling system (with particular emphasis on the efficiency) and the use of renewable
energy sources (RES).
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Abstract: The paper is a review of the literature on the strengthening of wooden struc-
tures. The strengthening methods are classified according to their purpose and specifics. The
article deals with both traditional methods commonly used and modern methods involving
the use of composite materials. The paper also includes description of studies on various
strengthening methods as well as the presentation of their results. The author also refers to the
causes of the loss of load bearing capacity, causes of wood degradation and wooden structures
durability in relation to operating conditions.
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1. Introduction

Wood as a cheap and widely available material, has been used for ages for almost all
types of buildings, varied from small farm buildings to large churches, in which wood is the
building material for the whole structure or only its cover. The glue laminated wood introduced
nowadays has become a material for the large span roof structures in halls, e.g., sport complex.
The main advantage of wood is its low weight, which reduces transport and construction costs,
significantly reducing or even eliminating the use of heavy machinery.

Wooden structures are resistant to temperature variability and operation in constantly
wet environments. The most of their damage come from destructive biological interactions in
unfavorable, cyclically changing, moisture conditions. Safe use of wooden structures, in which
destructive processes have already begun, requires repair or strengthening. A multitude of
wooden structures types (i.e., ceilings, trusses, walls of wooden buildings, roof structures, and
various complex engineering structures) leads to many strengthening methods including classic
carpenter solutions as well as methods based on the use of modern composite materials. This
paper describes the mechanism of wooden structures damage, and the most popular methods
used for strengthening of such structures. Then the results of laboratory tests of strengthened
wooden structures are described.

2. Durability of wood and a damage mechanism
of wooden structures

It is well known that the wood structure under optimal conditions has a very high durabi-
lity of up to several hundred years, as shown in Table 1. The table shows that wood can operate
for a very long period of time only in stable moisture conditions, i.e., in a dry or wet state. The
problem arises when the wood structure works under cyclically changing humidity conditions,
and these are the most common for wooden elements exposed to environmental agents.



18 Szymon Slésarz

Table 1. Durability of some species of wood according to [1]

Durability [years]

Type of wood outdoor in consistently dry conditions underwater
common pine 20-85 120-1000 80-500
spruce 10-70 100-900 50-100
larch 20-90 300-1800 80-700

Kozakiewicz [1] stated that the natural durability of wood depends on the environmental
conditions, the type of wood (species), its structure and chemical composition. Regarding the
durability, wood is classified into three groups [1]:

* very durable wood (e.g., oak, yew, larch, robinia, ebony, eucalyptus),
* wood of moderate durability (e.g., spruce, pine, ash, fir, beech),
* wood of low durability (e.g., maple, birch, linden, willow, poplar).

Usually conifer (spruce, pine, fir) is used to make structural elements. Therefore structural
elements are made of the wood of moderate durability and they are subjected to degradation.

The main factors causing the degradation of wood are:

* biological agents: bacteria, fungi, algae, lichens, insects, and others,

* physico-mechanical agents: low temperature, variable humidity, mechanical forces,
* physico-chemical agents: light, radiation, high temperature, fire,

» chemical agents: acids, bases, salts, acrosols.

The most dangerous factors causing the degradation of wood are fungi and insects, especially
if the wood operates under cyclic environmental humidity changes. Due to these changes, micro-
cracks appear in the surface of the wood, in which fungal spores are deposited. Fungi cause the
decomposition of wood tissue which in a direct way leads to a reduction in strength parameters.
Insects, however, degrade wood in a mechanical way. The insects’ larvae that create corridors under
the surface of the element noticeably reduce the cross-section of the element [2].

a) c)

Fig. 1. Damage to wooden elements: a) structural elements affected by fungi (photo. Sz. Slésarz); b), c)
structural elements destroyed by insects, (photo. Sz. Slésarz, A. Halicka)

Considering that humidity is the factor favoring fungal and insect attack, the PN-EN
335:2013-07 standard [3] distinguishes five classes of use:

* 1st class —wood or wood-like material is under a roof, it is completely protected from
weather conditions and is not exposed to humidification; the beetles destroying the
wood are the biological hazard;
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* 2nd class — wood or wood-like material is under a roof;, it is completely protected from
weather conditions, however, high humidity of the environment may lead to periodic,
but not constant humidification; the beetles destroying the wood and fungi worsening
the wood surface appearance are the biological hazards ;

* 3rd class — wood or wood-like material is not under a roof and is not in contact with
the ground, although it is constantly exposed to weather conditions, or it is protected
from weather conditions, but it is under frequent humidified; the beetles that destroy
the wood, fungi that worsen the wood appearance and fungi that decompose the wood
are the biological hazards;

* 4th class — wood or wood-like material is in contact with ground or fresh water and
thus it is constantly exposed to humidification; the beetles that destroy the wood, fungi
that decompose the wood and gray decay fungi are the biological hazards;

 5th class — wood or wood-like material is constantly exposed to seawater; fungi that
decompose the wood and gray decay fungi are the biological hazard.

Insects and fungi action (biological corrosion) leads to reduction of the load bearing
capacity of structural elements by reducing the wood’s strength. In addition, the degraded
fragments diminish the cross-section area, which together with the decrease of the modu-
lus of elasticity leads to the reduction in the stiffness of structural elements. As a result, the
deflections of bending elements grow and the stability of the whole structure decreases. Thus,
in a relatively short time, the biological corrosion can lead to make the use of the structure
unsafe due to the reduction of the load bearing capacity or loss of structural stability.

3. Traditional methods of wooden elements repair
and strengthening

3.1. The essence of repair and strengthening

Depending on the technical condition of the wooden element and its destination, the
repair or strengthening may be chosen. Repair is made when the original load bearing capa-
city of the element should be restored, which has been lost due to destructive environmental
impact (fungi, insects, moisture) or mechanical damage. If there is a need to increase the load
bearing capacity or stiffness in order to reduce the deflection, the strengthening should be
performed. Elements are usually strengthened, when it is planned to increase the loads (e.g.,
loads on ceilings or roofs).

Every repair and strengthening of a wooden element should be preceded by assessment
of the range of the zone, which was degraded by insects or fungi. The whole degraded parts
should be removed and hewed, and the “healthy” wood should be left. This is the necessary
condition for the effective repair and strengthening. The abandon of removing infected parts
results in further degradation progress, including new wood fragments.

Thus, the elements destined for repair or strengthening are of reduced area in relation to
the original cross-section because of removing corroded parts. The repair restores the para-
meters of the primary cross-section, and the strengthening is focused on the increase of the
load bearing capacity of the primary element.

Repair and strengthening of wooden elements usually concern the flexure zone (in the
span) or shear zone (near the support). The purpose of strengthening of a wooden element in
flexure zone is most often not only to increase the load bearing capacity of cross-sections, but
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also to reduce existing or designed deflection. One of the most common damage to wooden
ceiling is its excessive deflection. It may be caused by the loss of the cross-section area due to
corrosion, but also creep of the wood under a long-lasting high-value load. In this case, besides
strengthening by the increase of cross-section, there is a need to “straighten out” and thus to
lift up the floor beams in the middle of their span. Usually this is done by use of actuators,
previously basing them on the masonry or special steel frames or beams, e.g., when there is
a vault underneath the ceiling.

3.2. Replacement of fragments or entire element

In the case of strong corrosion of wooden element, it may be necessary to replace its
fragments, especially in the support zones. Ends of a beam are subjected to infestation with
molds and fungi, due to the lack or faulty insulation between the wall and the wood and as
a consequence of moisture in the wood.

The replaced part of the element can remain wooden — then the old and the new part are
connected by screws (Fig. 2).

Fig. 2. Replacement of the rafter support zone with a new wooden part (photo. A. Halicka)

The replacement with steel elements can also be made. For this purpose, small steel
trusses are used (Fig. 3a). The one side of truss rests in the wall in the socket, while the other
side is attached to the “healthy” wooden beam. Another way of replacing the support zone
is to replace the support piece with a steel beam, e.g., a C-profile fixed to a wooden beam on
a set of screws on one side and supported on a wall on the other side (Fig. 3b).
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In extreme cases, when repair or strengthening to achieve the required load bearing
capacity is not possible, additional load bearing elements are introduced, wooden or steel,
carrying all loads or loads that exceed the load bearing capacity of left wooden elements
(Fig. 4). Another way is to introduce an additional support by undersling the beams in the
middle of the span to a wooden beam located perpendicular to the beams (if it is possible to
use such a beam).
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Fig. 4. Steel load bearing elements taking over the bearing role of original wooden elements (photo. A. Halicka)

3.3. The use of additional wooden elements

The basic and most common way to strengthen and repair existing wooden elements
is to increase the area of cross-section by additional wooden elements, which are fixed with
mechanical fasteners, usually nails or screws. As a result, the sectional modulus and the moment
of inertia of the cross-section increase. The pads can be fixed on the element sides (in the
case of strengthening of ceiling beams or beam ends) or on the upper surface as overlays (in
the case of rafters and purlins, in which it is allowable to change the height of the beam). In
strengthening with wooden pads it is necessary to remember to create the reverse deflection
of the beam ceiling made by undercut on the top of the beam and pads.
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Fig. 5. Strengthening of wooden beams using wooden pads [4]
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3.4. The use of additional steel elements

3.4.1. Strengthening the cross-section with steel profiles

Strengthening steel elements are most often used on the side surfaces of the structural
member. They can be fastened over the entire length of the element, in order to increase its
load bearing capacity, or only on a fragment to replace the damaged part of the cross-section.
Linear strengthening is performed by fastening steel elements to the surface of a wooden beam
(most often steel elements are placed on both sides and they are twisted together). Connection
can be made of screws with nuts in the spacing about 15% of the beam range.

To increase the load bearing capacity, rolled sections are used: angles, C-profiles, and
flat bars. Typically, the additional steel element carries the bending moment and the wooden
element is treated as not working. The method of linear reinforcement is illustrated in Fig. 6.

Fig. 6. Strengthening of wooden beams using steel profiles [4]

3.4.2. Strengthening with steel sheets and steel bars

Strengthening of wooden beams using steel sheets and bars consists in making a cutter
along the beam into which the epoxy resin is introduced, and the steel bar or metal sheet is
embedded into it. This solution does not increase the cross-section, it can be carried out without
distraction of this beam surface, which is considered valuable, e.g., for conservation reasons.
By the method of gluing steel elements inside beam , both the tensile and shear part in the
support zones can be strengthened. The principle is shown in Fig. 7.

[ro Jen

Fig. 7. Strengthening of wooden beams using steel sheets and steel rods [5]; 1-wooden beam reinforced,
2- epoxy composition, 3- metal sheet, 4 —steel rod

In the paper [5], the results of tests were reported, in which the method discussed was
applied in different variants (Fig. 7). It was found that the most favorable concerning the increase
of the load bearing capacity is the gluing of steel sheets to the side surfaces of wooden beams.

Jasienko in works [5,6] widely dealt with strengthening of existing beams by steel
reinforcement. Similarly to the theory of reinforced concrete, he introduced the steel bars
to the tensile zone of a wooden beam. In tests, the deflection of reinforced beams was lesser
than the deflection of non-reinforced beams: of about 40% when using single reinforcement
(i.e., introduced in a one row) of reinforcement ratio of 1.5% in relation to the cross-section
of wood, and 60% when 3% for double reinforcement. The method of steel reinforcement
presented in the research [5,6] is shown in Fig. 8.
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Fig. 8. Strengthening of wooden beams using the reinforcing bars; 1-wooden beam reinforced, 2- adhesive
composition with a reinforcing rod, [5]

3.4.3. Prestressing

In the mid-1970s, an attempt was made to transfer the prestressing technology used for
concrete elements to wooden structures — prestressing withstands the tensile stress caused by
the external load. The steel used for prestressing was a high strength steel. The prestressing
was performed by means of wires as well as prestressing steel strips glued to the down surface
in the tensile zone. Such a prestressing applied by Peterson [7] resulted in an increase of the
load bearing capacity (by approx. 26%), an increase in stiffness and reduction of deflections
(by approx. 76%) in relation to non-prestressed beams.

The attempts to introduce preliminary stresses were made by Cyrulinski on structures
made of the glued laminated wood [8]. It was a structure not only compressed in the tensile
zone, but also expanded in the compression zone. The author introduced a special channel
routing on the beam sides, ensuring the adjustment of the eccentricity of the compression and
tensile forces to the value of the expected operational stresses. The largest increase in ultimate
loads of the prestressed-expanded beam in relation to the non-tensioned beam was 48%. The
route of the prestressing-expanding bars is shown in Fig. 9.
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Fig. 9. The course of the routes of prestressed and expanded bars in beams, which were examined by Cyru-
linski; a) prestressed beam, b) expanded beam, c) prestressed-expanded beam, [8]
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The basic problem during the prestressing of wooden beams are the prestress losses. In
the wood, with the passage of time, rheological changes occur due to shrinkage and relaxa-
tion of wood, which significantly reduce the effectiveness of prestressing. Various studies [9]
give a different value of force loss, but they oscillate in the range of 20-25%, which means
relatively high losses.

4. Strengthening of wood members using composite materials

The composites (FRP) are used more and more often to strengthen wooden elements. They
are materials, in which a matrix consisting of an epoxy resin is reinforced with a fibrous mate-
rial. Depending on the fibers used, a composite with different parameters is obtained (Tab. 2).

Table 2. Technical parameters of fibers used in composites [10]

Type of fiber ng:;:%l Tensile strength [MPa] g&‘:ﬁ;ﬁ;fggﬁlmdmal
E-glass 2.5 2000 — 3500 70

S-glass 2.5 4570 86

Aramid 1.4 3000 - 3150 6367

Carbon 1.4 4000 230 — 240

Research on the strengthening of wooden structures using composite materials has been
carried out effectively for both solid wood and glued laminated wood [11-14].

Extensive research in this field was carried out by Nowak [15]. He investigated the
influence of the location the composite on the increase of the load bearing capacity of the
beam. An important assumption was the insertion of composite to the inside of the beam,
which was used to simulate the strengthening of old, antique beams. The tests were carried
out on the beams of the 12x22 c¢m cross-section, using the CFRP tapes, which were glued
before loading, both from the top and side of the beam. For comparison, two non-streng-
thened beams were tested — the A series made of an “old” wood and the G series made
of a “new” wood. The scheme of the test is shown in Fig. 10. The beams were loaded to
simulate pure bending.

The graph on the Fig. 11 shows the ultimate loads of the tested beams. The largest increase
in the load bearing capacity in comparison to series A was recorded for the D series with the
tapes on the top and side surfaces (about 79%), while the smallest was for the F series, with
tapes based only into the both sides of the beam (approx. 21%).
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Fig. 10. Scheme of the test stand [15].
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Fig. 11. The results of tests carried out on solid beams by Nowak, [15]

Strengthening of the glued laminated wood using the fiber strips consists of gluing them
at the production stage between the last lamellas or on the bottom of the beam. Brol [16]
performed tests on beams as shown in Figure 12, and obtained an increase in load bearing
capacity for GARP strips fastened to the bottom of the beam by 54%, and for reinforcement
glued between lamellas by as much as 68% in comparison with non-strengthened beams. He
stated that strengthening of the glued laminated wood beams with composite tapes saves even
25% of wood, but the proposed methods are only possible to apply at the production stage.
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Fig. 12. Types of beams reinforced by Bro/ during the glued wood tests [16]

5. Conclusions

1. The paper presents methods of repair and strengthening of wooden beams in a traditio-
nal way and using composite tapes. The main purpose of these methods is to improve
the cross-section parameters (depending on the method — increasing the cross-section
area, increasing stiffness). In the literature there are studies, which report attempts to
introduce initial stresses by prestressing.
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(1]

(2]

(3]

2. A common need occurring during the strengthening of wooden beams is the reduction
of their existing deflection. It seems that this is possible with use of the prestressing
composite tapes. In literature, there is a few case of prestressing wooden beams and
typically apply glue laminated wood. There is no case about prestressing traditional
wood in current articles so it is a field for further research and analysis.
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Abstract: As an element of structural and material solutions, aluminium and glass faca-
des are the mainstay of urban architecture; they are especially used in public utility buildings.
The article provides a review of architectural styles and trends of the 20th century, when exte-
rior elevations began to take the form of aluminium and glass fagades. It illustrates the main
architectural trends of urban architecture in the 20th century and their evolution throughout
the years. Furthermore, it specifies and refers to the architecture of the 20th and 21st centuries
in Krakow and presents selected public utility buildings which have become an integral part
of architecture in this city.
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1. Introduction

Facades, especially aluminium and glass ones, as exterior walls of buildings and civil
structures, are an element of modern urban architecture. The form, shape and material of which
front elevations are made shape public space and, above all else, keep the layout and internal
harmony of the town or city in check. Each and every elevation is a showcase of a building
and, simultaneously, a distinguishing feature and symbol of a specific town or city.

Elevations are not only part of the image of a building, its aesthetics, form and architectu-
ral solid but also testify to the quality of solutions and functionality. All of the above elements
include the shape and inclination angle of the fagade plane, type of the system used and type
of glass, which affects the indoor illumination, acoustics or thermal comfort of the user. The
listed components are only several factors affecting the quality of use, but also finances and
savings of the building [1].

The history of architecture and its trends is basis for the art of creating the modern image
of urban space. The combination of architectural aesthetics, form, solid and the functionality
mentioned above can be observed especially in the case of public utility buildings, such as
office buildings, cinemas, theatres, shopping malls, airports, etc. [2]. This mainly stems from
the status of such structures; therefore, the investor seeks a unique and original look of the
elevation. The development of said solutions raise the architect’s awareness and sets new
trends in construction and architecture.

The imagination of the architect, as to the shape of the building body and the appearance
of external walls is limited by the spatial development plan [3] [4]. It specifies the exact form
and shape of the building facade so that they fit into the principles of shaping the municipal
spatial policy and the building alignment. However, it often happens that newly designed
objects, their facade, colour material used, raises a lot of controversy among the residents
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and users. That is why social spatial planning process consultations are organized to create
an urban area friendly for both the user and the environment [5].

Modern-day aluminium and glass facades are not only the solid and its form.
State-of-the-art options, solutions and technologies for the preparation of designs and their
implementation allow the creation of exterior fences of buildings and civil structures as parti-
tions increasing energy efficiency and eco-friendliness. Newly designed and constructed
facilities based on the principles of sustainable development [6], care for both the external
environment and user comfort [7]. Solutions for using natural plants and natural solar energy
are sought to create zero energy buildings [8], [9]. Designing new objects based on green
facades [1], [10] and photovoltaics [ 11] reduces overheating of cities through natural shading
and transpiration cooling [12], [13].

The article presents the current notions in contemporary architecture that shape shaping
the public urban space, based on aluminium-glass facades. Individual solutions of architectu-
ral solid, characteristic of the corresponding period of the twentieth century, were presented.
Additionally, on the example of the city of Krakow architectural solutions and objects being
the showcase of the city of Krakow, are demonstrated confirming the thesis that the modern
city and its public facilities are the solutions based on aluminium-glass facades, both in the
form of all-glass buildings, or in combination with other facade materials such as ceramic
tiles or architectural concrete.

2. History of contemporary urban architecture

Urban architecture has been developed since antiquity, when the civilization of the Roman
Empire was built. Ancient buildings went down in history as a legacy of world culture and
mankind. Throughout the ages to come, architecture evolved and changed thanks to techno-
logical development. The Middle Ages introduced the systematisation and precursory design
of the town/city [14]. One characteristic element was the stronghold surrounded with a wall
as a means the defence of residents who lived on such premises. The pursuit of functionality
caused European settlements to be designed around the cathedral, together with the accompa-
nying hall and market [14]. The era that followed, the Renaissance, created the basic principles
of urban planning, of which the main one was the perpendicular layout of the streets. To this
day, many towns and cities in Europe have maintained their spatial plans dated back to the
Renaissance. However, it was only in the 20th century that the new architectural trends of the
modern town or city were conceived. During this period, new styles and disciplines of the art
of'urban planning were created. The individuality of form caught people’s attention; designers
would come up with new and original architectural shapes and details and used materials which
gave civil structures a new dimension of aesthetics and originality [15].

This work presents and specifies selected trends in urban architecture, which art and disci-
pline involves spatial planning in the 20th and 21st centuries, when glass was used as an
exterior element of buildings and civil structures.

The first architectural style in XX century was modernism. Its motto was functionality,
in other words “form follows function” [16]. During the modernist period, highly functional
buildings were designed and erected, characterised by cubic forms and light-coloured eleva-
tions. The building facade was stripped off ornaments, as they were deemed impractical and
non-functional from the perspective of users. The building solid was characterised by simple
and geometric shapes, usually in the form of cuboid with a flat roof and large ribbon windows.
Buildings designed in the modernist style were perceived by critics as “boxes”. The simplicity
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of shaping modernist structures was complemented by the careful selection of materials and
implementation of new technologies used in the construction of front elevations, which made
such civil structures extraordinary and unique at the beginning of the 20th century. One of
the many examples illustrating the characteristics of modernism is the Museum of the 20th
century in Berlin, nowadays Neue Nationalgalerie (Fig. 1). This building was designed by the
German modernist architect Ludwig Mies van der Rohe, who refined his vision of monumental
architecture incorporating minimalism in its form; he contended that the building elevation
should rely only on “skin and bones”, which is basis for the current design of aluminium
and glass facades [14].

Fig. 1. Museum of the 20th century in Berlin [17]

Yet another contribution to urban planning was postmodernism. It began in the second
half of the 1960s [17]. This architectural style caused much controversy among people
who valued delicacy and minimalism. It combined all styles and trends in architecture,
from ancient arches, to modern technological solutions of the 20th century. Postmoder-
nism was a backlash against the simplicity of modernism. It broke with all conventions,
it defied against the order and concept of modernism, where the solid of the building is
to follow its function. Postmodernism is the lack of order and, above all else, freedom of
creation and originality of form. The leading architect of postmodernism Robert Venturi
paraphrased the words of Ludwig Mies van der Rohe “less is more” as “less is a bore”
[17]. Postmodernism came to Poland much later, at the turn of the 1970s and 1980s [18].
One of the examples of postmodernism in Poland is the Polish Television Headquarters,
designed by Czestaw Bielecki (2001-2007) (Fig. 2). It is considered one of Poland’s
greatest eyesores. The structure illustrates the essence of postmodernism, combining
a variety of forms and meanings. Architects and onlookers refer to it as the “Tower of
Babel” as its form incorporates steel arched tubes and volutes, using both stone plinths
and glass fagades of the rotunda [18].



32 Monika Gorka

Fig. 2. Polish Television Headquarters, designed by Czestaw Bielecki [19]

De-constructivism is yet another trend to continue the tradition of postmodernism. It origi-
nated in the 1980s [20]. Its basic feature is the fragmentation of a civil structure, creation of
curvilinear shapes and surfaces of the elevation and distortion of the cuboid frame. The creators
of de-constructivism defied the ideas of modernism, insofar as the elevation is the skin and
bones and the form should be pure and follow function. This inspired experiments with the
solid and its geometricity. Civil structures were designed with unique and original shapes and
planes. However, ornaments were rejected as redundant (Fig. 3).

Fig. 3. UFA- Palast Dresden [21]
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The analysis of modern urban architecture would not be complete without Hi-Tech
architecture. This is another trend to continue the tradition of postmodernism and its concepts.
Technological achievements and solutions also determined the shape and image of a contempo-
rary building [22]. When creating the solid and form of a civil structure, architects decided to
conjure their vision of present day by designing elevations as installations or electronic systems.
The installation till now concealed under the plane of glass or other materials becomes visible
to the observer. Ornaments left out of the architecture of the 20th century, deemed redundant
both in modernism and in postmodernism, made a comeback in Hi-Tech architecture. In place
of former rosettes, cornices or columns, technologies were built in, such as light shelves, fagade
screens, acoustic blinds, whereas the entirety is enriched with such technologies as elevations
producing living organisms or ones incorporating photovoltaic panels. One of the buildings
symbolising Hi-Tech is Hearst Tower, designed by Norman Foster (Fig. 4) [23].

Fig. 4. Hearst Tower [23]

The urban architecture of the 21st century combines art, science and new technologies.
Architects and visionaries challenge stereotypes and traditional construction. This inspires
the design of original towns and cities with a unique approach to urban planning dominated by
globalisation. The town or city of the 21st century is a landscape of high-rise buildings, catching
one’s eye with their lightness or even pretentiousness. These are symbols depicting the town
or city of the 21st century, where ancient and colonial styles mix with modern skyscrapers as
well as high-rise and apartment buildings.
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3. Aluminium and glass facades of public utility buildings
in Krakow

Aluminium and glass facades are an indispensable image element of each and every
town or city, both in larger agglomerations and in smaller locations. The advantages of using
aluminium-glass facades in public facilities located in urban space is to give objects a light
form and high aesthetics, along with shaping remarkable architectural details. In addition,
the use of large glazing in aluminium facades, opens the space and office space to the surro-
unding outside world, enabling the user to contact natural light. The negative effect of using
large glazing is excessive overheating of office rooms, which reduces the comfort of their
use. Therefore, especially in such buildings, glass with special properties- photo-chromatic,
thermotropic, etc. or solar protection system, which prevents excessive exposure and shining
effect is applied. Solar protection systems consist of panels, shutters, shaders or blinds, often
made of atypical materials or as technological devices.

The architecture of Krakow includes not only sites of cultural heritage on the UNESCO
list, but also a cluster of the modern architecture of the 20th century, originated by modernism
and subsequent trends, such as postmodernism, de-constructivism, brutalism, etc. [14]. Modern-
-day Krakow of the 21st century retains its individuality and extraordinary aesthetic appeal.
Architects try to combine the uniqueness of cultural heritage sites in Krakow with contemporary
civil structures, where glass and state-of-the-art technologies are predominant.

The authors present selected public facilities in the city of Krakow where aluminium-glass
facades are used. The selected objects have become the symbols and the landmarks of Krakow
and have been completed over the past 15 years, creating the contemporary city space. The first
public facility where architects displayed the modernity and originality of form by designing
curvilinear planes of aluminium and glass fagades is the Congress Centre (Fig. 5). Its charac-
teristic large glazings lend a unique image to the solid of the building. The front elevation of
the Congress Centre is not only the aluminium and glass fagade but also a ventilated facade
made of colourful ceramic tiles. The entirety reflects the vision of the author who designed
the form and solid of the building as a melting ice cube, unambiguously distancing himself
from the principles of modernism, which provide for the construction of simple cuboid public
utility buildings.
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Fig. 5. Krakow Congress Centre [photo: Alsal Sp. z 0.0. S.K.]

Yet another example of a public utility building with aluminium and glass fagades is
the International Airport in Krakow-Balice (Fig. 6). Its design reflects the modernity and
functionality of glass in combination with the aluminium structure of the external frame. The
construction of the International Airport testifies to the possibilities offered by architecture
and thus related structural solutions which allow the creation of planes with any inclination
angle. Additionally, to maintain sufficient solar irradiation and comfort of use, low-emission
glass was used as protection against the excessive heating of the structure.
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Fig. 6. Krakow-Balice International Airport [photo: Alsal Sp. z 0.0. S.K.]

Public utility buildings are mainly office buildings, where their glass front elevations
underline the prestige and net worth of the company. The use of glass facades as an exterior
enclosure of the office building improves the comfort of work for each user by providing dayli-
ght and sufficient solar irradiation of the usable area. Furthermore, properly designed aluminium
and glass fagades result in decreased energy consumption by civil structures; they ensure proper
acoustics and, as a fully recyclable material, have influence on the environment and ecology of
the city. All of these features earn glass office buildings additional points in the international
certification systems such as LEED and BREEAM [24], which specify the basic principles of
sustainable construction. One example of an office building where the elevation is in the form
of an aluminium and glass fagade is the BIG building in Krakow (Fig. 7).
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Fig. 7. BIG office building in Krakow [photo: Alsal Sp. z 0.0. S.K.]

Example of an office building with an aluminium-glass facade is a building located at
33 Kalwaryjska street in Krakow (Fig. 8). The outer wall was implemented in the semi-struc-
tured system, which presents the building as an all-glass block, without visible, external
aluminium profiles. Above the communication part of the office building an aluminium-glass
skylight, made in the facade system was designed.
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Fig. 8. Office building at 33 Kalwaryjska street in Krakow [photo: Alsal Sp. z 0.0. S.K.]

Another example of an office building is the Comarch building in Krakow (Fig. 9),
where aluminium and glass fagcades are combined with the light technology. Light shelves
were assembled in this structure, creating an amazing and colourful illumination which attracts
the attention of each passer-by.
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Fig. 9. Comarch office building in Krakow [photo: Alsal Sp. z 0.0. S.K.]

Aluminium and glass fagades used at public utility buildings are not only all-glass
structures. The aluminium and glass facade is a solution which nicely matches concrete or
other material solutions. One example of such a combination is the Polish Aviation Museum
in Krakow (Fig. 10). The form, solid and combination of materials so distinctive from one
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another, namely glass, aluminium and concrete, is amazing not only due to its visual aspect
but also aesthetic values and unconventional character. The design of the building which
houses the Polish Aviation Museum is based on the architect’s vision as an aircraft propeller,
where the paddles are a massive concrete structure and the glass facades fill in and enclose
the building space.

Fig. 10. Polish Aviation Museum in Krakow [photo: Alsal Sp. z 0.0. S.K.]

4. Conclusion

Aluminium and glass facades are a type of elevation which are inseparable from public
utility buildings and constitute the mainstay of urban architecture. The history of 20th century
architecture many a time referred to solutions based on glass combined with the aluminium
frame. From modernism and its minimalism to Hi-Tech civil structures. Glass, as well as
its compilations in the form of fagades, is the future of 21st century towns and cities. The
construction of skyscrapers and high-rise buildings will be a symbol of all larger metropolises
or agglomerations. Using the example of the city of Krakow, technological and structural
possibilities were illustrated, showing where aluminium-glass facades were and can be used,
proving the initial thesis that for a modern city, a solid made in the form of aluminium-glass
facades is an indispensable element of architecture. Such design solutions in particular form the
basis for public facilities. Thanks to such solutions, architects can design all-glass buildings,
which can additionally be combined with other material solutions, such as ventilated fagades,
made of composite panels, ceramic tiles or fibre-cement boards. The lightness of aluminium
and glass fagades allows them to be easily matched with heavyweight concrete buildings,
lending the concrete jungle a new lease of life.

The article contains pictures taken by Alsal Sp. z o.0. S.K. I would like to kindly thank
Alsal for sharing the collection of private pictures.
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Abstract: Using Multiple-criteria Decision Analysis (MCDA), the most favourable floor
heating system of a detached house has been selected. The analysis also includes an assessment
of the performance of this type of heating on small surfaces (up to 20 m?). The choice was
made among eight heating variants, adopting various systems available on the construction
market powered by water or electricity, including traditional with ,,wet” screeds, ,,dry” screeds
and lightweight floor heating systems without floor screeds. From the set of 14 evaluation
criteria, the eight most important ones were identified. Using the summed corrected indicator
of mathematical analysis, it was assessed that the best variant is a lightweight floor water
heating system on a reactive adhesive without screeds with aluminium foil.

Keywords: MCDA, lightweight underfloor heating, set of criteria, radiant floor heating

1. Introduction

Every day, people face choices with regards to more or less significant matters. This
also applies to topics that arise during the construction of a house. One of them is the choice
of a heating system. In recent years, underfloor heating has become increasingly popular, and
therefore the purpose of the article is to choose the best of the eight variants selected. The basis
for this was the important criteria described here that characterize this surface heating system.
The reason for this is that it has many advantages, including the most important one, a high
thermal efficiency at a low supply temperature, good cooperation with devices using renewa-
ble energy sources and the provision of thermal comfort, especially the so-called ,,comfort of
warm feet”, where the temperature distribution is close to the ideal one for a human being. To
make the right decision, it is necessary to choose the possible options for solutions to the topic
we are interested in and define the evaluation criteria. Based on many criteria, we determine
the final set and analytically choose the best variant. MCDA according to [1] allows you to
determine which variant satisfies the investor’s requirements to the highest degree and this
decision is determined as optimal. An optimisation is particularly important when the effects
of decisions have a long-term impact not only on the future life of the person choosing but for
future generations. In this article, Multiple-criteria Decision Analysis was carried out based
on the work [1-3]. It is worth noting that there are other current positions in the literature that
deals with the development of MCDA methods towards application as multi-attribute utility
theory (e.g. AHP- example in [4], ANP, MUZ and the DEMATEL methods); relational meth-
ods (e.g. ELECTRE, DELPHI and PROMETHEE methods); and many others (e.g. geometric
methods), widely described in book [5].
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For calculation and analysis, a house with a usable area of 100 m?, where a floor heat-
ing system is to be installed, has been selected. The individual demand for cooking power is
47 W/m?, with a seasonal heat demand indicator for heating E, = 64.20 kWh/year-m?, which
according to Austrian guidelines [6] classifies the building as energy-efficient, C class. Also,
it was decided to evaluate the execution of this type of heating only on small surfaces up to
20 m? (e.g. kitchen + bathroom). Eight variants of underfloor heating covered with cement
coats or structural layers described below were adopted for multi-criteria evaluation (more
information can be found in the literature related to each system - in squared brackets). These
are listed as follows:

1. Traditional radiant floor heating with a heating coil laid in concrete, widely described,
e.g. in the catalogue [7, §8].

2. Radiant floor heating with a heating coil laid in thermal insulation grooves, covered
with dry screed without heat-dissipating lamellas, described by Zukowski and Karpie-
siuk [9].

3. Radiant floor heating with a heating coil laid in thermal insulation grooves, covered
with dry screed with heat-dissipating aluminium foil, so-called type B according to
standard [10].

4. Radiant floor heating with a heating coil laid in thermal insulation grooves, covered
with dry cement screed with heat-dissipating steel lamellas, so-called type B according
to standard [10].

5. Lightweight radiant floor heating with a heating coil laid in thermal insulation grooves,
covered with an adhesive reinforced with fibreglass mesh layer (without screed) and
without heat-dissipating lamellas, as in catalogue [11].

6. Lightweight radiant floor heating with a heating coil laid in thermal insulation grooves,
covered with a layer of reactive adhesive (without screed), with heat-dissipating
aluminium foil, according to the norm [12].

7. Underfloor electric heating with heating cables laid in the concrete screed, designed as an
accumulating system using the second, cheaper night tariff, according to the Vademecum
[13].

8. Underfloor clectric heating with heating mats laid in the adhesive layer, on the
concrete screed with the use of first and second of the electricity tariff, as shown in
the Vademecum [13].

2. Criteria for choosing selected variants of underfloor heating

When proceeding to the assessment of the adopted variants we should first select the
criteria we are interested in. It is possible to apply both criteria - measurable, expressed in
numerical quantities and not measurable for which, either alone or together with experts in the
field, we set numerical values to make comparisons and assessments. A criterion is a stimulant
if a higher value is positively influenced by the assessment or destimulant when the higher
value contributes to the deterioration of the criterion adopted.

2.1. The preliminary set of criteria

Bearing in mind the properties of the underfloor heating system that have an impact on
both the investment and the building operation, the so-called preliminary set of criteria (PSC),
relevant for the assessment of underfloor heating systems, has been adopted:
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* K1 — The cost of the investment for 1 m? of the underfloor heating system as
a measurable criterion - destimulant;

» K2 —The cost of investment on small surfaces as a measurable criterion - destimulant;

» K3 —The cost of operating the underfloor heating system over a period of 15 years of
use as a measurable criterion - destimulant;

* K4 — The total cost of the investment at 100 m? and operation over a period of
15 years as a measurable criterion - destimulant;

» K5 —Execution time 100 m? of the heating system including the terracotta floor taking
into account technological gaps as a measurable criterion- destimulant;

* K6 - The pace of implementation of the heating system as a measurable criterion
counted according to 100 m?/execution time - stimulant;

« K7 — Weight of the heating system at 1 m? as a measurable criterion- destimulant;

» K8 —Thermal inertia of the heating system, which translates into the quality of control
(less inertia improves control) as a measurable criterion - destimulant;

» K9 — Heat output (thermal efficiency) at a low supply temperature of 35°C as a meas-
urable criterion - stimulant;

* K10 — The comfort of use depends on the average temperature on the surface of the
floor at a temperature of power supply of 35°C (higher floor temperature relative to the
power supply temperature improves comfort) as a measurable criterion - stimulant;

* K11 — The versatility of the workmanship during renovation or retrofitting without
removing the concrete primer, which facilitates the construction of new and upgraded
facilities as an unmeasurable criterion (a 3-point evaluation scale was adopted) - stim-
ulant;

» K12 — Functional qualities consisting of among others ease of control depending on
the thermal inertia of the floor as an unmeasurable criterion (3-point evaluation scale)
- stimulant;

» K13 — Ease of installation which affects the speed of implementation of the investment
as an unmeasurable criterion (3-point scale of evaluations adopted) - stimulant;

* K14 — Manufacturer’s warranty, proving the quality of the materials used as a meas-
urable criterion - stimulant.

The parameters and data needed for the assessment of individual floor heating systems
were adopted from the literature mentioned in this article or based on average market values.
Average retail and wholesale prices of materials and labour, assuming the use of the same
materials and mounting technology, were adopted in the article [14]. The cost of connecting
the gas boiler to the water heater was assessed at eight thousand PLN without VAT. When
assessing small areas of the rooms, the price of the boiler is not included, assuming its existence
during renovation or modernization of the heating. The cost of electric heating systems based
on the calculations of the manufacturer of cables and heating mats according to the technol-
ogy, which is included in the article [14]. The cost of operation, including heating and service
costs for 15 years was determined based on the Vademecum [13]. It is assumed that the drying
time of concrete is 28 days, and the process of laying heating and terracotta at 100 m? lasts
21 days. When deciding on variant 6 with the use of light underfloor heating on the reactive
adhesive, this stacking is shorter and is 14 days. In this system, the tiles are immediately laid
on the prepared insulating substrate. Thermal inertia was assessed based on the article [15]
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and thermal performance at a supply temperature of 35°C was determined based on the tables
of Kan-therm system [16]. The thermal resistance of the floor cladding was assumed to be
R =0.15 [m*K/W] with high inertia of concrete, and the distance between the coil equal 10 cm.

The uniformity of the temperature distribution on the floor was assessed based on the
engineering work [17], articles [9, 18] and catalogue [11]. The non-measurable criteria were
assessed based on the numerical values adopted from 1 to 5, assuming the following values
for the versatility of workmanship: 1 — impossible, 3 — sometimes, 5 — possible. Numerical
assessment of ease of control and installation was made using the following scale: 1 — difficult,
3 — medium, 5 — easy. The non-measurable criteria that were assessed, were guided by the
principle that the greater inertia of the floor, makes it difficult to control the floor heating. The
results of the assessment show that the assembly of heating systems are better when they do
not require heavy construction equipment and when they have a simple installation process
because this reduces labour intensity, which in turn lowers time and cost.

The criteria selected above and their analysis are taken from the monograph [19].

2.2. Criteria analysis

To facilitate a pre-accepted analysis of criteria, the quantity of which can be more than
a dozen and more is recommended to apply the criteria matrix. Its construction is carried out
by analysing individual pairs of criteria. If the criterion contains information about another
comparable criterion, then it is given a value of 1 as more significant one and vice versa, the
weaker one is assigned a value of 0. Independent criteria that do not have a relationship are
equal to 0. As an example, the criterion K4 is the total cost of the building investment and
operation, which includes the information on criterion K1 - investment cost and K3 - cost of
operation, then the matrix element g (4,1) = 1, element g (1,4)=0,and g (4,3)=1,g(3,4) =
0. Another example would be the K12 criterion — ease of control, which informs about the
K10 - the comfort of use. Ease of control affects the higher comfort of use so then the element
g (12,10) =1, element g (10,12) = 0.

The global criterion K15 was additionally added to the set of criteria at the end of the
matrix in rows and columns. The value 1 is assigned here to the elements of the rows and the
value 0 to the elements of the columns. The dependencies between the criteria coded in this
way are presented in the form of the matrix G{15,15}, table 1.

Table 1. Matrix G{15,15} - relationship between criteria K1, K2,... K14

N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 bi
1 X0 0 0 0 0 0 O 0 o O O o0 O 0 O
2 0 X0 O o0 o0 o o o o o o o 0 o0 o0
3 0 0 X0 0 O 0 O O O o0 o O o0 o0 o0
4 1 0 1 X O O O O o o O O o0 o0 o0 2
50 0 0 06 X1 0 0 0 0 0 o0 0 o0 o0 1
6 0 0 o0 O o X 0 o0 o o O o o0 o0 o0 o0
7 0 0 O O 0O o X 1 0 o O o0 o0 O0 o0 1
&8 0 0 0 0 0 0 0 X 0O O O 1 O o0 o0 1
9 06 0 0 0 0 0 O 0 X O O o0 0 o0 o0 O
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N I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 bi
o o0 o0 o0 o o0 o0 o o0 O X O 0O 0 0 0 o0
m o o o o o o o o o0 o X 0 0 0 o0 o0
20 o0 O 0O o0 o0 o o0 o 1 o X 0 0 o0 1
30 o0 o0 o0 1 o0 0 O o O O O X 0 0 1
4 0 0 0 0 O O o o0 o O O OO o0 X 0 0
15 1 P 1r 1 1 1 1 1 1 1 1 1 1 I X 15
b 2 1 2 1 2 2 1 2 1 2 1 2 1 1 0 X

Based on the developed matrix, the criteria graph was built. The number of arcs entering
and exiting each criterion (vertex) of the graph has been calculated. These values are calculated
according to the formulas:

bj = Z,g,, (1)
b= S @)
where:

b, — number of arcs departing from i-vertex,
b, —number of arcs entering the j-vertex,
g, — elements in G matrix.

Values b; and b, are given in matrix G{15,15} as 16 rows and 16 columns, respectively.
Then, ordering layers was performed by using the global criterion K, (Fig. 1) as a layer 0 of
the graph. It connects to the layer 1 criteria, having one entering arc, i.e. the criteria for which
b=1 in matrix G (Table 1). The following criteria were found there: K2, K4, K7, K9, K11,
K13, K14. Arranging the next layers, we select the criteria in order, related only to the criteria
above them. Hence, layer 2 graph form K1, K3, K5 and K8, and 3 criteria K6 and K12. The
last 4 layer of the graph is the K10 criterion, from which no arches are departing.

Layer O

e

@ Layer 2
@ Layer 3
@ Layer 4

Fig. 1. Criteria graph of G{15,15} matrix
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2.3. Designation of the final set of criteria and their values

The elaboration of the criteria graph leads to the designation of the final set, which
contributes to the selection of the most important criteria from all the analyses adopted. To
the final set of criteria (FSC) only the ones which are related to the global K criterion are
accepted (underlined in the graph in layer 1), and those whose number of connections in the
layer is the largest (layer 2) and these are:

» K1 — Cost of investment for 1 m?> [PLN]

* K2 — Cost of investment on small surfaces [PLN]

* K3 — Cost of operating the system over a period of 15 years

* K5 — Execution time 100 m? of heating system

» K8 — Thermal inertia of the heating system

* K9 — Thermal efficiency

» K11 — Versatility of installation during renovation or modernization
* K14 — Manufacturer’s warranty

The FSC values for each of the eight heating variants are set out in table 2 based on the
literature data described in section 2 of this article.

Table 2. FSC values of all underfloor heating variants

Criterion*
Kl1,d K2,d K3,d K5,d K8, d K9, s Kl1l,s Kl4,s

Variants

Variant 1 215 240 30150 49 5 53.76 1 10
Variant 2 255 215 30150 21 2.5 51.81 3 10
Variant 3 290 260 30150 21 2 71 3 10
Variant 4 370 390 30150 22 2 87 3 10
Variant 5 230 185 30150 21 1 89 5 10
Variant 6 275 245 30150 14 1 130.1 5 10
Variant 7 120 150 38900 49 5 53.76 1 20
Variant 8 190 240 48725 21 1.5 7138 5 20

*indications for K: d — destimulant, s — stimulant

2.4. Determining the weightings of criteria

Criteria values do not always have the same validity. The decisive indicator of the selec-
tion of the most important and less relevant criteria is the investor’s preference and the expert’s
assessment of the field. Such a choice shall be made by establishing the weighting of the criteria,
correcting their measurements. The selection process of the scales can be assisted by e.g. pair
analysis. It involves the construction of a square matrix consisting of the FSC, which gives
the values according to the investor’s preference and the findings of the experts. By summing
the rows of the matrix, we get the weight ratio of the criterion in a range from 0-1. The sum of
the weights of the criterion always equals 1. Eventually, five sets of weights were adopted so
that the most important features of underfloor heating systems can be extracted and these are:
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 Set I — validity of the execution time and universality mounting of the systems;

Set II — validity of the investment cost and thermal efficiency;

Set IIT — validity of the investment and operation cost;
* Set IV — installation of heating on a small area (planned renovation);

Set V — validity of only the investment and operating cost like in III set, omitting
other criteria.

In the sets of weights I, I and IV, an analysis of the validity of the vapour was applied. The
values of weights in IIT and V are highest for investment and operation, with the difference that
the other criteria are considered less important in the III set, and in V all others are omitted. This
was the reason that I-IV was accepted for the general analysis of all weights sets, and V set was
treated as confirming the accuracy of the MCDA calculations. Criteria K1 and K2 relate to the
same investment costs. The difference is that K1 weights apply to the whole building and K2 to
small surfaces. For this reason, when analysing the whole building, the K2 weights are equal
to 0 and, for a small investment (e.g. modernisation), the weight K1 = 0. Finally, the following
priorities were identified in line with the number of weights and recorded in table 3.

Table 3. Sets of criteria weights

Variants Set I Set II Set IIT Set IV SetV
v, — weight of criterion K1 0.091 0.3 0.25 0 0.5
v, — weight of criterion K2 0 0 0 0.222 0

v; — weight of criterion K3 0.091 0.05 0.25 0.056 0.5
v, — weight of criterion K5 0.319 0.05 0.1 0.277 0

v; — weight of criterion K8 0.091 0.15 0.1 0.056 0

v, — weight of criterion K9 0.091 0.25 0.1 0.056 0

v, — weight of criterion K11 0.273 0.1 0.1 0.277 0

vg — weight of criterion K14 0.044 0.1 0.1 0.056 0

2.5. MCDA selection and encoding of criteria values

Of the many multiple-criteria analysis algorithms, a corrected summation indicator
was selected to include the weightings of the criteria and not requiring that the coded criteria
measures have values greater than zero. It shall be determined from the formula:

J; =L Z;v 3)

where:

J,—summation corrected (synthetic) indicator

Z;— coded measure of the j-criterion for the i-variant
v, — weighting of the j-criterion

m — number of criteria

The criteria are sizes with different units of measurement. Therefore, they should be
harmonised by coding these values in order to carry out further calculations. The coding
process involves the conversion of values to dimensionless, provided a separate action on the
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criteria of stimulants and destimulants. In this article, you have chosen to normalize with the
assumption of maximization. It consists of setting the values of the criteria from decreasing
to increasing in the range 0 to 1. For this purpose, the following formulas were used:

« for stimulant

X

z, = L “4)

i X jmax

 for destimulant

z; = ; (5)
where

‘ 1

W= L ©)

z; — measure of the i-variant according to the j-criterion
x; — partial measure of criteria from Table 2
X’ . — maximum value of measure j-criterion after maximizing

J max
Using the formulas (6.2) and (6.3), the coded values of all the criteria were calculated
and included in table 4.

Table 4. Coded values of criteria measure for eight heating variants

Criteria K1 K2 K3 K5 K8 K9 K11 K14
Variants Destimulant Stimulant
Variant 1 0.558 0.625 1 0.286 0.2 0.413 0.2 0.5
Variant2 ~ 0.471 0.698 1 0.667 0.4 0.398 0.6 0.5
Variant 3  0.414 0.577 1 0.667 0.5 0.546 0.6 0.5
Variant4  0.324 0.385 1 0.636 0.5 0.615 0.6 0.5
Variant 5 0.522 0.811 1 0.667 1 0.684 1 0.5
Variant 6 0.436 0.612 1 1 1 1 1 0.5
Variant 7 1 1 0.774 0.286 0.2 0.413 0.2 1
Variant 8  0.632 0.625 0.617 0.667 0.67 0.549 1 1
3. Results

On the basis of the data calculated in table 4, taking into account the weightings of the
individual criteria from table 3, the synthetic indicators according to formula (6.1) for the eight
underfloor heating variants were calculated and included in table 5.

Table 5. MCDA results of various types of floor heating
Variants Set I Set II Set 111 Set IV Set V
Wi 0.365 0.435 0.549 0.392 0.779

W2 0.605 0.494 0.624 0.634 0.735

W3 - 0.529 0.635 0.621 0.707
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Variants Set I Set II Set II1 Set IV Set V
W4 0.616 0.531 0.622 0.577 0.662
W5 0.799 0.711 0.766 0.820 -
W6 0.927 0.781 0.809 0.886 0.718

w7 0.407 0.606 0.653 0.490 0.887
ws 0.754 D1 pgm g [0

I place W6 W6 W6 W6 w7
II place W35 W5 W5 W5 W1
W8 W8 W8 W8 W5

MEEE
IV place w3 w7 w7 w2 w2

4. Summary

The following conclusions are drawn from the data in table 5:

1. The MCDA method has allowed the choice of the most advantageous offer of floor
heating systems in residential buildings and on small surfaces (up to 20 m?) for the
renovation or modernization of the premises.

2. After the calculation of the summation corrected indicator J,, the best variant for all
the criteria with accepted weights and the second and third place has been selected.
The best underfloor heating system proved to be a lightweight heating system on
reactive adhesive without screed with aluminium foil. Second place was taken by the
lightweight heating covered with fiberglass mesh-reinforced glue without screed and
without lamellas, and in third place was the electric heating system with heating mats
placed in the adhesive layer.

3. Traditional water floor heating system, when we take into account the many criteria
of its assessment is not a favourable solution. Only after adopting a set of weights that
included only the investment and operating costs (V set of weights in Table 5) was this
type of heating beneficial, taking second place. The first place was taken by an electric
accumulative heating system using cheaper II electricity tariffs. This only confirms the
correctness of the MCDA calculations, as both of these systems, are the cheapest in
operation and investment when we omit other criteria for evaluating the heating system.

4. Finally, based on the analysis adopted, it was considered that the best variant of under-
floor heating, both when laid down in the entire residential house and on small surfaces, is
a variant 6 — lightweight heating system on the reactive adhesive without screeds
with aluminium lamellas. Also favourable is the lightweight radiant underfloor heat-
ing system on the adhesive, reinforced by the fibre mesh layer without screed, taking
second MDCA position.
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Abstract: The current work presents the issue of determining the position of the observer using
measurements registered with GNSS (Global Navigation Satellite System) receivers that Android
mobile devices are equipped with. The discussed questions concern using GNSS measurement data,
which have been made available in the Android system since version 7.0. The present paper has
the character of a review. It demonstrates how measurement data can be obtained via Application
Programming Interface. Moreover, it discusses the available software that can be for registering
measurements and their initial analysis. Subsequently, it reviews scientific works concerning the
problem of positioning with the use of smartphones. Special emphasis was placed on tests consisting
in an analysis of phase observations registered using dual-frequency receivers. The summary of the
article presents the prospects for using mobile devices in precise point positioning. It also points
out the limitations to achieving high accuracy and reliability of such measurements.

Keywords: GNSS, Android, positioning

1. Introduction

In August 2016, Google launched Android version 7.0 Nougat. Beginning with this
version of the system, users of mobile devices equipped with a satellite navigation module
gained access to GNSS (Global Navigation Satellite System) observations. Until then, posi-
tioning using mobile devices was based on the location calculated by the internal software of
the GNSS chipset. The release of GNSS measurements makes it possible to use proprietary
calculation algorithms adapted to the limitations of the equipment and to field conditions of
positioning. It also provides an opportunity to analyse the acquired GNSS observations outside
the recording device, using external software [1], [2].

In 2018, smartphones equipped with dual-frequency GNSS receivers appeared on the
mobile devices market. They enable recording of code and phase measurements as well
as ephemeris data transmitted by satellites. The availability of two frequencies allows for
increasing the accuracy and reliability of positioning by reducing multipath signal error and
eliminating the influence of ionospheric refraction [3]. This opens the way to the application of
measurement and calculation methods previously reserved for high-precision geodetic methods.

It is anticipated that devices equipped with dual-frequency GNSS chipsets will be used
for positioning with an accuracy of single decimetres or even centimetres. This will make it
possible to use them in various types of services related to the functioning of the smart city:
precise navigation, autonomous vehicles [4] or support for emergency services operations [5].
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2. Access to GNSS observations from the programming interface

In Android, access to data recorded by the built-in sensors is via the Application Programming
Interface. Launching a new version of the operating system entails the publication of the appropriate
version of the API. Until the release of Android version 7.0 Nougat, access to navigation data was
via the android.location module containing the GpsSatellite, GPSStatus and Location classes. These
classes were used to obtain information about the satellites used in the navigation solution, such as
azimuth or horizontal height, as well as calculated values of the location and speed of the GNSS
receiver. Starting from API 24, the following classes were added to the android.location module:
GNSSClock, GNSSNavigationMessage and GNSSMeasurements [6] (Fig. 1).

Developers Platform Android Studio Docs More + Q ENGLISH ~
.
Geocoder
GnssClock Public methods
GnssMeasurement . -
int describeContents()
GnssMeasurementsEvent
GnssMeasurementsEvent. Describe the kinds of special objects contained in this Parcelable

Callback instance’s marshaled representation.

GnssNavigationMessage

GnssNavigationMessage double getAccumulatedDeltaRangeMeters()

Callback B R
Gets the accumulated delta range since the last channel reset, in

GnssStatus
meters.

GnssStatus.Callback
GpsSatellite int getAccumulatedDeltaRangeState()

GpsStatus Gets 'Accumulated Delta Range' state.

Location
LocationManager double getAccumulatedDeltaRangeUncertaintyMeters()

LocationProvider Gets the accumulated delta range's uncertainty (1-Sigma) in meters.

SettinglnjectorService

Fig. 1. Android API 24 online documentation (Source: https://developer.android.com/guide/topics/sensors/gnss)

Carrier phase measurements and Doppler measurements are available directly by calling
the getAccumulatedDeltaRangeMeters() and getPseudorangeRateMetersPerSecond() methods,
which belong to the GNSSMeasurements class. For pseudorange, its value should be calculated
using intermediate data. The pseudorange equation shall be as follows [8]:

p=(t—t)-c )

where c is the speed of light in vacuum, 7_is the time the satellite generated the signal,
while ¢ is the time the signal was received by the receiver. The getReceivedSvTimeNa-
nos() method of the GNSSMeasurements class gets the epoch of signal generation ¢ in the
form of the total number of nanoseconds [6]. This number is expressed in the time system
appropriate for a given satellite constellation. The ¢ value is calculated from the beginning
of the current week for all systems except GLONASS (Globalnaya Navigatsionnaya Sput-
nikovaya Sistema), which refers to the beginning of the day. To calculate the measurement
time ¢, the getTimeNanos() and getFullBiasNanos() methods of the GNSSClock class
should be used. The first one gets the clock value ¢, expressing the time interval that has
passed since the GNSS receiver has started working. The second one, in turn, gets the value
of the difference Az, between £, and the GPS (Global Positioning System) time calculated
since the first GPS epoch (6.01.1980). The values of 7, i Az, are expressed in whole nanose-
conds. To include fractional nanoseconds, df,and 6z, corrections must be included, returned
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by GNSSMeasurements.getTimeffsetNanos() and GNSSClock.getBiasNanos() methods
respectively. Assuming that the reference time for the GNSS receiver is the time of the GPS
system, the equation is as follows:

tops = (t, +dt,)—(At, +Ot,) @)

The equation (2) expresses the measurement epoch as the number of nanoseconds that have
elapsed since the first epoch of the GNSS receiver reference time. Subsequently, the measurement
epoch is related to the beginning of the week or the beginning of the day, taking into account the
differences between the time system in which the GNSS receiver works and the time system of the
observed satellite. Thus, the measurement epoch expressed in seconds, related to the beginning
of the week of GPS or Galileo time will be calculated with the following formula:

4
t = % mod 604800

r A3)
for the Beidou system
¢
t =] -5 mod 604800 [+14°
' ( 10° j 4)
while for the GLONASS system
t
t, = G—Pg mod 86400 |+10800" +/,
10 ®)

In equation (5), F denotes a leap second. Since 2018 I = 16°.

An important limitation in the use of observations obtained using mobile devices is the
problem of the so-called “duty cycle.” It is a way to save energy. It involves turning satellite tracking
by the GNSS chipset on and off for 0.2% and 0.8%, respectively. This leads to the so-called “cycle
slips”, making it difficult or impossible to resolve cycle ambiguity in GNSS phase measurements [5].
Starting from Android version 9.0, it is possible to disable the “duty cycle” from the API level [7].

3. Software for obtaining measurement data

Currently, there are a number of applications that enable the acquisition of observational
data from mobile devices. However, not all devices equipped with the appropriate Android version
make it possible to obtain GNSS measurement data. The type of data also varies depending on
the device model (Table 1).

Table 1 Availability of GNSS measurement data for selected smartphone models. (Source: https://developer.
android.com/guide/topics/sensors/gnss)

. Androi L Receiver o
Device droid Navigation eeerve Phase Availability Supported
system clock .
model . message . measurement of L5 satellite systems
version reading

GPS GLONASS
Xiaomi Mi8 8.1 yes yes yes yes Galileo Beidou
QZSS
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Android Receiver

Device Navigation Phase Availability Supported
system clock .
model . message . measurement of L5 satellite systems
version reading
GPS GLONASS
Huawei P10 7.0 yes yes yes no Galileo Beidou
QZSS
Samsung 9.0 o os o o GPS GLONASS
Galaxy S10 : y Galileo
LG 8.0 no es no no GPS GLONASS
G7 ThinQ : Y

Google provides the GNSSLogger application for recording observational data and
software for analysing the acquired data called GNSS Analysis app. These tools are available
with the source code via the GitHub repository, as part of the GPS Measurement Tools [9]
project. GNSSLogger application (Fig. 2) saves code and phase observations to a text file
in the format specified in the project documentation [9]. Currently, the application does not
provide navigation data. The software also allows user to make basic analyses directly on the
smartphone screen, such as:

— calculation of the location in real time using the method of least squares,

— visualisation of the difference between the location calculated by the application and
that determined directly by the internal software of the GNSS chipset, along with its
presentation on Google maps,

— GNSS signal strength chart,

— residual plots, related to the location indicated by the user, or the average location
determined by the GNSS chipset.

13:38 £3 ) 12:21
GnssLogger GnsslLogger
SETTIN POSITI SETTIN POSITI
65 LOG ONO.. MAP AGNSS PLOT as LOG ONO.. MAP AGNSS PLOT
{ START CLEAR END }

TimeOffsetNanos = 0.0

State = 51

ReceivedSvTimeNanos = 17377784
ReceivedSvTimeUncertaintyNanos = 27
Cn0DbHz = 30,228
PseudorangeRateMetersPerSecond = -101,594

PseudorangeRateUncertaintyMetersPerSeconds = 0,005

AccumulatedDeltaRangeState = 17

AccumulatedDeltaRangeMeters = -4003,759

Acct Uncer =9,779E-02 C

CarrierFrequencyHz = 1.57542002E9
Multipathindicator = 0 /"v’\
AgeDb = 50.252098083496094

CarrierFreqHz = 1.57542003E9

GnssMeasurement:
Svid = 32
ConstellationType = 1
TimeOffsetNanos = 0.0
State = 39
ReceivedSvTimeNanas = 3315800714
ReceivedSvTimeUncertaintyNanos = 114
Cn0ODbHz = 12,283 '
PseudorangeRateMetersPerSecond = 231,819 10— 677 — 632 — 01 — 120
PseudorangeRateUncertaintyMetersPerSeconds = 1,399

AccumulatedDeltaRangeState = 20 All ~  PRResidual ~
AccumulatedDeltaRangeMeters = 10745,020 History Average of Strongest 4 Satellites: 28.5
AccumulatedDeltaRangeUncertaintyMeters = 3,403E38 Current Average Of Strongest 4 Satellites: 28.5
CarrierFrequencyHz = 1.57542003E9 G27:305

Multipathindicator = 1

AgcDb = 50.252098083496094 G32: 27

Time Remaining: N/A
Total Number of Visible Satellites: 46

TIMER STA

LOG STOP & SEND

L] @ - L] @ <

Fig. 2. Screenshots of the GNSSLogger software (Source: own study)
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Observation data collected using the GNSSLogger application can be further analysed
using the GNSS Analysis Tools set run on a desktop computer equipped with the Windows,
Linux or Mac OS operating system. They are a set of MATLAB scripts, which can be
executed in the MATLAB Runtime environment, available free of charge from MathWorks.
GNSS Analysis Tools allows for interactive control of software operation parameters. The
settings are: selection of the analysed satellites, setting the start and end time of the analysis,
enabling/disabling modelling of ionospheric and tropospheric refraction, and choosing the
method of determining the reference position used to calculate clock errors and the residu-
als for individual satellites. The software creates a number of plots for selected parameters
(Fig. 3), including i.e.:

— the time plot of C/NO (Carrier to Noise ratio) of all available satellites,

— zenithal projection showing the distribution of satellites above the horizon of the test
point,
— pseudorange values as a function of time,

— graph of location components calculated with the method of least squares, related to
the average location or the location defined by the user,

— pseudorange residual plot.

Fig. 3. Screenshots of GNSS Analysis Tools (Source: [10])

An interesting option offered by the application is a comparative analysis based on log
files registered by GNSSLogger. Details on the installation and use of GNSS Analysis Tools
software can be found in the manual [10]. A certain deficiency of GNSS Analysis Tools is
the inability to save measurement data in the commonly used RINEX (Receiver Independent
Exchange Format) data format [11]. This conversion is possible with Python scripts, provided
by Rokubun in the GitHub repository [12]. These tools enable the conversion of GNSSLogger
logs to the RINEX v. 3.0 format. Saving data in the RINEX format allows users to analyse
observations with commonly used, free programmes such as RTKLib [13] and GLab [14], or
commercial software [15].



56 Bogdan Skorupa

Direct recording of measurement data in RINEX format is enabled by Geo++ RINEX
Logger [16] and RinexOn applications from NSL (Nottingham Scientific Limited) [17].
Both programmes are available free of charge on Google Play. The application offered
by Geo++ (Fig. 4a) enables recording of measurement data of GPS, GLONASS, Galileo,
Beidou and QZSS (Quasi-Zenith Satellite System) systems. Supported frequencies are L1,
L5, E1B, EIC, ESA. Users can choose to save data in RINEX 2.1 or 3.03 format. The data
is saved in the device’s internal memory in the Geopp Rinex_logger folder, according to the
RINEX file naming convention. The user has the option of setting information entries in the
heading of the observation set. This includes, but is not limited to, the name of the test point,
receiver and antenna type, and their numbers. One-hour sessions can be saved in individual
files or appended to the recently created RINEX file. The programme does not output files
with navigation data. This option is provided by RinexOn (Fig. 4b). This software creates
navigation and observation files (GPS, GLONASS and Galileo) in the RINEX 3.03 format.
RinexOn also has many more additional functions, such as: visualisation of the position
of satellites, signal strength graphic, visualisation of the current position on Google Maps.

217

Geo++"° EA RINEX Logger .\NSL Q

2.1.3

— 01:10

a) Cycle Slips [L1,E1]: 26/38 5 ee— b)

cycle slips [L5,ESA]: 10/70 100%

Number of Satellite Measurements

Marker Constellation ~ Measured  Tracked

Average CHO[L1, E1]: 12.31d8

Average CHO[LS, ESA): 58,7508

GPs

GALILEQ

u
GLONASS 3 3 File Size
BUS

0

File Type: Size

RINEX Observation 204.00 kB
0.00 kB

90.00 kB

i Eging --  0:00:3
Mode:
[ Stop Lagging J [ St(;tii ] 3 D

Fig. 4. Screenshots of a) Geo++ RINEX Logger, b) RinexOn application (Source: own study)

Manufacturers of Geo++ RINEX Logger and RinexOn do not provide source codes. An
interesting programme which is available together with the source code and detailed docu-
mentation is GNSS Compare (Fig. 5). It was created by young programmers cooperating as
Galfins Team [18]. The application won the Galileo Smartphone App Challenge, organised
by ESA (European Space Agency) in 2017.
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Satellite signal strength
\a GNSS Compare

Research |ab in your pocket

N

Constellation status

Visible Used

Calculation results

ARt C. bias

Carrier-le-noise densily [dB-Hz]

Fig. 5. Screenshots of the GNSS Compare application (Source: [18])

GNSS Compare was created for engineers and developers of navigation software as
a tool for testing algorithms and hardware solutions. The position of the receiver can be
calculated based on GPS, Galileo or GPS + Galileo code observations. The least squares or
extended Kalman filter algorithms are available for calculating location. The programme does
not support RINEX format, but outputs observation data in its own text format. The graphical
interface provides visualisation of GNSS signal strength and location of the device on Google
Maps. In addition, the programme presents the differences between the location determined
by the GNSS chipset and that calculated on the basis of GNSS measurement data. External
libraries, GoGPS [19], EJML (Efficient Java Matrix Library) [20] and GNSS Logger [9], were
used in developing the software.

4. Review of published experimental works

Since the release of API 24, numerous works have been published containing descriptions
of measurement tests and calculation experiments. They are intended to determine the degree
of usability of the available GNSS measurement data. The use of phase methods, which were
previously reserved for professional satellite receivers, is particularly interesting.

The work [5] describes a measurement experiment carried out using a Xiaomi Mi8 smart-
phone equipped with a Broadcom BCM47755 chipset that enables measurement on two
frequencies: L1 and LS for GPS and E1 and E5a for Galileo. The measurements were carried
out at two points, one of which provided good measurement conditions, while the other was
surrounded by tall buildings. The observations were recorded in a one-hour session, with a
one-second recording interval, using RinexOn. Measurements were analysed using RTKLib
software, in relation to the nearest permanent station. Static sessions were analysed only for
the L1 frequency of the GPS system because the reference station did not record LS and ESa
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measurements. The coordinates of the point with good measurement conditions were determi-
ned with an RMS (Root Mean Square) error of 1.02 m for horizontal components and 0.5 m for
height. 1.95 m and 7.82 m respectively were obtained for the point situated in a high-rise area.

Publication [21] describes test measurements carried out with the static and rapid static method
using the Xiaomi Mi8 smartphone. Rapid static measurement was performed at 8 test points, the
coordinates of which were previously determined with RTK (Real Time Kinematic) method,
using a geodetic receiver. At each test point, 10 two-minute sessions were performed with a one-
-second recording interval. Geo++ Rinex Logger software was used to record the measurements.
The measurement results were analysed with the RTKLib programme in relation to the WROC
permanent station, located at a distance of about 60 m. Only a small number (approx. 10%) of
recorded sessions contained a sufficient number of code and phase measurements to enable the
calculation of point coordinates. The average differences in the point coordinates determined in
relation to the reference value ranged from 0.2 — 4.0 m for the north component, 0.3 — 2.9 m for
the east component and 0.3 — 16.5 m for the height. No solution was obtained for two test points.
A 4-hour static session was also performed at one of the test points. Unfortunately, the Mi8 device
did not register any phase measurements. Therefore, 4 static sessions were performed at the same
point using a Huawei P10 smartphone, equipped with a Broadcom 4774 single frequency chipset.
Differences in the point coordinates in relation to the reference location were 0.3 — 1.0 m for the
north component and 0.5 — 5.0 m for the east component, while they did not exceed 4.0 m for height.
The authors note that despite the clear horizon at the test point, mobile devices tracked 30 — 50%
fewer satellites than the receiver at the nearby WROC permanent station.

The publication [7] presents tests using the PPP (Precise Point Positioning) method [3].
The experiment used a Xiaomi Mi8 smartphone, located on the roof of a building, in good
observation conditions. The coordinates of the test point were determined by a geodetic
receiver, based on a 12-hour static session. Observations were recorded using Geo++ RINEX
Logger, with a one-second recording interval, during a 12-hour measurement session. The
measurements were analysed using RTKLib software, relying on a solution based on the
extended Kalman filter. The accuracy of determining a location in static PPP measurements
compared to the results obtained with professional GNSS receivers is presented in Table 2.

Table 2. RMS error of location components determined using different GNSS receivers (Source: [22])

East North Height
Source of measurement data
component [cm] component [cm] component [cm]
Smartphone with . 218 41 11.0
a dual-frequency receiver
Professmnal single-frequency 146 258 271
receiver
Professional dual-frequency receiver 0.2 0.1 0.5

In the case of analysing measurements at one frequency (L1 and E1), no solution conver-
gence was obtained. Basing on the publication [22], the authors determine that the solution
convergence is obtained if the accuracy of the 3D location reaches 1 m and is maintained for
a minimum of 20 consecutive measurement epochs. A measurement test in the PPP kinematic
mode was also carried out. The test consisted in measuring 350 path points around a sports
field. When measuring with a smartphone on two frequencies, horizontal deviations from the
theoretical path exceeded 20 metres, while the deviations for measurement on one frequency
were 3-5 meters, rarely exceeding 10 m.
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5. Summary

Access to code and phase observations offers new perspectives for the use of mobile
devices in precise positioning. The possibility of using phase measurements on two frequencies
is particularly important. However, the currently obtained accuracy differs significantly from
what professional geodetic-class receivers offer. In addition, the reliability of measurements
leaves much to be desired, especially when they are taken at a point surrounded by field obstac-
les. Smartphone GNSS antennas use linear polarisation, showing susceptibility to multipath
effects [5], [7]. In addition, the characteristics of phase centre variation of antennas used in
mobile devices have not yet been determined. This is important when analysing differential
measurements taken using different types of GNSS antennas. For this reason, it would be
interesting to conduct differential phase measurements, recording them with identical devices.
In this case, the effect of phase centre variation should be significantly reduced. As the authors
of the quoted papers [7] [23] observe, measurements using smartphones are characterised by
frequent occurrence of the so called “cycle slips.” This problem has been the subject of nume-
rous publications describing effective methods of detection and repair of “cycle slips” [24],
[25] [26]. It should be borne in mind, however, that the use of advanced methods of detection
and repair of cycle slips can lead to a significant increase in calculation time. Therefore, there
is a need to create new algorithms to capture this problem, especially at the stage of an initial
analysis of GNSS data. Intensive research work carried out in many scientific centres will
probably lead to a significant improvement in the methods of positioning with smartphones.
This will allow for a certain range of measurement tasks that previously required the use of
expensive professional GNSS receivers to be taken over by smartphones. In addition, it is
worth paying attention to the alternative possibilities of using smartphones, partly resulting
from their additional equipment, enabling communication via Internet connections. The paper
[27] indicates the possibility of using two-frequency phase measurements recorded by smart-
phones to monitor the phenomenon of ionospheric refraction. This is one of the basic tasks of
the GNSS permanent station network. Determination of refractive corrections is the core of
algorithms for calculating differential corrections in RTN (Real Time Network) measurement
systems made available to users [28].

In the coming years, we can expect rapid development of algorithms and measuring
techniques adapted to the specifics of mobile devices. This will probably be due to the wide-
spread availability of smartphones and great interest from scientific and research centres as
well as potential users of such solutions.
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Abstract: This paper presents an example of interpretation of in situ tests, CPT static
sounding and seismic Marchetti dilatometer tests (SDMT). The studies were carried out on
loess soils in Lublin. Four CPT tests and four SDMT seismic tests were performed. The article
describes the method of deriving geotechnical parameters from in situ testing. In particular, the
formulas for calculating the constrained modulus based on the cone resistance g, were analysed.
Some of the parameters were interpreted using the proposed formulas. Values of deformation
parameters determined with various methods for different strain ranges were compared.

Keywords: CPT, SDMT, loess, constrained modulus

1. Introduction

To analyse the building-subsoil interaction, soil conditions as well as their variability and
parameters must be identified. Boreholes are the basic and most widely used research method
in the world, since they provide information about the type of soil found in the ground and its
main characteristics. It allows for identifying stratigraphic and lithological divisions, which
is the basis for developing a sampling plan for laboratory tests. Soil behaviour is complex
and depends on numerous factors; therefore, different types of tests should be used when
evaluating a geotechnical model and determining strength and deformation characteristics.
A geotechnical profile should show separate layers with similar mechanical properties. For
this reason, in-situ sounding has an important role in the identification process.
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OW.5 owW-4
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Fig. 1. Location of test points
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This paper presents an example of interpretation of in situ tests, CPT static sounding
and seismic Marchetti dilatometer tests (SDMT). The research was carried out on loess soils
in the area of Cyprysowa Street in Lublin. The location of test points is shown in Fig. 1. The
study involved four CPT tests and four SDMT dilatometer tests with seismic shear wave
velocity measurements.

2. Cone Penetration Tests (CPT)

CPT tests were performed using the Pagani T63-150 with a maximum pull-down force
of 150 kN. A Begemann mechanical cone was used during the tests. It was pressed at a speed
of 2 cm/s, with penetration characteristics recorded every 20 cm. Although a mechanical
cone provides less information than a cone with electrical sensors, studies [1] have shown
that in the case of typical loess soils, the differences in cone resistance ¢, are low. The values
taken during the test are cone resistance and friction on the friction sleeve. The cone that was
used had standard geometry: base surface of 10 cm?, friction sleeve surface of 150 cm?, and
cone tip angle of 60°. All test parameters were in accordance with the standards defining the
conditions of static sounding [2]-[4].

The readings recorded during the tests provided the basis for their subsequent interpreta-
tion. In order to interpret the data and determine the geotechnical parameters of the soil layers
distinguished in the subsoil, the data was presented with the use of standard parameters: g, —
cone resistance, f; — friction on the friction sleeve, and R,— friction ratio, used for classifying
soil by soil behaviour type.

To identify the subsoil structure, the Robertson nomogram was used, modified and
adapted to the Polish conditions by Mtynarek et al. [5], as well as information obtained from
the test boreholes. The data from drilled boreholes were used as the leading data for the
identification of soil type. The interpretation and analysis of soundings is widely described in
the literature and has been compiled by Sikora [6]. The results of the sounding were used to
determine soil parameters. The liquidity index /, was derived using the formula by Nepelski
etal. [7]:

1, =0.76-0.17¢q, )

Undrained shear strength ¢, was determined in accordance with Eurocode 7 standards
[3] and PN-B-04452 [4], using the following formula:

— (qc B GVO)

c, =——
N, )
where o, is the geostatic stress at the measurement level ¢,, and N, is the empirical
coefficient taken depending on the type of soil. A coefficient of N, =40 was adopted for loess

soils based on Frankowski’s research [8].

The constrained modulus M was determined in accordance with the Eurocode 7 [3].
According to the aforesaid standard, the constrained modulus is determined by Sanglerat’s
relationship [9] using the following formula:

M=a,q, 6)

The essence of the correct estimation of constrained modulus is the adoption of an appro-
priate empirical coefficient a,,. Sanglerat [9] proposes using the a,, coefficient in the range
of 1+8, depending on the type of soil and cone resistance. For stiffer soils, lower values are
assumed. A similar formula is put forward by Ciloglu [10], according to whom a,, should be
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within the range of 3.1+13.5, depending on the plasticity index and the content of fine-grained
fractions. A slightly adjusted dependency in the following form:

M=a,(q-0,) @

is put forward by Senneset [11], where a,, is assumed within the range of 5+15 for
overconsolidated soils and 4+8 for normally consolidated soils. A different correlation that
assumes a constant «,, coefficient is put forward by Kulhawy and Mayne [12]:

M =825(q, - 0,,) )

Mtynarek and Wierzbicki used this relationship for loess soils from the Lancut area
([13], [14]). Frankowski [15] determined a coefficient of «,=2.5 for formula (3) for loess
soils from the Kazimierz Dolny area. This result was obtained from calculations in which the
constrained modulus was determined from oedometer tests. According to the stiffness degra-
dation curve [16], oedometer tests correspond to high plastic deformations, i.e. conditions that
differ significantly from those found under typical foundations. The work of subsoil under
typical foundations is far from the critical state, therefore oedometric constrained moduli are
not suitable for the calculation of building settlements. Taking into account the aforesaid data
taken from the literature and the results of the performed analyses, it was decided to adopt
the formula (3) with the a, =6 coefficient for loess soils. In [17] it was proved with numerical
analyses and geodetic measurements that it is a correct value.

The original substrate deformation modulus E, ., was determined according to
Pisarczyk’s recommendations [18] using the following formula:

Eycpr =3.8q, +2.5 MPa ©)

A short comparative analysis of the deformation parameters interpreted from static
soundings was carried out. The constrained modulus calculated using Sanglerat’s formula (3)
with the coefficient a,=6, denoted as M,,;, was compared with the deformation modulus
E, cprfound using formula (6) and recalculated to constrained modulus marked as M, using
the following formula:

(1+v)(1—2v)
(l—v) 0

where M is the constrained modulus, and v is the Poisson ratio. The comparison is illustrated
in Fig. 2.
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Fig. 2. Comparison of constrained moduli interpreted from CPT static tests using different formulas
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It shows that the constrained moduli found with both formulas obtain very similar results
for the cone resistance range of ¢, which is typical for Lublin loess soils. For the mean cone
resistance value for loess soils, i.e. g, of approx. 6.5 MPa [19], the constrained modulus M,
found with both formulas is about 39 MPa. For ¢,<6.5 MPa, the modulus determined using
Sanglerat’s relationship has lower values than the one determined on the basis of the £, -,
modulus, whereas for ¢ >6.5 MPa it is the other way around. For a typical range of cone
resistance for loess soils of ¢ =3+9 MPa, the M p;,;/M pyp; ratio is from 0.9 for g =3 MPa
to 1.03 for ¢ =9 MPa, which means that in the case of stiffer loess soils the differences are
so low that the choice of formula used is insignificant. For softer loess soils, however, the
difference is greater and increases as the g, value decreases. More unfavourable parameters
will be obtained with the use of Sanglerat’s formula (3).

The basic parameters of the selected CPT-1 test are shown in the diagrams in Fig. 3.
The division into subsoil layers was made on the basis of soil classification and sounding
characteristics. In a continuous profile, with characteristics described every 20 cm, layers with
representative parameters determined on the basis of cone resistance were distinguished. The
mean value of cone resistance for a given layer was taken as the representative value. Extremely
high values were rejected. The division into layers is shown only in the basic parameter charts.
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Fig. 3. CPT-1 test parameters

To summarise the CPT profiles, it was found that for the investigated area, loess soils
under building foundations are characterised by cone resistances g, in the range of 4.6+8.1 MPa,
with a mean value of 5.3 MPa. The obtained values show that loess soils in this area can be
considered solid load-bearing subsoil that is representative for the Lublin area. Furthermore,
for the obtained ¢, range, the differences in the constrained moduli determined using the
adopted formulas as presented in Fig. 2. are negligible.

3. Seismic Marchetti Dilatometer Tests (SDMT)

Seismic Marchetti dilatometer tests SDMT were carried out in cooperation with the
Department of Geotechnical Engineering of the Warsaw University of Life Sciences and using
the equipment provided by that unit. The tests were carried out using a Van der Berg Hyson
200 kN probe. A standard Marchetti dilatometer consists of a flat, steel blade with a circular,
flexible membrane, and a measuring/control unit with pressure readout. During the test, the
blade is pressed vertically into the ground, and then measurements are taken at intervals of
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0.2 m (sometimes 0.1 or 0.5 m). During the measurements, gas pressure is applied to the
membrane from the ground level by means of a pneumatic line. During this operation, the
membrane deforms towards the ground and readings A and B are taken. Reading A is the gas
pressure value obtained during the initial phase of membrane movement (displacement of the
membrane centre by 0.05 mm), which causes it to come into contact with the surrounding soil.
Reading B is the pressure value obtained with an additional displacement of the membrane
centre towards the ground by approx. 1.05 mm, for a total of 1.1 mm. A third reading C is
sometimes taken, corresponding to the gas pressure after the return of the membrane to its
initial position. The readings are adjusted by corrections AA and AB, which result from the
rigidity of the membrane. The dilatometer used in the study was additionally equipped with
a seismic module to measure the shear wave velocity. The seismic module is placed on a rod
directly behind the DMT measuring blade and consists of two geophones positioned 0.5 m
apart, which are used as receivers for measuring the shear wave generated during the test.
Shear wave velocity is usually measured at depth intervals of 0.5 m. The wave, generated by
a hammer hitting an anvil pressed against the ground, first reaches the upper receiver and then
the lower one. The movement of ground particles which occurs with shear wave propagation
corresponds to very small deformations of the subsoil. The shear wave propagation velocity
is the basis for determining the initial shear modulus [20]-[22].

The interpretation of dilatometer tests is based on three basic indexes: material index
I, horizontal stress index K, and dilatometer modulus E,. These indexes are determined as
follows:

I - (n-p)

(P —up) (7)
K, - (P '_”0)

oo ©)

E, =34.7(p, — py) (10)
where:
p, — the pressure of membrane’s contact with the ground,
p, — the pressure of membrane displacement by 1.1 mm,
u, — hydrostatic pore water pressure,

»

o', — effective vertical stress in situ.

The material index is primarily used to determine the type of soil. Generally speaking,
1,=1.8 is the boundary between cohesive and non-cohesive soils. Fine-grained (cohesive) soils
have a lower /,,, while coarse-grained (non-cohesive) soils have a higher /,,. Just like the R,
index in the case of CPT tests interpretation, the material index 7, from DMT tests determines
the behaviour of the soil and does not classify it on the basis of grain size as assumed in the
standards. For the studied loess soils, the 7, index showed the same behaviour as in the case
of sandy soil.

The horizontal stress coefficient K, is used to determine undrained shear strength ¢, and
to determine the lateral earth pressure coefficient K. In accordance with the Marchetti’s rela-
tionship, the undrained shear strength c, ,,,,r and the lateral earth pressure coefficient K, were
determined from the following formulas:

Copr =0220%,, (0,5 K,)” (an
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KOvDMT = (KD /1.5)0'47 -0.6 (12)

The dilatometer modulus £, determines the relationship between the stress acting on the
membrane and its displacement. This module, however, cannot be used for direct calculations
of settlements, but only reflects the stiffness of the ground and can be used for calculations
after taking into account the history of lateral stress, denoted by the K, index. For determin-
ing the settlement, the dilatometer constrained modulus M,,,,, calculated using the Marchetti
formula [21] is used:

Mpyr =Ry Ep (13)
Another important parameter is the overconsolidation ratio OCR, which was determined

using the Marchetti [21] formula, later expanded by Mayne and Martin [23] into the following
form:

OCR,,,, =(0,5K,)"*

for soils with a material index of /,<1.2, (14)
OCRpyy = (MK, ) for soils with a material index of 1.2</,<2.0, (15)
where:
m=0.5+0.17p,
n=156+0.35p,
p=U,-12)/0.8,
OCR 7 = (0.67K )™ for soils with a material index of /,>2.0. (16)

Currently, for clay soils, i.e. those with a material index of /,,<1.2, there are also numerous
other expanded versions of the original Marchetti formula, which primarily take into account the
type of soil and regional conditions. On the other hand, for silty and, in particular, sandy soils,
i.e. soils with 7,>1.2, the determination of OCR is much more complicated and most often it is
connected with cone resistance ¢, [24], therefore it additionally requires CPT static sounding.

The friction angle for non-cohesive soils with a material index of /,>1.8 was determined
using the following formula:

Opur =28+14.6log K, —2.1log” K, (17)

The initial shear modulus G, derived from the formula, was also determined from
seismic tests:

G, =pV; (18)
where:

p — density of the soil,

V. — shear wave velocity measured during the SDMT test.

These interpretations are mainly based on formulas originally developed and recom-
mended by Marchetti, first published in 1980 and updated from time to time [21], [24], [25].
Currently, in addition to the basic interpretations, there are a number of relationships derived
by other researchers for soils from various parts of the globe. In Poland, Lechowicz et al. [20],
[26] Rabarijoely [27], and Mtynarek and Wierzbicki [14], [28] conducted large-scale analyses
of the interpretation of dilatometer test results.

The basic parameters for the selected SDMT-2 tests are shown in Fig. 4, while Fig. 5 shows
a representative diagram of the shear wave velocity recorded at a depth of 4.5 m during the
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SDMT-2 test. The signal reaching the upper receiver is marked in blue and the signal reaching
the lower receiver is marked in red. The graphs on the left show the signals recorded directly,
while the re-phased signals are shown on the right.
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Fig. 4. Results of SDMT-2 tests at the Cyprysowa site
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Fig. 5. Shear wave seismogram during SDMT-2 tests at a depth of 4.5 m

Dilatometer tests, like the results of static soundings, are the basis for distinguishing
geotechnical layers and describing their parameters. The main parameter used in the analyses
is the dilatometer modulus M,,,,,. For the area in question, this parameter varies in the most of
the profile within the limits of 30+70 MPa, which should be considered a relatively high value.
The constrained moduli determined in DMT tests were slightly higher than those determined
during CPT static probing. The initial shear modulus G, determined in SDMT seismic tests
ranged from 150 to 200 MPa.

4. Conclusions

In-situ tests provide a lot of information with regard to subsoil parameters and the distribu-
tion of soil stiffness at depth. In field tests, several selected parameters are usually measured and
then converted into geotechnical parameters, e.g. internal friction angle, constrained modulus,
undrained shear strength, etc., using empirical formulas. Since the most important parameters
are not determined directly, it is extremely important to properly interpret the results measured
directly on-site. The paper presents selected results and methods of interpretation of a CPT static
test and SDMT tests performed on Lublin loess soils. The determined parameters can be used to
analyse the building-subsoil interaction and to construct a computational model, e.g. in the form
of geotechnical cross-sections or computational regions. The analysed loess silts are intermediate
soils with features of both cohesive and non-cohesive soils. They have low cohesiveness and the
appearance of cohesive soils in macroscopic terms, but both the R,index from CPT static probing
and the /,, index from DMT tests indicate behaviour that is characteristic of non-cohesive soils.
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Abstract: The research issues discussed concern the impact of the environmental
factor on the level of real estate transaction prices. In the face of the dynamically developing
road infrastructure but also the increase in the volume of car traffic, it is necessary to take
into account the effects of these changes in the area of property appraisal. The noise level
as part of the group of price-generating attributes should be taken into account as in many
cases, and from the perspective of real estate buyers, it may prove to be the most important
factor. The research was carried out on the example of housing properties located at the
main communication artery of Krakow.

Keywords: road noise, prices of residential premises, environmental factors

1. Introduction

Socio-economic progress, especially in developed countries [1] is strongly corre-
lated with infrastructure and innovation, where the road infrastructure has a positive
impact on development, because effective investment activities in a given area require
taking into account the existing and planned transport network. This interdependence,
however, does not distinguish between the independent variable [2], because the processes
of growth and development may occur with the existence of appropriate infrastructure,
but also emerging investments in a given area force the creation of appropriate facilities
and devices.

While the necessity of the existence and extension of the road network is an indis-
putable issue, the effects of these actions are the source of many consequences that each
of us experiences to a greater or lesser extent. These consequences [1] may include: short-
ening travel time, reducing transport costs, improving its conditions and safety as well as
socio-economic effects such as availability, employment, productivity, social exclusion
and the natural environment.

In opposition to many positive aspects of the functioning of communication networks
there are unfavourable factors, including environmental ones. The main ones are air pollution
associated with the emission of harmful car exhausts and traffic noise, which is currently one
of the most important civilization problems. Noise is classified as pollution of the natural envi-
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ronment and is defined as [3] sounds from 16 to 16,000 Hz, which are undesirable and harmful
[4], caused by human activity in the open air, including noise emitted by means of transport,
road, rail, airplane traffic and noise originating from industrial areas. The term “unwanted
sound” includes many factors: physiological, health and psychological, the scope of which
will depend not only on the volume of noise pollution, but also on its intensity, frequency,
duration, variability and time of occurrence during the day. The 19" century [5] doctor Robert
Koch already pointed out the danger of this phenomenon, warning that a day will come when
man will have to fight a very dangerous enemy of his health — noise — the same way he once
fought cholera and plague.

Society in Poland does not yet have a sufficiently high awareness of the scale of threats
resulting from the impact of noise on their health and quality of life, as well as state agencies
do not take sufficiently effective steps to counteract this phenomenon. The most susceptible
to traffic noise are residents of large urban agglomerations, especially those living along the
main thoroughfares, which are exposed to sleep, rest and work disturbances, neurosis, hearing
impairment or cardiovascular disease risk.

The concept of noise correlates with other factors [6] such as the unpleasant smell of
fumes, vibrations or air pollution. If the subject of the analysis is real estate, one should also
take into account an unfavourable view or presence of artificial lighting on buildings along the
most frequented roads. The tests carried out most often take into account the above elements
in the form of one factor - traffic noise.

One of the parameters describing the noise level is the relative sound pressure level
expressed in the logarithmic decibel scale (dB). A summary of reactions to exemplary sound
levels is depicted in Table 1 [7].

Table 1. An example of a reaction to sound at different frequency levels

dB Rating The source being the sound source Effects

140 gunshots, explosions audio trauma

130 starting jet

120 pain above this threshold
110 pneumatic drill

100 disco

90 truck noise

80 busy street, horn interference in work
75 very bad

70 bad car interior interference in speech
65 moderately bad

60 moderate window by busy street

55 tolerable

50 average silent street normal

45 good

quiet office, tearing a sheet of paper, the

40 perfect sound of waves sleep disturbance
30 library
20 whisper a sense of silence
10 desert

0 hearing threshold




Property price dependence from noise level on example of local real estate market 75

In addition to the above-mentioned effects of traffic noise impact on our health, one
should also pay attention to its significant impact on the level of obtained prices when selling
residential properties located in large cities. The analysis of real estate considered in terms of
a legal, technical object, a commodity which is the subject of market turnover and, above all,
the investment objective [8] requires the adoption of an appropriate catalogue of features having
the greatest impact on its value. In addition to economic, legal, demographic and political
factors that particularly affect real estate, physical and environmental conditions also stand
out. They are closely related to the location of the property and its liquidity. The permanence
of the property in place means that it is susceptible to the environment, including its adverse
influence of sources generating a high level of sound, in the case of a location near a busy
road. The noise level associated with a given location of the real estate is more and more
often considered as one of the attributes that significantly affects the value of the property and
the negotiated transaction price in the event of its sale. In the face of the development of the
communication network, but above all the increase in the number of road users, this feature
may sometimes be as high as the location of the property.

2. Review of the literature

There are many studies on the impact of noise on the value and prices of real estate,
including different sources of sound emissions and the adoption of various research methods [9]
[10]. Most of this type of publication concerns foreign markets, and the submitted conclusions
confirm the need to include this environmental factor in real estate market analysis.

It should be taken into account that the preferences of real estate buyers are very diverse
and although the majority value peace and quiet, a large group chooses a flat near a busy and
loud road but with better access to social infrastructure. In the case of large cities, such a choice
is not always applicable, because the noise level for two units located in the same building but
from different sides implies different levels of the incoming traffic noise.

The studies often use the NSDI (noise sensitivity depreciation index) [11], [12] express-
ing the percentage decrease in the value of real estate per 1 dB increase in noise, enabling
comparison of the results obtained for specific real estate markets. At the same time, it should
be noted that only sounds of appropriate frequency are taken into account in the research as
a negative environmental factor. One of the tasks is to adopt an appropriate threshold value,
beyond which the sound is perceived as unpleasant and undesirable. In the literature on the
subject [13] it is indicated that the threshold value is 50 dB - 55 dB [14] during the day, i.e.
the level of sounds below which they are ignored by us and do not disturb our work,rest or
performing various duties. Above this value, the sound becomes an element that negatively
affects our perception of a given place.

Noise in Europe is characterized by an upward trend and the main factors of exposure
to noise in the environment are: urbanization, growing demand for motorized transport and
ineffective urban planning [15]. The increasing noise is affected by the poor quality of the
surface and the lack of bypasses around cities where the roads are not adapted to accept heavy
traffic. Both on the basis of Polish and European law, there are legal norms addressing the
problem of traffic noise, where in Poland the existing regulations indicate acceptable levels
of noise, depending on the type of terrain, sources of noise and time of day. The permissible
noise level [16] resulting from road transport for residential areas of multifamily housing is
Ldwn = 60dB, where Ldwn is the long-term average sound level A expressed in decibels (dB),
determined over all days of the year.
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The results of the conducted surveys indicate a drop in property prices by 0.08-2.22%
with an average of 0.64% (Bateman et al., 2001), 0.21-0.61% [14], 0.3-0.5% [7] per 1 dB
increase in sound. With regard to the average level of decline in property prices in the USA
and Canada [10], the NSDI ratio is at 0.4%. In the case of residential premises in Szczecin,
the results indicate a decrease of 4% with an increase in the noise level by 5 dB [17]. The
type of the analysed market is also significant, where the values of NSDI indices in the case
of homes are at the level of 0.54% and residential premises of 0.47% [13]. At the same time
[18], the problem of the lack of knowledge by buyers about the unfavourable attributes of
a given real estate is pointed out, where sellers intentionally do not inform potential buyers
about the nuisance noise associated with a given property, often placing the buyer in their
own former position of being deprived of such information. Research conducted in Sweden on
a single-family housing area indicates that noise increase by 1 dB level causes a 0.6% drop in
the price of real estate. In general, sales prices of this type of real estate are about 30% higher
in quiet areas compared to areas exposed to environmental factors, including the effects of
the road impact such as accessibility, noise pollution and visual and aesthetic effects. Other
studies [7] indicate that real estate prices in areas where noise level exceeds 65 dB are lower
by up to 12%, yet noise in the range of 41 to 65 dB has no significant impact on prices, while
quiet areas (below 40 dB) are characterized by a price premium of 6%.

3. Subject of study

The scope of the research covered separate apartments located in the centre of Krakow:

— along one of the main communication arteries of the city, characterized by very large
car traffic and noise level of 75 dB - Al. Three Tents,

— on side roads from Aleja Trzech Wieszczy, with varying degrees of traffic, in areas
with noise levels of 50 to 70 dB.

The gathered database includes transactions executed from the beginning of 2017 in
the Krowodrza and Srodmiescie districts, in the registration areas directly adjacent to Aleja
Trzech Wieszczy, which also constitutes a border between the two described districts. The set
created includes information about 200 residential premises, under the influence of noise at
various levels of frequency (Table 2).

Table 2. Table for the number of residential premises in individual noise classes

Noise level Krowodrza Srodmiescie
50-55 8 13
55-60 17 21
60-65 13 39
65-70 14 27
70-75 11 13

The acquired real estate is located in an area with a radius of about 1 km and should be
considered in the first place in terms of the attractiveness of its location. In addition to the
factor which is the location, the premises vary in the level of technical condition, the size of
the usable area, the location on the floor and the noise level. Data analysis indicates a signif-
icant share of the technical condition of the building and the standard of the premises on the
level of transaction prices, amounting to approximately 35%. Most premises are located in
tenement houses of medium technical condition, which is why the selection was made first,
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eliminating cases concerning real estate located in buildings after general renovations and in
buildings with poor technical condition. There is no possibility of a reliable assessment of
the standard of the flat, apart from the little data contained in the notarial deeds, hence one
criterion has been adopted which is the technical condition of the building. At a later stage,
premises located in close proximity to Aleja Trzech Wieszczy were separated from the base,
so that the location criterion did not have a significant impact on the volatility of transaction
prices. There was no significant share of the attribute which is the location on the story.

4. Analysis of the significance of noise impact on the prices
of residential properties

The aim of the conducted research is to analyse the prices of separate apartments in
terms of the impact of the environmental factor which is road noise. Property identification
data and sales prices used in the analysis come exclusively from purchase contracts - sale of
real estate. The property price and value register was not used, due to the incomplete range
of information about the premises.

The work also uses the acoustic map of Krakow, which is one of the instruments for
managing the acoustic climate. The distribution of noise level in the analysed area - the Ldwn
indicator (day - evening - night) is presented in the form of Fig.1.

Fig. 1. The map of noise in the analysed area

The data collected concern dwellings located on the eastern and western side of Aleja
Trzech Wieszczy, in the area including the cadastral districts of Krowodrza and Srodmiescie,
located closest to the main road route of the city with a noise level exceeding 75 dB during
the day.

First of all, the entire base of residential premises, characterized by such attributes as:

— location - for which the scale was assigned in terms of distance from the Main Market
Square in Krakéw and perception of the attractiveness of the location of potential
buyers in a given place,

— noise level - determined based on data from the acoustic map of Krakow,
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— usable floor space,

— technical condition of the building - determined based on data from notarial deeds and
information obtained in the field.

Considering that the technical condition differentiates transaction prices at the level of
about 35%, first the selection of premises was made, leaving in the database those that are
located in tenement houses of medium technical condition. Such a choice results from a much
smaller number of buildings in poor and very poor technical condition as well as tenement
houses that are renovated.

In this way, a collection of 76 premises was obtained, for which a histogram of unit
transaction prices was presented below (Fig. 2).

Histogram: Cena jednostkowa
K-S d=,05324, p> .20; Lilliefors p> .20
— Oczekiwana normalna

35

25

20
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0 2000 4000 6000 8000 10000 12000 14000
Cena jednostkowa [zt/m?]

Fig. 2. Histogram of unit proces of residential premises

The basic characteristics of the dependent variable, i.e. the unit price in individual classes
of noise level read from the acoustic map, are as follows:

Table 3. Table of number of residential premises in each noise classes

. . Average unit price Standard deviation of the unit price
Noise compartment ~ Number of observation g P P

[zt/m?] [z/m?]
50-55 6 7694,876 1309,962
55-60 10 8068,003 2587,981
60-65 25 8296,768 1665,206
65-70 21 7820,171 2536,704

70-75 14 7652,479 2191,174
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Considering the large price differentiation, which results from the impact of not only the
noise level, but also other attributes of the property, in the next stage, properties were selected
that are similar in terms of location and usable space. In this way, a database of 26 properties
exposed to noise at a level of 55 to 75 dB was obtained. The significance of the noise impact
on the unit price of residential premises was examined using a one-way analysis of ANOVA,
where the grouping factors are 4 noise intervals.

The significance of differences between expected unit price values from individual noise
groups is tested by comparing variance. The calculations indicate significant differences in
average real estate prices caused by the impact of road traffic noise and the basis for rejecting
the hypothesis about the equality of means at the level equal to p = 0.0121, with the assumed
level of significance p = 0.05. It illustrates in a clear graphical illustration of the results of the
analysis of variance.

Hatas; Oczekiwane $rednie brzegowe
Biezacy efekt: F(3, 22)=4,5926, p=,01213
Dekompozycja efektywnych hipotez
Pionowe stupki oznaczajg 0,95 przedziaty ufnosci
12000 T T T T
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Fig. 3. Box chart for average procesprices in each proceprice classes

5. Conclusion

Performed real estate market analyses or estimation activities include the stage of testing
the significance of individual market attributes in explaining price volatility. It is a complicated
task, which results from the basic features of real estate, including its complexity and diversity.
In Poland, too little attention is paid to the importance of environmental factors in real estate
valuations, and a small percentage of the appraisal reports prepared includes such analyses.

The aim of the conducted research was to check whether the noise level significantly influ-
ences the obtained prices when selling residential premises. Separation of a group of premises
comparable in terms of location, technical condition and usable area enabled to check the signif-
icance of differences in average unit prices of properties depending on the noise levels adopted.
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The results obtained using the one-way analysis of ANOVA variance indicate signifi-

cant differences in the level of average real estate prices, depending on which group of noise
levels they belong to. As a result, in relation to the local real estate market being researched,
noise is a market feature that should be taken into account in research or in the preparation of
appraisal reports, along with other most frequently considered market features of real estate.
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Abstract: The paper presents the subject of creating and shaping new urban spaces in
the era of globalisation. The analysis of these spatial phenomena covers the biggest cities in
the world, i.e. places where the problems of urban development occurs most often. The term
‘urban space’ is understood as a broad concept that goes beyond the defined public space.
New places created in the cities are the human creations resulting from the life necessities and
the cultural needs of people. The fast-changing living environment forces users to engage in
the process of searching (sometimes even creating) of new, adequate places. Spatial activities
transforming the urban environment more and more often reflect the local social initiatives’
activity. New relations between a user and the surrounding space are the basis for reviewing
the existing division and definition of private, group and public space.
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1. Introduction

Nowadays we are witnessing the dominance of metropolises and big cities. It is confirmed
by the high urbanisation rate, which according to reports is likely to reach 63% in 2025 [1].
This paper is an attempt to define the place of a man in urban space affected by fast processes
of transformation.

Rapid technical progress and the digitalisation of all processes are clearly starting to
appear in the daily activities of the people. Basic life activities and work nowadays in the
conditions of fast pace of life acquire other meanings. We spend less time in open spaces;
we work more. Distances between the house and the place of work, study or leisure are ever
increasing. This results in the need for frequent and fast movement from one place to another,
mainly with the use of cars.

We are also looking for new, very individual and sophisticated forms of recreation in
our neighbourhood. We are paying more and more for it. Our reward is health, free time,
family and, in the end, money. The organisation of the basic living environment is becoming
increasingly complicated [2]. In search for suitable solutions, we decide to move to a house
with a garden on the outskirts of a city.

The current population of the suburbs of metropolises is much larger than that of the
centres themselves. A city is becoming more scattered losing its naturally defined structure.
Traditional divisions of space into private, semi-private (group) and public seem to be insuf-
ficient in these conditions to define the phenomena taking place in the relations between
a contemporary city and a human being. We are increasingly emphasising the importance of
space in relation to its use and development, with a view to the future generations [3].



84 Dariusz Gawet

The challenges that modern society faces entitle us to perform courageous, yet precise
actions in difficult times of globalisation.

2. Preserved and forgotten heritage

Until now we were persuaded that shaping of urban space was based on the principles
of its organisation. They consisted in mechanisms of ordering forms, such as: differentiation,
hierarchy, concentration, orientation or rhythm of its elements.

Today, we increasingly focus on the form itself. We usually concentrate on its distinc-
tiveness and individual features, such as the shape, colour or texture. Observing the accumu-
lation of numerous, sometimes very numerous elements leading to chaos, we begin to less
and less understand space through its reference points. This is probably due to the excessive
density of objects, especially in the inner city. Buildings covered with billboards, free-standing
advertisements that encourage people to shop, and light that emphasises the meaning of the
message make us feel lost and confused. Commercial space is pushing its way into the vicinity
of monumental buildings, office buildings, schools and even churches! [4].

However, the more modern objects are built, the more often we see the value of historical
buildings created in a traditional, natural way with reliable means of composition expression.

What indirectly organises the features of a place is a clearly assigned function of the
objects, the scale of the development and attention to detail. The unique significance of a place
in space is determined by its special features. A place is an organised world of meanings [5].
Legible architecture, often created in a densely built space, is based on a thoughtful location,
composition order that is created with other buildings, and carefully selected urban detail.

Fig. 1.2. The hutongs in Pekin.The unique atmosphere of an authentic, historic residential area. (Source: Photo
author 2013)

Many urban areas have resisted the time constraints despite the modest scale of development
and neighbourhood conditions. Their uniqueness lies in the authenticity of their expression, the
harmony they create with their surroundings and the respect for the local traditions and people
living in the area. This phenomenon can be seen in the centres of Asian cities such as Beijing,

', The urban structure of the Polish market over the last 25 years under the free influence of new
commercial functions has undergone many deformations. Attractive functions located inside city malls
and shopping centres contribute to the degradation of the external, surrounding streets. Shopping
centres scattered throughout the city, isolated from the pedestrian network by car parks, deepen the
internal peripheries”.
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Nanjing or Bangkok. Old residential colonies located in the vicinity of central historical city
squares began to transform into public areas, creating friendly micro-commercial, gastronomic
and meeting places. These are primarily Chinese hutongs, which have been the historical living
environment for people for centuries [6]. A similar district in the immediate vicinity of the water
channels is Pom Mahakan in Bangkok. Here, low wooden residential buildings were built on
stilts, creating water housing for a complex of palace and temple buildings.

The transformations of these areas were not originally the decision of the authorities,
because as one may expect, the economic attractiveness of the location spoke in favour of
using them for other purposes. The determination of local social communities made it possible
to maintain and equip forgotten districts with essential technical infrastructure. The statement
that places are defined by people who make up the local community is hereby confirmed.
Unique persons and magical places have a special role to play [7]. Today, these culturally
magical central districts reflect the former life of the inhabitants, thus being a popular tourist
destination. The blurred borders between public and semi-private spaces within a residential
area are becoming more and more common.

The particular urban spaces known as “non-places™ give completely different impression
(fr. non-lieu) characterised by a lack of changeability, where we stay out of necessity and not
of our own free will, and with a large flow of people [8]. These are usually airports, shopping
malls, gas stations, but also refugee camps. These spaces are in no way emotionally speaking
to their users, but become only a means to achieve a goal by them.

When analysing modern cities, we come to the conclusion that such places are becoming
increasingly similar due to the standard of construction and applied elements of equipment. We are
not able to recall their individual characteristics, hence the term as if they belonged to nobody [9].

Fig. 3. Not a place of memory in Kigali, after the genocide in Rwanda. (Source: Photo author 2012)

Fig. 4. Not a place of memory, zone of the Korean borderland, commemoration of people deprived of their
homeland. (Source: Photo author 2017)

There is another crucial area connected with this term, namely the term “non-place of
memory” (fr. non-lieu de memoire). The emerging areas that were tainted with violence, crime
and genocide could certainly become historical memorial sites with monuments or other forms

,» Non — place” — a term created by the French ethnologist, culture anthropologist, Marc Auge,
described in [11] who noted that there are areas that are not personalised, that are quickly passable
without attention, that are devoid of any features™.
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of commemoration. This is not the case if we want to forget rather than commemorate them?
[10]. This term is used because of its difficult heritage. Therefore, such places are often unde-
veloped, abandoned and seemingly forgotten. No one has the courage to transform, rebuild
or adapt them. Most frequently they remain in our memory.

3. Directions of change — urban greenery and traffic

We very often have a pseudo-modern, foregone image of the city in our minds. Large districts
in a form of a maze of viaducts and narrow streets crowded with cars among tall glass buildings.
Despite the very latest technologies used to construct the skyscrapers, in most cases it is exclusively
about the development of another area. The plundering spatial policy and rising prices of properties
are maximising the high-rise buildings in the centres of metropolis. In these places, the economy
unquestionably wins with physiological needs and the sense of security of people [12]. A person
appearing in such built-up environment is forced to look for their place [13]. We feel increasingly
tired and weary in this kind of space. Even the smallest biologically active areas, i.e. lawns and green
areas and natural water reservoirs, become an alternative to the concrete construction of city centres.

Mini parks — gardens, called pocket parks — have become an example of the use of the smallest
undeveloped spaces. Their name — pocket parks (parklets) derives from the very modest surfaces
on which they are created. These small areas of urban greenery combine many different functions.
One can relax, have a meal, meet other people or read a book there. Various plant compositions and
non-standard urban details show the commitment of the city authorities to maintain these areas.
It was the local communities of the residents of the districts that decided to use the undeveloped
areas (often in the vicinity of the metro stations). The idea was to maintain close contact between
man and nature and to create microclimatic enclaves.

Fig. 5. 6. Montreal — pocket park Jardin Gamelin, immediate vicinity of the metro Berri.
(Source: Photo author 2018)

Community gardens are a completely different example of urban greenery. The idea behind
them was to jointly create a recreational and agricultural space. In such gardens, the local commu-
nity in the district cultivates plants and vegetables, using them for their own consumption needs.

,,The lesson to be learned from genocide based on its sacralisation and trivialisation triggers and
perpetuates even greater distance, suspicion, hatred and hostility among groups, and thus increases
the likelihood of a new disaster. Regardless of the circumstances, they do not reduce the overall
amount of violence, nor do they give any ethical insight into the imperfections or the desired form
of coexistence between people”.
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Initially, they were created in Havana and other Cuban cities. They were to supply the inhabitants
with the vegetables that were missing in the shops. Unattractive greenery composed of single
trees was used for this purpose. With time, community gardens became accepted in other North
American countries, as an alternative to the existing forms of urban greenery. Their additional
value is not only joint ownership, but also cooperative cultivation of these areas. Currently, they
are most often created in the vicinity of buildings in residential districts, the peripheral zone of
big cities, in areas where multi-family block of flats are concentrated.

When observing the directions of changes in the modern urban space, we can conclude
that there is a great demand for areas of multifunctional character and diverse use. The problem
of many cities is space for public transport. It concerns finding space for both car traffic in the
city centre and organised parking spaces. One solution to this turbulent situation is to blur the
boundary between pedestrian traffic on the pavement and car traffic on the road. Multifunctio-
nal urban spaces, called “woonerfs”, are to combine traffic with parking spaces and a leisure
area on the promenade diversified by urban detail. They are usually located in the vicinity of
the main city centre structures, where there is not enough space for traffic segregation. The
characteristic of this space cannot overestimate the important role of the urban detail, which
should be developed in order to eliminate the possibility of transit traffic.

Many examples of new spatial phenomena described in this paper should also be assessed
on the basis of the social activity of the residents resulting from the care for the transforming
urban districts. However, for people to feel a sense of community in action, borders, barriers
and fences separating different forms, functions and properties should collapse [14].

4. Street art* and aestheticisation of places

Creative zones increase the value of space in cities. Influencing the users of public
space is done in many ways. Designating places for art in multiple neighbourhoods provides
additional educational value and diversifies their functionality. Until now, for many people,
space for art has been associated with a tall, flat gable wall of a building, and this is not just
about street art in the form of colourful murals. In fact, the transformation of cities took place
along with the search for new ideas for post-industrial centres. After the shutdown of large
production halls, people started to think about their future use. At the same time, the potential
of revitalisation activities to restore old, often historic buildings from the turn of the 19th and
20th century has been noticed. Exhibition complexes, galleries, cinemas and shopping centres
were perfectly suited for this type of cubature [15]. However, all these buildings had to be
heated, equipped, and people encouraged to visit them (for a fee).

4 Street Art — a field of art created in a public place, usually “on the street” in the form of illegal

intervention. The term includes traditional graffiti, but is often used to distinguish between artistic
activity in urban space and vandalism” [16].
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Fig. 7. 8. Montreal — street gallery at Rue Catherine (Rue Panet), in the Le Village district. (Source: Photo
author 2018)

Nowadays, street galleries have been an increasingly appreciated idea. Such facilities
started to be more often created in Canada, the United States or Europe. Street micro-spaces
and squares have started to be perceived as a perfect place to present art in the form of sculp-
tures, paintings and various compositional forms. The element that distinguishes these objects
in the public space is most often their vivid, bold colour scheme. A measurable effect of the
opening of the district to the community of residents and tourists was a decrease in the number
of graffiti on the facades of nearby buildings.

Building the interior of urban street galleries consisted in finding a suitable formula for
the presentation of works of considerable size. Street galleries turned out to be such a good
idea that groups of quasi-artists began to paint the fences separating the newly built structures
within the district in a thoughtful and organised way.

5. A new perspective or the consolidation of legal divisions?

The hitherto divisions defining the public space took into account its two basic forms: [17]:
— traffic route — in the form of a street (often expanded with commercial functions),

— city square —as a place of inhabitants’ assembly (expanded with various complemen-
tary functions),

Other sources supplement this division with all kinds of urban green areas, such as parks,
cemeteries and lawns. Concern for the future and the need to ensure access to them raises
the question of the legal framework that regulates the functioning of such areas within cities.

In Poland, the notion of public space was used to refer to the common space belonging to
the inhabitants. Its organisation and management is the responsibility of the central and local
governments. The special significance of public space is guaranteed by the Spatial Planning
and Land Development Act. With the increasing competence of local governments, the space
started to be treated as a common good of a special importance®.

The term appearing in the United States — privately owned public space (POPS), or
according to other sources — privately owned public open spaces (POPOS), are used to define
a public space accessible to all, but privately owned [18]. Such areas must be made available
to all users, as regulated by the provisions in the US Land Use Regulation. Places of common

5 “the area of public space” should be understood as an area of particular importance for satisfying the
needs of inhabitants, improving their quality of life and fostering social contacts due to its location and
functional and spatial features defined in the study of conditions and directions of spatial development of
the commune” [20].
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character created from private funds usually include squares, arcades, terraces or patios. They
are mainly connected with private buildings constructed by developers.

6. Summary

In the light of the ongoing discussion about the quality of public space, we recognize it
as generally accessible area, which favours human contacts and fulfils their aspirations. Care
for the appropriate standard of such areas in the urban structure should be the main goal of
the next generations as the protection of the common good [19].

1. The presented cases of creating urban space often result from different mental charac-
teristics of Western (Europe and North America) and Eastern societies (Asia). The
perception of public space by these societies is completely different. In Europe, public
space is most often associated with monuments, transport and recreational greenery,
while in Asia it is place where you can sell, eat or live.

2. The new quality of the social initiative in the transformation of districts should become
an important element of citizens’ participation in planning processes. Top-down
management should be replaced by bottom-up cooperation.

3. Rapid urbanisation leads to the concreting of cities. In search for improvement of this
condition, the architectural structures are built that highlight the values of the place
and its social and cultural characteristics. Such architecture has a chance to resist the
times constraints.

4. Places for the presentation of street art are often created in order to integrate residents
into society, allow them to communicate their problems and environmental needs. At
the same time, they encourage to take care of the aesthetics of the neighbourhoods.

5. The diversity of created urban spaces shows the fulfilment of very narrow and sublime
needs of the inhabitants in the conditions of universal globalisation of cities. They
are a complement to the traditional division of space.

6. In the future, consideration should be given to extending the classification of space
in order to take into account the current living conditions of the inhabitants. It is
particularly important to take into account the conditions of heritage, tradition, culture
and art, otherwise they will take the form of “non place”.

Table 1. New urban spaces — systematics of research examples. (Source: author)

Place Location Function Examples
Historic residential urban & historical tourist and leisure Hutongs — Pekin
district areas Pom Mahakam-Bangkok

accidental large airports, shopping malls,

2 Non-place urban and suburban groupings of. people gas stations,
areas connected with refugee camps
buildings & P
different places tainted the Korean border

forgotten places of

3 Non-place of memory with violence, crime .
negative events

and genocide

place of genocide in
Rwanda or Cambodia

. urban greene . .
Pocket park mini park urban and suburban £ Yo Jardins Gamelin
recreation and leisure

(parkette) areas (max areas 5000 m?) in Montreal
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Place Location Function Examples

Social garden urban and suburban areas of green Warszawa, London,
community garden areas and vegetable crops Montreal, Krakow

downtown pedestrian and traffic ~ £odz, Warszawa, Gliwice

Woonerf . .
urban areas zone, recreation Gdynia

service and residential exhibition grounds street gallery Le Village

Street galle .
gatlery areas street art. in Montreal

POPS
Privately Owned
Public Space

spaces connected . squares, arcades, terraces
. s recreation zone :
with buildings or patios

— = —
O o0
— o

[10]

[11]
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Streszczenie: Praca odnosi sie do problematyki tworzenia i ksztattowania nowych prze-
strzeni miejskich w czasach globalizacji. Dokonana analiza zjawisk przestrzennych obejmuje
metropolie §wiatowe, czyli miejsca, gdzie problemy rozwoju miast koncentruja si¢ najbardziej.
Termin przestrzen miejska jest traktowany jako szerokie pojgcie, wykraczajace poza ramy
zdefiniowanej przestrzeni publicznej. Nowe miejsca tworzone w obrebie miast s3 wytworem
cztowieka wynikajacym z jego potrzeb zyciowych i kulturowych. Zmieniajace si¢ w szybkim
tempie warunki funkcjonowania srodowiska zamieszkania, wymuszaja na uzytkownikach
wlaczenie si¢ w proces poszukiwania (czasem kreacji), nowych adekwatnych miejsc. Dzialania
przestrzenne przeobrazajace srodowisko miejskie, coraz czgsciej sa wyrazem aktywnosci lokal-
nych inicjatyw spotecznych. Tworzone nowe relacje pomigdzy uzytkownikiem a otaczajaca
g0 przestrzenia, stanowia podstawe do zrewidowania dotychczasowego podziatu i definicji
przestrzeni prywatnej, grupowej i publiczne;.
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