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Abstract This paper presents the impact of paving surface material
on thermal comfort in a residential building. The aim of the study was to
demonstrate differences in temperature, measured near a building’s walls,
depending on their location (relative to the cardinal directions) and the type
of paving surface material outside the building (in its immediate vicinity,
considering the cardinal directions). The study found differences in tem-
perature values recorded near walls located on the south-west side, which
faced a garden and a grassy surface, compared to the temperature of the
walls that faced a street with asphalt and concrete paving blocks. It should
be noted that the study was carried out in the summer, when the interior
of the building was not heated. The facade of the building had not been
additionally insulated and retained its original historical form (facade ren-
der). The method used in the study consisted of temperature measurements
taken near the building’s walls using a Steinberg System weather station’s
sensors. The measurement results supported the hypothesis that wall tem-
perature varies depending on a space’s placement relative to the cardinal
directions and the surface paving material in the space adjoining the build-
ing. The results of the study are presented using line graphs. The study is
of scientific value and the results may also be useful in site development
planning practice. The thermal conditions are a major factor that affecting
the comfort of various types of buildings, including housing.
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1 Introduction

Contemporary trends in architectural and urban design consider the impor-
tance of environmental conditions that directly affect the quality of urban
areas. Environmental factors that remain in a relationship with architecture
and urban solutions directly impact a space’s comfort of use. A space’s ar-
rangement, the rational placement of objects with well-defined geometries,
and the use of construction materials with specific properties, affects the
space’s microclimate by influencing external temperature, the hygiene of its
cross-ventilation, and air humidity. Proving these relationships became the
subject of this study, whose objective was to demonstrate that a space’s
arrangement, namely the use of specific paving materials, can affect the
thermal comfort of buildings located adjacent to such a space. Here, it is
key to define thermal comfort and its significance. Kowalewski, Kostecka,
and Jezierski, citing Klemm [1] defined thermal comfort as a state of the
environment in which the human body maintains thermal balance [2].

A spatial planning policy aimed at producing optimal conditions within
urban spaces of different character and use should also consider the geo-
metric parameters of external spaces and development density [3]. These
phenomena, as noted by Galal, Mahmoud, and Sailor, among others, im-
pact the thermal comfort of urban interiors. They also demonstrated that
the way in which a space is arranged, including the use of specific paving
surfaces, affects nearby buildings.

Mechanisms for reducing high temperature and its negative impact on
the environment were discussed by Lai et al. [4]. They noted that changes
in urban geometry, increasing the amount of vegetation, the use of cooling
surfaces and the introduction of water features into the urban landscape
can produce a more temperate urban microclimate. Importantly, the use
of specific surfaces is not without significance here. Reflective surfaces lead
to higher physiologically equivalent temperature (PET) values in summer.
PET is a thermal index derived from the human energy balance. It is well
suited to the evaluation of the thermal component of different climate [5].
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The results of these observations are significant from the standpoint of
spatial planning, and the arrangement of urban spaces and housing areas.
This is due to the fact that greenery not only contributes to a place’s aes-
thetic value, but also its microclimate conditions, including thermal deter-
minants. Planners and designers who wish to create thermally comfortable
urban spaces can take advantage of this [6].

This study showed that there are differences in temperature depending
on the location of buildings next to paved or biologically vital surfaces.
Thermal comfort is particularly important in residential buildings intended
for permanent occupancy, as well as in street spaces (outside buildings)
intended for pedestrians.

Although this research focused on determining temperature changes in
a building, in the future it can be extended to analyses of urban interiors.
This subject is discussed by Elnabawi et al. [7], who studied the temper-
ature perception of users of city street spaces in the hot and dry climate
of Cairo, Egypt. Preferences in terms of perceived temperature were rated
using a survey from respondents. The analytical results showed that the
temperature fluctuations ranged from 23°C to 32°C PET, while the pre-
ferred temperatures were 29°C PET in summer and 24.5°C PET in winter.
These values are higher than those preferred in a temperate climate zone.
It is important to note that how we experience temperature depends on
many factors, including, but not limited to, our age, habits, and living
conditions [8]. These feelings can therefore vary.

Although this issue is not the main subject that the authors explore in
this study, it is directly connected to it. The choice of finishing materi-
als, including paving surfaces, significantly affects thermal comfort. With
regard to urban interiors, the degree of compactness of development and
street canyon parameters are also undeniably important, as demonstrated
by Chatzidimitriou and Yannas [9]. Proximity to natural elements also has
an effect, as they affect an area’s microclimate. The need to design and
organise parks in urban spaces was explored by Lili Zhang et al. [10]. They
pointed out that a park’s outdoor thermal comfort is an important factor
that can attract people to it and encourage them to stay. Using field mete-
orological monitoring and surveys, they investigated the outdoor thermal
comfort of different types of landscape spaces in urban parks in Chengdu,
China, in winter and summer.

The effects of rapid urbanisation, which resulted in a number of en-
vironmental problems in cities, were addressed by Ruirui Zhu et al. [11].
They stated that such problems include the disruption of thermal comfort
and human health. City parks can improve this situation due to the cool-
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ing island effect that they produce. Urban parks were also investigated in
the context of thermal and acoustic comfort by Negar Mohammadzadeh et
al. [12]. They noted that the external thermal and acoustic environment are
the main factors that influence the overall comfort of an urban space. In
the study, they used measurements and surveys to investigate the influence
of outdoor thermal comfort on acoustic comfort, with a focus on a plant
community located in El Goli Park in Tabriz, Iran.

Although this study did not cover park spaces, it should be highlighted
that the immediate vicinity of the building under study features a river
and riverside green areas, in addition to an allotment garden complex and
park-like cemetery vegetation.

Improving the thermal comfort of urban spaces was also the subject of
a study by Mutani et al. [13], who saw it as one of the most important
challenges that cities must address in the coming years. The aim of their
study was to assess the impact of urban variables and to quantify the
effect of vegetation on outdoor thermal comfort. Mutani et al. compared
six neighbourhoods in Turin, Italy, that were characterised by different
urban forms, contexts and green spaces. Their findings showed how external
thermal comfort varies depending on urban form and greenery.

Zhang and Liu [14], on the other hand, used digital tools to analyse
the external thermal comfort of buildings to improve the environment of
urban residents. They developed a digital simulation system to facilitate
the analysis for assessing the outdoor thermal comfort of buildings in urban
neighbourhoods. They also explored whether digital simulation techniques
can provide a modelling system for assessing the external thermal comfort
of buildings in a continuous and efficient manner. Their findings showed
that digital simulation techniques and tools can support the analysis of
outdoor thermal comfort by providing 3D models, algorithm-based analysis
and visual simulation.

Researchers whose scientific interests revolve around thermal comfort
in cities often carry out their research in the centres and public spaces of
cities located in hot climate zones, where any increase in temperature is
highly perceptible. Such studies were conducted by Kurniati et al. [15] in
Semarang, Indonesia, by Hirashima et al. [16] for Belo Horizonte, Brazil,
by Huang et al. [17] for Taipei in Taiwan, and by Balogun and Daramola
in Akure, Nigeria [18]. Among other things, these research teams identi-
fied the need to further develop public spaces to potentially accommodate
environmental change.

A research gap between urban climatology and urban design in coastal
temperate cities in developing countries was filled by Lamarca et al. [19],
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who studied thermal comfort in urban canyons located in the city of Con-
cepcién, Chile, using a multidisciplinary approach that combines morpho-
logical, climatic and perceptual factors.

A study of thermal comfort in open urban areas was, in turn, conducted
by Vuckovi¢ et al. [20]. They found that thermal comfort in open urban
areas can influence medical, sociological, environmental and economic pa-
rameters. Therefore, there is a need to establish good thermal comfort in
such areas to keep these parameters at an acceptable level.

An interesting aspect of thermal comfort was studied by Urban et al. [21],
who noted that the external thermal comfort of urban residents is nega-
tively affected by heat waves, which are becoming more frequent and more
severe with the ongoing climate crisis. Consequently, assessing outdoor
thermal perception and thermal comfort during heat waves has become
an important component of successful urban adaptation strategies. The
researchers considered an approach to assessing long-term thermal percep-
tion that combines features of current approaches (i.e., the use of ther-
mal perception rating scales, the use of questionnaires and the use of pho-
tographs that depict sites) and presented a preliminary validation of this
approach.

Another aspect of the outdoor comfort of urban residents was studied
by Ma et al. [22], who analysed the temporal effect of urban morphologi-
cal features on the thermal comfort of pedestrians in the street using the
ENVI-met model. Their results showed that the presence of surrounding
buildings could cause average PET values on pavements to fall by up to
6.7°C. Hourly PET values also varied significantly with the compactness
of a neighbourhood, the height configuration of the surrounding buildings,
their forms and architectural composition.

When discussing the state of research concerning the issue investigated,
one cannot ignore the work of Lai et al. [23], who provided a comprehen-
sive review of current (at the time of writing of this paper) research on
outdoor thermal comfort, including benchmarks, data collection methods
and models.

On the basis of the literature survey, it should be noted that there is
a research gap regarding the influence that paving surfaces (in the urban
spaces that constitute the immediate area of a building) may have on the
thermal conditions in the direct proximity of a building’s walls or inside it
building. The hypothesis tested in this study was that the type of paving
around a building can affect temperature. The research conducted by the
authors was to not only test this hypothesis, but also to demonstrate the
following:



146 J. Kobylarczyk, D. Kuénierz-Krupa, and M. Nowak-Octon

o What are the differences in temperature values depending on the type
of paving material used?

e What is the impact of biologically vital areas on thermal conditions?

The scope of the study area was therefore clearly delineated; it was not
broad. The answers to the research questions listed add to the existing
scope of knowledge, which demonstrates their relevance.

To date, research on thermal conditions has mainly been carried out in
the public spaces of cities, located in specific climate zones. The literature
cited in this study does not reference Polish conditions. In this regard, it is
supplemented by a study by Lewiniska [24], which is key from the standpoint
of the subject under discussion.

This study considered the solutions in the building’s vicinity — the use of
different paving surfaces outside the building under study, in its immediate
surroundings. The surroundings were an important context for the mea-
surements. They consisted of residential development that formed a series
of compact buildings and openings located westward of the building inves-
tigated. To the north of the building there was an open area. The main
research problem was the necessity to take measurements at different times
of day, including in the same timeframe. This required systematic analysis
as well as constant observation. The problem was minimised by having the
research tools continuously powered.

Before commencing with the analysis, it was realised that greenery had
a significant impact on the microclimate of the surrounding area. However,
the magnitude of the temperature difference near the walls was unknown
due to the variety of the paving surfaces used near the building. The aim of
the study was to demonstrate that a building’s walls display temperature
differences depending on their location (relative to the cardinal directions)
and the type of paving surface material outside the building (grass lawn,
concrete paving blocks and asphalt).

2 Research method

The adopted research objectives — to demonstrate the qualitative influ-
ence of the site surface next to a residential building on the temperature
in the immediate vicinity of these walls (0.10 m distance), taking into ac-
count their exposure relative to the cardinal directions, and to demonstrate
the influence of different weather conditions (sunny, cloudy sky, rainy) on
temperature changes — required the use of temperature measurements as
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a research method. Steinberg System weather stations with indoor tem-
perature monitoring screens [25] were used for this purpose. This ensured
a high degree of accuracy in the measurements, although it should be noted
that this was not required. The main objective was a qualitative rather than
a quantitative analysis and to record trends in temperature changes and
differences rather than specific temperature values.

The measurements were taken during the day and at night. Therefore, an
additional parameter was recorded — brightness (dark, night). This was done
as it was recognised that temperature in the immediate vicinity of a building
affects a residential space’s microclimate. The procedure was carried out
in the year 2020 and involved measuring temperatures during the months
between and including June and September. The intention behind the study
was to conduct measurements during periods with different temperatures.

Measurements were taken throughout the entire day and night at three-
hour intervals, using weather stations located outside the building, placed
directly at windows on the south-east and north-west sides. The data from
the weather stations was collected using a wireless Wi-Fi network with an
accuracy of 0.5°C. The measurement sites were placed 0.10 m from the
building wall (outside) and were at a height of 6 m from the ground.

The measurements were therefore taken at locations with different in-
solation conditions (Figs. la and 1b). In the vicinity of the building, the

Figure 1: For caption see next page.
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Figure 1: Study location: (a) garden-facing measurement site, (b) street-facing measure-
ment site, (c) top view of the measurement site location (area: 558 m?; building
footprint: 125 m?).

surfaces were formed by — on the south-eastern side (sunnier) — low (grass)
and medium-height vegetation (conifers), and on the north-western side by
a street with an asphalt surface and concrete paving blocks (Fig. 1c). The
height of the measurement points above the ground surface was (6 m) due
to the nature of the development (this was about 50% of the building’s
height).

3 Results and discussion

The results of the tests carried out in this study, which consisted of measur-
ing the temperature at the walls of a residential building, were illustrated
in graphical form after careful analysis. Series 1, as shown in the charts,
includes measurements taken from the south-east, while Series 2 refers to
measurements taken from the north-west. The results are shown in Figs. 2
through 8. They include distinct weather periods. One such period lasted
four days. This meant 32 pairs of results in this specific measurement period.
The remaining periods (6 in total) lasted a week Longer periods offered the
opportunity to record greater variation in the weather and thus its impact
on the measurements. One measurement period was then represented by
56 result pairs.
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Figure 2: Measurement results for the period between 24 June and 1 July 2020.
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Figure 3: Measurement results for the period between 2 July and 8 July 2020.

The results of the measurements were singular, point readings in terms of
duration. They have been presented — for better readability — in the form
of jagged lines. The results of the measurements taken on the garden side
are shown by the blue line and of those taken on the street side by the
red line. The vertices of the lines indicate specific readings, taken every
three hours, also during the night, which is indicated by the letter (N).
Weather conditions were noted each time. Due to the scale of the drawings,
this could not be suitably presented. S (sunny), C (cloudy), D (dusk) and
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Figure 4: Measurement results for the period between 13 July and 19 July 2020.
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Figure 5: Measurement results for the period between 3 Aug. and 6 Aug. 2020.

N (night), and R (rainy) periods were included. The letters were doubled to
indicate severe weather conditions. For example, a designation of (SS) was
used for very intense insolation and (CC) was used for very cloudy periods.
Three hours is not a long period, but enough for changes in weather to
be observed. When the weather did change, a double weather condition
marking was used. For example, if there was cloudy and sunny period, a C/S
designation was used, with the letter indicating the weather condition that
lasted longer being first. For example, the record 6R indicates that it began
to rain during the sixth hour of measurement.

The tenement house in which the research was carried out is positioned
so that exposure time throughout the day would be similar for both the
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Figure 6: Measurement results for the period between 17 Aug. and 23 Aug. 2020.
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Figure 7: Measurement results for the period between 24 Aug. and 30 Sept. 2020.

garden-facing and street-facing side. Hence, the total heating and cooling
times (from evening to morning) of the two walls were also similar. However,
these effects, in the form of recorded temperature changes, were different.

The temperature at the wall from the garden-facing side (a lawn) de-
creased faster than that of the wall from the street-facing side (asphalt and
concrete pavement). This is due to the higher proportion of heat emitted
from the pavement on the street-facing side. The reported increase was
mainly observed on sunny and bright days, with a clear predominance of
sunny hours. On rainy and overcast days, the phenomenon was less pro-
nounced.
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Figure 8: Measurement results for the period between 31 Aug. and 6 Sept. 2020.

Based on the detailed test results, the average temperature measured was
higher at the garden-facing wall. Similarly, the average of the lowest daily
temperature values and the average of the highest temperature values was
also lower at the garden-facing wall. This further demonstrates the effect
of the heat emitted from the asphalt and concrete pavement on the tem-
perature at the wall on the street-facing side.

4 Final conclusions

This study demonstrates the significant impact of paving surface materials
in the vicinity of a heritage building on the temperature of its external
walls that were heated by sunlight. This is particularly important in the
case of buildings with historical value, given the constraints on altering their
structural systems and also in the choice of building materials, including
insulation.

Based on an analysis of the measurements taken using Steinberg System
weather stations, which were also equipped with indoor temperature mon-
itoring screens, it can be concluded that the heat emission of the heated
asphalt and concrete pavement — relative to the grassy surface — results in
temperatures near the wall remaining higher for a longer period, as well
as slower cooling. This regularity (property) is more pronounced the more
sunny the weather (sunny or slightly cloudy days). It should be noted in
this regard that the measurements were taken at a height of 6 m above
the ground and not directly at ground surface level. Had they been taken
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at ground level, the regularities observed would have become even more
pronounced.

Naturally, the temperature at the free-standing wall (masonry) on the
garden-facing side was higher before midday, due to its south-east orien-
tation, as well as the ground surface — a biologically vital area. In con-
trast, the temperature at the street-facing facade wall was higher in the
afternoon (south-west orientation). What is important is that there was
a greater temperature rise at the wall on the street-facing side and that the
temperature remained high for longer. This was due to the accumulation
of heat by asphalt. There was little difference between the garden-facing
wall (gassy surface) and the street-facing wall (asphalt) on rainy and very
cloudy days. The street and pavement surface would then heat up much less
and thus emit much less heat. It was the cardinal directions that affected
temperature changes the most during this time.

The analysis of the measured data made it possible to draw mainly
qualitative conclusions and to identify trends regarding the influence of the
paving on the temperature of the fagade of a historic building (without
thermal insulation) and its thermal comfort inside.

Received 17 August 2023
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