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Abstract: EU legislation requires introducing a variety of measures to reduce energy consumption.
Energy use decrease should be achieved through thermal retrofitting of the least energy-efficient
buildings. In the case of cities like Kraków, this means the need to modernize (retrofitting as well as
the incorporation of modern HVAC systems) historical buildings. Furthermore, urban morphology
is an influencing factor with regards to the energy performance of buildings and therefore of cities
(since the influence of shading from nearby buildings cannot be ignored). The paper presents the
results of a study on the impact of shading on energy demand for heating and cooling in the historic
centre of Krakow. A comparative analysis of the simulation calculation results was performed using
the statistical climate as a boundary condition. In the case of a typical five-floor residential tenement
house from the turn of the 20th century, an 8% increase in energy demand for heating and a 50%
reduction in energy demand for cooling were estimated. As the analysis of the results shows, taking
into account the shading from nearby buildings may be crucial for optimizing the volume (power of
devices, diameters of ducts and pipes) of the HVAC installation.

Keywords: energy-efficient HVAC systems; historical buildings; retrofitting; shading effect; energy
demand

1. Introduction
1.1. Literature Review

Urban morphology has been pointed out as one of the influencing factors with regards
to the energy performance of cities. Studies show that in Central European cities, there are
characteristic patterns illustrating strong investment in city centres and low diversity of
land cover and use in historic city cores [1]. At the same time, it has been shown that in
Poland, after EU accession, there have been more rapid changes in land use than in other
Central European countries [2]. Additionally, in functional urban areas of Poland, there
is an encroachment of urbanized areas into suburban areas, and thus an increase in the
diversity of land cover and use in the access zones of cities [3]. As a result, so-called heat
islands occur due to the uniformity of development and the disappearance of natural areas.
The formation of urban heat islands, together with the ongoing climate change, has led to
changes in energy demand for urbanized areas. For example, climate change in Europe
is causing a significant increase in demand for cooling—even in regions (such as Poland)
where cooling of buildings during the summer has so far been uncommon. This means
an increased installation rate of air conditioning systems in buildings. European Union
legislation requires implementing measures to reduce energy consumption for heating and
cooling. The EU aims to reduce residential energy consumption by 16% by 2030 and 20–22%
by 2035. National measures will have to ensure that at least 55% of the decrease in the
average primary energy use is achieved through the renovation of the least energy-efficient
buildings focusing on the thermal retrofitting of them [4]. In the case of cities like Kraków,
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this task is difficult to accomplish. This is because a large part of the city is listed for special
protection as national heritage (a significant number of buildings in the city centre were
built at the turn of the 20th century), whilst the medieval the old town was among the first
sites chosen for UNESCO’s original World Heritage List. The condition of the load-bearing
structures of the buildings is usually satisfactory. However, secondary structures and
heating systems are outdated and inefficient.

Restoration of historical buildings is one of the important trends of cultural heritage
and has been studied and discussed for years [5–7]. Many new technologies have been
developed to this day, but the retrofitting process has never been a simple undertaking
owing to historical preservation codes, restrictions created by the existing building structure,
and the threat that the latter poses to historical integrity [8,9]. In many cases, in residential
buildings, thermal modernization comes down to replacing windows with more energy-
efficient ones and insulation of the ceiling below an unheated attic. Incorporating modern
HVAC systems into historical buildings is not a straightforward task as it is accompanied
by a number of challenges [8]:

• old structures are made of different materials from those used in today’s construction
practices, which makes it difficult to incorporate a new system without causing harm
to the rest of the structure;

• the thickness and the materials used for constructing partitions pose a challenge when
trying to install ducts or piping fixtures;

• any external changes, such as the installation of vents, thermostats or other HVAC
devices, have to be made in a way that will not alter the overall character of the building).

For this reason, the correct dimensioning of HVAC installation is crucial.
Heating and cooling load calculations are carried out to estimate the required capacity

of the heating and cooling systems needed to maintain the required environment in the
conditioned space. In most cases, calculations are made on the basis of steady-state
methodology [10–12]. In these methods, the shading resulting from the use of shading
devices (e.g., blinds) is considered in the cooling load calculations, but the surroundings of
the building are not.

The positive effect of shading from nearby buildings on reducing solar gains was
already known in ancient times in the Mediterranean basin [13]. In recent years, much
attention has also been paid to investigating the influence (positive as well as negative) of
shading from nearby buildings on the heating and cooling demand in temperate climates.
Assuming that a reduction in the energy consumption of buildings is an effective means
to build a low-carbon city, it has become essential for planners and designers to consider
buildings as integral elements of the urban environment rather than stand-alone entities.
This is related to the rational prediction of regional space cooling/heating loads and the
design of distributed energy resource systems [14].

The analysis of the energy performance of buildings in relation to urban and street
planning can become a theoretical basis for rational architectural layout and energy con-
sumption reduction [15]. The influence of land development on the formation of the urban
climate is expressed by various indicators. For example, the concept of the urban canyon is
a model widely used in energy studies [16]. Its geometric layout may be described based
on the following:

• its axis orientation;
• its cross-sectional dimensions: width of the street (W) and height of the building (H).

Aspect ratio (W/H) or inverted aspect ratio (H/W) are intuitive ways of characterizing
the occlusion of an urban fabric. Canyon morphology has also been described quantifying
the total amount of visible sky from a particular point, using other parameters such as the
Sky View Factor (SVF) [17,18] or Sky Factor (SF) [19]. The larger the H/W, the smaller the
SVF, meaning that the shading effect is stronger, resulting in a decrease in solar radiation
reaching the ground and affecting thermal environment of street canyons.
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There are also some index parameters that describe the relationship between buildings
and the open area in a constant plot. The Floor Area Ratio (FAR) is one such parameter,
which is the ratio of the built area to the lot area. A larger FAR value indicates a greater
volume of the building. The Building Coverage Ratio (BCR) is the relationship between
the ground floor area of enclosed buildings and the area of the land plot. Development
scenarios where the FAR is same but the BCR is different will produce varying types of
development, such as low rise or high rise, which can be incorporated into different layouts
of buildings [14].

The H/W ratio is associated with thermal comfort in urban street canyons [20] (in some
cases, with a different H/W the difference in dry-bulb temperature can reach 10 ◦C [21]),
which affects the energy demand of buildings. Huang et al. [22], Oke [23] and Arnfield [24]
proved in their works that H/W is a significant parameter influencing how much solar
radiation reaches buildings. For example, for Hong Kong, the increase in energy demand
due to shading from nearby buildings was determined to be 2% [25]. Other studies show
that reductions in space cooling reach up to 30% [25,26]. Research using a hypothetical
nine-building block that contained a three-storey commercial reference building [27] in
eight cities in the U.S. indicated that the building’s energy consumption can increase by
60.4% compared with a building without shading.

Over the past decades, detailed individual Building Energy Models (BEMs) have
become established modes of analysis for building designers and energy policy makers.
More recently, these models have evolved into so-called Urban Building Energy Models
(UBEMs) [28,29] taking into account the energy performance of neighbourhoods, i.e., several
dozens to thousands of buildings. This term is attributed explicitly to bottom–up (intended
to focus on individual buildings [30]) engineering models. In the case of large-scale models,
even a slight increase in resolution for one or more aspects can lead to a noticeable growth
in the computational burden due to the issue of dimensionality [30]. Considering that the
modernization of historic buildings is essentially a case study, the solution may be to use
BEMs that take into account the building’s immediate surroundings. Modern calculation
tools such as EnergyPlus or WUFI®plus allow for the accurate assessment of heat gains
and losses in buildings. They also have the ability to perform calculations that take into
account shading from nearby buildings [26,31].

There are different ways of taking the shading into account. The most common is the
adaption of radiation gains by reduced absorption and emission coefficients. Another way
is calculating the radiation load by determining the position and size of the shading object
in the field of view of the receiving surface [32].

1.2. Aim of the Study

Climate is a major factor that affects shading, apart from the index parameters and
building layouts [14,33]. Most of the research in this field concerns warm climates or areas
with modern buildings (e.g., [34]). Therefore, the aim of the study was to investigate the
influence of shading from nearby buildings on the energy demand for heating and cooling
as well as heating and cooling loads (for the entire building and individual floors of the
building treated as separate calculation zones), in a temperate climate of Central Europe in
the case of historical city centres, using Kraków as an example.

2. Materials and Methods

Calculations were performed using WUFI®plus software (ver. 3.5), enabling com-
prehensive thermal and moisture analysis of entire buildings, taking into account heat
exchange with the ground [35]. As studies comparing contemporary BEMs (such as En-
ergyPlus, WUFI®Plus or ESP-r) show, there are no significant differences in their general
accuracy [36,37]. However, the studies described in [38] have shown that in terms of good-
ness of fit, the WUFI®Plus model attains a significantly higher temperature fit as well as a
higher water vapour pressure fit when compared to the EnergyPlus model. WUFI®Plus is
the most complete heat and moisture simulation tool in the WUFI software family. It has
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been tested many times for use in calculations of historical buildings (including many times
by the authors of this study [39–44]). It is a recognized tool used in so-called preventive
conservation and collection care [39,44,45]. One of its advantages, in the case of calculations
for historical buildings, is the extensive database of historical building materials.

The analyses carried out according to the block chart (Figure 1) include comparison of
the results of energy demand calculations in transient conditions with and without taking
into account the shading from nearby buildings, supplemented by a shortened comparison
of the results of the heating and cooling loads in transient conditions with steady-state
calculation (without shading from nearby buildings).
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Figure 1. The block chart of conducted analyses.

For every simulation time step, the shading of the building components and windows
is calculated depending on solar position and the building’s visualized 3D geometry [46].

2.1. Case Study

The paper is based on the analysis of a generic multi-family residential tenement
house representative of the old, historical centre of Kraków. Tenement houses in this part
of the city are most often connected to each other in a closed quadrangle block, which has a
large courtyard inside (Figure 2). They have a masonry structure and are most often made
of full ceramic bricks. The thickness of the structure usually exceeds 40 cm (in some cases
can even reach up to 100 cm). The ceilings are made using various technologies, including
wooden structures, structures with steel beams or monolithic structures. The buildings
usually have 3 to 5 floors above ground level.

Windows in these types of buildings are box structures with two layers of glazing,
which, over the last two decades, have been gradually replaced with double- or triple-
glazed composite structures as a result of thermal modernization activities. Also, ceilings
below unheated attics or above unheated basements as well as the roof slopes have been
additionally insulated to reduce energy losses. On the other hand, external walls very often
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cannot be insulated from the outside, due to conservation restrictions, and only insulation
from the inside is allowed, which is rarely implemented by owners.
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buildings in its historic centre (b).

The distance between individual blocks of tenement houses in the analysed area ranges
from 16 to 20 m, excluding larger road arteries. The discussed arrangement is presented in
the layout in Figure 2.

2.2. Three-Dimensional Model of the Building

For the analyses of heat gains and losses, a generic building was created along with a
fragment of a typical urban layout:

1. A two-dimensional generic urban layout characteristic of Kraków’s development at
the turn of the 20th century was prepared based on publicly available maps (Figure 3a).

2. On this basis, a three-dimensional model of the analysed building and the surrounding
buildings was modelled using the SketchUp tool (Figure 3b).

3. The last stage was the implementation of the developed model in WUFI®Plus, a tool
for dynamic thermal and moisture analysis (Figure 3c).

The final building model is presented in Figure 4. It should be noted that the building
model was created in two variants. Variant 1 does not take into account the nearby
buildings (Figure 4a), and therefore does not take into account the shading generated by
these buildings. Variant 2 takes into consideration the nearby buildings (Figure 4b). The
modelled building has 5 floors above ground with a room height of 3.7 m. Each floor has
an area of 672 m2, which translates into a total building area of 3360 m2. The tenement
house has an L-shape with dimensions of 27 × 36 m and its height is 23 m (Figure 5). The
building is located in the south-western corner of the tenement house block, among other
buildings of the same height.
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The building was divided into a total of seven simulation zones (Figure 4c–e). Each
of the five floors was considered a separate zone: the five inhabited floors, unused attic.
Adjacent buildings were combined into one zone. Each floor was divided into 5 apartments
and a staircase. Internal partitions were included in the model as so-called non-visualized
components. As a result, they affected the building’s accumulation capacity.

All partitions, except ceilings and floors, were made with the use of masonry technol-
ogy. The thickness of the brick wall was assumed to be 48 cm for load-bearing walls and
16 cm for partition walls. Additionally, a 1 cm layer of plaster was assumed on both sides
of each of the walls. The ceilings were assumed to be of reinforced concrete construction
with a thickness of 30 cm. In the case of the unheated attic, additional insulation was
installed with a layer of 10 cm thick polystyrene. The U-factor for the external walls is
1.005 W·m−2·K−1. The double-glazed windows have dimensions of 1.6 × 2.2 m. Facing
the street, there are 8 windows on the western elevation and 6 on the southern one. Facing
the courtyard, there are 2 windows on the northern elevation and 4 on the eastern one. The
U-factor for the windows is 1.6 W·m−2·K−1 and the solar heat gain coefficient (SHGC) is
0.7. The basic parameters of the partitions are presented in Tables 1–5.

Only shading from nearby buildings is included in the calculations. The model does
not include any shading devices or elements. Due to the historic nature of the buildings in
the center of Kraków and the conservation care, it is not possible to install shading elements
on the outside of the building.
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Table 1. Partition design parameters of the load-bearing walls.

Layers Thickness
[m]

Thermal Conductivity
[W·m−1·K−1]

U-Value
[W·m−2·K−1]

Plaster 0.010 0.80
1005Solid brick 0.480 0.60

Plaster 0.010 0.80

Table 2. Partition design parameters of the partition walls.

Layers Thickness
[m]

Thermal Conductivity
[W·m−1·K−1]

U-Value
[W·m−2·K−1]

Plaster 0.010 0.80
1.709Solid brick 0.160 0.60

Plaster 0.010 0.80

Table 3. Partition design parameters of the ceilings.

Layers Thickness
[m]

Thermal Conductivity
[W·m−1·K−1]

U-Value
[W·m−2·K−1]

Reinforced concrete 0.300 1.60 2.581

Table 4. Partition design parameters of the ceilings to unheated attic.

Layers Thickness
[m]

Thermal Conductivity
[W·m−1·K−1]

U-Value
[W·m−2·K−1]

Polystyrene 0.100 0.04
0.346Reinforced concrete 0.300 1.60

Table 5. Partition design parameters of the ground slab.

Layers Thickness
[m]

Thermal Conductivity
[W·m−1·K−1]

U-Value
[W·m−2·K−1]

Concrete screed 0.080 1.60

0.230
Extruded polystyrene 0.120 0.03

Bitumen 0.005 0.17
Concrete 0.150 1.60

2.3. Boundary Conditions

Selecting the right boundary conditions for calculating energy demand is a key issue.
In the era of rapid climate change that is currently taking place, it is difficult to use so-
called TMYs (Typical Meteorological Years). In order to minimize the possibility of making
an incorrect selection of boundary conditions, three statistical climates were adopted for
Kraków based on data from different periods [48]:

• TMY_1 based on data from 2004 to 2018;
• TMY_2 based on data from 2007 to 2021;
• TMY_3 based on data from 2009 to 2023.

These climates differ slightly from each other (Figure 6a). Based on the analysis of the
main outdoor air parameters influencing heat exchange through the building envelope, it
can be concluded that:

1. The average outside air temperature in Kraków has been systematically increasing
over the last few years. The increase in this average is mainly caused by the increase
in air temperatures in the summer. The difference in maximum temperature between
TMY_3 and TMY_1 is 3 ◦C (Table 6). There was a more than three-fold increase in the
share of temperatures above 30 (from 20 h for TMY_1 to 65 h for TMY_3).



Energies 2024, 17, 6400 8 of 23

2. Maximum solar radiation in all TMYs is at a similar level (Figure 6b). However, the
number of hours with radiation has increased by about 5%.
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Table 6. Basic statistics for temperature and solar radiation for TMYs.

Parameter TMY_1 TMY_2 TMY_3

Maximum temperature [◦C] 32.3 35.2 35.2
Minimum temperature [◦C] −17.0 −16.7 −17.0
Median for temperature [◦C] 9.4 9.5 9.7

Maximum solar radiation [kW·m−2·K−1] 895 858 869
Hours of sun 4402 4614 4609

2.4. Internal Heat Gains

Internal heat gains were included in the calculations. Daily profiles from the database
were adopted (for a 4-person family—see Figure 7). The maximum heat gains for individual
simulated zones reach 9390 W on weekdays and 9735 W on weekends.
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2.5. HVAC and Ventilation Systems

To determine the energy demand for heating and cooling, the calculations assumed the
operation of ideal (with infinite power) heating and cooling systems. For the thermal com-
fort of the users, the minimum permissible temperature was set at 20 ◦C and the maximum
at 26 ◦C. The selected temperature range corresponds to the 2nd comfort class according
to the standard EN 16798-1:2019 [49] (for residential buildings—sedentary activity about
1.2 met).

In terms of ventilation, it was assumed that the air exchange rate (ACH) resulting from
infiltration was 0.1 and from gravity ventilation was 0.5.

2.6. Calculation Variants

In order to obtain complete data, calculations were performed for 6 variants for each of
the statistical years (Table 7). In the methodology of calculating the heating load for design
purposes, internal heat sources are not taken into account. Therefore, in the basic variants,
only the empty building envelope is taken into account. Thus, ultimately 18 versions of
calculations were performed.

Table 7. Variants of calculation.

Variant Internal Heat
Gains

HVAC Systems Shading from Nearby
BuildingsHeating Cooling

V_1A NO NO NO NO
V_2A NO YES NO NO
V_3A YES YES YES NO
V_1B NO NO NO YES
V_2B NO YES NO YES
V_3B YES YES YES YES
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3. Results

For the purpose of the data analysis, the building was divided into individual calcula-
tion zones corresponding to individual floors of the building (from Z_1 corresponding to
the 1st floor to Z_5 corresponding to the 5th floor).

3.1. Internal Temperature

As a result of the calculations, the internal air temperature annual variations were
obtained. Considering the only empty building envelope, in winter, regardless of TMY, the
temperature inside the building drops below 0 ◦C. In summer, however, it does not exceed
25 ◦C. Figure 8 shows the example of the calculation results for TMY_3 (for Z_1 and Z_5,
i.e., two extreme curves).

Energies 2025, 18, x FOR PEER REVIEW  10  of  24 
 

 

variants, only the empty building envelope is taken into account. Thus, ultimately 18 ver-

sions of calculations were performed. 

Table 7. Variants of calculation. 

Variant 
Internal Heat 

Gains 

HVAC Systems  Shading from 

Nearby Buildings Heating  Cooling 

V_1A  NO  NO  NO  NO 

V_2A  NO  YES  NO  NO 

V_3A  YES  YES  YES  NO 

V_1B  NO  NO  NO  YES 

V_2B  NO  YES  NO  YES 

V_3B  YES  YES  YES  YES 

3. Results 

For the purpose of the data analysis, the building was divided into individual calcu-

lation zones corresponding to individual floors of the building (from Z_1 corresponding 

to the 1st floor to Z_5 corresponding to the 5th floor). 

3.1. Internal Temperature 

As a result of the calculations, the internal air temperature annual variations were 

obtained. Considering the only empty building envelope, in winter, regardless of TMY, 

the temperature inside the building drops below 0 °C. In summer, however, it does not 

exceed 25 °C. Figure 8 shows the example of the calculation results for TMY_3 (for Z_1 

and Z_5, i.e., two extreme curves). 

 

Figure 8. Internal air temperature of the first and fifth zones based on calculations that do not take 

into account (left) and take into account (right) shading from nearby buildings (TMY_3). 

Depending on the building floor, for V_1A, the minimum temperatures for TMY_1 

ranged from −2.1 °C to −1.9 °C, for TMY_2 from −2.5 °C to −2.4 °C, and for TMY_3 from 

−1.8 °C to −1.5 °C (Figure 9). After taking into account the shading from the nearby build-

ings (V_1B), these temperatures decreased even further: for TMY_1 it ranged from −2.7 °C 

to −2.4 °C, for TMY_2 from −3.4 °C to −2.9 °C, and for TMY_3 from −2.4 °C to −2.1 °C. For 

V_1A, the maximum temperatures for TMY_1 ranged from 23.9 °C to 24.7 °C, for TMY_2 

and TMY_3 from 24.2 °C to 25.0 °C. For V_1B, similarly to V_1A, after taking into account 

shading, the temperatures decreased: for TMY_1 it ranged from 23.0 °C to 24.4 °C, and for 

TMY_2 and TMY_3 from 23.2 °C to 24.6 °C. 

As can be seen from Figure 8 as well as Figure 9, the results obtained for the individ-

ual zones differ slightly from each other. However, they are highly correlated. The corre-

lation coefficient between individual zones, for all the considered variants, is 0.999. 

Figure 8. Internal air temperature of the first and fifth zones based on calculations that do not take
into account (left) and take into account (right) shading from nearby buildings (TMY_3).

Depending on the building floor, for V_1A, the minimum temperatures for TMY_1
ranged from −2.1 ◦C to −1.9 ◦C, for TMY_2 from −2.5 ◦C to −2.4 ◦C, and for TMY_3
from −1.8 ◦C to −1.5 ◦C (Figure 9). After taking into account the shading from the nearby
buildings (V_1B), these temperatures decreased even further: for TMY_1 it ranged from
−2.7 ◦C to −2.4 ◦C, for TMY_2 from −3.4 ◦C to −2.9 ◦C, and for TMY_3 from −2.4 ◦C to
−2.1 ◦C. For V_1A, the maximum temperatures for TMY_1 ranged from 23.9 ◦C to 24.7 ◦C,
for TMY_2 and TMY_3 from 24.2 ◦C to 25.0 ◦C. For V_1B, similarly to V_1A, after taking
into account shading, the temperatures decreased: for TMY_1 it ranged from 23.0 ◦C to
24.4 ◦C, and for TMY_2 and TMY_3 from 23.2 ◦C to 24.6 ◦C.

As can be seen from Figure 8 as well as Figure 9, the results obtained for the individual
zones differ slightly from each other. However, they are highly correlated. The correlation
coefficient between individual zones, for all the considered variants, is 0.999.

In the case of the analysed type of building in the climate conditions of Kraków, cooling
is typically not used in the summer. In the case of passive microclimate shaping (without
taking into account any internal heat gains), the temperature in this period is within the
target range (Figure 8). However, after taking into account internal heat gains (for an
additional calculation variant), as a result of the simulation, regardless of the selected TMY,
the temperatures on all floors of the building exceeded the assumed upper limit of this
range, i.e., 26 ◦C.



Energies 2024, 17, 6400 11 of 23

Energies 2025, 18, x FOR PEER REVIEW  11  of  24 
 

 

In the case of the analysed type of building in the climate conditions of Kraków, cool-

ing is typically not used in the summer. In the case of passive microclimate shaping (with-

out taking into account any internal heat gains), the temperature in this period is within 

the target range (Figure 8). However, after taking into account internal heat gains (for an 

additional  calculation variant), as a  result of  the  simulation,  regardless of  the  selected 

TMY, the temperatures on all floors of the building exceeded the assumed upper limit of 

this range, i.e., 26 °C. 

 

Figure 9. Basic descriptive statistics (location parameters) for internal air temperature (V_1A and 

V_1B) for chosen TMYs. 

For variants where both heating and cooling systems are assumed, room temperature 

is maintained within  the specified range. Due  to  the assumption of  ideal systems,  it  is 

exactly 20 °C during the heating period and exactly 26 °C during the cooling period (Fig-

ure 10). After taking into account shading, the differences in indoor air temperature be-

tween individual zones are more visible (this applies to transitional periods when HVAC 

installations are not operating)—the temperatures on the lower floors are lower, with the 

Figure 9. Basic descriptive statistics (location parameters) for internal air temperature (V_1A and
V_1B) for chosen TMYs.

For variants where both heating and cooling systems are assumed, room temperature
is maintained within the specified range. Due to the assumption of ideal systems, it is
exactly 20 ◦C during the heating period and exactly 26 ◦C during the cooling period
(Figure 10). After taking into account shading, the differences in indoor air temperature
between individual zones are more visible (this applies to transitional periods when HVAC
installations are not operating)—the temperatures on the lower floors are lower, with the
average difference between Z_5 and Z_1 being 0.15 ◦C higher when taking into account
shading (the maximum difference is 0.4 ◦C higher).
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3.2. Solar Heat Gains

As a result of the simulations, the solar heat gains were also determined. In the case of
calculations without shading, for each floor (calculation zone) the maximum hourly solar
heat gains were 13 kW for TMY_1 and 14 kW for TMY_2 as well as TMY_3. As can be
seen in Figure 11, the variability patterns for individual zones are almost identical (within
individual TMYs)—with a standard deviation of 3.65 kW. In the case of variants in which
shading was taken into account, the solar heat gains differ depending on the zone. For this
case, the maximum hourly heat gains and standard deviation are listed in Table 8.
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Table 8. Maximum solar heat gains and standard deviation for V_3B.

External Climate
Maximum Solar Heat Gains, [kW] Standard Deviation, [kW]

Z_1 Z_2 Z_3 Z_4 Z_5 Z_1 Z_2 Z_3 Z_4 Z_5

TMY_1 10.7 12.8 13.1 13.6 13.8 2.1 2.5 2.7 3.2 3.4
TMY_2 10.7 12.8 13.1 13.6 13.8 2.0 2.4 2.6 3.1 3.3
TMY_3 10.7 11.4 11.6 11.9 12.2 2.3 2.7 2.9 3.3 3.5

The medians of hourly solar heat gain values obtained for variant A were 5.1 kW
for TMY_1, and 4.8 kW for TMY_2 and TMY_3. In the case of variant B, they differed
depending on the zone:

• for TMY_1: 2.2 kW (for Z_1), 2.5 kW (Z_2), 2.8 kW (Z_3), 4.0 kW (Z_3) and 4.4 kW (Z_5);
• for TMY_2 and TMY_3: 1.9 kW (for Z_1), 2.1 kW (Z_2), 2.5 kW (Z_3), 3.6 kW (Z_3)

and 4.1 kW (Z_5).

In case of the total (annual) value of the solar heat gains for the variants without
considering shading, they amounted to 114,499 kW for TMY_1, 109,973 kW for TMY_2 and
112,496 kW for TMY_3. After considering the shading, they dropped to a level of 85,556 kW
for TMY_1, 78,292 kW for TMY_2 and finally 80,107 for TMY_3.

The solar heat gains were also characterized by different levels and frequency of
changes in individual zones. For the variants in which shading was not taken into account,
the coefficient of variation is at the same level, i.e., 1.4. For the variants in which shading
was taken into account, it is 1.57–1.60 for Z_1, 1.57–1.58 for Z_2, 1.54–1.55 for Z_3, 1.56–1.47
for Z_4 and 1.42–1.44 for Z_5 (Figure 12). This means that the lower the floor, the greater
the variability in the solar heat gains.
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3.3. Energy Demand

The energy demand for heating was determined based on variants V_2A and V_2B,
while the energy demand for cooling was determined based on variants V_3A and V_3B.
Heating and cooling power (per hour) during the calendar year for TMY_3 is illustrated in
Figure 13.
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3.3.1. Heating

In the case of the calculations without shading, no differences were noted between
the maximum heating power for zones Z_2, Z_3 and Z_4. It was 30.3 kW·h−1 for TMY_1,
31.0 kW·h−1 for TMY_2 and 30.0 kW·h−1 for TMY_3 (Table 9). In the case of the 1st floor
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(Z_1), the increase in heating power by an average of 2.63 kW·h−1 (average calculated from
all TMYs) was influenced by the heat exchange through the floor to the ground. For Z_5,
the increase of an average of 2.9 kW·h−1 was influenced by the heat exchange through the
ceiling to the unheated attic. In the case of the calculations with shading, relatively small
changes (of approx. 0.2 kW·h−1) were observed between zones Z_2 and Z_4. Similarly, an
increase in heating power was observed for the extreme zones. It amounted to an average
of 2.63 kW·h−1 and 5.19 kW·h−1 for the first and top floors, respectively. It should be
emphasized that the differences between individual TMYs are greater compared to the
variants that do not take into account shading.

Table 9. Maximum heating power.

External Climate
Without Shading, [kW·h−1] With Shading, [kW·h−1]

Z_1 Z_2 Z_3 Z_4 Z_5 Z_1 Z_2 Z_3 Z_4 Z_5

TMY_1 32.9 30.3 30.3 30.3 33.1 32.9 30.3 30.2 30.1 34.9
TMY_2 33.6 31.0 31.0 31.0 34.1 34.1 31.5 31.4 31.1 36.7
TMY_3 32.7 30.0 30.0 30.0 32.8 32.9 30.2 30.2 30.0 35.2

Obviously, the heating system does not operate at maximum power all the time. The
values of the median of heating power for zones Z_2 to Z_4 are similar, regardless of TMY and
whether shading has been taken into account or not. They remain within the range 12.4 to
12.8 kW·h−1 (Figure 14a). In the case of Z_1, the median is in the range of 14.4 to 14.7 kW·h−1

(except for variant V_2B for TMY_1 where it is 13.9 kW·h−1). For zone Z_5, there is a clear
difference between the variant V_2A (depending on TMY 14.5–14.6 kW·h−1) and the one in
which shading was taken into account depending on TMY 15.6–15.7 kW·h−1).
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Taking into account the annual energy demand for heating, the differences between
variants V_2A and V_2B are visible. Depending on TMY, for V_2A they remain in the
following ranges (Figure 14b):
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• 80,418–82,384 kWh for Z_1;
• 65,576–67,474 kWh for Z_2–Z_4;
• 76,384–78,138 kWh for Z_5.

These give the annual heating energy demand for the entire building (W.B in Figure 14b)
at the level of 353,933–362,456 kW. For V_2B, where the differences between zones Z_2–Z_4
are visible, the results were as follows:

• 88,610–91,427 kWh for Z_1;
• 71,451–72,388 kWh for Z_2;
• 69,957–70,962 kWh for Z_3;
• 67,575–68,664 kWh for Z_4;
• 84,066–85,456 kWh for Z_5.

These figures give the annual heating energy demand for the entire building at the
level of 381,659–388,248 kWh. The lowest demand was recorded for TMY_3 and the highest
for TMY_1.

3.3.2. Cooling

In the case of cooling power, regardless of whether the shading from nearby buildings is
taken into account or not, there are differences depending on the floors. They are the result of
increased heat exchange between the outer floors and the surroundings (ground and unheated
attic), which influences the heat exchange between the middle floors. The maximum cooling
power is presented in Table 10. In the absence of shading, it assumes values in the range
7.0–12.8 kW·h−1 for TMY_1, 10.8–17.0 kW·h−1 for TMY_2 and 10.5–16.6 kW·h−1 for TMY_3.
After taking into account shading, the cooling power decreased significantly for the lower
floors and only slightly for the top floor. The ranges in this case are 0.7–12.3 kW·h−1 for
TMY_1, 4.7–15.7.0 kW·h−1 for TMY_2 and 2.8–15.7 kW·h−1 for TMY_3.

Table 10. Maximum cooling power.

External Climate
Without Shading, [kW·h−1] With Shading, [kW·h−1]

Z_1 Z_2 Z_3 Z_4 Z_5 Z_1 Z_2 Z_3 Z_4 Z_5

TMY_1 7.0 12.3 12.8 12.8 12.3 0.7 9.7 11.5 12.2 12.3
TMY_2 10.8 15.8 17.0 16.6 15.8 4.7 12.1 14.8 15.7 15.4
TMY_3 10.5 15.7 16.5 16.6 15.9 2.8 12.0 14.8 15.7 15.3

In the case of the calculations for cooling, the differences related to the TMY, used as
the boundary conditions, are clearly visible. However, in each case there is a clearly visible
reduction in cooling power for the variants taking into account shading (Figure 15a). The
greatest differences between variants A and B were noted for the lower floors:

1. for TMY_1:

• for variant without shading (variant V_3A): 1.9 kW·h−1 for Z_1, 7.2 kW·h−1 for
Z_2, and 7.6 kW·h−1 for Z_3 as well as Z_4, and 7.1 kW·h−1 for Z_5;

• for variant with shading (variant V_3B): 0.7 kW·h−1 for Z_1, 3.7 kW·h−1 for Z_2,
5.8 kW·h−1 for Z_3, 7.0 kW·h−1 for Z_4 and 6.8 kW·h−1 for Z_5,

2. for TMY_2:

• for variant V_3A: 3.2 kW·h−1 for Z_1, 4.7 kW·h−1 for Z_2, 4.3 kW·h−1 for Z_3,
4.2 kW·h−1 for Z_4 and 4.5 kW·h−1 for Z_5;

• for variant V_3B: 2.1 kW·h−1 for Z_1, 3.5 kW·h−1 for Z_2, 3.8 kW·h−1 for Z_3,
4.2 kW·h−1 for Z_4 and 4.4 kW·h−1 for Z_5,

3. for TMY_3:

• for variant V_3A: 2.6 kW·h−1 for Z_1, 3.6 kW·h−1 for Z_2, 4.1 kW·h−1 for Z_3,
4.2 kW·h−1 for Z_4 and 3.9 kW·h−1 for Z_5;
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• for variant V_3B: 0.7 kW·h−1 for Z_1, 2.6 kW·h−1 for Z_2, 3.4 kW·h−1 for Z_3,
3.6 kW·h−1 for Z_4 and 3.4 kW·h−1 for Z_5.
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Figure 15. Median of cooling power (a) and annual energy demand for cooling (b), (V_3A and V_3B)
for chosen TMYs for zones (Z_1–Z_5) and whole building (W.B.).

Taking into account the annual energy demand for cooling, the differences between
variants V_3A and V_3B are clearly visible. Depending on the TMY, for V_3A they amount
to the following (Figure 15b):

• 193–322 kWh for Z_1;
• 1023–1382 kWh for Z_2;
• 1408–1952 kWh for Z_3;
• 1442–2042 kWh for Z_4;
• 1151–1601 kWh for Z_5.

These figures give the annual cooling energy demand for the entire building (W.B at
Figure 15b) at the level of 5347–7269 kWh. For V_3B, where the differences between zones
Z_2–Z_4 are visible, the following figures were obtained:

• 1–25 kWh for Z_1;
• 248–323 kWh for Z_2;
• 603–737 kWh for Z_3;
• 892–1237 kWh for Z_4;
• 783–1178 kWh for Z_5.

These figures give the annual cooling energy demand for the entire building at the
level of 2702–3398 kWh. The lowest demand was recorded for TMY_2 and the highest for
TMY_3.

4. Discussion of the Results

The analysed building is located in a temperate climate, where heating is a key issue.
However, calculations have confirmed that in the era of climate warming, in order to
maintain thermal comfort conditions, cooling is also necessary. Based on the projected
climate changes in Central Europe, regardless of the climate change scenario, increasingly
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longer heat waves with increasingly higher temperatures are predicted. As a consequence,
higher temperatures are expected to cause a shift in the geographical distribution of climate
zones [50]. According to data collected in various parts of the world, climate change has
caused an increase in the frequency, duration and intensity of heat waves [51,52]. Therefore,
a multi-criteria approach to managing and optimizing energy consumption in buildings
is important. As the analysis of the results shows, taking into account the shading from
nearby buildings may be crucial for optimizing the volume (power of devices, diameters of
ducts and pipes) of the HVAC installation.

In the analysed case, the value of the inverted aspect ratio H/W for the modelled
building with its surroundings is 1.11 for both the north–south and east–west axes. This
value, as given by [53], is similar to the value for regular urban canyons, where the H/W
values are 0.5 for avenue-type canyons, 1.0 for regular canyons with a similar building
height and street width, and values above 2.0 for deep canyons. In [54], it was pointed
out that H/W is more important than orientation. For this reason, changes in building
orientation were not tested.

In the discussed case, the annual energy demand for heating, after considering the
shading, increased by 7% for TMY_1 (25,793 kWh) and by 8% (27,505 kWh) for TMY_2 and
TMY_3 (27,726 kWh). Considering the division of the building into zones, the calculations
show that the increase in energy demand for heating also depends on the floor. It is as
follows:

• for TMY_1: 11% for Z_1, 7% for Z_2, 5% for Z_3, 2% for Z_4 and 9% for Z_5;
• for TMY_2: 10% for Z_1, 8% for Z_2, 6% for Z_3, 3% for Z_4 and 10% for Z_5;
• for TMY_3: 10% for Z_1, 8% for Z_2, 7% for Z_3, 3% for Z_4 and 10% for Z_5.

For all TMYs, the results for individual zones are similar. The greatest increase in
demand for heating is observed on the outer floors, while the smallest is observed on the
middle floor, i.e., where the climate is stabilized by the adjacent heated zones.

In the case of energy demand for cooling, as was to be expected, a decrease was
noted after considering shading: 50% for TMY_1 (3302 kWh), 49% for TMY_2 (2645 kWh)
and finally 53% for TMY_3 (3871 kWh). Similarly to the heating, in this case there were
differences for the zones as follows:

• for TMY_1: 99% for Z_1, 73% for Z_2, 59% for Z_3, 41% for Z_4 and 24% for Z_5;
• for TMY_2: 92% for Z_1, 70% for Z_2, 57% for Z_3, 38% for Z_4 and 24% for Z_5;
• for TMY_3: 95% for Z_1, 82% for Z_2, 63% for Z_3, 39% for Z_4 and 26% for Z_5.

For all TMYs, the results for individual zones are similar. The greatest decrease in
demand for cooling is observed on the bottom floors, while the smallest is observed on the
top floor.

The 8% increase in energy demand for heating and 50% decrease in energy demand
for cooling obtained from the calculations are confirmed in the literature. These results
cannot be extrapolated directly to those obtained for hot or cold climates, which are the
focus of most publications (e.g., shading studies showed that energy demand decreases
by 42% in summer in Miami and increases by 22% in winter in Minneapolis [31]), but
according to [27], for a building analysed in a moderate climate with H/W equal to 2.0, the
increase in the energy demand for heating, after considering shading, reaches 26.3% and
the decrease in the energy demand for cooling reaches 53.6%. Therefore, the depth of the
urban canyon will have a significant impact on the differences in the building’s demand for
energy needed for heating and cooling. This relationship in Poland was also confirmed
in [55] (pp. 107–116).

As shown by the detailed analysis of the maximum energy demand, considering
shading has less impact on the size of the designed installation in the case of heating than
cooling (because these systems are designed for maximum heat losses and gains). For
heating, the average increase in the maximum energy demand for all the tested outdoor
climates was 0.6% for all zones except the top floor (Z_5), for which the increase was 6.8%.
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For cooling, greater variability was observed. Related to both the change in zone and
external climate, maximum energy demand decreased by the following:

• for TMY_1: 87% for Z_1, 21% for Z_2, 10% for Z_3, 5% for Z_4 and for Z_5 remained
unchanged;

• for TMY_2: 57% for Z_1, 23% for Z_2, 13% for Z_3, 5% for Z_4 and 3% for Z_5;
• for TMY_3: 73% for Z_1, 24% for Z_2, 10% for Z_3, 5% for Z_4 and 3% for Z_5.

The differences in the results for individual calculation zones confirm the necessity
of such divisions, even for relatively low buildings. As shown in the results of previous
research [30], division into individual storeys is sufficient. It should be emphasized that
in the case of calculations used in the dimensioning of air-conditioning installations, the
division of individual storeys into smaller calculation zones should be considered (due to
the high dependence of heat gains on solar radiation).

It should be noted that the annual energy demand for both processes is influenced by
the operating time of the devices, in addition to the hourly energy demand. As can be seen
in the example of TMY_3 (Figure 16), considering shading resulted in an increase in the
operating time of heating devices and a reduction in the operating time of cooling devices.
In case of heating the percentage of equipment operating time during the year increased
as follows:

• for TMY_1: from 59.1% to 62.8% for Z_1, from 54.0% to 57.2% for Z_2, from 53.5% to
57.2% for Z_3, from 53.4% to 54.4% for Z_4 and from 55.6% to 56.2% for Z_5;

• for TMY_1: from 57.5% to 62.8% for Z_1, from 52.8% to 56.9% for Z_2, from 50.0% to
55.5% for Z_3, from 52.1% to 54.2% for Z_4 and from 53.7% to 56.2% for Z_5;

• for TMY_1: from 58.1% to 63.7% for Z_1, from 52.7% to 57.8% for Z_2, from 51.9% to
56.7% for Z_3, from 52.9% to 55.4% for Z_4 and from 53.7% to 57.9% for Z_5.

• In the case of cooling, the changes in percentage are as follows:
• for TMY_1: from 0.9% to 0.1% for Z_1, from 3.3% to 0.8% for Z_2, from 4.9% to 2.1%

for Z_3, from 5.2% to 3.3% for Z_4 and from 4.2% to 3.2% for Z_5;
• for TMY_1: from 0.9% to 0.1% for Z_1, from 2.2% to 0.8% for Z_2, from 3.2% to 1.5%

for Z_3, from 3.3% to 2.1% for Z_4 and from 2.5% to 2.1% for Z_5;
• for TMY_1: from 1.0% to 0% for Z_1, from 3.6% to 1.1% for Z_2, from 4.7% to 2.3% for

Z_3, from 4.8% to 3.1% for Z_4 and from 4.0% to 3.1% for Z_5.
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The maximum hourly energy demand values can be compared to the heating and
cooling power. Design heat load is defined as the heat flow (power) required to achieve
the specified internal design temperature under external design conditions. For the whole
building, it is calculated from all transmission heat losses to the exterior and the ventilation
heat loss of the building and with or without additional heating power. As a result
of the calculations carried out (according to [11,12]), without taking into account the
heating power, for the middle floor (Z_3) of the analysed building, a value of 38.3 kW was
obtained. This means that in the case of steady-state calculations, 22–28% higher heating
load (depending on TMY) values were obtained. It should be emphasized, however, that
the calculations were performed at the currently applicable calculation temperature for
winter, which is −20 ◦C for Kraków. In the case of calculations made assuming a designed
outside temperature of −17 ◦C (minimum temperature for the assumed statistical climates)
the heating load decreased to 35.4 kW. In this case, the heating load obtained was higher
than for transient calculations by 13–18%.

There are many methods for sizing HVAC systems. A review of the calculation meth-
ods used for this purpose can be found in [56,57]. In Poland, the calculation methodology
proposed in [58–60] is commonly used. Based on calculations made according to this
method, assuming internal heat gains at the level of 9.8 kW (which corresponds to the
maximum heat gains assumed in transient calculations), the cooling load for Z_3 is 51 kW.
Therefore, it can be stated that the transient calculations gave a result that was 64–73%
lower for the variant without shading and 71–77% with shading. Such large differences
result from the fact that constant (lasting throughout the day) internal heat gains were
assumed in the calculations and also from the estimated determination of the building’s
thermal storage capacity.

Due to the fact that the analysed building is generic, it was impossible to validate and
calibrate the model. The calculations also assume that HVAC systems operate without
any losses. Therefore, the energy demand results cannot be considered final. The accuracy
of the predictions is also influenced by the adoption of a simplified scheme of internal
heat and moisture gains. As the analyses show, their impact on the demand for energy for
cooling is significant. In variants where internal heat gains were not taken into account
(e.g., V_1A and V_1B), the calculated internal temperature in the summer period did not
exceed the permissible range (Figure 8). Therefore, according to these variants, for the
assumed external climates, there was no need for cooling. Nevertheless, adopting the
above-described simplifications allows for the formulation of generalized conclusions.

It should also be emphasized that the use of statistical climates affects the calculated
energy demand (for heating and cooling) and loads. Observations of the actual climate in
Kraków show that in recent years it has been significantly warmer than statistical climates,
with long heat waves (in studies concerning Poland, a heat wave is often defined as a
series of at least 3 days with maximum air temperature above 30 ◦C on each day) and
tropical nights (by definition, a tropical night is when the air temperature does not drop
below 20 ◦C throughout the night). For example, according to TMY_3, no tropical night is
expected in July. In reality, a series of 6 nights in a row with temperatures not falling below
18 ◦C (in Polish conditions—a very warm night) was recorded in July 2024 (Figure 17).
Three of them were tropical.
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5. Conclusions

The above analysis shows that considering shading from nearby buildings in the
calculations of energy and power demand can significantly affect these calculations even
in moderate climates. It also shows that the division of buildings into individual floors is
equally important. The accuracy of the calculations not only impacts the system size but
also influences the building’s performance over the long run since oversized or undersized
HVAC systems can exhibit less than optimal operation [56].

In temperate climates, the influence of shading in urban areas cannot be neglected in
the calculation of energy demand for heating and cooling as well as in load calculation. In
the case of a typical five-floor residential tenement house from the turn of the 20th century
in Kraków, an 8% increase in energy demand for heating and a 50% reduction in energy
demand for cooling were estimated.

The use of steady-state calculations (without considering shading from nearby build-
ings) may lead to oversizing the air conditioning systems on the lowest floors of the
building. However, determining the exact oversizing requires further research.

In calculations, it is advisable to introduce separate calculation zones for each floor.
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microclimate management system for the Chapel of the Holy Trinity in Lublin. In Proceedings of the International Conference of
Energy Efficiency in Historic Buildings (EEHB2018), Visby, Sweden, 26–27 September 2018.
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