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Abstract: Location is crucial when it comes to reducing the energy demand of buildings. Deterministic
mathematical models of the energy demand of a single-family building were developed for the cities
of Wroctaw and Suwalki, representing the mild and severe climatic conditions of Poland, respectively,
and compared with energy demand for Bialystok, representing medium conditions. Models include
the windows area, heat transfer coefficient, solar radiation transmittance of glazing, and orientation
of windows. For medium conditions (Bialystok), the energy demand is 18.3% higher than for mild
conditions (Wroctaw) and 7.3% lower than for severe climate conditions (Suwatki). Location does not
influence the nature of the effect of the factors on energy demand, which increases with an increase
in heat transfer coefficient and a decrease in window area, glazing solar radiation transmittance, and
orientation change from north to south. The large impact of solar gains was proved. The optimisation
procedure was performed and mathematical descriptions of recommended parameters were created
to ensure the equivalent energy efficiency of windows for each orientation and location. For Bialystok,
north-facing windows can have an area 1.32 times larger and south-facing windows 1.48 times smaller
than east-facing windows to ensure a building’s energy demand remains constant.

Keywords: energy demand; single-family building; thermal characteristics of windows; climatic
conditions of Poland; deterministic mathematical model

1. Introduction

The world’s building sector accounts for 40% of final energy consumption and 36%
of greenhouse gas emissions [1]. Considering that up to 75% of buildings are energy
inefficient, there is great potential to introduce activities in the building sector that will
result in reducing the consumption of primary energy from fossil fuels, and thus contribute
to decarbonisation.

In order to reduce the negative impact on the environment, various scenarios are
being studied, the aim of which is to indicate what actions should be taken to achieve the
desired degree of decarbonisation of the building sector in the future. Zhang et al. [2], as
a result of simulations with the method of decomposing structural decomposition (DSD)
and the Monte Carlo method, indicated the most important actions that can reduce CO,
emissions. These include a nationwide increase in the share of clean energy and investing
in building-integrated energy sources (e.g., PV). It is also necessary to increase the level
of electrification of households [3], which will enable an increase in the use of renewable
energy sources, including heat pumps and energy storage facilities.

Many authors [2-4] also emphasised the role of the end-up activities in the process of
intensifying the decarbonisation process. Important factors include patterns of operation of
heating, cooling systems, and domestic hot water (e.g., usable temperature, use of local
temperature control—thermostats), lighting, way of cooking, and equipping the building
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with appliances. The impact of these factors on the intensification of the decarbonisation
process strictly depends on the household expenditure index, the household expenditure-
related energy intensity of the current end-use structure, and the ratio of energy use from
fossil fuels (emission factors) and household size [3]. The potential for decarbonisation is
also influenced by the economic situation of the country, including GDP per capita [5], as
well as the degree of urbanisation and population size [6].

Zhang et al. [2] emphasised that the greatest ratio of decarbonisation can be achieved
by introducing improvements in heating systems and appliances. The results of Yan et al.’s
research [3] also indicate the important role of building heating and, additionally, water
heating systems. As Lee and Song [4] pointed out, heating is mostly influenced by the
physical factors of the building.

The building energy balance depends in particular on architectural factors, construc-
tion, technical equipment, climatic conditions, and indoor air parameters. In terms of
architecture, the shape of the building and its compactness, the arrangement of rooms in
the building, and its orientation are crucial [7]. With regard to construction, the influence
of airtightness and building technology has been proved [8]. For technical equipment,
the energy consumption is influenced by the heating, ventilation, and air conditioning
systems used, the type of heating/cooling source, the presence of a building management
system, and systems for automatic control and regulation. One of the most important
aspects is the thermal properties of buildings” insulation, which determine the amount of
heat transferring to the envelope, both in the form of energy losses and energy gains. In
addition, the level of thermal protection affects the thermal comfort of the occupants and
the thermal and moisture characteristics of the envelope.

There is a dualism in Polish legislation regarding thermal insulation requirements for
residential buildings. The requirements to be met by new buildings relate to the maximum
allowable value of the heat transfer coefficient U,y of the building partitions and the value
of the primary energy demand EP [9]. Both parameters are strongly dependent on the
thermal resistance of the insulation, as well as the technology of the transparent partitions,
i.e., the windows.

Windows represent a critical part of the building envelope. This is due to high values of
heat transfer coefficients in comparison with nontransparent partitions [10]. Simultaneously,
windows affect the magnitude of heat losses and gains [11]. In modern buildings, windows
are designed to have a large surface area relative to the surface area of the building envelope,
even though there is no energy justification for this. This increases their share of the energy
balance of the building [12]. Windows can be responsible for up to 45-50% of the total heat
losses through the building envelope [11,13,14].

Windows also affect the comfort of building occupants by providing access to natural
light, fresh air, and views, which are essential for physical and mental health [15]. Properly
sized windows, taking into account solar conditions, reduce the number of hours of artificial
lighting, which brings health benefits, while reducing the energy demand to power building
lighting [16]. Pathirana et al. [7] showed that using the optimal window area relative to
the envelope area resulted in changes of 1.5-9.5% in electricity consumption for lighting
in residential buildings. Too much glazed area in offices can have a negative impact on
occupant comfort as a result of too much sunlight for many working hours, uncomfortable
lighting, and too much heat gain [17].

When analysing how windows contribute to building energy needs, it is important
to mention the parameters related to the window construction, including the thermal
transmittance [11], which depends on the insulation of the glazing and the frame [14].
Also relevant are the type and quality of installation [18], airtightness [13], and the use of
shading elements [19]. Of particular importance is the position of windows in relation to
the thermal insulation layer and the resultant thermal bridging, which can significantly
affect the ratio of heat losses. Heat losses through thermal bridges around the windows
can account for up to 40% of all heat losses through thermal bridges in a building [20].
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An important window parameter that affects the thermal transmittance is the type
and number of glazing units. The most common commercial solution is double glazing,
with the cavity filled with a gas to improve the thermal properties of the window, such as
argon [21] or krypton [22]. Increasing energy efficiency requirements for buildings have
forced manufacturers to use triple glazing to achieve thermal transmittance values of up
to 0.5 W/m?K [22]. A study by Djamel and Noureddine [12] for the climate of southern
Algeria found that the use of double- and triple-glazed windows can significantly reduce
energy consumption in office buildings. Similar conclusions were reached by Aste etal. [17],
who determined that the use of triple glazing is extremely important in cold climates and
contributes to lower building energy consumption. For the climate of Poznan, Poland,
Btaszkiewicz and Kneblewski [23] showed that increasing the number of glazings reduces
heat gains in summer. Thalfeldta et al. [24] studied triple, quadruple, and quintuple glazing,
concluding that the greatest changes in a building’s cooling and heating demand occur
when triple and quadruple glazing are used. In industrial buildings, an interesting solution
is the vacuum tube window technology presented by Cuce and Riffat [25], which reduces a
window’s heat transfer coefficient to 0.40 W/m?K, making this product competitive with
the commercial solution of double-glass windows with argon filling. The disadvantage of
this solution is the limited transparency of the window.

In addition to the number of glazing units, the type of glazing is also important.
Kumar et al. [26] studied how parameters of glazing influence the building energy demand
for five cities in India, representing cold, moderate, warm-humid, hot-dry, and composite
climates. The analysis considered clear, bronze, green and bronze-reflective glazing, which
differ in their spectral properties (solar transmittance and reflectance). It was found that
using clear glass, which is most transmissive, compromises a building’s energy efficiency.
Yoo et al. [27] showed that the use of double-skin windows, superwindows, or single- and
double-low-e-coated windows instead of standard windows reduced the energy demand
of the building by 15.2 to 19.2%.

One of the more interesting design solutions are so-called ‘smart windows’, which
have the ability to change their optical properties to adapt to temporary climatic conditions.
These windows can reduce a building’s heating, cooling, and lighting energy requirements
compared with standard window solutions, but they usually require a very large invest-
ment [28]. As a result, this technology is often used in commercial buildings with large
areas of glazing, where the benefits of using smart technology can compensate for the
investment [29]. The change in light transmission of smart windows is due to the interac-
tion of light, heat, or electricity [28]. One type of smart window is thermochromic, which
changes from a transparent to a translucent or opaque state under solar radiation. This
blocks the inflow of solar radiation and reduces the heat exchange between the building
and the environment [30]. Other smart technologies cover electrochromic windows [31,32],
gasochromic windows, microblinds, or liquid crystal glazing [28]. Different coatings are
used in smart windows to modulate solar radiation, e.g., vanadium dioxide (VO,) thin films,
sol-gel-synthesised titania-vanadium nanocrystalline films [33], Fe304 nanoparticles [34],
or a mixture of adhesives and silica [35].

One of the key parameters with an impact on the level of heat losses or gains through
windows is their size. However, the contribution of windows to the thermal balance of a
building strongly depends on the window-to-wall ratio (WWR). This coefficient is closely
related to the orientation of the windows, which determines the optimal window size [36].
The tilt angle of the windows is also important [23].

The influence of window size and WWR ratio on the building energy demand is
closely related to the climatic conditions of the building’s location. In cold climates, the
main concern is to reduce heat losses, while taking advantage of solar heat gains. For this
reason, windows with a larger area are located on the south side, while window area is
minimised on the north side [37]. In warm climates, on the other hand, the orientation
and size of windows are chosen to minimise excessive heat gains and reduce the cooling
load [17].
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The orientation of windows and their window-to-wall ratios have been the subject of
many research papers.

Djamel and Noureddine [12] analysed how the change in window orientation and
WWR ratio (25, 50, 75, and 100%) influences the energy demand of office buildings located
in southern Algeria. Based on simulations in EnergyPlus software version (8.4.0), they
found that increasing window area increases the heating and cooling load. Sudan et al. [38]
studied the effect of the ratio of window glazing area to floor area on the potential of energy
demand reduction for different climatic conditions in India. The higher the WWR ratio,
the higher the heat losses. This relationship has also been confirmed by Poirazis [39], who
analysed the WWR ratio in an office building located in the cold climate of Gothenburg.

Alghoul et al. [40] used EnergyPlus software to study the effect of a change in WWR
ratio and window orientations on energy demand in an office building in Tripoli, Libya. It
was found that the addition of windows to the facade increases the total energy demand
from 6 to 181%, depending on the orientation and window area. The analysis also confirmed
that the WWR ratio contributes more to the cooling demand than to the heating demand.

Feng et al. [41] pointed out the need to optimise the WWR ratio, especially in near-
zero-energy buildings. The analysis was carried out for an office building for the climatic
conditions of the severe cold city of Shenyang, China, and showed that the most optimal
WWR is 10-15% for the east (west) elevation and 10-22.5% for the south elevation. The
WWR in the north orientation should be as low as possible, taking into account the need for
daylight and ventilation. The optimal WWR values determined by Feng et al. [41] are only
valid for the climatic conditions analysed. A review of the literature in this area confirms
that the optimal WWR value is highly dependent on the climate. For example, in the cold
conditions of Lithuania, the optimal WWR value for an air-conditioned office building was
20% for a south orientation and 20—40% for a north orientation [42]. Alwetaishi [43], for an
educational building in Saudi Arabia, indicated that the most energy-optimal WWR is 10%.

As can be noticed, a large part of the research in this field is focused on office buildings.
This is due to the fact that they are usually characterised by a very high proportion of
windows on the facade, and at the same time, changes to the windows have the greatest
impact on energy consumption. Residential buildings were also studied. One example is the
analysis by Pathirana et al. [1] for a building located in the tropical hot and humid climate of
Sri Lanka. Another is the analysis of the WWR ratio in passive solar houses in the Qinghai-
Tibet region [44]. The authors concluded that the determination of the optimal WWR
should always be based on the climatic conditions of the location, due to the variability
of important parameters such as solar radiation. Blaszkiewicz and Kneblewski [23] also
emphasised the need to carry out analyses for each building individually.

The majority of the analyses presented on the impact of windows are related to
climate zones other than Poland. In addition, the vast majority of the analysis concerns
office buildings. Office buildings differ from residential buildings in terms of permissible
indoor air temperatures and, above all, in terms of requirements for ventilation airflow.
Therefore, the results presented in the literature for office buildings are not applicable to
residential buildings.

A number of directions for further research can be identified from the literature review.
First of all, window technologies should be developed to achieve the lowest possible heat
transfer coefficients. At the same time, attention should be paid to the glazing parameters,
which affect the transmittance of solar radiation, thus influencing undesirable heat gains
in the summer and desired gains in the heating season. The literature review shows that
windows are a critical part of the building envelope. Due to the higher values of heat
transfer coefficients compared with the opaque part of the building envelope, their surface
area is extremely important—the larger it is, the more negative of an impact it has on
the heat load or cooling demand. Taking into account the above, it should be noted that
when analysing the impact of windows on the energy consumption of the building, many
parameters should be analysed simultaneously, as they are interdependent.
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Based on the literature review, there is also a need to perform more research on single-
family houses due to their significant share in the final energy consumption. As highlighted
by many researchers, it is also important to analyse the impact of window parameters on
energy demand depending on the location of the building.

As a response to the current knowledge gap, a multicriteria analysis of the impact of
window parameters on the energy consumption of a single-family building was carried
out, taking into account the variability of climatic conditions.

The aim of this case study is to optimise the main parameters characterising the energy
demand of a single-family building in Polish climatic conditions according to the energy
criterion. This was conducted by analysing the dependence of the usable energy demand
of a model building on the window surface area, heat transfer coefficient, solar radiation
transmittance of glazing, and orientation. In order to fill the existing research gap, the ratio
of the interaction between the analysed factors was determined.

This work applies a deterministic mathematical model with polynomial functions to
describe the influence of the analysed parameters on the output value and to determine
the nature of the interactions between them. Metamodeling with polynomial functions
is one of the methods used to assess the energy demand and consumption of buildings.
This method allows a quick sensitivity analysis or optimisation of the parameters studied,
without the need to carry out a very large number of simulations [45]. Examples of the use
of this method can be found in many publications. Asadi et al. demonstrated the usefulness
of the multilinear response method for determining the energy demand in commercial
buildings [46] and for attics in single-family buildings [47] at the early stages of their design.
Romani et al. [48] developed and validated a metamodel for determining the heating and
cooling load for low-energy buildings. The authors emphasised the advantages of using
the design of the experiment method as a method reducing the number of simulations
necessary to perform. Hester et al. [49] proposed a regression-based energy metamodel
as a tool supporting the selection of parameters to ensure the lowest possible thermal
energy consumption in the building. Jaffal and Inard [50] developed a general model
with the use of a polynomial function to determine the building energy performance. The
proposed model allows for taking into account a large number of parameters (including
interactions between building components, as well as CO, emissions and energy prices)
and is characterised by high compliance with the results of dynamic simulations (R?
approximately 1). Novel et al. [51] used a second-degree polynomial to estimate the
monthly energy heating and cooling load in cultural buildings. The authors demonstrated
the usefulness of the metamodel for determining energy consumption depending on how
buildings are used and HVAC operating parameters.

This article is an extension of the authors’ previous research on the city of Biatystok,
including the determination of the influence of window parameters and orientation on
the coefficient of the usable energy demand of a single-family building [52,53]. Compared
with previous publications, this article extends the analysis to other representative cities
in Poland: Wroctaw (mild climatic conditions) and Suwalki (severe climatic conditions).
For the first time, it was planned to introduce the concept of a window with equivalent
energy efficiency. Based on the three deterministic mathematical models developed, the
authors created mathematical descriptions of the recommended parameters ensuring the
equivalent energy efficiency of building windows in different locations.

2. Materials and Methods
2.1. Characteristics of a Model Residential Building

A two-storey building with a compact shape, a floor area of 165.53 m?2, and a cubature
of 446.93 m3 was used for the analysis. The building was constructed using traditional brick
technology. The plans of the building, cross-section, and the values of the heat transfer
coefficients of the partitions are presented in Figure 1. Natural ventilation was used to
determine ventilation heat losses. Air supply was provided by hygro-controlled vents in the
windows, while exhaust was provided by ventilation ducts in the kitchen and bathrooms.
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A gas boiler was used as the heat source for heating and preparing domestic hot water.
Number of residents in the building—4. For research purposes, the concept of arranging
6 windows only on one facade was adopted [52,53].
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Figure 1. Scheme of a model building: (a) ground floor plan; (b) first-floor plan; (c) glass elevation;
(d) cross-section with heat transfer coefficient values of building partitions [52,53].

2.2. Mathematical Model of the Annual Usable Energy Demand in Single-Family Building

As a research method, mathematical modelling was adopted. This method uses mathe-
matical relationships to describe the operation of the analysed object, determine the output
parameters, and determine the optimal values of the object’s input parameters. Mathe-
matical modelling makes it possible to dispense with physical modelling and reduces the
number of samples and the research effort in comparison with a physical experiment [54].
The main component of such a system is the mathematical model. The usefulness, effec-
tiveness, and practicality of a mathematical model can be ensured by developing short
models that use the key factors that define the properties under investigation and provide
information of interest to the recipients.

In accordance with the aim of this study, the annual usable energy demand for heating
and ventilation in the building Qg ,,; [kWh/a] was selected as the objective function Y. The
energy demand was calculated as the sum of the demands Qp 45, for each of the s heated
zones in the building and for each of the n months of the year. The Qp ,,45, value was
calculated taking into account heat losses and gains according to the Formulas (1)-(5) [55]:

)

QH,nd,s,n = QH,ht,s,n - UH,gn,s,n'QH,gn,s,n/

where Qg j s is total heat transferred from the heated zone s in the n-th month of the
year, Qp on,sn is total heat gains in the heated zone s in the n-th month of the year, and the
1H,gnsn coefficient is for the use of heat gains in the heated zone s in the n-th month of
the year.

@

where Qyr s, is the total amount of heat transferred from the heated zone s by transmission
in the n-th month of the year; Qy ¢ is the total heat transferred from the heated zone s by
the ventilation in the n-th month of the year.

QH,ht,s,n = Qtr,s,n + Qv,e,s,nr



Energies 2024, 17, 2360

7 of 19

QH,gn,s,n = Qsol,H + Qint,Hr (3)

where Qg i is the monthly heat gains from solar radiation through windows and glazed
surfaces; Qj; y is the monthly internal heat gains.

Qsol,H = Zci Aoi Ii Fsh ggl/ (4)

where C; is the proportion of the glazing area to the total window area; A,; is the surface
area of windows; [; is the radiant energy of the sun falling on a plane with a window in a
given month; Fg, is the reduction coefficient due to shading from the building envelope; g,
is the solar radiation transmittance of the glazing.

Qint,H = int Af tm, (5)

where t,, is the number of hours per month; g;;; is the internal heat load of the room; Ay is
the heated area of the building.

Based on Formulas (1)—(5) and the methodology in [54], the authors created an algo-
rithm for calculating the required energy demand (Figure 2) by changing the values of
each factor, which was used as a basis for developing an original computer program in
Microsoft Excel.

Input constants data
Input variable dat - building geometry
nput variable data
}:1 U ——>| - climatic data —> Calculation of heat gains
2l i e} a .
ob Yob &gl - physical data
- indoor air parameters
Calculati Fheat loss b Calculati Fheat loss b Annual energy demand for
alculation of heat loss by S alculation of heat loss by S heating and ventilation
ventilation transmission e 0
Hnd

Figure 2. Block diagram of Qp ,,4 calculations.

The aim of this study is to determine the dependence of the annual usable energy
demand for heating and ventilation Qg ,,4 (Y) for the variable building location on four
factors characterising the windows: surface area A,; [m?] (factor X;), heat transfer coef-
ficient U,; [W/(m2K)] (factor X5), total solar radiation transmittance of the glazing g,
[-] (factor X3), and orientation of the windows « [°] (factor Xy). All selected factors are
controllable, measurable, independent, clear, and consistent, so they meet the requirements
of mathematical modelling [56]. Climatic conditions cannot be included in the model as
a fifth factor because they are represented as a set of different parameters (Table 1) [57],
which are difficult to describe by a single factor. For this reason, mathematical models were
developed separately for each of the climatic conditions analysed.

Table 1. Average climatic characteristics in selected cities of Poland [57].

Sum of the Total Solar Irradiance Annual Average Outdoor

Climatic Conditions

per Horizontal Surface [kWh/(m?year)] Temperature 6; [°C]
I Wroctaw 993 8.1
II Biatystok 897 6.9

III Suwatki 838 6.3
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Y= ag +ayx1 + ClzXz + ﬂ3X3 + €l4X4 + ﬂ12X1X2 + 6113X1X3 + ﬂ14X1X4 + u23X2X3 + {124X2X4

It was assumed that the desired relationship Y = f(X1,X»,X3,X4) can be described by a
second-degree algebraic polynomial in the form of (6):

+a34X3Xy + 011X12 + {122X22 + {133X32 + a44X42 (6)

In order to obtain data to describe the relationship (6), a 4-factor computational
experiment was conducted according to the second-stage plan (Table 2). A compositional
symmetric three-level D-optimal design containing 24 trials was applied [58]. An original
program in Microsoft Excel was developed to calculate the Y; value in the 24 lines of
the plan.

Table 2. Natural X; and normalised X; values of selected factors [52,53].

X A, [m?] U,; [W/(m?K)] 8 [-] a[°]

! (X1) (X») (X3) (X4q)

Lower level (—1) 1.82 (1.23 x 1.48) 0.50 0.5 0 (N)
Medium level (0) 2.73 (1.84 x 1.48) 0.80 0.6 90 (E)
Upper level (+1) 3.64 (2.46 x 1.48) 1.10 0.7 180 (S)
Range of change AX; 091 0.30 0.1 90 (W)

The calculation method requires the assumption of the range of variability of the
analysed window parameters. This was determined by three levels (natural values for X;
factors). The levels are characterised by X; normalised values as —1 (lower level), 0 (middle
level), and 1 (upper level). Specific values of the analysed parameters were assigned to each
level, i.e., the area of a single window (X factor), the window heat transfer coefficient (X,
factor), the total solar radiation transmittance of the glazing (X3 factor), and the window
orientation (X4 factor). In the analysis, the authors assumed that there is no correlation
between the total solar transmittance of the glazing and the value of the U-coefficient
of the window, which makes it possible to extend the analysis to the search for optimal
window parameters.

Due to the method used to plan the experiment, it was necessary to adopt an equal
number of levels for each of the analysed factors. For this reason, the western orientation
was eliminated from the analysis, assuming that its effect is close to the eastern orienta-
tion. The remaining input variables, i.e., geometric parameters of the building, physical
properties, and characteristics of the heat source, were assumed constant.

The conversion from natural X; to normalised X; values of factors according to [56] is
expressed by the Formula (7):

Xi = [2 Xz’ - (Ximax + Ximin)]/(Ximax - Xz’min)r (7)

where X;, Xipax, Ximin are the current, maximum, and minimum natural values of the i-th
factor, respectively [59].

The natural and normalised values of the factors analysed are given in Table 2.

For the assumed levels of variability of the factors, calculations were made for the
usable energy demand. The results for Suwatki, Wroctaw, are presented in Table 3. For
comparison, the results for Biatystok are also presented.

In order to validate the correctness of calculations of usable energy demand with
the original program, ArCADia software version 10 was used, which is software that is
known and used in Poland, based on the procedures used in Poland for calculating the
heat demand of buildings. Validation was performed for variants no. 1, 10, and 20, taking
into account three building locations, for which the range of factor variability is presented
in Table 3. The validation results are presented in Figure 3. It was found that the calculated
values of usable energy demand are close to the values determined with the ArCADia
software (maximum difference of up to 3%). Hence, the data presented in Table 3 can be
used in further mathematical modelling processes.
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Table 3. Planning matrix and calculation results Q;pr ,,4 (the numerator represents the natural values
of the factors, in the nominative—standardised).

Wroctaw Biatystok Suwatki
. Aoi Uy, 8gl o Q1, Hynd Qi1, Hud Qur, Hnd
Variant No X1 (X) (X3) (Xy) [KkWh/a] [kWh/a] [kWh/a]
(Y1) (Y, [52] (Y11,:)
1 -1 -1 -1 -1 12,000 13,988 14,971
2 1 -1 -1 -1 11,141 13,172 14,183
3 -1 1 -1 -1 12,606 14,670 15,683
4 1 1 -1 -1 12,315 14,521 15,564
5 —1 -1 1 -1 11,599 13,598 14,573
6 1 -1 1 -1 10,420 12,463 13,526
7 -1 1 1 -1 12,194 14,268 15,289
8 1 1 1 -1 11,558 13,749 14,863
9 -1 -1 -1 1 11,416 13,502 14,511
10 1 -1 -1 1 10,006 12,239 13,368
11 -1 1 -1 1 12,013 14,174 15,230
12 1 1 -1 1 11,149 13,525 14,707
13 -1 -1 1 1 10,829 12,945 13,968
14 1 -1 1 1 8928 11,270 12,418
15 -1 1 1 1 11,414 13,625 14,663
16 1 1 1 1 10,059 12,531 13,748
17 —1 0 0 0 11,874 13,914 14,927
18 1 0 0 0 10,963 13,100 14,234
19 0 -1 0 0 10,950 12,971 14,020
20 0 1 0 0 11,821 13,963 15,043
21 0 0 -1 0 11,723 13,814 14,837
22 0 0 1 0 11,066 13,153 14,247
23 0 0 0 -1 11,702 13,790 14,782
24 0 0 0 1 10,673 12,909 14,024
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Figure 3. Comparison of usable energy demand Qp ,,4 calculated with the Microsoft Excel program
and ArCADia software: (a) variant no. 1; (b) variant no. 10; (c) variant no. 20 according to Table 3.
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Based on the calculation results (Table 3) and applying the method of least squares [60],
three models were derived in the form of regression equations Y = f(X1,X5,X3,X4):
for Wroctaw (8):

Y; =11,386.12 — 522.43X; + 435.56X, — 349.98X5 — 502.69X, + 137.70X1 X, — 102.98X1 X5 — 160.26X1 X4 —

4.49X,X3 — 3.57X, Xy — —66.59X3X, + 32.35 X712 — 0.31X,2 + 8.17X32 — 198.31X,2, ®
and for Suwatki (9):
Yy = 14,534.30 — 400.20X; + 514.10X, — 319.99X3 — 377.61X, + 159.23X; X, — 85.19X; X3 — ©)

109.48X1 Xy — 4.62X,X3 — 4.01X, Xy — 54.41X3X, + 46.08 X112 — 2.93X,2 + 7.88X32 — 131.32X,2.

The model developed for Bialystok, which is the basis for comparing the results for the
climatic conditions of Wroctaw and Suwatki, is presented in the author’s Equation (10) [53]:

Yy = 13,472.08 — 450.83X; + 493.24X, — 333.49X5 — 416.63Xy + 155.05X; Xy — 96.50X1 X5 — 128.84X; X4 —

5.88X,X3 — 5.50X, Xy — 49.89X3X, + 34.90 X2 — 5.18X,2% + 11.05X32 — 122.89X,2. (10)

Deterministic models are characterised by a mutually unambiguous agreement be-
tween the external impact and the response to that impact. This was considered when
testing the models [59]. At each point in the plan, only one experiment was performed.
In the absence of repetitions and measurement imprecision variance, the adequacy of the
resulting equation was evaluated by comparing the variance of the mean S2, and the
residual variance S?, determined from Formulas (11) and (12) [60]:

S%y =X(Y; — ) /(N - 1), (11)

S% =X(Y; — Y)*/(N — Np), (12)

where N is the number of calculations performed, and Ny is the number of coefficients in
the regression equation.

Fisher’s criterion was used for verification, which describes how much the spread is
reduced with respect to the regression equation compared with the spread with respect to
the average (13) [60]:

F=82(f1)/S(f2), (13)

where f1, f» are the number of degrees of freedom; f1 = (N — 1) =24 — 1=23;f, = (N — Np)
=24 —-15=09.

The regression equation adequately describes the results of the calculation if the F
value is significantly greater than the tabular value F; at the significance level p and degrees
of freedom f7 and f5, in the analysis F; = Fg gs; 23,9 = 2.910 [60]. The calculated F value of
model (8), developed for Wroctaw, is 351.840, and for model (10), for Suwalki, Fj; = 434.465.
For model (9), for Biatystok, Fj; = 635.739 [40]. Since the values of Fj, Fj;, and Fj; are many
times greater than F;, the developed models are adequate. This is also confirmed by the
values of the coefficient of determination RZ, which for the three designated models are in
the range of 0.9989-0.9994.

The t-criterion was then used to verify the significance of the coefficients of Equations
(8)—(10). Since, at each point of the plan, we have one result without repetitions, the
methodology proposed in [60] was applied. As a result, the following parameter was
calculated for each coefficient (14):

b= 1b;1/Sy, (14)

where b; is the values of the coefficients of the regression equation; Sy; is the standard
deviation of the j-th coefficient.

The residual variance S,? based on the sum of squared deviations ( Y; — Y;)* was used
to determine Sy;. The values of t; were compared with the critical value t 059 = 1.83 [60].
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At tj <t 05,9, the coefficient is considered insignificant. The final form of Equations (8)-(10)
was adopted with k + 1 = 15 coefficients. The results confirm the models” adequacy; thus,
the models can be used for further analysis.

3. Results and Discussion
3.1. Analysis of the Impact of Window Parameters on Usable Energy Demand

The analysis of the impact of four factors on the usable energy demand Qg ,,4 of the
considered building under selected climatic conditions was carried out on mathematical
models (8)—(10). For better understanding, the discussion of the results was made on
natural variables of the factors. It should be noted that the word combinations ‘favourable
effect’ or ‘favourable factor’ used hereafter mean that with a change in factor from a lower
to an upper level, the value of usable energy Qp ,,; was decreased. The effect or factor
is unfavourable if the Qp ,; was increased. In the optimisation, parameter values were
sought to ensure a minimum usable energy requirement Qg 4.

Analysing the developed models for varying climatic conditions, it was detected that in
the centre G, of the multifactor space, which is characterised by coordinates corresponding
to the average level of the factors, namely window area A,; (X1) = 2.73 m?; window
heat transfer coefficient U,; (X,) = 0.80 W/(m?K); total solar radiation transmittance of
glazing g (X3) = 0.6 [-]; and window orientation « (Xj) = 90°, the magnitudes of the
usable energy demand Q;p 4 of the considered building for selected groups of climatic
conditions are as follows: for Wroctaw (I group), Qy 1 = 11,386, and for Suwalki (III
group), Qmr, Hnd = 14,534 kWh/a. For Biatystok (II group), the demand is 18.3% higher
than that of Wroctaw and 7.3% lower than that of Suwatki. At the same time, it can be
observed that a change in climatic conditions from the mildest to the most severe results in
an increase in the energy demand of the same building by as much as 27.6%. This is due
to changes in climatic indicators, mainly solar radiation (Table 1), which is the highest in
Wroclaw and the lowest in Suwatki. As it can be observed, the approach to ensuring the
thermal protection of buildings cannot be the same for the whole of Poland but must vary,
taking into account the climatic conditions of the building’s location.

The influence of each factor on the value of the usable energy demand of the building
in the locations analysed was then estimated. In each model, the degree of their influence
varies greatly. When the selected factors are changed from the lower to the upper level
(Table 2), the value of Q;y 4 fluctuates significantly: it increases with an increase in the
factor U,; (X») and decreases with an increase in the factors A,; (X1), 8q1 (X3), and & (X4). The
calculated AQ;y 4 effects (natural and percentage) of the factors for the climatic conditions
of Wroctaw and Suwatki are given in Table 4. For comparison, Table 4 also shows the effects
for Bialystok.

Table 4. Effects AQ;p; ,4 when changing the factors A,; (X1), Uy; (X2), gl (X3), o (Xy) from the lower
to the upper level in various climatic conditions.

Effects AQiH yd [kWh/m?a] (%) When Changing

Climatic The Total Effect of
Conditions Selected Factors from —1 to +1 Factor Changes
Ay (Xq) U,; (X3) 8q1 (X3) « (Xy) from —1 to +1
—1045 o —700 —1005 —1167
I Wroctaw (—8.75%) +871 (+8.0%) (—6.0%) (—8.6%) (—7.8%)
II Biatystok —-902 o —667 —833 —1415
[53] (—6.5%) +986 (+7.6%) (—48%)  (—6.1%) (—10.1%)
111 Suwatki —800 +1028 —640 ~755 1878
(—5.3%) (+7.3%) (—4.3%) (—5.1%) (—15.7%)

The analysis of the results from Table 4 allows us to conclude that increasing the
window area A,; from 1.82 to 3.64 m? causes a decrease in QiH nd, which also depends on
the group of climatic conditions. The largest decrease of —8.75% was detected in mild
conditions (Wroctaw) and the smallest of —5.3% in severe conditions (Suwatki). The nature
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of the influence of the A,; factor confirms the important role of heat gains from solar
radiation in the energy balance of the analysed building.

Then, it was found that increasing the heat transfer coefficient of windows U,; from
0.50 to 1.10 W/(m?K) increases QiH na and has the only unfavourable effect among the
factors considered. The natural values of this increase vary greatly in different climatic
conditions, but the percentage increase in all locations is approximately 7-8%. Conversely,
it was found that increasing the total solar radiation transmittance of the glazing g, from
0.5 to 0.7 [-] reduces the energy demand Q;p 4. In the considered climatic conditions, the
effect of this factor ranges from —4.3% (Suwatki) to —6.0% (Wroctaw).

Changing the orientation of windows according to the sides of the horizon o from 0 to
180° also reduces Qjfy ,,4, With the highest beneficial effect in group I of climatic conditions
(Wroctaw). The effects of this factor in the selected locations range from —5.1 to —8.6%.

The total effect of changes from the lower to the upper level of all factors simultane-
ously causes a significant decrease in Q;y ,4 for the considered building: from 7.8% for
the mildest climatic conditions to —15.7% for the most severe of the analysed climatic
conditions. In relation to the mild climate (Wroctaw), the total beneficial effect increased by
21.3% for the medium climate of Biatystok and by 60.9% for the severe climate of Suwatki.

It was noticed that in models (8)—(10), the signs of the coefficients are the same for
all selected locations. This means that climatic conditions did not change the nature of
the influence of the factors considered, but they did significantly change the magnitude of
that influence.

For professionals, the most valuable is information about co-interactions of factors.
Analysing the signs and values of the coefficients for double interactions in models (8)—(10),
the following regularities were found, which apply directly to these three models.

With regard to the A,; (X;) factor, it was found that the favourable negative effect
of this factor weakens with an increase in the U,; (X;) factor but strengthens with an
increase in g¢; (X3) and « (Xy). At the same time, for the factors g¢; (X3) and « (Xy), there
is a phenomenon of synergism with the factor A,; (X1), as each of them, when increased
together, has a stronger effect than would be the case if they were increased separately.

The large unfavourable positive effect of the factor U, (X») strengthens with an
increase in the factors A,; (X7) but weakens with an increase in o1 (X3) and o (X4).

For the g4 (X3) factor, the favourable negative effect significantly increases with an
increase in the A,; (X1) and « (X4) factors, as these two factors are synergistic with the g
(X3) factor.

It was also observed that the favourable negative effect of the factor « (X4) in the
models increases with an increase in the factors A,; (X1) and g¢ (X3), due to their synergy
with o (Xy). If each of them is increased together, the effect is greater than if they are
increased separately. These described regularities have important practical implications for
designers of similar systems, as they reveal internal commonalities between the factors.

At the final stage of this study, an optimisation procedure for selected parameters
according to the energy criterion was carried out on models (8)—(10). For the three anal-
ysed climatic conditions, the optimal parameter values turned out to be on the border
of the factor space of four factors (Table 3). The best energy parameters of the building
were obtained for the extreme values of the factors, i.e., the largest assumed area of a
single window X; = +1 (A,; = 3.64 m?); the smallest value of the heat transfer coefficient
X3 = —1 (Uy; = 0.5 W/(m?K)); the largest value of the total solar radiation transmittance of
the glazing X3 = +1 (gg = 0.7); and for the southern orientation X4 = +1 (& = 180°). The
results obtained differ for each of the locations analysed.

For the mildest climatic conditions in Wroctaw, the usable energy demand is the
lowest at Yy,,;,, = 8927 kWh/a, and for the most severe, i.e., Suwalki, it is the highest at
Y1immin = 12,418 kWh/a. The results for Biatystok are in between and are 26% higher than
the demand in Wroctaw and 9% lower than the demand in Suwatki (Table 4). This shows
that the optimal values of the considered building parameters in each location turned out
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34.90X;2 — 5.18X,% + 11.05X3% — 122.89X,4% + 155.05X1 X, — 96.50X; X5 — 128.84X; X, — 5.88X, X3 —
5.50X,X4 — 49.89X3X, — 450.83X; + 493.24X, — 333.49X;3 — 416.63X4 = 0.

to be the same, while the extreme values of the energy demand are significantly dependent
on the climatic conditions of the building location.

The maximum usable energy demand for heating and ventilation was also achieved
at constant extreme factor values but with their mirror image. This means that the
building with the highest energy demand is the one with the smallest window area
X; = —1(A,; =1.82m?) but with the highest values of the heat transfer coefficient
X, = +1 (U,; = 1.10 W/(m?K)); the lowest value of the total solar radiation transmittance
of the glazing X3 = —1(gg = 0.5); and the northern orientation of the windows X, = —1
(o = 0°). The maximum value of the function for the climatic conditions of Wroctaw was
Y oz = 12,606 kWh/m?2, and for Suwatki, it was Y = 15,683 kWh/m?2. The most un-
favourable usable energy demand for Bialystok was 16% higher than that for Wroctaw and
6.5% lower than that for Suwatki (Table 4).

As we can see, the spread of maximum and minimum values strictly depends on
climatic conditions. The largest dispersion is observed for the mildest of the analysed
climatic conditions, i.e., for Wroctaw 3679 kWh/a (41.2% compared with the minimum
value), and the smallest for Suwatki, 3265 kWh/a (26.3%). Such a large variation in results
proves the very diverse contribution of selected factors to changes in the energy demand of
the building under consideration in various climatic conditions.

The developed models made it possible to analyse the dependence of the demand
for usable energy for heating and ventilation of a single-family building Qp ,,; on four
selected factors, taking into account climatic conditions. Based on the models, the effect of
the influence of each factor was estimated, and the optimal values of the analysed window
parameters were determined. Note that these factors are the most important and directly
affect solar gains because they characterise the properties of windows.

3.2. Analysis of Equivalent Energy Efficiency of Windows

From a practical point of view, in order to ensure the required inside temperature in the
building, it makes sense to determine the equivalent energy efficiency of windows for each
of their selected orientations. The easiest way to achieve the equivalent energy efficiency of
windows is to change their surfaces on different facades. The exact determination of the area
of windows of different orientations requires mathematical calculations. A mathematical
description of windows with equivalent energy efficiency can be obtained from the obtained
models of the dependence of the demand for usable energy for heating and ventilation
of a single-family building on selected factors. For example, for Biatystok, using the
original model (10) and assuming the value Qp ,,4 = 13,472 kWh/a in the G, centre of the
multivariate space, a mathematical description of the recommended window parameters
ensuring equivalent energy efficiency of windows was created using appropriate algebraic
simplifications (15):

(15)

This description (15) answers the question of what window parameters should be
recommended for the selected building in Bialystok, ensuring for each orientation of the
windows equal heat losses and gains in the building at a level of Qp .y = 13,472 kWh/a.

The description (15) can be used as an operative tool to estimate window parameters in
the building design process taking into account the location and orientation of the building.
We now show how to use the presented description.

For example, for the selected building, we assume the heat transfer coefficient of the
windows U,; = 0.80 W/(m?K) (factor X, = 0); solar radiation transmittance of glazing
gq1 = 0.6 (factor X3 = 0); and the orientation of the windows according to the sides of the
horizon & = 90° (factor X4 = 0). After substituting X5, X3, and X, into Equation (10) and
after performing the appropriate calculations and algebraic simplifications, we received
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Equation (16), which is already a mathematical description of the recommended values of
the window area with the physical parameters defined above and their orientation « = 90°:

34.90X,2 — 450.83X; =0, (16)

We have a second-degree equation and one unknown, which allows us to determine
the value of the unknown: X;(1) = 12.92; X;(2) = 0. The value of X;(1) = 12.92 is outside
the range of factor variability, i.e., we take X; = 0. Using Formula (7), we perform the
reverse procedure, and obtain the searched value of the window area: A, = 2.73 m?
(1.48 m x 1.84 m). Further, changing the orientation from eastern to northern (X4 = —1)
and southern (X; = 1) and substituting these values into Equation (10), we obtained
mathematical descriptions (17) and (18) of the recommended window area values with the
physical parameters specified above for north (17) and south (18) orientations, respectively:

34.90X;% — 321.99X; +293.74 = 0, (17)

Hence, X1 = 1.02. The value of X7 = 1.02 is almost at the limit of the factors’ variability
range, i.e., Xj = 1.00. After decoding, this gives A,; = 3.60 m? (e.g., 1.48 m x 2.43 m).

34.90X;2 — 560.31X; — 579.67 =0, (18)

Therefore, X1 = —0.975; after decoding, A,; = 1.84 m?2 (e.g., 148 m x 1.24 m).

These area values, together with the other parameters adopted above, ensure the
equivalent energy efficiency of windows for each orientation and the same energy demand
in the building at the level of Qp ,,4 = 13,472 kWh/a. Therefore, the required design inside
temperature will be provided in each room in this building. This can be achieved by
increasing the area of the northern windows by a factor of 1.32 and reducing the area of the
southern windows by a factor of 1.48 in relation to the area of the windows facing east.

It should be noted that the influence of direct sunlight is large and determines the
amount of external gain for different window orientations. This requires a significant
adjustment of window sizes. The spread of the values for the north and south window
areas for Bialystok is 3.6 — 1.84 = 1.76 m?. Despite the fact that these are opposite elevations,
in some cases, this may negatively affect the architectural composition of the building.
Therefore, a differentiated approach can be proposed to achieve window parameters of
equivalent energy efficiency. The idea is to adjust several window parameters. This will
reduce the need to change their area and also reduce their negative impact on the building’s
composition. We demonstrate this approach in the example of medium climate conditions
of Biatystok, using mathematical description (15).

When analysing the northern windows o = 0° (X4 = —1) for the selected building,
taking into account the nature of the influencing factors, we proposed the following val-
ues: window heat transfer coefficient U,; = 0.70 W/(m?K) (X, = —0.3333); glazing total
solar transmittance g,; = 0.7 (X3 = +1). When analysing southern windows « = 180° (fac-
tor X4 = +1), other factor values were also adopted: window heat transfer coefficient
U,; = 0.90 W/(m?K) (X, = +0.3333); total solar heat transmittance of glazing go = 0.6
(X3 =0). After substituting X, X3, and X4 into Equation (15) and performing the ap-
propriate calculations and algebraic simplifications, we have equations that provide a
mathematical description of the recommended values of the window area with the physical
parameters changed above for their north (19) and south (20) orientations, respectively.

For X, = —0.3333; X3 = +1; Xy= —1:

34.90X,% — 470.16X; — 143.66 =0, (19)

Hence, X = —0.298; after decoding, A,; = 2.46 m? (e.g., 1.48 m x 1.66 m).
For X, =0.3333; X3 =0; X4 = +1:

34.90X,2 — 527.98X; — 377.53 = 0, (20)
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Hence, X1 = —0.684; after decoding, A,; =2.11 m? (e.g.,1.48 m — 1.43 m).

According to the calculation results, in the case of correctly selected physical parame-
ters, i.e., the heat transfer coefficient U,; and solar radiation transmittance of glazing g,
the area of the north windows can even be reduced by 0.90 times and the area of the south
windows reduced by 0.77 times in relation to the area of the east-oriented windows at a
constant level of the building’s energy demand Qp ,,; = 13,472 kWh/a.

In a similar way, based on the obtained models (8) and (10) of the dependence of the
usable energy demand for heating and ventilation of a single-family building on selected
factors, mathematical descriptions of equally energy-efficient windows for Wroctaw and
Suwatki were created. Using appropriate algebraic simplifications of models (8) and (9),
the mathematical descriptions of the recommended window parameters ensuring equal
energy efficiency of windows have the following form:

For Wroctaw (21):
32.35X;2 — 0.31X,% + 8.17X3% — 198.31X42 + 137.70X; X5 — 102.98X; X5 — 160.26X1 X, — 4.49X, X5 — 1)
3.57X» X4 — 66.59X3X, — 522.43X, + 435.56X, — 349.98X3 — 502.69X,4 = 0.
For Suwatki (22):
46.08X12 — 2.93X,2 + 7.88X32 — 131.32X42 + 159.23X1 X5 — 85.19X; X3 — 109.48X1 X, — 4.62X, X3 — 22)

4.01X,Xy — 54.41X3X, — 400.20X; + 514.10X, — 319.99X; — 377.61X, = 0.

These descriptions answer the question of what window parameters should be rec-
ommended for the chosen building, ensuring for each orientation the same heat losses
and gains in the building located in Wroctaw at Qg ,,; = 11,386 kWh/a and in Suwatki at
QH,nd =14,534 kWh/a

4. Conclusions

Based on the results of the calculation experiment for the mild (Wroctaw), medium
(Biatystok), and severe (Suwatki) climatic conditions of Poland, three deterministic mathe-
matical models of the dependence of the usable energy demand for heating and ventilation
of a single-family building Qg »4 (function Y) on four factors were presented: window
area A,; (factor X1), heat transfer coefficient U,; (factor X»), solar radiation transmittance of
glazing g, (factor X3), and orientation of windows « (factor X4). The magnitude and the
nature of the influence of the analysed factors on energy demand were estimated. Then,
the optimisation procedure was performed for the parameters studied according to the
energy criterion.

The change in the factors level from the lower to the upper value showed significant
fluctuations in the influence effects for each analysed factor and for the climatic conditions
considered. However, the nature of the effect of these factors on the energy demand in the
different locations did not change. Only the window heat transfer coefficient U,; showed an
unfavourable effect on the function examined. With a change from the lower (0.5 W/(m?K))
to the upper (1.1 W/(m?K)) level of this factor, the energy demand of the building O 4
increased by 7.3-8.0%, depending on the climatic conditions. The favourable influence of
the other factors A,, Sels and o on the locations considered was recorded at levels ranging
from 4.3 to 8.75%.

As aresult of the optimisation procedure carried out for the selected parameters accord-
ing to the energy criterion, it was detected that for the three models obtained, the optimal
parameter values turned out to be at the limit of the factor space. The minimum of the tested
functions was reached at constant extreme values of the factors X; = +1 (4,; = 3.64 m?);
X, = —1 (U,; = 0.5 W/(m?K)); X3 = +1 (81 = 0.7); and X4 = +1 (o = 180°). It was found
that for medium climatic conditions (Biatystok), the demand is 18.3% higher than for mild
conditions (Wroctaw), and a change in climatic conditions from mild to severe resulted in
an increase in the usable energy demand of the building by as much as 27.6%. This means
that the optimal values of the considered building parameters, in each location, turned
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out to be the same, while the extreme values of the energy demand were significantly
dependent on the climatic conditions of the building location.

The notion of window equivalent energy efficiency at each of the selected orientations
was proposed. Based on the developed mathematical models, mathematical descriptions
were created of the recommended parameters ensuring equivalent energy efficiency of the
building windows at each of the selected locations. A method for correcting the parameters
of windows of different orientations to ensure a constant level of energy demand in the
building was proposed for the descriptions. As a result, it was concluded that north-facing
windows can have an area 1.32 times larger and south-facing windows 1.48 times smaller
than east-facing windows to ensure a building’s energy needs remain constant.

The limitations of the proposed models result from the structural and architectural
solutions of the building and the climatic conditions adopted for analysis. The presented
mathematical models are adequate for the range of variability of the analysed window
parameters: surface area, heat transfer coefficient, orientation, and solar radiation trans-
mittance of the glazing. However, it should be stressed that the presented results are
also universal. This is shown by the fact that the nature of the influence of the analysed
factors was demonstrated to be unchanged for each of the three locations. Hence, the
general conclusions drawn from the analysis may be applicable to the design of other
single-family buildings.

The authors plan to extend the research to other locations of buildings. From a cogni-
tive point of view, it will be important to conduct research on subsequent configurations of
the arrangement of windows of a specific area on individual building facades. As window
technology evolves, the analysis may be extended to include the latest solutions in the
future. The authors intend to combine the research with an economic evaluation. In order
to include more climate parameters, advanced building energy simulation software such as
Design Builder or TRNSYS can also be applied.
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Nomenclature

Af heated area of the building [m?].

A, surface area of window [m?]

values of the coefficients of the regression equation [-]

C;  the proportion of the glazing area to the total window area [-]
EP  primary energy demand [kWh/(m?-a)]

F value of the Fisher’s criterion [-]

Fg,  reduction factor due to shading from the building envelope [-]
F; tabular value of the Fisher’s criterion [-]

f1 number of degrees of freedom [-]

f number of degrees of freedom [-]

8q  solar radiation transmittance of the glazing [-]

I; the radiant energy of the sun falling on a plane with a window in a given month [W/ m?]
n number of the month in the year [-]

N number of calculations performed [-]
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Ny number of coefficients in the regression equation [-]
p significance level [-]
Gint internal heat load of the room [kWh/a]

Qugnsn  total heat gains in the heated zone s in the n-th month of the year [kWh/a]
total heat transferred from the heated zone s in the n-th month of the year
QH,ht,s,n [kWh/a]
annual demand for usable energy for heating and ventilation of the building
QH,nd [kw-h / a]
annual demand for usable energy for heating and ventilation of the building
in specific climatic conditions [kWh/a]
QintH monthly internal heat gains [kWh/month]
the total amount of heat transferred from the heated zone s by transmission in
Qirsn the n-th month of the year [kWh/month]
monthly heat gains from solar radiation through windows and glazed
Qeo 1 surfaces [kWh/month]
the total heat transferred from the heated zone s by the ventilation in the n-th

QiH,nd

Qoesn month of the year [kWh/month]

R? coefficient of determination [-]

S number of the heated zone [-]

Sy standard deviation of the j-th coefficient [-]

s2, the residual variance [-]

Szy the mean variance [-]

t value of the t-criterion [-]

tm number of hours per month [-]

U,; heat transfer coefficient of the window [W/(m?K)]

U ax maximum permissible value of heat transfer coefficient [W/ (m?K)]

WWR window-to-wall ratio [-]

the normalised values of the i-th factor

current natural value of the i-th factor

maximum natural value of the i-th factor

minimum natural value of the i-th factor

objective function

orientation [°]

annual average outdoor temperature [°C]

coefficient for the use of heat gains in the heated zone s in the n-th month of
the year [-]

=< N><ji>< ;>< >
S
= R

LR

MH,gn,sn
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