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Abstract: Various methods can be used to reduce energy consumption in buildings. One of them
is the tightening of energy requirements, which, like other methods, cannot result in a worsening
of the indoor environmental quality. The article presents a study on the impact of changes in the
thermal insulation of the building envelope on the energy demand, heating costs, and emissions.
Mathematical models of the dependence of the index of annual usable energy demand for heating
(EUH) of a residential house on the thermal transmittance coefficients (Ui) of selected building
elements were developed. Values of Ui were adopted at three levels, corresponding to the maximum
required values—as approved in Polish law for the periods from 2014, 2017, and 2021. The analyses
were conducted for the location of the building in three of the five climate zones of Poland. It turned
out that the differences in the energy demand in various locations in Poland amount to 32.6%. The
change in Ui in the analyzed period causes a decrease of EUH by almost 27%. Financial savings and
a reduction of emissions strongly depend on the fuel used in the building. Increasing the level of
thermal insulation of walls increases the perceptible temperature in rooms by 1.2–1.5%.

Keywords: thermal transmittance coefficient; building envelope; the index of annual usable energy
demand for heating; deterministic mathematical model; financial savings; reduction of harmful
emissions; perceptible temperature

1. Introduction

The construction market is responsible for the consumption of around 40% of the
energy produced in the European Union (EU) and 37% of pollutant emissions [1]. This
sector is therefore crucial to achieving the EU’s energy and environmental objectives.

One of the methods to reduce the energy demand of buildings, used in Polish legisla-
tion, is the legal adoption of increasingly stringent requirements for the thermal transmit-
tance coefficient of the building envelope. Initially, these requirements were included in the
standards (Table 1). Since 1997, they have been moved to the Regulation on the Technical
Conditions that buildings and their location should meet. The latest amendment to this
legal document, regarding the thermal protection of buildings [2], entered into force on
1 January 2014. A gradual plan of tightening the requirements has been mapped out until
1 January 2021, when all new buildings should be nearly zero-energy buildings [1].

From the data presented in Table 1, it appears that—over the years—there has been
a significant reduction in the required values of the analyzed parameter in Poland. As a
result, in new buildings or when modernizing existing buildings, it is necessary to use an
increasingly larger thickness of traditional insulation materials or to replace them with
materials with a lower design thermal conductivity λ (W/(mK)).
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Table 1. Maximum required values of the thermal transmittance coefficient of the selected building envelope at room
temperature ti ≥ 16 ◦C in Poland [2,3].

Period of
Validity

Document
Constituting the Legal

Basis

Type of Building Envelope

External Walls Roofs Windows and
Balcony Doors Roof Windows Doors

UC(max) (W/(m2K))

1957–1964 PN-57/B-02405
(as a recommendation) 1.16 or 1.42

(depending on
the climate

zone)

0.87 - - -

1964–1974 PN-64/B-03404 0.87 - - -

1974–1982 PN-74/B-03404 0.70 2.0–5.8 (depending on the climate
zone) 1.60–5.80

1982–1991 PN-82/B-02020 0.75 0.45

2.0–2.6 (depending
on the climate zone)

- 1.10–5.60

1991–2002 PN-91/B-02020 0.55–0.70 0.30 - 3.0

2002–2008
Journal of laws of the
Republic of Poland,
2002, no 7, Item 690

0.30–0.50 0.30 2.00 2.60

2009–2013
Journal of laws of the
Republic of Poland,

2008, no 201, Item 1238
0.30 0.25 1.70–1.80 1.80 2.60

2014–2016

Journal of laws of the
Republic of Poland,

2013, Item 926

0.25 0.20 1.30 1.50 1.70

2017–2019 0.23 0.18 1.10 1.30 1.50

since 31
December 2020 0.20 0.15 0.90 1.10 1.30

The large majority (94%) of the United Nations Economic Commission for Europe
(UNECE) countries have requirements for thermal insulation, including U-values [4].
However, the requirements for the quality of buildings in different countries, due to
different climatic conditions, are difficult to compare. Stringent energy standards for one
country may not be effective in another country. D’Agostino [5] noticed that an excessively
high thickness of insulating material, even if it is in compliance with the current legislative
requirements, can be disadvantageous in buildings characterized by great internal thermal
loads or located in climatic contexts with mild winters and hot summers. The maximum
U-values for selected building components in several countries with climatic conditions
similar to Poland are presented in Table 2.

Table 2. Required values of the thermal transmittance coefficient of the selected building envelope in
several countries [6,7].

Type of
Building
Envelope

Germany (Since
1 January 2016)

Austria (Since
April 2019)

Slovak
Republic (Since
1 January 2016)

Czech Republic
(Since

1 January 2013)

Required U Value (W/(m2K))

External walls 0.28 0.35 0.22 0.30
Roofs 0.20 0.20 0.15 0.24

Windows 1.30 1.40 1.00 1.70
Doors 1.80 1.70 2.50 3.50

The thermal quality of the building envelope has an impact on the energy demand for
heating. Therefore, the authors of this study decided to determine how the tightening of
standard requirements on the U-value in recent years in Poland reduces the EUH index.
The experiment concerns single-family buildings, because they represent around 91% of
the Polish residential building stock [8]. The number of building permits has also been
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increasing for several years. In 2018, 98,915 permits for the construction of new residential
buildings were issued in Poland, which represents 50.4% of the total number of permits. In
total, 94.7% of permits for residential buildings were permits for single-family designs. In
2018, 93,714 were issued, i.e., 3% more than in 2017 (90,968 permits) and 13.1% more than
in 2016 (82,852 permits) [9].

Statistical data confirm the significance of this group of buildings. According to [10],
Europeans more often choose to live in single-family than in multi-family houses. In 2016,
the share of persons living in houses ranged from almost 34% in Spain to 93% in Ireland. In
Poland, it matched the average for the EU-28 population, exceeding 57%. More than half
of the population in Poland (51.9%) and Denmark (54.9%) lived in detached houses, while
this share rose to more than 60.0% in Romania (61.9%), Hungary (62.8%), and Slovenia
(65.5%), peaking at 71.0% in Croatia [10].

The structure of energy consumption in residential buildings in “EU-15” countries
differs from the structure of its consumption in Poland. In both cases, the largest share is
devoted to heating, but in EU countries, it accounts for about 57% [11], while in Poland, it
is as much as 65.1% [12]. Therefore, the problem with determining the energy demand for
heating is significant.

The energy consumption in buildings located in Poland was discussed by Krawczyk
and Sadowska [13]. The average heating energy consumption obtained for a group of
single-family houses, located in the northeast region of Poland, with natural ventilation
and after comprehensive thermomodernization, was 92 kWh/(m2year). These results were
verified by long-term operational data. The use of a mechanical ventilation system with
heat recovery in low-energy houses has allowed energy consumption for heating equal
to 42 ÷ 53 kWh/(m2year). These houses were built in the years 1999–2003, and in the
following years, they were monitored in order to confirm their low energy consumption.
Heat transfer coefficients of the building envelope were the following: external walls
−0.20 W/(m2K); pitched roof and ceiling under the attic −0.18 W/(m2K); and window
−1.90 W/(m2K) and doors −1.90 W/(m2K).

The authors of this article, in their previous research [14], developed deterministic
mathematical models of the demand for usable energy for heating QH of selected residential
buildings in the climatic conditions of three cities—Szczecin, Lodz, and Zakopane—and
made an attempt to estimate the energy effects caused by the changing of the Ui,max values
of the building envelope, in force in Polish regulations from 1 January 2014; 1 January 2017,
and 31 December 2020. The financial benefits of reducing the QH for a natural gas-fired
building were also estimated. It turned out that the change of the required Ui values of
selected building elements from the level that complies with Polish national regulations
from 1. January 2014 to the one applicable from 1 January 2017 resulted in a decrease
in QH by nearly 1000 kWh/year in Szczecin, by more than 1065 kWh/year in Lodz, and
1288 kWh/year in Zakopane. This resulted in financial benefits in the analyzed locations,
respectively: EUR 43, 46, and 55 EUR. However, in the first stage of the research, the
usable energy for heating the building was selected as the target function, which directly
characterized only the selected object with a specific size of usable area and cubature.

Reducing fuel consumption for heating has a positive impact on the environment.
First, it causes a decrease in greenhouse gas emissions (mainly CO2 into the atmosphere),
largely responsible for the greenhouse effect, which ultimately leads to global warming.
The reduction of SOx sulphur oxides emissions is also significant [15]. They arise from
the process of burning sulfated fuels and lead to acidification of the atmosphere, which
causes acid rain, which in turn causes soil degradation and pollution in forest ecosys-
tems. Additionally, NOx nitrogen oxides formed at high temperatures in fuel combustion
processes negatively affect the atmosphere by destroying the protective ozone layer in
the stratosphere, which protects us from the harmful effects of ultraviolet UVA and UVB
radiation. According to the latest available data [16], in 2017, Poland took the leading place
among the EU countries in terms of the amount of sulphur oxides emissions (583,000 tons)
and, in the case of nitrogen oxides (804,000 tons), it was ranked fourth. Poland is also one
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of the largest GHG emitters. In 2017, these emissions amounted to over 400 million tons,
of which 81% (337 million tons) was carbon dioxide. In 2018, CO2 emissions per capita in
Poland amounted to 8.36t and were higher than the EU-28 average and the world average
value [17].

Unfortunately, the literature lacks the results of research estimating the energy, eco-
nomic, and ecological effects of changes in the required U-value of all building envelopes
in different locations of the building. The results of the authors’ preliminary research are in-
cluded in the mentioned publication [14]. However, this is an important issue, determining
not only the final energy balance of the building but also the possible reduction of heating
costs and negative environmental impact, so it is worth considering. The main research
problem is the impact of the value of the thermal transmittance coefficients of the building
envelope on the index of annual usable energy demand for heating, harmful emissions,
and heating costs.

In this article, the authors decided to answer the question of what yields this reduction
of Umax by 0.03 W/m2K in two consecutive steps of tightening the requirements in the
real conditions of buildings operation. Are the permissible values of this coefficient being
changed too slowly? What effect do these changes have on the parameters of the internal
environment influencing thermal comfort, which is one of the main factors responsible for
high IEQ levels? As a function of the objective of this study, the index of annual usable
energy demand for heating of a residential house was selected. It characterizes a whole
class of similar objects. The authors also decided to examine what will be the differences
in lowering this indicator for building heating in various locations in Poland, differing in
climatic conditions. It is also planned to try to estimate the financial and environmental
effects of changes in the required thermal insulation of the building envelope in similar
buildings using different fuels in different climatic conditions.

In connection with the above, the purpose of the work is to examine the index of
the annual demand for usable energy for heating of a selected single-family residential
building located in different climatic zones of Poland: I: milder in Szczecin; III: national
average, in Lodz; and V: more severe, in Zakopane, depending on the thermal transmittance
coefficients of external walls (U1), flat roof (U2), windows and balcony doors (U3), roof
windows (U4), and external doors (U5). All of the above were adopted at three levels
corresponding to the maximum allowable values as approved in the Regulation on the
Technical Conditions for the periods from 2014, 2017, and 2021. The influence of selected
factors and various fuels on the cost of heating, reduction of pollutant emissions, and
parameters influencing the thermal comfort of rooms were estimated.

2. Materials and Methods
2.1. Method for Calculating the Index of Annual Demand for Usable Energy for Heating

In the study, in accordance with the adopted objective, the utility energy demand
indicator for heating and ventilation of the EUH building in question was selected as a
function of goal Y. It is the quotient of the annual demand for usable energy for heating and
ventilation (QH,nd) and its heated area (Af). The QH,nd values were calculated according
to the algorithms for energy performance in Poland [18] in force since 2015. It includes
the heat losses and gains that make up the building’s energy balance, and are determined
according to the Equations (1)–(9):

QH,nd,s,n = QH,ht,s,n − ηH,gn,s,n QH,gn,s,n, (1)

QH,ht,s,n = Qtr,s,n + Qve,s,n, (2)

Qtr,s,n = Htr,s (θint,s,H − θe,n) tm, (3)

Qve,s,n = Hve,s (θint,s,H − θe,n) tm, (4)

Htr,s = ∑ [btr,i (AiUi + ∑liΨi)], (5)

Hve,s = ρaca ∑bve,s Vve,s, (6)
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QH,gn,s,n = Qsol,H + Qint,H, (7)

Qsol,H = ∑Ci Aoi Ii Fsh,gl Fsh ggl, (8)

Qint,H = qint Af tm, (9)

The definition of the EUH index (Table 3) was provided for the extension of the method
and block diagram of the calculations developed by the authors in [14].

Table 3. Block diagram for calculating the index of annual usable energy demand for heating and
ventilation of a selected building (kWh/(m2·year)) (own elaboration).

Procedure for Calculating the Index of Annual Usable Energy Demand for Heating and
Ventilation

Introduction of input variables U1, U2, U3, U4, U5

Introduction of permanent parameters Ui, Ai, Ψi, li, btr,i, θint,s,H, θe,n, tm, Aoi, Ci, Ii, Fsh,gl, Fsh, ggl,
qint, Af, bve,k, Vve,s

Calculation of heat losses by ventilation Hve,s, Qv,e,s,n

Calculation of heat losses by transmission Htr,s, Qtr,s,n, QH,ht,s,n, QH,nd,s,n

Calculation of heat gains Qsol,H, Qint,H

Calculation of the annual demand for usable energy for heating and ventilation QH,nd,s,n

Determination of the index of annual energy demand for heating and ventilation EUH =
QH,nd,s,n/Af

Based on the presented Equations (1)–(9) and methodology [18], the authors selected
five input variables regarding the thermal quality of the envelope and developed an
algorithm for calculating the index of the annual usable energy demand for heating (Table 3)
when changing the values of selected factors according to the plan of the computational
experiment.

2.2. Characteristics of the Selected Residential Building

The analyses were carried out on the example of a single-family residential building
with a typical area and form for Polish conditions. It is a building with a simple structure
(Figure 1), referring to the traditional style: one-story, without a basement, with a usable
attic. The front elevation is oriented towards the north. The main building parameters are:

- Building development area: 105.32 m2;
- Total area: 162.48 m2;
- Usable area: 150.11 m2;
- Clear height of rooms: 2.70 m;
- Volume: 690 m3.

The building has a rectangular shape with dimensions of 9.54 m × 11.04 m. It is
made in traditional technology, with a wooden gable roof with a 45◦ angle, covered with
ceramic tiles. The foundation benches are reinforced concrete, foundation walls of concrete
blocks, external walls of a 24-cmaerated concrete insulated from the outside with a layer
of polystyrene, and the ceiling above the ground floor is reinforced concrete. The roof is
insulated with mineral wool, and from the attic side gypsum plasterboard was used. The
floor on the ground consists of a concrete foundation on gravel ballast, 10-cm-thick foamed
polystyrene, PE film, and floor layers on a concrete foundation. Windows and external
doors are made of PVC. Ventilation is natural.

It was assumed that the determination of the index of annual usable energy demand
for heating EUH of a selected building will be made for three selected locations in Poland
differing significantly in climatic conditions.
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(c) Vertical section; (d) Front elevation (own elaboration).

2.3. Mathematical Model of the Annual Usable Energy Demand Index for Heating of a Selected
Residential Building

As a research method, mathematical modeling was used, which allows mathematical
relationships to describe the functioning of the tested object. Mathematical models are
effective tools for performing analyses of the examined object, provided that the developed
relationships are short and use the most relevant factors describing the examined process
or property [19].

In the research, the index of annual usable energy demand for heating of the tested
building EUH was chosen as a function Y, depending on the following thermal transmit-
tance coefficients: of external walls U1 (factor X1), roof U2 (factor X2), windows and balcony
doors U3 (factor X3), roof windows U4 (factor X4), and external doors U5 (factor X5).

Unfortunately, the climatic factor mentioned in the study was not included in the
model (as the sixth factor) because it is presented with a set of various climate indicators
(Table 4), which are difficult to combine with a comprehensive indicator. Therefore, a
decision was made to develop and compare three mathematical models of the dependence
on five factors for each of the three groups of climatic conditions: group I-Szczecin (I climatic
zone of Poland-the mildest conditions)-EUHI (YI,i), group II-Lodz (III climatic zone of
Poland-average national conditions))-EUHII (YII,i), and group III-Zakopane (V climatic
zone of Poland, the most severe conditions))-EUHIII (YIII,i).
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Table 4. Averaged climate characteristics for the heating season in selected cities (own elaboration based on [20]).

Group of Climatic
Conditions City

The Energy of Solar Radiation on
the Plane with the Window S

Orientation ΣIi (kWh/(m2·Month))

The Average Monthly
External Temperature

θe (◦C)

The Sum of Hours of
the Heating Season

Σtm (h)

I Szczecin 48,188.5 4.49 5808
II Lodz 46,763.7 2.70 5328
III Zakopane 63,734.3 1.99 6048

Choosing a form of dependency is not easy, because the same results can often be
approximated with different functions. In this situation, one of the possible and particularly
preferred forms of function are algebraic polynomials. A particularly recommended
polynomial, for the determination of which most typical experiment plans have been
developed, is the second-degree polynomial. These polynomials usually approximate well
the results of measurements or calculations within assumed ranges of factor variability [21].

It was assumed that the desired dependency Y = f (X1, X2, X3, X4, X5) could be
described by the second-degree polynomial in the form:

Y = a0 + a1 × 1 + a2X2 + a3X3 + a4X4 + a5X5 + a12X1X2 + a13X1X3 + a14X1X4 + a15X1X5 + a23X2X3 + a24X2X4 +

a25X2X5 + a34X3X4 + a35X3X5 + a45X4X5 + a11X1
2 + a22X2

2 + a33X3
2 + a44X4

2 + a55X5
2,

(10)

To obtain data for the description of this dependency, a 5-factorial calculation experi-
ment was carried out according to the second-degree plan. A compositional symmetrical
three-level plan, consisting of 26 trials, was applied [21,22]. The chosen plan allows a
mathematical model to be developed on the basis of the collected results in the form of a
second-degree polynomial. Such a plan foresees three levels of factors: lower (−1), medium
(0), and upper (+1). For the calculation of the Yi value in 26 lines of the plan, the author’s
program developed in Microsoft Excel was used.

Each of the considered factors were adopted at three levels corresponding to the
maximum values specified in Polish regulations in force since 2014, 2017, and 2021 (Table 1).
For factors X1 and X2, this range turned out to be narrow and was only 0.03 W/(m2K).
The range for other factors was larger (0.2 W/m2K)), yet Ui values accepted in legal
requirements for the above periods were adopted. Such shaped ranges of factor variability
allowed the authors to check the sensitivity of the tested function and obtain useful
information for persons developing regulations on justifying the value of the UiC(max)
coefficients tested before approving the requirements for thermal protection of buildings in
subsequent years.

Thus, selected factors were adopted at levels (Table 5): X1: 0.20(−1), 0.23(0), 0.26(+1);
X2: 0.15(−1), 0.18(0), 0.21(+1); X3: 0.90(−1), 1.10(0), 1.30(+1); X4: 1.10(−1), 1.30(0), 1.50(+1);
and X5: 1.30(−1), 1.50(0), 1.70 W/(m2K) (+1). The principle of experimental planning
regarding the symmetrical ranges of variability for all factors forced the authors to deviate
from the maximum values according to the Regulation on the Technical Conditions of 0.25
(X1 = +0.6667) and 0.20 (X2 = +0.6667 W/(m2K)) and change them at 0.26 and 0.21 W/(m2K),
respectively. However, this did not pose any problem with modeling, because the new
increased range covers previous values.

Table 5. Natural and standardized values of selected factors.

Factor Level
.

Xi

U1 (X1) U2 (X2) U3 (X3) U4 (X4) U5 (X5)

(W/(m2K))

bottom (−1) 0.20 0.15 0.90 1.10 1.30
middle (0) 0.23 0.18 1.10 1.30 1.50
upper (+1) 0.26 0.21 1.30 1.50 1.70

range of factor change ∆Xi 0.03 0.03 0.20 0.20 0.20
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The above-mentioned natural values of factors
.

X1,
.

X2,
.

X3,
.

X4,
.

X5, and the correspond-
ing standardized values (in brackets) of normed values X1, X2, X3, X4, X5 are presented
in Table 5. The transition from natural

.
Xi to normative values Xi [22] is expressed by the

Equation (11):
Xi = [2

.
Xi − (

.
Ximax +

.
Ximin)]/(

.
Ximax −

.
Ximin), (11)

where
.

Xi,
.

Xi,max, and
.

Xi,min are the current, maximum, and minimum natural values of the
i-th factor, respectively.

Other input variables were adopted at a constant level. Geometrical parameters
characterizing the building’s housing and usable area as well as materials and technical
solutions used in the building are described in Section 2.2. Climatic conditions in calculating
EUH of the tested building were assumed for Szczecin (EUHI), Lodz (EUHII), and Zakopane
(EUHIII).

Based on the results of the EUHI, EUHII, EUHIII calculations (Table 6), using the method
of least squares [22], three mathematical models were developed in the form of regression
equations for the dependence of Y = f (X1,X2,X3,X4,X5):

Table 6. Planning matrix and calculation results of EUHI (YI,i), EUHII (YII.i), EUHIII (YIII,i).

No X1 X2 X3 X4 X5
EUHI (YI,i) EUHII (YII,i) EUHIII (YIII,i)

(kWh/(m2year))

1 −1 −1 −1 −1 +1 43.2 48.0 57.6
2 +1 −1 −1 −1 −1 47.6 52.7 63.2
3 −1 +1 −1 −1 −1 45.9 50.9 61.1
4 +1 +1 −1 −1 +1 52.2 57.6 69.1

. . . . . . . . . . . . . . . . . . . . . . . . . . .
23 0 0 0 −1 0 49.7 54.9 66.0
24 0 0 0 +1 0 51.0 56.2 67.5
25 0 0 0 0 −1 49.9 55.1 66.2
26 0 0 0 0 +1 50.8 56.1 67.3

For Szczecin:
ŶI = 50.35 + 2.69X1 + 1.84X2 + 2.54X3 + 0.61X4 + 0.46X5 + 0.02X1X2 + 0.02X1X3 + 0.02X2X3, (12)

For Lodz:
ŶII = 55.57 + 2.88X1 + 1.95X2 + 2.69X3 + 0.64X4 + 0.49X5 + 0.01X1X2 + 0.03X1X3 + 0.01X2X3, (13)

For Zakopane:

ŶIII = 66.74 + 3.46X1 + 2.36X2 + 3.26X3 + 0.78X4 + 0.59X5 + 0.03X1X2 + 0.05X1X3 + 0.03X2X3, (14)

The literature recommends using standard regression analysis procedures to assess
the accuracy of mathematical models, which the authors carefully followed. Because
deterministic models are characterized by mutually unambiguous compatibility between
the external interaction and the reaction to this impact, only one experiment was performed
at each point of the plan. Then, in the absence of repetition and variance of measurement
inaccuracies, the adequacy of the obtained equation according to [23] can be assessed by
comparing the variances of the mean S2

y and the residual variance S2
r calculated according

to the Equations (15) and (16):

S2
y = Σ(Yi − Ȳ)2/(N − 1), (15)

S2
r = Σ(Ŷi − Yi)

2/(N − Nb), (16)

where N is number of calculations and Nb is number of coefficients in the regression
equation.
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The Fischer criterion was applied for testing, which shows the reduction in spread
with respect to the regression equation compared to the average spread [22]:

F = S2
y(f 1)/S2

r(f 2), (17)

where f 1 and f 2 are the number of degrees of freedom: f 1 = (N − 1) = 26 − 1 = 25; f 2 = (N
− Nb) = 26 − 21 = 5.

The regression equation describes the results of calculations adequately if the value
of F is much greater than the tabular value Ft at the level of significance p and degrees of
freedom f 1 and f 2.

Calculations show that for model (12), FI = 12.7361/0.0014 = 9079.1726; for model (13),
FII = 14.3381/0.0005 = 28,676.2000; and for model (14), FIII = 20.9960/0.0016 = 13,497.4385.
Tabular value Ft = F 0.05;25;5 = 4.525 [23]. So, the values of FI, FII, FIII many times exceed Ft,
which means that the models are adequate. Their high quality is also confirmed by the
coefficient of determination at the level of R2 = 0.9999.

The significance of coefficients in Equations (12)–(14) was also checked. Testing was
performed using the t-criterion. Because at each point of the plan there is one result without
repeats, the approach described in [23] was used, according to which, for each coefficient tj
= |bj|/Sbj, was calculated, where bj is the values of coefficients of the regression equation
and Sbj is the standard deviation of the j-th coefficient. To determine Sbj, the residual
variance Sr

2 was used based on the sum of squared deviations (Ŷi − Yi)2. The values
were compared with the critical value of t0.05;5 = 2.02 [22]. If tj < t0.05;5, the coefficient was
considered irrelevant. After the removal of nine irrelevant factors (a14, a15, a24, a25, a34, a35,
a45, a11, a22, a33, a44, a55), the final form of Equations (12)–(14) with k + 1 = 9 coefficients was
adopted. After testing and analyzing the results, the models were considered useful for
further analysis.

It should be noted that each of the mathematical models (12 ÷ 14) was developed on
the basis of 26 computational trials. However, each of these models describes the entire
factor space, a full review of which, with the assumed range of factor change, would
require obtaining information by calculating 35 = 243 trials. The most important advantage
of the models is their suitability as a tool for forecasting the value of the annual energy
demand index at any point in the factor area, which was used in the following analysis.
This confirms the high efficiency of the application of the mathematical modeling method.

2.4. Methods for Assessing Savings in Heating Costs, Emissions, and Perceptible Temperature in
a Building

The financial savings are associated with the reduction of the index of annual usable
energy demand for heating of a selected residential building after the tightening of the
required thermal transmittance coefficient values. According to the algorithms in [18], the
demand for final energy (Qk,H) was determined on the basis of Equation (18) and the cost
of heating (KH) according to Equation (20):

Qk,H = QH,nd/ηH,tot, (18)

ηH,tot = ηH,g ηH,e ηH,d ηH,s, (19)

KH = Qk,H Oz, (20)

Limiting the negative impact on the environment of the tested building was possible
by reducing harmful emissions (∆E) from combustion in fuels, associated with reducing
its energy demand for heating after tightening the UC(max) requirements. Emissions were
determined from Equation (21):

∆E = ∆Ok,H WEH, (21)
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The adopted average in Poland unit price of 1 kWh of thermal energy for various fuel
types and the average annual efficiency of the heating system are presented in Table 7.

Table 7. The seasonal average efficiency of the heating system [18] and unit price of 1 kWh of thermal
energy for various fuel types (own elaboration based on [24–26]).

Fuel Type
The Seasonal Average Efficiency

Unit Prices Oz (EUR/kWh)
ηH,g ηH,e ηH,d ηH,s ηH,tot

Natural gas 0.94 0.89 0.96 1.00 0.80 0.0687
Heating oil 0.94 0.89 0.96 1.00 0.80 0.0344

Coal 0.82 0.89 0.96 1.00 0.70 0.0336
Biomass 0.70 0.89 0.96 1.00 0.62 0.0345

Electricity 0.99 0.89 1.00 1.00 0.93 0.1265

In addition, it was decided to analyze the impact of the increasingly stringent require-
ments for the thermal transmittance coefficient of building envelope on the perceptible
temperature in rooms. This parameter influencing thermal comfort is one of the main ones
responsible for high IEQ levels.

In the article, first of all, the minimum temperatures on the internal surface of the
building envelope in the field (1-D) and in the place of connection between two partitions
in the field (2-D) were determined: the external wall in the corner, the connection between
the external wall and the roof, and the connection between the external wall and the flat
roof, using the TRISCO-KOBRU 86 computer software (used for calculations of stationary
heat flow). The following boundary conditions were assumed: heat transfer resistance
on the internal surface of the partition Rsi = 0.13 (m2K)/W for frames and glazing and
Rsi = 0.25 (m2K)/W for the other cases (including radiation and convection), heat transfer
resistance on the external surface of the partition Rse = 0.04 (m2K)/W, and the temperature
of external air and internal air according to Table 8. Boundary conditions were established
in accordance with the recommendations of International Standard [27].

Table 8. Internal and external air temperature in the analyzed variants [20].

Lodz (III Climate
Zone of Poland)

Szczecin (I Climate
Zone of Poland)

Zakopane (V Climate Zone
of Poland)

θi(◦C) 20 20 20
θe (◦C) −20 −16 −24

θe*) (◦C) −1.0 −0.2 −3.0

θe*)—the lowest a capita in Poland amounted to 8.36t and were higher 2 months.

Specified minimum temperatures on the internal surface of partition in fields 1-D and
2-D were used for calculating the average temperature of the internal surface of walls and
the temperature perceptible in the building.

Assuming that in the winter period, i.e., during the heating period, the influence of
humidity and air velocity on the feeling of thermal comfort in the rooms is insignificant,
the determining factors are the air temperature and the average surface temperature of
the surrounding building envelope. Assuming that the air is stationary, the percepti-
ble temperature (TM) can be determined using the Missenard method [28,29] from the
Equation (22):

TM = 0.5·θi + 0.5·θr, (22)

where θi is air temperature in the room and θr is the average temperature of surrounding
surfaces.

3. Result and Discussion

The possibility of practical application of the developed models can be shown in the
following example. We assume that we want to calculate the index of annual usable energy
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demand for heating of a selected residential building (Figure 1) located in Zakopane for the
thermal transmittance coefficients of the envelope at the level: for external walls U1 = 0.20;
flat roof U2 = 0.165; balcony windows and doors U3 = 1.10; roof windows U4 = 1.25; and
external doors U5 = 1.35 W/(m2K). Other data were adopted in the study.

The solution consists of the following steps.
Step 1: We calculate the normalized values of factors Xi according to the Equation (11):

X1= [2 × 0.20 − (0.26 + 0.20)]/(0.26 - 0.20) = −1.0

X2 = [2 × 0.165 − (0.21 + 0.15)]/(0.21 - 0.15) = −0.50

X3 = [2 × 1.1 − (1.3 + 0.9)]/(1.3 − 0.9) = 0

X4 = [2 × 1.25 − (1.5 + 1.1)]/(1.5 - 1.1) = −0.25

X5 = [2 × 1.35 − (1.7 + 1.3)]/(1.7 − 1.3) = −0.75

Step 2: We calculate the index of annual usable energy demand for heating of a
selected residential building according to the model (14):

ŶIII = 66.74 + 3.46 (−1) + 2.36 (−0.5) + 3.26.0 + 0.78 (−0.25) + 0.59 (−0.75)

+ 0.03 (−1) (−0.5) + 0.05 · (−1) · 0 + 0.03 · (−0.5) · 0 = 61.47 kWh/(m2year).

The impact of the researched factors on the index of the annual usable energy demand
for the heating of a selected building was determined using mathematical models (12)–(14).
For better clarity, the results will be discussed on natural variables.

Analyzing the developed models, it was found that in the center of multifactorial
space Gp, which is characterized by Ui values, corresponding to the current require-
ments for thermal protection of the envelope in Poland (from 1 January 2017), namely:
U1 = 0.23 W/(m2K); U2 = 0.18 W/(m2K); U3 = 1.10 W/(m2K); U4 = 1.30 W/(m2K); and U5
= 1.50 W/(m2K), the index of annual usable energy demand for heating in selected groups
of climatic conditions is as follows: for Szczecin (1st group) EUHI = 50.35; for Lodz (II
group) EUHII = 55.57; and for Zakopane (III group) EUHIII = 66.74 kWh/(m2year). As can
be seen from the cited results, the size of the energy demand indicator of the same building
fluctuates significantly, namely—in comparison with Szczecin—it increases by 10.4% for
Lodz and by 32.6% for Zakopane. This is due to changes in various climate indicators
that determine heat losses and gains in the building’s heat balance (Table 4). However,
the magnitude of these fluctuations, even at locations chosen by the authors randomly, is
surprising and makes a strong case for the desirability of returning to the differentiation of
thermal protection requirements of heated buildings in Poland. First of all, it makes sense
to determine not the same for the whole country, but different levels of required values of
the heat transfer coefficient of the individual building envelope, taking into account the
climatic conditions of the building site.

Then, the impact of individual factors was estimated. According to the obtained
models, it turned out that for each of the selected locations, when the Ui factors change
from the lower to the upper levels (Table 5), the EUH value increases equally: from the U1
factor, by about 11.1%; from factor U2, by about 7.4%; from factor U3, by about 10.4%; from
factor U4, by 2.4%; and from factor U5, by 1.8%. The same percentage effects of factors
were obtained for each of the three models.

The tightening of the required Ui values in force since 1 January 2017, compared
to the values of the previous period (from 1 January 2014) (Table 1), resulted in a re-
duction of the EUH for the analyzed building: in the first climate group, from 57.04
to 50.35 kWh/(m2year) (−6.69 kWh/(m2year) that is 11.7%); in group II-from 62.66 to
55.57 kWh/(m2year) (−7.09 kWh/(m2year) that is 11.3%) and in group III, from 75.36 to
66.74 kWh/(m2year) (−8.62 kWh/(m2year) that is 11.4%). Further tightening of the Ui
value (planned for 31 December 2020) compared to the values of the current period will
bring a reduction in EUH: in the first climate group, from 50.35 to 42.77 kWh/(m2year)
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(−7.58 kWh/(m2year) that is 15.1%); in group II, from 55.57 to 46.97 kWh/(m2year))
(−8.60 kWh/(m2year) that is 15.5%); and in group III, from 66.74 to 56.40 kWh/(m2year)
(−10.34 kWh/(m2year) that is 11.7%), as shown in Figure 2. The cumulative effect from
changing the level of all factors from the upper to the lower (this corresponds to the maxi-
mum allowable Ui for the periods from 1 January 2014 and from 31 December 2020) causes
a significant decrease in EUH (by almost 27% for each of the analyzed building locations).
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Figure 2. Changes in the index of annual usable energy demand of heating of the building EUH

for the considered periods of application of the required Ui values and selected groups of climatic
conditions (own elaboration).

Higher financial savings (by 13.30% in Szczecin; 21.30% in Lodz and 19.95% in Za-
kopane) were achieved when the requirements were changed from those currently in force
(from 1 January 2017) to the level of future requirements (from 31 December 2020) than
when the requirements that were in force in 2014–2016 were changed to the currently
required level. The financial savings in each of the considered options are shown in.

Due to the highest unit price of energy (Table 7), the largest financial savings were
recorded when electric heaters were used in the building (Figure 3). Despite the fact that
the cheapest fuel considered was hard coal, the savings when using it were not the lowest
(due to the lower efficiency of coal boiler production than a gas boiler).

As can be seen from Table 9, the highest amount of emissions was avoided, in the order
of 0.84–1.30 tCO2/year, when heating the building with electricity, followed by biomass,
then hard coal and heating oil. Natural gas turned out to be the least emissive fuel, hence
the reduction of CO2 emissions when using this fuel in the building was the smallest and
2.4 times lower than for electricity.
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Figure 3. Annual financial savings caused by a change in the requirements for thermal protection of
the building envelope (own elaboration).

Table 9. Reduction of CO2 emissions in the analyzed variants.

Energy Carrier

Emission
Factor

WEH,CO2
[30,31]

Building Location

Szczecin Lodz Zakopane

Final Energy
Savings ∆Ok,H

When
Changing

Requirements:
from:

2014 to 2017
2017 to 2021

Emission
Reduction

∆ECO2

Final Energy
Savings ∆Ok,H

When
Changing

Requirements:
from:

2014 to 2017
2017 to 2021

Emission
Reduction

∆ECO2

Final Energy
Savings ∆Ok,H

When
Changing

Requirements:
from:

2014 to 2017
2017 to 2021

Emission
Reduction

∆ECO2

(kgCO2/GJ or
MgCO2/MWh)

(GJ/Year or
MWh/Year) (kgCO2/Year) (GJ/Year or

MWh/Year) (kgCO2/Year) (GJ/Year or
MWh/Year) (kgCO2/Year)

Natural gas (in
GJ/year) 57.6

4.52 260.35 4.79 275.9 5.82 335.23
5.12 294.91 5.81 334.66 6.98 402.05

Heating oil (in
GJ/year) 77.4

4.52 349.85 4.79 370.75 5.82 450.47
5.12 396.29 5.81 449.69 6.98 540.25

Coal (in
GJ/year) 97.5

5.16 503.10 5.47 533.33 6.65 648.38
5.85 570.38 6.64 647.4 7.98 778.05

Biomass (in
GJ/rok)

112
5.83 652.96 6.18 692.16 7.51 841.12
6.61 740.32 7.50 840 9.01 1009.12

0 1 5.83 0 6.18 0 7.51 0
6.61 0 7.5 0 9.01 0

Electricity (in
MWh/year) 0.765

1.08 826.2 1.14 872.1 1.39 1063.35
1.22 933.3 1.39 1063.35 1.67 1277.55

1 The unit emission level at the Polish building certification system [30].
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In the Polish building certification system, the emission factor for biomass is 0
kgCO2/GJ (in accordance with the assumptions of the EU Emissions Trading System [30]).
This approach makes it impossible to determine the ecological effect (reduction of CO2
emissions) caused by the improvement of the energy quality of the building associated
with increasing the insulation of the building envelope. As shown in Table 9, emissions
from burning this type of fuel are much higher than in the case of natural gas and oil
and only half that of coal. Assuming that the building will be inhabited by four people,
the CO2 reduction associated with the tightening of the required thermal insulation of
building envelope, from the currently in force in Poland (from 1 January 2017) to the future
one (from 1 January 2020), can range from 0.074 tCO2/cap/year when heating a building
located in Szczecin with fuel oil, up to 0.319 tCO2/cap/year when heating the building
with electricity in Zakopane. This represents, respectively, 0.88% and 3.82% of the current
annual CO2 emissions per capita in Poland. Figure 4 shows the reduction of CO2 per capita
emissions in each of the analyzed variants.
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Figure 4. Reduction of CO2 per capita emissions in the analyzed variants (own elaboration).

However, it is not only carbon dioxide that affects the quality of the environment. The
article also determines the reduction of emissions of main air pollutants in Poland (SO2 and
NOx) as a result of changes in the required values of the thermal transmittance coefficient
in the building envelope. The results of the calculations are presented in Table 10.
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Table 10. Reduction of SO2 and NOx emissions in the analyzed variants.

Energy
Carrier

Emission Factor
WEH [31–33]

Building Location

Szczecin Lodz Zakopane

Emission Reduction ∆E (g/Year)
When Changing Requirements from:

2014 to 2017
2017 to 2021

SO2 NOx SO2 NOx SO2 NOx SO2 NOx

Natural
gas 0.5 g/GJ 50 g/GJ 2.26 226 2.40 239.5 2.91 291

2.56 256 2.91 290.5 3.49 349

Heating
oil

140 g/GJ 70 g/GJ 632.8 316.4 670.6 335.3 814.8 407.4
716.8 358.4 813.4 406.7 977.2 488.6

Coal 450 g/GJ 165 g/GJ 2322 851.4 2461.5 902.55 2992.5 1097.25
2632.5 965.25 2988 1095.6 3 591 1316.7

Biomass 11 g/GJ 91 g/GJ 64.13 530.53 67.98 562.38 82.61 683.41
72.71 601.51 67.98 562.38 99.11 819.91

Electricity 0.681
kg/MWh

0.631
kg/MWh

735.48 681.48 776.34 719.34 946.59 877.09
830.82 769.82 946.59 877.09 1137.27 1053.77

The greatest amount of air pollution, and hence the reduction of emissions, was
obtained when coal was burned, while the lowest was obtained when heating the building
with natural gas. In the case of a building being located in Zakopane, the SO2 reduction
associated with the tightening of the required thermal insulation of the building envelope,
from those currently in force in Poland (from 1 January 2017) to the future ones (from
31 December 2020), may amount to nearly 3.6 kg/year, while the NOx reduction can reach
over 1.32 kg/year.

The analyses carried out in the article supplement the knowledge about the energy,
financial, and economic effects from changes in the required UC(max) values for the external
building envelope in various climatic conditions of Poland. Based on the data presented
in Figures 3 and 4 and in Tables 9 and 10, it is possible to quickly predict the reduction of
heating costs and emissions associated with the improvement of thermal insulation of the
building envelope of a single-family house.

The results of the simulation of the surface temperature (θsi (◦C)) of the two-layer ex-
ternal wall are presented in Table 11. Three variants were analyzed. In variant I, the thermal
transmittance coefficient for the wall U = 0.25 W/(m2K), in variant II: U = 0.23 W/(m2K),
and in variant III: U = 0.20 W/(m2K). The observed temperature increase on the internal
surface of the building envelope in the one-dimensional (1-D) field depends on the thermal
resistance (the thermal transmittance coefficient of the building envelope).

Table 11. The results of the simulation of the surface temperature of the external wall in three
analyzed variants.

θsi (◦C)

Variant I Variant II Variant III

θi = 20 ◦C; θe = −20 ◦C 17.58 17.78 18.05
θi = 20 ◦C; θe = −1 ◦C 18.73 18.84 18.98
θi = 20 ◦C; θe = −16 ◦C 17.82 18.00 18.25
θi = 20 ◦C; θe = −0.2 ◦C 18.78 18.88 19.02
θi = 20 ◦C; θe = −24 ◦C 17.34 17.56 17.86
θi = 20 ◦C; θe = −3 ◦C 18.61 18.73 18.88

The determined values of the surface temperature of a wooden roof are presented in
Table 12. In variant I, the thermal transmittance coefficient of this building envelope U =
0.20 W/(m2K), in variant II: U = 0.18 W/(m2K) and in variant III: U = 0.15 W/(m2K).
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Table 12. The results of the simulation of the surface temperature of the wooden roof in three
analyzed variants.

θsi (◦C)

Variant I Variant II Variant III

θi = 20 ◦C; θe = −20 ◦C 18.06 18.23 18.50
θi = 20 ◦C; θe = −1 ◦C 18.98 19.07 19.21
θi = 20 ◦C; θe = −16 ◦C 18.26 18.41 18.65
θi = 20 ◦C; θe = −0.2 ◦C 19.03 19.11 19.24
θi = 20 ◦C; θe = −24 ◦C 17.87 18.06 18.35
θi = 20 ◦C; θe = −3 ◦C 18.89 18.98 19.14

The simulation results of the numerical calculations performed to determine the
minimum temperature on the inner surface of the four most important construction joints
are shown in Figures 5–7 and in Tables 13–15.
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Table 13. Temperature at the corners of external walls.

θmin (◦C)

Variant I Variant II Variant III

θi = 20 ◦C; θe = −20 ◦C 14.56 14.56 15.38
θi = 20 ◦C; θe = −1 ◦C 17.14 17.14 17.58
θi = 20 ◦C; θe = −16 ◦C 15.10 15.10 15.84
θi = 20 ◦C; θe = −0.2 ◦C 17.25 17.25 17.67
θi = 20 ◦C; θe = −24 ◦C 14.01 14.01 14.92
θi = 20 ◦C; θe = −3 ◦C 16.87 16.87 17.34



Energies 2021, 14, 56 18 of 23

Energies 2021, 14, x FOR PEER REVIEW 18 of 22 
 

 

θi = 20 °C; θe = −0.2 °C 18.26/19.00 18.43/19.10 18.65/19.22 

θi = 20 °C; θe = −24 °C 16.20/17.83 16.58/18.03 17.06/18.30 

θi = 20 °C; θe = −3 °C 18.02/18.86 18.21/18.97 18.46/19.11 

 

 
 

(a) (b) 

 
isotherms (θi = 20 °C; θe = −20 °C) 

 
isotherms (θi = 20 °C; θe = 0 °C) 

(c) (d) 

Figure 7. Graphic representation of the simulation results of numerical calculations for the junction of the external wall 

with the roof: (a) Calculation model; (b) Heat flux lines; (c), (d) Temperature distribution. 

Table 15. Temperature at the junction of the external wall with the roof. 

 
θmin (°C) 

Variant I Variant II Variant III 

θi = 20 °C; θe = −20 °C 14.48 14.63 14.89 

θi = 20 °C; θe = −1 °C 17.10 17.18 17.32 

θi = 20 °C; θe = −16 °C 15.03 15.17 15.40 

θi = 20 °C; θe = −0.2 °C 17.21 17.29 17.42 

θi = 20 °C; θe = −24 °C 13.93 14.10 14.38 

θi = 20 °C; θe = −3 °C 16.83 16.91 17.06 

The obtained data (Tables 13–15) on the temperatures on the inner surface of the 

building envelope and their junctions allowed an estimation of the effects of the influence 

of selected factors on the parameters of room comfort in the analyzed climatic conditions. 

Figure 7. Graphic representation of the simulation results of numerical calculations for
the junction of the external wall with the roof: (a) Calculation model; (b) Heat flux lines;
(c), (d) Temperature distribution.

Table 14. Temperature at the junction of the external wall with the ceiling.

θmin (◦C)/θ1 (◦C)

Variant I Variant II Variant III

θi = 20 ◦C; θe = −20 ◦C 16.55/18.03 16.89/18.21 17.33/18.46
θi = 20 ◦C; θe = −1 ◦C 18.19/18.96 18.37/19.06 18.60/19.19
θi = 20 ◦C; θe = −16 ◦C 16.89/18.22 17.20/18.39 17.59/18.61
θi = 20 ◦C; θe = −0.2 ◦C 18.26/19.00 18.43/19.10 18.65/19.22
θi = 20 ◦C; θe = −24 ◦C 16.20/17.83 16.58/18.03 17.06/18.30
θi = 20 ◦C; θe = −3 ◦C 18.02/18.86 18.21/18.97 18.46/19.11
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Table 15. Temperature at the junction of the external wall with the roof.

θmin (◦C)

Variant I Variant II Variant III

θi = 20 ◦C; θe = −20 ◦C 14.48 14.63 14.89
θi = 20 ◦C; θe = −1 ◦C 17.10 17.18 17.32
θi = 20 ◦C; θe = −16 ◦C 15.03 15.17 15.40
θi = 20 ◦C; θe = −0.2 ◦C 17.21 17.29 17.42
θi = 20 ◦C; θe = −24 ◦C 13.93 14.10 14.38
θi = 20 ◦C; θe = −3 ◦C 16.83 16.91 17.06

The obtained data (Tables 13–15) on the temperatures on the inner surface of the
building envelope and their junctions allowed an estimation of the effects of the influence
of selected factors on the parameters of room comfort in the analyzed climatic conditions.

The living room on the ground floor of the building was selected to analyze the impact
of changes in the thermal insulation of the building envelope on the perceived temperature.
It is a room 5.46 m wide, with one of the external walls without windows. The average
temperature of the surrounding surfaces was calculated on the basis of the determined
temperature values on the inner surface of the wall in the one-dimensional (1-D) field given
in Table 11 and the temperature in the corners (Table 13) and at the junction of the external
wall with the ceiling (Table 14) in a two-dimensional (2-D) field. The thermal bridge range
of the analyzed joints was assumed to be 10 cm. The calculation results of the perceptible
temperature determined based on Equation (22), in different climatic zones of Poland at
different levels of thermal insulation of the walls are shown in Figure 8.
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Figure 8. Changes in the perceptible temperature in the living room along with the change of
the required thermal insulation of the external wall in different climatic zones of Poland (own
elaboration).

The tightening of the required Ui values in force since 1 January 2017, compared to the
values of the previous period (from 1 January 2014) (Table 1), resulted in an increase in the
perceptible temperature in the room by 0.10 ◦C in the I group of Polish climatic conditions
(i.e., by 0.50%), in group II by 0.11 ◦C (which is 0.57%), and in group III by 0.12 ◦C (which
constitutes 0.64%). Further tightening of the Ui value (from 31 December 2020) compared
to the values of the current period will bring an increase in the perceptible temperature
by 0.14 ◦C (which is 0.71%), in group II by 0.15 ◦C (which is 0.77%), and in group III by
0.17 ◦C (which is 0.86%), as shown in Figure 8. The cumulative effect from changing the
level of the U for walls from the upper to the lower (this corresponds to the maximum
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allowable Ui for the periods from 1 January 2014 and from 31 December 2020) causes an
increase in TM by 0.24, 0.26, and 0.29 ◦C at different locations in the building (i.e., by 1.2%,
1.35%, and 1.50%).

4. Conclusions

Changes in the required levels of thermal insulation of building envelopes, introduced
in Polish legal regulations from 1 January 2014, 1 January 2017, and 1 January 2021, as an
implementation of the European directive on the energy performance of buildings [1], have
an impact on the reduction of energy demand, heating costs, and harmful emissions as
well as parameters influencing the thermal comfort of rooms.

Developed deterministic mathematical models allowed the authors to estimate the
effects of stricter thermal protection requirements of the building envelope of a single-
family residential building on the indicator of the demand for usable energy in its three
locations in Poland and on the reduction of emissions, as well as assess the financial
benefits when using different heat sources in this building. Based on the analysis, three
main conclusions can be drawn:

- It was found that the change in the required Ui,max the selected building envelopes,
from the level in force from 1 January 2014 to the current one, caused a decrease in
the EUH for the selected residential building, typical for Polish conditions and with
natural ventilation, by over 11% in each of the considered locations. The change
in the required Ui,max of the selected building envelope from the current level to
the requirements from 1 January 2021 will result in a further reduction of the EUH
by over 15%. Differences in the energy demand of the same building in different
locations in Poland are significant and amount to even 32.6% in the cases considered
in the article. Therefore, it is reasonable to return to the approach of determining
the requirements for thermal protection of heated buildings in Poland, not uniform
for the whole country, but varied, taking into account the climatic conditions of the
construction site.

- Annual financial savings associated with changes in the required thermal insulation
of the building envelope in the years 2014–2021, depending on the fuel used in the
building, range from 43 EUR for gas supplying a building located in Szczecin, up
to 211 EUR in a building located in Zakopane, when heating it with electricity. The
reduction of carbon dioxide emissions in this respect may reach from 0.88% to 3.89%
of current annual CO2 emissions per capita in Poland.

- Increasing the thermal insulation of the walls has a slight but positive effect on the
parameters of thermal comfort in rooms. The increase in the perceptible temperature
resulting from the tightening of thermal requirements for external walls in Poland in
the period from 2017 to 2021 ranges from 1.22% to 1.50%, depending on the location
of the building.

The authors plan to carry out similar tests for other types of buildings, other locations,
and under different boundary conditions as well as apply this methodology to results
from building energy simulation data. The information collected in this topic will provide
the basis for a differentiated approach to building envelope design under varying climate
conditions. This applies not only to Poland but also to other European countries that apply a
similar approach to building envelope design. It also becomes justified to carry out analyses
in the scope of correlation of the maximum values of thermal transmittance coefficients
of the individual external building envelope with the maximum values of the index of
the non-renewable primary energy demand (EPmax). It is also planned to investigate the
influence of the factors considered in the article on the parameters of thermal comfort of
rooms and the indoor environmental quality and using more detailed methods than in
this paper.
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Abbreviations
QH,ht,s,n the total heat transfer from the heated zone s in the n-th month of the year
QH,gn,s,n the total heat sources in the heated zone s in the n-th month of the year

ηH,gn,s,n
the dimensionless gain utilization factor in the heated zone s in the n-th month of
the year

Qtr,s,n
the total heat transfer by transmission from the heated zone s in the n-th month of
the year

Qve,s,n
the total heat transfer by ventilation from the heated zone s in the n-th month of
the year

Htr,s the total heat transfer coefficient by transmission of the building or building zone s
θint,s,H average internal temperature of the heated building zone
θe,n average external temperature
tm the number of hours in a month
btr,i; bve,s the reduction factors for the adjacent unheated spaces
Ai the area of element i of the building envelope
Ui the thermal transmittance coefficient of element i of the building envelope
li the length of linear thermal bridge
Ψi the linear thermal transmittance of linear thermal bridge
Hve,s the total heat transfer coefficient by ventilation of the building or building zone s
ρaca the heat capacity of air per volume
Vve,s the airflow rate through the heated space

Qsol,H
the sum of solar heat sources from solar radiation through windows or door
opening

Qint,H the sum of internal heat sources
Ci the share of glass plane surface area to the total area of the window
Aoi surface area of window or door opening

Ii
the average solar radiation in the considered month on the plane in which there is
a window

Fsh,gl the shading reduction factor for movable shading devices
Fsh the reducing factor due to shading from the external envelope
ggl the total solar energy transmittance factor of the transparent part of the element
qint the heat flow from users and devices
ηH,tot the seasonal average total efficiency of the heating system
ηH,g the seasonal average efficiency of heat generation of the heating system

ηH,e
the seasonal average efficiency of regulation and heat use in the heated
space/heating system

ηH,d the seasonal average efficiency of heat transfer of the heating system
ηH,s the seasonal average energy storage efficiency
Qk,H the demand for final energy
KH the cost of heating
Oz the unit price of energy
WEH emission factor depending on the type of fuel and pollution
TM the perceptible temperature
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3. Życzyńska, A.; Cholewa, T. The modifications to the requirements on energy savings and thermal insulation of buildings in
Poland in the years 1974–2021. Bud. Archit. 2015, 14, 145–154. [CrossRef]

4. United Nations Economic Commission for Europe Joint Task Force on Energy Efficiency Standards in Buildings. Mapping
of Existing Energy Efficiency Standards and Technologies in Buildings in the UNECE Region; UNECE: Geneva, Switzerland, 2018.
Available online: https://www.unece.org/fileadmin/DAM/hlm/Meetings/2018/09_05-07_St._Petersburg/EE_Standards_in_
Buildings_full_version.ENG.pdf (accessed on 28 April 2020).

5. D’Agostino, D.; de’Rossi, F.; Marigliano, M.; Marino, C.; Minichiello, F. Evaluation of the optimal thermal insulation thickness for
an office building in different climates by means of the basic and modified “cost-optimal” methodology. J. Build. Eng. 2019, 24.
[CrossRef]

6. Concerted Action Energy Performance of Buildings. Database. Available online: https://epbd-ca.eu/database-of-outputs
(accessed on 28 April 2020).

7. Österreichisches Institut für Bautechnik. OIB Guidelines, Austria, OIB-330.6-026/19. Available online: https://www.oib.or.at/
de/oib-richtlinien (accessed on 25 November 2020).

8. Main Office of Building Control. Construction Market in Poland in 2018. Warsaw, Poland, 2018. Available online: https:
//www.gunb.gov.pl/aktualnosc/ruch-budowlany-w-2018-r (accessed on 28 April 2020).

9. Statistics Poland. Occupied Buildings. National Census of Population and Housing 2011 in Poland; Central Statistical Office: Warsaw,
Poland, 2013; p. 18.

10. Eurostat. Living Conditions in Europe; Publications Office of the European Union: Luxembourg, 2018. Available online: https:
//ec.europa.eu/eurostat/web/income-and-living-conditions/overview (accessed on 28 April 2020).

11. Ministry of Infrastructure and Development of Poland. National plan for increasing the number of nearly zero-energy buildings
as required by directive 2010/31/EU on the energy performance of buildings (EPBD recast)—Poland. J. Laws Repub. Pol. 2015,
614. Available online: http://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WMP20150000614 (accessed on 23 December 2020).

12. Statistics Poland. Household Energy Consumption in 2018; Central Statistical Office: Warsaw, Poland, 2019. Available on-
line: https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/energia/zuzycie-energii-w-gospodarstwach-domowych-
w-2018-roku,12,1.html (accessed on 28 April 2020).

13. Krawczyk, D.A.; Sadowska, B. Modernization of Existing Buildings. Buildings 2020+ Constructions, Materials and Installations; Printing
House of Bialystok University of Technology: Wiejska, Poland, 2019; pp. 107–129.

14. Jezierski, W.; Sadowska, B. Economic effects of changes in the required thermal insulation of building partitions in Poland. Econ.
Environ. 2020, 1, 109–126.

15. Narowski, P. Energy simulations of buildings—What they are and what they are used for. Energ. Budynek 2007, 9, 4–13.
16. Statistics Poland. In Statistical Snalyses: Environment 2019; Spatial and Environmental Surveys Department: Warsaw, Poland, 2019.

Available online: https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/srodowisko/ochrona-srodowiska-2019,1,20.html
(accessed on 28 April 2020).

17. Crippa, M.; Oreggioni, G.; Guizzardi, D.; Muntean, M.; Schaaf, E.; Lo Vullo, E.; Solazzo, E.; Monforti-Ferrario, F.; Olivier, J.G.J.;
Vignati, E. Fossil CO2 and GHG Emissions of All World Countries—2019 Report, EUR 29849 EN.; Publications Office of the European
Union: Luxembourg, 2019; ISBN 978-92-76-11100-9. JRC117610. [CrossRef]

18. Polish Ministry of Infrastructure. Regulation of the minister of infrastructure of 27 February 2015 on the methodology for
calculating the energy performance of a building or part of a building and energy performance certificates. J. Laws Repub. Pol.
2015, 376. Available online: http://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20150000376 (accessed on 23 December
2020).

19. Gutenbaum, J. Mathematical Modeling of Systems; EXIT: Warsaw, Poland, 2003.
20. Typical Meteorological Years and Statistical Climate Data for Poland for Energy Calculations of Buildings. Available on-

line: https://dane.gov.pl/dataset/797,typowe-lata-meteorologiczne-i-statystyczne-dane-klimatyczne-dla-obszaru-polski-do-
obliczen-energetycznych-budynkow (accessed on 28 April 2020).

21. StatSoft Electronic Statistics Textbook. Available online: https://www.statsoft.pl/textbook/stathome.html (accessed on
26 November 2019).
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