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Abstract: Improvement of the energy efficiency of buildings contributes to energy savings. It is
obvious that thermal modernization of a building reduces the demand for energy needed to heat
it. The energy demand itself also depends significantly on the temperature maintained inside the
building. The article proposes a methodology for determining the economic and ecological benefits
of thermal insulation of a building and the optimal thickness of thermal insulation depending on
the pre-set temperature. The analysis includes various types of heat sources and materials used for
thermal insulation. A range of pre-set air temperature values in residential premises from 17 ◦C to
26 ◦C was analysed. Determining the optimal thickness of the external walls, in accordance with the
preferences of building users, even at the level of designing the thermal insulation of the building, is
of significant importance for economic and ecological benefits. The optimum thickness of thermal
insulation in the case of the ecological assessment was much higher in each variant than in the case
of the economic assessment.

Keywords: pre-set temperature in a dwelling; optimal thickness of thermal insulation; economic and
ecological analysis; life cycle assessment

1. Introduction

The global economic crisis but also the high pressure on the environment of the con-
struction sector focuses the attention of decision makers and scientists on the opportunities
related to improving the energy efficiency of buildings. The global constantly growing
human population and its housing needs and demand for energy to heat or cool residential
premises is associated with increased energy expenditure. It is widely believed that improv-
ing energy efficiency contributes to energy savings. The energy saved is the kind of “fuel”
that can be used for other purposes or for housing purposes in new buildings. Reducing
the environmental pressure of the construction sector can also be achieved by increasing
the production of energy from renewable sources [1]. The reason why the construction
sector is of interest is the fact that this sector generates nearly 40% of greenhouse gas
emissions [2]. Secondly, it is the high energy consumption required to cool and heat (due to
imperfect insulation of building walls) that contributes over 70% of energy consumption in
the building’s life cycle [3]. The problem of the high energy demand of buildings to heat
and cool them mainly affects older buildings. The pace of thermal modernization of the
world’s building resources is unfortunately not high and reaches about 0.5–1% per year [4].
In the European Union, the annual energy renovation rate is similar to the global one and
amounts to 1%; however, thorough renovation of existing resources in Europe is carried out
at the level of 0.2% per year [5]. The strategy for renovation entitled “The renovation wave
for Europe—greening buildings, creating jobs, improving the quality of life” published by
the European Commission states that in order to achieve the target of reducing greenhouse
gas emissions by 55% by 2030 compared with 1990, it is necessary to reduce greenhouse
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gas emissions from buildings by as much as 60%, their final energy consumption by 14%
and energy consumption to heat and cool by 18%. The strategy aims to at least double the
annual energy renovation rate of residential and non-residential buildings by 2030 and to
support deep energy renovations. The mobilization of forces at all levels to achieve these
goals will lead to the renovation of 35 million building modules by 2030. The European
Union’s other documents also refer to improving energy efficiency, such as the directive
on the energy performance of buildings (Directive of the European Parliament and of the
Council 2018/844), along with the energy efficiency directive (Directive of the European
Parliament and of the Council 2018/2002). On the basis of the above, the issue of the energy
renovation of the existing housing stock is a priority in the European Union.

It is obvious that the thermal modernization of buildings will contribute to reducing
the demand for energy in winter. However, as noted by Nowak-Dzieszko and Rojewska-
Warchał [6], the average value and amplitude of internal temperature fluctuations will
increase in summer. An increase in the internal temperature may result in the increase in
the energy consumption to cool the premises. In the context of the sustainable development
paradigm, it is necessary to look for such solutions in the construction and installation
of buildings that will contribute to reducing the pressure on the environment from the
construction sector, both during the heating and cooling seasons.

It is less obvious that investments in reducing the energy demand of a building will
generate economic and ecological benefits. However, it is widely recognized that thermal
insulation investments generate economic benefits, but this is determined by variables such
as: the cost of heat generation, the cost of thermal insulation material, the cost of labour,
external and internal temperature, etc.

The scientific aim of this article is to determine the economic (NPV) and ecological
(NPVE) benefits resulting from the thermal insulation of vertical, non-transparent building
walls based on the optimal (economically and ecologically) thickness of thermal insula-
tion. An additional element of the analysis is the consideration of different temperature
values (17 ◦C–26 ◦C) maintained in the dwelling, which is particularly important in the
current energy crisis. The further part of the article presents a review of the literature (in
Section 2), mainly related to two aspects: the first concerns the methodology of the energy,
economic and ecological optimization of the building, and the second the amplitude of
the actual temperatures maintained by owners of residential premises in relation to the
calculation temperature resulting from the methodology of determining the demand for
energy. Section 3 proposes a methodology to determine the economic and ecological bene-
fits of the thermal insulation of the building external walls depending on the temperature
maintained in the dwelling. Section 4 is devoted to the analysis of the case study for the
selected building in accordance with the methodology introduced in Section 3. Finally, the
results obtained are discussed (Section 5), and the conclusions of the research are presented
in Section 6.

Most scientific articles base their analyses on the calculated value of temperature, this
is of course some kind of assumption that is justified. However, in reality, temperatures
in residential premises differ significantly from this calculation temperature (20 ◦C). This
approach to take into account a wide range of temperatures in determining the demand
for thermal energy is an innovative approach in this article. The results of the economic
and ecological evaluation of the building’s thermal modernization provide important
information for individual investors as to what optimal thickness of thermal insulation
should be used on vertical external walls in the context of the preferred temperature level
maintained in residential premises.

2. Literature Review

The literature on the subject is dominated by economic assessments of the thermal
modernization projects of buildings that do not take into account ecological aspects. The
economic aspect is often combined with the energy aspect, but the assessment of the energy
aspect is somehow the result of carrying out activities related to thermo-modernization. It
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can be unequivocally stated that it is not possible to carry out an economic assessment of
the building’s thermal modernization without an energy assessment of the building.

Zhang et al. [3], while optimizing the economic thickness of thermal insulation, identi-
fied a similar problem as Nowak-Dzieszko and Rojewska-Warchał [6], namely that with
the increase in the thickness of the insulation layer of building walls, the annual de-
mand for energy to heat decreases but the demand for energy to cool slightly increases.
Zhang et al. [3] conducted research using DeST (Designer’s Simulation Toolkit) to sim-
ulate the energy demand of a university building in Chengdu, China. The analysed
building is a six-storey building with a frame structure, with a total built-up area of ap-
prox. 7500 m2. The building was situated in a mild climate and the average outside
temperature ranged from −2 ◦C–28 ◦C. The heating in the building was carried out using
electricity. In the article, the authors took into account five types of thermal insulation,
for which they determined the economically optimal thickness of the thermal insulation
for the heating and cooling seasons. Due to the mild climate, the authors obtained the
following results regarding the economically optimal thickness of the thermal insulation:
phenolic foam—15 mm, polyurethane foam—20 mm, polystyrene foam—35 mm, glass
wool—35 mm, perlite cement—40 mm. In the article, the authors also referred symbolically
to the impact of the analysed thermal insulation materials on the environment, assigning
them a letter designation from A to E: the letter A signifies the material with the lowest
impact, whereas the letter E indicates that the impact on the environment is the biggest. As
a result of thermal insulation, the studies indicated energy savings to heat in the amount of
25.34% of the total cost per unit area. According to the authors of the study, they used a
Life Cycle Cost Assessment (LCC) analysis of this building. However, the LCA (Life Cycle
Assessment) analysis, from which the LCC analysis is derived, also takes into account the
cost of disassembly and disposal of the thermal insulation material. This type of cost was
not included in the LCC analysis.

In his article, Nasrollahzadeh [7] presented an analysis of the building outer walls in
terms of energy demand, access of daylight to the rooms (transparent walls) and thermal
comfort. He also noticed that the most frequently used method in single-objective optimiza-
tion studies was the genetic algorithm. Genetic algorithms (GA) are artificial intelligence
methods along with artificial neural networks (ANN), case-based reasoning (CBR) and
hybrid systems [8].

The method of optimizing external walls using a genetic algorithm was also used
by Kalinovi et al. [8]. Multilayer walls (three types) and the selection of materials used
(thickness, type, price) for the construction of these walls were optimized. The goal was
to obtain low construction costs for the building and the thermal comfort of users. The
discussed article is interesting because the type of materials used to build the wall does
not change, the optimization takes place in terms of the thickness of these materials. The
most optimal choice (from the three considered wall cases) turned out to be variant three:
longitudinal lime mortar—0.02 m, concrete—0.172 m, mineral wool—0.15 m, air—0.039 m,
synthetics multilayer polyester board—0.104 m. The presented analysis of the optimization
of external walls is a typical energy and economic analysis.

Calculations of the demand for thermal energy for a building in Poland are carried
out for a designated internal temperature of 20 ◦C (in accordance with [9]). However, it
is the user who decides on the value of the temperature maintained in rooms during use.
An example of a deviation from this value (20 ◦C) are, for example, experimental studies
conducted by Basińska and Koczyk [10]. In this study, internal temperature measurement
was evaluated in four rooms, including a bathroom. In these rooms, the temperature
ranged between 16.0 (min) and 23.5 ◦C (max.) in the winter (heating) season, whereas in
the bathroom the difference in the measured temperatures was between 20.9 ◦C (min) and
29.2 ◦C (max.).

Another example of a high amplitude for the internal temperatures maintained in
rooms are the studies by Adamczyk et al. [11], where the average values of temperatures
inside residential premises were assumed based on the [12]. Five user profiles were included
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in the research. Profile 1, for which the average temperature in the rooms was 17 ◦C, up to
profile 5, for which the temperature was 23 ◦C. In this case, the temperature amplitude is
6 ◦C and indicates various behaviours of the users of residential premises that deviate from
the assumed calculation temperature (20 ◦C).

Szulgowska-Zgrzywa et al. [13] analysed 15 residential premises in which they mea-
sured the internal temperature during a period of two months (from 14 January to 9 March
2020—heating period), where they observed a large temperature amplitude from approx.
13.5 ◦C to approx. 23.0 ◦C.

The report [14] presents the results of research using the method of online interviews
(CAWI) with flat owners who declared that during the heating season they would like to
keep the temperature inside the rooms at a level from less than 18 ◦C to more than 27 ◦C.
The largest number of respondents declared that they would like to keep the temperature
in the rooms at 21 ◦C–23 ◦C. Among the respondents there were also users who declared
this highest temperature value (>27 ◦C).

The literature review concerns two aspects, the first concerns the identification of the
methodology for energy, economic and ecological optimization of the building, the second
concerns the identification of the amplitude of the actual temperatures maintained by the
owners of residential premises in relation to the calculation temperature resulting from the
methodology to determine the energy demand. Energy optimization of the building (in
terms of thermal modernization) is most often performed based on the assumed tempera-
ture in the rooms (20 ◦C). The determined value of energy demand may differ significantly
from the actual one due to the fact that the owner maintains different temperatures inside
the dwelling. This study is particularly important for users of residential premises due to
the current energy crisis and the resulting economic consequences for the user.

Future research should be directed towards the implementation of the theory of
ecological economics in the construction sector. This article is an example of implementing
this theory in practice.

3. Methodology of Economic and Ecological Evaluation of Thermal Insulation in
Relation to the Pre-Set Temperature Value in the Dwelling

In order to conduct an economic and ecological analysis of the thermal insulation
investment, taking into account the value of the temperature in the dwelling, we first define
the economic and ecological costs of heating depending on the value of this temperature.
This idea is a generalization of the idea from [15].

3.1. Economic and Ecological Heating Costs Depending on the Value of the Temperature
Maintained in the Dwelling

The annual economic cost of heating G0 (Tb) depending on the temperature in the
dwelling Tb, referred to 1 m2 of the area of the considered external wall, must meet the
following condition (see [16]):

G0 (Tb) × (U0 − Un) × p = Kc × (DUo (Tb) − DUn (Tb)) × pu [PLN/year]. (1)

Hence (1 EUR ≈ 4.70 PLN; 1 USD ≈ 4.20 PLN),

G0 (Tb) = (DUo (Tb) − DUn (Tb))/(U0 − Un) × (pu/p) × Kc [(PLN·K)/(W·year)], (2)

where:
U0—heat transfer coefficient of the wall without a thermal insulation layer (W/m2K);
Un = 0.20 (W/m2K), the value of the heat transfer coefficient of a wall with a thermal

insulation layer required from 2021 (according to [17]);
DU (Tb)—annual demand for energy to heat per 1 m2 of the building’s usable area,

with the heat transfer coefficient U (kWh/m2year), (respectively DUo at U0 and DUn at Un),
for the temperature in the dwelling Tb;

pu—usable area of the building (m2);
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p—area of vertical external walls (m2);
Kc—cost of heat generation for a particular heat source and fuel (PLN/kWh), taking

into account generation efficiency.
Similarly to the economic analysis, the ecological analysis first determines the annual

ecological heating costs GE (Tb) depending on the temperature in the dwelling Tb. These
costs must meet the following condition:

GE (Tb) × (U0 − Un) × p = Ke × (DUo (Tb) − DUn (Tb)) × pu [Pt/year]. (3)

From condition (3) we obtain:

GE (Tb) = (DUo (Tb) − DUn (Tb))/(U0 − Un) × (pu/p) × Ke [(Pt·K)/(W·year)], (4)

where:
Ke—the result of the LCA analysis of obtaining 1kWh of heat energy for a particular

heat source and fuel (Pt/kWh);
The rest—as before.

3.2. Economic and Ecological Analysis of Thermal Insulation Investment

Knowing the costs G0 (Tb), it is possible to assess the profitability of the thermal
insulation investment for economic reasons. For this, the economic net present value NPV
of the investment can be used, depending on the temperature in the dwelling Tb in relation
to 1 m2 of the wall surface:

NPV (Tb) = −(Km × d + Kw) + SN × G0 (Tb) × (U0 − U) [PLN/m2], (5)

where:
Km—cost of 1 m3 of thermal insulation material (PLN/m3);
Kw—cost of thermal insulation for 1 m2 of the surface of the building wall (PLN/m2);
d—thickness of the thermal insulation layer (m);

SN =
N
∑

j=1

(1+s)j

(1+r)j —cumulative discount factor;

N—number of years of use for the thermal insulation;
r—real annual interest rate;
s—real annual increase (in percent) of heating costs;
G0 (Tb)—annual economic cost of heating (according to Equation (2));
U—heat transfer coefficient of a wall with a thermal insulation layer (W/m2K),

wherein:

1/U = 1/U0 + d/λ, (6)

λ—thermal conductivity coefficient of the thermal insulation material (W/mK);
The rest—as before.
For the assessment of a thermal insulation investment for ecological reasons, we

introduce the ecological net present value NPVE of the investment, depending on the
temperature in the dwelling Tb and in relation to 1 m2 of the wall surface:

NPVE (Tb) = −Kl × d + N × GE (Tb) × (U0 − U) [Pt/m2], (7)

where:
Kl—result of LCA analysis for 1 m3 of thermal insulation material (Pt/m3);
GE (Tb)—annual ecological cost of heating (according to Equation (4));
The rest—as before.
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3.3. Optimal Thicknesses of Thermal Insulation

The NPV (Tb) indicator can be considered as a function of U. This function is strictly
concave and bounded from above. Thus, based on Equation (5), it is possible to determine
for which value of the U factor the NPV (Tb) indicator reaches its maximum value. For
this purpose, it is necessary to determine the derivative of NPV (Tb) with respect to U
and determine for what value of U this derivative is equal to 0. Let us denote this value
by Uopt (Tb):

Uopt (Tb) = (λ × Km/(G0 (Tb) × SN))1/2 [W/m2K]. (8)

Consequently, with Equation (6), the optimal thickness of the thermal insulation layer
for economic reasons corresponding to Uopt (Tb), is:

dopt (Tb) = λ × (1/Uopt (Tb) − 1/U0) [m]. (9)

Similarly, the ecological net present value of NPVE (Tb) can be thought of as a function
of U, and it is strictly concave and bounded from above. Its maximum value can be
determined with respect to U. Let us denote this value by UEopt (Tb):

UEopt (Tb) = (λ × Kl/(GE (Tb) × N))1/2 [W/m2K]. (10)

Consequently, the optimal thickness of the thermal insulation layer for ecological
reasons, corresponding to UEopt (Tb), is:

dEopt (Tb) = λ × (1/UEopt (Tb) − 1/U0) [m]. (11)

4. Case Study for the Selected Building

A single-family building, typical of Polish conditions, with a usable area of pu = 139.9 m2

and a volume of 483 m3 was selected for the analysis [18]. It is a house in brick tech-
nology with a gable roof. The walls are made of cellular concrete blocks covered with
mineral plaster and a wooden roof is insulated with mineral wool covered with sheet
metal (U = 0.30 W/m2K). On the ground floor there are a living room, a room, a kitchen, a
vestibule, a hall and a bathroom. Usable attic: three rooms, a hall, a bathroom and a utility
room. The building was founded in the Polish climatic zone II (according to [9]) and in
accordance with the K‚oppen-Geiger—Dfb [19] classification. The building was built in 1995
in accordance with the then applicable regulations; the heat transfer coefficient of external
vertical walls is U0 = 0.52 W/m2K (and is lower than U0 = 0.55 W/m2K) [11]. The area of
the vertical external walls is p = 194.7 m2.

4.1. Summary of Important Building Parameters, Data on Heat Sources and Thermal
Insulation Materials

The necessary data on the considered heat sources is listed in Table 1. Three types of
heat sources used in Poland were taken into account: S1—coal-fired boiler, S2—oil con-
densing boiler and S3—gas condensing boiler. Boiler efficiencies were: S1—85%, S2—90%
and S3—90%. The calculations include a coal-fired boiler due to the high popularity of
this heat source in Poland, despite the implementation of programs aimed at eliminating
this source from use. The analysis of the costs of gaseous fuel did not take into account
the fixed costs—the subscription fee. In Poland, the subscription fee is PLN 7.75/month
and is not significant in the context of fees for the use of gas to heat. In addition, a popular
solution is the use of natural gas for the needs of preparing meals if this fuel is supplied
to the building. With regard to heating oil and hard coal, for orders of heating oil over
1000 litres and hard coal over 1 tonne, transport is free of charge.

For the LCA analysis, the ReCiPe E [20] method was used to determine Ke and Kl. The
analysed heat sources (S1, S2, S3) and thermal insulation materials (I1, I2, I3) were subjected
to an environmental impact assessment using the Ecoinvent 3.0 database of the SimaPro
computer program. Let us notice that the lowest costs for heat generation, both economic
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and ecological, occur for the condensing gas boiler (S3). The highest economic costs are for
the oil condensing boiler (S2), and the highest ecological costs for the coal boiler (S1).

Table 1. Economic and ecological costs for heat generation.

Heat Source S1 S2 S3

Kc (PLN/kWh) 0.551 0.690 0.370
Ke (Pt/kWh) 0.1240 0.0391 0.0268

Source: Energy prices (2023 year) are based on: [21].

The analysis included three types of thermal insulation materials: I1—polystyrene
EPS, I2—polystyrene XPS and I3—mineral wool. The most important data identifying
thermal insulation materials is presented in Table 2. Let us notice that the lowest costs for
thermal insulation material, both economic and ecological, occur for polystyrene EPS (I1).
The highest economic costs are for mineral wool (I3), and the highest ecological costs for
polystyrene XPS (I2).

Table 2. Data on thermal insulation materials.

Thermal Insul. Mat. I1 I2 I3

Km (PLN/m3) 271.67 560.90 715.56
Kl (Pt/m3) 7.31 28.70 18.50

λ (W/(m·K)) 0.038 0.034 0.037
density (kg/m3) 13.5 36.0 87.0

4.2. Demand for Energy to Heat Depending on the Temperature in the Dwelling

Table 3 summarizes the set energy demand for heating using the CERTO 2015 pro-
gram, which determines the energy demand in accordance with Directive 2018/844 of the
European Parliament and of the Council (EU) of 30 May 2018 on the energy performance
of buildings. Two situations were taken into account, walls without a thermal insulation
layer (heat transfer coefficient U0 = 0.52 W/m2K) and walls with a thermal insulation
layer (heat transfer coefficient Un = 0.20 W/m2K). Moreover, various temperatures pre-set
(pre-set temperature in the dwelling-understood as the average value of the temperature
maintained throughout the heating season in the dwelling by its user) in the dwelling (in
the range from 17 to 26 ◦C) were taken into account. The considered heating season in
Poland lasts from mid-September to mid-March. Calculations of heat demand are based
on the average number of degree days over many years. Due to the fact that one of the
analysed heat sources is a hard coal boiler without a buffer tank, which is very popular in
Poland, breaks in heating were not taken into account.

Table 3. Demand for energy to heat depending on the temperature in the dwelling.

Temperature Tb [◦C] 17 18 19 20 21 22 23 24 25 26

DUo (Tb) (kWh/m2year) for
U0 = 0.52 (W/m2K)

72.46 79.91 87.62 95.65 104.04 112.07 121.13 130.62 140.57 150.99

DUn (Tb) (kWh/m2year)
for Un = 0.20 (W/m2K)

48.06 53.48 59.04 64.76 70.67 76.37 82.69 89.3 96.2 103.41

It is worth noting that the difference in the demand for energy to heat between the
building without thermal insulation and the building with thermal insulation is much
greater at higher temperatures set in the dwelling. At Tb = 17 ◦C, this difference is only
24.40 kWh/m2year, and at Tb = 26 ◦C, it is as much as 47.58 kWh/m2year. Obviously,
the demand for thermal energy at Tb = 26 ◦C is much higher than at Tb = 17 ◦C (by
more than 100%), despite the fact that the temperature difference in the dwelling is “only”
9 ◦C. It should also be emphasized that reducing the temperature maintained in the
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dwelling gives a great benefit (energy savings), in particular to those users who previously
maintained higher temperatures in the dwelling. For the building with U0 = 0.52 W/m2K
(without thermal insulation), reducing Tb temperature from 26 ◦C to 25 ◦C decreases energy
demand by 10.42 kWh/m2year; reducing Tb from 18 ◦C to 17 ◦C reduces energy demand
by 7.45 kWh/m2year. In the case of a building with Un = 0.20 W/m2K (with thermal
insulation), we obtain decreases in demand of 7.21 kWh/m2year (when Tb is reduced from
26 ◦C to 25 ◦C) and 5.42 kWh/m2year (when Tb is reduced from 18 ◦C to 17 ◦C).

4.3. Analysis Results

This section presents the results of the analysis undertaken using the methodology
introduced in Section 3. The assumed useful life of thermal insulation is N = 25 years, and
the interest rates are r = 5% and s = 3% [22]. The rates are in line with the recommendations
in Poland regarding the assessment of investment projects (see [23]). First, the economic
costs G0 (Tb) were determined from Formula (2) and the ecological costs GE (Tb) from
Formula (4). The results are presented in Figures 1 and 2.
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make thicker layers of thermal insulation (see Table 5).  

Table 4. Optimal values of heat transfer coefficient Uopt (Tb) [W/m2K] for economic reasons. 

Thermal Ins. Mat. Heat s.\Tb [°C] 17 18 19 20 21 22 23 24 25 26 

I1 
S1 0.132 0.127 0.122 0.117 0.113 0.109 0.105 0.101 0.098 0.094 
S2 0.118 0.113 0.109 0.105 0.101 0.097 0.094 0.091 0.087 0.084 
S3 0.161 0.155 0.149 0.143 0.138 0.133 0.128 0.124 0.119 0.115 

I2 
S1 0.179 0.172 0.166 0.159 0.153 0.148 0.143 0.138 0.133 0.128 
S2 0.160 0.154 0.148 0.142 0.137 0.132 0.128 0.123 0.119 0.115 
S3 0.219 0.210 0.202 0.194 0.187 0.181 0.174 0.168 0.162 0.157 

I3 
S1 0.211 0.203 0.195 0.188 0.181 0.175 0.168 0.162 0.157 0.151 
S2 0.189 0.181 0.174 0.168 0.161 0.156 0.150 0.145 0.140 0.135 
S3 0.258 0.248 0.238 0.229 0.220 0.213 0.205 0.198 0.191 0.185 

Knowing the optimal values for the heat transfer coefficient, it is possible to deter-
mine the optimum thickness of thermal insulation for economic reasons (see Formula 
(9)). The results are summarized in Table 5. For the fixed pre-set temperatures in the 
dwelling, the largest thicknesses were obtained for variant I1-S2 and the smallest for 
variant I3-S3.  

Table 5. Optimal thicknesses of thermal insulation for economic reasons dopt (Tb) [m]. 

Thermal Ins. Mat. Heat s.\Tb [°C] 17 18 19 20 21 22 23 24 25 26 

I1 
S1 0.215 0.227 0.239 0.251 0.264 0.275 0.289 0.302 0.315 0.329 
S2 0.249 0.262 0.276 0.290 0.304 0.317 0.332 0.346 0.362 0.377 

Figure 2. Annual ecological heating cost GE (Tb) ((Pt·K)/(W·year)).
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Economic costs, in accordance with the demand for energy to heat, are correspondingly
higher at higher pre-set temperatures in the dwelling. Due to the heat source, the highest
economic costs occur for heat source S2 (oil condensing boiler) due to the highest economic
costs for heat generation.

Similarly, ecological costs, in accordance with the demand for energy to heat, are
higher at higher pre-set temperatures in the dwelling. Due to the heat source, the highest
ecological costs occur for heat source S1 (coal-fired boiler) due to the highest ecological
costs for heat generation (see Table 1).

To determine the optimal thickness for thermal insulation, it is first necessary to
determine the optimal values for the heat transfer coefficient. The optimum values for
economic reasons, depending on the temperature Tb and determined from Formula (8),
are presented in Table 4. For a fixed heat source and thermal insulation material, lower
values for the U coefficient are obtained for higher pre-set temperatures in the dwelling.
This means that at higher pre-set temperatures in the dwelling, it is more economical to
make thicker layers of thermal insulation (see Table 5).

Table 4. Optimal values of heat transfer coefficient Uopt (Tb) [W/m2K] for economic reasons.

Thermal Ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 0.132 0.127 0.122 0.117 0.113 0.109 0.105 0.101 0.098 0.094
S2 0.118 0.113 0.109 0.105 0.101 0.097 0.094 0.091 0.087 0.084
S3 0.161 0.155 0.149 0.143 0.138 0.133 0.128 0.124 0.119 0.115

I2
S1 0.179 0.172 0.166 0.159 0.153 0.148 0.143 0.138 0.133 0.128
S2 0.160 0.154 0.148 0.142 0.137 0.132 0.128 0.123 0.119 0.115
S3 0.219 0.210 0.202 0.194 0.187 0.181 0.174 0.168 0.162 0.157

I3
S1 0.211 0.203 0.195 0.188 0.181 0.175 0.168 0.162 0.157 0.151
S2 0.189 0.181 0.174 0.168 0.161 0.156 0.150 0.145 0.140 0.135
S3 0.258 0.248 0.238 0.229 0.220 0.213 0.205 0.198 0.191 0.185

Table 5. Optimal thicknesses of thermal insulation for economic reasons dopt (Tb) [m].

Thermal Ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 0.215 0.227 0.239 0.251 0.264 0.275 0.289 0.302 0.315 0.329
S2 0.249 0.262 0.276 0.290 0.304 0.317 0.332 0.346 0.362 0.377
S3 0.163 0.173 0.182 0.193 0.203 0.212 0.223 0.234 0.245 0.257

I2
S1 0.124 0.132 0.140 0.148 0.156 0.164 0.173 0.181 0.190 0.199
S2 0.147 0.156 0.164 0.173 0.183 0.191 0.201 0.211 0.221 0.231
S3 0.090 0.096 0.103 0.109 0.116 0.123 0.130 0.137 0.144 0.152

I3
S1 0.104 0.111 0.118 0.126 0.134 0.141 0.149 0.157 0.165 0.173
S2 0.125 0.133 0.141 0.149 0.158 0.166 0.175 0.184 0.193 0.203
S3 0.072 0.078 0.084 0.090 0.097 0.102 0.109 0.116 0.122 0.129

Knowing the optimal values for the heat transfer coefficient, it is possible to determine
the optimum thickness of thermal insulation for economic reasons (see Formula (9)). The
results are summarized in Table 5. For the fixed pre-set temperatures in the dwelling, the
largest thicknesses were obtained for variant I1-S2 and the smallest for variant I3-S3.

Similarly, the optimal values of the coefficient U for ecological reasons, depending
on the temperature Tb and determined from Formula (10), are summarized in Table 6.
Additionally, for ecological reasons, for a fixed heat source and thermal insulation material,
lower values for the U coefficient are obtained for higher temperatures set in the dwelling.
Therefore, when higher temperatures are set in the dwelling, it is more advantageous for
ecological reasons to make thicker layers of thermal insulation (see Table 7).
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Table 6. Optimal values of heat transfer coefficient UEopt (Tb) [W/m2K] for ecological reasons.

Thermal Ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 0.040 0.039 0.037 0.036 0.035 0.033 0.032 0.031 0.030 0.029
S2 0.072 0.069 0.067 0.064 0.062 0.060 0.057 0.055 0.053 0.052
S3 0.087 0.084 0.080 0.077 0.074 0.072 0.069 0.067 0.065 0.062

I2
S1 0.076 0.073 0.070 0.067 0.065 0.063 0.060 0.058 0.056 0.054
S2 0.135 0.130 0.125 0.120 0.115 0.112 0.108 0.104 0.100 0.097
S3 0.163 0.157 0.151 0.145 0.139 0.135 0.130 0.125 0.121 0.117

I3
S1 0.063 0.061 0.059 0.056 0.054 0.052 0.051 0.049 0.047 0.045
S2 0.113 0.109 0.104 0.100 0.097 0.093 0.090 0.087 0.084 0.081
S3 0.137 0.131 0.126 0.121 0.117 0.113 0.109 0.105 0.101 0.098

Table 7. Optimal thicknesses of thermal insulation for ecological reasons dEopt (Tb) [m].

Thermal ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 0.867 0.905 0.944 0.984 1.026 1.064 1.106 1.150 1.194 1.239
S2 0.455 0.476 0.498 0.521 0.544 0.565 0.589 0.614 0.638 0.664
S3 0.364 0.382 0.400 0.418 0.438 0.455 0.475 0.495 0.516 0.537

I2
S1 0.383 0.401 0.420 0.439 0.459 0.477 0.498 0.518 0.540 0.561
S2 0.187 0.197 0.207 0.218 0.229 0.239 0.251 0.262 0.274 0.286
S3 0.143 0.152 0.160 0.169 0.178 0.187 0.196 0.206 0.216 0.226

I3
S1 0.512 0.535 0.560 0.585 0.610 0.634 0.660 0.687 0.715 0.743
S2 0.256 0.269 0.283 0.297 0.312 0.325 0.340 0.355 0.370 0.386
S3 0.200 0.211 0.222 0.234 0.246 0.257 0.269 0.281 0.294 0.307

It is likewise possible to determine the optimal thickness of thermal insulation for
ecological reasons (see Formula (11)). The results are summarized in Table 7. For the fixed
pre-set temperatures in the dwelling, the largest thicknesses were obtained for variant I1-S1
and the smallest for variant I2-S3. It should be noticed that, taking into account ecological
considerations, much greater thicknesses were obtained than for economic reasons. In
some cases (e.g., I1-S1), these thicknesses are much greater than 0.5 m and are unrealistic to
implement in practice.

Table 8 shows (see Formula (5)) economic net present values NPV (Tb) depending
on the pre-set temperature in the dwelling Tb in relation to 1 m2 of the wall surface, with
d = dopt (Tb) and U = Uopt (Tb). The highest NPV values were obtained for variant I1-S2.
However, for variants I2-S3 and I3-S3 at the lowest values of pre-set temperatures in
residential premises (17 ◦C and 18 ◦C—for the first variant and 17 ◦C, 18 ◦C and 19 ◦C—for
the second variant), no refund was obtained from the thermal insulation investment.

Table 8. Economic net present values NPV (Tb) [PLN/m2] for optimal insulation thicknesses for
economic reasons.

Thermal Ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 91.90 111.19 131.88 154.38 178.82 202.00 229.52 258.72 289.90 323.00
S2 151.11 176.12 202.90 231.97 263.49 293.36 328.77 366.29 406.33 448.78
S3 18.79 30.80 43.74 57.85 73.23 87.87 105.30 123.83 143.68 164.80

I2
S1 52.50 69.50 87.86 107.95 129.89 150.81 175.77 202.37 230.91 261.31
S2 105.01 127.46 151.63 178.00 206.73 234.07 266.62 301.24 338.31 377.74
S3 −10.46 −0.33 10.70 22.84 36.18 48.96 64.29 80.70 98.38 117.28

I3
S1 28.81 44.26 61.05 79.51 99.77 119.18 142.41 167.26 194.00 222.59
S2 76.81 97.53 119.93 144.49 171.34 196.98 227.59 260.25 295.32 332.71
S3 −27.30 −18.43 −8.70 2.11 14.07 25.61 39.52 54.49 70.71 88.12

Table 9 presents (see Formula (7)) ecological net present values NPVE (Tb) depending
on the pre-set temperature in the dwelling Tb in relation to 1 m2 of the wall surface, with
d = dEopt (Tb) and U = UEopt (Tb). A characteristic feature of this statement is that in each of
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the analysed variants there is a positive NPVE value. The highest ecological net present
values occur for variant I1-S1, whereas the lowest are for variant I2-S3 for each value of the
pre-set temperature in the dwelling.

Table 9. Ecological net present values NPVE (Tb) [Pt/m2] for optimal thicknesses of thermal insulation
for ecological reasons.

Thermal Ins. Mat. Heat s.\Tb [◦C] 17 18 19 20 21 22 23 24 25 26

I1
S1 75.12 81.90 89.12 96.89 105.26 113.14 122.43 132.22 142.61 153.57
S2 20.67 22.67 24.81 27.11 29.60 31.95 34.73 37.66 40.77 44.07
S3 13.24 14.56 15.98 17.51 19.17 20.74 22.59 24.55 26.63 28.84

I2
S1 64.45 70.75 77.46 84.72 92.55 99.95 108.70 117.93 127.76 138.14
S2 15.27 16.99 18.85 20.87 23.06 25.13 27.60 30.22 33.02 35.99
S3 8.99 10.10 11.28 12.57 13.98 15.33 16.92 18.62 20.45 22.38

I3
S1 68.07 74.54 81.43 88.86 96.89 104.45 113.39 122.82 132.84 143.43
S2 17.06 18.88 20.83 22.95 25.24 27.42 29.99 32.72 35.63 38.71
S3 10.38 11.56 12.82 14.20 15.70 17.12 18.81 20.60 22.51 24.54

5. Discussion of the Obtained Results

Sustainable construction is construction that uses modern construction techniques to
optimize the energy and ecological performance of buildings. Optimization of the thickness
of thermal insulation, both ecological and economic, is aimed at reducing the level of
pollutant emissions, not only during the use of the building but also in the phase of
obtaining raw materials and manufacturing the thermal insulation materials and then
optimizing the costs of construction, operation and maintenance of the buildings.

Due to the ecological net present value, the greatest ecological benefits for variant
I1-S1 are obtained. It should be noticed that of the heat source variants, S1—a coal-fired
boiler, is characterized by higher ecological benefits than the others (S2, S3). This is the
result of the high emissivity of this heat source. Due to the economic aspect (NPV), the
highest benefits are for the variant with the S2 heat source because of the highest cost of
heat generation. On the other hand, the smallest economic benefits are with the S3 boiler as
the heat generation costs are the lowest for this boiler.

Taking into account thermal insulation materials, we also obtain different results
depending on whether economic or ecological benefits are considered. The economic
net present values are the highest for I1 (polystyrene EPS) and the lowest for I3 (mineral
wool). The ecological net present values are the highest for I1 (polystyrene EPS) and the
smallest for I2 (polystyrene XPS). However, the differences are very small, not like in the
case of boilers.

The values for the optimal thicknesses of thermal insulation in the case of ecological
assessment are definitely higher in each variant in relation to the values of these thicknesses
in the case of economic assessment. Considering the life cycle of thermal insulation over a
period of 25 years, it can be seen that the decisive element of the impact on the environment
of building use is the generation of energy depending on the heat source and not the
production process of the thermal insulation material.

It should be emphasized that the temperature Tb maintained in the dwelling has a
very large impact on both the economic benefits (NPV) and ecological benefits (NPVE). The
higher the temperature Tb, the more economically viable the thermal insulation investment
is (see Table 8). Similarly, the higher the temperature Tb, the greater the reduction in
environmental load due to thermal insulation (see Table 9). The greatest impact on the
obtained results is the demand for energy to heat DU (see Table 3). At the temperature
Tb = 26 ◦C, this demand is about 60% higher than at Tb = 20 ◦C. However, at Tb = 17 ◦C, it
is about 25% lower than at Tb = 20 ◦C.
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6. Summary and Conclusions

Consideration of economic and ecological aspects in optimizing the thickness of
thermal insulation is close to the idea of sustainable construction. Conclusions from
the article:

• When optimizing the economic and ecological thickness of thermal insulation, the
insulating properties of the materials and their price as well as ecological properties
should also be taken into account.

• The optimal thickness for thermal insulation is also affected by the heat source used
and the set value of the air temperature inside the dwelling.

• The article draws attention to the need to determine the optimal thicknesses for
external walls to comply with the preferences of the user of the dwelling, even at
the level of design (thermal insulation) of the building, because this aspect may be
important for higher economic and ecological benefits.

• The authors focused on how the customary insulation thicknesses currently used
in buildings can be changed to those that are optimal, while taking into account all
ecological and economic factors.

• The main conclusion of the article is that with the rational and progressive design of
buildings, tailored to the needs of the user, it is possible to significantly reduce the
costs of building use and at the same time improve relations with the environment.

• The demand for energy to heat at the temperature in the premises Tb = 26 ◦C is about
60% higher than at Tb = 20 ◦C, whereas at Tb = 17 ◦C it is about 25% lower than at
Tb = 20 ◦C.

• The ecological benefits of thermal insulation are more than twice as high at Tb = 26 ◦C
than at Tb = 17 ◦C.

• The higher the temperature Tb, the more economically viable the thermal insulation
investment is.
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