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Abstract: The purpose of this paper is to present and analyse the decision-making problem faced by a future
house owner - selection of the optimal solution of building thermal insulation in relation to the selected criteria,
both related to costs and future benefits. The problem of selecting the best solutions in the construction sector
is widely discussed in the science literature. In this paper, the authors decided to solve the raised problem

by using the Entropy method.
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1. INTRODUCTION

The purpose of this paper is to present and analyse the decision-making problem faced by a future
house owner - selection of the optimal solution of building thermal insulation in relation
to the selected criteria, both related to costs and future benefits. The problem of selecting the best
solutions in the construction sector is widely discussed in the science literature [1], [2], [3], [4], [5],
[6], [7], 8], [9], [10], [11], [12], [13]. In this paper, the authors decided to solve the raised problem
by using the Entropy method. It is necessary to stress the fact that the choice of a potential investor
that plans to erect a new building has long-term effects and substantial impact on future building
maintenance costs. Thanks to the use of adequate roof, wall and ceiling insulation, it is possible to

decrease the future heating costs by 20-40% with an approximate payback time of 10 years.
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Thanks to the use of adequate roof, wall and ceiling insulation, it is possible to decrease the future
heating costs by 20-40% with an approximate payback time of 10 years. Over a dozen years ago,
when building a single family house, not many people considered its thermal insulation and even
less reflected on a thought-out choice and its effective execution. The last dozen years brought
many restrictions in this aspect, including legal restrictions (in the form of acts, EU regulations
and directives). Standards were introduced, the fulfilment of which requires separate analyses
(e.g. in the form of energy certificates). Currently, the construction materials market offers newer
and “better” insulation materials, which allow selecting the most adequate building thermal

insulation with consideration of the characteristics and specificity of a given building.

2. INPUT DATA FOR THE PURPOSES OF THE MULTICRITERIA ANALYSIS

In order to conduct the multicriteria evaluation of the selected material solutions for the building
thermal insulation, we used the design of a single family house as the so called “model structure”.
We estimated the cost of execution of thermal insulation for the house’s parameters, which

constitutes one of the selection criteria.

Table 1. Specification of compartments of the analysed house

2
Construction Areacicuaea [M]
No.
element 5
m

1 External window 54.6

2 External wall 138.82

3 External door 5.04

4 External ceiling 106.8

5 Roof 59.16

The analysis included options of material solutions for external walls and roof insulation. Table 2
presents the specification of basic materials (without insulation materials, which are the subject
of the analysis) from which the compartments are designed. The compartments do not include
materials which are irrelevant for the estimation of the U coefficient (e.g. internal and external
plaster). In the latter part of the paper, the U, coefficient value will used to estimate the minimum

thickness of the thermal insulation layer.
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Table 2. Specification of materials used for designing the compartments

No. Description d lambda R U,
m W/(mK) | m>K/W | W/(m’K)
1 External wall, uniform compartment
1 Heat transfer resistance on the external side 0.04 -

(horizontal heat stream)

2 POROTHERM hollow mould tiles ‘ 0.188 ‘ 0.230 0.817 -

3 Heat transfer resistance on the internal side 0.13 -
(horizontal heat stream)

Total thickness and Uy ‘ 0.37 ‘ - 0.987 1.01

2 Roof, uniform compartment

1 Heat transfer resistance on the external side 0.04 -

(upwards heat stream)

2 Plane roof tile 0.030 1.000 0.030 -
3 Fibre cement boards 450 0.018 0.140 0.129 -
4 Heat transfer resistance on the internal side 0.1 -

(upwards heat stream)

Total thickness and Uy 0.048 - 0.299 3.34

3. DECISION-MAKING PROBLEM

The basic criterion in the case of all methods supporting the decision-making is the correct
formulation of the decision-making problem [4], [7], [8]. The authors have defined the following,
amongst others, for the raised problem:

e decision-maker,

e conditions limiting the decision,

e set of acceptable decisions,

e cvaluation criteria and degrees of their significance.
The paper assumed the comparison of four material solutions for the executed construction works:
mineral wool (O1), polyurethane (O2), expanded polysterene (O3), phenolic resole board (0O4).
The decision-making criteria have been chosen so that one criterion does not directly depend
on another (high assessment of one of them causes an increase in the assessment of another).
Furthermore, the criteria have been defined and described as accurately as possible, so that

the evaluation by third persons is as explicit as possible. This problem does not occur in the case
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of measurable criteria (the option evaluation gives us a specific numerical value), such as the cost,
time of execution, etc. The problem occurs when we are dealing with criteria that are hard
to measure (such as aesthetics, nuisance or environmental impact) [1].

The authors selected the following criteria: material thermal insulation (C1), cost of execution
of insulation required to obtain the required values of the heat transfer coefficient U (C2), durability
(C3), mechanical properties of the insulation (C4), environmental impact (C5), material’s fire
resistance (C6). Table 3 presents the specification of evaluation results for particular options
in terms of the selected criteria. The matrix may not however be used for further analysis without

being processed earlier.

Table 3. Matrix of evaluation results for particular options

Criteria
. K4 K5
Option K1 K2 K3 (average compression and tensile (total Ké
[W/(m*K)] [PLN] [points] | strength at relative deformation of 10% energy [points]
[kPa]) used [MJ])
W1 0.038 23,850.30 8 12.5 76,040.99 13
W2 0.022 24,843.53 9 190 61,123.23 8
w3 0.036 23,896.94 7 85 40,515.61 4
W4 0.023 51,855.84 10 115 54,470.57 11

All algorithms of the multicriteria analysis are susceptible to whether the criteria are “positive”
(stimulants) or “negative” (destimulants). In the presented studies, the “positive” criteria include C3
(durability), C4 (mechanical properties), C6 (fire resistance), while the other criteria are “negative”
(cost, environmental impact and the heat transfer coefficient). They were interchanged
by presentation in a reversed form (1/evaluation value). Then, the results have undergone the vector

(Euclidean) normalisation in accordance with the following formula (3.1):

A 0,

A — i

(3.1) 2,

The final specification of evaluations of particular options after normalisation is presented

in table 4.
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Table 4. Final specification of evaluations of particular options after normalisation

Criteria
Option
K1 K2 K3 K4 K5 K6
W1 0.3574 0.5653 0.4666 0.0525 0.3531 0.6758
w2 0.6174 0.5427 0.5249 0.7979 0.4393 0.4159
W3 0.3773 0.5642 0.4082 0.3569 0.6628 0.2080
W4 0.5905 0.2600 0.5832 0.4829 0.4930 0.5719

4. ENTROPY METHOD

The authors used the Entropy method to find the best options. This method allows estimation
of the significance of the analysed options, used in the evaluation of the selected options, solution
of the raised decision-making problem based on the discrepancies in the value of each of them.
The first person to use the entropy method in information theory was Cloude Shannon and then
it was perfected by B. MacMillan and L. Breiman [4].

In this method, the final stage of the estimation algorithm, used to obtain the preferred order
of particular options, uses the following elements:

. Degrees of criteria fulfilment determined subjectively by the decision-maker (expert),

. Degrees of criteria fulfilment obtained on the basis of the estimation procedure.

The first step of the Entropy method is to break down the results of the evaluation of options
alongside further criteria, so that each of the criteria is a stimulant. We have obtained this

by presenting criterion 2 and 5 as inverse elements of the initial evaluations (table 5).

Table 5. D results matrix

Criteria
Option
K1 K2 K3 K4 K5 K6
Wi 26.31 0.0000419281864 8 12.5 0.0000131508010 13
w2 45.45 0.0000402519284 9 190 0.0000163603930 8
W3 27.77 0.0000418463546 7 85 0.0000246818460 4
W4 43.47 0.0000192842313 10 115 0.0000183585370 11
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The next step is to subject the matrix D to the normalisation procedure according to formula

“.n[7].

4.1) pij = ET]L-;

Thus, we obtained the matrix P (table 6), which will be used for further estimations.

Table 6. Entropy method’s matrix P

Criteria
Option
C1 C2 C3 C4 Cs Cé6
(0) 1 0.183986 0.292568428 0.235294 0.031056 0.181261408 0.361111
02 0.317832 0.280871758 0.264706 0.47205 0.225500171 0.222222
03 0.194196 0.291997418 0.205882 0.21118 0.340197237 0.111111
04 0.303986 0.134562396 0.294118 0.285714 0.253041185 0.305556

Then, particular criteria were assigned with subjective criteria significance degrees. We decided

to use the first set which was applied in the Weighted Sum method, so that the results were

comparable.
Table 7. Degrees of fulfilment of the Entropy method’s criteria (vector W;*)
C1 C2 C3 C4 C5 Co Total
Weight 0.2 0.35 0.15 0.1 0.1 0.1 1

According to the estimation procedure, the next step is the estimation of the value of entropy E;

according to formula (4.2). The estimation results are presented in table no. 8.

4.2) E; = —k ¥ pijln(p;j)

Table 8. Specification of the Entropy level (vector E;)

Criterion E1l E2 E3 E4 ES E6

Ej1 0.757 0.751 0.769 0.641 0.759 0.730
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Then, it is necessary to estimate the Entropy variability, which is presented in table no. 9.

Table 9. Entropy variability (vector d;)

Criterion

d1

d2

d3

d4

ds

dé

q;

0.243

0.249

0.231

0.359

0.241

0.270

Then, by using formulae (4.3) and (4.4) respectively, it is necessary to estimate values WjO and W;,

the results of which are presented in table no. 10.

4.3)

w? =

*

WjWJ

ij-w;f

Where w; - subjectively determined criteria weights, whereas:

(4.4)

J

Table 10. Specification of weight values (vectors Wj, W*, Wjo respectively)

total

Wj 0.153 0.156 0.145 0.225 0.151 0.169 1
Wj* 0.2 0.35 0.15 0.1 0.1 0.1 1
wi’ 0.189 0.339 0.135 0.139 0.094 0.105 1

Vector W;° is the vector of the “new” criteria fulfilment degrees and it will be used to estimate

the final result (solutions vector C;j), which will then be used to designate the order of the preferred

solutions. The value of vector C; was estimated from formula (4.5).

4.5)

0
¢ = Ldijw;

The following results have been obtained for particular options: O1=0.225, 02=0.301; 03=0.236,

04=0.238 (vector C;). The order of the preferred solutions was obtained by arranging the solutions

vector in a decreasing order. The most preferred option turned out to be option O2 (PUR foam

thermal insulation).
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The least preferred option turned out to be option O1 (mineral wool thermal insulation). In the case
of the Entropy method, it is clear that a change in one criterion caused a substantially lesser change
in the final order result. This means that the method assigns less significance to weights selected
subjectively by the decision-maker. This also means that the method allows obtaining more

subjective results.

6. CONCLUSIONS

As result of the conducted multicriteria evaluation of the options it was assumed that the most
adequate thermal insulation system for a single family house is thermal insulation with
polyurethane foam, while the least adequate (worst) — according to the Entropy method — thermal
insulation with mineral wool.

In the authors’ opinion, the applied methods of multicriteria evaluation improve the decision-
making process, because they allow arrangement of the set of considered solutions and selection
of the best option in the light of the adopted evaluation criteria.

Furthermore, the multicriteria decision-making models constitute the most versatile tool of
multicriteria evaluation and can be recommended as the best relative tool for solving the tough
problem of evaluation.

It is of course hard to clearly determine which of the multicriteria evaluation methods is better and
more suitable for the given decision-making task, because the evaluation difficulty results mainly
from the degree of complexity of the decision-making task, complexity of options and preferences
of the evaluator.

The applied methods allowed to obtain various arrangement of options, resulting mainly from

the specificity of the given estimation algorithm.
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WIELOKRYTERIALNA ANALIZA WYBRANYCH ROZWIAZAN OCIEPLENIA BUDYNKOW

Stowa kluczowe: wielokryterialne metody podejmowania decyzji, ocieplenie budynku, entropia

STRESZCZENIE:

Celem niniejszego referatu jest zaprezentowanie i analiza problemu decyzyjnego, przed jakim stoi przyszty wiasciciel
domu - wybdr optymalnego rozwigzania dla izolacji termicznej budynku w odniesieniu do wybranych kryteriow,
zarowno kosztowych, jak i tych uwzgledniajacych przyszte korzysci. Problem wyboru najlepszych rozwigzan
w budownictwie podejmowany jest szeroko w literaturze naukowej. W swojej pracy, autorzy zdecydowali si¢ na
rozwigzanie postawionego problemu za pomoca metody Entropii.
Nalezy podkresli¢ fakt, ze wybdr przed ktorym zostaje postawiony potencjalny inwestor, planujacy wybudowanie
nowego budynku ma dlugofalowe skutki i bardzo istotny wptyw na podzniejsze koszty utrzymania obiektu. Dzigki
zastosowaniu odpowiedniej izolacji dachu, $cian i stropéw mozliwe jest zmniejszenie przysztych kosztow ogrzewania
w granicach 20 - 40% przy orientacyjnym czasie zwrotu okoto 10 lat. Jeszcze kilkanascie lat temu, budujac dom
jednorodzinny mato kto brat pod uwagg jego ocieplanie, a jeszcze mniej zastanawiano si¢ nad przemy$lanym wyborem
i efektywnym jego wykonaniem. Ostatnie kilkanascie lat przyniosto wiele obostrzen w tej kwestii, takze prawnych
(w postaci ustaw, rozporzadzen i dyrektyw unijnych). Wprowadzono normy, ktorych spelnienie wymaga osobnych
analiz (np.: w postaci certyfikatu energetycznego). w chwili obecnej, rynek materiatdw budowlanych oferuje coraz to
nowsze i ,lepsze” materiaty izolacyjne, umozliwiajac wybor najbardziej whasciwego systemu ocieplenia budynkow,
adekwatnie do charakterystyki i specyfiki danego obiektu budowlanego.
W celu przeprowadzenia oceny wielokryterialnej wybranych rozwigzan materiatowych dla izolacji termicznej budynku,
jako tak zwany ,obiekt wzorcowy” wykorzystano projekt domu jednorodzinnego. Dla parametrow tego domu
wyliczony zostat koszt realizacji termoizolacji, ktory jest jednym z kryteriow wyboru.
Podstawowym kryterium w przypadku wszystkich metod wspomagajacych podejmowanie decyzji jest poprawne
sformutowanie problemu decyzyjnego.
Dla postawionego w artykule problemu, autorzy zdefiniowali m.in.:

e decydenta,

e warunki ograniczajace decyzjg,

e zbidr decyzji dopuszczalnych,

e  kryteria oceny i ich stopnie waznosci;
W artykule zatozono poréwnanie czterech rozwigzan materialowych dla przeprowadzanych robot budowlanych: wetna
mineralna (W1), poliuretan (W2), styropian (W3), plyta fenolowo-rezolowa (W4).
Kryteria decyzyjne zostaty dobrane w ten sposob aby jedno z kryteriéw nie zalezato od innego w sposob bezposredni
(wysoka ocena jednego z nich powoduje wzrost oceny drugiego). Ponadto kryteria zostaty zdefiniowane i opisane
mozliwie najdoktadniej tak aby ocena, przez osoby trzecie byla w miar¢ mozliwosci jednoznaczna. Takiego problemu
nie ma w przypadku kryteriow mierzalnych (ocena wariantu zwraca nam konkretng wartos¢ liczbowa), takich jak np.
koszt, czas wykonania itp. Problem taki pojawia si¢ gdy mamy do czynienia z kryteriami trudno mierzalnymi (takimi
jak estetyka, ucigzliwo$¢, czy wptyw na $rodowisko). Autorzy zwrdcili szczegdlna uwage na jasny i czytelny opis

kryteriow.
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Autorzy wybrali nastgpujace kryteria: termoizolacyjno$¢ materiatu (K1), koszt wykonania izolacji niezbgdnej do
osiagnigcia wymaganych wartosci wspotczynnika przewodzenia ciepta U (K2), trwatosé (K3), whasnosci mechaniczne
izolacji (K4), wptyw na srodowisko naturalne (KS5), ognioodporno$¢ materiatu (K6).

Do wylonienia najlepszych wariantow, autorzy wykorzystali metod¢ Entropii. Entropia w statystyce oznacza stopien
wyjatkowosci zbioru. Jest pojeciem zaczerpnigtym z termodynamiki gdzie okresla stopiefi nieuporzadkowania uktadu.
W przypadku metod wspomagajacych podejmowanie decyzji, metoda entropii pozwala na oszacowanie istotnosci
analizowanych wariantow, stuzacych do oceny wybranych wariantéw, rozwiazania postawionego problemu
decyzyjnego, na podstawie rozbieznosci wartosci kazdego z nich. Po raz pierwszy metod¢ entropii w teorii informacji
zastosowat Cloude Shannon, a nastgpnie udoskonalili B. MacMillana i L. Breimana.

W metodzie tej do koncowego etapu algorytmu obliczen, w wyniku ktérego uzyskuje si¢ preferowana kolejnosé
poszczegdlnych wariantow, wykorzystuje si¢ nastgpujace elementy:

. Stopnie spetnienia kryteriow okreslone, w sposob subiektywny, przez decydenta (eksperta)

. Stopnie spetnienia kryteridw uzyskane na podstawie procedury obliczeniowej

Przedstawiono algorytm obliczeniowy prowadzacy do uzyskania wyzej wymienionych stopni waznosci, ktore
w ostatecznosci postuza do wyznaczenia szeregu preferowanych rozwiazan. Artykut zawiera przyktadowe obliczenia

i zwienczony jest wnioskami.



