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Abstract: This a presents an original methodology for designing residential buildings with a posi-
tive energy balance. This process is an extremely complex undertaking. So far, no methodology with
an open set of decision criteria has been developed that would include the modeling of the deci-
sionmaker’s preferences using statistical surveys of a group of decisionmakers for this purpose.
There is also no methodology relating to the interdependence of decision criteria. The present paper
presents an original methodology consisting of five stages. The prepared algorithm indicates the
need for changes in the classic design of residential buildings, taking into account the decision cri-
teria that show interdependence. The proposed methodology consists in combining three methods
of multi-criteria decision support: the DEMATEL method, used to determine the relations between
decision criteria; the AHP/ANP method, used to build a model of the decisionmaker’s preferences,
and the TOPSIS method, used to create a ranking of permissible and acceptable variants of solutions.
The too], i.e., the DEMATEL method, fulfills the expected function and enables the identification of
the relations between the criteria and sub-criteria of evaluation. The AHP/ANP method fulfills the
expected function and enables the ranking of evaluation criteria and sub-criteria.

Keywords: plus energy buildings; planning methodology; multicriteria analysis

1. Introduction

As a result of the depletion of natural resources, which are carriers of conventional
energy, the increase in the wealth of society and the ease of obtaining energy, as well as
the trend of limiting the consumption of primary energy in all its forms, which continued
for some time, buildings are created in accordance with the idea of sustainable develop-
ment. The built environment is responsible for around 30-40% of the world’s total pri-
mary energy consumption. Therefore, it has a high reduction potential that can be used
to improve the energy performance of individual structures [1-7].

Establishing a policy implementing the sustainable development strategy in the
world was the entry point for the introduction of normative provisions in the housing
industry that clearly limit the demand for energy in this sector. The effects were achieved
mainly by tightening the requirements for thermal insulation of building envelopes and
defining limitations concerning the value of the annual primary energy (PE) demand in-
dex. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010
[8] introduced a concept of a nearly zero-energy building (nZEB). Thus, the minimum
standard of newly erected buildings was defined and it is fully applicable from 1 January
2021 for all newly constructed buildings.

A standard ahead of the European requirements in terms of energy efficiency is the
idea of a passive house, in line with the standards of the Passive House Institute (PHI),
which combines high living comfort with very low energy consumption. Passive house
construction is characterized by excellent energy efficiency, optimal thermal comfort and
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a high degree of user satisfaction with the surrounding conditions, but also protection
against potential damage caused by excessive condensation of water vapor [9-16]. A res-
idential building designed in accordance with the idea of a passive house should function
as a starting point and meet the fundamental requirements of designing buildings with a
positive energy balance. Nearly zero-energy buildings (nZEBs) and basic passive build-
ings are already, in the design process, treated as intermediate stages. A building or a
group of buildings with a positive energy balance is an energy-independent structure, it
does not require the use of conventional energy sources for heating, cooling and electricity
[15-17].

The process of designing residential buildings with a positive energy balance is an
extremely complex undertaking. It is accompanied by informational, technical, energy,
exergy, economic, social and environmental factors that require continuous decision-mak-
ing in order to achieve the intended goal, which can after all be accomplished in many
different ways. The methods are in close connection to solutions (variants), and the vari-
ants are accompanied by the factors mentioned above. These are measurable characteris-
tics, but they are also sometimes difficult to measure, most often they interact with each
other. An indication of the most favorable variant (a compromise solution) is accompanied
by a specific decision situation resulting from the characteristics of the problem and the
evaluation criteria. The choice of the best variant is supported by knowledge, experience
and intuition, but with the increasing complexity and scale of problems, it becomes nec-
essary to support decisions with methods of operational research, i.e., the so-called multi-
criteria methods of supporting the decision-making process. Using them makes it possible
to determine a set of permissible solutions, and after indicating the decision-making cri-
teria and determining the preferences of the decisionmaker, it enables the choice of a com-
promise solution.

Entities responsible for the design and operation of sustainable buildings need clear
and reliable building evaluation tools [18-21]. Currently, there are many methods for
measuring and evaluating the environmental performance of a building, often referred to
as building rating systems (BRSs). The two most common ones are the English BREEAM
method and the American LEED method [22]. Unfortunately, there is no methodology for
designing a residential building with a positive energy balance, which makes it difficult
to start the construction process. So far, no methodology with an open set of decision cri-
teria has been developed that would include the modeling of the decisionmaker’s prefer-
ences using statistical surveys of a group of decisionmakers for this purpose. There is also
a lack of methodology relating to the interdependence of decision criteria [22-41].

It is necessary to develop a methodology for designing residential buildings with a
positive energy balance, consistent with the idea of sustainable development, allowing for
a reduction in global consumption of non-renewable primary energy in the household
sector, based on an open set of criteria and parameters, in accordance with the specific
preferences of the decisionmaker, and taking into account the relations between decision
criteria. The choice of a compromise solution becomes a decision problem that requires
the use of one (or many) of the multi-criteria methods supporting decision-making.

The main goal of this paper is to present an innovative methodology for designing
residential buildings with a positive energy balance in accordance with the principles of
sustainable development. A large number of available methods makes it difficult to make
the best choice. The final decision was influenced by many factors, including the nature
of the issue under consideration, the potential of the method, the construction or use of an
existing tool, its perception, flexibility, speed and ease of use. Undoubtedly, the choice of
method is itself a decision problem. However, there are universal solutions, the usefulness
of which was tested on many practical examples, especially those related to construction,
to obtain the desired and satisfactory results of the analyses [32-39].

The present paper discusses the AHP/ANP-DEMATEL-TOPSIS approach. The de-
veloped methodology consists of five stages. The first is the construction of an input da-
tabase for a specific project, the second is the identification of permissible and acceptable
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solutions. The third stage is the creation of a set of decision criteria and the identification
of the relation between them, which is determined by surveying a group of experts using
the Delphi method. To identify the relation between decision criteria, the DEMATEL
method and an original expert team survey questionnaire is used. The aim is to determine
the weights of the relations between criteria (vi). Pairwise comparisons are made with re-
spect to all combinations of interrelations between elements and their groups. The fourth
stage consists in determining the preferences of the decisionmaker with the use of a target
group survey utilizing social research. In order to compare pairs of decision criteria based
on the set goal, i.e., the selection of a residential building with a positive energy balance,
the AHP/ANP method is used together with an original questionnaire surveying the tar-
get group: decisionmakers clearly interested in the construction of the buildings in ques-
tion. The aim is to determine the weights of the criteria preferences (wc). An algorithm
completes the fifth stage, in which the values of the variables are calculated and normal-
ized, and a ranking of permissible and acceptable variants of solutions is created, con-
cluded with the choice of a compromise solution. The TOPSIS method is used to create
the final ranking of permissible and acceptable solutions. The prepared algorithm indi-
cates the need for changes in the classic design of residential buildings, taking into account
the decision criteria that show interdependence.

2. Methodology

An original methodology (algorithm) for designing residential buildings with a pos-
itive energy balance was created. The general algorithm consists of five main stages, as
presented in Figure 1.

Principles of designing

r._._,_?_ = — [ == —t-———[———F--—1

buildings with a positive energy balance ‘

STAGE 1

analyzed case

: Creating the database Calculating target weights .
| | of decision criteria | of the decision criteria
—— k] here 221 | [W). where i, .. |
Creating the input database ka]. where z " sWist
local climate. location and positon on the site ! ) 1 )
clmate comfort requrements | D Hion and select
Avestor's requirements, manner and profies of use lecomposition and selection Calculation of the value of variabl
mitations, including regulations, tme and costs of evaluation criteria and sub-criteria alculation of the value of variables
design ideas and archtectural form [Ky] where y=1. ..o (Gecision criteria of individua
ntegration with the exterior environment, including where 251, .
the use of natural resources l l
| | Selection of a set | Normalization
l © of decision criteria 0 | of the values of variables |
—— w cyw ( w
Database of and 1] [[:Y]] wherey=1..... 7 “j' o}
ilding wi it - < z). where z=1. ... 7 (42) p-q - - —
of the building with a positive energy balance — open data set | piS s | Creating rankings of permissible |
@ @ and acceptable variants of solutions
Identification of the relation (Using the TOPSIS method)
Completeness. | | between criteria | | l |
of the database for the . (Using the Delphi method

— surveying a team of experte
and the DEMATEL method)
Determining the weights of relations

’ Discussing the calculation results

Accepting

Identification of permissible

and acceptable solutions

(decomposition of global diagnosis): |

feasibilty and accessibility of technical solutions.
meeting requrements. regulatins and lmitations

- [Vi] where i=1. .. m
| TVist |

the result

Accepting a set
of decision criteria

The most compromise solution
for a residential building with a positive energy balance

o~
w
£l
S Set of permissible variants
o .

| Accepting

a set of solutions
L YES

|

| " Determining the profile ‘{ _—— s — j— P—
é-STOP

of the decision-maker’s preferences
| (Using social research |
~ surveying the target group)
Determining the priorities
[Wi). where i1, ... m
| sWist |

STAGE 4

Accepting the profile
of the decision-maker's
preferences

Figure 1. Methodology for designing a residential building with a positive energy balance.

2.1. STAGE 1—Creating the Input Database for a Specific Project

The creation of the input database is carried out in accordance with the basic princi-
ples of designing residential buildings with a positive energy balance. It is created for a
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specific analyzed case at the initial stage of the designing process. It takes into account,
for example, local climate (meteorological data), location, orientation and position on the
site of the planned building, detailed climatic comfort requirements, the investor’s in-
structions and guidelines, the expected type and profiles of the use of the building, global
and local restrictions, including regulations, access to utilities, the maximum time and
costs of the project execution, design ideas and the architectural form acceptable to the
decisionmaker, but also the impact of the building on the external environment and the
use of natural resources, including the role of passive energy systems and the introduction
of renewable energy. The input database is an open set. It can contain a different number
and quality of variables, depending on the complexity of the building and the time to
make key decisions. After creating a complete input database for the analyzed case, pro-
ceed to the second stage. Otherwise, the database must be completed with further data.

2.2. STAGE 2 —Identification of Permissible and Acceptable Solutions for a Residential Building
with a Positive Energy Balance

After creating the input database for a specific investment, proceed to the second
stage, i.e., identification of technical solutions the decisionmaker allows and accepts,
which are realistic and available for a specific case, meeting the previously imposed re-
quirements, guidelines and restrictions. Often the set of allowable variants is finite and
discrete. This stage uses a decomposition of a global diagnosis, creating an observation
matrix that features the above elements. In this way, a set of possible variants of solutions
is created, and after its approval, proceed to the third stage.

2.3. STAGE 3 — Selection of a Set of Decision Criteria and Identification of the Relations between
the Criteria

During this stage, a set of decision criteria and sub-criteria is selected. In the proposed
methodology, they were decomposed and selected on the basis of an extensive literature
review, and summarized in Table S1 in Supplementary Materials. Next, the DEMATEL
method is used to identify the relations between all evaluation criteria and sub-criteria,
and to find out the weights of these relations, which are determined using the Delphi
method, i.e., an expert group. The evaluations made by selected experts is collected and a
statistical analysis is carried out. The study is described in detail in Section 3.1. The deter-
mined relation weights are used in the last stage of the proposed methodology. If the set
of decision criteria is accepted, proceed to stage four of the methodology, otherwise the
set of decision criteria should be adjusted.

2.4. STAGE 4 — Determination of the Profile of the Decisionmaker’s Preferences

After selecting an acceptable set of decision criteria, it is necessary to define the pro-
file of the decisionmaker’s preferences, which is prepared using a social research method,
i.e., target group survey. A statistical survey of a representative population should be con-
ducted to obtain the answers, and a statistical analysis should be performed. The study is
described in detail in Section 3.2. After analyzing the collected data, a target profile of the
decisionmaker’s preferences is created, which includes the assignment of direct weights
to previously selected decision criteria and sub-criteria. If the created profile is accepted,
proceed to the fifth stage of the methodology, otherwise it is necessary to re-survey, ex-
pand or narrow the target group.
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2.5. STAGE 5—Choosing a Compromise Solution

The last stage of the methodology is calculating the values of variables and choosing
a compromise solution. First, target weights of the decision criteria should be determined.
They are calculated on the basis of previously obtained relation weights and the deci-
sionmakers’ priorities using Equation (1).
V; Wi
Wi =

n . 1)
j=1Vi Wi

where:

—  Wiis the target normalized weight of each evaluation sub-criterion, where ) Wi=1;

—  wviis the normalized weight of a relation, previously determined using the DEMATEL
method, where Y vi=1;

— wi is the normalized weight of a preference, previously determined using the
AHP/ANP method, where Ywi=1.

Next, the values of the variables characterizing individual variants of solutions
should be calculated, and the minimum and maximum permissible values for individual
indicators should be compiled. The calculated values of the variables (indicators) are nor-
malized according to Equations (2) and (3).

For stimulants:

Qi)
n, =—x 2
K Qumax,j @
For destimulants:
QMIN,]'
ni’j = _QLJ (3)

where:

—  Qijis the calculated value of the indicator for the i-th variant and the j-th criterion;
—  Qumuaxjis the maximum permissible value of the indicator for the j-th criterion;
- Qwmnjis the minimum permissible value of the indicator for the j-th criterion.

Once the indicators are normalized, all evaluation sub-criteria are stimulants. Next,
the obtained normalized values are multiplied by the target weights of the evaluation cri-
teria.

In order to create a ranking of permissible and acceptable variants of solutions, the
TOPSIS method was chosen, which was also used to identify the theoretical positive-ideal
and negative-ideal solution (variant). It allows a determination of the distance between
the vectors of values describing a given variant and the vectors corresponding to the pos-
itive-ideal variant and the negative-ideal variant. The most advantageous variant is the
one whose value vector has both the shortest distance from the positive-ideal variant vec-
tor and the longest distance from the negative-ideal variant vector. Next, the calculation
results are discussed, the results of the analysis are accepted and a compromise solution
for a residential building with a positive energy balance is chosen. If the result of the anal-
ysis is not accepted, it is necessary to return to stage two, extend the set of permissible
variants of solutions and/or change the set of decision criteria, and/or define a new profile
of the decisionmaker’s preferences.

3. Conducted Research

The choice of a residential building with a positive energy balance is a decision issue.
The decisionmaker is the one looking for a compromise (ideal) solution among the per-
missible solutions (variants). This process results in achieving the goal (choosing a com-
promise solution) and identifying the order of preference in a specific set of variants.
When creating a ranking of permissible solutions, the selected assessment criteria (set of
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identified characteristics), the weight of the relations and the decisionmaker’s preferences
are taken into account. Then the selection of the best variant comes down to the selection
of the variant with the highest preference.

Preferences can be formulated in two ways. Firstly, by taking into account an appro-
priate numerical scale (distinguishing between incomparability), and secondly, by know-
ing certain measures of the characteristics of comparable objects (solutions). Determining
the dependence (relation) of individual assessment sub-criteria within all sub-criteria is
independent of the decisionmaker’s preferences, and are the responsibility of a team of
experts in line with the research carried out using the Delphi method (for details see Sec-
tion 3.1). Determining the preference dependent on the decisionmaker consists in defining
the weights of individual evaluation sub-criteria in a given group of the main decision
criteria and the main criteria alone. For this purpose, a target group was surveyed with
the use of social research, the results of the research are presented in Section 3.2.

For both cases, i.e., in order to determine the relations between individual evaluation
sub-criteria within all sub-criteria, and to determine the weights of individual evaluation
sub-criteria in a given group of decision criteria, two different questionnaires were pre-
pared. First, for both trial surveys, independent pilot studies were conducted to test the
questionnaires (group of five respondents). The criteria for the validity of the test were
verified, including objectivity, standardization, reliability, accuracy, norms, appropriate
adaptation and general features of the questionnaires, as well as their understandability,
transparency, length, and the respondents’ reactions. The pilot study resulted in a simpli-
fication of the structure of the questionnaire by changing individual questions aimed at
pairwise comparison into compact tables. The vast majority of the questions asked are
used to confirm the research assumptions: achieving the goals: direct; determining the
numerical values of the evaluations of individual pairwise comparisons made, and indi-
rect; assigning oneself to a specific group of respondents, assessing one’s own knowledge
and expertise in relation to the selected type of construction and to given groups of eval-
uation criteria (it allows potential weighting of the respondent’s answers). Moreover, a
number of personal questions were added to define the respondent’s profile; education,
age, and place of residence. This study does not take into account the answers to such
detailed questions, they are for informational purposes only. The data can be used in the
future. Both questionnaires are summarized by a question about the time spent on com-
pleting the questionnaire.

It is crucial that the created questionnaires are not only checked in terms of method-
ology, but also characterized by high reliability and accuracy of the evaluation made by
the respondents. For this purpose, one of the features of the ANP method was used, i.e.,
the possibility to assess the quality of the respondents making comparisons (in the first
case, a team of experts, and in the second, a specific group of decisionmakers). Based on
the geometric consistency index (GCI) determined within individual matrices for a group
of evaluations made by respondents participating in the survey, it is calculated to what
extent the transitivity of the evaluation is preserved; that is, it indicates whether relations (im-
pact/preference) are logically evaluated for each group of components, e.g., for the three com-
ponents a, b, ¢; if a is preferred over b and b is preferred over c, then 4 is also preferred over c.
In the case of inconsistency of evaluation for the collected group of respondents (experts or
decisionmakers), i.e., for a situation where GCI > GClpem., not meeting the conditions results
in the necessity of revising the values assigned by all K respondents.

3.1. The Delphi Method,the Expert Team Study, Determining the Relations between Criteria

The Delphi method, the expert team study, aims to determine the relations between
individual components of the decision network. According to the ANP/DEMATEL
method, pairwise comparisons are made with regard to all combinations of interrelations
between elements [40,41]. The ANP method uses a nine-point scale of comparisons, the
so-called Saaty’s scale, which was the scale used in the study.
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The DEMATEL method was used to determine the relations between individual eval-
uation criteria. The evaluating entity, in accordance with the Delphi method, is a group of
experts, which was surveyed using an original expert questionnaire.

Evaluation of the intensity of the impact between individual decision criteria and
sub-criteria requires the participation of experts. Their opinions are usually different, and
their positions are built on the basis of various priorities, systems of values, competences,
knowledge resources or education and expertise. For this purpose, it is necessary in the
first place to create an expert questionnaire, select a target group (team of experts), con-
duct a survey and finally conduct a statistical analysis.

According to the DEMATEL method and the Analytic Network Process (ANP), all
criteria and sub-criteria of evaluation had to be compared, both within individual groups
of decision criteria and for each evaluation sub-criterion. A discrete and non-negative
evaluation was used, i.e., a nine-point scale that symbolizes the intensity of the impact of
an evaluation criterion in pairwise comparison on the other criterion, including point zero
corresponding to the lack of direct impact. The respondent, using the relation degree (re-
lation/impact) used to evaluate pairwise comparisons and interpreted in the manner pre-
sented in the questionnaire, was asked to assign the value of the relation for each pair
(determining the intensity of impact), from absolute impact (-9/+9) to no impact (0), which
in the respondent’s opinion, contributes to the achievement of the goal, i.e., the selection
of the most favorable solution for residential buildings with a positive energy balance. All
questions regarding the determination of the intensity of impact were closed-ended, in
each of them the respondent marked a numerical value on the Saaty’s scale axis. The pair-
wise comparison method was used; it is the easiest way for the respondents to provide
the correct answer due to its intuitiveness. In all cases, the decision sub-criterion on the
left side of the scale was compared to all the other decision sub-criteria on the right side.
The pairs were grouped according to the order of decision criteria and sub-criteria in a
tabular manner. Hence, the questionnaire became legible and transparent and the use of
such a solution facilitated the process of filling it in, and a situation in which the respond-
ents were unable to provide answers was excluded. Another advantage of the adopted
survey structure is the easier statistical analysis of the data.

An important element of the research carried out using the Delphi method is the cor-
rect selection of the sample and quality of respondents, i.e., people who have the appro-
priate knowledge and expertise in the analyzed subject. The prepared expert question-
naire was addressed to experts in the field of architecture and urban planning, construc-
tion, environmental engineering or energy. The selection of the group of respondents for
the study was intended and strictly defined, it consisted of people employed in scientific
units, research units and operating in business who should be considered experts due to
their interests, knowledge and expertise.

The expert questionnaires were distributed in three categories:

1. Source_a; experts from the Poznan University of Technology, 16 respondents;
Wersja_1; experts from other scientific and research units, 57 respondents;
3. Ver_1; specialists from the industry, 15 respondents.

The paper-based expert questionnaire was sent to a total of 73 experts employed in
scientific units and research units, as well as to 15 specialists from the industry. Completed
questionnaires were received from 8 experts from the Poznan University of Technology,
12 experts from other universities and research units, and 11 industry specialists. In total,
out of 88 sent questionnaires, 31 were completed, which is 35.2%. Table 52 shows the dis-
tribution of the frequency of the evaluation marks provided by all experts.

For the statistical evaluation of the obtained data and the results of the survey, the
geometric mean is used, which is one of the measures of the average (position measures),
which indicate a value typical for the surveyed population. It allows an evaluation of the
average measurable characteristic in a statistical population and was determined accord-
ing to Equation (4):
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where:

—  xi, value of a variable in a series;
— n, number of variables in a series;
—  k, number of variables with the same value in a series.

In Table S2, the last column shows calculations of the geometric consistency index
(GCI). The collected evaluations by the surveyed target group show high reliability and
accuracy of the evaluations made by the respondents. There are no grounds for revising
the value of the evaluations made by all K respondents.

In the case of the proposed methodology for designing buildings with a positive en-
ergy balance, the individual evaluation criteria and sub-criteria are most often interde-
pendent. It is essential to determine the relation between individual evaluation criteria
and sub-criteria. For this purpose, the potential of the DEMATEL method was used.

In order to determine the intensity of the impact of individual decision criteria and
sub-criteria on the remaining ones, it was decided to use the geometric mean of the eval-
uations obtained as a result of the Delphi study. It was concluded that if for a given pair
of decision criteria the majority of experts (at least 16 out of 31 respondents) indicate the
value of the relation to be 0, then it is assumed that these criteria show no impact to each
other (i.e., there is lack of impact).

The next step was to create a direct-relation matrix, a normalized direct-relation ma-
trix and a total-relation matrix. All matrices were created for the main criteria and the sub-
criteria of the evaluation, see Table S3. Table 1 shows the role and importance of individ-
ual components in terms of the total impact. The s+ (D + R) indicator defines the position,
prominence and gross influence, while the s— (D - R) indicator defines the relation and/or
net influence. The higher the value of the s+ indicator for a given criterion/sub-criterion,
the higher the level of interrelations with other criteria/sub-criteria. Both indicators are
stimulants: the first; with increasing preference (the higher the indicator value, the greater
the importance of the parameter), the second; determining the cause (s— > 0) or effect (s—
< 0) character. Table 1 shows the causal factors (s— > 0) in bold, while the effect criteria (s—
<0) are in italics. By creating a composition of the main criteria and sub-criteria of evalu-
ation that describe buildings with a positive energy balance, a hierarchy and correlation
between individual elements can be shown on the cause-and-effect diagram.

Table 1. The role and importance of individual main criteria and sub-criteria of evaluation.

D+R D-R D+R D-R
s+ S— s+ s—
cT 3.28 -1.01 CT AV,i 0.99 0.99
CEN 3.1 0.73 CT T,BLD,i 0.28 0.13
CEX 2.69 1.42 CT D,IMP,i 0.3 0.06
CEC 3.08 04 CT T,LIFE,i 0.21 0.07
Cs 2.95 -0.59 CT T,RES,i 0.21 -0.08
CENV 3.12 -0.95 CEN PE,TOTAL,i 1.07 -0.95
CEN UE,TOTAL,i 0.69 0.36
CEN FE,TOTALi 0.75 -0.003
CEN UE,RES,i 0.49 0.27
CEN FE,RES,i 0.47 0.06
CEXB, L,i 0.44 0.23 CSTCi 0.2 0.01
CEX B,GEN,RES, i 0.6 0.39 CS AQ,i 0.13 0.08

CEXB,P, i* 04 -0.16 CS ACi 0.15 -0.04
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CEX UTIL,RES, i 0.61 0.38 CS VG, 0.18 -0.06
CEX N,ST,i 1.24 1.16 CSLENV,i 0.49 -0.27
CEC IRR RES,i 0.36 -0.04 CENV LCA, i 0.7 -0.47
CEC TOG,i 0.58 -0.43 CENV E,CO2, i 0.54 -0.32
CECLCCi 0.71 -0.71 CENV C,RES, i 0.37 0.23
CEC TC,INV,i 0.86 -0.38 CENV EPBT, i 0.36 -0.12
CEC DGC, RES, i 0.39 -0,12 CENV GPBT, i 0.33 -0.17

The DEMATEL method was used to determine the value of relation weights for in-
dividual decision criteria and sub-criteria. The normalized weights of the relations be-
tween the main criteria and sub-criteria of evaluation are presented in Table 2. Relative
weights with the value over 15% for the main criteria and over 3.5% for the sub-criteria of
evaluation were marked in bold.

Table 2. Normalized weights determining the importance and relations for individual main criteria
and sub-criteria of evaluation.

ySavg; ySavg;
cT 0.17 CT AV, 0.072
CEN 0.23 CT T,BLD;i 0.027
CEX 0.17 CT D,IMP,i 0.027
CEC 0.21 CT T,LIFE,i 0.024
cs 0.1 CT T,RESi 0.02
CENV 0.13 CEN PE,TOTAL,i 0.036
CEN UE,TOTAL,i 0.047
CEN FE,TOTAL,i 0.043
CEN UE,RES,i 0.038
CEN FE,RES,i 0.033
CEXB, L 0.035 CSTCi 0.022
CEX B,GEN,RES, i 0.045 CS AQ,i 0.021
CEXB,P, i* 0.026 CSACH 0.019
CEX UTIL,RES, i 0.045 CSVCi 0.02
CEX N,ST,i 0.085 CSLENV,i 0.027
CEC IRR RES,i 0.027 CENV LCA, i 0.031
CEC TOC,i 0.028 CENVE,CO2, i 0.028
CECLCC,i 0.027 CENV C,RES, i 0.033
CEC TC,INV,i 0.039 CENV EPBT, i 0.025
CEC DGC, RES, i 0.027 CENV GPBT, i 0.023

After performing the analysis with the DEMATEL method, it is possible to accurately
characterize the relations, or the lack of them, between the individual main criteria and
sub-criteria of evaluation for the design process of residential buildings with a positive
energy balance. All relations between various criteria and sub-criteria of evaluation
should be taken into account. The advantage of the method used is that it is transparent
in reflecting the interrelations between a wide set of elements. The analyst, on the basis of
the feedback from the experts, can make comments about the effects (direction and signif-
icance) between the factors.

The most important evaluation criteria/sub-criteria are those that have a strong
causal character and influence other evaluation criteria/sub-criteria the most. It means that
the criteria illustrate the first priority factors to focus on when designing positive-energy
residential buildings, and within them, further improvement potential must be sought.
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On the basis of the analysis performed, the analyst may remove from the set of crite-
ria/sub-criteria that show a strong effect character, which means that they are also influ-
enced by other criteria/sub-criteria. The same criteria/sub-criteria can also remain in the
set of evaluation criteria/sub-criteria, providing added value for the decisionmaker (wider
set of decision criteria). Thus, the decisionmaker is aware that all factors (characteristics)
influencing the design process of positive-energy residential buildings were considered.

The tool, i.e., the DEMATEL method, fulfills the expected function and enables the
identification of the relations between the criteria and sub-criteria of evaluation. The re-
sults obtained using the research method serve as weights of relations, which are used in
the methodology for designing residential buildings with a positive energy balance.

3.2. Social Research Method Survey Defining the Decisionmaker’s Preferences

A social research method, a target group survey, is aimed at aggregating partial val-
uations (i.e., determining the direct weights of the decision criteria and sub-criteria, and
the preferences of the decisionmaker) for the possible variants of solutions for residential
buildings with a positive energy balance, this way a model of the decisionmaker’s prefer-
ences is created. For this purpose, an original questionnaire was proposed, which was
distributed to the decisionmakers clearly interested in the construction of the buildings in
question, and to people who currently live in such houses. The group of respondents for
the study may include designers, contractors, investors (developers), students of environ-
mental engineering, current and future users.

In order to create a model of the decisionmaker’s preferences, it was necessary to
obtain information on the preferences of individual decisionmakers regarding the selec-
tion of a residential building with a positive energy balance. More specifically, to obtain
weights for individual decision criteria. To that end, it was necessary to create a question-
naire surveying the decisionmaker’s preferences, select a target group (individuals clearly
interested in the construction of residential buildings with a positive energy balance, i.e.,
designers, contractors, investors (developers), students, current and future users, archi-
tects, energy auditors and others) and people who currently live in such houses, and fi-
nally, conduct the survey and statistical analysis.

The decisionmakers compared the main criteria and sub-criteria of evaluation within
a given main criterion. For pairwise comparison of elements, a discrete and non-negative
evaluation was used in accordance with the analytic hierarchy process and the analytic
network process (AHP/ANP); specifically, the nine-point scale by Saaty which symbolizes
the degree of advantage (scale of dominance/preference) of one of the evaluation criteria,
considered within a pair, over the other, where point 1 corresponds to no advantage. Both
criteria are equally important.

The respondent, using the degree of advantage (scale of domination/preference),
used to evaluate pairwise comparisons and interpreted in the manner presented in the
questionnaire, was asked to assign for each pair the value of the relation (determining the
advantage of importance), from absolutely more important (-9/+9) to equally important
(1). The pairwise comparisons aimed to select the decision criteria of the highest signifi-
cance according to a given respondent, which contributes to the achievement of the goal,
i.e., selecting the most favorable solution for buildings with a positive energy balance. All
questions regarding the determination of the intensity of importance were closed-ended,
in each of them the respondent marked a numerical value on the Saaty’s scale axis. In the
case of the expert questionnaire, pairwise comparison was used in the questionnaire sur-
veying the decisionmaker’s preferences, which is the easiest way for the respondents to
provide the correct answer, it is intuitive. The decision sub-criterion on the left side of the
scale was always compared to all the other decision sub-criteria on the right side. The
pairs were grouped according to the order of decision criteria and sub-criteria in a tabular
manner. The questionnaire is legible and transparent, and the use of this type of solution
facilitates the working process, and a situation in which the respondents were unable to



Energies 2021, 14, 4715

11 of 16

provide answers was excluded. The advantage of the adopted survey structure, similarly
to the expert survey, is that the statistical analysis of the data can be easily conducted.

An important element of the social research carried out using a survey is the correct
selection of the sample and quality of respondents, i.e., people who fill in the question-
naire scrupulously, devoting due attention and time to it, and who have appropriate
knowledge and expertise in the analyzed subject. The prepared questionnaire of the deci-
sionmaker’s preferences should be addressed to individuals who show clear interest in
the construction of residential buildings with a positive energy balance, and to those who
currently live in such houses. The group of respondents for the study may comprise of
designers, contractors, investors (developer), students of architecture, construction or en-
vironmental engineering, current and future users, architects, energy auditors and others.
The selection of the group of respondents depending on the category must be strictly de-
fined.

The prepared questionnaire of the decisionmaker’s preferences was addressed to in-
dividuals who show clear interest in the construction of residential buildings with a pos-
itive energy balance (according to the answers to question no. 11, 79.2% were interested
in the construction of such a building, while only 15.1% of decisionmakers were not), and
those who currently live in that type of buildings (according to the answers to question
no. 11—>5.7%). The group of respondents for the study comprised of designers, contrac-
tors, investors (developers), students of environmental engineering, current and future
users, architects, energy auditors and others. The selection of the group of respondents
depending on the category was strictly defined (BUDMA 2019/PIBP) or random
(WOIIB/RI).

The distribution of the decisionmakers’ preference questionnaires was divided into
four categories:

1. Paper-based questionnaires, distributed during BUDMA 2019 trade fair during the
author’s presentation on the installation of technical equipment for buildings in pas-
sive houses, 60 copies;

2. Source_a, distribution by the Greater Poland District Chamber of Civil Engineers
(WOIIB), no limit;

3. Wersja_1, distribution by Rynek Instalacyjny (RI) periodical, no limit;

4. Ver_1, distribution by a database of certified designers of the Polish Passive House
Institute (PIBP) and people from the passive construction community, 15 copies.

Completed decisionmakers’ preference questionnaires were received from 30 people
during BUDMA 2019, from 5 people through WOIIB, from 8 people through RI periodical
and from 10 people related to passive housing. A total of 53 questionnaires were com-
pleted, which is a satisfactory sample.

It was decided that a statistical analysis of the data divided into specific groups of
respondents would be conducted, and for a given group, Table S4 shows the distribution
of the frequency of the evaluation marks provided by individual decisionmakers. The fol-
lowing groups were distinguished:

e  Designer/Architect;
. Contractor;

e  Current user;

° Future user;

e Investor (developer).

In Table 54, the last column shows calculations of the geometric consistency index
(GCI). The collected evaluations made by the surveyed target group show high reliability
and accuracy of the respondents’ evaluations. There are no grounds to revise the value of
the evaluations made by all K respondents. Only in the group current user, for compari-
sons under question no. 7, the condition of consistency of evaluations was not met. There-
fore, a decision was made to merge the group current user with the group future user.
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After merging both groups, the condition of consistency of evaluations was met. The cal-
culations after combining the two groups are shown in Table S4.

In order to determine the weight vectors of the selected evaluation criteria, the
AHP/ANP analysis was performed using the geometric mean. The calculations were
made taking into account all surveyed respondents (decisionmakers). In turn, the matrices
of comparisons of the main criterion and sub-criteria was created with the determination
of the order of decision variants. Table S5 presents the matrices of comparisons of the main
criterion and sub-criteria with the determination of the order of decision variants.

Table 3 and Figure 2 show the normalized preference evaluations for the main crite-
ria, while Table 4 presents the normalized values for the sub-criteria of evaluation within
a given main criterion, as well as raw data from the limit supermatrix and the same values
normalized as part of a whole.

Table 3. Weight vectors for the main evaluation criteria, all decisionmakers.

Criterion

Group Name of Evaluation Criterion Normalized Value Raw
Within a Group Value
) ) ) )
Technical criterion 0.14159 0.070797
Energy criterion 0.23588 0.117942
Criterion Exergy criterion 0.18417 0.092085
Economic criterion 0.25527 0.127637
Social criterion 0.07976 0.03988
Environmental criterion 0.10332 0.051659

Main criteria

—&— Decision-maker

Technical criterion
0.5

Environmental criterion Energy criterion

0.14159

0.23588

0.18417

Social criterion 0.25527

Exergy criterion

Economic criterion

Figure 2. Comparison of the evaluations of all decisionmakers’ preferences.

After determining the weight vectors of the selected evaluation criteria, they can be
classified from the most preferred (those having a high value) to the least important (those
having a low value). On the basis of the conducted analysis, the analyst may remove from
the set of criteria/sub-criteria those that have the lowest value, which means that they are
the least preferred by the decisionmaker. The same criteria/sub-criteria, similarly to the
expert survey stage, may remain in the set of evaluation criteria/sub-criteria, constituting
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an added value for the decisionmaker (a wider set of decision criteria). This way, the de-
cisionmaker is aware that all factors (characteristics) influencing the process of designing
residential buildings with a positive energy balance were considered.

Table 4. Weight vectors for all sub-criteria of evaluation, all decisionmakers.

Criterion Normalized aw Normalized
Group Name of Evaluation Sub-Criteria Within a Value As Partof a
Group Whole
(] [ (] [] (]
Shape factor (A/V) 0.1835  0.012991 0.025982
Technical Total building completion time (TBLD) 0.12383  0.008767 0.017534
criterion Difficulties in implementation (DIMP) 0.12981 0.00919 0.01838
Total service life of the building and its technical installations (TLIFE) 0.29753  0.021064 0.042128
Total service life of renewable energy installation (TRES) 0.26534  0.018785 0.03757
Total primary energy consumption (PETOTAL) 0.12019  0.014176 0.028352
Energy Total usable energy consumption (UETOTAL) 0.29045  0.034256 0.068512
criterion Total final energy consumption (FETOTAL) 0.14817  0.017475 0.03495
Total generated usable renewable energy (UERES) 0.24136  0.028467 0.056934
Total transmitted final renewable energy (FERES) 0.19983  0.023568 0.047136
Sum of exergy losses of the building and its installations (BL) 0.2147  0.019771 0.039542
Exergy Sum of exergy generated by renewable energy sources (BGEN,RES) 0.15147  0.013948 0.027896
criterion Cumulated primary exergy consumption (BP*) 0.09422  0.008676 0.017352
Utilization of the generated renewable energy (UTILRES) 0.23019  0.021197 0.042394
Use of natural heating, cooling and lighting strategies (NST) 0.30942  0.028493 0.056986
Internal return rate on renewable energy sources (IRRRES) 0.13842  0.017667 0.035334
Economic Total operational cost (TOC) 0.16395  0.020926 0.041852
criterion Analysis of the building’s life-cycle cost (LCC) 0.2721 0.03473 0.06946
Total prime cost of the investment (TCINV) 0.30949  0.039502 0.079004
Dynamic generation cost of renewable energy installation (DGCRES) 0.11604  0.014811 0.029622
Compliance with the thermal comfort parameters (TC) 0.28195  0.011244 0.022488
Compliance with the air quality parameters (AQ) 0.33185  0.013234 0.026468
Social Compliance with the acoustic comfort parameters (AC) 0.15547 0.0062 0.0124
criterion Compliance with the visual comfort parameters (VC) 0.11349  0.004526 0.009052
Impact of the building ar}d its installations on the surrounding 011723 0.004675 0.00935
environment (IENV)
Lice-cycle analysis of the building (LCA) 0.2497  0.012899 0.025798
Environmental Carbon dioxide emission (ECO2) 0.21675  0.011197 0.02239%4
criterion Coherence of renewable energy sources (CRES) 0.17314  0.008944 0.017888
Energy payback time of renewable energy sources (EPBT) 0.20004  0.010334 0.020668
Greenhouse gas emission payback time (GPBT) 0.16038  0.008285 0.01657

As a tool, the AHP/ANP method fulfills the expected function and enables the
ranking of evaluation criteria and sub-criteria. The results obtained with the research
method serve as weights of the decisionmakers’ preferences, which are used in the
methodology for designing residential buildings with a positive energy balance.

In order to confirm the applicability of the proposed methodology for designing
residential buildings with a positive energy balance, it is necessary to provide
computational examples.

4. Discussion

The study discusses a proposal of an innovative approach to designing buildings,
which can be applied at the stage of a construction concept, a methodology developed for
designing buildings with a positive energy balance. It is based on the proposed algorithm
consisting of 5 stages. The first is the construction of an input database for a specific
project, the second is the identification of permissible and acceptable solutions for a
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residential building with a positive energy balance. The third and crucial stage is the
creation of a set of decision criteria and the selection of those that meet a number of
postulates, characterized by exhaustive nature, consistency and non-redundancy. At that
stage, it was necessary to identify the relations between the decision criteria, which were
determined by surveying a group of experts using the Delphi method. The fourth stage
consisted in determining the preferences of the decisionmaker. They were identified by
surveying a target group (people clearly interested in the construction of the buildings in
question) with the use of social research.

The algorithm ends the fifth stage, in which the values of the variables were
calculated and normalized, and a ranking of permissible and acceptable variants of
solutions was created which concluded with the choice of a compromise solution. The
prepared algorithm indicates the need for changes in the classic design of residential
buildings, taking into account the decision-making criteria that show interdependence.
The proposed methodology consists in combining three methods of multi-criteria decision
support: the DEMATEL method, used to determine the relations between decision
criteria; the AHP/ANP method, used to build a model of the decisionmaker’s preferences;
and the TOPSIS method, used to create a ranking of permissible and acceptable variants
of solutions.

The proposed methodology should be tested using several computational examples
involving the selection of a compromise solution for single-family and multi-family
residential buildings with a positive energy balance. As a result of the performed
calculations, a final order of the analyzed variants is obtained, from the most preferred to
the least accepted solution. The methodology used for the case studies carried out should
demonstrate its applicability. The developed methodology facilitates the process of
designing residential buildings with a positive energy balance, which is an extremely
complex process.

5. Conclusions

Multi-criteria decision support methods were used to create a methodology for
designing residential buildings with a positive energy balance. For this purpose, it was
necessary to create a unified algorithm that takes into account the identification of a set of
permissible solutions, evaluation criteria and sub-criteria, the determination of the
relations between them, and the creation of a model of the decisionmaker’s preferences.
The effective use of the algorithm requires determining the weights of relations for
individual decision criteria based on the Delphi study of a selected group of experts, and
calculating the preference weights based on statistical studies of the decisionmakers.
Taking into account the relations between the decision criteria influences the choice of a
compromise solution, regardless of the creation of a model of the decisionmaker’s
preferences. The selected group of decision sub-criteria can be modified by introducing
additional or changing the existing sub-criteria, which may affect the importance of a
specific indicator included in the analysis.

The applicability of the presented methodology can be extended to include other
types of objects. For this purpose, statistical surveys of the target group (decisionmakers)
should be re-conducted. The methodology proposed in the work may in the future be
extended by adjusting the algorithm to analyze the possibility of choosing a compromise
solution for deep modernization of existing buildings to the building standard with a
positive energy balance. In the investment-planning phase, the proposed methodology
can be integrated with the building information modeling system (BIM) in order to obtain
the full profile of the building in question, which may yield a better proposition of
potentially possible variants of solutions and results precisely defining the impact of the
action taken on the final result.
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Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/en14154715/s1, Table S1: Set of selected decision criteria. Table S2:
Distribution of the frequency of evaluation marks for the intensity of impact given by experts, the
geometric mean, the median, the modal value, the column presenting the lack of impact, and the
consistency index. Table S3: Expert questionnaire—matrices in accordance with the DEMATEL
method. Table S4: Distribution of the frequency of evaluation marks given by individual
decisionmakers, the geometric mean, the median, the modal value, and the consistency index. Table
S5: Questionnaire of the decision-maker’s preferences—Pairwise comparison matrices for all
decision-makers.
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