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Abstract: The article presents the results of the application of an original methodology for designing
residential buildings with a positive energy balance in accordance with the principles of sustainable
development. The methodology was verified using a computational example involving the selection
of a compromise solution for a single-family residential building with a positive energy balance
located in Warsaw, Poland. Three different models of decision-makers’ preferences were created, tak-
ing into account selected decision sub-criteria. Three technical solutions were identified, permissible
according to the principles and guidelines for designing buildings with a positive energy balance. As
a result of the performed calculations, the final order of the analyzed variants was obtained, from the
most preferred to the least accepted solution. Variant 2 is definitely the most advantageous solution,
being the best in a group of 20 to 26 evaluation sub-criteria—depending on the adopted model of the
decision-maker’s preferences. Its ranking index Ri ranged from 0.773 to 0.764, while for the other
variants it was much lower and varied from 0.258 to 0.268 for variant 1, and from 0.208 to 0.226
for variant 3. The methodology used for the case study proved to be applicable. The developed
methodology facilitates the process of designing residential buildings with a positive energy balance,
which is an extremely complex process.

Keywords: plus energy buildings; planning methodology; multicriteria analysis

1. Introduction

Environment-friendly and human-friendly construction takes into account the preven-
tion of excessive depletion of the natural environment by saving its resources, including
fossil fuels, as well as preventing its pollution. The increase in the welfare of the society
occurs synergistically with the protection of the natural environment when harmony is
maintained. An important characteristic of the idea of sustainable development is its
multidimensionality, i.e., such development of the basic elements of the system shaping the
future of the human community, that is, the environment, society and economy, that none
of them poses a threat to the others. There is no doubt that commercial buildings have an
impact on the above-mentioned elements. The built environment is responsible for around
30–40% of the world’s total primary energy use. Therefore, it has a high reduction potential
that can be used to improve the energy performance of individual buildings [1–7].

Increasing importance is attached to methods improving the efficiency of the use of
fossil fuels or replacing their use with renewable energy carriers. The synergy of these
actions for housing industry may contribute to a decrease in the share of households in the
final primary energy consumption, and thus to the reduction of greenhouse gas emissions
to the natural environment, which is consistent with the idea of sustainable development.

In order to counteract climate change, it is necessary to introduce changes in the
process of designing residential buildings by:

• reducing the demand for heat, cooling and electricity, which is influenced by the shape,
structure and energy profile of the building and its technical equipment,
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• using unconventional and renewable energy sources,
• increasing the efficiency of systems used to ensure climate comfort in the building,
• increasing the efficiency of energy conversion by household appliances,
• enabling bidirectional energy flow in any of its forms,
• taking maximum advantage of natural (passive) support strategies for heating, cooling

and using natural light.

The preparation of a construction project is essentially a decision-making process and
therefore requires creative thinking. Nowadays, there are many computer tools available
to support the design project, for example, drawing programs such as AutoCAD, 3D
modeling tools—SketchUp, simulation software—EnergyPlus, TRNSYS, DOE-2, PHPP, i.e.,
computational programs simulating energy consumption [8–15].

The traditional process of designing residential buildings based only on the relation-
ship or cooperation between the architect and the investor is changing due to a number of
different parameters and criteria. The group of participants in the construction process is
growing. The architect is joined by industry designers (installer, electrician, constructor),
as well as consultants, specialists in their profession, such as interior designer or energy
advisor. The architect—as the main coordinator of the project—collects information on
the client’s expectations regarding the concept of the building, its shape, form, equipment
and functional and spatial layout; knows the limitations, the local climate, proposes an
appropriate location and position of the building in the area. At this stage, the architect
should have knowledge of the impact of the selection of individual solutions on investment
and operating costs, energy consumption and meeting the required climatic comfort in
the indoor environment. In these areas, an analyst/consultant can provide support. In
the implementation phase of the investment, problems between the investor, designer,
contractor and user can be avoided at an early stage. The role of the analyst is to illus-
trate to the decision-maker (most often the investor), the architect and other participants
of the construction process how individual changes to the building, e.g., the structure
(compact/wide body) or the use of appropriate construction and material solutions will
affect certain decision-making criteria, including initial costs, operating costs, user comfort
or utility and primary energy consumption. Thanks to such analyses, created as early as
the concept stage and then at the stage of adopted solutions preferred by the decision-
maker, a well-considered, coherent design vision of the building is created, meeting all the
previously established evaluation criteria [9–12].

There is no doubt that when designing energy-efficient buildings, and especially resi-
dential buildings with a positive energy balance, an interdisciplinary approach combining
the investor’s guidelines, the architect’s vision, the competence of engineers and the work
of an analyst, whose role is to help in choosing a compromise solution, becomes necessary.

2. Materials and Methods

Paper [16,17] presents an original methodology for designing residential buildings
with a positive energy balance, consistent with the principles of sustainable development.
In the present paper, a decision was made to test it on a computational example involving
the selection of a compromise solution for a single-family residential building with a posi-
tive energy balance. Three different models were included of decision-makers’ preferences
(“Current/future user”, “Designer/Architect” and “All decision makers”) including a
selection of decision sub-criteria. Three technical solutions were identified, permissible
according to the principles and guidelines for designing buildings with a positive energy
balance. It should be emphasized that all of the adopted variants of solutions meet the
guidelines of the passive house standard according to the Passive House Institute (PHI)—
the Passive House Plus (PH Plus) standard [13,18–25]. The methodology consists of five
steps. The first is the construction of an input database for a specific project, the second is
the identification of permissible and acceptable solutions. The third stage is the creation of a
set of decision criteria and identification of the relation between them, which is determined
by surveying a group of experts using the Delphi method. The fourth stage consists in
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determining the preferences of the decision-maker with the use of a target group survey
utilizing social research. An algorithm completes the fifth stage, in which the values of
the variables are calculated and normalized, and a ranking of permissible and acceptable
variants of solutions is created, concluded with the choice of a compromise solution.

3. Applied Methodology and Results
3.1. STAGE 1—Creating the Input Database for a Specific Project

The creation of the input database was carried out in accordance with the basic
principles of designing residential buildings with a positive energy balance. To select a set
of permissible and acceptable solutions, the following input database was adopted:

(a) a building with a usable area of approx. 200 m2, inhabited by a family of three
(2 adults and 1 child),

(b) passive house standard—PH Plus, in accordance with Passive House Institute (PHI),
(c) location and climate—the city of Warsaw, south-oriented building,
(d) location in unprotected terrain—no natural shade,
(e) simple architectural and spatial form,
(f) standard manner and profile of use of a residential building,
(g) strict requirements for climatic comfort—a building equipped with active heating,

cooling, lighting and mechanical balanced ventilation systems with high-efficiency
heat recovery (≥75%)

(h) restrictions resulting from Polish regulations, in line with, e.g., the Regulation of
the Minister of Infrastructure and Construction on technical conditions to be met by
buildings and their location,

(i) maximum integration with the external environment, e.g., by using natural resources,
(j) building completion time—maximum 5 years,
(k) maximum investment costs of PLN 1.5 million,
(l) the range of values of characteristics (from minimum to maximum) that describe the

decision criteria from the set of evaluation criteria and sub-criteria.

The input database can be freely modified in the first stage of the methodology. The
level of detail of the input database depends on the analyst or decision-maker and the time
spent on the analysis.

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

Three technical solutions were identified that are permissible and acceptable according
to the created input database and meet the previously imposed requirements, guidelines
and limitations.

3.2.1. Variant No. 1

The building is designed in framing technology with the use of an I-beam as the basic
structural element filled with wood wool that serves as thermal and acoustic insulation.
The roof is made of wooden I-beams filled with wood wool. The building is founded on
a foundation slab insulated with extruded polystyrene with an integrated heating and
cooling system supplied from a Split-system air-to-water heat pump. The first floor of
the building is heated and cooled with the use of capillary mats connected to the central
heating and cooling system. Preparation of domestic hot water from the central heat
source, i.e., an air-to-water heat pump with a domestic hot water tank with a capacity of
300 L. The building is equipped with a mechanical balanced ventilation system with high-
efficiency heat recovery. On the south side of the roof of the building, there is a photovoltaic
installation using polycrystalline panels (39 units) with a total power of 9.75 kWp. The
building design of the House with a winter garden was prepared by Pasywny m2 design
studio, a private investor.
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3.2.2. Variant No. 2

The building is designed in traditional technology, with the use of silicate bricks
with reinforced concrete as a supporting structural element, external walls covered with
graphite polystyrene for thermal and acoustic insulation. The roof is made of I-beams filled
with wood wool. The building is founded on a foundation slab insulated with extruded
polystyrene with an integrated heating and cooling system supplied from a glycol-water
heat pump with a lower heat source in the form of a vertical exchanger (3 vertical tubes).
The first floor of the building is heated and cooled with the use of a thermally active ceiling
connected to the central heating and cooling system. Preparation of hot domestic water
from the central heat source, i.e., a glycol-water heat pump with a domestic hot water tank
with a capacity of 300 L. The building is equipped with a mechanical balanced ventilation
system with high-efficiency heat recovery integrated with the lower heat source of the heat
pump through an air-to-water heat exchanger (pre-heater/cooler), acting as a ground heat
exchanger (GHE) for heating the exhaust air in winter and cooling it in summer. On the roof
of the building, on the south side, there is a photovoltaic installation using polycrystalline
panels (36 units) with a total power of 9.36 kWp. The building design of the Solar house
was prepared by Pasywny m2 design studio, a private investor.

3.2.3. Variant No. 3

The building is designed in framing technology with the use of an I-beam as the basic
structural element filled with wood wool that serves as thermal and acoustic insulation.
The roof is made of wooden I-beams filled with wood wool. The building is founded
on a foundation slab insulated with extruded polystyrene. It is heated and cooled with
the use of a Multi Split heating and cooling air-conditioning system with one outdoor
unit and five indoor wall-mounted units. The direct electric floor-heating installation
serves as a peak heat source. Preparation of domestic hot water from an individual heat
source, i.e., a domestic hot water heat pump with a capacity of 270 L, integrated with the
mechanical ventilation system, from which it extracts heat from the exhaust air during the
heating season, and from the supply air during the cooling season. The domestic hot water
installation recovers heat from gray water in showers. The building is equipped with a
mechanical balanced ventilation system with high-efficiency heat recovery, integrated with
the domestic hot water installation. On the south side of the roof of the building, there is
a photovoltaic installation using monocrystalline panels (33 units) with a total power of
9.735 kWp. The building design of the House with a mezzanine was prepared by Pasywny
m2 design studio, a private investor.

The basic parameters of the selected variants of single-family residential buildings
with a positive energy balance are presented in Table 1.

Architectural visualizations of the analyzed single-family residential buildings with a
positive energy balance are presented in Supplementary A.

The results of the energy balance calculations for the analyzed single-family residential
buildings were carried out in PHPP—version 9.6b, exergy balances were calculated in
Annex 49 Pre-Design Tool.
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Table 1. Basic parameters for the variants of single-family residential buildings with positive energy balance.

No. Parameter Variant 1 Variant 2 Variant 3 Unit

1 Usable area with controlled
temperature 206.64 265.61 198.12 m2

2 Usable building volume
with controlled temperature 516.60 664.03 495.30 m3

3 Gross building volume 1057.96 1121.95 1065.83 m3

4 Shape factor (A/V) 0.607 0.679 0.623 -
5 Building airtightness (n50) 0.60 0.60 0.60 -

6 Total building completion
time 3.083 3.167 2.917 years

7 Total primary cost of
investment (TCINV) 1,087,500 1,446,750 1,005,750 PLN

8 Building technology Framing Traditional Framing

9 Heat source
and heating system

Air-to-water heat pump
(SPLIT)

central system with active
heating

ground floor- heating/
cooling foundation slab

first floor- capillary
heating/cooling mats

(ceiling)

Glycol-water heat pump
with a lower heat source
in the form of a vertical

exchanger (3 vertical tubes)
central system with active

heating
ground floor–heating/

cooling foundation slab
first floor–thermally active

ceiling connected
to central heating and

cooling

Multi Split heating and
cooling air-conditioning

system
with one outdoor unit and
five indoor wall-mounted

units
local system with active

heating
peak heat source–direct

electric floor-heating
installation

-

10
Heat source

and DHW preparation
system

Air-to-water heat pump
(SPLIT)

central system with a 300l
water tank and circulation

Glycol-water heat pump
with a lower heat source
in the form of a vertical

exchanger (3 vertical tubes)
central system with a 300l
water tank and circulation

Air-to-water heat pump
(DHW)

central system with a 270l
water tank and circulation,

integrated with the
mechanical ventilation

system,
from which it extracts heat

from
the exhaust air during the

heating season,
and from the supply air

during the cooling season

-

11 Cooling source
and cooling system

Air-to-water heat pump
(SPLIT)

central system with active
cooling

ground floor–heating/
cooling foundation slab

first floor–capillary
heating/cooling mats

(ceiling)

Glycol-water heat pump
with a lower heat source
in the form of a vertical

exchanger (3 vertical tubes)
central system with passive

cooling
ground floor–heating/

cooling foundation slab
first floor–thermally active

ceiling connected
to central heating and

cooling

Multi Split heating and
cooling air-conditioning

system
with one outdoor unit and
five indoor wall-mounted

units
local system with active

cooling
source of waste cold from

the DHW heat pump
in the summer season

during DHW preparation

-

12 Mechanical ventilation
system

Mechanical balanced
ventilation system with

high-efficiency heat
recovery of 89% with an

electric
preheater designed

air-balance Vsup/Vexh =
280/280 m3/h

Mechanical balanced
ventilation system with

high-efficiency heat
recovery of 87% integrated
with the lower heat source

of the
heat pump through an

air-to-water heat exchanger
designed

air-balance Vsup/Vexh
= 400/400 m3/h

Mechanical balanced
ventilation system with

high-efficiency heat
recovery of 87% integrated
with the domestic hot water

installation
designed air-balance

Vsup/Vexh =
300/300 m3/h

-

13 Photovoltaic
installation

Photovoltaic installation
with polycrystalline panels

(39 units) with a total
power of 9.75 kWp

Photovoltaic installation
with polycrystalline panels

(36 units) with a total
power of 9.36 kWp

Photovoltaic installation
with monocrystalline

panels
(33 units) with a total
power of 9.735 kWp

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

The decision criteria for the selection of a residential building with a positive energy
balance were described and selected in a dissertation [16]. In turn, in accordance with the
proposed methodology and using the DEMATEL method, the relation between individual
main criteria and sub-criteria of evaluation should be determined. For that purpose,
research was conducted in accordance with the concept of the Delphi method. The study is
described in detail in [17]. The evaluating body is a group of experts surveyed using an
original expert questionnaire. The prepared questionnaire was sent to experts in the field of
architecture and urban planning, construction, environmental engineering or energy. The
selection of the group of respondents for the study was intended and strictly defined—it
consisted of specialists employed in scientific units, research units and those operating in
business, who should be considered experts due to their interests, knowledge and expertise.

The conducted research ended with determining the weights of the relations between
individual criteria and sub-criteria. At this stage, it is possible to select specific evaluation
criteria, rejecting those of exclusively effect character and/or minor importance for the
choice of a compromise solution. The analyst and/or decision-maker may also decide to
allow the specified sub-criteria of evaluation. Table 2 lists the criteria and sub-criteria of
evaluation along with the values of the calculated relation weights.

Table 2. Selected decision criteria for choosing a single-family residential building with a positive energy balance together
with the relation weights.

No. Criterion
Group

Group
Symbol

Name of Criterion/Sub-Criterion of Evaluation Symbol
Relation Weight

vj

1

Technical
criterion

cT

Shape factor (A/V) cT A/V,i 0.072
2 Total building completion time (TBLD) cT T,BLD,i 0.027
3 Difficulties in implementation (DIMP) cT D,IMP,i 0.027

4 Total service life of the building and its technical installations
(TLIFE) cT T,LIFE,i 0.024

5 Total service life of renewable energy installation (TRES) cT T,RES,i 0.02

6

Energy
criterion

cEN

Total primary energy consumption (PETOTAL) cEN PE,TOTAL,i 0.036
7 Total usable energy consumption (UETOTAL) cEN UE,TOTAL,i 0.047
8 Total final energy consumption (FETOTAL) cEN FE,TOTAL,i 0.043
9 Total generated usable renewable energy (UERES) cEN UE,RES,i 0.038

10 Total transmitted final renewable energy (FERES) cEN FE,RES,i 0.033

11

Exergy
criterion

cEX

Sum of exergy losses of the building and its installations (BL) cEXB,L,i 0.035

12 Sum of exergy generated by renewable energy sources
(BGEN,RES) cEX B,GEN,RES,i 0.045

13 Cumulative primary exergy consumption (BP*) cEX B,P, i* 0.026
14 Utilization of the generated renewable energy (UTILRES) cEX UTIL,RES, i 0.045
15 Use of natural heating, cooling and lighting strategies (NST) cEX N,ST,i 0.085

16

Economic
criterion

cEC

Internal return rate on renewable energy sources (IRRRES) cEC IRR,RES,i 0.027
17 Total operational cost (TOC) cEC TOC,i 0.028
18 Analysis of the building’s life-cycle cost (LCC) cEC LCC,i 0.027
19 Total prime cost of the investment (TCINV) cEC PC,INV,i 0.039

20 Dynamic generation cost of renewable energy installation
(DGCRES) cEC DGC, RES,i 0.027

21

Social
criterion

cS

Compliance with the thermal comfort parameters (TC) cS TC,i 0.022
22 Compliance with the air quality parameters (AQ) cS AQ,i 0.021
23 Compliance with the acoustic comfort parameters (AC) cS AC,i 0.019
24 Compliance with the visual comfort parameters (VC) cS VC,i 0.02

25 Impact of the building and its installations on the
surrounding environment (IENV) cS I,ENV,i 0.027

26

Environmental
criterion

cENV

Lice-cycle analysis of the building (LCA) cENV LCA, i 0.031
27 Carbon dioxide emission (ECO2) cENV E,CO2, i 0.028
28 Coherence of renewable energy sources (CRES) cENV C,RES, i 0.033
29 Energy payback time of renewable energy sources (EPBT) cENV EPBT, i 0.025
30 Greenhouse gas emission payback time (GPBT) cENV GPBT i 0.023

total 1.000
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The decision criteria with the highest level of relationship weights are use of natu-
ral heating, cooling and lighting strategies (NST) and Shape factor (A/V). The decision
criteria with a high level of relationship weights are: Total usable energy consumption
(UETOTAL), Sum of exergy generated by renewable energy sources (BGEN,RES), Utilization of
the generated renewable energy (UTILRES) and Total final energy consumption (FETOTAL).
The decision criteria with the lowest level of relationship weights are compliance with the
acoustic comfort parameters (AC), Compliance with the visual comfort parameters (VC)
and Total service life of renewable energy installation (TRES).

After carrying out the analysis performed with the DEMATEL method, it is possible
to characterize in detail the relations or their absence, between the main criteria and the
sub-criteria for the process of designing residential buildings with a positive energy balance.
All relationships between the various criteria and sub-criteria should be taken into account.
The advantage of the method used is that it is transparent in reflecting the interrelationship
between a wide set of elements. The analyst—on the basis of the assessments expressed
by the experts in the response—may submit his comments on the effects (direction and
significance) between the factors. On the basis of the analysis performed, the analyst may
remove from the set of criteria/sub-criteria those that show a strong effect character, which
means that they are also influenced 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 decision-maker (wider set of decision-making criteria) so that the decision-maker is
aware that all factors (features) influencing the design process of residential buildings with
a positive energy balance have been considered. Due to a computational example, it was
decided to keep all evaluation criteria and sub-criteria.

3.4. STAGE 4—Determination of the Profile of the Decision-Maker’s Preferences

After selecting an acceptable set of decision criteria, proceed to stage 4 of the method-
ology for designing residential buildings with a positive energy balance, i.e., the deter-
mination of the profile of the decision-maker’s preferences. It is prepared using a social
research method, i.e., a target group survey. A statistical measurement of a representative
population should be performed, answers should be obtained and a statistical analysis
should be carried out. The study is described in detail in a dissertation [16].

After analyzing the collected data, the target profile of the decision-maker’s prefer-
ences was created using the AHP/ANP method, which includes assigning direct weights
to the previously selected decision criteria and sub-criteria. The data used to create the
preferences of the decision-maker were obtained by means of previously conducted social
research, namely a target group survey. A statistical measurement of the represented
group was performed (22 respondents—“Current/Future user” group, 17 respondents—
“Designer/Architect” group, and 53 respondents in the “All decision-makers” group). For
the analyzed groups of decision-makers, Table 3 presents the weights for the main evalua-
tion criteria, whereas Table 4 shows the weights for individual evaluation sub-criteria. All
presented weights were calculated using the AHP/ANP method.

Table 3. Weight vectors for the main evaluation criteria—“Current/Future user” and “Designer/Architect”.

Criterion Group Name of Criterion
Current/Future User Designer/Architect

Normalized within a Group Raw Value Normalized within a Group Raw Value

Main criterion

Technical criterion 0.16319 0.081596 0.15689 0.078446
Energy criterion 0.2572 0.128601 0.23904 0.119519
Exergy criterion 0.15568 0.077841 0.20019 0.100095

Economic criterion 0.25371 0.126856 0.20622 0.103111
Social criterion 0.07377 0.036887 0.08216 0.041082
Environmental 0.09644 0.048218 0.11549 0.057747
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Table 4. Weight vectors for all evaluation sub-criteria—“Current/Future user” and “Designer/Architect”.

Criterion
Group Name of Evaluation Sub-Criteria

Normalized
within

a Group

Raw
Value

Normalized
as Part of
a Whole

Normalized
within

a Group

Raw
Value

Normalized
as Part of
a Whole

Technical
criterion

Shape factor (A/V) 0.20409 0.016653 0.033306 0.23081 0.018106 0.036212
Total building completion time (TBLD) 0.12084 0.00986 0.01972 0.12097 0.00949 0.01898
Difficulties in implementation (DIMP) 0.09102 0.007427 0.014854 0.12777 0.010023 0.020046

Total service life of the building and its
technical installations (TLIFE) 0.31788 0.025938 0.051876 0.27699 0.021729 0.043458

Total service life of renewable energy
installation (TRES) 0.26617 0.021719 0.043438 0.24345 0.019098 0.038196

Energy
criterion

Total primary energy consumption
(PETOTAL) 0.09575 0.012314 0.024628 0.10447 0.012486 0.024972

Total usable energy consumption
(UETOTAL) 0.2206 0.028369 0.056738 0.27924 0.033375 0.06675

Total final energy consumption (FETOTAL) 0.18399 0.023661 0.047322 0.11814 0.01412 0.02824
Total generated usable renewable energy

(UERES) 0.28605 0.036786 0.073572 0.26459 0.031623 0.063246

Total transmitted final renewable energy
(FERES) 0.21361 0.02747 0.05494 0.23356 0.027915 0.05583

Exergy
criterion

Sum of exergy losses of the building and
its installations (BL) 0.2366 0.018417 0.036834 0.19771 0.01979 0.03958

Sum of exergy generated by renewable
energy sources (BGEN,RES) 0.14567 0.011339 0.022678 0.13389 0.013402 0.026804

Cumulative primary exergy consumption
(BP*)

0.08809 0.006857 0.013714 0.07913 0.00792 0.01584

Utilization of the generated renewable
energy (UTILRES) 0.22512 0.017523 0.035046 0.26111 0.026136 0.052272

Use of natural heating, cooling and
lighting strategies (NST) 0.30452 0.023704 0.047408 0.32815 0.032846 0.065692

Economic
criterion

Internal return rate on renewable energy
sources (IRRRES) 0.14128 0.017922 0.035844 0.13385 0.013801 0.027602

Total operational cost (TOC) 0.16498 0.020929 0.041858 0.14064 0.014501 0.029002
Analysis of the building’s life-cycle cost

(LCC) 0.28315 0.03592 0.07184 0.2892 0.029819 0.059638

Total prime cost of the investment (TCINV) 0.28188 0.035758 0.071516 0.3156 0.032542 0.065084
Dynamic generation cost of renewable

energy installation (DGCRES) 0.12871 0.016328 0.032656 0.12072 0.012447 0.024894

Social
criterion

Compliance with the thermal comfort
parameters (TC) 0.32063 0.011827 0.023654 0.29714 0.012207 0.024414

Compliance with the air quality
parameters (AQ) 0.33055 0.012193 0.024386 0.31883 0.013098 0.026196

Compliance with the acoustic comfort
parameters (AC) 0.14745 0.005439 0.010878 0.14693 0.006036 0.012072

Compliance with the visual comfort
parameters (VC) 0.10188 0.003758 0.007516 0.11545 0.004743 0.009486

Impact of the building and its installations
on the surrounding environment (IENV) 0.09949 0.00367 0.00734 0.12166 0.004998 0.009996

Environmental
criterion

Lice-cycle analysis of the building (LCA) 0.27052 0.013044 0.026088 0.2625 0.015159 0.030318
Carbon dioxide emission (ECO2) 0.16085 0.007756 0.015512 0.19942 0.011516 0.023032

Coherence of renewable energy sources
(CRES) 0.18655 0.008995 0.01799 0.16248 0.009383 0.018766

Energy payback time of renewable energy
sources (EPBT) 0.23543 0.011352 0.022704 0.20525 0.011853 0.023706

Greenhouse gas emission payback time
(GPBT) 0.14665 0.007071 0.014142 0.17034 0.009837 0.019674

Table 5 lists the preference weights normalized as part of a whole for all evaluation sub-
criteria for groups of decision-makers “Current/Future user” and “Designer/Architect”,
as well as comparatively for the group “All decision-makers”.
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Table 5. Normalized weights of preferences for all evaluation sub-criteria-“Current/Future user”, “Designer/Architect”
and “All decision-makers”.

No.
Criterion

Group
Group

Symbol
Name of Criterion/Sub-Criterion of Evaluation Symbol

Preference Weight

wUSj wD/Aj wDEC
j

1

Technical
criterion

cT

Shape factor (A/V) cT A/V,i 0.033 0.036 0.026
2 Total building completion time (TBLD) cT T,BLD,i 0.02 0.019 0.018
3 Difficulties in implementation (DIMP) cT D,IMP,i 0.015 0.02 0.018

4 Total service life of the building and its technical
installations (TLIFE) cT T,LIFE,i 0.052 0.043 0.042

5 Total service life of renewable energy installation
(TRES) cT T,RES,i 0.043 0.038 0.038

6

Energy
criterion

cEN

Total primary energy consumption (PETOTAL) cEN PE,TOTAL,i 0.025 0.025 0.028
7 Total usable energy consumption (UETOTAL) cEN UE,TOTAL,i 0.057 0.067 0.069
8 Total final energy consumption (FETOTAL) cEN FE,TOTAL,i 0.047 0.028 0.035
9 Total generated usable renewable energy (UERES) cEN UE,RES,i 0.074 0.063 0.057
10 Total transmitted final renewable energy (FERES) cEN FE,RES,i 0.055 0.056 0.047

11

Exergy
criterion

cEX

Sum of exergy losses of the building and its
installations (BL) cEX,B,L,i 0.037 0.04 0.04

12 Sum of exergy generated by renewable energy
sources (BGEN,RES) cEX B,GEN,RES,i 0.023 0.027 0.028

13 Cumulative primary exergy consumption (BP*) cEX B,P, i* 0.014 0.016 0.017

14 Utilization of the generated renewable energy
(UTILRES) cEX UTIL,RES, i 0.035 0.052 0.042

15 Use of natural heating, cooling and lighting
strategies (NST) cEX N,ST,i 0.047 0.066 0.057

16

Economic
criterion

cEC

Internal return rate on renewable energy sources
(IRRRES) cEC IRR,RES,i 0.036 0.028 0.035

17 Total operational cost (TOC) cEC TOC,i 0.042 0.029 0.042
18 Analysis of the building’s life-cycle cost (LCC) cEC LCC,i 0.072 0.06 0.069
19 Total prime cost of the investment (TCINV) cEC PC,INV,i 0.072 0.065 0.079

20 Dynamic generation cost of renewable energy
installation (DGCRES) cEC DGC, RES,i 0.033 0.025 0.03

21

Social
criterion

cS

Compliance with the thermal comfort parameters
(TC) cS TC,i 0.024 0.024 0.022

22 Compliance with the air quality parameters (AQ) cS AQ,i 0.024 0.026 0.026

23 Compliance with the acoustic comfort parameters
(AC) cS AC,i 0.011 0.012 0.012

24 Compliance with the visual comfort parameters
(VC) cS VC,i 0.008 0.009 0.009

25 Impact of the building and its installations on the
surrounding environment (IENV) cS I,ENV,i 0.007 0.01 0.009

26

Environmental
criterion

cENV

Lice-cycle analysis of the building (LCA) cENV LCA, i 0.026 0.03 0.026
27 Carbon dioxide emission (ECO2) cENV E,CO2, i 0.016 0.023 0.022
28 Coherence of renewable energy sources (CRES) cENV C,RES, i 0.018 0.019 0.018

29 Energy payback time of renewable energy sources
(EPBT) cENV EPBT, i 0.023 0.024 0.021

30 Greenhouse gas emission payback time (GPBT) cENV GPBT i 0.014 0.02 0.017

The level of significance of the decision criteria depends on the group of decision
makers. For the group “All decision makers” the most significant criterions are: Total
prime cost of the investment (TCINV), Analysis of the building’s life-cycle cost (LCC) and
Total usable energy consumption (UETOTAL). The least important criteria are compliance
with the visual comfort parameters (VC) and Impact of the building and its installations
on the surrounding environment (IENV). For the group “Current/Future user” the most
significant criterions are: Total generated usable renewable energy (UERES), Analysis of the
building’s life-cycle cost (LCC) and Total prime cost of the investment (TCINV). The least
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important criteria are compliance with the visual comfort parameters (VC) and Impact of
the building and its installations on the surrounding environment (IENV). For the group
“Designer/Architect” the most significant criterions are: Total usable energy consumption
(UETOTAL), Use of natural heating, cooling and lighting strategies (NST), Total prime cost
of the investment (TCINV) and Total generated usable renewable energy (UERES). The least
important criteria are compliance with the visual comfort parameters (VC), Impact of the
building and its installations on the surrounding environment (IENV) and Compliance with
the acoustic comfort parameters (AC). Due to a computational example, it was decided to
keep all evaluation criteria and sub-criteria.

If the created profile is acceptable, proceed to stage five of the methodology, otherwise
you have to conduct another survey or expand or narrow the target group. There are no
grounds for rejecting the created profile of preferences for the selected target groups. In
line with the above, move on to step 5 of the proposed methodology.

3.5. STAGE 5—Choosing the Compromise Solution

The last stage of the proposed methodology for designing residential buildings with
positive energy balance begins with the calculation of target weights for the decision
criteria, which are based on the previously obtained relation weights and decision-makers’
priorities. Table 6 compiles the target preference weights for all evaluation sub-criteria
for the “Current/Future user” and “Designer/Architect” groups of decision-makers, and
comparatively for the group “All decision-makers”.

Table 6. Target weights for all evaluation sub-criteria—“Current/Future user”, “Designer/Architect” and “All decision
makers”.

No.
Criterion

Group
Group

Symbol
Name of Criterion/Sub-Criterion of Evaluation Symbol

Preference Weight

wUSj wD/Aj wDECj

1

Technical
criterion

cT

Shape factor (A/V) cT A/V,i 0.067 0.07 0.051
2 Total building completion time (TBC) cT T,BL:D,i 0.015 0.014 0.013
3 Difficulties in implementation (DIMP) cT D,IMP,i 0.011 0.014 0.013

4 Total service life of the building and its technical
installations (TLIFE) cT T,LIFE,i 0.034 0.027 0.027

5 Total service life of renewable energy installation
(TRES) cT T,RES,i 0.025 0.021 0.021

6

Energy
criterion

cEN

Total primary energy consumption (PETOTAL) cEN PE,TOTAL,i 0.024 0.024 0.028
7 Total usable energy consumption (UETOTAL) cEN UE,TOTAL,i 0.075 0.085 0.089
8 Total final energy consumption (FETOTAL) cEN FE,TOTAL,i 0.056 0.032 0.041
9 Total generated usable renewable energy (UERES) cEN UE,RES,i 0.078 0.064 0.059
10 Total transmitted final renewable energy (FERES) cEN FE,RES,i 0.051 0.05 0.043

11

Exergy
criterion

cEX

Sum of exergy losses of the building and its
installations (EXL) cEX,B,L,i 0.036 0.037 0.038

12 Sum of exergy generated by renewable energy
sources (EXGEN,RES) cEX B,GEN,RES,i 0.028 0.032 0.034

13 Cumulative primary exergy consumption(BP*) cEX B,P, i* 0.01 0.011 0.013

14 Utilization of the generated renewable energy
(UTILRES) cEX UTIL,RES, i 0.044 0.063 0.052

15 Use of natural heating, cooling and lighting
strategies (NST) cEX N,ST,i 0.112 0.149 0.132

16

Economic
criterion

cEC

Internal return rate on renewable energy sources
(IRRRES) cEC IRR,RES,i 0.027 0.02 0.026

17 Total operational cost (TOC) cEC TOC,i 0.032 0.021 0.032
18 Analysis of the building’s life-cycle cost (LCC) cEC LCC,i 0.054 0.043 0.051
19 Total prime cost of the investment (TCINV) cEC PC,INV,i 0.078 0.069 0.085

20 Dynamic generation cost of renewable energy
installation (DGCRES) cEC DGC, RES,i 0.024 0.018 0.022
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Table 6. Cont.

No.
Criterion

Group
Group

Symbol
Name of Criterion/Sub-Criterion of Evaluation Symbol

Preference Weight

wUSj wD/Aj wDECj

21

Social
criterion

cS

Compliance with the thermal comfort parameters
(TC) cS TC,i 0.014 0.014 0.013

22 Compliance with the air quality parameters (AQ) cS AQ,i 0.014 0.015 0.015

23 Compliance with the acoustic comfort parameters
(AC) cS AC,i 0.006 0.006 0.006

24 Compliance with the visual comfort parameters
(VC) cS VC,i 0.004 0.005 0.005

25 Impact of the building and its installations on the
surrounding environment (IENV) cS I,ENV,i 0.006 0.007 0.007

26

Environmental
criterion

cENV

Lice-cycle analysis of the building (LCA) cENV LCA, i 0.023 0.025 0.022
27 Carbon dioxide emission (ECO2) cENV E,CO2, i 0.012 0.017 0.017
28 Coherence of renewable energy sources (CRES) cENV C,RES, i 0.016 0.016 0.016

29 Energy payback time of renewable energy sources
(EPBT) cENV EPBT, i 0.016 0.016 0.014

30 Greenhouse gas emission payback time (GPBT) cENV GPBT i 0.009 0.012 0.011

total 1.000 1.000 1.000

In turn, the values of the variables characterizing individual variants of permissible
solutions should be calculated alongside providing preferences characterizing a given
indicator. This is how a decision matrix used in the TOPSIS method is created, which is
the first step. The calculations were made in accordance with the formulas and relations
of the TOPSIS method. The data for the calculations and their results are presented in
Supplementary B, while Table 7 presents the numerical values of the calculated indicators
along with the preferences for selected evaluation sub-criteria.

Table 7. Numerical values of indicators and their preferences for selected sub-criteria of evaluation.

No. Criterion
Group

Criterion
Symbol Preference Variant 1 Variant 2 Variant 3 Unit

1

Technical
criterion

cT A/V,i decreasing 0.61 0.68 0.62 m2/m3

2 cT T,BLD,i decreasing 3.08 3.17 2.92 years
3 cT D,IMP,i decreasing 30 29 32 pts
4 cT T,LIFE,i increasing 44 69 43 -
5 cT T,RES,i increasing 20 25 17.5 -

6

Energy
criterion

cEN PE,TOTAL,i decreasing 64.55 36.62 73.57 kWh/(m2 year)
7 cEN UE,TOTAL,i decreasing 39.61 28.82 38.3 kWh/(m2 year)
8 cEN FE,TOTAL,i decreasing 26.9 15.26 30.65 kWh/(m2 year)
9 cEN UE,RES,i increasing 96.96 91.4 92.96 kWh/(m2 BUILD year)
10 cEN FE,RES,i increasing 27.67 33.21 24.79 kWh/(m2 BUILD year)

11

Exergy
criterion

cEX„B,L,i decreasing 2.99 2.35 4.88 kW
12 cEX B,GEN,RES,i increasing 7.12 7.11 6.9 kW
13 cEX B,P, i* decreasing 23,776.10 17,334.98 25,979.93 kWh/a
14 cEX UTIL,RES, i decreasing 1.77 2.34 1.61 -
15 cEX N,ST,i decreasing 12 14 12 pts

16

Economic
criterion

cEC IRR,RES,i increasing 10.18 10.13 9.47 %
17 cEC TOC,i decreasing 157,910.45 165,899.86 174,917.43 PLN
18 cEC LCC,i decreasing 120.36 15.11 212.03 PLN/m2

19 cEC PC,INV,i decreasing 1,087,500.00 1,446,750.00 1,005,750.00 PLN
20 cEC DGC, RES,i decreasing 0.33 0.03 0.65 PLN/[kWh/(m2 year)]

21

Social
criterion

cS TC,i increasing 4.69 5 3.24 pts
22 cS AQ,i increasing 4.68 5 4.39 pts
23 cS AC,i increasing 4.34 5 3.69 pts
24 cS VC,i increasing 5 4.45 3.45 pts
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Table 7. Cont.

No. Criterion
Group

Criterion
Symbol Preference Variant 1 Variant 2 Variant 3 Unit

25 cS I,ENV,i increasing 7 5 7 pts

26

Environmental
criterion

cENV LCA, i decreasing 51.3 60.62 60.06 Pt/m2

27 cENV E,CO2, i decreasing 214.64 121.75 244.62 kgCO2/m2

28 cENV C,RES, i increasing 8 14 9 pts
29 cENV EPBT, i decreasing 7.1 6.78 9.49 years
30 cENV GPBT i decreasing 7.1 6.78 9.49 years

Table 8 presents the maximum permissible numerical values of the indicators along
with a reference to the formula that should be used when calculating a given indicator for
selected sub-criteria of evaluation.

Table 8. Permissible numerical values of indicators for selected evaluation sub-criteria.

No. Criterion
Group

Criterion
Symbol Preference Max Min Unit

1

Technical
criterion

cT A/V,i decreasing 1 0.5 -
2 cT T,BLD,i decreasing 5 1 -
3 cT D,IMP,i decreasing 50 6 -
4 cT T,LIFE,i increasing 100 25 -
5 cT T,RES,i increasing 25 15 -

6

Energy
criterion

cEN PE,TOTAL,i decreasing 100 10 -
7 cEN UE,TOTAL,i decreasing 50 10 -
8 cEN FE,TOTAL,i decreasing 50 10 -
9 cEN UE,RES,i increasing 150 0 -

10 cEN FE,RES,i increasing 50 0 -

11

Exergy
criterion

cEX,B,L,i decreasing 5 1 -
12 cEX B,GEN,RES,i increasing 10 0 -
13 cEX, B,P, i* decreasing 30,000.00 10,000.00 -
14 cEX UTIL,RES, i increasing 3 1 -
15 cEX N,ST,i increasing 15 3 -

16

Economic
criterion

cEC IRR,RES,i increasing 20 5 -
17 cEC TOC,i decreasing 200,000.00 50,000.00 -
18 cEC LCC,i decreasing 250 10 -
19 cEC PC,INV,i decreasing 1,500,000.00 500,000.00 -
20 cEC DGC, RES,i decreasing 1 0.01 -

21

Social
criterion

cS TC,i increasing 5 3 -
22 cS AQ,i increasing 5 3 -
23 cS AC,i increasing 5 3 -
24 cS VC,i increasing 5 3 -
25 cS I,ENV,i decreasing 9 3 -

26

Environmental
criterion

cENV LCA, i decreasing 100 50 -
27 cENV E,CO2, i decreasing 300 100 -
28 cENV C,RES, i increasing 15 3 -
29 cENV EPBT, i decreasing 10 5 -
30 cENV GPBT i decreasing 10 5 -

The obtained numerical values of the indicators (see Table 7) are then normalized,
which is the second step when using the TOPSIS method. After normalization, all indicators
are stimulants (see Table 9).
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Table 9. Normalized values of indicators for selected evaluation sub-criteria.

No. Criterion
Group

Criterion
Symbol Preference Variant 1 Variant 2 Variant 3 Unit

1

Technical
criterion

cT A/V,i decreasing 0.82 0.74 0.8 -
2 cT T,BLD,i decreasing 0.32 0.32 0.34 -
3 cT D,IMP,i decreasing 0.2 0.21 0.19 -
4 cT T,LIFE,i increasing 0.44 0.69 0.43 -
5 cT T,RES,i increasing 0.8 1 0.7 -

6

Energy
criterion

cEN PE,TOTAL,i decreasing 0.15 0.27 0.14 -
7 cEN UE,TOTAL,i decreasing 0.25 0.35 0.26 -
8 cEN FE,TOTAL,i decreasing 0.37 0.66 0.33 -
9 cEN UE,RES,i increasing 0.65 0.61 0.62 -

10 cEN FE,RES,i increasing 0.55 0.66 0.5 -

11

Exergy
criterion

cEX,B,L,i decreasing 0.33 0.43 0.2 -
12 cEX B,GEN,RES,i increasing 0.71 0.71 0.69 -
13 cEX B,P, i* decreasing 0.42 0.58 0.38 -
14 cEX UTIL,RES, i increasing 0.59 0.78 0.54 -
15 cEX N,ST,i increasing 0.8 0.93 0.8 -

16

Economic
criterion

cEC IRR,RES,i increasing 0.51 0.51 0.47 -
17 cEC TOC,i decreasing 0.32 0.3 0.29 -
18 cEC LCC,i decreasing 0.08 0.66 0.05 -
19 cEC PC,INV,i decreasing 0.46 0.35 0.5 -
20 cEC DGC, RES,i decreasing 0.03 0.29 0.02 -

21

Social
criterion

cS TC,i increasing 0.94 1 0.65 -
22 cS AQ,i increasing 0.94 1 0.88 -
23 cS AC,i increasing 0.87 1 0.74 -
24 cS VC,i increasing 1 0.89 0.69 -
25 cS I,ENV,i decreasing 0.43 0.6 0.43 -

26

Environmental
criterion

cENV LCA, i decreasing 0.97 0.82 0.83 -
27 cENV E,CO2, i decreasing 0.47 0.82 0.41 -
28 cENV C,RES, i increasing 0.53 0.93 0.6 -
29 cENV EPBT, i decreasing 0.7 0.74 0.53 -
30 cENV GPBT i decreasing 0.7 0.74 0.53 -

The next step (according to the TOPSIS method) is to multiply the obtained values after
normalization (see Table 9) by the target weights of the evaluation criteria (see Table 6),
thus obtaining evaluations adjusted for each variant. Due to the fact that all adjusted
evaluations are stimulants, the positive-ideal solution for each of the evaluation criteria is
the variant with the maximum value of the adjusted evaluation, while the negative-ideal
solution will be the variant with the minimum value (according to the TOPSIS method—
step 4). The adjusted evaluations and the indication of the positive-ideal and negative-ideal
solutions are included in Tables 10–12. Each of the tables refers to a different group of
decision-makers.
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Table 10. Adjusted evaluations of the sub-criteria of evaluation for individual variants—the “All decision makers” group.

No.
Criterion

Group
Criterion
Symbol

Adjusted Evaluations—Decision-Maker Group Decision-Maker Group

Variant 1 Variant 2 Variant 3 Unit Positive
Ideal

Negative
Ideal

1

Technical
criterion

cT A/V,i 0.042 0.038 0.041 - 0.042 0.038
2 cT T,BLD,i 0.004 0.004 0.005 - 0.005 0.004
3 cT D,IMP,i 0.003 0.003 0.003 - 0.003 0.003
4 cT T,LIFE,i 0.012 0.019 0.012 - 0.019 0.012
5 cT T,RES,i 0.017 0.021 0.015 - 0.021 0.015

6

Energy
criterion

cEN PE,TOTAL,i 0.004 0.008 0.004 - 0.008 0.004
7 cEN UE,TOTAL,i 0.023 0.031 0.023 - 0.031 0.023
8 cEN FE,TOTAL,i 0.015 0.027 0.013 - 0.027 0.013
9 cEN UE,RES,i 0.038 0.036 0.037 - 0.038 0.036
10 cEN FE,RES,i 0.024 0.029 0.021 - 0.029 0.021

11

Exergy
criterion

cEX,B,L,i 0.013 0.016 0.008 - 0.016 0.008
12 cEX B,GEN,RES,i 0.024 0.024 0.024 - 0.024 0.024
13 cEX B,P, i* 0.005 0.007 0.005 - 0.007 0.005
14 cEX UTIL,RES, i 0.031 0.041 0.028 - 0.041 0.028
15 cEX N,ST,i 0.106 0.124 0.106 - 0.124 0.106

16

Economic
criterion

cEC IRR,RES,i 0.013 0.013 0.012 - 0.013 0.012
17 cEC TOC,i 0.01 0.01 0.009 - 0.01 0.009
18 cEC LCC,i 0.004 0.034 0.002 - 0.034 0.002
19 cEC PC,INV,i 0.039 0.03 0.043 - 0.043 0.03
20 cEC DGC, RES,i 0.001 0.006 0 - 0.006 0

21

Social
criterion

cS TC,i 0.013 0.013 0.009 - 0.013 0.009
22 cS AQ,i 0.014 0.015 0.013 - 0.015 0.013
23 cS AC,i 0.006 0.006 0.005 - 0.006 0.005
24 cS VC,i 0.005 0.004 0.003 - 0.005 0.003
25 cS I,ENV,i 0.003 0.004 0.003 - 0.004 0.003

26

Environmental
criterion

cENV LCA, i 0.022 0.018 0.018 - 0.022 0.018
27 cENV E,CO2, i 0.008 0.014 0.007 - 0.014 0.007
28 cENV C,RES, i 0.009 0.015 0.01 - 0.015 0.009
29 cENV EPBT, i 0.01 0.011 0.008 - 0.011 0.008
30 cENV GPBT i 0.007 0.008 0.006 - 0.008 0.006

total 0.525 0.629 0.492 0.653 0.472

Table 11. Adjusted evaluations of the sub-criteria of evaluation for individual variants—the “Current/Future user” group.

No.
Criterion

Group
Criterion
Symbol

Adjusted Evaluations—User Group User Group

Variant 1 Variant 2 Variant 3 Unit Positive
Ideal

Negative
Ideal

1

Technical
criterion

cT A/V,i 0.055 0.049 0.053 - 0.055 0.049
2 cT T,BLD,i 0.005 0.005 0.005 - 0.005 0.005
3 cT D,IMP,i 0.002 0.002 0.002 - 0.002 0.002
4 cT T,LIFE,i 0.015 0.023 0.015 - 0.023 0.015
5 cT T,RES,i 0.02 0.025 0.017 - 0.025 0.017

6

Energy
criterion

cEN PE,TOTAL,i 0.004 0.007 0.003 - 0.007 0.003
7 cEN UE,TOTAL,i 0.019 0.026 0.02 - 0.026 0.019
8 cEN FE,TOTAL,i 0.021 0.037 0.018 - 0.037 0.018
9 cEN UE,RES,i 0.05 0.047 0.048 - 0.05 0.047
10 cEN FE,RES,i 0.028 0.034 0.025 - 0.034 0.025

11

Exergy
criterion

cEX,BL,i 0.012 0.015 0.007 - 0.015 0.007
12 cEX B,GEN,RES,i 0.02 0.02 0.02 - 0.02 0.02
13 cEX B,P, i* 0.004 0.006 0.004 - 0.006 0.004
14 cEX UTIL,RES, i 0.026 0.034 0.024 - 0.034 0.024
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Table 11. Cont.

No.
Criterion

Group
Criterion
Symbol

Adjusted Evaluations—User Group User Group

Variant 1 Variant 2 Variant 3 Unit Positive
Ideal

Negative
Ideal

15 cEX N,ST,i 0.089 0.104 0.089 - 0.104 0.089

16

Economic
criterion

cEC IRR,RES,i 0.014 0.014 0.013 - 0.014 0.013
17 cEC TOC,i 0.01 0.01 0.009 - 0.01 0.009
18 cEC LCC,i 0.004 0.036 0.003 - 0.036 0.003
19 cEC PC,INV,i 0.036 0.027 0.039 - 0.039 0.027
20 cEC DGC, RES,i 0.001 0.007 0 - 0.007 0

21

Social
criterion

cS TC,i 0.013 0.014 0.009 - 0.014 0.009
22 cS AQ,i 0.013 0.014 0.012 - 0.014 0.012
23 cS AC,i 0.005 0.006 0.004 - 0.006 0.004
24 cS VC,i 0.004 0.004 0.003 - 0.004 0.003
25 cS I,ENV,i 0.002 0.003 0.002 - 0.003 0.002

26

Environmental
criterion

cENV LCA, i 0.022 0.019 0.019 - 0.022 0.019
27 cENV E,CO2, i 0.006 0.01 0.005 - 0.01 0.005
28 cENV C,RES, i 0.009 0.015 0.01 - 0.015 0.009
29 cENV EPBT, i 0.011 0.012 0.008 - 0.012 0.008
30 cENV GPBT i 0.006 0.007 0.005 - 0.007 0.005

total 0.527 0.631 0.492 0.656 0.473

Table 12. Adjusted evaluations of the sub-criteria of evaluation for individual variants—the “Designer/Architect” group.

No.
Criterion

Group
Criterion
Symbol

Adjusted Evaluations—Designer/Architect Group Designer/Architect
Group

Variant 1 Variant 2 Variant 3 Unit Positive
Ideal

Negative
Ideal

1

Technical
criterion

cT A/V,i 0.057 0.051 0.056 - 0.057 0.051
2 cT T,BLD,i 0.005 0.004 0.005 - 0.005 0.004
3 cT D,IMP,i 0.003 0.003 0.003 - 0.003 0.003
4 cT T,LIFE,i 0.012 0.019 0.012 - 0.019 0.012
5 cT T,RES,i 0.017 0.021 0.015 - 0.021 0.015

6

Energy
criterion

cEN PE,TOTAL,i 0.004 0.007 0.003 - 0.007 0.003
7 cEN UE,TOTAL,i 0.021 0.029 0.022 - 0.029 0.021
8 cEN FE,TOTAL,i 0.012 0.021 0.011 - 0.021 0.011
9 cEN UE,RES,i 0.042 0.039 0.04 - 0.042 0.039
10 cEN FE,RES,i 0.028 0.033 0.025 - 0.033 0.025

11

Exergy
criterion

cEX,B,L,i 0.013 0.016 0.008 - 0.016 0.008
12 cEX B,GEN,RES,i 0.023 0.023 0.022 - 0.023 0.022
13 cEX B,P, i* 0.005 0.006 0.004 - 0.006 0.004
14 cEX UTIL,RES, i 0.037 0.049 0.034 - 0.049 0.034
15 cEX N,ST,i 0.119 0.139 0.119 - 0.139 0.119

16

Economic
criterion

cEC IRR,RES,i 0.01 0.01 0.009 - 0.01 0.009
17 cEC TOC,i 0.007 0.006 0.006 - 0.007 0.006
18 cEC LCC,i 0.004 0.029 0.002 - 0.029 0.002
19 cEC PC,INV,i 0.032 0.024 0.034 - 0.034 0.024
20 cEC DGC, RES,i 0.001 0.005 0 - 0.005 0

21

Social
criterion

cS TC,i 0.013 0.014 0.009 - 0.014 0.009
22 cS AQ,i 0.014 0.015 0.013 - 0.015 0.013
23 cS AC,i 0.005 0.006 0.005 - 0.006 0.005
24 cS VC,i 0.005 0.004 0.003 - 0.005 0.003
25 cS I,ENV,i 0.003 0.004 0.003 - 0.004 0.003
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Table 12. Cont.

No.
Criterion

Group
Criterion
Symbol

Adjusted Evaluations—Designer/Architect Group Designer/Architect
Group

Variant 1 Variant 2 Variant 3 Unit Positive
Ideal

Negative
Ideal

26

Environmental
criterion

cENV LCA, i 0.025 0.021 0.021 - 0.025 0.021
27 cENV E,CO2, i 0.008 0.014 0.007 - 0.014 0.007
28 cENV C,RES, i 0.009 0.015 0.01 - 0.015 0.009
29 cENV EPBT, i 0.011 0.012 0.009 - 0.012 0.009
30 cENV GPBT i 0.009 0.009 0.006 - 0.009 0.006

total 0.551 0.651 0.516 0.675 0.498

According to the TOPSIS method, to create the final ranking of variants in descending
order, in step 5 of the method, calculate the distance of each variant from the positive-ideal
and negative-ideal solution, and then calculate the index of similarity of individual variants
to the positive-ideal solution. The distances and the ranking index for all permissible
variants and for 3 groups of decision-makers are summarized in Table 13.

Table 13. Positive-ideal and negative-ideal solutions for individual groups of decision-makers, distances of the analyzed
variants from the positive-ideal and negative-ideal solutions, and ranking factors.

Decision-Maker Group

No. Variant Positive-Ideal
Solution

Negative-Ideal
Solution Distance di

+ Distance di
− Ranking Index

Ri

1 Variant 1
0.653 0.472

0.042 0.015 0.259
2 Variant 2 0.014 0.046 0.764
3 Variant 3 0.046 0.013 0.226

User Group

No. Variant Positive-Ideal
Solution

Negative-Ideal
Solution Distance di

+ Distance di
− Ranking Index

Ri

1 Variant 1
0.656 0.473

0.043 0.015 0.258
2 Variant 2 0.014 0.048 0.773
3 Variant 3 0.048 0.013 0.212

Designer/Architect

No. Variant Positive-Ideal
Solution

Negative-Ideal
Solution Distance di

+ Distance di
− Ranking Index

Ri

1 Variant 1
0.675 0.498

0.039 0.014 0.268
2 Variant 2 0.013 0.044 0.773
3 Variant 3 0.044 0.011 0.208

The final ranking in descending order was presented in Table 14 and in Figure 1. The
final normalized ranking in descending order was presented in Table 15 and in Figure 2.

Table 14. Final ranking of variants.

No. Variant
Ranking Index Ri

Decision-Maker
Group User Group Designer/Architect

Group

1 Variant 2 0.764 0.773 0.773
2 Variant 1 0.259 0.258 0.268
3 Variant 3 0.226 0.212 0.208
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4. Discussion

The most compromise solution for a single-family residential building with a pos-
itive energy balance is the construction of the building in accordance with variant no.
2 for the created input database. The same result was obtained for all three groups of
decision-makers, with slight differences in value between the groups resulting from differ-
ent preferences of decision-makers. The other two variants are definitely worse solutions
according to the multi-criteria analysis carried out, and they are at a similar level in terms
of evaluation.

The solution consistent with variant no. 2 in an overwhelming number of decision
criteria was the ideal solution, according to the TOPSIS method, for 26 sub-criteria in the
group “Decision maker”, for 23 sub-criteria in the group “Current/Future user”, and for 20
sub-criteria in the group “Designer/Architect”, with respect to 30 sub-criteria of evaluation.
Its ranking index Ri ranged from 0.773 to 0.764, while for the other variants it was much
lower and varied from 0.258 to 0.268 for variant 1, and from 0.208 to 0.226 for variant 3.
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The compromise solution was by far the best in many evaluation sub-criteria, especially
in: Analysis of the building’s life-cycle cost (LCC), Utilization of the generated renewable
energy (UTILRES), Dynamic generation cost of renewable energy installation (DGCRES),
Carbon Dioxide Emission Index (ECO2), Total usable energy consumption (UETOTAL), Total
final energy consumption (FETOTAL), Total service life of the building (TLIFE), Coherence
of renewable energy sources (CRES). However, the compromise solution turned out to
be the most distant from the positive-ideal solution for several evaluation sub-criteria,
including Total prime cost of the investment (TCINV) and Shape factor (A/V). The use
of the proposed methodology for designing residential buildings with a positive energy
balance allows the analyst and the decision-maker to perform a detailed analysis of the
selection of a compromise variant from a group of possible solutions, taking into account
the adopted models of the decision-maker’s preferences and the decision criteria selected
for analysis, and to objectively select the most-compromise solution.

5. Conclusions

The applicability of the proposed methodology was verified by using it in the selected
case study. As a result of the performed calculations, the final order of the analyzed variants
was obtained, from the most preferred to the least accepted solution. The methodology
used for the case study proved to be applicable. Using the presented methodology, it is
possible to determine the evaluation criteria with a strong causal character, which, to the
greatest extent, affect the other evaluation criteria. These criteria illustrate the primary
factors to focus on for designing residential buildings with a positive energy balance. They
are prioritized and further improvement potential must be sought within them. It should
be noted that the subject of the analysis were only single-family residential buildings. 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 selected group of decision sub-criteria can be modified by introducing
additional or changing the existing sub-criteria. The research carried out by the Delphi
method (survey by a team of experts) is unified and can also be used for other types of
buildings. The profile of preferences of the decision maker should be individually adjusted
for other types of building and taking into account other entities, local conditions and
priorities. The developed methodology facilitates the process of designing residential
buildings with a positive energy balance, which is an extremely complex process. It may be
used by an individual investor, developers, city authorities, public utility entities, private
sector entities and other target groups.

The proposed methodology is universal, has an open set of evaluation criteria and
can be applied anywhere in the world. It may be helpful at the stage of verification of
competition works undertaken in public tenders in order to select the most advantageously
designed facility.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14165162/s1. Supplementary A: Visualizations of the analyzed single-family residential
buildings. Supplementary B: Calculation of the values of variables, i.e., the values of decision criteria
for individual variants of permissible solutions for single-family residential buildings.
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