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Abstract. The study presents a sustainable building modernisation model that uses knowledge-
based decision-making methods to general reconstruct old public buildings, intending to achieve
the best level of energy use on the design scene. The rapid development and dissemination of
standards cause multiple research opportunities in the fields of process automation and adapta-
tion of BIM technologies to the prerequisites of existing buildings. Decision-making was widely
supported by imitating structures used in the late stages of design. However, its application is not
sufficient at the beginning, which affects design solutions with a significant impact on the per-
formance of the completed building. Construction design is a multifaceted discipline where ar-
chitects, engineers, contractors, and builders influence design decisions. This modernisation way
uses digital systems and simulations to estimate the expected energy consumption of construction
faster and economically. BIM and critical characteristics are the basis of the model, where design
and general processing needs to follow to pre-built instructions. This solution allows estimating
energy demand in reconstructed buildings and correlation of parameters.
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Introduction

A more detailed analysis of the development of the construction economy shows that in
the 21st century, property management has shifted from near-exceptional growth and con-
struction consumption to critical types of sustainability, namely economic growth, social
development, and environmental protection (Jia et al., 2019; Zou et al. 2017). Modern and
responsible leaders are looking for practical, innovative, and at the same time, sustainable
solutions for new initiatives and projects (Zemlickiené & Turskis, 2020; Nazarko & Mel-
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nikas, 2019; Winkowski, 2019). In today’s world, plans to be implemented in one country
affect plans and projects to be implemented in other countries. Besides, the decision and
implementation of the project will influence every project already implemented and deci-
sions made by other managers regarding plans. That is, the environment changes with each
project (Zavadskas et al., 2009).

On the one hand, construction-marketing initiatives can be successful, socially respon-
sible (Mahdiraji et al., 2019), and sustainable (Ruzgys et al., 2014). On the other hand, they
can sometimes are as a waste of resources and negative environmental impact. Thus, in the
future, the solutions chosen must be practical and well balanced, both locally and globally
(Hashemkhani Zolfani et al., 2013). The European Commission Communication “Strategy
for the sustainable competitiveness of the construction sector and its enterprises” (2012)
recognises that the EU construction sector plays an essential role in the European economic
development as it generates almost 10% of GDP and provides 20 million jobs. The EU states
must ensure that since 2019, all newly constructed public buildings. While, since 2021, all
new buildings should be nearly zero-energy buildings (European Union, 2010). The Europe-
an countries have been long developing the application of Building Information Modelling
(BIM) for new construction (European Commission, 2012).

Buildings considerably impact on the health and well-being of people and the environ-
ment. Old buildings use unsustainable resources. Besides, they generate a significant amount
of waste and are too expensive to maintain and operate. Buildings with zero-waste can only
be achieved ensuring that design of building, construction processes and operation phase
increase productivity and decreases energy consumption, use fewer resources also it reduces
the amount of waste and the impact on the environment as well as reduce costs during the
lifecycle. The Energy Roadmap 2050 and 2030 EU Climate and Energy Framework insist
on more focus on the energy efficiency of the housing sector due to the reason that it is the
biggest user of energy in Europe, counting for almost 40% of the all energy consumption
(European Commission, 2011b, 2014; European Union, 2010).

Nowadays, sustainability in real estate is a crucial topic; however, the energy performance
of buildings received much attention over the last decades. Due to the negative impact of
buildings on the environment, which is the responsibility of the construction industry, the
demand for sustainable buildings is increasing (Jose et al., 2019; Jensen et al., 2018, Chalal
et al,, 2020). Policymakers make the majority of critical decisions related to energy even be-
fore the design process starts (Chong et al., 2017; Kreider et al., 2010; Pinheiro et al., 2018;
Somboonwit et al., 2017).

Predicting the energy performance of buildings often accomplishes the design of build-
ings with reduced energy use (Habibi, 2017; Hemsath & Bandhosseini, 2017). Information
exchange between the energy modelling of structures and their design has many problems,
including defects in the parameters of object information, geometric false images, and the
confusion of re-entry data (Garcia & Zhu, 2015). The main problem faced by the moderni-
sation of old buildings is that it must be preceded by documentation review and information
analysis of different lifecycle stages as well as involving architects, constructors, users, and
administrators (Linderoth, 2010). It takes a lot of time and effort to evaluate the existing sit-
uation (Bortolini & Forcada, 2018). A fundamental challenge within the field of renovation
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is handling enormous complexity (Kamari et al., 2019). The number of existing buildings
that require renewal justifies the need for the modernisation model that optimises their life
following the renovation (Rodrigues et al., 2018).

Decision-makers need methodologies to assess the performance level of buildings mod-
ernisation to address the comparison of different alternatives based on their efficiency and
quality (Kreiner et al., 2015; Turskis et al., 2013).

The construction sector intensified the adaptation of BIM for construction due to count-
less positive aspects, such as resource savings during the design, planning and development
of new buildings (Leite et al., 2011; Gray et al., 2013). BIM is one of the prospective changes
in the construction industry (Salman, 2011). To analyse the condition of old buildings as well
as the application of modernisation principles aiming to achieve a specific energy efficiency
class after modernisation, a shortage of normative documents describing the process must
be addressed. Currently, the undertaken process of building modernisation is complicated
and unstructured. It demands the assessment of a variety of different engineering systems
and needs a methodology to determine economic and environmental benefits anticipated
from building modernisation.

The design, construction and operation of buildings shall aim to ensure full energy con-
sumption in line with the principle of sustainable and energy-efficient development. They
seek to achieve higher efficiency and lower energy consumption, fewer resources, less waste
and minimal environmental impact, as well as reduce the cost of a building during its life
cycle (Wang & Adeli, 2014; Zékas et al., 2014).

Strategic energy documents of the EU insist on placing greater emphasis on promoting
the efficiency of energy consumption in the building management sector as inefficient build-
ings account for about 40% of consumed energy in Europe (European Union, 2010; European
Commission, 2011a, 2014).

The requirement to construct and renovate nearly zero-energy buildings necessitates the
construction sector to improve its working practices by applying new technologies and meth-
ods. In the construction industry, several factors — such as working methods, large numbers
of companies and a relative shortage of quality standards, inspection protocols and guidelines
— contribute to limited significant energy efficiency investments and their impact as well as
effective integration of renewable energy sources (Hu, 2019). According to research, a fore-
cast of energy consumption by a building must be considered as early as during the design
stage (Mahdavi & Tahmasebi, 2015; Martinaitis et al., 2015).

BIM is a collaboration method based on digital technologies that are easier and more
effectively adapted during the design stage (Bryde et al., 2013). A digital model of a building
is adapted for use Osal to the finished construction and maintenance (Jung & Joo, 2011). Pol-
icymakers mostly used processes based on BIM for newly designed buildings and infrastruc-
ture projects. At the same time, they only a few of them used for already existing structures,
their maintenance, and in the process of modernisation (Merschbrock & Figueres-Munoz,
2015). The whole building’s life cycle (from design and construction phases until facility
management processes) needs BIM technologies. Advantages of BIM use in construction are
progressively applied in the architecture, construction industry due to their many profits to
project stakeholders as they can review design visualisations, it also improves information
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exchanges, lowers wastes of construction and gives a higher quality of the processes (Yin
et al., 2019). However, not all capabilities of BIM is enabled, such as facility management
remains in its infancy (Edirisinghe et al., 2017). However, they are potential in reconstruction
projects. There additional information flows, such as laser scanning for the assessment of an
existing building and active investigation of energy efficiency and cost-effectiveness assess-
ment, need management: (Lee et al., 2015; Barlish & Sullivan, 2012).

Researcher Volk et al. (2014) introduced a revision of 180 publications regarding BIM
topic in buildings. The results demonstrate the sluggish application of BIM technologies for
existing buildings (Gu & London, 2010).

Many researchers and economists recognise the significance of multi-criteria deci-
sion-making (MCDM) methods. Some of the scientists applied these methods to solve com-
plex decisions in a variety of areas such as health risk assessment (Habib et al., 2019), intel-
ligent systems (He & Xu, 2019), and analysis of statistical data (Krylovas et al., 2018). Other
researchers using MCDM methods measured performance of achievements (Zavadskas et al.,
2013; Maghsoodi et al., 2018), sustainable energy development (Siksnelyte et al., 2018), and
ranked options of supply chain management (Yazdani et al., 2019). The MCDM methods
were useful to solve transport (Radovi¢ et al., 2018), energy efficiency (Kaya et al., 2018), and
renewable energy (Kumar et al., 2017), green technologies (Banasik et al., 2018), in the choice
of sustainable materials (Govindan et al., 2016; Ilce & Ozkaya, 2018), and other problems.
These researches prove that MCDM methods are useful tools in finding the right solutions
to modern business problems. Hybrid MCDM approach consists of MCDM methods. Za-
vadskas et al. (2016a, 2016b) identified four groups of hybrid MCDM methods to calculate
the relative value of criteria and prioritise identified alternatives.

1. Development of the algorithm for the optimisation model

The implementation of the optimisation model requires dividing it into separate assessment
processes, which are necessary to create building elements energy simulations. To achieve
the proper energy performance of a building, designers need to determine its current energy
efficiency class. The work should start by determining key energy parameters of structural
partitions and engineering systems of the analysed building. The energy efficiency class of
the building is determined using a reverse task (Figure 1).

In terms of energy performance, buildings fall into nine categories: A++, A+, A, B, C, and
others (STR 2.01.02:2016). The work should start by determining key energy parameters of
structural partitions and engineering systems of the analysed building. The energy efficiency
class of the public building is determined by applying a reverse task (Figure 1).

One significant component of a knowledge-based management system is the optimisation
subsystem that comprises tools for advanced selection of alternatives and decision-making
at the conceptual Stage as well as measures used after the energy analysis of the additional
model. The conceptual phase of the project further develops the logic of the inverse problem
algorithm by choosing predefined alternatives. Designers should identify variants of struc-
tural and engineering systems that are consistent with the energy efficiency class defined in
the choice of retrofitting the building plan. Experts checking the building and its energy per-
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Figure 1. Reverse energy task of consumption

formance collect all the data needed to describe the current state of the building. A database
stores the collected data. Data about energy consumption and design decisions justify the
need and scope of modernisation. The experts and the building stakeholders shall establish
and define criteria for the effectiveness of the building retrofit measures. Experts substantiate
the values and weights of the characteristics with pairwise comparisons.

There is no automated optimisation model for this reason. Besides, integrating it into the
BIM system entirely needs significant resources. Therefore, the study proposes a mathemat-
ical optimisation model (Figure 2) with the manually collected input data.

Figure 2 indicates the split of the optimisation model into two stages:

— Stage I determines key thermal transmittances of structural partitions and efficiencies
of engineering systems;

— Stage II uses the results of Stage I to determine the most effective solutions to alter-
natives that conforms to the energy efficiency class.
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Figure 2. Optimisation model

During the Stage I, the assessment focused on the maximum roof thermal transmit-
tance - Uy .0 the minimum thermal transmittance of the roof - Uy ,,,,,; the mean thermal
transmittance of the roof — U,,; the significant interval of the thermal transmittance of the
roof - AUy the maximum thermal transmittance of the basement floor — U, ,,; the mini-
mum thermal transmittance of the basement floor - U, 1,,; the mean thermal transmittance
of the basement floor — Up,(; the significant interval of the thermal transmittance of the base-

ment floor — AU, ; the maximum thermal transmittance of walls — U, the minimum

sien max’

8r
thermal transmittance of walls — U;,,, . the mean thermal transmittance of walls — Uy,,,;;
the significant interval of the thermal transmittance of walls - AUj;,,,; the maximum ther-

mal transmittance of doors and windows - Uj,,, ;...; the minimum thermal transmittance
of doors and windows — U}, . the mean thermal transmittance of doors and windows —
Ulnos the significant interval of the thermal transmittance of doors and windows — AU,,,,.

Besides, several coefficients were formed. Namely, the maximum efficiency of the venti-
lation system — M,, o the minimum efficiency of the ventilation system — M, ., the mean
efficiency of the ventilation system - 1,,; the significant interval of the ventilation system —
An,,; the heating system source (central system, gas boiler, electricity, and others) - S, is
determined as well as the hot water source (central system, gas boiler, power, and others) -
Ve the cold air source (refrigeration chambers, air conditioners, and others) — O, and
the source of renewable energy — Ay,
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The investigation analysed six affecting factors: the thermal transmittance of the roof, the
thermal transmittance of the basement floor (plinth), the thermal transmittance of walls, the
thermal transmittance of doors and windows, ventilation system efficiency, and the indoor
consumption of energy.

In the following cases, the analysis produced three levels of values, namely, lower, mean
and upper, for the thermal transmittance of the roof (0.15; 0.2; 0.25); the thermal transmit-
tance of the basement floor (plinth) (0.25; 0.3; 0.35); the thermal transmittance of walls (0.2;
0.25; 0.3); the thermal transmittance of doors and windows (1.2; 1.6; 2); and ventilation
system efficiency (0.7; 0.8; 0.9).

The calculation of all coeflicients resulted in 243 variants. Due to a large number of op-
tions, the use of dispersion analysis methods became impracticable; thus, for experiments,
the full factorial analysis technique was useful. Table 1 presents the main level of indicators
with variation intervals. Table 2 demonstrates the full factorial experiment matrix under
conditions of developed energy simulations for building elements (Goh, 1989). The planning
matrix shows all possible combinations of lower and upper levels for each affecting factor.

Table 1. Key indicators of the planning matrix

°E g 22 Y y 5 |pes B
gz s 5E g = £ 2225 58
¢ | 28 | LZEE9| £ | f£3t |f5¢ g5
S == 2 s 5.3 Ay SE o “'~©8A§>§A o g
S EéwM Eéuvg EET&M EéE"UM T QO BN ISER=1
= g 2L ESE 8| § ¢S 2o S 2ga S g« g g
o (5] =1 Q g g (5} =1 (5] =1 o [ < S
E EEsE EEseSz| EE£%E EEvEE|E58E| £8
Main 0.2 0.25 0.25 1.6 0.8 calculated
level
Variation 0.05 0.05 0.05 0.4 0.1 -
interval
Table 2. Key indicators (Goh, 1989)
Affecting factors Optimisation parameters
Experiment No.
X1 X2 X3 X4 X5
1 IR T T T Y1
2 I | -1 ] -1 ] -1 | Y2
3 IS S T S T S T Y3
4 S S T S S T Y4
5 I 1| -1 | -1 | o Y5
6 P S T I S T Y6
7 S I I

234 \+I\+I\+I\I\+I\
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The upper bound of the thermal transmittance of structural partitions was accepted on
the condition that its further increase would have failed to confirm the variant of the B class
NRG requirements for a building. The lower bound was accepted on the condition that
a lower value of the thermal transmittance would have meant an increase in the price of
structural partitions.

The upper bound of the efficiency of the ventilation system was accepted to be 0.9 (W/
(m?K) as any further increase in the efficiency would have failed to correspond to the variant
of the class B NRG building. The lower bound was accepted to be 0.7 (W/(m?K) as any lower
value of the efficiency would have meant an increase in the price of the ventilation system.

Following the plan, the analysis of the method used to develop energy simulations of
building elements focused on the following attributes (later, the characteristics became effi-
ciency indicators):

- YI= U,, — the thermal transmittance of the roof;

- Y2= Uy — the thermal transmittance of the basement floor;

- Y3=U,,, — the thermal transmittance of walls;

- Y4=U,;, — the thermal transmittance of windows and doors;

- Y5=n,,,~ the efficiency of the ventilation system;

- Y6; (i=1.243) = (U, Ups Upa> Uppirr My Ssisp Visisp Osisp Asis) — the NRG class and
indoor energy consumption (determined using listed indicators and rejecting non-B
class variants).

Table 3 provides the developed decision-making matrix X.

The SAW (Simple Additive Weighting) method helped to determine the rationality of
variants using a matrix. Simple Additive Weighting is the best known and the most popular
method, which is also one of the simplest. MacCrimmon (1968) offered the summary of the
method rules.

Initial data — the decision matrix and significance values. The decision matrix cannot
have non-numerical values.

Table 3. Decision-making matrix

Indicators (thermal transmittances)
Variation Roof | Basement floor | Walls Windows, | Ventilation Energy
alternatives (Y1) (Y2) (Y3) doors system consumption
U.) (U.) (U ) (Y4) (Y5) kWh/m? x years
st gr sien (Ulan) (mre) (Y6)
1 Ust min Uﬂ min Uwa min Uwin min MNven min Y61
2 UruO Uﬂ min Uwa min Uwin min Nyen min Y6,
234 Uro max U_ﬂ max UwaO Uwin max Myen max Y6234
min or max . . . . .
o min min min min max min
indicator
Significance
of the 1 1 1 1 1 1
indicator
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Initial data is the decision matrix and significances of each effectiveness indicator
q=1q, @ - 4b

Identifying the rationality of a variant, respective members of the normalised matrix are
multiplied by significances and summed. The sum of the rational variant multiplications will
be maximal:

n o no_
A=Valmax 2 G50 M

here, x;; — normalised decision-making matrix.

The second Stage identifies the measures (structural solutions) that can be used to achieve
the solution was determined in the first phase. Experts and the manager of the building set
criteria for alternative modernisation measures. Experts using pairwise comparisons deter-
mined significance values of indicators.

A decision tree helped to develop alternative combinations of modernisation measures
(Figure 3). This model identified possible isolation combinations for the plinth, walls and
roof. The combinations can use several variants. The method for the multi-criteria assessment
of alternatives was elected applying the SyMAD-3 method that allowed selecting the most
effective variant from all available alternatives. The application of decision tree principles
resulted in many alternative combinations; thus, the priority list of alternatives was used.
Analysis of energy need for alternative combined solutions used in modernisation impacts
the overall energy consumption of the building. Therefore, the best option policymakers
could select only by using MCDM method that satisfies values of performance indicators
such as price, energy consumption, and others.

2. Definition and significance of indicators

Comparison using the pairwise method helped to determine the magnitude of indicator per-
formance. An optimisation problem was used to determine numerical values for subjective
significances of indicators g; ( j=Ln):

n n
IRy
ming 373 (b5 -4) 1 @
i=1 j=1
where, b;; - pairwise comparison of indicators R; and R; made by experts i,j=1,n. This in-
dicator refers to the significance ratio of expert estimates of the i and j indicators. Additional

condition: "
D=1 (3)
i=1

Pairwise comparison matrixes helped to systemise the selected information. Policymakers
assessed significances of each structural part of the building. They listed indicators following
their importance. Table 4 shows the indicators selected for the modernisation of a public
building.
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Table 4. Performance indicators identified during the analysis of alternative modernisation measures

No. Indicators Measurement units
1 |Thermal transmittance W/m?K
2 | Price of the modernisation EUR
3 | Forecasted lifetime of the measure yrs
4 | Possible construction works despite the seasonality points
5 | Annual savings kWh/m?/yrs
6 | Simple payback period yrs
7 | Thickness of the structure* mm

Note: * Only applicable to the plinth, external walls and the roof.

3. SYMAD-3 — a method to synthesise modernisation
decisions for building structures

In this case, the decision-making process used the method for the synthesis of multiple

attribute decisions SYMAD-3 (Simanaviciene et al., 2012; Simanaviciene & Ustinovichius,

2012). Problem solvers the reliability of the solution improve using three MCDM methods

based on quantitative measurements. The structure of the decision analysis was presented

as a multistage decision tree (Figure 3). This analysis tree diagram was described using the
following principles:
— the set of decision analysis stages K ={k}, (k = 1, 2, ..., ¢), k — the stage number, ¢ — the
number of stages;
- the number of decision-tree nodes in each Stage - my (k = 1, 2, ..., ¢) was determined
considering the number of decision tables;
- the number of modelled decision tree branches that connect the root node with a
leaf node: z = m_, where m_ — the number of nodes of the last decision tree stage.
The total amount of decision tree branches represents all combinations of calculated
alternatives.

Having the decision analysis model and required data available, the rational deci-
sion-making process could start, i.e., selecting a respective algorithm to rank alternatives by
their rationality — SYMAD-3. The algorithm of the method comprised of two stages.

The first decision phase was meant to formulate the problem, prepare the data and make
the initial assessment of alternatives. This Stage had six steps:

1. They were defining decision stages, establishing a performance indicator system for each
stage of the decision tree K ={k}, (k = 1, 2..., ¢). Making tables of decisions for each deci-
sion stage, where m; — the number of decision tables in the k stage. Decision matrixes
were developed using these tables of data:

X, :[xfj},<t:l,mk;izl,at,jzl,nk), (4)

where, ¢t — the number of the decision table, a, — the number of alternatives of the t deci-
sion table, n; — the number of performance indicators of the k stage.
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2. Populating the expert pairwise comparison matrixes used to determine the significance
of performance indicators.

E={p}p=12...¢,, (5)

where, E — the set of experts, p — the expert number, ¢, — the number of experts.

3. Determining the compatibility of pairwise comparison matrixes. For this purpose, each
matrix as taken to estimate its degree of compatibility S:

_S

S >
SA

(6)
where, S; — the matrix compatibility index, S, — the mean random index. If S < 0.1, the
matrix was sufficiently compatible and could be used to determine the subjective signifi-
cance; otherwise, the matrix data were eliminated from further calculations (Saaty, 1994).

4. Policymakers determine the significances of the k stage indicators. The expert-filled ma-
trixes for indicator pairwise comparison and the method of least squares were used to
estimate the subjective significances of indicators g, ( j =Lnk :L_c) Based on the in-
formation regarding the subjective significances of indicators, expert opinions regarding
indicator significances were examined for compatibility, estimating the concordance coef-
ficient. If the compatibility of expert opinions on the indicator significances was sufficient,
integrated significances of indicators q,ij, ( j=Ln, k=1, c) were estimated next. If the
compatibility of expert opinions is insufficient, the composition of the expert group needs
reconsidering. The estimation of indicators was repeated, using the data of the renewed
expert group.

5. The earlier-mentioned decision matrixes X, = [xf] }, (t =l,m,i=1a,j=1 ”k) and inte-

grated significances of indicators q,zj, ( j= l,_nk, k= L_c) were used to determine alternative
rationality applying three methods: TOPSIS, COPRAS, SAW.

6. Following the estimations based on all three methods, the results were supplied in the
form of relative significance criteria according to TOPSIS, SAW and COPRAS methods,
no summed:

(A;‘c [TOPSIS, A W,COPRAS]) = (R;‘cT,R;'(S,R,iC ). k ~Loi=Lmy, 7)

The second decision stage was intended to develop alternative combinations and assess
their rationality. The decision tree model and the rationality assessment results for alterna-
tives received during the first decision stage, which were described in decision tables A, were
used to make alternative combinations

B,, (s:l,z) .

The second Stage comprised of three stages:
1. Data of alternative combinations were supplied in the vector form:

B, ={(Rip R Rl ¢ ) (Rip R0 RE ¢ )i = Ly k=T 8)
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2. Decision tables were filled with resulting alternatives; later, this data was used for further
calculations.

3. Alternative combinations were assessed (TOPSIS, SAW and COPRAS). The decision ma-
trix was created:

Y =[B,]=[yy]s=Lal=Lkxmt, 9)

where, m, — the number of methods used, k — the stage number, (k = 1, 2, ..., ¢). In this
case, s — the number of rows in the matrix Y, / — the number of columns in the matrix Y.

(ys,)z(Ril;’),kzl,_c,izl,mk,lzl,kxmt. (10)

The set was created from indicators required for the assessment of alternatives provided
in the matrix Y: R ={R}}, (I = 1, 2, ..., kxmt). The optimal indicators value was the maximum
as well as their significances; neither subjective nor objective factors had any impact on them.
Indicator significances had to satisfy the condition:

kxmt

Zwl=1, (11)
I=1

where, k — the number of stages, mt — the number of methods.

Following the assessments of alternative combinations with the help of methods named
above, rationality estimates and alternative combination ranks (as per importance) were sup-
plied in the form of a table in respect of each method (Table 5). The presented method can be
used for various multistage, multi-attribute decision problems when information regarding
alternatives is supplied in the quantitative form (Figure 4).

In the analysed case, the SyMAD-3 method was used for the decision analysis and syn-
thesis regarding structural partitions. This method combines estimations of the Complex
Proportional Assessment (COPRAS) (Zavadskas et al., 1994), the TOPSIS (Hwang & Yoon,
1981) and the SAW (MacCrimmon, 1968) methods.

COPRAS (Zavadskas et al., 2004; Kaklauskas et al., 2006) method addresses priorities and
significances that are directly dependent on the indicator system that describes alternatives.
Experts estimate initial significances. Thus, stakeholders (the property manager or the cli-
ent, and others) can adjust the information considering the existing situation and set aims.
Therefore, these results for the assessment of alternatives provide initial data jointly supplied

Table 5. Decision table of alternative combinations

Stages First Stage c Stage
Indicators
Alternatives Ry R Ry Rz Ry Rp)
1 1 1 1 1 1
Bl Rl}T Rl}S leC RCtT RC:S Rc‘,C
B, Ri'T Ri Ric || R RE Ric
Min/max Max Max Max Max Max Max
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Figure 3. Fragment of the decision tree for the selection of modernisation measures’
alternative combinations. The tree uses data from Table 5. There: M — modernisation option,
C, — plinth option, S, — wall option, St, — roof option

by experts and stakeholders. This method determines the priority using the equation:

S_ S -
M i=1,m. (12)

m S—mln
S‘iz1 =y

where, S,; describes the positive and S_; defines the negative characteristics determining the
relative significance of compared variants. The project effectiveness is expressed by the value
Q;: the larger is the value, the higher is the priority.

TOPSIS method defines the setting of variant rationality. This method is characterised as
the least distance of the optimal alternative from the ideal result and the maximum distance
from the worst solution (Hwang & Yoon, 1981). This type of approach is called the Technique
for Order Preference by Similarity to Ideal Solution — TOPSIS. The relative distance of each
i variant to the ideal is determined using the following equation:

Ki—DL—Lz_1m,K e[0;1], (13)
where, L;* — the distance between the compared i and the ideally best variant; L;” — the dis-
tance between the compared i and negatively ideal variant. The closer is the value L; to one, the
closer is the i variant to a+, i.e., the rational variant will be the one with the greatest value of L;.

The rationality of variants is determined using the Simple Additive Weighting (SAW)
method (MacCrimmon, 1968).
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4. Energy performance analysis of the investigated public
building and the selection of the modernisation solution

A building in need of modernisation was selected to validate this model. The administrative
building was the Switching Control Centre, located in Radviliskis, Lithuania. The overall area
of the building amounted to 1455.73 m®. The planned works included the redesign of floor
arrangement, remodelling, the improvement of energy performance indicators, external wall
insulation, replacement of HVAC (heating, ventilation, and air conditioning) systems. The
analysed four-floor building was constructed from calcium silicate bricks, non-insulated. The
interior was outdated and dilapidated. The HVAC systems did not correspond to require-
ments. The building last time was repaired in 1998.

As the building was old, practically no information was available about the materials
used for its construction; consequently, the inventory (audit) of the building had to be made
to determine its real condition. Data of existing buildings can be collected using laser scan-
ners with thermographic cameras. This technology allows for an automated collection and
processing of data, determining thermal bridges, structural fractures, HVAC systems. This
building was analysed using a combined method, i.e. the assessment in situ and using a 3D
photogrammetric model (made from photographs). The model for the project was developed
from 1000 photos made using a drone. The existing situation of the building was analysed as
well as the energy loss through plinths, roof and external walls (Figure 4). The analysis of the
structure determined its physical depreciation before the modernisation works.

Determining key indicators for structural partitions and engineering systems (energy
simulation). Calculations were made to assess the thermal conductivity coeflicient U (W/
(m?%.K)) for plinth, roof and external wall structures.

Analogically, estimations were made for thermal transmittances of existing external walls
(1.383 (W/(m?K)) and the existing roof (1.033 (W/(m?K)).

In the beginning, the photogrammetric model of the building, as well as interior inven-
tory plans, were used to determine general building parameters. The designed photogram-
metric model made calculations easier and helped to achieve precise assessments of external
walls, windows and the roof.

Foundations, plinths Outside walls, windows

Figure 4. Analysis of the photogrammetric model
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Making energy simulations of building elements. It was established that the designed
building was intended for public purposes. Determining energy efficiency class of buildings
(their parts), critical values of structural partitions have values B of thermal transmittances
U(C, B) (W/(m?*K)) for structural partitions. Variation intervals for crucial indicators of
structural partitions and engineering systems were based on rules presented in Table 3. Var-
iation intervals that correspond to the set energy efliciency class were found for structures
and engineering systems (Table 6). This matrix was formed from the decision matrix used to
determine thermal transmittances of the most effective structural partitions and efficiencies
of engineering systems.

Determining key building elements with the most effective indicators (structures and
systems). Based on Table 6, a decision matrix was made. The SAW method was used to de-
termine variant priorities. Table 7 provides the best variant.

Defining the method of modernisation. Following simple estimations of thermal param-
eters of the building, differences were found between thermal parameters of the existing
structures and those to be achieved (Table 8). Windows were estimated separately for each
selected structure variant.

Table 6. Critical indicator values (affecting the energy efficiency class) of structural partitions and
engineering systems, determined based on variation intervals

Indicators (thermal Definitions of engineering .
: Energy consumption
transmittances) systems
R o g o,
< >
«|5s|€|2| 2e | 26| 25| 22 |26|8 =
S| 28| E| 35| £ES | 5% g@ 55 | 3%|8% =
ZlaS|E |2 25 |25 &8 T8 |0z a0 g3
1 0.15| 0.25 |0.25] 0.2 1.2 0.7 yes GB AC B 184.23
2 10.20] 0.25 |0.25| 0.2 1.2 0.7 yes GB AC B 186.3
3 10.25] 0.25 |0.25| 0.2 1.2 0.7 yes GB AC B 188.4
213 |0.25| 0.25 [0.25| 0.2 2 0.9 yes GB AC B 201.71
214 (0.15| 03 |0.25] 0.2 2 0.9 yes GB AC B 198.26
234 [025] 03 [025]03] 2 | 09 yes GB | AC| B 215.5
Table 7. Indicators of the most effective variant
Indicators (thermal transmittances)
3 g
S g g g
g g = 8 § =R =y
3 3 3 k| > £ 8 g
“3 4 E 2 e =5 | PEizs| £
g 228 s £2 52 | ZEx
~ m <= = =3 = M 8% g
100 0.25 0.35 0.3 1.2 0.9 196.6 1




1252

J. Starynina, L. Ustinovichius. A multi-criteria decision-making synthesis method to determine ...

Table 8. Determining structures and engineering systems with missing characteristics for variant No. 100

Indicators
Variation - — -
el [ oo [ Bemen |y | Wipdows [ Veriaion | Engy ot
No. 100 0.15 0.3 0.3 1.2 0.8 192.6
Existing 1.03 1.54 1.38 2.5 0 413.6
Difference 0.88 1.24 1.08 1.3 0.8 221.0

Windows: Variant 1 — thermal transmittance U-1.2 W/m?K; the price of the works - EUR
60743. Annual savings — 29.63 kWh/m?/yrs. Simple payback time — 20 years. Based on the
initial data, further calculations were made to determine the best modernisation alternative.

Alternatives were selected to find the solution for the modernisation problem of the
building in Radviligkis, among which the best modernisation alternative was found. The fol-
lowing elements of the building were analysed: the plinth, external walls, and the roof. Ther-
mal conductivity indicators U (variant 100) of the structure to be achieved were as follow:

— For walls: U = 0.3 W/(m?K);

— For the roof: U = 0.15 W/(m?*K);

— For the plinth: U = 0.25 W/(m*K);

- For windows U = 1.2 W/(m?K);
Table 9 presents variants, with the help of which the required effect could be achieved.

Table 9. Modernisation variants for critical structures

No.

Plinth alternatives

Wall alternatives

Roof alternatives

Expanded polystyrene EPS
100 of the missing required
thickness (according to Table
8) is used to insulate the
existing reinforced concrete
blocks, having the thickness

The exiting calcium silicate
brick wall, having the
thickness of d1 = 510 mm,
is insulated using the
expanded polystyrene EPS
70F of the missing required

Old roll roofing is removed, and
thermal insulation materials are
fixed. The under layer of the
expanded polystyrene EPS 80 of
the missing required thickness
(according to Table 8) is placed.

of 400 mm, insulating to

the depth of 800 mm; the
damp proof course is used
for covering. New plinth
protection is installed around
the building

1 of 400 mm, insulating to the | thickness (according to Hard rock wool slab ROS 30,
depth of 800 mmy; tiles are Table 8). The polystyrene having a thickness of 30 mm,
used for finishing. Plinth is attached using glue. is placed followed by double-
protection is installed around | Reinforcement mesh is layer torch-on waterproofing.
the building placed and covered in thin | Parapet flashing is placed, and

coat plaster ventilation ducts are insulated
Expanded polystyrene EPS The exiting calcium silicate | Old roll roofing is removed, and
100 of the missing required | brick wall, having the old thermal insulation materials
thickness (according to Table | thickness of d1 = 510 mm, | are fixed. The under layer of the
8) is used to insulate the is insulated using the insulating rock wool ROS 30 of
existing reinforced concrete | expanded polystyrene the missing required thickness

) blocks, having the thickness | EPS 70F (Neopor) of the (according to Table 8) is placed.

missing required thickness
(according to Table 8). The
polystyrene is attached
using glue. Reinforcement
mesh is placed and covered
in thin coat plaster

Hard rock wool slab ROS 30,
having a thickness of 30 mm,
is placed followed by double-
layer torch-on waterproofing.
Parapet flashing is placed, and
ventilation ducts are insulated




Technological and Economic Development of Economy, 2020, 26(6): 1237-1262 1253

End of Table 9

No.

Plinth alternatives

Wall alternatives

Roof alternatives

Expanded polystyrene EPS
100 of the missing required
thickness (according to Table
8) is used to insulate the
existing reinforced concrete
blocks, having the thickness
of 400 mm, insulating to the

The exiting wall of calcium
silicate bricks, with the
thickness of d1 = 510 mm,
is insulated using rock wool
of the missing required
thickness (according to
Table 8), windproof rock

3 | ground depth of 800 mm. wool of the thickness d3 =
The polystyrene above the 25 mm, then leaving a 20
ground is covered using a mm ventilation air gap and
finishing panel, and below using a 10 mm fagade panel
the ground - a drainage (HPL panel)
membrane. New plinth
protection is installed around
the building
Expanded polystyrene EPS The exiting calcium silicate
100 of the missing required | brick wall, having the
thickness (according to Table | thickness of d1 = 510 mm,
8) is used to insulate the is insulated using rock wool
existing reinforced concrete | of the missing required
blocks, having the thickness | thickness (according to

4 of 400 mm, insulating to Table 8). The rock wool is

the depth of 800 mm. The
polystyrene above the ground
is covered in thin coat plaster,
and below the ground - a
drainage membrane. New
plinth protection is installed
around the building

attached using glue and
pins. Reinforcement mesh is
placed and covered in thin
coat plaster

Analysis of structure modernisation variants. The analysis of structure modernisation

variants was performed for the best energy simulation variant No. 100. The definition of
structural variants with estimated modernisation indicators are given in Tables 10-12.

Table 10. Variants for the plinth modernisation

Indicators for the plinth modernisation

) . % A4 &
Alternatives for the 8 ® .§ = a g £ £z @ E . f; é
plinth modernisation | _ & < g TE X = z s 5 z §: £l 25
S8 |SE | Zef|2BSd | =E|So| EE
£ Eq 5| SEZ|2Eg8g| 5SS | 22| £8
cf| 85| 258|225 0E| ES| B | 22
ELZ | AEm | EEE|S8:€28| <2 | 58| E3F

1 2 3 4 5 6 7 8
Plinth 1 0.25 43354 30 2 291 144 610
Plinth 2 0.25 33694 25 2 291 112 610
Plinth 3 0.25 43876 27 6 291 146 610
Plinth 4 0.25 34209 25 2 291 114 610
Minimised/maximised min min max max max min max
Significance ¢q 0.121 0.254 0.151 0.046 0.173 | 0.175 | 0.080
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Table 11. Variants for the modernisation of walls

Indicators for the modernisation of walls
=) : £ 2 & A4 &
Alternatives © g v o, o S oo . S =
. Q L S = =3 £ g 3 S g
for the modernisation g R oo B SEE| BE Ny ° &
of walls —= £ = 2oy T O ERS s = 3¢
o M = IZER L 3T = E A Qo =
EEL| o8| SEZ| 2828 | S5 | 22| 28
g g g3 e 2252 | g s | 23
=S| 8 58| =
EEE|FER| S22 28288 | 22| £ | E
Wall 1 0.3 81377 25 3 118 7 600
Wall 2 0.3 82253 26 4 118 590
Wall 3 0.3 121754 27 6 118 10 635
Wall 4 0.3 84284 25 3 118 7 600
Minimised/maximised min min max max max min max
Signiﬁcance q 0.140 0.245 0.136 0.047 0.162 0.172 0.098
Table 12. Variants for the roof modernisation
Indicators for the roof modernisation
(5]
) - < 3 & v 2
Alternatives for Y g L v g i 3 = g
c e 2 s = 2 ISIR=Js SRS ) “5 =)
the roof modernisation = R oo e LS A SRS S
= £ J:'g 2°%s| 4882 ERS] S = Y
EEX|CSt | 885|228 2E| 29| 5
s2E5| 88| 258|525 | ES | BE| 23
EESz|LER|SE8E| 8888 | 22| 28| £8
Roof 1 0.15 40539 25 6 35.51 11 460
Roof 2 0.15 46803 25 4 35.51 13 460
Minimised/maximised min min max max max min max
Significance q 0.136 0.260 0.132 0.049 0.155 0.216 0.052

Windows: variant 1 with the thermal transmittance of U-1.2 W/m?K; and the price of
works of 60743 EUR. Annual savings would amount to 29.63 kWh/m?/yrs. The simple pay-
back time - 20 years.

A separate assessment was made for the plinth (Table 13), walls (Table 14) and the roof
(Table 15).

Table 13. Results of the plinth modernisation variants using three MCDM (TOPSIS (MT)), SAW (MT),),
and COPRAS (MT3)) methods

Alternative Method MT, MT, MT;
Plinth 1 0.235 0.875 0.113
Plinth 2 0.572 0.944 0.106
Plinth 3 0.398 0.887 0.124
Plinth 4 0.558 0.939 0.106
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Table 14. Results of the modernisation variants for walls using three MCDM methods

1255

Method
Alternative MT, MT, MT;
Wall 1 0.777 0.962 0.106
Wall 2 0.835 0.968 0.110
Wall 3 0.224 0.868 0.119
Wall 4 0.764 0.953 0.106
Table 15. Results of the roof modernisation variants using three MCDM methods
Method
Alternative MT, MT, MT;
Roof 1 1 1 0.199
Roof 2 0 0.914 0.189

Following the assessment of separate building alternative elements (the plinth, walls and
the roof), the evaluation focused on all possible combinations based on the decision tree for
modernisation (Figure 4). Four plinth variants, four wall variants and two roof variants were
selected to make the modernisation decision. The modifications resulted in 32 options to
undertake modernisation assessment processes. The assessment was made using SYMAD-3.
Tables 16 and 17 present the received alternative. Later, ranks of alternative combinations
were determined based on results received using three before mentioned methods (Table 18).

Table 16. Alternative combinations made from estimates received using three MCDM methods

Plinth Wall Roof

MT, | MT, | MT, | MT, | MT, | MT, | MT, | MT, | MT,
Bl | 0235 | 0874 | 0.113 | 0.777 | 0961 | 0.106 1 1 0.199
B2 | 0235 | 0874 | 0113 | 0777 | 0961 | 0.106 0 0915 | 0.189
Bl | 0572 | 0945 | 0.06 | 0835 | 0969 | 0.110 1 1 0.199
B12 | 0572 | 0945 | 0106 | 0.835 | 0969 | 0.110 0 0915 | 0.189
B23 | 0398 | 0388 | 0125 | 0764 | 0952 | 0.106 1 1 0.199
B24 | 0398 | 0.88 | 0.125 | 0764 | 0952 | 0.106 0 0915 | 0.189
B32 ‘ 0.558 ‘ 0.938 ‘ 0.106 ‘ 0.764 ‘ 0.952 ‘ 0.106 ‘ 0 0.915 ‘ 0.189
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Table 17. Results of alternative combinations received using three MCDM methods

Alternative
combinations MT, MT, MT,
Bl 0.683 0.252 0.009
B2 0.333 0.216 0.007
Bl11 0.910 0.274 0.010
B12 0.446 0.239 0.008
B24 0.371 0.228 0.008
B25 0.891 0.270 0.010
B32 0.423 0.234 0.008

Table 18. Ranks of alternative combinations based on results received using three MCDM methods

Alternative Plinth Wall Roof MT, | MT, | MT,
combinations
Bl Plinth 1 Wall 1 Roof 1 11 11 11
B2 Plinth 1 Wall 1 Roof 2 27 27 27
B10 Plinth 2 Wall 1 Roof 2 19 18 19
Bl1 Plinth 2 Wall 2 Roof 1 1 1 1
B32 Plinth 4 Wall 4 Roof 2 2 \ 21 \ 2

Conclusion: The best alternative, according to all three methods, was B11.

Discussions

It is mandatory to make the right modernisation decisions regarding the choice of the opti-
mal energy efficiency solution before construction works start. The use of new technologies,
such as BIM, for modernisation, would not only save time but also help to prevent the gen-
eration of a considerable number of possible modernisation solutions where policymakers
can find the best option in an automated way by using programming algorithms already in
the digital twin of an existing building. Besides, having a digital twin building with data, it
is possible to simulate different scenarios for assuring that chosen modernisation solution
meets all the requirements. In many cases, the BIM method is applicable for newly designed
buildings, but this method can provide substantial benefit to old buildings too. What is more,
it is easier to apply to other technologies when policymaker works in a digital environment.
One of the methods to collect building geometry and other data is to use photogrammetry
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solution. Photogrammetry data serves as base data before design works. This technology
saves time and provides higher accuracy for specific data collection and analysis. Created
optimisation model using the BIM method, which is based on information management at
various stages of the modernisation process: from the building audit and determination of
the energy class of the building to the selection of the optimal modernisation option based
on the MCDM method, reduces the potential human factors and inefficient solutions.

There are still many areas where the design and management of the modernisation pro-
cess cannot be fully automated. The first steps in digital data collection could prevent the loss
of information during the exchange between participants involved in project management.

The authors considering the research results think that this tested on a real building
method would make an impact not only on energy efficiency but also on the cost of building
maintenance. Saving costs on modernisation and the energy savings increase the economic
value of the building in the long term and give benefits for selling or renting opportunities. In
future research, it would be beneficial to evaluate modernised buildings using the proposed
method and estimate the real benefit not only for the building owner but also to the users of
this building after modernisation.

Conclusions

The suggested optimisation model identified the building elements involved in estimations of
variation indicators. In terms of indoor energy consumption, significant energy simulation
indicators of building elements were formulated, which had the most significant impact on
the energy efliciency class. This Stage allowed finding rational variants that provided the best
general energy indicators.

The multistage assessment of the variant matrix was adapted, and the decision tree helped
to find the most rational variant. The SYMAD-3 method helps to summarise the results. The
technique allowed a systemic selection of the most effective modification from composed
alternatives.

The inventory of the building in Radvili$kis was made using simple measurement tech-
niques and the created photogrammetric model. This method permitted the creation of a
unique digital model, which captured the real 3D geometric information of the building. This
3D model is fundamental for the adjustment of the BIM system as it can serve as a basis for
modelling solutions with selected materials as well as allow developing a library of digital
objects, linking it with other HVAC systems.

The condition of the building was assessed, and modernisation works were planned. This
Stage allowed anticipating the decision-making model for the modernisation.
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