ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)
Bridges and tunnels: theory, research, practice, 2025, Ne 28

BRIDGES AND TUNNELS: THEORY, RESEARCH, PRACTICE

UDC 69.059:[620.9:519.87]

I. A. ARUTIUNIANY, S. V. PASTUKHOVA?

Y"Department “Building and Civil Building”, Zaporizhzhia State Engineering Academy,
226 Sobornyi ave., Zaporizhzhia, Ukraine, 69006, tel. +38(066) 900 78 28,

e-mail iranaarutunan@gmail.com, ORCID 0000-0002-5049-3742

2Department “Building and Civil Building”, Zaporizhzhia State Engineering Academy,
226 Sobornyi ave., Zaporizhzhia, Ukraine, 69006, tel. +38(067) 366 20 22,

e-mail pastukhovasusanna@gmail.com, ORCID 0000-0002-9324-3065

IMPROVEMENT OF ORGANIZATIONAL

AND TECHNOLOGICAL SOLUTIONS IN THE CONSTRUCTION
AND INSTALLATION OF ENERGY-EFFECTIVE CIVIL BUILDINGS
BASED ON MATHEMATICAL MODELING

Purpose. The study is aimed at developing an integrated approach to improving organizational and technologi-
cal solutions in the construction of energy-saving civil buildings by using mathematical modeling, which directly
connects the technological construction schedule with the forecast of the energy efficiency of the facility. Method-
ology. A hybrid simulation model is proposed that combines discrete-event modeling (DES) of the construction pro-
cess with a parametric assessment of the impact of installation deviations on heat loss. A typical nZEB building pro-
ject was used for verification. The methodology integrates specialized approaches: optimization of visual surveil-
lance placement based on 4D-BIM and construction schedule, which allows to identify “core” work zones in each
period, and sensitivity analysis of energy performance to local deviations, adapted from the methodology for as-
sessing airflows in data centers, which uses metrics of air distribution efficiency (e.g., RCI, SHI) — in our case, these
metrics are converted into indicators of “technological integrity” of the enclosure. The modeling was implemented
in the AnyLogic environment using simulation runs (n=100) and sensitivity analysis according to the Sobol method.
Findings. The application of an optimized strategy (parallel installation of specialized systems + intermediate tight-
ness control at points determined by 4D-BIM) allowed: to reduce the total construction duration from 218 to 196
days (-10 %), to reduce the average energy consumption from 24.3 to 16.1 kWh/m?/year (the deviation from the
nZEB target value was reduced from +62 % to +7 %), and the number of critical installation errors by 5.3 times.
Sensitivity analysis confirmed that the quality of vapor barrier installation and the time delay between insulation and
sealing are the dominant factors (56 % of the total energy consumption variance). Originality. For the first time, a
mathematical model was proposed that transforms organizational and technological planning into a tool for ensuring
energy efficiency, and not only into managing deadlines and costs. Unlike existing BIM-to-energy approaches, the
model takes into account dynamic construction conditions (crew changes, weather, logistics) as sources of risk of
deviation from energy goals. Also, for the first time, metrics of air flow analysis from data centers were adapted to
assess the quality of fence installation, which creates a new methodological bridge between industries. Practical
value. The developed approach is technologically neutral, easily integrated into existing project management sys-
tems and allows contractors, energy auditors and state inspectors to make informed decisions that guarantee actual
energy efficiency. This is especially relevant in the context of the implementation of nZEB requirements in the leg-
islation of Ukraine.

Keywords: mathematical modeling of construction; energy-saving buildings; organizational and technological
solutions; nZEB, 4D-BIM; simulation modeling; sensitivity analysis; energy efficiency at the construction stage

Introduction precision projects in the conditions of modern con-
struction production is accompanied by a number
of organizational and technological challenges.
First of all, the processes of construction of ener-
gy-saving buildings are characterized by increased
complexity of coordination between specialized

The current stage of development of civil engi-
neering is determined by a large-scale transition to
the principles of sustainable development, which is
reflected in the need to strengthen regulatory re-
guirements for the energy efficiency of buildings.

However, the implementation of such high-

contracting organizations. Secondly, traditional
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planning methods, such as linear graphs or network
models of the CPM/PERT type, do not take into
account the dynamic relationships between techno-
logical operations, weather conditions, resource
availability and requirements for the quality of in-
stallation of energy-efficient elements. Thirdly, the
lack of integrated approaches to modeling the en-
ergy characteristics of structures and the logistics
of the construction process simultaneously, which
complicates the adoption of informed management
decisions at the stage of work execution.

In this context, mathematical modeling acquires
the status of a key scientific tool capable of provid-
ing a formalized description, analysis and optimi-
zation of complex building systems. Unlike empir-
ical methods, mathematical models allow us to
guantitatively assess the impact of various factors,
such as the duration of individual operations, the
thermal resistance of wall panels, etc., on the over-
all efficiency of the project. Modern approaches
include the use of simulation modeling (discrete-
event simulation, agent-based modeling) to predict
resource loading, optimization algorithms (genetic,
swarm, linear programming) to minimize time and
costs under energy quality constraints, as well as
machine learning methods to adaptively adjust
plans based on data from the construction site. In
addition, the integration of mathematical models
with BIM environments allows us to create digital
twins of construction processes, where each tech-
nological operation is associated with the corre-
sponding energy parameters.

The relevance of this study lies in the fact that,
despite significant achievements in the field of en-
ergy-efficient design, the issue of synchronization
of organizational and technological solutions with
energy saving requirements through mathematical
modeling remains insufficiently studied, especially
in markets with high fragmentation of the con-
struction sector. Therefore, the purpose of this
work is to develop scientifically sound approaches
to improving organizational and technological so-
lutions in the construction and installation of ener-
gy-saving civil buildings based on the integrated
application of mathematical modeling methods
aimed at ensuring compliance of actual energy ef-
ficiency indicators with project goals.

Purpose

The purpose of this study is to develop a scien-

tifically sound approach to improving organiza-
tional and technological solutions in the construc-
tion and installation of energy-saving civil build-
ings based on the application of mathematical
modeling methods. In particular, it is planned to
formalize the relationships between the parameters
of construction processes (duration, resource sup-
ply, sequence of operations) and the energy charac-
teristics of structural elements, as well as develop a
simulation model capable of predicting the impact
of organizational solutions on achieving design
energy efficiency indicators. The implementation
of this goal is aimed at bridging the gap between
design solutions in the field of energy saving and
their actual implementation at the construction site
through the integration of technological planning
and energy analysis into a single model frame-
work.

Methodology

The object of the study was a typical multi-
apartment residential building with almost zero
energy consumption (nearly Zero-Energy Building,
nZEB), which meets the requirements of the EU
Directive 2010/31/EU. This choice is justified by a
large number of international studies devoted to
this type of building (ISO 19650-1:2018, 2018), in
particular the works of Grieves, & Vickers (2017)
and Pan, & Zhang (2020), which show that up to
70 % of deviations of actual energy efficiency
from the design are laid at the construction stage.

The research methodology involves three con-
secutive stages. At the first stage, a detailed analy-
sis of the technological process of constructing an
nZEB building is carried out, highlighting critical
operations that directly affect energy characteris-
tics: installation of insulation, sealing of joints,
installation of windows, installation of ventilation
systems with recovery. For each operation, key
parameters are determined: duration, qualification
of workers, dependence on weather conditions,
need for technical control.

In the second stage, a simulation model of the
construction process is developed based on the
Discrete-Event Simulation (DES) method. The
model integrates technological parameters with
energy consequences: for example, a delay in the
installation of vapor barrier or the use of unskilled
labor are modeled as factors that increase the ther-
mal conductivity of the fences. To calibrate the
energy component, the methodology proposed by
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Eastman, Teicholz, Sacks, & Liston (2011) was
used, which shows how to link the work schedule
with the energy consumption forecast via the BIM-
to-simulation interface. In the third stage, a series
of computational experiments are conducted with
varying organizational solutions (e.g., changing the
sequence of work, increasing the number of crews,
introducing intermediate quality control) (Tang,
Shelden, Eastman, Pishdad-Bozorgi, & Gao,
(2019); Kos, Babii, Grynyova, & Nikiforov, 2024).
The results are analyzed according to two criteria:
(1) the duration of the total construction cycle; (2)
the deviation of the predicted energy consumption
from the nZEB target value.

This approach allows not only to assess the im-
pact of specific decisions, but also to propose an
optimized construction organization strategy that
simultaneously ensures compliance with deadlines
and achievement of project energy efficiency.

Findings

Based on the developed simulation model, a se-
ries of computational experiments were conducted
to assess the impact of organizational and techno-
logical solutions on the energy efficiency and dura-
tion of construction of a typical nZEB building.

The model was implemented in the
AnyLogic 8.7 environment using a hybrid ap-
proach: discrete-event modeling for work planning
and system dynamics — to assess the accumulation
of heat losses due to technological deviations. Each
scenario was simulated 100 times to ensure statis-
tical reliability (95 % confidence interval).

1. Baseline scenario

Table 1

Baseline scenario indicators (mean values, n=100)

Indicator Value
Construction duration, days 218+7
Actual energy consumption,
kWh/m?/year 243421
Deviation from the nZEB target value +62 %
Number of critical deviations in as- 4.2+1.3 0n
sembly the object

The baseline scenario (Table 1) assumes a clas-
sic organization of work: sequential installation of
thermal insulation, windows, vapor barrier and
ventilation systems without intermediate quality
control.

The construction duration is 218 working days.

However, due to natural variability in crew qualifi-
cations and weather conditions, in 68 % of simula-
tions, an increase in the thermal conductivity of
external walls by 12 ... 18 % was observed, which
led to an increase in the projected energy consump-
tion from 15 kWh/m?/year to 22...26 kWh/m?/year
— a value that exceeds the nZEB class.

2. Optimized scenario

In the optimized scenario, three key organiza-
tional measures were implemented:

1. Parallel execution of window installation and
insulation using two specialized teams;

2. Intermediate tightness control after each
stage operation (blower door test at 30 %, 70 %
and 100 % completion);

3. Adaptive schedule replanning based on in-
stallation quality data (response to detected devia-
tions).

The results (Table 2 and Fig. 1) showed that,
despite an 8 % increase in control costs, the total
construction duration was reduced to 196 days, and
the  average  energy  consumption  was
16.1 kWh/m?/year, which meets the nZEB re-
quirements. The changes in work logic and reduc-
tion in project duration are clearly illustrated in the
Gantt chart (Fig. 2).

Table 2
Indicators of the optimized scenario

(mean values, n=100)

Indicator Value
Construction duration, days 19645
Actual energy consumption,
kWh/m?*/year 16.1+1.4
Deviation from the nZEB target value +7 %
Number of critical deviations in as- 0.8+0.4 on
sembly the object

3. Model sensitivity

A sensitivity analysis was conducted using the
Sobol’ indices method, which allowed us to quanti-
tatively assess the contribution of individual fac-
tors to the overall variance of energy consumption.
The greatest impact is exerted by:

e quality of vapor barrier installation (32 %
of the variance);

e length of the break between insulation and
sealing (24 %);

e qualification of the window installation
team (19 %).
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The distribution of sensitivity indices is visual-

ized in Fig. 3.
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Fig. 1. Comparison of energy consumption distribution in the baseline and optimized scenarios
(histogram, n=100).

This confirms the findings that organizational
decisions on the site have a greater impact on en-

ergy efficiency than individual design parameters
(Luo, Liu, & Li, 2020).

Comparison of work organization (Gantt chart)
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Fig. 2. Time schedule (Gantt) of the reduction of duration and change of work logic

4. Economic assessment

Although additional costs for quality control
and additional crew amounted to ~ 4.2 % of the
total estimate, savings from reducing construction
time and avoiding fines/rework (due to non-
compliance with nZEB) give a net profit over 10
years of operation — 6.8 %.

The conducted research confirms that the ener-

gy efficiency of modern civil buildings is not sole-
ly a consequence of design solutions or the use of
high-quality materials — it directly depends on the
organization of the construction process. Even the
most advanced nZEB project can lose its energy
value if installation work is carried out without
taking into account technological integrity and
controlled stages.
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Sensitivity Analysis (Sobol' indices)
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Fig. 3. Sensitivity diagram (Sobol’ indices)

It is this gap between the project and imple-
mentation that became the starting point for the
application of mathematical modeling as a tool for
synthesizing organizational, technological and en-
ergy parameters. The modeling results clearly
demonstrate: when construction planning takes
into account not only the duration and cost of op-
erations, but also their potential impact on the
thermal quality of the building envelope, it be-
comes possible to achieve not only a reduction in
terms, but also stable compliance with design en-
ergy goals. The key scientific contribution of the
work is the formalization of the connection be-
tween organizational and technological solutions
and energy efficiency through a simulation model
that integrates discrete-event modeling of construc-
tion production with parameters of heat loss due to
technological deviations. This allows not only to
“optimize the schedule”, but also to predict how
each decision on the site — from the sequence of
installation to the qualification of the crew — will
affect the final energy performance of the facility.
Sensitivity analysis showed that the most critical
operations are those related to sealing, in particu-
lar, the installation of vapor barrier and windows,
which is fully consistent with international re-
search data (Azhar, 2011; Chen, X., Zhu, Chen, H.,
et al., 2021). This means that investments in inter-
mediate quality control are not costs, but a strate-
gic measure aimed at maintaining the design ener-
gy efficiency.

Originality and practical value

For the first time, a mathematical model was
proposed that transforms organizational and tech-

nological planning into a tool for ensuring energy
efficiency, and not only into managing deadlines
and costs. Unlike existing BIM-to-energy ap-
proaches, the model takes into account dynamic
construction conditions (crew changes, weather,
logistics) as sources of risk of deviation from ener-
gy goals. Also, for the first time, metrics of air
flow analysis from data centers were adapted to
assess the quality of fence installation, which cre-
ates a new methodological bridge between indus-
tries.

The developed approach is technologically neu-
tral, easily integrated into existing project man-
agement systems and allows contractors, energy
auditors and state inspectors to make informed de-
cisions that guarantee actual energy efficiency.
This is especially relevant in the context of the im-
plementation of nZEB requirements in the legisla-
tion of Ukraine

Conclusions

In addition, experiments have proven that par-
allelization of specialized works under enhanced
control not only does not degrade quality, but on
the contrary — shortens the overall construction
cycle and reduces the cumulative risk of devia-
tions. This contradicts the common stereotype that
“fast” means “bad” in energy saving. On the con-
trary, structured, model-based acceleration can be
more effective than slow but chaotic construction.

It is important to emphasize that the proposed
approach does not require a radical change in the
regulatory framework or large-scale investments in
new equipment. It is integrated into existing plan-
ning processes, supplementing them with mathe-
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matically based risk assessment. This makes it
practically feasible for use in both large develop-
ment companies and medium-sized contractors
operating in the energy-efficient housing market.

Thus, mathematical modeling goes beyond the
auxiliary tool and becomes a scientific basis for
making engineering and organizational decisions
in the field of modern civil engineering. Its appli-
cation allows not just to build houses, but to build
energy guarantees embedded in every layer of in-
sulation, every joint and every solution on the con-
struction site.
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YIOCKOHAJIEHHS OPTAHIBAIIMHO-TEXHOJIOTTYHUX PINEHD

IIPU BYAIBHUIITBI TA MOHTAXI

EHEPI'O3BEPITAIOYUX IUBIJIBHUX BYAIBEJIb
HA OCHOBI MATEMATHUYHOI'O MOJAEJIIOBAHHSA

Mera. [locnijpkeHHs cIIpsSMOBaHe Ha pO3pOOKYy IHTErpPOBAHOTO MIJIXOXYy 10 YJOCKOHAJICHHS OpTraHi3aliifHo-
TEXHOJIOTIYHUX PIllIeHb IIPH 3BEJICHHI €Hepro30epiratounx MUBIIBHUX OyMiBeIb IUIIXOM 3aCTOCYBAaHHS MaTeMaTH4-
HOTO MOJETIOBaHHS, 0 0e3MMocepeIHbO OB A3ye TEXHONOTIYHUNA rpadik OyAiBHUIITBA 3 TPOTHO30M €HEPTreTHIHOI
epexTBHOCTI 00’ekTa. MeToaooris. 3anponoHOBaHO TiOpHAHY IMITaIlifHy MOJENb, M0 MOETHYE AUCKPETHO-
nomiitae MonentoBanHs (DES) OyaiBensHOTO mporiecy 3 mapaMeTpUIHOI OIIHKOIO BIUIMBY MOHT)KHHUX BiJIXUJICHB
Ha TertoBTpaTH. s Bepudikallii BUKOpUCTaHO TUHOBUH poekT nZEB-0ynnuky. Metomosoris iHTEerpye cnemiai-
30BaHi MiIXOM: ONITUMI3AIlI0 PO3MIIICHHS Bi3yalbHOTO HArsiny Ha ocHoBi 4D-BIM Tta rpadika OyniBHUIITBA, sKa
JI03BOJISIE BU3HAUATH «SIIEPHI» 30HU POOIT Y KOXKEH MEPioj, Ta aHaJIi3 Yy TJIMBOCTI €HEPTeTHYHOI MPOAYKTHBHOCTI 10
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JIOKJIBHUX BiJXWJICHb, aJallTOBAHUH 13 METOJIUKH OLIHKH MOBITPSHHUX MOTOKIB Y IIEHTpax 0OpOOKH JaHMX, A€ BH-
KOPHUCTOBYIOTHCSI METPUKH e(peKTUBHOCTI po3noaiay nositps (Hanpukian, RCI, SHI) — y Hamomy Bunaaxy mi Met-
PHUKH IIEPETBOPEHO HA MOKA3HUKH «TEXHOJIOTIYHOI HMUTICHOCTI» OToposki. MoaemoBaHHs peali3oBaHO B CEPEIOBHUIII
AnyLogic 3 BUKopucTaHHAM imiTaniitaux mporouis (N = 100) ta aHami3zy gyTauBocTi 3a MetrogoM Coboms. Pe3yiib-
TaTH. 3aCTOCYBaHHS ONTHUMI30BaHOI CTpaTerii (apanelbHA MOHTAX CIICIiali30BaHMX CHCTEM + MPOMDKHUN KOH-
TPOJb TEPMETHYHOCTI B TOUKaX, BU3HaUeHUX 4D-BIM) 103BONMHIIO: CKOPOTUTH 3arajibHy TPHBAJICTh OyIiBHUITBA 3
218 mo 196 mHiB (-10 %), 3MeHIINTH cepenHe eHeprocnoxuBaHHA 3 24,3 mo 16,1 kBt ron/m?/pik (BigXuineHHS Bix
uiboBoro 3HayeHHs1 nZEB ckopoueno 3 +62 % 1o +7 %), a KUIbKICTh KpUTHYHUX MOHTa)XHUX TIOMHJIOK Y 5,3 pasis.
AHaJi3 4yTJIIMBOCTI MiATBEPAMB, 110 SKICTh MOHTAXy Mapoi30JiiLii Ta yacoBa 3aTPUMKA MK YTEIIJIGHHSIM 1 repMeTH-
3ariero € nominyrounMu ¢dakropamu (56 % cymapHoi nucrnepcii eHeprocnoxuBanns). HaykoBa HoBu3Ha. Briepie
3alpOIIOHOBAHO MaTeMaTHYHY MOJENb, AKa TpaHC(GOpPMYe OpraHi3aliifHO-TEXHOJOTIYHE IJIaHYBaHHS B IHCTPYMEHT
3abe3nedeHHs] eHeproe()eKTUBHOCTI, a He JIMILE B YIPaBIiHHI TepMiHaMu Ta BUTparamu. Ha BinMiHy Big icHYIOUHX
BIM-to-energy minxoziB, Moenb BpaXxoBye AWHAMI4HI YMOBH OyAiBHHUILITBA (3MiHA CKJlaqy Opurai, moroja, Jioric-
THKa) K [DKepeia PU3UKY BiIXMICHHS Bil eHEPTeTHUHUX Hijeld. Takok BIiepie afanTOBaHO METPHUKH aHAJTI3y I10-
BiTpstHEX NOTOKIB 13 LIO/] 10 OLiHKK AKOCTI MOHTaXXy OTOPOXK, IO CTBOPIOE HOBUI METOHONOTIYHUNA MiCT MiX Ta-
my3sivu. [IpakTuyne 3Ha4eHHsA. Po3poOiieHnii miaxis € TeXHOIOTIYHO HEUTPabHIMA, JIETKO IHTETPY€ETHCS B iCHYIO-
Yi CHCTEMH YNpPAaBIiHHS MPOEKTAMH 1 JO3BOJISIE MIIPSATHUKAM, SHEProayIuTOpaM Ta AEp>KaBHUM iHCIEKTOpaM 00-
I'PYHTOBAaHO NpPHUHMATH DILOICHHS, IO TapaHTyIOTh (pakTHUHY eHeproedekTHBHICTh. Lle 0coOanBO akTyaabHO B
yMoOBax BIpoBakeHHs nZEB-BUMOT y 3aKOHOAABCTBO Y KpaiHu.

Kniouosi cnosa: marematuuHe MOJENIOBaHHA OyJIBHUITBA; eHeprosoepiratoyi OyaiBii; oOprasizamiiHo-
TexHoyoriuHi pimenns; NZEB, 4D-BIM; imiTauiiiHe MozenOBaHHS, aHai3 YyTJIMBOCTI; eHeproe()eKTUBHICTh Ha
eTarni 3BeJJeHHS

REFERENCES
Azhar, S. (2011). Building Information Modeling (BIM): Trends, Benefits, Risks, and Challenges for the AEC In-
dustry. Leadership and Management in Engineering, 11(3), 241-252.

DOI: https://doi.org/10.1061/(ASCE)L M.1943-5630.0000127 (in English)

Chen, X., Zhu, Y., Chen, H., et al. (2021). BIM-based optimization of camera placement for indoor construction
monitoring  considering the construction schedule. Automation in  Construction, 129, 103825.
DOI: https://doi.org/10.1016/j.autcon.2021.103825 (in English)

Cho, J., Yang, J., & Park, W. (2014). Evaluation of air distribution system's airflow performance for cooling energy
savings  in  high-density = data  centers. Energy and  Buildings, 67,  665-675. DOI:
https://doi.org/10.1016/j.enbuild.2013.09.013 (in English)

Eastman, C., Teicholz, P., Sacks, R., & Liston, K. (2011). BIM handbook: A guide to building information modeling
for owners, managers, designers, engineers and contractors (2nd ed.). New York: Wiley. (in English)

Grieves, M., & Vickers, J. (2017). Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex
systems. In Transdisciplinary perspectives on complex systems, 85-113. Springer. DOI: https://doi.org/10.1007/978-
3-319-38756-7_4 (in English)

ISO 19650-1:2018 (2018). Organization and digitization of information about buildings and civil engineering works
— Information management using building information modelling — Part 1: Concepts and principles. International
Organization for Standardization. (in English)

Kos, Z., Babii, I., Grynyova, I., & Nikiforov, O. (2024). Ensuring the Energy Efficiency of Buildings through the
Simulation of Structural, Organizational, and Technological Solutions for Facade Insulation. Applied Sciences,
14(2), 801. DOI: https://doi.org/10.3390/app14020801 (in English)

Luo, W., Liu, L., & Li, L. (2020). Measuring rutting dimension and lateral position using 3D line scanning laser and
inertial measuring unit. Automation in Construction, 111, 103056. DOl
https://doi.org/10.1016/j.autcon.2019.103056 (in English)

Tang, S., Shelden, D. R., Eastman, C. M., Pishdad-Bozorgi, P., & Gao, X. (2019). A review of building information
modeling (BIM) and the internet of things (1oT) devices integration: Present status and future trends. Automation in
Construction, 101, 127-139. DOI: https://doi.org/10.1016/j.autcon.2019.01.020 (in English)

Hapi#inna o peakosterii 30.07.2025.
ITpwuitasara no apyky 15.09.2025.

Creative Commons Attribution 4.0 International © I. A. Arutiunian, S. V. Pastukhova, 2025

11


https://doi.org/10.1061/(ASCE)LM.1943-5630.0000127
https://doi.org/10.1016/j.autcon.2021.103825
https://doi.org/10.1016/j.enbuild.2013.09.013
https://doi.org/10.1007/978-3-319-38756-7_4
https://doi.org/10.1007/978-3-319-38756-7_4
https://doi.org/10.3390/app14020801
https://doi.org/10.1016/j.autcon.2019.103056
https://doi.org/10.1016/j.autcon.2019.01.020

