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Abstract. This article presents a methodology for the comprehensive assessment of fa-
cade systems that combines LCA and LCC approaches and is adapted to the climatic and
economic conditions of Kazakhstan. A MATLAB-based software implementation automates
calculations based on ISO and EN standards, integrating life cycle matrix models with dis-
counted cash flows and Monte Carlo simulation to account for uncertainties. The effective-
ness of the methodology is demonstrated using a sample case: a comparison of four types of
facades (SFTC, a ventilated facade with ceramic granite, PIR/PUR sandwich panels, and a
facade with integrated photovoltaic modules) over a 50-year period. The input data for this
example were taken from publicly available secondary sources and are not tied to a specific
project. Therefore, the resulting values illustrate the structure of the model’s input data and
the order of magnitude, but do not constitute a project-specific assessment. Even from this
example, it is clear that the difference in life-cycle costs between the systems is significantly
smaller than the difference in capital costs. The rate of growth in energy tariffs and the dis-
count rate have the strongest influence on the LCC variance, while the price of materials has
a weaker influence. After filling in the input matrices with data from a specific project, the
methodology can be used to compare different options for building envelopes in various cli-
matic regions of Kazakhstan.
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SHEPTO®PEKTUBTI KACBET "KYUEJIEPIHIH OMIPJIIK
HUKJIL: KAUTAJIAMA JEPEKTEP MEH LCA 9ICTEMEJIEPI
HET'I3IHAE DO KOHOMUKAJIBIK-OKOJIOI'MAJIBIK BATAJIAY
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'M. Oye3oB ateinarsl OuTycTik Kasakcran seprrey ynusepeuteri, IbiMkenT K., Kazakcran
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*“J1. H. T'ymusieB aThinarbl EypasusiiblK yITTHIK yHUBepcuTeT, Actana, Kazakcran
>Xanblkapanblk 6i1iM 6epy Kopropanuschl, Anmarsl, Kasakcran

Anoamna. Maxanaoa LCA scone LCC macinoepin dipikmipemin sxcane KazaxcmanHuly
KIUMAMMbIK JHCOHE IKOHOMUKANBIK HCALOAULAPbIHA OetlimOencen Kacbemmik dicyienepoi
Keutenoi bazanay adicmemeci ycvinviizan. MATLAB opmaceinda 6azoapiamansix
Kammamacwvizoanovlpy 1SO  owcone EN cmanmoapmmapvina Hecizoenzen ecenmeyiepoi
asmomMammaHnoblpadsl, OMIPIIK YUKIOIH MAMPUYATILIK MOOeNb0epiH OUCKOHMMANZAH aKuld
azvlHOapvimMen JicoHe Oenzicizdikmepoi ecenke any yuin Monme-Kapno moodenvoeyimen
Oipixmipedi. OoicmemeHiy OHIMOINIcI O0eMOHCMPAYUALLIK Mblcanoa Kepcemineen: 50
AHCHLLIOBIK  KOKJHcUuekme Kacoemmepoiy mopm mypin (SFTK, ¢apgopoan dcacanean
acenoemxiut Kacoem, PIR/PUR conosuu nanenvoepi scone Oipikmipineen (homosniekmpiix
MoOynvoepi b6ap Kacbem) canvicmuipy. Moican ywin bacmanksl 0epekmep auiblK Kaumaiama
K630epOeH anblHeaH JHcane beneini 6ip oovexkmize obaurandoazan. CoHObIKMAH ANbIHEAH MIHOED
MoOenvoiy [llbievic KYpuliblMbIH JHCIHE WAMANapobly pemin Kopcemeoi, OIpax HcoOanvik
bazanay emec. Kazipoiy o3inde Oyn mvicanoa xcylienep apacblhoagbl OMIPILIK YUKI KYHbIHbIH
QAUBIPMAUBLIBIEL] KYPOeT UbIZLIHOAD AlbIPMAUBLILIZBIHAH AUMAPIbIKMAll A3 eKeHiH Kopyee
bonaovi. LCC mapanyvina suepeusi mapugmepiniy o6cy KapKblHbl MeH OUCKOHMMAY
Menuwepnemeci Kammul acep emedi, mamepuanroapoviy 6agacvl 21ci3 acep emeoi. Kipic
MaAmpuyanapvin — HaAKmel H#06a OepeKmepiMer  MONMbIPEAHHAH — KelliH  20icmemeHi
Kazaxcmannviy apmypni  kaumammoelx auMakmapbiHOaebl KOpulay KOHCMPYKYUALAPHIH
BAPUAHMMBL CATLICMBIPY VUK NANOANAHY2A O0NA0bL.

Tyitin co30ep: omipnix yuxn oazanay (LCA); emipnix yuki wwievinoapuin manoay (LCC);
9Hepeusi yHemoeumin ¢hacao xcytienepi, komipmeei i3i; endipineen suepeus;, MATLAB-ma
Mamemamuxanvlk mooenvoey; Moume-Kapno a0ici.
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CUCTEM: OKOHOMUKO-3KOJOI'NMYECKASA OLIEHKA HA
OCHOBE BTOPUYHBIX TAHHBIX U METOAUK LCA
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'"HOskH0-Ka3axcTaHckuii HccileoBaTelbCK1ii yHUBEpCUTET MMeHH M. Aya30Ba), I. IlIbIMKeHT,
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>TalIKeHTCKUI UHCTUTYT MHKEHEPOB MPPHIallii ¥ MEXaHHU3AIMK CEJIbCKOro X03siicTBa, TalikeHT,
V36ekucran
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*EBpasuiickuii HaluMoHaIbHbIHA yHuBepcuTeT umenn JI. H. [ymunena, Acrana, Kazaxcran
SMexnyHapo/Hast 00pa3oBaTelbHas Kopaopanus, AnMarel, Pecry6iuka

Aunoranus. B cmamve npedcmasiena memoouka KOMNIeKCHOU OYeHKU PAacaoHbIX Cu-
cmem, obveounsiowas nooxoovl LCA u LCC u adoanmuposanuas K KIuMamuyeckum u 9Ko-
Homuveckum yenosuam Kazaxcmana. llpoepammnasn peanuzayus 6 cpeoe MATLAB asmoma-
musupyem pacuemsi Ha ocHoge cmanoapmos I1SO u EN, unmeepupys mampuynsle mooenu
HCUBHEHHO20 YUKIA C OUCKOHMUPOBAHHBIMU OCHENCHbIMU NOMOKAMU U MOOETUPOSaHUuem
Moume-Kapno onsa yuema neonpedenennocmetl. Pabomocnocodnocms Memoouxu nokasauna
HA 0eMOHCMPAYUOHHOM Npumepe: CpasHeHuu yemuvlpéx munos gacados (COTK, senmunu-
pyemvliii pacao ¢ kepamozparumom, conosud-naneau PIR/PUR u ¢hacao ¢ unmezpuposan-
HbIMU homodiekmpudecKumu Mooyasaimu) na 2opuzoume 50 nem. HUcxoonvie oanHvle Ot
npumepa 635imvl U3 OMKPLIMbIX GMOPUYHBIX UCIOYHUKOS U HE NPUBS3AHbL K KOHKDEMHOMY
o06vexmy. [loamomy nonyueHnvie 3HaUeHUs NOKA3bIBAIONM CIMPYKIMYPY 8bIXOOHbIX OAHHBIX MO-
oenu u NOpPsi0OK BEUYUH, HO He SGISIOMC NPOEKMHOU OYeHKOU. Yoice Ha 3mom npumepe
BUOHO, YMO PA3HUYA 8 CHOUMOCHU HCUSHEHHO20 YUKIA MENCOY CUCEMAMU 3HAYUMETbHO
MeHbule, Yem pasHuya 6 kanumanvhsix sampamax. Cunvhee ce2o na pazopoc LCC enusiom
memn pocma dHep2omapu@os u Cmaeka OUCKOHMUPOBAHUL, YeHA MAMEPUALOs lusem Ca-
bee. [locne 3anonneHusi 6XOOHLIX MAMPUY OAHHLIMU KOHKPEMHO20 NPOEKma MemoOouKy
MOMNCHO UCNOTL308AMb OJI51 BAPUAHMHO20 CPABHEHUS OPANHCOAIOUWUX KOHCMPYKYULL 8 PAZHBIX
Kaumamudeckux pavionax Kazaxcmana.

KiroueBble ciioBa: oyenka scusnennozo yuxia (LCA); ananus cogoKynHou cmoumocmu
enadenuss (LCC); suepeoaghghexmusnvie ¢hacaonvie cucmemvl, VenepooHwvill cleod;
ambeouposanHnas suepaus; mamemamudeckoe mooenuposanue 8 MATLAB; memoo Monme-
Kapro.
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1 INTRODUCTION

In the context of the ratification of international climate agreements and the consistent imple-
mentation of ESG (Environmental, Social, Governance) principles in the construction sector of the
Republic of Kazakhstan, the tightening of regulatory requirements for building energy efficiency
highlights the need to rethink approaches to the design of building envelopes. Given that facade sys-
tems can account for up to 40-60% of a building’s heat loss, their role in achieving the required energy
efficiency class ratings becomes critical [1]. Rising energy costs and tight operating budgets are forc-
ing designers and investors to rethink their approaches to decision-making. Rather than focusing on
short-term metrics, there is now a need for strategic planning that takes into account the long-term
consequences of the decisions made. Recent studies show that the operational phase of a building’s
life cycle, which previously accounted for the largest share of energy consumption, is gradually losing
its dominant role. The role of “hidden” (embedded) costs and environmental impacts associated with
the production, transportation, and subsequent disposal of materials is growing [2; 3].

Despite the existing regulatory requirements [4], when selecting facade solutions in Russia, the
primary focus is still on initial costs and the thermal resistance coefficient [5]. However, this approach
fails to account for how the facade system will affect the building’s operating costs and environmental
performance over the next 30-50 years. As a result, errors arise in estimating the total cost of owner-
ship and the carbon footprint of the building. Studies show that there are currently no standardized
methodologies that allow for an accurate comparison of different facade systems, taking into account
Kazakhstan’s climatic conditions, as well as regional rates and logistical considerations [6; 7]. The
lack of clear and reproducible calculation tools adapted to local conditions reduces the accuracy of
comparative assessments and complicates the implementation of economic principles in construction
practice.

This study aims to develop a methodology for the comparative economic and environmental
assessment of facade systems based on the LCA (Life Cycle Assessment) and LCC (Life Cycle Cost-
ing) approaches. As part of this work, data on materials and energy consumption were systematized,
life cycle boundaries were adapted to the climatic conditions of Kazakhstan’s regions, and a compu-
tational core was created in MATLAB to automate multi-variant scenarios. A sensitivity analysis of
key parameters was conducted, and practical recommendations were prepared for design and con-
struction organizations.

A sensitivity analysis of key parameters was conducted, and the methodology’s operation is
illustrated using a demonstration example. This article is methodological in nature. Its subject is the
evaluation procedure itself: the composition of the input data, the calculated relationships, the system
boundaries, and the method for accounting for uncertainty. The numerical example in Section 5 is
based on data from secondary sources. It is intended to show what results the model produces and
how to interpret them.

The scientific novelty of this work lies in the integration of matrix-based LCA calculations and
discounted cash flows into a single software environment, taking into account regional climatic
(GSOP, temperature gradients, heating season duration) and economic (tariff trends, inflation expec-
tations) parameters

In recent years, life cycle assessment (LCA) and life cycle cost (LCC) analysis methods have
been increasingly applied in the design of building envelopes. According to research findings, there
has been a gradual shift in the focus of specialists’ work from exclusively operational energy con-
sumption to a comprehensive consideration of embedded costs and environmental impacts [8]. This
shift is due to the fact that modern buildings are becoming more energy-efficient, and the share of
operating costs is gradually decreasing. At the same time, requirements for reducing the carbon foot-
print in the construction industry are becoming stricter. In studies [9; 10]. It is noted that without
taking all stages of the life cycle into account, the selection of facade solutions remains incomplete
and, in the long term-over 30 to 50 years-may prove to be economically inefficient.
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The methodological framework for LCA/LCC of building structures is based on the ISO
14040/14044, EN 15978, and ISO 15686-5 standards. Although approaches to LCA and LCC are
gradually being standardized, their practical application is still limited by the quality of the input data.
The main sources of information remain Environmental Product Declarations (EPDs), industry data-
bases (Ecoinvent, ICE, and OpenLCA), and regulatory reference guides. Results may vary due to
inconsistencies in input parameters. System boundaries, data allocation methods, approaches to ac-
counting for material recycling, and regional logistics conditions differ. In some cases, discrepancies
in the analysis of similar design solutions reach 20-35% [11; 12].

To reduce such errors, data from several independent sources are typically compared, confi-
dence intervals are used, and the sensitivity of key parameters is analyzed. This makes the calculations
more reliable even in cases where field tests are not available during the design phase [13; 14].

The adaptation of LCA and LCC methods to the climatic and economic conditions of Central
Asia remains understudied. Most existing models were developed for Europe, North America, or East
Asia, where the climate, duration of the heating season, and tariff structures differ from those in Ka-
zakhstan. Studies show that ignoring regional climatic parameters, such as the average annual tem-
perature and wind loads, can lead to errors in the assessment of environmental and economic indica-
tors ranging from 15% to 25% [15; 16].

Kazakhstan has a sufficient amount of open data that can be used to create localized calculation
models. Data from Comstat RK, regulatory documents from the State Agency for Standardization
and Metrology of the Republic of Kazakhstan, as well as open EPDs (Environmental Product Decla-
rations)-manufacturers’ catalogs-can be used for this purpose. This makes it possible to perform cal-
culations without conducting costly laboratory tests.

Advances in computational tools have significantly expanded the capabilities for analyzing fa-
cade systems. Today, research increasingly combines LCA and LCC methods with optimization al-
gorithms and probabilistic modeling. Using MATLAB makes it possible to automate the processing
of large data sets, apply Monte Carlo methods to assess uncertainties, and build multi-criteria models-
for example, to find solutions with minimal CO: emissions within a given budget [17; 18]. Compared
to conventional tabular calculations, these approaches make the results more reproducible, allow for
a clear illustration of the trade-off between environmental and economic indicators, and enable the
model to be adapted in response to changes in tariffs or regulatory requirements.

However, there are still not enough off-the-shelf solutions specifically tailored to Kazakhstan’s
climatic conditions. This is particularly true for models that combine LCA calculations, discounted
cash flow analysis, and parametric optimization within a single software environment.

An analysis of the research indicates an interest in developing reproducible and climate-adapted
methods for evaluating facade systems. The main challenges today stem from the fragmented nature
of regional data, the lack of standardized approaches to integrating LCA and LCC into design prac-
tice, and insufficient attention to uncertainty analysis.

2 MATERIALS AND METHODS

The overall sequence of the materials and methods applied in this study, from initial data
collection to multi-objective optimization, is shown in Fig. 1. It includes the preparation of input data,
parallel calculation of environmental (LCA) and economic (LCC) indicators, adaptation of the model
to the climatic conditions of Kazakhstan, uncertainty and sensitivity analysis using the Monte Carlo
method, and multi-objective optimization with the construction of a Pareto front.
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Step 1. Secondary-data collection
({material properties, emission factors,
climate data, tariff data)

l

Step 2. Selection of four reference facade systems
(EIFS, ventilated facade, PIR/PUR sandwich panels, BIPV)

'

ol

LCA calculation
(matrix method,
ISO 14040 / EN 15978)

AW

LCC calculation
(discounted cash flow,
IS0 15686-5)

J L

Step 4. Climate adaptation to Kazakhstan's regions
(SP RK 2.04-107, degree-days, regional tariffs)

!

Step 5. Uncertainty and sensitivity analysis
(Monte Carlo simulation, N = 5000; SRC method)

!

Step 6. Multi-objective optimization
{Pareto front: fmincon, gamultiobj)

!

Step 7. Results and climate-zone-specific
recommendations

Figure 1 — Sequence of research materials and methods

2.1 Regulatory and Methodological Framework

The research methodology is based on three international standards that complement one an-
other. ISO 14040 standards [19] set forth the general principles for conducting a life cycle assessment:
from setting objectives and defining the system boundaries to analyzing impacts and interpreting the
results. Standard EN 15978 [20] adapts these approaches for the construction industry and introduces
a modular framework for assessing the life cycle of buildings and building envelopes. ISO 15686-5
[21] sets forth the rules for analyzing total cost of ownership, including the calculation of discounted
costs for operation, maintenance, replacement of components, and disposal.

Using these standards within a unified system makes it possible to compare results with inter-
national best practices, take ESG reporting requirements into account, and subsequently integrate the
model into digital design tools [22; 23].

2.2 System Boundaries and Life Cycle Stages
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The functional unit of analysis is 1 m? of the opaque portion of an exterior wall, which, over a
50-year period, provides a reduced thermal resistance of Ro = 3.8 m?-°C/W under the climatic condi-
tions of Astana. The indoor air temperature is assumed to be +20 °C, indoor humidity conditions are
normal, and the building is a multi-story residential structure. All systems are compared under iden-
tical conditions: the same Ro, the same design life (50 years), and the same climate.

The study employs a “cradle-to-grave” approach, which covers the entire life cycle of the facade
system-from the production of materials to their disposal.

The production phase (A1-A3) includes the extraction of raw materials, their transportation to
manufacturing facilities, and the production of facade elements and components. The logistics and
installation phase (A4-AS5) covers the delivery of materials to the construction site, loading and un-
loading operations, the installation of structures, and the adjustment of assemblies.

The operational phase (B1-B7) is considered over a 50-year period, which corresponds to the
standard service life of capital buildings in Kazakhstan and international life-cycle assessment prac-
tices. The calculation includes energy costs for heating and cooling, maintenance, repairs, and partial
replacement of facade elements.

The final phase (C1-C4) involves the dismantling of structures, the sorting of waste, and its
transport for recycling or disposal. Additionally, Phase D is taken into account, which examines the
potential environmental benefits of material reuse, recycling, and energy recovery.

A photovoltaic facade not only encloses the building but also generates electricity; therefore,
its boundaries are defined separately. The same rules apply to both the environmental and economic
assessments.

The electricity generated is divided into two parts. The portion consumed by the building itself
reduces operational energy consumption according to EN 15978. Therefore, in Module B6 for BIPV,
it is subtracted taking into account the emission factor of Kazakhstan’s power grid, and in the LCC
analysis, it reduces electricity purchase costs. The portion fed into the grid lies outside the system’s
boundaries. It is accounted for in Module D and reported separately; in the LCC analysis, it generates
revenue only in the “green” scenario, where a feed-in tariff applies. In the base scenario, this revenue
1s assumed to be zero. The embodied indicators for BIPV (the sum of A1-C4, excluding power gen-
eration) are compared with the other systems on a level playing field.

2.3 Secondary Data Sources

The study’s data set was compiled from verified and publicly available sources, which can be
broadly divided into three groups.

The first group includes environmental indicators. The embodied carbon and energy factors for
the production stage (A1-A3) of typical materials (expanded polystyrene, rock wool, porcelain stone-
ware, steel, aluminum, and mortars) were taken from the ICE Database v3. For materials from specific
manufacturers (sandwich panels, rock wool), priority was given to the data in the Environmental
Product Declaration (EPD) when one was available. Ecoinvent v3.9 was used for processes not in-
cluded in ICE: truck and rail freight transport (A4), waste incineration and landfilling (C3—C4), and
the production of photovoltaic modules. Datasets for the RoW region were used. If multiple sources
were available for a material, their variation was taken into account in the demonstration calculation:
this variation defines the lower and upper limits of the ranges in Table 1. The values adopted for each
system are shown in Table 1 (Section 5.1).

The second group relates to economic parameters. It includes data on the cost of materials,
capital expenditures, and expenses for maintenance, repairs, and disposal. The information was gath-
ered from publicly available price lists, statistical data from the National Statistics Bureau of the
Republic of Kazakhstan, rates charged by heat and electricity suppliers, and regulatory documents
governing building operations.

All cost figures are given in 2025 prices, excluding VAT. Capital costs per 1 m? of facade
include materials and installation. These figures were derived as a range based on the price lists of 3-
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5 suppliers and contractors for each system. The costs of repairing and replacing components were
calculated using the same unit prices, taking into account the replacement scenario (Table 3). For heat
and electricity rates, the approved rates of Astana’s energy supply organizations for 2026 were used.

The third group includes climate data. Calculations of operational energy consumption were
performed based on degree-days of the heating season (DDHS) in accordance with the requirements
of SP RK 2.04-107 [SP RK 2.04-107-2022 Thermal Protection of Buildings]. The modeling took into
account the average outdoor air temperature, the duration of the heating season, air permeability, and
humidity characteristics for the northern, central, and southern climatic zones of Kazakhstan [24].

The calculation module allows you to specify these parameters for any construction site. The
sample calculation in Section 5 is based on a single site, Astana, which represents the northern and
central parts of the country.

Sensitivity analysis and Monte Carlo probabilistic modeling were used to assess the impact of
uncertainties. The calculations varied key parameters: the discount rate, the rate of increase in energy
tariffs, the actual service life of thermal insulation and cladding, and the proportion of materials sent
for recycling. This approach allows us not only to obtain a single final value, but also to assess the
range of possible outcomes and identify the parameters that most strongly influence the final LCA
and LCC indicators.

The use of probabilistic modeling makes conclusions more robust and allows for assessments
to be made without costly field tests, which is particularly important in the early stages of design [25;
26].

Mathematical modeling and implementation in Matlab
2.4 Architecture of the Computational Model

To ensure that the calculations are reproducible, flexible, and easy to expand upon, a software
architecture consisting of four interconnected modules was developed in MATLAB (Fig. 2).

The first module is responsible for the environmental assessment (LCA module). It calculates
material and energy flows and determines environmental impacts based on standard emission factors.

The second module is designed for economic analysis (LCC module). It calculates capital and
operating costs on a discounted basis and also takes into account the costs of maintenance, replace-
ment of facade components, and their subsequent disposal.

The third module adapts the calculations to the climatic conditions of Kazakhstan. The model
takes into account the average annual temperature, temperature fluctuations, and humidity conditions
in accordance with the requirements of SP RK 2.04-107, which allows for a more accurate assessment
of operational energy consumption.

The fourth module performs optimization calculations. To find the most balanced solutions, the
“fmincon” and “gamultiob;j” algorithms are used, which allow for finding a compromise between the
environmental and economic performance of facade systems.

This modular structure is in line with current recommendations for integrating LCA/LCC meth-
odologies into computer-aided design environments and allows for the flexible replacement of indi-
vidual components when regulatory frameworks or data sources are updated [27; 28].

2.5 Key Algorithms of the Computation Core

The LCA core is based on a matrix calculation of embedded environmental indicators. It is used
to determine the total carbon footprint of a design, as well as the amount of embodied energy associ-
ated with the production, transportation, operation, and disposal of materials. The calculation is per-
formed using the following formula:

EC =X(Q:i x F; x Ky) (D
where:
-Q:i - the mass or volume of the i-th material in the facade system (kg or m?);
15
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- F; - specific emission factor from the database (kg CO:-eq/kg or MJ/kg);

- K; - regional adjustment factor. It applies only to materials produced in Kazakhstan and ac-
counts for the difference between Kazakhstan’s energy balance and that of the region for which the
original dataset was compiled:

Ki=1+si - (EFxz/EFvy— 1), 2)

where s; is the share of emissions from electricity consumption in the A1-A3 indicator for the
material (based on the dataset structure); EFKZ and EFref are the emission factors for the Kazakhstan
power grid and the dataset region, respectively, in kg COz-eq/kWh. For imported materials for which
the dataset or EPD corresponds to the country of origin, K; = 1. Transportation is not included in this
factor and is accounted for separately as stage A4.

The matrix-based implementation in MATLAB ensures high performance in multivariate
analysis. This approach (Fig. 2) allows for the rapid recalculation of metrics when the list of materials
changes or when coefficients in the database are updated, which is important for scenario modeling
[29; 30].

Input data
(materials, climate, tariffs)

- ~,

[ LCA module | ‘ LCC module ]

(environmental assessment) (economic analysis)

™~ v

r =

Climate adaptation
(coefficient correction
by regions of Kazakhstan)

v

Optimization
(fmincon, gamultiobj)

v

Results:
LCA, LCC, Pareto front

Figure 2 — Architecture of the computational model [Authors’ material]

The LCC core of the model is responsible for calculating the total cost of ownership, taking
into account the discounting of cash flows. The calculation accounts for all costs incurred throughout
the life cycle of the facade system: initial investment, operating expenses, maintenance, repairs, re-
placement of components, and subsequent disposal. The total cost is determined as the sum of all
discounted costs over the estimated service life:

LCC =X(C;/ (1+1))) + AE o5 3)
where:

- C;- costs in year t (capital, operating, maintenance, and disposal costs);

- r - discount rate (set within the range of 3—7% in accordance with World Bank recommenda-
tions for sustainable construction projects);

- AEcost - Cumulative energy savings resulting from improved thermal insulation of the facade.

A sample LCC calculation using equation (3) for the four facade systems under comparison
(SFTC/EIFS, ventilated facade, PIR/PUR sandwich panels, and BIPV facade), broken down by cost
category, is shown in Fig. 3.
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Figure 3 — Life-cycle cost (LCC) structure by facade system (illustrative calculation) [Authors’ material]

Inflation in rates and fluctuations in material costs are accounted for through parameterized
scenarios, which enhances the model’s adaptability to macroeconomic changes [31; 18].

To provide a more accurate estimate of operational energy consumption, the model takes into
account the region’s climatic characteristics. The adjustment is based on degree-days of the heating
period (DH), which reflect the duration and intensity of the heating season, as well as the normalized
thermal resistance (R0) of the building envelope. This approach allows the calculations to be adapted
to various climatic conditions and provides a more realistic estimate of the energy costs for heating
the building:

Oheat =24 x HDD xA /Ro 1073, kWh 4)

where:
- A - the area of the building envelope;
- HDD - the duration of the heating season in days.

In MATLAB, this relationship is implemented as a function that takes climatic parameters for
regions of Kazakhstan as input and returns an adjusted value of Qheat for the subsequent calculation
of AEcost.

Uncertainty Analysis: The Monte Carlo Method. To assess how changes in the initial param-
eters affect the LCA and LCC results, the study uses Monte Carlo probabilistic modeling. This ap-
proach allows for the uncertainties in the input data and provides not a single fixed value, but a range
of possible calculation results. Several key parameters are varied during the calculations.

If only the bounds are known, a uniform distribution is used. If both the bounds and the most
probable value are known, a triangular distribution is used. The normal and beta distributions are used
when there is reason to believe that values near the center are more probable than extreme values.

The discount rate is adopted without taking inflation into account, as recommended by ISO
15686-5 when calculating in constant prices. The normal distribution N(5%; 1.5%) is chosen so that
95% of the values lie within the range of 2.1-7.9%. This covers the 3—7% range for sustainable con-
struction projects.

The growth in energy tariffs is modeled using a triangular distribution with a minimum of 5%,
a mode of 8%, and a maximum of 12% per year in nominal terms. These limits correspond to the
actual changes in heating and electricity rates in Kazakhstan for 2016-2026, according to data from
the National Bureau of Statistics. The real rate of increase ranges from -0.9 to 5.7% per year, with the
most likely value being 1.9%. The service life of the thermal insulation is specified as a uniform
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distribution within £20% of the calculated value from Table 3. There are no failure rate statistics for
insulation in facade systems under Kazakhstani conditions; therefore, all values within the interval
are assumed to be equally probable. The +20% range corresponds to the range of correction factors
from 0.8 to 1.2 in the factorial method specified in ISO 15686-1. This method takes into account the
quality of the material, installation, operating conditions, and maintenance.

The material recycling rate is described by a beta distribution Be (2; 5). It is restricted to the
interval [0; 1], just like the recycling rate itself, and is skewed toward lower values: the mean is 0.29,
the median is 0.26, and 90% of the values fall within the interval 0.06-0.58. The distribution applies
only to non-metallic materials (insulation, porcelain stoneware, glass, mortars). For steel and alumi-
num, the recycling rate is assumed to be constant and equal to (0.85-0.95): scrap metal is already
being collected and recycled.

Capital expenditures are assigned a uniform distribution within the range derived from the price
lists of suppliers and contractors (Table 3). Based on this data, it is impossible to determine which
price within the range occurs more frequently; therefore, all values are assumed to be equally likely.
All parameters are considered independent of one another. Distributions are specified using the
‘makedist’ functions from the Statistics and Machine Learning Toolbox, and samples are generated

using the ‘random’ function. The simulation results are shown in Fig. 4.
Mean = 138

20

140 160 180
LCC, USD/m?

a)
Tariff dynamics 35% - 45%

Discount rate 20% - 30%
Insulation service life 15% - 25%
Material cost 10% - 20%

0 10 20 30 40 50

500 -

400 -

Frequency
w
o
o

N

o

o
|

100 - ‘\l
. _,III

80 100 1

Contribution to LCC variance, %

Figure 4 — LCC distribution from Monte Carlo simulation and the contribution of factors to its variance a) Monte Carlo
LCC distribution (N = 5000) b) Sensitivity: factor contribution to LCC variance [Authors’ material]

For each facade system, N = 5,000 iterations were performed. The sufficiency of this number
was verified by checking for stabilization of the estimates: after N = 2,000, the mean value of LCC
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and its 95th percentile changed by no more than 0.5% with each additional iteration. To ensure re-
producibility, the random number generator is initialized with a fixed value (rng(2026)). The same
sample of input parameters is used for all systems; therefore, differences between systems are not due
to random variation in the samples.

To determine the sensitivity analysis, the contribution of individual parameters to the LCC
variance was estimated using the same Monte Carlo sample via the standardized regression coeffi-
cients (SRC) method.

2.6 Visualization and Interpretation of Results

To clearly illustrate the relationship between environmental and economic indicators, the study
uses several types of visualizations.

Scatter plots illustrate the relationship between «carbon footprint » and «total cost of owner-
ship» and color coding helps compare results across different climate zones in Kazakhstan.

To find the most balanced solutions, “Pareto fronts™ are constructed using the «gamultiobj»
function. These help identify scenarios in which improving one metric is impossible without worsen-
ing another. This aids in selecting the optimal design or technology. In addition, “scenario heat maps”
are used to show how changes in key parameters, energy rates, the service life of materials, and the
recycling rate affect the final calculation results (Fig. 5).

An example of a trade-off visualization:

The distribution of data points shows that the values of economic and environmental indicators
vary significantly depending on the selected parameters of the facade system and its operating con-
ditions. At the same time, no clear correlation can be observed between life-cycle cost and carbon
footprint, which highlights the need to strike a balance between the economic and environmental
performance of solutions.

The diagram identifies the areas with the most favorable options, where a relatively low carbon
footprint is combined with moderate LCC values. The visualization helps compare the distribution of
the calculated scenarios across different climate zones in Kazakhstan.

Trade-off: Economy vs. Ecology in Climatic Zones
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Figure 5 — Relationship between carbon footprint and life-cycle cost by climate zone [Authors’ material]

Such visualization tools are in line with current practices for presenting the results of multi-
criteria analysis in the field of construction science and contribute to more informed design decisions

[32; 33].
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2.7 Ensuring Reproducibility

To ensure that the results could be reproduced and independently verified, the structure of the
model and the source data were organized as transparently as possible. The approach used is con-
sistent with the principles of open science and current requirements for transparency in computational
research in the field of sustainable construction [34].

All “.m” files are organized by functional modules and include detailed comments and built-in
documentation in MATLAB Help format. Input data, including material matrices, coefficients, and
climatic parameters, are stored in CSV format with sources and units of measurement specified.

The script titles explicitly specify the version of MATLAB used (R2022b and later), as well as
the required toolboxes: the «Statistics and Machine Learning Toolbox, » the «Optimization Toolbox,
»and the «Global Optimization Toolbox. » Additionally, the «run_validation.m» script has been im-
plemented, which automatically verifies the correctness of the input data and the operation of the
computational procedures.

3 RESULTS AND DISCUSSION

3.1 Valuation Objects and Initial Assumptions

The model's operation is illustrated by a demonstration calculation for four typical facade sys-
tems widely used in construction practice in the Republic of Kazakhstan:

1. SFTC/EIFS (exterior insulation and finish system with a thin plaster layer) based on PSB-S-
25F expanded polystyrene;

2. A ventilated facade clad with porcelain stoneware and featuring a layer of rock wool insula-
tion with a density of 90-110 kg/m?;

3. Sandwich panels with a polyisocyanurate (PIR) or polyurethane foam (PUR) core and metal
cladding;

4. A facade with integrated photovoltaic cells (BIPV) based on a ventilated substructure with
combined insulation.

All systems are normalized to an equivalent thermal resistance of RO = 3.8 m?-°C/W, which
complies with the regulatory requirements of SP RK 2.04-2017 for the northern climate zone of Ka-
zakhstan. The design analysis horizon is set at 50 years, with a discount rate of 5% (base case).

All quantitative results in Sections 5.2-5.5 were obtained from a demonstration calculation.
The initial values (specific emission factors, material prices, tariffs, service lives) are specified as
ranges based on the open sources listed in Section 3.3. They show the form in which the results are
obtained and what differences between systems can be expected. For such a calculation, the input
matrices must be filled with information on specific materials and suppliers, current rates, and cli-
matic parameters of the construction site. This separation of the methodology and its numerical illus-
tration is standard practice in computational studies on construction topics [32; 35].

The key initial parameters for the demonstration calculation are listed in Table 1.

Table 1 — Key Parameters of the Illustrative Calculation (per 1 m? of facade, 50 years)

Parameter SFTC/EIFS Ventilated facade PIR/PUR BIPYV facade
sandwich panels
Composition (from the 3 mm decorative 10 mm porcelain 0.5 mm steel sheet; Glass-glass PV
outside in) plaster; 5 mm stoneware; 40-60 100 mm PIR; 0.5 modules covering
reinforced base mm gap; wind mm steel sheet; [30] % of the area,
layer; PSB-S-25F barrier membrane; fasteners porcelain granite on
150 mm; adhesive 150 mm rock wool; the remainder; 150
layer aluminum mm rock wool;
subsystem subsystem
20

https://doi.org/10.51488/1680-080X/2026.3-17



https://doi.org/10.51488/1680-080X/2026.3-17

Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Ne3 (101), 2026. Architecture & Construction

Mass  of  primary PSB 2.3-3.8; mortar rock wool 13.5— PIR ~4.0;steel =8.0; [by model]
materials, kg/m? ~13; mesh 0.16; 16.5; ceramic fasteners ~0.3
anchors 0.15 granite =23;

aluminum 2.0-2.5;
anchors ~0.5

Fi (A1-A3), kg CO>- PSB 329 (ICE); rock wool 1.28 PIR 3.5-4.3 (EPD, PV module: 90-140
eq/kg, source solutions 0.22-0.30 (ICE, EPD); ICE); coated steel kg CO2-eq/m?
(ICE, EPD) porcelain stoneware =~2.8 (ICE) (Ecoinvent 3.9);
0.78 (ICE); other aspects are the
aluminum 9.2-13.0 same as for a
(ICE) ventilated facade
Service life and System: 30 years — 50 years or older; no Panels: > 50 years; PV modules: 25-30
replacement intervals 1 complete substitutes joint sealants: 12—15  years — 1
over 50 years replacement; years — 3 replacement;
topcoat: 15-20 years replacements inverter: 12-15
— 2 refinishes years — 3
replacements
End of the life cycle PSB — incineration; aluminum — Steel - recycling Glass and
(C3-C4) solutions — landfill ~ recycling (Stage D); (D); PIR — aluminum—
other ~—  testing incineration or recycling (D); other
ground landfill items—Ilandfill
Capital expenditures, in  80-120 180-260 130-190 350-550
thousands of tenge per
square meter
Routine maintenance, 1,0-1,5 0,3-0,5 0,5-1,0 1,0-1,5
% of annual capital
expenditures

The following parameters are common to all systems:

- Transportation (A4) - Locally produced materials (PSB, mortar, rock wool) are delivered by
truck over distances of 300-800 km. Imported materials (keramogranite, sandwich panels, aluminum
profiles, PV modules) are transported by rail over a distance of 1,500-3,500 km, then by truck for
100 km. Specific emissions: =0.10 kg CO2-eq/(t-km) for a 16-32-metric-ton truck and =0.03 kg CO--
eq/(t-km) for rail transport (Ecoinvent 3.9, RoW);

- installation losses (AS5) - 5% for piece goods and bulk materials, 2% for factory-finished pan-
els;

- service life spans are assigned based on manufacturers’ data and the BBSR handbook “Ser-
vice Life Spans of Building Components for Life Cycle Assessments According to BNB,” taking ISO
15686 into account. The number of replacements is determined by the integer part of the ratio of 50
years to the service life of the component;

- operational energy is calculated using formula (3) with Ro = 3.8 m?-°C/W and the annual
degree-day value (at t (in) = 20 °C) for Astana = 6,042 °C-day. The tariff for thermal energy is
3,728.72 tenge/Gceal (excluding VAT), and for electricity, 28.12 tenge/kW-h;

- waste disposal- 637 tenge per person. The discount rate, tariff growth rates, and prices are
provided in Section 4.2 and Table 4.

3.2 Environmental Indicators

The embedded impacts were calculated using the ReCiPe 2016 methodology (midpoint level),
based on factors from the Ecoinvent v 3.9 databases and publicly available EPDs from manufacturers.
The results are presented in Table 2.

Table 2 — Environmental performance metrics for facade systems per 1 m? (illustrative calculation)
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Indicator SFTC/EIFS Ventilated facade PIR/PUR BIPV facade
(mineral wool) Sandwich
Panels
Carbon footprint, kg 45-65 55-80 35-55 70-110*
CO2-eq
Embodied energy, 600-900 800-1200 500-800 1100-1800*
MJ/m?
Recycling potential, % 15-25 40-60 20-35 30-50%*
Water footprint, l-eq/m? 80-150 120-200 60-110 150-250
Thermal uniformity coefficient r 0,85-0,90 0,70-0,80 0,85-0,90 0,70-0,80

Notes: * The higher figures are due to the energy intensity of photovoltaic module production;
** The recycling potential for BIPV takes into account the possibility of recycling glass and aluminum frames, but
not semiconductor cells.

In the demonstration calculation, the lowest embodied values were observed for sandwich pan-
els with a PIR/PUR core. This is due to their high thermal efficiency despite their relatively small
thickness, as well as the relatively low energy intensity of the manufacturing processes for polymer
cores [36]. The highest proportion of recyclable materials was found in the ventilated facade with
rock wool, which is consistent with data from international studies confirming the advantages of min-
eral wool insulation materials in the context of circular economy principles [37].

The operation of BIPV systems is characterized by significant initial environmental costs,
which are subsequently offset by the generation of clean energy during operation. However, in a
“cradle-to-grave” life-cycle analysis that does not apply the electricity substitution method, the cal-
culated carbon footprint of these systems remains the highest. Accounting for the substitution effect
would require expanding the system boundaries, which is beyond the scope of this study and is con-
sistent with the methodological limitations outlined in [38].

3.3 Economic Indicators

The total cost of ownership (LCC) was calculated taking into account capital costs, maintenance
expenses, component replacement costs (for components with a service life of less than 50 years),
and energy consumption. The values for the baseline scenario are shown in Table 3. Capital costs for
the systems vary by a factor of 2 to 3, while the total LCC is much lower: for solutions that are
inexpensive to install, costs for repairs and component replacements accumulate over 50 years.

Table 3 — Economic indicators for facade systems per 1 m? over 50 years, baseline scenario (illustrative calculation)

Facade Systems Costs Conclusions
SFTC/EIFS low capital costs (80,000-120,000 tenge per
square meter), but higher costs for repairing the Total LCC over 50 years: 210,000—
plaster layer (replacement of the decorative 290,000 tenge/m?

finish every 15-20 years)

Ventilated facade High initial investment (180,000-260,000 tenge
per square meter), but minimal operating costs Total LCC: 240,000-320,000
thanks to the durability of porcelain stoneware tenge/m?.
and the stability of mineral wool insulation

PIR/PUR Sandwich Moderate capital costs (130,000—190,000

Panels tenge/m?), but potential expenses for replacing Total LCC: 220,000-300,000
seals and repairing joints increase the operating tenge/m?.
costs
22
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BIPV facade maximum capital costs (350—550 thousand tenge Total LCC: 280,000-380,000
per square meter), partially offset by energy tenge/m?.
savings. The payback period for additional

investments is 18—32 years, depending
on tariff trends and the site’s solar
radiation characteristics.

The net present value (NPV) for BIPV systems becomes positive only when “green” tariffs or
subsidies are applied, as shown by the scenario analyses in Section 5.4. This is consistent with inter-
national studies that note the high sensitivity of BIPV’s economic efficiency to regulatory and tariff
factors [39].

3.4 Scenario Modeling and Sensitivity Analysis
To assess the extent to which the results of the demonstration calculation depend on external
conditions, the calculation was repeated for three scenarios (Table 4).

Table 4 — Types and conditions of scenarios

Script Indicators
Basic Inflation in material costs is 6% per year, energy prices are rising by 8% per year, and
the discount rate is 5%.
Stress Test A 20% increase in material costs relative to the baseline, a 15% annual increase in

utility rates, and a 20% reduction in the service life of thermal insulation.

“Green” Subsidies for energy-efficient materials (—15% of capital costs), a “green” feed-in
tariff for power generation (for BIPV), and consideration of disposal costs using a
recycling factor

In the sample calculation, the factors were distributed according to their contribution to the
LCC variance as follows:

- energy price trends — 35-45%;

- discount rate - 20-30%;

- service life of the thermal insulation layer — 15-25%;

- cost of initial materials — 10-20%.

The illustrative example shows that, when making long-term investment decisions, it is more
important to ensure the durability and energy efficiency of building envelopes than to minimize initial
costs [40]. The authors of review articles [41; 14] and [42] reach the same conclusion.

3.5 Preliminary recommendations for selecting facade systems for the climatic regions of Kazakhstan

Based on the results of the demonstration calculations, preliminary recommendations have been
formulated for selecting facade systems for various climatic regions of the Republic of Kazakhstan
(Table 5).

Table 5 — Preliminary recommendations for selecting facade systems

District (base) Key climatic Preliminary Basis What to verify through
factors preferred solutions calculations
Northern and  large heat supply Ventilated facades Sample calculation The feasibility of Ro
central areas, a long heating with mineral wool (Sections 5.2-5.4) being higher than the
(Astana, season, low winter insulation; PIR standard  value; the
Petropavlovsk, temperatures sandwich panels for sensitivity of LCC to the
Karaganda) frame  buildings. service life of the SFTC
SFTCs are finishing layer

acceptable  when

used with
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reinforced plaster
mixes and taking
into account more
frequent repairs in
the LCC

Southern lower GSOP values, SFTK with qualitative assessment  cooling costs (formula
(Shymkent, significant summer reflective finishes; (3) does not account for
Turkestan) overheating, high ventilated facades, them); BIPV  power

solar radiation in which an air gap generation  calculated
reduces  summer using formula (3a) for
heat gain; BIPV, the PVGIS data for the
provided there is southern location
regulatory support

Western strong winds, high Ventilated facades qualitative assessment costs of  corrosion

(Atyrau, humidity, and salt with a subsystem protection and reduced

Aktau) spray in the coastal made of corrosion- service life of fasteners

zone

resistant aluminum

in LCC

or stainless steel;

sandwich  panels
with factory-sealed
joints

These recommendations are of a methodological nature and require further refinement when
applied to specific sites, taking into account local microclimatic conditions, the availability of mate-
rials, and logistical constraints.

4 CONCLUSIONS

The main results of this work are the methodology and the computational kernel. The numerical
values in paragraphs 2-3 were obtained using a demonstration example and are provided to illustrate
the capabilities of the methodology.

1. A methodology for the comprehensive assessment of facade systems has been developed and
implemented in MATLAB, combining the principles of life cycle assessment (LCA) in accordance
with ISO 14040/14044 and EN 15978 with the calculation of life cycle cost (LCC) per ISO 15686-5.
The scientific significance of the model lies in the adaptation of the calculation algorithms to the
climatic parameters and macroeconomic indicators of the Republic of Kazakhstan, which allows for
the consideration of tariff trends and inflation expectations when assessing the long-term effective-
ness of design solutions.

2. A sample calculation for four facade systems with the same thermal resistance (Ro = 3.8
m?-°C/W) shows that the model clearly distinguishes the systems based on their environmental pro-
file. In this example, the smallest carbon footprint is achieved by PIR/PUR sandwich panels (35-55
kg CO:-eq/m?), while ventilated facades have the greatest potential for secondary use, as reflected in
the D module, due to their metal subsystem. BIPV facades have high primary energy intensity, and
the final assessment of these systems largely depends on whether electricity generation is included
within the system boundaries.

3. A 50-year LCC calculation in the same example shows why it is risky to select a facade based
solely on initial costs. The capital costs of the SFTC (80,000-120,000 tenge/m?) are 2-2.5 times lower
than those of a ventilated facade, but by the end of the calculation period, the difference in LCC
narrows to 10-15% due to periodic restoration of the plaster layer. The payback period for BIPV in
this example was 18-32 years and depends primarily on electricity rates and government support
measures.

4. A sensitivity analysis based on a sample example shows that the rate of increase in energy
prices (35-45%) and the discount rate (20-30%) contribute most to the variance in LCC, while the
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cost of materials accounts for 10—20%. If this ratio is confirmed by calculations for actual projects,
greater attention should be paid during the design phase to operating costs and the durability of struc-
tures than to the initial price.

5. Based on the results of the illustrative calculations, preliminary recommendations have been
formulated for selecting facade systems for the climatic regions of Kazakhstan. These should be re-
fined through calculations based on the climatic data of the specific construction site:

- in northern regions, it is advisable to use systems with maximum thermal resistance and du-
rability (ventilated facades and PIR panels);

- in southern regions, it is justified to use solutions that combine thermal insulation with light-
reflective properties or passive cooling;

- for western and eastern regions, the critical factors are the corrosion resistance of the sub-
structures and the airtightness of the joints.

6. The developed calculation algorithm is characterized by modularity and data transparency,
which ensures its potential for further development. A promising area of focus is the integration of
the model with BIM design tools to automate variant analysis, as well as the expansion of local data-
bases based on Environmental Product Declarations (EPDs) from manufacturers of construction ma-
terials in Kazakhstan.
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