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Abstract

This study integrates in situ Quantitative Infrared Thermography (QIRT) and Building
Energy Simulation (BES) to optimize the energy performance of an existing multi-story
residential building in Istanbul, Türkiye. QIRT was utilized to diagnose thermal anomalies
at the interfaces of uninsulated walls, the RC skeleton and fenestration junctions, reveal-
ing significant thermal bridging and air infiltration while enabling the calculation of the
Temperature Index (TI) at critical interfaces. A key finding of the non-destructive diagnos-
tic phase was the discrepancy between in situ (UINSITU) and theoretical (UCALC) thermal
transmittance values, providing an empirical baseline for subsequent optimization. A
multi-objective analysis, employing genetic algorithms (GAs), was conducted to evaluate
192 retrofit combinations, involving three insulation materials at four thicknesses and
16 glazing types. The impacts on primary energy consumption, CO2 emissions, and
30-year global costs (per EN 15459-1:2017) were quantified under volatile economic con-
ditions. Findings indicate that the energy-optimal solution reduces primary energy by
53% and CO2 emissions by 51%, while the cost-optimal configuration reduces global
costs by 52% relative to the reference case. The Pareto analysis reveals a robust conver-
gence between financial and energy efficiency targets, proving that deep retrofitting is an
economically imperative strategy for achieving national decarbonization goals and the
2053 net-zero vision.

Keywords: quantitative infrared thermography (QIRT); building energy simulation (BES);
cost-optimal retrofit; thermal bridging; in situ U-value; multi-objective optimization; tem-
perature index (TI); energy performance gap; economic volatility

1. Introduction
In Türkiye, the residential sector stands as a critical pillar of energy consumption,

trailing only industry and transportation [1]. Accounting for 21% of electricity use and
20% of total end-use energy, dwellings represent 9% of national carbon emissions [2].
With a building stock exceeding 10 million units and housing 24 million households [3],
the decarbonization of existing residential structures is not merely a technical challenge
but a national imperative for achieving the Nearly Zero Energy Building (NZEB) and
2053 net-zero carbon vision [4]. Given that space heating constitutes approximately 48%
of household energy demand [2], the building envelope remains the primary target for
enhancing thermal resilience and energy efficiency.

The national energy policy landscape has evolved through a sequence of regulatory
instruments, primarily anchored by the Thermal Insulation Requirements for Buildings (TS
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825) [5,6], and the Building Energy Performance (BEP) Regulation [7,8]. The introduction
of the Energy Performance Certificate (EPC) program via BEP-tr in 2010 marked a shift
toward mandatory documentation and verification of efficiency [9].

Recent updates, particularly the 2024 revisions to TS 825, reflect an iterative policy
approach aimed at tightening thermal bridging considerations and insulation standards [6].
In their study on Turkish residential buildings, Caglayan et al. [10] demonstrated that
GA-based envelope optimization can achieve energy savings 20–25% below the standard
regulatory limits. While these regulations provide a baseline for new constructions, their
application to the complex, uninsulated existing stock remains a significant area of research.

While external thermal insulation is widely recognized for mitigating thermal bridging,
preventing condensation, and enhancing indoor comfort, its effectiveness is highly sensitive
to climate-specific variables and material synergies. Research consistently demonstrates
that insulation thickness, glazing efficiency, and heating, ventilation, and air conditioning
(HVAC) capacities are interdependent factors [11]. For instance, studies have shown that
inadequate consideration of thermal bridges can lead to an ‘energy performance gap’ where
actual savings deviate significantly from theoretical projections [12–14]. Therefore, achiev-
ing deep retrofits requires more than generic compliance; it demands a precise alignment
of in situ performance diagnostics with multi-objective optimization to ensure both energy
efficiency and economic viability under current market dynamics [15]. Furthermore, enve-
lope retrofits can be complemented by active cooling load management. Recent research
by Li et al. [16] suggests that residential air conditioning offers potential for demand-side
flexibility, where operational adjustments help mitigate peak loads without compromising
thermal comfort. Integrating such control strategies with passive improvements may help
bridge the gap between static retrofits and dynamic energy needs, offering a synergetic
approach toward more resilient building operation.

In 2024, the national standard TS 825 underwent a significant revision, tightening the
recommended U-values, insulation thicknesses, and glazing selection criteria to align with
modern efficiency targets [6]. However, as Aydin and Biyikoglu [17] emphasized through
life cycle assessment (LCA) analysis for Turkey, earlier standards often fell short of economic
optimums; by accounting for both heating and cooling loads, energy savings can be further
increased by up to 21.5% beyond these regulatory limits. The evolutionary trajectory of
TS 825—comparing the reference U-values for the years 2008 and 2024—illustrates an
increasingly rigorous regulatory environment for both new constructions and retrofitting
projects within the 3rd climatic zone, as summarized in Table 1.

Table 1. Comparison of regulatory U-value limits in TS 825 for Istanbul (3rd climatic zone) [5,6].

Component External Wall Roof-Ceiling Floor Window

Regulatory Period 2008/2024 2008/2024 2008/2024 2008/2024

U-value (W/(m2·K)) 0.60/0.40 0.40/0.30 0.60/0.35 2.40/1.80

Global energy and environmental policies have heightened the urgency of reducing
the life-cycle energy impacts of the built environment, positioning the building envelope
as the primary target for intervention since it fundamentally dictates space-conditioning
demand. In accordance with the European Union (EU) Construction Products Regulation
(CPR) [18] and the latest Energy Performance of Buildings Directive (EPBD 2024 recast) [19],
building components are required to maintain high-performance standards —moving
towards zero-emission targets—over an economically reasonable service life. In the con-
text of the European ‘Renovation Wave’ strategy, deep retrofit is recognized as a critical
mechanism for achieving these targets and decarbonizing the building stock [20]. Unlike
incremental interventions, this approach entails a holistic, whole-building strategy aimed
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at significant energy demand reduction [21]. By integrating high-performance envelope
upgrades with optimized HVAC systems, deep retrofit frameworks transition residential
buildings toward ‘nearly zero-energy’ standards, effectively addressing the performance
gap inherent in existing building stocks. This performance is largely governed by the
envelope’s hygrothermal behavior, which not only shapes long-term energy efficiency and
durability but also directly impacts thermal comfort and indoor air quality through its
influence on surface temperatures and moisture regulation.

Dampness within the building envelope acts as a primary catalyst for thermal degra-
dation. Persistent moisture—originating from construction residues, wind-driven rain, or
interstitial condensation—triggers a cascade of chemical and physical deterioration that
undermines structural durability and indoor air quality [22]. Consequently, the building
envelope must fulfill a complex set of hygrothermal objectives: controlling water ingress,
minimizing seasonal heat transfer, and eliminating thermal bridges. Thermal bridges,
particularly those arising from the RC structural frame (beams, columns, floor slabs) and ge-
ometric junctions, create localized paths of high thermal conductivity. These anomalies not
only elevate the effective U-value but also lower interior surface temperatures, significantly
increasing the risk of mold growth and material decay [23]. Field audits by Tabet Aoul
et al. [24] underscore that even in modern constructions, significant energy loss occurs due
to such recurring defects as insulation discontinuity, which directly compromises occupant
health and energy costs.

Thermal bridges are technically classified into material, geometric, and mixed
types [25]; however, they all share a common characteristic: the deformation of the temper-
ature field, which necessitates the use of partial differential equations for accurate internal
surface temperature calculation. Beyond their impact on thermal transmittance (U-values),
the elimination of thermal bridges is paramount for maintaining a healthy indoor environ-
ment by preventing condensation and mold growth, adhering to essential hygiene criteria.
Furthermore, as established in the literature, the significance of these junctions tends to
escalate in retrofitted buildings where insulation levels are increased [26].

Infrared thermography (IRT) has established itself as a robust non-destructive tool for
evaluating the hygrothermal performance of building envelopes. The theoretical reliability
of IRT lies in its ability to relate surface temperature gradients to subsurface structures
via passive or active methods [27]. Visualizing subsurface thermal failures that result in
substantial heat loss enables the precise diagnosis of diverse defects, ranging from structural
thermal bridges and air leakage to water ingress and interstitial condensation. Following
Herschel’s early-19th-century discovery of the infrared (IR) spectrum, the technology
transitioned from basic surface temperature mapping in the 1960s to today’s sophisticated
Quantitative Infrared Thermography (QIRT). The process involves measuring IR radiation
emitted by a surface—a parameter directly correlated with its absolute temperature—which
is captured by micro-detectors and converted into pixelated thermograms in false color or
grayscale. Each pixel within these thermograms is mapped to a specific temperature value,
enabling the generation of precise line and area profiles. This level of granularity facilitates
quantitative diagnostics of diverse thermal issues, ranging from missing insulation and
structural thermal bridges to imbalanced HVAC operations [28,29]. When the internal
structure of the building envelope is unknown, QIRT remains a viable option for measuring
actual thermal bridging performance by correlating surface temperatures with dynamic
heat transfer coefficients [30].

Earlier foundational work has established IRT as a versatile tool for building envelope
diagnostics. Balaras and Argiriou [31] provided a foundational overview, identifying
IRT’s potential for non-destructive assessment of moisture accumulation, air leakage,
and thermal bridges. However, the accuracy of such assessments is heavily dependent
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on measurement conditions. This sensitivity was explored by Barreira and Freitas [32],
who demonstrated the influence of emissivity, reflectivity, and wetting–drying cycles
on thermographic reliability through laboratory and in situ work, while Avdelidis and
Moropoulou [33] further characterized material-specific emissivity across various surface
states. To bridge the gap between measured and theoretical values, integrating high-
resolution thermal imaging into building energy models has been shown to drastically
reduce simulation errors [34].

To overcome the inherent limitations of single-sensor inspections, researchers have
increasingly integrated multimodal and thermophysical approaches into building diag-
nostics. For instance, Meola et al. [35] successfully combined IRT with ultrasonics and
geophysics to detect structural defects in masonry specimens and applied in situ IRT to
detect tile detachment, while Li et al. [36] elucidated the thermophysics of facade defects
through lab-calibrated specimens and rainy-period field tests. Their findings demonstrated
that moisture-laden areas exhibit lower surface temperatures due to evaporative cooling,
whereas debonded patches appear as relatively warmer zones due to the increased thermal
resistance of the entrapped air layers compared to sound structural regions. A recent study
focusing on educational buildings in Türkiye further highlighted the thermal advantages
of specific envelope materials over standard systems when evaluated through such in situ
IRT and thermal simulations [37].

Advancements have also been achieved in the quantification of thermal defects. Choi
et al. [38] developed a quantitative facade evaluation methodology that correlates thermal
imagery with heat-flow models, validating a diagnostic index based on the temperature dif-
ference ratios between defective and intact wall sections. Complementing this quantitative
approach, Ribaric et al. [39] advanced a knowledge-based system that fuses co-registered
IR and visual images. By transforming these fused datasets into diagnostic histograms via
a dedicated graphical user interface, their work facilitates the automated identification of
facade insulation anomalies.

The focus of IRT research has recently shifted towards high-fidelity digital integration
and automated analysis. Adamus and Pomada [40] demonstrated the effectiveness of field-
based thermography in isolating complex thermal bridges at window-to-wall interfaces.
More recently, Rojas-Colmenares [41] introduced advanced digital twin workflows that
encompass photogrammetry, Building Information Modeling (BIM), and thermography for
comprehensive energy assessments. In parallel, integrating BIM, IRT, and heat flux sensors
offers a practical framework for high-accuracy energy modeling even under real-world
data scarcity [42]. The integration of Artificial Intelligence (AI) has also become a frontier;
Abdulridha et al. [43] highlighted the effectiveness of convolutional neural networks in
automating the detection of thermal anomalies. Beyond anomaly detection, deep learning
and neural network architectures have begun to redefine building energy performance
modeling, offering superior predictive power in processing complex, non-linear environ-
mental datasets [44,45]. Consequently, recent research is increasingly pivoting toward
hybrid optimization frameworks that integrate the transparency of classical deterministic
and heuristic approaches with the high-speed predictive capabilities of deep learning to
overcome the computational complexity of building performance simulations [46–48].

Furthermore, the role of multi-objective optimization has evolved; Wang et al. [49]
highlighted how energy consumption prediction methods can be coupled with diagnostic
data to optimize envelope retrofits under varying climatic conditions. To achieve long-
term resilience, researchers now utilize advanced algorithms to identify optimal envelope
configurations that balance immediate energy savings with climate considerations [11,50].

Despite these advancements, a significant methodological fragmentation remains
in the literature; most research focuses either on qualitative defect detection or isolated,
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theoretically driven simulation models. A critical gap persists in the seamless integration
of in situ QIRT as the direct empirical engine for multi-objective optimization—particularly
for existing residential stock, where the discrepancy between as-built conditions and de-
sign specifications is most pronounced. Decision support tools are essential for aligning
sustainability goals with technical outcomes throughout this process, particularly in build-
ing diagnosis and performance estimation [51]. This demand for efficiency necessitates a
synergy where field-based diagnostics inform, rather than just follow, simulation-based
analyses. Recent systematic reviews by Shan and Junghans [52] indicate that approximately
88% of building performance optimization studies focus on residential and office sec-
tors, emphasizing the critical role of evolutionary algorithms in resolving these trade-offs
between demand, cost, and comfort.

Among various optimization techniques, metaheuristic algorithms—specifically GA—
have historically served as the benchmark for their global search capabilities in simulation-
based environments [15,52]. While the integration of GAs with platforms like EnergyPlus
was the dominant strategy for over two decades [53], the contemporary landscape of the
field is undergoing a significant transition. Recent research increasingly favors deep learn-
ing architectures and data-driven surrogate models to handle high-dimensional datasets
and reduce computational costs. However, metaheuristic approaches remain a reliable
and physically interpretable choice for retrofit scenarios where empirical transparency is
paramount. Addressing these methodological shifts, Asadi et al. [54] demonstrated that
hybrid models combining Artificial Neural Networks (ANN) with GAs can effectively
bridge the gap between predictive speed and optimization accuracy. Furthermore, Al-Saadi
and Al-Jabri [55] emphasized that comparing these cost-optimal designs with regional
building codes remains essential for determining the practical efficacy of insulation and
glazing types.

This study introduces an integrative framework aimed at narrowing the ‘perfor-
mance gap’ by calibrating BES models with empirical QIRT-derived thermal transmit-
tance (UINSITU) and Temperature Indices (TI). The research objective is twofold. First,
non-destructive diagnostic inspections were conducted using QIRT to assess the in situ
performance of uninsulated walls, identifying systemic thermal failures and quantify-
ing the discrepancy between theoretical and as-built thermal resistance. Second, these
empirical findings were utilized to establish a more representative baseline for the BES
model, ensuring that the subsequent optimization reflects the physical characteristics of the
existing envelope.

Under this framework, 192 retrofit scenarios—comprising twelve insulation thick-
nesses and sixteen glazing types—were analyzed for a multi-story residential building in
Istanbul, a case representative of the uninsulated post-1999 seismic building stock. Unlike
studies relying on idealized ‘as-designed’ parameters, this hybrid approach offers a techni-
cally grounded methodology for retrofitting. By evaluating 30-year global costs alongside
energy savings, the framework provides a structured roadmap for energy efficiency. This
type of decision support can be particularly relevant in volatile economic landscapes, where
inflation and fluctuating energy prices necessitate more risk-aware investment strategies,
offering a potential template for building stocks with similar climatic and structural profiles.

2. Materials and Methods
The methodological framework of this study integrates non-destructive diagnostics

with simulation-based optimization to evaluate building retrofit strategies. To maintain
methodological rigor, this BES-based framework utilizes the DesignBuilder v7.0 interface
(DesignBuilder Software Ltd., Stroud, UK) to facilitate the EnergyPlus v9.4 dynamic sim-
ulation engine (U.S. Department of Energy, Washington, DC, USA), enabling a robust
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evaluation of transient thermal performance. As illustrated in Figure 1, the research focuses
on combining in situ QIRT with a dynamic BES environment. The workflow provides
an overview of this integrated approach, detailing the data acquisition, processing, and
multi-objective optimization stages.

Figure 1. Methodological framework of the integrated QIRT-BES retrofit optimization (source: author).

The proposed framework utilizes a feedback loop where field-based empirical data
refines the building energy model (digital twin), ensuring a high-fidelity baseline. This
refined model enables the evaluation of retrofit combinations—focusing on external wall
insulation and glazing upgrades—to identify energy-efficient and cost-optimal pathways
for the residential case study.

2.1. Residential Retrofit Case Study

The selected case study represents a typical mid-2000s residential development in Istan-
bul, which is designated as a 3rd climatic zone under the national TS 825 thermal insulation
standard [6] and characterized by a transitional climate (specifically influenced by both
Mediterranean and Humid Subtropical characteristics in the Köppen–Geiger Csa/Cfa clas-
sification) [56]. To establish a representative digital twin as outlined in the methodological
framework (Figure 1), the architectural geometry and material thermophysical properties
were surveyed as primary inputs. The reinforced concrete (RC) complex comprises ten
apartment blocks completed in 2007. Reflecting the post-1999 Marmara earthquake con-
struction standards, the buildings were designed in compliance with the 2005 Earthquake
Regulations, utilizing a raft-general foundation system [57]. The case building is a six-story
block consisting of a basement, a ground floor, and five upper floors. Each floor contains
two independent flats (approx. 165 m2 each), featuring four bedrooms and a living room.
Despite being equipped with acoustic insulation for internal floors, the building’s envelope
represents the era’s standard uninsulated RC characteristics. In terms of building systems,
each dwelling is naturally ventilated and equipped with an individual gas boiler and split
air-conditioning units, operated according to occupants’ thermal comfort preferences. The
case building was selected primarily due to the significant thermal abnormalities detected
during preliminary inspections. The spatial layout and the current state of the building are
illustrated in Figure 2, which presents the site plan of the residential complex (Figure 2a)
and the south-east façade of the investigated block (Figure 2b).
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(a) (b)

Figure 2. (a) Site plan of the residential complex [57]; (b) SE façade of the case-study apartment block
(source: author).

The external infill walls were constructed using locally produced pumice aggregate
concrete blocks (PACBs). These 19 cm-thick blocks feature tongue-and-groove edges and
three rows of hollows, bonded with approximately 15 mm of cement bedding mortar. The
interior is finished with a gypsum-based plaster, while the exterior features a cement-based
render with either a silicone-based paint or ceramic tiles as the final coating. No thermal
insulation was applied to either the infill walls or the RC elements. As shown in the plan
detail in Figure 3, the interface between the masonry infill, the RC structural frame, and the
fenestration was specifically examined, as these junctions represent the primary locations
for potential thermal bridges.

Figure 3. Plan detail of the external wall interface showing the RC column, the PACB infill, and the
window frame (source: author).

The theoretical performance of the building elements is determined using standard
heat-transfer calculations, with thermal conductivity values (λ) assigned to each material
layer in accordance with TS 825 [5,6], TS EN 1745 [58], and TS EN ISO 6946 [59]. Table 2
presents the cross-sections of the PACB infill and the RC structural elements of the reference
building. It also presents theoretical thermal transmittance (UCALC) derived from Formula
1, in accordance with the thermal insulation requirements for buildings [5,60].

UCALC =
1

Rsi + ∑ di
λi
+ Rse

(1)

where

• Rsi and Rse are heat transfer coefficients of the internal and external surfaces, respec-
tively (W/(m2·K));
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• d is the thickness of each material layer (m);
• λ is the thermal conductivity of each layer (W/(m·K)).

Table 2. UCALC of external wall configurations according to the data provided in TS 825 standard [5].

Building Elements TS 825 Standard Code and
Definition

Material
Thickness

d (m)

Thermal
Conductivity
λ (W/(m·K))

Thermal
Resistance
R((m2·K)/W)

Thermal
Transmittance

UCALC
(W/(m2·K))

Rsi: Surface heat transfer coefficient 0.13
4.4: Gypsum plastering 0.015 0.51 0.03
7.4.5.6: Pumice aggregate concrete
blocks 0.19 0.21 0.9

4.2: Cement rendering 0.02 1.6 0.01
Silicon-based paint - - - -
Rse: Surface heat transfer coefficient 0.04
Non-insulated cavity wall (Total) 1.11 0.896

Rsi: Surface heat transfer coefficient 0.13
4.4: Gypsum plastering 0.015 0.51 0.03
5.1.1: Reinforced concrete 0.25 2.5 0.1
4.2: Cement rendering 0.02 1.6 0.01
Silicon-based paint - - - -
Rse: Surface heat transfer coefficient 0.04
Non-insulated load-bearing wall
(Total) 0.31 3.206

As presented in Table 2, the thermal transmittance of non-insulated RC elements is
nearly four times higher than that of non-insulated PACB walls. Furthermore, all UCALC

values significantly exceed the 0.40 W/(m2·K) threshold—the thermal transmittance limit
for energy-efficient wall components in the 3rd climatic zone according to the updated TS
825 standard [6].

2.2. IR Thermography Analysis

Interpreting building thermography is highly sensitive to three factor groups: building
characteristics (surface emissivity, absorptance, moisture content, roughness), environmen-
tal conditions (indoor–outdoor temperature/pressure differences, solar radiation, wind,
precipitation, relative humidity), and equipment setup (camera resolution, viewing angle,
distance, acquisition settings). Surface contamination and wetting can alter apparent emis-
sivity, while sun-exposed façades store heat that dissipates over time based on thermal
mass and temperature gradients (∆T), potentially masking defects. To minimize transient
and reflective effects, surveys are ideally conducted at night or under heavy overcast con-
ditions with a sufficient indoor–outdoor temperature difference, away from extraneous
heat sources. This is critical because rain can distort readings through evaporative cooling,
while moisture accumulation increases material thermal conductivity, which may artifi-
cially amplify anomalies under starker temperature gradients or with induced pressure
differences [11,12,31].

The case study building’s envelope underwent in situ examinations from both the
interior and exterior. Surface temperatures of exterior wall components and junctions
were recorded using a FLIR ThermoCAM E65 IR camera (FLIR Systems, Wilsonville, OR,
USA) [61]. Simultaneously, microclimatic variables—indoor/outdoor dry-bulb temper-
ature, relative humidity, and near-surface wind speed—were measured using handheld
digital instruments (thermometer, hygrometer, and anemometer). Camera-to-target dis-
tances were verified with a laser meter, and thermal images were captured from multiple
angles using a constant surface emissivity for all scans.
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To ensure the reliability of these measurements, a preliminary calibration procedure
was conducted under controlled indoor conditions (Tin: 25.3 ◦C, RHin: 21%, vin < 0.1 m/s)
prior to the field data collection. The experimental setup for this procedure, including
the layout of nine measurement locations (X1–X9) on the interior wall surface and ten
designated camera positions (A–J) on the ground plane, is illustrated in Figure 4a.

(a) (b)

Figure 4. Experimental setup for the calibration procedure: (a) Measurement locations (X1–X9)
and IR camera positions (A–J); (b) Comparative analysis of surface temperatures based on different
emissivity (ε) settings (source: author).

This process involved assessing the sensitivity of the IR camera to key parameters—
viewing angle (25–90◦), distance (1.5–5.3 m), and surface emissivity (ε = 0.78–0.93)—using
a solid 140 cm thick masonry wall with plaster finish as a reference. As shown in Figure 4b,
the comparative analysis of these settings confirmed that an emissivity value of ε = 0.93
provided the highest accuracy, aligning most closely with reference temperatures obtained
from thermocouples. During the calibration and subsequent field measurements, a thermal
stability criterion of less than ±0.1 ◦C was maintained to minimize transient errors. While
variations in viewing angle and distance caused a minor average deviation of ±0.2 ◦C, the
recorded maximum deviation remained within 0.6 ◦C, which is consistent with standard
IRT guidelines for building diagnostics [62].

The measurement conditions were aligned with ISO 9869-1:2014 [60] ensuring a stable
temperature gradient. To minimize experimental uncertainty, periods with consistent
temperature differentials were prioritized. Specifically, IR measurements were conducted
during the winter season under near-steady-state conditions—early morning or after
sunset—to eliminate the influence of direct solar radiation and precipitation. A mini-
mum indoor–outdoor temperature difference of 5 ◦C was maintained throughout the data
collection. Thermograms were evaluated alongside floor plans, photographs, and support-
ing measurements to identify thermal anomalies. Detailed IR camera specifications are
provided in Table 3 [61].
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Table 3. Technical specifications of the IR equipment used in the field surveys [61].

Parameter Specification

Spectral range 7.5–13 µm
Detector type Focal plane array, uncooled microbolometer
Image frequency 9 Hz
Accuracy ±2.0 ◦C or ±2% of reading
Thermal sensitivity InfraCAM SD: 0.10 ◦C
Display 3.5′′ color LCD, 18-bit
Interpolated resolution 240 × 240 pixels
Object temperature range −10 ◦C to +350 ◦C
Laser Pointer Semiconductor AlGalnP diode, 1 mW, 635 nm
Operating temperature range −15 ◦C to +50 ◦C

The actual thermal performance of the bulding envelope was determined using tem-
perature data obtained via IRT. Based on the equations provided below (Equations (2)–(4)),
in situ measurements were conducted on both internal and external surfaces to derive the
thermal transmittance values (UINSITU, W/(m2·K)) and temperature indices (TI, unitless)
for the non-insulated PACB infill and RC structural elements. Following the methodology
proposed by Fokaides and Kalogirou [63], internal surface measurements were used to
establish a baseline, while the external heat balance—incorporating radiative and con-
vective heat transfer—was calculated according to the refined models by Albatici and
Tonelli [64] and Albatici et al. [65]. These in situ results were subsequently compared with
the theoretically calculated values (UCALC, W/(m2·K)) to evaluate the deviation between
design-based assumptions and real-world performance.

UINSITU =
Rsi × (Tin − Tsi)

Tin − Tout
(2)

UINSITU =

5.67 × ε ×
((

Tso
100

)4
−

(
Tout
100

)4
)
+ 3.8054 × v × (Tso − Tout)

Tin − Tout
(3)

TI =
Tin − Tso

Tin − Tout
(4)

where

• 5.67 is the constant derived from Stefan–Boltzmann constant (σ = 5.67 × 10−8 W/m2K4);
• ε is the thermal emissivity of the surface (unitless), assumed to be 0.93 based on

material characteristics;
• Tsi and Tso represent the in situ internal and external surface temperatures (K), respectively;
• Tin and Tout are the indoor and outdoor ambient temperatures (K);
• v denotes the local wind velocity (m/s).

2.3. BES-Based Energy Optimization Analysis

The BES-based optimization analysis aims to minimize the reference building’s pri-
mary energy consumption and identify cost-optimal energy-efficiency levels tailored for
the local climatic conditions of Istanbul. The core performance metrics include fluctuations
in heating, cooling, and lighting energy use, alongside total annual primary energy con-
sumption, operational carbon emissions, and global costs. To evaluate these parameters, a
dynamic BES approach was employed, allowing for a high-fidelity comparison between
the baseline and various retrofit scenarios.

The building energy model was developed using DesignBuilder v7.0, utilizing the En-
ergyPlus v9.4 engine for detailed dynamic simulations. To ensure environmental accuracy,
the analysis integrates Typical Meteorological Year extended (TMYx) data via an Istanbul
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EPW (EnergyPlus Weather) file, spanning records from 2009 to 2023 [66]. This dataset
provides a representative profile of the region’s Mediterranean climate, characterized by
specific monthly variations in dry-bulb temperature, relative humidity, and solar radiation.

To ensure the simulation accurately reflects real-world performance, the BES model
incorporates operational schedules and occupancy patterns derived from face-to-face
interviews with the residents, along with realistic efficiency rates and the building’s actual
geometrical dimensions, including window-to-wall ratios (WWR). Key parameters—such
as thermal setpoints for indoor environmental quality, HVAC and lighting system operating
hours, efficiency and occupant-driven load profiles—are integrated to enhance the model’s
reliability. The boundary conditions and specific parameter settings used for the reference
scenario are summarized in Table 4.

Table 4. Input parameters and boundary conditions for building energy simulation.

Category Parameter Value/Setting

Climatic Data

Location Istanbul (41◦01′12.7′′ N, 29◦09′43.1′′ E)

Climate zone
TS 825 3rd climatic zone [6]
Köppen Csa/Cfa (Mediterranean/Humid Subtropical) [56]
ASHRAE 3C (Warm-Marine) [67]

Climate data source TMY (2009–2023) based on Istanbul EPW file [66]

Heating degree day (HDD) 1846 [66]

Cooling degree day (CDD) 427 [66]

Annual average temp./RH 15.2 ◦C/72% [66]

Max temp on design day 32.6 ◦C [66]

Global solar radiation 1503 kWh/m2 [66]

Building Geometry
and Envelope

Building type Multi-story residential building

Orientation 49◦ to North—South axis

Total conditioned area 1617 m2

Apartment layout/total floor area 4 + 1/165 m2

Floor-to-floor height 2.90 m

Roof slope 33% pitched

WWR 29.4% NW, 21.3%SE, 24.5% NE and SW

U value of masonry walls UCALC: 0.9 W/(m2·K)

U value of load bearing walls UCALC: 3.20 W/(m2·K)

U value of roof/floor UCALC: 0.4 W/(m2·K)

U value of ground floor UCALC: 0.6 W/(m2·K)

U value of glazing system UCALC: 2.4 W/(m2·K) (clear, double glazing)

Tvis of glazing 82% [68]

SHGC of glazing 78% [68]

Light reflectance of interior walls 50%

Infiltration rate 0.60 ach

Internal Gains

Lighting/equipment loads 7 W/m2/4 W/m2

Occupancy density 0.025 persons/m2

Metabolic rate 0.86 met

Clothing level 0.50 clo (summer), 1.0 clo (winter)
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Table 4. Cont.

Category Parameter Value/Setting

Building Service
Systems

Heating system type/CoP Natural gas combi boiler/0.90

Heating setpoint/setback 22 ◦C/20 ◦C

Cooling system type/EER Electric split air conditioner/3

Cooling setpoint/setback 25 ◦C/26 ◦C

Natural ventilation, air vent. rate 10 L/s–person

Heating system operating hours 06:00–00:00 (heating season)

Cooling system operating hours 24/7 (cooling season, conditioned by occupancy)

Lighting system operating hours 07:00–00:00 (daily, linked by room occupancy)

The simulation follows specific temporal patterns to represent typical residential
behavior. During the heating season, combi boilers scheduled to operate daily from 06:00
to 00:00, governed by indoor operative temperature setpoints. Conversely, the cooling
schedules for multi-split air conditioners and the lighting system (active between 07:00 and
00:00) are dynamically adjusted based on room occupancy. As illustrated in Figure 5, the
occupancy model utilizes a normalized hourly fraction to dictate both the internal heat
gains and the operational frequency of the HVAC and lighting systems. This approach
ensures that energy consumption is linked to real-time room usage across weekdays and
weekends through a normalized occupancy fraction; where a value of 1 represents full-hour
occupancy, 0.5 indicates a half-hour duration, and 0 denotes an unoccupied state. This
temporal data ensures that the BES model accurately captures the stochastic nature of
internal heat gains and energy demand.

   
(a) (b) (c) 

Figure 5. Normalized hourly occupancy profiles and corresponding system usage frequencies for
(a) living room and kitchen, (b) bedrooms, and (c) service areas during weekdays and weekends
(source: author).

Following the establishment of the reference energy profile, various retrofit mea-
sures were examined through multi-objective optimization. Two key envelope variables—
insulation thickness and glazing types—were assessed, comprising 28 discrete options.
Through the application of these variables across different thermal zones, a total of
192 unique design combinations were generated.

To identify Pareto-optimal solutions, a GA within DesignBuilder v7.0 was employed
to estimate the balance between Life-Cycle Cost (LCC)—consistent with the Global Cost
methodology—and annual final energy consumption (electricity and natural gas). As
an unconstrained optimization problem, the search space was limited to the predefined
physical and technical range of the insulation and available glazing specifications. The
optimization process was conducted over a full annual cycle (8760 h), utilizing an initial
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population of 20, a convergence threshold of 10, and a maximum limit of 100 generations
to explore the solution space. The GA helped navigate these combinations to highlight
configurations that offer a practical balance between initial capital expenditures (CAPEX)
and long-term operational expenditures (OPEX).

End-use energy data derived from the optimization results were subsequently con-
verted into primary energy consumption and operational carbon emissions. This conver-
sion utilized national factors: 1.0 for natural gas and 1.677 for electricity, while operational
emissions were quantified using 0.234 kgCO2-eq/kWh for natural gas and 0.478 kgCO2-
eq/kWh for electricity, in accordance with benchmarks from the Turkish Republic Ministry
of Environment, Urbanization, and Climate Change [69]. These data were processed and
visualized to derive final performance metrics and comparative analytical charts.

2.3.1. Retrofit Scenarios and Design Variables

To identify the most effective strategies for reducing energy consumption and global
costs, a series of retrofit scenarios were defined based on the most impactful envelope
components. The optimization framework evaluates a total of 192 design combinations,
systematically generated from 28 discrete options involving external wall insulation and
glazing systems. These scenarios aim to explore the trade-offs between initial investment
costs and long-term energy savings, ultimately determining the cost-optimal configurations
for the 3rd climatic zone in TS 825 [6]. The specific technical properties and variations in
these design parameters are detailed in the following sub-sections.

2.3.2. External Wall Insulation Scenarios

Various insulation materials and thicknesses were simulated to evaluate their impact
on reducing transmission heat losses through the building envelope. Table 5 details the
insulation configurations applied to external cavity walls, including their thermophysical
properties and associated unit prices used in the cost–benefit analysis. To systematically
improve the thermal performance beyond the regulatory limit (Uwall = 0.4 W/(m2·K))
established for the 3rd climatic zone in the updated national insulation standard [6], solid-
wall assemblies were analyzed by including various insulation materials such as Expanded
Polystyrene (EPS), Extruded Polystyrene (XPS), and stone wool, along with their respective
thicknesses (6 to 12 cm).

Table 5. Thermophysical properties, thickness, unit prices, and service life of external wall insulation
scenarios [70,71].

Scenario No Insulation
Material

Thickness
(cm)

Thermal
Conductivity

(W/(m·K))

Uwall
(W/(m2·K))

Unit Price
($/m2)

Estimated
Service Life

(Years)

INS1

EPS

6 cm

0.034

0.377 3.62

25–50
INS2 8 cm 0.309 4.80

INS3 10 cm 0.261 6.00

INS4 12 cm 0.226 7.27

INS5

XPS

6 cm

0.035

0.384 7.98

35–50
INS6 8 cm 0.315 10.65

INS7 10 cm 0.267 14.64

INS8 12 cm 0.232 20.01
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Table 5. Cont.

Scenario No Insulation
Material

Thickness
(cm)

Thermal
Conductivity

(W/(m·K))

Uwall
(W/(m2·K))

Unit Price
($/m2)

Estimated
Service Life

(Years)

INS9

Stone
wool

6 cm

0.039

0.412 10.80

30–60
INS10 8 cm 0.340 14.40

INS11 10 cm 0.290 17.98

INS12 12 cm 0.252 21.58

The initial investment costs —comprising material, labor, transportation, and appli-
cable taxes—were sourced from the Construction and Installation Unit Prices published
by the Ministry of Environment, Urbanization, and Climate Change [70], supplemented
by current local market surveys. The service life expectancy of the insulation materials
and glazing systems were determined in accordance with the ISO 15686-1 standard [71] to
ensure accuracy in the long-term life-cycle cost analysis.

2.3.3. Glazing and Window System Scenarios

Variations in glazing systems were analyzed to evaluate their potential in balancing
heating, cooling, and lighting energy demands while optimizing the global costs. Sixteen
double-pane glazing configurations were developed by combining key design parameters:
glazing types (low-e, solar low-e, and temperable solar low-e), pane thicknesses (4 mm
or 6 mm), gap widths (12 mm or 16 mm), and cavity fillings (air or argon). For each
configuration, critical thermo-physical and optical properties—specifically visible transmit-
tance (Tvis), solar heat gain coefficient (SHGC), and thermal transmittance (U-value)—were
integrated into the model. These scenarios were established based on the certified prod-
uct catalogs of a prominent national glass manufacturer in Türkiye [68]. The technical
specifications of the glazing retrofit options are summarized in Table 6.

Table 6. Thermophysical, optical properties and unit prices of glazing scenarios [68].

Scenario
No Double Pane Combination Gap

Filling
Tvis
(%)

SHGC
(%)

Uglazing
(W/(m2·K))

Unit Price
($/m2)

Ref 4 mm clear float + 12 mm gap + 4 mm clear float Air 82 78 2.4 32.96

G1
4 mm low-e + 16 mm gap + 4 mm clear float

Air 79 56 1.4 37.18

G2 Argon 79 56 1.1 42.25

G3
4 mm solar low-e + 16 mm gap + 4 mm clear float

Air 72 45 1.4 40.56

G4 Argon 72 45 1.1 45.63

G5

6 mm solar low-e + 16 mm gap + 6 mm clear float

Air 69 40 1.4 57.46

G6 Argon 69 40 1.1 62.54

G7 Air 69 37 1.3 57.46

G8 Argon 69 37 1.1 62.54

G9 Air 63 43 1.4 57.46

G10 Argon 63 43 1.1 62.54

G11
4 mm clear float + 16 mm gap + 4 mm temperable solar low-e

Air 79 63 1.4 73.52

G12 Argon 79 63 1.1 78.59
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Table 6. Cont.

Scenario
No Double Pane Combination Gap

Filling
Tvis
(%)

SHGC
(%)

Uglazing
(W/(m2·K))

Unit Price
($/m2)

G13
6 mm temperable low-e + 16 mm gap + 6 mm clear float

Air 72 54 1.4 60.85

G14 Argon 72 54 1.1 65.92

G15
6 mm temperable solar low-e + 16 mm gap + 6 mm clear float

Air 58 32 1.4 76.90

G16 Argon 58 32 1.1 81.97

2.4. Global Cost Analysis

The economic viability of the reference building and the proposed retrofit solutions
is evaluated through a global cost analysis, conducted in accordance with the EN 15459-
1 standard [72]. Given that the reference building is currently 20 years old and has an
estimated total service life of 50 years, a 30-year calculation period is adopted, with 2025
established as the base year. The global cost incorporates the initial investment, annual
running costs, replacement costs, and residual value, is calculated using Equation (5):

Cg(τ) = Cinv +
[(

Cy(τ) + Cr(τ)
)
− Vf , τ(j)

]
(5)

where

• Cg (τ) represents the global cost,
• Cinv represents initial investment costs,
• Cy (τ) denotes the yearly running costs (including energy and maintenance),
• Cr (τ) signifies replacement costs for components with shorter life cycles, and
• Vf,τ (j) represents the residual value for the combination of measures j at the end of the

calculation period (τ).

The financial calculations account for the time value of money by discounting future
expenditures to their present value, considering January 2025 as the reference starting
point (Year 0) for all projections. Based on the Federal Reserve Economic Data (FRED)
and Central Bank of the Republic of Türkiye (CBRT) statistics spanning 2016–2025 [73–76],
the model utilizes the average annual inflation rate (Ri) and market interest rate (R) to
derive the nominal discount rate (RATdisc), ensuring the financial model accounts for the
specific macroeconomic volatility of the region. The negative real interest rate reflects the
high-inflation environment where the annual consumer price increase outpaces market
interest rates.

To ensure international comparability and mitigate the impact of domestic inflation, all
financial metrics, including initial investment costs (CInv), were calculated based on January
2025 prices in Turkish Lira (TRY) and subsequently converted to United States Dollars
(USD) [77]. Annual energy costs were computed by multiplying these base year unit
prices [78,79] by the corresponding end-use energy values obtained from the simulations.

A specialized discounting approach was adopted to integrate energy-specific esca-
lation rates for electricity (ee) and natural gas (eg). These rates were derived separately
because residential energy price trends over the last decade have diverged from general
consumer price inflation. To reflect this divergence, historical price trends from the En-
ergy Market Regulatory Authority (EMRA) [78] and the regional natural gas distributor
(İGDAŞ) [79] were cross-referenced with inflation data from the CBRT [74]. Consequently,
future energy expenditures were projected using these escalation factors before being dis-
counted to their present value. Following the EN 15459-1 standard [72], the set of economic
indicators, rates and unit prices utilized in the global cost analysis is summarized in Table 7.
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Table 7. Economic parameters used in the global cost analysis (2016–2025).

Parameter (Symbol) Value (Unit) Source

Inflation rate (Ri) 29.74% FRED, CBRT [73,74]

Market interest rate (R) 20.33% CBRT, FRED [75,76]

Real interest rate (Rreal) −7.25% Calculated

Electricity escalation rate (ee) 28.65% Calculated

Natural gas escalation rate (eg) 36.87% Calculated

1 USD exchange rate ($) 35.50 TRY CBRT [77]

Electricity unit price (Pe) 2.97 kWh/TRY EMRA (tax included) [78]

Natural gas unit price (Pg) 0.795 kWh/TRY İGDAŞ (tax included) [79]
Note: Energy prices reflect January 2025 residential tariffs: high-tier (>240 kWh/m) for electricity and standard
tier (<100,000 m3/y) for natural gas.

3. Results and Discussion
3.1. IRT Assessment of Building Envelope

To assess the hygrothermal performance of the building envelope, a series of ther-
mographic inspections was conducted using a holistic approach, progressing from the
component to the façade scale. Periodic measurements were recorded across several apart-
ment blocks within the same residential complex to derive thermal values, utilizing internal
surface temperatures for indoor calculations and external parameters for outdoor assess-
ments. However, this paper specifically focuses on the external envelope conditions of
the thermally most critical apartment in Block B, which features a cantilevered first-floor
configuration exposed to outdoor conditions from both the walls and the floor. The ex-
ternal wall system—comprising infill masonry (units, mortar, and surface finish), the RC
structural frame (columns, beams, shear walls, and floor slabs), and window assemblies
(frames, casements, glazing, sills, and sealants)—was analyzed systematically. Inspection
points and critical junctions were documented and schematically illustrated on the floor
plans and elevations in Table 8. These inspection points (1–8) correspond directly to the
measurement data presented in Table 9, with building components categorized according
to defect categories (I–III) defined in Table 8.

The in situ thermal monitoring revealed thermal inefficiencies within the external
envelope and identified problem zones of elevated heat loss, thereby elucidating both
the spatial distribution and the probable causes of thermal abnormalities. Surface tem-
perature data from both reference and defect areas were used to compute UINSITU and TI
of the building components. The thermograms were matched with photographs from a
smartphone-based photogrammetric survey, and the findings are summarized in Table 9,
which provides a detailed analysis of the defect categories defined in Table 8, specifically
focusing on masonry wall sections (I), RC structural frame junctions (II), and fenestration
interfaces (III).

The in situ thermal analysis conducted across various building envelope sections
reveals a significant divergence between standardized reference points and structural
anomalies. Although the PACB fabric is designed to provide thermal resistance through
its porous solid matrix and staggered hollow geometry, its field performance varies sig-
nificantly. Reference wall sections (I-A) exhibited UINSITU values ranging from 1.15 to
2.71 W/(m2·K). These empirical results notably exceed the theoretical transmittance calcu-
lated for the masonry wall (UCALC = 0.896 W/(m2·K)), indicating a substantial performance
gap. This discrepancy suggests that real-world thermal efficiency is diminished by factors
such as, material aging, workmanship inconsistencies, and moisture content.
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A primary source of this discrepancy stems from the input data used for the thermal
conductivity of PACBs in relevant standards. According to TS 825 [5], theoretical calcula-
tions should utilize thermal conductivities of materials in equilibrium with 80% relative
humidity. However, standards also provide dry-state thermal conductivity values, which
can be misleading; utilizing dry-state data in theoretical models leads to significant under-
estimations of heat loss, particularly for highly porous materials that are prone to moisture
absorption. Furthermore, the high thermal conductivity inherent in the cement bedding
mortar and cement rendering layers likely facilitates additional heat bypass, undermining
the theoretical insulative properties of the masonry units.

Table 8. Thermal anomaly inspection points and building envelope junctions (Cross-referenced with
Table 9).

Defect
Category

Building Envelope
Components (Code)

IR Camera Inspection Points on the Floor Plan
(Measurement Point ID, Ref. Table 9)

I
(Masonry wall)

I-A Masonry wall

I-B Wall/wall corner

I-C Wall/ground

II
(RC structural

frame)

II-A Column/beam

II-B1 Intermediate floor

II-B2 Cantilevered floor

II-B3 Balcony floor slab

II-B4 Roof slab

II-C Basement shear
wall

III
(Fenestration)

III-A Window

III-B Door

IR camera inspection points on the building elevations (Measurement point ID, Ref. Table 9)

Thermal bridges at beam–column junctions (II-A) and floor slab edges (II-B) reached
critical UINSITU levels as high as 4.55 W/(m2·K), representing a localized heat flux increase
of nearly 250% compared to the reference masonry. Due to the high thermal conductiv-
ity of RC and the extensive surface area of the uninsulated exposed structural frame, a
substantial decrease in thermal resistance was observed at RC components relative to the
reference area (I-A) within the same thermograms. At these thermal failure zones, the
increase in thermal transmittance indicates a severe compromise of the envelope’s integrity.
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Notably, the discrepancy between UINSITU and UCALC for RC elements was relatively lower
than that of the masonry sections. This suggests that while RC components act as high-
conductivity pathways for energy dissipation, their in situ performance aligns more closely
with theoretical expectations for uninsulated concrete.

Table 9. UINSITU and TI values for the case study building’s envelope, with reference and defect
points for thermal failure in each IR image.

Ref. ID/
Location

Thermogram Photograph

Environmental
Conditions

Defect
Category

(Ref. Table 8)

UINSITU
(W/(m2·K))

TI
(Unitless)

Indoor Outdoor

1
SW Bed-

room

Tin: 20.1 ◦C
RHin: 58%

vin: 0.15 m/s

Tout: 13.6 ◦C
RHout: 77%
vout: 1 m/s

Reference
(I-A) 1.30 0.83

Thermal
bridge (II-A) 4.55 0.58

2
NE Bed-

room

Tin: 17.2 ◦C
RHin: 61%

vin: 0.2 m/s

Tout: 8.0 ◦C
RHout: 82%

vout: 1.5 m/s

Reference
(I-A) 2.71 0.35

Surface
condensation

(I-B)
6.34 0.82

3
NW

Façade

Tin: 18.8 ◦C
RHin: 52%

vin: 0.15 m/s

Tout: 6.5 ◦C
RHout: 74%

vout: 1.5 m/s

Reference
(I-A) 1.50 0.86

Thermal
bridge (II-B1) 3.61 0.67

4
NE

Façade

Tin: 17.4 ◦C
RHin: 61%

vin: 0.2 m/s

Tout: 8.0 ◦C
RHout: 77%

vout: 1.4 m/s

Reference
(I-A) 1.16 0.88

Thermal
bridge (II-B2) 3.72 0.63

5
NE-SE
Corner

Tin: 17.4 ◦C
RHin: 48%

vin: 0.15 m/s

Tout: 6.2 ◦C
RHout: 71%

vout: 1.6 m/s

Reference
(I-A) 1.15 0.89

Thermal
bridge (II-B2) 4.03 0.62

6
NE

Façade

Tin: 17.8 ◦C
RHin: 56%

vin: 0.15 m/s

Tout: 7.0 ◦C
RHout: 80%

vout: 1.5 m/s

Reference
(I-A) 2.10 0.79

Thermal
bridge (II-B3) 3.42 0.67

7
SE

Façade

Tin: 18.1 ◦C
RHin: 53%

vin: 0.1 m/s

Tout: 6.6 ◦C
RHout: 74%

vout: 1.5 m/s

Reference
(I-A) 1.34 0.87

Thermal
bridge (II-B1) 3.41 0.67

Air leakage
(III-A) 2.33 0.77

8
SW

Kitchen
    

Tin: 18.2 ◦C
RHin: 56%

vin: 0.2 m/s

Tout: 8.1 ◦C
RHout: 83%

vout: 1.5 m/s

Reference
(I-A) 3.65 0.52

Warm air
leakage
(III-B)

5.94 0.23

The thermal performance was further evaluated using the TI, which served as a
primary diagnostic tool for assessing condensation risks. Experimental data indicated
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that several junction points fell critically below the 0.70 threshold in ISO 13788 [20], a
value widely regarded as the safety limit for preventing surface mold growth. The most
significant performance degradation was observed in internal measurements where surface
condensation risks were high; for instance, a reference point on the PACB wall (I-A) yielded
a TI as low as 0.35 with a corresponding UINSITU value of 2.71 W/(m2·K). On the other
hand, the thermal performance analysis revealed a critical paradox at the PACB wall-
to-wall junction (I-B): despite a deceptively high TI of 0.82, the UINSITU value reached
an extreme 6.34 W/(m2·K). This discrepancy arises because the low indoor temperature
(17.2 ◦C) mathematically inflates the TI, even though the surface temperature (12.5 ◦C)
closely approximates the outdoor ambient conditions.

This performance failure is driven by a vicious cycle of moisture dynamics. The
measured surface temperature of 9.7 ◦C equilibrated with the calculated dew point
(9.75 ◦C), confirming the observed surface condensation. In this scenario, the ceramic
tiles, acting as an impermeable surface finish, function as a water barrier that restricts the
transmission of water vapor. This entrapment of moisture may lead not only to tile detach-
ment through bond failure but also to deeper moisture penetration into the PACB fabric.
Such saturation significantly increases the material’s thermal conductivity (λ), leading to
accelerated heat loss and a further decline in surface temperatures. Consequently, the
persistent moisture accumulation and rising damp result in a fundamental failure of the
building envelope, severely compromising both energy efficiency and occupant comfort.
Such a low TI signifies that the internal surface temperature (Tsi) is almost equivalent to the
outdoor ambient conditions (Tout), creating a high probability of interstitial condensation
and long-term microbiological degradation of the building fabric.

Furthermore, the thermographic evidence identified distinct patterns of warm air
leakage (III-A and III-B) that compound the overall energy inefficiency of the envelope. In
these zones, the synergy between convective heat loss and conductive thermal bridging led
to a precipitous drop in internal surface temperatures, exemplified by a Tsi of only 10.4 ◦C
despite an indoor temperature of 18.2 ◦C. These anomalies, typically resulting from defec-
tive joinery seals or poor integration between the window/door frames and the masonry,
necessitate a more comprehensive retrofit strategy than standard insulation upgrades alone.
The findings suggest that improving the energy rating of existing buildings requires not
only the application of thermal insulation but also a rigorous focus on airtightness and the
mitigation of geometric thermal bridges at the design and construction stages.

A critical performance gap was identified when comparing the building’s current state
to national benchmarks. All analyzed wall types exhibit UINSITU values that significantly
exceed the 0.60 W/(m2·K) threshold defined for energy-efficient wall components in TS
825 [5], and fall even further behind the more stringent 0.40 W/(m2·K) limit introduced in
the revised TS T825 standard [6] for the 3rd climatic zone. This finding, further corroborated
by UCALC values, highlights a non-compliance with modern energy regulations.

Consequently, even exterior wall surfaces that do not exhibit specific structural failures
maintain temperatures notably higher than the ambient outdoor environment, signaling
continuous heat dissipation from the interior. These IRT findings visually and numerically
confirm that the current thermal resistance of the building envelope is insufficient to comply
with local climatic requirements, updated national BEP regulations [8], and current thermal
insulation standards [6].

To address these systemic deficiencies, it is necessary to evaluate the impact of holistic
retrofit strategies. Accordingly, the following section explores BES-based optimization
scenarios, focusing on the integration of continuous external thermal insulation and high-
performance glazing improvements to restore the building’s thermal integrity and reduce
energy consumption and operational carbon emissions.
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3.2. BES-Based Optimization Results

The analysis evaluates the energy and economic performance of various retrofit sce-
narios for the reference building between 2016 and 2025. Crucially, to better reflect actual
building performance, the envelope’s thermal properties were updated by incorporating
site-specific UINSITU and TI values—derived from QIRT analysis—into the BES boundary
conditions, rather than relying solely on standard thermal bridge multipliers. This em-
pirical shift allows the optimization calculations to transition from idealized ‘as-designed’
assumptions toward the building’s ‘as-built’ thermal reality. By employing a 30-year life-
cycle perspective in accordance with EN 15459-1 standard [72], the study identifies the
most viable strategies for reducing annual primary energy consumption and global costs
relative to this empirical baseline.

Figure 6 presents a scatter plot of various insulation and glazing combinations that
outperform the reference building, specifically highlighting the energy-optimal (E1) and
cost-optimal (C1) solutions. The x-axis represents the annual primary energy consumption,
while the y-axis denotes the global cost, including initial investment, annual operation, and
replacement costs for thermal insulation and glazing. The reference building is excluded
from the focused scatter plot axes to maintain visual clarity among the Pareto-optimal
solutions, as its primary energy consumption and global cost significantly exceed the
optimized range.

 

Figure 6. Relationship between global cost and annual primary energy consumption: Regression
analysis and identification of optimal solutions (E1 and C1).

The Pareto analysis identifies a series of non-dominated solutions that significantly
outperform the baseline, revealing a robust correlation between energy savings and global
costs. The regression analysis indicates a strong linear relationship (R2 = 0.7963), confirm-
ing that approximately 80% of the variance in global cost is explained by primary energy
consumption. This statistically significant correlation demonstrates that as primary energy
consumption decreases, total life-cycle costs follow a consistent downward trend. Further-
more, the model quantifies the economic impact of energy performance: each 1 kWh/m2·y
increase in primary energy consumption is associated with a marginal global cost increase
of approximately $7.97/m2 over the 30-year study period. Additionally, the fixed cost
component of the regression model—representing initial investment, maintenance, and
periodic repairs regardless of energy use—was calculated at $40.83/m2.
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Following the trend observed in the regression, specific optimal points emerge as key
strategic benchmarks. Figure 7 illustrates the Pareto-optimal frontier, where a convergence
analysis focusing on the top 10 cost-optimal and the top 10 energy-optimal solutions reveals
that these targets frequently coincide in high-performance envelope configurations. These
solutions are further categorized into energy-oriented (E) configurations, prioritizing the
minimization of annual primary energy consumption, and cost-oriented (C) options, fo-
cused on reducing life-cycle global costs. To emphasize environmental impact, the solutions
are arranged from left to right in descending order of operational carbon emissions. Fur-
thermore, Table 10 details the specific improvement rates achieved by these Pareto-optimal
solutions across key performance metrics—including heating, cooling, lighting, operational
carbon emissions, and global cost—using the baseline (Ref-UINSITU) for comparison.

Figure 7. Pareto optimal solutions for global cost (C) and primary energy consumption (E), ranked
by operational carbon emissions relative to UINSITU-based reference building.

A comparative economic breakdown in Figure 7 reveals that operational energy costs
remain the dominant expenditure, accounting for 87.7–92% in cost-oriented (C) solutions
and 81–85.4% in energy-oriented (E) solutions. Conversely, initial capital investments
constitute only 4.6–7.7% in C scenarios and 9.1–12.4% in E scenarios, respectively. This
indicates that the slight increase in upfront investment for Pareto-optimal scenarios can
be seen as a strategic trade-off, largely offset by the long-term savings in operational
energy costs.

To quantify the impact of the empirical update, a comparative analysis was performed
between the UCALC and UINSITU models. The results show that the reference building, when
adjusted for identified thermal anomalies, exhibits an annual primary energy consumption
of 123.3 kWh/m2·y, a total global cost of 997 $/m2, with an operational carbon footprint
of 30.2 kgCO2-eq/m2·y. Specifically, the transition to UINSITU leads to a 21.8% increase in
heating energy and a 17.6% increase in annual primary energy consumption, highlighting
the risk of underestimation in non-empirical models.

Building on this empirical baseline, the results indicate that energy-oriented (E) config-
urations achieve a primary energy reduction ranging from 51% to 53%, while cost-optimal
(C) solutions lower global expenditures by 49% to 52%. A critical finding of this study is
the identified convergence between these two objectives, where cost-optimal and energy-
optimal points coincide. Among these, the best performing energy-oriented configuration
(E1) lowers primary energy consumption to 58.0 kWh/m2·y with a corresponding 30-year
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global cost of 485.8 $/m2. Simultaneously, the cost-optimal option (C1) maximizes long-
term financial feasibility by reducing the global cost to 479.3 $/m2, representing a 51.9%
saving (58.9 kWh/m2·y) over the reference case.

Table 10. Comparative analysis of Pareto-optimal solutions: Improvement rates (%) in energy and
cost metrics relative to UINSITU-based reference building.

Retrofit Option Improvement Rate (%)
Scenario

No
Thermal

İnsulation Glazing Heating
Energy

Cooling
Energy

Lighting
Energy

Carbon
Emissions

Primary
Energy

Global
Cost

E1-C2 INS4 G12 65.7 19.9 2.7 50.9 53.0 51.3
E2 INS8 G12 65.4 19.9 2.7 50.7 52.8 48.4

E3-C1 INS4 G2 63.8 29.0 2.7 50.4 52.2 51.9
E4-C8 INS8 G2 63.6 28.9 2.7 50.2 52.0 49.0

E5 INS12 G12 64.4 19.9 2.7 50.0 52.0 47.2
E6-C9 INS4 G14 63.4 31.1 1.5 50.0 51.8 48.7

E7 INS8 G14 63.1 31.1 1.5 49.8 51.6 45.8
E8-C5 INS4 G12 63.8 19.7 2.2 49.5 51.5 49.9

E9 INS7 G12 63.6 19.8 2.2 49.3 51.2 47.8
E10 INS12 G2 62.5 28.8 2.7 49.4 51.2 47.8
C7 INS4 G11 63.0 21.5 2.7 49.1 51.0 49.4
C3 INS3 G2 62.0 28.7 2.2 48.9 50.7 50.5
C6 INS4 G4 60.7 41.8 1.5 48.9 50.6 49.5
C4 INS4 G1 61.1 30.2 2.7 48.4 50.2 50.0

C10 INS3 G1 59.2 29.9 2.2 46.9 48.6 48.6
Note: A conditional formatting color gradient (red-to-green) is applied to the improvement rates; green represents
the most significant improvements, while red signifies the least significant improvements.

The marginal difference between these two scenarios—only 0.9 kWh/m2·y in energy
performance and 6.5 $/m2 in global cost—highlights a significant convergence between
environmental and financial objectives. This coinciding behavior indicates that high-
performance energy targets are achievable without an exponential increase in global costs.
The synergy suggests that the selected insulation and high-performance glazing strate-
gies are highly effective in balancing financial feasibility with energy efficiency goals.
Specifically, the transition from uninsulated walls to 12 cm insulation layers (EPS, XPS or
stone wool) reduces Uwall to as low as 0.226 W/(m2·K). When combined with argon-filled,
low-e/solar low-e units (G2, G12), this configuration not only lowers Uglazing from 2.4 to
1.1 W/(m2·K) but also strategically optimizes solar gains (SHGC: 56–63%) and light trans-
mittance (Tvis: 79%). Such a balance effectively manages the trade-off between heating
and cooling energy while preventing the overheating risks typically associated with high
insulation thicknesses in a temperate–humid Mediterranean climate.

Beyond energy and cost savings, the BES-based optimization analysis reveals a signifi-
cant reduction in the building’s environmental footprint. Scenario E1 achieves a reduction
of 15.4 kgCO2-eq/m2·y, representing a 50.9% decrease in annual operational carbon emis-
sions. This lowers the operational carbon footprint from 30.2 to 14.8 kgCO2-eq/m2·y
relative to the UINSITU baseline.
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4. Conclusions and Future Work
4.1. Insights from the IRT Survey

In this study, a QIRT survey was integrated to assess the thermal integrity of the
building, providing an empirical foundation for the subsequent BES-based optimization.
This diagnostic approach enabled the identification of significant thermal bridges and
the validation of surface temperature distributions, particularly at critical interfaces of
non-insulated external wall surfaces, the RC structural frame, and fenestration boundaries.
The results suggest that IRT should be routinely employed in building inspections, as
quantitative surface temperature analysis offers a reliable pathway for assessing real-world
thermal conditions and refining the energy ratings of existing buildings.

A critical finding of the in situ measurements is the discrepancy between predicted
and actual thermal performance. The data indicate that the in situ thermal transmittance of
non-insulated PACB walls is significantly higher than the theoretically calculated values,
confirming that the actual thermal resistivity is lower than expected. This performance
gap is attributed to several factors inherent in aging building stocks, including material
degradation over time, moisture content and workmanship inconsistencies. While UINSITU

and UCALC values for the RC components were more closely aligned, the widespread
structural thermal bridges at beam–column junctions and floor slab edges remain primary
conduits for continuous heat dissipation in a non-insulated building envelope.

The calculation of the TI served as a diagnostic tool for assessing condensation risks
and long-term durability. The analysis revealed that several junction points fell critically
below the 0.70 threshold defined in ISO 13788 [20], a safety limit for preventing surface
mold growth. Such low TI values signal a high susceptibility to interstitial condensation
and the subsequent microbiological degradation of the building fabric. Furthermore, the
survey identified significant warm air leakage stemming from defective joinery seals. These
empirical findings visually and numerically confirm that the current thermal resistance of
the envelope is insufficient to meet the demands of updated national insulation standards,
providing a powerful justification for retrofit strategies explored in the optimization phase.

It is crucial to acknowledge that the observed in situ performance is driven by complex,
three-dimensional heat conduction, particularly at the structural junctions between the RC
skeleton, infill masonry, and fenestration systems. While the current QIRT-based framework
effectively diagnoses these thermal anomalies, the persistent discrepancies between in situ
and theoretical U-values partially stem from these 3D heat flow effects that transcend
traditional 1D or 2D modeling. Addressing these failures requires structural interventions
beyond the simple application of thermal insulation. Specifically, repositioning fenestration
components to the thermal plane—the interface between the masonry and the insulation
layer—emerges as a critical strategy to mitigate geometric thermal bridging. Consequently,
these findings underscore that improving the energy rating of existing building stocks
requires a dual-track approach: integrating high-performance insulation with a rigorous
focus on airtightness and the strategic mitigation of thermal bridges during both the design
and execution phases.

4.2. Insights from the BES-Based Optimization Analysis

The integration of BES-based optimization and cost-optimal analysis confirms that
the thermal deficiencies identified via QIRT can be effectively mitigated through a strate-
gic building envelope reconfiguration. Economic data from CBRT and FRED for the
2016–2025 period reveals an average annual inflation rate of 33.23%. Critically, natural gas
prices outpaced this general inflation by 7.74 percentage points, highlighting Türkiye’s
energy dependency and the necessity of thermal improvements as a hedge against volatile
energy markets.
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The Pareto analysis demonstrates a strong correlation between primary energy savings
and life-cycle global costs (calculated per EN 15459-1). A key finding is the convergence of
cost-optimal and energy-optimal targets; in the building’s current state, global costs are
dominated by operational energy expenditures.

The optimized scenarios shift this economic balance; the life-cycle global cost calcu-
lation explicitly aggregates both CAPEX and OPEX. Therefore, the optimized scenarios,
which identify 10–12 cm of insulation and argon-filled low-e glazing as the optimal solution
set, prove that minimizing long-term costs is achievable while simultaneously addressing
the complexities of a transitional Mediterranean climate. The reduction in total global
costs observed in these scenarios does not stem from a decrease in initial investment re-
quirements, but rather from the substantial mitigation of operational energy expenditures
(OPEX) in the face of escalating energy prices. While initial capital investment for insula-
tion and high-performance glazing is significant —reaching up to 12.4% under optimal
configurations—the financial payback period within the Turkish market is considerably
accelerated compared to stable-economy contexts. Thus, retrofitting functions effectively as
a financial hedge against market volatility, prioritizing long-term economic stability over
traditional short-term investment metrics.

The results highlight a preference for glazing configurations that maintain a high
visible light transmittance and a moderate-to-high solar factor, thereby leveraging passive
solar gains during heating seasons without compromising natural lighting. It is important
to note that while high levels of insulation significantly reduce heating demand, they
must be balanced with appropriate glazing and ventilation strategies to prevent summer
overheating. As building envelopes become more airtight and thermally resistant, the risk
of heat entrapment increases, potentially elevating cooling energy demand. Therefore, the
selected glazing configurations—specifically those with selective solar control properties—
serve as a critical balancer by managing potential increases in cooling loads, ultimately
achieving a holistic performance–cost equilibrium.

This holistic optimization leads to a transformative impact, where annual primary
energy use, global costs, and carbon emissions are approximately halved compared to the
reference building. In conclusion, these findings underscore that deep retrofitting is both an
economic necessity against volatile energy markets and a critical instrument for achieving
national decarbonization goals.

This study reveals that residential stocks constructed post 1999 earthquake era—while
seismically resilient—remain thermally inadequate, representing a primary target for en-
ergy efficiency improvements. By providing actionable recommendations for the building
stock, this research informs designers and policymakers that aligning building envelope
efficiency with long-term economic viability represents a key strategic pathway toward the
NZEB and 2053 net-zero carbon vision. Furthermore, the synergy between non-destructive
QIRT assessment and BES-based optimization provides a robust hybrid framework for en-
hancing energy efficiency and user comfort, directly aligning with global climate initiatives.

4.3. Limitations and Future Research

Several limitations should be considered when interpreting the results of this study.
First, the lack of long-term sub-metering data for individual apartments precluded a formal
model calibration based on Normalized Mean Bias Error (NMBE) and the Coefficient of
Variation in the Root Mean Square Error (Cv(RMSE)) indices. To mitigate this, the base
model was validated by integrating theoretical benchmarks with on-site IRT findings,
ensuring that observed thermal anomalies and thermal bridges were represented. While
this approach provides a reliable basis for comparative retrofit analysis, integrating real-
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time monitoring and longitudinal utility data in future research could further refine the
simulation’s absolute accuracy.

Second, the calculation of the UINSITU values relies on the assumption of a uniform
surface emissivity. To mitigate potential errors, a preliminary calibration experiment was
conducted in accordance with ASTM E1933-14 [62], establishing an optimal emissivity
of ε = 0.93 based on thermocouple references (with a maximum deviation of 0.6 ◦C and
thermal stability of ±0.1 ◦C). While this value is representative of the analyzed mate-
rials, it is acknowledged that surface aging or material heterogeneity could introduce
minor uncertainties.

Third, the IR thermographic survey provides a quasi-steady-state snapshot of the
building envelope’s thermal performance. Transient weather effects and thermal inertia
may influence surface temperature distributions at the time of capture. Although the
survey was conducted under overcast winter conditions to minimize solar interference,
these dynamic variables represent inherent limitations in translating instantaneous thermal
images into long-term performance data. Specifically, building airtightness was maintained
at a constant baseline, reflecting existing construction characteristics rather than as an
optimization variable. This simplification was adopted to maintain a focused analysis on
facade material properties and to avoid the complexities of assigning localized costs to
infiltration reduction measures.

To address the complexities above, future research could incorporate 3D Finite Element
Analysis (FEA) for thermal bridges, combined with Computational Fluid Dynamics (CFD)
simulations, to model airtightness alongside in situ heat flux measurements (HFM), or
co-heating tests. Such methods would allow for a more precise modeling of the interaction
between airtightness, natural ventilation rates, and localized thermal bridges, effectively
bridging the gap between predicted and actual energy performance. This hybrid approach
would enable the integration of dynamic environmental factors into detailed HVAC sizing,
thereby enhancing the accuracy of energy performance predictions.

Furthermore, while this study emphasizes the thermal performance of the building
envelope, the impact of natural ventilation patterns remains a significant variable. Future
research should investigate the synergy between airtightness, optimized natural ventilation
strategies, and shading systems to better manage the trade-off between winter heating
energy savings and potential summer overheating risks inherent in well-insulated residen-
tial buildings. Beyond these physical and environmental variables, occupant interaction
also plays a critical role in real-world performance. In this study, standardized profiles
were utilized to maintain a controlled simulation baseline; however, the socio-technical gap
resulting from varying resident habits remains a challenging variable to simulate accurately
for residential buildings.

Regarding the economic framework, the analysis is grounded in a uniquely volatile
market characterized by negative real interest rates, high inflation, and escalating energy
prices. While this specific context enhances the feasibility of energy efficiency measures
in present-day terms, static baseline projections remain sensitive to rapid macroeconomic
shifts. To maintain a realistic trend, this study utilized the ten-year arithmetic mean of
inflation rates. This approach offers a stable baseline for the 30-year global cost analysis,
shifting the building’s financial profile from high OPEX to strategic CAPEX, though it
remains open to varying economic interpretations. Future studies could employ stochastic
cost-analysis models or Monte Carlo simulations to better account for these rapid macroe-
conomic fluctuations and their impact on long-term investment risks.

Finally, this study integrates three domains—non-destructive thermal diagnostics,
energy simulation, and economic optimization—to propose a hybrid framework for opti-
mizing building envelope retrofits. From an architectural perspective, the primary intent
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was to bridge these specialized fields into a cohesive systemic integration, rather than
focusing on a singular analytical dimension. This approach aims to translate technical
diagnostics into actionable design and implementation strategies. While based on a specific
case, the methodology offers a transferable model for analyzing uninsulated building stocks
in the Mediterranean region that are facing similar performance gaps.

This research opens pathways for further investigation. Future studies could evaluate
the integration of renewable energy systems on the ‘convergence’ point of Pareto-optimal
solutions or assess how climate change scenarios (shifting HDD and CDD until 2050) might
affect the long-term performance of the identified insulation thicknesses. Recognizing the
rapid evolution of building performance optimization, future research may transition from
simulation-based workflows toward hybrid frameworks that integrate the transparency
and explicit constraint-handling of classical heuristic and deterministic approaches with the
high-speed predictive capabilities of deep learning [44,45]. As demonstrated in the recent
literature, such AI-driven surrogate models [46–48] can significantly reduce computational
convergence time while maintaining the interpretability of physical models. Bridging
these methodologies would offer a more robust decision-support system, leveraging the
predictive power of ANN to complement the empirical ground-truth provided by in
situ diagnostics. Additionally, incorporating LCA to evaluate the embodied carbon of
insulation materials and glazing systems would provide a more complete ‘Cradle-to-Grave’
environmental perspective on building decarbonization.
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Abbreviations
The following abbreviations are used in this manuscript:

AI Artificial Intelligence
ANN Artificial Neural Networks
BEP Building Energy Performance
BES Building Energy Simulation
BIM Building Information Modeling
CAPEX Capital Expenditure
CBRT Central Bank of the Republic of Türkiye
CDD Cooling Degree Day
CFD Computational Fluid Dynamics
CPR Construction Products Regulation
EMRA Energy Market Regulatory Authority
EN European Norm
EPBD Energy Performance of Buildings Directive
EPC Energy Performance Certificate
EPS Expanded Polystyrene
EPW EnergyPlus Weather
EU European Union
FRED Federal Reserve Economic Data
GA Genetic Algorithm
HDD Heating Degree Day
HVAC Heating, Ventilation, and Air Conditioning
IGDAŞ Istanbul Gaz Dağıtım Sanayi ve Ticaret A.Ş (Istanbul Natural Gas Distribution Co., Inc.)
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IR Infrared
IRT Infrared Thermography
ISO International Organization for Standardization
LCA Life Cycle Assessment
NMBE Normalized Mean Bias Error
NZEB Nearly Zero Energy Building
OPEX Operational Expenditure
PACBs Pumice Aggregate Concrete Blocks
QIRT Quantitative Infrared Thermography
RC Reinforce Concrete
SHGC Solar Heat Gain Coefficient
TI Temperature Index
TMYx Typical Meteorological Year Extended
TS Turkish Standard
TSE Türk Standartları Enstitüsü (Turkish Standard Institute)
TRY Turkish Lira
USD United States Dollar
WWR Window-to-wall Ratio
XPS Extruded Polystyrene
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