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The implementation of thermal insulation within the walls of building | HISTORY

constitutes a pivotal strategy aimed at mitigating cooling loads and
augmenting energy efficiency, particularly in tropical climate conditions. In the
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Aims: This study undertakes a comprehensive review of methodological
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frameworks in the domain of thermal insulation research for building walls
conducted between 2020 and 2024, with an emphasis on hybrid experimental
design that integrate physical measurements with digital simulations to yield
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more accurate, dependable, and contextually pertinent data.
Methodology and results: A systematic literature review (SLR) encompassing KEYWORDS
52 scholarly articles was performed, categorizing the studies into four distinct
classifications:  field studies, laboratory-based investigations, digital | ® thermalinsulation,
methodologies (e.g., EnergyPlus, TRISCO, ABAQUS), and hybrid @ e wallinsulation,
methodologies. Among these, digital experimentation emerged as the most | o  digital

predominant methodology, with EnergyPlus identified as the most frequently experimentation,
utilized instrument. Research employing hybrid methodologies demonstrated | e  physical
enhanced analytical rigor through cross-validation, versatile scenario experimentation,
exploration, and comprehensive thermal performance assessment. e  hybrid
Conclusion, significance, and impact study: Combining empirical data with experimentation

digital experimentation significantly improves the precision and contextual
relevance of thermal insulation evaluation. Hybrid methodologies facilitate the
simulation of prolonged or extreme conditions that are often impractical to
physically assess. Calibrated digital instruments such as EnergyPlus, TRISCO,
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ABAQUS, Delphin, and COMSOL are particularly effective. Especially for
tropical climates, hybrid methodologies offer a robust framework for
improving the design, applicability, and performance of building insulation
systems.

1. INTRODUCTION

Studies have shown that wall thermal insulation significantly reduces the cooling energy
requirements of buildings, especially in tropical regions. Studies have demonstrated that
applying thermal insulation can decrease air conditioning energy consumption by up to 75% [1]
and reduce the surface temperature of brick walls by 23% [2]. These results emphasize the
importance of selecting appropriate insulation materials and design strategies to improve the
thermal performance in hot climates.

Over the past decade, research in this field has employed two main categories of
methodological approaches: physical experiments conducted in laboratories or the field and
digital experiments using building energy modeling tools. Physical experiments provide direct
empirical data under real or controlled environmental conditions and offer measurements such
as thermal conductivity, U-value, and wall materials durability [3],[4],[5]. However, these
methods are often limited by high cost, longer time, and technical constraints.

In contrast, digital experimentation carried out using software such as EnergyPlus, TRISCO,
ABAQUS, Delphin, and COMSOL enables the efficient exploration of a wide range of design
alternatives, insulation materials, and environmental conditions [6],{7]. These tools support
thermal simulations, hygrothermal analyses, and structural modeling without the need for
physical prototypes. However, digital models depend heavily on input parameters and
assumptions. When not calibrated against physical data, their outputs may lack contextual
accuracy. For example, Al-Tamimi et al. found that energy performance predictions were
significantly more accurate when Building Information Modeling (BIM) was complemented with
empirical data from physical tests. This demonstrates that assumptions made during the
simulation can heavily influence outcomes [8]. Similarly, Zakiah demonstrated the effectiveness
of simulation-based analysis for evaluating energy consumption and payback periods in various
glazing strategies applied in tropical buildings, reinforcing the relevance of digital
experimentation in supporting energy-efficient design decisions [9].

Acknowledging the limitations of each approach, researchers have increasingly adopted
hybrid experimentation, combining empirical measurements with digital modeling. This

integration enables model validation, confirmation of observed behaviors, rapid preliminary
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scenario testing, and performance projection under extreme or long-term conditions. These
combinations are especially useful when physical replication is impractical or too costly.

Although there are review papers on wall insulation, most focus on performance evaluation
or material innovations. This review provides a novel perspective by examining the hybridization
of experimental methodologies applied in wall insulation research. By systematically analyzing
studies from 2020 to 2024, this review identifies trends, tools, sequences, and rationales behind
experimental designs, filling a gap in the current literature.

In the Indonesian research context, studies of thermal insulation have predominantly relied
on digital experimentation without integrating empirical data from field or laboratory
measurements. This reliance on simulation without local empirical inputs poses a methodological
limitation, as it may misrepresent construction practices, materials, and climate conditions. The
study aims to support the development of insulation research methodologies that are technically
robust and well-calibrated to the environmental and construction realities of tropical regions
such as Indonesia.

Therefore, this paper reviews studies from 2020 to 2024 that apply physical, digital, or
hybrid experimental approaches in wall thermal insulation research. Specifically, it investigates:
(1) the most common experimental approach in insulation research; (2) the most frequently
measured variables across these approaches; and (3) the relationship between the reasons for
choosing hybrid experimentation and the sequence of physical and digital experiments. By
mapping and comparing these strategies, this study will provide stronger and more climate-
responsive insights into research practices, particularly in tropical regions where empirical

validation is limited yet necessary.

2. RESEARCH METHODOLOGY

This study used a systematic literature review (SLR) to explore and synthesize empirical research
on thermal insulation in building walls, focusing on physical and digital experimental approaches.
The SLR framework was selected because of its structured and replicable process, which supports
the comprehensive mapping of methodological diversity, experimental techniques, and thematic
patterns across studies published between 2020 and 2024.

Given the increasing volume of insulation-related studies utilizing various experimental
setups and simulation tools, the SLR method was considered appropriate. Unlike narrative

reviews, SLRs provide a replicable procedure for objectively classifying, evaluating, and
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comparing research designs and outcomes. It also enables identifying knowledge gaps, assessing
synergy between physical and digital experimentation, and evaluating methodological
robustness across different climate zones and material contexts. This structured approach
facilitates transparent reporting and reproducibility, both of which are crucial for advancing
evidence-based practice in building science [10].

In this study, 67 articles were initially retrieved from reputable, Scopus-indexed databases
using predefined keywords. After applying inclusion and exclusion criteria, 52 articles were
retained for further analysis. These articles were categorized into three main methodological
approaches: physical experimentation (field or laboratory), digital experimentation (using tools
such as EnergyPlus, TRISCO, ABAQUS, COMSOL, and Delphin), and hybrid approaches combining
both. Hybrid studies were emphasized due to their ability to provide cross-validation, scenario
extension, and greater analytical depth. Each article was examined based on its objectives,
experimental and digital techniques, measured variables, and how physical data were
functionally integrated into the digital analyses. Figure 1 illustrates the filtering and classification

process.

Scopus indexed articles (2020-2024) using keywords

Identification “thermal insulation”, “insulation wall”, “thermal mass”,
“cooling load”.

67 articles

L 4

Eligible articles categorized into field experiments,
Classification laboratory experiments, digital experimentation, and hybrid
experimentation approaches. Literature reviews excluded.

52 articles

. 4

In depth analysis of hybrid studies integrating physical with
digital experimentation.

9 articles

L 4

3 articles (field-based hybrid)
6 articles (lab-based hybrid)

Categorization

Fig. 1 Systematic Literature Review (SLR) Process of Thermal Insulation Studies.

Next, we identified the relationship between the reasons for choosing hybrid experiments

in the nine articles, and the order in which the experiments were conducted. The goal of this
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analysis is to understand how motivations for using hybrid experiments relate to the order in
which physical and digital methods are applied. The researchers quantified the reasons given
into categories and analyzed the distribution of these reasons based on the order in which the
experiments were conducted. This approach revealed the relationship between the reasons for
choosing a method and the order of the experiments, as well as the factors that influenced the

decision to determine the order of the physical and the digital experiments.

3. RESULTS AND DISCUSSION

Research on thermal insulation for building walls has used different methodological approaches
to evaluate the effectiveness of various insulation strategies. Of the 52 articles analyzed in this
review (see Table 1), four main approaches were identified: field-based physical experiments,
laboratory-based physical experiments, digital experimentation using simulation software, and
hybrid experimentation integrating both physical and digital methods.

Digital experimentation, employed in 46% of the studies (24 articles), was the most
dominant approach. This reflects a growing reliance on simulation tools due to their efficiency,
cost-effectiveness, and ability to model a wide range of thermal conditions without the logistical
constraints of physical testing. However, the widespread use of digital experimentation raises
concerns about contextual accuracy, particularly in tropical climates, where standardized input
parameters may not accurately represent local environmental or construction realities.

Though less prevalent, field experiments (12 articles) and hybrid approaches (nine
articles) offer the advantage of grounding results in real or semi-real conditions. The relatively
low number of hybrid studies indicates a potential methodological gap, as hybrid methods offer
a balanced approach that leverages the control and scalability of simulations while maintaining

empirical grounding.

Table 1 Percentage of wall thermal insulation research methods in 2020-2024

Method Percentage Reference
Field experiment 23% [5], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21]
Lab experiment 14% [3], [22], [23], [24], [25], [26], [27]
Digital experiment 46% [2], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38],

[39], [40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50]

Hybrid 17% [51], [52], [53], [54], [55], [56], [57], [58], [59]
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The digital experimentation tools used in the reviewed studies included EnergyPlus, TRISCO,
COMSOL, ABAQUS, and Delphin (see Figure 2). EnergyPlus was the most widely used tool (10
articles). Developed by the U.S. Department of Energy, EnergyPlus is commonly used to model
energy consumption related to HVAC systems, lighting, and building envelope configurations. In
hybrid experiments, EnergyPlus enables researchers to predict energy demand and thermal

comfort levels based on physical measurements [7].

WUFI [ 1
TRNSYS I

TRISCO NN 3
Tianzheng HVAC I 1

THERM [ 1
Namirial Termo [ 1
MATLAB I 2
IES-VE [ 1
ENVI-met [N 2
EnergyPlus NN 10
DELPHIN N 2
DesignBuilder NG £
COMSOL I £
ABAQUS NN 3
ANSYS IS 3

Fig. 2 Digital simulation software in wall insulation research
3.1 Hybrid Experimentation Using EnergyPlus

To better understand the application of hybrid experimentation in wall insulation research, this
section highlights selected studies combining physical testing and digital experimentation. Each
study incorporates empirical measurements such as temperature profiles, U-values, and material
behavior into digital experiments to achieve specific goals. These objectives include validating
digital models with real-world data, confirming observed thermal phenomena, conducting
preliminary cost-efficient assessments, and analyzing scenarios that cannot be replicated
through physical testing. Table 2 through 4 summarize representative studies, categorized by the
primary digital tools used. Each table includes a discussion of the rationale behind the

methodological combination.
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Table 2 Wall insulation article experimental approach with EnergyPlus simulation

Title Method Measured Variable

Outdoor air temperature, relative
humidity, wind speed and direction,
solar radiation, Indoor air temperature,
wall/roof/floor surface temperature,
natural ventilation conditions, building
configuration (orientation, dimensions,
openings)

1. Field
experiment
Impact of insulation and wall
thickness in compressed earth
buildings in hot and dry tropical
(57]

Material conductivity, density, and
specific heat (glass wool, straw + lime),

2.EnergyPlus 9.0.1 effect of wall thickness, daily
temperature amplitude, decrement
factor, energy efficiency

U-factor (thermal bridging effect), heat
. Physibel Trisco loss, lowest inside surface temperature,
14.0w temperature difference ratio

Insulation performance (condensation risk indicator)
evaluation of stone-finished

exterior insulation systems 2. Lab experiment U.-facto.r of mock-up (venﬂcatpn .Of
with insulation frames for (mock-up) simulation results), thermal bridging
green remodeling of concrete effect physically

exterior walls [60]

[any

3. DesignBuilder Annual energy consumption for heating
v6 + EnergyPlus  and cooling
v8.9.0

Neya et al. combined field measurements from compressed earth buildings in a dry tropical
region with EnergyPlus simulations. This combination was used to validate simulation results
against real climate conditions, and to test variations in wall thickness and insulation materials
that would be too laborious and costly to assess physically [57]. Meanwhile, Choi and Song used
a laboratory mock-up and multiple simulation tools (TRISCO, DesignBuilder, and EnergyPlus) to
evaluate U-values and annual energy consumption. Digital experimentation confirmed thermal
bridge effects detected in the lab and projected long-term energy performance under different
insulation configurations. This enables scenario testing beyond the constraints of physical
models [60]. These hybrid studies demonstrate the importance of empirical data in improving

the realism and accuracy of simulation outputs.

3.2 Hybrid Experimentation Using TRISCO

A similar hybrid approach was employed in studies utilizing TRISCO, a digital tool designed for

steady-state thermal analysis and the evaluation of thermal bridges. Krause et al. combined
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field measurements of surface temperatures at construction joints with TRISCO’s numerical
modelling to assess two-dimensional temperature distribution and quantify linear thermal
transmittance [59]. This combination aimed to validate the spatial thermal patterns simulated

by TRISCO against real-world thermal behavior at construction joints.

Table 3 Wall insulation article experimental approach with TRISCO simulation

Title Method Measured Variable
1. Field Indoor and outdoor air temperature, surface
experiment temperature inside the wall at the joint area.

The impact of internal
insulation on heat transport
through the wall: case study

2D temperature distribution in the joint area
(wall, ceiling, window), heat flux (D), thermal
power (W), linear thermal transmission

coefficient (W/m-K), linear thermal coupling

[59] 2.TRISCO coefficient (W/m-K), U-value (Us, Uf, Ug) of
building elements (wall, window frame, glass),
inner surface temperature factor fRsi(2D),
visual and digital temperature distribution,

thermal conductivity (A).

Thermal conductivity (A), heat flux,
temperature difference between plates,
thickness and sample area, macroscopic
structure of material surface, storage
conditions (control, indoor, outdoor), change in
A value.

1.Lab
experiment

Analysis of thermal properties
of materials used to insulate
external walls [54]

U-value of wall, temperature factor of inner
surface, minimum temperature of inner
surface, linear heat transmittance coefficient,
total heat flow through 2D joint, length of
envelope element, U-value of each part of
envelope, temperature distribution in wall,
boundary condition of outer and inner
temperature, heat transfer resistance of inner
and outer sides

2.TRISCO

Meanwhile, Pomada et al. conducted laboratory experiments to measure the performance
of insulation materials under varying storage conditions. They then applied these data to
calibrate TRISCO models for evaluating the overall thermal resistance of walls [54]. In both
cases, digital experimentation extended the analysis beyond the constraints of physical testing,
particularly in identifying localized heat flow anomalies difficult to capture through

measurements alone.
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3.3 Hybrid Experimentation Using ABAQUS

A comparable hybrid methodology was adopted in studies involving ABAQUS, a digital
tool used for advanced thermal, mechanical, and hygrothermal modeling. As shown in
Table 4, three studies combined laboratory-scale physical experiments with ABAQUS
digital experimentation to investigate material behavior under conditions such as

moisture ingress, weathering cycles, and shear loading.

Table 4 Wall insulation article experimental approach with ABAQUS simulation

Method Measured Variable

Indoor and outdoor temperature (°C), Relative
humidity (%RH), Moisture load (PPM), Solar
radiation, natural ventilation, building
orientation, space zones, building dimensions,

and materials.

Title

1. DesignBuilder

Hygrothermal performance of
micro inhomogeneous

Water vapor concentration (PPM), water vapor
diffusion coefficient, water vapor resistance

insulation materials - EPS- 2. ABAQUS factor (u), open porosity, specific heat capacity,
based wall panel [61] mass density, EPS bead distribution, exposure
duration (1 day)
Material microstructure (SEM), chemical
3.lab element distribution (EDX/EDAX), visual
Experiment moisture accumulation at the boundary
between materials.
Panel and cube dimensions, material
composition and thickness, temperature and
1.Lab duration of test cycles (Thermal-Rain, Thermal-
Weathering resistance of Experiment Cold, Freeze-Thaw), cracking, peeling, voids,
novel sustainable calcification, tile adhesion strength (pull-off
prefabricated thermal test), strain.
insulation wall [53]
Surface temperature distribution simulation,
2. ABAQUS thermal stress simulation due to temperature
change.
7-, 14-, and 28-day concrete compressive
1.Lab strength, elastic modulus of concrete, shear
Shear behavior of FRP experiment testing of FRP connectors, damage modes,
connectors in precast load-displacement curves.
sandwich insulation wall
panels [51] Numerical modeling based on experimental
2. ABAQUS data, parametric analysis of connector spacing,

anchor depth, and insulation thickness.
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We used empirical data (including microstructural characteristics (via SEM), compressive
strength, and pull-off resistance) to inform and calibrate the digital models. This combination
made it possible to stimulate complex physical phenomena that are difficult to capture
experimentally with high fidelity, such as internal stress distribution and degradation over time.
In these studies, digital experimentation was used not only to validate laboratory findings but
also to analyze long-term or extreme environmental conditions that would be impractical to

replicate through physical testing alone.

3.4 Hybrid Experimentation Using Other Simulation Tools

Other forms of hybrid experimentation were applied in studies involving Delphin and COMSOL
Multiphysics, both of which support complex Multiphysics modeling. Keskkdila et al. integrated
field data, specifically temperature and humidity measurements, into Delphin to simulate the
long-term hygrothermal behavior of reed-board-insulated walls under real climatic conditions
[58]. This integration assessed the risk of condensation and moisture accumulation, which
would require an extended period to observe through physical testing alone.

Similarly, Malz et al. combined laboratory experiments with digital modeling in
COMSOL to examine transient heat transfer and airflow in insulating materials with reflective
air gaps [52]. In both cases, digital experimentation was used not only for validation but also to
project thermal-moisture dynamics that are difficult to track in real time. These studies
demonstrate how hybrid approaches enable the in-depth analysis of coupled processes, such
as simultaneous heat and vapor transport, that are critical in assessing insulation performance

in humid or variable environments.

Table 5 Wall insulation articles of experimental approach with other simulations

Title Method Measured Variable

Temperature at multiple points between the
original wall and insulation, interior and
1. Field exterior temperature, relative humidity,
experiment measurement position (370 mm and 1500 mm
from the floor), with measurement intervals
every 1 hour.

Hygrothermal analysis of
masonry wall with reed boards
as interior insulation system

(58] Input temperature and humidity data from
2.HAM Delphin  experiments and weather stations, wall and
59 insulation material properties (thermal

conductivity, heat capacity, vapor
permeability), and 6-year long-term weather
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data. Simulation outputs are 6-year wall
temperature and humidity, condensation risk,
mold growth risk index (VTT mold index), wall
drying potential, and changes in relative
humidity and temperature inside the wall
under different conditions (e.g., with/without
vapor retarder and heating cable).

Indoor and outdoor air temperature, wall
1.lab surface temperature and insulation layer, heat
experiment flux density (W/m?), relative humidity (%), time
to steady state.

On the development of a
building insulation using air
layers with highly reflective

Multiphysics Temperature distribution within

the wall and insulation layers (°C), Heat flux

| density through layers and surfaces (W/m?), Air

interfaces [52] 2.COMSOL flow velocity within layers (m/s), Heat radiation

Multiphysics  emission between surfaces (W/m?), Simulation
duration (seconds/minute) for transient
simulation according to the duration of the
experiment.

3.5 Synthesis of Experiment Sequences and Rationales

Figure 3 summarizes a comparative analysis of the simulation tools. EnergyPlus is suitable for
macro-level energy consumption modeling, while TRISCO excels in 2D steady-state thermal
bridging analysis. ABAQUS is superior for detailed material stress and degradation modeling.
Delphin is ideal for heat-moisture interaction analysis, particularly in humid climates. COMSOL
offers Multiphysics modeling for transient and complex conditions.

Each software has strengths that align with specific research questions; however, none
is universally optimal. Consequently, hybrid experimentation, which combines physical
measurements with simulation, provides a more holistic and validated understanding of
insulation performance. This integrative strategy is particularly valuable in contexts where

simulation inputs require empirical calibration to accurately reflect real-world conditions.
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Variables from the experiment Variables to be simulated
* Indoor-outdoor temperature * Room temperature
* Air conditioning energy * Cooling load due to heat
consumption transmission EnergyPlus
* Solar radiation * Insulation effectiveness against
* Wall surface temperature energy

— * 2D/3D temperature
* Thermal conductivity (A) distribution TRISCO
*  Wall surface temperature « Heat flux

* Surface heat flux * Insulation effectiveness against COMSOL
heat transfer

* Mechanical properties related

to material expansion * Cracks due to thermal cycling

* Surface and internal * Physical property changes ABAQUS
temperature response of * Transient heat transfer in
materials upon insulation materials

heating/cooling

* Moisture and temperature in
the insulation layer

= Water absorption by the
insulation material

* Dew point

* Humidity distribution

* Temperature Delphin
* Mold/condensation risk

Fig. 3 Mapping of variables from the physical and digital experiment variables

To learn more about hybrid experiments, it is helpful to examine the relationship between
the order of experiments and the reasons for choosing this approach. This relationship shows
how the order of experiments can affect the entire research process, and how different
motivations can lead to different strategies for combining physical and digital experiments.
Figure 4 illustrates this relationship, providing a clearer understanding of how the specific

reasons for using hybrid experimentation align with the sequence of methods used.

Scale up NN (57], [54], [51)

Scale down [N [61]
Physical Exp-

Digital Exp Faster NN (60], [61], [53], [51], [58]

Low cost NN 57], [60], [53]
Ease of Use NN (0], [54], [58], [52]

Digital Exp- |/~ Other Scenario NN [55], (53], [51]
Physical Exp ﬁ\\.
Model Validation | (60], [61]
Data Accuracy [N (S7], [591, [541, [53],
[51], [58], [52]
0 1 2 3 4 5 5} 7 8

Fig. 4 Relationship between the hybrid sequence and the rationale of method application

Studies using the hybrid experimentation approach revealed an interesting relationship

between the reasons for choosing the two approaches and the order in which the experiments
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were conducted. Researchers who prioritize reasons such as scaling up, testing other scenarios,
and ensuring data accuracy tend to conduct physical experiments first, followed by digital
experiments. This suggests that physical experiments are used to obtain real data and validate
simulation results, before moving on to digital experiments, which are more likely to test
different scenarios and confirm data accuracy.

Conversely, the need for model validation and downscaling is more evident in studies where
digital experiments are conducted first, followed by physical experiments. These studies utilize
digital experiments to validate the initial model and adjust the simulation scale, before
conducting physical experiments to ensure that the simulation results match the real conditions.
Meanwhile, reasons such as faster processing, lower cost, and ease of use did not show a specific
relationship with the order of experimentation. Rather, these reasons were related to the
practical advantages of both experimentation approaches.

These findings provide valuable methodological insights for tropical regions such as
Indonesia, where high humidity, intense sunlight, and the need for cooling pose unique
challenges to building designs. Digital experimentation tools like EnergyPlus are ideal for
evaluating the overall energy performance of buildings with various insulation strategies suited
to tropical conditions. Meanwhile, Delphin is essential for modeling the long-term interaction
between heat and moisture, which is particularly important in humid climates. However, the
accuracy and relevance of these models depend heavily on empirical calibration, which requires
data on real materials and environmental conditions. The reviewed study illustrates that hybrid
experimentation, including validation, scenario testing, and scale-up modeling, has advantages
in developing insulation solutions that are not only technically sound but also climate-responsive

and suitable for real-world applications.

4. CONCLUSION

This review emphasizes the importance of combining physical and digital experimentation in
studies on building wall thermal insulation. Of the 52 reviewed studies, the most commonly used
approach was digital experimentation (46%), followed by field (23%), laboratory (14%), and
hybrid (17%) approaches. Although the hybrid approach remains underutilized, it provides a
balanced methodological framework by combining empirical grounding with scalable simulation
modeling. These approaches allow researchers to validate numerical outputs, confirm observed

thermal behavior, conduct cost-effective preliminary assessments, and simulate long-term or
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extreme conditions that are impractical to test physically.

This study reviews digital platforms that contribute distinct analytical strengths. EnergyPlus
is ideal for macro-scale energy modeling, TRISCO is ideal for steady-state thermal bridge
detection, ABAQUS is ideal for complex material degradation and mechanical stress simulation,
Delphin is ideal for hygrothermal performance analysis, and COMSOL is ideal for advanced
Multiphysics modeling. These tools are most effective when calibrated with empirical data such
as temperature profiles, U-values, material properties, and moisture dynamics, collected
through laboratory or field-based testing.

Due to the variety of insulation challenges in different climates and construction contexts,
particularly in humid and hot tropical regions like Indonesia, researchers are encouraged to
adopt hybrid experimentation as a core methodological strategy. This is especially important in
local settings where thermal comfort heavily depends on effective cooling strategies, building
envelope design, and material selection under high humidity, solar radiation, and fluctuating
ambient conditions. Hybrid approaches offer a more accurate and adaptable framework for
evaluating insulation technologies that reflect the specific characteristics of tropical buildings,
including lightweight structures, natural ventilation, and intermittent air conditioning use.

This review reveals an important insight: the relationship between the reasons for choosing
hybrid experimentation and the sequence in which physical and digital experiments are
conducted. Research that prioritizes scaling up, testing other scenarios, and ensuring data
accuracy begins with physical experiments followed by digital simulations. This order allows for
the validation of physical data and the testing of various scenarios in digital models. Conversely,
studies focused on model validation and scaling down tend to reverse this sequence. First, digital
experimentation is conducted to refine the model and adjust the simulation scale. Then, physical
validation is performed to ensure consistency with real-world conditions. Other reasons, such as
faster execution, lower cost, and ease of use, do not show a specific connection to the sequence
of methods, but highlight the general advantages of combining both approaches.

However, this review has several limitations. First, the publication range is limited to 2020—
2024, which may not capture all relevant studies. Second, most of the reviewed studies were
conducted in regions with diverse climatic conditions, without focusing on a single climate zone.
Future research should target regions with consistent climatic characteristics and clearly define
the purpose of hybrid approaches (e.g., validation, prediction, or thermal performance
exploration). This will allow future findings to be applied more effectively to building design

practices suited to those specific contexts.

Doi: https://doi.org/10.25105/livas.v10i2.22908 141



https://doi.org/10.25105/livas.v10i2.22908

5.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid
Approaches

Kasman, Wonorahardjo, Larasati, Widiastuti

p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

REFERENCES

F. Muhammad, “Optimasi Insulasi Termal Internal pada Dinding Bangunan Gedung di
Daerah Tropis Berbasis Analisis Cooling Load dan Life Cycle Cost (LCC),” Institut
Teknologi Bandung, Bandung, 2021.

K. Ornam, S. Wonorahardjo, S. Triyadi, and M. Kimsan, “Thermal Behaviour and Micro
Climate Studies of Several Wall Insulation on Houses in a Tropical Climate (Aw) Area,”
in IOP Conference Series: Earth and Environmental Science, Institute of Physics, 2022.

doi: 10.1088/1755-1315/1058/1/012019.

Z.Zhou, G. Tu, F. Xu, Z. Song, and N. Li, “Preparation and Properties of Silicate
Inorganic Exterior Wall Insulation Based on Thermal Energy Storage,” Thermal Science,
vol. 24, Jan. 2020.

N. R. Aravind, D. Sathyan, and K. M. Mini, “Rice husk incorporated foam concrete wall
panels as a thermal insulating material in buildings,” Indoor and Built Environment, vol.
29, no. 5, pp. 721-729, Jun. 2020, doi: 10.1177/1420326X19862017.

X.Ye, J. Lu, T. Zhang, Y. Wang, and H. Fukuda, “Improvements in energy saving and
thermal environment after retrofitting with interior insulation in intermittently cooled
residences in hot-summer/cold-winter zone of china: A case study in chengdu,”
Energies (Basel), vol. 14, no. 10, 2021, doi: 10.3390/en14102776.

Muafani and L. M. F. Purwanto, “Simulasi Komputer sebagai Pendukung Sistem
Teknologi Bangunan dalam Arsitektur,” Jurnal lImiah Arsitektur, vol. 11, no. 2, pp. 74—
79, Dec. 2021, [Online]. Available: https://ojs.unsig.ac.id/index.php/jiars

M. S. Fernandes, E. Rodrigues, A. Rodrigues Gaspar, and A. Gomes, “An Aiding Tool for
Building Design Generation, Thermal Assessment and Optimization-Energyplus
Interaction Overview,” in IX Congreso Ibérico | VII Congreso Iberoamericano de las
Ciencias y Técnicas del Frio (CYTEF), Spanyol, Jun. 2018. doi:
https://doi.org/10.48550/arXiv.1806.05949.

A. K. Tamimi, G. Kashwani, A. Hamam, I. A. AlHaj, Y. Himeidi, and B. Ramadan, “Building
Information Modeling (BIM) for Energy Optimization in Green Buildings: A Case Study
of a Residential Villa in the UAE,” Emirati Journal of Civil Engineering and Applications,
vol. 2, no. 2, pp. 51-54, 2024, doi: 10.54878/mpv0jg86.

A. Zakiah, “Energy Consumption and Payback Period Analysis for Energy-Efficient
Strategies in Glass Type Options,” International Journal on Livable Space, vol. 5, no. 2,
pp. 45-52, Aug. 2020, doi: 10.25105/livas.v5i2.7286.

I. Siksnelyte-Butkiene, D. Streimikiene, T. Balezentis, and V. Skulskis, “A Systematic
Literature Review of Multi-Criteria Decision-Making Methods for Sustainable Selection
of Insulation Materials in Buildings,” Sustainability, vol. 13, no. 2, p. 737, 2021, doi:
10.3390/su13020737.

Doi: https://doi.org/10.25105/livas.v10i2.22908 142



https://doi.org/10.25105/livas.v10i2.22908

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid
Approaches

Kasman, Wonorahardjo, Larasati, Widiastuti

p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

P. Pagoni, E. B. Mgller, and R. H. Peuhkuri, “Decisive parameters for moisture safe
internal insulation of masonry — Long time monitoring in inhabited dwellings,” Energy
Build, vol. 312, Jun. 2024, doi: 10.1016/j.enbuild.2024.114180.

X.Ye, J. Lu, Q. Gong, T. Zhang, Y. Wang, and H. Fukuda, “Measuring effects of insulation
renewal on heating energy and indoor thermal environment in urban residence of hot-
summer/cold-winter region, China,” Case Studies in Thermal Engineering, vol. 61, p.
104982, Sep. 2024, doi: 10.1016/).CSITE.2024.104982.

P. Pagoni, E. B. Mgller, R. H. Peuhkuri, and N. F. Jensen, “Robustness of internal
insulation systems in practice — Role of installation, physical impact, paint types, and
surface covering,” Journal of Building Engineering, vol. 98, p. 111177, Dec. 2024, doi:
10.1016/j.jobe.2024.111177.

S. Lee and H.-J. Choi, “Comparison of Thermal Insulation Performance Analysis
Methods for Walls in Existing Buildings (Calculation Method of U-value and Average
Heat Flow Meter Method),” Journal of the Korean Solar Energy Society, vol. 43, no. 2,
pp. 33-41, Apr. 2023, doi: 10.7836/kses.2023.43.2.033.

C. M. Calama-Gonzalez et al., “Thermal insulation impact on overheating vulnerability
reduction in Mediterranean dwellings,” Heliyon, vol. 9, no. 5, May 2023, doi:
10.1016/j.heliyon.2023.e16102.

K. Hur, H. Joo Lee, S. Wi, S. Jin Chang, and S. Kim, “Barrier effect of insulation against
harmful chemical substances according to the wall surface construction of layered
building materials,” Constr Build Mater, vol. 368, Mar. 2023, doi:
10.1016/j.conbuildmat.2023.130430.

A. Benallel, A. Tilioua, A. Mellaikhafi, and M. A. A. Hamdi, “Thickness optimization of
exterior wall insulation for different climatic regions in Morocco,” Mater Today Proc,
vol. 58, pp. 1541-1548, Jan. 2022, doi: 10.1016/J.MATPR.2022.03.324.

X. Chen and F. Deng, “Optimal insulation thickness of walls using improved Particle
swarm optimization,” Engineering Research Express, vol. 4, no. 1, p. 015019, Mar.
2022, doi: 10.1088/2631-8695/ac50fa.

M. Kan and M. Koru, “Investigation of the Effect for Thermal Insulation on Different
Wall Models,” 2022.

T. Martel, E. Rirsch, A. Simmonds, and C. Walker, “The monitoring of wall moisture in a
property retrofitted with Internal Wall Insulation,” Case Studies in Construction
Materials, vol. 14, p. e00520, Jun. 2021, doi: 10.1016/J.CSCM.2021.E00520.

0. H. Dede, N. Mercan, H. Ozer, G. Dede, O. Pekarchuk, and B. Mercan, “Thermal
insulation characteristics of green wall systems using different growing media,” Energy
Build, vol. 240, p. 110872, Jun. 2021, doi: 10.1016/J.ENBUILD.2021.110872.

P. Pagoni, E. B. Mgller, R. H. Peuhkuri, and N. F. Jensen, “Evaluation of the performance
of different internal insulation systems in real-life conditions - A case study,” Build
Environ, vol. 267, p. 112319, Jan. 2025, doi: 10.1016/j.buildenv.2024.112319.

Doi: https://doi.org/10.25105/livas.v10i2.22908 143



https://doi.org/10.25105/livas.v10i2.22908

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid
Approaches

Kasman, Wonorahardjo, Larasati, Widiastuti

p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

Q. Chen et al., “Seismic performance of innovative precast concrete composite walls
with embedded XPS insulation layer,” Eng Struct, vol. 316, Oct. 2024, doi:
10.1016/j.engstruct.2024.118605.

C. Atkins et al., “Empower Wall: Active insulation system leveraging additive
manufacturing and model predictive control,” Energy Convers Manag, vol. 266, Aug.
2022, doi: 10.1016/j.enconman.2022.115823.

S. Hashim and H. K. Abdullah, “Thermal insulation of walls by using multiple air gaps
separated by aluminum sheets,” Wasit Journal of Engineering Sciences, vol. 10, no. 2,
pp. 101-110, Jul. 2022, doi: 10.31185/ejuow.Vol10.Iss2.264.

W. Zhang et al., “Pyrolysis and combustion characteristics of typical waste thermal
insulation materials,” Science of the Total Environment, vol. 834, Aug. 2022, doi:
10.1016/j.scitotenv.2022.155484.

N. F. Jensen, T. R. Odgaard, S. P. Bjarlgv, B. Andersen, C. Rode, and E. B. Mgller,
“Hygrothermal assessment of diffusion open insulation systems for interior retrofitting
of solid masonry walls,” Build Environ, vol. 182, Sep. 2020, doi:
10.1016/j.buildenv.2020.107011.

W. Hu, A. V. Nickolaevich, Y. Huang, and S. Xiao, “Design and adaptability analysis of
filling rate of a self-insulation wall considering thermal performance, benefit-cost, and
cold-winter and hot-summer climate,” Case Studies in Construction Materials, vol. 20,
Jul. 2024, doi: 10.1016/j.cscm.2024.e03256.

Y. Liu et al., “Research on the Application of New Building Recycled Insulation Materials
for Walls,” Polymers (Basel), vol. 16, no. 15, Aug. 2024, doi: 10.3390/polym16152122.

M. Fellah, S. Ouhaibi, N. Belouaggadia, K. Mansouri, and H. Naji, “Thermal insulation
and energy performance’s assessment of a mycelium-based composite wall for
sustainable buildings,” Case Studies in Construction Materials, vol. 20, p. e02786, Jul.
2024, doi: 10.1016/J.CSCM.2023.E02786.

N. Amani, “Energy efficiency of residential buildings using thermal insulation of
external walls and roof based on simulation analysis,” Energy Storage and Saving, vol.
4, no. 1, pp. 48-55, Mar. 2025, doi: 10.1016/J.ENSS.2024.11.006.

R. Diao et al., “Energy consumption of hollow bucket walls filled with different
insulation materials,” App/ Therm Eng, vol. 250, Aug. 2024, doi:
10.1016/j.applthermaleng.2024.123427.

D. Borelli, A. Cavalletti, P. Cavalletti, J. Peshku, and L. A. Tagliafico, “A methodology to
evaluate the optimal insulation thickness for heating and cooling needs in different
climatic zones for buildings made of reinforced concrete with cavity walls,” Heliyon,
vol. 10, no. 10, May 2024, doi: 10.1016/j.heliyon.2024.e30653.

Y. Han, Z. Zhou, W. Li, J. Feng, and C. Wang, “Exploring building component thermal
storage performance for optimizing indoor thermal environment — A case study in
Beijing,” Energy Build, vol. 304, Feb. 2024, doi: 10.1016/j.enbuild.2023.113834.

Doi: https://doi.org/10.25105/livas.v10i2.22908 144



https://doi.org/10.25105/livas.v10i2.22908

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

(44]

(45]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid

Approaches
Kasman, Wonorahardjo, Larasati, Widiastuti
p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

S. Zhang, D. Song, Z. Yu, Y. Song, S. Du, and L. Yang, “Simulation and Optimization of
Insulation Wall Corner Construction for Ultra-Low Energy Buildings,” Energies (Basel),
vol. 16, no. 3, Feb. 2023, doi: 10.3390/en16031325.

J. Zach et al., “The Use of Advanced Environmentally Friendly Systems in the Insulation
and Reconstruction of Buildings,” Buildings, vol. 13, no. 2, Feb. 2023, doi:
10.3390/buildings13020404.

J. Hou, Z. A. Liu, and L. Zhang, “Influence and sensitivity evaluation of window thermal
parameters variations on economic benefits of insulation materials for building
exterior walls—a case study for traditional dwelling in China,” Thermal Science and
Engineering Progress, vol. 46, Dec. 2023, doi: 10.1016/j.tsep.2023.102207.

W. Yang, Z. Shi, G. Zhang, and J. Wen, “The Study on the Thermal Load of Building
Exterior Walls with Aerogel Slurry Insulation under Microclimate Conditions,” Energy
and Built Environment, 2024, doi: 10.1016/j.enbenv.2024.02.002.

Y. hao Feng, Z. tao Yu, and J. Lu, “Hygrothermal performance of a self-insulated
exterior wall with various exterior/interior insulation thicknesses in two climate zones
in China: A novel moisture-energy-environment-economic (M3E) method in insulation
thickness optimization,” Appl Therm Eng, vol. 228, p. 120463, Jun. 2023, doi:
10.1016/).APPLTHERMALENG.2023.120463.

Z. Li, Y. Xie, and Q. Zhao, “Thermal design method of building wall considering solar
energy utilization and thermal insulation,” Energy Build, vol. 257, p. 111772, Feb. 2022,
doi: 10.1016/J.ENBUILD.2021.111772.

A. Abdelrady, M. H. H. Abdelhafez, and A. Ragab, “Use of insulation based on
nanomaterials to improve energy efficiency of residential buildings in a hot desert
climate,” Sustainability (Switzerland), vol. 13, no. 9, May 2021, doi:
10.3390/s5u13095266.

T. Dickson and S. Pavia, “Energy performance, environmental impact and cost of a
range of insulation materials,” Renewable and Sustainable Energy Reviews, vol. 140,
Apr. 2021, doi: 10.1016/j.rser.2021.110752.

Y. Lu, Z. Yang, J. Yu, B. Chen, and K. Zhong, “Development of a second-order dynamic
model for quantifying impact of thermal mass on indoor thermal environment,”
Journal of Building Engineering, vol. 42, p. 102496, Oct. 2021, doi:
10.1016/J.JOBE.2021.102496.

F. Lu, Z. Yu, Y. Zou, and X. Yang, “Cooling system energy flexibility of a nearly zero-
energy office building using building thermal mass: Potential evaluation and parametric
analysis,” Energy Build, vol. 236, Apr. 2021, doi: 10.1016/j.enbuild.2021.110763.

E. Iffa, F. Tariku, and W. Y. Simpson, “Highly insulated wall systems with exterior
insulation of polyisocyanurate under different facer materials: Material
characterization and long-term hygrothermal performance assessment,” Materials,
vol. 13, no. 15, pp. 1-15, Aug. 2020, doi: 10.3390/mal13153373.

Doi: https://doi.org/10.25105/livas.v10i2.22908 145



https://doi.org/10.25105/livas.v10i2.22908

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid
Approaches

Kasman, Wonorahardjo, Larasati, Widiastuti

p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

E. Jan De Place Hansen, E. B. Mgller, and M. @rsager, “Guidelines for internal Insulation
of historic Buildings,” 2020. doi: 10.1051/e3sconf/20201720100.

R. Carlier, M. Dabbagh, and M. Krarti, “Impact of wall constructions on energy
performance of switchable insulation systems,” Energies (Basel), vol. 13, no. 22, Nov.
2020, doi: 10.3390/en13226068.

M. Khoukhi, S. Abdelbagi, and A. Hassan, “Transient temperature change within a wall
embedded insulation with variable thermal conductivity,” Case Studies in Thermal
Engineering, vol. 20, Aug. 2020, doi: 10.1016/j.csite.2020.100645.

L. Yuan, Z. Wang, Y. Huang, and X. Wang, “Comparative analysis on load characteristic
of intermittently conditioned buildings for different wall insulation forms,” Energies
(Basel), vol. 13, no. 18, Sep. 2020, doi: 10.3390/en13184974.

I. Makrygiannis and K. Karalis, “Optimizing Building Thermal Insulation: The Impact of
Brick Geometry and Thermal Coefficient on Energy Efficiency and Comfort,” Ceramics,
vol. 6, no. 3, pp. 1449-1466, Sep. 2023, doi: 10.3390/ceramics6030089.

D. Chen, K. Li, Z. Yuan, B. Cheng, and X. Kang, “Shear Behavior of FRP Connectors in
Precast Sandwich Insulation Wall Panels,” Buildings, vol. 12, no. 8, Aug. 2022, doi:
10.3390/buildings12081095.

S. Malz, P. Steininger, B. Dawoud, W. Krenkel, and O. Steffens, “On the development of
a building insulation using air layers with highly reflective interfaces,” Energy Build, vol.
236, Apr. 2021, doi: 10.1016/j.enbuild.2021.110779.

J. Wang, S. Pang, S. Ji, X. Li, L. Wang, and J. Zhang, “Weathering resistance of novel
sustainable prefabricated thermal insulation wall,” Front Mater, vol. 11, 2024, doi:
10.3389/fmats.2024.1392372.

M. Pomada, K. Kieruzel, A. Ujma, P. Palutkiewicz, T. Walasek, and J. Adamus, “Analysis
of Thermal Properties of Materials Used to Insulate External Walls,” Materials, vol. 17,
no. 19, Oct. 2024, doi: 10.3390/mal17194718.

R. Kathiravel, P. Weerasinghe, and M. T. R. Jayasinghe, “Hygrothermal performance of
micro inhomogeneous insulation materials - EPS-based wall panel,” Journal of Building
Engineering, vol. 92, p. 109682, Sep. 2024, doi: 10.1016/J.JOBE.2024.109682.

B. H. Choi and S. Y. Song, “Insulation performance evaluation of stone-finished exterior
insulation systems with insulation frames for green remodeling of concrete exterior
walls,” Journal of Building Engineering, vol. 90, p. 109412, Aug. 2024, doi:
10.1016/J.JOBE.2024.109412.

I. Neya, D. Yamegueu, Y. Coulibaly, A. Messan, and A. L. S. N. Ouedraogo, “Impact of
insulation and wall thickness in compressed earth buildings in hot and dry tropical
regions,” Journal of Building Engineering, vol. 33, Jan. 2021, doi:
10.1016/j.jobe.2020.101612.

Doi: https://doi.org/10.25105/livas.v10i2.22908 146



https://doi.org/10.25105/livas.v10i2.22908

(58]

(59]

(60]

(61]

A Review of Experimental Methods in Building Wall Thermal Insulation: Physical, Digital, and Hybrid

Approaches
Kasman, Wonorahardjo, Larasati, Widiastuti
p-ISSN 2580-7552; e-ISSN 2548-7515, Volume 10, Number 2, pp 128 — 147, 2025

K. Keskkdla, T. Aru, M. Kiviste, and M. J. Miljan, “Hygrothermal analysis of masonry wall
with reed boards as interior insulation system,” Energies (Basel), vol. 13, no. 20, Oct.
2020, doi: 10.3390/en13205252.

P. Krause, A. Nowoswiat, and K. Pawtowski, “The impact of internal insulation on heat
transport through the wall: Case study,” Applied Sciences (Switzerland), vol. 10, no. 21,
pp. 1-18, Nov. 2020, doi: 10.3390/app10217484.

B. H. Choi and S. Y. Song, “Insulation performance evaluation of stone-finished exterior
insulation systems with insulation frames for green remodeling of concrete exterior
walls,” Journal of Building Engineering, vol. 90, Aug. 2024, doi:
10.1016/j.jobe.2024.109412.

R. Kathiravel, P. Weerasinghe, and M. T. R. Jayasinghe, “Hygrothermal performance of
micro inhomogeneous insulation materials - EPS-based wall panel,” Journal of Building
Engineering, vol. 92, Sep. 2024, doi: 10.1016/j.jobe.2024.109682.

Doi: https://doi.org/10.25105/livas.v10i2.22908 147



https://doi.org/10.25105/livas.v10i2.22908

