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Energy efficiency is an essential part of sustainable urban development strategies, 
especially in cities with wide temperature ranges like Tehran, where a significant amount 
of energy is consumed to maintain occupants’ comfort. Double-wall systems with an air 
cavity can minimize reliance on mechanical heating and cooling sources; however, there 
are few quantitative studies of insulation materials in Tehran’s climatic conditions. In 
this study, we use a simulation-based approach utilizing the DesignBuilder program and 
EnergyPlus engine to evaluate the thermal performance of eight insulation materials 
(polystyrene, PVC, rock wool, fiberglass, polyurethane, glass wool, polyurethane foam, 
and extruded polystyrene) in double wall systems, with insulation thickness ranging 
from 5 to 15 cm, for a typical residential unit located in Tehran, using the actual climate 
data to analyze heat transfer .The results showed that both the insulation type and 
thickness play an important role in energy efficiency. Polyurethane and polyurethane 
foam delivered the best performance in this study with approximately a 30% reduction 
in heat transfer at 12 cm thickness. Other materials also exhibited more energy efficiency 
than a non-insulation process, although performance improvement was limited as 
thickness increased. The study concludes that high-performance insulation, particularly 
polyurethane at 12 cm, can effectively enhance thermal efficiency in Tehran’s residential 
buildings. This research provides a technical basis for optimizing wall systems in 
urban environments. Future studies should incorporate cost, environmental impacts, 
and advanced insulation technologies to develop more comprehensive strategies for 
sustainable building design in Tehran and comparable climates.
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INTRODUCTION
In accordance with the rapid development of ur-
banization, enhancing building energy efficien-
cy has been accounted for as a key factor in sus-
tainable development. Buildings represent one 
of the most consuming sectors all around the 
world, particularly in expanding cities such as 
Tehran, where urban construction has escalated 
(Farahani et al., 2022). Among various strategies 
in building improvement energy performance, 
the use of double-wall systems has been consid-
ered an influencing method for enhancing ther-
mal insulation usage and reduction of overall 
building energy demand (Malbila et al., 2021b). 
By considering air between two wall layers, 
double walls act as insulating barriers that re-
duce heat transfer between indoor and outdoor 
environments in a significant way (Jamal et al., 
2020). With the aim of developing a conceptu-
al foundation, the current research employs a 
comprehensive framework that integrates prin-
ciples of heat transfer, thermal behavior of com-
posite walls, and modern insulation materials. 
This model unifies theory and practice, guiding 
both academic and professional applications 
for optimizing wall systems to achieve higher 
energy efficiency.  Tehran’s distinct climate 
which is considered hot in summers and cold in 
winters, makes wall insulation vital for building 
designers to increase thermal comfort and make 
reductions in energy consumption. Despite its 
vitality, limited quantitative investigation has 
examined the thermal behavior of double-wall 
systems under Tehran’s climatic conditions. This 
lack of localized, data-gathering studies high-
lights a considerable research gap.

The present research follows this gap by 
quantitatively analyzing the thermal perfor-
mance of different sorts of double-wall materi-
als used in Tehran with the thermal insulation. 
Applying mathematical and simulation-based 
approaches, it evaluates material effectiveness 
under different conditions. This study makes a 
contribution to developing efficient construction 
methodologies that are suitable for Tehran’s cli-
mate, which suggests a novel quantitative frame-
work for sustainable architectural practices.

MATERIALS AND METHODS 

Building Double Walls Thermal Transmittance
Double-wall systems affect heat retention 
and building energy efficiency considerably in 
comparison with single walls. Studies highlight 
features like material thickness, air layer, and 
surface emissivity, which influence thermal 
transmittance and energy demand (Aketouane 
et al., 2016) (Jamal et al., 2020). Advanced ther-
mal insulation materials, such as flexible hollow 
polymer fibers, enhance resistance and design 
flexibility (Knapczyk-Korczak et al., 2024). 

Thermal insulation categorized as nanoma-
terials, including vacuum insulation panels and 
silica aerogels, also demonstrates outstanding 
performance with minimal thickness (Koebel et 
al., 2017), (Jaber Abdulhameed et al., 2023). The 
group of investigations on material optimization 
continues through thermal imagery, eco-friend-
ly materials like rice straw bales (Marques et 
al., 2020), and studies of thermal break strips 
for light steel frames (Sadhukhan et al., 2020), 
(Santos et al., 2020).

Overall, thermal efficiency in double walls 
depends on material properties, especially air 
cavity thickness and emissivity, which shape the 
basics of simulation optimization.

Thermal Balance of Building Double Walls
Air cavities and insulation methods such as 
polystyrene beads, which lessen heat transfer 
significantly compared to single walls (Malbila et 
al., 2021b). (Al Fakhoury et al., 2024). Composite 
multi-layered systems emphasize the key role 
of material type, layer thickness, and insulation 
placement in thermal behavior (Vučenović et al., 
2022). In the category of phase change materials 
like expanded graphite (EG), the fluctuation and 
heating loads are reduced by over 15% (Yang et 
al., 2021). Likewise, bio-based materials such as 
wood–plastic composites (WPC) offer sustain-
able alternatives (Yu et al., 2021).  The thermal 
balance conceptual model makes an assessment 
based on the equilibrium of heat flux as it trans-
verses through the layers, focused on storage, 
release, and optimization in simulations.
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Building Double Walls Façade
As a useful sort of building elevation, dou-
ble-skin façades (DSFs) use two glass layers 
separated by an air cavity to enhance energy 
efficiency and indoor comfort (Nastri, 2023). Re-
search articles show performance improvement 
in brick façades, where U-values correlate with 
solar radiation response (Penić et al., 2014). Dou-
ble-wall systems reduce heat transfer by 47–90% 
in comparison with single-skin elevation (Mal-
bila et al., 2021b). Alternative materials such as 
compressed earth blocks and recycled textile 
waste improve insulation by up to 33% (Paiva 
et al., 2011). Optimal air cavity thickness (5–6 
cm) and low emissivity make an improvement 
in energy performance (Jamal et al., 2020), (Ka-
reem Abdullah et al., 2022).  Various case studies 
in Morocco reflect a reduction in energy usage 
of up to 63% when there is hemp concrete in an 
integration with an air cavity (Dlimi et al., 2023). 
Though double-stud walls as a cellulose-in-
sulated base express a risk of condensation, 
especially in cold climates, field studies show 
minimal damage (Ueno et al., 2015). In another 
type of facade, timber-based walls with air lay-
ers achieved suitable U-values as low as 0.18 W/
m²K (Bucklin et al., 2023). Moreover, research in 
Iran pointed out the benefits of smart concrete 
reducing heating demand by 22.5% (Borouma-
nd, 2023) and integrated wall–window designs 
reducing the energy consumption costs by over 
33% (Awad, et al., 2020). Traditional Iranian pas-
sive designs in a similar way demonstrate the 
efficiency of thick thermal mass and controlled 
airflow in cold local areas (Hajali Zadeh, 2022). 
In equivalent research, integrated approaches 
in Kashan demonstrated energy savings of up 
to 27% when wall and window upgrades were 
combined, cutting annual costs by more than 
33% (Awad, et al., 2020), (Abdul Nasir and Has-
san, 2020).

Foundation of the Theoretical Framework
The underlying premise of this study is founded 
on double-wall building systems that consist 
of layers of insulation and air cavities which 

will yield superior thermal performance by 
restricting heat transfer and minimizing energy 
demand. The research model is based on es-
tablishment of empirical literature and re-con-
textualized in the context of the weather and 
climate of Tehran.

Theoretical Concepts Core and Supporting Theories
  - Heat Transfer Reduction through Multi-Lay-
ered Wall Assemblies (Transmittance Theory)

Based on classical heat transfer theory, over-
all thermal transmittance (U-value) decreases 
as a factor of the number of layers in the trans-
mission walls and lower surface emissivity. 
Reflective and insulating materials minimize 
heat gain and los significantly (Aketouane et al., 
2016; Jamal et al., 2020).
  - Thermal Balance in Composite Wall Systems

This theory focuses on the heat flux balance 
in the wall layers. The type of material, its thick-
ness, or the configuration of the material will 
demonstrate how heat is stored and released, 
but simulations can formulate optimization to 
enhance the overall performance (Malbilia et al. 
2021b), (Vu\renović et al. 2022). 
  - Air Layer in Envelope Design

Air cavities act as passive zonal insulators. 
Cavity width of 5–6 cm has been demonstrated 
to significantly lower heat transmittance (Ka-
reem Abdullah et al., 2022), (Jamal et al. 2020).
  - Novel Insulation Materials and Nanotechnolo-
gy Theory

Nanomaterials, which include vacuum insu-
lating panels and silica aerogels, improve ther-
mal resistance with thinner insulation which 
contributes benefits in design relating to work-
ing in confined spatial applications (Koebel et al. 
2017), (Jaber Abdulhameed et al., 2023).
  - Dynamic Façade Performance Theory (Dou-
ble-Skin Facades)

Double-skin façades adapt to environmental 
conditions, improving thermal and acoustic 
regulation and optimizing heating, cooling, and 
daylight (Nastri. 2023), (Penić et al. 2014).
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Overall Theoretical Model
By synthesizing and integrating these theories, 
this research also produces a solid framework 
for assessing and evaluating double wall sys-
tems for the multiple thermal conditions of 
the city of Tehran, and to justify the theoretical 
imperatives from an ecological and sustainable 
design perspective.

Methodology
This study takes a positivist quantitative approach 
using a simulation-based case study to assess 
thermal transmittance and energy consumption 
as considerable factors in residential buildings 
in Tehran. The study relies on Tehran’s climatic 
data and DesignBuilder/EnergyPlus use as the 
mail simulation tools, allowing precise evalua-
tion of wall configurations. The research process 
is comprehensively summarized in Table 2.

In accordance with this research, it is notice-
able to design a more comprehensive method 
that covers the various aspects of building 
double-wall thermal transmittance and heat 
consumption. So, a simulation-based approach 
will be considered, and it will be followed based 
on a quantitative approach.

The methodology is designed to quantify in 
which method double-wall configurations af-
fect thermal performance and heat flow based 
on real climatic condition data. The process in-
cludes case study selection, modeling, material 
assignment, climate data integration, simula-
tion, and optimization.

In this part, different sections of methodolo-
gy are being introduced step-by-step:
  - Building modeling: The first phase involved 
two-dimensional building modeling using 
the The first stage involved two-dimensional 
modeling in AutoCAD 2020, followed by 3D 
modeling in DesignBuilder. The 2D plans are 
illustrated in Figs. 1–2. The building layout 
was divided into distinct thermal zones (Table 
1), with Zone 1 as the main simulation area.

  - Double-Wall Configuration: After building 
planning, the building walls are modeled as 
double-wall systems, as shown in Fig. 3.

  - Material property assignment: Material 
property assignment: Ten wall configurations 
(Types 1–10) were simulated by various insu-
lation materials and thicknesses, which reflect 
common Tehran construction practices. Each 
configuration’s layer thickness and heat bal-
ance (kW) are expressed in Table 4. Each con-
figuration’s layer thickness and heat balance 
(kW) are expressed in Table 4.

  - Climate zone selection: Simulations are con-
ducted for Tehran’s climatic situation, con-
sidering specific temperatures, humidity, and 
solar radiation. Table 3 presents these details.

  - Insulation layer configuration: Multiple sim-
ulations are currently running with different 
insulation layer setups. This includes varying 
the type, thickness, and layer placement of 
insulation materials within the wall structure. 

DISCUSSION AND FINDINGS 
Simulation Platform: The finalized models 

were simulated using DesignBuilder, powered 
by the EnergyPlus engine, to analyze overall 
energy performance and U-value reductions 
across wall types. The insulation properties are 
summarized in Table 3.

Fig. 1: building plan zoning (source: author)
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Fig. 2: building plan 2d model zoning (source: author)

Optimization process: Based on the layer 
configuration (insulation layer) and the sim-
ulation reports, an optimization process is 
implemented to determine the most effective 
combination of insulation layers to achieve the 
most efficient thermal performance.

Analysis Method: In this section, the assess-
ment of the simulation results is performed 
quantitatively for each wall configuration.

Result Factors Introduction
The simulations compare the thermal perfor-
mance of eight insulation materials—Polysty-
rene, PVC, Rock Wool, Fiberglass, Polyurethane, 
Glass Wool, Polyurethane Foam, and Extruded 
Polystyrene (XPS)—within double-wall systems 
for Tehran residential buildings. Table 4 sum-
marizes performance under the assumptions 
presented in the methodology.

Table 1: plan spaces zoning (source: authors)

Number Categories Ranking

1 Living area 1

2 Bedroom 2

3 Bathroom – Toilet 3

4 Kitchen 4

5 Dividing area 5

Step Description / Simulation Input

1
Research Paradigm & 

Design
Positivist quantitative approach using a simulation-based case study. Real climatic data and 

numerical simulations conducted in DesignBuilder/EnergyPlus.

2 Case Study Selection
A typical residential unit in Tehran’s hot–dry climate selected. Zones (living, bedroom, kitchen, 

bath) defined for accurate thermal load estimation.

3
2D and 3D Building 

Modeling
2D model prepared in AutoCAD 2020; detailed 3D model developed in DesignBuilder with 

distinct thermal zones (Figs. 1–3, Table 1).

4 Climate Data Input Tehran’s temperature, humidity, and solar radiation data imported into the simulation (Table 2).

5
Wall System Config-

uration
Building envelope modeled as double-wall systems. Ten wall types (1–10) created by varying 

insulation materials (0–15 cm) and AAC layer thickness (5–30 cm).

6
Material Property 

Assignment
Thermal conductivity, density, and specific heat assigned to each wall layer. Insulation properties 

(EPS, rock wool, etc.) defined (Table 3).

7 Simulation Execution
Simulations run in DesignBuilder (EnergyPlus engine) for all 10 wall types under Tehran’s 

climate. Cooling/heating setpoints: 25 °C / 21 °C.

8 Optimization Process
Results analyzed to identify the optimal AAC and insulation thickness combination minimizing 

heat transfer and annual cooling demand.

9 Quantitative Analysis
Outputs compared across configurations; heat balance (kW) and annual cooling demand (kWh/

year) tabulated. Regression analysis applied for predictive modeling.
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Table 2:  Research Process and Simulation Steps  
(source: authors)

1.Activity Template

1 Template Domestic Lounge

2 Sector Residential space

3 Zone type Standard

4 Include zone in thermal calculation +

5 Include zone in Radiance 
daylighting calculation +

2.Floor Areas and Volumes

6 Floor area (m2) 25.63

7 Zone volume (m3) 71.77

8 Inner surface mode Deflation

3.Occupancy

9 Occupancy density (people/m2) 0.0188

10 Schedule
Dwell_Dom-
Lounge_Occ

Table 3: activity, area and volume (source: authors)

Wall types
Wall types and insulation materials are present-
ed in Table 3 each tested at several thicknesses. 
This categorization provides a way to systemat-
ically evaluate material behavior in double-wall 
calculations. 

Heat Balance 
Heat balance, measured in kilowatts (kW), indi-
cates thermal energy transfer through the wall. 
As it presents in Table 4, results indicate that 
greater insulation thickness generally improves 
thermal performance, as reflected in less nega-
tive heat balance values.

Heat Balance Change Ratio
The ratio measures how heat transfer varies 
as thickness increases to determine when in-
cremental gains become negligible and for the 
consideration of insulation performance..

Thickness and Heat Balance Diagram
The ratio measures how heat transfer varies 
as thickness increases to determine when in-
cremental gains become negligible and for the 
consideration of insulation performance. 4.1.4. 
Thickness and Heat Balance Diagram - As pre-
viously discussed, Table 4 and the related dia-
grams represent the relationships of thickness 
to performance. While all materials improve 
with thickness, the rate of efficiency varies, of-
fering insight into optimal selection.

Fig. 3: Eight wall types with different insulation materials (source: authors)
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CONCLUSION AND RESULTS
This section brings together the results of the 
simulations and identifies thermal insulation 
behavior in relation to the materials considered.

5.1 General Analysis
Both insulation type and thickness strongly 
influence thermal balance. Thickness enhances 
efficiency, though with diminishing returns.
  - PVC: Strong at lower thicknesses with limited 
potential gains at higher thicknesses. Ideal for 
constricted space. 

  - Polyurethane and Polyurethane Foam: Most ef-
ficient at greater thicknesses and with less de-
viation, high safety factor, and high reliability.

  - Rock Wool and Fiberglass: Steady through the 
range, choice often is based on cost or avail-
ability or based on sustainable approach.

  - Polystyrene and Extruded Polystyrene: Less 
efficient than Polyurethane options, but offer 
cost benefits; XPS is more stable but has weak 
efficiencies.

Diagram 1: Wall types simulation results (source: authors)

Specific Analysis
This section interprets the performance of dif-
ferent wall types with specific insulation mate-
rials, based on incremental thermal efficiency 
gains across thickness variations. 
  - Wall type 1 - Insulation – Polystyrene: As 
shown in Diagram 2, efficiency increases by 
0.01–0.02 kW when thickness increases from 
5 cm to 7 cm, after which the gain stabilizes 
at 0.01 kW. The optimal range is therefore 5–7 
cm.

  - Wall type 2 - Insulation – Polyvinyl Chloride: 
Diagram 3 demonstrated an initial gain of 
0.01–0.02 kW as thickness rose from 5 cm to 
6 cm, followed by stabilization at 0.01 kW. The 
most efficient thickness is 6 cm.

  - Wall type 3 - Insulation – Rock wool: Accord-
ing to Diagram 4, performance improves by 
0.01–0.02 kW between 5 cm and 6 cm, sta-
bilizing thereafter. The optimal thickness is 6 
cm.

  - Wall type 4 - Insulation – Fiberglass: Diagram 
5 demonstrates efficiency growth of 0.01–0.02 
kW up to 8 cm, with stable performance after-
ward. The effective range is 6–8 cm.

  - Wall type 5 - Insulation – Polyurethane: 
Diagram 6 shows growth of 0.01–0.02 kW 
between 5 cm and 7 cm, after which perfor-
mance stabilizes. The most efficient point is 7 
cm. 

  - Wall type 6 - Insulation – Glass Wool: As 
shown in Diagram 7, performance increases 
by 0.01–0.02 kW between 5 cm and 8 cm, lev-
eling at 0.01 kW thereafter. The effective range 
is 6–8 cm. 

  - Wall type 7 - Insulation – Polyurethane Foam: 
Diagram 8 highlights efficiency gains of 
0.01–0.02 kW between 5 cm and 7 cm, with 
stabilization beyond this. The optimal point is 
7 cm. 

  - Wall type 8 - Insulation – Extruded Polysty-
rene: Diagram 9 shows gains of 0.01–0.02 kW 
from 5 cm to 6 cm, stabilizing afterward. The 
most efficient thickness is 6 cm.

12 
 

WWaallll  ttyyppee  11  --  IInnssuullaattiioonn  ––  PPoollyyssttyyrreennee::  As shown in Diagram 2, efficiency increases by 0.01–
0.02 kW when thickness increases from 5 cm to 7 cm, after which the gain stabilizes at 0.01 
kW. The optimal range is therefore 5–7 cm.  
WWaallll  ttyyppee  22  --  IInnssuullaattiioonn  ––  PPoollyyvviinnyyll  CChhlloorriiddee::  Diagram 3 demonstrated an initial gain of 0.01–
0.02 kW as thickness rose from 5 cm to 6 cm, followed by stabilization at 0.01 kW. The 
most efficient thickness is 6 cm.  
WWaallll  ttyyppee  33  --  IInnssuullaattiioonn  ––  RRoocckk  wwooooll::  According to Diagram 4, performance improves by 
0.01–0.02 kW between 5 cm and 6 cm, stabilizing thereafter. The optimal thickness is 6 cm.  
WWaallll  ttyyppee  44  --  IInnssuullaattiioonn  ––  FFiibbeerrggllaassss::  Diagram 5 demonstrates efficiency growth of 0.01–0.02 
kW up to 8 cm, with stable performance afterward. The effective range is 6–8 cm.  
WWaallll  ttyyppee  55  --  IInnssuullaattiioonn  ––  PPoollyyuurreetthhaannee::  Diagram 6 shows growth of 0.01–0.02 kW between 
5 cm and 7 cm, after which performance stabilizes. The most efficient point is 7 cm.    
WWaallll  ttyyppee  66  --  IInnssuullaattiioonn  ––  GGllaassss  WWooooll::  As shown in Diagram 7, performance increases by 
0.01–0.02 kW between 5 cm and 8 cm, leveling at 0.01 kW thereafter. The effective range 
is 6–8 cm.    
WWaallll  ttyyppee  77  --  IInnssuullaattiioonn  ––  PPoollyyuurreetthhaannee  FFooaamm::  Diagram 8 highlights efficiency gains of 0.01–
0.02 kW between 5 cm and 7 cm, with stabilization beyond this. The optimal point is 7 cm.    
WWaallll  ttyyppee  88  --  IInnssuullaattiioonn  ––  EExxttrruuddeedd  PPoollyyssttyyrreennee::  Diagram 9 shows gains of 0.01–0.02 kW 
from 5 cm to 6 cm, stabilizing afterward. The most efficient thickness is 6 cm. 
 

 
Diagram 2. Polystyrene Heat Balance Change Ratio 

 
 

 
 

Diagram 3. PVC Heat Balance Change Ratio 
 
 
 
 

0

0.01

0.02

0.01 0.01 0.01 0.01 0.01 0.01

0

0.01

0

0.005

0.01

0.015

0.02

0.025

0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Efficiency 

0

0.02

0.01 0.01 0.01 0.01

0

0.01 0.01 0.01

0
0

0.005

0.01

0.015

0.02

0.025

0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15

Efficiency 
Interval 

Diagram 2: Polystyrene Heat Balance Change Ratio



8

 Thermal Performance of Double-Wall Systems in Tehran’s Climatic Conditions

Diagram 1: illustrates these trends, showing optimal cost–performance at around 10–12 cm,  
beyond which improvements diminish.
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Diagram 1: Wall types simulation results (source: authors) 
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PPoollyyssttyyrreennee  aanndd  EExxttrruuddeedd  PPoollyyssttyyrreennee:: Less efficient than Polyurethane options, but offer 
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Diagram 1 illustrates these trends, showing optimal cost–performance at around 10–12 cm, beyond 
which improvements diminish. 
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WWaallll  ttyyppee  11  --  IInnssuullaattiioonn  ––  PPoollyyssttyyrreennee::  As shown in Diagram 2, efficiency increases by 0.01–
0.02 kW when thickness increases from 5 cm to 7 cm, after which the gain stabilizes at 0.01 
kW. The optimal range is therefore 5–7 cm.  
WWaallll  ttyyppee  22  --  IInnssuullaattiioonn  ––  PPoollyyvviinnyyll  CChhlloorriiddee::  Diagram 3 demonstrated an initial gain of 0.01–
0.02 kW as thickness rose from 5 cm to 6 cm, followed by stabilization at 0.01 kW. The 
most efficient thickness is 6 cm.  
WWaallll  ttyyppee  33  --  IInnssuullaattiioonn  ––  RRoocckk  wwooooll::  According to Diagram 4, performance improves by 
0.01–0.02 kW between 5 cm and 6 cm, stabilizing thereafter. The optimal thickness is 6 cm.  
WWaallll  ttyyppee  44  --  IInnssuullaattiioonn  ––  FFiibbeerrggllaassss::  Diagram 5 demonstrates efficiency growth of 0.01–0.02 
kW up to 8 cm, with stable performance afterward. The effective range is 6–8 cm.  
WWaallll  ttyyppee  55  --  IInnssuullaattiioonn  ––  PPoollyyuurreetthhaannee::  Diagram 6 shows growth of 0.01–0.02 kW between 
5 cm and 7 cm, after which performance stabilizes. The most efficient point is 7 cm.    
WWaallll  ttyyppee  66  --  IInnssuullaattiioonn  ––  GGllaassss  WWooooll::  As shown in Diagram 7, performance increases by 
0.01–0.02 kW between 5 cm and 8 cm, leveling at 0.01 kW thereafter. The effective range 
is 6–8 cm.    
WWaallll  ttyyppee  77  --  IInnssuullaattiioonn  ––  PPoollyyuurreetthhaannee  FFooaamm::  Diagram 8 highlights efficiency gains of 0.01–
0.02 kW between 5 cm and 7 cm, with stabilization beyond this. The optimal point is 7 cm.    
WWaallll  ttyyppee  88  --  IInnssuullaattiioonn  ––  EExxttrruuddeedd  PPoollyyssttyyrreennee::  Diagram 9 shows gains of 0.01–0.02 kW 
from 5 cm to 6 cm, stabilizing afterward. The most efficient thickness is 6 cm. 
 

 
Diagram 2. Polystyrene Heat Balance Change Ratio 

 
 

 
 

Diagram 3. PVC Heat Balance Change Ratio 
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Diagram 4. Rock wool Heat Balance Change Ratio 

 
 
 

 
 

Diagram 5. Fiberglass Heat Balance Change Ratio 
 
 
 
Overall, these findings provide the basis for a deeper discussion on comparative material 
performance, cost-effectiveness, and practical implications, which is addressed in the 
following section. 

 
 

Diagram 6. Polyurethane Heat Balance Change Ratio 
 
 

 
Diagram 7. Glass Wool Heat Balance Change Ratio 
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Overall, these findings provide the basis for 
a deeper discussion on comparative material 
performance, cost-effectiveness, and practical 
implications, which is addressed in the follow-
ing section.
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following section. 
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 Thermal Performance of Double-Wall Systems in Tehran’s Climatic Conditions

This study analyzed the thermal perfor-
mance of eight insulation materials including 
polystyrene, PVC, rock wool, fiberglass, poly-
urethane, glass wool, polyurethane foam, and 
extruded polystyrene (XPS), in double-wall sys-
tems, which was based on residential buildings 
in Tehran. Each material was tested according to 
the thicknesses, which were between 5 cm and 
15 cm, using DesignBuilder simulations to de-
termine overall heat transfer in kilowatts (kW). 
The discussion highlights comparative efficien-
cy, cost, and suitability for Tehran’s climate.

Thermal Performance Analysis
Simulation results (Diagrams 10–17) confirm 
that increasing insulation thickness makes a sig-
nificant reduction in heat transformation; how-
ever, efficiency gains plateau beyond 10–12 cm. 
Polyurethane and polyurethane foam showed 
the best thermal resistance, decreasing heat loss 
from −0.37 kW to −0.27 kW due to their dense 
closed-cell structure. XPS performed similarly, 
maintaining high efficiency at larger thickness-
es. Polystyrene achieved notable improvement 
(−0.41 kW to −0.31 kW) with optimal perfor-
mance around 10–12 cm, while PVC proved effi-
cient at lower thicknesses but less cost-effective 
beyond 10 cm. Rock wool, fiberglass, and glass 
wool displayed consistent moderate reductions 
in heat loss, benefiting from their fibrous struc-
ture that traps air and limits conduction. Results 
demonstrate that developing thermal insulation 
thickness makes an improvement in energy per-
formance, yet after a certain point, further addi-
tion yields limited benefits. The most effective 
wall setup consisted of two 10 cm cement blocks 
with the insulation layer centered between 
them, combined with an interior gypsum board 
and exterior brick finish. This configuration 
provides both thermal balance and structural 
stability suited to Tehran’s climatic conditions.

Results Comparison
Previous investigations have established sever-
al benchmarks with the aim of evaluating the 
thermal performance of double-wall insulation 
systems. Research in Turkey confirmed that 

insulation thickness plays a significant role in 
making an improvement in energy efficiency 
within such systems (Ozbek et al., 2022). Studies 
conducted in Germany and South Korea further 
demonstrated that adaptive design measures 
can reduce the risk of overheating and cooling 
demands by up to 90%  (Schünemann et al., 
2022). In accordance with research by Malbila 
et al. (2021a), 76% of surveyed buildings used 
cement blocks; however, walls made with 
compressed earth blocks (CEB) achieved higher 
thermal resistance values of 357.37 m²·K/W and 
reduced heat flow by 85–90% compared with 
single-layer systems (Malbila et al., 2021a). 
COMSOL-based analyses also revealed that 
doubling wall surfaces can lower transmission 
coefficients by 22.9–32.5% while maintaining a 
stable indoor temperature of 27 °C (Ouedraogo 
et al., 2019). Furthermore, incorporating phase 
change materials (PCM) into double walls im-
proved seasonal adaptability, which can increase 
delay time by 4.65 h and reduce attenuation by 
80% (Gao et al., 2023). In a similar way, PCM 
wallboard simulations for Tehran residential 
buildings showed a 6.6% reduction in heating 
and 2.8% in cooling energy demand (Refahi et 
al., 2024). Collectively, these findings underline 
diverse strategies—from insulation thickness 
optimization to PCM integration—whereas the 
present study distinguishes itself by concentrat-
ing on the comparative performance of conven-
tional insulation materials and their thickness 
variations within Tehran’s double-wall configu-
rations.

Key Similarities and Differences:
Both this study and prior works (Ozbek et al., 
2022) confirm insulation thickness as a major 
factor in thermal performance, showing that 
thicker layers generally enhance comfort but 
with diminishing returns. Similar behavior 
was observed for Polystyrene, Polyurethane, 
Rock Wool, and Fiberglass, while PVC reached 
optimal efficiency at lower thickness. Unlike 
broader studies that examined PCM systems 
or combined thermal and economic factors 
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(Schünemann et al., 2022; Refahi et al., 2024), 
this research focuses solely on conventional ma-
terials and kilowatt-based thermal analysis, of-
fering a narrower but more technical perspective.

Heat Balance Framework
The proposed framework, based on mathe-
matical models and Matrix-Diagrams (1–8), 

identifies a threshold around 10–12 cm where 
insulation efficiency plateaus. Polyurethane ma-
terials maintain strong performance, while PVC 
and polystyrene decline beyond this point. The 
model offers a structured approach to compare 
materials and could expand to include cost and 
environmental criteria in future work.

Polystyrene
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This research evaluated the thermal perfor-
mance of eight insulation materials—polysty-
rene, PVC, rock wool, fiberglass, polyurethane, 
glass wool, polyurethane foam, and extruded 
polystyrene—applied in double-wall systems 
for Tehran’s housing context, using Design-
Builder with the EnergyPlus engine. Insulation 
thicknesses of 5, 10, and 15 cm were tested. 
Results revealed that thermal efficiency gener-
ally increased with greater thickness, though at 
varying rates. Polyurethane and polyurethane 
foam achieved the highest performance at larg-
er thicknesses, while fiberglass and rock wool 
showed stable but moderate efficiency across 
all layers.

The study addressed a regional gap by 
providing quantitative data on double-wall in-
sulation systems in Tehran’s climate. Previous 
research offered limited analysis of insulation 
performance under local environmental condi-
tions. This work established a simulation-based 
quantitative framework for assessing thermal 

balance, providing architects and engineers 
with practical insights into energy-efficient wall 
design for residential buildings in Tehran.

The novelty of this study lies in its data-driv-
en quantification of thermal performance, con-
trasting earlier qualitative or general approach-
es. By integrating mathematical modeling and 
simulation outcomes, it introduces a precise 
analytical method that supports design optimi-
zation. The developed heat balance framework 
(Section 5.2) serves as a reference for future 
regional studies.

However, the analysis was limited to eight 
materials and excluded factors such as acoustic, 
fire, or moisture performance. Future research 
should expand the scope to include hybrid or ad-
vanced materials, diverse building components, 
and environmental and economic evaluations. 
Integrating life-cycle assessment and emerging 
technologies like PCM or nanomaterials could 
further enhance energy efficiency and adaptive 
performance under different climates.
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